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ABSTRACT 

This report contains numerous data on the 
e l emental associations in all types of mineral d epos its 
and discuss es th e use of var i ous indicator elements in 
geoch emi cal prospectin g. 
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"Success 
in prospecting 

lies in the sure knowledge 
of what to look for and where to l ook for it." 

A . E . Fersman 
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ELEMENTAL ASSOCIATIONS IN MINERAL DEPOSITS AND 
INDICATOR ELEMENTS OF INTEREST I N 

GEOCHEMICAL PROSPECTING 

INTRODUCTION 

The data on e lemental associations in mineral d eposits and the dis­
cussion of the us e of these elements in geochemical prospecting contained in 
this paper are based on the writ er's exp erience over several years during 
w hich many types of geoch emic a l surveys have been carried out and consider­
able research on elemental associations has been conducted. The data w ill 
form part of a forthcoming treatise on geochemistry. Because of its import­
ance in prospecting it was deemed appropriate to publish this preliminary 
general outline which contains all of the facts without any attempt to explain 
the various elemental relationships, many of which we do not yet understand. 
The reader will confer a favour by pointing out any di sc repancies in the vari ­
ous statements made and by providing further data not c ontained in this 
summary. 

ELEMENTAL ASSOCIATIONS AND INDICATORS 

Concentrations of a single element rarely occur in the earth. More 
generally a suite of elements is concentrated in a particular d ep osit because 
of certain intrinsic chemical prop e rties which depend e ssentially on their 
electronic constitution and hence their position in the periodic tab l e. More 
specifically the migration and concentration of e l ements are controll ed by the 
Eh-pH conditions, complex phenomena, h y drolytic reactions, colloida l phe­
nomena, biological reactions, adsorption and base exchange reactions , diffu­
sion, solubility in molten silicates, and various other parameters. In addi­
tion to these pur e ly chemical features there are others of a mechanicalnature 
which concentrate the resi state minerals during weather ing and the formation 
of placers. Because of all of these int e racting processes it is not generally 
possibl e to predict a priori w hat e l ements will be concentrated together. 
Fortunately most e lemental associations and indicators are known from purely 
empirical dat a which have been gathered during the long history of geochem­
istry. Elements with the most dive rse chemical properties are frequently 
concentrated together; why we do not yet know. In geochemical prospecting, 
therefore, the empirical data are of fundamental importance as these can be 
used in a practical way to predict the probable occurrence of elements that 

G.S. C. projects 570022, 650438, 67 0055 
Ms. r .eceived 24 September, 1968 
Author's address: Geological Survey of Canada, 

601 Booth Street, 
Ottawa, Canada. 
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may be unsuspected in deposits. By the same token certain elements may 
serve as indicators of others that are too low in abundance to determine 
accurately by analysis in various types of geochemical surveys. Thu s arsenic 
in rocks, soils, and vegetation may indicate the pres ence of gold deposits, 
and nickel may be indicative of platinum metals in certain t erranes. 

In the summary that follows the various el e mental associates ar e 
discussed in some detail, but the data are not comprehensive and do not take 
into account all of the known e l emental associations in nature. They are 
deemed sufficient, however , for most types of geochemical prospecting. 

GROUP IA: HYDROGEN, LITHIUM, SODIUM, 
POTASSIUM, RUBIDIUM, AND CESIUM 

Hydrog en is one of the commonest e l ements in th e ear th beingbound 
mainly in water in the hydrosphere and biosph e r e, in water and hydroxyl 
groups in rocks, and in the various hydrocarbon substances. Small amounts 
of hydrogen also occur in the fre e state in various rocks, in fumaroles and 
volcanoes, and in natural gases. Commercially hydrogen is obtained by a 
variety of processes from water, water gas, and the hydrocarbons. 

Lithium exhibits its greatest concentrations in p e gmatites and cer ­
tain coarse -grained granites in which it is pr e s ent as spodumene, l epidolite , 
petalite, eucryptite, lithiophilit e , and amblygonite; also in certain greisen 
zones and dykes in w hich it occurs mainly in lepidolite and zinnwaldite. The 
greisens are frequently associat ed with tin, tungsten, and molybdenum veins 
in granitic rocks and gneisses. The e l ement also occurs i n commercial 
quantities in certain brin e s and other natural waters . It may also occur in 
certain saline evaporites in considerabl e quantities, and is a lso conc entrated 
in wad and othe r manganes e oxides and in some clays and shal es. In clays it 
is usually present as a lithium clay mineral (h e ctorite). 

In pegmatites and coarse- grained granites lithium may be accom­
panied, in addition to the more common elements such as Na, K , Al, and Si, 
by Rb , Cs, Be, Sc, rare earths, Y, Nb, Ta, B, Sn, W, Ga, Tl, Mn, P, F, 
and more rarely by U, Th, Bi, and Mo 1 . The most common associates and 
the best indicators are Rb, Cs, Be, Nb, Ta, B, P, F, and Sn. In greisens 
the most distinctive associated ~l ements are Rb, Cs, Be, W, Sn, Mo, Bi, 
Ti, Ga, B, and F. 

lin these and other lists of e l emental associates the common gangue e l ements 
such as Si, Al, Fe, Ca, etc. are omitted unless they are of importance in 
geoch emical prospecting methods. It should a lso be understood that not all 
of the e l ements may be concentrated with the particular e l ement in question. 
Omissions of particular elements are frequently the rule rather than the 
exception. 



- 3 -

In brines and saline evaporites such as those in Searles Lake, 
California, lithium is generally present as the phosphate or chloride and is 
accompanied by Na, K, B , W, P, F, Br, Cl, I, so4, C0 3 , and S. There are 
no particular indicators except perhaps B and W. All natural spring, under­
ground, and saline waters should be tested directly for lithium if a source is 
sought in these materials . 

Lithian wad and other manganese dioxides are comparatively rar e 
but may indicate the presence of lithium deposits in the geological terrane , 
especi ally where they occur at the orifices of springs. The wads contain a 
veritable host of elements among which Ba, Sr, Ti, rare earths, As, Sb, W, 
Mo, Co, and all of the other heavy metals may be represented1 . 

Lithium- bearing clays and shale s are not common but should be 
carefully considered as a futur e source of t h e element . The lithium mineral 
in certain clays is hectorit e , a lithium clay mineral belonging to the beidellite 
and bentonite groups. In lithium clays and s hal es lithium is usually accom­
panied by higher than average amounts of magnesium, fluorine, and boron, 
all of which could serve as indicators of the element. In some areas the lith­
ium in clays and shales appears to have been deriv ed from hot springs. Else­
where, w h ere the clays and shales are associated with saline evaporites, the 
element may have been absorbed from brines. 

Sodium and potassium are closel y a lli ed in nature and rarel y occur 
to the exclusion of one another. Both e lements are strongly enriched in gran­
itic rocks and pegmatites in which they occur mainly in the feldspars and 
micas. Commercially, sodium and potassium. are obtained from saline evap­
orites, saline lakes, and underground brines, in which they are usually pres ­
ent as chlorides, nitrates, sulphates , carbonates, or borates. All saline 
evaporites, saline lakes, salinas, salt flats, calich e, salty earths, and brines 
should be analyzed directly for the presence of sodium and potassium sal ts 
followed by mineral identifications if a source is sought in these materials. 

Potassium is strongly adsorbed and exchanged by clay minerals, 
and h ence certain clays and shales may be greatl y enriched in the element. 
Such material s may be utilized as ferti lizer components in the future. Direct 
analysis for potassium is suggested for clays and shal es suspected to contain 
h igher than average amount s of the e l ement. 

Soda metasomati sm is a featu r e of many types of carbonatites . 
Higher than average contents of sodium in rocks, soil s , tills, waters, and 
vegetation may, ther e fore, indicate the presence of these bodies . Sodium is 
also enriche d in the wall-rock a l teration zones of many types of gold deposits 

All wads and manganese oxide deposits should be anal yzed during geochem­
ical surveys as a matter of routin e. They are great adsorbers of many e l e­
ments and may, therefor e , indicate their presenc e in the geol ogical terrane 
in which they occur. 
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(albitization), and hence the e lement may be a useful indicator of thes e d epos­
its. Potassium, likewise, is frequently enriched in th e wall- rock alteration 
zones of certain gold deposits, and both sodium and potassium may be 
enriched in the alteration zones associated with p e gmatites, bas e metal, and 
many other types of deposits. 

Rubidium follows potassium closely in its geochemistry and is con­
centrated in most potassium minerals. No rubidium minerals are known. 
Most of the rubidium of commerce is obtained from l epidolite . Other possi­
ble sources are carnallite, pollucite, leucite, zinnwaldite, various potassium 
micas and feldspars, adularia, and certain varieties of beryl. 

Rubidium is concentrated in certain p egmatites and coarse -grained 
granites; a lso in greisens that may be associated with tin, tungsten, and b e ryl­
lium deposits. The e l ement is also frequently enriched in potassium-bearing 
brines and mineral waters and in potassium- rich saline evaporites. Certain 
potassium-rich clays and shales may contain above average contents of 
rubidium. 

TlJ. e 'inost common elemental associate of rubidium in all geological 
materials is potassium, and it is the b est indicator of the e l ement . In peg­
matites, greisens, and coarse-grained granites the common associated e l e­
ments are Li, Cs , ·Be, Sc , Y, rare earths, Nb, Ta, Mo, W, Sn, Bi, Tl, Ga, 
B, P, and F. Of these the best indicators are Cs, Li, Ta, Nb, B e , P, and 
F. In natural waters and salin e evaporites rubidium may be accompanied by 
K, Li, Cs, W, B, Cl, and the var ious other readily solubl e elements such as 
Na, Ca, Mg, etc. 

Cesium is the l east abundant of the common a lkalis. It forms the 
mineral pollucite, 16 [ (Cs, Na)AlSiz06·.!!HzOJ, which commonly r e sembles 
quartz and may be easily mistaken for it. Other possibl e sources are l epid­
olite, microcline feldspar, adularia, certain vari e ties of beryl, potassium 
micas, carnallit e, and other potassium minerals. The pr esent commercial 
source of cesium is pollucite. 

Cesium follows potassium and rubidium clos e ly in its geochemistry 
and is concentrated in certain pegmatites and coarse-grained granites where 
it is present in pollucit e , in the potassium and lithium minerals, and in beryl; 
also in certain greisens associated w ith tin, tungsten, andberylliumdeposits. 
The element may also be enrich ed in certain brines and in other natural 
waters and in potassium-rich saline evaporites . Certain potassium-rich 
clays and shal es may contain above average amounts of cesium. 

The most common e l emental associates of cesium in practically all 
geologi cal materials are potassium and rubidium, and both are good indicatT 
ors of the e l ement. In p egmatit es , greisens , and coarse-grained granites 
the common associated e l ements are Li, Rb, Be, Sc, Y, rare earths , Nb, 
Ta, Mo, W, Ga, Tl, Sn, Bi, B, P, and F. Of these the best indicators are 
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Li, Rb, Be, Ta, Nb, P, and F. In natural waters and brin es and in saline 
evaporites the commonly associated elements are the same as those for lith­
ium and rubidium mentioned above. A ll brin es , mineral waters, and saline 
evaporites shoul d be analyzed for all of the a lkalis on a routine basis since 
some of these e l ements may be present in these materials in commercial 
quantities. 

GROUP IB: COPPER, SILVER , AND GOLD 

Copper occurs in 8 principal types of d epos its: (1) Copper sul­
phides in shales and their metamorphic equivalents (Kupfersch iefer and 
Zambia types); (2) copper sulphides in sandstones , sandy shal es, and conglom­
e rates ('red bed' type}; (3) native copper deposits in amygdaloidal basalts and 
associated quartzites and conglomerates; ( 4) copper sulph ides in or associated 
with monzonite and other granitic intrusives (porphyry copper type); (5) 
copper sulphides in skarn - type deposits; (6) massive copper sulphides associ­
ated with Ni - Co-Fe sulphides (Sudbury type); (7) massive copper sulphides 
associated with iron, l ead, and zinc sulphides; and (8) copper sulphides, 
arsenides, etc . in veins , l enses, pods, disseminations , etc. in faults, frac­
tures, drag folds, crushed zones , and shear zones. An unusual occurrence 
is the presence of copper sulphides in certain carbonatites as at Phalaborwa 
in South Africa. 

In the copper shales the e l ement is associated with a veritable host 
of chalcophile elements among which the most abundant are Ag, Zn , Cd, Pb, 
Mo, Re, Co , V, Mn, Se, As, and Sb. Of these the best indicators appear to 
be Ag, Zn, Pb, Mo, and Co. The common associated e l ements in the 'red 
bed' deposits are Ag, Pb, Zn , Cd, V, U, Ni, Co, P, Cr , Mo, Re, Se, As, 
Sb , Mn, and Ba. Among these Ag, Pb , and Ba are nearly universal and pro­
vide the best indicators. Co, Ni, Mo, As, and Sb occur in many deposits and 
are useful indicators in some districts. U, V, P, Cr, and Se, whil e present 
in trace amounts in most deposits, reach high concentrations only within cer ­
tain metallo genetic provinces. 

The native copper deposits in amygdaloidal basalts and associated 
sedime!'lts have few e l emental associates . Among the most common are Ag, 
B, As, and S; l ess common and local are Pb and Zn. The mineral s cal cite , 
epidot e , prehnite, datolite , and zeolit es are characteristic. 

The most common e l emental associ ates of copper in porphyry cop ­
per d eposits are Mo, Re , and Fe. Other associates frequent l y of local occur­

r ence are Zn, Pb, Ag , Au , As, and Sb; W is rar e . 

In skarn-type bodies copper is accompanied by a number of e le­
ments among which the most frequent are Fe , Mn, Zn, Pb, Ag, Cd , Mo, W , 
Au, Sn, Bi , As, and Sb; Co and Ni are rare. B and F may occur in some 
deposits. The calcium- magnesium- ir on silicates are characteristic. 
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Massive sulphide deposits containing copper such as thos e at 
Sudbury have a characteristi c suite of elements w hich accompany the copper. 
Most frequent are Ni, Co, Fe, and As. Elements in trac e amounts includ e 
Pt and other Pt metals, Ag , Au, S e , and T e . Pb, Zn, Sn, Bi, and Sb ar e 
rar e . The best indicators of such deposits are Ni, Cu, and Co. 

The massive copp e r-l ead-zinc d eposits and the various ve in type 
deposits of copper may be indicate d by the following e l ements : Zn , Pb, Cd, 
Ag, Fe, As, and Sb . Other elements pr esent in the d eposits, often in traces, 
are Mo, Re , Co, Ni, B, Ga, In , Tl, G e , Sn , Bi, Se, and T e . Hg i s a good 
indi cato r of these d eposits and has be en used e ff ectiv ely in geoch e mical sur­
v eys in some distri cts . 

For the e l emental associations of copper in carbonatit es see the 
dis cussion und e r the e l e ment niobium. 

Certain ground and surface waters are enri ched in c opp er, and the 
wads , limonites, and other pr ecipitates at spring orifices may be enriched in 
th e e l ement as well as in othe r e l ements w ith w hic h copper is associated in 
deposits. Certain bogs also contain r e lative ly high amounts of copper du e to 
th e strong chelating action of humus. All of these geological phenomena may 
indicate the presenc e of copper d eposits in the t erran e in w hich they occur. 

Silver is won from various types of copper, l ead , zinc , gold, and 
nicke l d eposits. For th e indicator and associated e l ements in these deposits 
se e th e discussion accompanying each of these e l ement s. Particularly good 
indicators of t he pr e s ence of silver in t h ese d eposits are Pb, Zn, Cd , Cu, 
Mn, Bi, S e, Te, As, and Sb. Manganiferous s id e rite or cal c it e is a good 
indicator mineral in many silver deposits. 

Muc h silve r is also obtained from native silver deposit s, partic­
ularly thos e containing the ni ckel-cobalt arsenides (Cobalt type). The ch ar ­
acteristic e l e mental associates of silver in these d epos its are Ni, Co, Fe, S , 
As, Sb, Bi, and U . The last e l e ment is restricted to d epos its in specifi c 
mineral b e lts. T h e deposits also contain some Ba, Cu, Zn, Cd, Pb, and fre­
qu ently a littl e Hg, the last mainl y in dy s crasite and n ative s ilver . Among 
these various e l e m ents the b es t indicators in geochemical surveys utilizing 
rocks, soil s , v e getation, stream sediments, and wat ers are Ni, Co , As, Sb, 
and Bi. Where uranium occurs in the d eposits it may serve as an indicator 
e l ement in geochemical surveys, and th e veins can a lso be located by their 
high radioacti v ity. The usefulness of Ba, Cu, Z n, Cd, an d Pb as indicators 
of native silve r d eposits dep ends on the c ont ent in the ve ins. M e r cury maybe 

us eful in rock and soil surveys w her e it occurs in the d epos its. 

Silver is a constituent of several copper, uranium, and vanadium 
deposits in sandstones. These d eposit s are generally referred to as th e 'red 
b e d ' type. The characteristic el ement s c on centrated in t h ese d epos its includ e 
U, V, Sr, Ba, Cr, Mo, R e , Fe, Co , Ni , Cu, Ag, Au, Zn , Cd, Pb , P, As, 
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Sb, S, and Se. Some of these deposits are similar to th e 'red bed' sandstone 
d epos its discussed under copper, uranium, and vanadium. 

Ground and surface waters are frequently enr ich ed in silver in the 
vicinity of silver deposits of all types. The waters leaching the deposits may 
also be enriche d in Zn, Cu, As, Sb, U, V, Mo, Se, Ni, and Co. Of these Ni, 
Co, U, and As are particularly indicative of the native silver nickel-cobalt 
arsenid e deposits, and U, V, Se, and Mo are characteristic of the 'red bed ' 
silver deposils. Wad and other precipitates near the orifices of springs may 
indicate silver deposits if they contain high contents of Ag, Cu, Pb, Zn , U, 
V, Cr, Se, Te, Bi, As, Sb, Ni, and Co. 

Gold is won from a number of types of diverse d eposits among 
which the following are the most important: (1) gold- silver quartz veins in 
volcanic and sedimentary rocks; (2) gold- silver telluride or s e l enid e deposits, 
principally veins , chiefly in or associated with volcanic rocks; (3) gold depos­
its in skarn bodies; (4) quartz-pebble conglomerate deposits (Rand type); and 
(5) placers and residual concentrations. In addition to these gold is won from 
various types of copper, l ead, zinc, and nickel deposits. For the associated 
and indicator elements for the later types of deposits see the discussion 
accompanying each of the elements mentioned. 

The principal associated e l ements and indicators in the gold- silver­
quartz veins are Ag, As, S, and Fe. Some deposits, especially those of 
Tertiary age, carry considerable amounts of Sb, Pb, Zn, Cu, and C d. 
Precambrian deposits tend to have a hi gh Au/Ag ratio m.uch greater than 1, 
whereas those of Tertiary age have a low Au/Ag ratio, usually l ess than 1. 
Many deposits in sedimentary rocks contain B , and a few in all rock types 
have W, Mo, Te, and Bi. A few deposits in basic and intermediate igneous 
and volcanic rocks are marked by enrichments of Cr in their wall-rock alter­
ation zones. Gold-quartz deposits in basic and intermediate igneous rocks 
and in basic and intermediate l avas are generally enveloped by characteristic 
potassium-rich, desilicated, and carbonated zones. Other d eposits of this 
type are marked by a development of albite in their wall-rocks and henc e 
exhibit a typical soda metasomatism. Adularia is developed in thewall-rocks 
of some d eposits; alunite in others. Silicification and pyritization are w id e ­
spread in numerous gold-quartz deposits in all typ es of rocks. 

The gold-silver telluride veins are generally marked by enrich­
ments of Ag, Fe, Te, S, and F. In some there are also Zn, Cd, Cu, Sb, As, 
Hg, Mo, and W. The Au/Ag ratio is generally much greater than 1, although 
there are certain veins where the ratio is much l ess than 1. The common 

associated e lements in the gold selenide veins are Se, Ag, Fe, Cu, Pb, Zn, 
Hg, Sb, and As. Th e Au/Ag ratios are generally low, usually l ess than 1 in 
these d eposits. 

The e l emental associates in the skarn type gold d epos its are gen­
erally the same as those discussed for similar d eposits of copper, lead, zinc, 
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and tungsten. Frequently there is abundant arsenic and antimony in the gold 

deposits, and these elements, especially arsenic, provide good indi cators of 
gold and silver in most types of geochemical prospecting surveys. 

The principal elemental associates of gold in the quartz-pebble con­
glomerate deposits are Fe, S, Ag, U, Th, and rar e earths. The iron and 
sulphur are combined mainly in pyrite which is ubiquitous. The Au I Ag ratio 
is always greater than 1 and averages about 3. 1 in the Rand. Other e l ements 
associated with gold in the quart z -p ebble conglomerate type of deposit are 
As, Cu, Pb, Zn, Co, and Ni. Of these probably only arsenic is a suitable 
indicator, although t h e other e lements may serve the same purpose if they 
are present in some quantity. 

The h eavy minerals associated with gold in placers and residual 
deposits are well known an d ne e d not be repeated h ere. Constant scrutin y of 
quartzites, conglomerates, and other resistate sediments should be main­
tained so as not to miss fossil placers during geochemical prospecting. 

Ground and surface waters are frequently enr ich ed in gold in the 
vicinity of gold deposits of all types. The waters l eaching the deposits may 
also be enr iched in Zn , Cu, Ag, As, Sb, Se, and Te . Of these Ag, As, Sb, 
Se, and Te are particular 1 y indicative of gold. Wad and other precipitates 
near the orifices of springs may also indicate gold deposits if they contain 
high contents of Au, Ag, Pb, Zn, Cd, Cu, Mo, Bi, As, Sb, Se, Te, and W. 
Certain humic deposits may also be enr i ched in gold in terranes where gold 
deposits occur. All of these geological materials should b e carefully studied 
and analyzed during geochemical surveying for gold deposits. 

GROUP IIA: BERYLLIUM, MAGNESIUM, CALCIUM, 
STRONTIUM, BARIUM, AND RADIUM 

Beryllium is a typical e l ement of the p egmatites. It is also concen­
trated in certain types of a lbiti zed,fluoriferous , sericitized, and greisenized 
granites; in certain skarn-type deposits; in some tin and tungsten veins; in 
certain gold-quartz and manganese- lead- zinc veins, in quartz- al bite veins 
con taining barylite, and in veins, segregations, and disseminations containing 
minerals such as beryl, bertrandite, phenacite, euclase , berylliferous sap­
onite, etc . in ce rtain altered tuffs, limestones , and oth er rocks. B e ryllium 
may also be enriched in some of the zeolit es such as apophyllite in veins and 
rocks, but such occurrences are rare. During the proc esses of weathering 
and sedimentation beryllium tends to follow aluminium and may b e slightly 
enr ich ed in clays, bauxites, and shales. These, how eve r, do not offer pos­
sibi liti es for comrnercial extraction of the e l ement al the pres ent lime. 

Beryllium forms numerous minerals, the most important com­

merc ially b e ing b e ryl. The minerals chrysoberyl, gadolinite , bav enit e , 
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bertrandite, phenacit e , euclase, helvit e , danalit e , genthelvite, barylite, 
herderite,etc. may also provide a source of b eryllium if present in sufficient 
quantities. 

The elemental associates of beryllium in pegmatil es are Li, Rb, 
Cs, Sc, Y, rare earths, Nb , Ta , Mo, W, B , Tl, Sn , P, Bi, F, U, and Th. 
Of t h ese Li, B, Nb, Ta , and Fare probably the best indicators in geochem­
ical prospecting surveys, although t h e others may prove useful in certain 
areas. The beryllium minerals found characteristically in granite pegmatites 
are beryl, gadolinite, chrysoberyl, euclase, phenacite, and bertrandite. In 
nepheline syenite pegmatites the suite comprises melinophanite, leucophanite, 
eudidymite, epididymit e, hambergite, and helvit e. 

In albitized, fluoriferous, sericitized, and greisenized granites the 
principal associates of beryllium are F, Li, and B. Sn, W, Mo, and P may 
also b e present, and there may be traces of all of the elements mentioned 
above that accompany beryllium in pegmatites. 

Certain genthelvite d eposits with associated phenacite occur in 
veins and stock works in alkaline muscovite- biotite granites in U.S. S. R. and 
elsewhere. These deposits are marked by local silicification and biotitization. 
Associated minerals are sphal erite, pyrite, galena, and molybdenite. The 
best indicator elements of these deposits appear to be Na, K, Si , S, Zn, Fe, 
Mn, Pb, and Mo. 

Beryllium is a frequent constituent of skarn deposits in whi c h it 
occurs principally in barylite, h e lvit e, danalite, and vesuviani te (idocrase). 
In addition minerals such as grossularite, epidote, allanite, and axinite may 
be beryllium-bearing. Some varieties of allanite for instance may contain up 
to 4 per cent BeO. The principal associates of beryllium in skarn - type 
d eposits are Fe, Mn, rare earths, P, F, B, Mo, W, Sn, Bi, Ba, Sr, As, 
Cu, Pb, and Zn . There is often a coherence between zinc , manganese, and 
beryllium in skarn -typ e d epos its, a feature that is emphasized by the rel ­
atively high contents of beryllium in vesuvianite and other minerals at 
Franklin Furnace, New Jersey. To avoid missing beryllium in skarn depos­
its bulk samples and mineral concentrates should be analyzed directl y for the 
e l ement. 

Certain tin, tungs t en, and molybdenum veins and quartz segrega­
tions frequently carry some b eryl and possibly other beryllium minerals in 
some cases. Zinnwaldite , the lithium mica, tends to be enriched in beryl ­
lium in thes e deposits. For t h e associated and indicator elements in these 
deposits see the discussions under lithium, tin, tungsten, and molybdenum. 

Beryllium i s not common in gold-quartz veins, but those containing 
fluorine (fluorite) may contain small quantiti es of the e l ernent. Likewise, 
certain manganese -lead-zinc veins containing rhodonit e , rhodochrosite, other 
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manganese minerals, sulphides, and helvite may contain small amounts of 
beryllium, mainly in the helvite. 

The betrandite and phenacite d epos its in altered tuffs and limestones 
are generally accompanied by fluorite and frequently by scheelite. The rare 
alkalis accompany beryllium in some deposits. The best indicators of such 
deposits appear to be F and Win some places and F', Rb, Cs , and Li in others. 
Ancillary indicators are Mn, Zn, Pb, Sn, Sc, and rare earth s for certain 
depo s it s of this type. 

There is frequently a coherence between barium and beryllium in 
nature, a feature that is emphasized by the relatively large deposit ofbarylite 
in veinlets of quartz and al bite at Seal Lake , Labrador. 

Beryllium is present in small quantities in natural waters and in 
some hot springs. Springs and groundwaters near berylliferous deposits 
tend to be enriched in the element as well as in Li, Rb, Cs, rare earths, Sn, 
F', and the other e l ements associated with beryllium in the deposits. Wad, 
limonit e, and other natural precipitates may indicate the presencE' of beryl­
lium d eposits by their high concentrations of Be, Li, Rb, Cs, Ba, Sc, Y, 
rare earths, Nb , Ta, Mo, W, B, Sn, and P. 

Magnesium is a characteristic element of intermediate, basic and 
ultrabasic rocks and of sedim.enlary carbonate rocks, especially those ron ­
taining dolomite. The magnesium minerals of commerce are olivine obtained 
from ultrabasic rocks and used for refractories; asbestos also obtained from 
ultrabasic rocks and used for a great vari e ty of purposes; brucite , the hydrox­
ide, obtained from crystalline lime stones, dolomites, and serpentinites and 
used for refractories and the production of the metal; dolomite obtained mainly 
from sedimentary d eposits; magnesite used in refractories and for the extrac­
tion of the metal and won mainly from epigenetic veins and lenses and a l so 
from sedimentary deposits; and various salt s, particularly the sulphates and 
chlorides, used for the extraction of the metal and various other purpos es and 
obtained from ocean bitterns, various underground brines and mineral waters, 
salt lakes, and salin e evaporites . 

The search for magnesium deposits in rocks should be confined 
mainly to areas of ultrabasic and basic rocks and to sedimentary terranes 
containing dolomite or its metamorphic equivalent. There are no particularly 
diagnostic indicator elements for magnesium deposits except the element 
its elf . High contents of magnesium in soils, tills, and natural waters may 
reflect the presence of magnesium deposits of all types, but this is only a 
general guid e. Epigenetic magnesite deposits occur in two settings - firstly 
in limestone or dolomite terranes that exhibit folding and in some places 
metamorphism and igneous injection; and secondly in terranes of ultrabasic 
rocks that exhibit extensive carbonatization and serpentinization with t he 
releas e of silica which appears as opal, chalcedony, or fine-grained quartz. 
The latter rocks are frequently marked by higher than normal amounts of Cr, 
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Ni, and Co in their overlying soils and tills and in their associated stream 
sediments. Heavy mineral concentrates from the soils and stream sediments 
in the vicinity of serpentinized and carbonated basic and ultrabasic rocks are 
a l so generally enr iched in these three e l ements. 

Natural waters and their precipitates, brines, salt lakes, and 
saline evaporites should be anal yzed directly for magnesium, if a source of 
the e lement is sought in these materials. 

Calcium is a characteristic e l ement of intermediate and basic rocks 
and of the sedimentary carbonate rocks and evaporites. The cal cium miner ­
als and rocks of commerce r equire little discussion. They include calcium 
carbonate (calcite) in its various forms obtained from sedimentar y carbonate 
d eposits , various salts, principally the chlorides obtained from natural brines 
and saline evaporites , and the sulphates which occur as gypsum and anhydrite 
in sedimentar y evaporite beds. 

Calcium- b ear ing rocks in a terrane are oft e n indicated by higher 
than normal contents of calcium in the soils, tills, stream sediments, and 
natural waters and by the relatively high pH r- 8. 5) of these materials. A 
high sulphate content that is enriched in the isotope s34 in soils, tills, stream 
sediments, and natural waters may indicate the presence of gypsum and anhy­
drit e in the terrane. Natural waters and their precipitates, brines, and evap ­
orites should be analyzed directly for calcium, if a source of the element is 
sought in these materials. 

Strontium is w idely distributed in rocks, particularly in granites, 
carbonate rocks, and in gypsum and anhydrite. The only minerals of com­
mercial importance are the sulphate, celestite, and the carbonate, stronti­
anite. The former is the more abundant. 

Both celestite and strontianite occur in epigenetic veins and l enses 
and in certain beds that are evidently of sedimentary origin. Both types of 
deposits are generally found in sedimentary terranes and are particularly 
associated with carbonate rocks, gypsum, and anhydrite. The elements 
accompanying strontium in the vein deposits are Ba, Pb, and Ca. In some 
d eposits there is also an association with F which occurs in fluorite. In the 
bedded deposits the principal associated el ement is Ca, and there may be 
traces of Ba and F; also B and native sulphur. 

Strontium deposits may be indicated by higher than normal amounts 
of strontium in soils, tills, stream sediments, natural waters, and vegetation . 
Barium and l ead may also be good indicators in these materials. Sulphate 
may indicate the presence of cel estite d eposits, but this compound is only a 
general guide. 

Strontium is a common constituent of many natural waters and their 
precipitates, brines, and evaporit es. These should be analyzed directl y for 
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strontium if a source is sought in these materials. Wads and other non­
manganese precipitates at the orifices of springs tend to be enriched in stron­
tium whe r e disseminations and deposits of strontium minerals occur in the 
rocks. 

Barium is widely distribut ed in igneous and igneous-type rocks 
particularly in the more acid varieties such as syenites and granites where 
the element occurs mainly in the potash feldspars. Certain shales and sand-· 
stones may b e enr iched in barium, and the element is often concentrated in 
small amounts in manganiferous sediments and precipitates. The only min­
erals of commercial importanc e are the sulphat e , barite, and t h e carbonate, 
with erite; the former is the more abundant. Barite is a common gangue min­
eral in many types of ore d epos its; witherite occurs only rarely as a gangue 
mineral. Barytocalcite, nitrobarite, and the various silicates, phosphates, 
and vanadates of barium are generally rare min eral s and cannot be consid­
ered as commercial sources of the e l ement . 

Barite deposits are found in the following forms: (!)as veins and 
replacements , containing essentially barite with minor amounts of fluorite, 
cal cite , siderite, ankerit e , dolomit e , quartz, and sulphides; (2) as bedded 
d ep osits containing essentially barit e with minor amounts of chert, quartz, 
dolomite , sider it e, strontianite, with er ite, pyrite, and iron oxides; (3) as 
diss eminated and massive barite forming the gangue of various types of vein 
and massive sulp hide deposits, particularly those containing l ead, zinc, cop­
per, and silver. The barite may b e won as a b y-product in some cases; and 
(4) residual deposits in unconsolidated materials such as soil, clay, decom­
posed rocks, and other res iduum. The barit e in these deposits is derived 
from d eposits of the first three types. 

The vein and replacement type barite deposits may occur in igne­
ous, sedimentary, or metamorphic rocks of all types. There is, however, a 
general tendency for these d epos its to occur in limestones , calcareous shales , 
and sandstones. The bedd ed deposits are invariably in sequ enc es of li me­
stones, dolomit es, and shales. 

Witherite d eposits generally occur as veins and irr egular l enses in 
sedimentary rocks, particul arly limestone , calcareous s hal es , and sandstone. 
Some witherite deposits are b e dd e d or e longated l enses in sequences of lime­
stone and shal e . 

Barite is a frequent associated mineral in certain carbonatites and 
is present in some rare earth carbonate veins. In the latte r it is associated 

with bastnaes it e , the cerium fluocarbonat e as at Mountain Pass, San 
Bernardino County, California . Barite may be commercially recoverabl e 
from some of these d epos its. 

In most types of barium deposits the e l ement is associated with Ca, 
Sr, Mg, Fe, Mn, and Pb. In some d epos its there may also be enr ichments of 
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Zn, Cd, Ag, Au, Cu , V , As, and Sb. In others Hg and Sb accompany th e bar­
ium . Fis a characteristic e l ement in many d eposits . Rare earths, Th , and 
U accompany barium in the rare ea rth carbonate depos it s, and Nb and the 
other e l ements commonly concentrated in carbonatites accompany the e l ement 
i n these deposits. (S ee also the discussion und e r niobium) . 

Barium deposits may be indicated by higher than normal amoun ts of 
barium in soils, till s , stream sediments, natural waters , and vegetation . 
Strontium and lead, as well as th e other heavy metals mentioned above , may 
a l so be good indi cators in these mater ials. Sulphate may indicate th e pres ­
ence of barium deposits, but this compound is onl y a general guide. Sulph ate 
enriched in t h e isotope s34 may also be a useful guide to some barit e deposits. 
Fluorine may be a useful indi cator in ce rtain places. 

Barium is a common cons tituent of many underground brines and 
their precipitates. Wad and other iron-manganese precipitates at th e orifices 
of springs tend to be strongl y enri c h ed in barium as well as in its associated 
e l ement s w h ere disseminations and deposits of barium mineral s occur in the 
rocks. 

Radium is obtained as a by-product of uranium ores. Its associated 
elements are the same as those discussed under uranium. 

GROUP IIB: ZINC, CADMIUM, AND MERCURY 

Z inc occurs in seven principal types of deposits. Cadmium gen­
erally accompanies zinc and is won from its ores as a by-product. Most zinc ­
cadmium d eposits a l so contain l ead. The types of z inc deposits are: (1 ) dis­
seminated sphal erite in shales: These d eposits generally accompany the cop­
per s hal es (Kupfe rschiefer type) and are not generally e xploited; (2) dissemi­
nations, knots, and concretions of sphalerite in sandstones , quartzites, and 
shales: These deposits generally contain galena and copper and iron sul­
phides. Examples are known at Maubach in Germany, in Cape Breton Island, 
Nova Scotia, and e ls ewhe re; (3) zones of diss eminated sphalerite , veins of 
sphalerite, replacement d eposits of sphalerite, pods of sphalerite , etc. in 
carbonate rocks which often show the effects of dolomitization and silicifi­
cation. These deposits are commonl y known as 'Mississippi Vall ey' type. 
They generally contain considerable quantities of l ead; copper a nd silver are 
minor; (4) skarn-type z inc deposits. These d eposits frequently have consid­
erable qu antit i es of lead, copper, silver, an d some gold; (5) franklinite ­
w illemit e - zincit e deposits (Franklin Furnace , New Jersey typ e). These d epos ­
its probably b e long in category (4) above as they have frequently been r e fer ­
red to as pyrometasomatic deposits in t h e older lit erature. The mineral 
association is most compl ex and contains, in addition to t h e thr ee principal 
z in c mineral s noted above , a l arge assortment of zinc silicates , manganese 
s ili cates, axinite, scapolite, cal c it e , garnet, rhodoc h rosite , fluorite, sphal ­
e ri te , gal ena, ars enopyrite, c halcopyrit e , and l oellingite. The deposits at 
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Franklin Furnace and Sterling Hill, New Jersey occur in crystalline limestone 
and coarse gneisses of Precambrian (Grenville) age; (6) veins and replace­
ment deposits of sphalerite in various types of rocks. Accompanying miner­
als are generally galena and iron, copper, and silver sulphides. Barite may 
be present as a gangue mineral; and (7) massive sulphide deposits containing 
essentially sphalerite and iron, copper, and silver sulphides . Barite may be 
present as an important mineral in some deposits. 

The most frequent el emental associat e of zinc and cadmium is l ead. 
In some deposits there may also be enrichments of Cu, Ag, Au, Ba, As, Sb, 
Bi, Mo, In, Tl, Ge, Hg, and Sn . Some d eposits contain considerable quanti­
ties of manganese either in siderite or in silicates. In the franklinite­
will emite - zincite d eposits the manganese is pr esent in the franklinite and in 
various manganese silicates. 

Zinc and cadmium deposits are generally indicated by higher than 
normal amounts of z in c and cadmium in soils, tills, stream sediments, natu­
ral waters, and vegetation. Lead is also a good indicator in all of these mate­
rials with the exception of natural waters. Cu, Ag, Ba, Mn, As, and Sb, may 
be useful indicators for vein and massive sulphide type deposits in some 
areas. Skarn type deposits may be indicated by Mo, W, and Bi under favour­
able conditions, and the franklinite d epos its may be marked by higher than 
normal amounts of manganese in rocks, soils, etc. Mercury is a good indi­
cator of vein and massive sulphide d epos its in some areas and has been used 
effectively in geochemical surveys. 

Ground and surface waters in the vicinity of zinc d eposits are fre­
quently enriched in zinc and cadmium and their associated chal cophile ele­
ments, as are also the wads, limonites, and other precipitates at spring ori­
fices. Certain bogs a lso contain relatively high amounts of z inc due to Lh e 
strong chelating action of humic substances. All of these geological phenom­
ena may indicate the presence of zinc and cadmium deposits in the terrane in 
which they occur. 

Mercury is obtained a lmost entir e ly from the sulphide, cinnabar, 
although the native metal occurs in some ores, and the element has been 
obtained from livingstonite, metacinnabarite, and a few of the other rarer 
mercury minerals such as calomel. 

Cinnabar and the other types of mercury deposits generally occur 
in fissure veins, stockworks, and as disseminations, impr egnations, and 
replacements along faults or in br ecciated zones. The common host rocks are 
sandstone, limestone, dolomite, calcareous shale, chert, serpentinite, ande­
site, basalt , trachyte, and rhyolite. Commonly associated metallic minerals 
are stibnite, realgar, orpiment, arsenopyrite, pyrite, and marcasite. Some 
veins have a ferb e rit e and/or scheelite-stibnite association; others contain 
quartz, tourmaline, and cinnabar. Some l ead- zinc and copper ores may con ­
tain cinnabar, and mercury minerals are often associated w ith certain 
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gold-quartz and silver veins. The gangue in most mercury deposits is inva­
riably opal, chalcedony, or quartz, and carbonates. Barite and fluorite are 
generally restricted to individual deposits. Argillic alteration, s ilicification 
(development of opal), pyritization, and sericitization are common. Carbon­
atization of serpentinite is marked in some deposits. 

Mercury deposits are generally indicated by higher than normal 
amounts of mercury in soils, tills, stream sediments, and vegetation. In 
some areas antimony and/or arsenic may also be good indicators in these 
materials . Germanium is enriched in some cinnabar deposits and may be a 
useful ancillary indicator in soil and stream sediment surveys. The effi ­
ciency of other indicators such 'as Ba, F, W, and B probably dep ends on local 
conditions. Zones of extensive silicification (opal) and carbon at i zat ion may 
serve as a general guide. 

M e rcury is a c ommon constitu ent of natural waters, particularly 
hot springs and their precipitates, in the vicinity of certain mercury deposits. 
These should be analyzed carefully for Hg, as well as for Sb and As, during 
geochemical surveys d es i gned to locat e mercury deposits. 

GROUP IIIA: BORON ALUMINUM GALLIUM, 
INDIUM, AND THALLIUM 

Boron is widely distributed in igneous, metamorphic, and sedimen­
tary rocks but generally only in srnall amounts. The element is a character­
istic one in pegmatite dykes and in certain mineral veins and other types of 
deposits. The common boron minerals in rocks, pegmatites, and mineral 
deposits includ e tourmaline, axinite, datolite, dumortierite, and danburite, 
none of w hich provide a co1nmercial source of the element. 

The commercial boron minerals are the hydrated sodium, magne ­
sium, and calcium borates and boric acid . Boric acid occurs as the mineral 
sassolite; some of the important borates are kernite, tincalconite, borax, 
ulexite, priceite, boracite, and colemanite. 

Boron compounds are obtained commercially from th e following 
sources : (1) brines of saline lakes and marshes; (2) encrustations around 
playas, salt l akes, and salt marshes; (3) bedde d d epos its formed in ancient 
salt l akes, salt marshes, and playas; (4) hot springs and fumaroles; and (5) 
disseminations, beds, and lenses of borate minerals in potassium salts in 
marine evaporites , and irr egular beds and disseminations of borate minerals 

associated w ith salt domes and diapirs. 

Deposits (1) to (3) inclusive are gen erally situated in Cenozoic 
tectonic-volcanic belts that pass through r egions of arid climates. The bor­
ates in these d eposits are thought by many to have a volcanic hot spring ori­
gin, although connate and groundwaters that hav e leached boron from the 
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rocks appear to be responsible for some deposits. The hot spring and fum­
arol e deposits all show a close relationship to recent volcanis1n. The borates, 
however, may be l each e d from the rocks and may not, therefore , be of mag­
mat ic origin as some have suggested. The borates associated with evaporites 
may be of any age . They appear in most cases to h ave been precipitated 
from seawater. 

Two other possible sources of commercial borates should be men­
tioned. T h ese include seawater w hi ch contains up to 4 . 6 ppm boron and cer ­
tain types of skarn d epos it s containin g ludw i gite - ascharite and kotoite. 
According to some investigators these minerals are usually associated with 
magnesium skarns and the associated intru s i ves are generally enriched in 
boron, mainly in the plagioclase, a feature that may ass ist in prospecting for 
these d epos its. Further, the ludwigite-ascharite typ e of minerali zation is gen ­
e rally pr esent in skarns marked by a bundant magnetite whereas t h e kotoite 
type of mineralization app ears in gold- copper (bo rnite) skarns and contact­
metasomatic deposits. 

The borates in playas, salt l akes, and salt marshes and those in 
bedded deposits and present in evaporites are generally always associated 
w ith a great variety of Na, K , Li, Mg, and Ca salt s . There is also commonly 
an association with F and Cl. In hot springs and fumarol es boron is generally 
accompani ed by" various a lkali and a l kaline earth salts and by F and Cl. The 
boron in skarns often shows a correlat i on with magnes ium and may be accom­
panied by rel at i vel y l arge enr i chments of Fe , Mn, Ca, Cu, Au, Zn, Mo, W, 
F, an d the other e l ements commonly concentrated in skarn . 

Boron i s a good indicator of a ll types of borate depo.s its and can be 
used effectivel y in soil, stream sediment, water, and vegetation surveys. 
According to some investigators certain p l ants are accumulators of boron, 
but these can only be differential e d by detail e d surveys. Those searching for 
borate d eposits should analyze all playa sediments and encrustations, b edded 
saline deposits, evaporites, skarns, brin es , fumaroles, hot springs and other 
natur a l waters and t h eir precipitates directly for boron to determine .their 
possible comme r c ial importance. F luorin e may be a useful indicator 'of bor­
ates in some of these d epos it s . 

Aluminum i s obtained commercially almost exclus iv ely from bau­
xite. Other possible sources are aluminous l ater it e , clay, and s h a l e , n ephe­
lin e syenite, and other rocks relatively enrich ed in th e e l ement. 

Other comme r cial minerals of aluminum include the var i ous a lums , 
particularly a lunite a nd cryolite . The natural alums are mainly hydr a t e d 
doubl e sulphates of potassium, sodium, and ammonium. Most of these are 
highly soluble and occur as surfa ce evapo ration products in arid regions or in 
shelt ered places. Certain spr ings may b e char ged with a luminum s ulphat es 
and their precipitates may contain t h e var iou s a lums. In dr y areas irr egul a r 
bedded d epos its of alum minerals may originate from sp rings. 
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Alunite is most commonly associated with a c id volcanic or intrusive 
rocks and is formed gen e rally w h e r e these rocks have been highly altered by 
sulphuric acid vapours or waters. Some alunite d e posit s may also owe their 
origin to the alteration of potassic aluminous rocks by sulphur ic a c id solutions 
derived from the oxidation of pyrit e and other sulphides. Alunite ge nerally 
occurs disseminat e d in th e ro cks or in well-d efined veins. Some deposits 
contain essentiall y only alunite, oth e rs are pervasive alt e rations associated 
w ith gold- si l ver an d oth er metallic d eposits as at Goldfield, Nevada and else­
wh ere. 

Cryolite (Na3A lF 6) occurs in commercial quantities at only a few 
plac es in th e wo rld, p ar ticularl y a t I v igtut, West Gr eenland an d at Miask, 
Ilmen Mountains, U.S.S . R. At Ivigtut the cryolit e is found in a pegmatitic 
b od y in porphyr i tic granite . It i s accompanied by mi crocline, quartz, fluor­
it e, siderite, topaz, pyr i te, arsenopyrite, galena, sphal er ite, molybdenite, 
an d a number of rar e a lum.inum fluoride mineral s . Cryolite is us ed as an 
e l ectrol yte in t h e Hall process fo r t h e r eduction of alnrninum oxide to the 
m.etal. 

Geochemical prospecting has not been US<'C exten sively to locate 
bauxite deposits although there seems to be no reason why aluminum should 
not b e a good indicator in laterites, soil, water, stream sedi1nent, an d v e g e ta­
tion surveys for these deposits. The same can prob::ibly be said for a lum 
deposits , particularly alunite. The presence of excess sulphate in soi ls, 
stream sediments, and natural waters should serve as a general guide for the 
location of these deposits . Furthermore, certain plants appea r to b e a lum­
inum accu1nulators, and these m ay be useful in outlining areas rich in alunite 
and other aluminum minPrals. Late rite, ba,,xite, c l ay, and other rocks sus­
pected to contain high quantities of alu1ninum oxideo should be analyzed directly 
for this cor:npound to prove their commercial i1nportancc as a source of 
aluminum .. 

Those searching for cryolite deposits should fi nd aluminum and flu­
orin e to be good direct indic at or s in soil, wate r, stream sediment, and vegeta­
tion surveys . Pb, Zn, As, Mo, and the othe r el ements assoc iated with cryo ­
lite may serve as secondary indicators. 

Gallium is a rare m etal and forms one known mineral, gallite, 
CuGaSz, whi ch is rare. The element is enriched in c ertain deposits of sphal­
e r ite , in s ome copper s hal es , in bauxite, an d in certain coals. Tin ores in 
some areas , particularly Bolivia, contain relative l y hi gh amounts of the e l e­
ment. The sulphid e mine ral germanite, Cu 3 (Fe, Ga, Zn, Ge) (As, S) 4 , may 
contain up to l. 85 per cent Ga. The e l ement is obtain e d commercially from 
sphalerite o r es, from the r e sidu es of the copper ores of the Kup fe rs c hi efe 1; 
from. bauxit e, and from t h e flue dusts of certain coals. 
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The e l ements acc ompanying gallium in d eposits are the same as 
those di scu ssed und e r zinc, coppe r, tin, and a luminum . Materials an d resi­
du es suspected to contain commercial quantiti es of gallium s hould b e anal yzed 
dir ectly for the e l ement. 

Indium forms four known minerals, a ll of w hich are very rar e: 
native indium, In; roquesite , CuinS 2 ; indit e , Fein2s 4 ; and d zhalindit e , 
In(OH) 3 . The el e m ent is often enrich ed in dark sphalerite and is found in 
trace amounts in many sulphides and in var ious tin and tung sten minerals, 
particul ar 1 y chalcopyrite , gal ena, stannite, c as siterite, and wolframit e . 
Industrially, indium is obtained from zinc flu e dusts and the r es idues of z in c 
refining. 

T h e e l ements accompanying indium in d eposit s are th e same as thos e 
discussed und e r zinc , l ead, copper, tin, and tun gsten. :lvl aterial s and resi­
du e s suspected to contain commercial quantiti es of indium should b e anal yzed 
di rectly for t h e e l e m ent . 

Thallium is . a rar e metal that exhibit s · a s light e.nrichment in som e 
potassic feldspars in p egmatit e s; also in galena, a numb e r of sul phides, a 
vari ety of l ead sulfosalt s in various pol ymetalli c deposits , and various potas­
sium salts. The element also forms the rar e minerals crookesite 
(Cu, T l, Ag) 2Se; lorandit e , TlAsS 2 ; hutchinsonit e , (PbT1) 2 (Cu, Ag)As 5s 10 ; 
v rbait e , Tl (As, Sb) 3s5 ; and avi cennit e , Tl2 0 3 ; non e of w hi c h are of commer ­
cial importanc e . Industrially, thallium i s obtain e d as a b y - product of the 
smelting of l ead- zinc or es and fro m the roasting of pyrite for s ulphuric acid 
production . Some thallium-rich arsenical gold ores provide a reserve forthe 
futur e. 

The e l emen tal assodafes of .thallium in d eposits are mainl y K , "'e, 
Mn, Pb, Zn, Cd, Cu; .As , Sb; Ag, .Au, In, · Ga, G e , Sn, S, and Se. Materials 
and r es idu es sus.pe.ci:ed 't.o contain co~mercial quantiti es o f thallium should b e 
analyzed dir ectly fo_r the el ement. 

GROUP IIIB : SCANDIUM, YTTRIUM, RARE EARTHS, 
THORIUM AND URANIUM 

Scandium is a rare metal clos e l y as sociate d in natur e w ith ytt rium 
and the rare earth m etals. It is widely diffus e d in rocks of a ll types, partic­
ularly in thos e containing an abundance of ferr.omagnesian minerals. The el e ­
m ent also occurs in a gr e at vari ety of mine rals in highe r than ave r age 
amounts. These include cassiterite, wolframite, tantalit e - columbite, euxe­
nite, monaz ite, eschynite, keilhauite, z innwaldite, b eryl, l epidolite, biotit e , 
wiikite, z ir con, garnet, and allanite. Three scandium minerals are known: 
thortveitite, (Sc, Y)

2
(Si 20 7), found in certain complex pegma tit es; sterr e ttit e , 

Sc(P04). ZH 20, found sparingly in br ecciated zones in phosphate ro cks; and a 
variety of beryllium-bearing sterrettite, call e d kolb eckite , found only r a r e ly 



- 19-

in quartz - wolframite veins. Some varieti es of beryl (bazzite) are rel ativel y 
rich in scandium, containing up to 10 per cent Sc. 

Scandium oxid e and metal are obtained from thortveitite ore, ytt­
rium and rare - earth metal ores , and from the residues of wolframite and 
cassiterite concentr ates. T h e resou rce of scandiu m in various uranium ores 
an d phosphate deposits is very l arge . 

The common elemental associates of scandium in its deposits are 
Li , Rb , Cs, Be, Y, rare earths, Ti, Zr, Hf, Nb, Ta, M o , W, Fe, B, Sn, 
Bi, U , Th, P, and F. Of these the best indicators are Y, rare earths, U, 
Th, W , Sn, Ta, Nb, P, and F. Scandium shoul d prove useful as an indicator 
of its deposits, and those of the rare earths , in soi l , till, stream sediment , 
and vegetation surveys . Other good indicator elements in such surveys are 
the rare earth s and yttr ium. All pegmatites and greisenized, ser i citized, 
and fluoriferous granitic and other types of rocks, rare earth and uranium­
thorium deposits of all types, tin and tungsten deposits, and phosphate depos ­
its , should be analyzed carefully for scandium if a commercial source for 
this element is sought. 

Yttrium, lanthanum, cerium, and the other .rare earth metal s are 
widely diffused in all types of igneous , sed i mentary, and metamorph ic rocks. 
Concentrations occur , however, only in certain pegmatites, in certain vein­
like deposits, in some skarns , in certain quartz-pebbl e congl omerates , in 
phosph orites, and in placers. 

The principal types of deposits of these metals are as follows: 

(1) Pegmatites and coarse- grained g r anitic rocks : The common 
minerals in these deposits are monazite , tho1·ite, uraninite, cerite , a llanite , 
euxenite , pyrochl ore, samarskite , fergusonite, gadolinite, yttrofluor i te , 
xenotime , thortveitite, gagarinite, wiikite , and thalenite. The elements 
commonly enriched with Y and t h e other rare earth s in pegmatites are Li , Rb , 
Cs, Be , S r, Ba, Sc, Ti, Zr, Hf, Nb, Ta, Mo , W, B, Sn, Bi, U, Th, P, and 
F. There is a marked and near ly constant aff inity w i t h thorium, phosphorus , 
and fluorine. 

(2 ) Skarn deposits: In these t h e minerals apatite , fluorite , garnet , 
monazite , a llanite , epidote, vesuvianite, scheel ite , and sphene are the prin ­
cipal carriers of the rare earth e l ements and thorium. Few of these deposits 
are of commercial importance. The principal e l ements associated with the 
rar e earths in skarn deposits are F, P, Ti, Th, Sc , and the numerous other 
e l emen ts concentrated in skarn. 

(3) Monazite 'veins' or 'lodes': The pr incipal example of this unus ­
ual type of deposit is in South Africa near Nieuwe Rus t , VanRhynsdorp 
Division . The orebody is an irregul ar 'vein' in a shear zone in altered gran­
ite of Precambrian age. The main mineral s are apatite, monazite , zircon , 
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and iron and copper sulphides. Its origin is obscure. The elements concen­
trated are rare earths, Th, Zr , P , Fe , and Cu. 

(4) Rare earth carbonate veins and masses: Th e principal example 
of this type of deposit is near Mountain Pass, San Bernardino County, 
California. The orebody consists of bastnaesite, the cerium fluocarbonate, 
barite, apatite, pyrite, galena, chalcopyrite , fluorite, carbonates, parisite, 
monazite, allanite, cerite, and sahamalite. The elements concentrated 
include rare earths, Th, Ba, Sr, Pb, Cu, P, and F. The deposit exhibits 
certain affinities with carbonatites. 

(5) Fluorite and apatite veins and lod es: Some varieties of fluorite 
and apatite are enriched in the rare earths. Their potential as a commercial 
source is unknown. (See also the discussions under fluorine and phosphorus). 

(6) Carbonatites: These d eposits frequently contain higher than 
average amounts of rare earths and thorium in a variety of titanium, niobium, 
and other minerals. (See further the discussion under niobium). Carbona­
tites are not generally considered as a primary commercial source of rare 
earth elements, but the e l ements can be recover e d as by- products in some 
cases. 

(7) Pyriti c quartz-pebble conglomerates : Th e principal examples of 
these deposits are the Elliot Lake uranium pyritic quartz - pebble conglomer­
ates of Ontario where the rare earths and thorium occur in a brannerite­
uraninite- monazite mineral assembl age. The principal e l ements concen­
trated are U , Th, Sc, Y, rare earths, Fe, As, and S. Simil ar deposits, 
although not as rich in thorium and rare earths, occur in the Rand of South 
Africa and at Jacobina in Brazil. These d e posits are greatly enriched in Au 
and Ag and contain some uranium . 

(8) Phosphorites: Most of t h ese deposits contain traces of rare 
earths, as well as scandium, uranium, and thorium. The pot ential by­
product reserve of these elements in the phosphorit es is enormous. (S ee also 
the section on phosphorus. ) 

(9) Placers: These have long been a source of rare earths and thor­
ium m ineral s of which the most important are monazite and xenotime. Asso­
ciated minerals often of commercial importance in beach, stream and other 
types of placers include i l menite, leucoxene, magnetite, cassiterite, rutile, 
zircon, staurol ite, garnet, and gold. 

The best indicators of rare earths deposits in geochemical surveys 
utilizing soil s, tills , stream sediments , and vegetation are the elements 
themsel ves part i cul ar l y yttrium, lanthanum, and cerium. Phosphorus and 
fluorine are also excell ent indicators , and many of the associated elements in 
the deposits noted above can probably be used under certain conditions. The 
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use of some of these e l ements, however, such as Ba, Sr, Ti, Nb, U, and Th 
should be prec e d e d by ad equat e testing for their suitability in any given area. 

Thorium is widely distributed in most rocks but only in trace 
amounts. The deposits of thorium are essentially the same as thos e men­
tioned above for the rare earths and below for uranium. The elements 
accompanying thorium are, likewise, the same as those for the rare earths 
and uranium in most deposits. Thorium may be indicated by its radioactiv­
ity, and the element can be used as an indicator of its deposits in most types 
of geochemical surveys. 

Uranium is widely diffused in igneous, sedimentary, and metamor­
phic rocks, being enriched in the more acidic ign eous and metamorphic rocks, 
in the black carbonaceous shales, and in phosphorites. 

The principal types of uranium deposits are as follows: 

{l} Certain granitic rocks: These may contain higher than normal 
amounts of uranium and thorium. Most are not of commercial importance at 
pr esent but provide a l arge reserve of uraniumand thoriumorefor the future. 
Such bodies are indicated by their higher than normal radioactivity and by 
enrichments of U , Th, rare earths and frequently P, F, and Zr. 

(2) Pegmatites and other coarse- grain ed fe ldspar-quartz-mica­
pyroxene segregations and migmatit es: The principal uranium minerals are 
uraninit e , uranothorite, euxenite, pyrochlo re , and fergusonite. Such bodies 
are marked by their high er than normal radioactivity and by enrichments of 
U, Th, Sc, Y, rare earths, and frequently Fe (hematite), Nb, Ta, Mo, Ti, 
Zr, Hf, P, and F. 

( 3) Calcite -fluorite- apatite, calcit e - fluorite - apatite- biotite-
pyr oxen e , and calcite-biotite-apatite veins and segregations: These deposits 
are common in the Grenville Province of the Precambrian of Eastern Canada. 
The principal radioactive minerals are uraninit e , uranothorite, allanite, beta­
f i te, z ircon, and fergusonite . These bodies are marked b y their higher than 
average radioactivity and by enrichments of U, Th, rare ear ths, P, F, Nb, 
Ta, Ti, Zr, and Hf. 

(4) Veins, lodes, pipes, and diss eminations: These deposits may 
occur in practically any rock type although most are present in sedimentary 
rocks, gneisses and schists, and granitic bodies. The principal primary 
radioactive mineral is uranin it e (variety pitchblende). In some deposits the 

accompanying minerals are cal cite, hematite, quartz, pyrite , chalcopyrite, 
and a few selenides. The principal en riched e l ements in these deposits are 
U, Ca, Mg, Fe, S, Cu, and Se; thorium and rare earths are only slightly 
enriched in the ores in contrast to the uranium deposits in granitic rocks, peg ­
matites, etc. In other deposits the accompanying min e rals comprise calcite, 
quartz, hematite, native sil ver, chalcopyrite, pyrite, galena, sph alerite, 
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arsenopyrite, abundant nickel-cobalt arsenides, native bismuth, and various 
aptimonides and sulphosalts. The characteristic e l ements concentrated in 
these deposits include U, Ca, Mg, Fe (h ematite and pyrite), S, As, Cu, Ag, 
Pb, Zn, Ni, Co, Bi, Sb, and Hg. 

Pitchblende v e ins, lodes, pipes , and dis seminations are frequently 
marked by characteristic coloured ochres in shades of yellow, orange, and 
green: The ochres consist of various secondary uranium minerals such as 
gummite and uranophane and various secondary iron, cobalt, and nickel min­
e rals including limonite, erythyrite, and annaber gite. Few Canadian pitch­
blende deposits are deeply oxidized, but one, the Gunnar deposit in northern 
Saskatchewan, contains uranophane down to considerable depths . 

(5) Sandstone d eposits: These occur in porous beds, in rolls and 
pinch-outs, in fra c tur es and br ecciated zones, in zon es containing abundant 
coalified wood, and in various other sites amenable to precipitation of miner­
als from circulating waters. The principal primary uranium mineral is uran­
inite w hi c h is associated w ith a variety of copp er and vanadium minerals. 
Near the surface a host of secondary uranium, vanadium and copper minerals 
are usually d eveloped. The characteristic elements concentrated in these 
deposits are numerous and diverse and include U, V, Sr, Ba, Cr, Mo, Fe, 
Co, Ni, Cu, Ag, Au, Zn, Cd, Pb, P, As, Sb, S, and Se. Some of these 
deposits are similar to the 'red bed' sandstone d eposits discuss ed under van­
adium, copper, and silver. 

(6) Pyritic quartz-pebbl e conglomerates: These deposits are the 
same as those discussed und e r (7) in the section on rare earths. The princi­
pal primary uranium minerals are brann er ite and uraninite. The principal 
elements concentrated are U, Th, Sc, Y, rar e earths, Fe, As, and S: in 
some deposits Au and Ag are enriched and are won from the d epos its. 

(7) Carbonatites: Some of these deposits contain small amounts of 
uranium. (S ee the furth e r d esc ription under niobium . ) Carbonatites are not 
considered to be a commercial source for uranium at the present time, 
although the e lement could probably be obtained from some deposits as a 
byproduct. 

(8) Black shales: Certain black carbonaceous shales are consider­
ably enriched in uranium and a host of other e l ements, particularly those of 
chalcophile character, including Ag, Zn, Cu, Pb, Ni, Co , and other e l ements . 

(9) Phosphorites: In some areas these rocks are enrich ed in uran­
ium, rare earths, and a great variety of other e l ements , particularly those 
of chalcophile character such as Ag, Pb, Zn, Cu, etc. (See also the dis cus ­
sion in the section on phosphorus.) 

(10) Coal and lignit e: Some varieties of coal and lignite contain 
higher than average amounts of uranium. 
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(11) Plac e rs: Monazite placers and others containing minerals 
such as xenotime, fergusonite, etc., may contain small amounts of uranium. 
(Sef'. also the description under rare earths.) F ew plac e rs are of economic 
importance for uranium. 

Uranium is an excell ent indicator of its deposits in practically all 
types of geochemical s urveys, including those bas e d on radioactivity. Dep end­
ing on the types of deposits and the e l ements concentrat e d in them as outlined 
above, there are also a number of other indicator e l ements which can be used 
effectively in geoche mical prospecting for uranium. These include Th, rare 
earths, P, F, Co, Ni, As, Sb, V , Ag, Cu, and a number of others noted 
above. Some of these are us eful in soil and stream sediment surveys. Others 
may be useful in water surveys. Selenium indicator plants and the selenium 
content of certain plants may b e us eful in locating deposits of the sandstone 
type. Carbonates, quartz, and fluorite, coloured or darkened by radioactive 
bombardment are good indicators of uranium (and thorium) in certain veins 
and other types of deposits. 

GROUP IVA : CARBON , SILICON , 
GERMANIUM, TIN, AND LEAD 

Carbon is concentrated in coal, petroleum, natural gas, various 
solid hydrocarbons, and several types of carbonaceous and graphitic shales 
and schists. Graphite veins and lodes are common in certain sediments. 

Hydrocarbon analys es ar e particularly useful in geochemical pros ­
p ecting for petroleum and natural gas. 

Silicon is the most abundant e l ect ropositive e lement in the rocks of 
the earth's crust. The d eposits of si licon ar e so well known that they need 
little discussion h e re. Briefly they comprise: 

(1) Silicates of all types used for a great variety of purposes too 
numerous to m ention h ere. The silicates of commercial importance not dis­
cussed under the other el ements above and below include feldspar, mica, 
nepheline, pyrophyllite, kyanite, andalusite, sillimanite, dumorti erite , talc, 
wollastonite, and asbestos. 

(2) Quartzite, sandstone, and silica sand used for flux, for produc­
tion of silica brick, and for a great variety of other purposes . 

(3) Bentonite and bleaching clay. 

( 4) Clay for brick and ceramics. 

(5) Sand and gravel. 
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(6) Diatomite. 

(7) Quartz and quart z crystal . 

Prospecting for thes e types of deposits is guided mainly by geolog­
ical principles. Where the content of silica is a consideration direct analyses 
for this element will decide the commercial importance of a deposit. 

Germanium is a relatively rare semimetallic substance that forms 
several rather uncommon minerals of which the best known are argyrodite, 
AggGeS6, germanite , Cu 3 (Fe, G e)S 4 , and ~eni e rit e , Cu 3 (Fe, Ge)S 4 . Non e of 
the germanium minerals form deposits of commercial importance. The ele ­
ment is also a trace to minor constituent in various sulphides and sulphosalts, 
particularly sphalerite, c innabar, enargite, pyrargyrite, and some tin­
bearing sulphides. 

Industrially, germanium is obtained from s pha l erite conc entrates 
and germanium- bearing sulphide ores during s m e lting and electrolytic r educ ­
tion. A pot ential source of commercial germanium is cer t a in coals and lig­
nit es which contain relatively l arge amounts of the e l ement in some places. 

Th e elements accompan ying germanium in deposit s are the same as 
those mentioned for zinc, m e rcury, silver, tin, copper, arsenic , antimony, 
and the other elements in polymetallic depo sits . Or es , coal, lignite, and 
smelting residues suspected to contain germanium in commercial quantiti es 
should be analyzed directly for the el ement. 

Tin is a common metal that forms s everal minerals of c01nmercial 
impor tance, including cass iteril e , slannite, teallite, cylindrit e , and franck­
eite. Cassiterite is the most important industrial source of tin. 

D eposits of tin are varied and include the following: 

(l) Pegmatites and coarse- grained graniti c masses: The principal 
mineral is cassit e rite. The main associated minerals are wolfr amite, sche­
elite, tantalite-columbite, bismuth, arscnopyrite, b eryl, fluorite, tourmaline, 
l epidolit e , spodumene, petalite, triphylite, ambl ygonite, and molybdenite. 
The characteristic elements concentrated are Sn, W, Ta, Nb , Bi, As, Be, B, 
F, Li, Rb, Cs , and Mo . There is a n ear l y constant association of tin and 
tung sten in p egmatites. The association with lithium is also marked . 

(2) Skarn d epos its: Few of thes e are com1nercial sources of tin. 
The principal mineral is cassiterite. Associat ed minerals are the calcium­
magnesium-iron s ilicates, wolframite, scheelite, fluorite, tourmalin e, axin­
ite, luqwigite, hulsite, paigeit e, danburite, vesuvianite, scapolite, galena, 
sphalerite, arsenopyrite, copper sulphides, pyrrhotite, molybd enite, and 
magnetite. _ The · e l ements concentrated includ e , Sn, W, B, F, Be, Cu, Pb, 
Zn As Mo and Fe. There is generally a close association between Sn, W, 
B, 'and 'Fin 'most skarn d eposits . 
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(3) Veins, lode d e posits, and disseminations in greisen and serici­
tized zones: Sarne of these deposits contain essentially cassiterite with some 
pyrite, pyrrhotite, copper sulphid es, molybdenite, arsenopyrite, wolframite, 
scheelite , bismuth, bismuthinite, galena, and sphalerite; rar e ly beryl. The 
gangue minerals are invariably quartz, fluorite, zinnwaldite and other lithium­
bearing micas, topaz, tourmaline, axin it e , apatite, specul arite, magnetite, 
ilmenite, and chlorite. The characteristic e l ements concentrated are Sn, W, 
Mo, Li , Rb, Cs, Be , Sc, Fe, Cu, Zn , Cd, Pb, B, As, Bi, S, P, a nd F. 
Other veins contain much cassiterite with stannite, cylindrite, teallite, and 
a great variety of copper, iron, zinc, lead, and silver sulphides, arsenides, 
and sulphosalts. In these the e lements concentrated are th e same as those 
m ention e d above w ith the addition of Ag, Au, Ga, In, Tl, Ge, and Sb. Lithium 
does not seem to be conc entrated in the latt e r veins to the extent that it is in 
the former. 

(4) Cassiterite pip es : These are unusual types of d epos its that take 
the form of chimneys and pipes frequent l y in granitic ro cks , gneisses, and 
sedimentary rocks. Some are devel oped in limestones and b ear a ce rtain 
relationship to lhe skarn deposits. Examples of those in granitic rocks and 
sediments are common in New South Wales and in the Potgietersrust district 
of the Transvaal, South Africa. The principal mineral in the pipes is cas sit e ­
rite. In granitic rocks and sediments the associated minerals are mainly 
sericite, tourmaline, fluorit e , various sulphides, specularite, and chlorite. 
In the pipes in limestone , described from the Kinta Valley, Malaya, arseno ­
pyrite, tremolite, fluorit e , calcite, and hydr ated borat es are common. The re 
is a close association of Sn, B, F, and sometimes As in the cassiterite pipes. 
W is enriched in some of the pipes. 

(5) Massive sulphide deposits: Some of these contain traces of tin 
in cassiterite and as a constituent of sphalerite, galena, and other sulphides . 
A few such as the Sullivan d e posit in British Columbia have small amounts of 
tin ore often associated with e xt ensiv e tourmalinized zones. None of these 
deposits can be considered as important commercial sources of tin. The best 
indicators of tin in massive sulphid e deposits appear to be B, Bi, In, Tl, Cd , 
Ge, Sb, and As. 

(6) Placers: Both e luvial and alluvial placers provide most of the 
wo rld's supply of tin. The prin c ipal mineral is cassiterite wi th smaller 
amounts of wolframite and the numerous other minerals commonly found in 
placers . Deposits of this type are developed extensively in Malaya, Indonesia, 
Thailand, Congo, and Nigeria. 

Tin is a good indicator of its deposits in most types of soil, stream 
sediment, and vegetation surveys. The natural compounds of the element are 
relatively insoluble, and hence water surveys are not suitable for geochem­
ical prospecting for tin d epos its. Depending on the types of d eposits and the 
concentration of e l ements in them oth er indicators of tin are generally effec­
tive in most types of geochemical surveys. These include particularly W, Li , 
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B, B e , and F. For the polymetallic typ es of tin deposits Cu, P b , Zn·, Ag, 
Cd, As, Sb, and Bi may be u seful indica tors . 

Wad, limonite , humic, and other precipitates at the orifices of 
springs may be enr i ched in Sn, W, and Li, as well as in oth e r e l ements asso­
ciated with tin in its d eposit s. These may se r ve as u seful indicators in some 
areas. 

L ead is obtained from a var i ety of d eposits most of w hi ch also con ­
tain Zn, Cd, and Cu. T h ese d ep osits are discuss e d und e r th ese e l ements and 
need not b e repeated h e re. The mos t common elemental associates of lead 
are Zn, Cd, Ag, Cu, Ba, S r, V, C r, Mn, Fe, Ga, In, Tl, Ge, Sn , As, Sb, 
Bi, Se, Hg, T e , and more rar e l y B and F. All of th ese e l ements can be used 
as indicators of l e ad d eposits in geochemical s urveys , but th e best are Zn, 
Cd, Ag, Cu, Ba, As, and Sb. The natural compounds of l ead are rel atively 
insoluble, and h ence water surveys utili zing lead a r e ra r e l y effective. A ll 
pr ecipitat es, especially those containing manganese , at spring orifices 
shoul d, howev e r, be analyzed for lead s ince these often indicate the presence 
of lead dep osits in the environment in w hi c h th ey occur. 

GROUP IVB: TITANIUM, ZIRCONIUM, AND HAFNIUM 

Titanium is w ide l y diffused in most rock types bein g present rn the 
largest amounts in basic rocks. Numerous titanium minerals are known , but 
those of commercial importance include only rutile, anatase , l eucoxene, 
brookite, and ilmenite. Titaniferous magneti t e and sphene are common, but 
they are n ot generally used as an ore of titanium . Their deposits provide a 
titanium r eserve for the future . 

T i tanium is notable fo r the l arge numb e r of unusual and generally 
compl ex typ es of primary d epos its. Some of these a r e associated w i t h gab­
broic bodi es especially anorthosites; others are a ffiliat e d w ith a l kali syenites 
and /o r carbonatites. Several complex depos it s contain an unusual assortment 
of minerals of which apatite is most common . T it anium minerals ar e a l so 
concentrated in res idua l deposits and placers , and th e e l ement is a constituent 
of certain bauxites and late rites. 

The e lements most commonly concentrated i n primary titanium 
d eposits are mainly T i, Fe, Ca, F , and P. So1ne contain minor amounts of 
Fe, Cu, and other sulphides. The residual and placer deposits contain mainly 
rutil e , ilmenit e, magnetite, and oth er common resistate mineral s concen­

trated durin g weathering processes. 

Titanium is a good indicato r of it s deposits in so il, till, and stream 
sediment surveys . Its use in vegetat ion i s un certain, a lthough it is known that 
some plants tend to concentr ate higher than average amounts of titanium. The 
natural compound s of titanium are a ll relatively insoluble, a nd h ence the use 
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of the e l ement in water surveys is generally not effectiv e . Precipitates at 
spring orific es , howeve r, are frequently enrich e d in titanium in terranes 
w h ere d eposits of the e l ement are pr esent. Th e use of ancillary indicators 
in geochemical prospecting for titanium d eposits ha s not received m uch atten ­
tion. It would seem that phosphorus may b e a good indicator for certain d epo ­
sits and iron for others. Panning of all streams , placers, beach deposits, 
and dun es followed by mineralogical and spectrographic anal yses can be used 
to outline residual and placer d e po s its and may also be a useful guide to the 
location of primary d e posits. 

Zirconium and hafnium are two e l ements that i nvar iably occu r 
togeth er in nature and are obtained c ommercially from th e same sources . 
Zirconium for ms several minerals but only zircon, t h e silicate , and baddeley­
it c , the oxide, provide an industrial sourc e for t he e l ement. Hafnium forms 
no known minerals but is a constant constitu ent of both z i rcon and baddeleyite. 

The principal commercial source of zirconium and hafnium i s z i r­
con and baddeleyite in b each sands , dune sands, stream place rs, and eluvial 
deposits. The principal minerals accompanying the zirconium mineral s are 
ilmen it e , l eucoxene , rutile, staurolite , tourmalin t', si llimanite , kyanite, and 
quartz . Mos t of these minerals, including zircon, derive from the deep 
weath ering of granite, graniti c p egmatites , and other rocks in w hich z i rcon 
is an accesso r y mineral. The baddeleyit e d eposits of Brazil occur mainly in 
a lluvial and eluvial deposits and cons i st of fibrous baddeleyite, amorphous 
Zr0

2
, zircon, an d altered zircon . Thes e minerals are d e riv ed mainly from 

the d eep pervasive weath ering of a carbonatit e compl ex compri sing augite 
syenit e, foyaite , phonolite, n eph e lin e syenite, and oth e r a lkaline rocks. 
Some b a ddeleyite an d amorphous Zr02 a l so appa r entl y occur in vein-like 
masses in these d eeply wealh c rcd rocks. 

Disseminations and concentrations of zircon, eudial yte , catapl eiite , 
l~ven it e, baddel eyite , and other zirconiu1n mineral s frequently occur in neph­
eline syenite bodies and in their pegmatites; also in certain masses of apatite 
and in pyroxene - mica - apatite veins or 'pegmatites'. Some of t h ese minerals 
could perhaps b e obtained as byproducts of t he mining of these bodies . 

Recentl y b a ddel eyit e has b een produced from carbonatites , esp e c­
i a ll y at Phalaborwa, South Africa. For furth e r discussion of th e se deposits 
see th e section on niobium. 

Z i rconium is a good indicator of its d e posits in soil, till , and 
stream s ediment s u rveys. Its use in vegetation surveys has not b een investi­
gat e d extensivel y , although it is known that som e plants n ear zirconium depos­
its contain hi gher than normal amounts of the e l ement. Z ir coniu m is a nearly 
constant constitu ent of natural wate rs, and some spring w at ers are relatively 
enriche d in the e l ement. There are no data, how eve r, on th e effectiveness of 
hydrogeoch emical surveys for lo cating zirconium deposits . Spring precipi­
tat es should , how eve r, be carefully analyzed for z irconium as these usually 
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are enriched in the e l ement in terranes containing zirconium deposits. Heavy 
mineral surveys of beach, dune, stream, and residuum should be effective in 
outlining possible zircon and baddeleyite placers. Furthermore, zircon usu­
ally contains some thorium and a little uranium, the disintegration products 
of w hich give most zircon sands and placers a slightly higher radioactivity 
than that normally found in sands and gravels. 

Zirconium and hafnium are accompanied by Ti, Nb, Ta, Be, P, F, 
and rare earths in nepheline syenites and their pegmatites and by Ti, Th, rare 
earths , P, and locally Sn and W in placer deposits. Each of these diagnostic 
e l ements may serve as indicators of zirconium under favourable conditions. 
The e lements characteristi cally concentrated in carbonatites (see the section 
on niobium) may also be useful in indicating zirconium deposits in these 
deposits . 

GROUP VA: NITROGEN, PHOSPHORUS, 
ARSENIC, ANTIMONY, AND BISMUTH 

Nitrogen is concentrated in three materials in the earth - in the 
atmosphere, in coal, and in certain nitrate deposits. It is obtained commer~ 
cially from all three. Most of the commercial nitrogen compounds are 
obtained by "fixing" atmospheric nitrogen. A smaller amount of nitrogen 
compounds are recovered from byproducts of the coke industry as aqua ammo­
nia or ammonium sulphate. Considerable quantities of nitrates are still 
obtained from nitrate deposits, particularly those in Chile. A little nitrogen 
gas is obtained from certain nitrogen-bearing natural gas wells. Some nitro­
genous fertilizer materials are obtained from guano, byproducts of meat and 
fish plants, cotton seed and other seed mills, and processed sewage. 

The principal types of nitrate deposits are cave, playa, and caliche 
deposits. Only the latt er are of commercial importance. They occur in very 
arid regions, generally bordering sal ars and playa mud flats, and consist of 
beds and irregular l enses a few inches to several feet thick often overlain by 
loose sand and gravel. The nitrates are associated with a large number of 
other salts which frequently show a gradat ion in chemical composition down­
ward in the regolith. At the top sodium sulphate, gypsum, sodium chloride, 
bloedite (Mg, Na, sulphate) and rarely ulexite (Ca, Na, borate) predominate. 
This zone grades into an intermediate one containing sodium chloride, various 
sulphates and increasing amounts of the chlorides and nitrates of sodium, 
potassium, and magnesium. Below this zone lies the 'caliche' of commerce. 
Here the principal cementing salts are sodium nitrate, potassium nitrate, 

sodium chlor id e, anhydrite, gypsum, mirabilite, thenardite, bloedite, epso­
mite, and a suite of rarer salts containing nitrate , chlorate, iodate, and 
boron. The salts concentrated in the nitrate deposits are mainly those of the 
elements Na, K, Li, Mg, Ca, Sr, Ba, Cr, Mn, B, N, Cl, Br, and I. 
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Those searching for nitrate deposits should be guided mainly by 
geol ogical principl es and should analyze all material s suspected of containing 
commercial nitrates. Groundwaters and springs high in solubl e nitrates may 
be useful guid e s under certain conditions. Bromine , iodin e , and boron anal­
ys e s may be useful in t es ting caliche, waters , and othe r materials for con­
centrations of these e l e ments ass ociat e d with nitrate d epos its. 

Phosphorus i s w id e l y distributed in all ro cks but generally only in 
small amounts. The basic rocks tend to h ave the hi g h est contents of the e l e ­
ment . The most common and commercial p h osphate min e rals are t hos e of 
the apatite s e ries, ambl ygonite, and monazite. L ess common are xenotime , 
vivianit e , pyromorphit e , wavellite , cacoxenit e , l azulit e , and the various ura­
nium phosphates . 

P hosphoru s is concentrated in a great var i ety of deposits and is 
a l so won as a byproduct of various indust rial processe s. The prin cipal com­
mercial sources of phosphates are t h e massive apatite d eposits assoc i a t e d 
w ith alkaline rocks s uch as neph eline sye nite and th e sedimentary p hosphor­
it es . 

Bri efly the types of phosphate d eposits a re as follows: 

(1) Apatite veins, pockets, and segregations in or assoc iat e d w ith 
m etamorphic pyroxcn·les and other granitized sediment s (Gr e nville type). 

These deposits arc i rregular veins , chimneys, and segregations of 
apatite frequently in a gangue of calcite , pyroxene , and phlogopit e . The coun­
try rocks are metamorphic pyroxenitcs, crystall in e limes t ones , or biotite 
gneiss. The principal e l e ments concentrated in these deposits ar e Ca , Mg, Fe , 
Si , Al, Fe, S, rare earths , Ti, Zr, P, F, Cl, and C (graphit e ) . 

(2) Apatit e l ense s, disseminations, veins, etc . i n or associated 
with alkaline syenit es, carbonatit es , an d similar complex es . Apatite is the 
principal mineral, and it is frequently mixed with nepheline, various oth e r 
alkali silicates, aegirite, titaniferous magnetite , magnetite, sphene and pyro­
chlore. The characteristic e l ements concentrat e d in these deposits are 
mainly Na, Ca, S r, Ba, F e , Ti, V, N b, Ta, rare ea r ths, Zr , Th, U, P, and 
F. (S ee a l so th e section on niobium.) 

(3) Marine phosphorites: These are categorized as shell phosphat e s 
and chemi cally or organicall y precipitated phosphorit es. Only th e latte r are 
exploited commercially . The p rincipal mineral of importance in them is cel ­

lophan e , a mi croc r ystallin e variety of apat ite. The phosphorites occur in 
b eds from a f ew inches to a few feet thick and are interbedded with mudstone, 
limeston e , phosphatic mudston e , and shale. Where such beds are weath ered 
and l each e d they give rise to pebble- and other types of residual ro ck phos­
phat e d eposits. 
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Phosphorites generally contain a large number of diverse e l ements 
among w hich U, V, F, Se, As, rare ear ths , Cr, Ni, Zn, Mo, and Ag are 
most commonly enrich e d. In most places these appear to have been prec ip­
itated w ith the phosphorites; e ls ewhere they may be adsorbed from circulating 
groundwater. 

Phosphorus is a good indicator of phosphate deposits in most types 
of soil, till, and stream sediment s urveys . Incr eased contents of phosphates 
in groundwater s and in springs may a l so be useful in certain areas for out­
lining zones containing apatit e and phosphorite d eposits . All sedimentary 
rocks should be scrutinized carefully for phosphorit es , and suspected sections 
should be analyzed directly for their phosphorus cont ent w h en sear ching for 
comme r cial d epos it s . The various e l ements noted above that are concentrated 
in phosphorites and other apatite d epo s it s may be useful as ancillary indicators 
of phosphorus in all types of geoch emical surveys. 

Arsenic is w ide ly diffused in most r ocks but only in amounts of a 
few parts p e r million. Most of the arsenic in rocks is pres ent in sulphides 
particularly pyrite or in accessory minerals such as apatite. The common 
minerals of arseni c are native ar senic, realgar, orpiment, niccolite, loellin­
gite, cobaltit e, a rs enopyrit e, and a great variety of sulphosalts of which the 
most common are tennantite and enargite. 

Most of the arsenic of commerce is obtained as a byproduct of the 
smelting and reduction of l ead, copper, silver, and gold ores. The principal 
types of d eposits in which arsenic i s a con s titu ent are as follows: 

(1) Skarn deposits: Arsenic is generally associated w ith Cu, Pb, 
Zn , Au, Ag, Mo, and Fe in these d epos it s, and l ess comn1only w ith W , Sn, 
Bi, Sb, and Te. 

(2) Polymetallic deposits of various types: The e l ements concen ­
trated with arsenic are generally Pb, Zn, Cd, Cu, Ag, Au, Ni , Co, Bi , Fe, 
Sn, Mo, W, U, Se, Te, Sb, Ga, In, Tl, and Ge. 

(3) Realgar-orpiment deposits: Thes e are rare and constitute veins, 
pockets, and disseminations in various types of r ocks. The e l ements associ­
ated w ith arseni c include S , Sb, Ag, Pb, Cu, Fe, Au, F, and rar e ly Hg . 

Geochemical surveys are not generally mounted to discover arsenic 
deposits, but the element is a particularly useful indicator of various other 
types of deposits particularly those of gold, s ilver (Cobalt type), copper, l ead, 
and zinc. Under certain conditions it may be useful in locating nickel and 
cobalt deposits and those of tin and tungsten. Arsenic responds well in all 
types of soil , stream sediment, and vegetation surveys and is also useful in 
ground, spring, and stream water surveys. All precipitates, especially those 
containing limonite and wad, should be car efully analyzed for arsenic as these 
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usually reflect the pr esence of arsenic (and h enc e th e possible pr esence of 
other e l ements) in the terrane in w hich they occur. Arsenic tends to b e 
enriched more in limonit e precipitates than in wad . 

Antimony is present in most rocks in only a few tenths of a part per 
million , mostly in sulphides and particularly in pyrite. Commercially the 
e l ement is obtained from stibnite ores and their oxidation products and as a 
byproduct of the smelting and reduction of the ores of l ead, zinc, copper, 
silver , and gold. The element forms numerous minerals of w hi ch the most 
important are stibnite, tetrahedrite, and the oxid e s valentinite, senarmontite, 
and cervantite . 

Bri e fly, the deposits of commercial importance containing anti-
1nony can be listed as follows: 

(1) Polymetallic deposits: In these antimony is pr esent in stibnite , 
native antimony, and various sulphosalts among whi c h tetrahedrite is pre­
dominant. Some deposits are de e ply weathered and contain many secondary 
antimony oxides and other antimony mineral s. In these deposits antimony is 
associated with Cu, Pb, Zn, Cd, Ag, Au, Ni , Co, Bi , Fe, Sn, Mo, W, U, 
Se, Te, Sb, Hg, Ga, In, Tl, and Ge . 

(2) .Stibnite deposits: These are mainly quartz veins , quartz stock­
wo rks, or sili ceous replacement deposits with stibnite in seams, nests, and 
vugs. The principal associated n1:ncrals are pyrite, marcasite , barite, cal­
cite , and kaolinite. Some contain rcalgar , orpirncnt, native sulphur, cinna­
bar and a f ew have some ferberit e , FeW04 . Others have srn.all amounts of 
scheelite, arsenopyrite , sphalerite, silver- bearing sulphosalts, gold, elec -
t rum, gypsum, and alunite. The principal elements concentrated in these 
veins are Sb, Si , Fe, Mn, Ba, Hg, W, As, Zn, Ag, Au, and Ca. 

Geochemical surveys are not generally carried out to discover 
antimony deposits, but the e l ement is a particularly us e ful indicator of vari­
ous other typ es of deposits especially thos e of silver, copper, gold, l ead, 
and zinc. Under suitabl e conditions it should also b e particularly useful for 
locating the stibnite type of deposit. Antimony r esponds well in all typ es of 
soil and stream sediment surveys and is also useful in ground, spring, and 
stream waters, especially where these form limonite, manganese , and other 
precipitates. These precipitates g ene rally reflect t h e presence of antimony 
(and h ence the possible pres ence of other e lements) in the terrane in which 
they occur. There is little information on the use of antimony in vegetation 
surveys, although it is known that some plants take up considerable amounts 
of antimony in the vicinity of antimoniferous deposits. 

Bismuth occurs only in very small amounts in rocks, generally 
less than 0. 1 ppm. Most of the bismuth of commerce is obtained from a vari­
ety of polymetallic deposits, especially those containing molybdenum, tin, 
tungsten, copper, l ead, silver, and gol d. The most common primary ore 
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minerals of bismuth are native bismuth and bismuthinite; of l ess importance 
are cosalite, galenobismutite, and tetradymite. The principal secondary or 
super gene minerals are bismutite and bi smite. 

The principal types of deposits in which bismuth is a constituent 
are: 

(1) Pegmatites, aplites, pipes, and stockworks; these generally 
occur in granitic bodies or in high grade metamorphic schists and gneisses. 
The common bismuth minerals are native bismuth, bismuthinite, and cosa­
lite; rarely bismutotantalite. Accompanying minerals in addition to quartz, 
feldspar, and mica are molybdenite, cass iterite , wolframite , and scheelite; 
also beryl, tantalite-columbite , spodumene , l epidolit e , and uraninite in some 
deposits. The characteristic e l ements concentrated w ith bismuth are Li, Rb, 
Cs, Be, Sc, rare earths, Cu, Ti, Nb, Ta, Mn, Mo, W , B, Sn, U, Th, and 
As. 

(2) Skarn deposits: In these the bismuth is associated w ith Cu, Pb, 
Zn, Sn, W, Mo, Ni, Au, Ag, and the various other elements concentrated in 
skarn . The Gaspe copp er deposits Gaspe, Quebec, produce bismuth from 
copper-molybdenum ores in skarn. 

(3) Bismuth in tin and tungsten deposits: A largepart of thewor ld 's 
production comes from this source. The principal minerals are bismuth and 
bismuthinite. The e l e ments with which bismuth is closely associated in these 
d eposits include Sn, W, Sb, Ag, Fe, As , Pb, Mo, Cu, Zn, Ba, P , and B. 

( 4) Bismuth concentrations in compl ex nickel- cobalt - arsenide 
deposits: The minerals of importance are bismuth and bismuthinite associ­
ated with native silver, cal c it e, nickel-cobalt arsenides, dyscrasite, and 
uraninite. The elements concentrated in these d eposits are Bi, U, Fe, Co, 
Ni, Mo, Cu, Ag, Zn, Cd, Pb, Hg, As, and Sb. 

(5) Bismuth concentrations in lead- zinc-silver and copper d eposits. 
The element is obtained as a byproduct of these ores. 

(6) Bismuth concentrations in gold deposits: Bismuth occurs in the 
native form, in maldonite, in various bismuth tellurides, and in goldfieldite, 
cosalit e , and bismuthinite. There is usually insufficient bismuth to war rant 
recovery of the metal. 

(7) Cosalite deposits: Cosalite is found in a variety of deposits par­
ticularly in veins, but a l so in skarn deposits and certain pegmatite-like 
bodies. In places it is abundant enough to constitute a bismuth ore. The 
usual associated minerals are quartz, various lead, zinc, copper sulphid es 
and sulphosalts, and cobaltite. 
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(8) Secondary (superg ene) bismuth deposits: These are derived 
from the preceding types of d eposits and contain bismuthite, bismite, arseno­
bismite, and corroded native bismuth and bismuthinite. Some of these depos­
its have been worked for bismuth in the past. 

Geochemical surveys are not generally mounted to discover bismuth 
deposits, but the e l ement is often a good indicator of various types of depos­
its, particularly those containing Sn, W, Mo, U, Cu, Pb, Zn, Au, and Ag. 
Bismuth responds well in geochemical surveys using soils and stream sedi­
ments. Because of its rel ative insolubility it is immobile in soils and weath­
ered residuum and remains close to the deposits. Spring precipitates also 
reflect the presence of bismuth in terranes in which it occurs in deposits. 

GROUP VB: VANADIUM NIOBIUM AND TANTALUM 

Vanadium is w ide ly dispersed in most rock types but only in small 
amounts. The basic rocks are usually highest in th e element . Vanadium 
forms a large number of minerals of w hi ch the mos t common a r e the sulphide 
patronite, carnotite, roscoelite (vanadium mica), cle scloizite, and vanadinite. 
Titaniferous magnetite also contains some vanadium, the amount ranging 
from 0.1 to l per cent v 2o 5 . 

Vanadium can be obtained commercially from the following types 
of deposits: 

(1) Titaniferous magnetite deposits associat ed with gabbros and 
anorthosites: The principal ore mineral is magnetite. The characteristic 
elements concentrated are V, Ti, Fe, and P. 

(2) Vanadium-bearing uranium deposits in sandstone; these are 
widespread in the Western United States. The principal minerals are carno­
tite, roscoelite, montroseite, vanoxite, corvusite, and various other vana­
dates. Uranium and copper minerals are also common. The elements con­
centrated in these deposits are numerous and diverse and includ e U, V, Sr , 
Ba, Cr, Mo, Fe, Co, Ni, Cu , Ag, Au, Zn, Cd, Pb, P, As, Sb, S, and Se. 
Some of these deposits are similar to the 'r e d b e d' sandstone deposits dis ­
cussed under uranium, copper, and sil ver. 

(3) Deposits associated with asphalt and other solid hydrocarbons: 
The best known deposit of this type occurs at Minas Ragra, Peru, where cal ­
cium vanadate and patronite fill cracks and fissures in shale and are associ­

ated with masses of asphalt material. The characteristic elements concen ­
trated in these deposits are V, S, C, Ni, Fe, and Ca. 

(4) Vanadium in various polymetallic deposits: These are generally 
copper, copper-lead - zinc, or lead-zinc deposits the oxidized parts of whi ch 
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yield descloi zit e , vanadinite, mottramite and oth e r l ead, zinc, and copper 
vanadates . These d eposits provide r i c h vanadium ores in places. These 
oxidized ores are generally enriche d in Cu, Pb , Zn, V, Mo, Ag, Au, and As . 

(5) Vanadium in phosphorit es and vanadiferous s h a l es: T h ese 
d eposits provide a large r e s e rve of vanadium for the future. Few are now 
commercially exploit e d. (Se e the discussion on phosphorit es under 
phosphorus.) 

(6) Vanadium in sedimentary iron ores: C e rtain sedimentary iron 
o r es are enriched in vanadium. T h e characteristic accompanying e lements 
are Mn and P. 

(7) Vanadium in p e troleum: Vanadium can b e obtained from petrol­
eum r es idu es and flu e dusts. 

(8) Vanadium in coal ashes : Some coal ashes are rich in vanadium. 

(9) P l acers containing vanadiferous titaniferou s magnetite. 

Vanadium is a good indicator of its d epos its and r esponds well 
w h en using geochemical surveys bas e d on soils, tills, an d stream sediments. 
Little work has been don e on v egetation surveys and those using natural 
wat e rs. It is known, however , t hat stream and spring pr ecipitates tend tobe 
enrich ed in vanadium in terranes containing vanadium d eposits. Analyses of 
titaniferous magnetite obtained durin g h eavy mineral surveys may b e a useful 
guide to vanadiferous magnetite d eposits. The various e l ements li s t ed in the 
di scussion above may indicat e the pr esence of vanadium deposits. The effec ­
tiveness of any of these e l e m ents i s , however, relative l y unknown. 

Niobium is a rar e metal that is concentrated in certain pegmatites, 
a lbite granites, carbonatit e s, and th e residual, eluvial, and alluvial plac ers 
d e rived from t h ese bodies. The principal minerals of n iobium are pyro­
chlor e , fergusonite , the columbite -tantalit e series, the tapiolite-mossite 
seri es , b etafite , the euxenit e -polycrase series, niobi a n p erovskite , samar ­
skite, the eschynit e -priorit e series, and niocalite . Most of t h e niobium of 
comm e r ce is obtain ed from columbit e-tantalit e and p y roc hlor e . 

The princ ipal depos its of niobium are as follows: 

(1) Granitic p egmatit es and certain coarse-g r ain ed and fine - grain e d 
muscovite granit es: These usually contain columbite-tantalite, fergusonite, 
euxenit e -p ol yc r ase, samarskite, or eschynite-priorit e accompanied generally 
b y cass it erite , wolframit e , b e ryl, spodumene, and other lithium mineral s. 
The characteristic e l ements c onc entrat ed in t h ese d eposits include Nb, Ta, 
Sn, W, Li, Be , Ti, Rb , Cs, rare earths, U, Th, B, Zr, Hf, and W . 
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(2) Al bit e - biotite granites and albite- riebeckite granit es : The 
principal minerals in these bodi es are tantalite-columbite, pyrochlore, cas­
siterite, z ircon, thorit e - orangite, xenotime, monaz it e , cryolite, and topaz. 
Th e e l ements concentrate d includ e Nb, Ta, Sn, W, Zr, Th, U, rare earths , 
P, Al, and F. 

(3) Carbonatites : These alkaline rocks form rings and e longat e d 
complexes and contain a most diverse assemblage of minerals including 
various alkaline silicates, ca rbonat es , biotite, magnetite, apatite, barite, 
badd e l eyite, pyrochlore, betafite, niobian perovskite , niocalite, monaz it e , 
and various rare earth phosphates and carbonates . Some contain economi c 
concentrations of copper minerals. T h e element s concentrated in carbonates 
are Na, K, Fe, Ba, Sr, rar e earths, Ti, Zr, Hf, Nb , Ta, U, Th , Cu, Zn, 
P, S, and F. 

(4) Residual, e luvial, and alluvial deposits derived from the pre­
ceding three types. The principal mineral s obtain ed are tantali te- columbite, 
pyrochlor e, cassiterite, zircon, baddeleyitc, xenoLime , and monaz i te . 

Niobium is relatively immobile in most natu ral settings, and hence 
the e l ement is an excellent indi cato r of its deposits in soil , till, and stream 
sediment analyses. Water anal yses are not generally effective althou gh pr e­
cipitates from springs in niobian areas frequently report hi gh valu es in nio ­
bium. Plant analyses may b e useful in certain areas , as some plants ap p ear 
to take up considerablr. amounts of niobium. Heavy min eral surveys of soils 
and stream sediments are particularly useful if prosp ecting is carried out in 
areas containing pegmatites, granites, or carbonatites . The various elements 
accompanying niobium in deposits mentioned above can perhaps be used as 
indicators for niobium deposits, although there is little detailed information 
on their effectiveness. Some investigato rs have found th at Zn, Pb, Mo, V, 
Sn, Li, Rb, Ba, and Sr are reliable indicators of niobiu1n deposits using 
stream sediments. 

Tantalum is a rare metal that generall y accompani es niobium in its 
deposits. The principal mine1Jals of tantalum are the same as t hos e for nio­
bium. The foregoing discussion on niobium appli es, therefore, to most geo­
c h emical survey s organi zed to search f or deposits of tantalum. 

GROUP VIA: OXYGEN, SULPHUR, SELENIUM, AND TELLURIUM 

Oxygen is the most abundant e l ement in t h e earth's c rust and occurs 
combined in many forms. Industrially oxygen gas is obtained from the atmos ­
phere by liquifaction processes. 

Sulphu r is widel y diffused in the rocks of the earth's crust being 
concentrated mainly in t h e sulphides. It i s also a major constituent of many 
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sulphates, sulphosalts, and a host of other complex minerals. Industrial sul­
phur is obtained principally from native sulphur deposits and from natural 
gases containing hydrogen sulphide. 

The principal deposits of sulphur and its compounds are: 

(l) Gypsum and anhydrite deposits. 

(2) Massive sulphide and other deposits containing pyrite, pyrrho­
tite, and the other sulphides. The e lement is obtained from the smelter 
gases. 

(3) Native sulphur deposits associated with the cap rocks of salt 
domes and diapirs. 

(4) Native sulphu r deposits associated with gypsum deposits and 
probably of biog enic sedimentary origin. 

(5) Native sulphur deposits associated with solfatari c activity and 
probably in part of volcanic origin . 

(6) Sulphur in coal; lhe e l ement is obtained from the coal gases dur­
ing coking or burning processes. 

(7) Sulphur in sour natural gas and petroleum. Most of the sulphur 
is present as H 2S, but some is contained in the organic p etrol eum base. The 
sulphur is obtained by oxidation of H 2S and during p et roleum refining pro­
cesses. 

Those searching for sulphur deposits should be guided by geological 
principles, and a ll materials considered to contain sulphur should be analyzed 
directly for the element. Natural gases should, likewise, be tested directly 
for their sulphur content. Springs and solfataras containing sulphur may be 
good indicators of native sulphur d eposits in volcanic areas. 

Sel enium is w id ely diffused in rocks but in only small amounts. The 
element is generally concentrated in the sulphides. Numerous sel enium min­
erals are known, but none forms commercial d e posits. Most of the se l enium 
of commerce is obtained from refining processes of polymetallic ores, espec­
ially copper and nickel. 

Geochemical surveys are not generally mounted to discover selen­
ium deposits, but the e l ement is often a useful indicator for several types of 
deposits. These include uranium deposits of the 'red bed' sandstone type, 
gold-silver selenide d eposits , and var iou s types of polymetallic ores, espec ­
ially those containing copper, mercury, and silver. Some plants are se l en­
ium accumulators and are indicative of selenium in the rocks, especially 
where selenium accompanies uranium as in the Western United States. 
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Tellurium occurs in rocks in only a few tenths or hundreds of parts 
p er million . T h e e l ement forms a number of tellurides , especially with gold, 
sil ver, l ead, bismuth, and mercury. Tellurates and tellurites are a ls o 
known. Commercial tellurium is obtained from refinin g proces ses of poly­
metalli c ores, especially thos e containin g copper , nickel, and lead. 

Geoch emical surveys are not generally carried out to discover tel­
lurium d epos its. The element may, however , be a r e lative ly good indicator 
of certain deposits containin g sil ver , gold, and bismuth. 

GROUP VIB: CHROMIUM , MOLYBDENUM, AND TUNGSTEN 

Chromium is widely diffused in most rocks, being pr esent in the 
hi ghest amounts in the basic and ultrabasic igneou s variet i es . The only ore 
mineral of chromium is chromite , and practicall y all commercial deposits of 
the mineral are associated with ultrabasic rocks, and occur as masses, 
lens es, and disseminations. Many of these ore bodies are closely connected 
with serpentinization of the ultrabasic bodies. 

Chromium is a good indicator of its d eposits in practi callyall types 
of geochemical surveys with th e exception of those based on natural waters. 
Nickel and cobalt are suitable indicators in soil and stream sediment surveys 
in some areas; perhaps also in water and vegetation surveys, although there 
are no suitable data on their effectiveness . Heavy mineral surveys of soils 
and stream networks followed by mineralogical and spectrographic analyses 
are particularly useful in prospecting for chromite deposits w h ere there has 
been some weathering( Even in glaciated regions this method offers consider­
able success if used judiciously. Wad, limonite, and other precipitates at the 
orifices of springs are generally enriched in chromium in the vic inity of chro­
mite deposits. 

Molybdenum is a t rac e con s tituent of most rocks at the parts per 
million range. It is slightly enrich e d in acid igneous rocks and in black 
shales. Several minerals of molybdenum are known, but only mol ybdenite is 
of commercial importance at present. Deposits of powellite, Ca(Mo, W)04, 
and wulfenite, PbMoO 4 , have been worked in the past. 

The principal d eposits of mol ybdenum ar e as follows: 

(1) Pegmatites and aplites: In th ese deposits molybdenum occurs 
as molybdenite associated with quar tz, feldspar, cassiterite, wolframite, 
scheelite, fluorite, beryl, tourmaline, bismuth , bismuthinite, copper sul­
phid es, sphalerite, and pyrite. T h e characteristic elements concentrated are 
Mo, W, Re, Cu, Sn, Be, P, F, Zn, Bi and Fe. Few of these deposits are of 
commercial interest. 
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(2) Quartz veins, quartz pegn1atites, quartz segregations, and 
stockworks : The economic mineral is molybdenite associated with bismuth, 
bismuthinile, pyrite, chal copyrite, sphalerite, galena, scheelite, wolframite, 
topaz, tourmaline, apatite, and fluorite. The characteristic el ements con ­
centrated are Mo, W, Re, Bi, Fe, Cu, Zn, Pb, F, P, and F. 

(3) Skarn deposits: The molybdenite in these is generally associated 
with scheelite, bismuth, bismuthinite, copper sulphides, gold, rnagnetite, 
p yrite, galena, sphalerite, pyrrhotite, cobalti te, and a great variety of 
calcium-magnesium-iron silicates. In other deposits typical of the Grenville 
Province of the Precambrian of Eastern Canada the molybdenite occurs with 
pyrrhotite, pyrite, and chalcopyrite in metamorphic pyroxenites probably 
d erived from c r ystalline limestones. The characteristic e l ements concen ­
trated in the skarn deposits include Mo, W, Re, Bi, Fe, Cu, Au, Ag, Co, Ni, 
Be, Ti, Zn, Cd, B, As, and S . 

(4) Disseminated deposits principally in monzonite but also in var­
ious granites, diorites, schists, etc.: Some of these constitute the so called 
'porphyry copper ' ores from which molybdenite is won as a byproduct. Others 
contain only molybdenite as the economic mineral. The characteristic ele ­
ments concent rated in these deposits include Mo, Re, Cu, Ag, Be, Fe, W, 
Zn, As, B, and F. 

(5) Copper shales and 'red bed' sandston e deposits: These carry 
some molybdenite in places, but the amounts are low. They are not at pres­
ent a commercial source for molybdenum. For the accompanying e l ements 
in these deposits see t he discussion of these deposits under th e sections on 
copper and silver. 

Molybdenum is an excell ent indicalor of its deposits and can beused 
in all types of geochemical surveys utilizing soils, tills, stream sediments, 
waters and their precipitales, and veget ation. The best ancillary indicator 
elements of mol ybd enum appear to be Cu, W, and Bi. T h e other elements 
noted above as b eing concentrated in molybdenum deposits can probably be 
used in certain areas . 

Tungsten is widely diffused in most rocks but only in the parts per 
million range. Acid rocks such as granites and pegmatites hav e the highest 
content s of tungsten. Many minerals of tungsten are known, but the most 
important commercial ones are scheelite, wolframite, huebnerite, and 

ferberite. 

Geologically tungsten deposits can be classified as follows: 

(1) Pegmatites and aplites: The principal minerals are wolframite, 

huebnerite, and ferberite with subsidiary scheelite. The main associated 
minerals are cassiterite, beryl, and lithium minerals. The principal ele­
ments concentrated are W, Mo, Re, Sn, Cu, As. Nb , Ta, Bi, Li , Be, Rb, Cs, B. 
F. and Mn. 
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(2) Skarn deposits: The principal tungsten mine:r:al_s are scheelite, 
wolframite, huebne rit e , and ferberite . · The associated minerals are copper. 
iron, lead, and zinc sulphid es, arsenopyrite, pyrite , borates, tourmaline, 
magnetite, gold , bismuth, and various cal cium, iron , and magnesium sili­
cates. T h e main e l ements concentrated are W , Mo, Re, Bi, Cu, ·Pb, Zn, 
Fe, S, As, Au, Ag, B. and F. 

(3) Veins: There is great variation in th ese deposits. Some ' con ­
tain essentially cass it e rit e and wolframite with copper , iron, l ead, and zinc 
sulphides. Others are tungsten- mol ybdenum veins, s cheelite-quartz- gold 
veins, tungsten - silver-gold veins, tungsten - copper veins, and tungsten ­
silver- copper -lead- zinc veins. The elements concentrated are likewise 
varied and include Li, Rb, Cs, Be, B, U, Mo, Re, W, Mn, Fe, Cu, Ag, Au , 
Zn, Cd, Ga, In, Tl, Ge, Sn, Pb, As, Sb, Bi, and S. 

(4) Placers deri ve d from the preceding three types of deposits: 
The principal mine r als won fro1n these deposits ar e cassiter i te, wolframite, 
tantal it e - columbite, and scheeli te. 

(5) Certain alkalin e b r in es o r evaporite deposits in pr esent -d ay 
lakes or ancient l akes in arid re g ions. The brin e of Searles Lake in 
Californ ia contains about 70 ppm W03. Si1ni l ar br in es in arid regions of 
U S.S .R . are enriched in tungsten. Such deposits are not expl o ited at the 
pr esent time b ecause of difficulti es in extracting t h e tungsten. They provid e , 
however, a large reserv e for the future. In the brines and evaporites t h e 
tungsten i s generally clos e l y associate d w i t h As and Mo and also with Li in 
places. (See a ls o th e section on l ithium). 

Tungsten is an excell e nt indicator of its deposits and can lJ e used 
in all t yp es of geochemical surveys based on so ils, tills, and stream sedi­
ments. Tungsten compounds are r e l atively insoluble in natural s e ttings, and 
h enc e water surveys are gen e r a ll y not effect i ve. Exceptions to t his maypre­
vail w h ere t h e wate rs ar e a lka lin e since th e e leme nt exhibits an in creas ed 
mobility und e r such cond it ion s. Spring pre c ipitates, es p ec ially those contain­
ing manganese, are oft en enrich e d in tungsten in terranes containing its 
d eposits. Vegetation surveys may also b e us e ful since some plants take up 
considerable amounts of the e l ement. Good ancillary indicators of tungsten 
include Sn , Mo, and Bi. The effecti veness of th e ot h er e l ements noted a bove 
that are concentrated with tungsten ar e r e l ative l y unkn own. 

GROUP VIIA: FLUORINE CHLORINE BROMINE AND IODINE 

Fluorine is a t race constituent of most rocks o ccu rring mainly m 
apatite and in the micas, amphibol es, and tourmal ine w h ere it subs t itutes for 
the OH groups. 
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The principal minerals of fluorine are fluori te and cryoli te, 
Na

3
AlF 

6
. Fluorite is t h e principal commercial mineral c ontainin g fluorine . 

Cryol ite is mined, how eve r , at Ivigtut in Greenland and in th e Miask ar ea, 
U.S.S.R. 

Fluorite d epos its are w id es pr ead and o ccu r in various rock types. 
The principal concentrations are in vein s an d various typ es of replacement 
d eposits in limeston e; also in granites and other igneous-type rocks . Less 
important d eposi t s are l ense s a n d irregular masses of cal cite an d fluorite , 
mainly in th e Grenville rocks of lhe Precambr i an of Easlern Canada. Still 
other deposits are b edd ed replacements mai nly in limestone. The c ommon 
associated minerals in fluorit e d eposits are cal cite, mar casite, pyrite, chal­
cedony, quar tz, barit e, galena, and sphalerite; l ess commonly copper sul­
phid es, cassiterite, and wolfr amite . The e l ements commonly concentrated 
in fluorite d eposi t s are Ca, F, Fe, S, Si, Ba, Pb, and Zn. Sn, W, and Cu 
accompany th e fluor ite in some d eposits. 

A lar ge r eserve of fluorine occurs in the phosphorit es and in the 
apatite of var i ous types of deposits dis cu ssed under phosphorus . 

There are relatively few data on geochemical prospecting for flu­
orite d eposits. Fluorite is relatively i mmobile in natural se tt ings and appears 
to remain close to i ts deposits suggesting that anal yses for fluoride should 
probabl y be effecti ve in soil geochemical surveys . F lu oride analyses of 
stream s e diments may also be effective. Waters l eaching fluorit e deposits 
are generally enriched in fluorine suggesting that hydrogeochemical methods 
may also be useful un d er certain conditions. Plants also ten d to take up 
excess fluorin e in di cating that vegetation surveys may be useful in some 
pl aces for locatin g fluorite d eposits . 

Little is known about the effectivenes s of the ancillary indicator 
el ements ac c ompanying fluorite deposits. It would seem that Ba . Pb, Zn, 
and possibly Cu, Sn, and W could be used dependin g on the types of deposits 
sought. 

Chlorin e is obtained main l y from sodium chloride or halit e deposi t s 
and from brines of underground and su r face origin. T h e s ea is an enormous 
reser v oir of chlorin e. 

Geochemical surveys are generall y not mounted to discover halite 
d eposits. Those s ear ching for such deposits should be guid e d by geological 
principles. The presence of brine springs or of brines in drillholes may be 
a useful guid e to t h e presence of halite deposits. 

Bromine is obtained main l y from the sea, from underground brines , 
from surface saline deposits , and from evapori te salt deposits. There is an 
inexhaustible source in the sea. T h ose searching for bromine sources should 
analyze brines, surfac e saline d epos its , and evaporite salt d eposits dir ec tl y 
for t h e e l ement. 
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Iodine is obtain e d as a b yproduct of Chi l ean nitrates, from n a tu ral 
0 ---

brines and mineralized waters, and from the ash of k e lp. Some c oals also 
have small quantiti e s of iodine, and some saline soils are en riched in th e 
e l ement. The Chil ean nitrates contain iodin e in t h e form of th e minerals 
dietzeite 4[Ca2 (I0 3)

2
Cr04 l, an d laut e rite , 4 [C a(I03)

2 
l. (Se e also the sec tion 

on nitrogen). 

Those sear c hin g for sou rc es of iodin e should anal yze brines , min­
e ralized waters , natural salts , coal s , cal iche , and saline soils di rec tly for 
the e l e m e nt. 

GROUP V II B: MANGANESE AND RHENIUM 

Manganese is wi d el y distribute d in ro cks in minor a mounts. T h e 
basic igneous rocks contain th e most mangan e se , an d the element is highly 
concentrated in certain types of rnanganiferous sediments. 

Manganese ores ar e of several types including ve ins and l en s e s 
of various 1nanganese oxi d es and manganiferous si<le rite in rocks of d iver s e 
types; nodules and 1nass e s o f manganese oxides in porous limestone b e ds and 
brecciated zones; sedimentary d eposits of various mangan e s e ox id es in s edi­
mentary terranes; sedimentar y d epos tts of v ari ous manganese oxides asso c ­
i ated w i th iron fo r m a t i ons; manganiferous shales ; metamorphos e d sedimen­
t ar y depos its cons is ting of a va riety of manganese oxides; and residual d e po­
sits d erived fr om all of the foregoing typ e s of depos it s. 

Manganife rous d e pos its an d ar eas are gener.ally r e fl ecte d in th e 
soil s, tills. and s tream sediments b y th e occurrence of black manganese 
oxides a nd wad. Practically a ll types of geochemical surveys can be used to 
outline th ese areas. Manganese a l so occurs in some abundan ce in th e waters 
draining manganiferous areas and deposi ts, an d sprin g and str eam pr ecipi­
tates are generally g r eatly enriched in manganese in te rranes contain ing 
d epos its an d manganiferous shales . The vegetation, likewise, gene rally 
r eflects th e presence of manganese b y th e hi gh contents o f th e e l ement in the 
ash of plan ts. 

Rhenium is a trac e constitu ent o f certain niobium, tantalum, tung­
sten, rar e earth and platinu1n group minerals. It is frequently enr i c hed in 
mol ybd enit e in amounts up to t', 500 ppm. Three poorly diff e r ent i ated miner­
a l s of rheniu m are known , dzhezkazganite, CuReS4( ? ), rhenium sulphid e , 
ReSz( ? ), and rhenium oxide, Rez 07 (? ). None of these mineral s are of com­
me r c ial importance . The element is produced commercially as a byproduct 
of t h e Kupferschiefer copper ores and from the treatment of flu e dusts and 
r es idues obtained from the ro as ting and smelting of molybdenit e or e s. Th e 
e l ements accompanying rhen ium are th e same as those dis cuss e d under mol ­
ybdenum, niobium, tantalum, tungsten, rare earths, and platinum group 
metals. 
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GROUP VIII: IRON NICKEL, COBALT, 
AND PLATINUM METALS 

Iron is widely diffused in most rocks, being concentrated mainlyin 
the basic varieties and in certain ferriferous sedimentary rocks . 

Iron ores are of several types , including veins, and massive lenses 
of various iron sulphides, particularly pyrite and pyrrhotite, iron oxides, and 
siderite; skarn deposits of magnetite; sedimentary deposits of various iron 
oxides in sedimentary terranes; deposits associated with the great iron form­
ations of Precambrian and later ages; iron shales and sandstones; metamor­
phosed sedimentary deposits consisting of a variety of iron oxides and sili­
cates; and residual deposits of limonite and other iron oxides derived from 
weathering of the foregoing types of deposits or from the weathering of basic 
and intermediate rocks and iron-bearing sediments. The last type ru deposits 
constitute the lateritic ores found in tropical regions. 

Iron deposits and iron-bearing rocks are gen er ally reflected in the 
soils, tills , and stream sediments by th e occurrence of limonite and olher 
iron oxides. Practically all l y p e s of geochemical surveys can be used to out­
line these areas. Iron also occurs in some abundance in lhe waters draining 
iron-bearing areas and deposits , and spring and slream precipitates are gen­
erally greatly enriched in limon ite and other iron oxides in terranes contain­
ing deposits . The vegetat ion, likewise, generally reflects the presence of 
iron by the higher contents of lhe element in the ash of the plants. Heavy min­
eral surveys may be a good guide to magn etite deposits and other t ypes of iron 
deposits. 

Nick~ is widel y dispersed in rocks of all types, being concentrat e d 
particularly in those of b a sic and ultrabasic igneous origin. The element 
forms a number of miner a ls of which the most important industrially are 
pentlandite , nickeliferous pyrrhotite, millerite , niccolite, chloanthite. and 
garnierite . 

The following types of nickel deposits can be distinguished: 

(1) Massive sulphide lenses containing essentially pentlandite, 
pyrrhotite, pyrite, and chalcopyrite: These are generally, though not always> 
associated with basic igneous rocks. The type deposits are those at Sudbury, 
Ontario . The principal elements concentrated are Ni, Co, Fe, Cu, Ag, Au , 
Pt metals, Se, Te, As, and S. 

(2) Veins and lenses of sulphides containing millerit e , gersdorffite , 
chalcopyrite, pyrrhotite, and pyrite. The characteristic elements concen­
trated are Ni , Co , Fe, Cu, and S. 
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(3) Veins containing niccolite, chloanthite, and various other nickel­
cobalt ar s en id es and sulphides: Associated minerals are native silver , 
arsenic, calcite, bismuth, gal ena, sphal erite, c halcopyrite, and v ar ious 
other minerals. T h e char act eristic e l ements concentrated are Ni, Co. Ag, 
Fe, Cu, Pb, Zn, As, Sb, S, Bi, and U. (Se~ also t h e discussion on silver.) 
Commercially, only small amounts of nickel ar e obtained fro m these d eposits . 

Cobalt is obtained from some deposits. 

(4) Lateritic nickel-cobalt d epos i ts : These originate from t h e 
weathe r ing of basic and ultrabasic rocks containing nickel and cobalt. The 
principal mineral is garnierite. The characteristic e l ements concentr a ted 
are Ni. Co, Fe, and Cr . 

Nickel is a good indicator of its deposits in practically all types of 
geochemical surveys . The e l ement responds well, and its deposits are gen­
erally reflected in soil, ti ll, stream sediment, water . and vegetation. 
Precipitates at the orifices of springs are also gen e rally enrich ed in nickel in 

the terrane in which deposits occur . The anc illary indicators of nickel depo­
sits are Cu, Co, As, Pt, and Cr. The latter e l eme nt may be particularly 
useful in deeply weathered terran e s. 

Cobalt forms a number of primary min e rals the most important of 
which are cobaltite, smaltite, linnaeite, carrollit e , skutterudite, safflorite, 
and glaucodot. Secondary or supergene ore minerals are asbolite, hetero­
genite, sphaerocobaltite, and erythrite. Commercially much cobal t is also 
obtained from the various primary nickel minerals in massive sulphide depo­
sits. 

Cobalt follows nickel closely, and considerabl e amoun ts of the e l e ­
ment are obtained commercially from the nickel d eposits d e scribed above. 
In addition to these, large amounts of cobalt are also obtained from ce rtain 
bedded copper shal es , from native silver nickel - cobalt arsenide deposits, 
from certain oxidized and primary copper sulphide veins, from certain veins 
containing l ead- z inc ores, and rarely from veins mined essentially for gold 
(gold- cobalt type). 

The e l e ments accompanying cobalt are div erse and depend essen ­
tially on the types of deposits. Grouped th ese includ e (massive nicke l copper 
deposits) Ni, Co, Pt, Fe, Cu, Ag, Au, Se, Te, an d S; (native silve r nickel­
cobalt arsenide deposits) Ni, Co, Ag, Fe, Cu, Pb, Zn, As, Sb, S, Bi, and 
U; (copper-cobalt sulphide ores) Cu, Co; (lead-zinc cobal t ores) Pb, Zn , Cd, 
Ag, Co; (gold- cobalt d epos its) Co, Au, Ag; and (laterites) N i, Co, Fe, and 
Cr. 

Cobalt is a good indi cato r of i ts deposits and can be us ed in prac­
tically all types of geochemical surveys including those bas ed on soil, till, 
stream sediments, water, and vegetation. Spring precipitates containing 
manganese are gene r ally highly enriched in cobalt in terranes containing 
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cobalt deposits. The use of t h e variou s ancillary indicator e l ements depends 
upon the type of d e posit sought. Those most indicativ e of cobalt in a general 
way are N i and Cu . 

The platinum m etal s includ e p l atinum, ruthenium, rhodium, pall­
adium, osmium, and iridium. All are found clos e ly associated w ith on e 
anothe r . The pr incipal minerals carrying the s e m e tals are nativ e platinum, 
various platinum metal alloys and inte rme tallic compounds, spe rryl ite , 
PtAsz, cooperite, PtS, braggite (Pt , Pd , Ni)S , laurite RuSz , and stibiopalla­
dinit e Pd3Sb . A numb er of othe r rare platinoid mineral s c ontaining tellurium 
and bismuth are known . The only rocks slightly enriched in platinum m etals 
are dunit e s and ce rtain basi c rocks. 

The principal types of d eposits of the p l atinum group are: 

(1) Minor conc entrations in n icke l - copper ores of the Sudbury 
type: These deposits are associated w ith basic rocks and contain t h e plati­
num main l y as spe rrylite . Othe r platinum m e tal minerals are u sually pres­
ent , and there may b e some solid solution of p latinum metals in the various 
sulphides . The principal associated e l ements are Ni , Co, Cu, F e , Te , As, 
Ag , and Au . 

(2) Hortonolite - dunite pipe deposits: These deposits are uniqu e 
and occur mainly in South Africa w h e r e the p eculiar rock type i s supposedly 
a diffe r ent iate of the Bushve l d Ign e ous Complex a l though it crosses the strat­
ification of t h e complex. Some investigators have sugge ste d that the horton ­
olites ar e pegmatit e anal ogu e s of the c omple x. The pr i ncipal platinum min­
eral is the native metal , and the characterist i c e l ements concentrated are Pt 
metals and Cr. 

(3) Diss eminate d p latinum metal m i n e ral s in su lphide and chrom­
itite segregations: The s e d e posits are also un i qu e to South Africa w h e r e they 
occur in t h e famous M e r ensky R eef, a suppos e d l y differentiat e d lower part 
of the Bushv e ld Compl e x. In the oxidized zone t h e main min e ral is native 
platinum w ith much palladium and minor quantities of rhodi um, osmium, 
iridium, gold, and silve r . In the primary zone the m i n e ra l s are chromite, 
magnetit e , pyrrhotit e , p e n tlandite , c h alcopyrite , cubanite, mill e rit e , and 
n i cke liferou s pyr i te . T h e p l atinu m metal s in the primary zon e are sai d to b e 
largel y in sol id sol ution in t h e pyrit e , pyrrh oti te, and p entlandit e . Thi s ea r ly 
view may not b e correct since the platinum group m e tal ars e nide s and sul ­
phides noted abov e and othe r platinum m in e ral s including the native metal 
have b een recognized in most concentrates . The principal e l ements concen­
trated are Pt metal s , Ag , Au , C r, F e , Cu, Ni , Co, and S. 

(4) Skarn deposits assoc iated with basic and ultrabasic rocks: 
The se deposits appear to d e vel op w h ere basic and ultrabasic rocks intrude 
carbonate rocks. Some are in shear zones and fractur es in other types of 
ro cks underlying or ov e r l ying u l trabasic and basic bodie s of rock. Examples 
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are known in South Africa and e lsewhere. The principal platinum minerals 
are sperrylite and cooperite; associated minerals are copper and nickel sul ­
phides. The principal e l ements concentrated are Pt metals, Ni, Co, Fe, 
and Cu. 

(5) Concentrations of platinum metals in various types of copper, 
l ead, silver, and gold veins and lodes: The platinum metals are generally 
won as a byproduct. The oxidized zones of some of these deposits are 
enrich e d in platinum metals. 

('6) Unusual platinum concentrations in pegmatite s and quartz 
veins: These are rare although exampl es are known in Colombia, U.S. S . R., 
South Africa, and Ontario. Their origin is an enigma . 

(7) Witwatersrand quart z -pebble conglomerate: Small amounts 
of osmiridium containing mainly osmium and iridium and minute amounts of 
platinum, ruthenium, rhodium, and gold are obtained from the gold ores of 
the Rand. 

( 8) Placers: The principal platinum metal mineral is native plat­
inum. The deposits generally occur in r egions of u ltrabasic rocks. The 
associated minerals are chromite , magnet ite, and ilmenite. 

Little work has been don e on geochemical prospecting for the 
platinum metals . Those searching for such deposit s should concentrate on 
ar eas containing ultrabasic rocks and nickel-cobalt deposits, especially of 
the Sudbury type. All types of copper d eposits should be carefully scrutinized 
for platinum metals. Probably the best attack is to make heavy concentrates 
of the soils and stream sediments, followed by mineralogi cal and spectro­
graphic analyses. Chromite may b e a good indicator for platinum metals in 
some areas. Other good indicators would appear to be Ni, Co, and Cu. 

GROUP 0: HELIUM, NEON, ARGON, 
KRYPTON, XENON, AN D RADON 

This group contain s the inert gases , a ll of which are found in the 
atmosphere and in trace amounts in rocks. Some , especially helium, are 
obtained from certain natural gases held in the rocks. The others are obtained 
from liquefaction of the gases of the atmosphere . Those searchin g for the se 
gases in various natural gases should analyze them directly for t h e var ious 
members of the group. 

The radon content of water , ti ll , and soil may indicate the pre s ­
ence of uranium and thorium d eposits in certain areas. 
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