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INT ROD UC TION 

The background papers included in this volume encompass most 
disciplines of the earth sciences. They were prepared in the Spring of 1969, 
as an experiment to probe the views of Canadian earth scientists on the pres­
ent importance and future goals of their respective disciplines, and to form a 
basis for evol ving future science policy as it relates to the earth sciences. 

Many of the papers were prepared by authors representing disci­
plinary subcommittees of the National Advisory Committee on Research in the 
Geological Sciences or the Associate Committee on Geodesy and Geophysics. 
In the absence of national committees experts were selected to represent 
certain disciplines. On completion, unsigned copies of eac h paper were sent 
to between 50 to 110 r eviewers across Canada. The anonymous comments 
received were, in turn, supplie d to each autho r for use in the compl etion of 
his manuscript. Of the forty papers initially prepared, thirty -s even were 
submitted for final publication . 

Each pape r follows a similar format which was prescribed when 
the article was requested. The papers have r eceived minor editing after fina l 
submission and r e pres e nt the views of the author concerned or t h e commi ttee 
he r e pre sented . Only rarely do they solely reflect the opinions of the review­
ers as these were many and varied. 

The preparation of these papers was one of the means used to 
assemble data and views on the earth sciences in Canada fo r the Science 
Counc il's Special Study of Solid-Earth Sciences in Canada . The results of 
this study have been published by the Council1 • 2 The papers. included herein 
are published as additional r efe r ence material and as documentation of the 
current views of Canadian earth scientists in the development of earth sciences 
in Canada, 

The Study Group of the Science Council charged with the Special 
Study (Prof. Roger A . Blais, Chairman) is deeply indebted to all t h e authors 
and greatly appreciative of their work which has added immeasureably to the 
success of the endeavour. We wish also to express our appreciat ion to the 
many reviewe rs who pres ented useful and valuable suggestions for improve ­
ment of the manuscripts. 

1 

Charl es H. Smith, 
Solid - Earth Sciences Study Group , 
Science Council of Canada. 

R . A . Blais, C.H. Smith, J.E. Blanchard , J.T . Cawley, D.R. Derry, 
Y.O . Fortier, G.G.L. Henderson , J.R. Mackay, J.S. Scott, H . O. Seigel, 
R. B. Toombs, H. D. B. Wilson; Earth Sciences Serving the Nation; Science 

2
Council of Canada Special Study, No. 11, 1970. 
Earth Sciences Serving the Nation - Recommendations; Science Council of 
Canada, Report No. 7, 1 970. 
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STRATIGRAPHY 

C .Gordon Winder 
University of Western Ontario 

London, Ontario 

DEFINITION 

Stratigraphy is the study of rock masses - their geometry, spatial 
distribution, lithology, paleontology, vertical and lateral variation, and rela­
tionship to adjacent rocks from which their correlation, age , conditions , of 
formation and geol ogi c history can be determined. Although stratigraphy is 
most commonly associated with bedded or layered sedimentary rocks, the 
principles and methods are applicable in some instances to l ayered igneous 
and metamorphic rocks. Fundamental concepts include unifo rmitarianism, 
superposition, original horizontality and continuity, fauna! succession, cross ­
cutting relationships , and facies . 

The activities of the stratigrapher include (1) the definition and 
d escription of both lithologic and paleontological successions , eval uation of 
their lateral continuity, and their correlation with type and reference sections ; 
(2) the recognition, classification and naming of rock, time -rock, and time 
units; (3) correlation of successions on a l ocal, regional and intercontinental 
scale by a ll availabl e n1eans, including litholo gy, paleontology, mineralogy, 
geochemistry, geophysics, isotope age determination; (4) determination of 
geological age - both relative and absolute ; (5) application of the facies con ­
cept to establish contemporaneity of different litholo gic and paleontologic suc­
cessions; (6) the interpretative reconstruction of the physical, chemical , and 
biological history of a rock succession from its original to its present state. 
The interpretation should include considerations of paleogeography, paleo­
ecol ogy and paleoclimatol ogy . Environmental models for deltas, coastal 
plains, reefs and piedmonts provide a useful basis for such interpretation. 
In essence , stratigraphy encompasses the fundamental goal of the science 
the elucidation of geol ogical history. 

The hydrocarbon and industrial materials industries are a lmos t 
wholl y dependent on sound stratigraphic studies in expl oration . The lar gest 
group of Canadian geologists is employed in the oil and natural gas industry 
for the prediction of reservoir rocks which occu r as "stratigraphic traps" . 
The distribution and movement of groundwater within Pleistocene glacial 
deposits is controlled primarily by textural variations which can be revealed 
by stratigraphi c studi es . 

Concerning applications of stratigraphy in the minera l industry, 
stratigr aphic procedures to prospect for stratiform sulphid e deposits in vol ­
canic rocks are well established . The searchformanymetal s - copper , zinc , 
l ead , barite, fluorite , gold , silver , iron, manganese, aluminum and uranium -
is guided by concepts and methods of stratigraphy . The Geol ogical Association 
of Canada has recently published a special symposium on the relationship of 
mineralization to Precambrian stratigraphy. 

An understanding of geolo gic history provides a sound basis for the 
cultural appreciation of man ' s p lace on earth and in the universe . Stratigra­
phy, along with the other branches of geol ogy, has an increasing role to play 
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in the conservation of resources and the maintenance of a viable environment 
for man's continued existence on earth. 

PRACTICAL APPLICATION 

The data of stratigraphy are basic to an adequate geological inven­
tory of the country. An understanding of the succession, distribution and dis­
position of rocks and their inherent properties such as mineral composition, 
texture fabric, porosity and permeabil ity is fundamental in the search for 
mineral resources . More readily available and rapidly accessib l e data banks 
can aid geological interpretation and facilitate the search for economic min­
eral deposits. 

HISTORY 

Stratigraphy was born of the efforts of many European workers in 
the eighteenth century - prominent names include Smith, Guettard, and von 
Buch. 

In Canada, one of the first annual reports of the Geological Survey 
of Canada, dated 1845, included a detail ed description of the coal measures 
at Joggins, Nova Scotia. Logan' s "Geology of Canada, 1863" contains numer­
ous stratigraphic columns, and correlations were made with sections in New 
York State . Subsequent geologic mapping by federal and provincial govern ­
ments, and to some degree by university faculty and students, has continued 
to provide stratigraphic data. In the last fifteen years, the large - scale field 
parties of the Geological Survey of Canada, supported by helicopters and 
fixed-winged aircraft, have reveal ed the basic stratigraphy of the Arctic 
Islands, the Cordillera, the Canadian Shield, Hudson Bay lowlands and selec­
ted areas of the Maritime Provinces. 

Canadian geologists proposed the first stratigraphic interpretation 
of the Precambrian on the basis of commendable studi es of the Canadian 
Shield . New general interpretations based on conventional stratigraphic stud­
ies and reinforced by radiometric dates have now been proposed and extend 
many ear l ier interpre tations . The appl ication of sophisticated stratigraphic , 
s t ructural, petrographic and radiometric techniques should expand our com ­
prehension in the search for economic mineral deposits. 

Stratigraphic studies of Paleozoic and Mesozoic strata of the 
Interior Plains became more intense after 1947, the discovery year of the 
Leduc oil fie l d. The search for hydrocarbons has subsequently reveal ed the 
potash deposits of Saskatchewan, in addition to other productive oil and gas 
fields . A large part of the basic data remains in government and company 
fil es , but several syntheses can be found in monumental pub l ications of the 
Alb e rta So ciety of Petroleum Geol ogists and associated groups. Society pub ­
lications worthy of note include (1) Lexicon of Geologic N ames, 1960, (2) Oil 
Fields of Alberta, 196 0, (3) Geology of the Arctic, 196 1, (4) Geological 
History of Western Canada, 1964, (5) Devonian System, 1968, (5) Gas Fie l ds 
of Alberta, 1969. Synoptic reports of comparable magnitude using simil ar 
methods of regional basin analysis do not exist for othe r par ts of Canada. A 
general resume of Canadian geology is found in "Geology and Economic 
Mineral s of Canada" pub l ished by the Geo logical Survey of Canda, of which 
the 5th edition will be issued l.n 1970. 
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The application of the facies concept to Canadian geology has not 
been fully realized but notable studies have been made, such as those for the 
Upper Devonian of Alberta by H. R. Belyea. Many faunal successions could 
be considered as sequences of fossil communities controlled by environment . 
Possibilities of establishing successions resulting rom evolution exist in a 
num':ier of invertebrate groups of the Mesozoic and Paleozoic. Meaningful 
results may be expected in the future because the task of describingthe faunas 
is just begun. 

ACTIVITY 

Steady progress in field studies and mapping is being made by the 
federal and provincial surveys. The increased detail on the 19b9 version of 

the "Geological Map of Canada" issued by the Geological Survey is startling 
when compared with the 1962 version . Further detailed geological maps in 
areas of special interest on a scale of 1: 50, OOO are essential for practical and 
economic applications. The report of activities by C. W . Stearn in the l966-6'7 

reporl of the National Advisory Committee on Research in the Geological 
Sciences would suggest that research in stratigraphy, paleontology and sedi­
mentology has been increasing during the last 6 years and represents about 10 
per cent of a ll reported geo logical research; butprobably an equi.va lent amount 
if not more, of activity by the petroleum exploration companies has not been 
reported. "Stratigraphic studies" are pursued at most Canadian universities 

but such research commonly falls within the restricted fields of sedimentology 
and paleontology. These activities, combined with Precambrian stratigraphic 

studies in the Canadian Shield , suggest that research in stratigraphy consti­
tutes a major proportion of geological work in Canada. 

Huge quantities of s ubsurface data come from drilling and subse­
quent geophysical logging, particularly in sedimentary basins. The govern­
ments of Saskatchewan and Ontario have available computerized banks of 
stratigraphic data on "tops" and rock types. Some companies in western 
Canada maintain their own data banks, and consulting firms provide informa­
tion for a fee. The subsurface data for the Paleozoic of Ontario is availab l e 

at moderate cost from the Ontario Department of Mines and Northern Affairs; 
the data bank was created by a unique co-operative effort of gove rnm ents, 
industry and a university. Canada leads in the initiation of a national storage 
and retrieval system of geological data; the system, named SASFRAS, is 
"user-oriented" and banks of data , regardless of format , can be integrated. 

TRAINING 

A survey of university calendars indicates that stratigraphy and/or 
historical geology is taught as a basic course in all departments. However , 
such courses sometimes involve the memorization of a catalogue of formation 
and/or fossil names data which can be obtained from the literature. Students 
from geology departments with a "hard-rock" orientation have been almost 
traditionally deficient in their u n derstanding of the stratigraphic principles of 
corr elation, faunal succession, facies, classification, and nomenclature. The 
subject matte r is sometimes cornl:Jined with sedimentation, and then the prin­
ciples can be overlooked by default because sedimentation has a more evident 
interest and practical application. 
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MAJOR OBJECTIVES AND FUTURE TRENDS 

Future studies in stratigraphy should include the following: 
(l) Increas ed application of stratigraphic principles to both the 

Pr ecamb rian and Pleistocenc rocks of Canada. Radiometric elating es tab­
lishes broad correlative units but detailed stratigraphic mapping is necessary 
to provide th e basis for r egional co rr e lation and synthesis. Results thus far 
in the Hur o nian , the Labrador T r ough, and s ec tions of the Archean are indic­
ative of the potential. Stratigraphic studies of the Pleistocene have been pur­
sued on limited areas in southern and central Canad a . 

(2) Initial stratigraphic studies establis h lh<' ' 0r1 ic a l succession of 
rock units withi n an area, bul imaginat i ve, and even speculative. i nterpr eta­
tions using a regional environmental model may indicate a contiguous unit of 
deposition, and thereby r e,·ea l a valuable paleogeographic relationship. 

(3) Initiati on of catalogues and lexicons of data for easte rn Canada, 
th e Canadian Shield, and north ern Canada for the entire strabgraphic column; 
existing catalogues should be kept up to date. The data should be prepared in 
a form suitable for storage and retrieval by computers Lts ing a system com­

patible wi th other geological data files. Data in a form susceptible to machine 
computation can be subjected to trend and factor analysis and compared with 
such as geophysical, geochemical, and other data. 

(4) More adequate description and redefinition of type and refe,·cnce 
sections or areas. Th e r e are instanc es where co rr elations are given w ith 
type areas for which o nly the o ri gi nal , inadequate descriptions are available. 
Exposures of ma.ja r boundaries - systems, series - should be located, 
defined and correlated with the same boundary in other parts of the world. 
Material from important reference localities should be stored and catalogued 
in a central library for study by all qualified geologists. 

(5) Biostratigraphic studies in which the principal influence on th e 
changing faunal and floral succession has been evolution, and not environment . 
Integrat ed lithological and paleontological studies can provide the basis for 
paleoecological and paleoclimatic r eco nstru ctio n . 

(b) More subsurfac e exploration of the stratigraphy of Canada's 
continental shelves and offshore deep parts of the ocean. 

CONCLUSIONS 

(1) Geology departm e nts should exami ne their curriculum to insure 
that the principles of stratigraphy, as such are not overlooked. The tradi­

tional "ha r d-rock" departments have a particular responsibility to ensure that 
their students understand the principles and can apply the methods. Students 
of stratigraphy must be exposed to rocks~ outcrop. At a more advanced 
level, students should become familiar with the fundamentals of automatic 
data processing and the potential of statistical t echniques such as trend and 

factor analysis. 
(2) Federal and provincial surveys should continue field studies 

with a trend toward detailed mapping once the large scale r eg ional examina­

tions are completed. A program of remapping should be initiated in order 

to apply newly-developed geological concepts and techniques. Application of 

the stratigraphic code should be universal fron1 the Prl'can1bria.n to the 
Pleistocene. 
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( 3 ) P e rmanent lo cal committees should b e for me d to o r ga n ize, 
standardize, and synthesize the stratigraphic data fo r specific regions . Syn­
optic studies, comparable to those o n th e De vo n ian of weste rn Canada, should 
be initiated for other systems - and in o th e r parts of Canada. 

A central committee should be created to co - o rd inate ac t ivities 
A c e nti:al agency could prov id e counsel, expedite the use o f compute rized data 
banks for research, and pr ovide liaison between institutions and o r ganizati o n s 
which require the data. Regular symposia such as the Biostratigraphy 
S emi nar organized by geologis ts in O nta r io and Q uebec should be held to elu­
cidate strat ig raphy on a l ocal, national and i nt e rnational basis. 

(4) Knowledge of subsurface stratigraphy is largely limi t ed to those 
areas explor e d b y companies in th e search for ores a nd hyd rocar bons. Data 
from oil and gas drilling normally become public i nfo rnli3. tion after l year. A 
concerted effort should be made t o collect and make available, in a s im ila r 
fashion, the information from mining operati o ns. Surface mapping allows 
limit ed interpretation at depth ; some gove rnm e nt-s po ns o r ed deep drilling 
should be d o n e in these areas which have n o t yet been explo r ed by indus tr y, 
although industr y cou ld b e encouraged to contribut e. Arrangements of this 
t yp e are used in the search for hyd r ocar bons i n the Arctic. 

(5) Encouragement should be given t o m11ltidisciplinary, integ r ated 
studies. 

(6) D etail ed lithofacies and, wher e possi ble, biofacies analysis of 
regi o nal basins should be pursued in o rd er t o establish the sedim entologic and 
t ec tonic history. Int e rb as inal com;:iarisons o n a local scale (such as the 
Carboniferous of the Maritimes) o r on a cont inental scal e (such as the va r ious 
basins which existed with in the Canadian Shield during the Precambrian) will 
provide an understanding of conti n ental behaviour during any o n e span of geo­
l ogi c time. 

(7) Studies of igneous and metamo rphic rocks, and s tr a tiform o r e 
deposits should be pur sued w ith the objective of applyi ng stratigraphic princi­
ples as are commonl y us e d for sedimentary r ocks. Sequenc e s o f volcani cs 
especially within the C a nadian Shi eld a n d the C o r dilleran should be studied t o 
determine the cent r e of effusion; time and duration of activity; sequenc e, 
volume, and type o f mate rial; relationships to adjace n t sedimentary a n d o t her 
rocks; and the histo ry subsequent to solidif ication. The s trati g r aphic studies 
of metamorp hic r ocks will b e more complex because of regional and local 
metamorphic facies. 
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SEDIMENTOLOGY 1 

DEFINITION 

Sedimentology is the study of consolidated and unconsolidated sedi ­
ments and the processes by which they were formed . The term i s mor e or 
l ess synonymous with Sedimentary Petrology but, to some extent, the latter 
term has become associated w i th studies of sedimentary rocks by petrogra­
phic methods (such as thin sections, h eavy mineral and c h e mical analysis ). 
For t hi s reason many workers now prefer the term 'sedimentology', w hich 
suggests a broader field including theoretical and experimental studies and 
studies of Recent sediments , as we ll as studies of anc i ent sedimentary rocks . 

Stratigraphy (q. v .) is a broader fie ld than sedimentology but it 
does not include all of sedimentology . Stratigraphy is concerned with sequen­
ces of rocks , and thus all aspects of rocks which relate to their formation~ 
p art of a sequence are included in stratigraphy. But sedimentol ogy addition­
a ll y is c oncerned w i t h general laws of sedimentation (settling, sediment 
transpo rt , chemical equilibria in l ow- temperature aqueous systems, etc .), 
and with processes acting on Recent sediments, w ithout necessarily being 
c oncerned w ith stratigraphic sequences. In practice the two fields are closely 
re lated and to a l arge extent interdependent, but different professional s oci ­
etie s and journal s have developed to serve t h e specific needs of sedimentol­
ogis ts . 

Sedimentology is also closely re lated to geomorphology, the study 
of l andforms . In Canada, geomorphol ogy is often considere d to be part of 
geography rather than geol ogy, but the reverse is true in some other coun ­
tries . There is a wide d egree of overl ap in the proce sses studied by the two 
disciplines, but the emphasis in sedimentol ogy is on sediments rather than 
on land forms . 

SIGNIFICANCE OF RESEARCH 

Sedimentol ogy seeks a scientifi c uncle rstandin g of mate rials which 
cover 75 p er cent of the continental surfaces and a lmost all of the floors of 
t he ocean basins . The dis c ipline has made significant contributions to basic 
knowledge of the earth and earth history . 

Careful study of unconsolidated sediments and sedimentary rocks 
leads to their better economic util ization as construction material s and is 
essentia l for exploration and development of oil, gas and economic deposits 
of mineral s whic h these rocks commonly contain. An important aspect of 
sedimentology is the study of changes in rock composition and texture result ­
ing from consolidation , c ompaction and other diageneti c processes ; these 
proc esses play an important rol e in the development of porosity and perme ­
ability and consequently in the d evelopm ent of resources such as groundwater, 
oil, gas, coal, potash, sal t , l ead-zinc , iron and uranium . The practical 

Prepared by th e Subcommittee on Stratigraphy, Paleontology and 
Sedimentation of the National Advisory Committee on Research in the 
Geological Sciences , G. V . Middl eton , Chairman. 
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application of sedimentology to the oil industry is probably receiving adequate 
attention in Canada directly , or indirectly through the oil company research 
laboratories in t h e U . S . A . It is doubtful , howeve r, if the application of sedi ­
mentology to the other m.ineral industries , engineering or to marine sciences 
have yet received sufficient attention . 

The study of sediments in the oceans and l akes (especially the 
Great Lakes ) is necessary for recreational, conservational, economic and 
other purposes of social or scientific value . 

Knowledge of the basic processes of sedimentation has many sci ­
entifi c and practical applications (including many outside of geol ogy), such as 
in waste disposal and pollution c ontrol, ecol ogy, 3edimentation in r i vers and 
reservoirs, and sedimentation processes used in mini ng and chemical engin­
eering . 

HISTORICAL DEVELOPMENT 

Sedimentology has several histo rical roots . The main trends have 
been as fo llows : 

(i) Microscopic studies . Initiated by Sorby in the l 9th century, reaching 
a ' classical' phase with the work of Lucien Cayeux in France (1 900-1 940), 
and continuing strongl y at t h e present time . A strong Russian tradition 
exist s , known in English- speakin g countries mainly through the work of 
P . D . Krynine (1 93 0-1 960). In the las t ten years much attention has been 
given to the p etrograph y of carbonate rocks . 

(ii) Textural studies, e specially size and shape anal ysis . Leading expo ­
nents have b een Wentworth (1922 - 1936) and Krumbein (1 932 - 1941 ). A recent 
deve l opment has been petrophysics, which studies the relations between rock 
fabric , t he enclosed nuids and the bul k physical properties of the rock, such 
as electrical resistivity . 

(iii) Environmental studies . These have a l ong history because one of the 
main aims of sedimentology h as a lways been environmental recognition . 
Early work was summarized by Twenhofe l (1 926) and there have been numer ­
ous modern des criptive studies of Recent environments of deposition and 
environmental reconstructions for ancient sediment s . 

(iv ) Exp erimental physical studies. Most of these have been carried out 
by practising engineers or by independent investigators such as R . A . Bagnold 
(1 930 to p r esent). 

(v ) Paleocurrent studie s . The importance of mapping vector properties 
of sedimentary rocks was recognized by Sorby in the l 9th century , but the 
full d eve l opment of thes e studies is a r e lative l y recent phenomenon, associ­
ated mainl y with the names ofKuenen in Holland and Pettijohn in the U . S . A . 

(vi) Geoche mical studies . There has re cently been a rapid growth of 
interest in sedimentary geoc h emistry and diagenesis stemming from theor ­
e ti cal and experimental work on l ow temperature, aqueous systems by 
Garre l s (19 50 to present), from chemi cal oceanography, and from the ne ed 
to understand diagenetic processes as they relate to the origin and occur ­
rence of petroleum and other mineral deposits . 

(v ii) Studies of clays and shal es . Much progress has be e n made in these 
studies since X - ray techniques reveal e d the crystalline nature of clays in the 
1 930s . C l ay mineral ogy is an interdisciplinary study with important appli­
cati ons in soil science , ceramics and geotechnic s as well as in s e dimentol ogy . 
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Sedimentology ev olve d as a separate dis c ipline partly in response 
to the stimulus of t h e oil ind ustry . Ear l y studies of heavy minerals were 
undertaken as a t ec hnique for corre lating oi l sands in the absence of fossils . 
More rec e ntl y , oil companies have finance d many studies of both Re cen t and 
ancient sediments in an attempt to dis c over how to pr e dict those properties 
of s e dim entary rocks , such as porosit y and permeability, which c on t rol the 
o ccu rren ce of hydroca rbons. 

The first professional society to promote sedimentology, the 
Society of Economic Pal e ontolo gists and Mineralogists was founded in 1927 
as an offshoot from the Ameri can Association of Petroleum Geologists: the 
Journal of Sedimentary Petrolo gy was first published by S. E . P . M . in 1 93 1. 

PR ESENT L EVE L OF ACTIVITY 

Conventional criteria such as growth of journals and m e mbership 
of societies indicate that sedimentology is a young science which is still in a 
p e riod of growth and expansion. 

Canad a , however , has lagge d in the d evelopment of s e dimentology, 
w h eth e r in government, industr y or the universities . Only in 1 966 was the 
topic 's edimentation ' c onsider e d suffic i ently distin ct from stratigraphy to be 
includ e d in t h e litl e of the relevant subcommittee of the National Advisory 
Committee on Resear·ch in the Geolo gical S c i e n ce s . T h e G e ological Survey 
of Canada has not l aid muc h str e ss on sedimentologic al studie s , in spite of 
the example of a few pionee rs, such as E . M. Kind l e . In rec e nt years, how­
ever , a n increasing number of Survey publ i cations have included descriptions 
and maps of s e dimentary structures and d e tailed micros copic and geochem ­
ical studies of s e dime ntar y rocks . 

Prov incial Survey s have gen erall y a lso n egl ec t e d sedimentology, 
except for the Albe rta Res ea rch Coun ci l and the Saskatchewan Department of 
Mineral Resources, which have c ondu c t e d sedimentological inve stigations 
r e le vant to th e petrol eu m industry . Ontario Hydro has mad e petrogr?.phic 
studi e s of road constructional mate rials . Recently (1966 ) the F e d e ral 
Geological Survey e stablishe d a n Institute for Sedimentary a nd Petrol e um 
G e ology in Cal gary . Onl y in 196 0 was a branc h of Marine G e ology founded 
and in 1963 it was incorporated in t he B e dford Ins t itut e of Oceanography . In 
I 96 8, a se ction of Limnogeolo gy w as e stablished at the Canada centr e for 
Inland Waters at Burlington, Ontario . 

Courses in s e dimentology or s e dimentary petrology, s e parate 
from t hose in stratigraphy, we re taught in s01ne Canadian universities at 
l e as t as early as 1 947 . At pres ent, teaching and research in s e dimentology 
is carrie d out in almost a ll of the major univ e rsities . 

In Canada , a leading role in the d eve lopme nt of sedimentol ogy has 
been played by the Alberta Soci e ty of Petrol e um Geologists w hi c h sponsored 
t h e very succes sful Bulletin (1953 ), now the Bulletin of Canadian Petroleum 
Geolog y ; and in the e ast by an informal group in Halifax which began publica ­
tion in 196 5 of Maritime Sediments. The national geolo gical so c ieti e s, 
includin g the G eolo gical Asso ciat ion of Canada and the geolo gy s ection of the 
Royal So c i ety, have until recentl y done little to aid the growth of sedimentol­
o gy . 
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N EED FOR INCREASED ACTIVITY 

Accelerated growt h of sedimentol ogical research a ct i v iti es in 
industry , gove rnment (es p ec ially F e d e ral Government ) an d un ivers i t i es should 
he encouraged. Expansion in the un i ver sities is already under way and will 
cont in ue in response to the grow ing demand for well-traine d sed imentalogists 
and pressures from the internati onal a c ademic community . The F e d eral 
Gove rnment h a s made important adv ances recently . Unfortunatel y , most of 
the r esearch by companies operat ing in C anada i s done at present in the 
U . S . A . 

Many un i vers i t i es offer adequate un d ergraduate t ra ining in sedimen ­
tolo g y b ut at present onl y a few suppor t P h . D . studies in this are a . While 
most established un i vers iti es c an do so, few of th e emerg ing univers i ties c an 
support gr aduate studies in sedimentation . It may be that a la rge number of 
cent r es of spec ialization i s not r equir e d, bu t the exi sting centres should be 
better equ ippe d and more adequately staffed . 

Students trained in sed imentology should also be adequately tra ined 
in phys ics , chem i stry and mathemat i cs . An adeq uate doctorate program 
should inc l ud e (bes ides courses in geology) prov isi on for s tudi es in oceanog ­
raphy, physical c hemistry, fl u id mechani cs and stat i sti cs . Many un ivers i t i es 
in Canada are n ot yet meeting these m in im um s tandar d s . 

Students un cl e rtaking s ed im en to l og i cal re sea r eh in physi c al geog ra ­
phy are often less well train e d in bas i c sciences than students in geology: for 
these students, further sc ience training in g raduate school i s des i rabl e . 

FUTURE: TRF:N DS 

Fu ture tnmds in scd ime n tol ogy wi ll include : 
(1) comprehensive r egional inv e stigations of Rece n t a nd ancic' nt sediments 

a nd s e dimentar y p rocesses . 
(2) physical experimental stu di <' S . 
(3 ) gl'oche mi cal studiPs (includin g studi e s of di agenesis). 
(4 ) de ve l opment of mathematica l mode ls. 
(5) geotec hnic al studies (applications of soil and rock mechanics to sedi ­

mentar y studie s ). 
In genC'ral, th ere w ill b e more e mphasis on the analysis of proces ­

ses and l es s on descriptive aspects of sedimentar y ro c ks . For t hi s rea s on , 
sedimentologists w ill be required to h ave a higher d egree of pr epa rat i on in 
t he basic sciences than has b een t h e case in t he past . 

Some of t h e tec hn iques d eve loped during th<' past few years wi ll 
b ecome part of th e standard tec hniques used by ev e r y geo l ogist in t h e routine 
investigation of sed i mentary r o cks . Exampl<' S in c lude : (i) fie ld recordin g of 
sedimentary struc tures and e spec i a ll y , pal eocurrent indicators , {ii ) standard 
p e trographic techniques , e spec i a ll y as applied to carbonate r o cks, {iii ) clay 
mineralogic te c hniqu es , (iv ) automated m et h od s of data proces sing and anal y ­
sis (e . g . t r end analysis , factor analysis). 

Certain practi ca l appli cations w ill become inc r eas ingl y in1poi-tant , 
such a s in pollution studies , the search for 111etall ic min eral s and cons t ru c ­
tion mat e rials, in explo i tat ion of oc eans and l akes and in enginee rin g inve sti ­
gation s . 
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CONCLUSIONS 

1 . In view of the-economic importance of sedimenta r y rocks, increase d 
support should be given to research on the understanding of ancient sedi ­
ments . 

2. Resea r ch in Recent sediments , particularl y Recent marine sediments , 
should be supp orted in Federal Government agencies and uni ve r sit ies . 
It is pa rticul arly imperative that thi s work should be further developed 
on the west coast. Sedimentol ogical studies of Recent and P l e istoccne 
glacial sediments shou ld also b e e n couraged . 

3 . Steps should be taken to encourage researc h in applied sedimentology by 
Industry in Canada: the results of such research shoul d be made gl'ner ­
ally avai lable . Research in applicat ions of sedimentology to indust 1·y 
should not b e l eft to company l aboratories located outside Canada . T h e 
importance of st ratiform deposits of metallic minerals warrants more 
research in sedimentol ogy by mining companies than has been d on e in the 
past. Such research is par t i cularly appropriate in Precambrian 
sequences , from w hi c h much of Canad a ' s mineral wealth is derived. 

4 . Chemical sedimentol ogy (and associated branches of chemica l oceanog ­
raphy and limnology) should be further deve l oped, especia lly in unive rs ­
ities . 

5. Funds shoul d be made avai l abl e for in stallation of exper imental sedimcn ­
to l ogica l equipm e nt in a few institutions. An attempt should be made Lo 
foster the growth of interd i sc iplinary studi es in the areas of ( i ) sed i ment 
transport and exper imental phys i c al sedimentol ogy, ( ii) soil mechan i cs 
and physical sedimentol ogy, (i ii ) computer simulation of sedimentation 
processes . 
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INTRODUCTION 

Petroleum geology is a synthesis of disciplines pertaining to 
petroleum exploration. The most ge rmane sciences are stratigraphy, 
palaeontology, structural geology, reservoir geology, logging, petroleum 
evaluation, geochemistry and geophysics - although geomorphology, photo­
geology and engineering geology often have extr emely important roles . 

The finding and delineation of oil and gas pools is usually taken 
as the aim and scope of petroleum geology, although it has become con ­
nected with the study of evapori t e and potash deposits through th eir common 
association with oil - bearing and gas-bearing strata. 

Although petroleum was discovered in Canada in 1857, it was not 
until 1947 that the significant Leduc discovery made the petroleum industry 
important to Canada's economy. The industry ' s growth since then has 
been impressive - from generating only 5 per cen t of Alberta ' s t otal per­
sona l income in 1947, to producing 47 per cent of it in 1964 (as against 
agriculture's 31 per cent) . This growth was also largely responsible for 
adding over one and a half million to the population of the Prairie Pro ­
vinces during the past two decades (1) . 

As for the petroleum industry 's importance to the rest of Canada, 
an economic study (2) has shown that oil companies buy $300 million worth 
of goods in eastern Canada eve ry year. Significant discoveries off the 
eas t coast of Canada could thus change the economic climate of th e Atlantic 
region dramatically. 

Although the industry' s administrative centr e is in Calgary, th e 
search for oil and ·gas has gon e far beyond the boundaries of Alberta - to 
the Arctic and t o the offshore regions of B ritish Columbia and the Atlantic 
Provin ces. 

In 1964 (the last available record of the Alberta Bureau of 
Statistics), 826 geo log is ts and 345 geophys icists worked in Alberta. These 
men were responsible for spending $161 million on geological and geophy­
sical activities . In 1967 this figure increased to $273 million. 
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The industry has also established major scientific communities 
in western Canada. A great many scientists have been attracted to the 
west from abroad, and of these a fair number have been Canadians re t urn ­
ing from employrnent in the United States . In 1961 Alberta, with only 
7 . 6 per cent of the nation's labour force, had 42 per cent of its profes­
sional ·geologists and 30 per cent of its professional mining engineers . In 
19 67, 90 per cent of Canada's petroleum geologists were concentrated in 
the three wes tern provinces. 

The location in Calgary of the Alberta Oil and Gas Conservation 
Board and a regional office of the Geological Survey of Canada is an almost 
direct result of the industry's influence. The University of Calgary, too, 
would probably have grown much more slowly without the petroleum 
industry. 

RESEARCH IN PETROLEUM GEOLOGY 

This section reviews the various disciplines of petr oleum geo l ogy 
and th e r esea rch trends within them. The authors acknowledge their 
great debt to the late Dr. R. W. Landes, of Imperial Oil Limited, whose 
paper Geosciences in the Petroleum Industry (4) has provided much of the 
mate ria l for the review. 

Stratigraphic and Facies Geology 

Definitions 

Stratigraphy has been defined as " that branch of geology which 
treats the formation, composition, sequence and correlation of the strati­
fied rocks as parts of the ea rth's crust"(3) . This is a ve ry broad concept 
and obviously the aims of stratigraphy cannot be fulfilled without incor ­
porating knowledge obtained from petrology, petrography, sedimentology, 
palaeontology, historical geo logy, biolocy, ecology, palaeoclimatology, 
geomorphology, structural geology, metamorphic geology, and geophysics . 

Facies studies constitute an integral part of stratigraphy and in­
volve the consideration of relationships between lithologic entities (litho­
facies) and biologic assemblages (biofacies). Facie s analyses are an 
important t ool in petroleum geology, where they h e lp define significant 
changes in depositional environment and th e palaeoecology of biofacies, 
with a view to interpreting sedimentary histor y and pr ed icting favourable 
r ese rvoir trends . 

Stratigraphic studies for petroleum exploration have evolved from 
essentially lithologic descriptions t o actual interpretations of environment 
w ithin r ela tively few years . Lithologic descriptions are still basic, but 
with more refined methods of examination and a more imaginative approach 
(based lar ge ly on the study of modern environment), the geo logic history 
now unfolds much as a series of "landscapes". This imaginativ e approach 
is not a mere academic embellishment in the highly competitive oil ind ustry -
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it is a vi tal necessity . The days when major discove ries - and r eputation s -
were 1nade on obvio us surface features are Jong since past. 

Past Res ea rch 

In an exce llent r ecen t paper (4), Landes reviewed the progress 
made in ca rbonat e and elastic stratigraphy over th •; last 20 y e ars. He 
traced th e evoluti on of thinking in such fields as r eef ecology and geometry, 
th e mechanics of basin fill, transgr e ssive - r eg r essive sedimentation, and 
oth ers. Landes' report is so lucid and pertinent that a sun1mary of his 
comn1ents on stratigraphy and facies is given below . 

Detailed exa1nina tion of c uttings and cores from wells and sample s 
from o utcrops provides basic data for int erp r eting stratigraphic and 
facies conditions used by industry to de t er rnine areas favourable for 
oil production. 

Discovery of oil in a Devonian r eef in Alberta in 1947 gave consider ­
able irnpetus to studies of carbonate r ocks and associated evaporite 
and shal e sequences, wi th emphasis on reef bearing facies. Strati­
graphic and facies concepts are us ed routinely to r econs truct basin 
fra1nework and depositional environments in ancient carbonate sequ ­
ences . Moreove r, much r esearch has b een done on lithol ogy, ecology 
and mo rphology of ca rbonate banks and reefs pres e ntly forming in th e 
Caribbean and Pacific areas . Principles learned fr om these studies 
have been applied to understanding ancient petroleum - bearing banks 
and r eefs . 

Reef distribution in any basi:1 is complex and is r ela ted to structurally 
or depositionally controlled palaeotopographic shoals on th e sea floor . 
Facies relations in the reef platform and c haracteristic distribution 
patterns of r eef - derived ca rbonate muds and silts in stratigraphically 
equivalent shales are being used t o outline areas considered favou r­
able for reef development. 

Reef t o off - reef stratigraphic r e lationships are of great importance in 
exploration, particularly in areas where velocity differences between 
reefs and enclosing rocks are not significant and thus the effectiveness 
of th e reflection seismograph is hindered. 

The improved t echniques in describing and interpreting carbonate 
ro cks have increased effec tivenes s in predicting r eefs and other poro­
sity trends in bedded carbonate rocks. Terminology and classifica­
tion of carbonate r ocks have been standardized. Fossil studies have 
been highly r efined for more precise correlation of stratigraphic units 
ne eded for analysis, and quantitative distribution of indicator fossils 
has been 1napped for reconstruction of environmental conditions, al ­
though a tre mendous amount of work remains to be done . 

Despite the large r e s erves of oil in Cardium sandstone of the Pembina 
field , sandstones have re ceived l ess attention than ca rbonate rocks in 
the last 15 years . With exploration moving actively into the Arctic 
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coas tal area and th e offs hor e Atlantic a n d Pacific, sandstone and 
s hale studies assume great importance. There is a n eed t o be able 
t o p r edic t a t an ea rly stage of exploration th e thr ee - din1ensional dis­
tribution of porous sandstone bodi cs . Significant advances in 1napping 
and unde rstandin g th e geometry of elastic bodies o r wedges have r esul ­
t ed fro1n new t echn o logy and equipm e nt of seismic surveys of lhe con ­
tinental margins . 

In con cl usion, c urr en t facies investigations in p et r o l eun1 exploration 
and production ar e dir ec t e d t oward methods of loca tin g and predicting 
porosity distribution, and t o determine th e r e lationshi p of source rocks 
t o r e s er v oi r ro cks a nd th e c ha ractcr and distribution of stratigraphic 
traps. Diagc neti c and other chemical processes affecting sediments, 
including cementation, lea ching and dolornitization of reservoir rocks, 
r equir e further detailed r esea r c h. 

A further developrnent of increasing importance in s tratig raphi c 
studies is th e us e of comp ute r t echnolog y in proble1ns ran ging from th e 
processing of simple but vo l un1inous control data t o th e handling of con1p lex 
multivariate para1ne ters. In the first ca s e, th e co1nputer relieves th e 
stratigrapher of th e t e dious and lirne - consuming ta sk of assemblin g , plot ­
tin g and processing vast quantities of simpl e data. In the second ca s e, it 
procides th e m e ans of integratin g and analyzing th e complex inte rr ela tion­
ships of numerous differ e nt va riables - a tas k which might o therwise prove 
impossible. 

Futui. e Research 

Stratigraphic r e s ea rch should b e oriented to wa r d finding solution s 
or impr ovin g t echniques in known a r ea s of deficienc y. Further direc t ional 
con tr ol of effo rt in th e oil industry will b e dic tate d by spec ifi c problem s as 
th ey arise in old or new petroliferous re gions. The f o llowin g list discusses 
a few of the areas in whic h furth e r r esea r c h is n eces sary. 

l. Much mo r e work should b e don e on the d e tailed eco l og y of bioc la stic 
c arbonate s and reef e nvironments, w ith i ncr ea s ed attention on inter ­
nal morphology and growth stages. 

2. Increa s e d r e s e arch into sand -shal e s edimentologica l inechanics and 
geon1e try is r e quir e d as a r e sult of the A laskan Prudhoe Bay - Sag 
Ri ve r discoveries, activity in the Mackenzie delta , and Panarctic 
activiti e s and drilling in the Sve rdrup Basin of th e Queen Elizabeth 
Islands . 

3 . Further r e search is needed into th e typological id en tification of stray 
sands. The early recognition of type of sand mass (bea c h, bar, 
channe l, she e t, e t c . ) and its probable geometry r e lative to basin 
morphology is important fo r predicting tr ends . 

4 . The analysis of palaeostructure should b e more widely studied, as its 
influe nce on subs e quent s e dime ntation patterns - eve n for r e lative ly 
minut e changes in struc tural conditions - is of t e n dramatic . 
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5 . The earth's crust is a vital, mobile skin whose pulsation and fra g ­
mentation depend very lar gely on subcrustal forces . Basement 
structure and deep-seated geophysical studies reveal many features 
pertinent to Phanerozoic sedimentation and petroleum geology. The 
current emphasis on continental drift and sea-floor spreading is but 
one aspect of a wide spectrum of studies importan t to the stratigrapher. 

6 . The validity of facies studies depends on the accuracy of tim e datums. 
This in turn calls for continued massive effort in th<? fields of palae­
ontology and palynology. The development of reliable absolute or 
relative age dating techniques by son1e sor t of time - dependent geo ­
chemical or radioactive parameter within the sedimentary s ec tion 
would be an enormous boon to facies studies - if such physical para­
meters actually exist . 

7. Reservoir rocks are only as good as the net effect of postdepositional 
processes acting on them. The problems of diagenesis in general, 
and of dolomitization and silicification in particular, arc perennial 
and important ones that will unquestionably receive much futu r e 
research effort. 

8 . The entir e subject of evapori tes is receiving increased attention . 
Avid proponents for both a shallow-water and a deep - water origin 
for the same salt body can oft en be found among groups of geologists. 
When such a fundamental concept as this is still being heatedly de­
bated, th e r e is obviously ample scope for evaporite research. 

9 . The recent impetus in Canadian offshore activities will focus much 
more attention on the structure and st r atigraphy of the continental 
shelves . If one accepts the mode rn concept of continental d r ift, part 
of the a nswe r to local stratigraphic shelf problems rnay well lie 
thousands of mi l es across th e Atlantic . Geophysical studies and a 
program of critically located deep offshore wells (such as the Joint 
Oceanographic Institutes Deep Earth Sampling (JOIDES) program) 
will help provide new answers . 
It is one thing t o find oil in deep water, but quite another to solve the 
problems of deepwater completion techniques . A solution to this pro ­
blem will naturally influence the direction and scope of offshore 
stratigraphic studies . 

10 . Remarkably little is yet known about source rocks, although much is 
assumed. The who l e field of source rocks, formation waters, hydro­
dynamics, oil migration and petroleum geochemistry in general offers 
challenges for future resear ch. 

11. It is obvious that the effectiveness of stratigraphic studies will be 
enhanced by r esearch and development r ela t ed to new and improved 
methods and equipment in the fields of well logging and geophysics . 

12 . Contin u ed r esearch in th e fields of infra-red photography, radar 
imagery, geochemical direct-detection, and other exotic methods 
will indirectly aid stra t igraphic interpretation . 
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13 . Detailed bathyme tric charts for all ou r offsho r e wa t e rs are ur gently 
needed fo r the conduct of offs ho r e stratigraphy and for petroleum geo ­
l ogy in general. Charts of this typ e will soon be available for the 
Scotia Shelf and G rand Banks , and should be expedited f or o th e r off­
shore areas . 

14. Research in computer techn iques , ranging from storage and access 
to th e r o utine processing of vast quantities of data and the complex 
studies of m ultiva riate factor analyses, will r es ult in g r eat advances. 

Palaeontology 

D e finition 

Pa laeontolo gy is the science of ancient life and embraces thr ee 
main branches: 

1. Palaeozoology, the science of ancient animals; 

Z. Palaeobotany, the scie n ce of ancient plants; 

3 . P ala eoecology, the sc i e nc e of the interrelationship b e t ween 
a n cien t living organisms and thei r natural envi r onmen ts. 

Specia l disciplines within thes e branches, such as micropa la eon t ology and 
palynology, need no separate tr e atment. Their special status r efe rs only 
t o t echniques which are dictated by the minut e size of the subj ec ts under 
study; it does not involve separate scientific principle s . However, the 
small size and abundance of the fo ssils they deal with makes them of par­
ticular i1nportance t o the petr ole um indust r y . They p r ovide by far the 
g r ea t es t am o unt of palaeontologic subsur face info r mation. 

Evolution of life t hrough geologic history, and envi r onmental 
control of the habitat of life, are the scientific pr in c ip les basic t o applied 
pala<'ontolup:y. Applied palaeontology p r ovirlc-s a chrunolo;;ic framework 
fo r biostratigraphic cor r elations and age-rela tionships between differ ent 
r ock unit s. It r ep r esents the most i mporta nt t ool fo r r elative age deter­
minations in potential p e tr o l e u m -bea rin g strata. Fo r th e petroleum in ­
dustry's ne eds it is an efficient and fast me t hod, b e tt e r and much cheape r 
than absolute age datin g b y radioactive methods, and it wi ll keep this place 
in th e future. 

A clear understanding and definition of the species as the funda­
mental unit is of utmost impor tanc e for both p ur ely scientific and applied 
pa la eontology. T h e r efo r e, the r eliab i lity of a ge de t erminations as well as 
the d i sc rim inati on of different depositional envi r onments depends directly 
on the r e liability of th e palaeontologic identification. 

Present and Futur e Research 

Resea rch in palaeontology appears largely confined t o biostrati ­
graphic applications . Yet these applications will have much greate r po t en -
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tial if reassessed in the light of modern biologic and palaeobiologic 
knowledge. 

Worldwide distribution of organisms in time and space through­
o ut geologic history calls for a synthesis of the large amount of scattered 
information. Such a synthesis will greatly improve the successful appli­
cation of our present knowledge and eliminate costly duplication of basic 
research efforts. 

The es tablished trend in geologic and biologic sciences toward 
quantification of data and away from the outdated mode of descriptive sci­
ences demands reorientation in palaeontology. 

Future research in palaeontology should be directed toward sys­
tematic, taxonomic studies employing modern concepts of popula tion stat­
istics . Mic rofossils (foraminifers, ostracods, conodonts, nannoplankton, 
spores and pollen, etc . ) are the groups best suited for this purpose . Fur ­
thermore, they are, as already mentioned, of greatest importance to the 
petroleum industry. 

A thoro ugh, up-to - date, palaeobiologic knowledge represents the 
base on which we can build, expand and improve the potential of applied 
palaeontology . A palaeontology that fulfills the basic requirements for 
successful and economic application by practising palaeontologists and 
biostratigraphers is based on clear definition, reliability of taxonomic 
identification, and verification of the results by other workers . 

Structural Geology 

Definition 

Structural geology is defined as the b ra nch of geology which 
treats of the forms of r ock masses, and in this limited sense it is an e ssen­
tially geometric discipline applied to data made available from many other 
branches of geology . 

More gene rally, geometric analyses are supplemented by a study 
of chronological development, constituting a problem in kinematics, and 
further by speculation on th e forces that have deformed the rocks, involv­
ing a study in dynamics. Tec t onics is th e generic term applicable to these 
more extended aspects of structural geology. 

Past Research 

R. W. Landes has r ecently published an excel l en t review of the 
relationship of structural geology to petroleum occurrence which, because 
it is germane, is summarized briefly below . 

Landes begins with a discussion of the anticlinal theoa:y of oil accumu­
lation. He then discusses the r ela tions b e tween continental drift, pal­
aeomagnetism, the geological character of the ocean floor, and the 
nature of sedimentary basins along the continental margins, where 
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lar ge p e lr o l eurn accu1nulations are bound t o occ ur . H e p r oceeds to 
discuss the rheo lo g i ca lly plastic n at ur e o f lar ge rock masses, " th e 
pa ra dox of solids that flow " , and th e bea rin g of thi s upon th e pa tterns 
of nappes, folds and thrust faults seen o n th e flanks of o r ogenic belts. 
He then notes that conside rabl e progress in e lucida tion of th e n a tur e 
of tran scurr en t faulting has been made, and r ema rks tha t rocks nor­
mally r espond to st r ess in accordance wi th a few simple mechanical 

principles . These responses are simi lar in similar t ectonic environ ­
ments around t he world, and form th e basi s f o r a significant subdis­
cip lin e , comparative structural geology, which all ows rational clas ­
sification of the forms assoc iated with th ese vario us tectonic styles . 

Future RPsearc h 

The petroleum industry must ce rtainly continu e t o be in t e r es ted 
in all forrns of s truc tural geolo gy r esea r ch as we ll as in new r esea r ch in 

lhe field of comput er applications. Suggestions fo r emphasis ar e as fo llows: 

J. Present i ndustry ac t ivity in C anada's o ffsh ore areas wi ll attach great 
significance to th e relationship b e tw ee n contine ntal drift and the dev ­
e l opn•e nt of sedimentary basins along th e contin ental margins. 
Research into thi s subject w ill involve continuing study of magnetic, 
gravity, seismic and oceanographic da ta, a nd of the nature of the 
t rans ition zone between sin1atic and sialic "c rust " . Se is mic work, 
espec ially re fle c tio n seismic, will b e of inc reasin g importance in 
delineating structur es wi thin th e 1na r gina l s e dimentary prisms. 

2. As mo r e data b ecome available, wo r k will proceed fr om a p ur e ly 
geome tri c analysis of structures to a study of the mode of their d ev ­
e lopment, as suggested by Currie (5) a nd others . The atlas 
"Ge ological His t o ry of Wes t e rn Cana da" (6) contains a numbe r of 
implicit s t udi es of this type (us ually by serial isopaching and ancil ­
lary structure contourin g), and o th e rs will und o ubtedly be un dertaken . 

These will b e of great impo rtanc e , particularly in th e wes t e rn Canada 
sedimentary basin from th e United States border t o the Arctic Ocean, 
in dete rmining th e timin g of th e development of structu r es thr ough ­
o ut th e Phanerozoic E on an d th e cons equent unde rstand in g of the 
mode o f hydrocarbon mig ration int o structural traps (or o ut of them) . 
An additional benefit will b e a clea r unde rstandin g of th e effec t of 
structural deve lop1nent on cont emporaneou s sedimentation. Similar 
studies will b e of great us e in th e Canadian Ar c tic , and t o a l esse r 
ex ten t in the Pacific and Atlantic offshore a r eas . 

3 . In n•ost parts of Canada a lar ge amount of field wo r k r emains t o be 
d one t o determine th e nat ur e of structures we ll enou gh for valid com­

parative studies. Such work wi ll doubtl e ss b e m1d e rtaken either by 
th e Geological Survey of Canada, industry o r the uni ve rsities . Pos ­
sib l e subje c ts ar e t he analytical comparis on of th e Macke n zie 

Mo unta ins with, say, the Wyoming Rockies o r (as has already b ee n 
a t tempted by Bally, G o rdy & S t ewa r t) o f part of th e southern Cana­
dian Cordillera w ith th e Alps; or the Rockies w ith th e folded 
Appa lachians . Such comparis o ns comn•only illuminate the nature 
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0£ each of the compa r e d examples, and this kind of analogical r ea s on ­

in g wi ll conti nu e t o improve o ur und e rstandin g of Canadia n struclurcs. 
The scale' of objects invo l vC' cl in con1pa rison n1ay, of course, range 
down l o that of individual folds or faults or eve n snl.aller slruclural 
featu r es . 

-i. Co 1nput e r s wi ll be used more and n1cne fo r solving str u clu ral problen1s . 
Several different approaches will be US <' d, including: 

(a} The fi lt ing of structural da ta t o fo r n1al m athe matical s ur faces 
(trend analysis) . 

(b) Fourie r ana lysis of str u ct ur a l data , combined with various 
fi lte rin g devices, l o delermine th e natur e of subtle structures 

not o th e r wise easi ly separable from th e r egiona l grain . 

(c} Comp ut e r ' ' modelling " of hypothetica l struc tur es for compar i ­
son wi th actual field exa mpl es . Very littl e of this kind of work 

has as yel been undertaken but its potential is obvi ous ly g r ea l. 

(d} Con linued in1provement of th e use of comp ute rs fo r r e tri evin g 
and plotting s truclura l data . 

(e) Development of n1etl10ds of statistical ana lysis of struclural 
da t a, by con1puter , l o determine the na tur e o f the structural 
e le n1ents involved. 

Rock Mecha ni cs 

Resea r c h in r ock mechanics wi ll continue wi th in th e unive rsi ties 
and insti tutions such as th e Mini n g Research Centre in O ttawa, but rela­
t ive ly little will be done by th e p e tr o leum industry except p e rhaps wi th r es ­
pect t o th e t echn ology of fracturing formations in we ll bores. Suggestions 
have been made for usin g photoelastic mode ls to e luc idate th e nature o f 
s tr esses in thr ee dimentions , and this seems a pron1ising field . Oth e r 
rnodel sludies, designed to throw l ight on th e nature of such fea tur es as 
thrust terrains o r evaporit e diapirs, could be und e rta ke n on th e analog 
principle . These could contribute g r ea tly to o ur understanding of such 
features as have' similar analog studies on G ulf Coast salt d omes . The r e 
is also a possibility of u sing dry holes for measuring areal va r ia tio ns in 
c ru s lal s train down to appr oximately 10, OOO feet. This kind o f study, ho w ­
ever, wo ul d see 1n 1nore suitable for an acadenl.ic institution than for ind ustr y . 

Structura l Geometry 

Several r egiona l geological studies designed t o shed light o n 
st ructural problems h ave been mentioned by Dahlst r om (7). They incl ud e 
t he following : 

(a) Structural Cornp ilation o f Easte rn Cordillera . This project is 
now proceedin g unde r th e aegis of the Geological Survey of 
Canada and the Alberta Society of P e troleum Geologists . 
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(b) Appala c hian Ribbon Project . No wo r k is b e in g don e at the 
moment, but this sugges t ed analysis of a major mo untain system 
ce rtainly wa rrants ino r e consi dera ti on . 

( c ) Study o f continental ina r gins by w id e ly spaced r econnaissance 

seismic lines . Dahlstr om suggests that th e federal government 

should consider underta king this study . Mo r e recent informa­
ti on indi c ates that such a study i s now w1der way. H owever, it 
co uld save con s ide rabl e mon ey and dupbca ti on of effor t if industry 
were persuaded to r elea se r egional seismic da t a from offshore 
areas, after a r e as o nable length of time, fo r such a worthy pur­
p ose . 

In addition to th e above s tudies, the Geological Survey, un ive rs ities and 
industry are all e nga ged in surface -mappin g projects involvin g the record­
ing of structural ge ome try. These less exo t ic labo u rs ar e ce rtain l y still 

wo rth encouraging, since they w ill con tin ue t o s uppl y much of the basic 
data r e quir ed for future synthes is . 

Reservoir Geolog y 

In the past, th e goal of th e r eservo ir geo l og ist has been t o guide 
develop1nent drilling in oi l or gas fields t o l ocations w h ere str uct ural ele­

vation and r eservoi r chara c t eristi cs ar e fa vo ur a bl e , and thereby <lelineate 
a field or p ool with th e f ewes t dry holes. 

With the advent of c01nputer t ec hnology, r ese r voir enginee r s 
have late ly come t o n eed m u ch mo r e de tai le d knowledge of th e associa ted 
rocks . Maximum ult i1na t e r ecovery fron1 any reservoir n1ust be based on 
sound geological knowledge of th f' conditio ns that r es ulted in the fo r mation 
of the res e rvoir, in c luding structural deformation, o r ganic activi t y. dia­
genesis, hydrodyna1n i c s, s o rting, facies changes, and o ther factors . 

Altho ugh it wa s r ecogn ized ea rly that a multiplicity of facto rs 
affected petroleL1m r ecove ry, the diffi c ulty of h and lin g so many variables 
forced the e n g inee r to bas e his calc ulations on simp lified models . High ­
spee d computers allow consideration of th e effec ts of an infinite nurn.ber o f 
variables, and thei r us e w ill r es ult in irnproved primary, se conda r y and 
possibly t e rtiary r ecove r y from reservoirs. 

Increa sed understanding of facies distribution in both sandstones 
and carbonates has pertnitted more detailed geological s tudies of pet role u m 
reservoirs . This is pa rti c ularly true where eno u g h dian10nd cl r ill cores 
ar e available. Ins ofa r as such co r es provide the basis fo r useful futur e 
research in s eve r a l discip lin es, they should be a cquir ed on a mo r e system ­
atic basis. In addition, fu rther r esearch should be directed t oward t ec h ­

nique s of continuo us corin g . 

Heterogeneous conditi ons w ithin a r eservoi r may cause fluids tc' 
move through it in a pr efe rr ed dir ec tion . It may be possible t o predict 
such b e haviour through d e tailed geologic s tudies . Thi s, in turn , cou ld 
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cause radical changes in the design of a secondary-recovery project, with 
subsequent savings and increased ultimate recovery. 

Considerable research could be done on r e lating porosity and 
permeability values t o depth of burial, por e geome try and capillary pres­
sure for known reservoirs in western Canada. 

The fact that water and gas injec t ion are the most common means 
of increasing r ese rvoir e nergy has not precluded a proliferation of o th e r 
methods for augmenting. natural r e s e rvoir e nergy, such as steam injection, 
und e rground combustion, L . P . G . injec tion, or wate r and c h emica l addi­
tive s. Examples of the benefits of r e search in this ar ea can be seen in the 
fi e lds producing from the Swan Hills formation, which have been subjected 
to pressure -maintenance and secondary-recovery schemes . Most of these 
involve water -flood t echniques and have incr eased the ultimate r ecove rabl e 
oil by some 1. 4 billion barr e ls . The pinnacle - r ee f structures of the Rain­
bow area lend thems e lves to verti cal-displacement miscible - flood projects 
which ar e expec t ed to in c reas e r ecove ry percentages up t o 96 per cent of 
the oil in place . 

In many cases, the o ri ginal condition of the res e rvoir does not 
permit hydr ocarbons to move fr ee ly into the we ll bor e . This may be due 
to damage at the int erface or to the poo r natural p e rmeability of the rock. 
One means for artificially increasing the perme ability is hydraulic frac­
turing . Since it was first tested in 1947, the proces s known as Hydrofrac 
is cr e dited with incr e asing No rth America ' s economically r eco verable oi l 
res e rves by 8 billion barr e ls. 

Although sand reservoirs account for a much smaller percentage 
of western Canadian oil and gas r e s e rves, there is still much r oom for 
res e arch to improve recoveries from these pools. In many cases, partic u­
larly with sand r e servoirs, the manne r in which the potentially productive 
z one is penetrated can make the differenc e between a producing well and a 
dry hole. New drilling fluids and completion techniques could still b e 
devis ed to improve this situation, but they mus t be r elated to the physical 
and chemical pr ope rties of the rock. 

Historically, much of the r e search relating to r ese rvoirs and 
res e r voir fluids has be e n conducted in for e ign countri es . The Canadian 
oil industry should now b e important enough to warrant government funds 
and encoura gement for basic r e search which will b e nefit the whole of Canada . 

The r ese rvoir geologists w ill still need to keep in close touch 
with the numerous other disciplin es to help the growing trend toward more 
realistic r e s e rvoi r models and increased efficiency of petroleum production . 

Logging 

There has be e n an imme ns e development in w ireline-logging 
t ec hnolo gy since t he first elec trical measurements in bor e holes were made 
at Peche lbrounn, France, in September 192 7. The original exp e r imental 
e quipment was developed into a commercial enterprise by the Schlumberger 
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brothers, and since then many millions of dollars have b een spent to d ev ­
elop more r efin ed d evices for measuring specific r ock properties. 

The o rigina l us e of primitive w ir e line d evices was primarily fo r 
corr ela tion , but wi th th e advent of spontaneous potential, m i c r o-, gamma - , 
neutron-, sonic - , borehole - comp en sate d d e nsity and o th e r logs, it is n ow 
possible t o provide considerable help to enginee rs in making quantitative 
r ese r voir calc ulation s . 

Today, b eca us e of the compl exity of the wir e line tools and their 
i mpo rtanc e t o r ese r vo ir eva luation, mos t compani es have a full-time l og 
specialist o r pe tr ophysici s t t o inte rpr e t l ogs and plan the l oggin g programs 
that are best suited t o th e drilling fluid and other conditions of a particular 
we ll. T his is an important conside rati on when one reflec ts that it is a one ­
tirne oppo rtunity t o obtain a monumental amo unt o f information from a par­
ticular h o l e . Gen e rally speaking, it is n ow c ustomary t o run a suite of 
logs designed to comp leme nt each other and provide the maximum informa ­
tion for each possibl e reservoir pe n e trate d by the bit. 

It is possible t o compute extr emely accurate porosity va lues 
from. sonic l ogs , once preliminary information on the r ock typ e has been 
es tablished . A s r esea r ch continues, it may one da y b e possible t o make 
some r e liable e stimate s of the degree of permeability . 

Digitizing of l ogs and us e of e lec tr onic computers permit devel­
opment of models designed t o r e late lo g r espons es of several devices 
d irectly to lithology or other specific e lements in va rious r ock, and hence 
to the cons truc tion of a compute ri ze d litho l og . The r es ultin g consis t ency 
of such a stratigraphic correlation may h e lp in d e ducing such complica t ed 
factors as depositional envir onments. 

The development of synthe tic s eismograms fr om sonic l ogs has 
permitted much b e tter ve l oc ity control for the geophysicists, and a result ­
a nt improvement in seismic inte rpr e tation s. 

New methods of manipulating th e data n ow conta ined in the large 
librar y of Canadian we ll l ogs co uld result in the discovery of hitherto un­
suspected hydr oca rbon accumulations . 

Obviously, th e advent of the e l ec tr onic compute r wi ll have many 
di r ec t b e n efits on wireline l ogging, fr om s peeding up the deve l opmen t of 
new downhole measuring d e vic e s to improvin g the inte rpr e tat ion o f both 
old and new r ecordings thr o ugh digiti zation and sophisticated comput e r 
programs. 

It is this continuing improvement in informatio n manipulatio n 
and trans n1ittal that permits f o rmal mathe m atica l analysis and r eappraisa l 
of many geological concepts that can n ow be atta cked wi th a wide ran ge of 
m athematical and statistical t echnique s . 
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The va lue of w ir elin e logg ing t o th e o il and gas industry, and its 
con t inued development, cannot b e overen1phasized . In rnan y cases there 

are n umerous side effec ts beneficial t o other in ter es ts, such as n eutr on 
devices for t esting r oad beds, and wireline devices that can be applied to 
mineral explo r a t ion . 

Pe tr o leum - Pot e ntial Evaluation 

Petroleum - potential eval uati on is the e stimate of ultimate r es ­
e r ves of oil and gas and r e lated substances in part or all of a sedimentary 
basin (8, p . 63-±) . With this est i ma t e should be includ ed depth, area of 
pro<luction, an<l profitability. The petroleum - po t e ntial e valuatio n must, 
therefore, encompass th e discipline's of geo logy , geophysics, geog raphy 
and economics . Gove r nrne nts ca n assist in this by allowing a favourabl e 
economic climate that will give opera ti ons th e incentive for explo rat ion 
and clevelopmenl. 

The clcterrn.ination of ultimate r ese rves (by the v o lume tri c meth o d) 
d epends on co - o r dination and eval uati o n of data fr om th e geological fields 
not cl above, and fr om magnetics, g ra v ity, seisrnic r e fle c tion and r efrac ­
tion . The information analyzed frorn t he a bove studies helps to determine 
the area and configuration of a basin, th e volume and typ es o f s e dime nts 
w ithin i t, th e p r esence o r absence of source b eds a nd their pot e ntial, th e 
types of traps, the a ge s a nd types of struc tur es, and unconformities. 
These data, when compar e d w ith th o s e from sin1ilar basins having produc ­
tion, p r ovide yardsticks to estima t e ultimate r ese rve s . Geochemical data 
have also been used t o es tin1ate th e volume of o il generated, the amount 
that 1nigrated, and t he amount that was trappe d . Extrapolation of statistics 
a nd p r obahility th e ory can also be applied t o petrole um-p o t e ntial evaluation. 

The inforn1ation r equir ed for such studies comes from many 
sources in industry, Lmive rsities, and government agencies . Each of these 
can acid materially t o the data r equi r ed to apprais e properly th e potential 
of a basin . 

To make t his appraisal possible, \Ne b e lieve that gove rn ment 
agenc i es should b e mission - o rien t e d t o th e n eeds of th e country and industry, 
an d that th ey should be ahead of industry in mapping th e country - particu ­
larly on re gional projects . Such p rojec ts as " Operation Franklin" of th e 
Geological Sur vey of Canada are t o be hi g hly commended, as they g ive in ­
dustry th e necessary infor mation t o e nte r into th e Arcti c Islands explora­
tion. F urthe r, we fee l that basic da ta should b e m.ade available to industry 
within a reasonable tirne, so that industry can make maximum us e of it. 
In thi s r egard, the national system f o r geoscience data, when o p e rative, 
wi ll b e valuable t o industry, and both industry and gove rnme nt should con ­
sider es tab li shin g regional clearing hous es fo r data . 

Geoc h emis try 

R e search to date has shown tha t organic and inorganic geochem­
istry can play an important role in defining and eva luating the f o ur prerequi ­
sites of a petroleum deposit - sourc e , r eservoir, tr ap, and preserva tion . 
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Evaluation of sourcC' involvC's rncasuring the concentration of 
dispersed hydrocarbons, and C'stirnating the efficiency of thC' primary mig­
ration and accumulation processes . Definition of source regions can be 
in1portant, particularly if Lmconformi t ics a r c involved . This can J)(' accom­
plished by the analysis and corr<'lation of chemical and isotopic properties 
of oils and sediment extracts . 

The effectiveness of pC'trokun1 reservoirs is in n1any cases 
greatly influenced by procC'sses such as leaching, ccmcntation, and dolo ­
mitization which alt<'r both the pore volume and the pore geometry . An 

Lmderslanding of the limin g and con lr ols of these chemical processes is 
important in evalua tin g cliscovcrC'd de' posits and predicting areas of favour -
able resC'rvoir dC'velopn1enl. 

In c r cler to be of va lue , traps must be timely, they must bC' effi ­
cient and , of course, they must be discovered. The tin1ing of trap clevclop ­
mcn l can usually be deduced if g<'olog ical and g<'ophysical information are 
available. HowC'vcr, the relative timing of pe tr oleun1 n•igration presents 
a r ea l challenge' to th e g<'ochemis t. Similarly, the rC'lat ive efficiency of 
the seal proviclC'd by differen t rock types at various stages of compaclion 
is poorly understood . With improvements in analytical t echniques and a 
better understanding of origin and migration, geochemistry is presC'ntly 
playing a srnall but increasing r ole in locating pe tr oleurn dC'posits . Analy ­
ses of nC'ar-surface sedimen t s and subsurface brines now p r ovide a useful 
con1plc1T1ent t o o th e r typ es of geological and geophysical information rn 
many parts of the wo rld. In son1c casC's, such analyses have played a pro­
minent r ok in discovering oil and gas fields . 

ThC' physical and chemical prC'servation of petroleurn in an 
envi ronrnent which results in a, J?roducibk product is the final pre r equisite 
of an cconon1ic deposit . Physical processes such as e ros ion and faulting 
of a trap arc obvious and p r edictable destructive agencies . Chemically 
destruc ti ve processes, such as thern1al and bacterial alteration and water ­

washing , arc also cxt r c1nely important but not al all obvious or predictable 
witho u t the ext ensive use of geochemistry . In addition t o delineating high­
risk areas, an understanding of these procC'sscs also helps to predict l hc 

type of petroleum accumulations that arc likely in more favourable regions . 

The petroleum industry needs addi tional research in geochemist r y . 
In organic geochen1istry, we require a better understanding of tTtigralion, 
in orde r to prC'dict the ti1ning of oil accumulation, the chemical or ch r oma ­
tographic effects on oil composition causC'd by migration through va r ious 
types of rocks and, most important, the facto r s thal control th e efficiency 
of primary 1nigration and acc u mula l ion. Canadian conditions of glacial 
d r ift, muskeg and pern1afrost p r esen t a special challenge to geochemical 
prospecting . Inorganic gcochen1is try can contribute t o a better under -
standing of diagene t ic processes that affect res e r voirs . More knowledge 
is also needed of the inte r actions between o rganic components and inorganic 
component s s uch as clays, b rines, sulphur and uranium. 
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Historically, rnost of the r e s C'arch in pet r oleum geochemistry 
has been don e by the major o il companies . More recently, interest in 

space research and oceanography has stimulated interest in o r ganic geo ­
chemistry, and r esea r c h in this area is now being conducted at a number 
of institutes and universities in the Uni t ed States . In Canada, research on 
the organic geochen:1istry of petr o l e urn is being ca rried out by at least one 
1najor o il company, by the Research Council of Alber ta and, to a lesser 
ext e nt, by th e Geological Sur vey and Mines Br an ch o f the Depar tment of 
Energy, Mines and Resources . Some related wo r k has been done by the 
Bedford Institute of Oceanography. 

Although th e l eve l of government -s ponsored research in petro­
le um geochemistry is low it is effec ti ve and co uld be made more effective 
by increased con1mLmication between governtTtent and industry scientists . 
It is, how eve r , particularly disturbing tha t n o Canadian university includes 
in its geo l ogica l curriculu1n a co ur se in petr oleum geochemistry . 

Exploration Gcoph ys i c s 

The thr ee principal geophysical me t hods u sed in exploring for 
petroleum are gravitational, seismic , and n1agnetic surveys . 

The g ra vity me th od u sually requires instruments that n1casure 
t o one par t in t e n n1i llion of th e ea r th's field . Mode rn g ra vity mete r s can 
detect changes in this field in the order of one part in a hm1d r ed million . 
Ai r borne magne ti c instruments can measure th e magn etic field t o within 

± 10 - 5 oerstcd, and ther e arc moder n instru1nents with at least ten limes 
this sensitivity under opera tin g conditions . A ]though t hey lack the high 
r e solving power of reflection - seismic meth ods, gravit y and rnagnetic ITH' ­

thod s have been us ed r egula rl y in th e Cana dian oil indus t ry for r apid and 
often highly successful r egional s tudies of basi ns and majo r s tr uctural 
tr ends . No in t erp r e tation of any give n g ra vi ty o r magnetic con dition can 
b e made unique unl ess it is ti ed t o con tr o l p r ovided by geological informa­
ti o n and drilling da ta. H owever, th e max i m um t hickness of sediments 
corresponding to gravity and mag n etic anon1alies can be c losely detcrn1ined 
without extra geologica l control, and t hese methods are at present widely 
used in interpre tation . 

Reflection - seisn1ic surveys, which r esolve' considerable struc ­
tural information, have been used successfully i n Canada lo delineate the 
complex folds and overth r usts of the we ste rn ma r gin of th e weste rn Canada 
basin . D rill ing based on this wo r k has discovered and devC'loped large 
natural - gas r e s e rves and so1ne oi l. The r e fle c t ion seisn1ograph has also 
b ee n us e d successfully in weste rn Canada t o loca t e r eefs . Suggestions of 
r eef pr e s ence are obtained fr om a variety of information, including iso ­
chron and character changes, the continuity and lack of continuity of ref ­
lections, and indica t ions of dip . The s uc cessful use of the reflection seis ­
mog r aph in th e search for produ c t ive porosity in reefs accounts fo r a sub ­
s tantial part of the known pet r o l e u n1 resources of weste rn Canada . These 
include the Le duc field and many o th er r eef fields in the same geo logical 
confi guration, th e Windfall g roup of producti ve reefs and , more recently, 
the Rainbow and 7.ama r eef swarms. The delineation of p r oduct ive areas 
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a t or near unconformities is diffi cult, but again the r eflec tion seismograph 
has proved of great va lue in many areas, including the Souris Valley of 
Saskatchewan and the Miss issippian productive area of centra l Alberta. 

R eflec tion - seismi c me thod s have b een in e ffective use as an 
explo ration t oo l for less than 40 year s, and the tec hn o l ogy of th e s e methods 
has r ecently shown a r apid acceleration. Efforts t o control the fo r m of 
transmitted seismic energy have resulted in the developmen t of new sources 
f o r gene r ating elas tic waves . Mathematical d evelopmen ts such as the statis­
tica l th eory of communication provide the means fo r analyzing signal and 
noise . Moder n filte r theo ri~s offe r an approach t o solving the p r oblem of 
r ecogn i zing significant eve nts in the presence of noise. In o rder t o utili ze 
these developments t o the best advantage, the primary info r mation is re ­
co r ded in the field in digital form, t o take advantage of the greater avail­
able dynamic ran ge . 

An i mpor tant problem in applying these new t echniques is th e 
development of economic me thods for processing the vast quantity of data 
obtained per unit of coverage. A seismic r eco rd usually contains 24 chan ­
nels, a n d if the data we r e sampled eve ry tho usandth o f a second for three 
seconds, a total of 72, OOO numbers wo uld b e r ecorded . A mile of line may 
have nin e r eco rds , or 648, OOO sample p oints . It is on ly r ecently, with the 
advent of large digital computers, that the mass-production capabili ty has 
been avai lable t o app ly t,hese t echniques r outine l y . The total seismic ex ­
ploration system, using digital t echn ology and digital compute r s, provides 
a r evo lutionary extension of th e reflection seismic method whic h should 
markedly i mp r ove its applica tion t o structural and strati g ra phic geology 
and, h e nce, to petroleum exploration. 

CONCLUSIONS 

The following conclusions conce rn comm unication, incentives, 
and age n cy assistance. Conclusions 1 t o 6 ar e proposed t o increase th e 
r esea rch pot e ntial of the Canadian earth science community and prevent 
duplica tion of effo rt. Conclusions 7 to 11 are con ce rn ed wi th pe rs ona l, 
financial and acad 1nic incentives. Conclusion 7 is considered particularly 
important in its possible impa ct on Canadian r esea rch g r ow th. Conclu ­
sions 12 and 13, pa rtic ularly if combined with conclusion 2, co uld save 
industry a g r eat d eal of time and money, and in c r ease th e amount of d ir­
ec ted and original r esea r ch. 

l. The fede r al government has proposed the es tablishment of a Canadian 
Geoscience Da t a Institute t o implement a national system for storage 
a n d retrieval of geoscience data . The system would provide industry 
w ith lar ge vo lumes of compute r-proc e ssable data r eco rd ed accord ­
ing to national standards. It would then be possible fo r individual 
companies to integrate, in a useful and e ffi cient manner, the data 
supplied by the various provincial and f e d e ral a gencies, unive rs i t ies 
and o the rs . A t present these sour ces each us e different standards. 
The Institute wo uld also p ublish a national index t o the so ur ces of all 
public geoscience data in Canada, w h e th e r comp ute r-pr ocessabl e or 
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not, and lead to more efficient use of our existing information res -
ources. We believe the Institute would fill an important need and 
lead to significant advances by industry. The provinces should sup­
port it wholeheartedly. In this regard, the first and very worthwhile 
step would be to consider adoption of some basic definitions regard­
ing data to be tabulated. 

2. A great deal of the scientific information compiled by the Geological 
Survey of Canada does not become available until several years after 
it was collected; the result is that it is less valuable when it appears. 
Accordingly, more rapid publication and accessibility to raw data 
after a reasonable length of time is recommended. We recognize 
that in a number of cases within the past few years publication of 
results has been effected with a minimum of delay. As well, the 
recently implemented " open file" approach to much data that is un ­
published has narrowed the time gap between obtaining and dissemi­
nating data . 

3. There should be better liaison and greater interchange of information 
among government, industry and universities with regard to geophy­
sical equipment and related techniques. Examples have been noted 
where a university group has been using outmoded equipment, at the 
same time that industry is using more advanced equipment. 

4 . There should be periodic exchanges of government, university and 
industry personnel in the geophysical and geological disciplines. 
This conclusion is related t o 3, above. Such interchanges would 
serve t o broaden industry, university and government personnel and 
create a more co-operative and mutually beneficial climate of scien­
tific research. 

5 . Greater liaison should be encouraged between universities and industry 
in developing earth science curricula . While we recognize the great 
potential contribution of basic research conduc t ed in universities, we 
feel that the greatest contribution universities can make to the earth 
sciences lies in providing graduates trained in the necessary basic 
sciences. Petroleum technology is advancing so rapidly that constant 
liaison is needed to ensu r e that th e requirements of industry are met . 
As an example, we m i ght quote petroleum geochemistry: this science 
is now a major tool in oi l exploration, but no Canadian university 
offers instruction in it at any level of its earth science training 
program. 

6. The federal government should reappraise the responsibilities of its 
various agencies . Members of the Alberta Society of Petroleum Geo­
logists, as representatives of their va r ious companies, have noted 
that s01ne duplication and lack of communication exists between the 
individual federal agencies which deal with regulations governing 
exploration and exploration data. It should be emphasized strongly 
that co - operation by individual federal agencies with members of 
industry is excellent. But it is also apparent that co- operation and 
communication between such agencies as the Geological Survey of 
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Canada, the Resou r ces Administration Division and th e Bedfo rd 
Institute of Oceanography, of the Departm.ent of Energy, Mines and 
Resources, and the Department of Indian Affairs and Northe rn Dev­
elop1nent, to nan-ie the inure prominent, is not in the same category 
as that between th individual agencies and mem.bers of industry. 
Misunderstandings as to the me thod of de t ermining the use and dis­
semination of data obtained under regulations administered by the 
Department of Indian Affairs and Northern Development and the 
Resources Administration Division of the Depa rtm ent of Energy, 
Mines and Resources is cornmon with the Geological Survey of Canada 
and other agencies. It is in the area of collection and dissemination 
of data that we are primarily conce rned. In addition, we cannot see 
the merit of th e present division of r esponsibilities between th e 
Department of Indian Affairs and Northern Development and th e 
Department of Ene r gy, Min es and Resources in the administration 
of the mineral wealth of that part of Canada not administered by the 
provinces . It is clear that one agency could do the job as well as, 
or better than, two. From the standpoint of the Alberta Society o f 
Petroleum Geologis ts , it would appear t hat the Depar tment of Energy, 
Mines and Resources, with its vast store of knowledge of the natural 
resources of th e whole of Canada, is the logical department to ad1nin­
ister the resources on federal lands. If the twofold division is allowed 
to persist, it is imperative that the regulations dealing with adminis­
tration of r esources be identical in both agencies . 

7 . Research incentives should apply to t otal yearly budget, not incre ­
ments . The establishment of research centres by some of the larger 
oil companies in Calgary has done much to foster th e spirit of scien­
tific endeavour and to develop new techniques of oil finding. In spite 
of this, the Industrial Research and Development Incentives Act 
(IRDIA) allows a 25 per cent ta x -fr ee g rant on ly to r esearch expen ­
ditures that exceed the average of th e preceding five years. 
The Act encourages o il corr.panies either to continually expand their 
research centres or not have any at all. In the latte r case, growth 
of alternative research cent r es in th e United States is enco urag ed, 
to t he de tr iment of Canadian scientific endeavour . The present Act, 
then, while admirably providing incentives for expansion, does pena­
lize the good corpora t e citizens who have rnaintained r e s ea r ch faci­
liti e s in Canada over the years . 
It is accordingly recommended that ta x relief be calculated on the 
total yearly research budget. This may enco ura ge o ther companies 
to develop research centres in Canada . 
At the risk of appearing contradictory, we feel the federal govern­
ment's proposed tax on " irnpor ted research" is harmful to the spirit 
of scientific endeavour . Legislation that deters th e free flow of sci­
entific informa t ion in Canada is ce rtainly not s erving our social and 
economic development. Al though these r eg ulati ons may claim to 
encourage th e es tablish men t of research facilities in Canada, their 
long-term effec t will be th e opposite . Information is th e lifeblood of 
research. We are alr eady separated from th e world's major infor ­
mati on sources by geography; these taxes wi ll make Canada an even 
less desirable place in which t o establish research facilities . 
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The Industrial Research and Development Incentives A et, SC'ction 
2(2){d), defines scientific r<'scarch and development for which grants 
are available, but specifically excludes "activities with rcspecl to 

. .. prospecting, exploring or drilling for or producing minerals. 
petroleum or natural gas . " We feel that this discrimination has the 
effect of excluding geological and geophysical rcsl'arch projecls of 
irnportance to the pctrolcun1 industry, and accordingly recommend 
that this section of the Act be clarified so that any activities thal 
sat i sfy t he basic definition of scientific research and devf'lopment 
arc acceptable . In this regard, the definitions of scientific aclivities 
provided by the Study Group on Solid-Ea r lh Sciences of the Science 

Council appear to be more appropria l c . If they arc not accC'ptable 
in the contexl of IRDIA , which placC's en1phasis on research in sec­
ondary industries, then consideration might be given to a separate 

incentive plan for research in the mining and petroleum induslries . 

8 . The Government should encourage Lhc development of coring tech ­
niques, lightweighl drilling equipment, and better logging methods. 

(a) The research value of subsurface borehole cores cannot be over ­

es t imated: our greally increased knowledge of the Swan Hills 
and Leduc reefs conics in large part fron1 careful core studies . 

The cost of obtaining such cores is high, but could be reduced 
by resea r ch on coring t echniques and instrumentation, thus 
encouraging the collection of more cores . Tax incentives for 
this type of research would have much the sarne effect. 

(b) Costs of drilling in remole a r eas are extren1ely high . Research 
toward the development of lighter-weight and rnore portable 

drilling equipm.ent could appreciably reduce such costs which, 
in turn, could significantly increase the level of exploratory 
d r illing in ren1ote northern regions . 

(c) The drilling of a well , whether it is productive or nol, repre ­

sen t s a non - recurring opportunity to gather factual information 
on the subsurface rocks at a particular location in a sedimentary 
ba sin . Next to coring and cuttings, downhole logging devices 
provide the 1naximun1 amount of such inforn1ation. 

Foreign con1panies do considerable research to develop new devices 
for n-teasuring va r ious rock para1neters in a borehole. However, 
there are many avenues to be explored and improven1ents to be made 
on existing devices. Any resea r ch that can be done to rr1ake new and 
better tools more easily available will be of inestimable value to all. 

9 . Palaeontological studies in the pe t roleum industry provide the fran1e ­

work in which the age of source and reservoir rocks 1nay be accu ­
rately determined, and basin - wide correlations, facies patterns, and 
pe r haps new reservoirs , may be delineated . Micropalaeontological 
research is invaluable in this regard, especially in new - venture 
areas, and will become even n1ore in1portant in future. 
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There are two great palaeontological needs in Canada: 

(a) Palaeontologists outside the governrnent have no publishing 
medium in Canada. The Canadian Journal of Earth Sciences --- -
wi ll only reluctantly accept the standard palaeontologic article, 

but will not publish fossil plates which are the basic data of the 
science. The full e tin_0" Canadian Petroleum Geology, for eco­
nomic reasons, has curtailed such publications. Canadian palae ­
ontologists are turning more and more to the Journal <2f Palacon­
~ in the United States, and even this is having financial dif­
ficulties. A great need exists for financial help. Subsidies will 
permit existing Canadian journals to accept palaeontological 
a rticles . Establishment of a Canadian Journal of Palaeontology 

is desirable, unless th e Bulletin~ Canadian Petroleum Geology 
and th e Canadian Journal~ Earth Sciences are wi lling to change 
their policy and accept palaeontological papers . 

(b) There is a need for field g uidebooks showing th e fossils of each 

stratigraphic interval in th e wes t e rn and northern Canada sedi­
menta ry basins. These guidebooks should be prepared along the 
lines of the Geological Survey of Canada's Illustrations~ Canadian 
Fossils, but indicate relative abundance and importance of par­
ticular fossils. 

10. Industry geologists should be encouraged to apply for research grants 
from government. The research of industry geologists oft en leads 
them into many wo rthw hile geological studies which frequently are 
dropped because they are not of irnmedia t e economic importance. 
It wo uld benefit companies , geo lo g ists and science if grants were 
available for r esearc h on relatively non - operational topics, with the 
hope of eventual publication. Along these lin es, th e Geological Sur­
vey' s Institute of Sedimentary and Petroleun1 Geology in Calgary has 
proposed a prog ram to enco ura ge members of industry t o work at 

the Institute as research associates for periods from several rn.onths 
to a year. Such a program should be encouraged. 

11. Son1e uniformity in the standard of geological training is desirable 
ac r oss Canada. The method we suggest may achieve this and perhaps 

also result in raising standards. 
It is suggested that a central con1mittee should be set up which wo uld 
give a written examination in geo logy to eve ry student about to grad­
uate with his bachelor's degree. Results of this examination would 
be tabulated yearly for comparison among geology departments across 

Canada . 
The central committee should consist of t wo groups: the first con ­
cerned with only administration and o bj ective tabulation of n1arks; 
the second t o set up and mark examinations . We f ee l the first group 
should consist of office rs of th e Geological Survey of Canada because 
of that organization's perrnanence. The second group should be out ­
side the gover nment and consist of university and industry geologists. 
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The universities across Canada should agree that the ir students all 
write a graduating examination at th e same time . The examination 
should cover general geological subjects and be such that an evalua­
tion of the candidate's grasp of principles and his geological back­
ground can be made. The results of th e s e examinations should be 
kept confidential, tabulated yearly, and made available to the orga ­
ni zations concerned with obtaining geologists. 
We feel that the suggested committee would accomplish a real pur­
pose in that it wo uld raise standards across Canada. All this can be 
accomplished without violating the most precious and necessary of 
academic prerogatives - academic freedom' 

12. Co-ordinated subsurface and surface geologica 1 and geophysical 
studies in large areas by the Geological Survey of Canada and other 
government agencies are needed. In parts of weste rn and northern 
Canada there is a lack of synthes i zed r egional geologic and geophy ­
sical data, especially integrated surface-subsurface studies. Such 
studies by the Geological Survey and the provincial agencies should 
be given full and enthusiastic support. 

13. More detailed field mapping is necessary, because of its g r eat im­
portance particularly in finding and delineating features of economic 
significance. The Geological Survey of Canada and other government 
agencies should be encouraged to embar k on expanded geologica l and 
related mapping programs, and to improve the quality of map pre -
sentation. 
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COAL GEOLOGY 

P . A. Hacquebard and A. R. Cameron 
Geological Survey of Canada, Ottawa 

DEFINITION 

Coal geology is concerned with th e collection, organization 
and assessment of geological data for th e purpose of es timating coal 
reserves, for describing various types of coal and defining their extent, 
and for mine planning and exp loitation. To accomplish these objectives, 
coal geology relies most heavily on standard stratigraphic and struc­
tural techniques along with petrographic methods and palynology (study 
of fossil spores and pollen). It is conce rned not only with the coal seams 
in a given section but with the adjacent rocks as well. Some of these 
may be valuable in themselves, e. g . underclays, whi l e others may be 
important in that they influence mining conditions . 

Coal geology also includes studies of an organic geochemical 
nature relating to the origin of various coal types, to metamorphism in 
coal, and to origin and distribution of such constituents as sulphur. 

Coal petrography describes the composition of coals. Such 
data are useful for seam correlation and also have a technological appli­
cation in that the petrographic components react differently in industr ial 
processes . Palynology is used largely for correla tion and age dating 
of seams and may have us e also in determining degree of organic meta­
morphism. Palynology is extensively used fo r similar p ur poses in oil 
and gas explo ration and in more o r l es s routine s tra tig raphy and geolo­
gical mapping. Coal geology over laps a number of discip lin es, especially 
mining engineering and fuel technology, and in its use of payno l ogy it 
overlaps the fields of paleontology and botany. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Coal is the most abundant fossil fuel and Canada is blessed 
with vast reserves. It is also a major accumulation of ca r bon, and hence 
a poten t ial source for carbon-containing chemicals . In orde r to effect­
ively produce from this resource, regardless of the purpose, it is neces­
sary to have detailed information on the reserves available and on the 
structur wi thin individual fields. Such information is essential in orde r 
to determine first th e economic feasibility of a given ar e a and, second, 
to assist in mine planning. These efforts belong in th e province of the 
coal geologist in consultation with mining engineers. In developing such 
information, the value of such exp l o ration tools as geophysical methods 
should be investigated. 

To develop fully information on reserves, it is necessary to 
obtain basic information on coal composit ion. Composition influences 
utilization and te chno logical advances in t he field of utilization are increas -
ingly intolerant of variations in coal quality and composition. Such 
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varialions, to a large extent, have a geological origin and research and 
developmenl arc necessary in order t o describe their nature and extent 

in given coal seams and to define and understand their effect in indus­

trial uses. Thus it might b e possible to de lineate ce rtain coal seams or 
parts of scams as being particularly suitable for a given industrial pro­
cess whether Lhat process be coking, combustion or a non-energy us e . 
This wo r k should be done in conjunction with fuel technologists, chemis ts , 

and coal preparation expe rts. 

PRACTICAL APPLICATIONS 

1. To outline coal reserves by finding continuity of the seams and deter-
mining the stratigraphy and structure of the coal basins (through 
field and coal m.ine geology, coal petrography and palynology). 

2. To aid in evaluation of the coking cha racte ristics of vi r gin depo­
sits by detailed petrographic studies . These should be combined 

with chcm.ical analyses and coking tests and should be ca rried out 
in co-operation with fuel technologists, particularly expe rts in 

carbonization . 

3. To aid in the search for oil and gas by using rank data from coal 
and dispersed carbonaceous materials including those found in 
rocks outside the coal facies . Rank determination on fossil spores 
and pollen may also b e of m uch value to this type of study. 

4. To advise in mine planning and to assist in matters of r oof control, 
subsidence, burnps, outbursts and wa ter problems . Included in 
such studies should be th e developrnent of basic structural data on 
st r esses, competence, fractures and fault systems in coal and the 
enclosing rocks . In the course of such studies, information should 
be provided on the occurrence of non - coal lithologi es such as clays 
and sandstones which might have value in the ceramics industry or 
as a building ma t e rial. 

5 . To advise on coal cleaning, preparation and b l ending . In this endea­
vour petrography can be us eful in describing the organic entities 
and n1ine ral matter in a given coal seam. Such information should 
be integrated with physical data such as obta ined from washability 
and g rindability tes ts to define the behaviour of various coal types. 

6 . To assist in determining the most suitable coal types for conve r­
sion to liquids and gases . Petrography in combination with o ther 
analytical techniques can play a role in such studies. Although 
this area of utilization is not econo1nically attractive now in Canada, 
in view of our o il and natural gas r ese rves , it should not be neglec­
ted comple t ely. Future patterns of energy supp ly and demand com­
bined with re search might alte r th e e conon1ic s t o a more favourable 
position and the background information should be available to allow 
coal t o take advantage of the situation. 



-38-

7 . To assist in any research which might pro1nise a future non-C'nergy 
use for coal. In lhis area. petrography could b e a us eful supple­
ment lo chemical and engineering studies. 

HISTOlUCA L DEVELOPMENT 

Coal geology slartcd with evaluation of coal reservc'S by con­
ven tional geological procedures (determination of coalfil'ld b o undaries, 
determination of structure wilhin coa lfields , descriptions of the coal ­
e n c lusing slrata, calculalion of reserves of rnineable coal) . Son1ewhal 
later this led l o more delailed studies of the coals themselves , including 
analys es of lheir c hen-1i cal and pelrographic compositions. lhe tracing 
of lateral and vertical changes in coal s eam s, and studie s of the mineral 
matter in coal. Fo r at leasl s ome time, coa l geology probably la gged 
behind other branches of geology in Canada, because lhe then readily 
exploitable and marketable reserves of coal presented few geological 
problems. 

In Canada there are seve ral stages in the evolution of coal 
geology: 

l . Early wo r kers provided initial information on coals during 
routine mapping; 

2. Laler , more detailed work was done on individual fields with 
effo rts to calculate reserves; 

3. These detailed studies were combined with paleobotany to 
date the coals and to establish age r e lationships with coals 
from other parts of the world; 

4. Establishment in the Geological Survey of Canada of a Coal 
Research S ec tion in 1948 saw the beginning of a systematic 
d e tail e d study of Canadian coals with strong emphasis on 
petrography and palynology. 

The know ledg e on individual Canadian coals and coalfields is 
at various stages. For example, the coals from the Maritime Provinces 
have been, in general, the most intensively studied with a great amount 
of data presently available including stratigraphy, structure, pet r ography, 
paleobotany and palynology . On the other hand, knowledge on son-1e coals, 
particularly th o se from remote areas such as the Yukon and parts of 
Alberta and British Columbia, has advanced little more than the first 

stage cited above. 

PRESENT LEVEL OF ACT IVITY 

Present activity of coal geology in Canada is la r gely confined 
to the Geological Survey of Canada, with some work being done by the 
Research Council of Alberta, and Mines Department s in British Col umbia, 
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New Brunswick, and Nova Scotia. In addition, industrial coal petrology 
is carried out by the Mines Branch in Ottawa. Also, considerable explo­
ration relative to proving of reserves prior to rnining has been under way 
for several years by private industry in British Columbia and A lbc rta. 
Present and recent activities are listed below: 

1. Field work by government agencies has continued and the resulting 
data have b een collated with existing information to pe r mit more 
accurate estimation of Canada's coal reserves. Suc)1 data have 
been organized and made available to industry to as'sist in coal 
explora tion and development. 

2. Detailed structural analyses have been car ried out or are in pro ­
gress in some fields such as Canmore t o assist in correlation. 
mine planning, and interpretation of tectonic cvenls . 

3. Field studies, assisted by extensive drilling, to determine reserves 
of strippable coal in Alberta and British Colun1bia. 

4. Petrographic studies of Canadian coa ls in order l o determine com ­
position and relate such data t o envi r onments of deposition , scam 
cor r e lations and coal utilization; th e latter in conjunction with eval­
uation by o ther methods. 

5. Rank studies on coal and carbonaceous matter in o rder to determine 
variations in the degree of organic metamorphism. These studies 
are of significance for petroleum exploration and also fo r coal 
utilization (i. e . carbonization). 

6 . Palynological studies for correlation, age determination and env iron­
mental interpretation. Much of the present-day palynology is 
carried out on non-coal-bearing rocks. Where coal seams do 
occur, petrography and palynology have been used together for 
seam correlation and depositional studies. 

7. Investigation of uranium content in Canadian lignites, mainly 
through field surveys usin g a scintillometer . 

NEED FOR INCREASED ACTIVITY 

l. More field work, especially in western Canada, t o eval uate 
reserve s of coking coals. This should include stratigraphic 
and structural studies to define the effec ts o f tectonics on coal 
deposits. Such information could r educe uncertainty in future 
exploration and mine planning. 

2. Rank studies including such studies on fossil spores and pollen. 
There are two aspects to rank studies. The first pertains to 
the metamorphism of coal and is concerned with the vertical and 
lateral changes in rank that can occur in th e coal seams of a 
given field. It is therefore of importance in a r eso urc e study, 
particularly with r egard t o coking coal assessments. The second 
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aspect of rank concerns the exploration for oil and gas which 
normally are not found in rocks beyond a certain metamorphic 
stage . Carbonaceous materials (dispersed coaly matter includ­
ing spores and pollen) are widespread in rocks outside the coal 
facies and are sensitive indicators of organic metamorphism. 
Studies presently under way suggest that rank data, determined 
microscopically, may be very useful in de fining favourable or 
unfavourable areas for the occurrence of hydrocarbons. 

3. Petrographic studies, including those aimed at examining the 
effect of petrographic composition on technological behaviour. 
These studies should be carried out in close co - operation with 
fuel technologists . There is a reconnaissance aspect to such 
studies in that detailed petrographic profiles should be prepared 
of coal seams from newly developing or virgin areas. 

4. Studies on th e mineral matter in coals and lignites, utilizing 
such tools as X-rays, spectroscopy and petrography. Such 
studies should be carried out to determine patterns of ash dis -
tribution, to discover whether or not concentrations might occur 
of such useful elements as germanium, uranium, molybdenum 
and vanadium, or concentrations of elements such as sodium which 
might have an adverse effect on coal-burning equipment. 

TRAINING 

Training for coal geology should include a good background in 
the classical geological subjects such as stratigraphy, structure, se d i­
mentation and mineralogy. A background in fuel technology, coal petro ­
logy, botany, mathematics and chemistry is considered desirable along 
with some knowledge of economics, basic mining techniques and modern 
exploration methods . 

MAJOR OBJECTIVES AND FUTURE TRENDS 

The over - all objective of research in coal geology in Canada 
is to improve our knowledge of reserves and mining possibilities and to 
increase our fundamental knowledge of coal composition so that this 
resource can compete effec tively with other fuels and with foreign coals. 
Specific objectives and trends in research will depend on future use of 
Canadian coal and may, in part, guide that use. 

The immediate future will probably see increased export of 
Canadian coking coa l. A market for coking coal in a western Canadian 
steel industry is also possible . Coal geology and petrography can assist 
by providing data on reserves and probable coking behaviour. More coal 
will be consumed in power generation in Canada, although the percentage 
growth in this market will probably not be as great as in the United 
States. Here again, geology will provide information on reserves and 
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mining possibilities, as well as advise on particular problems relating 
to pollution and corrosion which may involve a study of ash distribution 
and composition. 

A !tho ugh not economically feasible at present, other markets 
for Canadian coal may develop in the future . These involve the use of 
coal as a raw material for chemicals and carbon, for conversion to 
liquids and gases, or its use in sewage treatment. Geology in the se 
areas of research will again be concerned with r eserves and mining pos­
sibilities, as well as relating coal composition to the quantity and quality 
of products from such processes . 

Finally, the role of petrographic techniques in defining the 
stage of metamorphism of potential reservoir rocks appears to hold 
promise for pet r oleum explorat ion . It will probably be applied in in ­
creasing measure to evaluate the hydrocarbon possibilities of sedimen­
tary basins. 

CONCLUSIONS 

1. Increase in reconnaissance evaluations of weste rn Canadian coking 
coals through co-ordination of stratigraphic, structural and petro­
graphic studies, with the objective of outlining mineable deposits. 
This work, which would involve a large field component, would be 
carried out in co - operation with exploration departments of private 
companies which would attend to drilling programs and the driving 
of prospect adits. 

2 . Development of geophysical techniques and th e use of modern well­
logging methods for coal exp l oration, particularly with regard to 
tracing of seam thickness, extent and structure. 

3 . Increased liaison and exchange of data between the various coal 
r esearch g roups in Canada. This is of much current importance 
for evaluating coking characteristics by means of physico - chemical 
and petrog raphic cxarninations . 

4. Continued research of rank changes in coa l and dispersed ca rbon­
aceous matter (including fossil spores and pollen) in order to 
determine variations in the degree of organic metamorphism. This 
area of study has much application for th e search for oi l and gas, 
because it permits a separation of fa v o urable regions and depths. 

5 . Petrographic studies of lignite with emphasis on fundamental 
research as regards coal types, coal macera ls, as well as dis­
tribution and nature of mineral matter. Such studies are of sig­
nificance to item. 6 also. 

6 . Appraisal of petrographic t ypes of coal of different rank to deter­
mine their possible suitability as raw materials for non-energy use. 
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7. Increase in support staff (technicians, r outine analysts) in organi­
zations doing coal research, so that professional men can devote 
more time to the scientific problems that are involved. 

8 . Sponsorship of more research on coal in Canadian universities, 
eith e r by industry o r some government body. 

9. Mo r e exchange of Canadian coal scientists with those of othe r 
countries. 

10. Canadian participation with UN -spon s o r ed coal surveys in devel ­
oping countries, both as regards field wo r k and petrographic 
evaluation of coking coals. 

11. Promotion of conferences on coal in Canada, in co-operation with 
the C. I. M . M .. , with industry, or with provincial research agencies. 
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PALAEONTOLOGY 

. I 
by the Palaeontology Subcommittee 

of the 
National Advisory Committee on Research in the Geological Sciences 

DEFINITION 

Palaeontology is the study of ancient life , i . e . fossils . ll emb races 
palaeozoology (ancient invertebrate and vertebrate animals ), palaeobotany 

(ancient plants ), palynology (ancient pollen, spores and some other , very 
small organisms), a nd p a li chnology (tr ace - fossi l s ). It occupies an area 
between the biological and the earth sciences and is usually taught and prac ­

tised as a geological discipline . 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Palaeontology is concerned with: 

(a) The identification, classification , and description of fossi ls; 

(b} Recording the sequence of fossils preserved in rocks : such sequences 
provide the basic dat a for r e la tive age - dating of all fossil - bearing rocks 
and for establis hing a temporal fr2.mework for corre l ation of geo l ogical 
even ts ; 

(c ) Ancient organisms as indicators of past environments and geograph y , 
and as constituents of rocks such as limestones , coal , etc . 

(d) Deciphering a nd e lu c id ation of patterns of organic evol ution; 

(e } The history of life . 

Most of its practical app lications derive from (b) a nd (c ). Oil , natu ­
ral gas , coal , and many ot h er non - metallic and some metallic mineral d e pos ­
its occur in sedimentary, fossil - bearing strata . Location of such economi­
call y valuabl e d Ppos its, a nd t h e estimation of their extent a nd production yie ld, 
depend ve r y much upon determination of spatial and temporal relations and 
patterns . Furthermore , palaeontology provides most va luabl e data for all 
rc'gional (to a lesser exte nt a lso l ocal), continental and int e r continent a l c or­

r e lation s and stratigraphic analysis , including stratigraphic a nalysis of the 
ocean basins . Fo r evol utionary biology, palaeontolo gy sti ll provides t he on l y 

" proof'' that l ife has c h anged throu gh t ime , beginning w ith t h e most primi tive 
organisms and c hanging progressively to the highly complex fauna and flora 
of present day . 

1chaired by Professor G . V . Middleton . Special thanks are due to Professor 
J . R . Beerbower a n d Professor W. K . Braun for their assistance in t h e pre ­
paration of this report. 
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PRACTICAL APPLICATIONS 

The most important practical applications of palaeontology consist of 
the use of fossils (including m.icrofossils, spores and pollen, a nd others ) for : 

(a) n•lat ive age dating (biostratigraphy) 

(b) determination of cnvironmc·nt of depo sition (pal aeoecology). 

Both appli cations arc• of great importance in the search for oil , nat­

ural gas, coal , potash, sulphur , limestone, ~ypsum, salt, and many other 
industrial minerals, as well as sorne metallic mineral deposits . 

HISTORICAL DEVELOPMENT 

"Modern" palaeontology developed i.n the latter part of the J Sth and 
the· early part of the 19th centuries . Previous int0rest in fossils was solely 
curiosity - oriented . 

Early in its devC'lopmcnt , palaeontology tended lo branch into biolog­
ical palaeontology , dealing with classification a nd evolution ary or envi ron ­
mental aspects , and into stratigraphic palaeontology , concerned primarily 
with fossils as age ind icators . T his unfortunate dichotomy dominated palaC' ­
ontology for a long lime and only during the last decadt> has the trend devel ­
oped to un i fy stratigraphic and biological palaeontology . 

Much early palacontolo~ical work was done in Europe and the United 
States . In Canada, early studies were made at some unive r sities , but the 
impetus was providl'd by the Geological Survey of Canada . This organization 
has since stayed in the forefront of Canadian palaeontological r'o'!search . 

During the past two decadc·s , the growth oft h e wcstC'rn Canadian 
petroleum industry and the exploration of the 'as( north c· rn territo riC's have 
added new dimensions and new c hall e nges . As a by - product of t h e ens uing 

boom in all disciplines of geology , the demand for palaeontol ogical studies was 
accentuated . Unfortunately , th e number of paleontologists did not increase 

proportionately to the mushrooming number of geologists . Furthermore , 
many of Canada 's palaeontologists arc foreign - born and C'duca!C'd . The newly 
issued directory of palac'Ontologists in non - communist countries lists 146 
Canadians, but many of those listed are not actively engaged in palaeontolog ­
ical studies . 

PRESENT LEVEL OF ACTIVITY 

Palaeonto l ogic research in Canada by government institutions , uni­

versities an d industry is biostratigraphi cally oriented with the main efforts 
being directed toward establis hing the age re l ationships of fossi l assemblages, 

t h e correlation of the rock sequences in whi c h these fossi ls occur , and recon­

struction of the ancient environments in whi ch these ancient organisms lived 
and under whic h t h e sediments accumulated . Such studies are fu nd amental to 
stratigraphy, to reconstruction of the geological histor y of any area and , at 
the same lime , t h ey form a nC'cessary basis for a ll other palaeontological 
studies . 

A broad framework of biostratigraphic subdivisions of pos l ­

Precambri.an rocks has been established in Canada; some of the zones and 
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units in the temporal framework are well - defined and have a d uration and 
accuracy of one to three million years . Many other unils arc poorly defined ; 

some are of no value . 
Palaeoecologic studies have become popular in the pasl dc· cade . 

Mosl of them appeared as by - products of biostratigraphic or other geologic 
studies and only lately have they become specifically con ceived and executC'd 
with a purely ecologic objective . Also , they commonl y remain one - sided and 
focused on rather narrow fields of inl e r es l. For example , many valuab l e dat a 
have accumulated in relation to the reef formation and limes ton e d e positi on in 
the Devonian sequences of western Canada . But only limite d efforts have been 
made to investigate the sediment - organism inte rr e lations in recent carbonate 
and reef sediments . Equiva l ent effort s con cerning elastic rocks and their 
faunal contents are practi cally non - existent. 

A growing awareness of the importance of recent eco l ogic studies has 

led to lhe initiation of studies on a partially inlegraded and interdisciplinary 

basis . Pa l aeontologists , biologists , sedimentologists , oceanographers and 
chemists try to work together lo study lhe interplay of the many factors that 
influence the distribution, abundance and va riety of modern faunal and floral 
communities . Such studies will serve as va luabl e n10dels for the interpret ­
ation of fossil communities and w ill lead to a mor e meaningful reconstruction 
of ancient environ ments . 

A trend lo place emphasis on classification , morphology, ecology, 
evolution and case histories of selected fossil groups , in c onjun ction with or 
paralle l lo refined biostratigraphic studies , is slowl y emerging . This 
"comprehe nsive" approach should g r eatly stimulate all branches of palaeonto­
l ogy , including biostratigraphy, and en sur e an appropriate future for the 
scie n ce . 

In t he industry and government sectors , man y paleontologica l studies 
are integrated with studies in stratigraphy, sedime ntology , geochemistry, and 
ot h er branc hes of geol ogy . Many studies al universities , however , are inde ­
pendent or only partiallyintegrated. Unfortunately, many palaeonlologi cal data 
are not published , especially those obtain e d b y thC' industry, or t h ey are pub ­
l ished in instalment s , or only a fraction of the results are made known, out 
of context and without reference even to the most important "background" 
information . Consequently, many palaeontological publi cat ions appear eithe r 
too late or are fragmented and become of lin<ilcd va lue . Commonly, t he y 
have no bearing on cont e mporary geologic thinking or geologic exp l o ration, 
and ve ry rarely do they influence the dire c tion of geo l ogic studies - as they 
should . 

NEED FOR INCREASED ACTIVITY 

More resear c h is r equired lo refine existing biostratigraphic co r­
relations , to refine and calibrate pal aeontological zonations , and lo recon ­

struct palaeoenvi ronmenls and palae ogeography, quite apart from extending 
the same activities to areas as yet unexplored . This must b e the main goal 
for many years to c ome in su c h a vast and "underexplor e d" c ountry as Canada . 
The techniques used may remain the classical ones , with only minor modifi ­
cations to uti l ize the more advanced technological facilities . Special empha­
sis shou ld be p l aced on the efficient storage and r et rie val of data and infor­
mation to cope suc ce ssfully with the mushrooming increase in knowledge . The 
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publication of data, the distribution and ava ilability of compute ri ze d data, and 
other forms of info rmation transfer should b e speeded up , and adequate finan­
c ial support should be ens ur ed for publ ication of we ll-doc ume nted and illus ­
trated monographs . 

The integrate d project style of r esearch should be e n cou raged. C l ose 
co -operation is needed between palaeontologists and biol ogists , sedimentol o ­
gists , geologists and, most importantly, among p a laeontolo gists themse l ves . 
More efficient forms of co - operation shoul d be developed to overcome inter ­
disciplinary problems and rival ries , and to avoid unnecessary duplication or 
excessive overlap of effo rts. 

An unbalanced dis tr ibution in the work load has been d eve l oping for 
some time , not ne ces sarily a pprove d by the majority of palae ontologists, bu t 
di ctated by ci rcumstances , availabil ity of fossil colle ctions and comprehen ­
sive geolo gical data, libr a r y faci liti e s, and financia l resour ces . Government 
institutions and industry, w ith thei r fu ll-time research staffs and relatively 
l arge finan ci al bases , have assum ed responsibil ity for satisfying the l arge ­
scal e , biostratigraphic - geol ogic requirements, with the unive rsities falling 
b e hind further and furthe r in these r es p ects . Consequently, l arge fossil col­
le ct ions, together with detai l ed and vitally impor tant "background" d ata , have 
accumu l ated at a very few places . The s e same few institutions are , th ere ­
fore , ideally suited to take over a ll palaeontological work including classifi­
cation and description of foss il s , palaeoecological studies , e stablishment and 
refinement of pal aeontol ogical zonations, construction of mode ls (bi olo gic or 
geol ogic), and compar ison with pr e sent-day floras, faunas and ecological p at ­
te rns. This l eaves many universities (and some other 1 ess fortunate institu­
tions ) d epr i ved of fundame nt al and necessa r y compr e hensive fossil collections 
and geol ogic d ata . This d evelopme nt thus fosters con centration of efforts at 
ve ry few place s, and pi ecemeal effo rts in others . 

Since it is unlike l y that this trend could be stopped , or eve n re ve rsed, 
some forms of coexi stence and c o-operation must b e d eve l oped, with govern ­
ment institutions , industry and universities sharing their research efforts , 
fossi l collections , library facilities and other data, and "farming out" ce r tain 
projects to institutions qual ified to produce and publish a d equate r e sults in t he 
shortest time . 

It would be wo rth e n cour aging the d eve lopment of the National Museum 
of Canada as t h e r e positor y for pal aeontological typ e and r efe r ence collections, 
the national showcase for palaeontological exhibitions , and an active , inter­
dis c iplinar y r esearc h centre , as it is already for zool ogy, botany a nd, to a 
limited extent , vertebrate palaeontology . Presently, the Geological Surve y of 
Canada fills some of these rol e s. 

TRAINING NEEDS 

Undergraduate training in all Canadian geo l ogical curricul a invol ve s 
some exposur e to palaeontology . This t rainin g is barely a d equate for conven­
tional stratigraphic a nd systematic palae ontology , and commonly l acks fu ll 
appr eciation of t h e c r it i cal rol e of pal aeontol ogy in stratigraphy and histori cal 
geolo gy . New approache s and methods a re being int roduced at some univer ­
sit ies, but stringencie s of geo l ogy r equirements and , commonl y, a l ack of 
facu l ty interest and exp er ience tend to dis cou r age we ll - int eg r ated palaeon to ­
logical cu rricul a . Nevertheless, such curricul a are needed, just as much as 
for other geologi cal dis ci plines . 
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A full graduate program ideally should include access to c ourses in: 

(a) animal and plant morphology , physiology , and evo lution 

(b) marine biology and ecolo gy 

(c ) popul ation and community ecol ogy 

(d) popu lation geneti cs and evolu t ion 

(e ) st ati s tics a nd compute r usage 

( !) geoc h e mistr y 

(g) s c i e ntifi c Russian and German . 

MAJOR OBJECTIVES AND FUTURE TRENDS 

In Canada , t h e major objective must b e to continue aspects of palae ­
ontological studi e s dir ect ly r e l ated to pract ica l appl ications , i . e . biostrati ­
graphic and palaeoec ologi c s tudies. But de ve lopment of both these fie lds 
depends o n advances in t h e other fields o f p a laeonto l ogy w hic h , t h e r efo r e , 
should not be neglected , 

Canada has a n ational duty to con t inu e and g r eatl y expand the s e ar c h 
for Precambrian fossils in t h e vast Canadian Shi e ld . Canada also poss e ss e s 
many worl d - famous localit ie s and s e qu e n ce s of vertebrate, inve r tebrate and 
p l an t fossils w hi c h ar e c riti cal to t h e e lu c idation of t h e his to r y of life on our 
planet . Su c h fossil s equence s should be properly cu rated, displaye d , and 
mad e known to the public at large and should b e scientifically describ e d and 
publ i shed within r eas onabl e time limits after their dis cove ry. And the s ea r c h 
should b e inte nsifi e d with the hope of finding equally important, n ew fossil 
s e qu e n ce s or exploiting the known ones more fu ll y . 

CONCLUSIONS 

1. Every e ffor t shoul d be mad e to strengthen the conventional pal aeontol og­
i cal work being und ertaken in universities and governme n t institutions . 
Industr y should par tic ipate more fully in t his proce ss b y publish in g some 
of their palaeontological studies and by sharin g t heir material a nd vast 
knowledge w i t h universities and gove rnme n t ins titutions . Co - ordination 
and integration of palaeontolo gi c al wo rk in universities, go ve rnme nt and 
indus t r y should b e e n couraged b y e s tablishin g a co -ordinat in g body in 
whi ch~ inte r e st groups are r ep r esen ted . To a ce r tain and lim ited 
extent , the Geological Survey of Canada h as acted in this capac it y , b ut 
its sphere of interest and its duties a r e too specific , or too narrowly 
d efine d, to b e repre s e n tative of a r a pidly di ver si fy ing palaeon tologi cal 
and truly inte rdis c iplina r y s c i ent ifi c community . 

2 . Pro grams con ce rne d w i t h modern ecology - foremost, marine ecol ogy 
and s e dime n tation - should b e enlarged , w i t h t h e uni ve rs itie s p a r tic i­
pating more fully in suc h programs (pro fes sors , full - time staff m e mbe rs 
and s tuden ts ) . 

3, Theoretical and bi ologi cal palaeontology and ve rt e brate pal aeontol ogy 
should b e more fully supported a nd e n cou rage d. "Appli e d" p a laeo n t ology 
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with its own built-in momentum d oes n ot need such special atten tion . 
Also, absolute e mphas is should b e placed on full y integrated studies . 

4 . Government institutions, industry a nd universities should be encou r aged 
to in te r change some of their fo ss i l collecti ons to guar antee t hat results 
a re made publi c within a rea s o n abl e time limit, instead of holding such 
coll ections for an indefinite number o f years . 

5 . More funds should be allocated for exchange of scientis t s, visit s of 
foreign specialists to Canada, a nd travel by Can a d ian palaeontologis t s to 
other countr ies or within Canad a to make detailed comparisons of their 
faunas, c ollect comparat i ve material, and meet specialists in t h e ir own 
fie ld . Also , palaeontologists should be more fu lly su p ported b y qualified 
tec hni c ians, instead of hav ing to p erfo rm the time - consuming l a b oratory 
pre p arat ions t h emsel ve s . Modern expensive equipment i s not l acking b ut 
o fte n it is not efficien tly uti li zed. 

Weste rmann, G . E . G . 
Znd e d ., Int e rn . 
Ontario, 1968. 
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PALYNOLOGY 

C.R . Stelck 
Department of Ge olo gy 
Uni ve rsity of Alberta 
Edmo nton , Albe r ta 

DEFIN ITION 

Paly nology i s t he stu d y of pollen g r ains , spores, and o ther acid 
r es is tant microfossils such as dinoflagellates, dia toms , coccoli ihs, acritar c hs, 
and chitinozoa, which a r e co llective l y referred Lo as palynomorphs. Pal y ­
no l ogy is a b r anch of paleon t o logy, and i s taugh t i n eith e r botany or geology 
depar tments in unive rsities . Eco lo gis ts, a r cheo lo g is t s, and a lle r gistsuii lize 
palyno lo gy , bui i ts chi e f economic applic atio n is as a stratigraphic tool in 
geo lo gy, chie fl y i n o il explora tion. Oil compani es, pro vinc i a l gove rnrnents 
(Resea r ch Counc il of Alb e r ta) , Lhe federal go ve r nment (Geolo gi cal Survey 
of Canada), museums (R o yal Ontario Mu s eum) and unive rsities employ 
palynologists. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Palynology i s c once rn ed: 
(a) wiih Lh e descr ipt io n and c la ss ification of extant and fossil palynomorphs ; 
(b) with the his to ric al r eco rd of pl ant life a nd o t h er b io ta , as r ecorded b y th e 

fo ss il spores and po llen g rains and o th er microfossils; 
(c) with t h e his to r y of phytoplankton a s evidenc e d , for e x ample, by t he rernains 

o f single celled Protis ta or th e ir cysts (sing l e - ce lled forms of life often 
develop skeletons cap able of b e ing preserved as fossils; these are extrac ­
ted from t h e rock by a c id t r eatment) ; 

(d) with recording Lh e sequence of paly nomorphs (pollen , spores , eic .) in 
stratified ro cks; t his provides a basis for investigation of biological devel ­
opment for t he dating a nd correl ation of other stra t i g raphic sequences ; 

(e ) with t h e de termina tio n of pas t environments, such as the delineation of old 
shore lines, climatic changes, forest hi story, etc . ; 

(f) with modern ha yfe ve r studi es and honey gradin g, etc.; 
(g) w i t h archeological da t ing and paleoeco log y; 
(h) with carbonization of spores and pollen; this is a i ndi cation (a nd provide's a 

measure) of low grad e metamorphism; 
(i) wit h aeropalyno l ogy, for application to forestry and agriculture problems, 

plant patho l ogy, pollinatio n , a ir po llution, etc . 
Practical economic applicat ions stem from t he extrao rdinarily 

re s istant nature of the wall s of spores, pollen an d many other microfossil s 
and from t h e fact that th ey rn.ay be carrie d by w ind, water and in s ects over 
wide a r eas . Spores, pollen, and other palynomorphs may be obtained, from 
small samples fro m boreholes and ou tc rops in vas t numbers. In addition, 
each fossil palynomorph is a c omplete morpho lo g i c entity and may be treated 
as a taxonomic unit. Because pal ynomorphs tend to be ubiquitous and abun ­
dant, res u lt s c a n be made more meaningful by statistical methods and c o m pu­
ter analys i s . 
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PRACTICAL APPLICATIONS 

Studies of extan t spores and pollen and th eir role as a ll e r gen s has 
allowed the Canadian Government T rave l Bureau to issue pamphlets indicating 
a r eas low in Ambrosia pollen which are favou r abl e fo r p eopl e who suffer from 
hayfever. 

Studies of extinc t palynomorphs aid s i gnificantly in th e dating and 
correl ation of nonma rine sediments, such a s the C r etaceous and Tertiary 
strata of Alber ta, British C olumbia and th e N orthwest Te rr ito ries and the 
upper Pal eozo i c strata of easte r n Canada . Palyno l ogy is valuab l e in the co r­
r e lat ion of marine and nonrnarine strata since spores and pollen are dis t rib ­
uted b y wind and curr ents and h ence may cross from o ne envi ronment to t h e 
o the r. 

Only small amounts of rock are required for palyno log i c al studies, 
which makes them immediatel y a pplicable to the study of borehol e samples 
(bo th core and cuttings) and ve r y useful in oil explora tion. The u sefu l ne ss to 
the oil industry is in the field of c orr e lation of strata, relative age da ti ng of 
beds and pale oecological or environmental studies, which enabl e th e oil ge o­
l ogist to t ra ce o ld shorelines or detect th e proximity of r eefs. 

The coal industry uses palynolo gy to identify different seams in 
structurally complex areas whe r e faults dis ru pt bed c o ntinuity, or inn-to r e 
gently dipping a r eas where l enti cularity or paleo - erosion has cause d inte r­
rupt ion in the c oal seams. 

HISTOR ICAL DEVELOPMENT 

Geo log i cal po llen studies began at the end of the 19th centur y by 
workers such as C. A. Weber and G . Lage rhe im; Lennart von Post established 
pollen analys is as a separate discipline i n 1916, when he applied palyno l ogy 
as a strat i g r aphic tool for the study of peat d e posit s i n southwestern Sweden. 

The early beginn ings o f palyno logical studies were linke d with 
botanical pollen morphology and with coal and p eat - bog i nvesti gatio ns. It is 
only in the las t 20 years that geological palynolo gy has become a common too l 
for oil e xplorat ion. There are onl y about 2 5 active palyno lo gis ts in Canada. 
On th e o ther hand t h e U .S . S. R. r epor t s 1, OOO, although t h e la tter fi gure 
includes some technical personne l. T h e re is only a relat ive ly short lis t of 
publicat ions and theses on Canadian paly nolo gy (less t h an 15 0). Studies in 
marine palynology have been initia ted only i n th e pas t few years. 

U p to 1966, 4, 200 publications were produce d on world palynology 
with a projected rate of 3 30 paper s a yea r. Prior to 1966, th e r e were an 
estimated 14 , 300 spe c ies of spores and pollen described i n the lite ra tu r e and 
b y 197 5, 20, OOO species d e s c riptions are forecast. 

Taxonomic and morphological studies linke d with b io stratigraphy 
have t o b e t h e immediate concern of palynologis ts as the s c ience is still i n the 
prima r y posit ion of building u p a vocabulary of te rms for species and record ­
i ng their occurrenc es. 

PRESENT LEVEL OF A CTIVITY 

T h e majo r e ffor ts of t h e Geolo g i cal Survey of Canada, oil compan ­
i es, universities and re sear c h groups are biostrati graphi c and taxonom ic. 
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T he building of a background of primary i nformation is fundamental to the 
utilization of palynomorphs for c orrelat ive, ecolo gical, a n d evolutionary 
studies. Publications on Canadian palynology a ppear at the r ate of 30 to 40 
per year. A large amount of information is d e posited in the private fi l es of 
p etroleum companies, many of whom ret ain th e ir r esearch laboratories in 
the Uni ted States. 

NEE D FOR INCREASED ACTIVITY 

Some oil companie s have fairly comple te regis ters of the strati ­
graphic ranges of many palynomorphs but th e accompanying nomenclature 
often l acks international status. An inc reas e i n th e numbe r of publications on 
taxonomic studies of the se palyno mo rphs should be acce l erated to stabilize 
gene ri c and spec i e s te r mino lo gy. As i t is sometime s difficult to obtain infor­
mation from oil companies, university an d research institutes shoul d increase 
th e ir efforts i n the field of palynological taxonomic studies . Priority for study 
s hould be given to type - sections of previously d esc rib e d geo log i cal forma­
tions, as t h e knowledge of the palynologic a l content would g ive a sounde r basis 
for corr e lations . 

The vast areas of Canadian continental she l ves and t h e Arctic 
throw a considerabl e responsibility on the Geological Survey of Canada as the 
senior scie ntific body ope rating in thes e realms . Biostratigraphic studies in 
these areas r e qu ir e increased palynolo gical support, and will r e qui r e the 
employment of additional palynologis ts. The dis cove r y of o il i n no r thern 
Alaska has created an immediate ur gency for expansion of b ios t ra ti g raphic 
studies on t h e Canadian nor th. 

The taxonomic, compar ative, and evolutionary studies a rising 
from t h e multiplicity of palynomorphs re c overable from even a few hundred 
feet of stratigraphic section may require a p a l ynologist' s time for much of a 
y ear . If c ollec t io ns were gathered only 100 m iles a part in the sedimentary 
basins of Canada in the upper 5 , OOO to 10, OOO feet of stratigraphic section, 
additional palynologists would b e re quired to compl ete their study wi thi n a 
r easo nab le period of time . Paleontologists have been desc rib ing megafossils 
for over 15 0 years, s o e quival ent coverage of palynomorphs by palynolo gi sts 
will r equire additional workers to build u p a comparative background of data 
in a short t i me. The need is urgent because of t h e unique role that palynolo gy 
can play i n future o il e xploration. 

TRAINING 

Palynologists pl anni ng to appl y their skills in a geo logical context 
shou ld r ecei ve unde r g radu ate tra ining in a geolo gy department with a m inor 
in biology (t axonomy and ecology) . He s hou ld cont inue in graduate work in 
sedime ntat ion and stratigraphy. 

Approximate l y 2 years of relat ive l y concentrated study i n pa lynol­
ogy, following basic t raining , a r e required fo r an in dividual to acquire the 
minimum skills and general background n ecessary t o be a practicing pal ynolo g is t. 
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MAJOR OBJECTIVES AND FUTURE TREN DS 

T h e re is a pressing nee d for i nc reased study of t hebios t ratigraphy 
of paly nomorphs in Canada. However b ios tratigraphic c o n clusions based on 
palynomorphs a r e on l y as good as the taxa fro 1n whi ch thes e c onclusions are 
derived so ba sic research on th e descriptio n and classificatio n of spores and 
pollen is a pr i me necessity . 

Because of the ec o nomic implications, much of the palynolog ical 
work i n the next deca de in Canada will be dir ecte d toward unravelling the 
s t r atig r aphy of the potentially oil-bearing strata o f the c ontinenta l s helves and 
coasta l plains . This will re quire corre l at i ve data from t he accessib l e sec ­
tions in the basins of B ritis h Co lu .mbia, the Yukon and western Canada . 

The immediate objecti ve wou ld entail a r study of ty pe stratigra­
phic sect io n s and a detailing o f t h e ir palynological content. For t he above 
reasons pal yno logy of fossil forins w ill have t o remain c losely a llied to the 
other b ranches of ge olo gy fo r some time t o c ome . 

T h e scanning e l ectron microscope has been d emonstrated as a 
valuab l e new tool in r ec ording the de ta iled to po g raphy of ce r tain palynomor­
phs. However , c o nventional t ransmi tte d light pho t o g raphs will remain stan ­
dard procedure for most workers for some t i me . 

There is a great need to relate the fossil forms to thei r m odern 
counterpa r ts if any meaningful work is t o be c ontinue d in paleoe c ology . In 
the strictly paleobotanical fie ld the r e is need to re late t he foss il spo r es and 
pollen t o their l eafy and woody c ounte rpar t s. C ross reference works are 
required l o re l ate woods, cuticles, and pollen in mode r n plants. 

Recent advances i n th e u nd e rs tandi ng of such g roups as th e dino -
flage llates, ac ri tarchs, and chiti nozoans (also recove r e d by pal ynological 
methods) wi ll r e qu ir e spec ialis ts in these groups i f strati graphic a pplications 
to limestone sectio ns are lo keep pace with the palynological work on e l astic 
sediments. 

CONCLUSION S 

1. Several new appointment s should b e made in the fi e l d of paly ­
no lo gy in th e Geo l ogical Su rvey of Canada and /or in a llied i n stitutes such as 
th e Bedford Institute and proper fac ilities, i n cluding technicians, supplied or 
enlarged for th ese appointments. 

2 . Canada l acks scientific j ournals that will publish integrated tax­
taxono1nic -biost r atigraph i c s tu dies. Much Cana dian m a te rial is published 
outside Canada . Su pplementa r y funds should be made available to Canadian 
earth science journals t o underwrite the a dded c osts o f plate s, whic h c o n sti­
h 1te a very cr i tical par t of palynological taxonomic papers. Generally speak­
ing Ge olo g i cal Survey publications tend t o have an unfor tunate de l ay i n pub ­
lication . Any de l ay requires continual revision of manu s c ript and proofs t o 
avo id th e c r eation of synonyms. 

3. F i nancial suppor t s hould go primarily t o r esea r ch on the paly ­
n olo gy of geo lo gical ty pe sections or z ones in Cana da as they a r e now known. 
This would p lace a prope r emphas is on the impor tant work of dove - tailing t h e 
new findi ngs w i th th e r esults of the la st 150 years i n c o nventio nal str ati g r aphy 
an d strata! c orrelations. 
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4 . Quaternary palyno l ogy needs additional suppo rt. Quaternary 
deposits are widespread in Canada. Our northern continental she lves lack the 
abundance of foraminifera found farther south and much more reliance will 
have to be p laced on palynology for ecological and correlative studies. 

5. Additional appointments w i thin unive r s i t ies are needed. The 
number of palynologists absorbed per year into the labour market will prob ­
ab l y never be large, even though vital to certain industr ies, so the case fo r 
the appointment of a pal yno l ogist t o the staff of a university is weakened . 
This dilemma of staff-student ratio has to be c i rcumvented . Partial but con­
tinuing support for some additional chairs of palynology woul d strengthen the 
science in Canada. 
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ECONOMIC GEOLOGY 

Roger A . B lais 
Ecol e Po l ytechnique 

Mont real , Quebec 

INTRODUCTION 

The purpose of this review is lo stress the importance of s c ientifi c 
activities in the fie ld of econom ic geology as they apply to meta ll ic and non ­
metallic minl' ral deposits and to outline fulu 1·c> research .)bjectives . A n 
attempt is a l so made to 1·Pview various aspec t s of mining expl oration , m eta l ­

l ogenic studies , a nd m inin g geo l ogy . Other aspects of economic geo l ogy , 
suc h as p etro l eum geo l ogy , coal g<'ology, expl oration geophysics and explor ­
atio n geoc h emistry are treated dsewh0re in this vo l ume and n c>e d n ut be dis ­
cussed h ere . 

IMPORTANC P. OF SCIENTlFTC ACTIVITIES 

Much has been written on the importance of the mineral industry , 
particu l arly in recent n10nths in connection with t h e government ' s White 
Pap er on Tax Reform . 1 T h e ma.ior econom i c traits of the mining and t h e 
petroleum industries arc> sumn1arized in the comprehensive report of th e 
So l id - Eart h Science Study Group of the Science Counci l of Can ada . 2 It wi ll 
thus su ffi ce to limit this discussion lo onl y a few features of the mining 

indu stry . 
I . F.conomic development: according to the Dominion Bureau of 

Statistics , mining prod u ct i on reached a record valu e of $3 . 4 billion in 1968 
(exclud ing fossi l fuels ) . Oi l and n atural gas produ ction was valu ed al an 

a dditiona l $ J • 3 bi ll ion . 
2. Rapid gr owth: during the past h undred years , the p o pu l at i on of 

Can a d a h as inc r eased b y a factor of 5 . 7 , t h e gross nat i on a l product has 
increased b y a factor of 14 . 5 , w h e r eas the va l ue of ininin g and petrol eum 
product i on h as in crea s e d by a fac tor o f 43. D u1·in g t h e pt·riod 1 945 - 68 , the 
a nnu a l mineral output value increased 9 - fo l d . T h e physical vo l ume of min ­
e r a l output in creased 4 - fo ld in 1 95 0 - 68 , compar ed with less tha n 3 t imes for 
th e industrial ec onomy as a who l e . T h e real domestic product ind ex in t h e 
mining sector grew at an a~erage rate of 8 . 7 per cent during 1 964 - 68 , com­
p ared w ith 5 . 5 per cent in manufactu rin g , 2 . 3 per cent in forestry, a nd J . 7 
p e r cent in agric ultur e . In 1 968 t h e mining a nd p etrol eum out put valu e was 

2 

Including a 39 - page bri e f t illed T h e p os sible effect of pr op osed lax r efo rms 
on mineral expl oration in Can ada , submitted by t h e Solid - Ea rth Sc ience 
Study G roup of the Science Counc il of Can ada to the> Houst> of Common's 
Standing Committ ee on Finance , Trade and Econ omi c Affairs , February26 , 

l 97 0 . 

Blais , R . A . .£.!_ ~· Ea rth Sciences Serving the Nat ion , Scie n ce Counc il of 

Can ada , Special Study No . 11, 1 97 0 . 
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e qui va lent to 7 p er cen t of the countr y ' s Gross Nationa l Product , compa re d 

w ith 4 p e r cent in 194 5 (these percentages do not includ e the appreciab le 
val ue of the manufacturin g activities bas ed on mineral suppl ies , n or the 
multipl y ing effec t in transportation and various service industries ). 

3 . Importan ce of exports: the total va lue of net Canadian exports of 

crude minerals and semi-fabricate d mineral products amounted lo 25 . 5 p e r 
cen t of all domesti c expo rts in 1 968 , providing the highest exp o.-t yie ld of 
any Canadian Resource - based industry and an extreme l y important share 
towa rd our balance of internation a l payme nts . 

4 . Importance of pr oduct ion : Canad a is t h e free world' s l eadin g pro -
ducer of ni c k e l, zin c , silver an d asbestos , a nd the second l argest producer 
of molybde num, se l e nium , sulphu r, titanium, ur a n ium a nd gypsum . It is an 

important producer of many other mineral products, including copper , go ld, 
iron ore , l ead, cobalt, magnesium , col umbium , nepheline syenitc , p l atinum­

group m etals, a nd po ta sh. 
5 . Importan ce in regi onal d eve l opment : n o other ind ustry has had 

suc h impac t on region al d evelopm e nt as the minin g industr y Re l atively new 
cen tres of minin g act i vity inclu d e nor t hern New Brunswi ck (l ead a nd z inc ), 
Gaspe p e ninsula in Que b ec (copper ), New Que b ec a nd Labrador (iron ore ) , 

T immins (Kidd Creek mine ) areas of northern Ontario (copp er a nd zinc ), th e 
Thompson - Moak region (nicke l) a nd t h e Flin Flon a nd Snow Lake areas 
{co ppe r and zinc ) of northern Manitoba , the p otash-min ing district of south ­
eastern Saskatchewan, the copper and molybdenum d eve l o pm e nts in British 
Columbia, t h e W hite h orse area (copper), the Mayo distri c t (sil ver an d le ad ) 
and the Anvil d eve l o pment (l ead- zin c - silver) in the Yukon , the P inc Poin t 
area (l ead - z inc ) a nd the Yellowknife district (gold) in the Northwest 
T er ritorie s, etc . T his broad regional d evelopm ent has resulted in the con ­
struction of man y new towns in hi the r to unpopu lated regions , new rai l roads 
(mor e t h an 2 , 500 miles l a id since 1 945 lo serve new mines), n ew airports 
and s eaports . S evera l important mining towns have been in exist ence for 
mor e than 50 years , includin g Sudbu r y , Timmins , Cobalt , Noranda , 
Asbesto s, Kimberley , and others . 

6. Source o f employment: accordin g to the Mining Association of 
Can ada 1 , more than 130, OOO Canadian s are d irectly empl oyed in minera l 
expl oration, mining, sme lting an d refining . Wh e n i t is considered that one 
worker in the mining industry may support five or more workers in o ther 
se ctors of th e econ omy, t h e social implications of mining become eve n more 
o b vious . 

7. Devel opment of the North: toget h er with oil and gas operations, 

mrnmg is abso lutely essential to the d eve l opment of t h e North. The exerc is e 
of our national sovereignty over our vast n o r t hl a nd, includ ing t h e Arct i c 
Islands and t h e wate r expans es b etween them, is very much a po li tica l nec e s­
sity. To reach t hi s goal as economicall y as p ossibl e , an effective infra ­
stru cture b ased in l arge part on mining and p et ro l c um operations should be 
d eve l o p e d. 

Economic geol ogy is abso lu te l y essen tial to mineral expl o r ation . 
Together w i th exploration geophysics a nd geoc h emistry , it provides t h e sci ­
entific b ase for finding new mines a nd the essen tia l guide to <"xplo ralion 

Brief of th e Mining Association of Can ada submitte d to t h e Special 
Committee on Science Policy of the Senate , May , 1969 . 
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within or near known orebodies . It is thus appropriate to r ev iew briefly the 
es sential palte rns of Canadian mining expl oration, drawing freely on the 
data assembl e d by the Solid - Earth Science Study Group . 

1 . Level of mining explorat ion activity: during the p er i od 1964 - 68 , 
earth science exp endi tures in mining exp l oration climbed from $ 4 6 to $88 
million (exp l oratory drilling includ e d ). In contras t , the value of ' metall i cs ' 
a nd ' non - metall ics ' rose from $ 2 to $3 bi ll ion during these five years. 
Figure 1 shows the increase in annual mining exploration exp enditures since 
1950, and the writer ' s extrapolation of these expenditures to the year 1980 . 
Many people will disagree with this extrapo l ation and argue against the val­
idity of the seven - year cycl e d epicted in this figure ; however , t he graph is 
onl y meant to convey a general trend resulting from numerous factors , whic h 
are generally intangib l e at this t ime (such as the effect of new government 
legislation on the l eve l of mining exp l oration activity) ; based on this graph, 
it is estimated that by 1980 these expenditur es will exceed $130 million . 
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Figure 1: Graph showing the inc rease in Canadian mining 
exploration expenditures during period 1 950-1 968, 
and the writer's proj ect ion of future exploration 
expenditures to the year 1980. 

2 . Expenditures on earth s c ience activities : the expenditures incur-
red in 1968 b y six major mining companies (whose production val ue in 1968 
exceeded $50 million each), other mining p roducers, and non - prod ucers 
(exploration compani s ). This tabulation s h ows that six companies accounte d 
for 38 per cent of a ll e arth science expenditures of m in i ng prod ucers . 
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TABLE 1 - Exp enditures on earth science activit ies 
in mining exploration, 1968 

TYPE OF EARTH PERCENTAGE DISTRIBUTION 

SCIENTIFIC SCIENCE Six Other Non -
ACTIVITY EXPENDITURES Companies Producers Producers 

$ Millions 010 % % 

Bas i c a nd applied 
research 2 25 45 30 

Sci e ntific deve lop -
m e nt 5 34 40 2 6 

Scientific data 
collection 
( i ) F:xpl oratory 

drillin g 33 35 33 32 

(ii) Field surveys 
a nd l aboratory 
studies 47 25 58 17 

Sc i entifi c inform -
at ion l 14 60 2 6 

TOTAL 88 29 47 24 

3 . Increase in mining expl oration exp enditures : Tabl e 2 shows the 
increase in mining expl oration expenditures d uring the p e riod 1964 - 68 , a s 
we ll as the r e lative importance of expenditu res according to the various 
fie lds of scientific activity . Expendi t ur es on geo l ogy a nd geoph ys i cs a ppear 
to h ave l evelled off in I 966 - 68 , w h ereas the expend itures o n geochemistry 
(which are much smaller) have increased fair l y steadily . 

FIELD OF 
ACTIVITY 

Geol ogy 

Geophysics 

Geochemistry 

Exploratory 
dri ll ing 

Other r e late d 
ex p e n d i tu r e s 

TOTAL 

TABLE 2 - Expendi tures on mining expl oration, 
1 964 - 68 

YEAR 

1 964 1965 1966 1 96 7 

$ millions $ millions $ millions $ millions 

1 1 1 5 18 17 

I 0 11 10 

2 3 4 5 

1 9 26 30 27 

10 13 1 5 17 

48 67 78 76 

1968 

$ millions 

18 

1 1 

5 

33 

21 

88 
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4 . Mining exploration exp en ditu res in relation to value of mineral 
produ ction: this relationship is shown in Figure Z for 4 9 mining companies 
whose mineral output in 1968 was $1 . 8 billion (63 per cent of the n at ional 
mining product i on). The lo g -lo g scallergram in this figure shows a good 
statistical correlation between mining expl orat ion exp enditures and production 
value . The average mining compan y spends 4 per cent of ils gross income 
on mineral 0xpl oralion . Of course , the proporlionofexplorationexpenditures 
to n el p rofits is much higher than 4 per cent. A noteworthy feature of this 
graph is the group of companies in lhe upper l eft - h a nd c orner of t h e figure , 
w hi c h spend very li ttl e in expl oration in spite of their large mineral produc ­
tion . In contrast , 6 of lhe 49 company respondents spend five limes more on 
exploration in relation lo output value than lhe national average (se e the 
points between the 10 per cent and the JOO per cenl lines giving the ratio of 
exp l oration expenditures to mineral outpu t va lu e ) . 

$ MILLION $M ILLION 

1,ooo,~-----~-----~-----,----,,,..,--=-----,----,,,.,1,000 

100 

10 
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EXPLORATION COST IN MILLION 

Figure Z - Log - log s<:alte rgram of the minin g explorat ion 
exp enditures of 49 mining compan ies as a 
fun clionof their mineral outpu t va l ue , which 
totalled $ 1 . 8 billion in 1 968 (63 per cenl of the 
Canadian mining production) . 

5 . Earth science professionals in the mining industry: il is estimated 
t hat in 1968 there were about I 700 ea rth science professional s in the mining 
industry, compar e d t o Z, ZOO in t h e p etrol eum industr y . In terms of highest 
academic degree, 6 7 per cent had a bachelor ' s d egree , whereas ZO per cent 
had a master ' s and 13 p er cent a Ph . D . According to statistics obtained 
from the Solid - Earth S c i e n ce Study (op . cit. ) , the number of these profes ­
sionals has almost double d du ring t h e p e riod 1964 - 68 . 

IMPOR TANCE OF RESEARCH 

Research in economic geo l ogy is essential to our und e rstanding of 
t h e structural and phys ico - c h emical processes that have created mineral 
deposits, and to improve ments in mining expl oration te c hnolo gy . Without this 
resear c h , exploration can onl y b e hapha zard and subject to diminishing 
r eturns in the face of rising exploration costs and inc r ea s e d diffi c ulti es of 
locat ing good minera l prospects . 
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The importance of this research is illustraled by Lhe fact that we 
do not still possess satisfactory answers to many importanl questions, for 
example , 

why many important deposits of copper - zin c sulphid es occur in the Archean 
volcanics of t h e Canadian Shield? 
what are the c hanc es of finding several multimillion-ton copper orebodies 
in the Coppermine basalts? 
is norit e more fa vourabl e for nickel deposits than , say, augite gabbro, 
other c onditions being equal? 
what made the Kidd Creek ore d epos its so amazingly big and ri ch? 
what happe ns to a body of polymetallic sulphides when it is tectonicall y 
deformed ? 
how can we predict that a quartz ve in w ill yield high gold va lues al depth? 
which trace e l ements in pyrite hold metallogenic significance? 
if ' stratafugic ' solutions from shales gave rise lo the Pine Point l ead - zi n c 
d e posits , w h ere did the copper from these shales go? 
can we expect copper d e posits in the Grenville? 
is there any regional structural control over the distribution of porphyry 
coppers in British Columbia? 
how do we explain the prolife ration of n at i ve gold deposits in certain 
greenstone b elts and their scarcity in others? 
under what paleotopog raphi c and paleoclimatic conditions were the Knob 
Lake iron ores formed? Where did the silica l e ache d from iron formation 
go? 

Hundreds of more or less specific questions of this type can be asked, some 
of them directly applicable to mineral exploration , but they cannot be 
ans we red without additional resea r c h. 

Geology has playe d a major part in the finding of new mines in 
Canada, e ither through t h e dir ect application of geological con cepts or the 
'orientation ' of geophysical or geochemical surveys. T h e exampl es which 
may be state d include 

the geo l og ical theory that l e d to the deve l opme nt of the lead - zi n c d e posit s 
in the Pine Point area, Northwest Territories; 
the concepts that guided the exploration for massive sulphides in the vol­
canics of the Noranda and Timmins ar eas , with the resultant dis c overy 
of the Vauze, Lake Dufault, Delbrid ge , and Kidd Creek Mines; 
the definition of the stratigraphic and sedimentological controls affecting 
the uranium mineral ization in the Blind River area; 
the geological concepts that l ed to the geophysical exploration for nicke l in 
the Thompson area of northern Mani toba; 
the real ization of the stratigraphic controls affecting the dis t ribution of 
zinc - copper sulphides in the Mattagami area of northwestern Quebec; 
the outlining of the structural and lithological ore controls in the Bathurst 
area of New Brunswick; 
the geological con ce pts that guided exploration in southeastern 
Saskatchewan, where the world's largest potash d e posits ha ve been found; 
the structural hypothesis that l ed to the dis covery of the Campbell shear 
at Yellowknife; 
the definition of the structural, lithologic a l and textural guides to iron ore 
expl oration in the Labrador trough, etc . 

To be successful, economic geology must generally bridge the va r ­
ious geol ogical discipl ines . It m u st, in addition, be pursued in clos e re l ation 
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to geophysics , geochemistry, physical chemistry, mining and metallurgical 
tec hnology, and mineral economics. 

As the world's third largest diversified source of minerals and the 
world's largest exporter , Canada may continue to enjoy additional prosperity 
as long as new sources of minerals are found to meet market demand. It has 
often b een stated that in 1985 the world will require about twice the quantity 
of metals as was consume d in 1967, and by the year 2, OOO this need is 
expected to reach four times the l eve l of 196 7 production. Our miningindus ­
try may be expected to grow at a rate similar to that of world demand provid­
ing our mineral exploration , mining, ore dressing, smelting and refining 
technologies are continuall y improved , costs remain reasonable, and fiscal 
legislation e ncourages mineral exploration and researc h. We cannot be com ­
placent about the pres e nt status of Canadian reserves in most mineral com ­
modities. In the case of copper for exampl e , it should be reali zed that at the 
present rate of production the discovery of a copper deposit of the size of 
G randuc in B. C. (3 2 million tons ave ragin g 1 . 93 per cent Cu) is needed every 
18 months to balance Canadian copper production . A rising rate of produc -
tion will naturally require an increase in the dis covery rate. 

The Solid - Earth Science Study G roup has reported (.QE. cit .) that 
for every 9 n ew mines brought into production annually since 1950, an aver ­
age of 4 of these mines have d epende d on old showings . Of the total of 160 
mines that started, or r e - started or were planned for ear l y production in 
1955-68, about 47 per cent were first dis covered before 1950 and nearly 20 
per cent before 1920 . 

HISTORICAL DEV ELOPMENT 

Canadian research and development in the geol ogy and onglil of 
mineral deposits has been rather haphazard and fragmented, depending 
l arge l y on the personal interest of individuals . With a few notable exceptions, 
mining companies have tended to avoid active involvement in fundamental 
geol ogical research. Applied res earch in geo lo gy is also at a l ow level (s ee 
Table 1) compared to the l arge expendi tures on exploratory drilling, fie ld 
surveys, and routine laboratory investigations . Except for six la rge com ­
panies each spending about $85 , OOO annually on all forms of earth science 
research, t he average active mining company spends l ess than $7 , OOO annu ­
a lly on earth science research . 

Yet, mineral exploration in Canada has been surprisingly success ­
ful, both in terms of ore reserves developed and types of deposits discovered . 
Field surveys , including those by the federa l and the provincial governments, 
have been a key factor in this d eve lopment. However, as the shallower and 
more easily dis covered d eposits are being rapidly depleted , the discovery of 
d eeper seated or more remote ore d eposits will require more sophisticated 
methods than used heretofore . With the concomitant trend toward l arge open ­
cast mining operations, frequent l y involving a very small margin of unit pro­
fit , it is visuali zed that geology will play an important role, particularly in 
grade control, slope stability studies and dewatering. 

In the ea rl y days of Canadian mining exploration , prospecting of 
outcrops and stream s e diment panning were the only avail abl e means of dis ­
c overy. The Geological Survey made impor tant contributions by indicating 
favourable areas for prospecting , e . g . the work of W. Logan in the Eastern 
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Townships , o( A . P . Low in the Labrador trough, and o( R. Bell in the Pine 
Point area , Northwest Territories . 

Improvements in transportation and access early in this century 
spurred mine discoveries . For example , the Cobalt sil ver camp and the 
Sudbury nicke l- copper district were actuall y found through railroad - cut 
exposures o( ric h mineral ization . T h e advent of t h e bush hydroplane faci li­
tated early discovery o( many ore deposits , starting with the d i scovery of 
rich silver - cobalt - r adium mineralization at Great Bear Lake . 

Continual improvements in cartography and expanding geological 
field surveys since the beginning o( this century have been instrumental in 
the finding of many mines . Several deposits were actually found during geo ­
l ogical reconnaissance and mapping by government geo l ogists , e . g . the find ­
ing by Gray of a large cinnabar deposit in British Columbia, while doing 
mapping (or the Geol ogical Survey of Canada in 1937, and the discovery by 
Retty o( ilmenite in the Upper Romain River region in 1941 , which l ed to the 
discovery o( the huge il menite deposits at Lac A llard north o( H~vre Saint ­
Pierre . 

The ear l y formul ation of geol ogi c h ypotheses to expl ain ore dis ­
coveries has p l ayed an important part in t h e expl oration of several Canad ian 
mining camps , e . g . the work o( W . G . Miller in the Cobal t silver camp , and 
the studies of A . P . Co l eman and others in t h e Sudbury nicke l fie l d , all dating 
to the beginning of the century . Since then , geo l ogical theories have contin ­
ued to p l ay an important role in the exploration of many areas , although 
these contributions have been sporadic . 

In the mid - 1 930s , when aerial photography became avail abl e , min ­
ing expl oration was greatly faci li tated by improved cartography and broad 
interpretation of regional geology , particul arl y in the mountainous regions . 

Since the 193 0 s , geophysical explorat i on h as been extreme l y suc ­
cessful in l ocatin g new m ines , and in the last decade geoc h emical explorat i on 
has become a usefu l prospecting tool in many areas . In t h e last few years , 
there is growing emphasis on the use of statistics and operations research, 
and the combination of geo l ogical, geophysical an d geochemical methods for 
improving expl oration strategy . 

PRESENT LEVEL OF ACTIVITY 

Mining expl oration activity in Canada is one of the highest in the 
world . Yet, industrial research in metallogenesis ap pears to be at a very 
l ow l evel, except for a few large min ing companies and a growing n umber of 
petrol eum companies becom.ing engaged in mining exploration . This is rather 
surprising (or an industry which is so dependent on new sources of mineral s 
and , indirectly, on the formu l ation and testing of new concepts of ore search . 
With a few notabl e exceptions , most Canadian research in metall ogenes i s has 
been by government and univers i ty geo l ogists . It is symptomatic that the 
Geology Division of C . I. M . does not have a research committee , whereas the 
Al berta Society o( Petrol eum Geo l ogists has had an active researchcommi ttee 
(or years . In spite of the efforts of a few devoted individual s , it would appear 
that t h e Mineral Dep osits Subcommittee of the Nat i onal Advisory Committee 
for Research in the Geol ogica l Sciences has not succeeded in influencing 
markedly t h e trends of economic geol ogy research in Canada . Perhaps it is 
time to redesign some of our institutions to ac h ieve better coordination and 
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obtain greater 'involvement ' of practitioners regarding policies on economic 
geo l ogy research . 

Economic geolo gy research in our unive rsilies i s al a d eplorabl y 
low level compared to other fie ld s of geo lo gi cal sciences . Of 509 earth sci ­
ence grant a ppli cations submitte d to the National Research Counci l by uni ­
versity professot·s in l ate 1968 , onl y fifteen were directly con cerned ~ith 
economic geol ogy research . Of the $3 . 2 million g rant e d by the National 
Research Council in grants - in- aid of university r esearch in the ea r th sci ­
ences in the spring of 1969, onl y 3 . 7 per cent were allocated to economi c 
geolo gy, 1. 3 per cent to expl oration geophysics , and 0 . 9 per cent to expl o r ­
ation geoc h emistry . The total for these t h ree important fie lds (5 . 9 per cent) 
was l ess than the financial support provided to university research in paleon ­
to l ogy (6 . 9 per cent), mineralogy and crystallography (6 . 3 per cent), sedi ­
mentology and stratigraphy (6 . 2 p er cent). and isotopic geochemistry (6 . 2 
per cent) . Inasmuch as these grants are allocated on l h e basis of the scien ­
t ifi c excellence and number of a ppli cants , it musl be conclude d that compe ­
tent academic r eseat·chers in economi c geology are relatively scarce , or 
els e they have li t tl e time for research . It is also revealing that there were 
only lwo a pplications for geol ogical research in industrial minerals and 
natural structural materials (the output val ue of these materials in 1968 
excee d ed $900 million), and these two applications were submitted by profes­
sors of physica l geography . 

In mining geolo gy , t h e pr esent level of research activity in Canada 
is minimal. Very few mines have a research geologist, in spite of the fact 
that very substantial a dditions to ore reserves occur as extensions of known 
orebodies , or are found near them . Not uncommonly experience d mine geo ­
logists must log in d etail thousands of feel of drill core , a nd relog them two 
or three limes to unravel compl ex geol ogical settings and find essential l itho ­
logic , mineral ogic and structural o r e contro l s ; in order to do their job pro ­
perly, t h ey must be gi ven s uffi c i ent time and freedom from routine c hores if 
t h ey are lo pursue long - range invest igations and seek solutions to important 
geological problems . Due to operational priorities, some mines are started 
with the bare minimum of geologic a l mapping . In many mines , val uable geo ­
l ogical information is irretri evabl y lost or never anal yzed in detail b ecause 
of insuffi c i ent competent staff. In cont rast w ith metallurgical plants where 
research is generally a sustained activity , many people consider there is 
littl e need for geological research after th e orebody is found a nd d e lineate d . 
In fact , inle rest and activity in geol ogical research in a mining project follow 
generally the pattern d epicted in Figure 3 be l ow . There are several exam ­
ples in Canada of major mines which have b een studied in fair d etail in their 

Figure 3 - Ideogram showing the 
gen eral interest and activity in 
geol ogical r esearch during the 
main stages of a profitable mine . 
Inter e st and activity build up 
again w h en the end of ore 
reserves is in sight. ~ Exploration 

I Stage 
Explo1 tat1on--+-! 

Stage I 
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initial stages , but have not been subjected to detailed metall ogen inv stiga ­

tions during the later production stages when the orebodies were fully 
exposed in three dimensions and thus ideally suited (or geological research . 

TRAINING 

Ro l e of Universities 

I. Many university professors have had insufficient practical experience 
to give students a proper background in economic geology . This can in part 
be corrected by more selective hiring of academic staff, by more competi ­
tive salaries paid by universities , and by more industry scientists partici ­
pating in student training . Consulting by university professors shou ld be 
encouraged as means for them to acquire applied research experience in 
industry, and for their students to tackle research problems o( economic or 
technologic significance . Mining companies should sponsor periodic visits 
to their operations by university professors and cooperate fu ll y in arranging 
fie ld trips and mine visits for university students. Industry geol ogists should 
take a more active part in the Visiting Lecturers p1·ogram of the Canadian 
Institute o( Mining and Metallurgy and in regional geology student conferences . 

2 . The major duty o( faculty is teaching . This (unction should be fertil ­
ized by, but not sacrificed, to research . There is a widespread feeling in 
industry that research in university geology d e partments is assuming too 
much importance in re l ation to the efforts spent on training a sufficient num ­
ber of the type of professionals needed by the ' industry of tomorrow '. Dur ­
ing the academic year l 968 - 9, l 0 of the l 9 geol ogy departments offering 
post-graduate programs had a total graduate student e nrolment of 328, versus 
a total of on l y 385 second -, third - and fourth - year students . Forty- four per 
cent of a ll grad uate students in geo l ogy are non - Canadians . To add another 
disquieting note, the total graduati on in geol ogy (B . Sc. to Ph .D.) has not 
noticeabl y increased during the past twenty years, although the mining expl or­
ation expenditures have increased 1 7 - fold, federal government support of 
earth science research in universities has increased by a (actor of 35 , the 
number o( departments granting master ' s degrees by a factor of 2 . 3 , t h e 
number of Ph . D . granting departments by a factor o( 6 . 5 , and the size of 
geol ogy faculty by a factor of 4 . 6 . During the past 20 years , the addition of 
one professor to total facu l ty in geol ogy in Canada has resulted on the average 
in the ' production' of 1. 4 additional graduates in geolo gy; surprising as it is , 
this latter performanc e is no worse than in several other professional fie lds 
(or whi ch statistics are generall y expressed in terms o( ratios of a ll students 
(including numerous non - professional students ) to size of facu l ty . In con ­
trast , t h e number o( geol ogists employed by theminingindustryhasincreased 
by 64 per cent during the last five years , but only 1 5 per cent of a ll Canadian 
geology graduates at a ll l evels entered this indu stry . Our universities are 
currently supplying not more than on e - third of industry ' s earth science man­
p ower requirements , the r est being obtained through immigration (in 1968 
more geologists immigrate d to Canada than the total number of geo lo gy grad ­
uates at a ll levels from our 30 departments of geology). 

3 . Univer sities s h ould provid e basi c education and training, leav ing to 
industry and other empl oyers the highl y specialized training . Our Ph . D. 
geology students are often traine d with excess i ve speciali zation. To make 
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matters worse , fo ll owing their graduation these new professional s generall y 

want to continue doing the same type of work as done for their thesis . In 
other words , their Ph . D . appears to constitute an end in itself, rather than 
a stepping stone toward utilitarian needs . 

4 . Post - graduate courses and research opportun ities in mining geophys ­
ics and expl orati on geochemistry are severe l y l acking in our geology depart ­
ments. 

5 . There is a general feeling in industry that the geological training pro ­
gram in Canadian universities should be strengthened with respect to math ­
ematics (especially statistics ), e l ectronic data processing, physics , and 
chemistry . The unifying con cepts in geol ogy shou l d receive greater atten ­
tion , and the principl es of mineral economics and o p erati ons research should 
be stressed. In order lo accommodate these addition s , the somewhat irrel ­

evant or overl y speciali zed aspects of training should be curlaikd . Bal ance 
in curricul um content shoul d be achi eved through better consideration of 
national manpower needs , and more effective inter and intra - departmental 
coordination and cooperation . 

6 . Canadian geo l ogy shoul d remain fie l d - odent ed . In general, faculty 
research shou ld not be done in iso l ation f r om the geo l ogy of rock masses , 
where it tends to be trivial rather than fundamental , providing some highly 
precise informat i on of uncertain significance and relatively l ittle new though t 
about geol ogy . 

7 . Students shoul d have a better appreciation of t h e econom i cs of mine 
finding and mining operations . Their acad emic train i ng shoul d include exer ­
cises in conc i se re po rt w riling , drafting and simpl e surveying , as we ll as 
numerous field trips in the company of th eir professors . Their l aboratory 
should be the fie l d . Professors should initiate them to sol ving real and prac ­
tical problems , in addition to awakening them to their future social respons i­

bilities . 
8 . Faculty should a' oid trai n ing fascimi les of t h emselves . They shou l d 

continuous l y modify thPir courses in re lat i on to the rapid deve l opme n t of 
science and techno l ogy and the probabl y national needs of the future . For 
exampl e , it may well be t h at e n vironmenta l geology and courses in socia l 
sciences wi ll become in teg r a l parts of the ' geol ogical curr i cu l um ' in the not 
too distant future . 

Ro l e of Industr y 

1 . One of the greatest obstacles to obtaining adequate professional man ­

power requiremen ts in geo l ogy is t h e cycl i ca l c h aracter o f min ing exploration . 
When the l eve l of expl oration is l ow , un i vers i ty enrol ment p l ummets and 
many geologists transfer to other occ u pations . D uring suc h pe r iods , per ­
haps staff cou l d be retained and directed to l ong - range investigations , and 
some personne l coul d be sent to universities fo r add i tional tra i ning . Govern ­
ment agencies shoul d expand the i r own earth science activities to absorb the 
su r plus manpower and stimulate more expl oration activity . 

2 . Qualifie d geology stude n ts have too often been employed as technicians , 
l ine - cutlers , sampl ers , cooks , etc . with li tt l e opportunit i es fo r learning or 
practising their science . T h e fee l ing is widespread among Canadian geology 
stud ents that the mining i ndustry is rea ll y not very interested in t h eir profes ­

s i onal services . Whil e most students are willing to acqu i re t h e bas i c ski ll s , 
t h ey resent d oi n g t h is , repeate d ly, summer afte r summer . Ind ust r y wou ld 
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do well lo pay more attention to the 'hun1an element' and give more respon­
sibility to qualified students . It should find means of imp roving its 'image' 
in the universities. 

3 . With r egard to r e - training of staff, the mining indu stry wou ld b e we ll 
advised to institut e a system of l eave of absence with full pay to some person ­
n e l who have the capacity and the inclination to further their knowledge and 
pursue applied research in univers ities o r government agencies during a few 
months . Befor e management considers this to be a luxury it s ho uld exami ne 
trends in such forward fields as e l ect roni cs , c hemical engin ee rin g , aeron ­
autical e nginee ring and the automotive industr y . 

4. More opportunities should be given to jun ior personnel to attend scien­
tific meetings and field trips , especially lo geologist s residing in remote 
areas . 

5 . Earth scientists in industr y should play a more active role in national 
advisory committees on ea rth science research and be encouraged by man ­
agement to accept responsibilities in these committees and l earned societies. 

Ro l e of Government Agenc i es 

1 . Traditionally, the Geological Survey of Canada and the provincial 
departments of mineral r esources have provided the l raining grounds and 
research opportunities for thousands of Canadian geologists, many of whom 
are now leaders in the mining industry. By providing employment lo inex­
perienced geology students , they have created a pool of competent personne l 
from which industry has drawn heavil y . Government agencies must cont inue 
to pl ay this vital function . 

2 . In ord er lo improve training g ive n in universities and a llow greater 
cross - fertilization of scientific ideas, government agencies should encourage 
some of their personnel to cont inue their r esearch in universities , where 
they co uld be in r esid enc e for one or more years while still at the employ of 
their respective agency . These eart h scientists could become 'r esearch 
associates ' and participate in academic life, including supervision of gradu ­
ate student research . 

Role of Technical Institutes 

1 . Institutes such as the HaileyburySchool of Mine s have been extremely 
useful to industry by provid ing qualified technicians for all sectors of explor­
ation and mining. Many of these graduates now hold key management posi­
tions . These institutes must be fully supported by government and industr y . 

2 . Graduates from these institutes should be given entran ce credits in 
Canadian universities , in order that t h e best qualified could further their 
scientific education. 

Teaching of Earth Science in Secondary Schools 

It is felt that the most important single factor contributing to the 
relati ve l y low ea rth science enrolment in Canadian universities, and affecting 
to some degr ee the intell ectual quality and psychological characteristics of 
univ ers ity students, is the general lack o f a good earth science program in 
secondary schools across Canada . Un l ess such a program is introduced, and 
a sufficient number of teachers are adequately trained, the pr e sent shortage 
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of engineers and scientists in the mining industry will become worse in the 
future. Every effort should be made to c onvince provincial departments of 
education that earth science should be an integral part of the science program 
in high schools. The literary discourses in physical geography and the ama­
teurish courses in geology should be abolished and replaced by an earth 
science course in which the fundamental principles of physical sciences can 
be taught within the frame of reference of man's environment, in relation to 
what the student can actually see and personally experience , and what is 
really relevant to the physical world in which he lives . 

PROGNOSIS AND CONCLUSIONS 

Rare ly in nature can we see mineral deposits in the making, and 
whatever we may find are only small bits of evidence for very few specific 
types of mineralization. There is no such thing as a general theory of ore 
deposition akin , say, to the theory of magnetism. It is not surprising, there­
fore, that ideas on ore genesis have been largely based on field observations. 
Microscopic and chemical measurements in the laboratory on natural sam­
ples and artificial systems have supplemented these observations. 

Too often the available facts have given rise to widely different 
interpretations, with the unfortunate result that an individual's views on ore 
genesis have been more influenced by his 'faith' in a particular point of view 
rather than impartial observation and scientific deduction. Although neptun­
ist versus plutonist arguments have been largely settled with regard to rocks, 
it is surprising how frequently these arguments are still raised about ore 
deposits. This has not prevented the discovery of many new ore deposits for 
the simple reason that most exploration is conducted on the empirical basis 
of looking for new ore in geological settings similar to those of known depos­
its. However, as new deposits become harder to find , scientific methods 
must be used, including the analysis of the various modes of formation and 
deposition of constituents of ore bodies. With projected mineral reserves 
becoming rapidly depleted with respect to projected d emand, there is growing 
recognition in government and some parts of industry that a more rigorous 
approach to mining exploration is needed compared to yesteryear's methods. 

Research during the past 10-20 years has brought some important 
advances in metallogenic thinking, including: 

1. The realization that ore deposits are closely related in space and 
time to the geological environment in which they occur. 

2. This realization has led to the belief that the key to the genesis of 
many mineral deposits lies in their host rocks, and not in some hypothetical 
plutonic source at great depth. Thus, modern economic geology research 
should include the total environment of mineral deposits, rather than only the 
ore itself. 

3 . It has been recognized, albeit slowly, that ore deposits and their 
surrounding rocks are chemical systems and that it is useless to propose a 
theory of ore genesis based on field observations without ensuring that such 
hypothesis is also compatible with the available information on similar chem­
ical systems. The interpretation of mineral deposits and their associated 
alteration in terms of phase equilibria is becoming an important part of 
metallogenic research. It has sparked intensive investigation on phase studies 
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of sulphide, oxide, sulphide-oxide, and sulphide-silicate systems . The 

resultant new knowledge provides for a more rational interpretation of 
natural systems. 

4. The interpretation of several types of mineral deposits has been 
appreciably refined through studies of both stable and radioactive isotopes. 

5 . Fluid inclusions in some ores provide important insight into the min­
imum temperature of ore deposition and the nature of ore-forming solutions . 

In addition to the above, the prognosis for economic geology in 
Canada should include: 

6 . A decompartmentalized approach toward mineral deposits geology . 
The present segmentation of efforts should be replaced by functional, multi­
disciplinary and integrated studies of new concepts and regions of interest . 
Exploration geol ogy will undoubtedly become increasingly interrelated to 
exploration geophysics and geochemistry, mineral economics, and new min­
ing technology . 

7. A systems appr oach to mineral exploration , including an important 
operations research comp onent. Conceptual models of expl oration targets 
will be tested by mathematical simulation. Techniques of ore reserve esti ­
mation and grade control will become more rigorous , based on detailed 
mathematical analysis of ore valu es distribution and operational variables. 

8 . Computer -processabl e data banks w ill be wide l y used by industry in 
planning exploration strategy . Provincial departments of mines will need to 
deve l op fully computerized data fi l es . Staff engaged in expl oration will need 
to adapt quickly to these changes and acquire special training in computer 
technology in order to carry out the multivariate analyses that these data 
banks wi ll permit. 

9. The quality of subsurface geological interpretation w ill need to be 
improved through greater resolution and more discriminate anal ysis of aero­
geophysical surveys , and the miniaturization and automation of down-hole 
geophysical instruments. Considering the great advances in geophysical well 
l ogging , th e mining industry should provide major support for research in 
automatic loggin g of the hundreds of thousands of diamond drill holes that 
have been drilled in recent years, many of whic h could still be open and 
availabl e for such investigations. 

l 0. Revolutionary methods of drilling exploratory holes must be found , 
both to lower drilling cost and to reach greater depth . The mining industry 
is currently spending more than $3 0 million a year on exploratory drilling, 
not to mention a ll the diamond drilling associated with development work. 
Yet , there is practically no research carried out in Canada to improve dia­
mond drilling technology, in part because diamond drilling is a very compet ­
itive business. A major government-industry joint research effort in this 
regard is l ong overdue , not only because of the importance of exploratory 
drilling in Canada but also in view of the fact that drilling expertise is an 
important exportable commodity, as we ll as a component in programs of tech­
nical assistance to developing countries . 

11. Improved methods of diamond drill hole surveying should be found , 
including t h e design of inexpensive and accurate survey instruments. It is 
rather anach r onistic that in this space age, when laser beams can measure 
t he distance to the moon with an accuracy of a few inches, we still do not 
know where many of our diamond drill holes are exactly situated at a depth 
of a few hundred feet . 
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12. Core storage lib raries s hould b e establishe d by government in a ll 
mining districts, with t h e fu ll cooperation of industry. Telescoped core of 
interest should be systemati cally c ollected for general ide ntifi cation and 
r e search purposes, and as means of increasing the effectiveness of explora­
tion meth ods . 

13. It is visualized that in the years t o com e provinc i a l departments of 
mines will need to exercise more leadership in e stablishing progressive 
l egis l ation to prefere ntially encourage scientific mineral exploration, 
increasing t h e ir earth sc ience activities , improving their information se r -
vices , and establishing field re s ea r c h units in mining distri cts , It would also 
be in the national interest that a Council of Mineral Resources Ministers be 
instituted, w it h a permanent secretariat to undertake or sponso r the basic 
studi es required to establish mineral development policies , 

14. Future developments in economic geology are inextricably linked to 
the research and other scientific activities of t h e Geologica l Survey of 
Canada . It is essential that the quanti ty and quality of t h e research carried 
out b y this agency be at l east m aintaine d in t h e years to come . The special­
ized investigations in the economi c geolo gy ser i es should r eceive particular 
encouragement . Likewis e , n ational m etallogeni c analyses should increase in 
number. 

15. The growth of economi c geology in this country will in part depend on 
our ability to extract from forei gn lite rature t h e scientific informat ion of 
interest. Canadian geo lo gists need to b e more cognizant of foreign literature 
written in t h e main l anguages other than English. 

1 6 . In view of t h e importance of mining exploration in this count r y , and 
the l ow level of research activity in mining explorat i on, it a ppea rs es s e n t i a l 
to establis h as soon as possible one or two ' cen tre s of excelle n ce ' in mining 
exploration research t h rough the cooperation of uni ve r sitie s , indu stry, and 
government. In this regard, t h e reader will find in Special Stud y No . 11 of 
the Science Counc il of Canada(.££. cit . ) a us efu l set of princ iples to gu ide 
the establishment of these centr es . 

17. Finally, it is essential to improve the c oordination and increase the 
l eve l of financial support in research r e l ating to mineral resources . Follow ­
ing the recomm e ndat ion of t h e Science Council of Canada in its Study N o. 7, 
a National A d v i sory Committee on Mineral Resources Re s e arc h should be 
establi shed to d eal w ith t h e fo llow ing m ajor aspects: 

(a ) Mineral exploration; 
(b) Mineral production, b ene ficiat ion, extraction, and processing; 
(c ) Mineral polocy (including mineral economi cs). 
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DEFINITION 

Petrology, the science of rocks, is concerned with the composi­
tion, classification, and origin of rocks and their relation to their geological 
environment. It is best defined in terms of its two broad subdivisions of pet­
rography and petrogenesis. 

Petrography is the description and classification of rocks in the 
field, in hand specimen and in thin section. Petrogenesis is the study of pro­
cesses by which rocks are formed. The breadth of these two simplified defi­
nitions serves to emphasize the difficulty of placing any limitations on these 
disciplines. Detailed petrographic descriptions refer to the mineralogy, tex­
ture, chemical composition and field setting of the rock in question. The final 
evaluation in each of these categories requires thatthe petrographeruse infor­
mation derived from microscopy, analytical chemistry, mineralogy, X-ray 
crystallography, statistics and computer science. Similarly the study of pet­
rogenesis usually requires detailed knowledge of the mineralogy and chemis­
try of the rocks as well as their field setting. Petrographic studies are a 
necessary prerequisite to all studies ofpetrogenesis. Petrogenesis also makes 
use of aspects of geochemistry, volcanology, structural geology and geophysics. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

·The mi.neral and fossil fuel resources in the world occur in asso­
ciation with a wide variety of rock types. It is thus of vital significance for 
the exploration and development of these resources that the petrographer be 
able to characterize these rocks adequately. Petrography is also an impor­
tant tool in studies of ceramics, aggregates and building stones. 

Petro genesis is usually a more fundamental study than petrography 
and consequently the results find fewer immediate practical applications. In 
the long term however, studies of petrogenesis have great potential as an aid 
to the discovery of new resources. The results of these studies lead to a 
greater understanding of the various processes taking place within the earth; 
particularly of the manner in which various elements are segregated and dis­
tributed in the various rock types. If the rock-forming processes are well 
understood they can contribute to the discovery of new resources. 

PRACTICAL APPLICATIONS 

The practical application of petrological re search lies in increased 
awareness of the diversity and physical restrictions that exist in mineral sys­
tems. Many diverse natural processes result in the formation of economic 
mineral concentrations from a wide variety of rock types. Hence, the most 
advanced and theoretical types of study that involve rocks have a potential 
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economic value. Most of the practical applications of petrology are found in 
its traditional field and microscope studies. They are the heart of regional 
and detailed geological mapping and are thus of fundamental importance to 
most geological studies. The research fields have practical importance in 
that an understanding of the details of a geological process may enable the 
geologist to predict distribution of rocks and minerals in unknown areas of an 
igneous or metamorphic complex. 

HISTORICAL DEVELOPMENT 

The investigation of rocks in Canada by visual, optical and analyt­
ical techniques has been carried on almost as long as the Geological Survey of 
Canada has been in operation. Such investigations have often served to sup­
plement field investigation particularly where rock types were obscure or 
unusual. Since the beginning of this century similar studies have been carried 
out by staff and graduate students in many Canadian universities. On the 
whole the work has been mainly concerned with observations made in the field 
and with the petrographic microscope. Relatively little attention has been 
paid to the chemical composition of rocks and their constituent minerals. 

All research work in petrology must have a firm foundation in field 
work and Canad'ian petrologists have an excellent reputation in this regard. 
From the time of their foundation each of the various Canadian geology depart­
ments attached prime importance to field work. Consequently the experience and 
training of the Canadian field petrologist is among the best in the world . The 
recent trends toward greater diversity of research effort require, however that 
some graduate students may not spend as much time on field work as in the past. 

Despite significant advances in petrology in other countries there 
is little or no evidence of any change in the approach to petrology teaching and 
research in Canada until about 1950-1955. At that time, although the funda­
mental aspects of petrology such as field and microscope studies were devel­
oped as well as those in other countries the more modern aspects of petrology 
were almost totally lacking in Canada. Several important steps have been 
taken during the last 15 years to alter this situation. Each of these steps 
serves to enhance the view that it has become increasingly difficult to place 
limits on the study of rocks. The expansion of facilities for conventional and 
rapid chemical analysis of rocks and minerals at the Geological Survey of 
Canada and several universities emphasizes the fact that chemical data, once 
considered peripheral to petrology are now an integral part of the science. 
Analytical techniques have so developed in the last 15 ye,ars that highly sophis­
ticated instrumental procedures are replacing conventional chemical analyses. 
Instruments such as the X-ray fluorescence spectrograph, the atomic absorp­
tion spectrometer and the electron probe are essential facilities for a modern 
comprehensive group of research petrologists. The large volume of data from 
such analytical laboratories gives rise to problems of interpretation that may 
require elaborate statistical manipulation and computer sorting. The world 
wide petrological community has not yet found a universally acceptable solu­
tion to this problem. 

The development of high temperature and high pressure experi­
mental studies that were so significant in the development of petrologyinother 
countries had little impact among most Canadian petrologists until about 10 
years after the Second World War. Laboratory studies of natural and synthetic 
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systems at elevated temperatures and pressures - a field championed by 
Canadian-born petrologists living in the United States - were carried out at 
only one Canadian university as recently as 1962. Neither the universities 
nor the various government departments were able to provide the relatively 
high level of financial support required for this type of research, Such stud­
ies cannot be divorced from petrology. Several laboratories have been estab­
lished during the last 5 years, but only on a very limited scale. A serious 
omission, however, is the lack of experimental studies concerned with the 
nature of the earth's mantle. At the present time only two universities have 
the facilities to carry out experiments at pressures above lOKb and neither of 
these is yet in operation. 

Some of the most significant advances in our understanding of pro­
cesses in petrogenesis have resulted from the application of the principles of 
physical chemistry and thermodynamics to the study of rocks. This is a vital 
aspect of petrology that received only limited attention in Canada until about 
5 years ago. 

PRESENT LEVEL OF ACTIVITY 

The comments above suggest some increase in activity in Canadian 
petrology during the last 5 years. Several university departments have 
employed petrologists who bring one or other of these new approaches to 
teaching and research in petrology. However, with two significant exceptions, 
the approach to such "modernization" where it has been attempted seems to 
be on the scale of one man per department. The highest levels of activity in 
petrology research are in the traditional field and microscope studies, in 
obtaining relatively inexpensive but rapid and accurate chemical analyses of 
rocks and minerals, and in high temperature-pressure studies of natural and 
synthetic systems related to rocks. 

NEED FOR INCREASED ACTIVITY 

The great majority of petrological theories are based on a vast 
amount of data often collected by many workers using a variety of techniques 
and approaches to the problem. Field relations provide the most fundamental 
of all geological observations and perhaps the biggest single gap in Canadian 
geology is a knowledge of the detailed, and in some areas regional, field rela­
tions in the Canadian Shield. Increased activity should be encouraged in field 
petrology. 

Many aspects of physical science now provide significant informa­
tion for petrology. These should be developed and integrated with traditional 
aspects of the science. In particular the application of thermodynamics and 
physical chemistry to the study of rocks should be expanded. This is presently 
one of the most rewarding fields of petrological research for the study of both 
magmatic and metamorphic rocks. Petrology will advance in the future only 
to the extent that these disciplines are integrated with traditional petrological 
studies. Most of the significant advances in petrology over the last 25 years 
have been made by application of interdisciplinary studies. It therefore fol­
lows that increased emphasis should be placed on such work. 
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There should be increased studies of the fundamental principles of 
solid state reactions on the basis of ligand field theory. These studies should 
lead to a much clearer understanding of chemical reactions in both igneous 
and metamorphic rocks. The development of widely accepted statistical pro ­
cedures for the processing of petrological data should receive more attention. 
Rock classifications based on either the chemical or mineralogical constitu­
tion of the rocks should have a sound statistical foundation. A third field in 
which future development is desirab l e is the application of stable isotope 
studies, particularly oxygen isotope data, to the determination of equilibra­
tion temperatures in igneous and metamorphic assemblages. 

Other areas of research, not necessarily interdisciplinary, in 
which increased activity is most desirable include the study of mineralogical 
reactions at pressures above lOKb. This aspect of petrology has developed 
more rapidly in the last 10 years than any other branch of the science. In 
view of Canadian interest in the Upper Mantle Project it is most unfortunate 
that experimental studies have not been carried out in any of our universities 
or research centres. Combined field and laboratory studies of selected 
regions will continue to produce new concepts in petrology. However, in view 
of the very detailed field microscopic and analytical studies which are 
required, the future significant studies of this type cannot be undertaken by 
any one individual. Research teams must be developed to produce the neces­
sary data in a reasonable length of time. 

Study of the relation between rocks and ore deposits should be 
greatly expanded. During the last 10 years much progress has been made in 
experimental study of sulphide phase equilibria. It is now time for a concen­
trated study of both simple and complex systems involving a wider variety of 
mineral groups such as oxides and carbonates as well as silicates and sul­
phides. This work will require the increased co-operation of petrologists, 
economic geologists and structural geologists . 

TRAINING 

The continuing emphasis on interdisciplinary studies in the future 
of petrology requires an undergraduate training in basic science. It would 
appear that those scientists making the greatest impact in petrology will, in 
future, be those who have had the greatest exposure to physics, chemistry 
and mathematics. With few exceptions, until the middle of this decade a 
training in petrology in this country was sadly lacking in its basic science 
content. The main emphasis in training appears to have been to produce a 
general "hard ro ck" geologist suited to the requirements of mining companies 
and various government bodies. There has been no attempt to produce a pet­
rologist who could contribute to the future of his science. This is in part 
reflected by the fact that it is difficult to identify any leading Canadian petro­
logist, appointed during the last 10 years, who has received his Ph.D. train­
ing in Canada. Many geology departments are now reviewing the curriculum 
for undergraduate and graduate students. The desirability of adding courses 
in basic science usually conflicts with attempts to add courses in newly 
emerging branches of geology. 

It will be increasingly difficult to achieve a balance between a 
sound training in geology and the necessary background in mathematics, 
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chemistry and physics. A partial solution may be to increase the teaching of 
these subjects in the geology departments themselves - particularly for more 
senior students. 

The emphases in training have changed in some centres during the 
last 3 years but this trend should be accelerated throughout the country. 

MAJOR OBJECTIVES AND FUTURE TRENDS 

The most important objective in petrology must be a complete 
understanding of the processes by which the rocks were formed. A better 
understanding of these processes would give a clearer picture of reasons 
behind the association and distribution of the various rock types and the ores 
related to them. In order to achieve this objective, petrologists must obtain 
the best possible classification of rocks. This is perhaps an academic objec­
tive in itself, but as new approaches are adopted in petrology the traditional 
classifications must be continually re-examined. 

Future trends in petrology will be influenced to a large degree by 
developments in the associated sciences of mineralogy, geochemistry, geo -
physics, inorganic and physical chemistry, statistics and computer science. 
The petrologist of the future must have the basic training to take full advan­
tage of these developments. It is not sufficient for the petrologist to make 
blind use of data collected by geochemists and geophysicists; he must be able 
to make his own independant critical judgement of the data. 

One of the most important roles of the future petrologist will be to 
select and evaluate information gathered by geochemists and geophysicists, 
and to determine its relevance to problems of petrology. Integration of each 
of these disciplines into a research team has begun in some centres and will 
undoubtedly continue. 

Increased automation in the gathering of microscope observations 
and analytical data has already begun and will no doubt accelerate in the next 
decade. With the exception of more convenient methods of transportation, 
however, few advances have been made in field aspects of petrology. It is 
difficult to see a fundamental improvement in these techniques but efforts 
should be made to review the manner in which field data are presented. 

CONCLUSIONS 

l. Training in petrology should be based on a strong background of 
basic science, pr eferably equivalent to first year mathamatics, physics and 
chemistry followed by second and third year courses in mathematics and 
either chemistry of physics. 

2. The various government surveys should be encouraged to accel­
erate detailed and regional mapping in the Precambrian Shield. Petrological 
fact, theory and fantasy can only be separated when put to the test in a field 
environment. 

3. Increased emphasis on the theoretical petrology should be 
encouraged in Canadain universities. 
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4. Strong financial support should be provided for interdisciplinary 
groups of research workers whose studies bring together specialists in the 
traditional aspects petrology and also those in chemistry , mineralogy, geo­
physics and statistics. 

5. More attractive financial support should be provided for 
research associates and post-doctoral fellows to keep a continuous supply of 
top quality research workers in this country. This will greatly increase the 
productivity of those c entres now operated almost exclusively by teaching 
staff and graduate students. 
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VOLCANOLOGY 

A . M . Goodwin, University of Toronto, 
Toronto, Ontario. 

and 

T . N . Irvine, Geological Survey of Canada, 
Ottawa, Ontario. 

DEFINITION 

Volcanology is concerned with the ongm, migration and emplace­
m ent of molten igneous material and assoc iated solids and fluids, particu larly 
in relation to their characteristics when erupted at the surface. In matters 
of origin and migration within t h e crust volcanology merges into the fields of 
igneous petrology, physical chemistry and geophysics . In matters of 
emplacement upon t h e crust , volcanology merges into the fields of geomor­
pholo gy, geograph y and the social environmental sciences. 

SIGNIFICANCE OF RESEARCH 

Volcanic activity has been involved in a major part of the geologic 
history of Canada , including those parts represented by the Precambrian 
Shield, A ppalachians, Cordilleran and Franklinian (Innuitian) regions. Thus 
an a pp rec i ation of the role of volcanism is important to the understanding of 
e·arth his tory . 

Volcanic - rich belts are traditionally favourable are as for pros­
p ecting for ore deposits. In particular, massive sulphide deposits are closely 
associated with volcanic rocks . This metallogenic relationship warrants 
detailed investigation on the petrology and chemistry of volcanic accumula­
tions as a direct aid to mineral exploration in Canada. Volcanic concepts 
will be considered and used increasingly in the search for hidden ore deposits 
pa rticular l y those at deeper leve l s in t he crust. 

Volcanic rocks constitute our most widespread and r eadily avail­
abl e sampl e of t h e interior of the earth and may be expected to prov ide 
important clues on the nature of proce sses operating in the formation and 
differentiation of magmas. 

Volcanic rocks of a particular age provide significant insight into 
the compositi on of t h e Upper Mantle at that time. The wide range of geologic 
ages represented in volcanic rocks in Canada provides opportunity to study 
possible secular changes in Mantle composition. 

Certain parts of Canada particularly in British Columbia may be 
threatened by volcanic eruption and earthquakes. More information on these 
potentially destructive activities based on geophysical instrumentation is 
d es irabl e to h e lp minimize destruction of human life and properties. In this 
connection quite large areas could be seriously affected by ash falls following 
pa roxysmal expl osions of the Mazama (Oregon) type. These have occurred in 
quite recent and his tor i c time. As well, the possibilities of deve loping 
sources of geothermal power in areas of recent igneous activity should not be 
negl ected. 



- 76-

HISTORY OF RESEARCH IN VOLCANOLOGY 

Until the mid 1950s volcanic rocks as such in Canada had received 
limited attention from a purely scientific viewpoint. There had been some 
significant pioneer studies in both Precambrian and Phanerozoic terrains, 
and considerable areal mapping and much prospecting of volcanic-rich belts 
in Canada had been completed, but little was known about volcanic structures 
and processes and the petrochemistry of volcanic rocks in Canada 

Although many important volcanic-enclosed ore bodies were dis­
covered years ago such as the Flin Flon and Horne mines, the discovery of 
numerous base metal deposits, some of major dimensions, in volcanic rocks dur­
ing the late 1950s accelerated interest in volcanic rocks and volcanic processes. 

Considerable advances have been made in the last fifteen years. 
Large numbers of chemical analyses are available from certain areas and 
some investigators have acquired considerable experience and knowledge in 
recognizing various types of volcanic deposits and the types of processes 
they represent . The metallogenic implications of this new knowledge is 
under continuous analysis and in constant use . 

PRESENT LEVEL OF ACTIVITY 

The present level of activity is modest, but certainly much higher 
than at any time in the past. Nevertheless , it fails to meet some of the basic 
challenges offered by the wide range of volcanic rock types and ages in 
Canada and their economic potentialities. The number of Canadian earth 
scientists engaged in volcanic studies is small. Only a few government insti­
tutions and universities in Canada include active programs or offer relevant 
courses . 

NEED FOR INCREASED ACTIVITY 

Because of the youthful stage of volcanic studies in Canada it is 
fair to say that increased activity is required at all levels and in all aspects. 

The main emphasis for some time to come should be upon collec ­
tion of the fundamental data of the volcanic belts . Specifically included are 
the geometry, distribution , compositions, and ages of volcanic forms and 
units in the belts including mineral occurrences. This may be expected to 
contribute substantially to the elucidation of fundamental petrogenetic prob­
lems including those of mantle - crust relations and history. 

Additional specific areas requiring increased activity include: 
a) The provision of more geophysical data on volcanic belts in Canada . 
b) The performance of more experimental petrologic work on volcanic 

rocks . 
c ) Increased geochemical studies including isotopic relations of volcanic 

rocks around ore bodies. 
d ) Oceanographic studies of major submarine volcanic accumulations. 
e) Greater attention by Canadian volcanologists to those areas of the 

world which display active volcanism as a basis for interpreting vol­
canic phenomena both recent and ancient in Canada. 
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IMPORTANT OBJECTIVES AND FUTURE TRENDS 

The most important future objectives of volcanological studies 
should be: 

a) To search for and establish major petrographic provinces in Canada 
and relate them to the tectonic development and geologic history of the 
regions in which they occur. In this regard, volcanic rocks may serve 
as potent clues to paleotectonic environments . 

b) To search for and establish the metallogenic relations between volcanic 
rocks and ore deposits. Specifically included are studies of geother ­
mal centres (hot springs -fumaroles ) and related ore-bearing fluids. 

c) To correlate compositional variations in volcanic rocks w ith the exper­
imental data on the origin and differentiation of magmas in order to 
gain insight into the composition of the Mantle and its variations in 
space and time, and of the processes involvt>d in development of the 
earth's crust. 

d) To evolve the techniques of volcanic stratigraphy to the same level of 
use as those of sedimentary stratigraphy. 

e) To search for and determine the role of submarine volcanism in the 
process of ocean floor spreading particularly as it may affect contin ­
ental North America. 

CONCLUSIONS 

I. Greater numbers of earth scientists are required in the major fields of 
volcanic studies in Canada - volcano -stratigraphic, geochemical, geo­
physical, experimental, oceanographic and metallogenic. 

2. The metallogenic aspects of volcanic studies in Canada should be investi ­
gated on a broader scale by specialists in that field. The metallogenic 
record is unusually well preserved and exposed in Canada. Collaboration 
with geochemists , geophysicists and experimentalists is desirable. 

3 . Increased training and research are required on the nature of volcanic 
processes . This should be done not only at university l eve l but should 
also involve geologi sts who are primarily concerned with areal mapping 
in regions containing volcanic rocks. One way to attain this goal is to 
have more field trips to better areas in Canada led by those with most 
experience with volcanic rocks. It is a lso important that direct contact 
be made and close ties be established with workers in the main acti ve 
volcanic areas of the world. This is best accomplished by frequent 
exchange of visits and studies in the field. The importance of 'two-way' 
contacts is stressed. 

4. More experimental work should be undertaken on the synthesis and crys ­
tallization of igneous rocks including high pressure (>20 kbars) studies . 
Such work should be geared to volcanic problems in Canada. The great 
increase in knowledge of experimental petrology in recent years makes 
it more difficult for the geologist involved in field and chemical studies 
of volcanic rocks to keep abreast of the significance of the experimental 
work . For this reason, close cooperation between the field geologist 
and experimentalis t is desirable. This may be best achieved if both are 
working in the same institution. This would minimize the danger of lar ge 
amounts of data being collected in a vacuum. 
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5 . More geophysical work on volcanic be l ts is required - seismic , gravity 
and paleomagnetic . 

6 . Better dating of volcanic belts is a necessity . This applies to detailed 
probl ems with in specific belts e . g. those of P h anerozoic age in British 
Col umbia , and to general probl ems of dating in, for exampl e , t h e num ­
e r ous Prec a mbri an belts . 

7. The feasibi l ity of deve l oping special ized institutions of volcanic studies 
in Canada shoul d be investigated . Presumabl y such institutions would 
resembl e existing Centres for Volcanology e . g . Oregon, but would be 
adapted to special Canadian probl ems . A l ternatively active participation 
in existing Centres should be considered . 

8 . Data retrieval bank is required for chemical compositions as well as 
isotopic and age data pertaining to volcanic rocks and minerals in 
Canada . 

9 . Isotopic studies (Sr, Pb , 0 , etc .) of volcan ic rocks shoul d be undertaken 
to attempt to und erstand probl ems of magma gen esis , contamination, 
involvement of connate and m eteoric waters in modifyin g compositions 
and possibl y as an agent in actually stimulating volcanic eruptions and 
explosion s . 
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METEORITE CRATER INVESTIGATIONS 

Michael R . Dence, 
Dominion Observatory,1 

Ottawa, Ontario. 

DEFINITION 

The investigation of meteorite craters on Earth is part of the study 
of interactions and encounters between members of the Sol ar System, parti­
cularly between the inner planets and meteorites, asteroids and comets. 
The field of crater investigations includes the search for and identification of 
impact sites on Earth, and the determination of their structure, the geophys ­
ical, geochemical and mineralogical properties of their rocks and their geo ­
l ogic history. It also involves experiments concerning the dynamic proper­
ties of geologic substances and anal ogous materials. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

The search for meteorite craters in Canada has drawn attention to 
hitherto neglected features of Canadian crustal rocks , introduced n ew ideas 
to the study of old problems and stimulated new approaches to earth science 
by comparing terrestrial features with those of the Moon and nearby planets, 
It is one of the main avenues by which Canadian scientists, with relatively 
modest expenditures , can contribute to studies concerned with the history of 
the Solar System, the origin and abundance of meteorites, asteroids and 
comets, the origin and history of surface features on the Earth, Moon, Mars 
and simil ar planetary bodies and to the history of the more stable parts of 
the Earth ' s crust. 

The anal ysis of fie ld and laboratory observations, coupl ed with 
pertinent experiments, has led to a better understanding of the dynamic pro­
perties of the Earth' s crust and the nature of its response to high-energy 
shock pulses . These results have application to the fi e ld of rock mechanics 
and to the contemplated us e of nuclear explosions for large excavations. The 
studies are also of significance to the mining and oil and gas industries as a 
number of circular structures have ore deposits associated with them, or 
have attracted the attention of oil companies . A better understanding of the 
role impact may have played in the formation of these structures could 
materially assist their commercial investigation and e val uation . 

PRACTICAL APPLICATION 

Attention has already been directed to the e conomic importance of 
c rater studi e s in a number of areas, such as Sudbury, Ontario and Vredefort , 
South Africa, where impact on a large scale has been suggested as being the 
major structural event controlling the formation or present distribution of 
ore bodies. Structures of probable impact origin in areas underlain by sedi ­
mentary rocks have re c eived considerabl e attention from oil companies , as 
possible traps for oil or gas similar in some respects to salt diapirs. 

1Now Earth Physics Branch, Department of Energy, Mines and Resources. 
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Undoubtedly a more detailed knowledge of impact structures and 
the many forms they may take will assist the search for economic deposits 
in these areas. On the other hand, if as some have suggested, many of the 
circular structures studied in Canada are related to intrusions of deep-seated 
origin, then they may indicate important deposits of rare-earth eleme!lts or 
diamonds. 

The development of t h e theory of crater mechanics as a branch of 
rock mechanics has been stimulated by the study of natural craters and this 
interaction will continue as studies proceed. The use of large explosions 
including nuclear events for peaceful purposes is another field of interaction 
between experiment and observation. 

The drilling program initiated by the Dominion Observatory to 
study possible impact sites has had the further benefit of helping Canadian 
drilling companies develop techniques for drilling into deep lakes in winter . 
New methods have been evol ved and valuable experience gained under difficult 
conditions. 

HISTORICAL DEVELOPMENT 

The extraterrestrial origin of meteorites has been accepted by the 
scientific community for about 160 years, but the realization that structures 
up to tens of miles across have been formed on Earth, throughout geologic 
history, by the impact of asteroid-size bodies is only now gaining acceptance 
by an appreciable number of scientists. 

The discovery in the late l 9th century of the Barringer Meteor 
Crater in Arizona initiated a long controversy between those who rejected, 
and others w ho strongly advocated, its meteoritic origin. By the 1930s and 
early 1940s the debate had spread to include a number of structures in 
Europe, South Africa_and the United States. Such structures were called 
'cryptovolcanic' by W. Bucher. R.S. Dietz introduced the alternative term 
1cryptoexplosion ' and became a leading proponent of their impact origin, 
coining the name 'astrobleme' for ancient impact sites. By 1960, 
E. Shoemaker and others had applied recent advances in the theory and 
experimental study of cratering by hypervelocity impact and nuclear explo­
sions to the Barringer crater, successfully explaining its structure and min­
eralogy by the impact theory. There has been a great increase in the study 
by observation and experiment of shock deformation and metamorphism, from 
which has come a number of criteria for the recognition of old, eroded impact 
structures which no longer have associated unaltered meteoritic mate rial . 

Canadian involvement in the field began with the discovery during 
World War II of the New Quebec crater and its initial investigation by 
V. B. Meen of the Royal Ontario Museum in 1 950 - 51 . He established the 
crater's strong structural similarity to the Arizona crater; at more than 
twice the size of the latter it was considered to be the largest relatively fresh 
meteorite crater on Earth known to that time. In 1951 a crater of similar 
size but much greater age was discovered in Algonquin Park, Ontario from 
air photographs taken by Spartan Air Services Ltd. Beals, Millman and 
Innes at the Dominion Observatory realized that many old craters might be 
preserved on the relatively stable Canadian Shield , and initiated the world's 
first systematic search for ancient meteorite craters using air photographs, 
maps and other information. 
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The outcorr,e of the search has been most successful. To date eigh­
teen sites have been identified in Canada for which structural and mineral­
ogical evidence of an impact origin has been advanced. An even greater 
number of possible sites are considered worthy of further investigation. 
Canadian investigations have been distinguished by the broad approach taken 
to the problems of crater identification and analysis . Gravity, magnetic, 
seismic, resistivity, structural, topographic and petrographic methods have 
all been employed. Even more important has been the pioneering use of dia­
mond drilling to investigate the deep zones of a number of the craters . This 
program, begun in 1955, has received world - wide acclaim as a demonstra­
tion of drilling for scientific purposes and is considered a model for investi­
gators from other countries, To 1967, 32 holes totalling 43, 023 feet of drill­
ing have been compl eted at a cost of approximately $550, OOO. The resul ts 
have given the most complete information available on the structure of large 
features of the type attributed to impact and on the nature and distribution of 
shock effects in geologic materials. Some cores have been of great value to 
sedimentologists and studies of heat flow have been made in a number of drill 
holes. 

In Canada the Dominion Observatory has two scientists and one 
technician employed full time in this fie ld, with part time participation from 
four other scientists . The cost of the Observatory program has averaged 
about $100, OOO per annum in the last five years . At the Geological Survey of 
Canada one geologist has devoted approximately one - third of his time to 
investigations in this field while other members of staff and field assistants 
have been involved from time to time . About $10 , OOO per annum has been 
spent on this activity . 

For the most part other Canadian agencies have not been involved 
in crater studies as such, but in some cases provincial mapping programs or 
industrial exploration activities have encompassed structures of interest to 
crater studies. In recent years the Quebec Department of Natural Resources 
has mapped two of the largest structures in Quebec as part of their regional 
geologic mapping program; and the Saskatchewan Department of Mineral 
Resources has mapped the area containing the Deep Bay crater. Two struc­
tures which have attracted commercial exploration activity recently are those 
at Carswell Lake in northern Saskatchewan, and at Steen River in northern 
Alberta. Expenditures on these activities are not known, but are undoubtedl y 
considerable . 

Participation by Canadian universities in crater studies h as been 
directed mainly at the investigation of as pects which are ancillary to the 
governmental pro grams. The university projects include age determinations 
and geochemi cal studies (Carleton and McMaster Universities ), sedimentol­
ogy (Queen's and Toronto Universities ) and heat flow (University of Western 
Ontario). Altogether as many as six staff members or graduate students have 
been involved in current or recently compl eted projects. 

A comparabl e number of U .S. scientists, mainly under N .A.S,A. 
contracts , have been directly involved in studies of Canadian craters as pos­
sible impact sites, invol vin g expenditures averagin g an estimated $30, OOO 
per annum . In some cases Canadian scientists involved in crater studies 
have cooperated with scientists from t h e U.S.A, and Europ e i n a number of 
programs, s uch as the high-explosive cratering experiments at the D efence 
Research Board' s exp erimental station at Suffield, Alberta, a nd studies of 
some of t h e Observatory drill core . 
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NEED FOR INCREASED ACTIVITY 

The leading position enjoyed by the Canadian crater studies can 
only be maintained by a steadily increasing effort, in line with those of other 
countries . The main requirement is to continue the search for and study of 
further possible impact sites at app roximate l y the pre sent level, while con ­
ducting a more intensive study of s p ecific craters . The German approach to 
the study of the Ries crater , in which a number of institutions have combined 
to form a multidiscipline study group, is one method of making good use of 
re lative l y limited resources to study a l arge crater . 

Detail ed drilling programs, similar to that at the Brent crater suc­
cessfully completed in 1967, are needed at several other Canadian craters , 
including the New Quebec crater , and a number which have been only 
partially drilled to date. 

MAJOR OBJECTIVES AND FUTURE TRENDS 

Until a general consensus has been reached, the first objective of 
these investigations remains the delineation of more definitive criteria for 
the origin of the structures which h ave been attributed to meteorite impact. 
Continued detailed studies of structure , mineralogy, geochemistry and tec ­
tonic setting are required to determine the cosmol ogical , geol ogic al and 
economic significance of the features being investigated. 

The importance of impact cratering to the structural evol ution of 
t h e earth 's crust has still not been fu ll y determined. Information about the 
Moon, Mars, meteorites, asteroids and other bodies of the sola r system is 
accumul ating at an ever increasing rate . The anal ysis of much of these data 
requires t h e full study of terrestrial craters . Further, it has been suggested 
that impact cratering has been an important influence in t h e earl y history of 
the planets and may have played a rol e in developing inhomogeneities in the 
Earth' s crust a nd u pper mantle , including the distribution of metallogenic 
provinces . The growi ng importance of crater studies as an integral part of 
the planetary sciences s hould be maintained for at l east several decades. 

CONCLUSIONS 

1. The considerabl e natural advantage enjoyed by Canada in harbouring the 
most compl ete assembl age of ancient craters in the world, including 
some of unique aspect , is a valuabl e scientific r esource which should be 
husbanded in the interests of Canadian science generally . Canadian 
research in this field should be maintained at or above the average level 
of the past ten year s, and every effort should be made to invol ve a 
steadil y increasing number of Canadian earth scientists in this end eavour. 

2 . Future investigations of the Canadian structures should maintain the 
search for definitive criter i a of origin; con tinue the anal ys i s of observa­
tional and experimental data by comparison w ith models of both h yper ­
ve l ocity impact and explosive volcanism; d efine their structural p eculi ­
arities so th at those involved in commercial exploration can readil y 
identify them and assess their economic potential; extend associated 
studies of broad tectonic and cosmolo gic cons iderations . 
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3. Techniques employed in the past should continue to be used, including 
systematic diamond drilling. However, increased emphasis should be 
given to mineralogical studies using electron microscopy and electron 
microprobe methods and to geochemical studies. 

4. Consideration should be given to developing study groups similar to the 
German group for the study of the Ries crater . The pressure from 
American scientists to study the Canadian craters is steadily increasing, 
particularly since manned lunar missions have taken place, and can only 
be met by a viable Canadian effort , combining field, laboratory and 
theoretical studies. 

5. Developments in the field of crater studies illustrate theneed for broader 
undergraduate programs in Earth Science in Canadian Universities giv ­
ing increased attention to solid state physics and the study of the planet 
Earth as a member of the Sol ar System . Reference may be made to 
some programs in planetary science being developed in the United States . 
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CRYSTALLOGRAPHY 

J. C. Rucklidge 
University of Toronto 

Toronto, Ontario 

DEFINITION 

A dictionary defines crystallography as the science of the inter­
atomic arrangement of solid matter, its causes, its nature and its conse­
quences. Crystallography as related to the solid-earth sciences may thus be 
regarded as a branch of mineralogy concerned with the elucidation of the inter­
nal properties of minerals. Such internal properties include the definition of 
the unit cell and space group of any mineral, and ultimately the detailed crys­
tal structure of the phase, Diffraction techniques are most commonly used in 
crystallographic investigations, but other methods of investigating the solid 
state (e. g. resonance spectroscopy) should not excluded from the scope of 
crystallography if the results may have direct crystallographic significance. 
There is a problem in defining the limit where the science of solid state takes 
over from crystallography, so fo.r the purposes of this report I shall regard 
the practical aspects of crystallography as being confined to the use of dif­
fraction (X-ray, electron, neutron) and optical methods. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Crystallography both pure and applied is of active interest to more 
scientific disciplines than any other branch of science, with the possible 
exception of mathematics. It is quite probable therefore that research and 
development by geological oriented crystallographers may bestow benefits on 
other branches of science (e. g. M . J . Buerger of M. I. T.) and conversely the 
earth sciences may often reap rewards from developments made by chemi­
cally or physically oriented crystallographers. 

To consider the significance of research and development of crys­
tallography as related to the solid - earth sciences it is necessary to view the 
two-fold aspects of the subject separately. 
(a) Crystallographic methods are employed in the systematic characterisation 
of minerals by their crystallographic properties such as X-ray diffraction 
patterns, unit cell dimensions, lattice and space group, and also optical 
parameters. These measurements constitute a valuable basis for the classi­
fication of minerals and routine identification of similar species. This is a 
continuing aspect of the discipline, which, while not subject to much change in 
terms of research and development, is fundamental to the crystallographic 
needs of the geologist by providing a rapid, reliable and precise method of 
mineral identification to assist in the understanding of rocks, ores and soils. 
This aspect will be referred to as ' routine crystallography'. 
(b) The determination of crystal structure is the ultimate aim of the crystal­
lographer and the results, in terms of interatomic distances, lattice energies, 
co-ordination numbers, etc . , are of vital significance in understanding the 
properties of minerals. Such information, in conjunction with other physical 
and chemical approaches, may lead to better understanding of the genesis of 
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minerals, formation of ore bodies and of the stabilities and phase relationships 
of minerals at different environments in the earth. Further, practical results 
may accrue. For example, a thorough understanding of the properties of a 
mineral is vital in the design of an efficient ore beneficiation process. This 
aspect will be referred to as 'specialized crystallography'. 

Perhaps an aspect of crystallography almost as important as com­
plete structure determination, is the study of defects and imperfections in the 
crystalline state. The mechanical, electrical and physical properties of 
materials are often more dependent on the defects than on the basic structure. 
Besides diffraction methods, other techniques as thermoluminescence, elec­
tron microscopy are often employed in the study of defects, and hence such 
activities are considered peripheral to the main subject and more in the realm 
of solid state research. 

PRACTICAL APPLICATIONS 

Crystallogr aphic studies in the solid earth sciences have practical 
applications which extend into many different fields. It must be emphasized 
that knowledge of the crystal structure of a mineral is absolutely essential to 
an understanding of its chemical and physical properties. Only when this is 
fully known can the behaviour of minerals in their manifold environments be 
understood and predicted. 

For example, the formation of m ineral s and their phase relation­
ships within the earth are bound up with these factors. The geophysical pros­
pecting methods depend on the physical properties of minerals within the 
crust, and a detailed under standing of their crystallography is of inestimable 
value in this respect. In the ore beneficiation process, the surface proper­
ties of minerals are often utilized to accomplish separations and again these 
relate back to the crystal structure. Finally in the field of utilization of m in ­
erals, as abrasives, construction materials or as raw materials for some 
further process, glass manufacturer or metal refining, again the crystallo­
graphy i s of paramount importance. 

Thus from the point of view of exploitation of our natural resources 
it must be seen how important is a complete understanding of the crystallo­
graphy of minerals . 

HISTORICAL DEVELOPMENT 

Crystallography has always been associated with the subject of 
mineralogy, and the first crystal s to be studied in depth were minerals. For 
this r eason the subject has become an integral part of mineralogy depart­
ments, and consequently is closel y allied with the study of the solid earth. 
Before 1912 all crystallographic study was morphological or optical, but after 
this date X-ray methods were developed and the scope of the subject greatly 
enlarged through the ability to investigate crystals internally. Centres spe­
cializing in crystal structure determination have developed, principally in the 
United States and Europe (west and east), but facilities for less sophisticated 
work a r e now available in virtually all institutions where any mineralogical 
studies are undertaken. This is certainly true of Canada, and it may be 
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assumed that all groups studying the so lid- earth sciences have access to crys­
tallographic facilities capable at least of achieving 'routine crystallographic' 
ends. 

In Canada 'specialized crystallography' was developed at the 
University of Toronto in the school of M.A. Peacock. Until his death in 1950 
Peacock att ra cted many students of crystallography, some of whom have 
established crystallographic faciliti es in other Canadian universities, though 
none have developed into what could be called a crystallographic centre, con­
sistently attracting high calibre graduates for post-graduate research on crys­
tallographic problems . The impetus given by Peacock's crystallographic cen­
tre at Toronto has been largely dissipated and cur r ent crystallographic work 
related to the solid- earth sciences is sporadic. 

Canada has been a member of the International Union of 
Crystallography since its inception in 1948, and played host to the International 
Crystallographic Congress in Montreal in 1957. Canadians have been and are 
active on the executive committee and on special commissions. This year 
Canadians will be hosts to a school on crystallo graphic computing to be held 
in Ottawa. There are 92 Canadian entries in the 1965 World Directory of 
crystallographers, of which 32 have mineralogical or geo logica l backgrounds 
or interest. However de spite this apparent strength of earth- science oriente d 
crystallographers there is really only one crystallographic centre in Canada, 
the National Research Council, where until recently much detailed crystal 
structure work was done under W. H. Barnes on vanadates and related miner­
als. Recently the emphasis at N. R. C. has been turned towards organic 
crystallography. 

The sulphosalt group of minerals is the main one in which signifi­
cant crystallographic developments have been made springing originally from 
the Peacock school in Toronto. 

PRESENT LEVEL OF ACTIVITY 

Crystallographic activity in the Canadian earth-sciences atpresent 
is widely distributed as far 'routine crystallography ' is concerned. Perhaps 
this is to be expected in view of the exceptionally fortunate position of Canada 
with respect to mineral occurrences. However the determination of crystal 
structures of minerals is done sporadically and at only a few establishments. 
An exception is the Mineral Sciences Division of the Department of Energy, 
Mines and Resources in Ottawa where a group has recently been established 
to study the structural crystallography and crystal chemistry of a number of 
minerals, particularly those which are important from an economic point of 
view, such as sulphides and arsenides. This group employs automatic X-ray 
diffraction apparatus, e lectron probe microanal ysis and Mossbauer spectro­
scopy. Computing facilities are available to control expe riments and process 
r esults. Beyond this, the crystallographic activity in Canada is small, with 
work published in the last year coming from Univers i ties of Western Ontario, 
McGill and Mc Master. 

Several crystallographic laboratories have been set up in Canadian 
universities in the last few years, but a lmo st all are conce rned with organic 
crystal structures. Thus, a l though elaborate crystallographic facilities are 
not set up primarily for earth sci entists, they might well be available to a 
great many if the appropriate steps were taken. Often an earth scientist is 
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unaware of crystallographic work relevant to his field, being performed in 
other departments of his university. Clearly there is a need for collaboration 
here. 

In terms of international reputation in the field of crystallography, 
Canada enjoys a high position, as has been mentioned above . The earth­
science aspect is less well represented, but probably no worse than any other 
country of comparable population and development such as Australia or Japan. 
This judgement is made on a rough assessment of published work. This does 
not remove the need to change this situation, since in the countries such as 
the USSR, which is comparable to Canada geologically, there is great empha ­
sis on the development of crystallography and mineralogy, and this is proba­
bly closely connected with the similar role of the USSR as a producer of raw 
materials. Incidentally the numbers of crystallographers (all types) to be 
compared with Canada's 92 for a few other countries are: Australia 135, India 
246, Japan 300, Spain 85, USA 1250, USSR 280. In this context of crystallo­
graphy in general Canada is perhaps slightly under-represented, but the per­
centage with mineralogical interests, 35 per cent in Canada, is significantly 
higher than any of the other countries listed above: Australia 22 per cent, 
India 10 per cent, Japan 17 per cent, Spain 30 per cent, USA 16 per cent, 
USSR 18 per cent. 

I have made a rough appraisal of the number of papers by Canadian 
earth scientis ts published in recent years with the idea of determining the pro­
portion of work concerned with crystal structures as opposed to more routine 
mineralogical works of a crystallographic nature. The ratio is probably 1 to 10. 

NEED FOR INCREASED ACTIVITY 

The conventional crystallographic investigation will continue to use 
X-ray diffraction as the most fundamental tool, but other methods of investi­
gating the solid state can also be employed. This must involve collaboration 
with other scientists concerned with the solid state, since the equipment needed 
for neutron diffraction or the various types of resonance spectroscopy is 
expens i ve to buy and maintain and will not normally be acquired in geology 
departments. Thus joint work with other specialists, such as solid state 
physicists, physical chemists, and the use of their facilities, will allow crys­
tallographic knowledge to be more effectively applied to the solution of prob­
l ems concerned with detailed structure, bonding, crystal field etc. 

In addition the advantages to be achieved through the use of com­
puters must be appreciated, The efficiency of experimental procedures and 
the accuracy and precision of results can all be improved vastly through the 
use of automatic instruments and computers. This is probably true in crys­
tallo graphy more than any other field of the solid-earth science. 

TRAINING 

The main obstacle to expanding crystal structure studies in 
Canadian earth science departments is the scarcity of trained personnel. To 
be successful, a crystallographer must have a physical-chemical background . 
This combined with an interest in geological problems gives a rather rare 
breed. True, there have been, and are, crystallographers with principally 
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geo lo gical backgrounds who have contributed greatly to the f i e ld as a whole, 
but with the increased specialization which i s taking place i t seems unlike l y 
that this will happen much in the future. Some increased l evel o f co-operation 
is required between departments in universities so that existing resources 
may be utilized more effi ciently . It is a great waste if there is a first rate 
crystallography l aboratory in the ch emistry department, while a crystallo­
graphy student in geology struggles with inadequate facilities and instruction. 
In this way the crystallo graphic competence of earth scientists may be 
improved without enormous investment in equipment which m i ght not be uti­
lized effi c i ently. Further the status of crystallographers from the earth 
sciences may be raised so that chemists no longer have exclusive domi nation 
of the field. 

It is a fact of life that Canada draws heavily on brains trained out­
side the country, and this is a perfectly healthy state of affair s by which crys ­
tallography frequently benefits. Whil e this situation may in time change, it 
will be slow, particularly in the more specialized branches of science, and in 
the meantime, crystallog r aphy courses may be set up in one or two earth 
science departments. The recent attempt to establish an honours course in 
crystallography at McGill University i s a praiseworthy step. 

MAJOR OBJECTIVES AND FUTURE TRENDS 

Crystallography in the earth sciences has two roles to fulfi ll (rou­
tine and specialized). The first of these, the routine pro cedure for identify­
ing and characterizing minerals in geological or mineralo gical investigations, 
is already being achi eved in a more or less satisfactory manner . 

The second objective is open ended, as minerals are being used in 
ever more sophisticated ways. Specific directions in w hich research will 
develop may be towards structural determinations at elevated tempe ratures 
and pressures, to increase understanding of mineral behaviour in a ll regions 
of the crust. At normal temperatures and pressures more detailed structural 
analyses may be attempted. As the crystal structures of all common mineral 
groups are known, at least in their basic features , the next stage is to delve 
into known structures in greater detail with higher accuracy, with more 
sophisti cated methods and with increased collaboration with other scientific 
specialities. This will require more reliance on automatic instrumentation 
and advanced computing facilities which are inseparable from present day 
advancement in the physical sciences. In addition, new mineral structures 
must be so lved. Geological materials , as opposed to the materials a chemist 
works on, often offer more opportunities to deve lop new ideas about t h e crys­
talline state. For example, nonstoichiometry is the rul e in geology, and the 
study of nonstoichiometri c compounds can contribute much to science. 

The practical and economic applications of the results of such 
endeavours are beyond the scope of this report, but there can be no doubt t h at 
activity in such a basic field as crystallography i s a prerequisite to advance­
ment in many branches of earth science, b o th pure and applied . 

RECOMMENDATIONS 

This report has attempted to establish that there is a real need for 
increased crystallographic activity in the earth sciences. However, because 
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the role of crystallography is relatively small in the geology curriculum, it is 
unrealistic to expect any one geology department to expend the money required 
to set up a modern crystallography laboratory (at least a quarter of a million 
dollars, and more if spectroscopic and non X-ray techniques are included). 
A solution could be for a government body to set up such a laboratory where 
students could also be trained . One university might be selected to receive a 
grant to establish such a facility. An experiment along these lines has been 
tried in the USA at Virginia Polytechnic Institute, and at McMaster University 
the crystallographic laboratory is shared by several departme;nts. Alterna­
tively a centralized institute of say, mineral sciences, could be established, 
where scientists from many disciplines could work together on the solution of 
problems in the earth sciences. Crystallographic work other than conven­
tional crystal structure determinations would be undertaken. This institute 
might not double as a training centre as the alternative proposed above, but 
would produce results more directly than an institution where scientists are 
involved in activities other than research. The immediate practical benefitto 
Canada would be greater from something organized along these lines. 

As far as the acquisition of competent earth science crystallogra­
phers is concerned, there appear to be two possibilities. Suitably trained 
people may come from outside Canada, a source which has and is providing 
many scientists of all disciplines, and this should be maintained. Secondly 
students may be trained on home ground, either in a full scale centre devoted 
to this (as suggested above), or they must be produced through channels 
already in existence . To increase productivity and quality through these chan­
nels, we must foster co-operation and joint studies between earth science 
departments and between all engagedcrystallographicworkwithinuniversities. 

If these recommendations are heeded, then Canada has a chance to 
make significant crystallographic advances in the earth sciences, with con­
sequent impact on the nation's scientific, social and economic development. 
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STRUCTURAL GEOLOGY 

H. R. Wynne - Edwards, 
Queen's University, 
Kingston, Ontario. 

DEFINITION 

Structural geology is an exciting and expanding science, and there 
are few places more suited than Canada for its pursuit. It is the investiga­
tion of products and processes of deformation of rocks through geolo gical 
time. It is concerned with the three -dimensional geometrical analysis of 
deformed rocks, with the sequence and nature of movement that can be 
deduced from this analysis, with the mechanics of this movement, and finally, 
with the forces responsible for the evolution of the structure. At different 
points in the scale of structural phenomena, structural geology becomes tec ­
tonics, and tectonics becomes geotectonics. The boundaries are not well 
marked, and there is a wide choice of definitions, but it is generally accepted 
that structural geology is most concerned with the deformation of discrete 
rock masses, tectonics with the internal geometry and movement pattern of 
coherent crustal segments, and geotectonics with the global relationships 
among these segments. Tectonophysics has emerged as the study of the 
same relationships, but from the perspective afforded by physics and geo ­
physics. 

Geochronology (by radiometric, paleontological and other dating 
m ethods), geophysics, tectonics, and structural geology are all interdepen ­
dent. In t he study of crystalline rocks, structural geology merges into 
petrology - rock fabric and texture, diffusion and recrystallization, mobil­
ization and reaction being legitimate fields of both. In the study of non­
crystalline rocks, structural geology draws heavily from stratigraphy and 
paleontology, and overlaps with the sedimentological investigation of deposi­
tional basins. In the investigation of the rheologic properties of rocks and 
rock masses the subject overlaps with tectonophysics and rock mechanics. 

SIGNIFICANCE OF RESEARCH AND PRACTICAL APPLICATIONS 

Structural geology and tectonics (treated together in this presenta­
tion) are primary tools in the investigation of the physical evolution of the 
Earth. The sequence of movements recorded in the rocK.s can be integrated 
with a time scale calibrated with data from paleontological, radiometric , or 
paleomagnetic sources. The fabric and configuration of deformed rocks 
(with their mineralogy if they have been metamorphosed) provide a record of 
processes operating deep within the crust, and a gauge of the mechanical 
behaviour of rocks under natural conditions. Structural geology is anessen­
tial component of any investigation of the Earth's history. 

Rock structures are major factors in determining the location and 
optimum conditions for excavations or construction sites . The proper under­
standing of rock structure may also be a vital key in the prediction and 
eventual control of earthquakes and landslides. Rock structures also control 
the localization of many d eposits of metallic minerals, industrial minerals, 
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and petroleum and structural geology is thus an indispensable tool in the 
exploration and exploitation of mine ral resources. 

Tectonic syntheses can outline broad metallogenic provinces -
major s egments of the crust which c ontain characteristic types of economic 
deposits. More detailed investigations of structure can determine the loca­
tions of these d eposits themselves, and structural investigation of these 
deposits can eluc idate their re l ative structural age, and provide information 
essential to their development. The successful exploitation of oil and gas is 
similarly d e pendent on both broad and detail e d studies leading to the identi­
fication of structural traps. 

HISTORICAL DEVELOPMENT 

Structural geology is a latecomer among sciences. If the progres­
sion from general description to precise or quantitative evaluation to experi­
mental investigation can be applied as the yardstick of the growth and matur­
ity of a natural science, structural geology is a n unruly teenager. Vague 
general descriptions based on unquestione d c oncepts used to be the rule, and 
still form the bulk of structural" reas ea rch'1 in Canada. Precise geometrical 
measurements, accurate reconstructions, and experimental synthesis of 
natural structures and rock fabrics have at last begun and careful , well­
documented field studies are growing in number. Outside Canada, experi­
mental structural geology is developing very rapidly, but t h e technical prob­
lems of laboratory experiments are formidable. Conditions can now be 
duplicated over only a small segment of the natural range of the environment 
and at unrealistically high strain rates. Techniques are improving rapidly, 
however . Theoretical studie s based on mathematical models, although rela­
tively new, offer further promis e of success, but the necessary data on the 
leve l of absolute strain in rocks, the actual rates of deformation, and the 
me chanical properties of rock mass e s under different natural condition s are 
l argely lacking. 

Structural geology in Canada was once chiefly concerne d with the 
geometry of ore deposits, and to a lesser extent with that of oil traps. Com­
monly the structural investigations of ore bodies were restricted to des crip­
tions, without an attempt to develop the significance of the observations 
beyond time-worn simplifications. Howe ve r structural geology is of increas­
ing value as an aid to exploration for oil and minerals, and seems destined 
to regain a position of major importance in economic geology within the 
framework of metallogenesis, under the guise of tectonics. In the search for 
petroleum, structural interpretation based on field observations, on drilling, 
or on geophysical information is an indispensable ingredient. 

PRESENT LEVEL OF ACTIVITY 

Current activity in structural geology in Canada is without doubt 
greatest in the petroleum industry, where it is integrated with sedimentolo­
gical, stratigraphic, palae ontological, and geophysical work, and is largely 
field- oriented . In the geological world at large, great attention is being 
given to the new theoretical , experimental, and quantitative aspects of 
structural geology and rapid progress on each of these fronts is to be expected. 
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Until quite recently, most of the structural geology in Canada has 
been conducted as p art of general geological field projects, and has invol ve d 
routine descriptions, utilizing only a fraction of the data available in the 
rocks . The need to integrate structural investigations with other types of 
study is stressed e ls ewhere in this paper, but the average field geologist can 
no longer be assumed to h ave an adequate working knowledge of structural 
geology. The grasp of mathematics, geometry, and mechanics now required 
demands that structural geologists become specialists and that special struc­
tural studies be undertaken . The Geological Survey of Canada has recognized 
this by recruiting structural spec ialists and there are many projects now 
being conducted by the Geological Survey in w hich structural geology plays a 
significant role . Still , the number of structural speciali sts in Canada is 
small, and few universities employ more than one. 

The contributions to structural geology by Canadians has been con­
siderable, although du e to the activities of relatively few people . Part of the 
explanation for these successes is the exceptional opportunity for field obser­
vations afforded by Canadian geology . The nature and evolution of folds and 
t hrust faults in the Rockies worke d out by Douglas and others, the study of 
the tectonic evolution of the Canadian Cordillera by Wheeler and his col ­
leagues, and the unravelling of the tectonic history of the Canadian Shie ld by 
Stockwell and his co-workers are all exce llent examples of this work on dif­
ferent scales . Interest , experience , and expertise in structural geology are 
currentl y growing at a rapid rate in Canada . 

At the moment, research on the structures of the continents has 
been overshadowed by the dramatic results of the investigation of the ocean 
floors . We can anticipate a rapid increase in activity as the impl ications of 
ocean - floor spreading are realized and evaluated against the structural 
record of the continents themse l ves . 

Current wo rk in structural geology may be classified and described 
as follows: 
1. Regional and local field investigations involving structural geol ogy at a ll 
scal es . There is increased need for d etaile d structural studies integrated 
within a sound framework of regional geological data . 
2 . Structural geology is applied to economic problems , much as the d etai led 
investigation of individual ore deposits , and with the broad, regional investi­
gation of their tectonic setting (metallogenesis). Structural research is of 
equal or greater importance to petroleum geology, and is an essential com ­
ponent of most exploration programs . Although re l atively little has been 
published, oil companies are certainly the largest current performers of 
structural geology in Canada , The growth of e ngineering geology in Canada, 
paralle l to developments that have already taken place elsewhere , may be 
expected to involve the application of structural geol ogy and rock mechanics 
to a much broader range of engineering and urban problems. 
3 . Experimental studies have shown no substantial progress or new de vel op­
ment in Canada , Rock mechanics research, is expanding, howeve r, and 
takes place in ten Canadian universities , characteristically in the d e part­
ments of mining or e ngineering, and at the Mining Research Centre labora­
tories of the Federal Mines Branch in Ottawa and E ll iot Lake . 
4 , Interest in numerical anal ysis and model theory applie d to structural 
geo l ogy is steadily increasing, and the statistical manipulation of l arge vol­
umes of numerical data is becoming commonplac e . The computer l ends 
itself naturally to structural geol ogy . There are already several projects 
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inv olving the collection of field data in machine-processable form, and 
attempts are being made to d evis e mathematical models of folding us ing 
small increments of d eformation . 

NEED FOR INCREASED ACTIVITY 

There will be a n atural exp ansion of all fields of structural geology, 
as a result of its modern d eve lopme nt . So little experimental work outside 
the field of rock mechanics is now being done in Canada that at l east on e cen­
tre for exp er imental studies must be d evelope d as soon as possible . The 
major effort , however , should invo l ve d etail e d, precise, anal yt i cal slructural 
invest igations o f t h e superb natural phenomena expos ed on the Canadian sub­
con tin ent . There is a great n eed for systematic compreh ensive d escription 
on a massive scale, supplemented by compilation interpretati on, hypoth es is. 
Most of the successful and fundamental wo rk to date, of w hic h exampl es were 
c it e d earlier , has had these es s ential ingr e di en ts . T h e accessibility of com ­
puters , and the m eans they provide for statistical manipulation of data and 
for topology w ill provide a powerful spur in this dir ection . Coupled with t his 
acquisition a nd synthesis of dat a should be theoretical studies based on math ­
e matical mod e ls, w hich appear to have a good c hance of simulating natu r a l 
conditions . These studies do not re quir e expensive laborato r i es , although 
computing facilities are essential. 

TRAIN ING 

Structural geologists h ave to become specialists. Structu r a l geol ­
ogy is conc e rne d w ith the phy sical properties of materials, and thus is h eav ­
il y d epend ent on mathematics and phys i c s. Adequate backgrounds in both 
dis c iplines are a prerequisite for the modern approach to the subject. Spe­
cial ization in structural geology c an safely be l eft to the post-graduate level, 
but the ability to think in t h ree dime n sions m u st be developed as a b as i c skill 
at an early stage in the undergraduate l evel. There should be more oppor ­
tuni ty in Canada for students to associate w i t h groups of scientists specific ­
ally c once rned with structural and tectonic problems , and for t h e m to gain 
practical exp e ri e n ce of the subject in the fie ld . 

MAJOR OBJ ECTIV ES AND FUTURE TRENDS 

The princ ipa l obje c tive of structural geolo gy is the understanding 
o f the natur e , evolution, and origin of the d efo rma tion of rocks and of the 
dynamic processes at work in the Earth ' s crust . T h e trend toward quantita ­
tive , theoretical, and experime ntal aspects of structur a l geology can b e 
expected to continue . As a minimum, Canada should maintain a ' 'watching 
brie f'I in a ll t h e s e as p ects of t h e subject , and should c ontinu e to expand its 
a l re ady substantial contr ibution to the d e s criptive and analytical side . 
Canada is particularly well suited for this b ecause of t h e extent and var i ety 
of rocks expos e d and t h e resultin g opportunity for m eticulous obs ervation in 
a broad range of environments and scales. 
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CONCLUSIONS 

1. At least one centre for experimental work in structural geolo gy (as dis­
tinct from rock mechanics) should be established . Ideally such a centre 
would be one in which vis iting workers are freely welcome , so that work 
within it c ould become an important adjunct to a variety of fie ld investi­
gations across Canada. 

2. Structural geolo gy should be recognized as a separate and special form 
of field investigation, so that structural specialists can condu ct regional 
field studies l eading to the establishment of fundamental geometrical 
facts. Many regional geologi c investigations presently start from an 
unfounded assumption that these facts are already in existence . This 
activity need not impede the necessary growth of interdisciplinaryinves­
tigations of regional tectonic phenomena benefiting from the interdepend­
ence of structural geology and other aspects of the earth sciences . 

3 . Viable groups of scientists concerned with structural geology should be 
developed in a few geological d e partments and institutes, to supplement 
the thin but necessary line of isolated specialists now strung out across 
the continent . At the same time , a much more effective link with 
industry should be forged. 

4. Means should be developed to attract scientists w ith a background in 
mathematics and physics and an interest in geology (or vice versa) to 
work on structural problems, specifi cally using the new approaches 
afforded by computer applications to mat h ematical modelling and statis­
tical synthesis. 
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TECTONICS AND GEOTECTONICS 

R. J. W. Douglas 
Geological Survey of Canada 

Ottawa, Ontario 

DEFINITION 

Tectonics is the study of the nature and causes of deformation of 
the earth's crust. It pertains to structural e l ements, embracing the largest 
and broadest features and, as the scale of structures de creases , merges with 
the field of structural geology. Tectonic concepts permeate many different 
fields of geology, serving to unify them. Tectonics has two c l osely related 
as p ects - geotectonics which d eals mainly with the geological attributes of 
the earth's crust , and tectonophysics, w hich d eals mainly with the physical 
properties of the crust. Although tectonics and geotectonics are considered 
by some to be synonyms, tectonics has many far-reaching connotations and is 
used herein as being the broader term. Tectonophysics is covered in a 
separate report . 

Geotectonics draws on data princ ipally from the geological fie lds -
structural geology, stratigraphy, metamorphism, volcanism, geochr onology, 
geochemistry, sedimentology, petrology and geomorphology. Accordingly, 
many geotectonic analyses are concerned large l y with the continental masses. 
Because all c ontributing fie lds are involved with temporal ordering of their 
data, a large part of geotectonics is likewise concerne d with the tectonic evo ­
lution of various segments of the earth's crust . 

Tectonophysics draws on data mainly from the geophysical fields­
seismology , geomagnetism and paleomagnetism, gravity, and heat flow. 
Most of the data are essentially measurements of the physical characteristics 
of the earth, being particularly valuable where geological data are meagre, 
such as in oceanic regions and is the subsurface parts of the continental crust. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Many aspects of tectonics have a par ctical and economic value; 
three examples are : 
(1) Study of the relationship between metallogeny and tectonics, wherein the 

genesis of mineral d eposits is integrated with the tectonic evolution of 
the region and metallogenic intervals (orogeni c, volcanic and d e positional) 
are established . 

(2) Studies of the effects of earthquakes, their relationship to bedrock char ­
acteristics, structural features and surficial deposits, and prediction of 
the probability of future occurrences. 

(3) Analyses of the structure of sedimentary basins and continental shelves, 
together with interpretation of seismic, magnetic and gravity data, in 
order to ascertain their petroleum potential. 

Most serious students of tectonics have been motivated by the 
search for new knowledge being c oncerned with the ordering of data on alarge 
scale, the internal constitution of the earth, and the underlying causes ofdia­
strophic processes. Tectonic concepts also find application in the newly 
developing fields of marine geology and l unar research. 
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PRACTICAL APPLICATIONS 

Tectonics contributes to the renewal of petroleum reserves in guid­
ing exploration of the new sedimentary basins of northern Canada and the con­
tinental shelves, and also, in the densely drilled sedimentary basins, through 
relating tectonic behaviour of the basement to the distribution of porosity in 
the reservoirs . 

In the field of metallogeny the contributions of tectoni cs should 
continue to grow, for in belts of orogenically deformed rocks the metals and 
minerals have a geological environment or habitat that embraces many or all 
elements of the tectonic environment of the rocks. Tectonicists have to 
expand our knowledge of the tectonic framework to make it a still more effec­
tive tool for the metallogenist and economic geologist in the delineation of the 
most favourable areas and associations for mineral exploration. 

HISTORICAL DEVELOPMEN T AND PRESENT LEVEL OF ACTIVITY 

Tectonics in Canada has only in the last decade emerged from its 
former state of being largely speculative, "arm-chair" geology t o its current 
position of being a vital, dynamic and essential part of the earth sciences. 
Much of this improvement in stature may be attributed to the great increase 
in geological knowledge, not only in Canada but in the whole world. The tec ­
tonicist has many more facts on the geolo gy of the continental masses at his 
disposal and is beginning to acquire hard data on the geolo gy of the ocean 
basins, the hitherto largely unknown sector of the earth's crust. 

On an international scal e much current research in tectonics is 
centered in projects of the International U pper Mantle Project (1) and those of 
the commission for the Geological Map of the World (2) to which Canadian 
geologists and geophysicists have made significant contributions. The Royal 
Society of Canada symposium on the Tectoni cs of the Canadian Shield in 1962 
(3), the Canadian Institute of Mining and Metallurgy symposium on the Tectonic 
History and Mineral Deposits of the Western Cordillera in 1966 (4), and the 
recent symposium on Recent Crustal Movements have spurred additional 
national and regional activity. Continuing collaborative projects, such as the 
Cordilleran Structure Project of the National Advisory Committee on Research 
in the Geological Sciences (5) between geologists in several different fields, 
and "Project Pioneer" have been of significant volume in the Canadian Shield 
in Manitoba. The recently published Tectonic Map of Canada by C.H. Stockwell 
(6) categorizes rocks according to their depositional and orogenic tectonic 
environments and the fifth edition of the Geology and Economic Minerals of 
Canada (7) includes regional tectonic syntheses of structural, stratigraphic 
and sedimentological data, and to a lesser extent also o f metamorphic, mag­
netic and metallogenic data . 

NEED FOR INCREASED ACTIVITY 

Canada is one of the few countr i es of the world that is large enough 
to encompass many different geological provinces. It also has a multiplicity 
of orogenic belts ranging in age from Archean to late Tertiary. Canadian 
geologists, acco rdingl y, have a lmost unlimited opportunities to contribute to 
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tectonic knowledge. This can be done not only by initiating new projects 
but by synthesizing existing data. 

Tectonic cons iderations should form a part of the initial objectives 
o f any geolo gical investigation. This should lead to many conclusions 
being drawn on the tectonic implications of the investigation by the investiga­
tor himself rather t h an having the conclus ions await a subsequent analysis by 
someone e l se. More collaborative studies should be undertaken, particularly 
interdisciplinary studies, as these have the innate advantage of including the 
broader tectonic problems as part of the frame of referrence regardless of 
the more specific objectives of the individual disciplines and subdisciplines. 

There needs to be more interpretation of the tectonic significance 
of the geological and geophysical data that are presently available. This 
should be done not only for each of the var ious geo lo gical regions of Canada 
but a lso systematically in some detail by smaller units. Tectonic analyses 
should a lso be made by individual subject, such as volcanism, plutonism, 
metamorphism, structural types, sedimentation etc., particularly as related 
to changes with time . 

TRAINING 

It is desirable to introduce tectonics into the curr i culumatanearly 
stage concentrating on the basic and fundamental aspects of the various theo­
ries and leaving more sophisticated explanations and documentation to more 
advanced educational levels after the student has assimil ated the principles of 
the various contributing fields. The important thing is that the facts be clearly 
established and differentiated from the theory that is presented to explain 
them, and that several theories be presented. The student should be encour­
aged to think, to doubt, and to constantly question. 

Training of geologists should be kept as broad as possible or else, 
in the future, there may be no tectonicists. However, in these days the trend 
towards specialization is increasing. It is probable that only through tecton­
ics will a specialist be kept informed of the contributions by other specialists 
to knowledge of the earth. 

MAJOR OBJECTIVES AND FUTURE DEMANDS 

1. Establish in greater detail the tectonic evolution of CanaC!a by 
major geolo gical province and by regional units; relate mineral deposits to the 
tectonic environment; integrate our knowledge of tectonics and metallogeny 
with that of contiguous regions. 

2. Determine the thickness of the constituent layers of the crust 
throughout Canada to provide limits for the analysis of the tectonic elements 
evident in the near-surface rocks; ascertain the configuration of crustal lay­
ers of the Canadian Shield and their relationship to Precambrian geo synclines 
and orogens; determine the extent and configuration of the crustal layers of 
the craton beneath the bordering Phanerozoic orogenic belts. 

3. Establish criteria with which to subdivide and correlate 
Precambrian rocks, particularly the Archean, in order to determine the early 
tectonic history of the crust with greater precision and to provide a tectonic 
framework which would assist future geochronological investigations, particu­
larly those directed towards determining the age of the oldest crust. 
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CONCLUSION 

Establish a committee on tectonics to stimulate research on tec­
tonics in Canada. 
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T ECT ONOPHYSICS 

J.T . Wilson 
E rinda l e College 
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DEFIN I T ION 

In 1849 when Naumann wanted a word for t h e sci ence of the struc­
ture of the ea rth's crust and the movements and forc es which have produced 
it, h e borrowe d the term t ecto n ics from architecture . (Both words have a 
common roo t . ) To emphas ize t h e new s i gnificance , he co ined the word geo­
te ctonics and the two h ave b een used indiscriminate l y eve r s inc e. On the 
whole tectonics is m ore emb r ac ing and is mo r e often used, while the tendency 
h as been to confine geotectonics t o discussion of the largest features. Thus, 
common usage grades the terms structura l geology , tectoni cs and geotecton­
i cs t o apply to a rising scale of size. T h ese terms a r e old and originally had 
purely geological conno tations (1, 2, 3, 4, 5) . When geophys i cists had deve l­
oped methods capable of making useful contribut ions to tectonics, N . L. Bowen 
coine d the word tectonophysics to empha size the importance of including geo­
phys i cal r esult s a nd of cons idering physical principles in studying the earth's 
stru cture and t h e forces which have pro duce d it . T his word is still included 
in only a few dictionaries (6) and i ts c hief use h as been as the name for one 
section of the American Geophys i cal U nion a nd as t itle for a journal. Although 
emphasizing geophysics, it i s not limite d purely to physical aspects, because 
these cannot b e proper l y discussed without s ome knowl edge of geo l ogy. Tec­
tonophysics m i ght therefore b e cons idered to b e a wider term than tectoni cs, 
but in practi ce this is har dly true . Tectonics probably remains the bro ader 
term, and t ectonophys i cs is used when it is desired to emphasize geophysical 
aspects. 

Different autho rities define a nd use these words in various ways 
but in thi s p a per emphas i s will be placed on th e geophysical a spect s and exten­
sive geological discussion of tectonics will n ot be undertaken. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

A knowledge of the structure and motions of the earth's crustal 
f eatures is fundamental to geology and geophysics. 

For ove r a century sc i entis ts in pursuit of a broad understanding 
of the earth have identifie d minerals, ro cks and fossils and mapped the dis -
tribution of rock type s, b ut a satisfactory synth esis of the earth's behaviour 
and history was not achieved. The situation improved when geophysical 
obs e rvations provide d be tte r information about th e invisible interior of struc­
tures, but geophys ics did not produ ce t h e full solutions which some exponents 
h a d expected. Something e ls e was n ee ded. 

All early ideas involve d t h e conce pt that the ea r th is a re l ative l y 
immobile body with vertica l motions dominant over horizontal. Today thi s 
concept is being effective l y challenged and many sc i entists now su pport t h e 
idea of large and r e l ative l y r a pid continental displacements. They hope that 
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interpretation of the voluminous data collected by geologists and geophysicists 
in terms of continental drift will provide a better understanding of the struc­
ture and behaviour of the earth. 

Recent meetings of the major American scientific societies reveal 
an intense preoccupation with tectonics and especially with tectonophysics and 
a great trend in favour of the new ideas concerning continental drift. With 
some exceptions such as the Upper Mantle Symposia in Ottawa in 1965 evi ­
dence of concern about the subject has been less marked in Canada. 

If the concept of continental drift is accepted it will shake the whole 
of earth science and will mark a turning point in our ideas about the earth. 
Heretofore progress in the study of the earth has only been possible in spe­
cialized or local studies, while university courses emphasize the descriptions 
of rocks, minerals and fossils or the collection of geophysical data and its 
interpretation according to simplified models. A multitude of good accounts 
of small areas exist, but no one has seemed able to put them together. Brief 
summaries of the earth's history and behaviour are lacking. The author (7), 
following the ideas of Kuhn (8) claims that the acceptance of continental drift 
is desirable and will amount to a major scientific revolution, but Beloussov 
(9) advances arguments against these views. 

PRACTICAL APPLICATIONS 

The replacement of ideas about a relatively stable earth with fixed 
continents by ideas about a highly mobile one with moving continents will pro­
foundly affect many ideas about the origin, sources and distribution of ore­
bodies and petroleum deposits. 

In petroleum geology the writer has first-hand knowledge of the 
keen interest of major oil companies in continental drift, especially as it 
relates to the discovery of off-shore oil occurrences. One company has 
already taken up huge leases off the east coast of Canada because of conver­
sion of their geologists to belief in continental drift. Oil in the Arctic is now 
being found in older rocks which are thought to have been formed under tropi­
cal conditions in lower latitudes. 

In mining a major company has circulated a brochure relating how 
they were led to important phosphate deposits by arguments based on drift. 
The similarities in geology and in gold, diamond and manganese deposits 
across the South Atlantic Ocean are well known. 

A greater value lies in developing a proper framework and mech­
ism to aid in ore prediction and herein the new ideas have untold value for the 
future. 

HISTORY AND CURRENT CANADIAN SITUATION 

(a) General History 

In the early decades of the IndustrialRevolution, between 1760 and 
1830, when geology was emerging as a science, the earth was realized to be a 
complex body because its strata were observed to be frequently contorted and 
faulted. Popular belief attributed such formations to abrupt cataclysms, but 
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gradually the contributions of such men as Guettard, Werner, Cuvier, Hutton, 
Smith and Lyell established the view that the earth's crust has been slowly 
shaped by the same forces that act today. 

Since no source of internal energy for the earth was then known, it 
was thought to be cooling. The contraction theory was adopted and was long 
dominant. According to it cooling produced compression and mountain build­
ing. The primary movements were considered to be vertical in direction. 
The discovery of radioactivity in 1896 weakened the case for cooling and con­
traction. Joly (1909) pointed out that the earth might be heating and might 
periodically become unstable. This led to a multiplicity of other theories, 
many of which still clung to the dominance of vertical motion and the fixed 
position of continents, but substituted other causes for mountain building. 
Many Soviet scientists considered that heating produced vertical uplift and 
oceanization of continental crust (2). Others considered that the earth might 
be expanding ( 10, 11, 12). Dutch scientists advocated periodic instability ( 13). 
Many supported different forms of convection currents (14, 15, 16). Most 
attempted to explain the cause of tectonic events without seriously disturbing 
the standard and accepted belief of geologists and geophysicists in the perma­
nence of ocean basins and in the fixed position of continents. Scheidegger (17) 
and Beloussov (2) have reviewed these and other theories well. 

A parallel, but long a minor development, was the notion that great 
horizontal displacements, called continental drifting, had been dominant dur ­
ing the earth's history. According to Harland (18), Fisher "postulated a rela­
tively fluid interior with convection currents rising beneath the oceans -
especially the mid-Atlantic ridge" in 1880, and Pickering' s work in 1907 on 
the origin of the moon stimulated Taylor and Baker to revive older ideas about 
continental drift. 

The chief proponent of continental drift however was Alfred Wegener 
(19) who, by his detailed arguments and books published from 1912 to 1930, 
did more than anyone else to establish the idea of large horizontal displace­
ments of the earth's surface. In spite of the fact that he was a physicist, his 
geological and biological arguments were generally sound and were not dis -
proved; rather it was his geodetic measurements and physical causes that 
were proved wrong. Another physicist, Jeffreys (20), was a very strong 
opponent and the fact that Wegener had made mistakes and produced untenable 
physical arguments prevented the wide acceptance of his ideas until other 
physicists had showed how to avoid his errors. 

Geologists, especially in the southern continents (21) had noted 
close similarities between continents and some supported drift. They included 
such distinguished Alpine geologists as Argand (22) and Staub (23) who by 
careful mapping had established the true complexity of mountains and who 
recognized a need for great shortening. Unfortunately the contortions of the 
rocks were such that they could not be fully seen on the surface and every tun­
nel through the Alps led to different if improved interpretations. This opened 
the way for critics like Bucher (24) to doubt the need for shortening and ridi­
cule continental drift. Supported by the physicists, most geologists in North 
America (25) and in Eurasia rejected drift. A fundamental problem was that 
no one knew much about any part of the earth, except those small portions 
exposed as the land surface. 

Fortunately physicists gradually developed instruments and tech­
niques which provided an understanding of the nature of the ocean floors, a 
better if still imperfect view of the interior of the earth, and a numerical 
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time scale for earth processes. Then chemists began to offer reasonable 
explanations of these observations. Most development has occurred since 
1945 and since 1966 new discoveries have revolutionized ideas about tectonics. 

Unfortunately some division still remains. Many of those who 
developed the instruments and ideas of this new revolution are not geologists 
and do not understand the complexity of the earth. Geologists have contrib­
uted much to the new ideas on sea-floor spreading, but many of their papers 
have been published in specialized reviews (26, 27) or geophysical journals. 
Textbooks on historical or physical geology have not incorporated these new 
ideas although many are now attempting to do so. 

A brief review will show how new these ideas are. Until 1956 
arguments in favour of drift were inconclusive, but in that year several papers 
on paleomagnetism gave results which suggested relative movements between 
continents. Further work has supported and refined that view. In the same 
year Ewing and Heezen proposed the existence of a continuous world-encircling 
mid-ocean ridge system. This also has been abundantly confirmed. In 1960 
Hess proposed that the sea-floor was being generated a long the mid-ocean 
ridges and was spreading away from them to be reabsorbed again in ocean 
trenches and under young mountains. In 1963 Vine and Matthews proposed 
that reversals in the earth's magnetic field were imprinting the sea-floor and 
could provide a time scale. Fortunately McDougall, Cox, Doell and Dalrymple 
had been able to date reversals . This theory has now been applied success­
fully to much of the ocean basins (28), Supporting evidence has been provided 
by discovery of the increasing age of oceanic islands and cores away from 
ridges, by the discovery and explanation of great faults and fracture zones 
(29, 30, 31), and of increasing thickness of sediments away from ridges (32). 

Morgan (3 3) and Le Pichon (34) e laborated the concept into a theory 
of rigid plate tectonics . They held that motion is largely confined to the joins 
between a few large plates which are marked by earthquakes. These ideas, 
derivedfrom the study of magnetics and seismicity, have now been fully sup­
ported by independent studies of the direction of motion of earthquakes (35). 
The key discovery has been that magnetic imprinting provides a precise 
record of the movement apart of rigid plates, sufficient to enable the rate and 
direction of closure of mountain systems to be calculated. This is a tremen­
dous addition to tectonics. 

A few opponents still object vigorously for one of two reasons. 
Some, like Jeffreys (20) and Beloussov (9), quite ignore the new discoveries 
and restate old objections which many consider to be avoidable by suitable 
modification of the theory. Others emphasize small exceptions which do not 
appear to fit the theory . Meyerhoff (36), for example, indicates one Miocene 
sample from the mid-ocean ridge is contrary to expectations, but ignores 
over 1, OOO other dated samples which fit the theory. Hess attributed this odd 
sample to a human error . Others who have raised objections on particular 
grounds include Stehli (37), Axelrod (38), MacDonald (39), and Worzel (40), 
but many believe that their evidence is inadequate or can be answered by mod­
ifications of the theory. 

Two excellent Soviet books on the subject of tectonophysics are 
available in translation (41, 42). 
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(b) Canadian Situation 

Most Canadians were not early or enthusiastic supporters of con­
tinental drift, nevertheless many have made significant contributions to the 
new ideas. 

The Geological Survey of Canada has carried out the most exten­
sive precise aeromagnetic survey yet published. This throws much new light 
on structure of the Canadian Shield (43, 44, 45). In addition, Morley, who 
has had charge of the work, discovered the explanation of oceanic magnetic 
anomalies as early as Vine and Matthews (47) but could not get his paper 
accepted until later (48). The Dominion Observatory and Geological Survey 
have also been active in carrying out magnetic surveys over the North Atlantic 
and Iceland (49, 50) which provide support in evidence for continental drift. 
Bedford Oceanographic Institute has carried out the most detailed survey yet 
made of a section of the Mid-Atlantic Ridge using several geological and geo­
physical methods (51). Wilson (52) has contributed ideas about the closing 
and opening of the Atlantic Ocean. He coined the term transform faults which 
has been widely accepte<l as an explanation for oceanic fracture zones. He 
has made other suggestions about the geology of ocean basins and large faults 
(7). 

The Dominion Observatory has established a network of modern 
seismological stations and a large array at Yellowknife. These have contrib­
uted to the world-wide knowledge of seismic activity. One useful aspect of 
this has been the preparation of maps defining zones of earthquake hazard 
(53). Mansinha and Smylie (54), have published an important theoretical 
paper relating major earthquakes to movement of the poles. 

McConnell (55) has used post-glacial uplift to draw conclusions 
about the mobility of the upper mantle, and has compiled reports on thick­
nes ses of the crust determined by seismic methods (56). H. D. B. Wilson and 

.colleagues have investigated the structural provinces of the Canadian Shield 
using a wide variety of geological and geophysical techniques in conjunction 
but most of their work has not yet been published (57). 

Thicknesses of the continent were early investigated by Hodgson 
and much work has continued all across Canada. A large group has 
co-operated with American geophyscists in the Lake Superior region (58). 
Another major investigation involved the geology and geophysics of the Hudson 
Bay region (5 9). The tectonophysics of the prairies have been a subject of 
special interest to petroleum companies and to the universities in Alberta and 
Saskatchewan (60, 61). The Defence Research Board has used large explo­
sions to investigate structure. 

A gravity map of Canada has been published (62) and gravity and 
seismic data have been extensively used to interpret the structure and tecton­
ics of the Appalachian and coastal regions of Eastern Canada (63, 64, 65, 66, 
67, 68). These have been helped by measurements of isotopic ages and paleo­
magnetism (69, 70). 

In the Canadian Shield the combination of geophysical and geologi­
cal data has helped elucidate the structure (57, 71, 72, 73, 74). Other inter­
disciplinary studies have been made in the Prairies and the Cordillera (60, 
75, 76, 77, 78, 79). 

In international affairs besides collaborating withtheUnitedStates, 
Canadians have played a leading part in the Upper Mantle Project of which 
C. H. Smith is the Deputy Secretary General and has been responsible for the 
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organi zation of symposia on the a pplication of geology an d geophys i cs togethe r 
to elucidate tectonic problems (8 0, 81) . G. D. Garland is Secretary-General 
of the Inte rnational U nion of Geodesy and Geophysics and organized a sympo­
sium in Canada on Cont inental Drift (8 2). T. H. C lark organized a symposium 
on appal achian tectonics (8 3) and his book on the geolo gical evo lution of North 
America (84) is an important c ontr ibution to tectonics, a lthough too early for 
the latest ge ophys ical ideas. Keen h a d dealt with tectonophysics of ocean 
floors in his book on marine geolo gy (85 ). T he author organized a sympo s ium 
at Montevideo on continental drift in the South Atlanti c regio n. 

M any Canadians have b een active in o t h e r contributing fields 
including heat flow, age dete rmination s and paleomagnetism. Scheidegger' s 
important r eview of geody nam ics (17) was written while h e was in Canada. 
Jacobs, Russell and Wilson (86) tr i ed to bring geolo gi cal and geoph ysical 
ideas together t o deal with the struc tu r e and histor y of the earth, but t oo ear l y 
to include the modern change of view. T ozer (87, 88), now at Toronto, has 
been one of a few who have contr ibuted much t o t h e theory of mechanisms of 
drift. P. M. Clifford (8 9) has deve loped one as pect of this subject. An impor­
tant symposium l arge l y dealing with tectonophysics was organized in Ottawa 
by Baer and No rris (90) . 

PRESENT LEVEL OF ACTIVIT Y 

T h e prev ious section has mentioned enough exampl es of Canadian 
work to indicate the gene r a l level of activity . 

One of t h e fields of special activity in tectonophys i cs t oday is t h e 
whole subject of oc ean -floor s pread and inves tigation of th e ocean floors (2 6). 
Coupled with this a r e investigations of reversals in the earth's magnetic field 
and steady progress in paleomagnetism. T h e succes s of th ese inves tigations 
has been coupled with great prog r ess in se is mo lo gy (35, 9 1). Previously the 
distribution a nd direction of motion of earthquakes was not understood. 
T oday, according to Oliver and o t h e r seismologists, i t can a ll be accounted 
for b y global plate tectoni cs (34) . T h ere is some hope t h at earthquake s may 
b e pre di ctable. 

The thickness of the cru s t of the earth is being re gularly measure d 
(5 6). The d e pt hs t o other boundaries b etween sh e ll s of t he mantle is b e ing 
measured and r e l ate d t o high-pr es sur e geochemis t r y of silicates (92). Grav­
ity surveys are being steadily pursued and coupl e d with seismi c data t o give 
b ette r inte rpretations o f the behaviour of continental margins, mountains and 
other structures (93) . 

Age dete rminations a re better understood and a r e mo r e accurate 
than formerly. By combining several age methods var ious phases of accumu­
lation and metamorphism can now b e distinguished. This is givin g better 
understandin g of shields. 

WHERE IS INCREASED ACTIVITY NEE DE D MOST? 

The discovery of sea-floor s preading and its acce ptance by the vast 
majority of those engaged in marine geology i s a great event in geological 
history. Many who c laim to acce pt the new ideas do so only part ially. H e re 
is where the greatest changes a re needed, in integrat ing new discove ries w i th 
olde r knowledge. 
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Scientists like all humans enjoy the familiar and prefer progress 
by gradual steps to drastic change. They would prefer to make a nice, neat 
discovery in their favourite field - usually that of their Ph.D. degree - rather 
than to change fields to a new one where there is greater scope. Seismolo­
gists like to continue to study earthquakes, paleontologists to continue to 
examine fossils. It is right that this should be so, but it produces a tendency 
to support established fields and it is often hard to get support for thoroughly 
new ideas. In Canada this has been aided by the policy of the granting agen ­
cies (which are excellent in most respects) to allow scientists compl ete free­
dom of choic e in their fields of research. While this has admirable aspects, 
it has meant that it has been difficult to build up the geophysical side of earth 
science and still harder to get students well trained in both geology and geo ­
physics. Too large a proportion of earth scientists work in some old sub­
jects, too few in the new and still fewer in multiple fields. 

In all but a few new universities in Canada there are well-established 
departments of geology. It can be taken that all do an excellent job in the 
traditional fields. However, few of these departments have build up geophys­
ics as fast as the importance of i ts discoveries warrants. What is worse is 
that geophysics has often started up independently. In such cases geophysi­
cists are likely to lack the help and under standing which geology could provide. 

While it is easy to fully occupy a student's time with a complete 
course in geology without much geophysics and equally true the other way 
about, this does students a great injustice. Progress is mos.t rapid at the 
common interface of subjects. To correct this some favourite courses will 
have to be dropped, or reserved for graduate work in order to give students a 
broader introduction to earth science. The greatest need in tectonophysics is 
joint approach. Progress is being made, but should be hastened. 

Another aspect is that industry tends to attract those interested in 
prospe cting and the universities tend to be impoverished in those with the 
most practical interests. This too needs to be counteracted. 

In the past geology was called a descriptive science and so it was. 
When this ceased to be regarded as respectable, departments added more 
mathematics, physics and chemistry to the curriculum, and geophysics a lso 
developed independently. While these developments are to be welcomed, their 
full impact is not universally appreciated . Geophysics and geology still need 
to be better integrated. Description is no longer enough; explanations are 
becoming possible if geology and geophysics are used together. 

The great need is to get away from the old descriptive habits and 
realize that synthesis of such description has become possible. New miner­
als, new fossils, new map - areas, new geophysical surveys are but parts of 
the means to an end and that end is to give a reasoned account of the earth's 
history and behaviour. 

COMMENTS ON TRAINING 

If one considers the curriculum of universities over the span of 
their history one sees constant and great change. Students once chiefly 
learned the classics, philosophy and divinity. Today most students have drop­
ped these subjects and new ones have taken their place. It is the same within 
individual disciplines. Fifty years ago the undergraduate curriculum in phys­
ics still largely consisted of classical physics. Today the place of much of 
this has been taken by computer science, electronics and modern physics. 
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The changes have taken place not because the former subjects were 
in error, but because the new subjects are more powerful and more generally 
useful. The dropped subjects have been left for a few specialists or for grad­
uate work. 

The same change is needed in earth science. 
The curriculum varies from university to university, but the recent 

changes have been so rapid that it is safe to say that some departments have 
probably not kept pace. Many are only now realizing that geophysics is 
equally important and requires as large a staff as geology, and they are still 
a long way from accepting the implications of drift as well, It takes a long 
time to produce textbooks and the rate of change is such that the newest text­
books on historical and structural geology and on physics of the earth seem 
strangely old fashioned, even as soon as they are published, 

Geology and geophysics have suffered from a lack of students. In 
part this is due to lack of desire of city dwellers to go to the field, but it is 
believed that the image of geology could be improved by placing early empha­
sis on the excitement of these new discoveries in continental drift and in 
investigation of other planets and thus lead students to see that it is helpful to 
learn some paleontology, mineralogy, or geophysics. Too often students are 
expected to proceed in what may seem a logical order, but one which fails to 
capture their enthusiasm early. 

MOST IMPORT ANT OBJECTIVES AND FUTURE TRENDS 

The great power of science has been its capacity to predict. This 
was true hundreds of years ago when early astronomers discovered how to 
foretell eclipses. Through genetics, prediction has proved invaluable in 
agriculture. The great reputation of physicists has come from the ability of 
modern technology to implement the results of their research. 

In view of this it might seem astonishing that geologists should 
place such great emphasis on "facts" and so little on theory, often called 
"armchair geology". While no one can deny the value of good observation, 
surely the experience of the more basic sciences is that eventually a time 
comes when prediction becomes possible. Certainly it is what every eco­
nomic consulting geologist must aim for. 

The lack of confidence of geologists in prediction is not arbitrary, 
but has been based on their experience that prediction wasusuallywrong. The 
earth is so complex that this is still true of details. The hope now is that the 
present drastic change in thought will make sound predictions possible about 
major aspects of the earth, if not about the details. 

Another objective often achieved in the basic sciences has been 
generalization. The voluminous and meticulous observations of Tycho Brahe 
provided the basis and were all embraced in the few simple laws which Kepler 
and Newton derived from those data. Today there is much effort being put 
into compute r programming of geological observations. This is necessary 
and good, but it would be even better to generalize and synthesize the data 
into simple explanations. 

Vine and Matthews showed how to reduce a mass of magnetic 
observations on the ocean floor into a simple story. The same is nowhappen­
ing in global tectonics and seismology. It should be the aim of all earth 
science, 
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Up to now geologists have been able only to make observations. 
They have had to teach others by describing methods and data. Today the 
state of having sound theories, of making better generalizations and (l)fachiev­
ing some synthesis, as is done in other sciences, opens as a possibility . This 
can use the basic sciences which are already being introduced into college 
programs. The basic aim of tectonophysics should be in the direction of seek­
ing to synthesize information into a general theory of the behaviour and move­
ments of the earth's crust. 
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ROCK MECHANICS 

D. F. Coates 
Mines Branch 
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Ottawa 

DEFINITION 

Rock mechanics is the study of the effects of forces on rock . 
Geologists, geophysicists, civil and mining engineers are all concerned 
with these e ffects. Research in rock mechanics is conce rne d w ith both 
basic mechanisms and applications t o assist the construction and mining 
industries . 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

The objective of rock mechanics is to obtain the predictability 
enjoyed by other applied mechanics subjec ts. Production costs, safety 
and conservation would benefit from such an advance. A fuller under­
standing of tectonics by the geologist and geophysicist could also follow. 

With the present le ve l of knowledge in rock m e chanic s, although 
some of the natural phenomena can be treated quantitatively, most aspects 
can only be appraised or described qualitatively. For example, the stabi­
lity of slopes in soft, alter e d rocks can be analyzed by methods similar t o 
thos e developed for soil m echanics; how eve r, in the case of unaltered r ocks 
the properties of the rock mass are generally significantly differ e nt, giv­
ing ris e to the n eed for n ew and b e tte r technique s of t e sting the r ock mass . 
Structural geology has a major contribution to make in this area. 

In a sense, Canada has more rock problems and more r e quir e ­
ments for rock r esea rch than most other countries. For example , as a 
crude index of activity, rock is being excavated currently at the rate of 
approximate ly 40 million tons a year by the construction industry and 400 
million tons a y ear by the mineral industry. Also, the c onstruction indus­
try is driving about 10 miles of r ock tunnels a year, and the mineral 
industry is driving about 175 miles of d evelopment drifts and crosscuts; 
these fi g ur e s w ill rise to about 15 miles and 225 miles respectively by 
197 6 ( 1). Any advances that can be made to improve under standing of the 
factors influencing the breakage of rock and the maintenance of stability 
could produce great returns (e . g. approx imate ly $ 100 million a year is 
spent on drilling and blasting rock, and savings up to as much as 30 per 
cent of these costs could r e sult from succes sful res earch permitting 
b e tter design of blasting patte rns and selection of explosive types). 

In addition, more concern will be required on the environmental 
effects of construction and mining in Canada . Like the European operators, 
planning to a void or control subsidence, waste embankments and damaging 
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shocks w ill be of increasing concern and can all be assisted by advances in 
rock mechanics. The more critical problems associated with public safety 
such as the stability of waste dumps (remember A berfan), natural slopes 
(viz. the Vaiont disaster) , and dam foundations (e. g. Malpasset failure) 
need no amplification. 

It is widely recognized that the returns from research in this ar e a 
will not be easily obtained, requiring a rare blending of the skills of the 
geologist, the physicist, and both civil and mining engineers. Nevertheless, 
Canada could be a world leader, in view of the size of the gross revenue from 
the industries concerned, with all the economic and social benefits that go 
with such a position (which few countries enjoy outside the United States). 

HISTORICAL DEVELOPMENT 

Although not called by the present name, rock mechanics as an 
analytical science developed from mine surveying in Europe some 50 years 
ago . The subject made advances as a result of the organization of periodic 
European symposia primarily concerned with coal mining, the first taking 
place in 1947 at Heerlen, in Holland. Parallel interest developed in South 
Africa because of severe rockburst problems encountered in mining at 
depths of 10, OOO feet. Early work was also started in connection with 
dam projects. In addition, geologists have been trying for many years to 
establish, in effect through r ock mechanics studies, analytical models to 
improve understanding of tectonic processes. In 1956 the first Rock Mech­
anics Symposium was held in the United States, followed by annual confer­
enc es sponsor ed by the small group of universities particularly interested 
in the subject (Colorado School of Mines, University of Minnesota, Missouri 
School of Mines, Penn State University, later T 'exas University and the 
University of California (Berkeley)), and more recently by the Inter­
society Committee on Rock Mechanics (a consortium of 10 U. S. profes­
sional societies). 

The first Canadian Rock Mechanics Symposium, stimulated by 
ground control problems in mines, was held in 1962 at McGill University, 
apons o r ed jointly by the federal Mines Branch and McG ill , Queen' s Uni ­
versity and the University of Toronto. The fifth symposium, h e ld in 1968, 
was expanded to include topics in construction and geology (2, 3, 4, 5). 

PRESENT LEVEL OF ACTIVITY 

At the present time, the largest Canadian research group concerned 
with rock mechanics is in the Mining Research Centre of the federal Mines 
Branch, with staff in Ottawa and Elliot Lake. Research is conducted on 
stability problems connected with surface slopes and underground openings , 
on the mechanics of breakag e produced by various forms of energy (e. g. 
explosive impacts, thermal shock and mechanical impact), and on the inte­
gration of advanc es in structural geology into the analysis of the mechanical 
behaviour of rock masses. 
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Research work is also being conducted in many university depart­
ments of Mining, Civil Engineering, G e ology, and Geophysics. Both 
master's and doctoral theses are being produced, primarily at McGill and 
Queen's but also at Alberta, British Columbia, College Roya le Militaire, 
Ecole Polytechnique, Laval, New Brunswick, Saskatchewan, and Western 
Ontario. 

Some mmmg companies have modest research laboratories. Those 
companies that have separate staff for this work are Cominco Limited, 
Falconbridge Nickel Mines Limited, International Minerals and Chemical 
Corporation, and the Iron Ore Company of Canada. Several other compa­
nies are engaged in field research projects in co-operation with the Mines 
Branch. 

NEED FOR INCREASED ACTIVITY 

The Canadian Advisory Committee on Rock Mechanics (CACRM) 
promotes communication within the subject. Liaison members have been 
exchanged with the EMR National Advisory Committee on Research in the 
Geological Sciences and the NRC Associate Committees on Geodesy and 
Geophysics, and on Geotechnical Research, the U.S. National Academy of 
Sciences Committee on Rock Mechanics, and the AIME Committee on Rock 
Mechanics. The Committee represents Canada on the executive council of 
the International Society for Rock Mechanics. A bibliography of Canadian 
contributions to rock mechanics is kept up to date (6, 7) . A subcommittee 
of the CACRM was set up to formulate a tentative classification of rocks 
with respect to their mechanical properties so that the communication of 
such information between laboratories, engineers and practitioners could 
be made more efficient. This working group has just completed its task, 
and a t enta tive classification system has recently been published (8). 
More work is warranted on this important aspect of the subject, primarily 
on the categories dealing with the rock mass as opposed to the rock sub­
stance. 

A new working group of the Committee has been set up to deter­
mine the research and development requirements to provide instruments 
to predict rock conditions (with respect to stability primarily, although ore 
grade information could also be of value) beyond the immediate excavation 
face, recognizing that with the advent of rapid excavation te chniques the 
ensuring of safety and economy will make such information of great impor­
tance. Another newly formed subcommittee will review the outstanding 
needs for controlling the surface effects of mining so that the conservation 
of natural res ources, as well as the avoidance of damage to surface instal­
lations, can be better achieved. 

The subject of needs and priorities in rock mechanics is one of 
the major concerns of the Canadian Advisory Committee on Rock Mechanics 
(one of its subcommittees periodically appraises and recommends priori­
ties for government r esea rch on this subject). Also, a commission has 
been set up under the Inte rnational Society of Rock Mechanics that is cur­
rently attempting to answer these questions . At the present time, no com­
prehensive recommendations have been agreed upon. 
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Nevertheless, it can be suggested that field studies to develop 
engineering methodology for applying the information that is now being 
produced is important. The large amount of money being spent every year 
to break rock away from its formation and reduce it to a fine size warrants 
increased research. Increasing underground urban requirements are stim­
ulating great interest in mechanized tunnelling (9). Dam and highway con­
struction, particularly in rr:ountainous terrain, have serious rock problems. 
Improved mining efficiency (recognizing the importance of the industry to 
the economy) is a continuing requirement in the face of leaner orebodies, 
deeper workings, and the increasing significance of conservation. 

TRAINING NEEDS 

With the initiation of grants-in -aid of mining r esearch to univer ­
sities by the Mines Branch in 1963, the training of students and the staffing 
of university departments concerned with r ock mechanics has been greatly 
improved. Nevertheless, the r esour c es available to the universities for 
supporting training and basic research work in this area are meagr e when 
it is recognized that the subject requir es a multidiscipline team effort as 
well as a considerable increase in vo lume of work to make it commensurate 
with the magnitudes of the industries conce rned with rocks ( 10). 

In this regard, the Canadian metal mining industry is of an abso­
lute size comparable to those of the Unit ed States and the U.S. S. R. , and 
hence disproportionate to our population. Consequently, unless we ar e to 
be followers in the technology of a key industry the level of Canadian re­
search should also be disproportionate. This would r equire a ve ry large 
increase in funds, including funds to permit the universities to undertake 
more intensive projects. Hopefully, the primary industries concerned 
with rock envir onments together with the manufacturing industry will in ­
creasingly und ertake the expens ive development work that is necessary to 
achieve the payoff from research in this area. 

A side from increased funding, improvement could probably be 
made in the effective use of existin g research funds by increased co-ordi­
nation of effort throughout the country. The successful organization and 
co - ordination of mining research in South Africa through specialist panels 
of industry, university and government r epresentatives provides somewhat 
of an ideal, although the variety of Canadian problems makes the task more 
difficult. 

CONCLUSIONS 

The cost of r esearch on rock mechanics in Canada is probably of 
the order of 0. 02 per cent of the value of that part of industrial production 
concerned with excavating or constructing on or within rock. Firm figures 
would not only require statistics that are not presently available but an eco­
nomic study of the concepts involved. In any event, it is clear that more 
money could be spent with a good prospect of high returns (limited economic 
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studies of individual research projects have shown benefit/cost ratios of 
the order of 10 to 100). 

Expansion of research in any area of technology is dependent not 
only on funds but on the availability of suitable people and on the effects of 
diverting activity from overlapping subjects. In an attempt to apply judg­
ment on all these factors, I would recommend that: 

1. The funding of government research in rock mechanics be stabilized 
at the present levels and only be expanded into the development area 
if industry does not provide sufficient init iative to fulfill national 
interests. 

2 . The grants-in-aid of rock mechanics research to universities to sup-
port basic r esearch should be increased immediately to $250, OOO per 
year, and then expanded at the annual rate of 25 per cent for about 
10 years. 

3. Industry be encouraged (if necessary with cost-sharing schemes 
through the Mines Branch) to expand its development effor ts both 
in operations and in producing new equipment for the home and 
export markets - a level of activity costing abo ut $80 million per 
year would probably be reasonable. 
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HYDROGEOLOGY 

P. Meyboom 
Inland Waters Branch 

Department of Energy, Mines and Resources 
Ottawa 

DEFINITION 

Hydrogeology is the science dealing with the character, source and 
mode of occurrence of underground water. As such, it i s an integral part of 
hydrology, the science that deals with water on earth . However, there is no 
part in the study of groundwater that can be explained without an intimate 
knowledge of geology. Similarly, many geological phenomena can be under­
stood better with a proper understanding of the relevant groundwater pro­
cesses. Thus, hydrogeology can either be used auxiliary to geology or, in a 
wider sen se, as a stud y of an important natural resource. This dual nature 
of hydrogeology was well illustrated by the results of a recent questionnaire 
among Canadian hydrogeologists(l). Although most Canadian hydrogeologists 
consider themselves still primarily geologists, there is a growing trend 
toward a greater affiliation with hydrology. 

The fundamental working hypothesis in hydrogeology is the continuity 
of the hydrologic cycle. Strictly speaking, the domain of hydrogeology is 
confined to the saturated portion of the underground arc of the hydrologic 
cycle. In practice, however, most hydrogeological research includes the 
unsaturated portion of the underground arc as well. As a consequence, the 
fringes of hydrogeology overlap with those of soil physics, microclimatology, 
river hydrology and limnology. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Total groundwater use in Canada, excluding private industrial sup­
plies, is estimated at 452 million gallons per day, or approximately 20 per 
cent of the entire municipal and rural water consumption. An estimated 
5. 5 million Canadians use groundwater as their daily source of water. The 
value of Canada's annual groundwater production is of the order of 80 million 
do llars . Current Canadian groundwater reports convey the impression that 
bedrock aquifers are relatively u nimportant as compared to Pleistocene 
aquifers. Although this may be true from an over-all national standpoint, it 
is certainly not true from a regional standpoint. For instance, the fractured 
bedrock aquifers of the carboniferous areas in the Maritimes are of great 
significance for large water supplies, as are the carbonate aquifers of the 
Niagara Peninsula, the Paleozoic aquifers of Manitoba, and the Cretaceous 
aquifers of Alberta. In addition, the interaction between groundwater move­
ment and petroleum migration may be of significance throughout the Western 
Canada Sedimentary Basin. 
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PRACTICAL APPLICATIONS 

It would be wrong to demonstrate the value of hydrogeology by 
estimating Canada's groundwater consumption only, for hydrogeology is 
not merely concerned with groundwater as a resource but also with the 
interaction between groundwater and other parts of our environment. The 
following examples will serve as illustrations. 

Hydrogeology plays an important part in watershed management, 
for it is the groundwater regime of a drainage basin that determines the 
low flow in its rivers. Consequently, improvement of the low-flow regime 
requires changes in the groundwater regime which, in turn, are related to 
changes in land use. Studies on this subject are part of the East Slopes 
(Alberta) Watershed Program. 

Other applications of hydrogeology pertain to the classical geo­
technical investigations near dam sites and proposed canals. Another 
family of hydrogeological investigations deals with underground storage 
and disposal. The most important of these are underground gas storage 
and underground disposal of radioactive wastes. The zone of saturation 
is also a potentially important medium to store flood waters in areas 
where sites for surface reservoirs have become scarce or where existing 
reservoirs have become filled with sediment. Finally, the recent advances 
in hydrogeology with respect to the simultaneous solution of regional heat­
flow and groundwater flow will be of extreme importance for a better under­
standing of low pressure - low temperature mineralization . 

HISTORICAL DEVELOPMENT 

Originally, all studies of Canada's groundwater resources were 
performed by the Geological Survey of Canada, where they were initiated 
in 1875 by drilling for groundwater for the Transcontinental Railway. 
Since 1908, groundwater studies were carried out by the Borings Division 
of the Survey and later in conjunction with the mapping of Pleistocene 
deposits. At that time, personnel to investigate groundwater resources 
were lacking in provincial agencies. 

However, as these agencies have developed in size they have 
gradually assumed a larger role in the management of pr.ovincial water 
resources. The federal government's role in the provinces has increas­
ingly become one of support to provincial activities by providing financial 
and technical assistance, basic data and research. Starting in 1945, there 
has been a gradual increase of provincial water-resource studies, most 
of which are geared to resource evaluation as a basis for better resource 
management. As a consequence, 94 per cent of all Canadian hydrogeo­
logists are employed by government agencies, and 70 per cent of Canada's 
hydrogeology studies are essentially provincial resource evaluations 
( l, Table 1). 
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PRESENT LEVEL OF ACTIVITY 

In 1967, there were 65 hydrogeologists in Canada, engaged in a 
total of 130 projects. Ninety of these were classified as resource evalua­
tions, whereas 40 were considered to be research projects. The ratio 
between federal and provincial levels of activity was about 1:6. In 
terms of expenditures, Bruce and Maasland (2) reported for groundwater 
research a federal expenditure of $364, OOO against a total provincial expen­

diture of $276, OOO. 

The strong research content of the federal groundwater program is 
consistent with the constitutional division of responsibilities. The strong 
provincial emphasis on resource evaluation as compared to the research 
emphasis of the federal program has produced an unequal degree distribution 
of hydrogeologists among Canadian agencies. Although the total Canadian 
population of hydrogeologists shows a normal degree distribution for a given 
group of earth sciences of 57 per cent B. Sc., 23 per cent M.Sc., and 20 per 
cent Ph.D., more than one half of all Ph.D. hydrogeologists in Canada are 
employed by the federal government. 

NEED FOR INCREASED ACTIVITY 

A need for increased activity exists at three different levels. 
These may be referred to as innovation, diffusion and reorganization. Of 
these , diffusion may be the most important activity and the most difficult 
one to achieve. By innovation is meant the creation of new solutions to 
problems that have not yet been dealt with in a manner consistent with the 
level of present-day technology and scientific knowledge. In this context, 
the following problems deserve urgent attention: salt-water intrusion, 
fracture flow and flow through poorly permeable materials (including non­
Darcy flow), movement in deep flow systems (and its possible relation to 
petroleum migration), hydrogeological guidelines for waste-disposal site 
evaluation, and the economics of groundwater use. With innovation we 
must also include the need for more precise knowledge of Pleistocene 
deposits in Canada, particularly with respect to their occurrence at depth. 
The intense exploration program of the Saskatchewan Research Council is 
a shining example in this respect. 

By diffusion is meant the active and vigorous distribution of new 
solutions among possible users. Too often, research stops at the innova­
tion stage and important discoveries go unnoticed for years as a result of 
insufficient follow-up . Hydrogeology has made rapid advances lately, 
particularly in the analysis of aquifers and non-aquifers, in the mathe ­
matical description of such concepts as "regional homogeneity" or " regional 
permeability" , in the mathematical description of regional groundwater 
flow, and in the quantitative relation between groundwater flow and regional 
thermal fields. These advances deserve to be tested and integrated in cur­
rent concepts of low temperature - low pressure mineralization, hydro­
chemical prospecting, chemical lirnnology, and soil mechanics . In the 
light of these advances, it should no longer be necessary, for instance, 
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to initiate geochemica l sampling programs witho ut reference to regional 
groundwater flow. Conversely, hydrogeologists have to search much more 
diligently for mode rn measuring and monitoring techniques. 

The need for r eo r ganization is apparent in some provincial res­
ource agencies. At present, g roundwate r r esourc es in some provinces are 
studied and administered separately from surface w ater resources. This 
situation stems generally from the link between g r oundwater and geology, 
but it may lead t o misunderstanding among provincial resource adminis­
trators . 

TRAINING 

Education in hydrogeology should be part of an inte r disciplinary 
graduate program in hydrology. The interdisciplinary nature of such a 
program would permit students to ente r with unde r g raduate tra ining in 
mathematics, physics, chemistry, enginee ring, geology or mete orol ogy. 
This is now a common arrangement at a number of American universities 
where g ra duate programs in hydrology are either organized under an inter ­
departmental committee or a s a graduate faculty within a university depart ­
ment. None of the Canadian universities offe rs an interdisciplinary cur ­
riculum in hydrology, although the Engineering Science Department of the 
University of Guelph offe rs a M.Sc. degree in hydrology with co ur ses in 
surface water and groundwater hydrology. The Geology Departments of 
the Universities of Alberta, Manitoba, Western Ontario and Dalhousie 
offer graduate courses in hydrogeology, but the interdisciplinary nature 
mentioned above has been left to the initiative of the individual professors . 
In principle, however , there is a sufficient number of Canadian universi­
ties with an involvement in hydrogeology. The degree of involvement, 
however, has not yet reached the level of truly interdisciplinary curricula. 
The Agassiz Centre for Water Resource Studies at the University of 
Manitoba is a promis ing start in this direction. 

MAJOR OBJECTIVES AND FUTURE TRENDS 

The strongest trend in hydrogeology seems to be an inc r easing 
alliance with hydrology resulting from the recognized importance of 
groundwater as a water resource. This trend may result in a significant 
loss to the geological community of knowledge on processes that ar e of 
fundamental importance to geology and geochemistry. With regard to sub ­
ject matter, hydrogeology will soon encompass more aspects of water 
economy. The monetary value of groundwate r in storage will make the 
current concept of safe yield untenable, which means that economic guide ­
lines must be established in order to deal rationally with the desirabilit y -
or indeed necessity - of groundwater mining. The development of concep­
tual models for resource management is advancing rapidly. Newly devel­
oped groundwate r models must be incorporated in these management models . 
Further technological developments will take place to improve present 
methods of withdrawing fresh groundwater from coastal aquifers. 
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CONCLUSIONS 

1. Research programs in hydrogeology should include hydrological 
as well as geological aspects of groundwater, in order to prevent 
a possible alienation between hydrogeology and geology. 

2. Canadian universities with programs in hydrogeology should be 
encouraged to establish interdisciplinary g raduate faculties in 
hydrology. 

3. More attention should be paid to the active dissemination of 
research results among possible users . In this regard, scien­
tists must be encouraged to u se more communication media 
than publications alone. Travelling exhibits and educational 
films must be used to a much greater extent than is now the 
case. 
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PERMAFROSTl 

T. A. Harwood, 
Defence R esea rch Board, Ottawa, 

and 

R .J. E . Brown, 
National Research Counci l, Ottawa. 

DEFINITION 

"Permafrost" or "perennially frozen ground ", may be defined as 
the condition of earth material s, including soil and rock, r emaining below 
0 °C (32°F) continuous l y for a number of years . In the U.S . S.R . t h e term 
"geocryology" is w ide l y used in referring to the study of the frozen zones of 
the earth ' s c rust. This term is also used in Canada . 

SIGNIFICANCE OF RESEARCH AND DEVELOPMENT 

One half of Canada, comprising the Yukon and Northwest 
Territories and t h e northern part s of the provinces, is underlain by p erma ­
frost. This phenomenon has a strong influence on the economic d evelop­
ment of northern Canada. Permafrost also extends over half of the Sov i et 
Union and h ence share mo st of the permafrost territory in the northern 
hemisphere. Because of the impact of permafrost on northern development, 
information is vital on its distribution and manner in which it affects devel­
opment, particularly in the construction and resources industries. 

Perennially frozen materials except rock and friction soils (sands 
and g r ave ls w hic h have been draine d prior to freezing) normally have amois ­
tu r e content ve r y much in excess of normal soils. In some cases this may 
be as much as 1, OOO per cent or highe r. At the southern fringe of the perma­
frost region in the zone of dis cont inuous permafrost, the perennially frozen 
ground is in delicate equilibrium with t he climate . Any thermal dis tu rbance 
results in soil conditions which are unstable and unsuitable for any building 
purposes . Further north the thermal stability at d e pths below 2 m etres 
increases but the thickness of the permafrost a lso increases . In these areas 
heavy structures, roads, dams and runways may be built by suitabl e tech­
niques, but many other proble ms arise which are not yet satisfactoril y 

solved. Some examples are: 
1. In ce rt a in areas ground water supplies become nonexistent forcing a 

compl ete d ependence on surface water . 

2. Well (gas and oi l) drilling problems become complicated and r ecovery of 
gas is inhibited under certain conditions du e to d epos ition of gas hydrates 
in the casing at low temperatures due to p e rmafrost. 

3. Seismic ve locities vary wid e ly due to temperature and moisture (i ce 
content) horizons. This is particularly true of Cretaceous sediments in 

R e port of the Permafrost Subcommittee of the N. R . C . Associate Committee 
on Geotechnical Research . 
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the Mackenzie D e l ta and on the Alaskan Arctic Slope and also the 
Proterozoic s e dime nts of t h e Labrador Trough. 

Many other exampl es can be quoted but on e in parti cular should be 
mentioned , Certain types of long range radars are b y their ve r y nature 
extremely sensitive to a lignment e rrors. B ecaus e ce rtain of these radars 
are on ve r y h eavy structures and e mit very large quantities of thermal and 
electromagnetic powe r, subsidence can and has taken place w ith cons e qu e nt 
misalignme n t . This has h a d ve r y serious cons equen ces . 

Oil refineries with heavy tankage and large pipe runs ar e also ve ry 
sensitive to misalignments . A long history could b e written on the e fforts to 
prevent subsidence at one r e fin e ry in the Far North. 

B ecause per enniall y froze n ground imposes a design and construc ­
t i o n p e nalty , all r esear c h in the ge otec hnical field should b e directe d to solu­
tions r equire d to build on p e rmafrost, and a w arnin g should b e given that 
some solutions m ay b e ext r emely difficult. Thus, the final purpos e of all 
r esea rch should b e to bring thes e p enalti es to so low a figure that cons t ru c ­
tion costs in permafrost areas will b e c omparable t o c onstruction c osts e lse­
w h e r e in Canada and prefe r abl y to anywhere in North America. 

HISTORY OF RESEARCH AND DEV E LOPMEN T 

E arly references to p e rmafrost in Canada are found in t h e re c ords 
of early explor e r s and traders . The first ec onomic impact of p e rmafrost 
occurred a t t h e end of t h e nineteenth cen t ury during the Klondike gold rush 
due to t h e fact t hat plac e r deposits were overlain b y substantial thicknesses 
of p e r ennially frozen mate rial w hich h a d to b e removed or thawed to win the 
gold. Prior to the S ec ond World War there was little notic e of p e rmafrost 
in Canada although it w as certainl y a factor in the few northern de ve lopments 
of t hat p e riod, notably the Huds on Bay R ailroad completed in 1929 to 
Churchill, Manitoba . P e rmafrost a lso had to b e considered in the d eve lop­
ment of petroleum at Norman Wells , N. W , T. on the Mackenzi e River and 
mining op e rations n ea r Gr e at B ea r Lake and Great Slave Lake . 

P e rmafrost suddenly became of major con ce rn in t h e Second World 
War in t h e c onstruc t ion of the Alaska Highway. Lac k of knowledge on coping 
w ith p e rmafrost conditions severely hampe r e d the compl e tion a nd mainten­
ance of t his v it a l pro ject . Permafrost also pos e d severe proble ms in the 
construction of airfields for the Northwest Staging Route , the "Crimson" 
Route thr ough nort heaste rn mainland Canada and Baffin Island, and in the 
cons t r uction and operation of the Carrol pipeline. 

In Canada, as in the Unit e d States , the interest in p e rmafrost 
awak ened by the above m en tioned projects h a s increased steadily in the post­
war p eriod. As a direct result, in 1 95 0 t h e Division of B uilding Research of 
t h e National Research Council initiated r esea r ch pro g r a ms on fundamental 
aspects of permafrost a nd the associate d e ngineering proble ms. This has 
c ontinued to dat e with a full time staff of two resea r c h officers (geographe r 
and civil enginee r) and three technicians. T hes e , so far as is know n, a re 
the only g r oup workin g full time on p e rmafros t research in Canada. How ­
eve r, in a ddition to t h e Div i sion of Building R esear c h group, there are othe r 
agencies of government studying variou s aspects of p ermafrost (s ee below) 
as it affects t h e ir own projects . These agencies nonetheless do not sponsor 
a continuing prog ram of r esearc h. 
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PRESENT LEVEL OF ACTIVITY 

In the Federal Government there are no more than five p ersons 
(s ee above) now acti vely engaged in types of permafrost studies having 
immediate appli cation to present day northern activites. In the universities , 
only the University of British Columbia, University of Alberta, University 
of Saskatchewan and McGill University ca rry out active permafrost res ear c h 
programmes ; Laval University could a lso be inclu d ed to a certain d egree . 
However, the total number of academic staff and students amounts to no 
mor e than fifteen p ersons . Consulting engineers comp etent to a d vise on 
p ermafrost design are equall y limit ed and to our ce rtain knowledge would not 
exceed five individuals . In th e territorial governm entsrru:Jstdesignengine e rs 
are capabl e of handling p ermafrost problems on an empirical basis but 
w h ether they would be equally capable of handling large contracts on a con ­
sultant basis is open to question . The fact of t h e matter is that should any 
l arge job b e un d ertaken in northern Canada by a Canadian subsidiary of a 
U .S. company, without a doubt that company would approach the U . S . Army 
Terrestrial Sciences Centre rather than any Canadian organi zation, for 
advice , for the reasons stated above . 

In the geological-geographical field the situation is somewhat 
better . Practically every university now gives some sort of cour s e in geo­
morphology and its relationship to Quaternary geology, which throughout 
Canada must include p e rmafrost or the influence of perennially frozen ground 
on terrain . Here, the number of individual s who may have some knowledge 
of permafrost as it affects surface features may run into hundre ds. How­
ever , like so many university cou rs es of this nature , the steps between 
knowl edge a nd application are eith er not clearly expressed or de l iberately 
l eft in ab eyance . 

Alth ough many agencies have some c oncern with p e rmafrost, the 
total Canadian effo rt is small and wide l y scattered across the country. Most 
of these spheres of activity are represented on the PermafrostSubcommittee 
of the National Research Council Associate Committee on Geotechnical 
Research . This Subcommittee meets p e riodically to discuss p ermafrost 
investigations in Canada and sponsors technical conferences . 

In conclusion, one might say th at in view of t h e rec e nt develop­
ments in th e Arctic Islands, Mackenzie D e lt a , northern Quebec and Baffin 
Island the present level of activity both in applied and basic r esea rch is 
totall y inadequate . 

NEEDS FOR INCREASED ACTIVITY 

Activity is needed most in the mission -o riented fields (s ee 
Appendix A). The Permafrost Subcommittee has r ec ognize d that "the 
ext raction industries compris ing mining a nd the production of oil and gas , 
and the necessary transportation and communication faci l ities t o support 
these operations are most important - in the economic d eve l opm ent of 
Canada" . This recommendation was submitted to the indust ri a l (o il) r e pre ­
sentative on the Subcommittee, who was at that time the chairman of the Ice 
and Muskeg Committee of the Alberta Society of Petroleum Geologis ts . He 
agreed that in general this recomme ndation was acceptable to the industry 
but could be arrange d in a more orde rly manner (see also Appendix A). It is 
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of interest to note that he also pointed out (private conversation) that "we 
should not have the impression that the only problems are technical problems .. 
Certainly the humanities must be considered" . The destruction of surface 
features are very mu c h accelerated in permafrost areas by human activities, 
and these activities can affect the ecology (which in those latitudes is in very 
delicate equilibrium) with disastrous consequences. 

From a geotechnical point of view the priorities which must be 
considered, in order of importance, are: 

A . Design criteria for : 
1. Oil , gas and service pipelines 
2 . Disposal of surficial waters 
3 . Groundwater supply 
4. Foundation design of ve ry h eavy structures 

B . Studies on: 
l. The compl exities of the thermal regime in p e rennially frozen ground 

(se e 1. above ) 
2. Geophysical problems and those particularly re l ated to seismolo gy 
3 • The mapping of p e rmafrost 

C . Studies to determine the economic consequences of p e rmafrost. 

In summation, activity must be incr ease d drastically in: 
1. Design technology 
2. Thermal and geophysical r esearc h and speedy methods of mapping 
3 . Economics 

COMMENTS ON TRAINING 

Academic training to date has been dependent on grants given prin­
cipally by the National Research Council, Defence Research Board, and the 
Geological Survey of Canada . Guidance from a governmental point of view 
has been given in general by the National Research Council Associate 
Committee on Geotechnical Research (Subcommittee on Permafrost). This 
direction has, in the past, consisted in drawing attention to technical prob­
l ems and their association to the more basic types of Quaternary research 
and geomorphology . The Subcommittee has also sponsored in the first 
instance a very large number of translations suggested by its members. 

It has been assumed that , through such direction and the a vailable 
grant money, undergraduate and postgraduate training will be undertaken, 
and to a great degree this has been the case. Howeve r, the relationship 
b etween the numbers of p eople who have been trained to those who remain in 
the fie l d and are avail able today for mission-oriented research can be 
directly relate d to opportunity. 

Unti l very recently such opportunities in Canada have been 
extremel y limited; outside of the DEW Line , SAC facilities at Frobisher Bay, 
the Imperial Oil refinery at Norman Well s, the townsite of Inuvik, and the 
Alaska Highway.no major projects hav e been und ertaken. Howeve r, with 
r espect to Alaska and Greenland (i. e . in the U . S . Army sphere of interest) 
there have been some extraordinarily large projects, many of which would 
have confounded the best soils consultants without the added problems of 
permafrost, It is for this r eason that there is probably a greater pool of 
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permafrost expertise in the construction field in the United States than in 
Canada . This do e s not necessarily reflect on the training in Canada . 

However, it can b e said that du e to the past l ack of opportunity, 
training has b ee n k e pt at a low l eve l with the resul t that the present pool of 
trained p eop l e will be compl ete l y inadequate to m eet the forseeable demands 
of the future . 

Because permafrost , as soil me c hanics, basically affects the 
technology of design, some courses concerning its nature should be given in 
d es ignated high schools , community colleges and technical schools . How­
eve r, encourage m ent for such training shoul d only be given to those schools 
whi ch will be directly affected b y d eve lopments in the far north - e. g ., high 
schools in Whitehorse, Yell owknife, Thompson , and Scheffe rvill e , and tech­
nical schools in northe rn British Columbia, Alberta , Saskatchewan, Manitoba, 
Ontario , Quebec and Newfoundl and . 

T h e Subcommittee on Permafrost therefore suggests educational 
support might b e given to : 
1 . Unive rsities - Unive rsity of British Columbia; University of A lb e rta; 

University of Saskatchewan; University of Manitoba; 
Lake h e ad University; McGill University (at Schefferville); 
University of Sherbrooke ; Laval University; M emo rial 
University; 

2 . Technical Schools and Communi ty Colleges - Onl y thos e colleges which 
feed directly into the above universities, or into those 
regions in which the community is dir ec tly intereste d . 

3. High Schools in Whi tehorse; Yellowknife; Thompson; Schefferville; 
Labrador City; Churchill ; and those high school s which 
may feed directly the community and technical colleges 
m entioned above . 

I MPORTANT OBJECTIVES AND FUTURE TRENDS 

The most singl e important objective today is to d evelop m ethods 
for pipe l ine technology in permafrost areas . It i s reliabl y r eported that 
there is a possibil ity of three hundred bill ion barrels of petroleum products 
on the Arctic S l ope of A l aska and in the Mackenzie Del ta r egi on . The effect 
of the constant political pressure on all oil produc e rs in the Middle East 
m eans that major North American oil companies will attempt to dev e l op 
these ve ry large res e rves in North America against any contingencies which 
may arise. The distribution of much of this petrol eum will b e to the deficit 
markets, which are in the eastern and central part of the continent . This 
implies that a pipe l ine must be built and such a pipe l ine w i ll have to come up 
the Mackenzi e River vall ey to Edmonton . A pipe l in e of this natur e woul d be 
1, 400 miles long and woul d run for over 1, OOO miles through the p e rmafrost 
region . The technology to build such a pipe line do es not exist nor does the 
technology exist to build the associated refineri es, pumping stations , and 
storage facilities . 

A project of this magnitude woul d involv e the e xpend i ture of more 
than $500 million over , in all probabil ity, the next seven years . Increased 
research activity must be looked at with this in mind . At 1/ 2 of 1 per cent of 
the above figure the research funding woul d b e in the order of 2 . 5 million 
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dollars over seven years or an exp e ndi tur e of $360, OOO p e r yea r for t his one 
proj ect a lone . A not ext raordinary fi gu r e b ut the main question is, can it be 
absorbed w h e n one consid e rs that total exp endi t ures on p e rmafro s t r esearc h 
now run at no t mor e than $120, OOO per yea r. This w o uld impl y an imme diate 
inc reas e of at l east fou r-fold for a probable total annu a l ex p enditu re of 
$480, OOO. Furthermore w ith the d eve lopme nt of e ner gy resources c lose to 
areas of mine ral r esou r ces , t h e deve l opment of the latte r wi ll also be spur ­
red . H oweve r, since mining is generally c ondu cte d in rock, permafrost, 
omitting service lines and attendant foundation proble ms, can be an asset 
rathe r than a liability since it produces a dr y mine thereby reducing minin g 
costs to a great extent. Nevertheless, there will be problems w h ich may 
seriously affect the economics , such as the higher costs for t h e cons truction 
of road s , airfields , foundations , etc . 

Problems wi ll ce r tainl y be encountere d in the d evelopmen t of open ­
pit mining, and the experience of t h e Iron Ore Company of Canada already 
points this up . A furth e r important objective w ith r egard to mining is t h e 
que stion of w hether permafrost rises in the sub grade . If so, ext r e m e l y 
c os t l y proble ms may b e encounte r e d w h e r e conc entrates are stockpiled for a 
period w hic h may ex cee d one year. 

Futur e trends in p ermafrost research must th e r efore be mainly 
mission-ori e n te d. Canadians a r e in a peculiar and fortunate position in this 
respect. T h e first effor ts of t hi s Subcommittee we r e to h ave all t h e r e l evant 
and important Russian and certain Japanese do c um ents t ranslated. The 
Subcommittee h as a l so had access to do c ument s translate d in the United 
States , including all t h e pe rmafrost research undertaken by the U . S . Army 
and Navy, w hi c h has b een greater t han generally r eali ze d and in some ways 
mor e sophisticated than th at u nde rtaken in t h e U.S . S . R . In a ddition several 
U .S. S . R . building cod es w hi c h cover northe rn a r eas h ave been t r ans late d b y 
t h e Nationa l Research Counci l and are a vailabl e in Canada. It would there­
fore appear th at in the immediate future there is a r eal requirement in geo ­
tec hnol ogy to r e l ate all these wo rks to pertinent fort h comin g Canadian 
probl e ms. 

Since permafrost is basically a soil phe nome n on it m ust b y its 
ve r y natu r e have multiple facies. A certain future trend and requirement 
will be for continue d mapping at a greater rat e and as this mapping is com ­
pl eted, inven tories must be made of areas w h e r e probl ems unique to th e geo ­
morpholo gy and c limate occur . These l ocali ze d areas s h ould t h en be related 
to the information presently available and mentioned above . 

The No r t h, and in p a r ticular th e Far North, wi ll always, certainly 
in the foreseeable futu r e , h ave a r esour ces oriented ec onomy . Howeve r, 
with the c h eap e n ergy which m ay soon become available in certain l ocalities, 
such as t h e Mackenzie D e lta and w hic h a r e in r eality n ot muc h fa r th er north 
climatically than northern Newfoundland, there is a good possibility t hat this 
pattern might change . If this is so , then there w ill be a very d efinite trend, 
as in Thompson, for a d ece n trali zed lo cally financed and self suppor ting 
communi ty, in con t ras t to Inu v i k . If this tak es place th e r e w ill inevitabl y 
follow subtle political pressures for c h eap er c onstruction methods w hi c h will 
again make even wider demands on the limit e d fund of exp e rtis e . This should 
b e borne ·in mind . 
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CONCLUSIONS 

1. Distinction can and must be made between geotechnology and geomorph­
olo gy in permafrost research. The latter through inspection may give 
guidance to problem areas but the application of soil mechanics and 
foundation design to resource development must rest on the proper 
application of geotechnical principles . 

2. There has been and there will be even greater increase in r esource 
development in the permafrost region in the next decade. 

3. There will be a multi-fold demand for trained senior engineers and sci­
entists to solve the problems which are likely to b e encountered, and 
many of the problems will be multi-disciplinary. The present level of 
activity will be totally inadequate for the future. 

4. While there will obviously be an increase in r esea rch activity and there ­
fore funds, it is not clear at the pres e nt moment as to whether this 
research w ill be within industry or within government laboratories. 

From the above some policy recommendations can be drawn. 
These are : 
1. In view of the fact that the major economic de velopment in northern 

Canada will, in all likelihood, be r e lated to the oil and gas industry, it 
follows that: 
(a) A constant watch on expenditure in this industry must be made by 

the various research groups in the government and in particular by 
the National Research Council. From this it must not be con ­
cluded that this is not already being don e but is put forward onc e 
again to emphasize the urgency of the matter . 

(b) Liaison with the resources industries should be maintained at all 

costs. 

(c) Requests must be made continuously to the industri es for informa­
tion as to research requirements. 

2. Consequent on 1. above, res ea rch expenditures must be adjusted to fit 
the economic returns to the Canadian government. 

3. A d ec ision will have to be made as to whether to increase intramural 
or extramural research and which agency will ove rs ee the research 
program. 

4. Increased e mphasis will have to be placed on training at lower l eve ls 
than at pre sent particular 1 y in the high schools. 

5. There will have to be an enlarged research program and as stated in 2. 
above this program must have some well defined relationship to the 
economic returns. 
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APPENDIX 

The following program of p e rmafrost r esearch requirements was 
pre par e d by the Permafrost Subcommittee for submission t o the Associate 
Committee on Geotechnical Research. 

PERMAFROST RF.SEARCH REQUIREMENTS RELATF:D TO 
THE EXTRACTION INDUSTRIES 

The Permafrost Subcommittee recognizes that the extraction 
industries , comprising mining and the production of oil and gas , and the 
necessar y transportation and communication facilities to support these oper­
ations , are the most important economic activities in the developme nt of 
northern Canada . Problems caused by permafrost in these a c tivities are 
judged to b e of prime importance in th e cons id e ration of r esea rch ne eds pr e ­
pared by the Subcommittee for present ation to the Associate Committee on 
Geotechnical Research . 

I. Mission - Oriented 

1. D esign Criteria 

a . Oil and gas pipelines , service l ines. 

b . Roads, rail roads , airstrips, dams. 

c . Disposal of surficial waters, industrial wastes , including mill 
slimes , refinery wastes , nuclear wastes . 

d. Groundwater, water suppl y and t h e disposal of wet wastes such 
as sewage . 

e . Foundations such as piles and anchors . 

f . Excavation and handling of froze n material s . 

g . Cementing materials in free zing conditions. 

II. Techniques (Research a nd D eve l op ment) 

2. Prop erties of Permafrost 

a . Thermal studies r e lated to aggradation and d egradation of 
permafrost du e to natural and / or artificial c h anges . 

b . Physico - mechanical properties such as adfreezing strength, 
volume c hanges and pore water supercoolin g . 

3 . Application of ground and airborne geophys i cal methods for m ea sur­
ing the d epth of t h e active layer and thickness of permafrost , and t h e 
effect of p e rmafrost on geophysical prospecting methods. 

4 . D eve l opment of inexpensive insulating material s , including wood 
c hips, for pipelines , roads, etc . 
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III. Inventories 

5 . Inventory of grave l deposits and / or other const ruction materials 
because of special requirements in permafrost regions . 

6 . Compilation and summary of borehole information in p e rmafrost 
areas to confirm geophysical observations by remote sensing 
methods. 

7. Monitoring of foundation movements - building, roads, airstrips, etc . 

8. Inventory of permafrost and groundwater supply in p ermafrost 
regions. 

9 . Engineering site investigations and monitoring of present devel op ­
ments in permafrost. 

Subsequent comments on this document by members of t he 
Permafrost Subcommittee includ e the following suggested areas of essential 
p ermafrost research submitted by R . A . Hemstock, Imperial Oil L i mited , 
Calgary. It appears to be mor e suitably oriented to the extraction industries ' 
requirements although both programmes have virtually the same content. 
This arrangement is in order of priorities as seen by the industry . 

Mission-Oriented Research Re l ated to Permafrost 

1. Winning of Resources 

a . Excavation and handling frozen material s. 

b . Drilling and compl etion of oil and gas wells through permafrost. 

2. Trans port ation 

a . Oil and gas pipelines , and service lines . 

b. Roads , railroads, airstrips. 

3 . Construction 

a. Foundations . 

b. Excavation and handling of frozen materials . 

c . Cementing materials in freezing conditions . 

d. Development of insulating materials or techniques. 

4 . Pollution Control 

a. Disposal of domestic and industrial waste , mill slimes, etc . 

b. Groundwater, water supply. 
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Bas i c Research , D eve l o pment and Inventory Needs 
Having to d o With Permafrost 

1. Ag gradation and degr a dation of permafrost e i t h e r natural or artificial . 

2 . Physico - m ec hanical properties su c h as adfr eezing strength and por e 
water s up e rcooling. 

3 . Ground and ai r bo rne geophysical meth ods for mapping p e rmafrost . 

4 , Effects of perm afrost on prospecting m eth ods. 

5 . Inventory of p e rmafrost , a r eal extent and thickness . 

6 . Inventor y of groundwate r supply in p e rmafrost . 

7 , Inventory of gravel and construction mat e ri a l s . 

8 . Monitoring of pres ent d evel opm ents in permafrost. 
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MUSKEG 

N. W. Radforth 
University of New Brunswick 
Fredericton, New Brunswick 

DEFINITION 

The terrain of Canada includes a minimum of 500, OOO square 
miles of muskeg or organic terrain which by definition is constituted of peat 
(fossilized plant remains) and the living cove r with which the peat is botani­
cally associated. The expression 'muskeg' also implies that water is nor­
mally abundant in the terrain and that there are characteristic edaphic and 
geomorphic associations between the organic and the underlying mineral 
t e rrain. 

Muskeg is not a single phenomenon; its aspects are multipl e. It 
may be densely wooded or "barren". It occurs where permafrost is continu­
ous, discontinuous or absent, and the association suggests relationships that 
are not yet properly understood. It may be potentially highly productive in 
an agricultural sense, or markedly unproductive . It may be either yie lding 
or resistant to loading forces, and highly var iable in the texture of its mate ­
rials. It appears to associate in characteristic ways with hydrological fea­
tures and in central Canada, when free water is most plentiful, muskeg is 
usually the most prominent terrain. 

In consideration of the biotic and abiotic factors in the muskeg 
environment one must expect variation in terrain condi tion and type. It is 
this circumstance that has precipitated a basic and challenging complex of 
major problems which, should they remain unsolved, will prevent understand­
ing of an important element of our Canadian terrain. 

SIGNIFICANCE OF RESEARCH AND DEVELOPMENT 

Peat deposits provide a fossil record of recent environmental 
development. They provide a historical background which helps to account 
for the present environmental state and aids prediction of future ecosystem 
changes when environmental factors are a ltered either naturally or artifici ­
ally. Investigation of these phenomena relates to matters of national develop­
ment as well as to fundamental enlightenment. It is in this two-fold implica­
tion that the r e is special significance to research and development in muskeg 
studies. 

The research, if pursued on a broad and intensive basis, facili­
tates development of systems of access, mobility and transportation within a 
nation-wide zone of difficult terrain. It enab l es prediction to be made con­
cerning the best use of muskeg for agricultur e, forestry, and wildlife . It 
contributes to understanding the b ehaviour , conservation and expl oitatio n of 
our remaining water resources. Finally, if affords an approach to finding 
best industrial use for peat and peat products. 

The nation-wide zone in which muskeg often predominates, approx­
imately coincides with what has been called the "Mid -Canada Development 
Corridor" . Muskeg is foun d in every province of Canada and predominates in 
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the northern regions. It is a common feature of the headwaters of many riv­
ers. The various types of muskeg suggest characteristic association with the 
behaviour of gravitational water and thermal conditions including permafrost. 
These suggested relationships imply the significance of muske g to pipe-line 
technology, road design, dam-site development and head-water distribution . 
Pipe-lines and off-road transportation routes are affected b y e rosional pat­
terns in the muskeg foundations when permafrost prevades it . 

Research and development on off-road vehicles must accommodate 
to the trafficability limitations in muskeg types. Optimized vehicle design in 
this context affect not only off-road transportation but also the peat mining 
industry, as well as agricultur al and silvicultural operations. 

The cost of road construction and maintenance for inorganic ter ­
rain is doubled for muskeg. Costs of oil exploration in muskeg inc reases by 
many millions of dollars per oil field and the costs of drilling are doubled. 
Reductions in cost hinge on further research and development on muskeg, 
especially relative to transportation. Research supported b y the Muskeg 
Subcommittee and Division of Building Research of NRC has resulted in the 
saving of over $2, OOO, OOO in the construction of 11 miles of dyke for the 
Brazeau Power and Water Conservation Project. 

Interpretive research in the muskeg environments especially when 
aerial interpretation is utilized, contributes to wise land use, to unde rstand­
ing of biologic a l productivity leading to improvement of for est and agricul­
tural crops, and to appreciation of management needs for water r esou rces 
especially those within and immediatel y south of the discontinuous perma ­
frost zone. Without muskeg investigation, national development of transpor­
tation schemes will encounter limitations and the off-road v e hicle industry 
will face basic difficulties through l ack of design criteria. This point has 
been made in the past l argely in connection with development of military vehi­
cles but it now also pertains to civilian transport and forestry equipment . In 
military technology there is a current effort directed to development of "ter­
rain trafficability maps" related to t h e mobility of specific off-road vehicles . 
Such maps are based on quantitative descriptions of terrain featur es proces­
sed by computers and appropriate descriptions of muskeg conditions will be 
required for this application. Finally, the research l eads to guidance for the 
peat products industry which is much in need of help in Canada at the present 
time. 

HISTORY OF RESEARCH AND DEVELOPMENT IN MUSKEG STUDIES 

In 1945, the Muskeg Subcommittee of the Associate Committee on 
Soil and Snow Mechanics (now known as the Associate Committee on 
Geotechnical Research) of the National Research Council, was formed, l arge l y 
as a result of engineering problems involved i n the variability of muskeg and 
in the operation of tracked military vehicles on soft ground. The initial objec­
tive was to provide a useful interpretation of "Muskeg" to assist military and 
civil investigations having t o do with or ganic terrain. In 1957, following its 
sponsorship of three annual Muskeg Research Conferences dealing primarily 
with access over muskeg b y petroleum, mining, utilities and military groups, 
the Muskeg Subcommittee was formally designated as the convenor of a con­
tinuing series of technical sessions dealing with engineering problems on 
muskeg. In 1967, the Subcommittee's terms of reference were expanded, 
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giving it responsibility for delineating problem areas in its own field, advis -
ing the Associate Committee on research priorities, encouraging and moni­
toring the solutions of the research problems, and assisting in the publication 
and utilization of resear ch results. 

Continued attention was given at McMaster University t o the paleo­
biological relationships in muskeg to reveal the basis of variability and orga­
nization in the te rrain. This led to development of a classification system 
which incorporated phys iographic features that could b e identified from high 
altitude aerial photographs. In the latte r connection the Defence Research 
Board supported the work. A classification system summarized in NRC 
Tech. Memo. 44, "Guide to the Field Description of Muskeg", is oriented 
towards engineering use. The programme on investigation of structural dif­
ferentiation in muskeg and peat was extended at McMaster University, and 
field investigations ranged from the far arctic to southerly l atitud es . 

Starting in 195 4 this work was paralle l e d by work in the Division of 
Building Research of the National Research Council. The solution of actual 
engineering field problems was sought through application of knowledge 
acquired on t he engineering properties of muskeg and peat . This work is 
being continued large l y by one full-time c ivil enginee r, augmented from time 
to time by the work of a geographer interested in the inter-relations of per­
mafrost with muskeg, and another c ivil engineer interested in the t h e rmal 
properties of peat. 

In the ear l y s ixties , an interdisciplinary approach to muskeg stud­
i es was commenced with the establishment of the Organic and Associated 
Terrain Research Unit at McMaster University. Faculty from biology, geo­
graphy, mathematics and engine ering departments associated, on a consulting 
basis, in problem solving and in graduate programmes . There was emphasis 
on te rrain - vehicle studies as applied to muskeg. 

In 1968 the active nucleus of the McMaster University group trans­
ferred to the University of New Brunswick to establish the Muskeg Research 
Institute with a staff of five: an engineer specializing in vehicle design sys­
tems analysis, instrument design and d evelopment, two biologists working on 
muskeg methodology for data survey, muskeg and peat properties for applied 
requir ements , a geobotanist engage d as an airphoto interpreter and empha­
sizing permafrost-muskeg relations, hydrological classification of muskeg, 
and a geologist studying permeability relations in muskeg and peat. The 
Institute is also developing an internal consulting system which has an on­
campus and inter -agency (government -industry ) off-campus structure. 

During the pas t 10 years the system of classification of muskeg has 
broadened, become more sophisticated and more widely applicable. The 
research r e quired to establish the system is being extended to effect inter­
pretation of muskeg states in connection with user requirements. In addition, 
knowledge has been gained about trafficability prediction, design of high 
mobility vehicles, peat sampling techniques, the successful design, construc­
tion, and performance of engineering structures on mus.keg, and the useful­
ness of such instruments as the cone penetrometer, shear vane, and nuclear 
density meter. This experience is recorded along with international contri­
butions in a large bibliography. 

The culmination of the first phase of interest of the Muskeg 
Subcommittee i s expressed in the forthcoming publication of a Muskeg 
Engineering Handbook (University of Toronto Press). Energy normally 
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expended on Annual Muskeg Conferences was most recently invested instead 
in organizing the Third International Peat Congress in Quebec City and the 
printed Proceedings are soon to be release d. 

PRESENT LEVEL OF ACTIVITY 

There are four Federal Government agencies engaged in resear ch 
on peat. The D e partment of Energy, Mines and Resources is concerned with 
the mining techniques and processing of peat for the domes t ic and export 
market. The Depa rtment of Agriculture evaluating peat deposits for agricul­
tural use, primarily in consideration of reclamation of l and and productivity 
potential. Its programme is incipient but nation-wide in scope. The National 
Research Council is examining the mechanical properties of peat . Emphasis 
is on frozen and unfrozen peat, and on thermal properties. The main 
approach is to gain unde rstanding of the strength - d efo rmation characteristics 
of peat. The Department of Fisheries and Forestry is conducting investiga­
tions according to a systems analysis approach to evaluate the significance of 
the muskeg factor in vehicle d esign for summer operations and is interested 
in the reclamation of muskeg for higher timber and pulpwood yield . 

From time to time the provincial research agencies attempt ad 
hoe inve stigation. Newfoundland has been very active in this respec t andis 
now engaged in a limited programme of enquiry into what might be done with 
the vast expanses of muskeg wit h which they are endowed . The Manitoba 
government, agitated by the affects of muskeg on development north of Lake 
Winnipeg and west of the e dge of the Canadian Shield, is concerned about land 
use class ification and the segregation of muskeg resources int o agriculture, 
forestry and woldl ife applications. The concern in that province is to enhance 
the airphoto interpretation approach. The wetlands investigation in Alberta is 
attempting to assess the characteristics of water behaviour and resources in 
foothill country. The Ontario government, principally through the Departments 
of Lands and Forests and Agriculture, is concerned with problems relative to 
the development of forested muskeg and to cultivation management (with 
University of Guelph) of peatlands, of which the Holland Marsh is a salient 
example. 

Probably the broadest an d most critical activity concerning mus­
keg research and development is underway at the Muskeg Research Institute 
of the Unive rsity of New Brunswick. Research and development is progress­
ing at this centre which has been humbly but effectively endowed as a tempor­
ary facility. Its programme inc ludes research in the measurement of physi­
cal properties of peat, vehicle mobility, air photo interpretation of muskeg for 
user requirement, muskeg h y drology, land use, peat utilization and muskeg 
ecology and paleo ecology. 

Age relationships in peat deposits and the pos t-glacial history of 
the land have re ce ived the attention of the Department of Energy, Mines and 
Resources and some of this work is being continued at Brock Unive rsity . 

THE NEED FOR INCREASED ACTIVITY 

Other countries with a similarly high incidence of muskeg (USSR 
10 per cent, Ireland 15 per cent) expend far more man-hours on research and 
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development on muskeg than does Canada . In the USSR about 400 profession­
als and over 2, OOO students are involved . I reland empl oys about 30 pro fes­
sionals through the equiva l ent of a "C rown Corporation". Canada has about 
15 identifi ed with muskeg investigations . Despite t h e present national contri ­
bution which comes from different disc iplines and continues w i t h healthy 
enthusiasm t h e demands are not being met. 

Forested muskeg i s sometimes t hought to provide the a r ea for 
re-emphasis in research and development . The export of forest products 
from Canada will be very high partly because of growing deficiencies in 
Europe. At the moment the demand is being met through th e attractive r ates 
of forest regeneration in the south western U nited States . The lan d s invo l ved, 
however, agricultural have a greater potential to meet the pending food short­
age from the wor ld 's rapidly rising population. If they are connected to this 
purpose, Canada would be l eft as th e most s ignificant supplier of wood pulp 
for the future. There is therefo r e a need to extend our knowledge of engi­
neering and biological princ iples which w ill bring bigger y i e l d from forested 
muskeg. Drainage ha s b een applied to forested muskeg in t h e past without 
regard to muskeg type and effect on t h e h y drolo gy of t h e forest envi ronment. 
Harvesting machinery has been designed and intro duce d to t h e market before 
development programmes eluc i dating te rr ain -vehicle relationships have made 
their contribution . In the process of forest h arvesting, the peaty foundation 
is remolded and this hampers forest regeneration. A serious conce r n is the 
absence of a national or provincial inventor y of the various c l asses ofmuskeg, 
each of which requires different management . 

Most of our knowl edge about agricultu r a l cro ps on peatland h as 
arisen from empirical experien ce gath e red i n th e Holland Mars h a r ea in 
Ontario. But this knowl edge is based on one kind of peat, and without further 
research i t is not possible to effecti ve l y predict the safe d evelopme nt of other 
peatlands. Muc h could b e l ea rned from intensive research into the productiv­
ity of adequate l y classified Newfoundla nd muskeg and its re lationshi p to ionic 
transfer from t h e underlying m ineral terrain . 

On both the Pacific and Atlantic coasts there are extensive expanses 
of highly homogeneous peat a lmost pure in Sphagnum m os s . The peat product 
industry needs constant support from research to ass i st in wise expl oitation 
of these deposits - if indeed they shoul d be exploited from t h e total land use 
point of view. Imaginative proposal s for utilizing this peat for manufactured 
agricultural commodi t i es are not yet based o n r esea r ch experi ence t h at will 
safeguard thi s deve lo ping industry. 

The mining of peat in suffic i ent qua n tity t o su pply today's market 
requires new research and development. This is partly due to t h e need for 
economic improvement in mining and processing, as well as additional 
research on the properties and best use of th e different peat structur e types. 
As well, the peat mining industry has not l earned to deve lop its product 
selectively. 

Development of the north is best approach ed in relation to know -
ledge of the land and the distribution of i ts predictable conditions. The new 
Canadian industry producing off-road vehicles has had to accommodate to 
muskeg as a limiting factor in transportation. Success in t r anspo r tatio n over 
muskeg is a function of adequate terrain interpretation. The vehicle indus try 
requires continual environmental anal ysis of the z one o f muskeg, which is n ow 
regarded as critical for transportation routes. 
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With the recent growing emphasis on national water supply, resear c h 
on th e relationship of muskeg types to control of the supply is pressing. 
Groundwater is a major component i n the delicately balanced system of biotic 
and abiotic facto r s contributing to the composition of muskeg and its environ­
ment . In the absence of sufficient quantitative knowledge regarding the inter­
action of these factors, there is g r ave danger that if man tampers with any of 
the system components, such as groundwater, the present balance will be 
irretrievably lost. The long range effects on climate, ultimate water supoly, 
survival of plant and animal communiti es, and the eventual benefits or loss to 
mankind, resulting from such action cannot be adequately as&essed with the 
information now avail ab l e. It is in the national interest to conduct further 
research on this problem. 

TRAINING 

Because of the multidisciplinary nature of muskeg research, uni­
versity postgraduate training is necessary. At the same time, cooperation 
between universiti es and government agencies offers potential advantages 
which could b e attained at the "Institute" or equivalent level including coordi­
nation of training. The northern universities have an important contribution 
to make. 

IMPORTANT OBJECTIVES AND FUTURE TRENDS 

T h ere a r e many indications that resource development and popu­
lation g rowth will demand that muskeg become an increasingly prominent and 
significant part of man's environment. The delineation of national need and 
the identification of broad problems for muskeg research require investiga­
tion by a high level national committee . The committee should be broad in its 
representation of disciplines and provi sion s hould be made for frequ e nt liaiso·n 
with provincial units of inte r est. 

Research is required to extend the basic system of natural classi­
fication to the point where reference categories are quantitatively expressed 
and meaningful, not only in te r ms of organizational entity in the muskeg but 
a lso in relation to user requirements. Thus the classification of muskeg 
character for ag ricultu r e, engineering, and hydrology might differ according 
to purpose, but should be r elatable to a natural system common to all, andby 
which valid prediction of the effects of technology can be made . 

A stage in muskeg studi es h as been reached which suggests that 
beyond classification, research should be further encouraged on the automatic 
mapping of natural configurations of muskeg from airphotos so as to develop 
a national inventory of the classes of muskeg. The i nventory should be relat­
ab l e to l and-us e alternatives , resources development, and engineering 
problems. 

The orientation of research might now be in response to ad hoe 
requirements in hydrology, engineering application, m ilitary uses, enhanc e ­

ment of biological productivity (forestry and agriculture) , off-road transporta­
tion and vehicle de sign and t h e development of peat products. 
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CONCLUSIONS 

1. (a) The expanded Muskeg Subcommittee shou ld be recogniz e d as the multi­
disciplinary national group concerned with muskeg studies. 
(b) All research and development concerned with muskeg and organic terrain 
should be encouraged and coordinated through the expanded Subcommittee. 

2. A fund of not less than $5 00, OOO per yea r should be provided to institutes, 
universities and government agencies for urge nt national r equir ements 
such as: problems in access, transport, water-resources control, peat 
utilization, land-us e , productivity (forestry and agricultur e) and all bio­
engineering studies that facilitate solutions to these problems (e . g . pipe ­
line technology). 

3. Immediate steps should be taken to recognize and support the work and 
potential of existing organizations with long exper i ence in muskeg studies 
to commence: 
(a) an inventory , b y modern methods, of the kinds of muske g in Canada; 
(b) analysis of the Mid-Canada Z one relative to the muskeg factor as it 
impinges on development planning; 
(c) s y stems analysis applied to the interpretation of muskeg areas and 
user requirements; 
(d) data collection, storage and coordination p ertinent t o muskeg proper­
ties across Canada, including information on therma l hydrological and 
biogeochemical cycling; 
(e) extension services on the development of res e arch results. 

4. More financial support should be gi ven t o the teaching of t rainees in mus ­
keg studies in order that national and provincial needs can b e h andle d ade­
quately . Industry as w e ll as Government should be aske d to provide funds . 

5. The establishment of priorities fo r the support of research and develop­
ment should not be confining, in order that existing capability can be 
exploited and encouraged to expand where r easonabl e. 

REFERENCES 

Proceedings Eastern Muskeg Res. Meet ., N . R . C ., Tech. Mem. N o. 42, 1956 . 

Proceedings 3rd Muskeg Res. Conf . , N .R. C ., Tech. Mem. No . 47' 1957. 

Proceedings 4th Muskeg Re s. Conf., N .R.C ., Tech . . Mem. No, 54, 1958. 

Proceedings 5th Muskeg Res. Conf., N .R. C. , Tech. Mem. No. 61 , 195 9 . 

Proceedings 6th Muskeg Re s. Conf., N , R , C . , Tech. Mem. No. 67 , 196 1. 

Proceedings 7th Muskeg Res. Conf., N .R.C., Tech. Mem, No, 7 1, 196 1. 

Proceedings 8th Muskeg Res. Conf,, N .R.C., Tech. Mem. N o, 75, 1962 . 



- 141-

ENGINEERING AND ENVIRONMENTAL GEOLOGY 

J. S. Scott':' 
H. G. Acres & Co. Ltd 
N ia gara Falls, Ontario 

DEFINITION 

Engineering Geology is the branch of applied geo l ogy that 
requires the application of geological observations and measurements, 
t ogethe r with r easoning and judgment, to the problems pertaining to e arth 
materials and processes encountered in enginee ring practice . Engineering 
geo l ogy is not a division of the earth scie nc es. It is rathe r the technique 
or art of applying the methodology and data derived from earth science and 
enginee ring disciplines, princ ipally stratigraphy, structural geology, petro­
g r aphy, hydrogeology, geophysics, soil mechanics and rock mechanics, to 
the problems of civil and mining enginee ring. 

Environmental geology is also a branch of applied geology 
rather than an ea rth science discipline~~· The t e rm "environmental 
geology " was originally proposed (2) to describe those activities concerned 
with the integration and synthesis of earth science data for the use of plan­
ners and administrators in the management of terrains, water resources 
and subsurface fluids, was te disposal, and usable rock and mineral mate ­
rial s. As stated by Frye (2), the term means: 

" ... an attitude of mind, an orientation, the application of the best 
and most sophisticated scientific work we are capable of doing to the 
proble m of accommodating a rapidly shrinking living space to the 
needs of man. " 

A further branch of applied geology which encompasses many of 
the elements of both engineer ing and environmental geology is Urban Geo­
logy. Urban geology relates to the additional problems imposed by the pr e ­
sence of structures and vast areas of concrete and asphalt. For the pur­
poses of this paper, urban geology, although recognized as a s eparate 
entity, is included w ithin the scope of e n g inee ring and environmental 
geology. 

These branches of applied geology span the full spectrum of 
geological materials that exist in a complex variety of Canadian environ­
ments . 

':'Now Geological Survey of Canada, Ottawa. 
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SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

It has been estimated on the basis of present population trends 
that the earth's population will probably double by the year 2000. It is 
possible that Canada's population growth rate during the next 30 years may 
be less than the growth rate of the world as a whole, but it is certain that, 
barring catastrophic events, a substantial population incr ease can be ex­
pected which will require the cons truction of almost double the number of 
buildings and public facilities that now exis t. Many of th e new buildings 
and structures will occupy lands formerly considered, from the geological 
point of view, as eith e r undesirable or unfeasible as construction sites. 
In addition, the size and complexity of enginee ring structures, both on sur ­
face and below ground, will continue to grow, thereby requiring a g r eatly 
increase d capability t o evaluate the interactions between structures and 
foundation materials and to assess and evaluate in situ rock stresses both 
under natura l conditions and under conditions imposed by rock excavations. 

The significance of res earch in engineering geology, therefore, 
is to enable the construction and mining industry to economically and safely 
construct on, or excava t e within, the t e rrain with a full understanding of 
the reactions of ear th materials to the imposed changes in regime. 

Within urban and interurban areas, th e incr easing complexity of 
social organi zation has produced a need for improved p lanning, at vario us 
levels of government, in the management and utilization of natural r esources. 
Environmental geology, ther efo r e, becomes particularly significant in the 
application of geological information to the efficient management and utili­
za tion of land, mineral and water r eso urces. 

Information on the geology and hydrogeology underlying urban 
areas is of fundamental importance for the design of building foundations 
and underground faciliti es. Data obtained from urban geology studies is 
thus of direct economic benefit in the enginee ring design process by g r ea tly 
increasing the e fficiency, and thereby reducing the cost, of foundation 

investigations . 

PRACTICAL APPLICATIONS 

Costs of preliminary explora tion s, including geological and geo ­
physical surveys, test borings and sample analyses, are a necessary and 
integral part of the cost of engineering structures . The explora tion costs 
a r e commonly of the order of 1 or 2 per cent of the total cost of the pro ­
ject (4). These pe rc entage s are r e latively small, howeve r , when compared 
with the 10 per cent allowance for "contingencies" which is commonly cal­
c ulated in civil engineering e stimates, to allow in part for uncertainties 
that thorough subsurface explorations inight eliminate . The practical appli ­
cations of r esearch in enginee rin g geology, therefore, are directed toward 
ensuring that the explorat ion costs related to a construction project achieve 
reductions in the over-all project costs. 
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In the field of urban geology, the systematic recording and syn­
thesis of geological information derived from construction activity can 
result in substantial savings in the costs of planning and execution of engi­
neering works. Similarly, environmental geology studies can materially 
assist in overcoming the all too prevalent contamination of the physical 
environn1ent by waste products, loss of property and life through develop­
ment of unstable slopes or flood plains, and the loss of valuable mineral 
resources through planning or zonation based on inadequate or non-existent 
geological infonnation. 

HISTORICAL DEVELOPMENT 

The early history of the development of engineering geology 
dates back to the 1790's when William Smith, of England, one of the 
fathers of modern geology, applied geological reasoning to the construc­
tion of canals and the draining of agricultural lands. During the next 
century, the growth of engineering geology was extremely slow, although 
there were significant applications of geology to the construction of rail­
way tunnels in the Alps and in England. 

In North America, the first substantial use of engineering geo­
logy occurred in 1905 with the appointment b y the Metropolitan Board of 
Water Supply, City of New York, of a panel of consulting geologists to 
advise on the construction of dams and aqueducts. Other important con ­
tributions of geology to engineering followed in the next two decades, high­
lighted in 1911 by the appointment of C. W . McDonald as resident geologist 
on the Panama Canal project. 

In 1928, the failure of the St. Francis Dam in California as the 
result of poor quality foundation rock, focused attention on the need for 
the utilization of geological information in the design and construction of 
engineering works. This event might be regarded as the beginning of 
modern engineering geology in North America . 

Throughout the 1930' s, the development of engineering geology 
was accelerated through the contributions of engineering geologists to the 
investigations for hydraulic structures conducted by such American orga ­
nizations as the U.S. Corps of Engineers, Bureau of Reclamation, and the 
Tennessee Valley Authority . During the same period, developments in other 
disciplines provided quantitative methods of great value in engineering geo­
logy. Two of the more notable developments were the emergence of soil 
mechanics as an important and separate field of engineering, due primarily 
to the extraordinary contributions of Karl von Terzaghi and the development 
of analytical techniques for evaluating groundwater flow as, for example, 
by C . V. Theis. 

A significant Canadian contribution to engineering geology was 
made by R. F. Legget with the publication in 1939 of his book Ge~ and 
Engineering. This book (4) has become an international reference text. 
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During World War II, geology was widely applied to military 
operations by all countries. However, the greatest development of engi­
neering geology has been in the postwar period of accelerated construction 
activity. In this period, the impetus for development in engineering geo­
l ogy has been provided by the necessity of solving the constructional prob­
lems encountered in civil and mining engineering . Consequently, many of 
the significant developments that have furthered the understanding and mea ­
surement of the engineering behaviour of earth materials have been contri­
buted by engineers and are r ecorded in such journals as Geotechnique and 
the Journal of the Soil Mechanics and Foundations Division of the American 
Society of Civil Engineers. 

Within the geological profession, the growing importance of 
engineering geology has been recognized by such events as the formation 
in 194 7 of an Engineering Geology Division within the Geological Society 
of America, the formation of an Association of Engineering Geologists in 
the United States in th e early 1960's, and the organization of the Inter­
national Association of Engineering Geologis ts during the period 1964-68. 

Engineering geology in Canada has been advanced in the past two 
decades largely through the medium of the annual Canadian Soil Mechanics 
Conferences sponsored by the National Research Council, Associate Com ­
mitt ee on Soil and Snow Mechanics. The proceedings of these conferences, 
held in various Canadian cities from 1947 to 1962, contain important con­
tributions on the geological factors tha t influence the engineering behaviour 
of such typically Canadian soils as lacustrine and marine clays, tills, and 
the complex soils of the lower mainland of British Columbia. Since 19 6 2 , 
the Soil Mechanics Conferences have been sponsored by the Geotechnical 
Engineering Division of the Enginee ring Institute of Canada, which has pro­
vided a forum for the interchange of information between engineers, geolo ­
gists and othe rs concerned with earth sciences in Canada. 

Other significant Canadian developments in engineering geology 
in the last two decades have been the organization of geological departments 
within the Hydro Commissions of Ontario and Quebec, the employment of 
increasing numbers of geologists in consulting engineering firms, the appli­
cation of air photo analysis techniques for engineering pu r poses, notably 
by Dr. J. D. Malla rd , of Regina, and the growing awareness of the engi­
neering profession of the significance of geological information in con­
struction. 

Environmental geology is a relatively new t erm which se r ves to 
emphasize the r equirement for earth science studies in the planning and 
management of the terrain and its resources in areas of population growth. 
Much of the basic geological development in environmental geology, how­
eve r , stems from classical geological studies of bedrock and surficial 
geology and g r oundwater resources . 

Since 1965 the Illinois State Geological Survey has conducted 
environmental geology studies, particularly in the Chicago area. These 
studies, apart from their local usefulness, have served to focus attention 
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on environmental geology and to demonstrate the significance of an inte­
grated earth science approach to planning in areas of population growth. 

Urban geology studies have been carried out in only a few of the 
major cities of the world. In Moscow, Prague, Paris, London and Tokyo, 
for example, notable achievements have been made in the recording of bore­
hole data and in the publication of urban geology maps. Similarly, in the 
United States, the U.S. Geological Survey has carried out continuous 
studies of the urban geology of Washington, Boston, San Francisco and 
Portland (Oregon), based on natural exposures, borehole data and founda­
tion excavations. 

In Canada, the surficial geology of the Montreal area has been 
mapped at a scale of l inch to 1, 500 feet as a co-operative project between 
the City of Montreal and the Geological Survey of Canada. Contributions 
to the urban geology of Ottawa and Vancouver have also been made by the 
Geological Survey of Canada . 

During the planning and construction phases of the Yonge Street 
subway in Toronto, the geology of the subway route was carefully studied 
(3) both by pre-excavation borings and by detailed examination of the geo­
logy during construction. This study, which involved personnel from the 
University of Toronto, National Research Council, Geological Survey of 
Canada, Ontario Department of Mines, and the Royal Ontario Museum, 
served not only to assist materially in subway construction but also capi ­
talized on an otherwise unavailable opportunity to study the subsurface 
geology within the centre of the city. Similar geological studies were also 
made during the construction of extensions to the subway system. Surfi­
cial geology mapping p r ograms of the Ontario Department of Mines have 
further contributed to the knowledge of urban geology of parts of Metro ­
politan Toronto. 

The Alberta and Saskatchewan Research Councils have been 
active in urban geology studies in Edmonton, Calgary and Saskatoon. 
A study of the geology and g roundwa t er of the Metropolitan Winnipeg area 
has been made by the Water Control and Conservation Branch of the 
Manitoba Department of Mines, in connection with the construction of 
the Red River Floodway. 

PRESENT LEVEL OF ACTIVITY 

Almost all of the activity in engineering geology in Canada at 
the present time is devoted directly to geotechnical investigations for the 
design and/or construction of major engineering projects such as hydro­
e lectric developments or tunnels . The engineering profession has clearly 
recognized the need for geological and hydrogeological information at the 
project sites; consequently, geological and groundwat er investigations are 
conducted at every major project. 
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The level of activity in urban geology in Canada can only be des­
cribed as either very low or nonexistent. With the exception of Montreal, 
none of the municipal engineering departments or regional planning commis­
sions employ a full-time geologist or systematically record the vital geo­
logical information in existing excavations for the benefit of future construc­
tion projects. In Montreal, a technician is employed to collect geological 
data and update the existing geological maps of the city, and a continuing 
computer-based program has been established at McGill University, under 
the direction of Professor R . H. Grice, to develop methods of storage and 
retrieval of urban geology data. 

Current mapping programs of the Ontario Department of Mines, 
Saskatchewan Research Council, Alberta Research Council, and the Geolo­
gical Survey of Canada are directed in part toward the surficial geology, 
construction materials and groundwater resources of populated areas, and 
hence constitute significant contributions to Canadian environmental geology 
studies. These programs, however, are but a very small proportion of the 
total geological mapping effort in Canada. 

From the standpoint of research relating to the engineering beha­
viour of the terrain of Canada, most effort is directed toward soil and rock 
mechanics and is centred in the Civil and Mining Engineering Departments 
of Canadian universities, in the National Research Council, and in the 
Mining Res e arch Centre of the federal Department of Energy, Mines and 
Resources. The level of activity in engineering geology research is rela­
tively low among geological groups in universities and governments . The 
latter, however, make very significant indirect and direct contributions in 
the form of the analysis and description of geological materials and in the 
interpretation of the geolog ical history of these materials as a basis for the 
determination of their enginee ring significance. 

NEED FOR INCREASED ACTIVITY 

In the field of engineering geology related directly to construction, 
it is possible to recognize two levels of activity which, for descriptive pur­
poses, are designated herein as local and regional. 

At the local level, the enginee r ing geologist is concerned with the 
geological detail at a particular construction site. Although the geologist 
may know the critical geolo gical parameters of the site from his general 
experience and knowledge, in many instances these details may not be di­
rectly revealed during the site investigations because of the lack of geolo­
gical exposure or poor core recovery in boreholes. The lack of such 
detailed information can have serious consequences on the ultimate per­
formance of the structure. 

The development of the NX - size borehole camera has provided a 
means of increasing the information obtained from boreholes. However, 
limitations on the usefulness of the instrument are caused by drill - hole 
casing, opaque fluids in the borehole, and the subjective methods of film 
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interpretation. There is, therefore, a r e quirement for the development of 
r e liable, small-diameter bor eho le instruments analogous to those presently 
in use in the petroleum industry, to assist in the detection of such geologi ­
cal details as fractures or clay s e ams. Further advances are also required 
in the development of in situ test techniques for both soil and rock, as well 
as drilling and sampling technology, to permit the recovery of undisturbed 
large-diameter samples from soft ground and to improve the drilling rates 
and sample recovery in tills and granular materials . 

Improvements in the quality of geological data for engineering 
purposes, howeve r, is not an end in itself . In order that these data may 
be of maximum value in the design of engineering structures, the develop ­
ment of analytical techniques is required so that the geological data may 
be incorporated directly in the calculation of design parameters. 

At the regional level, Canada possesses vast areas of geological 
materials which create engineering problems. These include " sensitive" 
marine clays , varved clays, tills, swelling sha les, unstable jointed rock 
slopes (particularly in the Cordilleran region), and vast permafrost areas 
in the Canadian north. While significant contributions have been made on 
the various engineering aspects of these materials, a synthesis of the geo ­
logical factors that underlie their engineering behaviour has hardly been 
touched. Thus, the challenge for Canadian engineering geologists to master 
their own environment through an understanding of the engineering signifi ­
cance of geological materials and processes remains largely unfulfilled. 

Almost 70 per cent of Canada's population are urban dwellers, 
and it can logically be expected that the present patterns of population 
density will continue and that the anticipated increases in population will 
occur within the urban centres. Approximately 60 per cent of the incor -
porated cities in Canada with populations of 50, OOO or over lie within a 
relatively narrow corridor that extends from Quebec City to Windsor. 
Elsewhere throughout the country, the population tends to be concentrated 
in the rather more widely separated majo r centres of the Atlantic Region, 
Northern Ontario, the Prairies, and southern Br itish Columbia. It is, 
therefore, obvious that these are the areas where vastly increased activity 
in urban and environmental geology is required if these important aspects 
of geology are to serve the economic and social development of Canada, 
and if geologists are to avail themselves of the rich harvest of geological 
information afforded by construction activity in the urban centres. 

TRAINING NEEDS 

Until very recently, Canadian universities have displayed a 
singular lack of interest in providing training in engineering geology 
related to the construction industry, with the consequence that many 
Canadian engineering geologists have found it necessary to obtain training 
at the postgraduate level in American or other foreign universities . 
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At present, 12 of 25 departments of geology at Canadian univer -
sities ( 1) offer one or more undergraduate courses in engineering geology . 
Only six Canadian universities, however, offer a degree program in engi­
neering geology or geological enginee ring at the Bachelor's level or higher, 
and where such a program is offered it is usually through a department of 
engineering rather than a department of geology . 

As with most interdisciplinary fields, logical arguments can be 
advanced by both engineers and geologists to support claims that their par ­
ticular branch of learning should form the principal basis of training, but 
with a substantial input from the other field. The significant fact is, how­
ever, that a substantial co-operative effort is required between departments 
of geology and departments of engineering. Engineering geologists, soils 
engineers and rock engineers all require a background of mathematics, 
applied mechanics, groundwater hydrology and theor etical soil and rock 
mechanics as a part of their academic training and, most important, exten­
sive geological experience in the field. 

It is unlikely that any one person will have the aptitude and exper­
ience to be competent in all aspects of engineer ing geology. Hence, a most 
important attribute of the practising professional is his ability to co - operate 
and communicate with his colleagues in other disciplines and to respect 
their efforts in the attainment of common objectives . 

MAJOR OBJECTIVES AND FUTURE TRENDS 

Some of the outstanding problems of eng ineering, erivironmental 
and urban geology in Canada have been outlined above; thus the most impor -
tant objectives relate to the ways and means whereby solutions to these prob ­
l ems can be attained. 

Since trained personnel engaged in scientific activities are the 
key to the solution of these problems, the primary objectives are as follows : 

1. Attraction of top - quality students to the geolo gical sciences through 
modern field- and laboratory-oriented earth science programs at the 
secondary school l eve l. An equally important objective of a second­
ary school earth science program is to increase the over -all aware­
ness of the general public of the earth sciences and to emphasize the 
significance of these sciences in the economic development of the 
country. 

2 . Development of co - operative attitudes and research projects between 
Departments of Geology, Engineering, Geography and Soil Science in 
Canadian universities to actively demonstrate to both staff and stu­
dents the interdisciplinary aspects of engineering, environmental and 
urban geology. 

3 . Development by federal and provincial government agencies and in ­
dustry of opportunities for the field training of students in the fields 
of engineering, envi ronmental and urban geology. In this regard, 
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an immediate objective should be the initiation of urban and envi ron­
mental geology projects in all of the major urban centres of Canada, 
involving both mapping and data storage and retrieval systems. 

The future trends in engineering geology ar e bound to be closely 
related to advances in engineering technology. As examples, the peaceful 
uses of nuclear energy are in the late stages of development, hence future 
engineering geologists will be increasingly concerned with the problems of 
radioactive waste disposal and with the effects of using nuclear devic es for 
large-scale excavations. 

Exploration and exploitation of mineral resources from the con­
tinental shelves and from the Arctic regions will provide challenges to th e 
engineering geologist both in these phases of endeavour and in the construc­
tion of access routes to these resources . In the field of construction mate­
rials, the declining supply of concrete aggregates and granular materials 
in the rapidly developing urban areas may very well require the develop­
ment of techniques to utilize "low grade" granular material such as till, 
for aggregate purposes. 

CONCLUSIONS 

1. Since mineral resources and urban affairs are in th e domain of the 
provincial governments, pilot projects for urban and environmental 
geology studies of the major Canadian citie s should be initiated as 
co-operative ventures between provincial government agencies and 
one or more university Departments of Geology. Such studies, uti­
lizing existing 1:25, OOO scale topographic maps as base maps, could 
serve as models for continuing programs that would invo lv e partici­
pation at the municipal level of government. 

2. Co-operative programs involving engineering geologists and engi ­
neers from universities, government departments and industry 
should be established for a concerted attack on the e nginee ring 
geological problems of a region. The relative priorities for such 
programs might be determined through studies sponsor ed by the 
Associate Committee on Geotechnical Research , or by the Geotech­
nical Engineering Division of the Engineering Institute. 

3. Industry participation in education, at both the undergraduate and 
graduate levels , should be encouraged by such means as special 
lecture series or personnel exchange arrangements that would 
permit prominent practising engineering geologists or geotechnical 
engineers to present their knowledge directly to students. 

4. In view of the extensive distribution of Quaternary deposits in Canada, 
and their significance to almost all Canadian engineering projects 
either as foundation or construction materials, a substantial propor­
tion of the research effort in engineering geology in Canada should 
be directed toward an understanding of th e e ngineering behaviour of 
these materials, both in their natural environment and under the 
altered conditions imposed on them by construction activity. 
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SOIL MECHANICS l 

DEFINITION 

Soil mechanics forms t h e basis of the geotechnical sciences. Dur­
ing many years, both terms 'soil mechanics' and 'geotechnique' were used to 
name that part of geotechnical sciences which is now called ' soil mechanics'. 
With continuing development of geotechnical sciences during t h e last two dec­
ades in Canada, the term 'geotechnique ' has recently been defined by the 
Associate Committee for Geotechnical Research of the National Research 
Council of Canada as ' the study of the properties of soil, rock, peat, snow 
and ice, the influence of environmental factors on such properties and the 
application of this knowledge '. 

As for Soil Mechanics, it could be defined as the study of the 
chemical, physical, hydraulical and mechanical properties of soils in their 
natural or disturbed state. 

On the basis of the two above-stated definitions, it may be realized 
that the scope of soil mechanics is very wide and that the term 'mechanics' 
is somewhat restrictive and should be taken in its very general physical 
meaning . 

In order to determine soil properties the engineers have to resort 
to many physical and engineering sciences. Once these properties and the 
main factors (geological, climatological, etc ..• ) influencing them are known, 
the major problems which soil mechanics engineers deal with fall into one of 
the following five classes: 

1. Slope stability in a ll kinds of soil deposits. 
2. Earth retaining structures. 
3. Construction of fills (for roads, dykes, dams, ... ) on different kinds 

of soil deposits (sand, clay, peat, frozen soils •.. 2). 
4. Foundations for various engineering works. 
5 . Groundwater and groundwater control. 

Two other specialized classes of problems which soil mechanics 
engineers may be concerned with are: seasonal frost in soils, and soil 
dynamics. 

SIGNIFICANCE OF RESEARCH AND DEVELOPMENT 

Canada's surface includes a wide variety of particular soil deposits 
whose characteristic properties need to be studied to assess their behaviour 
under different loads and climatic conditions . It is well known that many 
important structures (dams, for exampl e ) which have been built in the last 
few years in Canada would not have been economically or even technically 
feasible , had it not been for the results of extensive research programs 

Prepared by the Soil Mechanics Subcommittee of the N . R. C. Associate 
Committee for Geotechnical Research, Pierre La Rochelle, Chairman. 

2 
The Associate Committee for Geotechnical Research of the National 
Research Council of Canada having realized, some years ago, the importance 
and extent of muskeg and permafrost areas in Canada has formed separate 
subcommittees to deal with the relevant problems. 
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performed in the last few decades in Canada and e l sewhere. Millions of dol ­
lars are saved annually, by the refinements in construction and design of 
foundations and earth structures which are made p ossibl e mainly as the result 
of research and deve l opment into new construction techniques. Many more 
millions will be saved as research and development allows t he present empir ­
ical approach to be repl aced by more rational and economical designs . 

A l though Canada can borrow R and D results from other c ountries, 
we have our own particular soils and climate problems whic h no other coun ­
tries will solve and whic h will have to be dealt with by our own engin eers if 
Canada is to receive the fu ll potential benefits . 

PRACTICAL APPLICATIONS 

The Canadian Section of the International Society of Soil Mechanics 
and Foundation Engineering is publi shing an Annual Report including a com­
pl ete listing of a ll R and D activities in Canada . A reading of this lis ting 
gives an idea of the tremendous diversity of problems being studied by our 
engineers and it becomes quite obvious that the practical application s of soil 
mechanics are too numerous to be l isted. In fact, a ll kinds of structures, 
from residential homes to aircraft , bring at one moment or another some 
foundations or stabi lity probl ems which have to be dealt wit h b y geotechnical 
e ngineers . Soil mechanics and geotechnique as a whol e is t h e basis of t h e 
construction industry and is essential to both the exploitation of our natural 
resources and our industrial d eve l opment. 

T h e Soil Mechanics Subcommittee of the above - mentioned associ ­
ate committee was established around 1946 w ith the primary responsibility 
of organizing the annual Canadian Soil Mec h anics Conferences and screening 
papers for the International Conferences of Soil Mechanics and Foundation 
Enginee ring . At the same time research activities in Canadian universities 
started to grow under the stimul us of researc h grants from th e National 
Research Council of Canada , and de ve l opment activities increased as 
Canadian soil mechanics engineers became involved in increasingl y complex 
construction problems mainl y in re lat i on to t h e expl o i tat i on of our n atural 
resources . In facl, due to the tremendous variety and importance of soil 
problems in our country, Canadian engineers had no choice but to get d ee ply 
involved in soil mechanics in order to h e lp accompl ish the ec onomical growth 
of Canada . 

PRESENT LEVEL OF ACTIVITY 

Canadian Soi l Mechanics engineers are now consid ered to form, in 
relation to population, one of t h e most active groups of a ll countries in this 
fie l d . 

The annual Canadian Soil Mec h anics Conferences , now organized 
under the sponsorship of the Engin eering Institute of Canada, yield many 
important papers each year ; one research seminar and two Trans - Canada 
l ecture tours by eminent soil mechanics engineers are year l y sponsored by 
t he Associate Committee for Geotechnical Research in cooperation with 
Canadian Universities ; the ' Canadian Geotechnical Journal', whic h was first 
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published five years ago by an independent group of Canadian engineers, has 
earned a high reputation in this field in the world and is now published by the 
National Research Council . 

All the main Canadian universities are activelyengagedin research 
in soil mechanics and many of our soils engineers enjoy an international 
reputation; indeed , many of our structures and earthworks d esigned and built 
by Canadian engin eers are considered to be engineering feats . 

NEED FOR INCR EASED ACTIVITY 

The Soil Mechanics Subcommittee has recently attempted to define 
areas to w hic h research priori ties should be given in Canada. Firstly, con­
sidering the influence of t h e win ter climate on our construction operations 
and design criteria, it was agreed that consid erabl y more research should be 
undertaken on problems invol ving frost action. Secondly, although research 
on soil samples in the laboratory is useful and fills certain purposes , we 
have now reached a state where more work should be done on soils in their 
natural environment , taking into account t h e numerous natural factors which 
might influence their behaviour . 

Consequently, priority in Canadian soil mechanics research should 
be given to : 1. Cold temp erature engineering design and construction . 2. 
Study of the behaviour of soil s in their natural e n vironment . 

There is also a n eed to encourage studies in the following specific 
fields: (1) Frost action; (2) Winter cons truction ; (3) Ground water pollution; 
(4) Field research with regional cooperative program; (5) Engineering geology; 
(6) Urban geol ogy with respect to environmental planning ; (7) Earth pressures; 
(8) Rock mechanics (with reference to geotechnical works ) ; (9) Soils stabiliza­
tion ; (10) Earthquake engineering; (11) Construction equipment ; (12) Under ­
water geotechnics ; (1 3 ) Shore line geo l ogy. 

For some years , the Subcommittee members have been convinced 
that there was a n eed for urban geology in Canada . An enquiry made in the 
main cities of Canada in 1968 showed that the very few cities possessing geo ­
l ogical maps have t h em in constant use . Other cities lacking such maps can 
do l ittle about it since it is geologists who have conducted or are conducting 
the urban geology work that is being done . As most consulting firms h ave 
good records and would readily yie ld such information for an urban geology 
project, it is cons idered that some Federal Agency could sponsor work in 
that field, w ith little expense, and with much benefit for the economy of our 
urban areas . 

TRAINING NEEDS 

The great majority of Canad ian universities offer a Civil Engineering 
curricul um which includes an adequate soil mechanics course at t h e under ­
grad uate leve l. However, satisfactory engine erin g education in soi l mechan­
i c s can only be obtained at the graduate l eve l. At t h e present time, all the 
main Canadian universities are offering M . Sc . and Ph . D . degrees in t hat 
fie ld and most of the research work is subsidized by g rants from the National 
Research Council . 
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At t h e techni cian and labou r er l evel, t here seems to be a complete 
lack of training fac ilities in some pa rts of our country, and t h e Soil Mechanics 
Subcommittee considered that t h ese needs would be greatl y helped if reading 
and v i sual aids for training purposes in th e fie ld of soil m ec h ani cs were pr e ­
pared and mad e available thr cugh some federal agencies. 

MAJOR OBJ ECTIVES AND FUTURE TRENDS 

The m o st important objecti ve for soil m ech ani cs specialists, in 
relation to thei r involvement in t h e construction industry or th e explo i tation 
of our natural r es ources , is to try to make the best out o f t h e cold clim ate in 
w hic h we live . It is a well known fact that th e w inter season has a damping 
effect on the development of our ec onomy and that, with mor e research, our 
technolo gy could be improved in order to l e ngthen the season during w hic h 
const ruct ion invol ving soils (r oads, dams, etc .•• ) may be undertaken . This 
factor is still more critical as the n eed increases to develop the North . 
H ence we think t h ere is a g r eat need for increased research on £0i.!~~£_e_I­

~~.!.~~12&i~e~£~K~~0g~~~c!_~oE~tr£0ioE· 
Up to now, most of t h e re s ea r ch work performed in Canada has 

b een don e by university pro fes sors w ho confin e t h ems e l ves to the l a bor atory 
for, amongst other reasons , financial limitation s . Soil m echanics w hi c h, 
in large m easur e , is still b a sically an e mpirical science can be better devel ­
ope d b y fie ld obs ervations and structures p erformanc e data. Hence , we h ave 
now reached a stage in Canada where it is mos t important for our r e s earc h 
scientists and enginee rs to orientate their work towards gi.~-b~!1;~v_i~u_I_oj~£il 
i!1_U.~.!!'!!£E..al.~.!!':0.!.~n.E2._eE!.: This implie s also a thorough evaluation of th e 
geological fact o rs w hic h might influence this behaviour and w hic h could be 
achieved by better colla boration b etween geo l ogists and geotechnicians a t the 
research l eve l. 

We c ontend that b etter progr e ss would be made if we could re a c h a 
mor e compl ete integrat ion of the studies of e n gineerin g m aterials involved in 
geotechnique , that is: soils, rocks , ice, froze n soils and muskeg . Indee d, 
muc h can be l e arne d on the mechanical and rheological behaviour of on e of 
these materials from th e knowl e dge of the b e h aviour of othe r ones. Engin ­
eering e ducation should be thought of mo re in terms o f geotechnique as a 
w hole rather than in terms of soil mecha nics. 

CONCLUSIONS 

1. Topic - oriented research grants should be offered to foster re s earc h in 
areas of particul a r interest to Canada, that is, cold temperature engin ­
eering d e sign and c onstruc tion, and t h e behaviour of soils in t h eir natural 
e n vi ronment. 

2. Mo re substantial res ear c h gr ant s should be given to proje cts invol ving 
ext e nsive fie ld w ork and t he collaboration of ge olo gists, cons ulting and 
c onstruction c ompanie s, in ord er to study the soil in its natural environ­
ment. 

3 . Considering that muc h can be l e arned from fi e ld o r structure perform­
ance re cords which are usually in t h e hands of the industr y o r consulting 
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firms, some method should be d evised to make possible the publication 
of these case histories and even to cover a part of the cost of instrumen ­
tation and performance observations. If it took the form of grants though 
university professors , this scheme would benefit also the research sci ­
entists and engineers in allowing t h em to keep close contact with practi­
cal problems. 

4. Better liaison should be established between geologists and geotechni­
c ians so that both these groups of scientists can fulfill their respective 
needs. 

5. An effort should be made through a federal agency to faci litate the 
improvement of the training of technicians and l abourers in the field of 
geotechnique. 
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EXPLORATION GEOPHYSICS'°' 

L. W. Morley 
Department of Energy, Mines and Resources 

Ottawa, Ontario 

DEFINITION 

Exploration geophysics is the application of the methods of physics 
to petroleum and mineral prospecting in order to obtain surface and subsur­
face geological information. A nearly synonymous term is "applied geophys­
ics", although the latter includes engineering geophysics which is not gener­
ally considered as a part of "exploration geophysics". Geophysical prospect­
ing for groundwater aquifers on the other hand is considered to be within the 
field of exploration geophysics. It is from the basic research activities of 
earth physics that exploration geophysics derives most of its methods, although 
by no means exclusively. Exploration geophysics deals with macroscopic 
rather than microscopic properties of the rocks. Thus, force field methods, 
radiative emission or absorption, properties of rocks in bulk and in place 
come within the scope of the term "exploration geophysics 11

• The subject 
involves the accurate measurement of physical parameters of the underlying 
rocks in bulk and demands an interpretation of these measurements in geo -
logical terms. 

INTRODUCTION 

Calgary, Alberta, the centre of Canadian petroleum exploration, is 
perhaps the second most important city in North America in terms of the num­
ber of petroleum exploration specialists. Toronto, Ontario, is regarded as 
the most important mining exploration city in the world in terms of mineral 
exploration and finance . Exploration geophysics is much more important to 
petroleum exploration than it is to mineral exploration. The cost of drilling 
for petroleum exploration is approximately three orders of magnitude greater 
than that for mineral exploration so there is more incentive to spend money 
on petroleum exploration geophysics than for mineral geophysics. Petroleum 
exploration has long since exhausted the possibilities of drilling for petroleum 
on surface evidence, whereas the mining industry was able and is still some­
times able to make significant discoveries based on surface evidence. These 
circumstances forced the petroleum industry to search for a means of under­
standing the subsurface and to delineate traps which could not be inferred 
from surface information. This need caused petroleum exploration geophys­
ics to develop very rapidly. The development of mining exploration geophys­
ics has been somewhat slower. 

* This report has been prepared under the auspices of the Subcommittee on 
Exploration Geophysics, Associate Committee on Geodesy and Geophysics, 
National Re search Council of Canada. Initial preparation was by L.W Morley, 
Chairman of the Subcommittee. Useful comments were received from a 
number of geophysicists and particular contribution was made by the 
Canadian Society of Exploration Geophysicists, Calgary. Final editing was 
by L. S. Collett, M. S . Reford and D. W. Strangway. 



- 159-

Prior to the development of the reflection seismograph, the sue -
cess ratio for petroleum exploration holes was 1:20, while after the wide 
acceptance of the method, the ratio has increased to approximate l y 1: 7. In 
petroleum exploration geophysics, the seismic method completely dominates 
the field in terms of usefulness and consequentl y the amount of money spent 
on it. The other methods, largely gravity and magnetic, are regarded as 
supplementary and find use more in the initial exploration of a basin than for 
later detailed work. In mineral exploration, the magnetic method is the most 
useful general reconnaissance too l while the electromagnetic method and the 
induced polarization methods are considered to be the most diagnostic for the 
exploration of metallic sulphide mineralization. There has been little geo­
physical exploration for groundwater in Canada, but special needs in some 
areas have recently led to test surveys using seismic, electrical and airborne 
electromagnetic methods. T his promises to be of increasing importance. 

The Society of Exploration Geophysicists compiles comprehensive 
information on the use of geophysics throughout the world (Tucker, 1967 and 
1968; Allen, 1969; Elliot and Kellogg, 1967; Hood and Ke llo gg, 1968and 1969). 
The following statistics show the magnitude of expenditures on exploration 
geophysics in Canada. 

EXPLORATION EXPENDITURES IN CANADA - 1966 to 1968 

(A) Petroleum Exploration Geophysics 

Methods Cost ($ 1 OOO) Crew Months (Line Mil es) 
1966 1967 1968 1966 1967 1968 

Seismic 53, 149 54, 654 70,655 997 1, 048 848 
Gravity 1, 004 930 2, 065 42 107 122 
Air Mag 1, 047 562 1, 196 (129, OOO) (110, 100) (87' 000) 
Total 55,200 56, 146 73, 916 1, 039 1, 155 970 

These figures include only the costs of contract services . The 
Society of Exploration Geophysicists suggests thatthe costs should be increased 
by 2. 5 times to cover data processing, overhead charges, interpretation, etc. 
A realistic estimate of petroleum geophysical expenditure is $185 million in 
Canada in 1968. 

(B) Mining Exploration Geophysics 

Type Cost ($ ' OOO) Man Months (Line Mil es ) 
1966 1967 1968 1966 1967 1968 

Ground 
Methods 6, 944 5, 637 6, 331 2, 537 1, 551 2, 886 

Air 
Methods 2,424 4, 101 6, 161 (319, 688) (540, 916) (7 54, 218) 

Research 1, 066 2, 034 2, 944 843 843 1, 364 
Total 10, 434 11, 772 15,436 3,016 2,394 4,250 

Similarly this figure is estimated to be $38 million for 1968 when 
all charges are accounted. 
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It is interesting to note that 12 per cent of the petroleum geophys­
ics in the noncommunist world and 34 per cent of mining geophysics is done in 
Canada. 

In 1967 the United Nations Development Program awarded contracts 
for geophysical work in mineral exploration totalling $1, 348, 500. Canadian 
contractors obtained 49 per cent of this business pointing up the fact that this 
is an industry in which Canada ·does have a favourable world position. This 
position is however tenuous as aggressive groups are being built up in other 
parts of the world and eve r ything possible must be done to rnaintain this 
position. 

The petroleum explora tion industry, including both the contractors 
and pe t roleum exploration companies themselves, spend a large amount of 
money on instrument development and to investigate new exploration methods. 
Very little of this, however, is spent in Canada although the application of 
these methods to Canadian exploration is both vast and speedy through opera­
ting offices set up in Calgary. In contrast to this, the amount of money spent 
on research and development of instruments for mineral exploration by the 
mining companies is very small. It has been left to the instrument and geo­
physical contracting companies to finance this development in any way they 
could. Happily this situation is somewhat alleviated, although not completely, 
because instrument development companies are able to get a modicum of gov­
ernment support through the National Research Council Industrial Research 
Grants and the PAIT program of the De partment of Industry. In a few cases 
the Geological Survey of Canada has given contracts for test surveys using 
new methods. Yet some mining companies will spend literally millions of 
dollars on routine prospecting surveys but do not consider spending $100, OOO 
on researching the very same methods they are using, to confirm that they 
actually do work. 

REFLECTION SEISMIC METHOD 

Reflection seismic surveys have overwhelming importance in the 
overall picture of Canadian exploration geophysics, both in terms of employ ­
ment and expenditures. These surveys, which yield considerable structural 
information, have been successfully used to delineate the complex folds and 
overthrusts of the western margin of the Western Canada basin. Drilling 
based on this work has discovered and developed large natural gas reserves 
and some oil. The reflection seismograph has also been used successfully in 
western Canada to locate reefs b y using suggestions of reef isochronandchar­
acter changes, the continuity and lack of continuity of reflections, and indica­
tions of dip. The successful use of the reflection seismograph in the search 
for productive porosity in reefs accounts for a substantial part of the known 
petroleum resources in western Canada. These include the Leduc field and 
many o ther reef fields in the same geological configuration - the Swan Hills 
complex of reef and reef platform production, the Windfall group of produc­
tive reefs, and, more recently, the Rainbow and Zama reef swarms. The 
delineation of productive areas at or near unconformities is a difficult prob­
lem, but again the reflection seismograph has proved of great value in many 
plays, including the Souris Valley of Saskatchewan and the Mississippian pro­
ductive area of central Alberta. 

Reflection seismic methods have been in effective use as an explo­
ration tool for less than 40 years, and the technology of these methods has 
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recently shown a rapid acceleration. Efforts to control the form of t ransmitted 
seismic energy have resulted in the development of new sources for generating 
elastic waves. Mathematical developments such as the statistical theory of 
communication provide the means for analysis of signal and noise. Modern 
filter theory offers an approach to solving the problem of recognizing signifi­
cant events in the presence of noise. In order to utilize these developments to 
the best advantage, the primary information is recorded in the field in digital 
form to take advantage of the greater available dynamic range. 

A problem in applying these new techniques is to develop economi­
cal methods for processing the vast quantity of data obtained in every mile of 
coverage. A seismic record usually contains 24 channels, and if the data were 
sampled every thousandth of a second for 3 seconds, a total of72, OOOnumb ers 
would be recorded. A mile of line may have 9 records, or 648, OOO sample 
points. It is only recently, with the advent of large digital computers, t hat· 
the mass-production capability has been available to apply these techniques 
routinely. The total seismic exploration system, using digital techno logy and 
digital computers, provides a revolutionary extension of the reflection seis -
mic method which should markedly improve its application to structural and 
stratigraphic geology and, hence, to petroleum exploration. 

IMPACT OF AERIAL GEOPHYSICAL METHODS 

The enormous speed and economy of the aerogeophysical methods 
as compared with the ground methods is so attractive in a large r e latively 
unexplored country like Canada that there has been a tendency to rely ve r y 
heavily on these methods in mineral exploration. The a irborne magnetometer 
has been particularly useful in assisting geological mapping over the 
Precambrian shield, and still rnore important where the basement is hidden 
by a thin layer of sediments or overburden. In the present stage of develop­
ment in Canada, it is very difficult to decry this philosophy. However, the 
result is that most of the deposits which have been discovered in Canada are 
ones which are amenable to these particular methods, namely massive sul­
phides and magnetic iron formations. While the effect of aerogeophysics on 
exploration has been generally good, there are a lso some resultant bad si<le 
effects. For example, no reliable geophysical methods have been developed 
for the exploration for gold or diamonds, and it may be that the art of pros­
pecting for gold is being lost in Canada. Another tendency has been for geo­
logists to rely too heavily on geophysical indications and not enough on the ir 
geological wits. For example, it is quite a triumph for aeromagnetic map­
ping to hear from even the most traditionally minded geo logists that it is 
uneconomical to conduct standard geological mapping until such time as aero­
magnetic data has become available for the area. As true as t his is, one 
wonders whether or not too much stress is placed on the need for geophysical 
data. 

The economic impac t of the application of the airborne m.agneto­
mete r, by both government and industry in Canada, over the last 20 years or 
so, has been enormous. Morley (1969) has briefly described this work. With 
the combined efforts of federal and provincial governments and the aerial sur­
vey contractors, more than 5, OOO indiv idual aeromagnetic sheets (3, 527 , 567 
line miles to 1969) have been published in Canada, mostly in the last 10 yea rs . 
It is the cheapest way of obtaining complete coverage with preliminary 
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subsurface information of an area of igneous and metamorphic rocks . Canadian 
geologists and prospectors have become almost as familiar with the use of 
magnetic contour maps as with the standard geological maps. Canadian 
expertise on aeromagnetics is recognized world wide , and indeed Canadian 
aerial survey companies have worked on aeromagnetic programs on all con­
tinents, in petroleum as well as mineral exploration . 

The development of the airborne electromagnetic detector was one 
of the most significant advances in t h e history of mineral expl oration-greater 
than the development of the airborne magnetometer because it is a more 
direct detector of ore than is the magnetometer. Without this instrument, the 
dire predictions of the Paley Report, published in the United States in 1952, of 
world-wide shortages of copper , lead, zinc and nickel would be in great dan­
ger of coming true. This one instrument, which was a Canadian invention, 
had the effect of keeping Canada in the forefront of the production of these 
metals . In spite of its success the method still has great potential for further 
development. 

"The airborne scintillation counter developed in 1949 in Canada did 
not discriminate against high K counts and therefore was not particularly 
effective in mine finding until the late sixties when the gamma-ray spectro­
meters came into widespread use, In 1962, Dr. Arthur Lang pointed out that 
of approximately 10, OOO discoveries of radioactive occurrences in Canada , 
only about 10 could be attributed to the airborne scintillometer. Most of these 
occurrences, however, were originally detected with the ground geiger counter 
which was very inexpensive and easy to operate and hence found wide use as 
compared to the airborne method. This may have accounted for the small 
success of airborne prospecting, but other reasons also contributed. By vir ­
tue of the geometry involved, airborne radiometric surveys are much more 
susceptible to the detection of relatively large areas of medium activity such 
as can be caused by radioactive potassium in ordinary rocks. Most surveys 
were over the Canadian Shield, where potassium and economically insignifi­
cant amounts of uranium and thorium all tended to swamp significant anomal­
ies. With the development of the gamma-ray spectrometer for field use in the 
late 1950' s, it was considered that this weakness would be cured. It w as in 
1967 that a gamma-ray spectrometer survey led to the discovery at Wollaston 
Lake, Saskatchewan, on which Gulf Minerals Company is shortly going into 
production." 

All the airborne methods are presently undergoing a major revolu ­
tion, Recording methods are being changed from the traditional analog or 
strip chart methods to IBM compatible digital magnetic tape. The sensors 
themselves are being improved considerably. The high-sensitivity airborne 
magnetometer has a sensitivity approximately 50 times greater than the con­
ventional fluxgate or proton magnetometer . The combination of increased 
sensitivity and digital processing has revealed a new range of magnetic fea ­
tures for geophysical and geological study. Development of new techniques in 
field operations and data processing is proceeding to realize the full potential 
of these instruments. Additional work will be needed to determine the physi­
cal causes of some of the minor magnetic features discovered. 

Severa l more new airborne EM developments are under way using 
a much wider spectrum of frequencies than heretofore. Like the airborne 
magnetometer , recording is being done on magnetic tape , making the method 
much more amenable to quantitative interpretation with the use of the computer. 
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The chan ge - over in aerogeophysics from analog to digital record­
in g is very similar to the revolution which is still taking place in the seismic 
method from analog to digital recording. Apart from financial considerations , 
experience shows that the greatest difficulty in this conversion is the retraining 
of personnel - all the way from data compilers to geophysicists who are doing 
interpretat ion. Training r equ ir ements a re more stringent for the handling of 
this type of data than they were for the analog data . Development of the new 
methods of data processing requires a thorough understandin g of computer 
programming on the one hand, and of the geophysica l data and problems on 
the other. To make use of the new methods, geophysic ists must become 
familiar with much more sophisticated mathematical treatment of data than 
was required ten years ago. The result is a tendency towards incr eased 
specialization. Whereas one geophysicist trained in instrument interpretation 
and geology could handle all the methods previously used , h e may be r ep lac ed 
nowadays by three different types - the instrument spec ialist , the data analyst 
and finally the geo lo gist /geophysicist trained in the interpretation and integra­
tion of geophysical data. The place of the old exp l oration geophysicist is now 
in question , unless his knowledge is broadened to include an understanding of 
digital instrumentation , computer processing of data and up-to - date geol ogic 
concepts . There is an increasing need for inter-disciplinary training and 
r etraining . 

DRILLHOLE GEOPHYSICS 

The future of mineral exploration rests inc r e asingly upon the dis ­
covery of concealed deposits. Subsurface physical measurements from drill ­
holes become increasingly important , and any technique which provides more 
information at less cost should be used. The oil industry makes extens ive 
use of drillhole logging meth ods , but these are not often applied in mining 
exploration. In Canada , there is a very great need for the development of all 
types of borehole geophysica l methods and hardware for small diameter holes. 
One particularly neglected field is nuclear geoph ysics , including neutron acti ­
vation techniques. Because of the importanc e of the mineral industry to 
Canada , it would seem that drillhole geophysics is one of the activities that 
should be strongly developed in this country, with benefits to both mineral 
exploration and to Canadian instrument manufacturers . 

OPERATIONS RESEARCH APPLIED TO MINERAL EXPLORATION 

As in many oth er fields , most of the important decisions involving 
vast expenditures of money are made by senior executives employing ' fe e l 
and flair' acquired by experience . In mineral explorat ion , a beginning is 
being made to try to apply the methods of operations research to decisions 
involving the types , sequence and degree of detail of the various kinds of sur ­
veys , as well as the manner in which they relate to discoveries of mineral · 
deposits and cost effectiveness . Research into this subject should be encour ­
ag ed at universities and should be supported by mineral exploration companies 
and government; it is a cr itical factor for the success of exploration geo­
physics in foreign aid programs. 
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INSTRUMENT DEVELOPMENT 

There are four phases of instrument development , namely, con ­
ception and laboratory testing; construction, testing and proving a fie ld sys ­
tem; the carrying out of test surveys for the purpose of determining the geo ­
l ogical significance of the data; and , the development of data collection , pro ­
cessing, and interpretation routines for production surveys . Significant 
advances are made by those who are able to span all four of the special ties 
mentioned above . If electronic capabi lity a l one determined success in this 
field , successful deve l opment woul d have been made by a different group of 
peopl e . In actual fact, geophysical instrumentation progresses by adapting 
new deve l opments from the physics and electronics fields for geophysical 
purposes. The vast amount of research and development done in connection 
with the Amer i can space and defence programs forms a particularl y good 
source for new deve l opments in geophysical instrumentation . Exotic new 
sensors in miniaturized and compact packages are being developed for space 
research that can readily be adapted for geophysical use either on the ground 
or in the air . We can hope that methods equall y as significant as the air ­
borne EM and the airborne magnetometer will be lurking unrecognized in the 
plethora of e l ectronic instrumentation . ' 

The history of the successful deve l opment in geophysical instru ­
mentation shows that it is necessary for a geophysicist or geologist to work 
in very close association with an electronic engineer or physicist. The 
incentive for such effort is greatest in the instrument development company 
which specializes in geophysical instrumentation . In such companies, earth 
science expertise is brought in contact with e l ectronic deve l opment engineers 
with the possibility of realizing profit through patents and contract surveys . 

The NRC Industrial Research Assistance grants and the Departm ent 
of Industry PAIT schemes are of great val ue in assisting geop h ysical instru ­
ment development , However , these assistance programs do not cover the 
fourth stage mentioned above , in bringing the instrumentation into routine use 
for exploration surveys . Obvious examples occur in adapting new instru ­
ments for airborne survey use . Means of expanding and improving t hese 
assistance schemes should be pursued most active l y . 

GOVERNMENT PROGRAMS IN EXPLORATION GEOPHYSICS 

The role of government programs in Canadian expl oration geo ­
physics warrants particular attention . The federa l and provincial governments 
of Canada have been directly responsible for geophysical development and 
surveys . The work has not been restricted to Canada a l one , for major sur ­
vey programs have been undertaken overseas to assist deve l oping nations 
through the Canadian International Development Agency . A l so , the work done 
by the Geological Survey of Canada, the Be d ford Institute of Oceanography , 
the Observatories Branch, and the National Aeronautica l Establishment in 
examining the continental shelves of Canada wi ll likel y prove to be of tremen ­
dous economic impact to the Canadian economy . For instance, these studies 
in offshore areas and the Gulf of St. Lawrence have advanced in the explor ­
ation of these areas by many years . The oil indust r y has under lease over 
400 m illion acres of sedimentary areas as a result of these investigations and 
is committed to t h e expenditure of hundreds of mill ions of dollars . In fact , 
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several hundred million will be spent by industry in exploration geophysics in 
the foreseeable future . 

Yet there is controversy over the role which government should 
play in Canadian explo ration geophysics . Different points of view have been 
expressed by various groups and individuals as this report was prepared and 
some attempt must be made to present them . The question is: "At what stage 
in any program should government work cease and industry take over?" Mis­
understandings arise due to the fact that the phases and purposed of the pro­
gram are not always spelled out in sufficient detail at its commencement and 
that any program usually has multiple purposes. Considering the variety of 
purposes, a number of problems exist . When testing methods, at w h at stage 
is t h e testing complete? When collecting basic scientific data, what account 
should be taken of similar surveys undertaken by industry? How long should 
publication be delayed whil e the data are studied by government scientists? 
When surveys are made to spur economi c development of a particular region , 
at w hat stage has enough work been done? 

These questions are particularly delicate in Canada , where each 
explo ration group in industry is competing with many others in seeking new 
ore bodies or oil fields, and where many survey organizations compete for 
the opportunity of performing each survey . The resolution of t h e arguments 
will also have a dir ect effect on the government establishment, determining 
its capabilit y to carry out its own surveys with its own staff, or to supervise 
surveys done by contract , or simply to observe the work done by industry. 

All groups recognize the obligation of the government to collect 
scientific data . It is very difficult to contract out certain types of surveys 
such as geological mapping because of the enormous difficulty in inspecting 
and accepting work in return for payment, but some geophysical surveys are 
relatively easy to contract out and some involve only a minimum of inspec­
tion . A prime examplf' is the federal/provincial aeromagnetic survey pro­
gram in which about $ 1. 5 million dollars has been spent annuall y since 1962. 
A plan for a similar but less extensive program is presently being formulated 
for airborne EM. It is considered quite feasib l e that a similar scheme could 
be wo rke d out for more detailed gravity su r veys. It is more difficult to make 
a case for seismic surveys because so much is already done on a private 
basis that in many cases it would amount to duplication. The Geological 
Survey of Can ada finds that w hil e it has great need of extensive seismic 
information, t h e cost of contract work is so great as to be considered to be 
beyond the means of t h e public purs e. In almost any area in Canada in which 
the government might choose to work, it would find that it would be duplicat­
ing private work . 

Under federal and provincial government regul ations , expl oration 
companies are required to turn over copies of all the factual information and 
the basic ge ophysical dat a taken within permit areas . Because of shortages 
of staff to handl e this l arge volume of data, many government departments 
are only storing reports . These data now have a total value in the hundreds 
of millions of dollars for the land areas and continental shelves around 
Canada. In the interests of future gene rations of Canadians, these data 
should be collected and retained . Yet this is not enough . New regulations 
should be enacted allowing the eventual release of these data to t h e public 
after a confidential period. 

Returning to t hos e geophysical surveys for which extensive contract 
work can be economicall y justified, there is the matter of l aying down 
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specifications and of contracting the work. These matters should not be left 
entirely in the hands of adminis trators , who are primarily responsible for 
minimizing costs without being able to judge the bewildering questions of qual­
ity in geophysical surveys made by a ll sorts of organizations with all sor ts C'f 
instrument specifications . Such administrators must rely on geophysicists 
for professional advice, and this is difficult to obtain on a continuing day-to­
day basis outside the public service , although consultants and university 
professors can certainl y be involved. 

For those responsible for the administration of large amounts of 
public funds in the technical field, it is necessary that they should have avail­
able to them a cadre of well -qualified government specialists for consul tation 
and advice. The necessity for this is recognized in many technical fie ld s and 
is sometimes referred to as ' the technical interface' between government and 
industry. 

If it is granted that such technical advice is best supplie d from 
within the public service, it then follows that the government must attract 
and hold good engineers and scientists to ensure competent advice on a 
continuing basis. To date, this has been done by offering them t h e opportu­
nity of doing research and development directly, rather than vicar ious l y 
through contractors. This is not to say that all research should be done in­
house. An attempt should be made to place particular research projects with 
the most competent group availabl e whether it be within the government or 
outside. 

In a fie ld such as mineral resources which is so vital to the econ­
omy of Canada, it is important that the most modern and powerful exploration 
tools be available at fair and reasonable prices. In the event, for reasons 
in the interests of privately-owned foreign corporations or foreign govern ­
ments, t h at such tools are not made available in Canada, it is the duty of the 
government's technical arm to see that steps are taken for the government to 
acquire such instruments. There is evidence , at the present time, that some 
instruments are not commercially available in Canada because of supposed 
foreign military restrictions, while the same instruments are available to 
commercial companies within the country of origin. 

Governmental R and D or geophys i cal instrumentation constitutes 
only a small proportion of the total Canadian effort . Government l aborator ­
ies offer little or no competition to private industry because they are not in 
the business of making and selling instruments. Frequently the instrument 
companies will, at nominal cost, take out licences to manufacture equipm ent 
invented in the government l aboratories . A normal growth rate within the 
government should be allowed to continue . 

MANPOWER, TRAINING AND THE ROLE OF THE UNIVERSITIES 

In the post-war years , considerable emphasiswasplacedonapplied 
geophysics in Canadian universities and many of the present leaders in 
exploration geophysics in Canada are graduates of these programs. Since 
the mid-l 950s , however , the interests of incoming students have gradually 
shifted from applied problems to problems of a more fundamental nature. As 
oil companies initiat e d wid ely publicized layoffs of geologists and geophysi­
cists , more students remained in graduate schools and turned away from 
positions in industry. At the same time the federal government , following 
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the exampl e of other countries, made more funds availabl e for research of a 
fundamental nature. It became increasingly difficult to attract university 
faculty who were interested in the problems of applied geophysics . As a 
result , many high-calibre students w h o might otherwise have been attracted 
into Canadian industry simply moved into the fields of pure science where 
funding and job opportunities were much more abundant. Others moved into 
the glamorous fi e ld of space science. 

In the la st two or three years, this trend has been reversing slowly. 
The reasons for this are clearly t h e increased awareness that people have 
for the environment and the very important rol e that geophysics has to play. 
Unfortunately there is still little concerted effort by either the government or 
industry to stimul ate and encourage the universities to attack problems in 
applied geophys i cs . One of the recommendations of this brief is clearly that 
industry and government should work together to increase interest and sup­
port in applied geophysics at t h e universities. This can only be done by mak­
ing exciting opportuniti es available to graduates and by encouraging research 
in applied geoph ysics at the universities. Otherwise it will be impossible to 
attract students or faculty into t h e field. 

With support of this kind available, the universities could certainly 
make a greater commitment to t h e field of applied geophysics. Additional 
faculty members could be attracted and more specialized curriculums could 
be introduced . Cooperative programs with industry could introduce students 
to the problems of the mineral industries and to the excitement and chal­
l enges of the profession. 

The Canadian Society of Exploration Geophysicists estimates that 
approximately 60 0 professional earth scientists are employed in oil explo r ­
ation geophysics . A breakdown by degree would be - B.Sc. - 51 0; M.Sc. -
70; Ph.D. - 20. More than 100 professional personnel would be employed in 
the mining industry. The Universities are graduating approximate l y 50 stu­
dents in solid-earth geophysics each year including a ll d egree l evels. This 
number does not begin to satisfy the demands of industry, government and 
university. 

RECOMMENDATIONS 

In preparing this brief it has become clear that there are three 
basic groups with a deep interest in exploration geophysics in Canada. These 
are the exploration industry its elf, the gove rnments and the universities. It 
is almost impossible to write a single set of recommendations with which all 
groups can agree in detail, but it is certain that Canada is presently a world 
leader in the field and everything possible must be done to maintain and 
enhance this position. There are strong signs that unless action is taken on 
the following recommendations we shall be in danger of losing our present 

position of world prominance. 

1. T h e Federal government should cont inue the present Federal/Provincial 
program of aeromagnetic surveys in Canada and should initiate similar 
progra.ms in aeroelectromagnetic surveys and other techniques with 
regional appl ications. This work of course includes research into new 
techniques and the conduct of research to full y expl oit existing techniques. 
A portion of this work would include the development of an ability to 
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acqu i re data for reg i onal studie s from exploratio n c ompanies and t o 
make use of these data b y appropriate stor age and handlin g tec hniqu es . 

2. Research in a pplied geophysics should be e n courage d in every possible 
way . T his could be done b y : 
(a ) Exp a nding t h e p resent i ndustr ial research a ssistanc e programs of 

the Fe d eral government to spur the de ve l opment of techniques of 
surveyin g , dat a process ing and interpretation as well as instruments 
to permit Canadian c ompa nies to compete favo urably with foreig n 
organizations . 

(b ) The granting of increased funds to universities and individual 
researchers for wo rk in appli e d geophysics . 

(c ) The e stab lishment of institutes fund e d by govern ment a nd industry to 
inves tigate proble ms to b e de fin e d by t h e explo ration industry . 
T h ese could operate in coo p eration w ith existin g univers i ty facilities . 

3 . Particular attention should be paid to proble ms w hich may have a par t i c ­
ular Can adian significan ce . These include , amon g oth e rs 
(a ) Problems of exploration in t h e Arctic and p e rmafrost, 
(b ) Rapid coverage techniqu es to e xploit l arge a reas and d ete rmine t h e 

mineral potenti a l , 
(c ) Drillhole geophys i cal m ethods and in partic ular th e technolo gy of 

n uclear ge ophys i c s, 
(d) Gr oundwater exploration with pa rt i c ul ar emphas is on Arctic a nd 

Prairie e n v ironme nts, 
(e ) T h e i.;.sefulness and cost effecti veness of using diffe r e nt methods of 

geophysic s as phases in overall exploration pro g rams, 
(f) Continued exp a nsi on and de ve lopme n t of a sa l e able and expo rtabl e 

tec hnolo gy . 

4. Federal and prov inc ial r egulat i on s r e qu 1n n g exploration companie s to 
suppl y copie s of a ll factual in formation, origina l interpretation and basic 
geophysical data tak e n within p e rmit areas s h ould b e e nfor ced. Staff 
s h ould be recruited to handl e and inte rpr et t h e data . Regul ations a llow ­
ing for t h e eve ntual re l ea s e of t h ese dat a after a confid e n tial period 
should be enacted. 

CONCLUSION 

The rol e of expl o ration geophysics in Canad a 's ec onomic de ve l op ­
ment is more c omplex t han might first appear . T h e d eve lopment of an 
exportabl e k now led ge and compet e n ce thr ough a strong geophys i cal industr y 
w ill be of great est benefi t . T h e natu ral resources of t h e country w ill be dis­
covered in time, w h eth e r Canadian competen ce i s main taine d or not. But it 
m ust a l so be recognized t h at discovery l e ads to ownership, and that Canadian 
competence in exploration ge ophys i cs h as a rel ationship with control of 
Canadian res ource s . 
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DEFINITION 

Remote sensing is not a new concept although the diversity and 
power of the technology has only recently accelerated . Strictly speaking, all 
extensions of man's senses are remote sensors. However, there are physi­
cal limitations that have restricted the use of some sensors to observations 
at re lative ly short distances. Accordingly, remote sensing has come to 
imply the sensing of certain e le ctromagnetic radiations that penetrate d eepl y 
into the atmospher e and resolve detail to an acceptab l e degree. 

T h e methods of remote sensing are divided into two broad categor ­
ies by basic physical principles. Force-field sensing is concerned w ith the 
Earth 's natural and spontan eous fields of gravity and magnetism . Electro­
magnetic sensing is concerned with a broad spectrum of radiations emitted, 
reflected and absorbed by all materials. The e l ectromagnetic methods may 
be arbitrarily grouped into three classes. These classes are suggested by 
the major interactions of electromagnetic radiations wit h materials compr is ­
in g the Ea rth . Thus a tota l of four classes of remote sensing methods may 
be recognized : 

(1) force-field sensing (g ravity and magn etic surveys); 
(2) e l ectromagnetic sounding, or se nsing in depth below the surface of 

the Earth (audio and radio frequency surveys); 
(3 ) remote e l ectromagnet i c sensing of the surface of the Earth with 

atmospheric transmiss ion (microwave ; inf rared , optical and ultra ­
viol et surveys); and, 

(4) proximal electromagnetic sensing of the surface of t h e Earth with 
limited atmospheric transmission (X - ray and gamma-ray surveys). 
Of the four classes of remote sensing, only the methods of remote 

e l ectromagnetic sensing have the optimum characteristics of atmospheric 
transmission and good resolution that make them useful for sensing d etail at 
great distances. Accordingly, these remote electromagnetic methods are 
commonly, tho u gh more restrictively, considered as Remote Sensing. It is 
in this qualified sense that the term is used hereafter. 

The force-field and electromagnetic sounding methods have best 
resolution at re l ative l y short distances and also have capability of p enetrating 
into the Earth . Proximal e lectromagneti c sensing is useful at short dis ­
tances only . Thus , when applied to the study of the Eart h, these three classes 
of sensing are broadly grouped as methods of Exploration Geophysics. 

Remote sensing (in the qualified sense ) is inherently multidis ci ­
plinary in application because the pertinent e l ectromagn etic radiations are 
various 1 y attenuated by mate rials with which they interact , e .g . , atmosphere, 
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vegetati on , wat er , rocks , cultur a l features , snow and ice, and a host of 
others. Remote sensing can be conducted from a variety of airborne and 
space platforms. The technology utili z es both active sensing systems such 
as rad ar, which transmits radiation and measures the return from the object, 
and p ass i ve systems such as the camera, which re c ords radiation refle cted 
or emitted by the target. Careful selection of target parameters , sensors 
and platforms will provide optimum data for remotely defining the target. 
Unfortunate l y , t h ere are vast gaps in our knowledge of the properties that 
affect the response of material s to electromagnetic radiation at vari -
ous frequencies . This subject has been under increased study in the l ast 
few years and these gaps are graduall y being closed. Related advances will 
further the deve l opment of a practical remote - sensing system for surveying 
the Earth . Such a system will co - ordinate ground , airborne and satellite 
surveys, with automated processing and analysis to provid e a fuller und e r­
standing of the human environment. In th e meantime , man must rely on his 
own assisted powers of discrimination to achieve optimum contemporary use 
from remote sensors. 

SIGNIFICANCE OF REMOTE SENSING TO GEOLOGY 

Research and deve lopment in remote sensing has great significance 
to both t h e science and practice of geology . Of paramount importance is t h e 
requi r ement for fundamental research into the radiative properties of rocks 
and soils . Only a ma jor research effort w ill make significant and timely 
progre s s toward t h is knowl edge that is essential to the interpretation of 
remote l y -sens ed data. Without this increase in understanding, the flight of 
more refined sensors w ill be of limited val ue . 

Wh eth er or not all the predicted applications will be achieved from 
space, many will certainly be feasib l e from aircraft . Airborne surveys 
using other sen sors incompatible with space operations will also present 
supplementary data from other parts of the e l ectromagnetic spectrum . 
Future applications of remote sensing to resource missions will not require 
a decision of space£..!" airborne , but , rather, the judicious blending of space 
and airborne surveys . T h e de c ision of whet h er to use remote sensors in air­
craft or satellites is b ased primarily on {l) the scale of the problem, (2) the 
spatial reso l ution required to achieve useful data, and (3 ) the temporal reso­
lution required for fu ller understanding . World-wide coverage, synoptic 
v i ews of l arge areas at small scales , repetitive observations and special 
li ghting conditions are requir ements that can best be rpet with spaceborne 
sensors. On the other hand, sensors in aircraft can provide information on 
small areas at larger scal es for m ore detailed studies . 

It is possible that , as a result of research in remote sensing, the 
approach to geol ogi cal mapping and prospecting may be greatl y influenced. 
For exampl e , portfolios of maps portraying interpretations of remote l y ­
sensed data and geophysics will be assembled for a given map area and stud ­
i ed by t h e geol ogist, prior to his field program . The geologist w ill then vali­
d ate or modify t h e general interpretations and spend most of his time resolv­
ing problems of spec i al concern and / or unanswered by the assembled data. 
Sophisticated systems , including specialized sensors and c omputer programs 
are being conceived , planned and deve l oped to perform many functions of 
observation, compilation and interpretation now done by man, plus rnany 
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other functions beyond man' s in heren t cap abil ities . It re m a ins for sc i e n t i st s 
and engineers to se l ect and a d o p t the techniques th at are most like l y to be 
economically reliabl e . 

Because of t h e radiation frequencies empl oyed, t h e a pplication o f 
remote sensing in geol ogy is limited to surfi cia l material s . Essen tiall y , no 
data is provided with respect to t h e thi r d spatial d imension of depth . R e p eti­
tive and economical surveys , however , d o introd uce a tim e d imension to t h e 
survey of the Earth ' s surface . The benefits of suc h remote sens i ng will h ave 
greater significance in agricul ture , forestry , h ydrol ogy, ocean ography , and 
geography t h an in geo l ogy and geoph ys i cs . 

PRACTICAL APPLICATIONS IN GEOLOGY 

Aerial photography is the most useful contempora r y system of 
remote sensing . Its major con tribution lies in the presentation of a famil iar 
image that is useful to record , map and study an object or phenomena . Com ­
monl y , overlappi ng p h otographs are v i ewe d stereoscopicall y to obtain a 
three - dimensional view . Such photographs are invaluab l e aids to the inven­
tory, p l anning , deve l o pment , ut il ization, and con servat i on of our m ineral 
resources . Among their many applications are included: - t h e d efinition of 
geol ogic structure for mineral expl oration a nd geol ogic ma pp i ng ; l ocati on of 
constructi on material s, such as sand and grave l ; route investigat i on s for 
transportation and transmission of energy ; site surveys for dam s , b rid ges , 
buildings ; and t h e recognition of geo l ogi c h azards for urban plan n ing . T h e 
high qual ity topographi c maps and thematic surveys resulting f r om aer i a l 
p h otography are essentia l to the order l y and econ omic d eve l opm ent of Canada . 
Space photography has establ ished a simil ar poten tial fo r regi onal o r s m a ll­
scal e p lanning and mappi ng . 

The relative proliferation of remote sen sors in rece n t years h as 
expanded the means avail ab l e to earth sc ient i sts for acqui r ing data about t h e 
terrai n . Remote sensors of interest and presen t l y avail abl e inclu d e: pan ­
chromatic , colour and col our - IR photography combi ned w ith appro p r i ate f il­
ters ; SLAR':; remote vapour detectors; microwave radi ometers ; a nd o ptical­
mechanical l ine - scanners imaging selected parts of the visib l e and IR s pectra. 
Excepting photography, most remote sensors cann ot yet be consid ere d econ­
omic for systematic surveys because of the h i gh cost of data acquis i tio n and 
a lack of interpretative skill s . SLAR , because of its abi l ity to penetrate 
cloud s , has immediate a i rborne a p p licati on for obta in ing good quali ty ima ge s 
of topography and structure where obscure d by pers i stent c l oud cover . Sur ­
veys with infrared scanners have establi shed appl icat i ons for locatin g sur ­
face features with contrasting temperatures and / or emiss i v i ties . 

A most intensive study of geo l ogical a pplications of remote sens ing 
is being conducted by the U . S . Geol ogical Survey in the i r EROS (Earth 
Resources Observation Sate ll ite ) program . The work to date suggests t h at 
three types of geo l ogical ben efits can be expected : 
1. Benefits re l ate d to the extension of kn own techniques to new probl ems :-

(a ) ind uct i ve, small - scal e thematic mapping of gross soil s and litho ­
logie s , major structures , m ineral provin ces, a l terat i on zon es , l a nd 
use , etc . Rapid and economi c regiona l mappin g , in dependent of 
many detail ed stud ies , is feasib l e w i th syn optic , orthograph ic phot o ­
graph y obtained under uniform conditions of observation from space . 

-·· Side Looking Airborne Radar 
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Comparable areal coverage mi ght take years or d ecad es to obtain by 
nonspace method s . 

(b) synoptic a nd t imel y observations of dynamic geo logic processes such 
as coastal e r os ion and sedimentation . The high - a l titude , narrow ­
angl e views of space observations a llow the mapping of bottom fea ­
tures in waters to d epths of l 00 feet o r mor e , d e p e nding on t he 
transparen cy of t h e water . Such m a pping w i ll further the und e r ­
standing of currents , tid es and sediment distribution a nd ma y l ead 
to the discovery of p lacers and oth e r val uabl e deposits of sediments . 

2 . Benefits related to the introduction of n ew tec hniques of remote sensin g:-
(a ) determination of gross mineralogica l and / or c h e mical composition 

of surface material s with spectrometers and mult i - spectral scan ­
ners . Gross litho lo gi es in s impl e distribu t i ons have been mappe d 
experime nt a ll y with automated airborne systems . 

(b) mapping of thermal infr are d (IR ) contrast s indicative of v olc ani c and 
geothermal areas , fresh - water springs, b e dr ock ver sus soil, and 
other differences in physica l properties. 

(c ) location of burie d karst t opography usin g mi c row a ve radiometers . 
(d ) terrain mapping through persistent cloud c over with SLAR (side ­

lookin g airborne rada r ). 
(e ) ni gh t - tim e obse r vations w ith suitabl e sensors (I R , SLAR, etc .). 
(f) photography with l ow a n g l e s of illumination (and mo re expensive l y, 

SLAR ) provid es new data on textu re and s tructure of surface 
mater i a l s . 

(g) mapping of evaporites , phos phate and ca rbonate rocks us ing ultra ­
viol et (UV ) surveys . 

(h) tempo ral resolution based on re p et i t i ve surveys of dynamic geologic 
p rocesses such as eros i on , landslid e s , vo lcanism, sedimentation , 
polluti on , earthquakes , and for the monitor ing of p ert ine nt r e li ef 
operations . 

(i ) in t h e m ore dis tant fu tu r e , i t may b e possible to map vegetativ e 
stress resultin g from geochemical anomalie s re la te d t o ore d e posits . 

3 . Benefits derived from improved planning based on r e mote sensing:-
(a ) time l y gro ss in ve n tories can be made rapidl y w ith t h e aid of synop ­

tic space photographs, e . g . , regional or nation a l inventories of 
surface water , op en - pit minin g, tailings , dumps , etc . 

(b ) use of synoptic photographs or gross inventories t o id e n t i fy areas of 
c hange or interest , and thence to guid e det a il e d anal y s es b y air ­
borne or ground methods , e . g ., t h e geol ogist can see at a glanc e 
the re lation between the area of inte rest and its regi onal setting, and 
t hus optimize his se l ection of l ocali zed targets for d etai l e d expl or ­
ation , 

(c ) anal ysis of con tempo rary terrain condi t ion s , freeze - up and break ­
up , etc ., in planning fie ld wo rk, const ruct i on , trans p ortation, l and 
use , etc . 

(d) synoptic orthoph otographs can be used as small- scale base maps 
with high in formation content. 
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HISTORY OF CANADIAN DEVELOPMENTS IN REMOTE SENSING 

Remote sensing has long been used by many government agencies, 
industrie s, and uni ve rsities in the study of resources and the physical e nvir ­
onment . Aerial photography has been the primary application , if expl oration 
geophysics is excluded . Myriad a pplicat ions are found in t h e practice and 
research of scientific disciplines ranging from archeology lo zoology . 

The late Professor H. L . Cameron was one of t he first Canadian 
geo l ogists to become aware of the possibilities of synoptic, high-altitude 
photography and other methods of remote sensing . By the ea rly l 960 1 s , h e 
was using synoptic and time - laps e photography to measure the velocity of 
water currents , clouds and ice pa cks using photographs obtained from high ­
a l titude aircraft and sate ll ites . About the same time he used SLAR (side ­
looking airborne radar ) and PPI {plan position indicating) radar for mapping 
geological structure . He later studied early space photography for NASA and 
was responsible for awakening the interes t of Canadian geologists to the 
potential of remote sensing . Canadian support for his work was irregular, 
being distributed through several provincial and federal agencies. Casual 
interest aroused ther ein grew into a few fuller programs of research, espec ­
ial! y in the federal government. With the notable exce ption of Barringer 
Research Ltd ., of Rexda l e , Ontario , there has , unti l recently, been little 
pertinent research in Canadian industries and universities . 

In the federal government, remote sensing was fostered by the 
resource - ori ented agencies that made extensive use of aerial photog raphs 
and by those agencies concerned with sate llit e photography . Geologic appli ­
cations were investigated primarily b y the Geological Survey of Canada . In 
1965, the Survey contracted with H . R . B . Singer Inc . of State Coll ege , 
Pennsylvania for an experimental survey of parts of southeastern Ontario 
w ith a then - classified airborne IR scanner . The results of this c onfidential 
survey were most e n c ouraging for the mapping of water phenomena such as 
currents , ground - water outflow and thermal ef flu e n ts . In 1967, through 
coo p eration of the Defence Research Board, the National Aeronautical 
Establishment and the Geological Survey of Canada , an airborne infrared 
scanner was purchased for experimental surveys . Initially, the whole oper ­
ation was class i fied but most of the imager y was d e classifi ed subsequently . 
Cooperative investigations of water , soil, forest and rock phenomena were 
then ca rried out in a deve l oping program with several government agencies 
and universities . 

T h e Geological Survey attempted to obtain, through military chan­
nels , high - resolution space photography of Canada. However, the onl y return 
was limited U-2 c overage of parts of southern Ontario which was poor in 
quality and extensive l y obscured by cloud . In addition, 70 - millimetre photo ­
graphy was obtained using CF - 100 aircraft at altitudes of about 45 , OOO feet . 
These photograph s served to emphasize the value of synoptic , high - altitude 
c overage . They a l so pointed out the fact that the Canadian military and space 
authorities were unable to provide the te c hnologic impetus t hat was fost e ring 
the rapid deve l opment of remote sensing in the United States . 

At present (1969 - 1970), the federal government is attempting to 
plan and c oordinate Canadian research in remote sensing . In 1969, under the 
direction of Cabinet and the chairmanship of Dr . J . M . Harrison, an 
Interagency Committee on Resource Satellites and Remote Airborne Sensing 
was established to focus the pertinent interests of all the different agencies 
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and departments in the federal government . It is supported by a Program 
Planning Office (PPO) , directed by Dr . L. W . Morley . The PPO is an 
interim organization t h at will submit , in 1971, a report and recommendations 
for a n ational program to meet government, industrial and academic needs 
for remote sensing in Canada . To further thi s objective, the PPO has set up 
technical working groups (includin g a Geology Group) with appropriate and 
broad representation . In a ddi tion , the PPO will manage certain urgent pro­
jects to help prepare Canada for the launch of NASA's Earth Resources 
Technolo gy Satellite in 1 972 . 

PRESENT LEVEL OF ACTIVITY 

A well - establi s h ed industry based on aer i a l photography has been 
operating for many years in Canad a and around the world . Air photos are 
wide l y used by Canadian geoscientists for planning, l ocality recognition and 
base maps, and for mapping the more obvious geolo gical phenomena. How­
ever , there is little contemporary research directed to the interpretation of 
subtle geolo gic features , e . g ., reflective characteristics of rocks , effects 
of the geometry of viewin g , etc . 

While interest in o t h er methods of remote sensing has increased 
in Canada , especially since 1965 , there has not been a concomitant rise in 
related geolo gic researc h . The few contemporary research projects con ­
cerned with geol ogic interpretation of remote l y - sensed data are inadequate, 
d espite some sizeable investments . This inadequacy results primarily from 
a restriction in funding . Thus, one of the earl y lead e r s , the Geological 
Survey of Canada, has reduced its involvement in this fie ld of re s earch . 

With respect to sensor te c hnology, the l eve l of activity is increas­
ing. One of the most a d vanced private Can adian developers of remote sen ­
sors is Barringer Research Limited . Their imaginative id eas and develop­
ments in t h e field of rernote sensing and monitoring of air pollution have been 
supported in part by NASA . 

Because of the rapidly increasing interest in remole sensing, it 
would be unwise (for fear of significan t omissions) to attempt to list here all 
the organizations that are concerned w i t h or engaged in remote-sensing 
research . Such a review of Canadian capabilities is one function of the 
Program Planning Office referred to previously. 

Much of the Canadian knowledge and expe r tise about remote sens­
ing is due to the considerable help and interest of the United States Geological 
Survey and NASA . A major technical input is provided by the meetings and 
published proceedings of symposia on ' Remote Sensing of Environment ', 
w hich have been presented periodically since 1962 at the University of 
Michigan. 

WHERE IS INCREASED ACTIVITY NEEDED MOST? 

Major benefits from remote sensin g have been predicted by many 
dive r se and knowl edgeabl e technologists . These judgements are based on 
two , as yet unvalidated , assumptions :-
(1) the avail abil ity of a reliable , economic , nonphotographic , remote sensing 
system; and (2) the avai labili ty of automated facilities and techniques for 
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processing and interpr e ting the data. In these areas, it is not possible to 
separate the geol ogic aspects fr o m t he inh erent , multidisciplinary t ota lity . 

A re liabl e, ec onomic , remote sensin g system d epends on signifi ­
c ant , but fe asibl e , advances in inte r pr etation and use as we ll as in sensor 
design and de ve lopment. The n ee d for fundamental research into t h e radi ­
ative proper t ies of roc ks , soils and the atmosphere h as a l ready been men ­
tioned . Equally important is increas e d t h orough fli gh t - testing of t h e sensors 
over cal ibrat ion sites , i. e ., test - areas t hat have been intensively studied on 
the ground . Without this increas e in understanding , the s ens ing systems 
will b e of l ittl e v a l u e to potential Canadian users , d es pit e impo rtan t ad vances 
in instrumentation . 

The requirements for automated p rocessing and interpretation are 
poorl y defined . The anal o g fo r mat of photo g r aphs temporarily re d uces the 
data - handling proble m compared to digiti z ation b ecause a vast amount of data 
is c ompr e ssed into a singl e image . Further, c ompar e d to con ventional aer ­
ial photography , small - scale photographs from space and hyperaltitudes will 
requ i re l e ss rectification and mosaicing, resulting in signifi cant cost re duc ­
tions . A l arge vol ume of analog data is expe cte d t o follow th e introduction of 
s ystematic remote - sensing surveys . Severe constra ints to t h e p ro gram can 
b e foreseen in a world - wide scarcity of s kill ed interpreters and a need for 
additional training and faci l iti e s . Ultimately, t h e volume of analog d ata wi ll 
necessit at e the inc orporation of automated p r o cedur es for proces sing and 
interpreting data into the survey sys te m . 

Other s e nsors, and perhaps ultimately t h e imagin g sensors , will 
generate dat a in digital fo r m. For suc h dat a , a highly sophi sticated technol ­
ogy h a s already de ve l op e d to m eet many processing a nd h andlin g requi re ­
ments a lthough, again , t h e volume of d ata may cause severe b l ockages . 

The full real ization o f benefits from aero space surveys will require 
a major pro gram of research and d eve l opment in the area of d ata processing 
and inte rpreta tion. NASA and oth er user agenc ies are supporting American 
studies to d efine p ertin e n t techn iques , hardwa r e a nd software , and to esti ­
mate c os t s . Enormous quantities of data are exp ected from Earth - orbiting 
sate ll ites . Clearly, much must b e done to d eve l op the sophisticated systems 
to filter out t h e us e ful data and inte rp ret i t for the optimum management of 
the human e nvironme nt. 

Thus , t h e two major a r eas requirin g increased activi ty are : ­
(1 ) d eve l opment of fundamental skills in interpretation; 
{Z) d eve l opme nt of a u t omated faci li t i es for processing and interpreting 

large volumes of d ata . 
Other related ne e ds are : -
(3 ) acquisition or d eve l opme nt of re lative l y inexp ensive platforrr1 s for 

test ing and operating sensors , e . g . aircraft , ballons or d rones ; 
(4 ) c oordinat ion and t raining o f ultimate users and r ecognition of n ew 

applications ; 
(5) c onc e ption, de ve l opme nt a nd testin g of n ew or impr oved sensors 

and syste ms; 
(6) applicat ion of re mote sensin g to further economic and social d eve l ­

o pment around t h e w orld . 
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TRAINING REQUIREMENTS 

A major constraint on the application of remote sensing technology 
is the relative scarcity of interpreters in Canada and abroad. Most contem­
porary airphoto interpreters are already empl oyed in ongoin g programs of 
resource agencies . These same agencies will also be major users of other 
remotely-sensed data . Their interpreters could be trained to handle the new 
data, but onl y at some sacrifice to the agencies' ongoing missions. 

Few, if any, educational institutions in Canada are planning the 
multidisciplinary programs that are essential to training interpreters of 
remotely - sensed data . A few centres are developing in American universi ­
ties . Canadian progress in aerospace surveys will require many special 
interpreters with a strong background in several resource - based disciplines. 
In addition, a lesser number of sens in g specialis ts w ill be required with a 
strong background in engineering physics. 

The essential education and experience takes years to attain, and 
the development of a fully operational cadre of specialists in remote sensing 
is likely to require a decade or more. A need for personne l in d eve lopment 
studies already exist , requirements for airborne remote sensing are immi­
nent and will increase when experimental space surveys of the Earth take 
place in two or three years . The t ime for training is now . Schools of geol­
ogy and geophysics , as well as of agricul ture, forestry, hydrology, and 
other resource disciplines should include these broadly-based needs in their 
curricula . 

MAJOR OBJECTIVES AND FUTURE TRENDS 

For Canada , a most important and urgent objective is the applica­
tion of remote sensing to geological mapping and mineral exploration in the 
vast , poorly-known northern lands, especially the 1barrens 1 where remote 
sensing of geology would be most effective. 

The great distances between sensor and t h e Earth are inherent 
limitations on spatial reso l ution and recovery of detail. For exampl e, 
remote sensing from satellites will have little application to direct prospect­
ing for minerals. However , the synoptic views of satellites will comprise a 
major input into initial reconnaissance, regional explo ration and ultimate 
management of mineral resources. A consequent demand for detail and data 
from ground and airborne surveys can be expected to increase with the intro­
duction of space surveys. 

Aeria l and ground surveys are essential to our understanding of the 
remote sensing systems and the significance of the observations . In pre par­
ing for space flights, airborne tests are used to se l ect useful parameters, to 
assess techniques of observation, to define applications and to prove sensing 
systems under operational conditions . The glamour of t h e space age has 
glorified the acquisition of data by satellites . But the real benefits of Earth­
oriented space surveys will be achieved only through interpretation of the 
data in terms of the earth's surface. Here, in the near future , man will 
systematically use aerial and ground surveys to follow up space data in th e 
same way that he now uses ground surveys to verify aerial observations. 

The future application of these space - re l ated tee hnologie s will 
assuredl y contribute to the we l fare of mankind through a better knowledge of 
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many environmental probl ems . In just the past decade , meteoro l ogical 
sate ll ites have improved weather forecasting , and communications sate llites 
have brought a new dimension to human re l ations . In a simil ar way, earth 
resources satellites will be t h e future stimuli for economic and social d evel­
opment . The achievement of such benefits , h owever, wi ll depend on advances 
in remote sens ing tec hno l ogy, on the skill s of interpretation and perhaps 
most important of all , on human cooperation . 

CONCLUSIONS 

1 . The present l evel of research i n to the geoscience aspects of remote 
sensing is inadequate; forecasts for the immediate future are equally 
d i smal . For several decades, Canada has been a leader in the develop ­
ment of airbo r ne geophysics. Thus , Can ada has the interests and capa ­
bil ities to make significant advances in remote sensing and feedback to 
geophysics . It is particular l y distressing, therefore , to observe that 
previous l eaders, such as the Geol ogical Survey of Canada, are 
reducing their part i cipation in remote-sensing research because of 
austerity . 

2 . The predicted geol ogical benefits of remote sensing are sufficiently 
great and varied to warrant a more thorough eval uation in the Canadian 
context. Invo l veme nt of industry in contemporary remote sens i ng 
undoubtedl y will lead to the deve l opment of industrial capabi l ities and 
expanded use , despite the major geo l ogi cal constraint of sensing only the 
surface of the Earth. 

3. There is a very urgent need in Canada for policy formation and organiz ­
ation of the research directed toward remote sensing from aircraft and 
sate llites . Remote sensing is inherentl y multidiscipl inary and thus cuts 
across accepte d bound aries of knowl edge and organization . A national 
plan and policy is therefore essential in order to consider the means of 
focussing effort , centrali zing major fac i lities for sensing, flight and 
processing of data , and of mini mizing the overall cost . 

4 . There are many needs and great opportunities for Canadian research 
into the interpretation of remotely - sensed data . Interpretat i on is the key 
to the application of remote sensing in the vital national interests of 
resource expl oration a n d management. 

5 . Canadian scientists and engineers should prepare themse l ves , individu ­
ally and collectivel y , for pertinent participation in remote sensing 
activi t i es . Ai r borne remote sensing is on its initial upsurge and space 
surveys are but a few years away . Many more scientists and engineers 
need to acqu ire a fuller understanding of the probl ems and potential of 
remote sensing so t h at Canada w ill obtain a maximum benefit. 

6 . Remote sensing is but one exampl e of the need for educat i onal institu ­
tions to experiment with mul tidisc i p l inary curricul a and research . Whil e 
there will be no l es s enin g in t h e need for discipline - oriented specialists , 
e. g . , geologists , physicists , chemists, etc . , there will be an increas ­
ing need for probl em - oriente d special ists with a broader base in one or 
more re lated d iscipl ines , e . g., geol ogi sts with a working knowledge of 
forestry and / or hyd rol ogy . Consid eration should be given to the means 
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of achieving and recognizing mul tidisciplinary education in both the sci­
ence and the art of resource management. 

RECOMMENDATIONS 

As a consequence of the above conclusions , the following actions 
are recommended : -
1. The l evel of geol ogical research pertinent to remote sensing should be 

increased enormously . The most important areas for investigation are: ­
(i ) radiative and absorptive properties of rocks, soil s and the atmos ­

phere; 
(ii ) establishment and intensive study of calibration sites , or test areas; 
(iii) automated techniques of processing and interpreting data, especially 

for large volumes in both anal og and digital format; 
(iv) the development of computer - graphics techniques to portray the par ­

ameters of geoscience . Manual drafting methods cannot cope with 
the magnitude and many forms of data displ ays;. 

(v ) definition of geologic needs for remote sensing and deve l opment of 
pertinent sensors and systems. 

2 . Remote sensing centres shoul d be established at selected locations 
across Canada to provide for optimum exploitation of national capabili­
ties and to meet requirements for regional uses . Because of the mul ti ­
disciplinary aspects and the expense of remote - sensing research, the 
team approach is essential. 

3 . The application of remote sensors to geol ogical problems should be con­
sidered on a systems basis , and not as an isol ated tool. Most sensors 
are an integral part of a system t h at involves specific platforms and 
special techniques of processing and interpreting the data . As in the 
case of geophysics, visual interpretations will provide info nnation about 
gross contrasts and phenomena, but there is a greater need for intrepre ­
tation of subtle features. 
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MARINE GEOPHYSICS 

D. I. Ross 
Atlantic Oceanographic Laboratory 

Bedford Institute 
Dartmouth, N. S. 

DEFINITION 

Marine Geophysics is the study of the physical properties of the 
material forming the earth 's crust and mantle in the marine environment. It 
encompasses the complete field of geophysical investigations , including -

(i) Seismology. Refraction, r eflection and dispersion wave meas ­
urements are made to determine the structure of the crust and 
upp er mantle b eneath the oceans. The first two can be carried 
out at sea but the last r equires fixed land- based stations studying 
the propagation of waves through oceanic crust and mantle. 

(ii) Gravity . Both cont inuous shipborne measurements and bottom 
gra vimet er measurements provide important information for the 
interpretation of seismic data and the mapping of crustal struc ­
ture variations. 

(iii) Magnetism. Underway measurements of total field provide 
important clues to the history of the ocean floors and evidence for 
theories of ocean floor spreading and continental drift. Station 
measurements of the temporal variations in the earth 's field pro­
vide information on the conductivity structure of the crust and 
upper mantle . 

(iv) Bathymetry. Precision soundin g provides much information on 
the ocean flo or. Micro-topography can be studied through the us e 
of deep-sea photography. 

(v) Bottom sampling. Although perhaps better included under marine 
geol ogy , bottom sampling provides roc k and core samples, the 
analysis of which provide information on the physical properties 
of the rocks of the crust. These properties are used in interpre­
ting gr a vity , magnetic and seismic data . 

(vi ) H eat Flow . Oceanic h eat flow measurements provide information 
on the heat transfer processes occurring within the earth . They 
may provide evidence to support or refute such ideas as convec ­
tion currents within the mantle used to explain sea flow spreading 
theories. 

The marine environment has imposed se rious limitations on the 
methods of direct sampling so that the studies have ;-iecess itated considerabl e 
development and adaptation of the conventional geophys ical techniques 
empl oyed on land. It has also emphasized other problems easily overcome on 
land, such as navigation and stabilization of the measuring platform. The 
high cost of ship time has required cons iderabl e research into effic i ent data 
acquisition and processing techniques. 
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SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Marine geophysical studies are of vital importanc e to an understand­
ing of the planet on which we live since more than 70 per cent of the earth's 
surface is covered with water. 

Probably the most significant fact which emerged from research in 
the Earth Sciences was the discovery that the crustal structure beneath the 
continents was markedly different from that beneath the oceans . This was 
first deduced from seismic refraction investigations and verified with gravity 
measurements . This , plus the discovery that, on the average, the heat flow 
through the oceanic crust appear ed to be the same as that through the contin ­
ental crust , led to greatly increased interest in oceanic crustal studies . 

The development of equipment for making accurate geophysical 
measurements at sea led to the description of the major morphological divi ­
sions of the ocean floor , and the discovery of the continuity of the mid-ocean 
ridge system. Further study of the mid-ocean ridge system, using available 
geophysical techniques , has shown it to play a fundamental role in the evolu­
tion of the earth's crust. Deep seated processes within the ea rth seem to be 
fundamentally associated with this ridge system. How these influence the 
formation of the deep ocean floor, the interaction of the oceanic and contin­
ental crust, and the possible differentiation of the continental crust, remains 
to be clearly define d. Marine geophysics w ill continue to play a major role 
in better understanding these fundamental problems . 

The immediate importance of research and development for Canada 
is the discovery and development of mineral resources on the continental 
margins. As of February 28, 1969, a total of 5 , 194 Canadian oil and gas 
permits involving 370,428 , 851 acres were h e ld off the east and west coast , 
and in the Hudson Bay. Eventually, as deep sea mining techniques become 
economical, these interests will extend off the continental shelves into the 
deep sea ar e as. A clear understanding of world tectonics , and particularly 
the r e lationship of the mid-ocean ridges to the continenta l masses, is impor­
tant to fully develop these offshore resources. Data obtained by marine geo ­
physics research groups is very highly sought after by commercial explora­
tion companies . For exampl e , the ext r emely good geophysical data provided 
by the combined hydrographic/ geophysical surveys conducted by the Bedford 
Institute provides very detailed information on the ea.stern continental mar -
gins. The quality of this data is probably not bettered anywhere in the world. 

Measurements over deep ocean regions h e lp define the earth's g rav­
ity and magnetic f i elds . The former is vital for the accurate prediction of 
satellite and rocket orbits. Magnetic field measurements supply new data for 
the evaluation of theories on continenta l drift and ocean floor spreading. 
Data is also supplied to the World Magnetic Survey tp provide information for 
the description of the ea rth's magnetic fie l d and its secular va riation. 

Detailed surveys over deep ocean features such as the Mid-Atlantic 
Ridge provide vital information on tectonics of these regions necessary for a 
detailed und erstanding of the earth's crust. This in turn provides informa ­
tion on th e formation of the continents and the processes occurring w ithin 
them with applications to earthquake prediction and an understanding of vo l ­
canic activity. 
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HISTORICAL DEVELOPMENT 

Although a considerable amount of earlie r work had been done over 
the oceans , mainly in the disciplines of gravity and magnetics , marine geo­
physics in its present form only developed after the Second World War, The 
n ee d to detect submarines led to the development of the fluxgat e magnetome­
ter. This made continuou s magnetic measurements possibl e at sea. Develop­
ment of sonar equipment l ed to the construction of accurate deep sea sounders 
and equipment for seismic refraction and r eflection work . Gravity measure­
ments at fixed stations had been carried out some twenty years ea rlier using 
pendulum instruments in submarines , but not until the late 1950's was itpos­
sible to make continuous measurements from a surface ship underway. 
Geological sampling of the sea floor has been carried out for several centur­
ies. With th e increased inter est in the ocean crust , some effort has been 
made to improve the techniques to obtain samples of rock in situ, and longe r 
sediment cores. Heat flow instrumentation was developed because of this 
technique ' s direct relevance to proposed deep seated processes within the 
ear th, e. g . convection currents. Seismi c techniques have always played an 
important r o l e in geophysics and some of the strongest evid ence for theories 
of oceanic crustal structure has come from the seismic work carried out at 
sea , 

In all aspects of marine studies two major probl ems have had to be 
overcome because of the hostile environment. Equipment to carry out the 
measurements has had to be developed to a greater sophistication than that 
required for land geophysics . This development has then l ed to the need for 
more sophisticated data handling and processing procedures to efficiently use 
the data produced . One outcome of this has been the adaptation of the small 
computer for use at sea and the development of software for on-line data 
processing. All these developments have be e n essential to the efficient us e 
of res earch vesse ls. 

Marine Geophysics is a very new field for Canada. Research and 
development began with the magnetic surveys off the East Coast carried out 
by the Geological Survey . Industry became involved in offshore mineral 
expl oration in the early 1960' s. University activity commenced on the East 
Coast around 1963 and some time late r on the West Coast . 

In 196 3 the Canadian Government initiated a continuin g marine geo­
physics program on the East Coast with the formation of the Bedford Institute. 
The program at the Bedford Institute has developed along two main fields of 
study. The first of these involves the study of the continental margin of east ­
ern Canada. This work has been closely integrated with the bathymetry sur­
veys of the Canadian Hydrographic Service , greatly increasing the value of 
the hydrographic surveys and providing comprehensive data for commercial 
offshore exploration companies . 

The second fi e ld of study has been that of the deep ocean structure, 
and particularly the Mid-Atlantic Ridge. This project has been car ried out 
with the cooperation of a number of universities and other gove rnment agen­
cies . Because of the wide range of disciplines invo lved in such a project, 
close cooperation with other institutions is of vital importance. 

University and other government agencies have been involved in 
seismic studies of the eas t ern continental margin , studies in Hudson Bay and 
in the Gulf of St . Lawrence . More detailed investigations of mainly local 
importance have been c arried out by the provincial research establishments. 
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University r e search in marine geophysics has increased through the support 
offered by the f e deral government in terms of ship time and l oan of equip -
ment . Research on the Great Lakes has been in progress for some time, 
particular l y in university programs . This work will increase with the devel­
opment of the Canada Centre for Inland Waters. In recent years, marine 
geophys ics has been introduced to the West Coast of Canada. Some seismic 
and magnetic work had previously been done, but the first attempt at detailed 
survey work was probably that of Dominion Observatory in 1968. 

Many mineral expl oration companies are involved in geophysical 
surveys of the continental margins. The approximate expenditure by industry 
in the search for oil and gas offshore in 1968 was over 60 million dollars . 
However, the data obtained by exploration companies is of a proprietory 
nature and not generally available till long after the survey is completed. 
This s e riously limits the usefulness of the data for scientific purposes . 

PRESENT LEVEL OF ACTIVITY 

Present studies can be s ubdivided into surveys of continental shelf 
areas to provid e information about potential resources; research in regions 
wher e active formation of ocean bottom may be occurring, such as the Mid­
Atlantic R idge ; and the design and evaluation of new methods to be used in 
gathering , processing and interpreting data. To aid in these studies further 
development of equipment for continuous underway geophys i cal measurements, 
s e ismic reflection and refraction investigations, and deep-sea navigation is 
in progress . The problem of accurate deep-sea navigation is probably the 
most important factor in the continuing effort of providing more accurate 
geophysical data. In an attempt to answer this problem, research into the 
capabilities of long range navigation aids such as VLF-OMEGA and satellite 
navigation is in progress . Techniques to make measurements of the fluctua­
tions with time of the electr ic and magnetic fields of the earth at the bottom 
of the ocean are being developed. These measurements are to provide infor­
mation on conductivity and temperature distribution within the deeper layers 
of the earth. Trial experiments with the equipment have been carried out 
over the last two years. 

Although there has been an increase in interest among commercial 
firms within Canada to develop geophysical techniques the major part of this 
research is being carried out by universities and government agencies. 

With the development of the small computer which can be installed 
and operated on board ship it has become possible to carry out preliminary 
processing of geophysical data on board within a few hours of data acquisition. 
This has increased the efficiency of surveys and enabled preliminary correc ­
ted profile s and contoured charts to be made available immediately for inter­
pretation on return of the ship to port. A further development to use small 
computers for on -line control of geophysical data acquisition for a number of 
specialized projects is underway. 

The proble m of storage and retrieval of geological and geophysical 
data has received considerable attention in the last few years . With the com­
mon use of automatic data logging equipment for colle cting geophysical data 
at sea there has arisen the major proble m of storage and retrieval of data for 
subsequent analysis, and the associated problem of data exchange between 
institutions. This is a particularly important problem for the coordination of 
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research carried out by government agencies and exploration companies on 
the continental margins. There is a very definite n eed for the establishment 
of regional data banks which are acc ess ible by institutions concerned with 
research in the fields concern ed. 

Studies on the continental margins has increased enormous l y in the 
last few years, particularly among the explo ration companies and government 
agencies. Universities on both the east and west coasts are becoming 
increasingly involved in marine geophys ics programs. On the east coast at 
least, this involvement has been at a high level for some years . 

Integration of geophys i cal survey techniques into the hydrographic 
survey program on the east coast has ensu red continuing hi gh quality geo ­
physical surveys of the eastern seaboard of Canada. The data provided by 
these surveys will be of considerable value both for scientists concerned with 
geological inte r pretations of the eastern r egions of Canada , and exploration 
compani es conce rned with resources on the cont in e nta l shelf . 

Studies of the mid-ocean ridge system have caused widespread inter ­
est among earth scientists. Expeditions t o the Mid-Atlantic Ridge ha ve 
always attracted scientists from a number of in stituti ons both inside and out ­
side Canada. There are presently a number of r e search projects within 
univers ities and othe r Federal Departments which have r es ulted from these 
expeditions . A weal th of knowledge can be ga in ed from this type of coo rdi­
nated effo rt spread over a number of disciplines , in different institutions. 

NEED FOR INCREASED ACTIVITY 

The greatest need at present is to develop sophisticated data han ­
d ling techniques to ensure that th e full potential of exist ing data collection 
machinery is r eali zed . Two immediate fi e lds of development are n ecessary . 

1) Incr eased sophistication of shipboard data processing techniques 
to provide facilities for ' on the spot' assessment of data and to 
reduce the time lag before the data is available. 

2) Development of effic i ent shore-based data s tor age and r etrieva l 
systems so that any portion of available data can be quickly , effi­
c i ently and routinely disseminated. With the rate at w hi ch data 
can n ow be collected through th e us e of a utomati c data acquisition 
systems it is essential that even a small geophysics group have 
access t o a computer -bas ed data storage system. 

To ensure that the high quality of data presently availabl e on off ­
shore surveys will also be obtain ed on future deep-s ea and Arctic surveys it 
is imperative that mo r e effort be put into developing a sophisticated naviga­
tion system using satellite navigation to provide absolute control for refer­
enc in g other aids used for on-line survey control. Such a system would 
impr ove the accuracy of measurements on deep-sea surveys to that obtainable 
on off-shore surveys contr olled by accurate short range navigation aids. 

An impo r tant addition t o the integrated hydro graphic / geophysical 
survey program would be cont inuous seismic reflection profiling. For this to 
be incorporated on such surveys requires a considerable imp r ovement in the 
p r esent techniqu es to enable goo d penetr ation to be obtained at the r equir ed 
survey speeds of 13 knots . This is a field whe r e the use of a computer for 
on -lin e correlation analysis should prove very useful. 
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Altho u gh the imme diate commitments should be directed towards the 
above obj ec tives continued research on all l evels o f mar ine geophys i c s is 
n ecess ary if Canada is t o p r ovide a major contrib ut io n in this field . 

TRAINING 

A marine geophys i c ist is an oceanographer and training of oceano ­
graphers ca n be carried ou t only a t sea . T h e successful membe r of the team 
(b e h e a technician or scientist - in - c ha rge ) must ha ve a p eculiar b l end of 
special attributes : te chnic a l compe t e n ce and confid ence in his own ability to 
sol ve problems under diffi c ult e n v ir onme ntal conditions , deep involvement 
with the subject w hich w ill sustain him th rou gh periods of hardship w hile 
working at sea, pleasant and cooperati ve personality whic h w ill make him a 
ch eerful companio n d uring p rolon ge d confinement o n b oard ship, a broad 
knowledge of auxilia r y subjects from me t erol ogy to seamanship which dis ­
tinguish an ocean - go in g -scientist from a land - based scientist. There are 
very few oppor tunities in Canada fo r forma l t rainin g and development of these 
skills . The Institutes of Oceanography at Dalhousie and the Uni vers ity of 
British C olumbia can train professional r esearche rs of Masters and PhD 
l evels. The operating p ersonne l at the BSc l eve l can b e occas i on a lly devel­
oped by follow-up of summer student employment. More dir ec t invo l vement 
of univers ity graduate s tud ents in continuing r esea r ch pr ojec ts wo uld provide 
some of this training , and at the s a me time, r elieve some of the shortage o f 
junio r scientific p ersonn e l in most r ese a rch institutions. 

The greate st need is at the technician l eve l w h e r e there is n o pote n ­
tial sour ce o f p er s onn e l. At the present time , all the t echni c ian s m ust 
r ece ive on-the-job training. T echnical Institutes ar e a source of technolo­
gis ts wh o ha ve pur sued specialized cou r s es , for example , in e l ec tr onics , 
chemical and mechanica l technology. As a r es ult of this spec i a li zation it has 
b een found that technologists r ecrui te d int o the m a r ine geophys ic s research 
ar e a l ack sufficient interes t in , and are n ot easily adapted t o , the br oader 
s c i entific work. H oweve r it is e nc oura gin g t o n ote that the Community 
Colleges of Applied Arts and T echnol ogy in Ontario are con sid er ing offe rin g 
a cours e in physics t echnolo gy . 

MAJOR OBJECTIVES AND FUTURE TRENDS 

The mos t impo r tant objective is t o develop effi c i ent d ata storage and 
retrieval faciliti e s for marine geophysical data collec t e d by gover nment , 
uni ve r s ity and comme r c ial a gencie s. If maximum benefit is to b e o btained 
from the e n o rmous amount of data that c an n ow be obtained on survey ope ra­
tions , and " ships of opportunity" , it is impe rative that this d a t a b e available 
t o inte r e ste d e arth scientists. Such faciliti es would enable maximum cooper ­
ati on with unive rsiti es . It s eems log i c al that these faciliti es can b e h ous e d 
within gove rnme nt instituti ons , but this w ill r equir e cons id e ra ble increas e in 
p e rsonne l. 

Future developments in equipme n t des i gn will b e to us e digital tech­
nique s at earli e r sta ge s of s i gn a l p r ocess ing and to provide on - line control of 
data acquisition thr o u gh the u se o f specialized compute rs . Three fie l ds in 
which this type of approach is imme diate ly n ecessa ry a r e in the automatic 
acquisition o f gravity , bathymetry and s e ismic data . 
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The greatest single problem in geophysical research in deep sea 
regions is the lack of navigation control. An important objective in the 
immediate future should be to deve lop a sophisticate d navigation system 
utilizing a variety of navigational s e nsors and calculating the best approxi­
mation to the true track by sophisticated filtering techniques. With satellite 
navigation commercially available it is now possible to consider such a 
system. Both hardware and software will be very complex. Considerable 
research into the precis e needs of the oceanographic community, and the 
available systems , is required before development o f such a package is possible . 

CONCLUSIONS 

1. More effort should be made to coordinate offshore surveys being ca rrie d 
out by Government agencies , Universities and Industry. A first step 
would be accomplished by reducing some of the artificial barriers exist ­
ing which limit the exchange of data. 

2 . The integration of geophysical surveys with th e bathymetr y surveys car ­
ried out by th e Canadian Hydrographic Service has proved very success­
ful. Expansion of the geophysical p r ogram to include seismic r eflecti on 
p r ofiling and time for refraction measur ements should b e e n courag ed . 
To e nsur e that the most e ffici ent us e can be made of th e surve y time 
availabl e , i t is impor tant that hydrographic personnel be t r ained in th e 
r equir e ments of geophysical surveys. The data obtained on these sur ­
veys must be made available to all inter es t ed institutions within a year 
of the survey b e ing completed. 

3 . The development of regional data centres for marine geophysics data 
should be encour aged . Thes e centres would b e capable of suppl ying data 
to outside organizations thr ough a national data bank. 

4. The expansion of marine geophysics in Canada and the establishment of 
an active Federal Laborator y on the W e st Coast is recommended. Such 
a laboratory would p r ovide an expansion of marine research on the West 
Coast and coul d p r omote coo r dination of programs of interes ted 
Institutions . T h e introduction of government facilities would p r ovide 
support for the precise surveying requir ed in much geophysical work. 

5 . Marine geophysics is an expensive field of research becaus e of th e 
sophisticated equipment involve d and the r equirement of ship time. 
Suppor t for univers ity programs must come from Fede ral Institutions. 
It i s impor tant that personne l and funds be avail abl e for this support . 

6. Because of the international nature of marine geophysics, it is important 
that suppor t for overseas trave l to conferences and meetings be 
maintained . 
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SEISMOLOGY AND PHYSICS OF THE EARTH'S INTERIOR 

K. Whitham 
Observatories Branch 1 

Department of Energy, M ines and Resources 
Ottawa 

DEFINITION 

Seismology is the study of ear thquake s and the earth by means 
of mechanical waves from e arthquakes and other e n e rgy sourc es . Since 
the study of e lastic w a ves from earthquakes has been in the past the prin­
cipal contributo r to our knowledge of th e e arth ' s deep inte rior (its mantle , 
core and inner co r e), seismology is inseparably related to the physics of 
the ea rth 's inte rio r . The Inte rnational Association of S e ismology and 
Physics of the Ear th 's Interior (of IUGG) r eflec ts this close associatio n . 
All the university departments and government bodies in Canada and 
abroad use the bro ade r definition in their thinkin g . 

Acco rdingly, in this brief r eport I make no distinction between 
"Seismol ogy" and many aspects of the "Physics of the Earth's Inte rior ", 
except for geothermal studies for which a s e parate background r e port is 
b eing submitted . It should, however, be cle ar that studies of the e arth's 
inter ior ar e by no means the exc lusive domain of seismologists : for 
examp l e, isostatic studie s ar e unde rtaken by geophysicists spec ializ ing 
in gravity studies and geomagne ticians are vitally concerned with the 
ear th 's o ute r core. Neve rtheles s , the principal advances in the past have 
been derived fr om o r in association with s e ismology, and ther e is no ev i­
dence to suggest thi s will c hange if a sufficie ntly broad view of the e arth 
is taken. The relation with t ectonophysic s is of course ext r eme ly close : 
seismology is an important contributor t o the n ew g l obal t ec tonic picture 
which is now emerging. 

Reflection and r e fracti on seismic methods dominate petroleum 
expl o ration geophysics. 
prepared in exp loration 

Although a s eparate background paper i s being 
geophysics, this most important e c o nomic appli -

cation of seismology is als o treated h e r e in within the context of the sci­
entific discipline as a whole . 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

The continuing study of s eismic ity is a social and e conomic 
r e quir ement b ecaus e of the cons iderable l os s of human life , extensive 
property damage, and long - t erm political , economic and social e ffects 
produced b y devastating e arthquakes. A r e cent e stimate showed that 
during the last 16 0 years, 13, OOO people per year were killed by e arth­
quakes and the annual pr ope rty damage for the same period w as $1. 5 
billion. 

Now Earth Physics Branch, D e partment of Energy, M i nes and Resources. 
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Documented studies of the Seismology Division, Observatories 
Branch, incorporated in the National Building Code Revision of 1970, indi­
cate that the earthquake risk is high in important areas of both eastern and 
western Canada. Rapid economic development and high - rise construction 
in Quebe c City, Vancouver , Victoria and Montreal, and the construction 
of dams, bridges, nuclear and other power plants, port facilities, etc. 
demand an increasing body of knowledge concerning the activities and 
characteristics of Canadian earthquakes to avoid or minimize national 
disasters. Canada also contributes to the Pacific Tsunami forecasting 
system: the last major tsunami striking Canada in March 1964 did more 
than $5 million of damage . Furthermore, evidence in recent years from 
experience in Rhodesia (the Ka riba Dam) and in India (the Koyna Dam) 
suggests that incipient seismicity in a region can be triggered by crustal 
loading from artificial lakes. This is a subject of considerable economic 
concern in western Canada. 

An_ important political problem between nations involves the 
reaching of agreement on measures of controlled disarmament. One of 
the problems most discussed is the question of a ban on further under­
ground nuclear explosions as an essential first step in armaments limi­
tation. Failure to agree on a test-ban treaty is largely a consequence of 
failure to agree on acceptable methods of verification . The only techni­
ques for the detection and identification of unde r ground nuclear explosions 
are seismological. A continuous R&D program into the problems of detec­
tion and identification of underground nuclear explosions is under way in 
many of the technologically advanced countr ies of the world, with some 
impressive results to date. Such a program is r equired in Canada for 
purposes of national security. It can be regarded as a moral obligation 
of a government committed t o seeking agreement in the field of disarma­
ment. 

Since the scientific problem is partly one of distinguishing 
between the signals from earthquakes and exp losions, almost any activity 
in seismology is more or less germane to the problem: the enormous ex ­
pansion of seismological effort in the Uni t ed States and elsewhere in the 
last 10 years owes much to funding supplied because of this political 
problem. 

In Canada, an active program in this field has been promised by 
the government in international negotiations in the Eighteen-Nation Dis ­
armament Conference in Geneva, and elsewh ere. This arises from the 
need for independent expe rt advice from countries not producing nuclear 
weapons, from the government 's expressed interest in promoting measures 
of controlled disarmament, from the availability of talent, experience and 
technical infrastructure to make a worthwhile contribution, and fr om the 
excellent geographica l position of Canada. It undoubtedly is an extremely 
significant feature of R&D in seismology in this country. 

Many mode rn studies in seismology involve modern techniques 
of handling vast amounts of data by digital t echniques and the tricks of 
extracting low-level seismic signals from ambient natural noise. R&D 
in this field has considerable economic application in seismic prospecting 
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for petroleum. The converse is of course true: R&D in seismic petroleum 
exploration can often usefully be applied in the pure aspects of seismology . 

In Canada in 1967, seismic exploration in the petroleum industry 
comprised ], 048 seismic crew - mon ths , 14 crew-months being offshore 
seismic work. The estimated cos t for contract services was $67 million, 
of which 7 . 5 per cent was for marine work. This figure should be increa­
sed by about two and a half times to cover data processing, overhead char­
ges, interpretation, etc . The expenditures in seismic petroleum explo­
ration are approximately five times larger than those in all other pet r oleum 
and mining exploration geophysics fields. The procedures are becoming 
mo r e sophisticated, and digital recording and data processing are becom­
ing increasingly essential. For example, data processing costs alone for 
1968 for oil exploration data obtained in Canada can be estimated at $8. 5 
million; all but a bout $I million of this was spent in Canada, and the e s ti­
mates exclude R&: D costs . 

Comparable sophistication in university and government R&D 
p r ograms is essential in order to p r ovide adequately trained manpower 
and to offset and balance th e fact that most of the major petrol eum com ­
panies maintain their r esearch laboratories outside Canada. Although 
some research is done on Canadian problems in the United States, there 
is a tendency to apply the solutions to American p r oblems to the Canadian 
scene, and this can often be ineffective. 

R&D in seismology can and will further contr ibute to our under­
standing of the structure of the earth's interior. From the details of 
boundary layers inside the core, to a majo r understanding of crustal 
units , all parts of the earth can be probed by naturally or artificially 
generated seismic waves . It is probably fair to state that the major fea­
tures of the earth models have now been defined and can often be explained; 
however, surprises still await us, and in recent years lateral variations 
to depths of a few hundred kilometers have been discovered and in some 
cases well explored. 

Seismic r esults need integration whe r ever possible, both 
within the discipline and with the results and observations from other 
geophysical disciplines . Some slow but steady progress in this area 
can be noted . 

The upper mantle and crust are studied actively by seismolo ­
gists using a va rie ty of techniques . R&D in seismology is essentia l to 
an understanding of three - dimensional geology beyond shallow depths, 
which is of long-range economi c significance. It is certain that seismic 
R&D will continue to contribute to the evolution in geological concepts 
arising from present studies of convection, ocean floor spreading, and 
continental drift, i . e . all lithosphe r e mechanics . 

R&D in seismology is extremely significant in the study of the 
ocean floor, the oceanic crust and mantle, the distribution of sediments, 
and the structure of the continental shelf. Studies at sea using sophisti ­
cated equipment and techniques r epresent one aspe ct ; the study of 
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earthquakes, location, ene rgy and mechanism, which occur under the 
ocean and island areas are also fundamental. The continental shelves 
with their potential r eso urces are of the greatest economic importance 
to Canada. 

PRACTICAL APPLICATIONS 

The practical ap p lications of seismology may be briefly sun1ma ­
rized as follows: 

1. To minimize the effects of earthquakes on the Canadian people and 
economy, t o provide practical advice on ea rthqua ke risk in Canada, 
and to provide basic scie ntific data for improved earthquake eng i ­
neering studies. 

2. To develop methods of detecting and identifying underground nuc­
lear explosions. 

3. To explore Canadian petroleum resources. 

4. To contribute to an und e rstanding of the evo lution of the e"1.rth 
(particularly its crust and upper mantle) as a fundam e ntal aid 
in all resource development including resources unde r the sea 
or ice cover. 

5. To so understand the dynamics of e arth processes that earthquake 
prediction may ultimately be possible, and possible methods of 
earthquake prevention usefully explored. In this area , most geo­
p!..ysicists are undoubte dly motivated by curiosity t o increas e under­
standing, which may lead to the·se practical r esults . 

HISTORICAL DEVELOPMENT 

Earthquakes were known and fear ed by ancient man . Early histo ­
rical records contain references to earthquakes as far back as 1800 B. C . 
In the second century A. D., the Chines e had an official e arthquake obser ­
ver (Chang Yen) and had a crude strong motion seismometer. In the mid -
1870' s John Milne designed the first seismographs , and by the be g inning 
of the 20th century a few seismographs w e re in operation throughout the 
world (in the British Empire, Japan, Italy and Germany). United States 
development was rapid in the first 10 years of this century . 

By 1965 , more than 500 seismic observations of varying capability 
were in op e ration throughout the wor ld , and today there must be at least 
600. 

The first continuously recording seismograph was introduced into 
Canada at Toronto in 1897 by the Meteorologica l Service. In 190 6 the 
Dominion Observatory began a s e ismic network, and in 1936 t ook over 
the remaining Meteorological Service functions in this field. By 1923, 
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insensitive instruments (by modern standards) of one kind or another were 
operating in five locations in Canada. In 1928 the first seismographs we r e 
installed in the Lower St. Lawrence Valley for detecting local shock s. By 
the mid-1950's there were <i-bout 10 stations , mostly along the southern 
border of Canada but including the then most northerly station in the world 
at Resolute, on Cornwallis Island in the Northwest Territorie s. Instrumen­
tation was not homogeneous, and few adequate long-pe riod instruments 
existed. 

In 1959, the federal gove rnment approved a plan to install about 
25 first-order stations at intervals of approximately 500 miles throughout 
Canada, and this plan is now completed. The equipment and procedures 
are standardized and are entire ly compatible with othe r major networks 
of the world. It provides a rich source of data on the seismicity of Canada, 
and meets Canada's international obligations very effectively in the ex ­
change of seismic data including data from underground and underwater 
exp losions . 

In 1967, a program of updating and reassigning four second-order 
short-period stations in the active seismic regions of Canada began. In 
early 1969, only one station remains to be converted, and there are plans 
to extend and improve this local seismicity coverage. 

In the period from 1963 to 1968, a network of strong-motion seis­
mographs has been installed at 14 sites in the earthquake -p rone zone of 
western Canada. This network is complemented by the installation of 
more than 40 seismoscopes in Vancouver and Victoria schools, across 
the sediments of the Fraser River, and in support of the strong-motion 
stations. In the eastern Canadian zone of high earthquake risk, the Divi­
sion of Building Research of the National Research Council installed a 
network of six strong-motion seismographs and nine corresponding seis­
moscopes during 1966-68 . Both networks are expe cted to expand in 
coming years to meet the requirements for adequate and economic earth ­
quake-resistant dynamic design of structures, and to understand better 
the role of foundation materials in the earthquake enginee rin g problem. 

The medium aperture seismic array in Yellowknife, N . W. T., was 
brought into operation by the Dominion Observatory in co - operation with 
the Atomic Weapons Research Establishment of the United Kingdom Atomic 
Energy Authority between 1962 and 1964. The purpose was largely to 
undertake research into the detection and identification of und e rground 
nucle ar explosions, though array seismology also provides a powerful 
tool for pure r esea rch studies in seismology. Between 1965 and 1968 , a 
Canadian research group in this field has been established at the Dominion 
Observatory and, following early successes with a new concept of data 
processing, is now equipped with a modest in-house analog - digital-analog 
facility for array seismic research. It is planned to upgrade the array as 
personnel and funds permit, and a modest start has been made. 

The determination of the structure of the earth from seismological 
studies of e lastic waves (initially often the travel times) is an achievement 
of this century. Some milestones were the discovery of a crustal layer 
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and the M (Mohorovicic discontinuity) in 1909, the publication of the 
Jeffreys-Bullen travel time curves (1939), and the discovery of the 
inner core in 1936 . In addition, a fuller understanding of the mechan i sm 
of earthquakes has been r eached, a number of magnitude scales devised 
and the ir relationship to energy r elea s e und e rsto od, dispersion has been 
explained and turned to good account in the determination of upper mant le 
structure , and the complexity of t he upper few hundred k ilome ters of the 
real earth cl early proved by a va ri e t y of studies. Fundamental oscilla­
tions of the earth we r e first detected as late as 1.957, and ze ro frequency 
seis1nology is only now leading to an appreciation of mass redistribution 
inside the earth, either following or par tly preceding very larg e ea rth­
quakes. T h e first underground nuclear explosion t ook place as recently 
as S e ptember 1957; these, plus the digital comput e r , have e nsur e d con­
tinuous and accelerated progress. Prior atmospheric explos ions als o 
contributed to seismological progre ss. Current studies of the enti r e 
c hara c ter of the seismogram and anelastic studies are leading to a deeper 
understanding than can be achieved purely from travel times . 

Reflection seismic methods have been in effec tive us e as an explo­
ration too l for less than 40 years: recent important and fundamental advan­
ces relate to the development of new sources for generating elastic waves, 
the application of statistical communication theor y and filter theo ry to the 
p r ob lems of extracting useful signals from ambient nois e, the d eve lop­
ment of digita l r eco r ding techniques t o take advantage of the above methods 
and the widesp r ead and essential application of digital computers to pro­
cess the data. The r eflection seismic me thod has be en successfully used 
in Canada to delineate folds and ove rthrusts of the western margin of the 
western Canadian basin, t o lo cate reef fields, and to investigate produc­
tive areas at or near unconformities. The meas ur e of success and rapid 
deve l opment can easily be seen in the figures quoted in the previous 
section. 

Univer sity r esea r ch in s eismol ogy has steadily expand ed sinc e the 
wa r , with a conside rable increase in th e early 1960 ' s being attributed to 
the stimulus of the Upper Mantle Project and the support ther e by generated. 
The p r esent w idesp r e a d level of activity is summarized below. 

PRESENT LEVEL OF ACTIVITY 

A review of the current Canadian situation in 1968 is as follows . 

Considerable competence has been developed in the Observatories 
Branch in seismicity and mic r oearthquake studies, in ea rthquake mecha ­
nism studies , in many aspec ts of array seismology including r esearch in­
to the detection and identification of nuclear explosions, in surface wave 
dispersion studies, in th e synthesis o f seismograms and crustal deconvo­
lution, in instrumental systems development, in studies of the ear th 's 
core, in long - range refraction ana deep r eflec tion crustal studies (inclu­
ding theoretical studies), and in synoptic interpretation. Significant ad ­
vances produced by this group include the concept and validation of 
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multipte real - time processing of seismic-array data, the investigation 
of a body-versus-surface - wave criterion for the positive identification of 
nuclear explosions, the application of probability theo ry to seismic zoning , 
the evaluation and combination of P and S wave studies of ea rthquake mech­
anisms, the invention of the time-term method of s eismic refraction sur­
veying, and the extension of ve locity profiles t o great depth by a variety 
of interacting techniques, thereby illustrating lateral changes in the ea rth 
t o a depth of some 500 kilometers. 

In the Geological Survey of Canada, competence exists in shallow 
and inte rmediate range seismic explorat ion techniques and interpretation 
both on land and at s ea, and well - logging activiti e s. In addition , longer 
range seismic c rustal studies have been undertaken. 

At the Bedford Institute, competence is found in marine seismic 
studies, both shallow and deep, and this is strengthened by close working 
relations in the field of seismology with Dalhousie University . 

In the Defence Research Board, strong particle motion studies are 
made near large explosions, cratering studies ar e undertaken, and the 
s eismic properties of ic e explor ed. The Board co - operates with th e 
Dominion Observatory by operating a standard seismic station at Suffield, 
Alberta. 

In the Division of Building Research of the National Research 
Council, ear thquake e n ginee ring studies in a broad sense are unde rtaken 
by a small but expe rt group. 

At least s even universities have appreciable and significant seismic 
programs of research under way. They have made significant contribu­
tions t o the new tectonics and the th eory of faulting, the extensive series 
of crustal studies off the eas t e rn seaboard of Canada, in the Canadian 
Shield, and in the Prairies, elastic dislocation theory, the theory of seis ­
mic attenuation mechanisms, the excitation of the Chandler wobble by 
large earthquakes, deep seismic r eflection studies, crustal deconvulotion 
studies on teleseisms and marine seismic studies. An incomplete listing 
of programs under way in 1968 is as follows . 

1. Dalhousie Un iversity : marine and land shallow, intermediate and 
deep seismic sounding, studies of synthetic seismograms, theo­
r etical studies on body wave propagation, a crustal tilt program, 
direct measurements of stress and synoptic geophysical interpre ­
tat ion . 

2. Laval University: shallow and intermediate seismic exp loration, 
and microearthquake research. 

3. University of Toronto: n1arine and land shallow, intermediate and 
deep seisrnic sounding, seismic measurements on rocks , ea rth ­
quake mechanism studies, model studies on fracturing, experimen ­
tal and theore tical anelastic studies, dispersion studies , studies 
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of icequakes, studies of convec tion and synoptic geophys ical 
interpretation including most important contributions to litho­
sphere dynamics and th e new tectonics. 

4 . University of Western Ontario: seismic explo ration , seismic 
r efraction s tu dies, ear thqua ke probability studies, ea rthquake 
mechanism studies, th e excitation of the Chandler wobble and 

predictive studies on large earthquakes, model studies on dis­
persion, s tudies of convection, synoptic geophysical interpreta ­
tion and high pressur e physics of rocks. 

5. Unive rsity of Man itoba: seismic exploration and deep seismic 
sounding techniques and interpretation. 

6. University of Alberta: research into digital data acquisition, 
inc luding a digital seismic observa t o ry, crustal r efraction and 

deep reflection studies, long-range mantle P wave studies, micro ­
seismic r esearch, res e arch into c rustal l oading and the possible 
gene ration of earthquakes, c rustal deconvolution and synthetic 
seismogram studies. 

7. Unive rsity of British Columbia: interpretation of crustal seis m ic 
studies, sparker sur veys, studies of the coda of P wave arrivals, 
crustal deconvolution, magnitud e studies, studies of specialized 
filters, the excitati on of the Chandler wobble, and predictive 
studies on lar ge ea rthquakes, microseismic studies, e arthquake 
engineering studies. 

NEED FOR INCREASED ACTIVITY 

In c r eased activity is desirable in local seismicity studies, in the 
study of the detection and identification of underground nuclear explo s ions, 
and in crustal seismological studies leading to a better understanding of 
the evolution of the crust and a better synoptic und e rstanding of three ­
dimensional geology for resource development . 

From the viewpoint of pure science, increased activity in the 
recording of earthquakes and r esea rch into the deeply persisting lateral 
variations within the ea rth will improve the accuracy of hypocentre loca­
tions . With an increased understanding of e arthquake focal mechanisms 
(stress drop, slip, orientation of principal stresses) and anelastic studies 
(including fault creep), this will improve our knowledge of lithospher e 
mechanics and contribute invaluably to the new global tectonics. 

A cons ide ra ble Canadian cont ribution to most of these activities 
is being made by governmen t agencies and universities , with adequate 
co - ordination ensured through a strong Associate Committee on Geode sy 
and Geophysics of the National Research Council, and through the Canadian 
National Committee on Earthquake Engineering . Given the financial sour­
ces, adequate increased activity in the above fields wo ul d inevitably follow. 
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The author believes that increased research activity in seismic 
exploration in Canada by the petroleum industry could reasonably be expec ­
ted and should be encouraged . Although seismic exploration is partly uni ­
versal in invention and application, and although problems in Canadian 
operations are often found elsewhere, Canadian R&D should increase in 
the petroleum exploration field because of the economic significance of 
this field to Canada and the occasional inadequacy of an imported technology 
and experience. Research into seismic energy sources and their e valua­
tion, into the design of field experiments for difficult problem solutions , 
into communication and filter theory and into digital processing generally 

are all required. 

TRAINING NEEDS 

The government agencies have traditionally recruited research 
staff from both Canadian universities and abroad; demonstrated ability to 
conduct first - class research in geophysics and the general training recei­
ved in graduate geophysics have in general been more important than the 
details of graduate training in seismology available at any one university. 
Some government agencies have given specialized training in various seis­
mo l ogical areas to foreign government employees under the aegis of 
External A id. 

Approximately 600 professional earth scientists are employed in 
oil exploration geophysics in Canada, or at least a factor of ten times more 
than the number employed in government and universities. The author 
understands that the universities are sometimes critici z ed by the oil in­
d u stry on the grounds that present methods of teaching geophysics are too 
traditional, and that much more practical and interpretive geophysics 
should be included in laboratory or field programs. However , any industry 
with a rapidly changing technological base will inevitably have to provide 
in - house postgraduate training more or less continually to professional 
staff. Since I understand these in - house training programs have been suc­
cessful , and the results in western Canada certainly suggest this , this 
appears to reflect favourably on the grasp of fundamentals and basic geo ­
physical training acquired by geophysical graduates from Canadian univer­
sit ies . It therefore appears to the author that the relative lack of facilities 
and perhaps encouragement to undertake postgraduate university research 
in exp l oration geophysics is a more serious criticism, which the industry 
itself might cure by a positive program of financial support to universities 
and by presenting the picture of a good potential employer. 

MAJOR OBJECTIVES AND FUTURE TRENDS 

The most important objective s are a full understanding of the 
physics of the earth's in terior which would : 

1. Explain global tectonics (i. e. the fundamental processes which 
have shaped a nd a r e shaping the crustal featu r es of interest to 
geologists) . 
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Explain the mechanism of e arthquake s and, hopefully, lead to 
the prediction or prevention of ea rthquakes, most probably in 
partial combination with other geophysical disciplines. I include 
in this th e very important problem for Canada of explaining pat­
t e rns of seismicity (which can include occasional large earth­
quakes) in western and eas tern Canada and parts of the Northwest 
Territories. 

Allow incr eased and more effective petroleum and mineral r e sourc e 
development by incr ea sing the efficiency of t echniques of deter­
mining subsurface structure. 

Explain the late ral va riations of the lithospher e and asthenosphere 
and its relation to ( 1) above, and the complete internal structure 
and evolution of the earth and other planets. 

Future general trends will undoubtedly include increased emphasis 
on obtaining a wider fr equency band of e lastic wave information (from zero 
frequency seismology to high frequency volcanic tremor work) and increa ­
sed theoretical and experimental emphasis on such parameters as attenua­
tion , strength, creep viscos ity, t empe ratur e and so on(anelastic pheno­
mena and high pressure and temperatur e geophysics). Immediate specific 
trends can be seen in (a) the emphasis on treating both t eleseismic and 
explosion seismic signals as a who l e, rather than travel times only , with 
incr e ased understanding of the r ea l earth, (b) the digital approaches be ­
coming more and mor e common in r esea rch and exploration to increase 
the efficiency of expensive t echniques and the reby allow studies of a kind 
impossible only 10 years ago, (c) the ac ce l erated interplay between s eis ­
mology and other geophysical disciplines and geology in synoptic und e r ­
standing of the earth and its ea rthquakes . 

CONCLUSIONS 

Canadian responsibilities are proportional to the area of the coun­
try and its potential economic r eso urc es, rathe r than its present wealth or 
population. The natur e of the different active seismic r egions in this 
country, its geographical location, its tectonic variability and the exis t­
e nce of the Canadian Shield as a low-nois e environment for seismic re­
search offer unique opportunities for basic seismology and suggest that 
the per capita investment in s e ismological research in this country should 
exceed that of most other technologically advanced countries. The level 
of petroleum exploration seismic expenditur e s is 10 per cent of the world 
activity, and incr e ased r esea rch to strengthen this considerab l e economic 
effort is amply justified. 

Government Agencies 

The author suggests that th e role of the gove rnment agencies 
should continue to cover: 
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N ational seismic networks (teleseismic , local seismicity and 

strong motion), the data processing and international exchange 
involved and appropriate support laboratories. In this way 
efficiency, uniformity and economy can be practised. The fre­
quency band covered in some stations of the national network 
should be increased with ultra - long-period instrumentation, and 
local seismicity and strong motion coverage expanded . The n e t ­
works must b e maintained at an adv anced level and not allowed 

to become equipped with obsolesc e nt equipment. 

The es timation of seismic risk in Canada, the provision of 

building code information appropriate to the risk, the work of 
a regional centre for Canada and appropriate levels of research 
into seismic regionalization, Canadian earthquakes, microearth ­
quake studies and earthquake engineering. Seismic catalogues 
of Canadian earthquakes should b e brought up to date and main­
tained on a current basis. 

Research into the detection and identification of nuclear explo ­

sions, including the operation and modernization of arrays , an 
appropriate digital data reduction centre, and support labora ­
tories. Long - period capability in this field should be improved 
by the impleme ntation of a suitable array and other speciali ze d 
instrumentation . 

A broad spec t rum of fundamental wave and mechanism r e s e arch 
conducted at an advanced level plus research activities deriving 

from their service responsibilities such as instrumental devel ­
opment and data processing techniques. A 11 th e s e ar e essential 
if the agencies are to remain distinguished research organiza ­
tions in their own right, which is n e c e ssary in order to maintain 
hig h servic e standards: of course these age ncies should also be 
in a position to undertake longer term projects than are often 
possible for universities. Higher levels of technical support 
should be provided to make their work more efficient. 

Regional seismic surveys of the earth's crust and upper mantle 
which provide basic data for research into the development of 
the earth's crust and upper mantle, including marine and other 
surveys requiring logistical support b eyond the capabilities of 
universities. 

Some basic research into the evaluation of techniques of seismic 
exploration on both land and sea, and seismic exploration acti ­
vities for non-commercial basic research : much of the latter 
should be contracted by government agencies to commercial 

contractors. 

Co - operation with active university groups particularly in making 
available special data - handling facilities with a short half-life -
time of obsolescence and some extensive data, and in seismic 
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crustal progran1s on both land and at sea, where government 
agencies must increasingly be prepared to implement and co­
ordinate expensive shot programs conducted jointly by govern ­
ment agencies and universities. 

Universities 

]. 

2 . 

3. 

4. 

5. 

Industry 

1. 

The role of the universi ties should be to continue to teach and 
conduct broad programs of fundamental r esearch into seismo ­
logy and the physics of the earth's interior. Un ivers ity activity 
in this field has increased very r ema rkably in the last few years, 
although much excellen t university effort in seismological fields 

may suffer from the dispersion of professional staff through 
rn.any cent r es. Perhaps the enco uragement of a limited number 
of centres of excellence by g rant policies would be wise, and 
should be at l east conside r ed . 

It is also considered important that at l eas t some universities 
maintain and increase r esea rch activities in applied explora­
tion seismology to ens ur e adequate and relevant basic training 
for r esource development. Suggestions have been made that a 
Research Institute of Exploration Geophysics should be estab ­
lished at one or more Canadian universities conducting industry­
sponso r ed r esearch, and presumably with joint industry and 
government financial and personnel support. An expe riment 
along these lines is now an urgent nec e ssity. 

It appears impo rtant that granting agencies recogniz e the need 
for a mechanism for planning and conducting some joint unive r -
sity projects in which government agencies ar e not involved, 
and r ecognize the increasing cost and rat e of obsolescence of 
specialized seismic e quipment and digital facilities required by 
universities in their pursuit of research excellence. 

Another area of potential development in universitie s would be 
the funding and development of centres of excellence with rather 
more specific aims. Such aims could include experiments on 
the physics of earth materials at the high tempe ratures and pres­
sures found in the mantle, or investigations into crustal loading 

problems . 

The proportion of university to government research e ffort 
(excluding data collection) should remain essentially unchanged. 
The present balance is both efficient and fair, since the govern ­
ment agencies ar e in general far more efficient than universities 
in data gathering and processing and network operation. 

The scale of petroleum exploration in Canada and offshore areas 
is so large it is difficult to understand why more basic research 
in exploration is not undertaken in Canada both by industry 
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(encouraged by increased financial incentives if necessary) and by 
universities in some such arrangement as that discussed above. 

If industry is prepared to support a Research Institute with open 
contracted research and staff support, government should provide 
the necessary support to nourish the Institute in its formative years. 

Earthquake Engineer i ng 

The application of seismological information and concepts to earth­
quake engineering can pay important dividends in the Canadian economic 
envi r onment. The int eraction of seismology with earthquake engineering is a 
close and complex a ffair involving structural and material properties, soil 
mechanics, and the character and duration of input seismic accelerations . It 
is recommended that the university research effort in earthquake engineering 
be strengthened, and that the continuing interdisciplinary approach between 
engineers and seismologists, as seen in the present .National Committee 
structure, be encouraged and strengthened both nationally_ and in individual 
universities. 

General 

The increasing importance of interdisciplinary approaches and pro­
jects suggests that the present National Committee structures and their com­
parative accessibility to younger scientists i n universities, government and 
industry must be maintained and strengthened, and national policy should 
encourage the attendance of scientists at national and international meetings 
to present their work, discuss international activities in their fields of inter­
est, and contribute fully to the future development of the science. 

It is diffi cult to put cost f igures on the above recommendations. To 
maintain the present balance between government and universities, and to 
maintain the present technological level of government services and data col­
lection, the costs can be expected to rise at an average annual rate of about 
9 per cent during the next five years. This figure excludes government com­
mencing any significant new programs. The capitalization of a number of 
university centres and excellence suggests that university grants probab ly need 
to rise at twice this rate, or 18 per cent in the next few years. 

No cost figures can be given for the proposed strengthening of 
seismic exploration research by means of a Research Institute: presumably 
if the Institute is to excuse industry from doing basic research in Canada, 
it should be largely self- supporting on industrial research contracts, and 
eligib l e for present ind ustrial research incentive schemes. 
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GEOMAGNETISM 
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DEFINITION 

Geomagnetism is the branch of geophysics dealing with the study 
of the earth's magnetic field, its origin, its time va riations, its present 
and past configuration, and the magn etization of the r ocks of th e crust and 
upper mantle . 

The research ac tivities in this discipline are monitored on a 
worldwide basis by four Commissions within the International Association 
of Geomagnetism and Aeronomy (IAGA). 

Commission I (Observatories and Instruments) deals with all 
problems related to the operation and instrumentation of magnetic obser­
va tories (permanent, temporary or satellite) which are essential in pro ­
viding standardized basic data for the study of the present configuration 
and variations of the ea rth 's field. 

Commission II (Representation of Main Magnetic Field) advises 
on methodology, equipment and other technical matters pertaining to land, 
sea, air and spac e surveys and provides a medium for data exchange bet­
ween nations. · 

Commission III (Magnetism of th e Earth's Interior) deals with 
observations, analysis and theoretical interpr e tation of all phenomena 
r elating to th e magnetism of the ea rth 's interior, including the main geo­
magnetic field and its secular variation, electroma gnetic induction within 
th e e arth , archeomagnetism, paleomagnetism, rock magnetism, elect r o­
dynamics and geomagnetic anomalies. 

Commission IV (Magnetic Variations and Disturbances) deals 
w ith the study of transient magnetic variations and their o rigin, and with 
the development of precise definitions of the va rio us indices introduced to 
characterize certain features of magnetic activity. Aspects of geomag­
netism considered by this Commission include daily va riation, equatorial 
e lectrojet, special disturbance events, mic r op ulsation , magneto spheric 
field va riations, and conjugate point studies. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Research in geomagnetism can be (i) directed toward improving 
th e presently available instruments and te chniques for measuring the ea rth 's 
magnetic field, and (ii) directed towa rd understanding the origin and varia ­
tions of the p r esent and past magnetic field . 
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Because of the presence of the north magnetic pole, Canada has 
a particular opportunity and responsibility to provide fundamental data of 
value to the study o{ the geomagnetic field. This can be effectively achieved 
if Canadian scientists are involved in research to improve the instrumenta­
tion and technology of data acquisition and processing . Research in this 
area is closely related to magnetic prospecting, so that advances are quickly 
translated into improved methods of magnetic exploration for minerals and 
oil. 

Research to understand the origin of the earth ' s field has resulted 
in general agreement that it is due to a rather special dynamo action in the 
fluid core of the earth, but a precise description has not been produced. 
Such is the complexity of the problem that progress toward a solution will 
be slow. It is important that research in this area proceed in conjunction 
with the collection of magnetic field measurements. The data collected are 
essential to research into the origin of the field, and it is certain that a 
better understanding of the origin will result in more efficient measurement 
of the field. 

Paleomagnetism, which provides a history of the ancient field 
through studies of the remanent magnetization of rocks , has contributed to 
both of the above areas of research. Knowledge that, in the past , the field 
has reversed its polarity and varied its intensity many times is also impor­
tant to research in the origin of the field. Paleomagnetic inv e stigations 
assist in the interpretation of aeromagnetic surveys by providing data on 
the remanent magnetization which, in the Canadian Shield rocks, can be as 
large as the induced component. 

One of the most significant new concepts in earth science relates 
to global tectonics and involves continental drift, movement of segments of 
continents, and sea floor spreading. Much of the evidence for these hypo­
theses has come from an unexpected combination of geomagnetic r e search. 
The significance of research in geomagnetism is well illustrated by its con­
tribution to these new concepts of global tectonics. Research on the origin 
of the earth ' s magnetic field by a fluid dynamo has shown that the dipole 
axis of the field must lie.close to the axis of rotation of the earth. Paleo­
magnetic studies have permitted the establishment of the ancient geographic 
latitude of continents and segments of continents by calculation of former 
magnetic pole positions, and have thus contributed to concepts of polar 
wandering and continental drift. Airborne magnetometer surveys hav e re­
vealed large - scale geological features that mark major crustal blocks. 
Airborne and shipborne surveys over the ocean basins have outlined mag­
netic patterns in the sea floor that correlate remarkably w e ll with the pat­
tern of recent reversals of polarity of the paleomagn e tic field. These 
studies have considerably strengthened the theories concerning the opening 
up of the ocean basins by spreading of the ocean floor from the mid-ocean 
ridges. Thus, geomagnetic research is making a significant contribution 
to the substantiation of these hypotheses. 
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PRACTICAL APPLICATIONS 

The following list of applications of geomatnetism should be con ­
sidered as illustrative rather than exhaustive. 

Navigation 

Accurate geomagnetic charts are necessary for navigation by 
ground parties, aircraft, ships and satellit es. Demand is growing from a 
number of users for charts that show more detail. 

Communication 

Radio communication is affected by phenomena associated with 
fluctuations in the earth 's magnetic field . A better knowledge of the field 
and its fluctuations is a basis for improved radio communications. 

Mineral Expl oration 

Aeromagnetic maps do not directly indicate mineral deposits 
other than iron and titanium, but they delinea t e geological structure which 
is impor tant in mineral pros pecting. Aeromagnetic maps can show boun­
daries between different rock types and outline dykes, faults and fold 
structures, even where there is a cover of overburden and muskeg. Most 
geologists consider them a prerequisite to mapping an area geologically. 
Simple correlation between ore zones and structural f eatures such as 
faults , contac ts , e tc. on aeromagnetic maps has led to the discovery of 
several mines . The value of the Marmora mine, which is one example of 
such a find, is probably g r eate r than the total investment Canada has made 
in geomagnetism hitherto. 

Pet r oleum Exploration 

Aeromagnetic maps have an application to oil exploration in the 
r econnaissance phase by delineating sedimentary basins and providing an 
es timate of the thickness of sedime ntary rocks in th em. It is apparent 
that high resolution magnetic surveys will provide more useful geologica l 
information. 

Methods based on time-varying magnetic fields may also have 
applications to measuring the thickness of sediments. 

Paleomagnetic studies can establish whether sedimentary forma­
tions have b een laid down in equat orial latitudes and thus have a higher pro­
bability of containing oil. The Paleozoic formations of Hudson Bay and the 
Yukon are good examples of sedimentary rocks that were deposited near 
the e quator but now are in a polar region. 
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Mineral Exploration on the Continental Shelves 

Magnetic survey methods can be usefully employed in coastal 
regions and over the continental shelves in delineating the underlying geo­
logy, since they are not adversely affected by the conductive sea water 
and because they can be carried out from aircraft and ships. 

Iron Ore Concentration and Mineral Separation 

Rock magnetism provides basic data on the magnetic properties 
of rocks and minerals upon which the magnetic techniques of ore concentra­
tion and mineral separation are based. 

Stratigraphic Correlation 

Paleomagnetism can provide a means of correlating lavas, sills 
and dykes by the direction and polarity of their remanent magnetizations. 
In some cases it is also possible to give reasonable estimates of relative 
and absolute age of such bodies. 

Tectonics and Structural Geology 

Large - scale magnetic map compilations and the techniques of 
magnetic anomaly filtering can outline major structural blocks and provide 
a method for detecting large-scale tectonic movements. 

Upper Mantle Structure 

Induction studies, or magnetic deep sounding, are the only me­
thod other than seismology that can probe the upper mantle. The magnetic 
method provides additional information to that available from seismology 
and, as such, is very valuable in those regions where it is applicable. 

Continental Draft, Polar Wandering and Sea Floor Spreading Studies 

Paleomagnetism provides information upon which the ancient 
geographical location and arrangement of the continents can be determined. 
Magnetic surveys of the oceans are now providing information from which 
the age and the sequence of ocean floor spreading can be inferred. As 
these concepts are further developed, they shoul d provide a more rational 
basis for mineral and oil exploration on continental margins and in ocean 
basins. 

HISTORICAL DEVELOPMENT 

The magnetic field of the earth was the first geophysical para ­
meter to be measured in Canada on a regular basis . The first magnetic 
observatory was established in Toronto in 1840. J. H . Lefroy, its Direc­
tor from 1841 to 1853, also made a remarkable magnetic survey of the 
Canadian Northwest during 1843-44 which, in addition to making possible 
the first magnetic maps of Canada, provided the earliest studies of magnetic 
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disturbance in the auroral zone. With the establishment of the Dominion 
Observatory in 1905, n1agnetic field measurements were expanded . 
Garland ( 1) describ e s further developments as follows: 

"Canadian research in terrestrial magnetism forn1ed a logical exten­
sion to the early measurements of Lefroy, and continued to benefit 
from the importance of mapping th e magnetic field in a r egion close 
to the north magnetic pole - originally because of the use of the mag ­
netic compass in navigation. Undoubtedly, however, th e single out­
standing characteristic of Canadian research in geomagnetism over 
the past century has been th e developrnent and application of the air­
borne magnetometer. 

" Although the original total -field air borne magnetometer was deve l­
oped elsewhere, its application by the Geological Survey of Canada 
over the past 20 years to the systematic mapping of the country has 
been of tremendous value. Canadian surveys have shown, better 
than any o ther published work, the detailed natur e of the magnetic 
field over a continental block. The use of aeromagnetic maps to 
determine major geological trends, to delineate the borders of for­
ma tions in the Precambrian Shield , to determine the depth of sedi­
mentary cover over the concealed Shield , and to locate magnetic 
ore bodies has been highly developed in this country. When mag­
netic sur veys of the ocean floor first became available, it was 
largely as a r esult of thi s knowledge of the field over a continent 
that it was possible to recognize imme diately the contrasting mag ­
netic nature of the ocean floor . While t he Geological Survey ext en ­
ded i ts measurements of t otal magnetic field, th e Dominion Obser­
va tory designed and constructed the first successful airborne mag ­
netometer for the absolute measurement of the field componen'ts. 
With this magnetometer, it has made internationally recognized 
contributions to the knowledge of the earth's field as a whole, by 
a grid of flight lines over Nor th America, the North Atlantic Ocean , 
Scandinavia, and parts of the Pacific Ocean. The Observatory has 
also pioneered in the study of the intense and complicated variations 
of the magnetic field in the r egions of the auroral zone and north 
magnetic pole. " 

University involvement in geophysical prospecting, and geophy­
sics in general, dates from the late 19 20' s with the work of Eve at McGill 
and Gilchrist at Toronto. One of the most outstanding contributions of the 
Toronto group was the training during the 1940 ' s of a whole generation of 
Canadian geophysicists who have been largely responsible for the develop­
ment of geophysics prog rams at a number of Canadian universities, govern ­
ment laboratories, and geophysical companies. The impact of lhe second 
generation of geophysicists, trained by this expanded numbe r of university 
geophysics programs, is now being felt throughout Canadian geophysics . 
While the first work at McGill and Toronto was o rient ed to geophysical 
prospecting , university research in geomagnetism is now of a more funda­
menta l nature . Significant contributions have been made by universities 
in most research areas that do not r equire extensive data collection. The 
universities have not as yet made ve ry extensive use of the data collected 
by the government agencies. 
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Magnetic prospecting by dip needle, ground magnetometer and , 
now, the airborne magnetometer have formed a major part of geophysical 
prospecting. Canada has led in the commercial exploitation of th e airborne 
magnetometer as a mineral exploration tool. The Ma r mora iron deposit 
is a good example of direct discovery of a mine by the me thod, but perhaps 
the most widespread contribution of airborne surveys has been in the deli­
neation of geological structure. Large areas of Canada have now been 
aeromagnetically surveyed by the Geological Survey of Canada, and the 
resulting maps are so useful in delineating the geology of a given area that 
aeromagnetic coverage is now considered a prerequisite for the geological 
mapping of new areas. 

PRESENT LEVEL OF ACTIVITY 

The magnetic field over Canada inust be measured on a regular 
and continuing basis. To this end, th e Dominion Observato r y operates l 0 
permanent magnetic observatories, several temporary observatories, and 
maintains a network of 103 r epeat stations that are occupie d every five years 
t o r ecord secular varia tions. Geomagnetic charts for navigation are pub­
lished at regular intervals. Aeromagnetic maps on a scale of 1 and 4 miles 
to the inch are being systematically published in order to provide complete 
cove ra ge in the near future. These low-level aeromagnetic surveys are 
contracted out to industry under a joint federal-provincial program. Ship­
borne magnetometer caps giving total field values over the continental 
shelves are now published by the Marine Sciences Branch of the Department 
of Energy, Mines and Resources, and used by companies for exploration 
purposes . 

Activities associated with the interpretation of magnetic maps 
are carried out in variou~ branches of the Department of Energy, Mines 
and Resources, provincial government departments, earth science depart­
ments of universities, geophysical exploration companies, and resource ­
based industries. Most of this work is directed toward the solution of geo ­
logical and mine ral exploration problems but a part of it is directed toward 
the development of improved interpretation techniques . 

Magnetic exploration by commercial exploration companies is at 
a high level. There are nine airborne geophysical survey companies based 
in Canada which offer aeromagnetic surveys as a contract service. These 
form a substantial proportion of the worldwide in dustr y (2). Most of these 
companies also carry out contract surveying throughout the wor ld as well 
as in Canada . Research to improve magnetic exploration equipment and 
techniques is conducted on a modest scale by industry. 

Research on the magnetism of the earth's interior, and on mag­
netic varia tions and disturbances, is conducted in universities and govern­
ment laboratories. Research is under way in e ight or nine university 
departments, where groups va ry considerably in size and scope of their 
interest. This research is related to the teaching-through-graduate­
res earch function of universities. Research in government laboratories 
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is closely related to the scientific data collection functions of these labo­
ratories. 

In assessing the level of activity in geomagnetism in Canada, the 
international reputation of its quality is of primary importance. On this 
basis, Canadian scientists are making leading contributions in the modern 
technology of geomagnetic fi e ld observations and in the development of a 

superior airborne instrument for worldwide geomagnetic surveys. Nume­
rous requests have been received from international agencies for Canadian 
scientists to advise on aeromagnetic surveys, and th e services of Canadian­
based exploration companies are in constant demand. Publications of g .~o ­

magnetic research by Canadian scientists ar e frequently cited in the inter­
national literature. Another of the indicators of the high standard of 
Canadian geomagnetic res e arch is the considerable number of Canadians 
who have s e rved in responsible positions in th e International Association 
of Geomagnetism and Aeronomy. 

NEED FOR INCREASED ACTIVITY 

Magnetic Observatories and Charts 

In most areas of data collection, activity is adequate for the 
preparation of the present geomagnetic charts. A d emand is developing, 
however, from airlines and the forestry and mining industries for more 
detailed geomagnetic charts which, if met, will r equir e increased activity. 

A e romagne tic Surveys 

The present aeromagnetic program is exce ll en t and proceeding 
at an adequate rate. It should, however , be extended in some form t o com­
pletely cover Canada ' s continental shelves and adjacent ocean basin regions. 

Systematic survey s with the new high-resolution airborne mag ­
n e tome t e rs should b e made over s e dimentary basins at first and extended 
to other areas as exper i e nc e dictate s. 

Geomagnetic surveys ar e carried out by five federal government 
agencies: Bedford Institute, Dominion Observatory , Geological Survey, 
National R e search Council , Polar Continental Shelf Project. There is a 
definite n eed for more co - ordination among thes e g roups , e specially bet­
ween the marine and airborne surveys. This co-ordination should invo lve 
selec tion of areas to be cove red and forms of data presentation (including 
scale and projection). At present, contour maps ar e produced on different 
scales and even different projections, making it very difficult to work 
across survey b o undaries. There are considerable d emands fr om the 
exploration industry for data in its original form (analog or digital records} 
and the methods of releasing this data are variable and require review. 
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Analysis of Data 

Data collection by airborne and shipborne methods is producing 
a volume of information that taxes the present data processing techniques. 
Continuing improvements are being made, but research directed to in­
crease the efficiency is required . In creased effo rt should be made to 
exploit the magnetic data that is already available. This will require im­
proved techniques of analysis as well as data processing. 

Time-va rying Magnetic Fields 

Research on magnetic field va r iations and disturbances is, in 
general, outside the scope of this r epo rt but has a direct bearing on many 
solid-earth magnetism studies. Rapid changes in the magnetic field due 
to extraterrestrial sources must be measur ed systematically to provide 
corrections for magnetic observations and magnetic surveys. The limiting 
factor in the production of more detailed magnetic maps may be the efficacy 
with which rapid variati ons in the field can be monit ored. 

Induction Studies 

Studies of perturbations in time - varying magnetic fields, due to 
electromagnetic induction in regions of anomalous electrica l conductivity 
in the crust and upp e r mantle, have produced a t echnique that is becoming 
known as magnetic deep sounding. This technique is very promising and, 
along with studies in magnetotellurics, deserves greater study to develop 
potentially valuable geophys i cal tools based on time - varying magnetic 
fields. 

Main Geomagnetic Field and Its Secular Variations 

The l evel of activity is lim ited by th e relatively few people with 
the background and interest in this area of research. Better liaison between 
r esearchers and those collecting geomagnetic data may be the most effici ­
en t means of improving p r og r ess in this very basic and vita l part of geo ­
magnetism. 

Paleomagnetism and Rock Magnetis m 

With four major paleomagnetic laboratories and some smaller 
ones in Canadian universities, and two laboratories w ithin the Department 
of Energy, Mines and Resourc es , it is doubtful if there is justification for 
additional major laboratories at this time . There is a continuing need to 
acquaint earth scientists with r ock magnetic and paleomagnetic informa ­
tion, and for ar rangements whereby the resources of existing laboratories 
can be made available to Canadian earth scientists in institutions, labo ra­
tories, or companies lacking such facilities. 
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Research by Industry 

Research activity by exploration companies is modest but increa ­
sing, whereas that of mining and oil companies in Canada is almost non­
existenl. When one conside rs the grea t value of magnetic methods to mine ­
ral exploration, and the potential future value of high - r eso lution surveys 
and methods b ased on time - varying fields , the r elative paucity of industrial 
research in magnetic meth ods in Canada is most regrettable. 

TRAINING NEEDS 

Most Canadian geophysicists, including those working in geomag­
netism, receive their g raduate training in a geophysics department which 
is either separate from or attached t o a physics department, after an under ­
graduate d eg ree in physics or geophysics. The resultant physics associa­
tion produces ea rth scientists who are very competent in the necessary 
technical and theoretical aspects of geomagnetism but a r e less familiar 
w ith the geo l ogica l implications. This situation also results in geology 
graduates who are often insufficiently aware of magnetic map interpreta­
tion and paleomagnetic techniques. The advantages and disadvantages of 
specialization and diversification in education can be argued endless ly , 
but what is important is to recognize that efforts must b e made to improve 
the liaison between the geological and geophysical branches of earth science. 

In common with o th e r branches of earth science, geomagnetism· 
docs not attract many Canadian g raduate students . A considerable number 
of the students are from outside the country. Some of these intend to stay 
in Canada but oth ers intend t o r e turn t o thei r home country . S upport for 
the latter group is a wo rthwhile endeavo ur for Canada, but the cost should 
be recognized as aid to the developing nations. A recognition of the foreign 
aid role of Canadian graduate schools, and a r ear rangement of financial 
support , would p r ovide a more realistic picture of g raduate training. It 

would 1nake an objective appraisal of the adequacy of Canada ' s gradua t e 
training program more feasible. 

Geomagnetic r esea rch of a high quality in the unive rsities is 
an essential r equirement for training graduate students of the calibre 
Canada requires . Valuable contributions to graduate train ing could be 
1nade by arranging leave for members of government and industrial labo­
ratories to accept teaching and r esea rch appointments in a university for 
short periods . Additional benefit could be obtained by co-operation bet­
ween university, governmen t, and industrial laboratories in r esearch pro ­
jects , including thesis research , and in the use of facilities, equipment 
and data. 

At present, no F r ench -speaking Canadian un iversity offers a 
g raduate degree in geophysics. Whereas a number of French - speaking 
students do take degrees in English - speaking universities, an important 
so ur ce of Canadian geophysicists is not being tapped ad equately. 
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It was disturbing to find in o ne of the ma j or contributions to lhis 

r eport commenls on training and objectives which display an almosl vindic ­
tive view of universily research wo rke rs coupled wi th a lack of sympathy 
with, and possibly a lack of understanding of, the university role in the 
national interest. While many ideas from this contribution have been in­
corporated in the report, I am co n vinced lhat th e views exp r essed about 
university people are not shared by many other government scientists , 
and so they have been omitt ed. 

MAJOR OBJECTIVES AND FUTURE TRENDS 

As an advanced industrial nation with special requirements in 
transpo rtation and communication, and as one having a major econom ic 

base in natural resource industries, Canada r equires a comprehensive 
geomagnetic program . Such a program m ust have three interdependent 
sectors: efficient government geon1agnetic data collection and research 
agencies, thriving graduat e training r esea rch groups i~ a number of uni­
ve r sities, and an applied-research - oriented group of commercial com­
panies engaged in inineral and oil exploration. 

Canada must continue to fulfil! her international obligation to 
monito r and survey th e earth's magnetic field ove r her territory and ad ­
jacent ocean areas, to make such data available t o other countries, and 

to take part in international magnetic studies. The governmen t depart ­
ments must have the c-hief responsibility in this area and should be able 
to draw upon the personnel and facilities of universities and indust r y , par­

ti c ularly for special projects which may require an increased number of 
participants and equipment for a short period. 

Fundamental research in geomagnetism mus t be supported and 
encouraged as the basis for in c reased unde r standing of this major geophy­
sical phenomenon and th e so ur ce of new and imp r oved applications. Uni ­
ve r sity laboratories should have t he prime responsibility in this area, but 
the co -oo e ration of government laboratories and industry is essential where 
special facilities, or special data acquisition and analysis capability, are 
r equired. Research projects r equiring such co-operation would b e stin1u ­
lated by government and industry scientists spending periods in university 
laboratories, and vice versa. 

Applied res ea rch in geomagnetism is a continuing nec essity to 
improve existing applications and to exploit the findings of fundamental 
research. This area should be mainly the concern of explo ration , mining 
and oil companies. However, many of these companies a r e r eluc tant , o r 
financially unable, to invest substantial amounts of money in resea r ch and 
may r equire gove rnment-inspired incentives to set up their own facilities 
or to es tablish indust r y research consortia . Government res ea rch labo ­
ratories should be encouraged to continue to play a significant r o l e in 
applied research. 
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The co - op eration among th e three sectors that is outlined is not 

just a pious hope but a quite feasible program to increase the effectiveness 
of the money Canada invests in geomagn etism. There have been a number 
of instances already of co - operative involvement of personnel from one 
sector in another: several universities and government labora tories have 
co - ope rated in induction studies; at least one scientist from a government 
laboratory has spent a period of several months in university geomagnetic 
laboratories; university scientists have used facilities at a government 

laboratory; and gradu a t e students have been allowed to use da, ta, from s u m ­
mer field work w ith the Department of Energy, Mines and Resources , for 
theses. Most Canadian scientists working in geomagnetism are personally 

acquainted through the efforts of the Subcommittee on Geomagnetism of 

the Na tional Research Council 's Associate Comrnittee on Geodesy and 

Geophysics. All that is required is a climate of co - operation and encou ­
ragement fr om senior people in the various sectors . Friendly competition 
between labo ratories is a stimulus to good research but unnecessa r y ri­
va lry between g roup s can b e destructive. 

In addition to co - operation within all sectors of geomagnetism, 
th e r e mus t be more co - operation among the different b ran ches of solid­
ea rth science in the form of integ rated surveys o f particular regions. 

There have been va lua ble examples where magneti c , seismic 
and g ra vity surveys have been used in an area, but th e integrated approach 

must be expand ed to include more t echn iques . 

CONCLUSIONS 

T h e following conc lusions ar e listed in the o r der of their appear ­
ance in th e text of th is r eport and not in order of importance . 

1. The program o f preparation of geon1agnetic c harts mus t be continued 
and an investigation into the benefits versus cos t s of more detailed 
char ts should be carried out. 

2. The program of airborne an d marine magnetic surveys m ust be con ­
tinued and should be ext ended to cover th e continental shelves and 

deep ocean r eg ions. 

3 . Co-ordination is necessary a mon g the agencies conducting surveys 

in th e selection of areas t o be covered and in the forms of data pre ­

sentation. 

4. High-resolution su.r veys should b e conducted on a trial basis over 
sedimentary basins and evaluated for possible extension t o other 

a r eas . 

5. More effort must b e made to exploit the vast amo unt of information 

available in exis ting aeromagnetic maps. 
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6 . Research in the potential of induction studies, magnetotellurics and 
o ther geophysical methods based on time-varying magnetic fields 
should be encouraged. 

7. Studies should be made to improve methods of compensating for 
time - va rying fields in magnetic surveys conducted in the magneti ­
cally disturbed auroral zone and during magnetically disturbed 
periods . 

8. Research on the origin of the main geomagnetic field and its secular 
varia tions should be pursued, in consultation with the gove rnment 
agencies which obtain geomagnetic data, with the aim of improving 
the applicability of the data to such research without impairing the 
primary function of monitoring the field. 

9 . Arrangements should be made to make the facilities of existing 
paleomagnetic laboratories more widely available to research workers 
lacking such facilities. 

JO. At least one French - speaking university should be encour aged to set 
up a graduate program in geophysics. 

11. Liaison between geologists and geophysicists should be encouraged 
by joint committees of the Advisory Committee on Geodesy and Geo ­
phys i cs and by the arrangement of yearly symposia that would 
attract both g r oups. 

12. Arrangements should be made whereby geophysicists in government 
and industrial laboratories could participate in graduate teaching and 
research at the universities for periods of a few months to a year . 

13. Training o f g raduate students from th e developing nations, and assist­
ance with magnetic surveys given to the developing countries , should 
be c lass ed as foreign aid and financed as such. 

14. Fundamental research in all aspects of geomagnetism should be ex ­
panded to improve our understanding of this phenomenon. 

15. Applied research, particularly by commercial companies or industry 
research consortia, should be encouraged by government to improve 
th e applications of geomagnetism and to exploi t new disc overies made 
by expanded fundamental research. 

16. Integrated geophysical surveys, combining the techniques of geo­
magnetism with other geophysical methods, should be organized in 
particularly interesting areas, such as the Pacific coast re gion, 
where an oceanic ridge system inte rsects the continental shelf. 
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MAGNETOTELLURICS 

David Rankin 
University of Alberta 

Edmonton, Alberta 

DEFINITION 

For th e purposes of this report, the designation Magnetotellurics 
w ill imply the us e of th e na tu rally occurring electromagnetic disturbances 
measured at the surfac e of the earth as a diagnostic p r obe for determining 
t he subsurfac e r esis tivity structure . The measur emen t of the horizontal 
electric field components at a series of stations , t ogether with similar 
measurements a t a fixed base station, provide the da ta, under certain limi ­
ting conditions, for the Telluric Survey (TS) method. The simultaneous 
measurement of horizontal e lectric and magne tic field va riations at a 
single s tation provides the data for th e M agnetotell ur ic Sounding (MS) 
method, and a series of such stations w ill allow an additional interpreta ­
tion by the Magnetot elluric Profiling (MTP) method . 

M agn e t otelluric me thods can be used to explore thr ough a whole 
range of depths fr om the near surface, which is of interest to the hardrock 
r:nining con1nllmity, to the deep r eaches of t he earth 's inte rior . Between 
thes e ex tremes lies t he range of depth s which is of fundamen tal inte rest 
to th e oil industry. The dept h that is of interest defines the frequency con ­
t en t and thus the design of t he r ecording instruments used . Thus, in prin ­
ciple, only the frequency range varies for differ en t practitione r s, whe ther 
inter es t ed in economic explo r a tion or more purely scientific concerns . 

It should be n o t ed that the closely linked subjects of mic r opulsa­
tions, which share the sa1ne sourc es , and magnetic deep sounding which 
shares much of the same theory as magnetotellurics , fall under the h ead ­
ings of aeronon1y and geomagnetism r espec tively. The latter is the sub­
ject of a separate report in this volume . 

SIGNIFICANCE OF RESEARCH AND 
DEVELOPMENT IN THIS FIELD 

Berdichevsky ( l) r epor t s on the widesp r ead and successful use of 
magnetotelluric me tho ds in t he U. S. S. R . He quotes 150 t o 200 crew ­
months ann ually for the Telluri c Sounding me th od, and for 1965 (the last 
y e ar reported), 182 crew - m.onths of Magnetotelluric Sounding and Magneto ­
t e lluric Profiling . He cites th e r elatively low cost and high efficiency of 
this method, and recognizes that a more sophisticated approach t o data 
analysis mus t be taken . The si tuation in North America is s tr ikingly dif­
ferent . He r e the highly developed computer t echno l ogy has enco ur aged the 
application of statistical methods t o t he analysis of data, and the t echniques 
of analysis and interp r e t ation are highly developed . Care mus t be taken 
in evaluatin g the reports from the U.S. S. R . , sin ce mineral exp l oration 
and scientifi c in vestiga tions are most freque ntly carried o ut in th e same 
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p r ogram and i t is th e r efore difficult t o eval uat e that part of the cos t and 
of th e success w hi ch should b e assigned t o th e discovery of minera l s . 

A n1agnc t o t e lluric explorat ion system has r ecent ly been advertised 
as available t o contra c t o rs. This achievement reflects the level of support 
by a consortium of oil c om panie s as well as governmental g r a nting agencies 

in the United States . The basis for it was laid at the University of Alberta. 
The c urr en t level of development at the University of A lberta , whi l e equa l 
to that of U.S. co unt e rparts, is not conc erned directly w ith th e applied 
aspect which m u s t be the concern of th e privat e sector o f industry . 

The r esea r c h carried o ut for purely scientific purposes will con­
tinue t o expa n d ma n 's knowledge of his univ e rs e and , in addition , wi ll un­
do ubted ly prod uc e r es ults wh ich w ill prove of direct benefit t o th e oil and 
mining indust r y . The pace at w hich th e r esea rch wi ll contin u e will depend 
on the financial suppo rt given t o universities and government laboratories. 

H ISTORY OF RESEARCH AND DEVELOPMENT 
AND THE CANADIAN CONT R IBUTION 

Wh il e th e Te llur ic Survey method s tarted with th e effo rts of 
Sch lumberge r (2), the J\llagne t ote lluri c Sounding method originated with 
Tikhono v (3) . The def initive wo r k in th i s area was that of Cagniard (4) 

which h as been followed by conside r:;i.blt: theo retica l and experin1ental 
advances . 

The ea rlier contributions by d'Erceville and K un c t z (5), Cantwell 
(6) and o l her s t ended t o d ea l with methods of interp r e tation and structure. 
In additi on, th e pioneer wo r k of Fo ur ie r (7) an d Schuster (8) , expanded by 
Weine r (9) and, more r ecently, by o t he r statisticians wo r ki n g on informa­
tion theory was found t o be directly applicable t o th e analysis o f th e sto ­
chastic processes of which th e magnetotelluric e ff ec t is one example . 
Important contributions are described by Blackman and Tukcy ( 10), and 
a fu rther advance was made by Cooley and T ukcy ( 11) in their deve l opn-ien t 
of the fast Fourie r tr a nsfo r m algorithm. 

Ear ly wo rk in Canada in t ell uri c s ur vey in g and magne t o t ell uric 
sounding was ca rr ied out by G . D. Garland and K. Vozoff at the Univers ity 
of A lbc rta, Edmonton, and wo r k is continui n g th e r e und e r the direction of 
th e a uthor . In addition, co - ope rative programs in field work we r e car ri ed 

out with the Un i ve r s ity of B ritish Columbia and th e Unive rsity of California 
at Be rke l ey ( 12). 

A majo r contributio n fr om th e Uni ve rsity of Alberta has b een in 
the development o f instrumentation fo r magnetotellurics w hi ch arc a ls o use­
ful in th e study of mic r opul sa tion s . Ga rland and Webster ( 13) report the 
first us e i n No rth America of tclluri c surve ys for r egional studies. The 
early works of Nible tt and Sayn - Wittgenstein ( 14 ) and Vozoff e t a l ( 15 ) are 

among the ea rlies t fie ld wo r k reported in magnetote llur ic s o undin g and 

magnetotelluric profiling. 
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The Pacific Naval Laboratories at Esquimalt are conce rn ed with 
the study of micropulsations , and have made important pioneering contri­
butions in th e field of magneto t ellurics. 

The Dominion Observatory, Division of Geom.agnetism, has also 
made rnajor con t ributions although t hey are more concerned with magnetic 
deep soundings. 

Canadian interest in geomagnetism and a e ronomy has undoubtedly 
contributed to the high le ve l of activity in the specific area o f magnetotel­
lurics; the contributions of Canadian scientists have kept pace w ith those 
of the United States and other countries . 

It should be pointed out again that in the foregoing only the larger 
university and governmental groups involved in magnetotellurics ha ve been 
mentioned. In addition, some petro leum companies have carried o ut expe­
riments in tellu r ic surveying in Ontario and Alberta . 

PRESENT LEVEL OF ACTIVITY 

At th e University of Alberta, work continues on new interpretive 
techniques and the application of magnetotellurics to deep cr ustal studies 
and r egional tr e nds . At the University of Toronto, magnetotellurics is 
applied to th e study of the thermal r egimes of the mid-Atlantic ridge and 
also th e application of high-frequency magnetotellurics to th e shallow struc­
tures of interest to the mining industry . 

The Dominion Observatory, both i.n Ottawa and Victoria, conducts 
magnetotelluric studies in conjunction with magnetic deep sounding pro ­
grams. The Geological Survey o f Canada also carried o ut a magnetotellur i c 
program with emphasis on instrumen tation and methodology. Programs are 
also under way at t h e Unive l"sity of Saskatchewan , the University of 
Victoria, McGill University, and the Bedford Institute of Oceanography. 
This does not exhaust the list of institutions at which work in magnetotel­
lurics is carried out in Canada , but it does indi cate the ve ry high level of 
activity in th e universities and governmental institutions . The level of 
activity can b e expected to r e1nain high if funds are available for this 
purpose. 

NEE D FOR INCREASED ACTIVITY 

The magne t otelluric method is a r elative ly new technique for the 
investigation of subsurface structure and, despite its promise in terms of 
commercial application, ne eds considerable further development. The pos­
sibility of its us e for large-scale regional surveys in r emot e areas where 
large field crews are not easily maintained should provide an incentive for 
further development to meet Canadian needs. Magne totelluric studies are 
particularly neglected by indus t ry in Canada, and further industrial research 
and application need to be encouraged. 
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TRAINING 

Since the magnetotelluric method is relatively new, the instru ­
mentation and interpretive techniques are not routine and consequently the 
method will require relatively highly trained pe rsonnel. Many of the con ­
tributions in this field have come from university research programs, and 
graduates from such institutions are in general well trained to continue this 
work. 

If the method we r e to become well es tablished for exploration 
purposes , it may be necessary for the companies to hire geophysicists 
trained in the method. Canadian g raduates in geophysics are well trained 
fo r employment in universities and government agencies but over - trained 
for the Canadian oil industry, which is the major Canadian employer . Geo­
physics is, nevertheless , the area in which currently the employment situ ­
ation for physicists is brightest as far as the availability of jobs is concerned. 
There is in Canada, however, a serious imbalance in the natu1·e of e1nploy­
ment opportunities in geophysics, especially for people with higher degrees. 

CONCLUSIONS 

1. Magne t otelluric studies should receive increased support because 
of their potential for the economic development of Canada. 

2 . The Government should inc r ease financial support to its agencies 
and universities to car r y out research in this field of earth science. 

3 . Co - operation between government agencies and the private compa ­
nies should be p r omoted to carry out research in the application of 
this method to oil and mineral exploration in Canada. 

4. Scientists should be encouraged to attend national and international 
meetings to promote r esearch and stimulate discussion of this field 
of study. 
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GRAVITY 

J . G . Tanner and R . A . Gibb , 1 

Dominion Observatory , 
Ottawa, Ontario . 

DEFINITION 

Gravity is d e fin e d as the gravitational attrac tion of the earth on a 
mass of one gram at some point in space . It is an acceleration and obeys 
Newton ' s l aw of gravitati on w hich appli es to every particle in the universe. 

As the earth is a rotating , non-spherical and inhomogeneous mass , 
the value of gravity varies over its surface from about 978 cm/ sec2 at the 
equator to about 983 cm/ secz at the p o l es . Measurements of these variations 
are important to the study of the crust and upper mantle, isostasy, geodesy 
and the exploration for mineral and petroleum resources. 

SIGNIFICANCE OF RESEARCH AND 
PRACTICAL APPLICATIONS 

Eve ry object or unit of mass on ea rth, in the solar system or in 
the universe is subject to the laws of gravitation . Therefore, research into 
the natur e of gravitat ion is of fundamental importance to man's social and 
economi c we ll being . Although this report is concerned with gravity as it 
applies to studi e s in the earth sciences, it should b e remembered that vast 
amounts of e nergy are d erived from or spent in overcoming gravity and that 
an understanding of t h e fundamental cause of gravi tation would be one of 
man's greatest ac hievements. 

Gravity studies are useful in seeking and developing oil, gas and 
mineral resources . They can b e car ried out quic kly and at re latively low 
cost and they are a va lnabl e means of defining either regional or local ar e as 
with anomal ous subsurface structures that warrant further d etailed pros ­
pecting . Gravity data can a l so be combined with ge ological and o ther geo ­
physical data for control to deduce important information on lo cal or regional 
structures and st ructural processes governing the formation of an ore deposit. 

Many of the developments and techniques of gravity in strumenta ­
tion, surveying and interpretation have r e sulted from inv e stigations by min­
eral and p et roleum exploration companies . Such investigations combine 
information from other geophysi ca l methods , geology and drilling to e luci ­
dat e the shape, d e pth and other properties of the structur e of interes t. Var ­
ious techniques are e mploye d to isolate the gravity effects of local structures 
of inte r e st from t h e gravity fie ld or regional anomaly usuall y associated with 
larger and often de e per influ e nces in the crust. The resultant or residual 
anomaly is a refinement whic h often more precisely defines the location of 
the source structu re. From detailed systematic surveys of high accuracy, 
the second ve-rtical derivative of the gravity field can be computed with the 
same net effect of outlining more pr ecise l y the anomalous area . The gravity 
m ethod has been successful in locating many structures of economic impor­
tance in Canada including, the detection of reef structures in Alberta and 
Saskatc hewan, and delineation of the Pyramid ore bodies at Pine Point, 
Northwest Territories . At sea, the discovery of the Orpheus gravity anomaly 

lNow Earth Physics Bran c h, Department of Energy, Mines and R e source s . 
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off Cape Breton , Nova S c otia by the Bedford In st i tute , l e d the oil industr y to 
extend t h e ir l e ase holdin gs and inc rease their exploration activity in t h e ar ea . 

On a l a rge sca le gravity a nomalies arc used lo study major c r us ­
tal stru c tur e s. Gravity a l on g wit h se ismic obse r vat i ons arC' u sC' d to d eter ­
mi n e t h e nalui· c of the tra nsi t ion from contin enta l to oceani c c r ust a t conti ­
n e ntal margin s . Ot h er struct ure s such as t h e mid - oceanic ridges , oce an 
trenc h e s and isla nd ar c s a nd vo l c anic is land s are studi e d b y gravity as we ll 
as other dis c iplin e s of Ea rth S c i e nce . Important resu lts of use to structu r a l 
geo logists a nd p etrologists hav e come from gravity studie s of the in trusive 
ro c ks . Sedime n tary bas ins have been studied by the gravil y method not onl y 
in sear c h for possibl e oil traps but a l so in an effort to study t h e structu ral 

histor y of t h e se basins. In areas of post - g l ac ial upli ft g r av i ty measu r e m e nts 
h a ve prov ided a m e a n s of st ud yin g the r·e spons e of t h e m a ntl e t o l oadin g and 
subsequent r e mova l of thC' load . 

T h C' int e rpr e tation of g r av it y d ata on a regional basis , that is ove r 
r eg ions measured in thousa nds of square ki l ometres , provides information 
on the gross n atu r e o f t h e c ru <:t a n d upper mantl e and a_ sound basis for man y 

pr o _iects of economic importan ce . T hi s fo llows fr om th e fact t h at know l e dge 
of the p h ys i cal pr o p ert i e s of t h e crust a n d upp e r mantl e l eads to knowledge 
of the proc e ss e s taking pla ce in th e outer pa rt of the ear th . Conse q uently 
r ece nt r e sults o f c ombined gravity and seismic interpr e tations h ave prov i ded 
support fo r n ew t h eor i e s of pr oce ss e s taking pl ace below t h e con t ine nts a nd 
t h e oc e ans . 

Gravity data ar c importa nt to stud i es of the ph ys i cs of t h e ea rth's 
int e ri or a s t h ey contribut e to know l edge of both the stati c and dynamic be h av ­
i our of th e d eep int e ri or . Isostatic studies are in part con cer n e d wit h t h e 
me c h a ni cal b e h aviour o f th e ea rth ' s outer hundr e d kil ometres (the l ith os pht• r e ) 
through stud i es of the r e lationship of topography (o r m ore genera ll y l oad s on 
the c rust ) and compensation at d e pth . T h e dynami c respons e of the litho ­
sphe r e can be d etermin e d b y stud ying regions in whi c h ther e h ave be e n recent 
c h anges in the load on th P crust. M easurement of parth tidl'S a nd crusta l t ilt 
prov id e information on rigidity in th e e arth and it is the aim of r e s e ar c h ers in 
t h is fi e ld to use r egi on al var iat ions in e ar t h tid e s and cru stal tilt to stud y t h e 
structu re of t h e mantl e . P e rhaps t h e most imp ortant factor in cur r e nt studies 
of t h e e ar th' s inte rior are t h e long wave l e n gt h gravi t y anomali es d efine d b y 
t h e p ertu rbat ions in sate lli te orbits . These a n o m a lies ar e almost certainl y 
indicat i ve of lar ge scal e l ateral var iations of mass wit hin the m antl e , but i t 
is not know n w h e the r these anomali e s are stat i call y or dyna mic all y supported 
in the mantl e . Whi c h eve r i s t u re , und e rstandin g t h e cause of the s e a n omalies 
w ill a dd g r e atly to knowl e dge of t h e properties of t h e mantl e and t h e proces ­
s e s affec ting it. T h e s e p roce ss e s, of w hi c h con vect ion is perhaps t h e most 
important , are basic to a ll tectonism , and t h erefo r e u l timate l y con tro l the 
nature of t he outer h undr e d kil o m et r es o f t h e e arth . 

Grav it y d ata are t h e ba s i s o f physica l geod e sy w hi c h is con cern ed 
with the d ete rmination of the s hape of e arth. Kn owl e dg e of t h e grav i ty fie ld ove r 
t h e earth d ete rmine s the shape of t h e ge oid and t h ere for e prov id es the b as i c 
in formation n eede d for t h e constr uct i on of maps and charts, w hi c h are funda­
m e nt a l to practicall y all social and ec onomic und e rtakings of man. As t h e 
requi reme n ts for mor e acc u rate maps grow in Canada m ore detail e d know ­
l e d ge of t h e geoid w ill b e requir e d and g ravity mapping in greater d e tai l w ill 
b e ne ces sary . 

Grav ity data ar e finding increasing indus tr i al applicati on . Among 
t h e m ore promine nt are t h e requir e m e nts for prec i se val ues of gravity at 
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ins t rumental development laboratories and meteorological stations and 

detailed knowledge of the gravity field in the> v i cinit y of rocket facilities and 
military installations lo control the orientation of rockets during the stage of 
powered flight . 

As a cont ribution to interplanetary geophysical studies , lunar orbit ­
ing space ve hicles have already provided sufficient tracking data to permit 
proc es sing o f a quali tative gravity anomal y map of the n ear surface of the 
moon. The resu l ts suggest t h at large mass con centrations occur under the 
lunar ringed maria and s eve ral explanations hav e b een proposed w hi ch give 
some insight into the history and structure of the moon . 

Gravimeters are used to m easu r e gravity over the earth ' s surface . 
Sinc e these instruments require calibr ation to d etermine their spring c on­
stants , it is essential that adequate control be available to ensur e a uniform 
set of gravity measurements through out Canada and the world . In Canada 
this control is provided by the Canadian National Gravity Network without 
which it w ould be difficult , p er haps impossible , to corre l ate the results of 
adjacent gravity surveys. 

Research a nd development on instrumentation and tec hniques to 
provide adequate control measurements e nsures improved gravity data, uni ­
formity in the data and broadens their application . There is a lar ge amount 
of research devot e d to improv ing compute rized techniques for reducing, 
analyzing and distributing gravity data . This research is important be cause 
it enabl es r e lative costs to be maintained or r e duc e d and provides for more 
effective distribution . 

HISTORICAL DEV ELOPMENT 

(a ) General Dev e lopment 

The history of the gravity method has been greatl y influenced by 
the n ee d for great precision in measurement. Pract i cal applicat i ons we re 
not possibl e on a w id e scale unti l the technol ogical dev e lopments of this ce n ­
tury provided a means to manufacture prec is e instruments and computa ­
tional facilities to car ry out the complex calcul ations n ee ded for many appli ­
cations . The history can therefore b e summarized as one of ea rl y theoret i­
cal d eve l opments followed by a relative l y short , but intense , period of prac­
tical developments . 

The theory of gravitational stud i es b egins with Newton and his 

Theory of Gravitation published in the latter part of the seventeenth century . 
As a result of Newton 's early work a re l atively primitive pendulum appara ­
tus was d eve loped to test Newton ' s hypothe sis that the gross form of the earth 
is an oblate spheroid. By the end of the nine teenth century, mathe maticians 
had virtually compl eted t h e d eve lopment of general theory d e scribing the 
properties of gravitational fie lds (pot ential theory) and it remained mainl y 
for theoreticians of this ce n tury to formulate theory recognizing that the 
m easu r ement s are made on the earth ' s topographic surface and not som e 
mathematical reference surface . 

Pendulums r e mained the only means for making either relative or 
absolute m easurements of gravity for about two ce nturies . The greatest 
improvements in the accuracy of p e ndulums have been r eali zed during the 
past twenty years when it became possible to control the environment of the 
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pendulum (pressure, temperatu r e , humidity, etc .) lo a high degree and lo 
measur e t ime to parts in a hundred million or better. 

In t hi s century t h e number of instrume nls available for measuring 
gravity, its compon ents or its d er i vatives has increased great l y . Pendulums 
have n ow been nearly replaced by abso l ute a pparatuses. The absolute appar ­
atuses in use fall mainly into two classes : (a ) those in which the object is 
dropped (b) t h e symmetrical or tossed ball experiments . The instruments in 
existe n ce are d esigne d for laboratory use , bul i t is exp ected that porlabl e 
vers i on s of t h ese wi ll be avail ab l e wilhin five years . 

P e rhaps the most important factor in the history of gravity studies 
h as b e en t h e gravimeter which was deve l oped in the 1 930s by the oil industry 
in the U .S.A . These ins trum e nts are li g h t in we i ght , eas il y readable in a 
few minutes and are suffic i entl y sensitive to find appli cations in prospecting 
as well as earth science research . Prior lo t h e 1960s these inslrumenls 
were used almos t exclus i ve l y on land areas , but recent developments and 
m odifications permi t t h eir appli cation to studies of the contine ntal she l ves 
a nd ocean basins. T h e l atter application involves the measurement of gravity 
f rom a moving platform (d ynami c gravimetry). Al though measurement of 
g ravity from surface s hips is commonplac e , dynamic gravimetry is in its 
infancy and sec ond generati on instruments are just now comin g in to use . Il 
is hoped that t h ese instrume n ts will eventuall y be sui tab l e for accurate gra ­
v i ty measurements from an aircraft. 

Artificial satellit e s became an imp ortant faclor in gravity studies 
during th e 1 960s because t h ey provid e d a m eans of quickly and economically 
obtaining the m ajor features of t h e earth' s gravitational field . Thi s informa ­
tion h as also provid e d a useful worl d - w ide standard for gravity anomalies 
obtaine d from surveys over l a nd a nd water covered areas . The urgency in 
establi s hing a global network of first order gravity stations has been reduced 
but n ot e liminate d . Sate llites h ave caused a major revol ution in geodetic 
studies both in phys i c al geodesy (geodetic studies using the gravitational fie ld) 
and in geom et ri c o r other fields of geodesy . At t h e clos e of the 19 60s increas ­
ing emphasis was given to studies in t h e fie ld of sate llite geophysics. Of 
part i c ular inte r est h as been t h e interpretation of l ong wave l e n glh gravity 
anomalies becaus e of t h eir possible signi ficance to modern theories of g lobal 
tectonism. Scientists today are attempting lo d etermine w h elh er t h ese anom ­
alies r e fl ect a n e quilibrium condition or are indicative of dynamic processes 
now taking place w ithin the mantle . 

(b) History of De ve l opments in Canad a 

The earliest known gravity measurements in Canada were made 
during t h e fam o us Arctic expedition s of t h e ea rl ynineteenthcentury . The first 
absol ute exp eriment in Canada, a nd po ssibly in North America , was c arried 
out at t h e University of Toronto in 1896 . Pendulum m eas ur ements were firsl 
m a d e by the Dominion Observatory in t h e 1 940s and this instilution h as 
assume d responsibil i ty for the o p eration of the Canadi an p e ndulum apparatus. 
This app aratus has undergon e several period s of reconslruction and of the 
o rigina l a pparatus onl y t h e pendulums remain . In addition to the Canadian 
a pparatus , American a nd British pendulum apparatuses were used to make 
gravity measurement s in Canada during the 1 94 0 s and I 95 0 s . In the l ate 
1950s and early I 96 0s, the National Research Council carried out an absolute 
gravity experim e n t i n Ottawa . 
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The torsion balance, w hi c h measures gravity gradients, appears 
to be t h e first gravity instrument to be applied to studies of geological struc­
ture. This instrume nt was used in the late 1930s and early 1940s to study 
faults in the Ottawa Valley . However, too much time was required to make a 
m ea surement and it was quickly replaced by the gravimeter which was applied 
by t h e Univers it y of Toronto and by the Dominion Observatory in studies of 
geological structures in Eastern Canada . By the mid 1950s the Dominion 
Observatory initiated a national program of regional and d etai l ed gravity 
coverage throughout Canada, as an aid to studies of crustal and upper mantle 
structure and in the fie l d of geodesy. This program prov ided for establish­
ment of the Canadian National Control Network to serve as the standard for 
measuring gravity for regional gravity stations at interval s of 15 km through­
out the land and water-covered regions of Canada, for a computerize d system 
to reduce, store and retrieve gravity observations and for a data bank to 
serve as t h e medium for distributing gravity data nationally. It is still oper­
ating and has provided Canada wit h a standard among the highest in the world . 

A major e nd product of the mapping program is the •Gravity Map 
of Canada'. The recent edition, released in 1967 , shows regional gravity 
cove rage in Canada to be about 60 p er cent compl ete . 

Gravimeters were first applied to measurements of ea rth tides at 
t h e University of Toronto around 1950 . Earth tide measurements were made 
by t h e Dominion Observatory during th e International Geophysical Year in 
1 957 -58 at Ottawa, Resolute , N . W . T . and Meanook, Alberta. These early 
measurements were essentially part of 'ad hoe ' programs and it was not 
until 1 963 that the Dominion Observatory comme nced a long term study of 
earth tides and crustal tilt. This progr am was strongly supported by the 
Associate Committee on Geodesy and Geophysics which, in 1964, recom ­
mende d an expanded program including financial support by the National 
Research Council for universities ente ring this field of research. Shortly 
the reafter, Dalhousie University purchased equipment for studies of crustal 
til t and additional arrangements were made with the Dominion Observatory 
to coop erate in the measurement of earth tides in Eastern Canada. 

Measurements of gravity at sea date back to 1955 when the 
Dominion Observatory undertook the development of a vibrating string gravi ­
meter. Work on the development of this instrument continue.cl until 1 962 when 
tests on a working model of a quart z - fabricated vibrating string gravimeter 
were successfully complet ed . The instrument was not dev e loped further 
because subsequent tests indicated t hat linear spring - type gravimeters could 
be more e asily a d apted for measurements from a moving vessel. Concur­
rently with this development wo rk, the Dominion Observatory participated 
with American agencies in tests of gravin1eters in submarines and, in 1960, 
initiated a program to map the continental shelves and inland waters of 
Canada using underwater gravimeters. In 1963 the n ewly formed Bedford 
Institute of Oceanography and the Dominion Observatory undertook joint tests 
of surface gravimeters off the east coast of Canada . The Dominion 
Observatory has c ontinued its interest in gravity at sea b y carrying out a 
broad program of underwater measurements off the east and west coasts and 
in the Great Lakes , a program of surface measurements off the west coast 
and lar ge -s cale surveys on the sea ice of the Arctic Ocean and inter-island 
channe ls . This last program is part of the Polar Continental Shelf Project 
initiated in 19 58 . 
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The Bedford Institute has impleme nted a major program to mea ­
sure gravity al sea from ships . Measurements have be e n made off the east 
coast of Canada and over t h e Atlantic Ocean basin, with emphasis given to 
the mid - Atlantic ridge . Much of their research effor t has been devoted to 
the development of a data acquisition s ystem known as BIODAL. The 
advances made by lhe B edfo rd Institut e have kept Canada in the forefront of 
marin e gravity studies . 

The petroleum and mineral exploration industry has been active in 
gravity studies but, be cause of the competitiv e nature of their activities, 
man y of the results of the surveys and the methods used to interpret the data 
remain confide ntial. The d eve lopme nt of the gravimeter and many of the 
early tec hniques of inte rpretalion were pioneered by the petroleum industry 
in the United States. In recent yea rs there has been a steady broadening of 
the projects undertaken by exploration companies in Canada . This is parti c ­
ularly noticeabl e wit h respect to the increased awareness of the value of 
regional gravity surveys in structural studies . Evidence of this trend com es 
from the increased number of requests to the Observatory for regional data 
and from the types of surveys carried out by the exp l oration companies . 
There are also indications that the exploration industry is b ecoming more 
research consc ious and is more prepared to underwrite the co sts associated 
with t h e research and dev e lopme nt of techniques of potential use in mineral 
and petroleum exploration . 

Eleven universities and at l east two Provincial Government agen ­
c i es are presentl y active in gravity research in Canada . In general , the 
uni versities, which i n c lude A lb erta , British Col umbia, Dalhousie , Manitoba, 
McGill, Memorial, New Brunswick, Queen's, Saskatchewan , Toronto and 
Western Ontario, hav e appl ied their efforts to the interpretation of gravity 
data in le rms of crust al structure and to the de ve lopment of new mathematical 
m ethods of interpretation e mpl oying the computer. 

Much of th e fi e l d work and map production ca rri e d out by universi­
ties has been restricted to the southerly areas of Canada where the costs of 
field work are lower . University staff have partic ipated in northern projects 
through the use of government data. Freque ntly, post graduate students have 
been e mploye d on government field parties and have used the observed data 
as the basis for their research problems and theses. Publ ished maps of the 
Observatory hav e a l so formed the basis fo r university project s, but it is only 
within the l ast few years that sufficient r egional data hav e existed to permit 
such undertakings. A wide range of more spec iali zed gravity and geodetic 
studies has b een undertaken at several of the universities . 

In the last two decad es perhaps the greatest influence on geophysi cs 
in Canada has come from the University of Toronto . Many graduates now 
hold senior positions in other universities, in industry and in government and 
they in turn have trained many of the geophysicists now working in Canada . 
Further evidence of this influ e nc e is provided by the standard text on the 
theory and applications of geophysical m ethods (Grant and West , 1965) which 
is now widely used throughout Canada. 

Some examples of the larger projects undertaken by the universi ­
ties and provincial agencies ar e : 
(a ) Cooperation b etween Dalhousie University and the B e dford Institute is 

well e stablished in the field of marine geophysics and oceanography . 
Interpr etat ion of combined gravity and seismic data has produced models 
of the crust of the Maritimes and eastern continental margin . 
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(b) As well as an active research program in geodesy Lts in g gravity data, the 

University of New Brunswick has completed a gravity survey of t h e 
Province of New Brunswick . 

(c ) The University of Manitoba in coo per at ion with the Manitoba Department 

of Mines and Natural Resources is currentl y e ngage d in multidiscipl in ­
ary studies , which inc l ude gravity , of a large portion of the Canadian 
Shield . G r avity investigations b y the Universtiy have contribute d to the 
d efinition and understanding of t h e structure of the Manitoba Nickel Bell. 

(d) Some of the initial d evelopme nt of the Canadian Pendulum Appa ratus 
was don e at the University of Western Ontario . 

(e ) The Nova Scotia Research Foundation has observed about 5 , OOO gravity 
stations annually in the search for bar i le a nd salt deposits . A comput er 
system for d ata reduction , storage and retrieval has been deve l oped to 
handle the results . 

(f) The Saskatchewan Research Counc il has undertaken detai l ed gravity 
inv est igations of Precambrian structures in the prov inc e a nd has devel­
oped interpretation techniques for use in such d etailed studies . 

PRESF.NT LEVEL OF ACTIVITY 

(a ) General Programs 

Much of the effort of both the Dominion Observatory and the 
Bedford Institute is given to regi onal mapping programs, a l though these 
ag ncies carry out special projects whenever possible. As the Ob s ervatory 
is also responsibl e for the maintenance of gravity standards in Canada, this 
agency is invol ved with the establishment and maint e nanc e of the Can ad i an 
National Gravi ty Network . As a n aid lo maintaining standards and to meet 

the r e quirem ents of the expl oration indus try , research in the ea rth sciences 
and national defence , th e Observatory maintains a storage and r etr i eva l sys ­
tem for gravity data . The system includes d ata fr om sources other· than t h e 
Obs ervato ry, but it is not as yet a c omplete repos i tory for a ll gravity data 
within Canad a . Storage and retrieval systems for gravity data are a l so 
operated at the B e dford Institute and the Nova Scotia Research Foundation and 

by var ious petroleum compani es . 
The Dominion Obs ervato ry owns and operates about twenty gravi ­

m eters . These include two La Coste and Romberg und e rwater meters , two 
La Coste and Romberg i ce m ete rs, four La Coste and Romberg l a nd meters 
and about twelve quartz fabricated Word en or Can adian meters . The Bedford 
Institute operates two Askania sea gravimete rs and one L a Coste and Romberg 
l a nd grav i meter . The l atter is us e d for ship to s h ore conn ect ions to d eter ­
min e the dri ft of t h e Askania in struments . All of the major universities own 
a gravimete r as d o provinc ia.l agencies in Nov a Scotia and Sas katc hew an . 
The numbe r of gravimeters owned by the exploration industry is not known , 
but it is believed that an average of ten is operated eac h year . 

At the Bedford Institut e much effort is devot e d to the deve l opme nt 

of advanced d i gital systems lo permit automatic r ec ording of all data 
observed during a cruise . T h e instruments sampled by the di gi tal system 
include the gravimeter , d e pth sounder , several types of navigational aids and 

course a nd s p eed indicators . This information is recor d e d in a form suitabl e 
for on board r e duction of da ta using a n PDP - 8 c omputer . 
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The Dominion Observatory also ca rries out a r esearc h program 
to adapt in strumentation to meet current r e quirements . The major aim of 
t h is i nstitution ' s instrumental research is the d eve lopment of an advance d 
central computer system to support highl y mobile fi e ld parties . T h e d i ve rs ­
ified nature of their field program clearly lend.Sitselftothis typeofoperation . 

(b ) Manpower 

The Departn1ent of Energy, Mines and Resources has approxi ­
mately 25 professionals and 8 t ec hnici a ns e ngaged in gravity programs . 
About half of this staff is concerned with various phas es of l arge scal e dat a 
acquisition and p rocess ing including the d eve lopment and asses smcn t of new 
gravi ty surveyin g instrumentation and data acquisition systems . The remain ­
der are invol ved with the deve l opme n t of new techniques for the inte rpr eta ­
tion of t h e gravity fie l d and their application to the int e rpret at ion of cru stal 
structure in terms of geol ogical and othe r geophysica l information . Other 
important activities include geod etic applications of gravity and the es tablish ­
ment a n d maintenance of grav i ty standards . 

The number of professionals and support staff emplo ye d in fu ll 
time grav i ty research programs in provincial resear c h institutions and uni ­
versities is p r obabl y l ess than 20 . Their interests are concentrated mainly 
over small scal e geological structu res , often those of pot ential economic 
sign i ficance , and the d ev elopment of int e rpr etation techniques using the 
computer . 

Gravit y activity in t h e Canadian petroleum industry h as increased 
in the last three years . The figures for crew months in gravity wo rk are as 
fo ll ows : 196 6 - 28 . 5 crew months , 1 967 - 79 . 5 crew months and 1 968 - 124 
crew months . Most of the inc r ease ha s been in the provinces of Alberta , 
Saskatch ewan and Manitoba and in the Yukon and Northwest Te r rilories 
reflecti ng the renewed intere st in the search for pinnacle - type D evonian reefs 
in A l berta , surveys of the Winnipegosis R eef trend in Saskatchewan, and the 
impact of the recent discovery at Prudhoe Bay, Alaska on exploration in the 
Canadian north . 

(c ) Cost 

The total budgetary allotment for g ravity work in the Department 
of Energy, Mines and Resources during the past yea r was approximately 
$ 1, 2 0 0 , OOO including salaries and aircraft c hart e r but not shiptime. At least 
30 per cent of this amount was expended in mounti!Jg large scale gravity sur ­
vey parties. The expenditures of the oil industry on grav ity surveys during 
1968 was approximate ly $1 , 450, OOO (R . R . Clawson, personal communication) 
including computing and interpretation costs , that of the mining industry is 
estimated at $250, OOO based on figures for l 967 . An additional $20 0 , OOO is 
estimated for th e cost of gravity surveys done by provincial institutions and 
t h e univ e rsiti e s . 

(d ) Output 

The Department of Energy, Mines and Resources obtains about 
7 , OO O new gravity observations annually over a land and froze n sea area of 
some 200 , OOO square mi l es . Continuous shipborne e;raviLy m easurements at 
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sea provide data for approxirnately 20, OOO mi l es of traverses per annum over 
the continental shelves and in the deep oceans . The mounting demand for 
regional gravity coverage over both land and water areas has caused consid ­
erable emphasis to be placed on d evelopment of the new data a c quisition 
systems ; a national system for the exc hange of gravity data is now under con­
sideration . The in terpretation of gravity anomalies is playing a n increasing 
rol e in combin ed geoph ysical stud ies of t h e Arct ic Islands , the Canadian 
Shield, the eastern and western continental she l ves and Hudson Bay. 

NEED FOR INCREASED ACTIVITY 

Increased effort is n ee ded to prov ide more measurements . This 
can be done in two ways : 

(a) increasing the number and s i ze of field parties and improv ing equip­
ment and techniques to provide for more rapid data acquisition, 

(b ) incorporating existing obs e rvations by private and public agencies 
into the national system maintained by the Dominion Observatory . 

Of these two suggestions onl y the second n eeds to b e discuss e d . 
There probably exist in Canada hundre ds of thousands of gravity observations, 
mainly by exploration companies , which are on local r efere nc e systems and 
were made with gravimeters with scales constants in error by as much as 
2 - 3 p e r cent. While it wou l d be impossible to reclaim this large volume of 
data for a number of reasons, action can b e taken to e nsure that future work 
is done on the proper standard . This will require increase d co operation 
between c ompanies and agencies e ngaged in gravity work and the Dominion 
Observatory to ensure that standards maintaine d by the latter are used prop­
erly. This will also involv e the provinces b ecause it w ill be nec e ssary to 
obtain data from provincial fi l es as they are made publi c . 

Incr eased effort is n ee ded to establish data banks to stor e existing 
data and to serve as the medium for mo r e effective distribution of gravity 
data. Nationally this can be done through the Dominion Observatory ' s data 
library c urr e ntly in operation . 

An area in which a greatly increas ed effort is n eed e d is the field of 
physical geodesy (the application of gravity data to studies of the shape of the 
earth). The Observatory emplo ys a physical geodesist and plans its program 
with the requirements of this dis c ipl ine in mind . The only other ins t itution 
with a c ontinuing program in physical geodesy is the University of New 
Brunswick . This is not a r ec ord of which Canada can b e proud , e spe ciall y 
a s this c ountry occupie s such a comparative l y larg e portion of the globe . 
Both existing agencies should increase the i r activities immediately and other 
universities should b e e n couraged to include phys i cal geodesy in their c ur ­
ricula . No specifi c aspects of the dis c ipline can b e single d out as more 
important than others because this dis c ipline is so poorly represented in 
Canada. 

In recent years great strides have b een made in understanding 
global tettonics. These studies have mainly c once rne d the oceans and con ­
sequently application of these new t h eories to understanding the deve lopment 
of continents is muc h neede d . Since gravity data are important to studies of 
crustal structure and since Canada cover s the entire spectrum of geological 
t ime , an increased amount of gravity inte rp~etation is necessary to profit 
from recent theoretical advances . Uni ve rsities as a group are not particularly 
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active in gravi ty studies. Staff of university departments should s p end more 
time with gravity data. This would hav e the added advantage of providing an 
adequate supply of graduates with training in the gravity method and thus cut 
d own on Canada's re liance on foreign trained scientists . 

With the exce ption of geod esy, where much more money is 
required, these suggested areas for increas e d activity are a matter of 
emphasis rather than l arge n ew programs. Some increa se in exp enditure 
and p er sonn e l will obviously be n ecess ary, but this is minor in comparison 
to the value obtained in terms of a huge increase in data avail abl e and more 
effective application to Canadain problems. 

TRAINING 

Training for professionals working in the broad fi e ld of gravity 
inve stigations is provid e d by phy sics , mathematics and geology d e partments 
and specialists from eac h dis c ipline are e mployed by agenc i es involved with 
gravity w ork in Canada. Most have training in potential theory, obtained 
from graduate or undergraduate training in one or mor e courses . Nearly all 
s cientists active in the fie ld have had graduate training to the Maste r's l eve l 
and probably mor e than half have c omplete d their Doctorate. Basic training 
is available at all universities in Canada, but opportunities for spe c ialization 
at the graduate l eve l are more restricted and consequent l y many of the sci­
entists active in grav i ty studi e s hav e received their graduate training outside 
Canada. 

Training for techno l ogists e ngaged in gravity work now comes 
almost entirely from institutes of t echnology which have now b een established 
in most provinc es . Institutes in Alberta, British Col umbia and Ontario 
(Haileybury) offer dir ect training in the gravity m ethod, but most technical 
personne l have rece i ved their basic training in e ither electronics or survey­
ing and received further training at their place of e mployment. 

FUTURE TRENDS AND LEVELS OF ACTIVITY 

As only about 60 p er cent of Canada is cove red with gravity stations 
at intervals of 15 km, compilation of this regional c overage must remain the 
most important obj ective . This will require at l east ten years of work at the 
pres e nt l eve l of activity and wi ll b e a diffi cult task b ecause the areas that 
remain are the m ost difficult in which to operate . 

There is a need for much more closely spaced gravity stations, as 
close as one kilometer , in various areas of Canada and this need will increase 
during the next ten years . This r equirement cannot b e met with existing 
manpower if cu rr ent m ethods of gravity surveying are e mploye d, and thi s will 
m ean e ithe r increased manpower or improved procedur es or, more like l y, 
both. One possibl e solu tion is the d evelopment of a c omplete l y airborne 
system of m easu ring gravity . Su c h systems are still in their infancy but 
tests to dat e give reasons for optimism. The capital expenditure will be 
initially l arge for those systems but their operational costs will almost cer ­
tainl y b e low and this coupl e d with fl exibility should make airborne systems 
a powerful tool in the ea rth sciences . 
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Sate llit e gravim e try is at present only usefu l fo r studi es of fea ­
tures with wavelengths of the order of thousand s of k il ometers . During th e 
seventies improved techniques w ill p e rmil d efin i tion of a n omal ous features 
of the earth ' s gravity field with wavelengths of about 3 00 - 500 km . It is like l y 
that this work will be done in the United States , but th e results will be avail ­
abl e for applicat ion by a ll c ountri es . 

There is a n eed for more grav i ty data in regi ons of ec onomi c 
interest a nd provincial agencies should be encourage d to provide mor e of 
this d ata in accordan ce w i t h the standards of the national system . 

T h e measurements , reduction of m ea surements and presentation 
of the measurements will b ecome more and more auto m ated t h rough incr e ased 
use of e l ectronic recording e quipme nt and computers. It is also important 
t hat libraries of existing measurements be establishe d a nd maintained in 
order t h at they serve the ne e ds of future inves tigations . The c ost of m ain ­
tainin g such libraries by computer is not large and if similar librar i es can 
be establis h ed for topographic , geodetic , geo l ogi c and other geoph ys i cal d ata 
the contribution that can be made from gravity and oth er data can be greatl y 
increased at comparati v ely small added exp e n se . 

Instruments such as earth t id e meters , tiltmeters , gradiometers 
and other more specialized instruments have e i t h er been r ecently introd uced 
or are being contemplated for work in Canada . The impact of these instru ­
ments is h ard to assess at present , but their p oten tial assistance to our 
understanding of pr ocesses t h at take plac e within t h e earth are great and 
more emphasis will graduall y b e pla ce d on the ir use d ur ing t h e n ext d ecade . 

Canada is among the more a d vanced cou ntries in terms of applying 
computers lo practical probl ems of g r avity investigations . T h is rol e can be 
maintained onl y by continu ed emph as is on the d eve l o pme n t of computerized 
tec hniqu es . 

CONCLUS IONS 

(1) The Dominion Observatory should make every effort lo complete the 
regional gravity Sltrvey of Can ada w i thin the next ten years. Oil search 
h as given added impetus to the n eed for gravity coverage on Can ada ' s 
continental shelves a n d inl and waters and hence priority should a ls o b e 
give n to compl eting the gravity coverage in Canadian waters . T h e 
Bedford Institute and t h e Dominion Observatory should co ope rate mor e 
in planning the systematic gravity c overage o f a ll Canadian waters . 

(2 ) More detai l ed , fo ll ow - up g r avity surveys of anomalous region s of inter ­
est are a natural consequence of t h e regional work . Much of this fo ll ow ­
up work is don e by industry i n th e search for structures of p otential 
economic importance, but the provincial agencies s h ou ld be encouraged 
lo play a more active role in detailing areas of l ocal anomaly as is don e 
for example, by t he Saskatchewan Research Council and t h e Nova Scotia 
Research Foundation . 

(3) Canadian earth scientists s h ould continu e to pl ace the main e mphasis in 
their research programs on Canadian problems . Areas of interest w here 
problems have been identified shoul d be stud i ed by multidisciplinar y 
surveys e mplo ying the different techniqu es of geophysics and geo l ogy . 
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(4) The Dominion ObservalOI')' should continue ils prog1·am of pendulum 
measurC'menls in Canada and should undertake measurements of absolute 
gravity al selected sites in Canada . These mC'asu rC'menls are essential 
lo the vslablishmenl and maintenance of the Primary Gravity Conl1·ol 
Network of Canada which serves as a reference for a ll gravity measure ­
ments in Canada . The network i s a l so essential lo the establishment of 
l ocal data banks des i gned lo exchangC' gravity data (see recommendation 
5) . This network w i ll also SC'rve as a basis for future experiments des ­
igned to study medium and l ong term variations of gravity . 

(5) Federal , provincial and industria l centres shoul d maintain computer 
libraries of gravity and density measurements (al ong with other geo ­
physical , geo l ogical and topographic data ). These data banks shoul d 
opC'ralc on a uniform system so that interchange of data is straightfor ­
ward . A modest bl•ginning has been made at standardizing gravity 
ineasuremenls throughout Canad a to the national standards maintained al 
the Dominion Observatory . If uniform stan d ards are maintained in all 
data banks th e val ue of the d ata wi ll be enormous to sl;.i d iC'S of earth 
science in Canada . 

(6) In 1964 the Associate Committee of Geodesy and Geophysics of the 
National Research Counc il strongl y recommende d that the Dominion 
Observatory and the universities undertake a program to measure eart:1 
tid es and crustal ti ll t h roughout Can ada . T h is program has been started 
but more and improved instrumentation is required with a more concen ­
trated effort lo operate stations in the different geol ogical environments 
in Canada in order to study variations i n the properties of t h e eart h ' s 
interior . 

(7) In recent years vertical movements and isostasy have resumed their 
importan t role in geoph ysica l a nd geolog i cal studies . Such studies are 
importan t because they can be re l ated to current geolog ical phenomena 
and a thorough understan d in g of t h ese processes w i ll provide a better 
background for studyin g events lhal h ave taken p l ace in t h e past . The 
coll ection of data pertinent to t h ese studies is a l ong and tC'dious process 
at present , but t h e time required to acquire these data could be reduced 
by more financia l support for improved instrumentation . Il is specific ­
a ll y recommended t h at support shoul d be given to applications for finan ­
cial grants lo study a ll aspC'cts of thi s broad sub ject . 
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GEODESY 

L. A. Gale and H. Klinkenberg 
Geodetic Survey of Canada 

Ottawa 

DEFINITION 

Geodesy is the study of the size and shape of the earth and its 
associated potential field. This includes study of the changes in the size 
and shape with time, i. e. crustal movements, tidal motion and continental 
drift. These studies require major surveys to determine precisely the 
relative positions of points on the earth as well as the mapping and chart­
ing of the earth's surface. Study of the potential field is carried out using 
gravity and positional astr onomy observations. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Geodetic activities result in a better definition of the size and 
shape of the earth which is essential to other geophysical disciplines as 
well as necessary for resource planners and developers in the design of 
projects. Canada, with its vast land and water area. has a special res­
ponsibility in these fields. 

Research in geodesy is aimed at improving the determination of 
the relationship of points on the earth. This imposes the need for defining 
more precise models of the earth. 

Development is concentrated on the design of more reliable and 
more accurate measuring instruments and other techniques for data col­
lection. The use of satellites, for example, has provided geodesy with 
new observation techniques for a worldwide uniform framework of control 
points and a worldwide definition of the earth's geopotential field. 

HISTORICAL DEVELOPMENT AND 
PRESENT LEVEL OF ACTIVITY 

Most geodetic activities in Canada have taken place in the last 60 
years, following the founding of the Geodetic Survey of Canada in 1909. 
The first important contribution to research and development was in optical 
instrument design. Before 1960 only limited geodetic research was done 
at Canadian universities. Since 1960 there has been a considerable in -
crease in research at the Universities of British Columbia, Laval, New 
Brunswick and Toronto. The main areas covered in the university programs 
are in satellite geodesy, geophysics, photogrammetric applications in geo­
desy, crustal movement studies, study of datums, analysis of data, refrac­
tive index studies, and development of instruments. 
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Some detailed crustal movement studies, local geoidal studies, 
and mean sea level investigations based on tidal gauge data have been made 
by the Department of Energy, Mines and Resources, Ottawa. Develop1nent 
of instrumentation, data processing techniques and numerical analysis is 
also continuing. 

The collection of geodetic data has increased sharply in the last 
10 years. New framework control in northern latitudes has been estab­
lished together with an extensive program of densification of and addition 
to existing control in southern areas. Results of relevelling have verified 
crustal movement in certain areas of Canada. Increased astronomical 
position determinations provide the Geodetic Survey with material for 
local geoidal profile and for Canada-wide geoid determinations. This 
activity provides a basis for co-operative continental and global studies 
of the earth's potential field. 

NEED FOR INCREASED ACTIVITY, 
MAJOR OBJECTIVES AND FUTURE TRENDS 

There is an increased need for control for the development of 
integrated surveys and mapping systems for the provinces and densely 
populated municipal areas. 

Some of the provinces (i. e. the Atlantic Provinces with federal 
assistance) have embarked on the establishment of new land tenure sys­
tems, large-scale mapping programs and geo-coding for registration of 
property, population density, exploration, etc. This requires a dense 
system of accurately determined survey control and large-scale maps. 
National continental and global geodetic studies are the basis for an ade­
quate framework to meet these demands. Canada covers half a continent 
and therefore has major responsibilities to international geodesy. Satel­
lite and ground data collection provides an immediate benefit to resource 
development, as well as to the geosciences. Present and anticipated tech­
nological developments will lead to more accurate determinations of special 
relationships of points on an.d above the surface of the earth. 

TRAINING 

At present, two universities (Laval and New Brunswick) offer 
full courses in geodesy. The Universities of Toronto and British Columbia 
have options or special courses in geodesy. Master's and Ph.D. degrees 
with specialization in geodesy or photogrammetry can be obtained at the 
Universities of New Brunswick, Laval, and Toronto. 

A number of technological institutes or colleges provide training 
for technicians and technologists in surveying and photogrammetry. 
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CONCLUSIONS 

The following conclusions relate to th e Canadian ability to meet, 
on lhe national and international level, the econornic and scientific needs 
of lh e country . 

1. 

2. 

3 . 

4. 

5. 

Unive rsilies and fede ral agencies m ust continue lo work closely 

with lhe United Stales Coas t and Geodetic Survey in thei r program 
of global and continental satellite triangulation. 

To provide an adequate systC'rn of control points for economic 
developrnen t and earth science research, th e federal gove rnment 

should concentrate its efforts in geodetic surveying on the estab­
lishment of basic, national, horizontal and vertical cont rol. 

The national " astro-geode tic levelling " program should be accel­
erated to provide at least one east -west and one north-south 
geoid profik . 

Precise levelling should be extended into th e northern areas of 
Canada to es lablish a ''minimum" reliable network of vertical 
control. 

Closer liaison and co - operation among earth scientists and 
geodes ists is necessary t o obtain knowledge of the size, shape 
a n d behaviour of the solid ea rth in Canada. 
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GEOCHRONOLOGY AND STABLE ISOTOPE STUDIES 

Derck York 
Universi ty of Toronto 

Toronto, Ontario 

DEFINITION 

Geochronology in its most general sense is conce r ned with Lh e 
assignn-1ent of numerical dates t o geological eve nts s o that the evol uti on of 

the ea rth may be seen in proper perspective and th ere by mo r e easily under­

s t ood. It seeks Lo answer such b r oad questions as : How old is th e earth? 
When were th e continents formed ? Have t he continents grown wi th ti1ne or 
is the conlinent largely r ewo rked from a pr e -existing crus t ? Have o r o ­
gcnies occur red with a rela tively fixed frequency ? A r e the geological 

histories o f different continents simila r ? What is the rate and var iability 
of ocean floor spreading? When did life first appear on ea rth and at wha t 
rate has it evolved? Was ore forrnation confined to ce rtain periods of time? 
What arc the time r elationships between magmatism, metamo r phism, sedi ­
mentation and ore deposition? 

On a sinalle r sca l e, geoch r onology is used t o unravel local geo­
logical histories and aid st ratigraphic correlations. 

The principal methods used are based on the radioa c ti ve decay 
of K40 t o Ar-1-0, Rb87 t o Sr 87, u238 to Pb206, u235 to Pb207 , Th232 to 

Pbzos, and the spontaneous fission of u238. 

Stabl e isotope studies c arried out in Canadian laboratori e s in­
vo lv e p r incipally the s table isotopes of sulph ur , oxygen, hydrog e n and 
ca rbon. In view of th e economic significanc e of s u lphide mine ral s, sulphu r 
isotope s tudies are of particula r importance. Stable isotopes give us e ful 
information r ega rding p r e ssure-tempe r ature cond itions dur ing the forn-ia -

ti on and subsequent history of a ro ck. They she d light on the sources of 
ore e l ements and their concen lra tion, provide knowledge of the significance 
of biological activity in ore and pet r oleum formation, and aid in defin ing 
th e meteo r ic or magrnatic origin of sulphide deposits. Oxygen isotope 
studies have yie l ded n ew insights in t o the r e lative i1npor tance of juvenile 
and meteo r ic w aters in ore - forming p r ocesses. Thus, water in th e mine ­
rals of hydrothermal a l tera tion zo nes associate d with porphyr y copper 
deposi t s has been shown to be dominan t ly of meteoric rather than magmatic 
origin. 

P RACTICAL API-'LICA TIONS 

Geochronology and stable i sotope studies arc of considerable 
but larg e ly indirect importance. Geochronologica l studies have made a 
significant contribut ion to the delineation and ma pping of tec t onic p r ovinces 
in Canada. The establishment of the relative ag e s of the majo r divisions 
o f the Canadian Shield, fo r exampl e, has b ee n a major geochronological 
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achievement. Information of this nature is of value to the planners of 
mineral explo ration programs, since a number of important mine ral belts 
occur at the boundaries between geological provinces. 

It would cle arly be most desirable to know the exact time of for­
mation of ore bodies for correlation purposes . The common lead me thod 
is of particular interest in this context, since it is applicable l o lead from 
galenas in orebodies. It provides inforrnation on th e origin of such lead , 
th e mechanism of ore formation, and the time of deposition. Eventually 
it should be possible with this technique to indicate th e proporlion of a 
given lead derived from th e mantle and that portion d e rive d from lhe crust. 
There is a tendency for leads satisfying certain geological criteria to have 

characteristic types of is o top e ratios, and it may be possible in th e future 
to use such observations for the purpose of economic prediction. Thus. 
r egional variations in lead isotope ratios, o r calculated thorium-uranium 
ratios for source roc ks of mulli-stage leads , may be useful in outlining 
centres of mineralization. In areas where both stratiform and fissure 

deposits occur, the two groups are commonly characterized by noticeably 
different lead isotope ratios. Since stratiform deposits arc cornmonly 
much larger, it is obviously im.portant to have such c riteria for their 

r ecogn ition at an e arly stage in exp l o ration. Studies of this nature and 
the determination of lead isotope ratios in connection with soil geochemical 
anomalies are cur r en tly under way for the East Kootenay districl of 
Brilish Columbia. 

It cannot be overemphasized that geochronological and stable 
isotope data provide an essential framework into which nearly all geolo­
gical and mineral exploration research must b e fitted. Stable isotope 
studies provide information regarding temperature and pressure condi­
tions during deposition whic h act as us eful boundary condilions for th eories 
of ore genesis . In the study of the P r ecam brian , fro1n which n1uch of o ur 
mineral wealth is derived, it is necessary to r ely almost entirely on radio ­
metric dating for long-range time correlation. 

HISTORICAL DEVELOPMENT 

The first geochronology n1easurements based on radioactivity 
were carried out around 1905 at McGill Uni ve rsity by Rutherford and his 
associates. Development of the subject ca1ne abo ut very slowly, however . 
perhaps for tw o reasons. First, it was necessa ry t o await lhe invention 

and developn1ent of lhe mass spectrometer. Second, the U/Hc method of 
age determination was severely handicapped by the ease wi th which He 
escapes from minerals. Canadian wo r kers were prominent in subsequent 
developments (1918-1939) . Dempster was a co-inventor of lhe rn.ass spec­
trome t e r; Ellsworth carried out classic U/Pb investigations; Keevil con ­
tributed greatly to the understanding of the limitations of the U/Hc method. 
The modern era of geochronology, however, r eally began in 1948 wi th the 
first detection of radioge nic argon in minerals. Since lhen the K/ Ar , 
Rb/Sr, U/Pb and Th/Pb methods have been established and refined to a 
l eve l undr eamed of in 1950 . Experimental precision has advanced so that 
ages arc now generally analytically accurate to aboul ± 5 per cent, while 
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advances in interpretation h ave been equally noteworthy . Current methods 
enable rocks ranging in age from 500, OOO years to the age of the earth 
(4, 600 million years) to be dated accurately. Within the last five years 
the K/Ar method has been developed sufficiently to allow minerals about 
JO, OOO years old to be meaningfully dated. The overlap of the K / Ar 
method with the C 14 technique is now a reality, although a great deal of 
additiona 1 improvement is needed. Canadian s c ien tis ts have contributed 
significantly in a number of these areas. One might mention the pioneer­
ing work in the 1950' s at the University of Toronto on lead isotope studies 
and K/ Ar dating, developmental work on K/ Ar dating at the University of 
Alberta, and the immense regional K/ Ar mapping of the divisions of the 
Canadian Shield by the Geological Survey of Canada. In the rapid expan­
sion of stable isotope s tud ies in the 1950 1 s, Thode and his co - workers at 
McMaster University made rnajor cont ribut ions. 

PRESENT LEVEL OF ACTIVITY 

At the present time, isotopic research activity is increasing in 
laboratories across Canada . The situation is summarized in Table l. 

TABLE 1 

Number of IsotoEe Facilities Eer Province 

Province No. of Rb/Sr K/A r Common Fossil U/Pb Stable 
Labs. Pb Fission I sotopes 

Ontario 6 4 5 2 2 3 
Quebec 2 2 

B . C. l l l 

Alberta 2 l I 2 

Manitoba 
N . S. 

Total 13 10 8 -l 2 2 5 

The facilities listed in Table I a r e located in 13 laboratories, 
of which 11 are located in university departments, one in a governmental 
agency and one in industry. Two C l4 laboratories, in Ottawa and 
Saskatoon, are not included. It is immediately apparent that the K / Ar and 
Rb/Sr methods are much the most widely used . The K/Ar method is ap­
pealing because of its potential use with a wide variety of rocks and because 
of the availability of a relatively inexpensive but eminently suitable mass 
spectrometer, the A. E. I. MS 10. All the Canadian K/Ar laboratories use 
this instrun1ent. The Rb/Sr method has become extremely popular since 
the development of the Rb/Sr whole-rock method. This is a very powerful 
tool, in many cases " seeing through" thermal episodes and long cooling 
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histories, and enabling the original times of c rystalli za tion of intrusive 
bodies lo be determined. 

Table 1 illustrates strikingly Canada ' s conside rable str e ngth in 
geochron ological studies. 

Australia 
Belgium 
Canada 
Czechoslovakia 
Britain 
Finland 
France 
Germany 

TABLE 2 

Number of Geochronological Laboratories 
in Several Countries 

2 Italy 
Japan 

11 Nethe rland s 

I New Zealand 
5 South Africa 
I Sweden 
6 Switzerland 
6 Uni t ed States 

l 
5 

4 
43 

The data for Table 2 we r e taken from a list published in the 
Geological Newslet ter of the International Union of Geological Sciences 
(1968, No. I). No similar list was available for stable isotope labora ­
tories . While the compilers n o t e that the list is not perfectly accurate, 
it is in fact a fair summary and demonstrates that Canada has a signifi­
cant capability in the field of isotope geology. The only countries more 
deeply involved in isotope work than Canada are th e United States, the 
Soviet Union, and perhaps Germany. However, the number of Canadian 
laborato ri es compares well wi th those in the United States. 

TRAINING NEEDS 

Isotope geology is an interdisciplinary field involving geology, 
geophysics, physics and c h emist ry. As a consequence, the current crop 
of r esearch worke rs is largely a mixture of people of varying backgrounds. 
Usually a scientist receives his preliminary training in one or o th er of 
these fields. This variation in background training is r eflected in the ob ­
servation that isotope laboratories ar e found in Canada in eight geology 
departn1ents, three physics departments , two geophysic s , and one chem­
istr y department. However, the n ewe r laboratories tend to b e locat ed in 
geology departments, and as the techniques are now becoming standard­
ized this seems to be a natural t e ndency. It is to be expected therefore 
that new specialists will come largely from geology with a strong back­
ground in physics and chemistry. They will probably have had an und e r­
g raduate training in geology and will have specialized in geochronological 
problems in their doctorate r esea rch. 
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Most technical assistants ha ve had n o previous expe rience with 
isotopic methods and require about two yea rs of training to r each an accept ­
able level. 

MAJOR OBJECTIVES AND FUTURE TRENDS 

The p r ime objective of geochron ology is to provide a time-scale 
against which th e events o f the ea rth 's hi story may be measured. Such a 

detailed knowledge of lhe timing of eve nts p r ovides ve ry rigorous b o undary 
conditi ons for many sign ifi c ant geologica l and geophys ical problems. The 
tr end in fu tur e, therefore, 1nust b e to wa rd th e r e fin ement and elabo rati o n 
of the presently exis tin g time - scale. Hence, future developments in geo ­

chronology, as in stable isotope studies, r equir e advances on two majo r 
fronts - rnethodology and problem studies. 

Methodology 

The p r ecision and range of application of th e different analytical 
methods will be significantly improved. Several examples n1ay be consi­
de r ed. To r esolve questions concernin g the geomagnetic field r eve rs al 
lime - scale and ocean - floor spreading, increased accuracy of the K ; Ar 

da t ing of rocks less than JO n-ti lli o n years old is desirable. In common 
lead studies, more p r ec i se iso t ope ratios a r e r e quired than are currently 
attainable with solid sou r ce mass spectro1neters. It has been suggested 

that lhe Re/Os decay scheme may be us eful for the direct dating of ores, 
and il would seem most interest ing to t es t th is possibility . The Ar4 0 / A r 39 
method (developed in 1965), w ith its apparent potential for r evealing the 
thermal history of ro cks, w ill undoubtedly b ecome wi d e ly used . 

P r oblem Studies 

(i) Isotope methods should be appli ed t o ma n y additional areas of 
the P r ecambr ian Shield. While man y K / Ar dates have b een ob tain ed, 
many mo r e are requir ed . The economically inte r es tin g ca r bonatite b odie s 
have only recently been dated in any numbe r. Study of the ca rbon and sul­
phur isotopes in Precambrian r ocks i s still in its infancy. T h e o r ogenic 
histories of the various provinces s uch as th e Grenville Prov in ce ar e still 
poorly understood. Very few Rb/Sr w h o l e r ock, U Pb and Th/Pb age 
determinations have been made o n Canadian P r ecambrian rocks. For 
instance, scarce ly a dozen Rb/S r whole rock isochron ages have been pub­
lished for the Canadian Shie ld. 

(ii) Calculation of the rate of ocean floor sp r e adin g w ill occ upy 
wo r kers with th e K ," Ar me thod for th e n ext f ew years. Canadian geo ­
ch r onologis ts are already a ctive l y involved in dating rocks fr o1n the 
Mid -Atlantic Ridge. 

(iii) A much g r ea t e r effort is r equ ired in the dating of orebodies. 
La r gely because of limi tations in meth odology, wo r ke rs in the past have 
concentra t ed on dating suc h r ocks as g ranites and lavas. The o r e mine ­
rals themselves have been a ttac ke d consisten tly only by the common l ead 
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me thod which yields ages subject to a greater ran ge of interpretati o n than 

Rb/Sr and K/Ar ages . In 1968 the first paper on the Rb /S r analysis of 
sulphide o r es (from Noranda, Quebec) was published. Ve r y low rubidium 

and strontium concentrations were foLmd but significant cnrichmenls of 
Sr 87 were observed, indi ca ting that th e direct dating of ore's by th e Rb/Sr 

method is an exciting possibility. 

(iv) The various stable isotope methods should be applied in detail 
t o rock types previously either not examined or merely c ursorily sur­
veyed . Carbonatites have already been referred t o in t his connection. 

(v) The use of s tabl e isotope ratios in geothermometry will undoubt-
ed ly receive much increased attention in th e next few years. Thus, th e 
differences in the ol 8;o 16 ratios for different minera l pairs give reason­
able indications of lhe t emperatur es of final equilibration for a va riety of 

rock types . 

(vi) Few data arc available on th e oxygen isotope contents of such 
rocks as shales, greywackes and quartzites . Such information will help 
identify the sources of sedirnents. 

CONCLUSIONS 

Frorn the foregoing, it is apparen t that isotope geology is a 
field of great strength in Canadian Earth Sciences. While a considerable 
investment in tern1s of rnen and equipnwnt has al r ea dy been made, as rn.ay 
be seen from Table l, in actual fact the investment has been spread rather 
thinly. With reasonable additio ns of financial support, all the Canadian 
facilities could become much more efficien t. It is widely recognized that 
there are insufficient funds for the employmen t of technical assis ta nts to 
assist in the routine operation of mas spectrometers and ancillary e quip ­
ment. This is because all th e isotope laboratories in Canada arc located 
in the universities, with the exceptions of the onC' in the Geological Survey 
in Ottawa and one in indust ry. Most university professors arc h e avily bur­
dened with l eaching and administrative duties and consequently are relatively 
inefficient r esearch workers . In the absence of a sufficient nu1nber of t ech ­
nical assistants, it is probably fair to say therefore that much of the re­
search work is carried out by graduate students. While many useful pro ­
jects are thus completed, it is also true t o say that many ar e ignored as 
unsuitabl e for a Ph .D. thesis, or because the large amount of course work 
r equired leaves t oo little time for the student to conduct the ne ce ssary 
r esea rch. In such cases it is evident that co11siderable progress could be 
made by increasing the t echnical assistance available t o a professor . How­
ever , the average arnount of money per NRC award for isotopic studies has 
r emained essen lially constant at about $7 , 500 from 1963 to 1967 . Thisis 
equivalent to th e salary of a single technical assistant . If, as is typical, 
there are gradua t e s tudents requiring summer support, it is not possible 
to hire an assistant chemis t. The problen1 is compounded when one recog­
nizes tha t additional significant expenses are also incurred in maintaining 
a chemica l laboratory and a mass spectrometer laboratory, running field 
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trips, and publication costs. Few researchers can adequately subsidize 
their NRC grants with awards from other bodies such as the Geological 

Survey of Canada and the provincial governn1ents. 

With regard to new equiprnent grants, several points may be 
made . 

(a) K/ Ar laboratories are relatively inexpensive and reasonably 
straightforward to establish and could the r efore be reasonably located in 

institutions currently lacking them. Many geology laboratories, for ins­
tance, could use one fully . They are also almost an essential adjunct to 
a paleomagnetic laboratory. 

(b) Rb/Sr, U/Pb and Th/Pb laboratories are more expensive to 
set up (largely because of the high cost of commercial solid source mass 
s pectrometers) than are K/ Ar laboratories. Results fron1 them are also 
more slowly acquired. Nevertheless, they are n1ore powerful tools for 
unravelling Precarnbrian problerns of potential economic importance . It 

is concluded, therefore, that a numbe r of new solid source rnass spectro­
meters should be available in Canadian laboratories. In view of the ex­
pense, however, prefe rence should be given to existing isotope labora­
tories. In this way, given problems could be studied using several dif ­
ferent methods, and far grea t er rewards should be forlhcoming than are 
usually found in investigations based on a single method . 

(c) It is suggested that , while more instruments should be made 
available to existing laboratories for stable isotope studies, the establish ­

ment of a number of new laboratories should be encouraged. In view of 
the potential economic im.porlance of these studies, it is in fact surprising 
that this field is not pursued more vigorously in Canada. 

In conclusion, it would seem wise in the future first to empha ­
size the improvernent of exis ting geochronology facilities mainly by increa ­

sing funds for the support of technical assistants and providing several 
mo r e mass spectrometers. This would allow for a n1ore effective use of 
existing men and equipn1en t. In acldition, there is a need for more new 
K/Ar labo ra tories. 

Support for existing stable isotope laboratories should be increased 
and the installation of several new labo ra tories should be en c ouraged. 

The establishment of new isotopic methods should also be sup ­
ported generously . The foss il fission track method of dating, for example, 
seems to offer r ich rewards for a very small financial investment. Finally. 

however, it is hoped that no formula fo r the support of isotope research 

will eve r be adopted whi ch completely denies the ingenious representations 
of ta lented individuals in unusual locations. 
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HEAT FLOW 

A. M . Jessop, 
Observatories Branch,1 

D e partment of Energy, Mines and Re sourc e s, 
Ottawa, Onta rio . 

DE FIN ITION 

In any attempt to unders tand the earth's history and its present 
physical state, a knowledge of i t s thermal conditions is of prime importance, 
since the earth is essentially a heat engine . Terrestrial heal flow is the 
amount of heat being los t from the solid earth by the proc e ss of conduction at 
the surface . The study of heat flow, and its spacial and temporal distribu­
tion, is a study of the t herma l field of t h e ea r th and how i t has r eacte d lo 
sources at depth and the boundary conditions of temperature at t h e surface, 
which are imposed by the o ceans, the atmosphere a nd solar r adiation. 

The study has no clearly defined bounda ries, but contributes to the 
physics of the earth's interior: on the l arge scal e i t interacts with teclono ­
physics and vulcanology , and on the local scal e with gl ac iology , permafrost 
studies, g roundwater moveme nt studies and mine ventila tion . It i nc lu de s both 
the measur e ment and interpretation of heat flow at the E a r th' s . surface an d the 
theoretical computation of the thermal conditions inside the E a r t h throughout 
a ll its h~story. The actual measurement of te rrestrial heat flow constitutes 
only a small part o f geothermal research, but most of the remaining wi de 
field of study is neglected in Cana da . 

Heat is one of the principle forms of ene r gy, and temp eratur e is 
one of the princ iple factors governing t he behaviour of materials and systems. 
It is hard to imagine that any natural science can be continued in a meaningful 
manner without due attention to heat and temperature. In t h e geologica l 
sciences heat and te mperature a re of pri1ne importance in fields such as 
metamorphism, vulcano l ogy, shock wave propagation , and theorie s of c o n ­
vective ove rturn in the mantle. 

HISTORICAL DEVE LOPMENT 

The first heat flow measurements were made by t h e Unive r sity of 
Cambridge and published in 1939, z.lthough measurements of under g r ound 
temperature had been made for almost 200 years before that . After the 
Second World War , the study spread a nd increas ed slowly until th e l ate fif­
t ies . A method for measuring the he at flow in the sea floor was develo ped at 
the Scripps Institute of O ceanogr a phy in 1949, and more measurements were 
made on land, notably in Sout h Africa , U ni te d States, Australia, Great 
Britain and Canada . In the las t 10 years there has be en a rapid acce l eration 
of the study in many of the indus t rialized nations of the world. 

The first Canadian measurements were made by t h e University of 
Toronto and. the University of Western Onta rio, and were published by 
A. D. M is ener and others in 1951 . This ear l y work w a s done in Onta rio and 
Quebec, mostly in mines. The raw data fro m which some of the final conclu­
sions wer e calculated were rat h e r fewer in quantity than is now considered 

1Now Earth Physics Branch, D e partment of Energy, Mines and Resources . 
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ideal. In 1957 A. E . Beck started work at the University of Western Ontario 
a n d has since played an important part in heat flow studies in Canada. Early 
topics of interest under Beck included the development of an in-hole method 
for the measurement of thermal conductivity of rock. This particular topic 
was followed for several years, and has a lso been studied at the Univers ityof 
Toronto. In 1962 the culmination of several important events occurred: first 
publications of heat flow data were made b y the University of Alberta, McGill 
U-niversity, and the U nive rsity of Western Ontario ; of major significance also 
was the establishment of a small group at the Dominion Observatory for heat 
flow measurement and research which formed part of the expansion in geo­
physical science that was Canada's contr ibution to the International Upp er 
Mantle Project. 

It was intended that the Observatory group should have the ability 
to drill a small number of diamond - drill holes each year , primarily for heat 
flow studies. The original plan of t he Upper Mantle Committee was that a 
network of about 25 widely spaced holes should be drilled throughout the 
entire country, but after 2 years it was realized by the Observatory group 
that a purely regional survey of an area the size of Canad a on the scale on 
which it could be financially supported had little value. Better value for 
money and effort could be obtained by placing small patterns of holes to 
investigate specific features, and this has been Observatory policy since 1964. 
Features so far examined are the Mt. Edziza volcanic zone in northweste rn 
British Colurnbia and the Kapuskasing gravity and magnetic anomaly in 
Ontario. The regional survey was continued as a secondary program by using 
as many abandoned commercially drilled exploration holes and operating 
mines as possible. Unfortunate l y, after the original two scientists were 
appointed in 1962, a Civil Service staff freeze occurred, which l eft the group 
without any support staff for the first 3 years of its existence. This create d 
probl em.s in routine measurement processes from which the group has never 
fully recovered. 

A second group at the Dominion Observatory and the Polar 
Continental Shelf Project, under K. Whitham, used oceanographic heat flow 
teclmiques to investigate a specific problem in geomagnetism in the Canadian 
Arctic. All original members of that group have now dropped out of direct 
involvement in heat flow activities, but the project has been absorbed into the 
expanded original Observatory group, and is being extended to an investiga­
tion of n-1aking useful equilibrium rneasur ements in shallow Arctic seas and 
lakes. The Bedford Institute of Oceanography has acquired equipment and 
provision for staff for the measurement of heat flow at sea, but has not been 
abl e to recruit staff to take advantage of the available positions and equipment. 
Appendix I sumn1arized the history of Canadian heat flow measurement, and 
indicates the number of people currently involved, and the number of publica­
tions from each institute. 

Between about 195 0 and 1960 theoretical studies of the interior of 
the Earth were in progress at the Universities of Western Ontario and 
Toronto. At Western Ontario, R. J. Uffen performed calculations on the pre­
sent day temperature and melting point distribution in the mantle and core 
and went on to propos e the hypothesis of stress r e l ease as a mechanism in the 
formation of magma. Also at Weste rn Ontario, A . E . Beck calculated the 
energy requirements for an expanding earth model. At Toronto, J. A. Jacobs 
obtained a theoretical temperature-time -depth relation for the Earth's ther -
mal history. 
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Theoretical work of this nature was not continued in Canada, 
althou:sh ideas such as convective rn.overnent in the mantle, and low seismic 
veloc i ty - high tem.perature zones were actively pursued e l sewhere . Recently, 
D . E. Sn1ylie of unive rsity of Western Onta rio, has been studying the possi­
bility of convection in the Mantle. and results of this study may be published 
shortly . 

PRESENT LEVEL OF ACTIVITY 

The level of current activity in data collection is shown in Appendix 
II, which lis ts all sites where rneasurernents have been made or attempted by 
Canadian groups in Canada, and presents the totals of l and rneasurernents 
pub lis hed , iT1 the anal ysis process, in measurernent process, and where holes 
are being drilled by all institutions. It should be noted that these totals do 
not include shallow sea and l ake measurements by the Observatory g roups, 
and some of the locations listed involve groups of ho l es (e. g., 8 2 holes at 
Noranda, 7 at Sudbury) . Hence the totals reflected are only an approxi.mate 
measure of current data collecting activities. Appendix Ill shows t he nurnber 
of m.easure1nents made by a ll countries. As seen in the appendices, Canadian 
effo r t on land and on the Arctic ice is at a reasonable l evel , but ship -bo r ne 
heat flow measurern.ent has been neglected. In the absence of short terin ben­
efits fro1n geothern1al research, Canadian industry has done virtually nothing 
i11 the fie ld . 

There is a clear difference between the mo des of operation of the 
university g roups and the Dorn.inion Observatory group . The fonner under ­
take a s .mall mnnber of projects and study thern intens ive l y , achieving a high 
ratio of basic research to data collecting. For example, the D01ninion 
Observatory borehol e un the campus of the University of Western Ontario has 
been studied by the university gr oup in far rn.ore de tail than any other similar 
hole. This situation is dictated by the need to produce suitable material for 
degree theses. On the other hand, the observatory group, with its responsi ­
bility for dr illing the series of special holes and for taking the best advantage 
o f holes drilled by industry for other pu rpos es , is forced to devote a large 
n1ajority of its ti1ne to data collection at the expense of its research program. 
All research now in progress at the Observatory relates to n1ethods and tech­
niques .of data coll ection and the interpretation of the results; there is no time 
for research in other geotherrn.al fields. E quipm.ent has been built which 
enables rnost routine 1neasurements to be made by any c o mpetent technician, 
but the requirern.ent for fie ld parties of at least two, and the laboratory 
den1ands on the one technician available, require that field rneasuren1ents 
rnust be m.ade with at least one research scientist present. 

It is not generally realized, even by other geo physicists , how few 
conunerc ially drilled holes a r e suitable fo r heat flow measuren1ent and how 
much time a nd effort rn.ust be spent to find these holes. Oil and gas explora­
t ion holes are particul arly difficult to use, since productive ho l es have fluid 
movement problems and unproductive ones a r e abandoned, which totally pro­
hibit s entry . Furthermore core sample s are v ir tuall y nonexistent from these 
holes. 
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1\EED ?Of', I:'-.:CREAS:SD ACTIVITY 

There is probab l y little need for an increase in land -based heat 
flow data collection relative to other geophysical disciplines at the scientific 
level, but there is a pressing need for adequate support staff. particularly in 
the Observatory r.::roup. An ideal ratio is probably one support staff n1c1nber 
to one scit'ntist. I!cat flow data collection is specially vul nerable to this type 
of staff difficulty, owing lo the very large nunl.ber of rou'.ine nl.casurcmenls 
that go into the production of each comple ted heat flow value . There is an 
obvious and definite need for ship -borne oceanographic nl.easurerncnts, oar­
'icul arly off the west coast. A research progran• sho u ld be started to inves ­
tigate the possibility of inaking nl.casure1nents in shallow seas and on con t i ­
nental shelves to cornple rnent the observatory work in the Arctic channe ls 
and in lakes . 

It is ~enerally felt that n1ore funds should be avai lab le for special 
drillin6 projects and, in particular, that so1ne of these fund s should be 
directed lo t he interested universities. One or two very deep h oles, of 10,000 
feet or rnorc and fully co red could yield val uable results, particularly in the 
subject of disturbance to heat flow caused by fluctuations and irregularity in 
surface ternpcrature . .Cvidence of c lin•atic history of the Pleislocene period 
1nii:;i1t be ohtai:1ed in this way. 

PRACT ICAL APPLICATIO!-.JS 

:\f.o st praci.ical applications of Canadian heat flow research are 
several steps rc1noved fron• current stages of activity. The rnain purpose, to 
find out .tnore about the con1position, structure and fonnation of the earth, 
may eventually l ead lo an understanding of the rn.cchanism. of 1nincral 
e1nplacen•ent that would be invaluable lo the mining industry. Attc1npts are 
bcinz made to relate tenl.peraturc and heat flow patterns with geological 
structure beyond the reach of pre sc·nt drilling techniques. 

There are n•any side intc rests and n1easurcn•ent techniques that 
arc in•1nediately applicable, or n•ight be if they were n•ore widel y known. A 
few cxa1nples arc: 

(i) Ground tcn•pcratures in pernl.afrost zones arc of irnportancc to con ­
struction engineers and well drillers, and va luable data is slowl y 
being accunmlated. 

(ii) Deep underground teinpe ra turcs are of inl.portancc in mine environ ­
ment contro l , and can be predic ted . 

(iii) Tcn1pcraturc greatly affec ts the nature and recover y possibilities of 
oil and gas de po sits. 

(iv) Te1nperature surveys can be used to obtain information on g round­
water move1ncnt a11d underground water disposal. Accurate te1npe r ­
ature n1easurcn1cnt .tnethods developed for .1ncasurement of terres ­
t rial heat flow could be of value here . 

A fev,r countries a rc able to use anon1alous amounts of geothermal 
energy for e l ectricity generation, and heat flow measurement techniques are 
uscf in further energy prospecting . Although there is no area of Canada 
where such deve lop1ncnt seems probable, the shortage of data and la ck of 
attention prevents the possibili ty from being ruled out. 
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Looking ahead, one 1night expec t poss ib l e appli c ations in t he 
design of lar g e underground industrial or n1ilitary es tabli shments, or the 
po s sib l e expl oitation of smne of the enormous amount of low tempe ra ture 
energy that is available . 

MAJOR OBJECTIVES A N D FUTURE TREI'-WS 

The n1ost in1portant objectives at present are: 
(i) The establi shn1ent of a world - wide program of heat flow 1neasure­

ment. This will take n1any yea rs and will invol ve a :zreat deal of 
technique resea r ch before all the necessary da t a can be collec ted. 
Questions that will have to ':le answered include the followin g: 

- How 1nuch re l iance can be p l aced 011 a heat flow value fron1 a sing l e 
iso l ated bo r ehole'.' Recent work at the University of Western Ontario 
suggests rather l ess than was earlier believed . 

- Why is heat flow in the ocean floor approxirn.ately equal to that o n 
l and, when geochemical evidence sugges t s i t shoul d be less ? Is this 
due lo a fundamental m i sunders tanding of the earth's crust, or is it 
the result of bias in the rn.casu r ernent 1neihods? 

- How can heat flow be m.easured reliably in shallow seas and lakes, 
where present methods arc dependent on bottorn water tcrnpcrature 
stabi li ty? 

-How can the therrnal conductivity of a l arge n1ass of coarse crrstal ­
line rock be dcte rrnincd from. r:neasu rernenls of s rnall s arn.plc s in the 
laborator y? How can conductivity be determined when no cores are 
avail ab l e and rn.easurern.ents must be rn.ade on drill cutting s ? 

- Canada's contribution t o this effort, apart from in the field of ocean ­
ography, is ad<'quate. However, large areas of Africa, Sou t h 
An1erica, and Asia are essentially unknown. 

(ii) A s yste1natic study of the re lationship between heal - prod ucing e l e ­
ments and heat flow values . 

.tvlovement of heat by conduction cannot be interpreted 
fully without conside r ation of the origin of the heat. It seems proba­
b l e that rnost of the surface heat flow cornes from radioa ctive decay 
i n the earth's crust. T his study , in the conte x t of heat flow, has 
been ser i ous l y negl ected, but the nee d is now recognized. The 
University of Western Ontario has purchased equiprnent and has 
n-1easu r e1nent prograrns underway . The observator y intends to 
obtain equipment within a shor t time . 

(i ii) A sysle1natic study of the thermal and othe r physical nroperties of 
earth materials at high pressures and temperatu res. 

This type of study is just beginni ng i n Canada, and will be 
of great val ue to geophysics as a who l e. .Major hy potheses, such as 
convection cu r rents in the rn.antle and continenta l drift, im.pl y 
assumptions about the behaviour of mate ria l s for which there is li t tle 
evidence, e i ther in favour or against. I11any problc ;11 s in t he inter ­
pretation of geomagnetic data might be resol ved by the avai l ability of 
factual data. 

Canada clearly has a responsibil ity lo maintain an effort 
in geothermal research, and it is probabl y being done in the most 
effective way, by the maintenance o f a permanent group in a govern­
ment research establishment and b y g r ants to univers i ties where the 
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interest exists. The role of industr y is open to more question. 
Although industry is normally very h e lpful in providing boreholes for 
measurement there seems to b e little return in benefits. Whether 
this is due to a genuine lack of need, a l ack of application, or a lack 
of communications is not c lear . 

Whatever aspects of the field of geothermal research are 
c hos e n for future study, it is clear that the field h as emerged in the 
l ast 20 years to become a major branch of geophysics. Insufficient 
heat flow data have been cited and will continue to be cited in argu ­
ments on such theories as continental drift, mantle convection, ocean 
floor spreading, and the origin of the ea r th and planets. An acceler­
ating demand for data is anticipated as the new ideas and activities 
gene rated b y the Upper Mantle Project and continuing research pro­
grams are expanded and developed. 

CONCLUSIONS 

(1) A Canadian laborator y, probably the Bedford Institute of Oceanography 
where provision for staff has already been made, should establish a !JrO­
gram of heat flow measurement in the deep ocean floor. This is in demand 
by those who wish to investigate the unusual crust off the west coast of 
Canada, and would take extra advantage of expensive ship-time at sea. 

(2) The routine data collecting facilities of the Dominion Observatory group 
should be improved by the addition of adequate tec h nical support staff, thus 
freeing the sc i entists for a wide field of research. Otherwise, the present 
l evel of data collection will have to be reduced. 

(3) The capability of drilling holes for scientific purposes should be improved, 
and the universities feel that they should be included. This could be done 
in several ways: 

-Provision of funds for the current Dominion Observatory program to be 
extended into northern areas. 

-Provision of funds for interested universities to begin similar programs. 
-The drilling of one or more very deep holes of 10, OOO feet or more for 
very detailed study. 

-Revival of the ide a of widely spaced regional cove r age, although the cost 
of making this effective would be enormous. 

In considering these propos a ls, it must be recognized that 
planning and supervision of drilling is a ti1ne-consuming occupation. 

(4) More emphasis should b e given to determining the distribution of radio­
active h eat sources in rocks. 

This can b e done with relatively minor outlay of capital for 
equipment. Because of the combination of scientific importance and rela­
tively low c ost, this development should b e actively encouraged. 

(5) Support should be give n to the development of a l aboratory or l aboratories 
for the study of the physical properties of rocks under mantle conditions. 

The setting up of such a program is a major undertaking, 
requiring good equipment a nd good staff. The Unive rsity of Western 
Ontario has begun to set up a laborator y, but the subject has been so 
neglected throughout the w hole world, that there is scope for more than 
one institution to enter the field. The importance of the study is such that 
it should be well supported financially. 
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APPENDIX I 

Summary of Activity in Heat Flow Measurement 

Laboratory 

Univ. Western Ontario 
Univ. Western Ontario 

Univ. Alberta 

McGill Univ. 

Dom. Observatory 
Dom. Observatory / 

P. C.S. P. 

Univ. Toronto 
Univ. Toronto 

Dalhousie Univ. 

Univ . Calga ry 
Bedford Inst. 
Oc e anography 

Supervising 
Scientist 

A. D. Misener 
A. E . Beck 

G. D. Garland 

V.A. Saull 

A. M. Jessop 
K. Whitham 

A. D . Misener 
G. D. Garland 

Dates 

1949-51 approx. 
Cont . from 1957 

1960-62 approx. 

Cont. from 1960 

Cont. from 1962 
1964-66 merg-
ing with above 

1946 -49 
Cont . from 1965 

R.D. Hyndman Beginning 1968 

P. Gretener Beginning 1968 

Current 
Personnel 

1 SC., 2 gs . } 

SC. , 1 gs. 

3 sc. ' 1 tech.} 

1 SC. } 
sc. ' 1 gs. 

sc.' 1 tech. 

sc. - scientist, gs. - graduate student, tech. - technician 

Publi­
cations~' 

11 

3 

6 

5 

* Includes papers on techniques and instrumentation and data collection, but 
not theses. 



Location 

Nova Scotia 
Halifax 
Oldha m 
Antigonish 
Wallace 

Prince Edward Island 
Kelley Cro ss 

New Brunswick 
Bathurst 1 
Bathurst 2 
Bathurs t 3 

Quebec 
Murdochville 
Robe r val 
Thetford 
Ste R os a lie 
L anorai e 
Valle yfi e ld 
St. Jerome 
Me rrill lle . 
Calumet 
Malartic 
Nor a nda 
Noranda 

Ontario 
Rus s e ll 
Ottawa 
Franktown 
Picton 
Brent 
Brent 
Toronto 
Londo n 
Western Ontario 
Sudbury 
Sudbury 
E lliot L ake 
Larder Lake 
Ki rkland Lake 
Timmins 
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APPEN DIX II 

List of Measurement Sites 

Description 

Dom. Obs. Borehole 
Borehole 
Borehole 
Borehol e 

Borehole 

Borehole 
Borehole 
Borehol e 

Vertical hole in mine 
Dom. Obs . Borehole 
Horiz. holes in mine 
Borehole 
Borehole 
Bor ehole 
Dom. Obs. Borehole 
Borehole 
Horiz. holes in mine 
Horiz . holes in mine 
82 Boreholes 

Stage Reached Laboratory 

Publ. 1968 Dom. Obs. 
Analy sis Dom . Obs. 
Iv1ea s u rement Dom. Obs . 
Measurement Dom. Obs . 

Measurement Dom. Obs. 

Measurement U niv. Toronto 
Measurement Univ. Toronto 
Mea surement Univ. Toront o 

Mea surement 
Measurement 
Publ. 1 95 1 
Publ. 1 96 2 
Publ. 1962 
Publ. 1 96 2 
Analy sis 
Measurement 
Publ. 195 1 
Publ. 19 51 
Publ. 1 968 

Exte nded measurements Measurement 

Dom. Obs . 
Dom . Obs. 
u.w.o. 
McGill Univ. 
McGill Univ. 
McGill Univ. 
McGill Univ. 
Dom. Obs. 
u.w. o . 
u.w .o. 
u.w .o. 
u.w. o. 

Borehole Analysis Dom . Obs . 
Dom. Obs . Borehole Ana l ys is Dom. Obs . 
Borehole Publ. 1968 Dom . Obs. 
Borehole Analysis Dom . Obs. 
Borehole Publ. 1962 u.w. o. 
Borehole Measurement U.W. O . 
Borehole Publ. 19 51 u.w .o . 
Dom. Obs . Borehole Publ. 1967 u.w . o . 
20 Boreholes Analysis U.W.O. 
Horiz . holes in mine Publ. 1951 u . w.o . 
7 Boreholes Measurement Dom. Obs . 
8 Boreholes In press U.W . O. 
Horiz. holes in mine Publ. 195 1 U . W.O. 
Horiz. holes in mine Publ. 195 1 u .w. o. 
Horiz. holes in mine Publ. 195 1 u .w.o. 



Appendix II (cont'd) 

Location 

Ontario (cont'd. ) 
Cochrane 
Kapuskasing 
Hearst 
Terrace Bay 
Oto skwin River 
Minchin Lake 
English River 

Manitoba 
West Hawke Lake 
Winnipeg 
Flin Flon 

S a skatchewan 
E ldor ado 

Alberta 
Redwater 
Leduc 

British Columbia 
Sullivan 

Salmo 
M ica Creek 
Penticton 
Bralorne 
Babine Lake 
Tasu 
Dease Lake 
Hotailuh 
Buckley Lake 

Yukon 
N . Cath 

Northwest Territories 
Reindeer 
Norman Wells 
Muskox 
Yellowknife 
Yellowknife 
Providence 
Resolute South Camp 
Reso lute Bay 
Ne ilsen Island 
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Description 

Dom. Obs. Borehole 
Dom. Obs . Borehole 
Dom . Obs . Borehole 
Dom. Obs. Borehole 
Dom. Obs. Borehole 
Dom. Obs. Borehole 
Dom. Obs . Borehole 

Borehole 
Dom. Obs. Borehole 
Horiz. holes in mine 

Hor iz. holes in mine 

Borehole 
Borehole 

Stage Reached 

Measurement 
Measur ement 
Measurement 
Measurement 
Drilling 
Drilling 
Drilling 

Lost 
Analysis 
Publ. 1962 

Analysis 

Publ. 1 962 
Publ. 1962 

2 Vertical surface holes Measurement 
Vertical hole in mine 
Borehole 
Borehole 
Dom. Obs. Borehole 
Horiz. holes in mine 
2 Boreholes 
21 Boreholes 
Dom. Obs. Borehole 
Dom. Obs. Borehole 
Dom. Obs. Borehole 

Borehole 

Borehole 
Borehole 
Borehol e 
Borehole 
Vertical hole s in mines 
Borehole 
Borehole 
Borehole 
Borehole 

Measurement 
Lost 
Analysis 
Analysis 
Measurement 
Measurement 
Measurement 
Analysis 
Analysis 

Measurement 

Measu rement 
Publ. 1962 
Publ. 1 966 
Measurement 
Measurement 
Measurement 
Publ. 1955 
Lost 
Publ. 1 968 

L aboratory 

Dom. Obs. 
Dom . Obs. 
Dom. Obs. 
Dom. Obs. 
Dom. Obs. 
Dom. Obs. 
Dom. Obs. 

Dom. Obs. 
Dom. Obs. 
U.W.O . 

Dom. Obs. 

Univ. Alberta 
Univ. Alberta 

Dom. Obs. 

Dom. Obs. 
Dom . Obs. 
Dom. Obs. 
Dom. Obs. 
Dom. Obs. 
Dom. Obs. 
Dom. Obs. 
Dom. Obs. 
Dom. Obs . 

Dom. Obs. 

Dom. Obs. 
Univ. Alberta 
U .W .O. 
Dom. Obs . 
Dom . Obs. 
Dom. Obs. 
u.w .o. 
Dom. Obs. 
Dom . Obs. 



Appendix II (cont'd) 

Location 

Others 
Sable Island 

Shallow Seas 
McClure Strait 
Crozier Channel 
Arctic Shelf 
McClure Strait 
Fitzwilliam Strait 

Lakes 
Lake Hazen 
Lake Tuborg 

Dalhousie 

Dom. Obs. 

McGill Univ. 

Univ . Alberta 

Univ. Toronto 

u.w.o. 

TOTALS 
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Description 

Borehole 

3 Sites 
4 Sites 
2 Sites 
4 Sites 
3 Sites 

4 Sites 
3 Sites 

Stage Reached Laboratory 

Measurement Dom. Obs. I 
Dalhousie 

Publ. 1965 Dom. Obs. 
Publ. 1966 Dom. Obs. 
Publ. 1966 Dom. Obs . 
Analysis Dom. Obs. 
Analysis Dom. Obs. 

Analysis Dom. Obs. 
Analysis Dom. Obs. 

Summary of Land Measurements 

Publ. Anal. Meas. Drilling Totals 

0 0 1/2 1/2 

3 10 21 1/2 3 37 1/2 

3 0 4 

3 0 0 3 

0 0 3 3 

14 2 2 18 

23 13 27 3 66 

This summary must not be taken too literally since: 
1. it does not give credit to the University of Toronto for its share in the 

results published in 1951; 
2. several entries listed on single sites are really groups of holes within a 

small area; 
3. it does not include Dominion Observatory or Dalhousie University work in 

shallow seas and lakes, 



-251 -

APPENDIX III 

Published Heat Flow Data 

Land and Lake-bottom Measurements 

Africa: Lake Nyasa 
South Africa 

20 (Measured b y scientists from 
14 U.S.A.) 

North America: U.S. A. 
~< Canada 

131 
23 

Europe : 

Asia: 

Australasia: 

Iceland 13 
France 2 
Germany 12 
* Czechoslovakia 52 
Hungar y 9 
U.S.S.R. 58 
Switzerland 3 
Austria 2 
Poland 
Great Britain 10 

India 
Japan 
U.S.S.R. 
Iran 

Australia 

14 
37 
36 

48 

Oceanic Measurements 217 9 (Mainly by expeditions from 
U.S. A., Great Britai n, Japan, 
U.S.S.R.) 

Land measurements 
Ship-borne oceanographic 
Ice-borne oceanographic 

Summary 

All Countries 

486 
2140 

39 

Canada 

23 
0 

10 

Percentage Canada 

4 . 7 
0 

25. 6 

- Area of Canada is about 6. 7 per cent of total land area . 

Data taken from: 
1. Simmons and Horai J . G.R. 1968, 73, 66 08- 66 29 
2. Lee and Clark G. S . A . Memoir 97, 1966 , 483-510 

(exce pt as marked 11 x 11 where up-to-date information is available) 
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EXPLORATION GEOCHEMISTRY 

R. W. Boyle 
Geological Survey of Canada, Ottawa 

INTRODUCTION 

This paper, covering the field of exploration geochemistry, has 
been prepared after considerable discussion with many individuals in 
industry, universities, consulting firms, and government agencies . It 
is based largely on part of a survey previously done on chemistry in the 
Earth Sciences and related fields which forms a section of the Chemical 
Institute of Canada's "Survey of Chemical and Chemical Engineering 
Research and Development in Canada " on behalf of the Science Secretariat(!). 
This is a comprehensive report to which the interested reader should refer 
for details. Some features of the field of exploration geodi.emistry in 
Canada have changed since the Chemical Institute report was prepared. 
These changes are incorporated in the present report, together with 
some of the views expressed by individuals who commented on the back­
ground paper on exploration geochemistry circulated by the Solid-Earth 
Sciences Group during the early part of 1969. 

DEFINITION 

Exploration geochemistry or geochemical prospecting is the 
applied part of geochemistry that has as its aim the discovery of mineral 
deposits and accumulations of hydrocarbons . 

Briefly, the various methods of geochemical prospecting 
which can be applied are based on major, minor or trace element analy­
ses of weathered products, soils and glacial tills (pedogeochemical 
methods), on similar analyses of rocks (lithogeochemical methods), on 
similar analyses of natural waters, spring precipitates, and stream sedi­
ments (hydrogeochemical methods), on similar analyses of gases (atmo­
geochemical methods), and on similar analyses of biological materials, 
both fossil and living (biogeochemical methods). 

The basis of geochemical prospecting by most of the above 
methods is the detection of minor or trace element halos or dispersion 
trains which may be either of a primary or secondary nature . In addi­
tion, certain igneous, sedimentary and metamorphic rocks may indicate 
the presence of mineral deposits by their specific trace or minor element 
content (e. g. nickel in basic rocks, copper in porphyry intrusions, etc .). 

The primary halo or dispersion train is formed at the time 
the orebodies or accumulations of hydrocarbons were deposited; the 
secondary halo or train generally results from weathering and subsequent 
transport processes. These halos and trains in the rocks, soils, waters, 
stream sediments, rock gases, atmospheric gases, and biological mate­
rials reflect the presence of mineralization in many ways, both locally 
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and regionally. The details of the halos and dispersion trains are much 
too complicated to be dealt with here, but a general idea of their nature 
can be obtained from a number of textbooks now available on geochemical 
exploration (2 , 3) . 

The halos and dispersion trains provide the "anomalies" for 
which geochemical prospectors search, and the indicator-rocks point out 
general areas where orebodies may be located by further geological, geo­
physical and geochemical exploration methods. 

SIGNIFICANCE OF RESEARCH AND DEVELOPMENT 
IN EXPLORATION GEOCHEMISTRY 

The importance of geochemical exploration need hardly be em­
phasized since the methods and techniques are designed to locate and out­
line orebodies and accumulations of hydrocarbons that are vital to the 
economy of the nation. The methods employed are direct and have gene ­
rally produced the best results when applied in conjunction with geological 
and geophysical exploration techniques. 

In the past, prospecting has largely been confined to areas of 
outcrop in the mineralized belts of the world, and most discoveries of ore­
bodies have resulted where their surface expressions were visible . This 
is also generally true of the great oil and gas fields, since these too have 
usually been indicated by oil seeps, gas jets, and other visual evidence. 
Today the visual phase of prospecting is rapidly passing, and most new 
orebodies and oil fields will be found under surficial deposits or deeply 
buried in the rocks. 

Geochemical prospecting will play an ever -increasing role in the 
discovery of hidden ore deposits and accumulations of hydrocarbons. Geo ­
chemical methods are now well established, and it is generally recognized 
that they offer the only direct approach to the problem of locating deposits 
of minerals, oil, and natural gas. Regardless of how geophysical methods 
may develop, they will always remain indirect since they are based on 
secondary or induced properties of the elements or their minerals . They 
will thus generally lack the capacity to indicate precisely which elements 
are present in a deposit. Geological exploration methods, while of inesti­
mable value, will a l so nearly always lack focus or capacity to pinpoint 
deposits. Discrimination and focus can only be provided by the applica­
tion of chemical methods, particularly analyses. It is nearly axiomatic to 
say that chemical methods used in a variety of ways will continually assist 
in locating buried deposits of ores and hydrocarbons and will also point 
out those bodies, both rocks and waters, containing low concentrations of 
the elements that will become the orebodies of the future . Today, few 
would disagree with the statement made many years ago by A . E . Fersman 
that "the problem of prospecting for mineral resources is essentially a 
geochemical one " . 
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The reader should not conclude from the above statements that 
geochemistry alone will solve all of the problems of prospecting for con­
centrations of the elements. On the contrary, it is essential in prospect­
ing to use all of the methods available. It cannot be argued, however, as 
some have done, that geochemical methods are not applicable to certain 
types of deposits, terrains, etc . This bespeaks a lack of faith in the future 
of geochemical research. With minor exceptions, all rocks and deposits 
are the result of chemical processes, and it should be possible to deter­
mine the nature and history of these processes by the methods of modern 
chemical science. Armed with precise knowledge of this type, it will ulti­
mately be possible, in conjunction with geolo gical knowledge, to frame 
chemical methods for the discovery of any type of deposit in any given geo­
logical setting. 

HIBTOfilCALDEVELOPMENT 

The modern development of geochemical prospecting springs 
directly from the work in the 1930' s of the famous Russian geochemists 
A. E. Fersman, V. I. Vernadsky, I. I. Ginzburg and A. P. Vinogradov; 
and the Scandinavians , V. M . Goldschmidt, S. Palmqvist, N . Brundin, 
Th. Vogt and K. Rankama (4, 5). 

The concept of prospecting by geochemical methods was intro­
duced into Canada by H. Lundberg in 1940, but it was not until 1945, when 
Drs. H. V. Warren and R . E . Delavault and their co-workers at the Uni ­
versity of British Columbia began their research, that geochemical pros­
pecting methods began to be taken seriously. Other early workers were 
J. E. Riddell at McGill University, and H. Hawkes, H. Bloom, J. E. 
Riddell and J. S. Webb, who conducted the first large-scale geochemical 
reconnaissance survey in northern New Brunswick in 1954. 

Research in geochemical prospecting by the Geological Survey 
of Canada began in 1949 when a study of primary halos associated with 
gold deposits in the Yellowknife area was undertaken. This has been fol­
lowed by work on waters and soils in the Yukon; reconnaissance surveys 
of waters and stream sediments in Nova Scotia and New Brunswick; bio­
geochemical surveys in a number of metalliferous belts in Canada; bedrock 
surveys in northern Ontario and in carbonate rocks in western Canada; and 
hydrocarbon analyses of soils over known oilfie l ds in eastern and western 
Canada. In addition, a number of other projects have been carried out 
both in the field and laboratory, concerned with the development and im­
provement of geochemical methods and techniques. 

Geochemical prospecting methods have been adopted by industry 
on an ever-increasing scale. From the initial effort of E. 0. Chisholm :in 

1949, geochemical prospecting methods have grown to be one of the major 
tools in mineral exploration. Considerable research in geochemical meth­
ods is also now being pursued by exploration companies and co:i.suli:ing 
firms. Several of the provincial governments have also recently carried 
out regional geochemical studies as an aid to prospecting within their 
boundaries. 
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N EED FOR INCREASED ACTIVIT Y 

The following comments are based on briefs and personal com­
munications from a number of individuals in mining exploration activities , 
in consulting services, and universities, and on the comments made by 
numerous individuals on the initial background paper on exploration geo­
chemistry. 

The expenditures on geochemical prospecting by the mmmg 
industry is considerable: in 1967 it is estimated that the expenditure was 
$2. 5 million; by 1972 this expenditur e will increase to $7. 5 million. The 
expenditur es on geochemical prospecting by the petrole um industry up to 
and including 1967 were minimal compared with those spent on other meth­
ods of oil and gas exploration. Accurate estimates of the expenditures on 
geochemical prospecting for petroleum by companies in Canada are diffi­
cult to obtain but were probably not g r eate r than half a million dollars up 
to and including 1967. There has been considerable improve ment since 
then, and several companies contemplate m uch lar ger expenditures in the 
future according to confidential private communications. 

The reason for the low level of activity in government institutions 
has been primarily due to the difficulty of recruitment and r e tention of quali­
fied geochemists. In the past there has also been a failure on the part of 
government executives at all levels to appreciate the importance of geo ­
chemical prospecting research to the mining and petroleum industry of 
Canada. 

The reasons for the low level of activity in geochemical prospect­
ing research at Canadian universities is difficult to assess accurately but 
seems to stem from the fact that many geological faculties and faculty heads 
consider problems in mineral deposits and prospecting for mineral deposits 
not to be of scientific va lue - this despite the fact that the " bread and butter " 
of geological science is mineral and petroleum deposits. The comments by 
Professors H. V. Warren and R. E. Delavault, two of the pioneers in geo­
chemical prospecting r esearch in Canada, seem particularly pertinent in 
this respect: 

"When an attempt was made to introduce geochemistry into one 
Canadian university, with spec ial emphasis on problems involved 
in mine finding, the attempt was vetoed on the ground that this type 
of work was not of high enough quality to be considered as a univer -
sity subject, in spite of the examples provided by London University 
and California; surely centres of academic quality and competence . " 

"Nor do the universities do much to raise the status of the mine­
finding geochemists. Two of Canada's most important universities 
do have Institutes of Earth Science and under this umbrella one 
might r easonably expect to find some attention given to geochemistry 
as applied to mine finding. Such is not the case. E x cellent and chal­
lenging work is being done in other geochemical fields, such as age 
dating, but a student enlisting in an Institute of Earth Science in 
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Canada finds little, if anything, of substance offered in the fields 
of geobotany, biogeochemistry, and only a modest initiation to the 
various aspects of hydrogeochemistry, pedogeochemistry , and 
lithogeochemistry. 11 

It seems hardly necessary to point out that these circumstances 
at our universities have led to the state whe r e geochemi.sts, trained in geo­
chemical prospecting techniques and in the interpretation of geoch emical 
data, are in short supply. It is encouraging to not e that as this is being 
writ t en,steps are being taken t o improve this situation in at least two uni­
versities in Canada. 

Research in the primary dispersion patterns of metals associated 
with mineral deposits continues at a low l evel in all institutions in Canada. 
This is a subject that requires immediate attention if deeply buried mineral 
deposits are to be discovered in the future. Research in the secondary dis­
persion patte rns of metals in surficial materials, likewise, r equires much 
more attention than it has received in the past. The comment in the brief 
by Dr. J . Hansuld, a well -known exploration geochemis t in industry, seems 
particularly appropriate in this matter: 

"Research and d eve l opment in the field of geochemical exploration 
is, with a few exceptions, just starting. Our understanding of the 
chemical processes taking place in surficial materials at or near 
the earth's surface is pathetic compared to what we know or think 
we know about the chemistry within the earth's crust. This situa­
tion is inde ed ironic when one considers we can actually see and 
sample materials at the surface and yet know so little about them. 11 

As this being written, extensive research is b eing planned in at 
l east two Canadian universities on the precise d etail s of secondary dispersion 
patterns and on the chemistry of surface waters , sediments, etc . The prob­
l ems of the primary dispersion patterns of e l ements in and about mineral 
deposits and accumulations of hydrocarbons and the study of the chemistry of 
indicator rocks genetically re lated to these deposits is still, however, some­
what negle cted. 

A systematic long-term approach to r esearch in geochemical 
prospecting for petroleum and other hydrocarbons should be pursued to 
promote this aspect of applied geochemistry. This should be done in uni­
versities or government institutions where the results will be published. 
In the past, oil companies have b een remiss in publishing the r es ults of 
geochemical surveys. This has led to a general behind-the-scenes assess­
ment of the approach, some investigators lauding the successes of the 
methods and others denying that the methods are us eful. No scientific 
method can make m uch progress without a detailed description and assess­
ment of the techniques empl oyed and a free discussion in the published 
literature. 

Assessment of the extensive data of geochemical surveys now 
requires a statistical approach. The r e is, therefore , a requirement for 
students trained in geology and geochemistry to have an adequate knowledge 
of statistics and compute r techniques. 
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Numerous exploration geologists and geochemists in industry 
and government have pointed out the necessity of establishing an institute 
for t eaching and research in applied geochemistry at one of the univer­
sities in Canada. It is the considered opinion of all who were interviewed 
that such an institute should draw its funds from three sources - the mining 
industry, the petroleum industry, and gove rnment. The direction and 
teaching in this institute m ust be by adequately trained applied geochemists, 
and fundamental research should be mainly by thesis work leading to advan­
ced degrees. 

TRAINING NEEDS 

A serious shortage of expe rienced geochemists capabl e of orga­
n1zmg, supervising and interpreting the results of geochemica l surveys 
exists in Canada. To be effective and productive, geochemica l surveys 
must be organized and carried out with care having due regard to the geo ­
logica l setting. This requires first of a ll that the supervisor have an accu­
rate knowledge of modern geological exploration techniques and a knowledge 
of the methods and techniques of geochemical surveying. The geological 
and geochemical methods and t echniques can be learned readily by any 
g raduate geologist with a minimum of effort, and the necessary samples 
can gene rally be obtained quite effectively by students and unskilled labour . 
Similarly, analyses can now be done on a routine basis by commercial or 
company laboratories. The problem is at the interpretative phase of the 
geochemical work. In this respect an accurate knowledge of the geochem ­
istry of the elements is required, and this can only be gained by an indi­
vidual thr ough courses in the chemistry and geochemistry of the elements 
and by experience. To be really effective, the individual interpreting geo­
chemical surveys must think both geo l ogically and chemically. There is 
no alternative. 

Oil geologists have not, at least in Canada, seriously taken up 
the various methods available for chemical prospecting fo r deposits of 
hydrocarbons. Survey methods and extr emely sensitive apparatus are 
now available for the analysis and lo cation of hydrocarbons in every typ e 
of geological terrain and medium. Many geochemists believe that these 
methods could be applied to advantage in exploration programs for oil and 
gas. The results could be as rewarding as they bave been in the mineral 
industry. 

The training of exploration geochemists leaves much to be desired 
in Canada. Similarly, research in geochemical prospecting methods and in 
the interpretation of primary and secondary halos and secondary dispersion 
trains remains far below a desirable level at all institutions in Canada. 
This can be alleviated by more courses in geochemical exploration at the 
universities in Canada and by the foundation of an institute for teaching and 
the granting of g ra duate degrees in research in applied geochemistry at one 
of the universities in Canada . 
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CONCLUSIONS 

Exploration geochemist r y in Canada has grown enormously des -
pite the general lack of interest by most universities and government insti­
tutions. The reason is, of cours e, economic incentive and the large number 
of mineral deposits and indications of mineral deposit s that have been found 
by geochemical exploration methods in recent years . In 1967 and 1968 
alone at least eight major discoveries of mineralization can be attributed 
solely to geochemical methods used in close conjunction with geological 
methods. The general interest in geochemical methods can be gauged by 
the attendance at two recent symposia on geochemical expl oration in 
Ottawa and Denver, Colorado. Some 300 people attended the Ottawa sym­
posium, and a greate r number were present at the Denver symposium. 
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BASIC GEOCHEMISTRY (ORGANIC AND INORGANIC) 

R. W. Boyle 
Geological Survey of Canada 

Ottawa, Ontario 

DEFINITION OF THE FIELD AND ITS BOUNDARIES 

The earth can be logically divided into five spheres as follows -
lithosphere, pedosphere, hydrosphere, atmosphere, and biosphere. The 
lithosphere comprises the solid portion of the earth which near the surface 
consists essentially of consolidated rocks; the pedosphere is composed of the 
weathered products and soils of the earth including glacial materials; the 
hydrosphere includes the oceans, fresh water surface bodies, and ground­
waters; the atmosphere comprises the gases in the outer envelope of the earth 
and in the rocks; and the biosphere is the sphere of life and includes all living 
organisms on the earth as well as their fossil remains such as peat, coal, and 
petroleum. 

Basic geochemistry is best defined as the acquisition and interpre­
tation of data concerning the abundance, distribution, migration, and concen­
tration of the elements and their isotopes in the five spheres of the earth. 
The subject is extremely diverse and impinges upon nearly every aspect of 
geology, mineralogy, and biology. Certain data of cosmochemistry, espe -
cially those derived from the chemistry of meteorites, are also useful in cal­
culations of elemental abundances, in isotope work in geochemistry, and in 
other ways. 

SIGNIFICANCE OF RESEARCH AND DEVELOPMENT 

It need hardly be stressed that a knowledge of the chemistry of the 
earth and of the abundance of the elements and their isotopes in the earthhave 
an infinite number of practical applications. These of course depend essen­
tially on understanding the fundamental chemical pro·cesses taking place in the 
earth. Elucidation of these processes constitutes the basic research aspects 
of geochemistry, and on this acquired knowledge depends the development of 
ways and means of controlling and utilizing the natural chemical environment. 

A knowledge of the chemistry of rocks assists in a better under­
standing of the nature of mineral deposits. Geochemical prospecting, one of 
the applied aspects of basic geochemistry, provides a relatively cheap and 
efficient method of discovering new mineral deposits and accumulations of 
petroleum and natural gas. Other and equally important aspects include uti­
lization of the knowledge of the chemistry of soils for the betterment of agri­
culture and forestry; utilization of the knowledge of the chemistry of natural 
waters in water supply, fisheries, and the amelioration of the pollution prob­
lems that beset the nation as a result of industrialization; utilization of the 
knowledge of the chemistry of the atmosphere in assisting meteorology and 
alleviating air pollution; and utilization of the knowledge of the distribution of 
certain elements in soil and water in combating certain endemic diseases in 
plants, animals, and man caused by deficiencies or excesses of these elements. 
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HISTORY OF RESEARCH AND DEVELOPMENT 

The term geochemistry was introduced in 1838 by C. F. Sch~nbein, 
the Swiss chemist who discovered ozone. Not until the twentieth century, 
however, did the science reach maturity. Most of the fundamental aspects of 
geochemistry have been worked out in Europe and the United States, prin­
cipally by V. I. Vernadsky (1863-1945), A. E. Fersman (1883-1945), 
V.M. Goldschmidt (1888-1947), andF.W. Clarke {1847-1931). In Canada the 
study of geochemical processes and the acquisition of geochemical data began 
with T. Sterry Hunt {1826-1892), a longtime member of the Geological Survey 
of Canada. Since Hunt' s time various facets of the chemistry of the earth 
have been pursued by many Canadian agencies and academic institutions con­
cerned with geology, mining, agriculture, forestry, fisheries, meteorology, 
water supply, the oceans, and the health of the nation. 

No consensus could be obtained on the most significant advances in 
the field of basic geochemistry in Canada, probably because of the great diver­
sity of the subject and the bias of individuals for certain fields. It is fair to 
say that Canadians have contributed significantly to advances in soil and water 
chemistry, to general rock geochemistry, and to the chemistry of isotopes 
and meteorites. 

PRESENT LEVEL OF ACTIVITY AND 
SUGGESTIONS FOR INCREASED ACTIVITY 

Research in basic geochemistry is pursued in at least three ways -
(1) by chemical and isotopic analyses of meteorites, rocks, mineral deposits, 
soils, sediments, waters, the air, and biological materials; (2) by studies of 
dynamic chemical processes in the five spheres of the earth, at the interfaces 
of these spheres, or where one sphere impinges on one or more of the other 
spheres; and (3) by chemical and isotopic experiments devised to simulate the 
natural situations. Analyses of materials from the five spheres, after statis­
tical treatment, yield abundance figures for the respective spheres, and these 
figures when integrated, with due regard to the volume of each sphere, yield 
overall abundance figures for the earth. A knowledge of the chemical reac­
tions in and on the earth yields information on the migration, concentration 
and dispersion of the elements in the various spheres of the earth. All of 
these aspects are of vital importance in the practical use of geochemistry, 
especially in agriculture, in forestry, in the fishing industry, in pollution con­
trol, and in geochemical prospecting for mineral deposits. The fundamental 
data on abundances and on the chemistry of the elements in the earth are the 
foundation on which all practical work in geochemistry is based . 

The data 1 of fundamental or basic geochemistry come from several 
sources, as follows: (1) geological, mineralogical, and petrological 

I do not wish to convey the impression that basic geochemistry is purely a 
data gathering exercise. On the contrary most geochemical work, including 
anal yses, is done to test certain theories or hypotheses. It should be 
stressed, however, that the permanent residue of geochemical research is 
the accumulated data. Theories and hypotheses are temporal. A few are 
found to be in the nature of laws, but most are ultimately relegated to the 
rubbish heaps of science. 
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investigations, (2) survey s and investigations by soil scientists, (3) surveys 
and investigations by oceanographers, hydrologists, and water control agen­
cies, (4) meteorological and air chemistry studies, (5) various biochemical 
and biogeochemical investigations, and (6) specialized geochemical investiga­
tions including meteoritic studies. 

Because of the diversity of the origin of the data it is impossible to 
estimate accurately the number of personnel engaged in geochemical research 
and providing fundamental geochemical data. An arbitrary figure of perhaps 
100 investigators seems reasonable. It is quite impossible in the time avail­
able to this writer to determine the money expended on the acquisition of the 
data since the geochemical aspect of the various investigations ranges all the 
way from minor to major proportions. 

Since 1945 research in basic geochemistry at Canadian universities 
and government institutions has increased yearly. However, on a per capita 
basis, compared with the U.S. A . , U.S. S. R., Britain, and France, it is the 
consensus of many who were interviewed that the level of activity is still rela­
tively low. There are some serious gaps in fundamental research and acqui­
sition of data from certain spheres of the earth in Canada mainly because of 
too much specialization in c{'!rtain fields, particularly in those concerned with 
igneous rocks and igneous processes. 

The state of research and acquisition of data in basic geochemistry 
is discussed briefly below. The views expressed summarize the consensus of 
experts in the various fields as well as geochemists, geologists, soil scien­
tists, etc. in industry, universities, and government institutions. 

1. Research and acquisition of chemical and isotopic data on mete­
orites is proceeding at a satisfactory level and is maintaining pace with falls 
of these extra-terrestrial objects. 

2. Research and acquisition of geochemical data on igneous rocks, 
igneous processes, metamorphic rocks, and metamorphic processes is ade­
quate and expanding yearly at a desirable rate. This is probably because of 
the traditional stress at Canadian universities and government institutions on 
igneous rocks and igneous processes and metamorphic rocks and metamor­
phic processes. 

3. Research and acquisition of geochemical data on sedimentary 
rocks and sedimentary processes is low and not expanding rapidly enough, 
having regard to the importance of these rocks and processes in petroleum 
and metallic ore geology. 

4. Research and acquisition of geochemical data on all varieties of 
surficial materials (soils, till, glacial clay, stream and lake sediments) is 
adequate for agricultural needs and probably also adequate for the needs of 
the foresters. It is inadequate for pollution research, and certainly inade­
quate as far as geology is concerned, especially geochemical prospecting. 
Few geochemists have been addressing themselves to surficial materials 
research in Canada mainly because most universities have neglected to expand 
training and re search in this fundamental field commensurate with present 
day needs. Government geological institutions have, likewise, failed to expand 
sufficiently in this field. Research in surficial chemical processes at univer­
sities and government institutions is woefully inadequate, a state thaturgently 
requires correction, considering that the surface geology of Canada is largely 
concerned with Pleistocene deposits and soils developed on them. 

As this is being written some steps at a few universities and gov­
ernment institutions are being taken that will partly correct this situation. 
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5. Research and acquisition of geochemical data on natural waters 
(ocean, lake, river, stream, and groundwaters) falls into two categories -
that concerned with major constituents and that concerned with trace constit ­
uents. Research and acquisition of data on major constituents by various 
government institutions and agencies has been extensive and will probably 
expand in the next 5 years to a level commensurate with the requirements of 
the country. Research and acquisition of data on the trace constituents of all 
natural waters is completely inadequate at this point in time, having regard to 
the fact that this data is particularly valuable in pollution control, in fisheries 
research, and in geochemical prospecting. 

There is a l so a dearth of research activity concerned with the solu­
tion, migration, and precipitation of the elements in natura l waters at both 
the universities and various governmental institutions. Furthermore, there 
is no attempt to train students intensively in the complex chemistry of natural 
waters at any of the universities in Canada. 

Chemical research on cold springs, hot springs and their related 
underground waters has been n e glected in Canada, despite the fact that these 
phenomena are important in understanding certain subterranean aqueous pro­
cesses that may have a bearing on the deposition of certain ores. In addition 
many springs may contain elements which could be extracted economically. 
As a measure of the neglect it should be stated that the last comprehensive 
chemical report on the springs of Canada appeared in 1926 . As this is being 
written planning for intens i ve chemical and isotopic research on cold and hot 
springs is in progress at two Canadian universities. 

6. The acquisition of fundamental data on the atmosphere continues 
at a relatively low l evel, insufficient for the purposes of the vital problem of 
pollution control. 

7. Research on biogeochemical processes and acquisition of bio­
geochemical data is not adequate in Canada considering the importance of the 
field to pollution, geochemical prospecting, the petroleum and natural gas 
industries, and the health of the nation. With the exception of some notable 
work done at one university and two federal government institutions few geo­
chemists have addressed themselves to the problems of biogeochemical pro­
cesses involving plants and animals . Likewise, with the exception of one fed ­
eral and one provincial government institution, where some good work has 
been done, there is a dearth of research on the geochemistry of the natural 
hydrocarbons. This despite the fact that Canada is a major producer of pet­
r oleum and natural gas. There is also little if any geochemical research on 
coal. 

8. Research in stable isotopes continues at a relatively high level 
in Canada. Some commentators have expressed the opinion that research on 
the isotopes of elements other than sulphur and lead requires considerable 
attention. 

COMMENTS ON TRAINING AND RESEARCH 

Many faculties of geology now have courses in basic geochemistry, 
and it is apparent that others intend to introduce a course in the subject. 
Today, a geologist who has not had a course in the chemistry of the earth is 
an incomplete geologist, just as he would be if he had omitted a course in 
structural geology or e l ementary paleontology . 
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The quality of the courses in basic geochemistry at Canadian uni­
versities varies widely. Some are good; others leave much to be desired. 
Many geologists have commented that in some institutions there is far too 
much emphasis on phase diagrams and igneous processes to the exclusion of 
processes that occur in the natural surficial environment. Other comments 
include the one that some professors seem to be oblivious to the fact that the­
oretical chemistry has changed considerably in the last 25 years. Thus, a 
glance at a modern textbook on chemistry soon reveals that the space allotted 
to the phase rule and phase diagrams is generally only a few pages. It seems 
time that rocks and their processes of formation were described in other than 
pictorial phase diagrams. 

Several geochemists have commented on the content of geochemis­
try courses. Their general opinion is that the courses should include: the 
fundamentals of the distribution of the elements in the spheres of the earth 
and the laws governing these distributions; elements of the thermodynamics of 
open and closed systems as applied to natural systems; elements of crystal 
chemistry; elements of solution chemistry and gas phase chemistry as applied 
to natural systems; phase equilibria in solid, liquid, and gaseous systems as 
applied to natural rock systems (igneous, metamorphic, sedimentary); and 
biogeochemistry including organic geochemistry of fossil hydrocarbons, etc. 

The direction of research in geochemistry, viz field-oriented as 
contrasted with laboratory-oriented re search, stimulates considerable con­
troversy among geologists and geochemists. The question is an old one and 
dates back to the Hutton-Kirwan controversy of the eighteenth century. It is 
apparently not a matter of the validity of the two types of research but one of 
balance according to most commentators. Many geologists and geochemists 
see, and criticize, a trend for more and more investigators to ensconce them­
selves in laboratories and deal with synthetic systems or thermodynamic 
arguments, with few field checks to see if their data are compatible with the 
natural systems that they are supposed to explain. 

On the other hand geochemistry has many problems involving high 
temperatures and pressures, complex solution phenomena, diffusion, and 
reactions in the solid state, all of which are peculiar to the science and are 
rarely if ever of interest to the theoretical chemist. Many of these pro"hlems 
require detailed and concerted research in the laboratory. 

It is difficult to adjudicate between these two schools of thought 
since both the field and laboratory approach are vitally important in advancing 
our knowledge of the chemistry of the earth. The consensus weighs heavily 
on the field approach since most commentators note that all of the problems 
lie therein. The interpretation of the chemical data obtained in the field may 
in some cases give an unequivocal explanation of the processes involved. In 
other cases that may not be so - syntheses may be required to elucidate the 
mechanisms, or thermodynamic treatments may be necessary to restrict the 
speculations. The aim in geochemical work should be to clearly differentiate 
the chemical systems in the field by analyses and to supplement this work 
where necessary by synthetic laboratory experiments or thermody namic treat­
ments. Surely most geologists and geochemists are aware that nature has 
performed the great chemical experiment. It is doubtful if this experiment 
can be elucidated by a flight from the field to the laboratory. 
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RECOMMENDATIONS 

The following recommendations are suggested: 
1. That the present growth in research activity and data collection 

be continued in all fields of basic geochemistry. Greater emphasis should be 
pl aced on surficial materials and processes in order to bring research in 
these fields up to a l evel commensurate with that prevailing in the field of 
i gneous and metamorphic rocks. More emphasis should a l so be placed on bio­
geochemistry and organic geochemistry. 

2. That every geo l ogist graduating from a university have as one 
of his basic tools a knowledge of the basic geochemistry of the earth. In this 
respect less emphasis on phase equilibria and more on the kinetics of open 
disequilibrium systems is suggested. 
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PHYSICAL GEOCHEMISTRY 

G. M. Anderson 
University of Toronto 

Toronto, Ontario 

DEFINITION 

If geochemistry is defined in broad terms as the application of 
chemistry to geological problems, then physical geochemistry is that por­
tion which deals with the application of the knowledge and techniques of 
physical chemistry to geological problems. A large part of it is concerned 
with the application of experimental and theoretical methods to determine 
the stability relations in geologically interesting systems, and includes 
" mineral synthesis and stability relations " , "mineralogical phase chem­
istry" and even "experimental petrology". Physical geochemistry also 
includes studies of reaction kinetics, diffusion in solids and melts, surface 
phenomena, crystal growth and various other disequilibrium processes, 
and systems containing ore minerals, magmas and aqueous solutions as 
well as silicate minerals. This report deals with physical geochemistry 
as related to the solid earth, and excludes the chemistry of the atmosphere 
and the oceans. 

SIGNIFICANCE OF RESEARCH AND RELATED ACTIVITIES 

Research in physical geochemistry has had and will continue to 
have great significance to the earth sciences. Most studies have as their 
ultimate objective the better understanding of some fragment of the earth's 
history, often in a specific geographic area. Aspects of the chemical and 
thermal history of many rocks are recorded in the mineral compositions 
and their rt.lationships, just as aspects of the structural or biological his ­
tory are recorded in the folds or fossils. 

By investigating these relationships with both experimental 
(laboratory) and theoretical methods and comparing the results with sel­
ected measurements on naturally occurring materials, great progress has 
been made, particularly in the fields of igneous and metamorphic petrology, 
but also in the study of ore deposits and of some surficial processes. It is 
safe to predict that the methods of physical geochemistry will continue to 
be one of the main sources of information in these areas. 

PRACTICAL APPLICATIONS 

Research in physical geochemistry has a very wide range of 
practical applications. Proof of this is the fact that a sizable proportion 
of graduates in this specialty in the United States take up jobs jn the research 
departments of ceramics, glass, cement, metallurgical, semi-conductor 
and communications industries. Unfortunately, little of this research is 
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done by the Canadian branches of these large firms. The mmmg industry 
does little of this type of research, although at least one U. S . company has 
started a major experimental program. 

The reason for this lack of effort by mmmg and exploration com­
panies seems to be that the problems involved in finding orebodies are 
typically geological; that is, extremely complicated, and that any given 
research project seems to offer little chance of contributing directly to 
the finding of an orebody. There are definitely exceptions to this state­
ment. For example, one physical geochemist has quantified the diffusion 
of metal from vein solutions into limestone country rocks and developed a 
technique for determining the direction and distance to mineralization 
based on information from drill core analyses. Other examples could be 
cited but these cases appear to be exceptions to the general conclusion that 
research in physical geochemistry contributes to the solution of geological 
problems on a level which is just a bit beyond that which allows direct 
application to ore-finding. Mining men sometimes say of geological re­
search that '' it 's pretty good at explaining how the ore go t there, but only 
after it has b een found ", and they prefer to invest in the largely empirical 
methods of exploration geochemistry and geophysics. 

R egardless of whether this is a valid assessment of the situation, 
the meagre support of physical geochemical research relating to orebodies 
and the ir environments is an extreme ly shortsighted policy. If the history 
of science teaches any lesson, it is that the use of complex natural pheno­
mena for man ' s benefit is only possible after reasonably complete under­
standing is achieved and, at this level, research in physical geochemistry 
is probably the main contributor to an understanding of the origin of ore deposits. 
With the variety and number of de posits in Canada, and the importance of 
the mineral industry to our economy, the shortage of research of this type 
is inexcusable . 

There is no doubt whatsoever that research in physical geo ­
chemistry will help materially in discovering orebodies, given time. Even 
if this were not true , however, the case for solid support of research in 
physical geochemistry would be only slightly diminished. In other wo r ds, 
although di r ect practical applications of pure research may appear at any 
time it is more important in the more general sense that pure science is 
always essential to applied science. That is, it forms part of the basic 
knowledge without which no applications can be made. Many people still 
regard research in physical geochemistry as somewhat esoteric, a bit 
removed from the r e alities of geological problems: They forget that much 
of the material which is almost taken for granted in mineralogy and petro­
logy was first determined by the experimental approach. For example, 
understanding igneous rocks is impossible without knowing that albite and 
anorthite form a solid - solution series, but their relationship was quite 
uncertain before Bowen e lucida ted it expe rimentally. 
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HISTORICAL DEVELOPMENT 

In the broad context of the history of geology, physical geo ­
chemistry is a r e latively r ecen t arrival. Although significant beginnings 
were made in isolated cases by outstanding individuals in the 19th century, 
the r ea l contributions that this discipline could make were first clearly 
seen in the work of scientists at the Geophysical Laboratory in Washington, 
which was established in 1905. Ingenious techniques were developed which 
allowed inves tigation of silicate c rystal-liquid relationships at high t empe ­
ratures, and the paper by Bowe n in 1913 on the plagioclase feldspar system 
is still probably the single most fundamental piece of work in the study of 
igneous rock crystallization. In the i930's, similar studies under high 
water pressures were also begun at the same institution , and since th e n 
there has been a steady growth of the science in universi ties and gove rn­
ment agencies in several countries . 

In Canada, little was done before 1944 when F. G . Smith b egan 
his career at the University of Toronto. In l 948 the Mines Branch in 
Ottawa began its contributions under the direction of A. T . P rinc e (who 
was Bowen's first graduate student). Only in the last f ew years, however, 
has activity in this field spread across the country, and by now almost 
every majo r university in Canada has at leas t one staff member in this 
field . There are, however , no privately endowed institutes working in 
this field in Canada, and very littl e is done or even supported financially 
by industry. 

The g rowth of physical geochemistry is one aspect of a general 
trend toward a more quanti tat ive and , where possib le experimental approach 
in all phases of geology. This trend is a normal development in the evolution 
of a mature physical science from an early observational , descriptive, specu ­
lative phase to a more scientific or quantitative, hypothesis-testing phase 
in wh i ch the use of mathemati cs in the formulat i on of theories and the 
performance of critical experiments is typical. This transition has begun 
at different times in different branches of geology (in crystallography it 
began ve ry ear l y ) , but in general i t has occurred much later than in physics 
or chemistry because geological problems are inheren tly more complicated . 
When physicists and chemists began experimenting w ith simple systems 
under controlled conditions , geologists were still speculating on the difference 
between granite and basalt, and on prob lems which are n ot completely solved 
to this day . The well - organi zed infer ior "image" of geology as a science 
can very likely be traced to thi s delayed development of its more quantitative 
aspects, and therefore can only improve with time . 

PRESENT LEVEL OF ACTIVITY 

Physical geochemistry is more active now than eve r before, 
having enjoyed a continuous and in fact accelerating growth up to the pre­
sent time . The United State s is still pre-eminent in the field, the main 
contributors being the Geophysical Laboratory, the U. S. Geological Survey 
experimental laboratories, and several university departments . Significant 
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contributions have come from several other countries, and it seems very 
probable that the science will continue t o grow, especially in these other 
countries, as more universities, government agencies and industries in­
crease their activities in this field. 

NEED FOR INCREASED ACTIVITY 

The growth of physical geochemistry, both in research and in 
teaching, should be enco uraged , as discussed in other sections. More 
difficult is the question of relative needs w ithin the science. 

In Canada at the present time there are slightly less than two 
dozen scientists whose principal interests could be said to lie in this field 
(there are many o thers, of course, whose interests somewhat overlap this 
field). Generally speaking, the principal interests lie either with silicate 
and carbonate minerals (i . e . the experimental petrologists) o r with the 
sulfide and other ore minerals, and the former g roup outnumbers the latter 
by roughtly three to one . On this basis we can say that Canada's main con­
tribution in this discipline is in the fields of igneous and metamophic pet ­
rology, and that, in view of the imbalance and of the value of the mineral 
industry in Canada, some expansion of the experimental studies related to 
orebodies should be encouraged. Whether or not this occurs , and whether 
or not application of experimental studies in petrology continues to expand 
as it should, depends in large measure on the attitudes of the people res­
ponsible for the teaching of economic geology and petrology in our univer­
sities . Many of them are not yet convinced of the value of the experimental­
theoretical approach. 

Physical geochemis ts whose main interest lies in mineral solu­
bilities, magma - water relationships, wall -rock alteration, metasomatism 
and related topics involving the chemistry of hydrothermal solutions are 
in quite noticeably s hort supply. Much of this work can be carried o ut (at 
temperatures up to l00°C or so) ve r y inexpensively, and the result s are of 
far-reaching signifi cance . The importance of aqueous solutions in the 
earth's crust has lon g been r ecognized, and many of their effects have been 
deduced fr om geological evidenc e. Facilities are now available for study­
ing them quantitatively, and more effort should be expended in this direction. 

Aqueous solution chemistry over laps wi th another fi eld that is 
very largely neglected in Canada, th e geochemistry of surficial processes 
including weather ing, Eh - pH and other chemical relations in near-surface 
wa t ers of va rio u s types, dispersion of metals in near-surface envi r onments 
and so on. These studies have obvious relevance t o the near -s urface for­
mation of o r e deposits (a topic of fast-growing interest), geochemical 
prospecting and environmental pollution. 

The study of stable isotopes, particularly oxygen isotopes in 
silicate materials, is another t opic of proven importance to igneous and 
metamorphic petrology which is largely neglected in Canada and, in fact, 
not widely pursued anywhere. 
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TRAINING 

Probably the single most important asp ec t of the role of physical 
geochemistry in the earth science s is the matter of its plac e in unive rsity 
curricula. It is essential that more understanding of this subject be im ­
parted to undergraduates and graduate students alike, along with a greater 
emphasis on mathematics, chemistry and physics. What is involve d i s 
much more than " how to read a phase diagram"; it is nothing less than a 
whole point of v iew about geology . It is not the only point of v iew or even 
the most . important one, but certainly a un ique one . Students must be 
trained to see .rocks as chemical systems just as they must be tra ine d to 
see them as structural units or as possible ore bodies. In many cases it is 
the most powerful single method of determining some of the conditions of 
origin of rocks and ores, and thus of getti ng at the whole purpose of geology 
- unravelling the history of the earth, or parts of it. 

In emphasizing these aspects, other more traditional t eaching 
concepts will have to be modified. One which mus t not be modified is that 
every student should have some field experience. Field and theor e tical 
studies are not antithetical but mutually beneficial. On th e one hand , it 
has been shown repeatedly that what a man se e s in the fi e ld depends very 
largely on wha t he knows, or what he looks for, and thus a theoretically 
competent person is aware of significant mineralogical or structural 
r elation ships when he sees them. Similarly, the experimental petrologist 
will contribute significant new knowledge only to the extent that he is aware 
of significant petrological problems which are amenable to this type of 
approach. This naturally depends to some ext ent on his field expe rience. 
The best physical geochemists have a good field background and are impres­
sed with how g r eatly the significance of laboratory work is gove rned by 
acute field observations. With its strong tradition of long field seasons 
for student geologists, Canada has a unique opportunity to train scientists 
who are competent in both field and laboratory. 

The introduction of more quantitative aspects into geology cours e s 
has broader implications. The advance of the science as a whole will b e 
related to the quality of students attracted t o it, focussing att e ntion on the 
early college years and the high schools. To attract the b es t students avail­
able, geology needs a new image, one of challenge and th e promise of inte r­
es ting and eve n exciting problems to be solved as well as some prospect 
that answe rs will be fo und . This is related to the need for more emphasis 
on mathematics and chemistry in the early years, because the b est minds 
are not satisfied with a qualitative answer when a quantitative one might be 
obtained. Traditionally, of course, geologists have had courses in mathe­
matics, physics and chemistry, but too oft en these subjects have never been 
mentioned· significantly in their geology courses, and this is a great chal ­
l enge today. One way of alleviatin g the overloading of courses w hich might 
develop by injecting this newer materia l while keeping the older will b e to 
integrate the two. In other words, instead of a course in physical chemistry 
from the che mistry department followed by one in geochemistry, why not 

. one course in physical geochemistry taught in the earth scie nce d epartment ? 
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Similar combinations could be considered for strength of materials and 
structural geology, statistics and geomorphology and palaeontology, and 
so on. This trend is already visible in some institutions. Another advan­
tage of this approach is that students retain their interest when they see 
some relevance to their main field of interest. 

This obviously places great demands on the qualifications of 
professors, but perhaps rightly so . Also implied is the concept that every 
geology department should have at least one staff member who is compe­
tent in some aspect of physical geochemistry, and that a department with­
out one is as badly staffed as one without a mineralogist or structural geo ­
logist. This certainly does not mean that every department will have to 
acquire the expensive equipment and machine shop facilities needed for 
high-pressure research. As mentioned before, many aspects of the dis­
cipline can be pursued with nothing more than a few hundred dollars and 
some good ideas. Fortunately, it is still true that the value of the research 
done cannot be simply related to the cost of the equipment. 

MAJOR OBJECTIVES AND FUTURE TRENDS 

The major objectives of physical geochemistry in Canada have 
already been suggested. They are (or should be): to penetrate deeper into 
the teaching of geology at Canadian universities in the conviction that the 
insights it has to offe r are valuable; to cover a wider spectrum of research 
than it does now with a much stronger emphasis on studies of ore deposits 
and their environments; and to investigate problems closely controlled by 
field observations. 

Another major objective proposed by many is the establishment 
of some type of independent research institute staffed by many types of 
earth scientists, free to pursue full-time, adequately supported studies of 
or e deposits and perhaps other geological problems. The example of the 
Geophysical Laboratory in Washington is usually mentioned in this regard. 
The idea has a great deal to recommend it . Since there seems little hope 
of private or industrial financing of such a venture, government support is 
indicated, and the possibility of developing such a body of scientists within 
the existing framework of the Geological Survey or the Mines Branch 
(where several scientists with these interests are already located) should 
be carefully considered . The outstanding research carried out in the U. S. 
Geological Survey could serve as just as good a model as the Geophysical 
Laboratory in this regard. Financing a r esearch group does not, of 
course, ensure that significant research will be done, and since mediocre 
research is little better than useless, one of the main considerations in 
discussing the establishment of such a group should be the availability of 
more -than- competent scientists. 

As for trends in the science, certain current ones are obvious. 
These include the rapidly expanding role of the electron microprobe and 
other analytical tools, the amazing growth of computer usage (now taught 
to undergraduates and used by them in course work), and the increasing 
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use of more sophisticated mathematical techniques (set and group theory , 
vector algebra, tensor calculus, etc.) for the handling of data. These 
three factors together constitute an important aspect of physical geo­
chemistry. 

Another factor which is not so much a trend as an integral part 
of physical geochemistry which has grown with it is the use of chemical 
thermodynamics. It remains one of the principal tools of the science and 
must continue to be emphasized . 

Looking farther into the future, it seems likely that eventually 
phase equilibria will be explained on a le vel more fundamental than that 
provided by classical thermodynamics; that is, by consideration of the 
interactions on an atomic and electronic level. Crystal field and related 
studies are proceeding in this direction now. 

CONCLUSIONS 

In the training of geologists 

l. 

2. 

3. 

Every earth science department should have at least one or two 
physical geochemists so that students are made aware of the 
insights provided by this discipline. Hopefully, of course, some 
larger centres will have a " critical mass " of four or five. 

More and better mathematics (including probability and statis­
tics), physics, chemis try and computer science should be intro­
duced in the ear ly undergraduate years. If possible , this should 
be done in earth science departments by ea rth scientists. This 
should be accompanied by an increased use of these topics in 
othe r geology courses. 

Training in physical geochemistry should be linked as closely as 
possible with field studies. 

In research fields 

L 

2. 

3. 

There is considerable strength in Canada in the physical geo ­
chemistry of igneous and metamorphic processes. This 
strenglh should be allowed to grow. 

Similar studies on ore deposits and their environments and on 
expe rimental systems related to them are badly lacking and must 
be encour aged, for economic as well as scientific reasons. 

A largely neglected area is the physical geochemist r y of surfi­
cial processes. This area has widespread importance, from 
geochemical prospecting to pollution studies, and research in 
it is r e latively inexpensive. 



4. 

In general 

l. 

2 . 
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Other areas that have broad significance and need added empha ­
sis are the chemistry of aqueous solutions and of magma-water 
relationships, and the study of stable isotopes, particularly 
oxygen isotopes of silicate minerals . 

Careful conside ration should be given to the p r oposal to set up 
an independent r esea rch- or iented group t o concentrate on the 
physical geochemistry of earth science problems, or perhaps 
on a more restricted field within earth science, such as ore 
deposits. The Department of Energy, Mines and Resources 
should examine its functions in order to see whether such a group 
could be set up wi thin it, using the Geological Survey or the 
M ines Branch as a nucleus. 

The Science Council should r ecognize not only that a trend to ­
wards more quantitative wo rk (experim.ental, analytical and 
theoretical) exists today in geology and ea rth science in general, 
but that there is considerable opposition to it. A clear r ecogni ­
tion by the Science Council that this quantitative trend is natural, 
desirable, and even inevitable in the light of the history of sci­
ence, and that the scientists urging this trend do not wis h to 
ignore Canada's proud tradition of field-oriented geology but to 
build o n it, might (possibly) do much to advance the standards 
of ea rth science in Canada. 
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BIOGEOCHEMISTRY IN CANADA 

Harr y V. Warr e n and R o b ert E. D e lavault, 

Univer sity of British Columbia , 

Vancouver , British Columbia 

INTR ODUCTION 

This r e port d e als primarily with Canadian aspects of biogeoc h e m­
istry, and es p ecially w ith t h e rol e of trace e l ements in t h e biolog ical and 
earth s c i e n ce s. Geochemistry, as applied to mine ral and p et roleum explor ­
ation, and fundamental aspects of geoc h e mis t r y , are d eal t w i t h in other 
r e ports and, therefor e , are dis cussed, only inc identally, in this presenlat i on, 

Biogeochemistry is t h e sc i e n ce that at t empts to establish c hemical 
r e lationships in, and link the biological and earth sciences. Eventuall y bio ­
geochemistry may make possibl e t h e co rrelation of normal con centr ations of 
various e l e m e nts with normal health in all units and species o f living matter , 
and abnormal conc e ntrations w ith abnormal h ealth or illnes s es of va rious 
types . Howeve r, it is we ll to r e m e mber that , until quite recently, i t h as 
b een the inte r e st in abnormal con centr a tions of e l e m e nts in the earth ' s crus t, 
namely in ore bodies , tha t h as generated support for muc h of t h e ea rl y 
r esearch in biogeoch e mistry . 

Bioge oc h e mistr y a l so provid e s a us e ful tool for m easuring radio ­
active fallout. Some years ago the Geol ogy Departme nt of t h e University of 
Bri tish Columbia prov ided samples of vegetal mat e ri a l from the west coast 
of Vancouver Island w hi c h a llowed scientists at Ottawa to monitor "fallout" 
from nuclear explosions . 

Mor e r ecentl y , Sir Ernest Marsd e n (1) has pres ente d evidence to 
show that L ead 210 and Polonium 210 c oncentr ations in foodstuffs and tobacco 
may b e harmful to human health . In the w hole of Canada we could n ot find a 
laboratory able and w illing to co - ope rate with us by testing some c ritical 
sampl es . Eventuall y , Profes sor Chow , of the University of California , ge n ­
erousl y m a d e a few d ete rminations for us , and r e por ted that t h e Lead 210 
con tent of our selected samples of soil varied by as much as a factor of 20 , 
and , in addition, Professor Chow was abl e to r e port the pressure of thallium 
in a soil where its presen ce had b een suspected but n ever confirmed , 

Bioge o c h e mistry invad e s many fields includin g agriculture, geo l ­
ogy, medi c ine , and h ydrolo gy . Bioge o c hemistry h as ties on t h e one h and 
with the earth, and on the othe r with the life sciences, and is con ce rne d alike 
with the fundament a l and with t h e appli e d aspects of s c i e n ce . 

Biogeoch emistry is r e lative l y youn g , so young that in some qua r ­
te rs it is d e nie d recognition as a science in its own right : in many universi ­
ties it r ecei ves little or no support from the geology, c h e mistry , or m e di c ine 
d e partme nts, a ll of which h ave m uc h to c ontribute to, and muc h to l earn 
from, t h is integrating dis c ipline . 
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A few of t h e problems properly fall ing within the present day scope 
of biogeochemistry are: trace e l ement deficiencies of food and drink , natural 
and unnatural occurrence of toxic substances in soil; chemistry of rocks, 
soils and plants as a support for life; genesis of fossil fuels; fertility of 
stre ams, lakes, and oceans, and their threatened de gradation by pollution. 
All of these problems encompass broad areas of scientific knowledg e , and 
none can b e dealt with competen tly by specialists belonging to a single dis­
cipline. Advancements that are being achieved result largely from a team 
of researche rs hav ing the ability to co -operate and communicate over a r e la­
tive ly broad range of human knowledge. 

SIGNIFICANCE OF RESEARCH AND DEVELOPMENT 
IN BIOGEOCHEMISTR Y 

Biogeochemical problems have onl y become a subject of serious 
investigations during the past twenty five years . Research and development 
are therefore in their relative infancy and constitute the principal activity of 
biogeochemistry at the present time . Wit h such a comparative l y young sci­
ence , it is not surprising to find that in Canada there are , as yet, relative l y 
few major economic dividends accruing from it. However, Land (2) has 
shown that the patte rn of mine discovery indicates that geochemistry is 
slowly beginning to take its plac e beside geology and geophysics as a weapon 
in the mine-finders armory. Although, perhaps not generally realized, the 
opening up of both the Bethlehem (3), and Endako Mines (4) in British 
Columbia, were foreshadowed in biogeochemical reports. Today, we know 
that the ash of some of the fireweed {Epilobium an gustifolium) growing over 
what is now the open pit of the E ndako Mine , ran one and three quarters p e r 
cent molybdenum, a fact that might well have influenced t h e earl y histor y of 
that property had biogeoc hemistry b een taken more seriously in the nineteen 
fifties . 

It should always be realized that each geographic al area tends to 
have problems peculiar to its own specific environment. Thus, various ge o ­
botanical techniques so well d emonstrated in the reports of Cannon (5) and 
some of her colleagues in the United States Geological Survey, for parts of 
the U . S . A ,; Col e (6) and h er associates for Africa and Australia; and 
Malyuga (7) and numerous other workers for the U . S . S.R.; ar e of great 
interest. Howe ver they are of littl e practical valu e in Canada, w hich is 
recentl y gl aciated and has not yet deve l oped new species of vegetation, Con ­
versely, ore finding m ethods involving Douglas Fir (8) cannot be used wide l y 
outside Western North America , because the tree is indigenous and wide ­
spread only in that particular area. Failure to appreciate the fact that some 
problems are pe c uliar to a specific geographical environme nt has l ed some 
Canadian administrators to suggest that biogeochemical research should be 
left to workers in the United States having far greater financial resources 
than Canadians . The implication was that if the United States r e searchers 
proved the worth of biogeochemistry we could "climb on the bandwagon". 
However, Ku rl and (9) probably would never have solved the problem of 
Minamata disease - a disease caused by human ingestion of too muc h 
mer c ury - had he not been able to v isit Minamata Bay in Japan, and see for 
himself the unique combination of circumstances that gave rise to the diseas e 
at Minamata, a comparative l y poor community consuming a r elative l y high 
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percentage of shell fish which, owing to the vagary of an ocean curr ent were 
exposed to a mercury-bearing effluent from a synthetic fibre plant. The 
shell fish inv olved were not affected, but the unfortunate people who con ­
sumed the shell fish were . 

The potential returns from research and d evelopment in biogeo­
chemistry are great. The problems invol ved relate to almost all facets of 
human ecolo gy, including a few of the factors contributing to the health of 
plants , animals, and man, and, undoubtedly, some causes of their lack of 
health or sickness. In a world where pollution is becoming an increasing 
problem, biogeochemical research and de ve lopme nt has much to offer 
mankind. 

Biogeochemistry deals with the search for mineral d eposits and 
fossil fuels, and can aid in the more effective development of eac h of our 
primary reproductive industries, agriculture, forestry and fishing. How­
ever , until the present time the r e luctance of many administrators to accept 
biogeochemistry and the c ir cums cribed nature of the individual problems 
that have been investigated have together limited the amount of practical 
work done to the output of a few laboratories in Canada. 

Today, one of t h e more important problems faced by biogeochem­
istry is that of training young scientists in research and d evelopment labor­
atories so that they may, in turn, act as heads of routine laborato ri e s. The 
number of people with an adequate background knowledge of c h emistry, 
physics, geology, p edology, botany, and e pidemiology, to name a few of the 
dis ciplines , is bound to be extremely modest. Obviously, background train­
ing that will permit a team approach to various problems, is badly needed. 

PRACTICAL APPLICATIONS 

It follows from what has already been said that biogeochemistry 
has immediate practical applications in (i) resource d evelopment and (ii) health 
and welfare . 

In support of resour ce d evelopment, it is essential that the normal 
and anomalous mineral content be established for as many soils, trees, and 
lesser plants as possible. More must be learned about the ci r culation of 
chemical e l ements in nature and how they affect the growth of liv ing organ­
isms. Eventually it may be possible to deal with various aspects of biogeo­
chemistry by means of rigorous mathematical methods using computors and 
applying methods of systems analysis . However, in the opinion of the 
writers, more fundamental knowledge and data must be assembled before 
such sophisticated treatment w ill be fully justified. After establishing bio­
geochemical provinces it will be possible to make increased use of biogeo­
chemistry as (i) a prospecting tool, (ii) a guid e in planning forestry d evelop­
m e nt and (iii) a means of assessing the mineral quality of agricultural soils. 

Although certain trace e l ements may have a direct effect on human 
h ealth, remarkably little is known about the trace e l ement contents of cer ­
eals and common vegetabl es and similarly next to nothing is known as to the 
form in which these trace e l ements are pre sent. Obviously this information 
is essential if e ven an estimate is to be made of how much ingested material 
is assimilated . Such trace element studies as have been made of food pro­
ducts have been made with comparativel y little attention to th e geological 
background. Once t h e normal mineral content of food and vegetables are 
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known it will be much easier to recognize and assess various types of pollu­
tion and trace element imbalances in specific localities. Pollution involves 
not onl y pesticides and herbicides but a l so many inorganic materials. 

If and where geochemical provinces are known to show measurable 
abnormalities it would surely be rewarding to initiate morbidity studies 
among human and animal populations. 

A classic illustration of how biogeochemistry has been useful has 
been provided by the element lead. Lead from automobile exhaust , orginat­
ing from tetraethyl lead, for years was suspected of contaminating our envi ­
ronment. Much medical work was done by way of testing what concentrations 
of l ead in the atmosphere could be to lerated by man. Eventually geologists 
became interested and showed t hat t h e particulate matter from automobile 
exhausts eventually settled on the ground and became incorporated in vegetal 
matter. In short man was menaced, as far as lead was concerned, as much 
from ingestion from food as he was by air . 

It is occasionally said that some supporters of biogeochemistryare 
overly enthusiastic in claiming there are proven links between trace element 
imbalances and epidemiology . Any such "Doubting Thomases" should read 
"The Proceedings of the University of Missouri's 2nd Annual Conference on 
Trace Substances in Environmental Health (10). In this excellent publication 
many specialists produce data that show how trace elements affect human and 
animal health. Copper, zinc , lead, chromium, manganese, and calcium are 
among the many elements discussed, 

HISTORY OF RE:SEARCH AND DEVELOPMENT WITH 
PARTICULAR EMPHASIS ON CANADA 

Interested readers may refer to Malyuga (11) for some samples of 
how biogeochemistry was first put to use both as a guide to water in desert 
areas, and as an indicator of buried mineral deposits. Dealing with compar ­
ative l y recent times, say the last forty years, it is probably safe to say that 
the recent surge of interest in biogeochemistry commenced in the nineteen 
thirties when N .H. Brundin in Sweden, and V.I. Vernadskii (12) in the 
U.S.S.R. set the stage for the science ofbiogeochemistry, as we know it 
today, by demonstrating the possibility of using the chemical content of vege ­
tation as a guid e to buried mineralization, Vernadskii was also one of the 
first to write about the chemical composition of living matter in relation to 
the chemistry of the earth's crust and interest in this subject was also shown 
by A.P. Vinogradov and D.P. Malyuga (1 3 ) and by several other scientists 
of the U.S.S.R. During the past twenty years Soviet scientists have pro­
duced many papers related to biogeochemical prospecting. 

During the nineteen forties, T. Vogt in Norway (14), H. Hawkes 
and some of his associates in the U,S.A. (1 5), V . Marmo (16), M . Salmi (1 7) 
and J. Lounamaa (1 8) in Finland, and H. V. Warren and R . Dela vault and 
their associates at the University of British Columbia (1 9-23), a ll apparently 
working independently, had also demonstrated that biogeochemistry had 
practical possibilities for providing aid in t h e search for buried ore bodies. 
J. Webb and various students at the Royal School (London, Engl and) also car ­
ried on biogeochemical investigations but, like many other investigator·s in 
t h e U.S.A. and the U ,S.S.R., they came to the conclusion that other geo ­
chemical techniques, such as soil and sediment sampling, offered better 
possibilities for mine finding . 
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However , methods that work in ar eas where soils ar e mature and 
primarily residual, as well as ge ologically and pedalogically old , are not 
necessarily the best to use in countries such as CanadaandNorwaywhere 
the majority of soils are transported and pedalogically young . Thus , 
through the fifties and sixties extensive work was carr i ed on at the 
University of British Co lumbia on biogeoche mistry and closely related 
studies (24-53) . 

Fortunately, every branch of geoc h emistry has developed rapidly 
over the last twenty years and in April, 1 966, geoc hemical prospecting may 
b e said to h ave come of age in Canada w h en a symposium on Geochemic al 
Prospect ing was held in Ottawa , sponsored by t h e Geological Sur vey of 
Canada , and the National Advisory CoII1;mittee on Research in the Geological 
Sciences (54) . 

In the m eantime in 1957, at the suggestion of Professor 
W . C . Gibson , and after consultation with Dr . Wilder P e nfi e ld, the authors 
commenc e d tentative inv e stigations on possible r e lationships between t rac e 
e l ements and the epidemiology of some diseases . These te ntative investiga­
tions culminated in the pre sentation of a series of papers to numerous medi­
cal and earth science journals (55 - 69). 

PRESENT LEVEL OF ACTIVITY 

Our biogeochemical laboratories at the University of British 
Columbia are tackling the trace e leme nt content of vegetation not only as 
gu ides to con cealed mineralization, but also as indicators of various t yp e s of 
pollution, and as keys to some spe c ifi c epidemiological abnormalities. The 
Ge ological Survey of Canada , The Canadian Departments of Agriculture, of 
Forestry and Fishe ries , and of National Health and Welfare , as well as a 
few Provincial Departments, have all been involved in inve stigations dealing 
with specific problems that have ar is en from time to time. 

From personal conversat ions with A . Kval heim (Norway), 
N . H. Brundin (Sweden) , and M . Cole (Great Britain), it appears that there 
is renewe d interest in biogeochemistry in the above countries . Personal 
communications w ith three Soviet geologists have suggested to us that there 
is still considerable interest in this field of research in the U . S . S.R. At 
Aberystwyth (University of Wal es ), at the Royal School of Mines (London), at 
the Geo l ogical Survey and the Ministry of Health in Great Britain, and sev ­
eral agricultural research stations in the British Isles , we have noted a 
marked increase of interest in trace e l e ments because of an incr e asing 
awareness that they are in some way involve d in the h e alth of plants, animals, 
and humans. 

One reason for agriculturists showing an increasing inte r est in 
biogeochemistry arises fr om the growing gravity of the va rious problems 
posed by pollution . Politicians are now becoming aware of pollution. They 
realize that the waste of c ities may no longe r be dis c har ged into streams and 
rive rs and they r eason, with a measure of logic, that be cause much of our 
urban wastes come originally from the earth ' s c rust , in the form of vegetal 
and mineral products, why not return these urban wastes to the earth's crust 
whence they originated? The politicians suggest , the re fore , that after 
r emoving major solids all waste should be shredded, then sterilized and 
t ransformed into granul es r e sembl ing vermicul ite in texture, and spread on 
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land which would thereby have its nutrients restored to their original concen­
trations . Unfortunately, what is forgotten or overlooked is that modern 
civili zation depends on concentrations of many minerals that, in many instan­
ces, are in no way related to the normal concentrations in the earth's crust. 
Moreover, some of these minerals which, although they are harmless when 
used appropriately, and, indeed, are in many places essential for life in the 
concentrations in which they normally occur in the earth ' s crust , are never ­
theless highly toxic when present in unusual concentrations in soils . Exam­
ples of suc h elements are l ead, arsenic, cadmium, and mercury, but many 
more could be cited . Already an agriculturist is finding it ne.cessary to draw 
attention to this new threat of pollution (70). 

NEED FOR INCREASED ACTIVITY 

It appears to us that intelligent and understanding co-operation is 
n ee d ed between different specialists and between various laboratories pres­
ently engaged in high class work, but in many cases largely ignoring what is 
going on in different but indire ctl y related fields of investigation. Many 
nutritionists are doing admirable work on trace elements in food and their 
effect on animals , whil e seemingly they are indifferent to the fact that geol­
ogy can also materially alter the trace e l ement content of cereals and vege ­
tables. Some agricultural laboratories , although doing exce llent work with 
r e spect to animals have never considered that they might a ls o deal helpfully 
with human problems . During the summer of 1968 we discussed trace ele ­
ment problems w ith many geologists, agriculturists, and medical men, and 
we were highly gratified with the interest shown. Virtually a ll thos e with 
whom we discusse-d biogeochemical problems felt that there was a great 
future for trace element-epidemiological studies, some going so far as to 
suggest t hat the results accruing from such studies might parallel t h e advan­
ces made when bacteriology and vitamins became an integral part of medi­
cine . Some l aboratories are already e ngaged in co -operative programs and 
others are hoping to commence work on them soon . London (England), 
Aberystwyth, Missouri, and Belfast are centres for such programs. 

That brand of biogeochemistry w hic h deals with the influence of 
biological factors on the earth's crust in past p eriods, and the resultant end 
products - coal, petroleum, and natural gas - has developed fully only so 
far as it deals with the origin and nature of these fossil fuels, and the search 
for their deposits . It seems d es irable that what is now known as "Organic 
Geochemistr y" should be wid e l y enlarged in scope possibly by providing a 
program of "Paleo-ecology and Paleo-biogeochemistry" for soft rock geology 
students. There will be no concensus as to how room should be made for 
undergraduates to take this specialized matter. Perhaps it might b e possible 
to put less stress and t ime on some details of paleontology as it is taught at 
present. For specialists in biogeochemistry, consid eration might be given 
to de- emphasizing vertebrate evolution, and reduce invertebrate fossils to 
w hat is essential for understanding the principles of evolution and stratigraphy. 

Hele n Cannon has reminded us t hat a North American study com ­
mittee on "Environmental Geochemistry as Related to Health and Disease" 
is being planned . This committee will probably be sponsored jointly by the 
Geol ogical Society of Ame rica and t h e U.S . Department of Health, Education 
and Welfare . The purpose of this committee w ill be to determine the "state 
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of the art"; to plan what needs to be done, and the order of priority for this 
work; and to establish a means for informing the growing number of workers 
who are interested in the many facets of this subject. It would be a tragedy 
if Canada does not participate in this important program. 

Helen Cannon has also drawn our attention to the fact that The 
International Association of Geochemistry and Cosmochemistry, working 
closely with UNESCO, has a committee on Applied Geochemistry, chaired by 
Dr. L. V. Taus son of Russia, which will have a study group on prospecting 
by both soils and plants, and a Committee on Applied Biogeochemistry 
co-chaired by Dr. John Webb of the Royal School of Mines, London, England, 
and Helen Cann.on herself. This latter committee will have a study group on 
Medical Applications of Biogeochemistry. It is expected that there will be 
exchanges of information between the International and the North American 
Committees . 

It would seem to be of the utmost importance for Canada to work 
with these groups from their commencement. This, in turn, indicates that 
Canada should establish, without delay, three or four university centres of 
geochemistry. If Canada falls behind in these new developments, it will be 
much more costly and difficulty to "join the club" later on~ 

TRAINING 

The present system of tiered prerequisites in our Canadian uni­
versities makes it virtually impossible for a student to take all the courses 
in physiology, botany, geology, chemistry, physics, mathematics, and agri­
culture that theoretically would be demanded for a program leading to a 
degree in biogeochemistry. 

At the University of British Columbia some of the most successful 
graduates are those who have taken a Bachelor's degree in one discipline and 
followed that up with a Master's degree in some related field. Possibly 
some such plan might be considered for those who plan to become specialists 
in geochemistry . At all events this might bridge an interim period until geo­
chemistry acquires full stature, comparable with that now held by geophysics . 
The authors, however, are firm in their conviction that geochemistry should 
remain closely allied to geology: geochemistrywould include biogeochemistry. 

Whatever training is given it is most important that all geochem­
ists appreciate the importance of methodology. However this is surely a 
sine ~~for all scientists. 

The best system for training is probably to rely on co-ordinated 
teamwork, at least until the University system is reformed and made less 
rigid. There are still some persons in our universities who do not recognize 
biogeochemistry as an academic subject: fortunately their numbers are 
diminishing. 

CONCLUSIONS 

1. Biogeochemical maps should be prepared on the basis of the trace ele -
ment composition of selected organic material chosen from areas that 
would establish a broad picture of weathering and plant absorption under 
different climatic, physiographic and geologic setting. If this work were 
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done in conjunction with parallel studies with the rocks and soils, the 
stage would be set for future biogeochemistry to practical use, either 
in assessing the mineral possibilities, or the degree of pollution, or 
possible medical or agricultural implications in particular areas. 

2. Parts of the biogeochemical cycle on which there are comparatively few 
data require elucidation. For example, relatively little is known about 
the form in which many metals are present in vegetables and cereals . 
As phythates, metals and be more readily digested than as oxalates. 
The importance of acquiring more knowledge concerning the bioge0chem­
ical cycle is pointed up by the fact that a particular element may be of a 
high concentration in a soil, and yet not necessarily have any effect on 
man, because there is much discrimination in the soil food chain. In a 
general way, the trace element content of plants is related to the soils 
and rocks with which they are involved, but surprisingly exceptions do 
occur, and, as yet, the reasons for these exceptions are not always 
understood. 

3. A few specialized laboratories should be established where material col­
lected by scientists in other disciplines could be analyzed, if and when 
this was desirable, and where analytical techniques that are peculiar to 
trace element investigations could be developed and tested. Experience 
indicates that not all laboratories turning out trace element analyses on 
organic material are equally reliable. It would be most helpful if stand~ 
ard samples could be established for trace element analyses similar to 
those already available to geologists . 

Future trends are hard to predict. They will probably arise from 
whatever is found when studying some of the urgent problems concerned 
with human health. However, it is possible that an entirely unexpected 
and urgent demand for some element may call for the use of every tool 
in the mine-finder's kit, including biogeochemistry . 

4. Geochemistry, and this includes biogeochemistry, should be given a 
status in its own right, such as has been accorded soil science, bio­
chemistry, and geophysics. In this way, geochemistry will not fall 
between the two stools of geology and chemistry, and it will not need to 
make apologies all the time for intruding on other people's territories. 
In British Columbia, assessment work in mineral claims in the form of 
geochemical data, may only be reported by a Professional Engineer. A 
geochemist , however well qualified, and whatever his credentials, may 
not file geochemical assessment work . This inferred downgrading of 
geochemistry has been the source of much frustration and exasperation 
for many years. 

Concomitantly, adequate funds must be made available to establish 
at least one University department with appropriate facilities in each 
major geographic area of Canada . British Columbia cannot be expected 
to be as familiar with the problems of the Maritimes as can the 
Maritimes. The Geological Survey of Canada has already given a lead 
in biogeochemical matters, and should not onl y continue their own inves­
tigations, but might well set a lead by initiating a co -ordinating commit ­
tee of some kind in Ottawa, where all who are involved in trace element 
studies could exchange views, and, where practical, eliminate unnecessary 
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duplication . The Geological Survey might also take the l ead in linking 
up with the appropriate international bodies r efe rred to in an earlier 
parl of this report. 
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HISTORY OF EARTH SCIENCE 

D.H. Hall 
Department of Earth Sciences 

Uni vers ity of Manitoba 
W inn ipeg, Manitoba 

Scientists h ave a lways regarded the history of the ir · d is ciplines as 
a matter of s i gni f i cance. Many writings which have l ed scien~e into new path­
ways h ave been prefaced by a historical anal ysis. The opening chapte r s of 
Charles Lyell ' s Principles of Geolo gy afford an exce llent exampl e. In a ddi ­
t ion , t he place of sc i ence in his tory and the interaction between sc ience and 
philosophy a r e t opics which have long been of interest to scholars . Thi s inte r ­
est has cul minated in the establis hment of a number o f departments of history 
of sc ience in uni vers ities in a ll parts of the world. International scientific 
unions have also given historical studi es a forma l place in the ir structures. 
The International Geological C o ngress establishe d a commi ssion for the his­
tory of th e geological sciences in 1964, and the International Unio n o f Geodesy 
and Geophysics h as a similar c ommittee for the history of geomagnetism. 
These developme nts re flect th e steady g rowth in interest in the his to r y of 
science. 

CAN THE HISTORY OF SCIENCE HELP 
IN THE PLANNING OF SCIENCE ? 

Numerous studies have been made on how the va rious factors gov ­
erni ng the growth of t h e sc i ences determine th e course of their development. 
In t h ese studies, the pattern of a particular science thr ough time can be seen 
to form and c h ange in a co m plex interweaving of threads from gene r a l history, 
from o t h er sc i ences, and from its own hi story . From a knowl edge of these 
inter-relationships it is theoreti cally po ss ible to forecast how t h at science 
may develop in the future. M u c h h as been l earne d a b out how science develops, 
and w h y i t sometimes exp e riences acce l erated growth and c h ange whil e at 
o th e r times i t r emain s r e l ati ve l y unchanged for l ong periods. The history of 
a science may then g i ve ideas on how t h e sc i ence w ill develop under various 
propos ed c ondit ions in t h e futu r e. 

NATURE . OF THE SOLID-EARTH SCIENCES 

T h e ir relationship to science in genera l : As might be expected, the course 
followed by one sc ience or group of sciences may be very different from that 
followed by another. In this respect, the solid - earthsciencesconstituteadis ­
tinctive g r oup, differing from other sciences whil e possessing ce r tain char­
acteristics common to the other sciences. These characteristics, related to 
a longer time - scal e and a lar ger spatial environment than is e ncountered in nor ­
mal l aboratory or technolo gical experien ce , have g iven the so lid - earth sciences a 
r emar kab l e and interesting pl ace in the history of sci ence . Their unique sub ­
ject matter, the earth, h as been an attractio n to noted scientis t s frorn many 
other fields of science, drawn to the earth as an object worthy of study . The 
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earth h a s a very critical place in the hier a r c hy of scale that exis ts in nature. 
This position is such that some of the most fundamental scientific ideas have 
come , in whole or in part, from t h e study of the earth . 

The ea rth and fundamental scientific ideas: The earth h as r e p eatedly figured 
in the most fundamental of scientific quests - that of establishing the basic 
laws of matter a nd ene rgy. In magnetism t h e earth figured in t h e work o f 
William Gilbert and Karl Friedric h Gauss; in g ravitation the earth figured in 
the work of Isaac Newton and Albert E ins te in. T h e re as on is that natural laws 
are based ultimate ly on the results of e xpe riment . By far the greatest amount 
of scientific experiment has, throughout t h e history of science, been done in 
laboratorie s and within at most the life -spa n of individual observers. But 
natural laws ultimate l y describe processes operating on a scal e in time and 
space appropriate t o the universe as a whole. T hus small-scale expe riments 
cannot in gene ral lead to more than an approximate understanding of funda­
mental principle s. 

When we go b eyo nd terrestrial exp e rience and consider bodies such 
as the earth or the planets, or t h e larger cosmic bodies, we meet new phe­
nomena, characte ristic of aggregations of matter on a vast scal e, showing 
more clearly the fundamental natural law s (1) . Perhaps the m o st striking exam­
ple is the discove r y of the theory of relativity, which owes its exi stence in 
par t to the Michelson-Morley exp er iment using the earth as an observational 
platform. 

Geology h as made major contributions to t h e basic understanding 
i n science: the concepts of geologi c time a nd the evolut ion of life are ideas of 
the fir st rank (2, pp. 23 3 -234), and many of th e r esults of natural exp e ri­
ments, obs e rvable in the geological record, are maj0r contributions t o sc i ence 
(3, pp. 71-73). These contributions a r e anothe r result of t he ea r th's position 
in the hierarchy of scale. 

In some cases, for e xam ple the development of Maxwell's e qua­
tions, laboratory experiments h ave l ed to basic law s which are o f suffi c i ent 
generality to be applicable also to phenomena on the ea r th and cosmic scales. 
We still find in these cases t h at a study of th e large r bodies gives ins i gh ts 
into natur e which a re not easy to gain from t h e simple r , b as ic laws, even 
though the larger-scale l aws are u ltimate l y derivable from the l atter . Hydro­
magnetic phenomena afford a good example . The concep ts of fro;z;en-in or 
slowly leaking fields and of h ydromagneti c waves expl ain some rather complex 
phenomena in a direc t way . These concepts and phenomena a r e predictable 
from the basic laws of e l ectromagnetism. Yet these consequences wer e not 
in fact d e rive d until h y dromagnetic phenome na were obs e rved and classified 
during studies of bodies on the cosmic scale - t he sun and the earth. It is 
more fruitful when considering these cosmic phenomena t o wo r k with the laws 
at the appropriate level than to return eve r y time to the basic l aws b e hin d 
them. These cosmic h y dromagnetic phenomena l ater suggeste d techni cal 
applications on the laborat ory and i ndust ria l scale. 

T he consequences of t hi s special position of the solid-earth 
sciences will be seen throughout the history o f their development. An aware ­
ness of it will aid in our understanding of t h e va rious factors that we will see 
in operation a s we r eview thi s his tory . 
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HOW THE SOLID-EARTH SCIENCES HAVE DEVELOPED 

The sciences leading to the modern earth sciences have been devel­
oping since ancient times. The main characte ristics of the present - day form 
of the solid-earth sciences were acquired, however, during four decisive per­
iods. These were: (1) 1492-1700, with developments markedly accelerated 
during the last 50 years; (2) 1760-1830, the period oftheindustrialRevolution; 
(3) 1830-1880, the period of European expansion following the Industrial 
Revolution; (4) 1880 to the present. 

The period of 1492-170 0: The great commercial expansion of Europe during 
these centuries set off an era of sea voyages, discovery and overseas trade. 
These events set into motion a most remarkable development of science which 
has been termed the Scientific Revolution (4, pp . 99-150; 5, pp. 251-343). 
This was the age of Mercator's maps, Copernicus' solar system, Kepler's 
planetary orbits, Galileo ' s telescopic observations and dynamics, Boyle's gas 
laws, crowned by Newton's theory of gravitation. Throughout the period, the 
probl ems of navigation inspired scientific investigations (4, pp . 193-293; 5, 
p. 277, p. 313). The desire for maritime supremacy was gre at among 
European nations. This brought problems in map-making, t e rrestria l magne ­
tism, and geodesy to the fore (6). Leading scientists made contributions in 
these fields. Christiaan H"uygens, Robert Hooke, and Isaac Newton contrib­
uted to the solution of the problem of the figur e of the earth. In 1701, Edmond 
Halley published a map of the variation of declination in the North and South 
Atlantic Oceans, following 2 years of voyages on a vessel commissioned by 
the British government exclusively for the purpose of measuring magnetic 
declination . At the time of writing of Isaac Newton's Principia Mathematica, 
many scientists suspected that the e arth was an oblatum in shape. Newton, 
using this assumption, and d e rived in the Principia (1687) the first-order term in 
the expression for the variation of gravitational accele ration with latitude. By 
that time a number of pendulum gravity observations has been made in various 
parts of the wor l d . By 1700, at least two branche s of geophysics - geodesy 
and terre stria! magnetism - were established and acquired essentially pre sent­
day characteristics. The decisive period in the formation of concepts of these 
sciences was passed, but they continued to flourish. Their scientific results 
continued t6 be in demand for improving and e xtending maritime charts and 
techniques of navigation. 

In the following century, the hypothesis that t he earth's shape is an 
oblate spheroid was tested by geodetic and pendulum gravity surveys. Many 
nations sent out expeditions and surveying partie s for this purpose, the most 
notabl e being the French expeditions to Peru and Lapland, which returned in 
17 37. The theoretical proof that an ellipsoid is the equilibrium figure of a 
rotating fluid was first given in 1741 by Colin Maclaurin. In the course of a 
long series of papers and monographs devoted to the figure of the e arth, Adrien 
Legendre and Pierre Laplac e develope d mathematical methods to de al with the 
problems encountered in this field. One group of these new methods, pub­
lished separately by these authors in 1785 (7, vol. 2, p. 23) had most impor­
tant applications, in the form of techniques of spherical harmonics, to mathe­
mati cs, physics and other branches of scie nce. 

Laplace' s Theorie du mouvement e t de la figure elliptique des 
planetes, published in 1784 and later refine dandsummarizedinhis Mechanique 
Celeste, represented the limit to which the theory of the figure of the earth 
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c ould b e taken without the rhe ological theories applied to the same probl em by 
William Thomson {late r Lord Ke lvin), G. H. D a rwin, and o thers a century 
late r . 

Developments i n gene r a l history during this period were setting the 
stage for the d eve lopment of t h e sc i ences . T hos e branches of earth science _ 
which were related to n avi gation and mapping and plotting t rade routes across 
the globe-developed rapidly. These problems w e r e f e lt to give the highest 
sc i entific ch a llenge and t o be of an orde r worthy of t he best scientific e ffort, 
and attracted th e great scientists of the t im.e to t h em. There was a long pre­
paratory period in which ideas and obse rvations were collecte d, but in which 
o verall development was slow. T his was followed by a p e riod of rapid devel­
opment, in which the characteristics of t h e sci ences w e r e established. These 
c h aracteristi cs remain for some time after through a p e riod of application of 
the new branches of science, in which s i gnifi cant r esults w e re obtaine d . It is 
impor tant to note t h at a new sc i ence does not necessarily c ontinue on into a 
period following its appearance. There must be a real need for the new 
sc i ence - perhaps a techni cal applicatio n - if it is to cont inue deve loping. 
Electricity i s an exampl e of this. W illiam Gilbert laid t he foundations of both 
e l ectric i ty and magneti s1n before 1600. Magnetism, whic h coul d b e put to 
good purpose at the time deve lo ped rapidly, whil e e l ectri city l ay dorma nt for 
acentury{5 , p. 431). 

Science in general was advanced during this pe r iod b ecause of the 
i m por tance and abund ance of ea rth-dir ecte d probl ems. Much of t he work of 
the great mathematicians of t h e time was inspir e d by these probl ems . How­
ever , t h e earth sc i ences were dependent on t h e state of deve lopment of other 
sc i ences . The rapid development of th e science of the fi gu r e of the ea rth 
during the last part of the period w as made possible by th e development of 
mech ani cs and of math emati cal tech n ique which put i t on an adequate theoret­
ical foundation. 

T h e period 1760- 1830 : The Industrial Revo lution - a p e riodofprofoundtrans ­
fo r matio n in manufacturing and i n ec o n o m i c life - be gan in Great Britai n, 
where it was essentially compl ete d b y 1830. Later in the nineteenth century 
i t spr ead to o ther parts of Euro p e and t o othe r continents. It had profound 
effects on cultural a nd scientific life whic h spread throughout and b eyond 
Europ e . 

During this period, a g re at and fruitful upsurge of activity in the 
geological sciences took place. T h e period from 1790 t o 18 20 has b een called 
the h e roi c age of geo lo gy by Von Z i tte l (8, pp . 4 6 -145 ). It may a l so be noted 
that the basic techniques of strati graphy were establishe d at this t ime , notabl y 
by William Smith, Georges Cuvie r, Abraham Werner, Lamarck, and A l exandre 
Brongni art. Those of economi c geolo gy were developed to a considerable 
degree at t h e Freiberg School of Mines , where Wern e r wa s dir ector from 
1 77 5 until 1 81 5 . 

The period of conso lidation of modern geology is marked b y two 
great works of geo lo g i cal literature - James Hutton' s Theory of the E arth 
published in 1785 and Charl es Lyell's Principles of Geology published in 1830 . 
Since this development of m odern geology can be ascribed to the Industrial 
Revo lution (9) the dates commonl y g i ven for thi s pe riod are used in t h e present 
paper as marking off a signi ficant period in t h e development of th e solid - earth 
sciences . 
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Many of the sciences included in modern geology had been long in 
existence. Agricola published his De re metallica in 155 6 and has been refer­
red to as "the father of modern mineralogy" (10, p. 185) . The fact that the 
developme·nt of modern geology did not take p l ace at an earlier time can be 
explained by the dominant economic interest in earlier periods centered around 
overseas trade, channeling scientific interest towards map - making and navi­
gation. When the new industrial developments began t o gather momentum, 
interest shifted to natural re sources, including mineral s, for use in industrial 
processing, and to large-scale engineering works such as the building of canals. 
The effect of the growing industrialism can be seen in the case of James Hut ton, 
"the father of modern geology" (11, 12, 13). Hutton lived during the Industrial 
Revolution, and was himself part of it as the manager of a chemical industry and 
of a modern scientific farm. He lived in Edinburgh, perhaps the most remarkable 
and stimulating city of that time, which had developed a brilliant intellectual l ife 
(11). This development was the result of a northward shift of leading centers 
of science and the arts in Britain, following the Industrial Revolution (13) . 

James Hutton viewed the earth as a heat engine. His chemical and 
thermal ideas were very much a part of the general scientific knowl edge grow­
ing up around him as part of the Industrial Revo lution. He was trained in 
medicine and was a most versatile man. His publications were on scientific 
and technical matters of all kinds as well as on philosophy and agriculture. 
He was recognized as a philosopher and scientist of tal ent. The fact that he 
came to work on geology, when he could have gone in almost any direction, 
may be viewed as a result of the new industrial age with its emphasis on natu­
ral and mineral resources. In the previous century, geology and theories of 
the earth had fallen rather low in the opinion of the learned wor l d. The new 
age elevated interest in the earth to a place of standing, or at l east held out 
this possibility. Hutton was a man of independent means, and did not receive 
financial or other support as an encouragement to work on geology. This 
illustrates an important principle: that the general social and intellectual 
climate is a force that can direct the course of development of science, even 
without the induce1nent of direct financial support. The case of Alexander von 
Humboldt, whose work on geography, geophysics and geology was inspired by 
the ideas of the period although in a more indirect way, is similar. As did 
Hutton, Humboldt financed his own work from a legacy which he had inherited 
(14). 

The conso l idation of industrial bases on home territory inspired a 
new interest in land exploration and in mapping which in turn assured a con ­
tinuing interest in geodesy and terrestrial magnetism. The work of Car l 
Fri edrich Gauss reflects the attraction of these subjects. He carriedoutgeo ­
detic surveys in the f i e l d from 1821-28. This interest led him to make major 
contributions to pure mathematics i n the theory of curved surfaces (15, p. 636). 
The general interest in terrestrial magnetism, including that of Alexander von 
Humboldt who was Gauss' life-long friend, influenced Gauss to take up work 
in this subject. Gauss invented geomagnetic instruments, founded an obser­
vatory, inspired the establishment of other observatories, and organized 
international observations through the Gottigen Magnetic Union in the years 
following 1833 (14, pp. 170-171; 15, pp. 152-162). This interest led Gauss to 
publish the first comprehensive mathematical anal ysis of the earth's magnetic 
fie l d, in 1838, and to develop an interest in other aspects of magnetism. 
Problems inspired by the earth, coupled with the supporting activities of nat­
uralists like Humboldt, therefore resulted in drawing a great scientist to work 
on the earth while s i multaneously making contributions to basic science. 
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The developments during this period illust r ate fu r ther ways in 
which earth science has developed. T h e rapid consolidation of a number of 
pre-existing di sciplines to form a new science - geolo gy - illustrated. We 
see again the close relationship of developments to general h istory and as w as 
the case with Hutton and von Humbo ldt, t h e i n fluence of the general spirit and 
ideas of the age. The his tory of Hutton' s theory illus trates the dependence of 
ear t h science o n other sciences, since a successful t h eory o f the earth had to 
aw a i t a proper development of the sc i ences of he at and ch emi str y. These 
sciences were themsel ves stimulated by t h e same movement which gene r ated 
Hutton's i nterest in geology. In turn, the ge n e r a l interest i n the earth acted 
as a stimulation t o the basic sciences, as we saw i n the case of Gauss. After 
i ts period of rapid consolidation, geo lo gy was to continue to deve l o p, unde r 
the stimulus of continued application t o economic a nd o ther probl ems. Later 
in th e n ineteenth century geology was to develop into a science of moment not 
only in economic a pplications but i n the spher e of ideas, when th e conce pt s of 
geological time and biolo gi cal evolu t ion at first b ecame the centre of sc ientific 

and philosophical controversy, and l ater moved on to b eco me reco gnize d as 
m a jor c ontributions to science and philosophy. 

The perio d 183 0-1880 : A new stage in economic life became a pparent afte r 
1830, es p ec i a lly in B ritai n, when industrialism had become essentially estab­
lished. In t his pe riod, technica l innovation w as of l esse r importance than i t 
had been during th e Indus t rial Revolution, and the e xpans io n of existing types 
of industrial facility became t h e primary conce r n , includi ng the g rowing 
indust rial centr es required r aw materials for the ir factories and markets for 
their products. In the technical sphere, interest shifted to t ranspor t and 
communications; this was t h e age of steamships, r a ilways, and tel egraphs . 
It was a period of st rong belief i n progress through the application of science. 
Even so, governments were often slow in a pprec iating the possibilities of 
science, As a r esult, scientific societies t o promote scientific research and 
its application were founded. T h e British Association for the A dvancement of 
Science (1 6) initiated and suppor ted some of t h e best B riti s h scientific workof 
the mid-nineteenth century . Geodesy and te rrestrial magnetism came into 
prominence again, reflecting growi ng interest in transpor t and communications. 

The B ritish Association in i ts ear l y period made terrestria l magne­
tism one of it s prima r y c oncerns, w i t h s pecial empha s is on its place i n mari­
t ime affairs (17, p. 3 8 ). Geodesy and terrestr i a l magnetism, the two oldes t 
branch es of geophy sics , c h anged t h eir ch aracte r cons iderably during the per­
iod . Knowledge a bout the ane l astic behaviour of materials had accumulated 
a nd wa s applied in theories of the figure o f the earth. T h e Industrial Revolution 
h a d stimulate d the growt h of t h e sc i ence o f e l ectricity. Particularly impor­
tant for terrestrial magnetism was the discovery by Hans Christi a n Oersted of 
the magnetic effects of e l ect ri c curr ents in 1820 and t h e discovery by Michae l 
Faraday in 1831 of induce d currents. T h eories of e l ectromagnetism make it 
possible to understand t h e nature of time variations in th e geomagnetic field, 
a nd the r e lat ion s hip of t h e magnetic field to earth currents. Invention of t h e 
te l egraph gave an immediate practical application for studies of ea r th cur ­
rents . Research and publication on this topi c g rew after 1849. 

This was t h e age of worldwide networks of geomagnetic observa­
tories and of ocean vo yages for t h e purpose of making sc i entific observations, 
including geomagneti c measurements. Research developed r a pidly in most of 
the fields that make up present -day solid-earth geophys i cs. Prominent 
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scientists of other specialties continued to be attracted to the earth as a sub­
ject for research - evidence that the earth was seen also in this period as the 
source of first class scientific problems. For example, 30 per cent of the 66 1 
scientific contributions of William Thomson (later Lord Kelvin) were in earth 
science. In addition, the number of scientists giving their full time to ea rth 
science grew. Geology of course continued to grow as a profession. What 
was new in the period was the springing up of the geophysical sciences, and 
their convergence into a unified field. The name geophysics was in use at 
least as early as 1853. Interest in time variations of the magnetic elements 
had persisted for two centuries. With the new electromagnetic theory an 
explanation became possible. The dynamo theory of their origin was put for­
ward in 1882. In the twentieth century, interest in this same topic led to con­
tributions to basic physics in the studies of sunspots leading to the postulation 
of hydromagnetic waves and a growth of interest in the science of h ydromagnetic s . 

In this period we see the earth continuing to be a source of basic 
scientific ideas, and a source of interest as an area of research for many of 
the great scientists of the day. We see also advances in basic sciences con­
tributing to changes and developments in the older geophysical sciences, and 
to the development of new ones . A new factor was that scientists themselves 
became prominent in initiating projects in earth science and obtaining support 
for them. Some of these were of an international character such as those 
organized by the Gottigen Magnetic Union. These trends toward organization 
and promotion of international projects by scientists led to the First Polar 
Year in 1882 (18). This enterprise was to mark the beginning of a new period 
in solid-earth science, extending to our own day. 

The period after 1880: The First Polar Year is a landmark in the history of 
the earth sciences because it was the first of a series of ventures in which 
scientists from many nations collaborated in planned and syncronized obser­
vations directed towards the scientific understanding of relatively unexplored 
portions of the globe. This type of effort led (through its successors, the 
Second Polar Year and the International Geophysical Year) to exploration of 
regions beyond the earth's surface - the upper atmosphere and near space. 
This was the first step in the scientific explorations of the space age. 

Two world wars, the inception of what has been called the new 
industrialism, and atomic and space developments are characteristic of this 
period. B ound up with these developments is the new industrialism (1 9 , 
pp. 517-520), a factor of the greatest significance forthe solid-earth sciences. 
Following the Industrial Revolution, industry gradually changed its character 
from the traditional reli ance on coal and steam to an increasing application of 
new energy sources and new materials. These energy sources and materials 
became much sought after in the face of the growing demands of industry in 
the present century. As a result, geological, geochemical, and geophysical, 
prospecting grew rapidly and new methods of mapping and exploration began to 
develop. In the course of this development, these sciences grew and changed 
radically . 

SOME CRITICAL PERIODS IN THE GROWTH 
OF CANADIAN SOLID-EARTH SCIENCE 

Notable in the explorations following the Industrial Revolution in 
Europe were the sea expeditions to the Canadian arctic, sent out by the 
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governments of many nations. Arctic voyages had, of course, been made in 
previous centuries, and some scientific measurements had beenmade. Henry 
Hudson' s voyage to Hudson Bay in 160 9 had, through measurements of the 
magnetic inclination, given an early proof of the correctness of William 
Gilbert's theor y of geomagnetism (4, p. 201). Then the number of voyages of 
exploration increased considerably about 1850, and strong interest in geodesy 
andterrestrialmagnetismled to the inclusion of scientific officers in many of 
these expeditions. In fact, many of the voyages themselves were initiated fol­
lowing urging by scientific organizations such as the British Association and 
the Royal Society. Geomagnetic observations in northern Canada were con­
sidered to b e of special importance, because of proximity to the north mag­
netic pole as well as the excellent opportunity of observing variations of the 
magnetic elements in such latitudes (20, p. 7 9). This led to a large number 
of scientific voyages to Canadian arctic waters, and to establishment of a geo­
magnetic observato r y at Toronto in 183 9 . One result was that a major dis­
covery was made by Edward Sabine - his proof of the extra-terrestrial origin 
of magnetic storms in 1848 - using results from Toronto. 

Resources mapping and the Geological Survey of Canada: Although colonies 
like Canada did not themselves become industrialized during the Industrial 
Revolution, they w e re affected by it, through colonial policy and influence (21, 
p. 349). Among other things, many people had a strong desire to discover 
and develop local resources as a basis for increased industrialism in Canada. 
The Geological Survey of Canada was founded in 1842 after almost 10 years of 
agitation within the country (22, p . 123). The subsequent deve lopment of the 
Geological Survey and i ts role in the solid-earth sciences has been described 
by Alcock (2 3). In keeping with the circumstances of its origin, the Geological 
Survey was from the b eginning directed towards economic applications. Sir 
William Logan, the founder and first director of the Geological Survey, refer­
red to his work as "economic researches carried out in a scientific way" (22, 
p . 293). The Survey achieved sufficient success in this work to receive notice 
and high esteem abroad. The London Quate rly Review in 1854, 12 years after 
the establishment of the Geological Survey, remarked that "in Canada espe­
cially there has been proceeding for some years one of the most extensive and 
important Geological Surveys now going on in the world" (22, p. 296 ). The 
influence of technology based on the Industrial Revolution is evident in the fact 
that Logan had b een previously engaged mainly in coal geology, and some of 
his earliest researches in Canada were on coal measures in the Atlantic 
provinces . 

Confederation and the solid-earth sciences: One of the conditions under which 
British Columbia entered Confederation was that "an undertaking had been 
given to British Columbia in 187 1 that a rail road would be begun within 2 years 
of the admission of that province to the Dominion and completed within 10" (19, 
p. 413) . . The Geological Survey of Canada was dir ecte d to help investigate the 
proposed railway routes through the Cordillera t o British Columbia and to 
investigate "the mineral resources along these possible lines" (23). This 
commitment led to six parties in the field by 1870, eight parties by 1880, and 
fourteen parties by 1890. In a ddition, much astronomical work was done in 
d etermining latitudes and longitudes, l eading indirectly to approval soon aft<:!r 
1885 for the establishment of a government-sponsored astronomical observatory 
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in Ottawa. In 1905, the Dominion Ob se r vato r y was establish ed (24, p. 88) and 
its geophys i cal divisions have had a cons ide r able effect on Canadian solid­
earth science . 

P r ospecting -ba se d earth science: Canada did not b ecome industrialized in 
t h e nineteenth century on t h e pattern of western Europe or t h e Unite d States as 
had b een hoped b y s ome of t h e ear l y proponents o f t h e Geological Sur vey of 
Canada. It has b een suggested t h at in fact such industria lism was "no t , for 
Canada , an open alte rnative" (1 9, p. 516 ) . Many mineral deposits had of 
course b een discovered in Canada, as shown in the much praised Canadian 
display in London at t h e Exhibition of 1851 (22, p. 2 69). But t h e real move­
ment towa r d expl o i t i ng the vast mine r al wealth th at has been discove r ed in 
Canada did not begin unti l about 1900, whe n i ndust r y b egan to grow in Canada 
and in other countri es o n a new pattern, which has been called "the new i ndus -
tr i a lism" (1 9, pp. 517 -5 20). New ene rgy sources such as h ydroe l ectricity, 
new materi a l s and indust ria l processes began to change the characte r of indus­
try away from and b eyond t h e t r adi t iona l coal, iron and steam of the Industrial 
Revolution. Canada proved t o b e r i c h in the e n e r gy and mineral resources 
important in th e new industries. T h e difficulties of Canadian terrain made it 
necessa r y to emplo y a ir transportation and geoph ys i cal surveying in the search 
for minerals. These conditio ns led to a remarkable d evelo pme nt in pro s pecting ­
based earth sci ence i n Canada. Canadian advances in this fie ld a r e today 
r ecogni ze d abroad. Canadian a irborne surveys and e quipment a r e highly 
admired in a ll par ts of t h e wor ld. T h e new industrialism h as acte d, in 
Canadian conditions - natural a nd economic - from th e beginning of the pre s ­
ent century, t hough two world wa rs and the intervening periods to give a 
strongl y prospecting-based cha racte r to Canadian ea r t h science. 

CONCLUS IONS ON THE HISTORY OF SOLID-EARTH SCIE NCES 
AND ITS PLACE IN UN D ERSTANDING THEIR FUTURE 

I have examined some o f t h e m any and varied t r ends in th e solid­
earth sc i ences as t h ey d eve lop through time and have indicated some features 
that are c o mmon t o a ll or man y of th e t r ends, suggesting that th e r e a r e s ome 
common prin c iples about which the study of t h e his tory of th e solid-earth can 
be developed. Some incid ents in t h e development of t h e s olid- earth sciences 
i n Canada h ave been cho sen , t o relate t h ese principles to th e Canadian scene. 
I will now summarize some of th e principles of development that have eme rged 
from this historical study, r e l ati ve to the question pos e d at th e be ginning -
can his t ory of science help in the planning of sc ience? 

By a nd lar ge, t h e d evelopments in solid-earth science have been a 
p a r t of broader movements in general histor y . This is seen c ircumstantially 
through t h e mere fact that the c ritical pe riods o f d evelopment of the solid­
earth sciences have coin c ide d with corresponding pe riods in gene r a l history. 
T h e gene r a l atmosphere and inte llectual climate of an age is a ve ry powerful 
directing force for scientific development. The very g r eat influe nce of t h e 
general spirit o f the Indus t rial Revolut ion shaped the scientific activities of 
James Hutton and Alexander von Humboldt even without any great inducemen t 
in t h e form of financial support or formal dir ection . This same conclusion 
eme r ged from B e rna l' s (5, p. 9 10) study of the history of science as awhole -
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"the satisfaction of the material needs of a science is a necessary but not a 
sufficient condi tion for its advance; with it must go a sense of excitement and 
novelty great enough to draw the most capable people into the adventure of 
science". If one is to influence the development of a branch of science he 
must not only contro l the flow of support, but also understand the whole com­
plex of general needs and intellectual climate of the time to determine if and 
how favourably the science might react to attempts to direct its development. 
The support given by the British Association to terrestrial physics is an exam­
ple of a successful policy. The proposals of the scientists in the association 
on what should be done correctly reflected the scientific needs of the time. 
Through their influence on the British government, they obtained support for 
disciplines which grew into a healthy science of geophysics. Part of the ben­
efit came to Canada in the form of geophysical projects and establishments. 
The indirect effects of the Industrial Revolution, through the ideas of the per­
iod following it, were seen in Canada by the c ircums tances surrounding the 
foundation of the Geo logical Survey. An example of a beneficial result of gov­
ernment policy is seen in the scientific exploration of parts of we stern Canada 
where scientific departments were deployed after Confederation in the fulfil­
ment of its commitment to British Columbia. 

The effect of the new industrialism in determining the character of 
a good part of Canadian earth science was shown in the preceding survey of 
Canadian solid-earth science. It is important to be aware of these external 
influences on the character of science. The same principles which have oper­
ated elsewhere to determine the development of the solid-earth sciences a l so 
have operated in Canada; thus the more general conclusions a l so apply to 
Canada. 

One thing that consistently emerges is the fact that the solid -earth 
sciences have at various intervals become sciences of great standing. They 
attracted the best scientists of the time and inspired new developments in the 
basic sciences and in the world of ideas . This process is going on today, as 
the example of hydromagnetism shows. Thus the so l id-earth sciences are a 
vital part of a healthy science in any nation. 

As several of the previous examples have shown, three stages can 
be seen in the growth of a science. The pre-existing branches of the new 
science-to-be develop slowly and over a long period of time. Then, in response 
to some stimulus - in all the cases studied, the technologies of various his­
torical periods - there is a rapid consolidation into the new science. There 
is no guarantee that the new science will continue to flourish . If it finds an 
immediate application to the technology or another vital concern of the age it 
continues to grow, while maintaining for some time the form it acquired dur­
ing the formative stage. If it does not find an application, it might stagnate 
or lie dormant for some time, as the science of electricity once did. There 
are signs that the earth sciences, a long with the infant planetary sciences are 
moving together and converging in many ways. If so, an important synthesis 
of the earth sciences might be approaching. This would be a more important 
upsurge into a new science than the ones we have viewed in our historical sur ­
vey, because it would involve a synthesis of all of earth science and not just 
one branch. Since some of the major problems facing all nations lie partly in 
the earth-sciences area, any newly-formed .comprehensive earth science 
would immediately find the application to stimulate i ts continued development. 
If such developments are in the offing, any planning of science would need to 
consider the possibility that a newly-formed science in the earth-planetar y 
area may in the future come to be one of considerable moment. 
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The large number of possibilities w hi ch emerge from this hi stori­
cal study justify the conclusion t h at History of Science can he l p in th e plan­
ning of scien ce. 

RE F ERENCE S 

1. Wi.ls on, J. T., 1966. A t h eor y of pl a n eta r y behaviour; Indian Geophys. 
U nion, Hyderabad. 

2. Hagner, A. F., 1963 . P hilosophical as pects of t h e geo logical sciences; 
in T h e Fabric of Geology, C. C . Albritton, edi to r, Addison­
We sle y, Reading, Massachu setts , pp. 2 33 -241. 

3. McKelvey, V. E . , 1963. Geology as t h e stu dy of complex natural experi­
ments; in The Fabric of Geology, G. G . Albritton, editor, 
Addison--=-Wesley, Reading, Massachusetts, pp. 69 -74. 

4. Mason, S.F., 1953. A his to r y of scie n ces ; R outle dge and Kegan Paul, 
London, 5 20 pp . 

5. Bernal, J. D., 1965. Science in his to r y , 2nd ed.; Watts , London, 1039 pp. 

6. Taylor, E . G.R., 1937. The geographical ideas of Robert Hooke: Geog. 
I..:_, 89, pp. 525- 538 . 

7. Todhunte r, I. , 187 3 . A his to r y of the rnathematical t h e or ies of att r ac -
tion an d t h e figure of the earth; :tv1acmillan, London. Reprint, 
1962, Dove r Pub lications, New York, vol. 1, pp . 1 - 476, vol. 
2, pp. 1-508 . 

8. Von Z i tte l, K. A . , 1901. History of geo l ogy and pal aeontology; Walter 
Scott Press, London, 56 2 pp . 

9 . T o mkeieff, S. I., 1950. James Hutton an d the philosophy of ge ology; 
Proc . Roy. Soc., Edinburgh, 63B , pp . 387 - 400. 

10. Adams , F. D . , 1938 . The birth and deve lopment of th e geo lo gical 
sciences; Williams and Wilkins , Baltimore, 5 06 pp. Paper­
b ack r eprint, 1954, Dove r, New York, 50 6 pp. 

11 . Macgregor, M. , 195 0 . Life and times of James Hutton; Proc. Roy. Soc., 
Edinbu r gh, 63B , pp . 35 1- 356. 

12. Bailey, E. B., 1950. James Hutton, founder of modern geo lo gy; Proc . 
Roy. Soc., Edinburgh, 63B, pp. 357 - 369 . 

13. Crowth e r, J. G., 1962. Scientists of the industria l revolution; Cresset, 
London, 365 pp. 

14 . Kellner, L. , 1963 . Alexander v on Humbold t; Oxford, London, 246 pp. 



- 3 03 -

15 . Dunningt on, G. W . , 1955 . Carl Friedrich Gauss: titan of science; 
Hafner, New York, 47 9 pp. 

16. Howa rth, 0 . J. R., 1 93 1. The British Association for th e A dvancemenl 
of Science: a r etrospect 1831 -1 93 1; Brit. Assoc., London, 
330 pp. 

17. British Association, 1839 . Re port on memorandum to Her Majesty's 
go ve rnment; Rept. Brit. Assoc. Advan. Sci., pp. 33-37. 

18. Heathcote, N. H. de V. and Armitage, A., 1959 . The first i nte r national 
polar yea r ; Ann . Intern. Geophys. Yr., 1: 6 - 99 (in English), 
pp. 10 5 -204 (in French). 

1 9 . Easterbrook, W. T. and Aitken, H. G . J. , 1956. Canadian eco nomic his­
t or y; MacMillan , T oronto, 606 pp . 

20. Sabine, E., 1837. On t h e m agn eti c intens ity of t h e earth ; Report of the 
seventh meeting , Brit. Assoc . Advan. Sci., 6: 1 - 85. 

21 . Thomson, D., 196 0 . T he United Kingdom and its w orldwide interests; 
in The new Cambridge modern history, J.P. T. Bury, editor, 
vol. X , t h e zenith of European power 183 0-1 870 , University 
P r ess, Cambridge , pp. 331-356. 

22. Harrington, B . J., 1883. Life of Sir William Lo gan; Sampson Low, 
London, 422 pp . 

2 3 . Alco c k, F. J., 1948 . A century in t h e hi stor y of the Geological Su rvey of 
Canada; Natl . Museum o f Can., Spee. Contrib . 47- 1. 

24 . Harper, W. E., 1939 . The history of astr onomy in Canada; in A His tory 
o f Science in Canada , H. M. T ory, e ditor, Ryerso n Press , 
Toronto, pp. 87 - 99 . 



-304-

COMPUTER APPLICATIONS IN THE EARTH SCIENCES 

Cornelius F. Burk, Jr. 1 

and 
Dennis A . Sharp2 

DEFINITION 

During the past t e n years computers have assumed an important 
and growing role in th e Earth Sciences. The new technology they repr e sent 
has been applied in three areas: 

Data storage and r e trieva l 
Data analysis and synthesis 
Information transfer . 

For purposes of this report, "data" refers t o basic scientific observations 
and measurements . " lnformation" is a broader term taken to include data 
and other communicable knowledge such as conclusions, theories and sum ­
maries. Although scientists have always b een involved in these activities , 
the advent of co1nputer technology supplied new tools that have made a revo­
lutionary impact on their scope and significance . 

SIGNIFICANCE OF RESEARCH AND DEVELOPMENT 

The ability of computers to provide selective, near - instant 
access to an enormous store of data and information has significance in 
two important respec t s: Improving the efficiency of mineral resource dev­
e lopment , and strengthening the foundation of basic data upon w hich the 
Earth Sciences r es t. Greater efficiency will be achieved by placing exist ­
ing public data in the right place at the right t ime, by avoiding duplication 
of data collection, by allowing explorationists to spend most of their time 
in inventive and decision - making thought and analysis, and by r educing the 
unit cost of acquiring and preserving data. Our scientific data base will 
be g r eatly augmented and improved through the combined effects of creat­
ing truly large, usable files of data and th e widespread adoption of stand ­
ards for data (Burk, 1968). 

Computers have made it possible, even routine, for Ear t h Scien ­
tists to analyze their data with sophisticated statistical and other techniques 
that could not b e considered without computers. The results of such analy ­
sis supply more information and insight into problems than mere inspection 
of raw data can provide. As new mineral r eso urc es become harder to find, 
th e value of these techniques increases. The computer processing and ana­
lysis of seismic data in the petroleum industry, for example, has greatly 
increased the r esolving power of this tool in locating oil and gas prospects 
(Lindseth, 1967). The genesis of petroleum-bea ring carbonate rocks is 

1secretaria t for Geoscience Data, Geological Survey of Canada, Ottawa 
2 ontario Department of Energy and Resources Management, Toronto, Ontario 
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now better understood as the result of using comput ers to analyze, classify 
and synthesize data (c. g. Harbaugh and Mer riam, 1968). 

Computers hold much promise as tools for solving the widely 
recognized problem of information transfer. Our existing system threatens 
to bury us in paper, and it is becoming increasingly difficult to find the 
information we need when we want it. Research and development in infor­
mation scienc e is beginning to provide compute r- orient ed systems that help 
scientists ascertain if the information they seek is available, where it may 
be obtained and, ultimately, to supply the information itself. The economic 
significance of this work from a national perspective has been recently des­
cribed for the Science Council of Canada ( 1969) . 

PRACTICAL APPLICATIONS 

1. Rapid retrieval of pre-selected data needed for a specific purpose 
(e. g . formation e l evations used t o prepare a structure map). 

2 . Rapid scanning of large blocs of data preliminary to planning pro­
jects (e. g. searching for the number and location of analyses for 
nickel in a geochemical data file). 

3 . Publication by government agencies and o the rs of data as it becomes 
available and as custom requests, with less delay and at costs con­
side rably lower than r equired for equivalent traditional hard-copy 
publication (e . g . chemical analyses of rocks) . 

4. Efficient exchange of data between companies, government agencies, 
individual scientists and others (e. g. formation t ops supplied to 
industry by provincial agencies). 

5. Manipulation of large blocs of data with a high degree of flexibility 
and scope (.e. g . listing all Canadian mineral deposits by type, age, 
reserves, etc.) . 

6. Immediate availability of data for graphic display by plotters, l ine ­
printers and cathode -ray tube displays, in the form of tables , graphs, 
histograms and maps (e . g. isopach maps ). 

7. Numerical, statistical and other analyses of data, including a growing 
list of methods that cannot be applied without computers (e. g. factor 
analysis). 

8. Immediate access t o all public information and data on any topic 
(e. g . all reports for a given area reporting uranium assays) . 

9 . Retrospective searches of scientific literature for both research and 
economic purposes (e. g . retrieval of descriptions of base-metal 
deposits in Scandinavia) . 
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HISTOR I CAL DEVELOPMENT 

Significant activity in data s t orage and retrieval began little mo r e 
than t en yea rs ago w ith th e building of well - d·~ta systems by oil companies 
in western Canada. One large compan y c reated a fi l e that by 1963 con tain ed 
data on each of th e approximately 37, OOO wells drilled to that time (Stauft, 
1966 ). T h e initial motives for es t a blishing s u c h files stemmed from the 
g r ea t volume of data at hand, made available f o r the mos t pa rt in r e lati vely 
standardized form by provincial regulatory agencies . 

The first attempts at using comp ut e rs for storage and retrieva l 
of data we r e not without serious diffic ulties . Following an initial phase of 

r omanti c e nchantment, many organizations became frustrated and disappointed. 

So - called "mino r " problerns were not resolved and expenses mounted rapidly 
with little u seful return. A key probl em, then as now, con cerned the nature 
of mos t ava ilable da ta . Hard - copy records con tained a surprisingly la r ge 
number of e rr ors ; original sour ces in many ins t a n ces used an i rr econcil-
able variety of intellectual standa rds, t e rmi n ology and de fin itions; funda ­
mental items such as geographic location were common ly lackin g, and data 
were f o und mixed with in t e r pre t a t ions and othe r high - level information. In 
addition, prob l e1ns were e n coun t e r e d with th e comput e r systems used. Many 
were oriented toward th e computer specialist, n ot the scientis t - user; defi ­
nition of p ur pose and good planning were commonly lacking. Out of these 
expe ri ences the r e emerged a mo r e matu r e understanding of bo t h the r equire ­
ments and potential benefits of comp uters as storage devices, but it became 
evident that if these b enefit s wer to be r ealized, better management of o ur 
data re so urc es would be required . 

The size and va rie t y o f comput e ri zed Ear th Science data fil es 
g r ew steadily until by 1968 the r e we r e ove r 135 in Canada, including files 
on such dive rs e disciplines as geoph ysics, geochemistry, st r a t igraphy, 
ocean og raphy , petrology, paleontology, economic geology, and pho toge o­
logy (Brisbin and Ediger, 1967 ). Some files contained in excess of one 
million data i t ems . During the same pe riod the r e was a rapid increase in 
the number of computers installed in Canada . From 502 in 1964, the number 
rose t o l, 6 13 in 1968, and 2, 100 are p r ojec t ed for 1970 . 

The National Advisory Committee on Research rn the Geo l ogica l 
Sciences recognized the imp li ca t ions of comp ute rs fo r f utur e development 
of th e E a rth Sciences and in 1965 commis sioned an ad hoe committee of 
Canadian scientists to develop a concep t for a computer - o ri e nted national 
system for storage and retrieval of geolog ical data. It s final r eport 

( B risbin and Ediger, 1967) received wides pr ead Canadian and inte rnationa l 
distribution, and Canada was placed in a position of l eadership among 
nation s interested in better n1anagement of thei r da ta r eso ur ces . Fo r 
example, the American Assoc iation of Petroleum Geologists adap ted th e 
stratigraphic coding method recommended in the Canadian report (Cohee, 
1967 ). T h e cha ir man of the ~hoe committee later assumed chai r manship 
of an inte rnational (IUGS) committee in this field and another committee 
memb er was invited to se r ve on a United States (AGI) project to deve l op a 
national information program fo r th e Earth Scien ces in that coun tr y . Canada 
was as ked to contribu t e a review paper on comp ute rized geological data 
files for the 1971 Eighth World Pet r o l e um Congress . 
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The national system concept developed by NACRGS provides 
broad principles within which individual data files can be assembled by 
any organization. When deve l oped, the system would consist of a network 
of owner - controlled files wh ich b e long to the n etwork voluntarily by virtue 
of adopting certain minimum standards for their data . No central "data 
bank' ' is envisaged, but an independent co-ordinating body would be re­
quired. During 1968 the Geological Survey of Canada established the Sec­
r etariat for Geoscience Data to provide co-ordinat ion on an interim basis 
until such time as a permanent body is o r ganized. 

The petr oleum industry recognized the need for data standa r ds 
and during the past few years wo r k ing committ ees of the Canadian Petro ­
l e um Association have been active in developing standards for digita 1 log 
and well analysis data . 

Most data analysis and synthesis programs used in Canada have 
been imported from the United States, but increasingly original work is 
being produced here. The use of computers to calculate such standard 
statistics as mean, variance, cor r elation coefficients and others was fol­
l owed by their use in more sophisticated techniques such as polynomial 
tr end, harmonic trend, cluster, and factor analysis, to mention only a 
few (Harbaugh and Me rriam, 1968). These analyses cannot be made with­
out aid from computers, and thus a number of significant new analytical 
tools we r e introduced . In the pet r oleum ind ustry , heavy investments were 
made in developing seismic data processing programs, to the point where 
analysis of these data is now who lly dependent on computer technology. 

The end products of most Earth Science studies are commonly 
g raphic in nature, including histograms, maps and cross -s ections. Over 
the past ten years a variety of automated output devices has been built to 
provide ever more accurate, useful and appealing g raphi c products. Auto­
matic contouring machines have proved to be of particular value to Earth 
Scientists. Other useful output is produced by line-printers and cathode­
ray tube displays . Microfil m containing graphic information can also be 
processed by computer systems. 

Information transfer applications for Ea rth Scientists have been 
se r iously studied in Canada on ly during the past few years . One large oil 
company developed a computer - oriented indexing system in the mid -sixties 
which was later used as the basis for a system to produce the proposed 
Canadian Index~ Geoscience Data. This index, a part of the national sys ­
tem concept, would eventua lly indicate the existence and location of all 
public data on the geology of Canada. In contrast to activity here, much 
effort has been expended in the United States in developing computerized 
bibliographic tools, indexes, catalogues, and library functions. For the 
Earth Sciences, this work has been co - ordinated by the Am.erir::an Geolo ­
gical Institute' s Committee on Geo science Information since late 196 7 
(Smith et al, 1967) . 
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PRESENT LEVEL OF ACTIVITY 

The bulk of computer activity in the Earth Sciences is associated 
with the development of petroleum resources, and 90 pe r cent of this is 
carried on in Calgary where s even commercial data centres and more than 
12 oil companies have invested about $24 million in computer " hardware " 
and about $6 million in "soft wa r e" developments . Individual investments 
range from $200, OOO to $3 million. Mos t of these facilities are used to 
process seismic data, but as large files of other types of data become 
available, the emphasis will shift accordingly (Heise, 1969). 

The most important public and commercially available data files 
us ed by the petroleum industry include the International PetroData Inc. 
PETRODATA file (data on about 55, OOO wells, 31 reels of magnetic tape) ; 
the Canadian Stratigraphic Service Ltd . CANSTRAT file (lithologic data 
on about 2, 500 we lls, 7 reels of tape); the Saskatchewan Department of 
Mineral Resources we ll file (data on about 15, OOO wells; 2 r eels of tape); 
the Alberta Oil and Gas Conservation Board well file (data on about 30, OOO 
wells; 6 reels of tape); the Ontario Department of Energy and Resources 
Management well file (data on about 10, OOO wells; 1 reel of tape): and the 
CDP Computer Data Processors Ltd. SONIGRAM file (digital sonic logs 
for about 2, OOO wells; 2 reels of tape). Several oil companies maintain 
in - house files similar to these , in addition to others such as water analy ­
ses, core analyses and digital log files (e. g . Stauft, 1968) . Another ser­
vice company, Riley's DataShare International Ltd, is engaged in a project 
to digitize and make available in this form the one billion feet of wireline 
log curves from western Canada. 

In contrast to the petroleum industry, ther e is very little acti­
vity associated with the mining industry. A few companies are active but 
only one has publicly described an ope rating computerize d storage and 
retrieval system (Drummond, 1969). This lack of activity can be at least 
partially attributed to the absence of large blocs of standardized data ana­
logous to those provided by provincial legislation for the oi l industry. 

Federal and provincial agencies are becoming increasingly active .. 
In addition to the provincial well-data systems mentioned previously, other 
examples include the Alberta Research Council HYDRODAT file (ground­
water data), Bedford Institute geophysical data files, the Geological Survey 
of Canada GEODAT file (about 250, OOO laboratory analyses; 8 reels of tape), 
and the Inland Waters Branch GOWN file (groundwater data). Bedford 
Institute now " publishes" its geophysical data in the form of reels of mag ­
netic tape, a practice that will become more common in the future. 

Although a genera l awareness of computers is increasing in 
universit ies, their use in t eaching and research in the Earth Sciences has 
not materialized as quickly as had been anticipated . This has been recti­
fied t o a degree through special Geological Survey of Canada grants for 
research in the development of computer-processable files of geological 
data. At present, these g rants are supporting eight projects, including 
thre e on mineral deposits data, t wo on geochemical data, one on oil and 
gas pool data, one on geological field data, and one on water analysis data. 
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A r e sult of this r e sear ch has b een development of a promising n ew us er ­
o rie nted, free-format filing system f o r the gene ration of computerized data 
files (Sutte rlin a nd de P lancke, 1969) . This unive rs ity work is being co­
ordinated by the S ec r e tariat for Geoscience Data with the object ive of 
building a prototype for the proposed national system ( B ur k , 1969a }. 

Data analysis and synthesis is b ein g v i go rously pursued by petro ­
leum expl o ration companies and service centres, and by abo ut six univer ­
sity Earth Science d epartme nts. Federal agenc i e s are doing some wo rk, 
provincial agencies almo st none. In the pe tr o l e um industry, most activity 
is associated with seismic data processing, and the analysis of va rio us 
contour ed maps such as structure, isopach and porosity maps. Poly­
nomial a na l ysis, harmonic analysis and spatial filtering techniques are 
us ed. Fac tor analysis is us e d in petrological studies usin g data from cores, 
samples, outcrop and well logs . With the prospect of obtaining one billion 
feet of digitized well l og s in the future, r esear c h is now very active in the 
analysi s of lo g c urves (He is e, 196 7), the r es ults of which w ill have an im­
pact on many other areas (e . g . e lectr oca rdiograms). 

The computer system that will produce the Canadian Index to 
Geoscience Data is b e ing prepared as a cc-operative project of Impe rial 
Oil Limited, the Geological Survey of Canada, and the Universities of 
Saskatchewan and Calgary. This system, known as SIS-II , was developed 
and operated in its original form by Imperial Oil Limited and subsequently 
offered to these other organizations . T h e University of Saskatchewan has 
sp ent over 950 hours of programming time in pr e paring the basic three 
modules of SIS-II, and th e system w ill become ope rational in 1969 
(Burk, 1969a ). 

NEED FOR INCREASED ACTIVITY 

The m anagement and utili zation o f data and information in the 
Earth Sciences are in a state of transition due to the introduction of com­
puters and r e lated n ew data -handling me tho ds. Experience gain ed to date 
w ith these new t echnologies point s to a number of basic n eeds that m ust 
be filled if the potential b e nefits of the s e t echnologies are to be r e alized. 

Standards for Earth Scienc e data 

As a prerequisite to the building of a generally usable data fil e, 
basic intellectual standards for the data placed in it m ust b e established. 
Geologists must ove rcome the ir common tende ncy to r eco rd only their 
inte rpretations of fi eld and laboratory observations and, inste ad , r ecord 
the observed facts. There mus t be consistency in the parameters r eco rded 
and in the terms and units of measurements us e d to r eco rd th em. National 
standards for most type s of data, including those of the mos t funda mental 
nature, are n onexiste nt, and ther e for e meaningful fil es of these data simply 
c annot b e ass embled at pres ent. 
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User-oriented data systems 

Operating data systems should be designed to meet more closely 
the real needs of the scientist-user. Many existing systems reflect the 
design criteria of programmers, systems analysts and efficiency experts, 
most of whom regard Earth Science data in the same black-and-white 
terms as they do figures in a financial statement. Such approaches can no 
l onger be justified with today's large, fast, flexible computer systems. 

Data analysis and synthesis 

Most Earth Scientists are so accustomed to living with minuscule 
volumes of data (their own) that many are unaware of the vast array of 
powerful computer - oriented techniques for processing, analyzing and syn­
thesizing data, all designed to extract more information than the mere 
listing of data in raw form can provide. The acquisition of data should not 
be regarded as the end of an investigation, but rather the beginning. There 
is a general educational need to acquaint more scientists with these tech­
niques and their application . 

Access tools 

Before scientists can use existing data they must know where to 
get it . With the multiplicity of data sources in Canada and ever - growing 
volumes of data being generated (Burk, 1969b), there is an increasing need 
for the development of comprehensive, flexible access tools such as the 
proposed Canadian Index ~Geoscience Data. To meet the intellectual 
needs of science and the pragmatic needs of a dynamic, far-ranging mine­
ral industry, such tools must be at least national in scope. 

Of the four needs described above, the development of standards 
for data is the most important for the long term. It cannot be expected, 
however, that existing groups in the Earth Sciences will co - operate spon­
taneously to develop such standards, especially if the purposes are not 
clearly defined and scientific freedom and data ownership rights are belie ­
ved to be impaired. Such co-operation will take place only through the 
aegis of a permanent, user-controlled, co - ordinating body filling a role 
somewhat comparabl e to that of the Canadian Standards Association (CSA) 
in the manufacturing industry. 

COMMENTS ON TRAINING 

In order to progress in the directions espoused in this report, 
students must develop new attitudes toward the value and us e of basic ob ­
servations and measurements in the Earth Sciences. There should be con­
cern for the particular standards used and thought given to future us es of 
data collected today. Practical experience in the creation and use of com­
puter files by students, and in programming, coding, and other technolo­
gical skills will help students develop these attitudes. At the same time, 
these activities should be secondary to concern for the basic purpose of 
these exercises and the development of creative applications . 
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OBJECTIVES AND FUTURE TRENDS 

The objective of computer storage of Earth Science data is to 
make data available on a selective basis to more scientists, in larger 
volumes, mo r e quickly, in more r eadily usable f orms, and at .!_?wer unit 
cost than we are presently accustomed to. These data may be used in 
familiar ways or in newly created ways made possible by the added dimen­
sions of data volume, processing speed, and analytical power provided by 
computer technology. In turn, the objectives of developing thes e new capa ­
bilities are more effic ient development of Canada's mineral resources and 
increased capacity for scientific research and development . 

In the near future, the Earth Sciences can expect a deluge of 
new data contributed by numerous technological innovations. To handle 
these data, more files, computers, magnetic tapes, discs, and other de­
vices will be empl oyed, and, depending on policy d ecisions of the new 
Department of Communications, a variety of n ew media for transmitting 
digital data will be availabl e, including cable, microwave, satellite and 
las er beam. As a r esult of these new technologies, Earth Scientists will 
be able to pursue their investigations with significantly g reate r objectivity 
and scope. 

CONCLUSIONS 

1. Industry, gove rnment and universities should reapprais e current 
policies and practices for managing their Earth Science data, e spe­
cially with r ega rd to adequacy for conservation of these data as 
cos tly and potentially reusable resources. 

2 . Immediate collective action should b e taken to e nsure development 
and application of standardized methods for the future collection and 
storage of Earth Science data. 

3 . A national index to the exis tence and l ocation of Earth Science data 
should be developed, as an essential first step in the proper manage ­
ment of o ur data r eso urc es . 

4 . A permanent body, such as the proposedl Canadian Geoscience Data 
Institute, should b e established to impleme nt the national system for 
storage and retrieval of geological data, and t o help e nsure an 
o rderly development of computer applications in the Earth Sciences 
in Canada. 

lHon. J . J . Greene, Minister of Energy, Mines and Resources, at Mines 
Ministers' Conference, Quebec, September 16, 1968 . 
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11 HARD ROCK" CORE STORA GE LA BORA TORIES 

D. R. Francis 
Saskatchewan Department of Mineral Resources 

Regina, Saskatchewan 

REASONS FOR STORAGE OF 11 HARD ROCK'' CORE 

Diamond drill cores are the most definitive and valuable data 
collected in any exploration program and represent by far the greatest 
proportion of expenditures made in the search for new ore bodies. In 
spite of this, most of these cores are thrown out without much thought 
being given to their possible future value. For the following reasons, 
it is suggested that the destruction of diamond drill core should cease 
immediately. 

1. The re-examination of old mineral properties often produces new 
mines and the drilling of needless holes can be avoided if pre­
viously obtained cores are available for inspection . 

2. In many areas, cores are the only "outcrop" available as sedi­
mentary cover or low relief reduces the number of surface 
exposures that yield useful information in providing a three­
dimensional picture. 

3 . Geologists are now recognizing the existence of certain trends 
in Precambrian rocks and are coming to the conclusion that ore 
bodies may not be isolated occurrences, totally unrelated to each 
other. Examples: the Wollaston-Sandfly trend in Saskatchewan 
and the Thompson - Moak Lake trend in Manitoba . 

4. In the search for ore bodies it is becoming more significant to 
compare the volcanic successions in widely separated areas. 

5 . Diamond drill cores provide the only source of data for carrying 
out three-dimensional geochemical studies. 

6. Detailed study of cores obtained from known geophysical anomalies 
may be of great assistance in interpreting similar types of ano ­
malies encountered elsewhere. 

7 . A log is not a suitable r ecord of a core, as it represents only 
the opinion of the geologist logging the core . Concepts change 
with time, and features that would be considered of little import­
ance when the core was first l ogged may become of great signi­
ficance at a later date. 
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CURRENT PRACTICE IN INDUSTRY 

Many companies remove portions of core that appear to be 
mineralized and provide t emporary storage for the remaining part of 
the core at the site. On conclusion of the exploration program, the core 
is eithe r destroyed in order to recover the boxes or it is left at the site 
where, within a few years, all record of the core is lost through weather­
ing and destruction by animals. 

It is known that several companies do not adhere to the above 
practice but instead carefully preserve all cores taken. These companies 
indicate that they find storage of diamond drill core t o be economically 
desirable. 

CURRENT PRACTICE BY PROVINCIAL GOVERNMENTS 

As far as is known, only Nova Scotia and Saskatchewan make 
any attempt to store diamond drill core on a systematic basis . The Nova 
Scotia Department of Mines inaintains facilities at Stellarton for storage 
and examination of more than 200, OOO feet of diamond core. The 
Saskatchewan Department of Mineral Resources operates a Pree ambrian 
geological laboratory at La Ronge. Space is provided at the laboratory 
for storage of 200, OOO feet of AX diamond drill core, and complete core 
study facilities are available. 

In Ontario and Quebec, resident geologis ts make collections 
of rock and drill core specimens that are representative of the main rock 
types in their respective districts, and these collections are made avail­
able for public inspection. Diamond drill cores are not, however, sampled 
on a systematic basis so that no large collections are retained and pro­
vision of storage facilities is not a problem. 

In January 1969, the Ontario Department of Mines instituted 
a policy whereby additional assessment credit is granted for diamond 
drilling with the submission of one 3-inch core specimen representative 
of each 25-foot section of core. Each properly labelled specimen is 
worth one day's assessment credit when submitted with the drill log. 
Department officials indicate that very few core samples were submitted 
during the first four months that the policy was in effect. 

GENERAL POLICIES WITH RESPECT TO 
"HARD ROCK" CORE STORAGE LABORATORIES 

In order that core sto rage libraries may be of greatest assist­
ance to the industry and also be economically feasible, it is suggested 
that the following gene ral policies be followed: 
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l. With respect to responsibility for the laboratories 

(a) The laboratories should be constructed and operated by the 
provincial Departments of Mines and all costs in connection 
with establishing the laboratories should be borne by the 
provincial governments . 

(b) The laboratories should come under the supervision of the 
r esident geologists employed by the provincial government. 

2 . With respect to the collection of cores 

(a) Only about 10 per cent of the total core taken should be stored. 
The intervals chosen for storage should be systematically 
selected by the resident geologist. Suggestions for the samp­
ling of core are offered under the heading "R ecommended 
Operating Procedures " . 

(b) The resident geologist should assume responsibility for select­
ing the co r es to be sampled keeping in mind the need for good 
area l distribution of samples as well as the need for having 
representative samples of each rock type in his area. 

(c) Any operator who wishes to have his cores sampled and these 
samples retained at the laboratory should be permitted this pri­
vilege w ithout any cost to himself. 

3. With respect to the scope of the facilities 

In addition to providing complete core storage and examination 
facilities, the laboratory should in addition provide: 

(a) Complete core study facilities such as diamond saws, thin sec­
tioning equipment, basic chemicals, microscope tables with 
electrical outlets, etc. ; 

(b) A library of all available r eference material on the area includ­
ing assessment work reports, government reports and maps, 
basic textbooks, etc. ; 

(c) R e presentative samples collected from outcrops in the area; 

(d) Unless exceptional circumstances dictate otherwise, claim 
recording and other services to the mining industry should be 
provided in the same building as houses the laboratory. 

4. With respect to the location of the facilities 

(a) One central core storage for the entire shield area of most pro­
vinces would not be practical due to transportation problems; 
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(b) Several smaller core storage centres should be established in 
each province having regard to road and rail connections in 
each area and, if at all possible, the laboratories should be 
located at float plane bases and close to a local airport; 

(c) Before any core storage facili t ies are constructed, the mining 
companies should be consulted with respect to desirable loca­
tions . 

RECOMMENDED OPERATING PROCEDURES 

1. Condensing of diamond drill core 

As mentioned previously, for economic reasons no more than 
about 10 per cent of all core taken should be retained in storage. 
In order that the core retained may be of greatest value, rigid and 
systematic sampling procedures should be consistently followed. 
The suggestions given here are based on the experience of the 
Saskatchewan Department of Mineral Resources in operating its 
core storage laboratory at La Ronge, and on advice received from 
various geologists who kind ly reviewed a preliminary draft of this 
paper . 

(a) Before the core is condensed 

A detailed written log should be prepar ed by a qualified geol o­
gist, with special attention being paid to features such as large 
structures that cannot be adequately represented by samples . 
Photographs, preferably in colour, should be taken of the core 

(b) Condensing procedures 

A specimen three to six inches lon5 should be retained for 
each rock type present in the core and the depth interval of 
these specimens should be noted on the log. For long sec ­
tions of a single rock type, one specimen six inches long 
should be collected for every ten to twenty feet of core. For 
mineralized zones where the core will be required for assay, 
it should be split longitudinally and a continuous portion 
retained in storage. 

2. Storage of condensed core 

Experience indicates that regul ar core boxes provide the most 
economical and convenient means for storing diamond drill core 
samples. In the event that lengthy air transportation is necessary 
to move the specimens from the field to the laboratory, they may 
be placed temporarily in plastic bags or cardboard boxes in order 
to reduce weight and bulk. 
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3. Filing of condensed core 

The boxes containing the core samples should be fully labelled 
as to contents and placed on specially designed racks with identifi­
able compartments. A cross - reference card index system should 
be established with one card for each hole. The card should indi­
cate the core rack identification number, number of drill hole, total 
footage cored, name and location of property, the azmuth and dip of 
the hole, date of coring. Also included on the card should be a 
brief summary of the rock types present, summary of the minerali­
zation encountered, and reference to available assays and logs. 

4. Collection and storage of outcrop samples 

Type specimens shoul d be collected of each of the geological 
rock units occurring in the area . Also representative suites of 
specimens should be obtained for each mineral showing, and these 
should consist of specimens of the adjacent wall rocks as well as 
of the actual mineralization. All specimens collected should be 
labelled according to the National Topographic Index System and be 
given a number. A card index system related to the numbers 
should be maintained indicating the name of the geologist who col ­
lected the specimen and the identification as t o rock type. If the 
specimen comes from ground under disposition, this too should be 
indicated on the card. 

ESTIMATED COSTS OF CORE STORAGE LABORATORIES 

The figures presented here are based on the costs of construct­
ing, maintainin.g and operating the Saskatchewan Department of Mineral 
Resources Precambrian Geological Laboratory at La Ronge. It is real­
ized that these costs may not be typical of those to be encountered else­
where as vastly diffe r ent conditions exist in various parts of Canada. 

The laboratory at La Ronge is a totally enclosed steel frame 
buil ding consisting of a heated office portion and an unheate d core shed. 
In addition to providing storage and examination facilities for 200, OOO feet 
of AX diamond drill core or 350, OOO feet of EX diamond core, the follow­
ing services are provided all of which affect the capital and maintenance 
costs of the building: 

Complete mining recording facilities 

Resident geologist services 

Library where maps, reports and assessment work may be 
examined by the public 

Expediting services and storage space for equipment for eight 
geological survey parties 
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Capital Costs 

Construction of the building was completed in 1965 at a total 
cost of about $145, OOO . This includes land acquisition fees, all contract­
ors' charges, costs of all laboratory and office equipment, landscaping 
costs, and all other costs associated with the construction phase. 

Maintenance Costs 

The maintenance costs of the building are about $5, OOO per year 
including light, heat, janitorial services, repairs to building and all equip­
ment, snow removal, etc. It is apparent that the northerly location of the 
laboratory in an area of relatively severe climate and high snowfall in ­
crease the maintenance costs. 

Operating Costs 

The operating costs of the laboratory include the salaries of 
personnel at the laboratory - residen t geologist, core technician, cleri ­
cal staff. Also included are the costs of sampling, transporting and 
s t oring of core samples . 

Excluding the salary of the resident geo l ogist, personnel costs 
are about $4, OOO per year. Transportation costs are about $4, OOO per 
year, which includes the flying of the resident geologist to the field to 
sample cores and returning with the core samples. 

Incidental expenses for core boxes, office and scientific sup­
plies, etc . are about $2, OOO per year. 

Summary of Costs 

From the foregoing it is apparent that the laboratory is costing 
about $15, OOO per year to maintain and operate, excluding the salaries of 
the resident geo logist and mining recorder. During the first two full 
years of operation, about 60, OOO feet of core have been taken into storage. 
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