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INTRODUCTION 

In the last two decades much has been publi shed on the behaviour 

of certain elements in the magmati c , hydrothermal, sedimentary an d 

weathering environments , but the information is scattered throughout the 

liter ature . This situation prompted the present study on the e l ements 

Ni, Co, Cu, Pb , ZN , AU, Ag , Mo , Sn, W and U. 

The behaviour of the e l ements Ni, Cu, Pb , ZN, Au, Sn , Wand U h as 

been studied experimentally in some depth. Ag has been moderately studied , 

but there is very little information about Co and Mo. Studies on the 

complexes formed by the element s within the hydrothermal and aqueous 

environment are often inconclusive and controversial , but conclusions are 

drawn as to the more l ikely complexes formed . 

A genetic classification of ore depos its is used as a framework for 

the discussion . The source of the elements i s regarded as being the mant le, 

and therefore discussion on other possible sources is beyond the scope of 

this dissertation. The crystal chemistry and geochemistry of the elements 

are presented and the essay concludes with a discussion on the elements 

within their depositi onal environments . 

Appendices 1 and 2 are Periodic Tables of the El ements ill ustratin g 

atomic number and weight , atomic and ionic radii , crystal structures , 

electronegativity values etc . Appendix 3 is a tabulation of the concen­

tration of all e l ements within various rock- t ypes and Appendix 4 is a tab l e 

which il l ustrates common compounds of the e l ements. 
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I GENET I C CLASSIFICATI ON OF ORE DEPOSITS 

The fo llowing genetic classification of o r e deposi ts (Fi gur e 1 ) 

p rovides a . framework for a discussion o n the b eha viour o f se l ected e lements~ 

c h emical detrital 

Cu, Pb , Zn, Co Au , Sn , W, Cu , U 

Mo , U, Ag 

SEDIMENTARY 
DEPOS I TS 

chemical deposits 

uncon formity / weathering 
Ni, Co 

RESIDUAL DEPOSITS 

mechanica l dep os i ts 
Au , Sn , W 

volcanogen i c por phyry hydr othermal 
deposits deposits deposits 

Cu , Pb , Zn , Cu, Pb , Mo ·Cu , Pb , ZN , 
Au , Ag , W Sn , Au, Ag W, U, Sn , Au , Ag 

ORI'HOMAGMATIC PARAMAGMATI C 
DEPOS ITS DEPOSITS 

Ni, Cu , Co · 

deposits which are derived 
f rom melts which h a v e separat e d 

deposits de rived from a fro m a parent magma 

magma o r melt wh i ch has 
not separated from a 
parent magma 

HAGM A I 

~lANT L E 

(Ni , Co , eu , Pb , ?n , Au , Ag, Mo , Sn , W, U) 

Figure 1 . Genetic Classification o f Ore Deposi t s. 
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ORTHOMAGMATIC DEPOSITs" 

A) Nickel/COpper Deposits 

Nickel, copper and cobalt are the only elements of the group under 

consideration which have orthomagmatic affi liations and nickel is the only 

one of these which is exclusively orthomagmatic in origin. Corbett (1978) 

in a review of orthomagmatic deposits suggested that nickel/copper sulphide 

depos i ts could be classified i n to three major groups 

1. Deposits with a Ni/Cu ratio of 10:1 to 20:1 , associated with the high 

magnesium basalt suite (komatiites). 

(a) Volcanogenic extrusive deposits of mass i ve sulphides. Exampl es 
are Kambalda, Scotia .(Westen> Australia), Shangani , Damba 
(Rhodesia) , Alexo , Langmuir (Abitibi Belt - Canada) , and part 
of the Thompson nickel-belt (Canada) . 

(b) Subvol can i c intrusive deposits of disseminated sulphides . 
Examples are Agnew, Mt . Keith, }It. Clifford (Westen> Australia) , 
Trojan (Rhodesia) and part of the Thompson nickel-belt (Canada). 

2. Deposits with a Ni/Cu ratio of ~ 3: 1, associated with injected suites , 

dykes and plugs of gabbro/hartz burgite , include Sudbury (Canada , the Carr 

Boyd Pipes (Australia) , the Vlakfontein Pipes (South Africa) and Pechenga 

(Kola Peninsula, Russia ) . 

3. Deposits with a Ni/Cu ratio of 1 :1 or l ess, associated with tholeiitic 

sills and complexes differentiated in situ. 

(a) Deposits intruded into -mobile be lts and greenstone belts . 
are Lynn Lake , the Dundonald sil l (Canada), Pikwe Selibe 
and Empress (Rhodesia). 

Examples 
(Botswana) , 

(b) Deposits intruded into stable cratonic areas. Examples are 
Insizwa, and Merensky Reef of the Bushveld Igneous COmplex 
(South Africa), Palisade Sill (New Jersey, U.S.A.), and Noril'sk 
(Western Siberia, Russia). 

B) Diamond Deposits . Kimberlite pipes. 

~ See Figure 1 for definition of Orthomagmatic and Paramagmatic. 
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PARAMAGMATIC DEPOSITS 

A) Volcanogenic Deposits 

1. Central vent-type 

Deposits included in this class are 

(a) The Canadian Archaean copper/ z inc orebodi es at Noranda, Kidd Creek , 

Mattagami Lake, Flin Flon and Snow Lake . 

(b) The Kuroko-type polymetallic (Cu, pb, Zn) deposits of Japan, Fuji. 

(c) The Prieska copper/zinc deposit. 

2. Rift -type 

(a) Cupreous"pyrite deposits . 

(b) 

(i) 

(ii) 

Incipient rifting of oceani c crusts. Cyprus-type deposits; 

Incipie nt rifting of stable continental crust. 
deposits and those deposits associ ated with the 
Amphibolite belt-Otjihase , Gorob , Hope etc . 

Besshi- type 
Match l ess 

Polymetallic (CU , Pb , Zn) deposits . Incipient rifting of stable 

continental crust. Iberian/Scandanavian/New Brunswick deposits. 

3. Exhalative-type 

Deposition of metals from hydrothermal fluids of magmat i c origin 

issuing forth from the floor of broad , fa i rly sha llow , rift controlled 

basins . 

(a) Associated with bolcaniclastic rocks . The Rosh Pinah lead/zinc 

deposit. The Sullivan deposit is possibly one of the most 

important in this class. 

(b) Not assoc i ated with rocks of a distinctive volcanic origin . 

Examples include Mt. I sa, McArthur River. 

B) High-leve l intrusive deposits 

1. Porphyry Copper/Molybdenum deposits. Examples include Chuquicamata, 

Bingham, El Salvador , El Teniente, Sar Cheshmah , Bougainville etc . 
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2 • Porphyry 1101ybdenite deposits. Examples include Urad-Henderson, 

. Climax , Questa. 

3. Porphyry Tin deposits . Examples include Llallgua, Chorolque 

(Bolivian tin-belt) . 

c) Hydrothermal depos i ts 

(not obviously related to a cupola or stock of porphyry affiliations) 

1. Elevated temperature of deposition 

(a) Veins . Examples include Rooiberg (tin), El Dorado (uranium). 

(b) Disseminations. Examples inc lude Zaa iplaats (tin), and endogranitic 

deposits of tin , tungst en, molybdenum etc. 

(c) Stockworks and breccias . Examples include Messina (copper) , 

Rossing (uranium) and Krantzberg (tungsten) , Palabora (copper). 

(d) Pegmatites. Exampl es include Uis (tin), and Brandberg west 

(tin and tungsten) . 

2. Low temperature of deposition (waters not necessarily originating 

from an igneous source) 

(a) Stratabound/stratiform uranium/vanadium deposits. Uranium/ 

vanadium in sandstone . Colorado , Wyoming, Karoo , etc. 

(b) Calcrete deposits. The Yeelirrie uranium deposits. 

(c) Karst-type deposits. Mississippi Vall ey-type lead/zinc deposits. 

RESIDUAL DEPOSITS 

(deposits related to weathe r ed unconformi ties ) 

A) Chemical deposits. Nickel laterites and bauxites. 

B) Detrital deposits. Concentrations of minerals which are resistant 

to weathering - diamond , gold, cassiterite , wolframite, scheelite. 
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A) Chemical Deposits 

1. Stratabound/stratiform copper, lead and zinc deposits. Includes 

certain deposits of the Zambian Copper Belt, the Kupferschiefer and 

Red Beds copper deposits. 

2. Stratiform Iron and Manganese deposits. The Transvaal and 

Hammersley basins. 

B) Detrital Deposits 

1. Stratabound/stratiform gold/uranium placer deposits.* Examples 

include the Witwatersrand (gold, uranium) and Elliot Lake (uranium) 

deposits. 

2. Alluvial deposits. Examples include the Malayasian tin deposits, 

·Oamites and Roan Antelope (copper). 

3. Beach Sand deposits. Examples include Richards Bay h eavy mineral 

d eposit, and the diamond deposits at Oranjemund. 

" A distinction is made between placer and alluvial deposits on the basis 
that the word "placerll as used here implies deposition from braided 
streams, and subsequent reworking of the sediments. 
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II CRYSTAL CHEMISTRY 

The distribution of elements within different minerals and rocks of 

the earth's crust are governed .by certain laws and rules and the following 

summary of these rules,and the chemical aspects of the selected elements. 

is drawn from the following texts : Bell and Lott (1963), Companion (1964), 

Cotton and Wilkinson (1972), Krauskopf (1967), Mackay and Mackay (1969), 

Mason (1952), Sisler et al. (1967), amongst others. 

(a) Goldschmidt's Rules 

In 1937 Goldschmidt classified the elements according to the 

stability of the compounds t hey formed with other elements. 

Elements which are generally inert (relative to iron) and which 

have a tendency to form metallic phases , were called siderophile. 

Elements which tend to concentrate in sulphides were called 

chalcophi le , those which concentrate in silicates, were called 

lithophile , and those which are gaseous and/or present in the 

atmosphere were called atmophile. Table I is a list of the 

elements grouped according to their tendencies. The geochemical 

character of an element is cons idered to be .governed mainly by .its 

electron configuration. Lithophile elements have ions with an 

outer Be shell, chalcophile elements have ions wi th an outer lBe 

shell, and siderophile elements have ions with incompletely filled 

outer electron shells . 

TABLE I, GOLDSCHMIDT'S GEOCHEMICAL CLASSIFICATION OF THE 
ELEMENTS 

5 i deropl1 il e Chal cophi le Lithophile Atmophil e 

Fe Co Ni Cu Ag (Au)* L i Na K Rb Cs HN(C)(O) 
Ru Rh Pd Zn Cd Hg Be Mg Ca Sr Sa (F) (Cl) (Br) (1) 
Re Os Ir Pt Au Ga In Tl B Al 5c Y Rare earths Inert gases 
Mo Ge 5n C P (Ge) (5n) Pb (C) 5i Ti Zr Hf Th 
(Pb) (As) (W) As Sb Bi (p) V Nb Ta 

5 5e Te o Cr H U 
(Fe) (Mo) (Re) (Fe) Mn 

F Cl Br I 
(H) (Tl) (Ga) (Ge) (N) 

~ Parentheses around a symbol indicate that the element belongs primarily 
ln another group, but has some characteristics that relate it to this 
group. 

(from Joyce, 197 6 , p. 21). 
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Goldschmidt believed that the principal factors controlling the 

distribution of the elements within crystal lattices were the 

atomic and ionic radii of the elements. The rules which 

Goldschmidt proposed as being important in governing the 

behaviour of elements are 

(i) If two ions have the same radius and charge, they will 

enter into solid solution in a given mineral in amounts 

proportional to their abundances. The trace element is 

"camouflaged!! by the major elements. 

(ii) If two ions have similar radii and the same charges, 

the smaller ion will be preferentially concentrated in 

the solid phases. 

(iii) If two ions have similar radii but different charges, 

the ion with the higher charge will enter a crystal 

structure preferentially. 

If the trace element has a higher charge it is "captured" by the 

major element and enters early fractions. If the trace element 

has a lower charge it is "admitted" by the major element and enters 

late fractions. 

(b) Exceptions to Gcldschmidt's Rules 

The above rules appear to satisfy the demands made upon them, with 

a few notable exceptions. For example, the zn
2+ ion (O,74~) is 

2+ . 0 2+ . 
intermediate in size between the Mg lon (O,65A) and the Fe lon 

(O,76~), thus it is expected that zinc would enter ferromagnesian 

silicates as does the Ni
2

+ ion (O,72ll.) and the co
2+ ion (O,74ll.). 

However zinc discriminates against octahedral sites (prevalent in 

ferromagnesian minerals) and prefers tetrahedral co-ordination. 

Thus Ringwood (1955), using the electronegativity concept, added a 

further rule which states that, for two ions of similar valencies 

and ionic radii the one with the lower electronegativity will be 

preferentially incorporated because it forms a stronger and more 

ionic bond than the other. [(In explanation, the concept of electro-

negativity is a measure of the attraction that an ion has for electrons, 

thus should the electronegativity of an ion be low, it will ionize 
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relatively easily, thereby being able-to form strong ionic bonds . 

Generally, electronegativity values decrease across the periodic 

tab l e from right to left and down the tabl e within a Group»). 

(c) Crystal Fie l d Theory 

The rules so far presented do not adequate l y explain the behaviour 

of the transition elements,whereas the crystal field theory, developed 

by Bethe (1929) and Van Vleck (1932), does. The crystal field theory 

is based upon the fact that the transition elements h ave an incomplete 

d electron shel l and thus their behaviour is diffe re nt from "normal" 

ions. Curtis (1964 , p. 390) writes, liThe wave - mechanical single 

electron wave functions for atoms can be written as the product of 

a radial function and a function dependent only upon the angular 

co- ordinates of the electron . In the case of a comp l e te electron 

shell, the summation over all the electrons is that the shell shows 

no net angu l ar component. Thus the total wave function has on l y 

radial components, being spherically symmetrical . This is the 

theoretical basis for the 'concept of a spherical ion. In the case 

of the transition elements, however, the ions may not be symmetrical' 

within a given field". 

The d electron shell, which when completely filled will contain 10 

electrons , has five atomic orbirals as illustrated in Figure 2. 

= = 

y 

= 

d),, _y' d~ . 

FIGt.:nE 2. Bound<!ry surf..:ces of ~tcmic orbitals. 

The bou:.duie!i r.::-pn.:s('r,~ angular di ~tribution probabilitio;:s for d ('ctrons in o;:.].cr, 
orbital. The s;gn of e<i ... :" wr.·:c function is shown, Ti!c d orbit21s have been 
cJ:.l s~ified into two groups, t~7 and c" on the basis of spatial confit::ur2tion with 
respect to the cartesiun axes, 

(from Burns, 1970, p. 7). 
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TABLE 2. Electronic configurations of tlze elements 
of tlze first tramition series 

Electronic configuration 
Atomic . , 
number Element Atom M (II) M (III) M (IV) 

'9 K (A,)4" 
20 C. (AI)4" (AI) 

t 21 Sc (Ar)] dl4St (A'hd' (Ar) 
~ 2' Ti (Ar)J d14-S1 (AIhd' (AIhd' (AI) 
1 23 V (Ar}Jds4-S2 (A'hd' (A')3 d' (AI)3d' 
0 

'4 C, (Ar}Jd54J'1 (Ar)3 d' (A'hd' (AIhd' .g 
.~ '5 Mn (AIhd'4" (Ar)3 d' (Ar)3d' (AIhd' 

.6 Fe (Ar)Jd'4S2 (Ar)3d' (Ar)Jd5 

•• '7 Co (Arh d'4" (Ar)3d' <-'''hd' 
~ .8 Ni (Ar))d84S~ (Arhd' (Ar)3d' (Arhd' 
I '9 Cu (Ar)Jdl04l'l (A')3d' (Arhd' 

30 Zn (Arbd1G4S2 (Ar)3 dIO (Ar)3d' 
31 Ga (Ar)3d I04 st4pl (Ar}JdI04pl (AIhd" 
3' Gc (Ar}3d'04St 4P'l (Ar)3d1G4P2 (Arhd" 

(Ar) = Argon core, lS!2St2P~3S!3P·. 

(from Burns, 1970, p. 9) . 

Within 

2+ d Sc 

the transition elements (Table 2) it will be seen that the 

electron orbitals can 
2+ 

whereas eu only one more. 

accommodate nine further electrons, 

In an isolated transition metal ion 

an electron can enter anyone of the unaccommodated d orbitals 

available. In the ground state the electrostatic field associated 

with a transition element can be considered to be spherical, but 

when the ion enters a crystal structure the electrostatic field 

becomes distorted (not uniform in all dire ctions) and the five d 

orbi tals "spli til into different energy levels, or subgroups. The 

manner in which the splitting occurs depends upon the position of 

the other ligands within the structure, relative to the orientation 

of the d electron orbitals in space. In octahedral co-ordination, 

with 6 identical ligands (Figure 3, Burns), the electrons in the five 

d electron orbitals are repelled by the ligands (not all equally) , 

with the result that the energy within the centre of the ion is raised. 

y -~,,=-I,---* -:-=~/j--- y 

z 

Figure 3. Orientation of ligands and d orbitals of a transition metal 
ion in octahedral co-ordination, also illustrating the orientation with 
respect to the axes (from BurnS, 1970, p. 11). 
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To accommodate this lI extra" energy the d orbitals split into two 

different levels of energy (Figure 4). With reference to Figures 

2 and 3 it is seen that the eg orbitals extend along the axes 

towards the ligands, thus the electrons of these orbitals are 

repelled with a force greater than the t 2g orbitals which project 

between the ligands. The energy level within the eg orbitals is 

raised and conversely the energy within the t 2g orbitals is lowered. 

In Figure 4 the energy separating the t 2g and eg e l ectron group is 

designated f>o. 

s ... 
Q) 
c 
Q) 

--

free ion 

I'd;;. dyz , 
I 

I , 
I 

I 
I , , , , 

I , , , , 
I 

unperturbed ion in 
a crystal field 

I 
I 

dr _yo d~ 

T 
" 

// 
/ j6.0 

I 6. 

\ ~~ 

\_~- I 
d:>.,), . d).= d".;: Z, 

ion in an octahedral 
crystal field 

Figure 4. Relative e nergy levels of d orbitals of a transition 
metal ion in octahedral co-ordination (from Burns, 1970, p. 11). 

The eg orbitals will be the less stable group since electrons 

within these orbitals are closer to the negatively charged ligands 

of the crystal lattice. The energy of the three t 2g orbitals is 

lowered by 2/Sf>o and the energy of the e orbitals is raised by 
g 

3/Sf>o . Therefore an electron in the t 2g orbital stabilizes a 

transition ion by 2/Sf>o , and conversely every electron in an e 
g 

orbital diminishes stability by 3/Sf>o. The resultant nett stabil-

ization energy is termed the crystal field stabilization energy. 
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In accordance with Hund's rule any electrons entering the a 
orbitals will distribute themselves within the orbitals in such 

a manner as to avoid pairing within anyone orbital, and furthermo re, 

due to the effect of crystal field splitting the electrons will 

favour the lower energy group (the t 2g orbitals) due to the increased 

stability. Thus the first three electrons added will enter the t 2g 
ab l e to pair within one orbitals, the fourth electron added wil l be 

of the lower t 2g orbitals, or it will enter into one of the "empty" 

e orbitals . 
g 

Thus high-spin and low-spin electron configurations 

result. 
,3+ 3+ 3+ 

Ions with one, two or three electrons (T1 , V and Cr 

respectively) have electrons 

with four electrons such as 

within the t2 group, but an element 
3+ g 

Mn can have its fourth electron entering 

e i ther one of the high-spin e
g 

orbitals or one of the low-spin t
2g 

orbitals. The crystal field stabi lization energy is reduced by the 

electron entering the high-spin e group of orbitals , and vice versa 
g 

should the electron enter and pair in one of the t
2g 

orbital s . 

for the as , ,f Simil arly high- spin and low-spin states are possible 

and a? configurations. Ions having a8 , aB and alO 3d electrons 

( 
,2+ 2+ 2+ 

N1 , eu and Zn ) can only possess one e lectron configuration 

as the t
2g 

group of orbitals is completely filled. 

Table 3 demonstrates the algebraic calculation of the stabilities 

achieved as electrons fill ·the different electron orbital s. 

l'umuer of 
d·eJectrons 

I 

2 

3 

4 

5 

Table 3. 

Orbitals. 

(from CurtiS, 1964, p. 391) . 

2 
+5 

StabiJization 
8 

2 2 
+ 5 + 5 
222 

+5+'5+5 
2 2 2 3 

+'5+5+'5-'5 
2 2 2 3 3 

+'5+5+5-5 - 5 

Total 
stabilization 

2 
+5 8 

4 
+'5 8 

6 
+5 8 

3 
+5 8 

Zero 
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Table 4 gives the crystal field stabilization energies of the 

transition metals ions in octahedral co-ordination . 

it can be seen that the i ons with dD, dB and low-spin 

From Table 4 

d
6 

con-

figurations acquire large crystal field stabilization energies . 
3+ 2+ 3+ 

Therefore Cr ,Ni and Co are expected to show a strong 

preference for octahedral co-ordination sites and conversely for 
2+ 2+ 2+ 3+ 

Ca Zn, Mn and Fe (Burns, 1970). 

TABLE 4 Electronic c01lfigurations and crystal field stabilization energies of transition metal ions 
in octahedral co-ordination 

Number of 
3d electrons 

0 

2 

3 

4 
5 
6 

7 
8 
9 

'0 

High-spin state Low-spin state . . . 
Electronic configuration ynpaired Electronic configuration Unpaired 

Ion t" e, electrons CFSE t" e, electrons 

CaH , Sc!+, Ti'+ 0 0 0 

TjH t ~.lo t 
TiH, VH t t 2 ';.10 t t 2 

VZ+, Cr3 +, rl,'1nH t t t 3 t~o t t t 3 
Cr2+, IVJnH t t t t 4 to.o Ht t 2 

1\1n2+, FeH t t t t t 5 0 tl tl t 
Fe!!.<-, Co3 +, Ni'+ tlt t t t 4 tuo HHH 0 

COH, NiH tl tl t t t 3 L\. Htltl t 
NiH- HHH t t 2 t~o HHtl t t 2 

Cu2 + Htltl H t t.:lo tltltl tl t 
ZnH, Gas+, GeH tltltl tltl 0 0 tltltl tltl 0 

(from Burns, 1970, p . 1 3). 

In tetrahedral co-ordination (Figure 5) where four negatively 

charged ligands surround the transition ion, the situation is 

reversed (Figure 6). 

y 

, , 

I 

, , , , , 

~--------------- --- - -- --! 

-, 

CFSE 

0 

tAo 
tb.o 

-1.0. 0 

i"6o 

1.60. ~).~ 
:J/-~o 

·~.l o 
·:~o 
l~o 

0 

Figure 5. Arrangement of ligands in tetrahedral co-ordination about a 
transition metal ion (from Burns, 1970 14) , p. . 
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l~ 

1 ~ .... u··r······· 
I M -4/9 60 

~.6." 

tetrahedral octahedral 

Figure 6. Relative energy levels of the d orbitals of a transition 
metal ion in tetrahedral and octahedral co-ordination ( from 
Burns , 1970, p. 15 ) . 

The reasoning applied to octahedral co- ordination is still appl i cable, 

the difference being that different orbitals experience an appa r ent 

increase in energy which results in th.e e group (or e g group in 

co- ordination) orbitals becoming more stable relati ve to the t2 

orbital s (or t 2g group in octahedral co-ordination). Table 

octahedral 

group 

5 gives the stabilization energies acquired by the transition e l ements 

in tetrahedral co-ordination . 

TABLE -5 Electronic rOllfigurations and crystal field stabilization energies of transition metal ions 
in tetrahedral co-ordination 

High· spin state Low-spin state 
~ 

Number of Electronic configuration Unpaired Electronic configuration Unpaired 
3d electrons Ion c t , electrons CFSE e t, electrons CFSE 

0 CaH , ScH , TiH 0 0 0 0 

Ti3+ t ~ . .1~ t ~- ~t 

2 Ti2+, \,3+ t t 2 -M.! t t 2 l.1t 

3 V2+, Cr3+, 1\fn4+ t t t 3 tfit tit {l\ 

4 Cr2+, 1\1nH t t t t 4 t.6t tIti 0 1.61. !:J. t 

5 1\10H, FeH 1 1 t t t 5 0 1ItI t 1.6<:" j,t 

6 Fe2+, COH, NiH H t t t t 4 ·i .3 t tit! t t 2 ' . 
Ii -I t 

7 COH, J"\j3+ 1111 t t t 3 ·:~t tllI t t t 3 .~~;, 

8 l'\iH 1111 tit t 2 ·:·.1. t tIti tit t 2 { .:\ 

9 Cu2+ tltI tI tl t ~ j,t tltI II tI t t.1.t 
IO ZnH, GaH , GcH t l tI 111111 0 0 tit! Htitl 0 0 

(from Burns, 1970, p. 16). 
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(d) The Jahn-Teller (or Distortion) Effect 

2+ 
Transition ions, with unfilled d electron shells , such as Cu 

(~) in octahedral co-ordination may have electrons in one or two 
2+ 

orbital configurations. For example Cu can have the followirig 

orbital arrangements, (d 2)1 (d 2 - 2)2 or (d 2)2 (d 2 _ 2)1. 
z x y z x y 

In the latter case the electrons in the xy plane tend , to screen 

the nucleus from the anions less effectively than those electrons 

in the z axial plane. Therefore the anions in the xy plane will 

be attracted by the apparent extra energy of the nucleus of the 

transition ion more than the anions in the z axial plane . Con-

sequently electron "rearrangementll occurs which results in the 

shortening of the inter-atomic distances in the xy plane, and in 

increasing separation along the z axis (Curtis, 1964). Figure 7 

diagrammatically represents the above situation. This explains 

why certain ions with unfilled d electron shells such as Mn
3
+ (d4) 

and cu
2+. (aB) will be destabilized in octahedral f i eld and cr

3+ (d3) 

Mn
3+ (d4) , Ni 2+ (dB) and cu2+ (aB) in tetrahedral field. 

~ , , 

* :' -. 
normal ion 

distorted ion 

,-

2 _ 2-

f!q' , 'd:j' 

Figure 7. Diagrammatically illustrates the distortion undergone by 
certain ions when accommodated within ordered crystal structures 
(from Curtis, 1964, p. 393). 

Crystal field stabilization energies for the different dipositive 
.2+ 2+ 2+ 

elements has been experimentally determined to be N~ > Cu > Co > 

Fe 2+ > Mn
2

+ but available data indicate that cu
2

+ ions are very seldom 

found in regular octahedral co-ordination as would be present in 

silicate lattices. It appears that the distortion is great enough 
2+ 

to overcome the effect of crystal field stability and Cu will, once 

concentrations are high enough, enter into phases that can accommodate 

the distortion. Thus a copper-rich phase (immiscible sulphide globules) 

would begin to accumulate or copper could bond with other elements as 

stable complexes. 
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(e) The partitioning of elements between melts and crystallizing phases 

In silicate melts of granitic and basaltic composition, tetrahedral 

and octahedral sites predominate and the transition metal ions can 

enter both (Burns and Fyfe, 1964). Transition metal ions are 

rarely found within tetrahedra l sites, preferring octahedral sites 

due to the high crystal field stabilization energy. Therefore during 

magmatic crystallization a partitioning of ions takes place between 

octahedral sites and tetrahedral sites within the magma, and octahedral 

sites within a crystal. (Magmas have been demonstrated to be 

quasi-crystalline in character, Burns, 1970.) 

as follows : 

n+ 
(M ) 

tetr. magma + 

This can be written 

> 
(M"+ ) 

oct. crystal 

During the crystallization of a basaltic melt the uptake of transition 

metals into the octahedral sites of a forming crystal is 

Ni > (Cr) > (Cu) > Co> Fe > Mn? Ca, Zn for M2+ ions 

Cr> (Mn) > Co> V > Ti > Fe~ Sc, Ga for M3+ ions 

Figure 8 represents the uptake of the transition metal ions into 

silicate minerals crystallizing from a magma. Note that copper 

becomes enriched in the residual melt, not entering the silicate 

structure because of distortion effects. 

+0·4 
B, 

eu 
Fe 

+0·2 Mn 

'" '" 0·0 
.Q 

-0·2 

-0·4 

o 100 

percentage solid 

Figure 8. The uptake of divalent transition metal ions into silicate 
minerals crystallizing from a magma. R is the ratio of the concen­
tration of the element in the magma after x percent solidification to 
the concentration of the element in the initial liquid (from Burns, 
1970, p. 156). 
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(f) Certain aspects of bonding 

Ionic and covalent bonds are important in determining whether an 

ion will enter into a crystal, or perhaps form complexes and remain 

stable within melts and solutions. The ability of chemical elements. 

to form i onic ·or covalent bonds depends upon the attraction an atom 

has for its orbital electrons (electronegativity). Alkali metals 

have the weakest attraction for their outer electrons , and those 

atoms which strongly attract their outer electrons appear on the 

right-hand side of the peiodic table . 

Should an atom "capture " the valence electron of another atom the 

type of bond formed will be ionic. Should reacting atoms share 

their valence electrons (pairing with opposite spins in a molecular 

orbit) the bond is considered to be covalent (the electrons belong 

simi ltaneously to both atoms) . The specific type of bond is 

determined to a large extent by the difference in electronegativity 

values between two interacting atoms . The greater the difference, 

the easier it is for the element of high electronegativity to "capture" 

a valence electron of another less electronegative atom. Thus alkali 

metals (having low electronegativity values) when reacting with 

ha l ogens , oxygen, or sulphur readily l oose their outer electrons. 

The bonding is thus largely ionic. As the difference in the 

e l ectronegativities of the reacting atoms becomes smaller , the atom 

with the higher electronegativity does not have enough energy to . 

remove the valence electrons from the other reacting atom thus covalent 

bonds are formed . The molecules of the gases H2 , O
2

, C1 2 and F2 

exhibit covalent bonding as their electronegative values are the same. 

But normally the electronegativity values between two reacting atoms is 

different thus pure covalent bonding rare, and bonding is usually a 

mixture of ionic and covalent bonds. 

The covalent bond is important with regard t o the transport of ore 

elements within magmatic melts, hydrothermal and aqueous solutions. 

Compounds which are ionically bonded tend to dissociate, but may be 

transported in the ionic state . For example : 

KCl 

SOLID 

+ 
K + Cl 

SOL lJI'I ON 
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Compounds with predominantly covalent bonding do not dissociate 

in soluti ons and migrate in combined form as complex ions . Examples 
2- 2-

of such compl exe s are (C0
3

) ,(50
4

) and (N0
3
)-. Dissociation of 

a compound in solution can be wri tten : 

+ 
2Na + 

2-
(CO ) . 

3 solut~on 

Certain elements such as Sn , W, Mo, Pb , Zn, and U form strong covalent 

bonds with oxygen and thus remain stable within solutions and melts 

and do not show a great tendency (due to the l arge molecule formed) 

to enter into silicate lattices . They become concentrated in late~ 

stage paramagrnatic deposits (Beus and Grigorian, 1977). 



- 18 -

III ASPECTS OF THE CHEMISTRY AND GEOCHEMISTRY OF THE SELECTED ELEMENTS 

Although zinc (Group lIb) is closely related to the first series of 

transition elements, iron , copper, nicke l and cobalt, it has a completely 

filled d shell, and is t h us not a transition element . Copper (Group Ib) 

is a true transition element in the cu
2

+ o xidation state , but not in the 
+ Cu state. The Group VIb elements, molybdenum and tungsten, have similar 

geochemi cal behaviours, as do the elements of Group Ib, gold and si l ver . 

Molybdenum and silver belong to the second series of transition elements , 

while tungsten and gold belong to the third. The second and third trans i tion 

elements are characterized by partially filled f shells . Tin and lead belong 

to the Group IVa elements, while uranium belongs to Group Vllb and is one of 

the actinide series . The filling of the 4f orbitals through the lanthanide 

series causes a steady contraction in atomic and ionic sizes . This is 

referred to as the Lanthanide contraction. Thus the e x pected increase in 

the size of the elements of the third series relative to those of the second 

transition series does not occur as might be expected from the increased 

numbers o f electrons and higher principal quantum numbers of the third series . 

There is in general little difference in atomic and ionic sizes between the 

two heavy atoms of a Group , whereas the corresponding atoms and ions of the 

first transition series are significantly smaller. 

NICKEL 

,2+ h 1 h h Nl is t e on y oxidation state of importance in t e aqueous c emistry 

of nickel , and with the exception of a few special complexes in other oxidation 

states, Ni
2

+ is also the only important oxidation level in nonaqueous chemistry. 

Figure 9 illustrate s certain stability relationships of nickel sulphide 
o 

compounds at 25 C and at one atmosphere pressure. 

Nicke l is a chalcophile element with two features dominating its 

crystal chemistry. The firs t is the readiness with which it forms strong 

metallic bonds, and the second is the strong preference of Ni
2+ for octahedral 

co-ordination in crystal structures. High-spin Ni
3

+ ions, although relatively 

unstable, should favour t e trahedra l co-ordination, while low- spin Ni 3+ and 
.4+ 

Nl may occur in minerals formed in strong oxidizing environments. The 

majority of the ionic minerals of nickel are oxygen- bearing and most occur 

as weathered products of nickel ores. , Nicke l oxides tend to be inso luble 

in water but dissolve i n certain acids. Hydroxides of nickel are also 
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Figure 9 illustr ates that nickel sulphides are stable over a l arge pH 
range under reducing conditions while the oxides and hyd2~xides of nickel 
should be solubl e, as _indicated by the large field of Ni under acidic 
conditions , and Ni02H under alkaline conditions (Garrels and Christ, 1965). 
Despite the la r ge aqueous field of nickel it seldom occurs within sedimentary 
environments . This is possibly due to its strong sulphophi l e and oxyphiLe 
tendencies , and its high stability in octahedral co- ordination. These facts 
indi cate that the removal of a nickel ion from its crystal environment would 
require re l atively high levels of oxidation (from Garrels and Christ, 1965 , 
p . 245). 

soluble in certain acids and alkalies and the halides of nickel are soluble 

i n water . Nickel generally occurs bonded with arsenic, an timony, sulphur 

and iron , and native nickel is rare. 

millerite (NiS) , pentlandite (Fe , Ni)9 

(Fe , Ni 2S4 ) , heazlewoodite (Ni
3

S
2
). 

Nickel occurs in minerals such as 

S8' mackinawite (Fe , 

The hydrous silicates 

Ni) l +xS, viola rite 

of the garnierite 

group consists of a variety of phyllosilicates . Garnierite is the general 

name for nickel - be.aring phyllosilicates and includes the serpentine minerals 

nepouite (chrysotile), pecorite (clinochrysotile) [(Ni
6
Si

4
0
l0

(OH)S) ' and 

willemsite [talc, Ni
6
Si

S
0

20
(OH)4). 
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COBALT 

Cobalt is a chalcophile element and closely resembles nickel in many 

of its physical and chemical properties. Although it is less abundant than 

nickel', it frequently occurs with nickel in a variety of minerals, for example 

langisite (CO, Ni) As, moorhouseite (Co, Ni, Mn) 804 . 6 H
2
0, siegenite 

(Ni, Co) 384 • 

The electronic configuration is such that in ionic compounds it is 

stabilised by octahedral and tetrahedral co-ordination (Burns , 1970). Its 

ionic radius in octahedral co-ordination is O/74~ which is intermediate 
2+ 0 2+ 0 

between Mg (O,72A) and Fe (0,77A) so that it can substitute for these 

cations in several silicates. 3+ " The Co 10n has a low spin configuration 

in oxygen compounds and in this oxidation state, cobalt acquires a high 

crystal field stabilization energy in octahedral co-ordination. 

Figure 10 illustrates the stability of some cobalt compounds in an 

aqueous system containing carbonate species. 

remarkably similar to that of nickel. 

The stability fields are 

COPPER 

1 "f" 63 d 65 "th th Natura copper conslsts 0 two lsotopes, eu an eu Wl e 

relative abundances being 69 and 31 percent respectively. Copper is a 

chalcophile element and is wide.ly distributed as native metal and in sulphides I 

arsenides and chlorides . 
1+ 

It occurs in three valence states CUI Cu and 
2+ 

Cu Within environments of low oxygen fugacities and high temperatures 
+" Cu might be the prevailing state. (It should be noted that should an ion 

tend to be stable in a certain valence state the extent to \>/hich the oxygen 

fugacity can determine a change in that valency is uncertain.) Natural 

waters are usually equilibrated with atmospheric oxygen at low temperatures, 

d " " th 2+" and under these can ~t~ons copper most likely occurs as e Cu lon. The 
1+ 2+ 

relative stabilities of Cu and Cu in aqueous solution depends strongly 

on the nature of the anions or other ligands present, upon the solvent and 

the nature of the 

concentrations of 

atoms within the crystal. In aqueous solution only low 
1+ 

Cu can exist and the only cuprous compounds that are stable 

in \>/ater are the insoluble CuCl and Cuen compounds, but cuprous chloride 

solubility is enhanced by an excess of halide ions (owing to the formation of 
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Figure 10. Stability relations among some cobalt compounds in water at 
250C and 1 atmosphere total pressure. Total dissolved sulphur species 
10-1 , total dissolved carbonate species = 10-4 . 9 (from Garrels and Christ , 
1965, p. 250). 

2-
complexes such as CUC1

2
, CUC1

3 
) and other complexing species such as 

2-
CN , NH

3
, 8

2
°

3
, With simple ligands such as the ha l ides , the co- ordination 

is invariably tetrahedral. Copper sulphides are insoluble in water but 

soluble in bisulphide solutions. 

The dipositive state is the most important for copper. Most cuprous 

compounds are readily oxidized to cupric compounds, but further oxidation to 
3+ . 2+ 

Cu lS difficult. For the Cu ion there are a large number of salts of 

various anions, many of which are water-soluble. Most salts dissolve to 
. 2+ 

give the cupric lon [CU(H
2
0)6 l . 
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The following phase equilibrium diagrams (Figures 11, 12 , 13) 

illustrate the variety of compounds within which copper 'can occur. Phases 

in the Cu - S system are characterised by rapi d reaction rates of components 

and the existence of unquenchab l e species with cation-disordered structures. 

Figure 11 illustrates the isothe rmal condensed phase relations in the 
000 

Cu-Fe-S system at 600 ,400 and 200 C. 

5 

CuL-------------------------~~Fe 

400~ 

Figure 11. Isothermal condensed phase relations in the system CU- Fe- S at 
600°, 400° and 200°c (according to Barton and Skinner, 1967, and references 
in their Table 7.1) . Solid areas are single solid phase, dotted two solid 
phases, blank three solid phases. All assemblages coexist with vapour 
(bn : bornite ; cc: chalcocite; ccp: chalcopyrite; cb: cubanite; 
cv : covellite; di: idaitei fu fukuchilite, according to Shimazaki 
and Clark, 1970; po: pyrrhotite; py: pyrite) (from Wedepohl, 1974, 
p. 29-0-0). 

stable phases in the Cu-Fe-S system are : 

(i) at 600 - 700°C : a bornite-digenite-chalcocite solid solution, 

a chalcopyrite - cubanite solid solution, pyrrhotite and pyrite. 

(ii) at 400°C: covellite, a bornite- digenite solid solution, chalcocite, 

idaite , chalcopyrite, cubanite, pyrrhotite and pyrite. 

(iii) at 200°C: cove l lite digenite, chalcocite , fukuchilite (CU, Fe)4S3 

idaite, bornite, chalcopyrite, cubanite, pyrrhotite and pyrite. 
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Natarajan and Garrels (Garrels and Christ, 1965) have compu ted the 

relations of stable phases in the Cu- Fe-S- O- H s y stem a t 25
0

C and at 1 

atmosphere pressur e (Figure 12) , a n d Fi gure 13 i l lustrate s the stabi l ity 

fie l ds of copper compounds. within the Cu- H
2
0-0

2
-S-C0

2 
system. 
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Figure 12. 
pressure. 
p. 232) . 

2 4 6 12 14 16 18 20 

The system Cu-Fe - S- O-H (in part) a t 25
0

C and 1 a t mo s phere tota l 
Total dissolved sulphur = 10 - 4 m ( f rom Garrels and Christ , 1965 , 
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Figure 12 can be used in understanding the zones of oxidation and 

secondary enrichment of ore deposits. The only copper sulphide to project 

appreciably above a line drawn from approximately Eh + 0,35 (pHO) to 

approximately Eh - 1,0 (pH20) is chalcocite (cu
2
S). Iron and copper oxides 

predominate above this line. This accounts for the chalcocite "blankets 11 

formed as a result of secondary enrichment. Oxidation under acidic 
2+ 2+ 

conditions would probably produce eu and Fe ions, or at a slightly lower 
2+ 

acidity, Cu and solid Fe
2

0
3 

(or Fe
2
0

3
,H

2
0). Native copper could occur 

as a secondary product should the descending solutions b e neutralized. 

+1.0 
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Figure 13. Stability relations among some copper compounds 
o 

Cu-H
2
0-0

2
-S-C0

2 
at 25 C and 1 atmosphere total pressure. 

14 

in the system 
= 10-3 ,5, P 

co2 -1 
total dissolved sulphure species = 10 (from Garrels and Christ, 1965, p. 240). 
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Figure 13 illustrates the field occupied by certain secondary minerals 

during the weathering of an orebody . Even in the presence of sulphur, 

native copper has a relative ly l arge stability field. The sulphide field 

projects deeply into the acid range under reducing conditions thus 

explaining the precipitation of chalcocite when copper-bearing solutions 

encounter sulphide at depth. This also illustrates that chalcocite should 

be deposited within the sedimentary environment under reducing conditions. 

LEAD 

Divalent lead is more c~mmon than tetravalent l ead , and except for 

the nitrate, most Pb
2

+ salts are insoluble in water and all Pb
2+ salts, 

2+ 
except PbS can be dissolved in excess DB . Ph forms complexes in aqueous 

solution, particularly in the presence of halide ions (e . g . members of the 
. + -

serles PbX --- PbX
3

, where X = F , Cl, Br, I). 

Goldschmidt (1954) describes the chemistry of lead as being dominated 

by its chalcophile and lithophile properties . The first assertion is 

evident from the dominance of ga l ena (PbS) as the major lead ore mineral 

and the extensive sulphosalt mineralogy of lead. The l ithophile properties 

result from the large ionic radius which enables 
2+ + 2+ 

Pb to replace K ,Sr I 

2+ 2+ + . 
Ba , Ca and Na ~n certain minerals such as feldspar, augite and apatite . 

The sulphates and carbonates are common oxidation products from the weathering 

of galen a , but oxides are less common. 

One of the most important phase equilibrium systems t because of the 

natural abundance of galena containing appreciable concentrations of silver 

and bismuth , is the Ag-Bi-Pb-S system studies by Van Hook (1960). Isothermal 

sections at 180
0

, 400° and 600°C in the A9
2
S, Bi

2
S

3
, PbS part of the system 

is illustrated in Figure 14. 

AgBiS, 

Ag,S+ AgBiS,-PbS(ss) Ag,S + Ag BiS,-PbS( ss) Single phase 

PbS Ag,';:S~---------;-400;;;:;;'"'C'--------"':::'P~bS A9,~S:-=====::8::::0::;;':==:;::=~~ 
1 C PbS 

600'C 

Ag,S+ PbS(ss) 

Figure 14. Subsolidus equilibria at 600°, 4000 and 1800 C in the system 
A92S-Bi 2S3- PbS (from van Hook, 1960, p. 783). 
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There is complete solid solution between AgBiS
2 

and PbS above 210
o

C. 

The solubilities of FeS in galena and PbS in pyrite and pyrrhotite at 

700
0

C are very slight. Ternary compounds do not occur in the Fe-Pb-S 

system (Brett and Kullerud, 1967). Figure 15 illustrates the stability 

relationships of lead compounds within a system containing sulphur and 

carbonate species. 
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Figure 15 . Stability relations among lead compounds in water at 25
0

C and 1 
atmosphere total pressure. Total dissolved s u l phu r 10-1 , P 10-4 . 

6 C02 
Boundaries of solids at total ionic activity of 10-. Dashed line i s 
contour at activity of d isso lved lead species of 10-4 (from Garrels and 
Christ , 1965, D. 237). 
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Figure 15 illustrates the system which probably represents the 

surface 

content 

environment during the oxidation of an orebody. The total sulphur 

(10-1 ) is high, whereas that of CO
2 

is approximately that of the 

surface 
-4 environment (10 ). Galena has a large field within which it is 

insoluble, only releasing aqueous ions under conditions of extreme acidity 

and alkalinity (conditions generally not found in the geological environment) . 

The large fields of the insoluble secondary products Anglesite (PbS04 ) and 

cerussite (PbC0
3

) indicate that the mobility of lead in the aqueous and 

secondary environment would be substantially reduced, and that mechanical 

dispersion over short distances is possible. 

ZINC 

Five isotopes of zinc occur in nature; zn
64 

(49%), zn
66 

(27%), 
67 68 70 Zn (4%), Zn (18%), Zn (0,6%). Zinc occurs extensively combined with 

other elements, and in all known compounds it occurs in the divalent state. 

In a few cases metallic zinc has been found. Zinc forms halide complexes 

in aqueous solution and with oxides and sulphides favours tetrahedral co-

ordination. Although dominantly chalcophile, and frequently occurring as 

ZnS (sphalerite or 

the similarity of 
2+ 2+ 2+ 

wurtzite), sOme lithophilic characteristics result 

d ·· b 2+ d' 1 ra II etween Zn an lons of simi ar ionic radii 

from 
2+ 

(Mg , 

Fe ,Co,Mn). 
2+ 

Thus Zn can enter oxide and silicate structures. 

Simple oxides and silicates of zinc are rare and the common oxidation 

products of zinc sulphide are sulphates and carbonates . 

The stable silicate at normal temperature and pressures of the 

ZnO - Si02 system is Zn
2
Si0

4 
(willemite). In the sulphide system, at 

normal pressures, the transition from sphalerite to wurtzite occurs at 

The sulphur-bearing part of the Fe-Zn-S system is simple 

and contains only sphalerite (wurtzite), pyrrhotite, pyrite and sulphur 

in the range 200 - 7000 C (Barton and Skinner, 1967). The range of sub­

stitution of iron for zinc is wide on the nearly binary PeS - ZnS join 

(Figure 16). 
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sp +po (+iron) 

~OO 

JOO 

200~~~~~~~~~~~~~--~ 
100 80 60 40 20 0 
F~S ZnS 

Mole percpnl FeS 

Figure 16 . Compositions of sphalerites in the system Fe-Zn-S in the 
temperature range 200 to 10000C after Barton and Skinner (1957) (with 
additions after Scott and Barnes, 1971). Vapour is present in all 
assemblages . Symbols : po = pyrrho tite , py = pyrite , sp = sphalerite , 
wz ~ wurtzite , L = l iquid sul phur . Curves A , Band C g ive composit i ons 
of sphalerites in equilibrium with pyrrhotite of FeS composi tion, with 
pyrite+pyrrhotite and with pyrite+liquid sulphur respectively (from 
Wedepoh l, 1972 , p . 30-D-9). 

SILVER AND GOLD 

Silver and gold (Group Ib) have a singl e S electron outside a 

completed d shell, as does copper , but in spite of the similarities in 

electron ic structures and ionization potentials, there are few resemblances 

between Ag , Au and Cu, and there is no simple explanation for the many 

differences (Cotton and Wilkin son , 1972) . Gold i s mono- isot opic in nature 

Silver has two stable isotopes , consisting of 
107 

Ag (51,4%) 

the 

and 

single nuclide, 
109 

Ag (48,6%) . 

197 
Au 

While both the silver isotopes may be 

largely primordial in origin, they are also both stable fission products 

of u235
, Ag

l07 
being deri ved from Pd

l07 
(ha l f -l ife 7 , 5 x 10

6 
years) and 

Ag
l09 

being derived f rom Pd
l09 

(half-life 13,6 hours) . Boyle (1968) points 

out that it is unlikely , bearing in mind the fission yields and the observed 

isotopic ratio, that si lver of ore deposits has been formed directly by 

natural f i ssion of uranium . The two stable isotopes could possibly be the 

products of u
235 

fission deep within the earth over long periods of geologica l 

time, and have become well -mi x ed and homogenized in the materials of the upper 

crust. This is possible but the occurrence of silver in Archaean volcano-

genic deposits casts doubt on the possibility that substantial concen t rations 
235 

of silver would be the result of U fission. It wou l d also be expect ed 
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109 
that Ag would be 

107 . 
more abundant than Ag because of the far shorter 

half- life of Pd
l09

, but the situation 

possibility that the 
1 07 

far less than Pb . 

concentration of 

could 

Pd
l09 

be accounted for 
235 

produced by U 

by the 

fission is 

Gold and silver are widely distributed in nature , 

in the metallic state, in sulphides and arsenides; silver also occurs 

as AgCl. Silver is chemically less reactive than copper, except toward 

sulphur and hydrogen sulphide. The metal dissolves in oxidizing acids 
+ 

in the presence of oxygen, and Ag i s solubl e in water; the halides, AgCl 

and AgBr are insoluble i n water. The only stable cationic species, apart 
+ 

from complex ions, is Ag. Gold is chemically unreactive and is not 

attacked by oxygen or sulphur , but reacts readily with 

solutions containing chlorine. AU+ is unstable while 

halogens o r with 
3+ 

Au is invariably 

complexed in all solutions , usually 
2+ 3+ 

as anionic species such as (AuC1
3

0H) 

The oxidation states Ag ,Ag and 
+ . 

Au are elther unstable in water , or 

exist only as inso luble compounds and complexes. 

There is little correlation between silver content and the overall 

chemical composition of the rock, and silver and gold occur throughout the 

deposit-types presented in the classification. 

Gottfried et al . (1972) suggest that for rock suites of the calc­

alkaline affinity, gold becomes depleted in the residual melt as magmatic 

differentiation procedes, and in both volcanic and p luton ic rock-types the 

gold content generally decreases from mafic to felsic rocks. 

In compounds of univalent silver , with the e x cept i o n of sulphi des , 

the element forms bonds which are of moderately ionic character , but covalent 

bonding characterizes compounds in which the elements occur in the higher 

valence states . Variable, and often high concentrations of silver have 

been re corded in sulphides, as for exampl e in galena. In copper the silver 

concentration varies from 0,1 - 4,0% and in gold from 0 , 1 - 20%. Pyrite 

and sphalerite invariably contain traces of silver. Pyrrhotite shows much 

lower concentrations and in chalcopyrite there may be appreciably sub-

stitution of silver for copper in the structure. Sulphides such as pyrite 

exhibit bonding which, although dominantly covalent in character, take on 

a considerable metallic character, so that silver may be expected to 

substitute for iron . 

bonds with sulphur. 

Silver, being a chalcophile element , will form covalent 

Silver may also replace zinc in sphalerite. Both gold 

and si lver occur in combination with tell urium , forming minera l compounds 

known as tellurides. 
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Van Hook's (1960 ) diagram for AgBiS
2 

- PbS join in Figure 14, 

indicates that solid solution persists over most of the compositional 

range down to temperatures of ~ 200
0

C, with unmixing of AgBiS
2 

o ccurring 

at 195°C. At room tempe!ature galena can contain several percent silver. 

Van Hook's (1960) experiments indicate that the presence of bismuth greatly 

increases the solubility of silver in galena. Figure 17 illustrates the 

stability relationship of gold compounds· in a system containing sulphur 

and chloride species. 
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Figure 17. Stability relations among some gold compounds in water at 25
0

C 
and 1 atmosphere total pressure. Total dissolved chlori de species = 100

; 

total dissolved sulphur species = 10-1 (from Garrels and Christ, 1965, 
p. 258) ° 

Figure 17 illustrates the complexes formedby gold with chlorine and 

sulphur. Ionic activities of gold are demonstrably low while 

the stability fields of gold (Au) are large. Eh values above those of 

water stabil ity are included in the diagram to illustrate overall reactions, 

but these are not geologically applicable. In the presence of a high 

chloride concentration gold is slightly soluble in acidic oxidizing 

solutions as AUC1
4

. At high sulphur concentration s a ~inor amount of 

gold is dissolved as the AuS compl ex over a wide range of strongly 
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reducing conditions . Thus the diagram il l ustrates that gold can be 

transported as a chloride or s u lphide complex during oxidation of sulphide 

orebodies , and during the formation of low temperature sedimentary and ve in 

deposits . 

·MOLYBDENUM & TUNGSTEN 

Mafic rocks contain less tungs~en than felsic rocks and it is 

possible that volcanic rocks might have slightly more tungsten than plutonic 

rocks of similar composition. The reserve is possibly true for molybdenum . 

The chemistry of molybdenum and tungsten is complex and encompasses a wide 

range of oxidation states . In nature they tend to bond hexavalently with 

oxygen, and occur only in two sulphide species , molybdenite and tungstenite. 

The chemical behaviour of the two elements is very similar , and isomorphism 

between corresponding compounds is common, sometimes leading to solid solution 

systems . The common sulphide ore mineral of molybdenum , molybdenite (MoS2)' 

has physical properties very similar to graphite. Under strong oxidizing 

and weathering conditions various oxymolybdates are formed, the principal 

one being wulfenite (Pb~104) . 

The only natural sulphide of tungsten is tungstenite (WS
2
). This 

minera l i s rare and is isostructural with molybdenite. Two principal 

groups of oxy- compounds are known, wolframite (Fe,~m)W04 and scheelite 

The latter is tetrahedrally co- ordinated, whilst the former is 

octahedrally co-ordinated . Elements which can enter 
2+ . 

are Fe (ferberlte, FeW0
4
), Mn 2+ 

(Zn, Mn)W04 ). Stol zite (PbW04) ' 

(hUbnerite, ~mW04)' 

powellite (Calb0
4
), 

the wolframite structure 
2+ ( . . and Zn sanmart~n~te 

and wulfenite (Pb , M004 ) 

are isomorphous within the scheelite group of oxytungstates . 

The solid solution series hUbnerite - wolframite-feberite exhibits 

complete mixing only at temperatures greater than ~ 400
o

C. Solid solution 

between scheelite and wolframite is limited to a fraction of a percent at 

ordinary temperatures, but becomes extensive at temperatures above 600
o

C. 

Some tungstates show extensive solid solution with corresponding molybdates. 

Only trace amounts of molybdenum are found within the wolframite group, 

but in scheelite molybdenum may be present up to 24% as Mo0
3

. A complete 

solid solution series may exist between schee l ite and powellite. 
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Molybdates are more soluble than corresponding tungstates, a fact 

correlated with the slightly greater electronegativity of molybdenum and 

hence with the greater covalent character of its bond with oxygen. The 

separation of the two elements in nature depends on the tendency of 

molybdenum to form sulphides (MoS 2 ) in hypogene deposits. Molybdates 

are stable only where oxygen is abundant, such as in the zone of weathering. 

Molybdenum and tungsten resemble one another in the weathering environment 

and both form insoluble compounds with lead, copper and iron. The greater 

solubility of most of the compounds of molybdenum, gives it greater mobility 

and wider di spersion in the surf ace environment. 
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Figure 18. Stability relations among some tungsten compounds in water at 
25 0 C and 1 atmosphere total pressure. Total dissolved sulphur species 
10-1 . Boundaries of solids at activity o f dissolved species at 10-6 , 
dashed line at activity = 10-4 (from Gar rels and Christ, 19 65, p. 252). 
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Figure 18 illustrates the stability relationships of some tungsten 

oxides and sulphides. 

by the large field of 

Tungsten is an amphoteric element as is illustrated 
2-

W0
4 

' and by the stability of 1-1°3 in acidic solutions. 

This suggests the possibility that tungsten might exist as does uranium 
2-

within sandstone, but in nature the W0
4 

ion tends to bond strongly with 

calcium (CaW0
4
), iron (FeW04 ) and other cations. Tungstenite is stable 

in reducing acidic to slight alkaline solutions , thus on oxidation and' 
2-

weathering W04 ions and W0
3 

complexes wil l be released. 

TIN 

Tin has ten stable isotopes between mass numbers 112 and 124 (Table 6). 

Table 6. Tin isotopes 

\lass 
numbt:r 

112 
114 
lIS 
116 
117 

Relati\'e 
abundance (~~) 

0.95 
11.65 
0.34 

14.24 
7.57 

(from Wedepohl , 1969, p . 50-B-l). 

'\1ass 
number 

118 
119 
120 
122 
124 

Rel:t ti ve 
Ilbundancc (~o) 

24.01 
8.58 

32.97 
4.71 
5.98 

This is the largest number of isotopes for .any element . Shima (1964) 

suggests that tin can be expected to be siderophile at high temperatures and 

lithophile at low temperatures . It has been shown that at low temperatures 

the affinity of tin for sulphur increase whereas at intermediate to high 

temperatures it occurs almost exclusively in oxygen-bearing compounds -

often cassiterite. There are relatively few tin minerals and cassiterite 

(Sn02) is the most important. It occurs in'pneumatolytic' and high temperature 

hydrothermal veins or metasomatic deposits that are genetically associated 

with highly siliceous igneous rocks such as granite or rhyolite. Tin occurs 

in many sulphide ores in the form of tin sulphides or incorporated with a 

number of other metals, in more complex sulphides . 

occurs in tin-bearing veins associated principal ly with chalcopyrite, 

sphalerite, tetrahedrite, pyrite , cassiterite, wolframite and quartz. 

Teallite, a lead tin sulphide (PbSnS2) is sometimes found in large amounts 

in the silver veins of Bolivia. Wurtzite, cassiterite, sphalerite , pyrite 

and sometimes stannite and francke ite are associated with teallite. 
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Franckeite is a common mineral in the silver tin-vein deposits of Bolivia, 

sometimes found in large quantities. 

The phase relations in the binary tin-sulphur system were studied 

by Albers et al . (1961), Albers and Schol (1961), Moh (1962/63). The 

results obtained by Moh are illustrated in Figure 19. 
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Figure 19. Phase relations in the SnS-S portion of the system Sn-S 
(from Wedepohl, 1969, p. 50-D-6). 

URANIUM 

Uranium belongs to the group of elements with atomic numbers 89 

and above, of which only thorium and 

Uranium occurs within a 

uranium occur in appreciable 

number of valencies, u
4+ and 

quantities 
6+ 

U being in nature. 

the most important. Naturally - occurring uranium consists 
. . 238 235 234 

dlfferent lsotopes U (99 %) , U (0, n ), U (0,005% ). 

of three 

The u
238 

235 
U are parent isotopes of two separate decay series which ultimately 

and 

206 207 . h h' d . 234.. d' yield Pb and Pb resgectlvely. T e t lr lsotope, U 15 lnterme late 

in the decay series of u
238 

and is formed by the emission of an a l pha particle, 

followed by two beta particles. 
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The most abundant uranium mineral is uraninite, with a formula 

The variability of chemical composition 

apparently results largely from oxidation of U0
2 

to U
3

0
S 

after deposition, 

and a number of compositions between the end members is possible. 

An important feature or uranium is its ability to become oxidized 

to the highly soluble uranyl ion (U0
2

2
+). This ion is easily mobilized 

in surface and near-surface waters, consequently, regardless of their origin, 

most uranium deposits contain an assemblage of secondary minerals. The 

various secondary minerals consist of carbonates, phosphates, vanadates, 

silicates and sulphates. 

Uranium is found in both high and low temperature veins. In high 

temperature veins it occurs associated with titanium minerals, betafite 

(U,Ca) (Nb,Ta,Ti)309.nH2o and brannerite (UTi 20 6 ) and in low temperature 

veins is found as pitchblende ~morphous uraninite) f and coffinite 

[ U (Si04 ) l-x (OH) 4~ In pegmatites uranium occurs as uraninite and is 

found in minerals in combination with niobium, thorium and other rare earths. 

The lower temperature veins are characterized by the presence of sulphides 

and may contain disseminated iron oxide. Thorium is associated with 

uranium in igneous rocks and pegmatites, and sandstone deposits but it is 

rare in the vein deposits. 

Figure 20 illustrates the effect of CO
2 

on uranium solubility. 

Hexavalent uranium is strongly complexed as the uranyl dicarbonate and 

tricarbonate species so that a·t relatively high carbon dioxide concentrations 

they project into the stability field occupied by uraninite in the absence 

of carbon dioxide. This diagram illustrates that carbonate-bearing 

solutions are possible transporting agents for uranium. 
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Figure 20. Stability relations among some uranium compo unds in water at 250 C 
and 1 atmosphere total pressure as a function of pH, Eh , and total dissolved 
carbonate species . Boundaries of solids at activity of total dissolved 
uranium-bearing species of 10-6 (from Garrels and Christ , 1965, p. 255). 

The potassium uranyl vanadate (carnotite) is often present in the zone 

of oxidation and is often an important mineral in deposits of calcrete. 

Figure 21 is a section of the multi component system U-0
2

-H
2

0-K-V-C0
2 

drawn 

at fixed activities of K, V, and CO 2 " The concentrations of the latter 

3 components are at geologically feas ible levels_ The large field of Eh 

and pH conditions under which carnotite is precipitated is well illustrated. 
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Figure 21. Stability relations among some uranium 
in water at 250 C and 1 atmosphere total pressure. 
species = 10-3 , total dissolved carbonate species 
po tasBium species = 10- 3 (from 'Ga rrels and Christ, 

12 

and vanadium compounds 
Total dissolved vanadium 

= 10-1 , total dissolved 
1965, p . 256). 
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IV BEHAVIOUR OF THE ELE~lliNTS WITHIN THE MAG~~TIC ENVIRONMENT 

During crystallization and differentiation of a magma the elements 

are distributed between various phases of the magma such as crystallizing 

silicates, crystallizing" sulphides, immiscible liquid phases, and aqueous 

volatile phases within the melt. The extent of the partitioning of the 

elements is controlled by the activities of oxygen and sulphur , temperature, 

pressure and the composition of the melt. 

The possibility that immiscible sulphide phases existed at some 

stage during the crystallization of a magma was first suggested by Vogt (1921). 

Field evidence and the recognition of immiscible phases within the melts of 

blast furnaces strongly supported his proposal. Four decades later Skinner 

and Pe ck (1969) , following routine sampling of the Alae lava lake (a tho leiitic 

basaltic lava) in Hawaii, discovered the presence of immiscible sulphide-rich 

globules in association with crystalline silicates. The melt had obviously 

become saturated with respect to sul phur and a sulphide-rich liquid had 

separated from the magma. Table 7 lists the compositions of the phases present. 

Table 7. Chemical analyses of basal ts from Alae lava lake, Hawaii (in weight 
percent) . 

££3:~ , 1 1 
(lo'el,'u plrtent) C\.:dlhi pu~~nt) (lidaht pncf'nt) 

51°2 SO."" 50.25 51.4 

AIlO) 1).66 12.76 13 . 0 

Fe2D) 1.310 1.24 1., 

,,0 9. S5 U.Sr. 12.3 

M" 7 .SS 5.66 '.0 
, . 0 11.11 9.66 , .. 
NatO 2.38 '-" '.1 
",0 0.54 0.80 1.0 

" ... 0.05 0.06 0.13 
H

2
O- 0.01 0.01 <0. 05 

H02 
2.74 3.77 •. 0 

P20S 0.21 O.~J 0.G5 

MoO 0.17 0.20 0.11 

CO, 0.01 0 .02 N.D. 

01 0.02 0.03 N. D. 

-'- ~ ~ ~ 
Tout 100.10 100: 13 99.70 

1. Average of 18 samples of pumice and quenched partly molten l ava. 

2. Quenched ooze of interstitial melt containing immis c ible sulphide liquid. 

3. Glass fraction separated from 2. 
(from Skinner and Peck, 1969, p. 311). 

Experimental work by Fincham and Richardson (1954) showed that the 

distribution of sulphur within a melt could be demonstrated by the following 

equation: 

LS 
< 2 (gas) + 

- 2 o 
(melt) '>0 2 (gas) 

- 2 
(S ) melt 
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This expression, due to the very low oxygen fugacities within a melt, can 

be rewritten as : 

c 
s 

= 

where C is the sulphur dissolving capacity of an anhydrous silicate melt 
s 

at varying temperatures, partial pressures of 02 and 52 and composition~ 

and Sm is the weight percent sulphur dissolved in the melt. 

The effects of composition on sulphide capacity (C ) of a silicate 
s 

melt are illustrated in Figure 22. 

10- 2,-____ -, 
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'" u -4 
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~Ji02 
// 

5 - MgO·S i02 10- , 
0.7 0 .6 0.5 0.4 

Mole fraction of Si02 

--_ ... _---

Figure 22. The effect of composition on the sulphide capacity (C ) of a - s 
silicate melt . The relative importance of species such as MgO and CaO are 
greatly overshadowed by that of FeO, and the principal compositional effect 
controlling the solubility of sulphur in magmas is the FeO content. 
Variations in the Si0

2 
content of magmas have a minor effect on sulphur 

solubility (from Skinner and Barton, 1973, p. 203). 

Maclean (1969) suggested that immiscible sulphide liquids could be 

generated by two mechanisms : 

(i) by the crystallization of other phases with the subsequent 

enrichment of sulphide, and 

(ii) the intersection at the interface b e tween the crystallizing 

silicate liquid and the immiscibility gap (Figure 23). 
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system used 
p . 874). 

Liquidus phase relations in the FeS-Feo-Sio
2 

illustrating the 
to generate immiscible sulphide liquids (from Maclean, 1969 , 

In a series of mode l s , Maclean (1969) demons t rated that by varying 

the composition and oxygen fugacities of melts within the FeS- FeO- Fe
3
0

4
-Si0

2 
system , sulphi de immiscible liquids with varying concentrat i ons and com­

positions could be generated at various temperatures . 

The factors which control the solubility of sulphur in mafic magmas 

are temperature , composition and t he fugac i ties of oxygen and sulphur. 

Haughton et al. (1974) demonstrated that an increase of 1000e was sufficient 

to increase the sulphur- dissolving capac i ty of a magma by 5 - 7 XiS, and 

that increasing the o xygen fugacity caused a decrease in t he sul phur-

dissolving capacity. 

sul phur solubility. 

An increase in sulphur concentration tends to increase 
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Iron in the ferrous state is important in controlling sulphur 

solubility in a magma and a lowering of the ferrous ~ron content was 

found to induce immiscibility . A decrease in the ferrous iron content 

can be produced by the oxidation of ferrous to ferric iron and also by the 

precipitation of oxides such as chromite, magnetite and ilmenite . This 

will change the oxygen fugacity of a magma so that the sulphur content will 

increase and finally form an immiscible sulphide phase. The precipitation 

of Mg - rich olivines and pyroxenes will enrich the melt relatively in iron 

and thus cause a reversal of the process. 

At high temperatures, within a magma, pyrite is unstable and pyrrhotite 

is probably the more important phase (Sk i nner and Barton , 1973) . Magnetite 

depresses the pyrrhotite melting point and whether the precipitating phase 

is crystalline or liquid depends on the temperature at which saturation 

occurs and on the partial pressures of sulphur and oxygen . The range of 

PS
2 

and P0
2 

in mafic magmas is limited and this confines the Fe-S-O l iquid 

composition to the primary f ie l d of pyrrhotite. Once the system is saturated 

with sulphur it is possible to have simultaneous precipitation of crystalline 

pyrrhotite and a Fe - S- O liquid (Skinner and Barton, 1973). _ Figure 24 illus ­

trates t hat the compositions of the immiscible dropl ets from the Alae lava lake 

and the ore from Strathona and Alexo mines all plot in the pyrrhotite field . 
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Figure 24. Phase diagram for the system Fe-S-O. Natural immiscible sulphide 
liquids fall in the region of the pyrrhotite phase field, the liquidus surface 
of which is contoured. When such a liquid cools and reaches the liquidus surface , 

- pyrrhotite will separate and push the residual liquid towards the cotectic along 
-""hich magnetite and pyrrhotite crystallize. The composition of the Alae l a -va lakE 
sulphide liquid, collected at 106So C, is plotted together with two average ore 
compositions from deposits widely accepted as being formed by immiscible sulphide 
l iquid segregation (from Ski~ner and Barton, 1973, p. 204). 



- 42 -

The partitioning of metals other than iron between coexisting 

silicate and sulphide liquids has been studied by, among other, Maclean 

and Shimazaki (1976), Rajamani and Naldrett (1978), and Feiss (1978). 

Most of this work has been based upon the observations of Burns and Fyfe 

(1964) of, and the subsequent clarification of the ' crystal field theory 

by Burns (1970). Magmatic melts were demonstrated to be quasi-crystalline, 

and it was shown that in silicate melts of granitic and basaltic compositions 

both tetrahedral and octahedral sites are present. Burns (1970) demonstrated 

that the transition elements of the first series are able to enter both these 

sites, but that within silicates the elements are rarely present in tetrahedral 

co-ordination, but occur within the octahedral sites. Therefore, during 

crystallization a partitioning of ions takes place between the octahedral 

and tetrahedral sites of the magma and the octahedral sites within a crystal 

(see Section II). 

Maclean and Shimazaki (1976) measured the partitioning of Fe, Ni, Co, 

Cu and Zn between sulphides and silicate liquids in the FeS-FeO-Sio
2 

system. 

They measured the relative preferences of the different transition elements 

for octahedral sites in magmatic melts and calculated the distribution 

coefficients by the following formula : 

Km 
= wt. % of metal in sulphide liquid 

wt. % of metal in silicate liquid 

and they found the order of partitioning between s,ulphide and silicate melts 

to be Ni > Cu > Co > Fe > Zn. This order can be explained by the crystal field 

theory and distortion effects. It can also explain the observed concentration 

or depletion of certain elements forming orthomagmatic ore deposits. Figure 

25 illustrates the relative preference of the transition metals for octa­

hedral sites within the sulphide liquid. 

Thus nickel and copper are greatly enriched in those sulphide liquids 

which can separate from a magma and form massive sulphide deposits such as 

Kambalda, or if compl ete crystall i zation takes place before extrusion, 

disseminated sulphide deposits such as Mt. Keith, Zinc has a very low 

preference for octahedral co-ordination within mafic melts and is thus 

relatively enriched within the residual melt and 90ssibly becomes strongly 

compl exed to sulphur with increasing differentiation and decreasing temperature. 

Zinc occurs in volcanic and exhalative deposits with a more felsic character 

than nickel. 
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Figure 25. Plot of the experimental data on the partitioning coefficients. 
The error bars are one standard deviation of X-ray counting statistics 
(from Maclean and Shimazaki , 1976 , p. 1052). 

Mafic and ultramafic melts are enriched in copper and depleted in 

nickel through the crystallization of olivine (Figure 26) . 
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Figure 26. Diagram showing the partitioning of elements between phases 
under equilibrium conditions. The presence of olivine does not affect 
partitioning between the liquids, but the precipitation of olivine may 
rapidly deplete the liquids in Ni and slowly enrich them in Cu (from 
Maclean and Shimazaki , 1976 , p. 1055). 
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Thus should crystallization and the subsequent removal of olivine occur 

prior to the formation of inuniscible sulphide globules, the II residual II 

liquid will become enriched in Cu, Zn, Ph and Co, and a nickel-s ilicate 

deposi t will be formed. This explains why layered igneous complexes are 

not regarded as prime exploration targets for nickel-sulphide. 

Rajamani and · Naldrett (1978) observed that the composition of the 

silicate l iquid must have a significant effect on the partitioning of 

nickel and copper. They indicate that in andesitic melts with 4, 5 wt. % 

MgO, nickel tends to be more sulphophile than copper. 'Vlhereas in more 

basic melts (13,5 wt. % ~lg0) , nickel tends to behave as if it were less 

sulphophile. This can be explained by the fact that it has a high 

octahedral site preference energy regardless of the phase within which the 

site occurs, but once the liquid becomes slightly more felsic there is a 

relative decrease in the number of octahedral sites within the silicate 

phases and the tendency for nickel to enter the octahedral sites within 

sulphide phases increases. 

Mafic rocks show an enrichment in nickel and a low Cu/Cu + Ni ratio . 

Na l drett and Cabri (1976) and Rajamani and Naldrett (1978) worked on the 

composi tions of rocks in r elation to . their nickel and copper content. 

Figure ·27 illustrates the relationship between MgO content and the variation 

in the nickel and copper contents of a segregated sulphide liquid. Figure 

28 i l lustrates the calcul ated relationships between the NgO content of a magma 

and the Cu/(Cu+Ni) ratio of sulphide liquids and supe r imposed are the MgO 

vs. Cu/(Cu+Ni) contents of certain deposits. 
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Figure 27. Variation in the Ni and eu contents in the sulphide liquid 
segregating from successive liquids of a fract ionally crystallizing komatntic 
magma with weight percent MgO of these liquids.(from Rajamani and Naldrett, 

1978, p. 90). 
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Figure 28 . Calculated relationship between the Cu/(Cu+Ni ) ratios of sul phide 
liquids and weight percent MgO of komatiitic magma. The open circles represent 
the calculated ratios (from Rajamani and Naldrett , 1978, p. 91). 

The concentration of cobalt does not seem to be associated with any 

particular rock- type , but there appears to be . a slight preference for olivine 

relative to a basaltic melt. The strong preference of nickel for the sulphide 

liquid is probably due to the combined effect of the 1T bonds formed with 

sulphur ligands and the high stability in octahedral sites. Hi gh spin Co 

and Fe 
2+ 

form two bonds with sulphur ligands while nickel forms three. 1T 

Lead and zinc within the FeS-FeO-Si0
2

(Fe
3

0
4

) (Na
2
0) systems are not 

partitioned strongly to the sul phide liquid, and although their values are 

2+ 

affected by change in Na 20 content and f~2 the concentrations are too 

to form deposits with economic considerations (Macl ean and Shimazaki, 

1 976). Pb
2

+ is intermediate in size between Ca
2

+ and K+ and may be 

small 

expected to enter in K-feldspar and K-mica structures, but because of 

the doub l e charge and smaller ion , the more covalent character of the Pb-O 
2+ 2+ .. 

bond offsets such effects. Pb should enter late Ca pos1t1ons but 

because of the more covalent character of the Pb- O bond of the large 

Pb
2

+ ionic radius, lead will be partitioned into the melt. Within the 

melt it will possibly begin to complex with chlorine but because of the 

predominance of galena (PbS) with increasing differentiation l ead will 

probably start competing for sulphur with zinc and copper. Thus lead and 

zinc tend to increase in the residual magma during differentiation of melts 
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until the composition of the me l t is andesitic in character , and this i s 

possibly the time when removal of these elements occurs . 

Burns (1970 ) il l ustrated that the A1
2

0
3

/ K
2

0 + Na 20 + CaO r a tio of 

a magma is proportional to the number of octahedral sites available in the 
2+ 

melt . Thus with the preference that Cu exhibits for octahedral sites 

within sulphide phases it follows that 'during crystallization cu
2

+ will tend 

to b ecome depleted in the magma. Feiss (1978) illustrated that the high 

alkalic content within a granitic magma would drive cu
2

+ i nto early formed 

crystals but in contrast , a high A1203 concentration would decrease the 

number of tetrahedral sites in the silicate liquid. This , plus the Jahn­

until it complexes Teller effect , ensures that 2+ . h· 1 Cu stays Wlt 1n a me t 

within solution and becomes availab l e for deposition within porphyry and 

hydrothermal deposits. 

Silver enters sulphide phases and the extremely covalent nature of 

the Ag-O bond in comparison with Fe- O or K-O bonds will lead to the virtual 

exclusion of silver from silicate lattices, and its subsequent concentration 

in the sulphide phase. This will cause a depletion of silver in the melt 

and an enrichment in galena, chalcopyrite and pyrite. The b ehaviour of 

silver tends to be comparable with copper , but occurs in much sma l ler 

concentrations , and forms a more covalent bond with oxygen, and during 

fractionation of a melt the Ag/Cu ratio is expected to increase in silicates 

(Taylor, 1965) . 

The geochemical behaviour of silver is complex and four separate 

factors must be considered (Taylor , 1965) : 

(i) Entry of Ag2+ into Fe
2

+ positions, accompanying cu2+ 

(ii) 

The more covalent character of the Ag- O bond compared 

with the Fe-O and Cu-O bond will lead to the rise in the 

Ag/Fe, Ag/Cu ratios. 

2+ 2+ 2+ 
Entry of Ag in to Cu and Na positions. This will be 

slight because of the very ionic character of the Ca - O, 

Na - O bonds and will lead to the rise in silver content 

during fractionation. 

(iii) A similar substitution for K+ in mica and K-feldspars. 
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(iv) Removal of the accumulated silver by separation of a 

sulphide phase. This will deplete a magma in silver 

in the same manner as copper. 

The geochemistry of gold is dominated by its occurrence in the 

metallic state. Gold is considered to be more siderophile than silver, 

and because of this non-sulphides carry more gold than silver. Gold is 

commonly associated with iron, bismuth and antimony, and Goldschmidt (1954,p. 202). 

wri tes that the cause II is to be sought in the ability of these elements to 

form packings of such large ions that gold can be collected in the interstices". 

Anders et al. (1971) argue that in a strongly reducing env ironment , as 

possibly e xists within a mafic magma, the siderophile elements (such as gold 

a nd silver) could possibly be concentrated in the metallic state. 

Molybdenum and tungsten, due to 
2-

high ionic potential form (~100 4) and 

the high valence states and subsequent 
2-

(W0
4

) complexes which will be 

concentrated in residual magma. There will thus be a concentration of these 

elements in residual or volatile-rich magmas . The complexes which the metals 

form with oxides and halides etc . disallow entry into silicate minerals . For 

the quadrivalent ions, relative bond strength will be important, and the more 

covalent character of the Mo-O and w-o bonds will lead to the concentration of 

molybdenum and tungsten in later fract ions. With r egard to the hexavalent 

states concentration in residual magmas is facilitated by a charge discordancy 
4-

relative to (SiOA ) Electronegativity values do not indicate any 

difference in bond type for the two elements, but the ionic potentials 

indicate that the Mo-O bond should be more ionic than the w-o bond. 

Uranium can enter the lattices of minerals such as monazite, 

allanite and sphene, but uranium tends to become enriched in the residual 

magma during differentiation. Uranium is norwally present as u4+ in igneous 

rocks and the high ionic potential of u
4

+ will lead to complex formation 

and subsequent concentration in residual magmas. The hexavalent ion 
2+ 

(U02 ) occurs under oxidizing conditions. The high ionic potential of 
4+ 4-

Sn will favour the formation of (sn0
4

) in silicate melts. This complex 

ion, due to its size, (and due to complexes formed as halides, fl .urides, 

sulphides, etc.), will not be incorporated into silicate lattices and so 

becomes enriched in the residual melt. 
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V BEHAVIOUR OF THE ELEMENTS IN HYDROTHERMAL AND AQUEOUS SOLUTIONS 

(a) Characteristics of Hydrothermal Solutions and Certain Transporting 
Agents 

The exact mechanism of ore metal transport in nature is unknown and 

can only be inferred from field observations and laboratory studies. 

Subsequently rather diverse ideas have been presented, however, there remains 

a number of geochemical and chemical limits which restrict the number of 

possible mechanisms . 

In all cases the mechanism of migration of elements depends on the 

stability of the migrating ion or compound within a specific physico-chemical 

environment. Thus the mobility of an element depends on the stability and 

solubility of chemical compounds which it can form in solution. Reaction 

between the ore elements and other compounds within the solution can cause 

precipitation of the ore element, thus the complex must be.soluble, stable 

and relatively unreactive in order that transpJrt over appreciable distances 

may be achieved. Individual dissociated ions of certain elements may be 
, 

transported, provided they do not react with other components of the 

transporting medium (Beus and Grigorian, 1977). Barnes and Czamanske (1967,p.337) 

describe a complex as "Complex ions or molecules are species in solution 

formed by strong interaction of ions and/or molecules which then respond 

as a single aqueous species in many chemical reactions". 

Ore solutions must contain alkalies, chlorides, carbon species, sulphur, 

hydrogen, oxygen and flour ides . This is obvious from the study of fluid 

inclusions, emanations of fluids and gases from volcanoes/ and hydrothermal 

springs, and the composition of the minerals within ore deposits. 

Korzhisnkii (1963) and others, have shown that during crystallization of a 

magma! the residual melt becomes enriched in acidic components (C0
2

, Hel, Hf, 

H
2

S, etc.) that do not form part of the mineral assemblage. Condensation 

of volatile acidic components, as well as increasing density due to decreasing 

temperature of solutions approaching "boiling point" 1 produces an increase in 

acidity. Berzina and Sotnikov (1977) conclude that ore deposition can occur 

from solutions enriched in CO
2 

at 400
0 

- 2000 C and that phases which separated 

earlier from the magma would probably be enriched in flouride and later stages 

in flour i de-carbonate! or chloride and carbon dioxide. Itsikson (1963) 

suggests that the main components o f ore-bearing solutions are water, flouride 

and iron in conjunction with tin! lead, copper, zinc! arsenic and sulphur! 
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and states that while studying the process of ore transport an account 

is made only of those compounds which occur in minerals as it is not clear 

what roles such compounds as Cl and CO
2 

played during transport and 

deposition. 

Argillic alteration suggests that the pH must have been less than 

2,5 units below neutrality because of the presence of K-mica. If strongly 

alkaline conditions prevailed, K-mica would be converted to K-feldspar. 

Data from hydrothermal fluids, and calculations indicate that the pH of the 

ore solutions must have been within one pH unit below and within two pH 

units above neutrality. 

The lack of native sulphur in ore deposition also suggests a limit 

to the pH of deposition. Figure 29 illustrates the stability field of 

certain minerals and sulphur. It indicates that the lowest pH of the 

ore solutions must have been above 4. 

E 
:; 

~ -40 

.3 

-50 

HSO' so~-

Hematite 

pH 

Figure 29. Stability fields for the Fe-S- O system plus other selected 
minerals and aqueous species at 2S0

o
C, Es = 0.1 based on data at 2So C which 

were adjusted to 2S0o C by the van't Hoff equation. Dashed lines represent 
boundaries between stability fields of minerals and heavy, solid lines 

' between aqueous species (from Barnes and Czarnanske, 1967, p. 351). 

Barnes and Czamanske (1967) emphasize the importance of textures, 

paragenesis and the zonation of metals found in hydrothermal deposits 

(see Ch. B, Barnes and Czamanske, 1967). Reversals in the zoning, or 

paragenetic sequence can occur between metals which are situated para-

gene tically close to one another. For example sphalerite is usually found 
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deposited earlier than chalcopyrite , but should the ore-forming fluids 

contain a greater concentration o f copper than zinc, chalcopyrite will be 

deposited before shpalerite. The aqueous complex of copper is slightly 

more stable than that o f zinc , but t h e mass - action effect causes a 

reversal in the depositional sequence . 

. The textures of deposited minerals and the zonal relationships place 

certain restrictions upon what mechanisms can be used for transporting ore 

elements. Deposition from volatiles cannot produce the observed sequence 

of minerals formed, and furthermore , the vapours of the majority of metals , 

at geologically feasib l e temperatures, are insufficient to be of importance 

in ore transport. Col l oidal transport of ore metals is not considered as 

a viable mechanism , as colloids are unstable in brine solutions . Further-

more , colloidal transport could not produce the observed zoning , and col l oidal 

textures would be generally expected to be preserved in massive sulphide 

deposits - and they are not. Elements are transported either by appreciable 

solubility in the aqueous phase or by a variety of possible complexes . 

Taylor (1963) suggested that the relative abundances of the chal ­

cophile elements in a given ore-bearing solution will be determined primarily 

by the concentration of these elements i n the source material and by the 

partition co-efficients between the source and the ore- fluids. Thus elements 

can be transported a long way because they are not concentrated enough to 

be deposited, and there is evidence of hydrothermal deposition of oxides 

and/or silicates in considerable amounts before sulphides . The metallic 

sulphides were possibly undersaturated in the ore-fluid during the earlier 

stages of migration and deposition. Ore-fluids will change composition 

with time and distance from their source , and therefore solubilities ought 

to have little effect on the relative abundances of the heavy metals in 

most ore- forming fluids until these heavy metals begin to precipitate 

(Taylor , 1963) . 

2-
Of the stable complexes of sulphur only H

2
8, 804 ' and HS are likely 

2-
to be important. H2S0

4 
would require too great an acidity, and S too 

great an alkalinity. It is pcssible that polysulphide and thiosulphide 
o ions are metastable above 200 C and decompose. The aqueous stability 

fields of 250 C and 250 0 C are probably similar (Barnes and Czamanske, 1967). 

At above 250
0

C - 3000 C the bisulphide solution reacts as follows 

+ 
2-

S thus becoming unstable. Metal complexing could then 

be 
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The stability of sulphur complexes tends to be unaffected by the 

addition of carbon species (C0
2

, CH
4

) because no aqueous ion or molecule 

is formed between carbon and sulphur. Barnes and Czamanske (1967) state 

that if stable complexes are formed with HS , and the addition of Cl , 

NH
3

, HC0
3 

does not increase the solubility of the complex, these additional 

species cannot be part of the chemical mechanisms of ore transport. 

Herr and Eelz (1978) suggest that bisulphide ion-pairs could be 

important at high temperatures but note that the effect of HS on ion­

pairing need not be one of enhancing mineral solubility but instead it 

could have the opposite effect. Barnes and Czamanske (1967) have pointed 

out that for a fixed high chloride ion concentration the character of the 

dominant base metal complex depends on reduced sulphur concentration and 

pH. If the concentration of total reduced sulphur is very low then metals 

are possibly transported in the form of chloride complexes. However, if 

total reduced sulphur is high, then the concentration of base metal chloride 

complexes in equilibrium with sulphide minerals is strongly depressed, and 

bisulphide complexes predominate. In the latter case where bisulphide 

complexes predominate, alkaline earths could compete with the base metal 

for the solubilizing ligand, and this would tend to depress the capacity of 

acid solutions to carry base metals. With increasing migration an ore 

solution undergoes oxidation, thus sulphur present will be in the sulphate 

form. Evidence from Roedder (1967) indicates that brines are low in 

sulphur and that the sulphur present is predominantly sulphate. The 

presence of barium, as baryte (BaS0
4

) in volcanogenic deposits can thus 

be explained. 

Above S7S
o

C H2S decomposes entirely and it is possible that from 

temperatures above SOOOC the dominant sulphur phase would be S02. Barnes 
o 

and Czamanske (1967) suggest that at temperatures above 374 C BCl is as 

weak as acetic acid at normal temperatures. They state that this is the 

same with regard to alkali chlorides and that complexes formed at these 

high temperatures would be very unstable. Ganeev (1963) states that the 

main difficulty in proposing possible ore transporting mechanisms lies in 

the limited knowledge of complex stability under high temperatures and 

pressures. 
o 

up to 300 -

Certain complexes retain their chemica l stability on heating 

350°C because the increase in pressure under high temperature 

conditions would generally support the complex and maintain stability. 
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In tab le S those elements with electronegativity values between 

190 and 270 K.cal/g-atom are r eferred to as the amphoteric elements (i.e. 

they exhibit both alkaline and acidic properties depending en the 

composition 6f the solution in which they occur) . 

Table S . Electronegativity values of certain element ( from Beus and 
Grigorian , 1977, p. 30). 

EN Element EN Element EN Element 

--_._-
90 Cs+ 180- 190 Pb2.-, Agt, Cu+, 250 Ti'., Cr3 t-

97-100 Rb+, K 
Fe'll-

260- 270 Sit .. , Sn't 

115-120 Ba2t , Nat- 190·-200 Sb3f., BPt, Co2+- 270-280 S·+ 

120-130 LP", Sr2t , (a2 .. , La3+ 200-205 Zn'+ 280-290 B" 
140-150 Ce" 205-210 Be2+, ",14.+-, Ta$ .. , 

290- 300 As~t U6t, NisI-
160- 170 Th4+ 

210-220 Hgh, APt , ASh 300 - 310 p~t 

170-180 Mg2+, Uh 220 - 230 V3t , NbH , Mo'" 310-315 H+ 

230-240 Fe3+-, Cu2t, Hg+, 370-380 C't I Sal-

Pbt ... 460 CI'+ 

530 0' 
005 F7+ 

The amphoteric property of these elements determines their ability to form 

soluble, stable complexes within ore-metal transpor~ing solutions. These 

complex compounds are referred to by , amongst others, Beus and Grigorian 

(1977) , as acidocomplexes . These compl exes are characterized by strong 

covalent bonding with subsequently diminishes the activity of the element 

in solution . Generally an acidocomplex is an amphoteric element covalently 

bonded to an acid atom or radical (addend). The formula can be written as 

B [ MA ], where B is an alkaline element (K,Na,Li,Rb,Cs,Ca) i M an amphoteric 
m n 4+ 2+ 6+ 4+ 2 2+ 2+ 4 + 

e l ement (w , Zn , U I Mo , Zn , Cu I Ni , Sn ); and A is an addend 

(Cl,F,S) . 

B [MA ] 

These acidocomplexes dissociate in aqueous solution as follov .. s 

m n + (Beus and Grigorian , 1977) . 

Complexes with mixed addends (Ganeev, 1963) could be important in 

ore-metal transport. Change in the addends would depend on their con-

centration in solution and an important factor in changing the addends 

could possibly be the reaction of the fluids with the wall-rock during 

migration. 

Investigations indicate that heteropoly 

HS [Si(W07 )6]·3H20; H
3

[P(W 30
10

)6] . XH
2
0; 

- 5 
acids (egs. [(HW

6
0

21
) 

H3[Sb(W3010)6]·xH20) 
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in aqueous solution readily form anions and aggregate with the simultaneous 

formations of highly polymeric compounds. (A high degree of pclymerization 

was found in acidic solutions of sodium wolframite). The degree of poly-

merization is a function of the concentration of the substances in solution. 

Polymeric compounds are stable in both acidic and neutral environments, but 

Examples of the complexes in alkaline solutions they tend to decompose. 
2-

studies by Ganeev (1963 ) are [SN(OH,F)6 1 ,flouroaqueous complexes 
+ 2-

[A1F3(H20)41 .and [U02 (C0 3 )2 (M20)2 1 . 

The process of aggregation (polymerization) of hydroxy compcunds 

could be of importance in ore transport. The following is a list of ce.tain 

elements and the extent to which they polymerize : 

(i) 
+ 2+ 

Ag ,Fe hydrolyse to form mononuclear complexes, 

(ii) 
2+ 3+ 4+ 

Cu , Fe , Sn polymerize to a limited degree, and 

(iii) 
2+ 

(U0
2

) can occur as a continuous series of multinuclear 

complexes. 

The stability of polymers is frequently determined by the concentration 

of other complex - forming elements in solutions which can decompose polymeric 

compounds of a given element, and by the presence of addends able to 

substitute for oxygen and to form more stable compounds. 

As supercritical solutions develop in to hydrothermal solutions, due to 

a decrease in temperature, the internal structure of the solution experiences 

major rearrangements, and its chemical properties change. This conversion 

from a supercritical to a hydrothermal solution is accompanied by an abrupt 

increase in the solubility of bases, which causes a decrease in their 

activity. The solubility of acids in a hydrothermal solution on the other 

hand decreases markedly and their activity increases. In addition a decrease in 

temperature and the appearance of the liquid H20 phase lowers the stability 

of h igh -temperature complexes. Therefore, decomposition of some acid-

ocomplexes which are stable in supercritical high-pressure solutions occurs 

and this dissociation releases anions of strong acids. Consequently, as 
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the temperature of the system decreases the supercritical nature of the 

solution changes to hydrothermal, the acidity increases, reaching a 

maximum at the beginning of the hydrothermal stage of the post~agmatic 

process. Greisenization therefore occurs due to the increased acidity 

of the solutions. 

Certain types of mineralization are associated with a particular 

host rock, for example tin within granite, but other elements such as 

copper, lead and zinc appear to be deposited over a wide range of temperature 

and pressure conditions, and vii thin no particular host-rack-type. 

Volcanogenic exhalative deposits are predominantly associated with sedimen­

tary rocks, the porphyry deposits are related to a cupola or stock and the 

hydrothermal deposits (per se) are found in areas of low pressure-tension 

gashes, veins! fractures and faults! not always related to an obvious 

igneous source. These three types of hydrothermal are deposits may be 

distinguished accordIng to the hydrological and tectonic conditions during 

mineralization as follows : 

(i) Deposits formed from solutions that ascend to the surface. 

(ii) Deposits formed from solutions that did not reach the 

surface. Thus the solutions ascendeo some dista,nce 

from the parent magma before mineralization crystallized 

under closed conditions. 

(iii) Deposits formed from solutions which did not separate 

from the parent magma; the ore forming fluids being 

supplied by .convection of solutions within the magma. 

The first gl'O'·:P of deposits would include the exhalative-type copper, 

lead, zinc silver deposits. 

The second group of deposits would incluae the hydrothermal deposits 

of porphyry affiliation and hydrothermal depcsits situated in areas of low 

pressure. 

The third group of deposits would include endogranitic (and possible 

skarn-type) mineralization - deposits of tin, tungsten! uranium, minor 

copper, lead and zinc. 
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The l e ve l to which the solut i on s would rise woul d depend upon the 

pressure of the solutions within the magma relative t o confining pressure , 

t h us g r eatly dependant o n the permeability of the fracture s y s t e m, an d 

porosity of t he rock . The formation of large deposits , within c l osed 

s ystems may o ccur without the supply of geological unfeasible amounts of 

sol utions , and that solubilities are not required for ore transport 

(Berzina and Sotnikov, 1977 ) . 

Acidic hydrothermal solutions interact with enclosing rocks. 

This tends to cause the remova l of alkali and alkali-ea rch metals from 

surrounding rocks which l eads to the neutral i zation of the solutions and 

to the progressive increase i n the activity of the strong bases in solution . 

The country rocks thus become altered. High-silicon rocks (quartzite, 

sandstone) tend not to affect the composition of hydrothermal fluids, and 

therefore do not cause the decomposition of acidocomplexes . Feldspathi-

zation can result when these rocks interact with alkaline solutions. If 

the aCidity of the mineral-forming so l ution is high , this may cause the 

silicification of rocks such as granite , syenite , gneisses, schists . 

These rocks provide strong bases to the fluids and interaction therefore 

leads to a gradual increase in the alkalinity of the solution, which tends 

to decompose the complexes thereby causing precipitation. Basic and ultra-

basic igneous rocks as well as their metamorphic equivalents are low in 

alkalies , but rich in calcium which is a precipitant for some acidic 
- 2 -

anions (F , C0
3 

) and some trace elements such as tungsten . Carbonate 

rocks cause the neutralization of the acidic mineral-forming f l uids 

especially if these solutions contain flourine . 

(b) Possible Transporting Complexes and Solubilities of the Selected 

Elements 

COPPER 

The solubility of copper sulphides in pure water is e xtremely low 

and is only slightly increased by the addition of H
2

S . In contrast, the 

solubility of copper sulphides in bisulphide solutions is high. The 

concentration is temperature dependant and increases 4 to 5 times from 

The complex formed is , CuS + H
2

S(g) + HS ---; CU(HS); . 
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The presence of NH
4

Cl depresses the solubility to approximate l y half 

that in pure b i sulphide solution , and there does not appear to be a polyanion 
- + 

complex formed with copper sulphide involving both HS and NH4 or Cl in 

1 h Od 0 1 h 2+ 0 su P l e solutions . Slmp e c loride complexing of Cu lS apparen t ly 
+ 

ineffectual, but the ion , Cu does form a trichloride complex (Barnes and 

Czamanske, 1967). These authors believe that it is on l y within environ-

ments containing very low sulphide concentrations , and at low temperatures, 

that chloride complexing can account for the transport of copper . 

Romberger and Barnes (1970) determined that covellite solubility is 

possibly proportional to the concentration of HS in solution and that this 

is in turn dependent upon the activity of H
2

S and temperature. 

at opH ' s less than 7 , 3, the important complex was determined to be CU(HS)3 ' 

and at pH's greater than 7 , 3 the comp l ex CUS(HS); - is possibly important. 

At 200
0

C, at pH ' s less than 6,6 the important complex is probably CU(HS)~-
3-

and at pH ' s greater than 6 , 6 the important complex was shown to be CUS(HS)3 . 

They conclude that in neutral to weakly alkaline conditions bisulphide 

complexes are important in ore transport. 

Crerar and Barnes (1976) measured the solubilities of chalcopyrite 

bornite and chalcocite at temperatures ranging from 200
0 

to 350°. They 

by Roedder (1971) indicates that ore fluids 
- 1 

to 10 m Chloride, sufficient copper, and iron, 

conclude that , because the work 
-2 

typically contain above 10 
o 2+ + 0 

may b e transported as the specles Fe , FeCI and Cuel 1n the presence of 

sufficiently reduced sulphur to account for copper sulphide deposition. 

They add that the cuprous-bisulphide complexes become significant in 

weakly basic solutions, at high concentrations of sulphur, and at lower 

temperatures, and that the bisulphide complexes are more important at 250° 

than at 350
0

C. 

Cu+ complexes with chlorides more effectively than Cu
2

+ i n sulphide-
o 0 

free concentrated NaCl solutions. At temperatures from 20 to 90 C the 
2 -

complex CUC1
4 

was found to be responsible for copper solubility (Helgeson , 

1964) . Helgeson (1969) calculated the solubility of cu
2

S and CUFeS
2 

in 

NaCl solutions and found that the solubility of Cu
2

S increases from 0,05 
o 0 

ppm at 100 C to 950 ppm at 300 C. Under the same conditions 

the solubility of CuFeS
2 

was found to increase from 0,034 ppm to 12,7 ppm. 

According to Rickard (1972) the most probable dissolved phase of 

copper in seawater is undissociated cupric carbonate . Experimental work 
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using cupric salts in an aqueous sulphide solution indicate that cove llite 

and blaubleibender covellite were the two most common copper minerals 

formed. . Rickard (1972) s uggests that for cha l cocite formation , cuprous 
+ copper (Cu ) needs to be present, and he has demonstrated that unusual 

conditions are needed for t he preservation of cupro.us copper in the 

aqueous environment , but Rose (1974) prefers the concept of copper 
2-

transport as the cuprous chloride complexes CuCl; and CUC1
3 

because of 

the insolubility of copper under the normal oxidising 

surface environment . 
2+ 

He regards the Cu complexes 

conditions of the 
2-

with OH ' S04 ' 
2 -

S03 and Cl as having little effect on copper solubility in natural 

waters. Thus h e is in direct conflict with Vaughan (1976) and Rickard 

(1972). Vaughan (1976) states that the most impcrtant s tate of copper in 

the aqueous environment is Cu
2

+ This is due to the greater lattice and 

solvation energies of the Cu
2

+ ion compared with cu+ , which is only stable 

in very low concentrations . Vaughan (1976) believes that the cupric ion 
2+ 

[ cu(H20)61 is important in the aqueous environment and that complexes can 

be formed by the displacement of water molecules from the cupric ion , for 
2+ 

example [cu(NH
3

)4 (H20)2 1 . 

LEAD 

o Galena in pure water has a solubility , at temperatures up to 250 C, 

of 0 ,1 mg/litre and experimental studies have shown that lead does not 

readily complex with sulphur. Anderson (1962) suggested that the complex 

Pb(HS)3 might be responsible for a certain amount of lead solubility and 

in 1973 he demonstrated that PbS could be precipitated from a slightly 

acidic chloride-rich brine containing l ow sulphur concentrati ons at ~ lOOoe. 

Barnes and Czamanske (1967) suggest that in alkaline solutions lead 

solubility can be increased 10 times (relative to that in pure water) due 

to the formation of the Pb(HS); complex. 

Abundant work on fluid inc lusions seems to indicate that chloride 

complexes are pcssibly i mportan t in lead transport . Should this be so, 

then sulphur either as H2S , or S04' must be transported within the fluids , 

via a different mechanism , and with the change in Eh , pH , temperature and 

pressure in the surface environment the chloride complex would have to 

decompose, and due to the sulphophile tendencies of lead, deposition of 

galena could then occur. 
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Helgeson (1964) suggests that chloride complexes can develop with 

Cl in high concentrations of NaCl , HC1, KC1. He demonstrated that at 

pH 5, and at 125°C, significant concentrations of lead could be carried 

as the 
2-

PbC1
4 

dilute 

+ 2-
chloride complexes PbCl , PbC1

4 
. At lower temperatures the 

complex ion tends to dominate in concentrated solutions and in 

+ . h 1+ solutions PbCl is possibly dominant . At h1g temperatures PbC 

is dominant in both concentrated and diluted solutions. This was confirmed 

by Nriagu and Anderson (1971). Nriagu and Anderson (1970) calculated that 

the solubility of PbS , CuS and other sulphides in concentrated brine solutions 
2 

containing Cl , S ,HS and H
2

S was due to complexing with chloride and that 

the brine could transport enough reduced sulphur to precipitate considerable 

concentrations of metal. At l ow temperatures, for the transport of lead 

as chloride complexes, a high chloride content, the absence of sulphur and 

a l ow pH appears necessary. In high concentrations of NaCl the presence 

of H2 increases the solubility of lead , reaching possible ore-solution 

concentrations below a pH of 4 , 5 . 

Nriagu (1971) experimentally determined the solubilities of galena in 

sodium chloride solutions saturated with H
2
S. He concludes that at pH's 

greater than 6 the solubility increases due to the increase in the formation 

of Pb(HS); complex ion, but Hamann (1973) and Hamann and Anderson (1978) 

have suggested that the lead bisulphide complex i s not sufficiently stable 
+ 0 

to provide ore quantities of lead in brines at - 100 C and Barnes and 

Czamanske (1967) concede that lead might be one of the few metals for which 

chloride complexes may be important as transporting agents. 

ZINC 

Complexing of zinc sulphide by H
2

S , or by other minor species 

containing sulphur is weak in weakly acidic solutions. The HS complex , 

ZnS (5) + H2S(9) + HS --') Zn (HS) ; which appears to be stable , could possibly 

be important in the transport of zinc. Up to 200
0

C this complex appears 

to be unaffected by temperature. The 
+ 

presence of NH4 and Cl appears to 

depress the solubility of zinc as a bisulphide complex. 

The solubility of sphalerite in NaCl is 5 times greater than in 

Experimental work indicates that no important complex exists which 

contains both HS and 
+ -

NH4 or Cl. Sawkins (1964) in a study of the 

distribution of sphalerite in the Provedencia District, Mexico, found no 

correla tion between the sulphide distribution and salinity of the hydro­

thermal fluids as indicated by fluid inclusions , but Lebedev et al. (1971) 
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as a result of work done on the Cheleken brines, emphasises the importance 

of the znC1
3 

complex. 

Helgeson (1964) contends that when the sulphur content is low, 

chloride complexing is possibly important in contributing to the solubility 

of sphalerite and that sulphide complexes are only important when sulphur 

concentrations are high. Anderson (1973) concludes that it is possible to 

transport enough zinc and sulphur within a slightly acidic chloride-rich 

brine to precipitate ZnS, but Barnes and Czamanske (1967, p. 355) conclude, 
o 

"At least to 250 C, there appears at present to be no alternative, among 
+ the species H

2
S, Cl , and NH

4
, to transport of sphalerite by the bisulphide 

complex" . 

GOLD 

The behaviour of gold is dominated by its occurrence in the metallic 

state, thus it tends to be chemically inert and it can occur distributed 

throughout a deposit in a number of phases, or within minerals as isolated 

occurrences. It tends to concentrate in sulphide phases, but is possibly 

associated more strongly with silver than with copper (Taylor, 1965). 

In acidic solutions, at moderate temperatures, gold is appreciably 

soluble in the form of chloride complexes, but only in the presence of 

strong reducing agents such as Mn02' but it is soluble in alkaline and 

neutral solutions containing bisulphide or sulphide ions. Barnes and 

Czamanske (1967) suggest that gold can be transported as a sulphide complex 

possibly AuS , which would form in bisulphide solutions as follows : 

For such a complex to be stable and to obtain sufficient concentrations of 

HS-, the ore solutions would have to be nearly neutral. 

According to Helgeson and Garrels (1968) the transportation of gold 

has been attributed to a number of possibilities, such as the dispersion of 

gold in stable "colloidal form", as an alkali thioaurate, as gold sulphide 

complexes in alkaline sulphide solutions l 

conditions. Helgeson and Garrels (1968) 

or as AUC1
4 

under highly oxidizing 

suggest that gold is possibly carried 

in the aurous state and they have thermodynamically illustrated that at 

low pH's (2,7 to 3,0) a chloride - rich solution could possibly transport gold 
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as the compl ex AUC1
2

, and that deposition would occur at temperatures above 

Sodium chlor ide acidic solut ions i n equilibrium with pyrite and 

quartz could possibly be an important t ransporting mechanism. Go l eva et 

al. (1970) suggest, as a result of field studies and ca l culat i ons , that 

the transport of gold as AUC1
2 

or AUC1
4 

is only possible in extremely 

acidic waters (pH less than 1). But in weakly acidic and alkaline environ-
3-

ments the presence of thiosulphates supports the complex [AU(S203)2) 

Weissberg (1970) noted an increase in the solubility of gold with 

an increase in the concentration of NaHS in solution. The so l utions were 

near neutral and he attributed the solubil i ty t o the complex AuS . 

Henley (1972, cited in Wedepohl , 1974) attributed gold solubili t y to 

the formation of Au
2

C1
6

· (HC1) n in solutions which were rich i n KCl and HC1. 

They found that gold solubi l ity increased from 20 ppm at 300
0

C to 900 ppm 

at 500
0

C in 2 m KC1, possibly due to the fo rmation of complexes such as 

AU 2C16 ' (HC1)n' 

Ewars and Keays (1977) propose that thio- complexes of gold and 

silver , will become stable due to the loss of H2S, CO2 and/or NH3 dur i ng 

ascent to the surface and subsequent boiling. 

SILVER 

Anderson (1962) showed that acanthite (A9
2

S) was soluble i n weakly 
o acidic solutions saturated with H

2
S at 25 C. The presence of NaCl was 

found to depress the solubility of silver , whereas HS , in alkaline con-

ditions (pH7) , increases the sol ubility by a factor of twenty. Anderson 

suggests that the solubility is due to the complex A9
2

S.2H
2
S, but Cloke 

(1963) attributed silver solubility to the complex A9(HS)S~-. Barnes and 

Czamanske (1967) state that a complex of A9
2

S containing HS exists , and 

that it is possibly more stable than complexes involving H
2
S. 

2-
Some complexing compounds such as s04 ' N0

3
- and HC0

3 
increase silver 

solubility whereas Cl , Br , I cause precipitation of silver compounds and 

inhibit mobility. The presence of H
2

S or S will precipitate silver 

sulphide, but t h e thiosulphate ion (S203) leads t o the soluble complex 
3-

[Ag(S203)2) . This complex ion may be locally important but it tends to 

decompose in ac idic solutions . Excess Cl in so l ution may similarly l ead 
2-

to the formation of soluble and mobile ionic complexes AgC1
2 

' AgC1
3 
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Other possibly important compl exes are Na(Agc1
2

),complex sulphides and 
- 3-

polysulphide ions such as AgS , Ag(S4)2 , and Ag2S.nH2S. 

TIN 

Nekrasov and Bortnikov (1974) suggest that an increase in the s ulphur 

concentration of a me l t leads to the formation of tin sulphides and s ulpho­

stannates. The same eff ect is achieved with a decrease in tempe rature. 
o 

At high pH 's a stabl e complex, SnS2 , forms . At 300 C, even at low fS 2 , 

teallite and frankeite, rather than cassiterite will form. At highe r 

temperatures cassiterite will precipitate more readily from solutions with 

a high f0
2

. Nekrasov and Bortnikov (1974) consider that the Eh negligibly 

influences the order of precipitation on sulphostannates, and t hat the order 

of cassiterite a nd sul ph ostannate deposition i s determined by temperat ure , 

pH and the concentration of the various components. 

Ryabchikov et al. (1974) propose that the prominant role of f lourine 

in the transportation of tin is possibly p roved by the c lose association of 

tin and fiourine minera l ization in many deposits. Experimental studies 

indicate that f lourohyroxy compcunds can transpcrt tin , and that the 

partitioning of tin between fluids and the melt is enhanced by the addition 

of t opaz (a common mineral in hydrothermal tin depcsits) . 

The association of tin and boron is common , and experiments indicate 

that boron encourages the extraction of tin from magmatic melts. Charoy 

and Weisbrod (1974) suggest that the transport of tin coul d pcssibly have 

occurred as a tin-boron compl ex. Taylor and Hosking (1970) sugges t that 

flourine may transport tin in a gaseous state, or as an alkaline 'Complex 

such as K2Sn(OH)6<=2K(OH) + sn0
2 

+ 2H
2

0 , but many workers , as Itsikson (1963) 

indicates , assume that tin is transported in the form of the thiosulphate 

Smith (1946) proved the crystallization of cassiterite 

from aqueous solutions as stannates of sodium o r potassium. Aqua-complexes 

are more easily soluble than anhydrous forms of that compound , and the 

Soviet geochemists seem to prefer the transport of tin in the form of the 
2-

easily soluble complex Na 2 [Sn(OH , F)6] ' or complex ion {Sn(OH,F)6] 

(Ganeev , 1963). Experimental studies on the flourohydroxy compl ex 
2-

[Sn (OH) xF6_) , i ndicate that the complex can form in chloride solutions 
o 

containing fluorine, sodium and potassium at 300 C, at a pH .of 8 - 10 . 
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Hydrolysis of this hydroxyflourostannite complex, and prec i pitation of tin 

,to form cassiterite can occur at pH ' s 7 , 5 - 8 , 0 . However available evidence 

suggests that late - stage magmatic fluids tend to be acidic , thus the extent 

to which the aforementioned .complexes are important i s uncertain . 

TUNGSTEN 

Chemical analyses indicate that significant amounts of lithium 

and fiourine occur within tungsten deposits and experimental studies 

indicate that tungsten can be transported in the form of hydroxy and 

oxyflouride complexes (WF
6

, WOF
6

, W0
2

F
4

), but Studenikova et al. (1970) 

have shown that the volatile flouride complexes hydrolize relatively 
. (g) ~ (s) (aq) 

easl1y , WF6 + 3H20--wo
3 

+ 6HF . They suggest therefore that 

the volatile flourite hypothesis in untenabl e , as is the situation with 

alkaline solutions: 

WF (g) + 80H-~ WO + 
6 4 + 6F + 4H o(aq) 

2 

Experimental studies with H
2

W0
4 

in concentrated potassium-flour ide 

solutions were carried out, and it was found that K
2

(W0
2

F
4

) in KHF solutions 

and K2 (W0
3

F
2

) in KF solutions are characterized by low solubility in cold 

water . In the presence of excess flouride the Dxyflourotungstates were 

found to be reasonably stable at high temperatures in aqueous solutions , 

and were not subject to hydrolysis . But the existance of complex potassium 

oxyflourotungstates in nature is limited by the fact 
2-

(W0
2

F
4

) is destroyed in acidic conditions , forming 

that the complex ion 
2+ 

Ca , CaF
2

, and H
2

wo
4 

salts. Thus the existance of the Qxyflourotungstate anion in acidi c 

potass i um-flouride hydrothermal solutions is only possible in the presence 

of excess flouride which can remove any ca lcium from the system as CaF
2

. 
2+ 2++ 

The ratio of oxyflourotungstates in relation to the cations Fe and Mn 
2+ 

on one hand and Ca on the other will possibly determine whether wolframite 

or scheelite will be deposited. It is possibly for the above reasons that 

wolframite (and not scheelite) plus flourite are found associated in skarn 

deposits . 

Foster (1973) experimentally determined the possibility of tungsten 

being deposited from flour ide-free solutions because of his observations of 

flour ide-free tungsten deposits in the Archaean. He maintains that volatile 

flourine should escape into fractures ahead of the main ore- bear i ng solutions , 
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and Foster et al. (1978) believe that tungsten can exist as a stable 

aqueous species in the molecular and ionic state with the stability of 

the ionic state being maintained by the high density of the fluid. 

Foster (1973) showed that partitioning of tungsten into a granitic melt 

was possibly a function of the activity of the water in the melt, as 

illustrated by the reaction, WO ( h l' ) + nH 20( )~WO 'nH20( ). x se ee ~te magma x magma 

He demonstrated that tungsten existed within chloride-rich fluids in a 

silicate melt with a composition close to the ternary minimum in the 

system Ab - Qr - Qtz. 
2+ 

Mn and the oxidation 

. , , , 2+ 2+ 
He emphas1zes that the actlvlt18S of, Ca I Fe 

state of sulphur will determine the depositional 

sequence of scheelite, wolf~amite and sulphides. 
2+ 

He states that W0
4 

will dominate at subcritical temperatures , and that the molecular 

hexahalide will probably be important at higher temperatures. Tungsten 

would be partitioned into the fluid derived from a crystallizing magma as 

an aqueous hexahalide molecule. 

MOLYBDENUM 

Molybdenum and tungsten have very similar chemical properties in 
+ the 6 state, thus it.is expected that the transport mechanism of the two 

elements will be very similar , but molybdenum has a greater affinity for 

iron than tungsten , therefore during deposition and differentiation separation 

of the two elements occurs . The transition of tungsten, tin and molybdenum 

oxides to sulphides were thermodynamically evaluated by Krauskopf (1967) 

who found that the WS 2/W0
3 

equilibrium is established at much higher sulphur 

fugacities that the same equilibrium for MoS
2 

and Mo0
3

. Fiourine-bearing 

and lithophile elements are present in molybdenite deposits and it is 

possible that the stability of the Mo6+ is not as great as the stability 
4+ . 4+ 

of the Me ion. Thus during differentiation , !-10 could form compounds 

and precipitate while tungsten could , with the increase in oxygen fugacity , 

become the 6+ ion , a stable state, and thus be transported further. 

URANI UM 

The concentration of uranium in aqueous solution is affected by the 
2- -

presence of (S04 ) and (F ). Sulphate complexes formed are 
2-

U02 (S04)2 
4 -

and U02 (S04)3 with the uranyl ion. The uranous ion forms 
2+ 2- 4-

2+ 

complexes US04 ,U(S04)3 and U(S04) 
4- 4 

The uranyl ion forms several 

complexes with F such as (U0
2

F
6 

) which is stable up 

25°C and uranous ions form a soluble flouride complex, 

to a pH of 6,7 at 
2+ 

possibly UF 2 ' 
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which is only stable below a pH of 4. With increasing temperature these 

complexes tend to become unstab l e . I n solutions with pH 4 ,4 U
6

+ is 

largel y present as U0
2

(OH)+ and u0
2

2
+, in so l uti ons with pH between 5 , 6 

2-
and 7 , 2 largely as U0

2
(C0

3
)2 and in solutions with pH in excess of 7 , 2 

largely as U0
2

(C0
3

)34- The importance of these carbonate complexes for 

the transport of uranium in oxidizing solutions is considerabl e at low 

temperature as we ll as at high temperatures . 

compl exes of uranium may be of importance in 

effect is probably less pronounced than that 

complexes (Rich et al. , 1977). 

The sulphate a n d flouride 

uranium transpor t, but their 
2-

and c0
3 

2-
of the ° ,OH 

Hydrothermal veins are notable in that there is a lack of thorium . 

This is possibl y the result of the oxidation of u4+ to (6+ ) 2+ 
U 02 without 

a paralle l oxidation of 
4+ 

Th . Thus the uranyl ion is transported into 

vein and other areas of low pressure. 

There is a wide spread association of uranium with haernatite and 

this may be explained by the followi ng r eaction 

+ 
+ + 6H 

The u
4

+ ion in aqueous sOlutions can be oxidized relatively easily 

to the 
6+ 2+ 4+ 6+ 2+ + 

uranyl ion (U 02) , U + 2H20~(U 02) + 4H + 2e . 

tends to be stable under the same 
6+ 2+ 

- 2-
HS and S . The 

(U 02) ion is stable and it is 

conditions as H
2
S, 

likely that during differentiation of 

a magma, uranium becomes enriched in the residual melt as the urany l ion. 

(c) Chloride or Sulphide Complexes 

Transport of certain metals is thought to be either by complexes 

of sulphur (amongst others, Barnes and Czamanske , 1967), or of chlorine 

(amongst others, He l geson , 1964), and due to the low solubility of sulphides 

in water and in certain sulphur containing solutions , there is strong 

support for the suggested transport of metal ions as chlorides. During 

an experimental study, Skinner and Barton (1973) chose a concentration of 

0,7 ppm zinc within solutions as being geologically sufficient to form an 

ore deposi t. Figure 30 illustrates the problem which confronts the 

geochemists. 
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Figure 30 . Comparison of chloride and bisulphide complexes for zinc . 
Conditions are : chloride activity 10

0 
temperature 1000C; pH 6.7 , 

which is the acidity given by the HS- - H
2

S buffer (from Skinner and Barton, 
197 3 , p. 195). 

Under the specified conditions the ZnC1
2 

complex reached sufficient 

concentrations in solutions contai~ing only minor amounts of HS Skinner 

and Barton (1973) suggest that transport by chloride complexing could be 

possible shoul d sulphur be carried as sulphate and reduced to sulphide in 

order to precipitate ZnS . They add that the bisulphide complex Zn(HS)3 

is stable only in high concentrations of HS but at these high concentrations 

H
2

S would be present and as such any iron or si l icate oxides present would 

be converted to iron sulphide . Skinner and Barton (1973 , p . 194) state 

that "because iron oxides and silicates are common associates of sphalerite 

we must conclude that the solutions were not sulfide-rich and that the 

sulfide complexes are not important for zinc transport". But Barnes and 

Czamanske (1967) have proved that chloride complexes are unstab l e in the 

presence of sulphur. This is important in view of the fact that sulphur 

is one of the most abundant gases emanating from volcanic vents. Therefore 

at temperatures below 400°C , experiments with fluids not containing sulphur 

are very possibly invalid and geologically inappl icabl e. Furthermore, 

numerous elements occur in nature as sulphides. Table 9 presents data 

for sulphide-poor solutions, and Barnes and Czamanske (1967) suggest that 

the low solubilities of NaCl, LiCl and ZnC1
2 

in solution provides evidence 

against chloride complexing. 
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Table 9. Solubilities (in gm/kg) of sphale r ite in various so l utiuns 
at 550 bars. 

Solution 360'C 450'C 

6 N ZnCh 0.4 0.8 
6N KF 2.0 1.0 
6 N K,CO, 2.0 6.4 
4.65 N LiOH 4.0 5.9 
6.24 m NaOH II 23 
6.47 m KOH 11.9 26 
8.0/11 CsOH 7.1 15 

Solutions saturated at 25°C 
NaCI 0.5 0.8 
NaRD! 1.75 3.75 
LiCI 1.1 2.8 
NH.CI II 56 

(from Barnes and Czamanske , 1967, p. 3S6). 

Substances containing HCl and KCl become high ly concentrated i n 

aqueous solutions at high temperatures and thus ch loride complexes may 

become more stable and therefore could become i mportant in ore t ransport 

with increasing temperature. Ridge (1973) suggests that solutions con-

taining high concentrations of NaCl will probably not reach the sea floor 

should temperatures be greater than 200
0 

- 230
o

C. Boiling and the sub­

sequent deposition of hali te would occur at some depth below the surface. 

Thus ore - fluids emanating into shallow seas must have temperatures below 

230o C. Alternatively, ore- fluids at temperatures greater than 230 0 C 

could have reached the sea floor if the depth of the water was slightly 

greater than 915 metres. Solutions such as these might therefore be the 

parent fluids of the deposits within the Red and Salton Sea brines. 

Much support for the theory of chloride complexes being important 

as ore-transporting mechanisms has resulted from studies of fluid inc lus ions 

within ore and gangue mineral s , but inclusion fluids, particularly from 

gangue minerals, may not be representative of the ore- bearing solutions as 

they are commonly poor in reduced sulphur and have a total sulphur concen-

tration less than that of total me tal content. It is possible that the 

fluids within the inclusions represent the spent ore-solution - solutions 

from which the metals and sulphide have already been removed. Arguments 

proposing the transport of metal su lphides by chloride complexes from studies 

of minute inclusions of fluid situated within millions of tons of sulphide 

ore are considered by the writer to be suspect. 
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Barnes and Czamanske (1967) conclude th.a t high concentrations of 

zn
2

+ in natural solutions , such as the Salton Sea brines, are not sufficient 

for ore formation i n that the solution does not contain enough sulphur t o 

precipitate the heavy metal content. High concentrations of silver have 

been recorded in the wells of the Salton Sea geothermal area , and it appears 

that the element forms complexes with alkali chloride (Wedepohl , 1974) . 

Two factors are of interest, (1 ) the si l ver occurs abundantly in solutions --

not precipitated, and (2) Skinner et a l. (196 7 ) report 0 , 8 ppm and 2 ppm 

silver in two brines , and up to 6 weight percent silver in the copper 

sulphide-rich scale deposited in the pipes discharging the hot brines . It 

would appear therefore that the Salton Sea brines might not be representative 

of true ore-bearing solutions, and that Barnes and Czamanskets argument 

that sulphur is necessary to precipitate metals is correct . 

The argument is often used that because a certain compound is found 

to be soluble in some or other solution , that solution must be important as 

the transporting mechanism of that compound . 

l ogical. 

This might not always be 

The proponents of chloride-complexing argue that the metals could 

be transported via one system , and the sulphur via another , or introduced 

from "outside" ~ In certain ore deposits this would appear to be a strong 

possibility . For example, Mt. Isa, MacArthur River and other volcanogenic 

sulphide deposits are associated with pyritic carbonaceous shales , and it 

could be argued that the presence of these shales is indicative ' of the fact 

that the environment into which the metal- bearing chloride complexes were 

extruded was euxinic and sulphur-rich~ But there are numerous sulphide 

ore deposits that are not associated with pyritic carbonaceous shale , there­

fore within these environments the sulphur must have come from the same 

system as the metals. The possibility of chloride complexes transporting 

the metal, then, at or near the surface, the complex decomposing and the 

metals then forming sulphides is unattractive , as this would possibly lead 

to a "dumping" effect of the metals, and secondly, halite or sylvite 

occurrences should be present in the massive ore. 

Skinner and Barton (1973) proposed that sulphur could be carried as 

a sulphate in chloride-rich solution, then converted to sulphide with the 

subsequent preci pitation of ZnS. It is probably more feasib l e that sulphur 
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as a sulphide exists at depth within hydrothermal and magmatic solutions 

and that with migration, and on entry into an oxidizing environment the 

sulphide might then convert to sulphate. Further, iron sulphides, in 

the form of pyrrhotite and pyrite tend to be more prevalent in lead/zinc 

deposits than iron oxides. Thus despite the present trend towards hypo-

thesizing the transport of metals as chlorides, possibly no one mechanism 

shoul d be applied to ore-transport in general. Individual and/or groups 

of deposits should be judged within their own merits, i.e. should the 

metal in a deposit occur as a sulphide, the ore-transporting mechanism was 

more than likely of a sulphide - type , should the deposit consist of oxides, 

then the transporting mechanism was probably some type of oxy-complex. 

Thus, in a deposit containing wolframite and flouride, the transporting 

mechanism was possibly an oxyflourotungstate. 
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VI THE WEATHERING ENVIRONMENT 

(a ) Weathering of Rocks and Minerals 

Weathering , the chemical and mechanical decomposition of rocks and 

minerals l eads to the dispersion of the broken-down products . These 

products subsequently accumulate as sediments. For efficient chemical 

weathering to occur abundant water , carbon dioxide and oxygen are normally 

essential. In cold (po l ar regions) and arid regions, weathering is 

essentially mechanical, but for efficient mechanical weathering to occur 

a rugged topography is essential . 

Certain minera l species are more resistant to chemical weathering 

than others, the general sequence of resistance being oxid~s > silicates> 

carbonates and sul phides. Krauskopf (1967) has observed that chemical 

weathering consists essentially of four facets - ionization, addition of 

wa~er and carbon dioxide, hydrolysis and oxidation. The weathering of 

silicates and carbonates is primarily a process of hydrolysis where H+ 

and OH ions become incorporated into the structure of the mineral. 

Essentially it is a reaction between water and the ion of a weak acid or 

a weak base. In most igneous and metamorphic r9cks, iron is present in 
2+ 

the ferrous (Fe ) state in a reducing environme~t, but on contact with 
3+ 

air oxidation to the ferric (Fe ) state occurs, as is found in minerals 

such as haematite (Fe
2

0
3
), goethite or lepidocrocite (FeO(OH)). Oxidation 

produces gqssans and secondary dispersion patterns of metals around ore­

bodies. 

During hydrolysis, released elements become ionized, ann become 

mobile (in some form) in water. Carbonic acid may be of prir-eimportance 

during the oxidation of sulphide minerals as illustrated in the following 

reaction : 

PbS + + + 

Krauskopf (1967) has summed up the net result of chemical weathering 

of sulphides by the observation that it gets ions into solution or into 

stable insoluble compounds under surface conditions; it converts sulphides 

to sulphates, and produces relatively acidic solutions. The solubilities 

of different compounds of the same metal differ substantially . The 

following is a list of compounds of the elements and their relative sol­

ubilities 
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(H) Chlorides 

(iii) Sulptates 
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none of the metals under consideration has 

appreciable solubility in water. 

2+ 3+ 2+ 
Co, Cu, Fe Fe Pb, Ni, Sn Zn are 

all soluble in water, but AU+ and Ag are 

insoluble . 

2+ 2+ 
Co , Cu , Fe Ni , Sn Zn are soluble, 

the remainder tend to be insoluble. 

The above list is not nece ssarily geologically applicable as the 

solvent is water and during weathering a number of relatively strong hydro­

lyzing, reducing and oxidizing agents are present . 

(b) Crystal Field Theory Applied to the Weathering of Minerals 
containing Transition Elements 

The following is a summary of Burns (Chap . 8, 1970). During the 

weathering of a mineral an ion is removed from the crystal lattice and goes 

into solution. Most transition metal ions occur in six co-ordinated sites 

in silicate minerals, 
. n+ 

and as hexahydrated l.ons II (H
2

0) 6 in solution. 

Removal of an ion from a c rystal lattice will be more easily carried out 

along crystal faces and fractures due to the greater accessibility of water 

into the environment surrounding that ion. 

Substitution reactions involving transition metal ions in silicate 

minerals probably bear resemblances to bimolecular substitution reactions 

of octahedral complex ions in solution. The process is beleived to pass 

through a 7 - co - ordinated transition state which is formed by the sub­

stituting group entering the octahedral transition ion environment along 

the plane in which one of the low energy e 2g orbitals is II empty " . This is 

represented in Figure 31 . A water molecule enters the environment of the 

transition ion (M) along a t 2g orbital plane and forms a 7 - co-ordinated 

transition state. The water molecule forms the seventh group and is bonded 

through the lone-pair electrons to the oxygen atom. There is a spontaneous 

reaction to form a metal hydroxy silicate and a hydroxysilicate residue. 

The process is repeated until the mineral completely decomposes. 
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FIGURE 31 A mechanism for the hydrolysis of a ferrom3gnesian silicate. 

The figure is a two-dimensional representation of the reaction. Two additional 
silicate groups lie aboyc and below the plane. 

(a) a watcr molecule approaches thl! centra' transition metal ion (Al) along a 
vacant t~p orbital, forming 

(b) an acti\'ated complex possess ing pcnt2gonal bipyramid al symmetry. The 
H~O molecule forms the se\"Cr:tth group, and is bound through the lone-pair elec­
tr~ns of the oxygen atom. Formation of the activated complex is the r~te-dctcrmining 
step. The activated complex d:sproportionatcs spontnneously forming 
. (c) a me::ll hydroxysilicate and a hydroxysilicate residue. Formation of these 
products invokcs an inducti\'c electron transfer in thc actiyated complex. This 
process is depicted by arrows. 

(d) repetition of the process (fiye times) yields a metal hydroxide or hydratcd 
oxidc plus a hydroxysilica.te residue. 

(from Burns, 1970, p. 164) . 

2 
The transition metal ions with d and d configurations, thereby 

possessing at least 

rapidly than an ion 

one empty t2 orbital,might be 
, gd3 f' , 

possess~ng a con ~guratl0n , 

expected to react more 

in which all the t 2g 
orbitals are singly occupied. In order that substitution reactions can 

occur with ions having more than three d electrons, energy is required to 

pair electrons in the t
2g 

orbital so as to leave one t
2g 

order that substitution can occur. Therefore ions with 

orbital vacant 

high-spin d
4

, 

in 

dS, and d6 configurations might show intermediate reaction rates , and those 

with d7, dB and d9 
configurations might display very slow reaction rates 

since no t2 orbital can be vacated 

d6 1 ,g f' , ld b ow sp~n can ~guratl0ns wou e 

entirely in these ions . Ions with 

e xpected to show very low rates of 

substitution. Metal ions with d3 , dB and low-spin d6 configurations are the 

most affecte d as far as crystal field stabilization is concerned. The 

, d 'h 3+ ,2+ 3+, d' d t b energy requlre to remove lons sue as er Nl, Co 15 pre lcte 0 e 
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high because rates of the substitution reactions will be low. The enrich-

ment of these ions in laterite deposits and weathered ultrabasic rocks may 

depend upon the resistance of these ions to substitution reactions and 

subsequent leaching, and partly due to their high stabi l ity in oxide 

structures. These are the elements which acquire a high crystal field 

stabilization energy in octahedral co-ordination. 

(c) Mobility of Elements 

The migration of elements within the supergene environment i s primarily 

determined by the pH and Eh conditions at the weathering surface. 

factors affecting migration are 

Further 

(i) the nature of the medium - mobility in groundwater '''ill 

differ from that in streams; 

(ii) the mechanism of transport - carried in solution, as 

colloids or mechanical transported; 

(iii) the rock-types - host- rock and rock-types through, or over 

which the solutions movei 

(iv) the presence of organic material - algae, other micro-

organism or carbonaceous matter j 

(v) the solubility of salt compounds which a metal may form 

(vi) 

with anions in the same solution. For exampl e , the 

mcbility of lead is severely restricted by the formation 

of cerussite; 

the format i on of complex ions. For example , the mobility 

of molybdenum is enhanced by the formation of the complex 
2-

Mo0
4 

and decreased by the formation of HMo0
4 

; 

(vii) the presence of dissolved gases; 

(viii) factors such as permeability and porosity. 
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Table 10 is a classification of the mobi lity of e lements based on 

Eh and pH. Andrews-Jones (1968) considers oxidizing, acidic, neutral to 

alkaline and reducing conditions as the four main environmental factors 

controlling the mobility of ions in the aqueous environment. Under 

oxidizing conditions eu, Co , Ni, Ag and Au have a medium mobility, a high 

mobility under acidic conditions have become immobile under neutral to 

alkaline conditions. Mo and Cu h ave either medium or high mobilities in 

oxidizing and acid environments, but in neutral to alkaline environments 

molybdenum remains mobile whereas copper mobi lity is decreased. In 

exploration for porphyry-type copper-molybdenum mineralization, molybdenum 

may be used as a path-finder element, but in the presence of iron, the 

mobility of molybdenum is reduced either because it is adsorbed by hydrous 

ferric oxide or precipitated as ferrirnolybdate, Fe2(Mo04)2BH20. Another 

example of restricted mobility, due to the presence of other ligands, is 

silver , which becomes insoluble in the presence of chlorine (AgCl). 

Table 10. Relative mobi lities of the elements in the secondary environment. 

RELATIVE 
MOBILITIES 

VERY 
HIGH 
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Figure 32 illustrates the usual limits of Eh and pH found in the near-

surface environment . 

1.2 

o 

WATER REDUCED 

WATER OXI DIZE D 

WEATHERiNG 
ENVI110W,4EN T 

___ .JIL-__ L-__ ~ __ -L_~~ 

4 8 12 
pH 

Figure 32 Framework fo r Eh-pH diagram in which the most usual limits of Eh and pH 
in the near-surface environments 3TC outlined. The uppe r limit of the weiithcring 
envi ro n men t is in di re c t con tac t wilh air, whereas the 1(mcr l imi l is considl.'fcd 10 he the 
\valcr ta ble. Numhers ind icate o lher environments: (I) bugs and waterlogged soils: (2 ) 
reduci ng marine sedime nt s : (3) acid mine waters; (4) r:lin; (5) r ive r water; (6) (H:ca n 
waler; (7) oxidizing lead sulfide deposits. The oxidation-reduc ti on pOlenti.l! for the 
simple ions and hydroxides of iron afC indicated (at 25 ~' (, and 1 M). The horizon ta l 
d a~hed portion of the line (lop) rcprCscn l$ the reacti un of Fc H = Fc+ " + 1.', and the 
solid portion (hollum) Fc:(OH) j + 01:1 = Fc{OHJ., + c, and the high slope da~hed 
portion Fe H + ?tH:O =. Fe(OHL + 3H + + e. (from Levinson, 1974 , p . 130). 

Rainwater can have a pH of 
+ 

5,7 due to carbonic acid , and water 

enriched in H can readily attack sil ica t es. 

bearing veins t he acids may become strong. 

In the vicinity of sulphide­

Waters draining limestone 

areas can have pH's above 7 , while pH ' s of between 7 and B are common 

for waters draining igneous rocks . Acidic or weakly acidic waters 

(pH 6) are particularly favourable for the migration of the majority of 

trace e l ements. An increase in pH tends to cause precipitation of certain 

elements in the form of hydroxides . Within environments of re l atively 
.2+ 

concentrations of certain cations such as N~ , high pH va l ues , very low 
2+ 2+ 2+ 

Co , Zn and Ag and Pb
2
+ may be considered as favourable indicators 

of minera lization because , as Beus and Grigorian (1977) suggest , the pH 

of the surface solutions does not necessarily directly effect the migration 

of those element s whose solubility is controlled by the formation of 

hydroxides. Further, in alkaline solutions with pH ' s greater than 7 , 

several high - valence ions can be transported , generally as complexes . 

Complex ions are stable to, and soluble at, increased pH conditons , when 

transport by simple io~s would be relative ly unimportant. Acidic 

sol utions surr ounding orebodies are capable of transporting most cations 

in the form of sulphate or halogen compounds . The distance of transport 

depends on, amongst other factors, the increase i n the alkalinity of the 
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solution. 
3+ ,4+ 4+ 4+ 

Cations such as Cr , T1 , Th and Sn can only be transported 

in strongly acidic so l utions as they readi ly precipitate as the alkalinity 

increases. 

The Eh and pH tend to determine the concentration of an ion in 

solution and a change in either may cause precipitation. The solubility 

of most elements and the stability of their compounds is sensitive to the 

pH of the environment. Only a few elements Na, K, Rb, Cal Mg, Sr, N, CI , 

are capable of being soluble throughout the entire pH range, other elements 

have pH limits beyond which they are insoluble, for example , copper becomes 

insoluble at a pH of 5,3 and zinc at 7 ,0 . Elements tend to be less mobile 

in alkaline environments by comparison with acidic environments. The limits 

of pH to which an element will stay"in solution therefore causes a separation 

of the elements resulting in dispersion haloes. Mobility based on pH alone, 

does not take into account adsorption, the formation of organic and inorganic 

complexes, other elements and radicals present etc. , which could cause 

immediate precipitation of insoluble minerals , for exampl e, insoluble 

anglesite which precipitates when sulphate-rich waters encounter oxidizing 

lead deposits. 
2-

include c03 ' 

Agents which are responsible for the precipitation of 
3- 2-

P0
4

. Hydrogen sulphide, and low concentrations of S 

strong precipitating agents. 

ions 

are 

The majority of chemical reactions wh i. ch take place in the supergene 

zone are accompanied by an exchange of electrons (see secondary enrichment, 

Section VII) which can be regarded as redox reactions . The electronegativities 

of the elements 
3+ 

halogens, Fe 

are therefore important. Elements such as oxygen, the 
4+ 6+ 6+ 5+ 5+ 6+ 

Mn , Mo , Cr As, V S are all . capabl e of receiving 

electrons in oxidizing - reducing reactions. Those ions whi ch lose 
2+ 

Ions such as Fe 

electrons 
2+ 

MIl are the reducing agents - they become oxidized. 
3+ 2-

Cr , S are considered to be the most active reducing agents within the 

supergene environment. 

Iron is a common element in the supergene environment. The presence 

of ferous iron compounds (such as vivianite (Fe
3

P
2

o
S

·SH
2
0), melanterite 

(FeS04 ·7H20) indicate a reducing environment, whereas limonite (2Fe
2

0
3

,3H
2
0) 

and goethite (Fe
2

0
3

'H 0) are indicative of 
2 2+ 

the reduced state Fe2+ and MIl are mobile 

an oxidizing environment. In 

in a number of natural environ-

ments, but oxidized to the +3 and +4 state respectively, their mobility is 

greatly reduced. Thus the valence state determines whether they stay in 
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solution or are precipitated. Figure 32 clearly illustrates that iron 

and manganese oxides and hydroxide are commonly precipitated under weather-

ing conditions. The presence of these compounds, and organic material 

has a marked influence on the aqueous migration of trace elements as the 

precipitation of these compounds with adsorbed trace elements is a common 

phenomenon. This can lead to apparent anomalous concentrations of metal. 

(d) Colloids and Adsorption 

Colloidal forms of migration and the phenonenon of adsorption are 

important in depositing trace elements. In humid climatic conditions the 

majority of amphoteric elements tend to be transported in the colloidal 

form. Finely dispersed sllspended clay particles, humic organic colloids, 

hydroxides of iron, rr.anganese and aluminum are capable of carrying trace 

elements in surface and groundwaters. As such the precipitation of a 

trace element does not depend on its solubility in solution, but this is 

controlled by mechanisms capable of precipitating the carrier of the trace 

element (e.g. water velocity). Thus a number of elements, of which the 

concentration never reaches saturation point, are dependant upon colloidals 

for transport and precipitation. 

It is therefore obvious that the weathering environment of an area 

should be understood prior to embarking up on a geochemical exploration 

programme. 

(e) Behaviour of the Selected Elements 

NICKEL 

The oxidation of Ni
2

+ ions to the Ni 3+ state is difficult but 

nickel does tend to be mobile to a certain extent. Weathering may con-

centrate nickel especially in tropical soils. In saprolites and soils, 

nickel occurs in nickel ferrous silicate structures (garnierites) due to 

its high stability in octahedral co-ordination. The supergene ore deposits 

of nickel are associated with thick lateritic "blankets". The solubility 

of silver and magnesium in tropical climates is relatively higher than iron 

or nickel (Fe
2
+ oxidizes to the insoluble Fe 3+ state), and subsequently 

through the removal of silica and magnesium nickel becomes concentrated with 

goethite in the soils (Lelong, 1976). 
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Figure 9 illustrates the large aqueous stabi lity field of ni cke l 

oxides and hydroxides which are relatively soluble as indicated by the 
2+ 

large Ni f ield, under alkaline conditions. Nickel does not show a 

tendency to be mechanically concentrated, and ore deposits tend to undergo 

supergene enri chment (Section V1 I) . 

COBALT 

The o verall behaviour of nickel and cobalt is very similar and unde r 

normal condition (pH 4 to 9) nickel and cobalt are more mobile than iron. 
2+ 3+.. . 

The oxidation o f Co to Co 1S d1ff1cult and due to the high Eh required 

(Figure 10), cobalt tends to become enric' ed in laterite soils associated 

with nickel. Cobalt is extracted as a byproduct from nickel deposits , 

copper-bearing volcanogenic and copper-bearing sedimentary deposits and is 

almost abiquitous with sulph ide deposi ts. Thus dur i ng geochemical exploration 

progr ~~rnes anomalous coba lt concentrations are indicative o f the presence of 

sulphide , but it is no t indicative of the su l phide-type present. 

COPPER 

The stability relationships in the Cu-H 20-0
2
-S-co

2 
system are little 

. changed b y the addition of CO
2 

(Figure 13), except that malachi t e replaces 

cuprite. Chalcocite is stable over a wide range of pHIs in the reducing 

environment, with covellite appearing at a more acid pH. The stability 

1 . h ' f d . h 250 d 1 re atlons ~ps 0 copper compoun S 1n t e Cu-Fe-S- O- H system at , an 

atmosphere pressure , are provided in Figure 12. With reference to Figure 

13 native copper has a large stability field and the sulphide proj ects 

deeply into the acid range under reducing conditions. The diagram 

i llustrates that chalcocite precipitates from aci d cupriferous waters when 

they encounter sulphides unde r reducing conditions as is likely during 

supergene enri chment . During weathering of a copper deposi t insoluble 

malachite (cuco
3

·CU(OH)2)' chrysocolla (CuSi0
3

·2H
2
0), azurite (2CuC0

3
CU(OH)2) , 

a nd dioptase (H
2

CuSi0
4
), c an be formed . 

Copper as sulphide can be concentrated mechani cally with channel lag 

conglomerate deposits . It can also occur as a minor constituent within 

sandstone uranium deposits of which the mechanism of transport is uncertain 

but is pcssib l y carried attached to the u ranium carbonate complex. Secondary 

enriched zones are an important source of copper within porphyry and other 

volcanogenic deposits. 
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LEAD 

Unweathered grains of galena commonly occur in transported and 

in situ gossanous material. The insolubility of galena is in part due 

to the formation of a protective coating of l ead sul phate (PbS0
4

, anglesite ) 

or lead carbon ate (PbC0
3

, cerussite) . Both these minerals are insoluble 

in water. Takahashi (1960) found that in the presence of molybdenum , 

wulfenite (PbM00
4

) tended to be more stable than cerussite in the super­

gene environment . Galena is possibly oxidized by the presence of ferric 

sulphate so lutic,ns (Anderson , 1930), and is resistent to attack by sulphuric 

acid and subsequently wi ll be deposited from such solutions in acidic 

environments. The possibility of mechanically dispersed galena (or sec-

ondary minerals thereof) should be borne in mi nd during geochemical 

e xploration programmes and panning for heavy mineral concentrations might 

be useful. Due to the fact that l ead can occur as insoluble grains within 

t ransported material the pulver i zing of the sample prior to s plitting and 

analysis is possibly a recommended procedure. Failure to do this could 

l ead to apparently large di fference s in lead concentration with the same 

sample . 

Figure 15 illustrates the effect of carbon dioxide at a reduced 

sulphur content . This system resembles oxidation at the surface with 

PC0
2 

approximate l y that of the atmosphere . The figure clearly illustrates 

the wide range of pH ' s over which galena is stable in reducing environments~ 

ZINC 

The relationships between sphalerite , wurtzite and zinc oxide phases 

in an aqueous system are illustrated in Figure 10. Increasing t he con-

centr ation of sulphur will expand the field of wurtzite and sphalerite , 

and decreasing the sulphur concentration will have the opposite effect. 

Both sphalerite and wurtzite are stable within 3 pH units of neutrality. 

Takahashi (1960) suggests that abundant hydrozincite (2Znco
3

·3Zn(OH)2) 

in the supergene environment possibly forms under dry conditions where 

carbon dioxide can escape freely into the air , thereby producing a con -

centration lower than that needed to f orm smithsonite With 

increasing depth smithsonite would form due to slower rates of diffusion 
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and the entrapment of carbon dioxide within the rock. At a pH of 

approximately 7 ,5, and at saturated pC0
2

, smithsonite wil l probably 

be formed . Smithsonite is the most stable of the supergene zinc minerals . 

Hermimorphit e (H
2

Zn
2
Si0

5
) would tend to form under acidic conditions 

(pH 4 - 5) where it is more stable than smithsonite or hydrozincite. 

Takashashi (1960) observed a general supergene paragenetic sequence of 

smithsonite, hydrozincite and hermimorph i te precipitated from solutions 

contai ning CO2 and at a pH of 7 t o 8 . Cold circulating ground-waters 

are capable of precipitating willemite (ZN
2
Si0

4
), and in the presence of 

vanadium , descloizite [ (Pb,ZN)2(OH)V0
4
], as coatings within cavities of 

karst - type lead/zin c deposits. 

GOLD 

Gold in sulphide deposits may undergo secondary enrichment, but the 

mechan-ical concentration of gold rather than chemical concentrations is 

considered to be of greater importance. Krauskopt (1967) noted that gold 

should be soluble at 25°C in acid chloride-bearing waters whi ch contain one 

of several moderately strongly oxidizing agents such as Mn02' 02' Fe
3+ and 

2+ 
Cu ,but appreciably solubility would require higher concentrations of 

these constituents and greater acidity than commonly found in nature . 

Unde r alkaline and neutral conditions appreciable gold solubility occurs in 

the presence of HS . 

Anionic species forming stable complexes with gold which might be 
- - - 2+ 

significant incl ude Cl , CN , CNS , S203 Lakin et a l. (1971) suggested 

that go ld could be carried in iodine or bromine compounds ~n ionic form 

in the zone of oxidation. Kreuter et al. (195~ in Russian, cited in 

Wedepohl, 1974) suggest that oxidation of sulphides is essential for 

supergene enrichment of gold and that solutions contain i ng dispersed gold 

i n ferric sulphate - sulphuric adic solutions is the most probable mode of 

go ld transfer . Note that gold tends to occur within s ulphides , such as 

pyrite , as distinct grains , thus decomposition of pyrite could lead to 

residua l deposits of gold . Gold in groundwater coul d be carried in 

suspension or in ionic form in bicarbonate-type solution, devoid of CI 
2-

and s04 
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SILVER 

Silver tends to undergo secondary enrichment but due to its sider­

ophile nature might b~ come concentrated in chemically residual deposits . 

It is possible that where silver is associated with galena, the processes 

of secondary enrichment will be inhitted due to the formation of protective 

coatings of secondary minerals around galena. 

Silver salts are generally more soluble and more mobile in acidic 

environments, in alkaline media oxide or hydrated oxide forms may precipitate 

directly , but the presence of organic matter , manganese and iron will possibly 

render silver relatively immobile. One of the most important factors 

governing the geochemical behaviour of 

perature conditions and which concerns 
2+ + 3+ 

is the reaction Fe + Ag Ag + Fe 

silver under low pressure and tem-

2+ 3+, 1 t ' the ratio of Fe to Fe 1n so U lon, 

2+ "1 Fe concentrat~ons s~ ver In high 
3+ 

Fe will be precipitated, but in the presence of the element remains 

ionized and mobile. Soluble manganous salts probably affect the behaviour 

of silver similarly 
+ 2+ 

2Ag + Mn + 40H 2Ag + Mn0
2 

+ 2H
2

0 (Boyle, 1968) . 

MOLYBDENUM 

under strong oxidizing and weathering conditions various oxymolybdates 

species are formed . The principle one being wulfenite (DbMo0
4

) . In solutions 

molybdenum occurs in the 6+ state and forms (N00
4

) 2- ,ions in alkaline 

solutions. 

TIN 

Cassiterite is highly resistant to weathering, subsequently its 

accumulation in alluvial, residual and possibly placer deposits is to be 

expected. However , some tin is dissolved in natural waters and according 

to its oxidation state behaves differently. In the divalent state tin 

possibly goes into solution as cations, whereas quadrivalent tin is believed 

to be virtually insoluble and during weathering it would precipitate as 

hydrolysates , But divalent tin ions are ~robably unimportant in oxidation 

because being a strong reducing agent, it can only be present in reducing 

environments. In certain acidic conditions divalent tin ions can be stable. 
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TUNGSTEN 

Wolframite and 5cheel i te tend to be insoluble in surface waters , 

but neither experimentation nor observ:,t.ion of natural occurrences ?]errnit safe 

generalizations about the effects of different kinds of solutions or 

different weathering conditions (wedepohl, 1974). The insolubility and 

high density of wolframite and scheelite . suggest that they should accumulate 

in placer deposits , but large concentrations of this sort are uncommon . 

Residual deposits tend to be economically more important than alluvial and 

placer deposits. The scarcity of tungsten in alluvial and in particular, 

placer deposits, is possibly explained by the brittleness of scheelite and 

wolframite which results in the wide dispersion of very fine particles in 

fine grained sediments. 

Tungstenite should dissolve in slightly acidic so l utions according 
2- +-

to the following reaction: WS
2 

+ 4H
2

0 ~W04 + 2H
2

S + 4H + 2e (Refer 

Figure 18). . The sulphide would be soluble under normal Eh and pH conditions , 

but tungstenite is a rare mineral and is the only tungsten compound which 

has a valence of less than +6 . It is stabl e at ordinary temperatures only 

in unusually reducing conditions. 

Tungsten cations can be transported adsorbed to ferri c oxide and 

manganese dioxide. Tungsten minerals are slowly attacked by acid surface 

waters , especially when associated with weathering sulphide deposits . 

Scheelite is possibly more soluble in acid than wolframite, but the decay 

of wolframite is aided by the susceptability of its iron and manganese to 

weathering. Tungsten released by acid attack is possibly dissolved as 

HW0
4

, or as a heteropoly-silicon acid, H
S

Si(W
2

0
7
)6, and partly converted 

to some form of tungstic oxide. Newhouse (1934) and Dekate (1962) conclude 

that the b ehaviour of tungsten released by acid attack depends largely on 

climate; under semi-arid conditions it forms minera l s such as cupritungstite 

and ferritungstite, in warm humid climate it goes into tungstite and hydro ­

tungstite if sulphides are present, and is adsorbed on iron manganese oxide 

etc., if sulphides are absent. Alkaline solution in nature probably have 

little effect on tungsten minerals. 

The chemistry of tungsten in the aqueous and weathering environment 

has been rather extensively dealt with in order that some conclusion might 

be drawn as to the possibility of tungsten occurring , as does uranium , in 
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sandstone. It would appear that while not an impossibility such an 

occurrence is unlikely. 

URANIUM 

Under reducing conditions (as was p~bably the situation in Archaean ­

times) uraninite can be concentrated as detrital material , probably extremely 

finely dispersed. Under oxidizing conditions uranium is soluble as the 
6+ 

uranyl ion (U ) and is probably transported to sites of deposition as 

dicarbonate or tricarbonate complexes. Upon encountering reducing 
6+ 

conditions the uranyl ion (U ) becomes reduced to the relatively insoluble 
4+ 

uranous ion (U ) . Thus uranium is a common ore within sandstone deposits 

where decaying carbonaceous material has provided a reducing environment. 

It appears that uranium within silicate lattices is virtually unextractable. 

therefore the uranium found within sandstone deposits is most likely the 

product of weathered granites or felsic volcanics within which uranium 

occurred interstitially to the rock-forming minerals. 
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VII OXIDATION OF SULPHIDE OREBODIES AND SECONDARY ENRICHMENT 

Blain and Andrew (1976) have dealt with the subject of sulphide 

oxidation and gossan formation. 

of their review paper. 

The following is essentially a summary 

Oxidation via a process of secondary enrichment may upgrade an ore 

deposit, or perhaps render a subeconomic deposit viable. In the near-

surface environment most hypogene mineral assemblages are unstable due to 

the presence of solutions containing oxygen, carbon dioxide and other 

species. These oxidizing, or weathering agents, cause sulphides to re-

equilibrate electrochemically with the formation of stable secondary 

minerals. Ions removed from the weathering zone can possibly precipitate 

at depth in an environment which may become enriched by successive additions. 

Usually the primary ore grades upwards into a zone of oxidized secondary 

sulphides which mayor may not be enriched in are metal·s. This horizon is 

overlain by an oxide zone which is leached of are metals, and which is in 

tUrn overlain by a gossan. The transformation of sulphides to secondary 

minerals releases cations which are either transferred away from the deposit, 

transormed into insoluble secondary compounds, or enrich the primary are. 

Substantial concentrations of iron in the form of goethite or haematite often 

occur above the water table. 

(a) Generalized Profiles 

Primary nickel/copper ores associated with ultramafic rocks are 

connected at depth by a transition zone where pentlandite, and some pyrr­

hotite, are replaced by violarite, to overlying zones of pyrite-(marcasite)­

violarite-chalcopyrite. Above the water-table, the sulphides grades into 

oxide zones of goethite-haematite-silica, which is capped by a jasperoidal 

gossan. 

Ideally copper and zinc orebodies within acid volcanics consist of 

a basal supergene sulphide enriched zone, overlain by a precious metal-

oxide layer and then an upper carbonate-rich oxide zone. Lead an d zinc 

deposits associated with carbonate rocks are capped by a gossan consisting 

of silica, haernatite and manganese. This is underlain by a zone containing 
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zinc carbonates and sulphates, plus residual sulphides, which grades 

downwards into primary ore. Galena is more resistant to weathering than 

pyrite and sphalerite and may persist at the surface . 

Lead-zinc- silver orebodies not associated with carbonate rocks 

commonly consist of a cerussitic siliceous gossan, an oxide zone dominated 

by cerussi te"':s l':li thsonite and silver halides, overlying a zone consisting 

varying amounts of smithsonite, angle site I silver sulphosalts and residual 

sulphides. 

(b) The Mechanism of Oxidation of Sulphide Orebodies 

Most sulphide orebodies are electrical conductors and during 

weathering the oxidizing ore releases electrons and becomes positively 

polarized , and thus forms an anode . At the top of the orebody oxygen 

dissolved in groundwater is reduced to hydroxyl groupings and the consumption 

of electrons causes negative polarization in the cathodic region {Figure 33 J. 
The flow of current through the orebody is matched by external ionic current 

flow through the groundwater system with the net migration of positive ions 

towards the cathode and negative ions towards the anode . 
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In Figure 33 the lowest Eh and deepest supergene alteration occurs 

where pentlandite is replaced by violarite which is accompanied by a 

release of iron and nickel ions. The released nickel reacts with 

surrounding pyrrhotite to form additional violarite. At a higher Eh 

residual pyrrhotite oxidizes to form pyrite and marcasite. Below the 

water-table violarite/pyrite (supergene ) is stable with pyrite and 

chalcopyrite (primary). 

Figure 34 illustrates that the oxidation process starts immediately 

above the water table. The dissolution of chalcopyrite (with pyrite) 

releases copper ions which in the essentially acidic aqueo us medium percolate 

down the profile to the water-table. The copper ions react with chalcopyrite, 

or bornite, and to a lesser extent with pyrite. These supergene enrichment 

l"p.actions consume copper, release iron and hydrogen ions and sulphur species 

givi ng rise to djurleite, chalcocite and analcite assemblages. Above the 

water- table, sulphur bound up in minerals, eventually oxidizes to sulphate. 

The iron released by the dissolution of pyrite and chalcopyrite is generally 

precipitated as goethite. 
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Figure 34. Chemical reations and their inter-relations during the early stages 
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Note: In the schematic representation of the .enrichment reactions, x refers to a 
very small number which may alter the balance of reactants and products as electro­
chemical half-cell reactions (from Blain and Andrew, 1977, p. 129). 
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Sphalerite and galena ores, even in the presence of abundant pyrite, 

do not give rise to significant zones of supergene enriched sulphides. 

Alteration appears to be a process l eading essentially to the formation of 

minerals such as anglesite , cerussite and smi thsonite. The oxide minerals 

of tin and tungsten are essent ially inert in the oxidiz ing environment and 

do not undergo secondary enrichment. Uranium, particularly in porous 

sandstones, undergoes a process akin to secondary enrichment (see Section 

VI). Molybdenum is relatively stnble within the weathering environment. 

It does not oxidize readily and tends not to undergo seconda ry enrichrner.t. 
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VIII THE METALS IN CERTAIN DEPOSI1'JONAL ENVIROHHENTS 

This sect.ion considers the occurrence and deposition of the e l ements 

wi thin certain geological environments. The examples cited t.p-nd to fol l ow the 

classification as presented in Section I . When dealing with magmatic 

deposits the ease with which a melt can reach the surface is emphasised 

and consideration is given to the p',:)ss ible importance of concepts such as 

r etrograde boil i ng , the partit i oning of elements between various phases , 

the amount of differentiation unde"sone by a magma and the possibility that 

"daughter ll m1'?lts reper:. ts:dly separate from "parent" magmas . 

Figure 35 ill ~ s t~ates that t~e a~ount of differentiation undergone by a 

magma possibly determir.2Sthe deposit-type produced. A n umbe r of factors 

are possibl y important in determining the composition of an extruded magma 

(i) Rifting ~ould provi~e easy access to the surface for a n 

undifferentiated magma . 

(ii) Blocking a volcanic vent would lead to increased 

d i fferentiation wi~~in the entrapped magma. 

(iii) Thick crustal rocks would impede the movement of a magma 

and differentiat i on would be enhanced. 

(i v) Repeated separations of "daughter" melts frc?m "parent" 

magmas v:o::.ld produce final melt of felsic composition. 

(a) Orthomagmatic },:d:el/Copper Deposits 

Due to the high octahedral site preference energy of nicke l the 

crysta l lization of oliv ine prior to the deve l opment of an irruniscible 

sulphide phase will deplete a magma in nickel . Differentiation wi l l th us 

cause a depletion of ~ickel and a relative enrichment of copper in the 

sulphide phase of the ~~gma. 

Those deposits Kith nickel/copper ratios between 10 : 1 and 20:1 are 

dated predominantly bet~\' een 2 , 6 and 2,8 bill i o n years, and those deposits 

wi thin part of the Tho~pson nickel-belt date 1 ,7 t o 1 , 8 bi llion years. 
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Both these groups of deposits are associated with ultrabasic high-magnesium 

basaltic rocks which have undergone relatively littl e differentiation . 

Extrusion from a vent would give rise to massive high- g r ade nicke l -sulphide 

deposits , whereas intrusion into count ry rock and solidification wo uld 

produce a high-grade but disseminated nickel-sulphide deposit. To form a 

massive high-grade deposit ascent to the surface must have been relatively 

fast thereby disallowing the entry of nickel into silicates and causing the 

gravitative settling and accumulation of the nickel-rich sulphide phases. 

Evidence of a high temperature of extrusion can be gained from the presence 

of spinifex textures within t he komatiites. This tex ture probably forms 

due to a rapid drop in temperature which caused the instantaneous growt h 

of large olivine crystals. The Archaean crust was relatively thin , t hus 

access to the surface could have occurred unimpeded. The deposits within 

the Thompson nickel-belt are possibly rift-associated , thus the extrusion 

of a komatiitic basalt was facilitated . 

Those deposits with a nickel/copper rat i o of 3 : 1 are characterized 

by having a sulphide/silicate ratio too great to have formed by fractional 

crystallization and gravity settling if. situ . These deposits are associated 

with rocks which are gabbro-hartzburgite in comparison and their ages range 

from 1 , 7 to 2 , 0 billion years. Intrusion was possibly through a relatively 

th i ck crust which caused a certain amount of differenti ation and a sympathetic 

depletion of nicke l within the melt . The deposits are possibly the result 

of tectonic pressure "squeezing!! an i mmiscible sul phide phase into areas of 

low pressure such as faults a~d fractures. 

Deposits with a'nickel/copper ratio of 1 : 1 or less are found in stable 

cratonic areas associated with tholeiitic sills and complexes . Under normal 

conditions fractional cryst~~iization and gravity settling in situ would lead 

to the enr i chment of nickel within olivines, and the subsequent relat ive 

depletion of the metal within any sulphide phase. The presence of nickel 

sulphides within the Merensky Reef is the resul t of thi s zone developing 

under conditions of abnormal in situ differentiation. 

Thus with increasing crustal thickness and with increasing different­

iation there is a depletion of the nickel content , and a relative increase 

in copper within the sulphides of orthomagmatic deposits. 
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(b) Paramagmatic Deposits 

(i) Volcanogenic Depos its 

Figures 36, 37 a nd 38 illustrate the depos i tional environment s o f 

three types of volc anogenic sulphide deposits. 
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Figure 38. Diagrammatic illustration of a Pb-Zn-Cu-Ag volcanogenic massive 
sulphide deposit related to a subducting plate (from Hutchinson, 1973, p. 1234) 

Riftin<;:."" and zones of subduction provide a melt with a relatively easy 

access to the surface. The composition of the rocks associated with 

volcanogenic deposits is intermediate to fe lsic. The increase in felsicity 

compared. "\0:-:' -:=.=-. orthc=agmatic deposits could have been produced by the 
/ 

successive separation of "daughter" melts from "parent " magmas by generation 

of magma at different depths into the mantle (see porphyry deposits later 

on), or by the blocking of a volcanic vent thereby also leading to an 

increase in elements such as eu, Pb, Zn, (Co), (Ag) , (Au) within the final 

deposit-for=ing melt. 

Volcanogenic deposits are generally underlain by a brecciated pipe-

like zone of alteration. This possibly indicates that during the life 

of the volcano, solidified lava blocked the vent thereby disallowing 

extrusion of any material. This would cause the melt to differentiate, 
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and crystallization would proceed until such a time that fluid pressure 

would overcome lithostatic, or confining pressure. Retrograde boiling 

would occur , the "plug " would become brecciated , and hydrothermal solutions 

would stream upwards through the veins and fractures to surface. This 

process would also explain the fact that volcanogenic massive sulphide 

deposits tend to be confined to one time-strategraphic horizon within 

anyone vo l canic complex. 

Copper complexes are possibly les s stable than lead or zinc complexes 

in that so-called stringer zones of the volcanogenic deposits tend to be 

enriched in chalcopyrite relative to sphalerite or galena . A number of 

factors ensure that copper stays within the molten portion of a magma , 

namely: its easy entry into octahedral sites in the melt; i ts expuls i on 

from ordered octahedral sites within silicate lattices due to distortion 

effects; the increasing predominance of tetrahedral sites in crystals 

due to increasing felsicity; and the 
3-

stable complexes such as CUS(HS)3 and 

melt. 

ability of copper to form soluble 
2-

CU(HS )4 which could exist in the 

Within seawater (rift controlled basins) transport of copper could 

pcssibly 

CU(HS)3' 

occur as one or 
3-

CuS(HS)3 or as 

more of the 
2-

the cuCl
4 

following comp l exes : 
2+ 

[cu(NH
3

)4(H20)2 1 , 
complex . Because of the lack of 

halite and sylvite within volcanogenic deposits , and because the copper 

occurs as a su l phide , those complexes containing both copper and sulphur 

are preferred as transporting agents . That native copper (CU) might 

behave similarly to the noble metals, gold and silver, and that it tendS 

to be stable as Cu, Cu+ and cu
2+ in certain environments, possibly accounts 

for the fact that copper occurs in rocks which vary in composition from 

ultrabasic to felsic. 

The strong covalent bonds and subsequent stable compounds which lead 

forms with oxygen , its relatively large ionic size and charge discrepancies 

would tend to 

elements such 

negate its entry into silicate 
2+ 2+ 2+ + 

as Ba ca , Na , K etc. 

structures at the expense of 

With increasing differentiation 

and crystallization lead could possibly become bonded with sulphur as the 

Pb(HS); or PbS·nH
2

S complexes. Lead could be transported as a chloride 

complex containing enough sulphur to precipitate galena . But the paucity 

of chloride-bearing minerals tends to negate the transport of l ead by these 
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complexes. It is possible that the chloride ions would, on dissociation 

enter into solution in seawater, but this would tend to cause a "dumping" 

effect of the lead . The conclusion drawn is that the exact mechanism of 

lead transport has yet to be determined, and that the transporting agent 

is most likely to be one of sulphur complexing. 

2+ 2+ 2+ 2+ 
Divalent zinc can enter Mg , Fe Co Mn etc. positions during 

the crystallization of a melt, but because of the stable, soluble tetra-

hedrally co-ordinated compounds it forms when covalently bonded to oxygen 

its entry into silicates is inhibited . Because zinc occurs abundantly as 

sphalerite, zinc is probably transported as a complex containing sulphur, 

and the bisulphide complex Zn(HS)3 might be important. Zinc and iron 

substitute readily for one another within sulphide phases , which tends to 

cause the contamination o f sphalerite by iron forming the mineral marmatite. 

(ii) Porphyry and Hydrothermal Deposits 

Magma generation appears to be related to areas of crustal disturbance 

and with excess differentiation magmas final ly generate hydrothermal fluids 

which deposit the II incompatible II elements such as tin , tungsten, molybdenum 

and uranium. Porphyry deposits are related to zones of subduction of the 

oceanic lithosphere. Figure 39 shows , the relationship between different 

porphyry-type deposits and the subducting oceanic plate. 

There is an increase in the concentration of potassium in the rocks 

away from the cratonic edge which is ac.:::.::: =,;:anied by an increase in the con-

centration of the "incompatible" elements within ore dep:>s its. These factors 

can be explained in terms of distribution coefficients and depth of magma 

generation. It is possible that the felsic portion of a melt could separate 

periodically from a parent magma and with each successive separation this 

felsic portion would become progressibely enriched in the lIincompatible" 

elements. The greater the depth into the mantle that magma generation occurs, 

the greater the number of occasions this separation can take place before 

the magma is emplaced into the continental crust. Therefore a magma gen-

erated at (A) will produce a final felsic portion with a greater concentration 

of potassium, tin, tungsten and molybdenum than a magma generated at (B). 
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Figure 39 illustrates the differing distances that magmas generated at 
(A) and ' (B) will have to move before encountering the crust. The 
lIincompatible ll elements increase in concentration away from the cratonic 
edge (altered from Sillitoe, 1972 , p. B14). 

Feiss (1978) in a discussion on the concentration of copper in 

porphyry deposits stressed the importance of the A1
2

0
3
/(K20+Na2o+cao) 

2+ 
content of the magma , and the Cu preference for octahedral rather than 

tetrahedral sites within a granitic melt or crystal phase. Burns and 

Fyfe (1964) found that the portion of tetrahedral sites ~~ silicate melts 

increases with increasing amounts of alkali ions and silica, and with 
2+ 

decreasing amounts of alumina. Thus because eu prefers octahedral 

2+ 'bl si tes an increase in alkali content indicates that eu will POSSl y enter 

the octahedral sites of crystals which are being formed. (The Jahn-Teller 

effect wi ll be important in negating this p rocess) . Conversely with an 

increase in A1
2

0
3 

and a decrease in alkali content, the number of 

sites within a melt will increase, thus causing the concentration 

octahedral 
2+ 

of Cu 

within the molte n portion of the magma to increase. During retrograde 

boiling this Cu
2

+ is released and deposited by hydrothermal fluids in 

fractures, veins and veinlets. 
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Figure 40 illustrates the importanc e of retrograde boiling in the 

deposition of porphyry deposits. A process akin to this possibly occurred 

during the deposition of volcanogenic massive sulphide deposits , with two 

important differences (i) the volcanic plug would tend to brecciate 

preferentially to the country rock, and (ii) the hydrothermal fl u ids associated 

with the volcanogenic deposits would be extruded subaqueously and not into 

the country rock. 

Hydrothermal fluids are enriched in the lIincompatible ll elements due 

to a n umbe r of factors. Molybdenum, tin, tungsten and uranium are all 

characterized by possessing high valence states , thus they · tend to form 

complexes rather easily. The strong nature of the covalent bonds which 

these elements form with ocygen leads to the formation of molecules such 
2- 4-

as (Mo0
4

) ,(Sno
4

) etc . These molecules are unab l e to enter into 

silicate lattices and dissociation of the complex is not readily achieved. 

Molybdenum, tin , tungsten and uranium will possibly exist at high temperatures 

in ionic states and at lower temperatures will possibly exist as molecular 

complexes. 

Kelly andTurneaure (1970) found a paragenetic sequence within the 

tin/tungsten deposits of Bolivia which consisted of (i) an early vein 

stage in which most tin and tungsten was deposited and (ii) a base metal 

sulphide stage. They also suggest that the early vein stage was a NaCl -

rich brine with a low CO
2 

content. Where tin and tungsten minerals occur 

together the ratio of tungsten/tin often increases towards the intrusive 

source. 

Nekrasov and Bortnikov (1974) found that the order of precipitation 

of lead and other sulphur-bearing metals in porphyry-type deposits is 

influenced by temperature , pH, the mass effect of the metals and the presence 

of other metals in the fluids. At 400
0

C in a 10% NH
4

Cl solution galena 

cassiterite-teal lite and frankeite (amongst other antimony-bearing minerals) , 

were found to be stable in the Pb- Sn-Sb-S system. An increase in the 

alkalinity of acidic solutions (up to pH 7) was found to change ~he para-

genetic sequence. Tin sulphides and lead sulphostannates are replaced by 

cassiterite which can co-precipitate with lead . Further, sulphur activity 

controls the order of deposition. With an increase in the activity of 

sul phur, sulphide precipitation is predominant and it was demonstrated that 

a drop in temperature produced the same effect. Thus at 300
0

C even at low 
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sulphur activities teal lite and frankeite rather than cassiterite will 

precipitate. Conversely at higher temperatures cassiterite will precipitate 

readily from solutions despite a high sulphur activity. They also suggest 

that the Eh of a f luid negligibly affects the order of mineral precipitation. 

The accumulation of lIin compatible " elements in the residual melts 

suggests that the accumulation of ore metals in the alkali-rich phase of 

a silicate melt could be due to heterogeneity as a result of an immiscible 

liquid phase. These phases would separate and could subsequently be 

"tapped" by fissures and veins. Ions of the metals tin, niobuim, tantallum 

and molybdenum and tungsten can be considered as forming network or chain 

structures within the felsic portion of a melt . Network formers are 

mostly cations which have a high positive charge, relatively small ionic 

radii and can bond firmly to oppositely charged anions . It appears that 

the greater the concentration of network formers the greater tendency to 

form immiscible phases. Figure 41 indicates the possible importance of 

fiourine concentration in controlling immiscibility (Barth and Rosenquist, 

1949; Block and Levin, 1957; and Stemprock, 1963, 1974
1+

2
; amongst others) . 

I, 
Figure 41. Diagram representing the changes in the ternary system Si0

2
-

ca0
2
-Na

2
0 at various stages of the replacement of oxygen by fluorine. The 

regl0n of immiscibility increases by the increase of the content of fluorine 
(from Stemprock, 1963, p. 304). 

Tin can have a stabilizing or modifying effect on the network of ions . 

Tungsten and molybdenum are network formers in the presence of ions of high 

charge and Stemprock (1974) concludes that tin belongs to the intermediate 

oxides which are transitional between network formers and network modifiers. 
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Metals considered to be network modifiers, Li, Na , K, Ca etc . usually have 

lower charges than network formers, and tend to bond relatively less strongly 

to anions than network formers. 

Tungsten trioxide and molybdenum dioxide are soluble to a certain 

extent in silicate melts and may be important in transport . Transport of 

tin may occur in a number of forms but acido- and aqua-complexes are 

possibly of significant importance. The 

tin are Na2 [sn(oH,F)61 or the complex ion 

complexes which possibly transport 
2-

[Sn(oH,F)61 . In deposits 

containing both flourine and tungsten transport was probably by means of 

complexes such as an oxyflourotrungstate . In deposits of tungsten not 
2+ 

associated with flo urine transport could have been by means of the w0
4 

ions or molecular H
2
w0

4 
and at higher temperatures possibly by an aqueous 

hexahalide . 

Molybdenum tends to bond more strongly to iron and sulphur than tin, 

tungsten or uranium , and at low temperatures while tin, tungsten and uranium 

are complexed , soluble and stable , molybdenum will tend to bond with sulphur 

and with decreasing temperatures will be deposited as molybdenite , 90ssibly 

disseminated throughout the upper portion of the intrusive body . Any tin, 

tungsten or uranium present in the system would at this stage be partitioned 

away from the molybdenum. During differentiation uranium is likely to be 
6+ 2+ 

in solution and remain stable as the (U 02) i on. With decreasing 

temperatures it would tend to 
2-

4- 2-
complex with carbonate, (002) (C03) 3 Ooo2 (C0

3
)2 

and [(002) (C03 ) 2 (H20) 21 and possibly to a les ser extent with sulphate 

(002 ) (S04);- Where uranium is found in conjunction with calcite , the 

compl ex was mcst likely of carbonate type. 

Anomalous concentrations of nickel with hydrothermal deposits hosting 

minerals regarded as "late-stage", can be explained by the high stability 

nickel achieves in octahedral co- ordination . Should a melt of intermediate 

to felsic composition separate from a basic or ultrabasic magma , and should 

the "daughter " melt contain a certain amount of nickel, that nickel will tend 

to remain within the octahedral sites of t h e melt as the concentration of 

octahedral sites within the crystallizing portion, due to the increased 

felsicity, will be relative ly low. The nickel will possibly tend to remain 

octahedrally co- ordinated as isolated structures until extrusion along with 

the normally II incompatible II elements . 
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Endogranitic deposits of tin and tungsten apparently did not develop 

a liquid phase in which the vapour pressure was great enough to overcome 

the lithostatic or confining pressure. This situation would result in 

the interstitial crystallization of metals and also result in internal 

convection of hydrothermal fluids. Once crystallization reached ~ 95 

percent these circulating fluids could develop preferred pathways migration. 

At more advanced stages of crystallization "pipe-like fl pathways would 

develop through which large amounts of fluids could migrate , and within 

these "pipes" large crystals of tungsten and cassiterite would be deposited. 

This process explains the tungsten-rich pipes of the Zaaiplaats deposit. 

Hydrothermal fluids which developed from melts within which the 

confining pressure was overcome would migrate through fissures and fractures 

until a change in environment caused deposition. These fluids can cryst-

allize within veins or become trapped beneath impermeable horizons. 

Certain deposits within the Rooiberg tin field were deposited, not beneath 

an impermeable horizon, but fluid migration was discontinued when the fluids 

(within fractures) encountered a zone of porous sandstone into which the 

fluids moved and crystallized. This fact could possibly be important from 

an exploration viewpoint in that certain characteristics of the favourable 

horizon might be visually recognizable during mine development and exploration 

drilling. 

Deposition from fluids will occur in r esponse to a decrease in tem­

perature, a change in pH (reaction with wall rocks), and due to the 

crystallization of other phases which will create a change in the environment 

of migration p 

, 
Silver tends to be enriched in volcanogenic deposits such as Broken 

Hill, Sullivan and Mt. Isa, and is a common secondary metal in the Besshi-

type cupreous pyrite deposits. It i s a l so present in porphyry districts , 

particularly where lead veins are present. Gold tends to occur in Archaean 

copper/zinc deposits, in island arc porphyry copper deposits and in some 

nickel deposits. These associations would tend to suggest that the more 

basic the rocks , those rocks which have undergone relatively less diff­

erentiation , and have had an easier access to the surface , are more likely 

to be enriched in gold than silver. Thus with increasing differentiation, 

increasing inaccessability to the surface, it would appear that silver tends 

to become enriched in the melt, possibly bonded to sulphur in a lead-silver­

bismuth-sulphide compound. 
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(c) Residual Deposits 

In Section VI the concentration of nickel in laterites\"as dealt 

with. These are regarded as typically chemical residual deposits. 

Detritral residual deposits originate as a result of the mineral o f 

economic interest being more resistant to weathering than their host rocks. 

Areas of high relief are not con9ucive to the residual accumulation of 

minerals as fluvial processes would remove the minerals from the environ­

ment of weathering , therefore weathering must be largely chemical in nature, 

but the accumulation of the economic mineral (due to its r esistance to 

weathering and i ts high S.G.) would be mechanical. 

(d) Deposits with Sedimentary Affiliations 

(i) Chemical Deposits 

Red Beds copper deposits often consist of chalcocite in association 

with zones of organic-bearing material. Silver and cobalt are common 

accessory elements . Rose (1974) suggests that because of the lack of 

wallrock alteration deposition must have occurred at temperatures below 

I n pure water copper so lubilities are low , but in s lightly chloride-

rich solutions copper chloride (in the Cu+ state) complex es might be 

important as transporting agents, but due to the presence of sulphide , and 

paucity of chlorine - bearing minerals , s ulphide complexes such as CU(HS); 
3':' 

or CuS(HS)3 for example are 

+ . h 1 1 Cu m~g t comp ex more easi y 

possibly of greater importance . 

. h hl . 2+ . w~t C orlne than eu ,but thlS is no 

Further , 

+ argument that Cu complexed to chlorine is necessarily an i mportant 
2+ 

transporting agent. Also Cu is the most likely valence state of copper 

in the sedimentary envir onment. The transport of lead in the sedimentary 

environment could possibly be d ue to PbS.2H
2

S at neutral pH ' s and at pH's 

greater than 7 the Pb(HS) 3 compl ex is possibly important. 

possibl y be transported as the Zn(HS)3 complex . 

Zinc could 

Renfro (1974) proposed a sabkha model as a possible genetic model 

(see Figure 42). The sabkha is supplied by landward migrating low Eh , high 

pH seawater , and by seaward migrOating high Eh , low pH terres trial waters. 

Decaying algal mats would produce hydrogen su19hide which would act as a 
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precipitating agent for the metals within the seaward migrating waters. 

That this process could produce deposits of high grade, zonally arranged 

polymetallic sulphides over an area the extent of the Kupferschiefer or 

the Zambian Copper Belt is doubtful. This argument is also used against 

the process, commonly in vogue at present, that bacterial reduction of 

metal-bearing solutions could produce deposits of this size and nature. 

Almost" certainly fetid conditions did, in certain cases, cause sulphide 

precipitation, but the euxinic environment produced was more probably due 

to decaying organic material. Algae in certain environments are capable 

of trapping or injesting certain metals but it is likely that this process 

can only be responsible for localized deposits. 

The amount of metal within deposits such as the Kupferscheifer, the 

large areal extent, the zonal arrangement of the metals and the apparent 

stratigraphic zoning, presents problems with regard to genesis unless a 

volcanic exhalative source is called upon. - Precipitation within predom-

inantly sedimentary rocks would be caused by changes in the environment, 

such as decreasing temperature, changes in Eh and pH as a result of reaction 

with other solutions and solids, and the presence of reducing environments. 

Uranium is transported in the oxidized hexavalent state (uranyl uo
2

2
+ 

or the U0
2

(OH)+ ion). The mobility of uranium in the presence of C0
3

2
- is 

considerably enhanced by the formation of the dicarbonate U0
2

(C0
3
);- or 

4-
tricarbonate U0

2
(C0

3
)3 complexes . The presence of reducing 

environments within reasonably porous sandstone would cause the reduction 

of the uranyl ion (6+) to the relatively insoluble uranous ion (4+) thus 

causing the deposition of uraninite (U02 ). Within calcretes the precip­

itation of carnotite [K20(U02)iV20s·3H201 could occur in response to 
!+2 

solutions encountering environments with a pH of approximately 6 (Mann- I 

1974) I an increase in the concentration of uranium or vanadium and possibly 

due to evaporation of water. 

Due to the unsolved problems and complexities related to the genesis 

and deposition of the Mississippi Valley-type deposits only a few pertinent 

observations will be made regarding these deposit-types. Regardless of 

the nature of the ore-transporting agents the acidity of the solution could 

not have been acidic otherwise dissolution of the limestone and dolomite 

hosting the deposits would have occurred. Should the transport of the metals 
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have occurred by a mechanism not containing sulphur, then sulphur for 

the precipitation of sphalerite and galena must have been derived from 

elsewhere . Hydrogen sulphide could have been derived from the host rock 

and as Anderson (1975) suggests, the introduction of the metals , . , and 

sulphur must have occurred over reasonably lengthly periods of time, as the 

hydrogen sulp hide within karsts would be insufficient in amount to have 

precipitated the observed concentration of metal. It is possible that 

neutral complexes such as PbS·2H
2

S and Zn(HS); were responsible for ore 

transport. 

The lead deposits in the Transvaal basin of the Northern Cape are 

associated with the Griquatown fault zone which coincides with fore-reef 

breccias. The karsts at Berg Aukas are situated within synclinorial 

warps related to the Grootfontein basement high . It would appear therefore 

that basement tectonics either during the deposition of sediments , o r later, 

could have been important in the location and formation of breccias and 

karsts . Introduction of metals was possibly through faults, fractures 

o r zones of brecciated porous host-rock. 

traps provided by the k a rsts would cause 
2+ 

Due to the fact that Zn can substitute 

The structural and chemical 

precipitation of the metals . 
2+ 

for Mn ,it is possible that 

karst deposits are surrounded by an alteration zone which is relatively 

enriched in zinc . . This could be of importance during exploration. The 

fact that brecciated and kars ted dolomites and limestones are possibly 

related to areas or zones of basement disturbance has important implications 

with regard to exploration. 

(ii) Detrital Deposits 

A distinction is made bet\oleen placer and all uvial deposits on the 

basis that a true placer deposit is a concentration of metals with a high 

resistance to weathering within rock units which have undergone a major 

amount of reworking and sorting resulting in the concentration of the metal. 

This process is particularly related to those deposits that were l aid do wn 

by braiding streams. An alluvial deposit implies that the deposit was laid 

down by sedimentary processes but has undergone little or no subsequent 

reworking. Resistance to mechanical breakdown within placer and al luvial 

deposits is gold> cassiterite> wo l frami te > scheelite. 

The concentration of gold (and uranium) within placer deposits such 

as the Witwatersrand depository is possibly the result of a high energy 
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environment on the edge of a regressing basin, i.e. the conglomer a te 

and minerals were laid down relatively close to source (Figure 43) . 

cw
·~ .. 
, . .. 

Fig ure 43 Conceptual model of a Witwater srand-type goldfield. The fluvial system brings from the source. 
area unsorted erosionJ.] debris which undergoes soting on the fluvial fan in "accord;lnce with a 
hydrodynamic regime radially decreasing in energy away from the apex of the fan. Because of Il1e 
small grain-size of the gold partides, th ey :lTC unable to settl e, to any marked extent, in the fanhead 
facies. Optimum cond itions for se ttling occ ur in the midfan facies. The ene rgy levct becomes too low 
to mo\"~ d~tritJi parti..::les i" ar:y Gcant it y to th e fanbase environment. lI owc,"er, sold in solut ion is 
precip itated by the algae which gro w preferentially in the non-turbulent conditions along the mugins 
and base of the fan (from Pretorius, 1 976 , p. 17). 

Reworking, winnowing and jigging of previously deposited sediment by high 

energy braiding streams resulted in the sorting and concentrat i on of heavy 

minerals (Pretorius , 1976 , l.Jinter, 1978 Winter Field School provided by 

Anglo American) . 

In general alluvial tin deposits are more productive than vein deposits . 

The source of the cassiterite in the Southeast Asian tin-belt is deeply 

weathered granite, with deposits being preserved because of the relatively 

l ow terrain and subsequent l ow velocity of water draining the area . 
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Appendix 3. Average contents of chemical e l ements in t he lithosphere and in its constituent 
rocks (weight percent) (from Beus and Grigorian , 1977) 

Conimelll:ll 
lilllclsphere Gr;!nit ic Intermediate Basic Ultr3-

Sedimentary Carbonate 
E]cmenl 

(excluding .~edi· shell 
Granite Cranodiorite rocks rocks basic 

Schist rocks. rocks 
mt'nlary cover) Sandstone 

Hydrogen 0 . 10 I 0.10 I 0,06 I 0 .09 I 0. 11 I 0.1 2 I - I 0.40 I 0.25 I 0.09 
Helium 6· I O-lem ' per gram or rock weight 

Lithium 2.0,10-3 3.0.10 3 3.8,10- 3 3.0 . 10-3 2.5.10 3 I 1.5·10""" 0.2.10-3 6.6.10-3 1.5.10-3 0.5.10-3 

Beryllium 1. 5· 10 .... 2 .5·10 .... 3 .5·10""' 2.5 ·10 .... 1. 8·10 .... 0. 4,10--< 0.2·10""' 3.0.10-1 O.n ·10-1 O.n·IO-· 

Roron 0 ,7.10-3 1.0.10-3 1,5.10-3 1.2·10""' 0.9·[0-3 0.5.10-3 0.3.10-3 10·10-' 3 .5· 10-3 2.0· 10- 3 

Carbon 1.710-' 3 .0· 10- ' 3.0 · 10-' 3.0·10- ' 3.0·10- ' 2.0'10-' 1,0 · 10-' 1.2 1.3 11.0 
Nitrogen 2.0·10-' 2.6· 10-3 2.7.10-3 2.0·10-' 2 .0.10-3 3.5·10""' 1. 0.10-3 54.5.10-3 13.5.10- 3 0.7 . 10-3 

Oxygen 46.6 48. 1 48.7 48 .0 47 .0 44.5 43,7 49 .0 51. 5 49 .2 
Fluorine 6.0·)0-' 7.2·10- ' 8.3 · 10-' 6. 3·10-' 5.0·10-' 4.0 · 10-' I 1.0·10-' 7.4·10-' 2,7·10-' 3.3·10-' 

NCtln 7,7.10-8 em' pcr 8ra~ of rlICk weight 

Sodi\Jnl 2.3 2.2 2 .66 2,78 2.60 1.90 0.18 0.98 0.92 0.25 
Magnesium 2.4 1.2 0 .33 1. 10 2.20 4.50 20.50 1.50 0.73 4.60 
Aluminum 8.1 8.0 7,40 8.60 8.90 8.50 2 .40 8.65 2 .90 0 .96 
Silicon 27,7 30.9 34 .0 30 .5 27 .5 23 .0 20.0 27 , 5 34. 7 3 .4 
Phosphorus 0.10 0.08 0 .06 0.1 1 0.15 0 ,1 5 0 .05 0.07 0.04 0,05 
Sulrur 0. 03 0.0·1 0 .04 0.04 0.04 0.03 0 .01 0 . 24 0.02 0.12 

Chlorine 1.0 ·10-' 1,7·10-' 2.0·10-' 1.3·10- ' 1.0·10-' 0.6 ·10-' 0 .5·10'-' 1.80 · 10-' 0.1 · 10-' 11 .5·10-' 
Argon 2,2 ·10-5 em' per gram or rock weight 

Potassium 1.8 2,70 3.50 2.52 1.50 0.70 0.U5 2.70 1.:l2 0 .28 
Calcium 4.3 2.5 1. 12 2 . 40 4.60 7.30 3.40 2.00 . 2.67 32,5 
Scandium 2.4.10-3 1.1.10-3 0.7.10-3 1.4.10-3 2.0.10-3 3.0.10-3 1, 5·t(j-3 1.3.10-3 0.1.10-3 0 .1 ·10 .... 

T itanium 0.6 0.3., 0.17 0.38 0.60 0.80 0.35 0.38 0. 30 0. 12 

.... 
'" .... 
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Appendix 3 (continued) 

Conlinental 
lilho~r>hcrc Granitic: 

Frem('nl 
ec,clud'"ja '>cd,- shell Granite 

mCnWfY cewed 

Vanadium 1,9- 10-' 7,6.10-3 4,4·10-.3 

Chromium 1,2·10-' 0,34 ·10-' 0,1·10-' 
Mang:anc!\c 0,09 0,07 0,04 
Iron 5,7 3,6 1,83 
Cohalt 3,4 .10- 3 7,3·10--1 1,0·10'" 
Nickel 9,5.10-3 2,6.10-3 0,45·10-' 

Copper 6,5· 10-3 2,2.10- 3 1,0·10-' 
Zinc 8,7 10-3 5,1.10-3 3,9·10-> 
Gallium 1,7 10-3 1,9·10-' 2,0·10-' 
Germanium 1,3-10'" 1,3 · 10'" 1,3·10'" 
Arsenic 1.9- 10'" 1,6 ·10'" 1,5·10-' 
Selenium 1,0·10-' 1,4 ·10-' 1,4 ·10-' 

Bromine 2,0·10'" 2.2· 10-' 1.3·10'" 
Krypton 

Ru bidium 9,0.10 3 18.10 3 21.10 3 

Strontium 3,8· 10-' 2,3· 10-' I, 1·10-' 

Yttrium 2,6.10- 3 3,6.10-3 4,0'10-3 

Zirconium 1, 3·10-' 1,7 -10-' 1,8·10 .... 

Niobium 1,9.10- 3 2,0·10-' 2,1·10-' 

Molyhdenum 1,3-10- ' 1,3 ·10- ' 1,3·10-< 
TeChnetium - - -
Ruthen iu m Data not availahle 

Rhodium Dala not avaiiable 

Inlcrmcdii!.le Ra ~i c Ultra-
Granodiorite rocks r()('k~ basic 

8,8.10-3 15.10-3 25·10-.3 4,0.10-3 

0,22·10·' 0,55.10-2 1;7 ·10-' 16,0·10-' 

0,07 0,12 0,12 0,10 

3,30 5,50 8,40 8,70 

7,0·10--1 9,0·10-' 48·10-' 150 · 10-' 

1,5·10-.3 5,0· 10- 3 13 .10-3 200· 10-' 

2,6 .10- 3 4,0·10-' 8,7.10-3 1,0'10-3 

5,6.10-3 7,5.10-3 10,5.10-3 5,0.10-3 

2,0 . 10-3 1,7 · 10-.3 1,7·10-' 0,15·10-' 

1,3·10'" 1, 3·10-1 1,3'10-' 1,5·10'" 

1,9 ·10'" 2,0·10--1 2,0·10-' 1.0·10-' 

1,4·10-' 1,4·10-' 1,3 ·10-' 0,5 ·10-' 

4,0· 10-' 4,5·10-& 3,6·10-' 1,0· 10-' 
4, 2 ·10-9 COl' per Kfam or rock wcj~ht 

16- 10-3 11 · 10 3 5,0.10- 3 0,5· 10-3 

4,4 ·10-' 4.5· 10-' 4,7·10-' 0,1.10-3 

3,4-10- 3 2,9.10-3 2, 1.10-3 n ·10-:; 

1,6·10-' 1,4 · 10-' I, 1·10-' 0,45 · 10-' 

2,0·10-' 2,0 10-3 1,9·10-' 1,6.10-3 

1,2· 10-' 1,1 · 10--1 1,5·10-< 0,3·10-' 

- -

&hi~ 

13.10-3 

0,9·10-' 

0,08 

4,80 

19·10-' 
6,8.10-3 

4,5.10-3 

9,5.10-3 

1.9·10-' 

1,6·10-' 

13.0·10-< 

5,0 10-' 

4,0-10-' 

14.10-3 

3,0-10-' 
2,6.10-3 

1,6·10-' 

1,1- 10-' 

2,6·10'" 

Sedimentary Carbonate 
rocks. 

Sandstone 
rocks 

2, ° ·10-.3 2,0·10 .... 

0,35 ·10-' 0,11·10-' 

0,04 0,04 

2,80 0,8; 

0,3·10-' 0,1'10-' 

0,2.10-3 0,2.10-3 

0 ,1.10-3 ~O, 4 ·10-.3 
1,6.10-3 2,0·10-.3 

1,2.10-' 0,4 ·10-.3 

0,8·10'" 0,2'10-' 

1.0·10-< 1,0.lOc , 

0,5·10-' 0,8·10-' 

1,0· 10-' 6,2 ·10-< 

6,0 . 10-3 0,J-IU-3 

0,2·10-' 6,1·10-' 

4,0-10-3 3,0.10-3 

2,2·10-' 0,2·10-' 
n ·IO-l 0,3 · 10-' 

0,2·10'" 0,4·10'" 

,... 
'" '" 



Appendix 3 (continued) 

Conl incnUlI 
l ithO~flhcrc Granit ic 

F. h:menl 
Ie ~clutl in v: sedi· shell Granite 

men l:Uy coved 

46 Palladium n·IO-7 n . 10-8 n·IO-· 

)( 47 Silver 9.0·10-< 4.8·10"" 3.7·10-<1 

48 Cadmium 1.9·10-' 1.5·10-' 1.3 · 10-' 

49 Indium 2.3.10-5 2.5.10-5 2.6· 10 .... 

x 50 Tin 1.9· 10 .... 2,7 ·10-' 3.0·10'" 

51 Antimony 2.0.10-5 2.0·10-' 2.0·10~5 

52 Tellurium 1.0 '10-7 1.0.10-7 1.0·10-'1 

53 Iodine 5.10-5 5.10-5 5.10-7 

54 Xenon 

55 Cesium 2.0 · 10-' 3.8 10 .... 5,0·10"""" 

56 Barium 4.5·10- ' 6.8·10-' 8,4·10-' 

57 lanthanum 2.5 . 10-3 4.6.10- 3 5.5.10- 3 

58 Cerium 6.0,10-3 8.3· 10-3 9.2· 10-3 

59 Praseodymium 5.7·10-' 7 ,8· 10-4 8.8·10-< 

60 Neodym ium 2.4.10-3 3.3 · lOc3 3 .7. 10--' 

61 Promethium - - -
62 Samarium 6.5 10 ..... 9.0·10 .... 10.0·10-4 

63 Europium 1.0·10 ..... 1.4 ·10-- 1.6·10'" 

64 Gadolinium 6.5 ·10 ..... 9.0.10-3 10.0·10 .... 

65 Terbium 1.0 ·10 .... 1.4 ·10 .... 1.6·10 .... 

66 Dysprosium 4.6·10-' 6.5·10 .... 7.2·10 .... 

67 lIolm iu m 1.3 ·10 .... 1. 8·10-4 2.0·10'" 

68 Erbium 2.6·10'" :J.6 · 10-4 4.0·10 .... 

I Intermediate Basic Ullfa-
Granodiorite rocks rocks 

I 
basic 

n ·10-8 n .10-7 2.0.10-7 5.0.10-7 

5.1·10-< 7.0·10-' 11·10 .... 6.0·10-' 

1.6.10-5 1.8·10-' 2.2.10-5 e," 10-'; 

2.4.10- 5 2.2·10-' 2.2·10-' 0.1 .10-5 

2.5· 10 .... 1.6 · 10-< 1.5·10-' 0.5·10-< 

2.0·10-' 2.0·10-' 2.0 . 10- 5 1.0· 10-5 

1.0 '10-7 1.0·10-' 1.0.10-7 O.n·IO-' 

5 ·10-' 5.10-7 5· 10-5 5 · 10- ' 

3 I 4 . 10-10 e m ' per grnm or nlCk wei f!: hl 

2.0 · 10 .... 1.5· 10 ' 1.1·10-" n ' IO-,; 

4.5·10-' 3.8·10-' 3.3·10-' 0 .4 ·10 .... 

4.0.10-3 3.0· 10-3 1.5.10-3 It -10-'; 

8.0·10-' 6.5.10-3 4.8.10-3 n ·IO-~ 

7.5·10 .... 6.2· 10 .... 4.6 · 10-< n ·10-'; 

3.2· 10-> 2.7.10-3 2.0.10-3 It ·lO-l 

- - - -

8.5·10-' 7.5 · 10 .... 5.3·10 .... It ·10-'; 

1.4·10 .... 1.2·10-' 0.8· 10 .... n · lO-'; 

8.5·10 .... 7.5·10-- 5.3·10'" n· JO-~ 

1.4 ·10 ..... 1.2 · 10 .... 0.8·10 .... n·IO-:i 

6.1·10-- 5.2· 10-- 3.8·10 .... n .10-5 

1.8·10 .... 1.5·10 .... 1. 1·10'" n ·10-' 
3.2·10-4 2.8·10-1 2.1 · 10-4 n ·10-' 

Sedime ntary Carbonate 
Schist ro..:~~. rocks 

Sandstone 

Data nol available 

7.0·10- ' n -10-8 n ·10-$ 

3 .0 .10-5 O,It-IO-:' 0.4.10-5 

1.0.10-5 D,n .1O-j O.n·IO-' 

6.0 · 10-' O.n·IO-· O,n·IO-4 

15 . 10-5 O.n·IO-' 2.0·10-' 
10.10-7 Data not available 

2.2 · 10-' 1,7.10 .... / 1.2.10 ... 

5.0·10 .... It ·IO-~ n - lO-'; 

5.8· 10- ' It .\0- 3 1.0·10'" 
9.2.10-3 3.0.10- 3 It · 10-4 

5 .9 ·10-' 9.2·10--' 1.2 · 10-' 

5.6·10-' 8.8·10 ..... 1.1·10-4 
2.4.10-3 3.7·10-' 4.7· IO~' 

- - -
6.4 · 10-' 1.0.10-3 1.3·10'" 
1.0·10-4 1.6·10 .... 0.2·10'" 
6.-1·10""" 1.0.10-3 .1.3·10 .... 
1.0·10-4 1.6·10 .... 0.2·10'" 
4.6·10 .... 7.2 ·10 .... 0.9·10-4 

1.2· 10-4 2.0·10'" 0.3 · 10-4 

2.5·10-4 4.0·10 .... 0.5·10'" 

,... 
N 
W 



Appendix 3 (continued) 

Continental 

. ';1 .8 lithosphere Granit ic Intermediate: Basic: Ultra-

II E 
Element {c:"(cludint< sedi· ~hcll 

Gra nite Granodiorite rocks rocks basic 

- , mcnlary cover} 
~ c 

69 Thulium 0,2·10"" 0,3·10"" 0,3·10"" 0,3 ·10"" 0,2·10"" 0,2·10--< n·IO-fl 

70 Yllerbium 2,6·10"" 3,6· \0"" 4,0·10"" 3,2·10 ..... 2, 8·10"" 2,1 · 10 ..... n·l 0-:> 

71 Lu tecium 0,8·10"" 1, 1· 10"" 1.2·10"" 1.0 · 10"" 0.8·10"" 0,6·10"" n'lO-~ 

72 Ila fnium 2,6·10"" 3, 5·10"" 3.9 ·10 ..... 3,2·10'" 2. 8 · 10'" 2,2·10 ..... 0;5·\0'" 

73 Tantalum 1.0· \0-' 2,1·10"" 2.5·\0'" 1, 8· 10"" 1,2 · 10'" 0,5 ·1 0--1 0,2 ·\0-; 

x 74 Tungsten 1,1 ·10'" 1.9·\0'" 2,2 · 10"" 1, 7· 10-' 1,2 · 10"" 0,7·10'" 0,1·\0'" 

75 Rhenium 7,0·\0-' 7,0 ·10-' 6,7·10'" - - 7.1·\0'" -
76 Osmium - Data not ava ilable - - - -

77 Iridium 2,0·\0-' 1.5·10'" I 1.0.\0-' - - 2,2·10-' -
78 Platinum - nala no! available - - 1.0 · \0-' 2 ,0 ·10 .... 

)< 79 Gold 1.7.10-7 1,2.10- 7 0.8 · \0-7 1,2 .10-7 2,8·\0-7 3.6 · \0-7 6 ,0 ·\0-7 

80 Mercu ry 4.6·\0-8 6,6 · 10 .... 6,7·10-' 6.7 ·10-' 7.5·10-' 6,5·10 .... 6.4 ·\0-' 

81 Thallium 0 ,7 · 10'" 1.8·10'" 2.3·\0"" 1.5·\0'" 1,0·10'" 0,2.10-0 0,6·10 .... 

)< 82 Lead 0,9 · \0-3 1,6·\0-3 1.9·\0-3 1, 5.10-3 1,2 . \0-3 0,6·\0-3 0 , 1·\0- 3 

83 Bismuth 0,8·10-' 1.0·10-' 1.0·10 .... 1.0·10-' 0,8·10 .... 0,7·10-' 0,1·10'" 

84 Polonium - - - - - - -
85 Astatine - - - - - - -
86 Radon Data not available 

87 Francium - - I - - - - -

88 Radium Data nol available 

89 Actinium - - - - - - -

90 Thorium 7.3 · 10 .... 1,4,10-' 1,7.10-' 1,2.10-3 8,5·10 .... 4.0·10"" 4.0.10-7 

91 ProL."lcti nium - - - - - 1.0·\0 .... 1.0 . 10-7 

x 92 Uranium 1.5.\0-' 2,6·10"" 3.0 ·10 .... 2.5·\0 .... 2.0·10 .... - -
x elements dealt with in t h is dissertation 

Sedimentary 
Schist r<x:ks . 

Sandstone 

0 ,2 .\0"" 0, 3. 10-1 

2, 6· 10--1 4 ,0 ·\0--1 
0,7·10"" 1.2·10 ..... 

2 ,8·10-- 3 ,9·\0-' 

0. 8·10--1 1t ' 1O-f 

1, 8 ·\0'" 1.6 · \0 .... 

--
- -

--
--

It .10-1 n ·IO-7 

6.6 · 10-' 7,4 · 10-' 

t ,4 ·10-4 0.8·10"" 
2,0·\0-3 0, 7.10- 3 

Data not available 

- -
- -

- -

- -
1.2·\0-' 1,7 · 10"" 
3,7 .\0--1 4.5·10-'; 

- -

Carbonate 
rocks 

0,4 · 10-; 
0,5 · 10"" 
0 , 2·10-' 

0,3·10 ..... 

n ·lO- a 

0.6·\0-4 

-
-
-
-

n .\0-7 

4.5·10-' 
n·IO-· 

0 ,9. 10-3 

-
-
-

-
-

1,7 . 10-1 

2.2·\0"" 

-

.... 
tv ... 



Appendix 4. Natural sources of the elements. The soluble hal i de salts 
are found in the ocean or in solid de90sits . Most of the 
noble gases are obtained from air. 

He 

Ne 

A< 

Kr 

Xe 

An 

Key ~~:. ,~J:~J :J '~~' I . -<.1 , .0-> 

lan thanides 
i ' I 1 :eJ ~'rJ Nr~J:mJ smJ~~ 

su lfides ox ides 
D 

Or:cur 

uncombined 

u 
halIde salts 

[l • phosphates si l icates 

(from Masterton and Slowinski, 1977, p. 163). 
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