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ABSTRACT

Silicate and sulfide buffers that control the major element chemistry and pH of geothermal
solutions in common geologic environments are used to investigate the “geologic” solubility
of gold as a function of temperature and solution salinity. The geologic solubility of golid
is much greater in low-salinity solutions, and for any given salinity is probably maximum
at about 300°C. The selectivity of low-salinity solutions for gold and against base metals
(which are carried as chioride complexes), and conversely, the selectivity of higher salinity
solutions for base metals and against gold, explains the distinct bimodal metal contents
of vein and stratiform deposits which have either high gold and little or no base metals,
or lower gold and abundant base metals. The 300°C maximum in gold solubility could
explain why gold veins tend to have somewhat lower maximum temperatures of formation
than base metal veins and massive sulfie deposits. A basin evolution model is suggested
b that can account for both the metal ratios and locations of gold and base metal deposits

: in greenstone belts.

R T I

INTRODUCTION

It has been proposed that gold deposits are produced by the venting of magmatic
fluids (eg. porphyry gold systems, Henley and Ellis, 1983), by convecting hydrother-
mal systems in subaerial settings (eg, the Taupo Rift Zone and its fossil analogues
in New Zealand, Henley and Ellis, 1983), and by metamorphic dewatering (eg.,
greenstone-hosted gold deposits, Fyfe and Kerrich, 1983). The magmatic case
is distinctive because magamatic fluids originate at higher temperatures, and
because gold is probably precipitated where the magmatic fluids condense rather
than decompress or boil. This paper focusses on gold deposited from non-magmatic

(formation) waters.
It is convenient to distinguish the two kinds of non-magmatic gold veins. Gold

veins in greenstone belts that hypothetically precipitate from venting metamor-
phic fluids will be referred to as “greenstone-hosted” deposits. Gold veins which
precipitate from boiling fluids convecting in subaerial settings will be referred to
as “epithermal gold” deposit.

Both epithermal and greenstone-hosted gold veins are remarkably low in base
metals. Fyfe and Kerrich (1983) have pointed out that some greenstone-hosted gold
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Fig. 1 The enrichment of gold and Cu + Zn in greenstone-hosted gold and base
metal deposits relative to unaltered igneous rocks. The distinct bimodal popula-
tions require selection for gold and rejection of base metals in the lode gold
deposits, and selection for base metals and relative rejection of gold in the massive
sulfide deposits. Figure is from Fyfe and Kerrich (1983, Figure 4).

deposits contain less base metal than unaltered igneous rocks; at the same time
they are strongly enriched in gold (see Figure 1). The lack of base metal is not
due to absence of a leachable source. The Archean greenstone belts that contain
the gold deposits also contain copper and zinc massive sulfide deposits (Figure
2), although the gold and base metal deposits tend to be separated geographically.
The same is true of epithermal vein deposits. Epithermal base metal veins are
generally not rich in gold, although gold may be a by-product. Epithermal gold
veins tend to be low in base metals, although they may contain a few percent pyrite.

The distinct geochemical separation of deposits into two categories, gold-rich
and base metal-poor, and base metal-rich and relatively gold-poor, requires that the
hydrothermal fluids responsible for the gold deposits select (either in their transport
or deposition) strongly for gold and against base metals, and that the solutions
responsible for the base metal deposits do the converse —select strongly for base
metals and against gold. This paper shows that the selectivity can be achieved
by differences in the solubility of base and precious metals in the source solutions.

Drummond and Ohmoto (1985) have modeled precipitation of precious and base
metals during boiling. They argue that almost all base and precious metals are
precipitated from hydrothermal solutions by the time 10 wt% of the liquid is lost
to steam. Recent work in New Zealand indicates that the hydrothermal solutions
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Fig. 2 The distribution of lode gold and massive sulfide deposits in the Abitibi
greensione belt, Quebec. Generalized from map compiled by Avramtchev and Lebel-
Drolet (1981).

there are nearly saturated with gold and that essentially all the gold precipitates
when the solutions lose H,S during decompression (Brown, submitted). This in-
dicates that the availability of leachable gold is not a problem, at least in New
Zealand, and confims that boiling (to atmospheric pressure) quantitatively
precipitates gold. If boiling precipitates nearly all the base and precious metals
from a hydrothermal solution, it cannot be the cause of metal selectivity in epither-
mal vein deposits. If scarce metals like gold are typically saturated in hydrothermal
systems as the New Zealand data suggests, the solutions are likely to be saturated
in the more abundant base metals also. The availability of gold and base metals
1s thus not the likely cause of metal selectivity either. Consequently it could be
argued that the chemistry of the hydrothermal solutions where they leach base
or precious metals is, by default, the best candidate for the observed selective ac-
cumulation of metals in epithermal and lode gold deposits. This paper shows this
is geochemically reasonable.

THE EQUILIBRIUM CONCENTRATION OF GOLD IN HYDROTHERMAL
SOLUTIONS

The Problem with Relating Gold Solubility to Eh, pH, m,, s and T:

In moderate temperature (~300°C) reduced hydrothermal solutions gold is car-
ried as bisulfide complexes (Seward, 1973; Henley et al, 1984). Under conditions
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where the Au(HS),™ complex dominates, gold solubility may be calculated from
experimentally-determined (Seward, 1973, Table 4) equilibrium constants for the
following reaction:

f11 Au® + HoS + HS™ = Au(HS)>" + 0.5 Ha(g)

If the partial pressure of hydrogen is related to oxygen fugacity through the reac-
tion for the breakdown of water, and HS™ is related to H>S and pH by the reaction
for the dissociation of HpS (HzS = HS™ + H™), using an approximate log activity
coefficient for Au(HS),of -0.168 and a unit activity of water, the solubility of gold
as the Au(HS)," complex may be written:

3.35
1.46

= -008 + pH + 0.25 log f, + 2 log m, ¢
-1.36 ) ’

[2] log m

Au(HS),

The vector of constants in the above equation refers, from the top down, to 200,
250, 300 and 350°C; m is molality, and f,, is the fugacity of oxygen. Values of
the water and H,S dissociation reactions used in calculating the constants were
taken from Henley et al (1984). This reference supplies details and refiements of
this method of computing gold solubility. If temperature, pH, f, , and m,, ¢ are
known, equation (2) allows the gold solubility to be easily calculated. Figure 3
shows the result for pH=7, log f, =-35, and m,, ;= 100 ppm. Figure 3 shows that
gold solubility strongly decreases, under these conditions, as temperature increases.

5 _

10° 69 ppm

104 B pH = 7

Log F02 =-35
10° - Mu,s = 100 ppm
Au
[ppb]

10°

101 -
1 ! ! 1.4 ppb
200 250 300 350

T[°C]
Fig. 3 Gold solubility calculated from equation [2] for specific values of f,,, m,,,
and pH with temperature.
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The problem is, of course that even assuming that Au(HS); is the only impor-
tant complex under the specified conditions (which is roughly true), the pH, log
f, and m, ¢ may all change strongly enough as a function of temperature in
geologxcal environments to preclude drawing any geologic conclusions from figures
such as Figure 3 (in fact they do).

Gold Solubility in Silicate- and Sulfide-Buffered Solutions:

A better approach to estimating the geologic solubility of gold takes advantage
of chemical equilibria to define how pH, HS and f, vary as a function of
temperature and the independent chemistry of the fluid. Ellis (1970) was perhaps
the first to utilize this approach. It is the basis for the Na-K-Ca geothermometer.
Giggenbach (1981) has generalized it to include the concentration of HsS and CO;
in hydrothermal solutions. Arnorsson and coworkers have demonstrated that mineral
equilibria control all major components in geothermal solutions except chloride,
and have identified the equilibria that are most important (Arnorsson, 1983; Ar-
norsson et al 1983a, b). Reed and Spycher (1984) illustrate the mineral-buffered
composition of hydrothermal solutions in a particularly instructive way.

The equilibria that Ellis, Giggenbach, Arnorsson and Reed have shown are im-
portant in controlling hydrothermal solution chemistry can be easily expressed
in geochemical computer programs such as EQ3 (Wolery, 1983). Table 1 shows
the minerals we have chosen to constrain the chemistry of the calculated hydro-
thermal solutions. The thermodynamic data base used in the calculations is discuss-
ed in the appendix. Temperature and salinity (m . ) are specified. The major
cations are controlled by the aluminosilicates. Silica and COj3” are controlled by
quartz and calcite. The redox state, iron, and H,S are controlled by pyrite, daphnite
(ca-chlorite), and magnetite. Electrical charge balance determines pH. In the
following discussion this model is first verified by comparing its predicted
hydrothermal chemistry to data from geothermal systems and Giggenbach’s model.
EQ3’s simulation of gold solubility experiments is then verified. Finally the EQ3
model of Table 1 is used to study the geologic solubility of gold in hydrothermal
solutions as a function of temperature and salinity, and the implications of these
results are discussed.

Verification of the Equilibrium EQ3 Model Against the Observed Chemistry
of Natural Hydrothermal Systems

Table 2 compares the observed deep (pre-boiled) solution chemistry at
Broadlands, New Zealand, and at Mahio, Philippines to the chemistry calculated
for the temperatures and salinities of these systems. Agreement is excellent for
the non-volatile species and HoS; fair for COs.

Figure 4 compares Na, K, Ca, and pH data from geothermal wells in Iceland
(augmented by data from the New Zealand and Philippine wells in Table 2) to
the EQ3 calculations for the model in Table 1. Agreement is good.

191




Table 1

Contraints that allow the equilibrium chemistry and goid solubility of hydrother-
mal solutions to be calculated by EQ3 (Wolery, 1983) as a function of
temperature and m.

T specified

mey specified

mpp,+ equilibrium with albite
mg+ " " muscovite
meg++ " " wairakite
mp +++ " " k-feldspar
MSi02(aq) ) o
mcO3-- " " calcite
MEg++ " " 14A-daphnite
MEe+++ " " magnetite
mys- " " pyrite
mpy,+ " " gold
mpg+ " " acanthite
pH charge balance

Figure 5 shows the Table 1 EQ3 model predicts the chemistry and pH of geo-
thermal systems well at low salinities, but tends to predict too high concentrations
of Na plus K for the predicted pH at higher salinities and temperatures. Loss of
accuracy in the Debye Huckel activity coefficients at high salinities may be the
cause of this discrepancy. Choosing different (but still reasonable) buffer minerals
such as high albite, high sanidine, or zoisite does not help. The discrepancies at
higher salinities do not affect the conclusions of this paper.

Figure 6 shows that for T <300°C the calculated (Table I EQ3 model) H2S
concentrations in pre-boiled hydrothermal solutions agree well with Giggenbach’s
(1981) model and with Arnorsson et al’s (1983a) geothermal data. At temperatures
above 300°C the EQ3 model diverges from Giggenbach’s model and perhaps from
the geothermal data. The agreement between the EQ3 model and geothermal obser-
vations indicates the pyrite-daphnite-magnetite buffer is not inappropriate. The
H,S concentrations would not be significantly different (ie. would plot at nearly
the same locations in Figure 6) if pyrrhotite were used as a buffer mineral instead
of 14A-daphnite. The H,S concentrations are decreased but show the same form
if hematite is substituted for magnetite as a buffer mineral.
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Table 2

Comparison of calculated and observed deep (pre-boiled) geothermal fluids
in two geothermal fields. Data from Henley and Hedenquist (1983) and Henley
et al (1984, Figure 7.1). Activity ratios for the observed data were calculated
assuming Na*, K™ and Ca** exist in the natural solutions in the same pro-
portions as in the calculations; the observed and calculated activity ratios
for the locations are plotted in Figure 4.

Broadlands, New Zealand
T['C] XCllppm] pH INa[ppm] IK[ppm] TCa[ppm] H,S[ppm] CO,(ppm]

obsv 261°C 1238 63 705 150 50 72 4,104
calc 261°C 1238 6.7 751 104 6.5 50 139
Mahio, Philippines

obsv 324°C 9124 58 5018 1379 122 85 2,945
calc 324°C 9124 58 4908 1428 269 104 11,682

The choice of daphnite as a buffer mineral is, as pointed out by Giggenbach
(1980), dictated by increase in the my/m ¢ ratio observed with increasing
temperature in geothermal systems. Figure 7 shows the variation in this ratio,
calculated for the model in Table 1, is similar to that observed in geothermal
systems. The trend of the calculated curves does not agree with the observed data
if pyrrhotite is used instead of daphnite. Perhaps most importantly chlorite is a
common alteration mineral in hydrothermal systems, pyrrhotite is not.

Figure 8 compares the HyCOj3 concentration predicted by Giggenbach’s (1981)
plagioclase-calcite-clay model and the EQ3 model of Table 1 to values observed
in geothermal systems. HoCOjg concentrations in geothermal solutions are impor-
tant as a general check on the validity of solution chemistry models (our main
interest in this paper). They are also important in controlling the depth at which
boiling begins, but are significant in this regard only at temperatures greater than
250°. Our model agrees well with Giggenbach’s but both our model and Giggen-
bach’s have a different temperature trend than the geothermal data. Nevertheless
the data and models agree fairly well at temperatures above 250°. Results in our
model depend on the extrapolation of the dissociation constant for HoCO3 from
220°C to higher temperatures (see appendix discussion). The difference in trend
between the theoretical H,COj calculations and geothermal data warrants further
investigation, but is not critical to our present purposes because gold solubility
does not depend on CO; chemistry.

Figures 4-8 show the model of Table 1 simulates the chemistry of deep pre-
boiled solutions in presently-active geothermal systems reasonably well. It mat-
ches the geochemistry and pH of geothermal systems well at low ( ~ 1000 ppm
C)) salinities and has the correct general dependence of pH and chemistry on salini-
ty. Individual geothermal systems may vary slightly from this general model (see
Figure 11 and Ragnarsdottir et al., 1984). Arnorsson has pointed out, however,
that most silicate minerals have similar solubilities. This means minerologic or rock
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Fig. 4A,B,C Activities of aqueous species in geothermal waters from Iceland,
measured by Arnorsson et al (1983), are compared to the activities predicted by
the EQ3 model of Table 1. Filled circles represent unmixed drillhole discharges
and are the most reliable data. Triangles represent mixed drillhole discharges and
non-boiling hot springs, squares boiling hot springs. The two analyses from New
Zealand (Broadlands) and the Phillippines (Mahio) listed in Table 2 have been
added to Arnorsson et al’s original diagrams, assuming the activity of coefficients
are as calculated by the EQ3 model for the temperatures and salinities of these
locations. The curves predicted by the EQ3 model of Table 1 have also been added
to the diagram. The salinity of the Iceland waters plotted in this figure are generally
low (less than a few hundred ppm Cl, Armorsson et al, 1983a, Table 2 and 3).
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type differences have only a minor influence on solution chemistry (Arnorsson,
1983; Arnorsson et al, 1983a). Brown (1978) states the main influence of rock type
on alteration at temperatures above about 280°C is through differences in
permeability. The alteration mineral assemblage is the same in the basalts of
Iceland, the rhyolites of New Zealand, and the andesites of Indonesia. At lower
temperatures, rock type dictates only fairly minor differences in alteration
minerology (ie., low silica zeolites in basalts, high silica zeolites in ryholites).
The HoS concentration dictated by the pyrite-daphnite-magnetite buffer also ap-
pears to be relatively insensitive to geologically reasonable changes in that buffer.
The model in Table 1 is thus robust and supported by observations in geothermal
systems and consequently provides a reasonable background against which to in-
vestigate the geologic solubility of gold.

Figure 9 demonstrates that when Seward’s (1973) dissociation constants for gold
bisulfide complexes are incorporated into the EQ3 data base, the EQ3 program
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adequately simulates Seward’s experimental results. The dissolution constants for
the HAu(HS)2° complex have been deduced from Seward’s paper (Figure 6), and
are given, with others, in the appendix.

The Geologic Solubility of Gold as a Function of Temperature and Salinity:

Figure 10 shows the silicate- and sulfide-buffered (Table 1 EQ3 model) solubility
of gold as a function of temperature for 1000 ppm CI~ solutions. The solubility
of gold increases with increasing temperature up to about 300°C and then decreases
sharply as temperature increases further. The increase to 300°C is due primarily
to the increased solubility of Au™ and HS™. The drop above 300°C results from
a sharp decrease in the concentration of the HS™ gold ligand. The drop in HS"
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Fig. 5 The pH and my .plus my.values of geothermal wells {solid points) and the
predictions of the emperical Na-K geothermometer (lines) are compared to the
predictions of the EQ3 model of Table 1. Agreement is good at low salinities but

deteriorates at higher salinities and temperatures. The base diagram is from Henley
et al (1984).




Models

| Giggenbach

T~EQ3

100 200 300
Temperature °C

Fig. 6 m,, ; in Iceland geothermal solutions (from Arnorsson et al, 1983) com-
pared to the equilibrium concentrations predicted by Giggenbach (1981; P, ; con-
verted 10 HoS[aq] using Henries Law constants from Drummond, 1981) and the
EQ3 model in Table 1. The upper solid line is a best fit to the observed geothermal
data (Arnorsson et al, 1983a, Table 5). Data symbol conventions are the same
as in Figure 4. R is data from deep unboiled fluids at Rotakawa, New Zealand
(324°C, 600-700 ppm H>S, Seward, p.c., August 1985).
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Fig. 7 Comparison of the Hy/HoS+HS ratio observed in geothermal systems (Gig-
genbach, 1980) to that calculated by the Table 1 EQ3 model. At temperatures below
about 200°C the molal concentrations of HS™ exceeds that of H,S. Assuming the
geothermal data measures H,S+HS™ (which given the measurement method is
reasonable), the Table 1 model provides a good simulation of the observed geo-
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Fig. 8 m, ., in Iceland geothermal solutions (from Arnorsson et al, 1983) com-
pared to the equilibrium concentrations predicted by Giggenbach (1981); P,
converted to m ., [aq] using @ in Elder, 1981, p204) and the EQ3 model in
Iable 1. Data symbol conventions are the same as in Figure 4. The unlabelled
solid line is a best fit to the geothermal data (Arnorsson et al, 1983a, Table 5).
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Fig. 9 Experimental gold concentrations measured by Seward (1973) compared
to the gold concentrations predicted by EQ3 under the same experimental condi-
tions (T, pH, and my specified; equilibrium with pyrite and pyrrhotite). See
appendix for the gold bisulfide dissociation constants used in the calculations.

concentration between 300 and 350°C results half from a decrease in the HoS
dissociation constant (appendix), offset slightly by a small (0.08 unit) decrease
in pH (Figure 5), and half from a decrease in the concentration of HyS above
300°C (Figure 6).

A drop or at least plateauing of geologic gold bisulfide solubility above ~300°C
appears fairly certain. The decrease in the HpS dissociation constant with
temperature rests on a clear extrapolation of experimental data covering 20° to
276°C (see appendix discussion). If HpS increases acording to the Giggenbach
trend (Figure 6), this increase above 300°C would still be more than outweighed
by the decrease in the H,S dissociation constant above 300°C; HS™ and Au con-
centrations would still drop. If the HS trend is that indicated by Arnorsson (Figure
6), the geologic solubility of gold would plateau at ~ 300°C. Changing the HoS
dissociation constant to better fit Arnorsson’s H2S trend would leave the retrograde
solubility of gold unchanged (see appendix discussion).

The cause of the geologically misleading gold solubilities shown in Figure 3
are apparent from the calculations that led to Figure 10. At 200°C for example,
the solubility of gold as indicated in Figure 10 is 5 orders of magnitude lower
than suggested by Figure 3 mainly because f, is 10 orders of magnitude lower
(which by equation (2) decreases the gold solubllxty by 2.25 orders of magnitude),
and because the activity of H,S is 1.5 orders of magnitude lower (which decreases
the solubility of gold by 3 orders of magnitude).

Figure 11 shows the solubility of gold at 300°C as a function of salinity. Gold
solubility is greatly enhanced in low salinity solutions. The reason is that much
greater concentrations of the HS™ gold ligand are present in low salinity solutions.
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Fig. 10 The geologic solubility of gold and HS™ as a function of temperature for
1000 ppm total Cl solutions. Concentrations are calculated by EQ3 for the model
listed in Table 1.

The greater abundance of HS™ in low salinity solutions can be easily understood.
Ellis (1971) showed that the common silicate minerals (with which we require our
solutions to be in equilibrium) control the ratio of cations like Na*, K*, and
Ca*™" to H* (Figure 12; see also Figure 4). Increasing solution salinity, by charge
balance, increases the abundance of Na*, K*, and Ca**, and hence requires the
activity of H" to increase (i.e. the pH to decrease as shown in Figure 5). An in-
crease in H* activity drives the reaction HS~ + H* = H,S to the right, and
decreases the activity of HS™.

The decrease in gold solubility with increasing salinity is solidly indicated by
geochemical data and observations: The general decrease in pH with increasing
salinity for constant temperature solutions is firmly indicated both observationally
and theoretically (Figure 5). The pH dependence of the dissociation reaction for
H>S cannot be questioned.
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Fig. 11 The geologic solubility of gold in 300°C solutions as a function of salinity.
Concentrations calculated by EQ3 for the model listed in Table 1. The solubility
of silver as chloride complexes is shown to illustrate the general salinity dependence
of metals for which chloride ligands are dominant. Recent studies of precipitates
in geothermal wells in New Zealand indicates that complexes other than chloride
must contribute to the solubility of silver (Brown, submitted). The silver curve
should not therefore be taken literally but simply as a proxy for base metals that
are carried as Cl complexes.

DISCUSSION

As discussed in the previous section, the major aspects of the geologic solubility
of gold shown in Figures 10 and 11 appear to be relatively insensitive to reasonable
changes in the Table 1 model. Probably the main uncertainty in the geologic
solubility of gold is the possibility that gold complexes other than those included
in the EQ3 data base could be important. In particular, gold chloride complexes
could become important at higher salinities and reverse completely the trend of
decreasing gold solubility with increasing salinity that is dictated by the gold-
bisulfide complexes.
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Fig. 12 Common silicate minerals fix the ratio of cations to hydrogen. For this
reason increases in salinity lead to a drop in solution pH (Ellis, 1970). Figure
is simplified slightly from Ellis (1970).

It is unlikely gold chloride complexes are important under the conditions con-
sidered in this paper. The calculations made include dissociation constants for
AuCl;" and AuCly™ (Helgeson, 1969; see appendix). At 50,000 ppm X CI°, the
concentration of gold as AuCl," under the conditions of the Table 1 model and
300°C is only 2 parts per trillion. Henley (personal communication, 1985) has
recently carried out new experiments on gold-chloride complexing and reexamined
the gold-chloride solubility question. He concludes chloride complexes do not
contribute to gold solubility in geothermal systems such as those considered here,
although they may become important at temperatures above 500°C. Finally, gold
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Fig. 13 Cartoon illustrating the formation of massive sulfide and lode gold deposits
in an evolving greenstone belt. During the period of most active rifting and exten-
sion, the belt is intruded by magmas, and seawater convection Jorms massive sulfide
deposits on the sea floor (A).

Infilling of the basin with volcanics causes burial metamorphism. Hydrous
minerals dewater, and lode gold deposits are formed where these low-salinity fluids
decompress from lithostatic to hydrostatic pressures. For reasons discussed in the
text this will most likely occur at border faults near the amphibolite-greenstone
grade metamorphic boundary (B).

Finally uplift and erosion unroofs the deposits leaving them in a spatial con-
figuration similar to that observed (Figure 2). The difference in salinity between
seawater which precipitated the massive sulfide deposits, and the low-salinity
metamorphic dewatering fluids that precipitated the lode gold deposits, accounts
Jor the different metal contents of the deposits.

complexes other than bisulfide are not needed to explain the concentrations of
gold in natural geothermal systems.

The dependence of gold solubility (as bisulfide complexes) on salinity is attrac-
tive because it can explain the observed bimodal populations of base metal-rich
gold-poor, and base metal-poor gold-rich deposits. Low salinity solutions are HS™
rich and able to carry more gold. At the same time they are Cl” poor and thus
able to carry very little of the base metals which are complexed and carried by
chloride ligands. Conversely saline hydrothermal fluids are better able to carry
base metals but less able to carry gold. The bimodal population of epithermal
vein deposits and the base-metal-poor nature of lode gold deposits can thus be
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explained if gold deposits are formed by the aegis of low salinity hydrothermal
solutions, and base metal deposits by solutions with seawater or greater salinities.

Low salinity solutions are found primarily in two environments: subaerial where
there are no evaporites, and metamorphic where hydrated minerals are broken
down. These are two important environments for gold deposits (which are referred
to here as epithermal and greenstone-hosted respectively).

The geographic relationship of lode gold and massive sulfide deposits in
greenstone belts can be understood in terms of the natural evolution of a volcanic
basin (Figure 13), Rifting causes the crust to be intruded by bimodal magmas
(Figure 13a). The resulting hydrothermal convection in a submarine setting (Cathles
et al, 1983) deposits massive sulfide along the axis of rifting. As the
volcanic pile accumulates, temperatures in the deeper parts of the pile increase,
and the pile is metamorphosed. Transition from the greenstone to amphibolite

y water from hydrated minerals (Fyfe and Kerrich,

facies expels the low-salinit
1983). This water is expelled preferentially through major faults. Gold is

precipitated as a consequence of H,S loss where the solutions decompress from
lithostatic to hydrostatic pressures. Since rock permeability seems to decrease
markedly at temperatures above about 350°C (Cathles, 1983), this pressure drop
is likely to occur near the greenschist-amphibolite grade metamorphic boundary.
Greenstone-hosted gold deposits are indeed found near this boundary along ma-
jor faults or shear zones (Figure 2, 13b).

Uplift and erosion (perhaps associated with the termination of crustal exten-
sion, Cathles et al, 1983) unroofs the greenstone belt as illustrated in Figure 12C,
exposing rocks of greenstone grade, and juxtaposing massive sulfide and lode gold
deposits in a geographic configuration similar to that of Figure 2.

The 300°C optimum in geologic gold solubility may explain why epithermal
gold veins appear to have deposited from solutions with lower maximum
temperatures than massive sulfide deposits.

SUMMARY AND CONCLUSIONS

() A silicate- and sulfide-buffered EQ3 model was developed that simulates
the major element chemistry and pH of geothermal systems in common rock envir-
onments reasonably accurately(Table 1, Figures 4-8).

(2) Bisulfide gold complexes were incorporated in the EQ3 data base and it
was verified that experimental gold solubilities are duplicated by EQ3 calcula-
tions (Figure 9).

(3) The silicate- and sulfide-buffered model was used together with the gold
solubility data to investigate the solubility of gold in natural geologic environments.
It was shown that the geologic solubility of gold is a maximum in low salinity
solutions (Figure 11), and that the geologic solubility of gold is probably retrograde
above ~300°C (Figure 10).

(4) The enhanced solubility of gold in low salinity solutions can explain the
bimodal gold and base metal distributions in deposits (Figure 1).

(5) The low salinity solutions needed to form gold deposits are found primarily
in subaerial environments where there are no evaporites, and in metamorphic envir-
onments where hydrated minerals are broken down. It may be useful to distinguish
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gold deposited in these two settings as “epithermal” and “greenstone-hosted” respec-
tively. Ocean massive sulfide deposits contain little gold because gold solubility
is greatly reduced in fluids of sea water salinity.

(6) The distribution of lode gold and massive sulfide deposits in greenstone
belts can be explained if the massive sulfide deposits formed by intrusive-driven
seawater convection, and the lode gold deposits formed by the later low-salinity
metamorphic dewatering of the accumulating volcanic pile (Figure 12).

(7) Analysis of metal solubility in silicate- and sulfide-buffered solutions such
as the Table 1 EQ3 model may be generally useful in clarifying the geologic impli-
cations of geochemical data. Even if the gold complexes used here ultimately re-
quire significant modifications or additions, the geologic model of Table 1 should
be useful for cleanly deducing the geologic implications of the new complexes.
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APPENDIX: The Thermodynamic data base

Most of the thermodynamic data for water, aqueous species. and minerals used
m our calculations is from Wolery (1983) and is based on Helgeson (1969), Helgeson
ctal (1978, 1981). The data for silver chloride and gold bisulfide dissociation con-
stants is from Seward (1976 and 1973). The dissociation constants for HAu(HS):
were deduced from Seward (1973, Figure 6: note Seward’s Figure 7 misidentifies
the complex as AuHS® (Seward, pers. comm.. 1985). The dissociation constant
tor H»COj3 has been éxperimemally determined only to 218°C (Plummer and
Busenberg. 1982). We extrapolate the data to higher temperatures between Henley
ctals (1984, Table 7.3) and Helgeson's (1969) extrapolations so as to approximately
it Giggenbach's (1981) theory and geothermal data (see Figure 8). The dissocia-
tion constant for H»S at 350°C is obtained using a smooth extrapolation (Henley
ctal 1984, Table 8.1) from experimental data covering the temperature range 20°
to 276°C (Ellis and Giggenbach, 1971, Table 1). This dissociation constant is an
order of magnitude larger than that in Wolery’s (1983) EQ3 data base. Iron hydroxide
dissociation constants are taken from Tremaine and LeBlane (1980). Their dissocia-
ton reactions were adjusted to allow encorporation into the EQ3 data base by
Terry Bowers. acting as a consultant to Chevron. Terry demonstrated the dissocia-
fion constants listed below accurately simulate the experimental iron solubilities
reported by Tremaine and LeBlanc.

Several comments should be made regarding the modified data base summariz-
¢d in Table A-1. First the change in the H,S dissociation constant affects the H.S
concentrations predicted by the pyrite-daphnite-magnetite buffer because HS is
a product of the pyrite dissohution reaction in the EQ3 data base. If the H_S dissocia-
tion constant was an order of magnitude smaller than indicated in Table A-l at
350°C (as it was in the unmodified data base), the pyrite-daphnite-magnetite buffer
would predict an H,S concentration at 350°C close to the Giggenbach trend in
Figure 6. The HS™ and gold concentrations at 350°C are unchanged by modifica-
tions in the H,S dissociation constant, however. The better agreeinent between
the observed and predicted H,S concentrations in Figure 6 suggests a decrease
in the 350°C H.S dissociation constant may be reasonable, even though smooth
extrapolation of experimental data suggests otherwise. If the data base were
remodified in this fashion, the retrograde solubility of gold above 300°°C would
be unchanged.

Second the iron hydroxide complexes listed in Table A-1 significantly decrease
the geologic solubility of iron indicated by the iron hydroxide dissociation con-
stants in the unmodified EQ3 data base. The iron hydroxide dissociation constants
in Wolery's EQ3 data base do not produce iron concentrations that agree with
Tremain and LeBlanc’s data. Wolery’s iron hydroxide dissociation constants predict
ppm concentrations of iron under the geologic conditions of the Table 1 model.
This hydroxide iron solubility is maximum at 300°C and would allow pyrite
precipitation of a magnitude that could account for the pyrite in gold vein deposits.
The iron hydroxide dissociation constants listed in Table A-1 predict very low iron
concentrations under the geologic conditions of the Table 1 model. This very low
iron solubility makes it difficult to account for the pyrite in gold veins without
appealing to processes occuring in the vein itself (such as leaching of iron from
the vein walls).
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Table A-1

Log dissociation constants for aqueous species added or modified in the
EQ3 data base for this study.

100°  150° 200" 250" 300" 350°C

H,CO, = 2H* + CO;= -16.61 -17.04 -17.84 -19.26 -21.55 -24.96

H,S =H* + HS 662 678 -115 -761 -805 -837

Au(HS),"= Au* + 2HS" 2647 -23.40 -21.07 -19.41 -1831 -17.70

Auy(HS),S™ = 2Au* + 2 HS™ + §=  -47.43 -40.85 -3535 -31.05 -28.05 -26.48

HAu(HS),? = Au* + H*+ 2HS -30.16 -27.81 -25.86 -24.36 -23.36 -22.91 |

AuCly=Au* + 2CT 749 649 625 629 -617 -542* L GOLD DEl
AgCl=Ag* +CI" 294 282 287 311 -355 421 IN THE
AgCly = Agt +2CI" 454 -440 -451 -486 -551 -6.51

AgCly= = Ag* +3CI" 385 373 367 -367 -367 367

AgCl3- = Agt + 4CI <194 -1.79 -1.61 -140 -1.19 -1.00

Fe(OH)*+H*=Fe**+H,0 878 809 756 712 696 6.50

Fe(OH),+2H*=Fe**+2H,0 17.15 1544 14.09 1299 12,09 11.21

Fe(OH); +3H=Fe**+3H,0 28.11 2563 23.68 22.10 20.80 19.50

Fe(OH)3+2H*=Fe*++2.5 H,0 + 394 380 369 354 324 275

0.25 Oz(g,aq)

Fe(OH),+3H*=Fe**+3.5H,0+ 1289 1254 12.09 11.74 1128 10.65

0.25 O,(g,aq)

*

Unchanged from Helgeson(1969) except for slight shifts caused by the
polynomial fit of EQTL (see Wolery, 1983).

210




