convective center to also move to the southeast.
Another possibility is that the warming of Eur-
asia and the consequent strengthening of the
monsoon has effectively pushed the Walker cell
further away, to the southeast. Again, this is
hard to test with data but could be checked with
sufficiently realistic models.

We suggest that both the shift in Walker
circulation anomalies and the enhanced land-
sea gradient are countering the historical mon-
soon-ENSO inverse relationship, keeping the
monsoon at a normal level despite increased
ENSO activity in the recent decades. This re-
cent breakdown in the ENSO-monsoon connec-
tion is without precedent in the historical
record. It is noteworthy that all the links we
present are consistent with the idea that the root
cause is the recent warming trend. This may all
be because of natural variability, but there is the
intriguing possibility that global warming has
broken the link between ENSO and the mon-
soon by preventing monsoon failure.
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Gold Solubility in Supercritical
Hydrothermal Brines Measured
in Synthetic Fluid Inclusions

Robert R. Loucks’ and John A. Mavrogenes'?

Dissolved gold contents in chloride brines that were experimentally saturated
with gold, magnetite, iron sulfides, orthoclase, and muscovite at 550° to 725°C
and 100 to 400 megapascals are reported here. Microsamples of the fluid were
isolated at the experimental temperature and pressure as fluid inclusions in
quartz. Individual fluid inclusions were opened by laser ablation and analyzed
by inductively coupled plasma mass spectrometry. The results show that gold
solubility as sulfide species in supercritical brines is far higher than previously
supposed. Dissolved gases such as molecular hydrogen sulfide that are inef-
fective metal-complexing agents at low pressures evidently become highly

effective at high pressures.

More than four-fifths of the world’s historic
gold production has come from mesothermal-
and porphyry-type ore deposits (/, 2) in
which aqueous fluids at temperatures (7) and
pressures (P) well above the critical point of
water. are implicated in metal transport (3).
Gold transport and deposition mechanisms in
these deposits have been conjectural, largely
because the fluid’s gold-carrying capacity
and identity of the dissolved gold species
were undetermined at magmatic temperatures
and contentious at 250° to 400°C. Here we
report experimental identification of the gold
solute species and solubility in supercritical flu-
ids in the range of T and P in which hydrother-
mal fluids extract ore-forming solutes from
granitoid magmas or rocks undergoing amphi-
bolite- to granulite-facies metamorphism.

We isolated fluid samples from mineral re-
actants at the experimental 7 and P as large fluid

TResearch School of Earth Sciences, 2Department of
Geology, Australian National University, Canberra,
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inclusions (=75 X 500 wm) trapped in quartz in
pits predrilled by laser ablation and sealed by
quartz overgrowth during the experiment (4).
The analysis used laser-ablation extraction of an
individual fluid inclusion. The laser beam diam-
eter was adjusted to include the immediately
adjacent host quartz and so extract all quench
precipitates in the inclusion. The ablation prod-
uct was analyzed by inductively coupled plasma
mass spectrometry (ICPMS) (5). Previous sol-
ubility studies with synthetic fluid inclusions
used the precracked-quartz synthesis technique
developed by Shelton and Orville (6) and were
limited to ordinary microscope observation of
thermally induced phase changes in solutions of
extremely soluble salts (7). Quantitative mea-
surement (to better than *=15%) of the solubil-
ities of sparingly soluble solids in the tiny inclu-
sions (typically <40 pm) produced by the
cracked-quartz synthesis technique had to await
development of sensitive ICPMS laser-ablation
techniques (8).

In experiments assessing the role of Au-Cl
species in sulfidic brine, we varied the chlo-
ride content in starting solutions at buffered

activities of H*, H,, and H,S, at constant
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T = 625°Cand P = 370 MPa (Table 1, runs
5 and 6) (9). As ClI varied from 0 to 1 m
HCI + KClI, gold solubility varied insignifi-
cantly—from 761 * 107 to 728 * 103
ppm—consistent with earlier gold solubility
measurements in sulfidic chloride brines at
250° to 500°C (10—13). Au-Cl complexes are
not important in pyrite-saturated brines at any
geologically relevant pH or redox state.

To assess the dependence of gold solubility
on the H,S content of the fluid, we varied the
FeS and FeS, concentrations in the buffer as-
semblage pyrrhotite + magnetite = pyrite (/4,
15). These solids also buffer the H,/H,O ratio
in the fluid. The activities of these components
and the measured Au molality [m,,,,,,] in fluid
inclusions constrain the ratio of elements in the
aqueous Au sulfide species by determining the
coefficient “»” in the equilibrium:

Au(c) + nH,S(g) = AuHS(H,S),_,’(aq)
+ 0.5H,(g) (D)

This gives AuHS%aq) if » = 1 or AuHS
(H,S)°(aq) if n = 2, for example. The m, )
and relative fugacities or activities (a,) of gases
in Eq. 1 are related to its equilibrium constant
K, by log my g t 0.5 log ay, = n log
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ay, and a ¢ have gaseous reference states for
thermodynamic accuracy (/6). At saturation
with crystalline gold, Au(c), at fixed P, 7, and
chlorinity, the terms in square brackets are con-

stant. In Fig. 1A, the slope is found by linear

regression to be n = 4 (17).

Experiments in the system S—-H,O imply
that thiosulfate may be abundant at T >
300°C (18). Another reaction that can pro-
duce an aqueous gold complex with four S
atoms per Au atom is

Au(c) + 4H,S(g) + 6H,0
= AU(H3203)(H25203)0(3<1) + 8.5H,y(g) (2)

Gold solubility by Eqgs. 1 and 2 differs greatly
in sensitivity to varied iy, gy SO experiments
can assess the relative importance of the two
alternatives. Activities of species in Eq. 2 are
related to its equilibrium constant K, by 4 log
Ay~ 108 Mpyaqy = 8.5 l0g agy ) [log
K, + 6 log ay, Lol (the bracketed term is
about constant at any 7 and P). In contrast,
Eq. 1 corresponds to 4 log G,se — 108
Mg yiaq = 0.5 10g ayy (o, — log K. A plot of
terms on the left side of the equallty against
log ay;,,, must show a much steeper slope (to
8.5) in intervals in which a thiosulfate com-
plex is substantial. Our data (Fig. 1B) show

slope does not deviate perceptibly from 0.5.
The experiments are consistent with gold dis-
solution according to Eq. 1 over the entire
range of ay, . Gold-thiosulfate complexes
can mobilize gold in surficial weathering re-
gimes (/9), but we see no effect of thiosulfate
in supercritical fluids over a wide range of
redox conditions.

The remaining uncertainty in the identity of
the aqueous Au complex is its electric charge.
In fluids of variable acidity, the neutral and
charged candidates are related by ionization
reactions of the type AuHS(H,S),_,%aq) =
H™ + Au(HS),(H,S),_, (aq), giving Au
(HS), (aq) if n = 2, for example. By this, gold
solubility must increase tenfold as pH increases
by 1 unit at constant T, P, ay g, and ay .
But gold solubility by Eq. 1 is independent of
pH. The test to determine if charged ions and
pH are important was done by paired experi-
ments at constant T, P, ay;_ (& and a;;_ S(ey 35 pH
was varied from acidic to alkaline by varying
the chloride content from 0 to 1 molal. Runs 5
and 6 in Table 1 show that a variation of 2.4 pH
units in this pair of runs was accompanied by no
substantial change in dissolved Au (728 * 103
ppm Au at pH = 4.3; 761 = 107 ppm Au at
pH = 6.7). So the dissolved Au was uncharged
(20). Gold solubility is insensitive to pH varia-

A5 T 108 Ky = 108 Vayq T 108 a4, that over a redox range extending nearly to
Yau is the activity coefficient of dissolved gold;  hematite saturation at log ay; ,, = —0.99,the  tions within the geologically relevant range at
Fig..(1.‘:Graph|caleval- -2.2 A e 9.5 T o S
uation of the propor- & £ A [ e 370 MPa I = e 370MPa ]
tions of participating & F = 400 MPa ] S 94r W 400 MPa E
species in the gold dis- & _,6F S 3 5 ¢t ]
solution reaction, Eq. o L 625°C 1 < 93 625°C 3
1. (A) Terms on the = -28f ] cE,, : ]
left side of Eq. 1 are ¥ .30f ] o 92f g
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ay,s(g for each of the g -32f ) ] Che 3
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the number of H, mol-
ecules released from
4 H,S as a by-product

of dissolving one atom of Au; the other seven H atoms are evidently bonded
in the Au complex. (C) Open symbols are values obtained by extrapolation
of a least squares fit of experimental results at nine P-T coordinates [Table
1 and (72)] for Au solubility in the presence of pyrrhotite + magnetite +
pyrite (PMP). Filled symbols are experimentally determined values (72, 13)
in the presence of the hematite + magnetite + pyrite (HMP) buffer, for
which there are 15 experiments at 500°C and three in the bracketed interval

log fHa8(g)

at 400°C, plus an outlier that was not considered. Again, the slope indicates -
an atomic ratio S:Au ‘= 4 in the aqueous gold complex. (D) Open and filled
symbols have the same meaning as in (C). Results in (A) to (D) robustly
constrain the stoichiometry of Eq. 1 and thereby constrain the stoichiometry
of the aqueous gold complex to contain four S atoms and seven H atoms per
Au atom over the interval 100 to 400 MPa and 400° to 625°C and a large
range of the redox ratio ay/ay,o.
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625°C and 370 to 400 MPa.

Incorporating published data (72, 13) at
400° to 500°C, 100 MPa, we obtained slopes
constraining the reaction coefficient of H,S
as 4 (Fig. 1C) and of H, as 0.5 (Fig. 1D).
Those coefficients identify the atomic pro-
portions in the dominant gold species as
S:Au = 4 and H:Au = 7. From at least 625°
to 400°C, 400 to 100 MPa, a broad range of
my s, redox conditions spanning reduced
(pyrrhotite stable without pyrite) to oxidized
(hematite stable), and <30 to >1180 ppm
Au, gold solubility in iron sulfide—saturated
brines is controlled by a single equilibrium:

Au(c) + 4H,S(g) = AuHS(H,S);°(aq)

+ VaHy(g) (3)

Experimentally determined activities of

chemical components [Table 1 and (12, 13)]

yield thermodynamic parameters of Eq. 3 by

fitting the tabulated activities to an equation of
the form

In M ayeq) + 1N Vauag + Y2 In agyy,

B
—4lnast(g)=an3=A+T

“4)

The least squares fit yields values for the
coefficients 4, B, C, and D (21) that corre-
spond to the changes in entropy (A,,S;U =
=273 %= 3 J/K), enthalpy (A HS =
—105,353 = 2361 J), heat capacity (A .C5 =
0 = 1 J/K), and volume of reaction (A V° =
4.4 = 0.2 J/bar) in Eq. 3. Because A, Cp =0,
A, S°and A H° do not vary with choice of

C1T+DP
+ n 7.,
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T,. From these reaction parameters, the par-
tial molal properties of the AuHS(H,S),%(aq)
molecule were obtained from difference rela-
tions such as SOAuHS(HzS)go(aq) =AS8%-05
St T Saue T 45,5 for entropy and of
the same form for enthalpy and heat capacity.
Gases do not participate in the volume analog
Viansans)ag = 8,75 + Ve (22). Such
difference relations work well here because
these properties of Au(c), H,S(g), and H,(g)
are accurately known (/5). The variation of
the partial molal enthalpy, entropy, heat ca-
pacity, and volume of AuHS(H,S),%(aq) with
T and P were fitted by Helgeson-Kirkham-
Flowers equation-of-state parameters (23) to
permit accurate extrapolation for geochemi-
cal modeling and to generate the AuHS
(H,S),°(aq) solubility contours in Fig. 2. Pa-
rameters that yield the curves for AuHS®(aq)
in Fig. 2 were also derived (24).

In Archean greenstones and modern oceanic
basalts, typical background Au contents are 0.7
to 2 ppb (25). Even with 100% extraction effi-
ciency, fluids emitted from such rocks by am-
phibolite-facies  devolatilization  reactions
would contain <0.2 ppm Au. The much higher
content of dissolved gold needed to initiate
precipitation at 7 = 550°C and P = 200 MPa
(Fig. 2) is unlikely to be available unless the
fluid is rémobilizing gold ore formed earlier at
lower 7, even if the fluid’s ay, /a, ¢ ratio is
extremely high (Eq. 3). A rough upper limit on
ay,/a, s is represented by the iron-arsenide-
sulfide-oxide assemblage loellingite + ar-
senopyrite + pyrrhotite + magnetite (LAPM),
which occurs in some upper-amphibolite- to
granulite-facies gold ores (600° to 700°C) (26).

Desulfidation of the fluid from pyrite to loelling-
ite stability at constant 370-MPa P, , and
625°C, for example, spans most of the geolog-
ically accessible range but causes a reduction of
gold solubility from ~761 = 107 ppm Au on
the PMP buffer (Table 1, run 6) to ~14 £ 7
ppm Au on the LAPM buffer (27). The latter
saturation requirement is orders of magnitude
beyond the range available to fluids by leaching
common rocks or by exsolution from granitoid
magmas. Probably all gold lodes having upper-
amphibolite- to granulite-facies mineral assem-
blages are metamorphosed ores, incidentally re-
crystallized and locally remobilized at condi-
tions that do not represent processes responsible
for primary gold enrichment. Another implica-
tion of the PMP-LAPM comparison is that de-
sulfidation of the fluid (by pyritization of fer-
ruginous rocks, for example) may help focus
gold ore precipitation, but it is of second-order
importance compared with the drastic decrease
in gold solubility as fluid migrates from mid-
amphibolite- to mid-greenschist-facies 7 and P
(or thermal equivalents around epizonal plu-
tons). Imagine a cooling fluid-flow path corre-
sponding to a horizontal line at ~0.2 ppm Au on
Fig. 2, which extends leftward to meet a satura-
tion contour at ~400°C. In just the next 60°C or
s0, >90% of the dissolved gold precipitates in
response to cooling alone.

Metamorphic waters ascending through
the ductile-to-brittle transition, usually at
~425° to 375°C, can experience steep de-
compression gradients (28). A transition from
lithostatic to hydrostatic load at 400°C and
10-km depth, for example, would decompress
the fluid by ~200 MPa, causing gold solu-

Table 1. Run conditions and durations and measured and calculated compositions of 89 samples of supercritical fluids trapped as gold-saturated fluid inclusions.

Run conditions*

Measured concentrationst

Calculated concentrations

Thermodynamic activities§

Au *

Exp T P Time Buffer 32Cl(ag) n U/ 95% C.L FeCl KCl° HCl K*(aq) pH H,0 H,S H, SO, FeS . FeS,
(°C) (MPa) (days) Fe-S-O  (m) fi's (ppmj o (m)  (m) (m) (m)  fluid gas gas gas gas  cryst cryst

1T 725 110 24 PoMtPy 1 12 734 135%13 - - - - - ~848 ~219 ~0.092 - 0.384 1.000
2 625 110 28 PoMtPy 1 12 5.87 61+15 036 0.13 0.1320 0.014 535 716 121 0.118 11.2 0.441 1.000
3 550 310 35 PoMtPy 1 1 (1.2) 84+ — 0.14 0.18 0.0013 0.55 420 1353 17.6 0.309 022 0.492 1.000
4 625 400 35 PoMtPy 1 2 632 1180£39 0.22 0.17 0.0020 0.39 4.26 2350 46.4 0.363 16.0 0.441 1.000
5 625 370 23 PoMtPy 1 8 543 728*+103 024 0.16 0.0021 0.36 427 2088 40.5 0.325 155 0.441 1.000
6 625 370 28  PoMtPy 0 18 199 761* 107 0 0 0 0.0006 6.71 2105 413 0331 155 0.441 1.000
7 625 370 35 PoMt 1 26 6.02 29+8 030 0.12 0.0016 0.28 436 2088 25.4 4.83 0.003 0.680 0.065
8 625 370 28 PoMt 1 10 599 167 +23 0.27 0.14 0.0018 0.31 432 2088 329 1.25 022 0.560 0.268

*See (4) for procedural details. “Exp” gives the experiment number. “Time” column
represents run duration, not equilibration time between reactants and the fluid sample.
Our rate studies at 625°C and 370 MPa show that predrilled, large laser pits seal over
(isolating a fluid sample from reactants) 10 to 30 days into the run, whereas microcracks
heal and isolate fluid samples a few hours to a few days after the run begins. Both
inclusion types were obtained and analyzed in most runs. The two types of inclusions
represent widely varying fluid-mineral reaction times (that is, the 89 inclusions are 89
quasi-independent experiments with different reaction durations), but there is no
systematic compositional difference between the two types within individual runs.
Buffer minerals: Po, pyrrhotite; Mt, magnetite; Py, pyrite. +The number "n” of fluid
inclusions (fi's) analyzed in each run is shown. Quantification of Au is relative to the
known U and Th concentrations in fluid inclusions (5). Confidence limits (C.L.) about the
mean are calculated from the t statistic as t X SD/V'n. A criterion for a satisfactory
fluid-inclusion analysis is recovery of the appropriate U/Th ratio, to within the usual
analytical error. In the 1 m Cl starting solution, the initial U/Th = 5.86; in the Cl-free
starting solution, the initial U/Th = 1.90. Run 3 produced only one small inclusion, and

www.sciencemag.org SCIENCE VOL 284 25 JUNE 1999

its Th counts were near the detection limit; the 84 ppm Au value is from the U/Au count
ratio. }Fe-K-H-Cl speciation is from simultaneously solving equations for charge
balance, chloride mass balance, and mass action for homogeneous and heterogeneous
equilibria, with equilibrium constants from published sources (75, 33, 34); mg o+ <
0.0001 in all experiments. Activity coefficients in KCl solutions are calculated from an
extended Debye-Hiickel formulation (35). In Cl-bearing runs, m¢,~ = my to the third
decimal place. In Cl-free run 6, mg.,, = 0.00001; mg,,- = 0.00060 (20). Run 1 at 725°C
and 110 MPa is beyond the reliable calculation range of electrostatic and solvation
properties of H,0; ionization of KCl and HCl must be trivial in the 725°C experiment and
its pH near neutral. §Unit-activity standard states are as follows: gases, the ideal gas
at 1 bar and the temperature of interest; solids, the pure substance at the T and P of
interest; and aqueous solutes, the hypothetical ideal 1 m solution at T and P of interest.
Fugacities (gas activities) were calculated with thermodynamic data for Fe-S-O-H buffer
equilibria from the SUPCRT92 database (75). FeS activity in pyrrhotite is according to
Toulmin and Barton's calibration (74); pyrrhotite is Feg g,4g,S in run 7 and Fe, o535, in run
8. cryst, crystalline.
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Fig. 2. Contributions by 250° 350°  450°  550° 625° 725°C
various COmPleXeS to ] T T T T T J104

the overall solubility of AUHS(H;S),

gold vary with Tand P in L "
chloride brine buffered | 4 This study; 0-1m Cl
O Ref 12, no Cl

by orthoclase + musco- L
vite + quartz (OMQ) Q Refs 12-13;0.1-5 m Cl
and PMP. The P of each | AuHSs®
experiment is labeled O Ref 31,0.5mCl
beside symbols having [ O Ref32;no Cl
SE brackets shown if B
they are longer than the
symbol. Shaded symbols
represent measured Au
contents in experiments
with the PMP buffer [Ta-
ble 1 and (72, 13, 37)];
open symbols represent
gold-solubility  values
calculated for the PMP
and OMQ buffers with ) .
equilibrium  constants ‘ o GW-J =105
(K's) measured at the R [ L] [ ] [
same T and P. White di- 20 19 18 17 16 15 14 13 12 11 10
amonds are values cal- 108/ T(K)
culated for the PMP
buffer with K's calibrated by experiments (72, 73) on the HMP buffer at 100 MPa, 400° and 500°C, in
which AuHS(H,S),%(aq) was identified (Fig. 1) as the main complex. Its solubility contours (continuous
black lines) from steam saturation (P_,,) to 400 MPa are generated from its equation-of-state parameters
derived in this study (23). Squares represent experiments at 50 MPa and 350° to 450°C, in which the
AuHS(aq) complex was found to predominate (37, 32). Curve BS is the Au solubility, chiefly as
AuHS®(ag) in 1 m KCl at 50 MPa according to K’s reported by Benning and Seward (37). They are
incompatible with the other plotted data for Au-H-S species and have been criticized at length by Gibert
et al. (37). They are excluded from the 25° to 450°C, 0.1 to 50 MPa data set thermodynamically analyzed
(24) to generate the isobaric AuHS®(aq) solubility contours (solid‘gray lines). The AuHS®(aq) contour at
ot (not plotted) is visually indistinguishable from its 50-MPa counterpart. The contours show that at 400
MPa AuHS(H,S);°(aq) predominates by ~1 to 3 log units over the whole T range; it predominates at 200
MPa down to ~250°C, where it intersects the 200-MPa contour of AuHS(aq), which is higher at T <
250°C. At 50 MPa, AuHS°(aq) predominates over most of the T range shown. The transition from
AuHS(H,S);°(aq) at high T and P to AuHS®(aq) at lower T and P is attributable to two factors: (i) H,S
availability as a complexing ligand increases with T by many log units, being controlled by iron sulfide
solubility (38), and (ii) the A V° of the reaction AuHS®(aq) + 3H,S(aq) = AuHS(H,S);%(aq) is negative,
and its magnitude becomes large at low pressures as solvated H,S becomes more gasllke (39). Complexes
of other metals with H,S or HC (or other solvated gases) probably have analogous pressure dependence,
becoming unimportant at low P as the ligand's partial molal volume expands. Au(HS), ™ is a minor species
under these buffer conditions, because of acidic pH in 1 m Cl solutions buffered by OMQ (40). The
experimentally well constrained AuCl,~ trend labeled GW-] (47) (calculated for 1 m Cl brine, OMQ and
PMP buffers) intersects the relatively flat to thermally retrograde BS trend. Presuming the BS trend to be
valid for Au-H-S complexes, Gammons and Williams-Jones (42) concluded that Au-Cl complexes
evidently account for Au transport and ore precipitation from iron sulfide—saturated chloride brines at T
above the BS/GW-] intersection (heavy cross and queried labels beneath). But our new experiments and
thermodynamic analysis of four other mutually consistent studies of gold solubility at 400° to 725°C and
50 to 400 MPa show that gold-hydrosulfide complexes remain predominant in iron sulfide—saturated
chloride brines up to granite-solidus temperatures and high fluid chlorinity.

103

102

pry
o

10

—{10-2

.g«— BS: EAu as AuHS® + Au(HS)2
‘50 MPa

log molality Au,q)
Au concentration (ppm)

_x
<
&

/o’

\q, ) ’?Au H-S &3 Au-CL 7 —104

bility to decrease by ~90% because of P
decrease alone (Fig. 2). Analogous effects
must occur in hydrothermal fluids that ex-
solve at lithostatic P from crystallizing epi-
zonal plutons and migrate into groundwater
regimes at hydrostatic load, forming porphy-
ry-type gold-copper ore shells in the P tran-
sition interval (29).

Of gold mined from metamorphic rock
worldwide, >90% was precipitated between
250° and 450°C and 100 to 300 MPa (2, 30).
By revealing the high gold-transport capacity
(gold-saturation requirement) in supercritical
aqueous fluids and by demonstrating strong 7'
and P dependence of gold solubility, our exper-
iments can account for the strong bias in his-
toric gold production from subgreenschist- and
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greenschist-facies metamorphic rocks. The bias
does not signify an overlooked potential for
comparable production from high-temperature
metamorphic rocks.
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