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Abstract

Jewell, P.W. and Parry, W.T., 1988. Geochemistry of the Mercur gold deposit (Utah, U.S.A.). Chem. Geol., 69: 245-
265.

The Mercur gold deposits of west-central Utah are disseminated “Carlin-type” deposits which are hosted by the
upper portion of the Topliff Member of the Mississippian Great Blue Limestone. Strata-bound alteration and miner-
alization are related to sedimentary lithologies over a 60-80-m section of the Topliff Member. Hydrothermal alteration
at Mercur can be separated into replacement and vein alteration assemblages. Two replacement assemblages are
recognized. Jasperoid facies consists of replacement of massive limestone by silica and minor sericite and kaolinite.
Argillic-facies alteration is characterized by decarbonation of silty limestones. Fluids which formed the argillic facies
became progressively more reduced and acidic through reaction with carbonaceous argillaceous pyritiferous lime-
stones. Three vein assemblages are recognized at Mercur: (1) pyTite-orpiment-organics + marcasite; (2) calcite-
realgar; and (3) halloysite-barite-calcite. Considerable temporal and spatial overlap exists among all hydrothermal
assemblages. Varying degrees of Au mineralization are associated with most styles of alteration.

Fluid-inclusion studies show that jasperoid-facies rocks were formed at temperatures of 220-270°C, hydrothermal
calcite at 150-190°C and barite at 150-300°C. Salinities throughout the paragenesis remained relatively constant at
5-8 eq. wt.% NaCl.

A geochemical model based on fluid-inclusion data, microprobe data and mineral solubilities allows constraints to
be placed on the chemical characteristics of the Mercur ore-forming fluids. Jasperoid-facies rocks were formed by
fluids at pH > 3.6, pco, <115 bar, and log fo, > —34 to — 32. The argillic facies-vein assemblages were formed at a pH
of ~4.0, pco, of ~100 bar, log fo, of —40.4 to —39.6 and log fy,s of —3.1 to —2.7. The available data indicate ore-
forming solutions are near a Au solubility minimum but do not allow an exact determination of the mechanism of Au
deposition.

1. Introduction

Since the 1960’s, gold deposits hosted by sed-
imentary rocks have become economically im-
portant to the mining industry of the western
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U.S.A. These ore deposits are collectively
known as Carlin-type deposits after the Carlin
mine in north-central Nevada. Carlin-type de-
posits are characterized by carbonate or silty
carbonate host rocks, the introduction of quartz,
pyrite, and/or barite, anomalous amounts of As,
Sb, Hg and T1, and Au which is only um in size.
Complete silicification of the host carbonates
into jasperoids is a common feature of these de-
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posits, although other alteration styles such
simple decarbonation, intense veining, intro-
duction of carbonaceous material and acid-sul-
fate alteration are also typical (Bagby and
Berger, 1985). Au mineralization is associated
with some or all of these alteration styles, al-
though the exact paragenesis of Auis not known
in any Carlin-type deposit.

The Mercur Au deposits of west-central Utah
are classified as Carlin-type deposits, although
they have been mined intermittently since the
early 1900’s. The Mercur district is located ~ 90
km SW of Salt Lake City in the Oquirrh Moun-
tains, a typical north-south-trending range of
the Basin and Range province (Fig. 1A).

In spite of their economic importance, very
few detailed geologic studies of Carlin-type de-
posits exist. With the exception of Carlin itself
(Radtke et al., 1980; Radtke, 1985) there is vir-
tually no comprehensive study of the hydro-
thermal fluid chemistry. This paper presents an
integrated geochemical and fluid-inclusion

study of the hydrothermal alteration of the
Mercur deposit with the goal of defining the rel-
evant chemical parameters of the hydrother-
mal fluids and by inference, the nature of the
Au deposition.

2. Geology and mineral assemblages
2.1. General geology

The Mercur gold deposits are hosted by the
Upper Mississippian Great Blue Limestone.
This formation is part of a thick Paleozoic car-
bonate and clastic sedimentary section which
outcrops in west-central Utah (Gilluly, 1932).
The Great Blue Limestone is separated into
three members. From upper to lower these are
the Upper Great Blue Member, the Long Trail
Shale Member and the Topliff Member (Fig.
1A). The upper 60-80 m of the Topliff Member
are host to most of the Mercur hydrothermal
alteration and Au mineralization.

B.

* Long Trall =
O /Mgb” N Shale
> MERCUR ! :
UTAH
Mgbt \ qal Upper
k eds
ZIETIEN Gold Deposit |pmp =
A Mercur CEa—
m Quaternary Beds ==
Alluvium T ; T
E “| Tertiary B :—bl .
20T Rhyolife A2 M EE e
/ ‘ :A.ITr : . .': DR ij
|-IJ|.u Upper s ¢
3 = Member =
@2 Long Trail %
= ¥ | Mgbif|  Shale Mgbt =
w = Member Magazine | % &
T . Sandstone [T
Topliff M .
\ Member h )
Humbug — : I :4 :
@ Formation O\ R N \1\k{"\ e

Fig. 1. A. Generalized geology of the southwestern portion of the Oquirrh Mountains, Utah (after Guilly, 1932).
B. Generalized stratigraphy of the upper Topliff Member in the vicinity of the Mercur ore bodies.



The upper portion of the Topliff Member has
distinct lithologies which appear to control the
style of hydrothermal alteration (Fig. 1B). Ap-
proximately 60 m below the Topliff-Long Trail
contact is 12-15 m of sandstone and limey
sandstone known as the Magazine Sandstone.
Unaltered massive limestone below the Maga-
zine Sandstone shows localized karstification.
This would appear to indicate that a ground-
water system was active in the Magazine Sand-
stone prior to hydrothermal alteration.

Approximately 30-40 m below the Topliff-
Long Trail contact is an 8-m-thick sequence of
thinly bedded limestones and silty limestones
known as the Mercur Beds. Limestones be-
tween the Long Trail Shale and the Mercur
Beds are known as the Upper Beds. Limestone
between the Mercur Beds and the Magazine
Sandstone are known as the Barren Beds (Fig.
1B). Both Upper and Barren Beds are more
massive and less porous than the Mercur Beds,
Magazine Sandstone, or underlying limestones
where they have undergone karstification.

X-ray diffraction (XRD) analyses of unal-
tered limestones and silty limestones show a
relatively simple mineralogy of calcite with
lesser amounts of quartz, illite and kaolinite.
Minor pyrite and organic matter are present in
varying amounts.

2.2. Hydrothermal alteration

Alteration at Mercur are divided into min-
eral assemblages which replace the host lime-
stones and mineral assemblages which occur as
veins. Considerable spatial and temporal over-
lap exists between all assemblages (Fig. 2).

The replacement assemblage can be sepa-
rated into an early jasperoid facies and contem-
poraneous to somewhat later argillic facies.
Jasperoid-facies rocks are common in the Mag-
azine Sandstone and a 5-20-m-thick zone be-
low the Magazine known as the Silver Chert.
This facies consists of total silification of lime-
stone, silty limestone and sandstone. Brec-
ciated textures in the Silver Chert appear to be
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Fig. 2. Paragenetic sequence of hydrothermal alteration at
Mercur.

a relic of karstification of the original lime-
stone. Only minor amounts of jasperoid-facies
rock are found outside of the Magazine Sand-
stone and Silver Chert.

Argillic-facies alteration consists of decar-
bonation of limestone and alteration of pre-ex-
isting phyllosilicate minerals. Argillic-facies
alteration is present throughout the upper Top-
liff Member, but it is most common in silty
limestone lithologies of the Mercur Beds, Up-
per Beds and lower portion of the Barren Beds.
Argillic alteration was accomplished under early
oxidized (no organic carbon, Fe present as he-
matitic material) and somewhat later reduced
(hydrothermal organic material plus pyrite)
hypogene conditions. Sericite and kaolinite are
the only phyllosilicates in argillic- or jasperoid-
facies rocks.

Three vein assemblages are recognized at
Mercur. All are later than replacement assem-
blages (Fig. 2). The pyrite-orpiment-organics
+ marcasite assemblage is found in the Mercur
Beds and more rarely in the Barren Beds. Cal-
cite, realgar and barite are minor associates of
this assemblage. The pyrite-orpiment-organ-
ics * marcasite assemblage often occurs as ir-
regular masses in close spatial association with
argillic-facies rocks.



248

The second vein mineral assemblage consists
of sharply defined veins of calcite and realgar.
The calcite-realgar veins rarely contain any
other minerals. Calcite-realgar veins are found
throughout the upper Topliff Member except
where oxidized hydrothermal alteration is
present.

The final hypogene vein assemblage consists
of barite, halloysite, and minor calcite. The bar-
ite—halloysite—calcite veins are common in open
spaces of the Silver Chert, although minor
amounts are found throughout the upper Top-
liff section.

3. Analytical methods
3.1. Whole-rock analyses

Major- and minor-element determinations
were made of selected samples of unaltered and
altered lithologies at Mercur (Table I). Major
elements were determined by standard X-ray
fluorescence (XRF') spectrometry procedures.
Minor elements were determined by a variety
of analytical techniques (Table I). Mineral
modes were calculated in the following manner
for each sample. Weight percentages were con-
verted to mole percentages. All K,O was parti-
tioned into illite or sericite and sufficient SiO,,
Al,05, MgO, FeO and H,O subtracted to form
the appropriate illite or sericite stoichiometry
(TableII). Remaining Al,O; was combined with
an appropriate amount of SiO, to form kaolin-
ite. The remaining SiO, was calculated as
quartz. MgO not partitioned into illite or seri-
cite was combined with appropriate amounts of
CaO and CO, to form dolomite. All remaining
CaO and CO, was combined to form calcite. In
all unoxidized rocks, the remaining Fe was
combined with sulfur to form pyrite. In oxi-
dized rock, all Fe was assumed to be Fe,Os.
Modal partitioning of whole-rock analyses of
the Silver Chert and Magazine Sandstone was
done in a similar manner to that of other oxi-
dized rocks except that K,O was initially par-
titioned into jarosite, if that mineral was found

by XRD. Mole percentages were then recom-
puted and presented in Table I as weight
percentages.

3.2. Microprobe

Chemical compositions of 9 illite grains from
an unaltered Upper Beds sample and 22 sericite
grains from 4 altered samples were made with
an ARL® microprobe equipped with EMX®
wavelength-dispersive system (WDS) and TN
Tracor Northern® energy-dispersive system
(EDS). Hollister et al. (1984 ) have shown that
EDS analysis is sufficiently accurate for ele-
ments of relatively high concentration (>1-5
wt.% ). For the illites and sericites in this study,
Na, Fe and Mg were analyzed by the relatively
accurate WDS. Elements which had high con-
centrations (Si, Al, K) or which were not cru-
cial for thermodynamic characterization (T4,
Mn, Ca) were analyzed by EDS. The micro-
probe was operated at 15-kV, 0.02-zA sample
current. In general, six 10-s spots for WDS and
one 50-s EDS accumulation were made on each
grain. The sample was moved continuously to
prevent vaporization of alkalis. A Tracor
Northern® EDS visual display was used to de-
tect interference from adjacent grains. All anal-
yses were corrected for matrix effects using the
procedures of Albee and Ray (1970).

Natural illites and sericites consist of varying
amounts of muscovite (KAl;Si;0,,(0H),),
paragonite (NaAl;Si;0,,(0OH),), celadonite
((K,Na,) (Fe,Mg)AlSi,0,,(OH),) and pyro-
phyllite (Al,Si,0,0(OH),) (Weaver and Pol-
lard, 1973). Activities of muscovite, paragonite
and pyrophyllite were calculated from micro-
probe analyses using relationships of Aagaard
and Helgeson (1983).

3.3. Fluid inclusions

Heating and freezing measurements of fluid
inclusions in selected hydrothermal minerals in
the Mercur gold deposit were made using a
Chaixmeca® heating-freezing microscope stage.
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TABLE I

Whole-rock chemical analyses of upper Topliff Member, Great Blue Limestone at Mercur (numbers in parentheses are one standard deviation )

(1) (2) (3) (4) (5) (6) (7)

Massive Silty Silver Silicified Argillic- Argillic- Massive limestones
Limestone Limestone Chert Magazine facies limestone facies limestone with vein mineral
Sandstone (oxidized) (partially, unoxidized) assemblages
(n=4) (n=4) (n=3) (n=3) (n=3) (n=5) (n=3)
Si0, 6.42 (1.11)  34.55 (3.36) 94.14 (3.86) 89.37 (2.25) 41.81 (2.14) 66.12 (13.89) 15.66 (6.32)
TiO, 0.06 (0.03) 0.34 (0.06) 0.16 (0.04) 0.45 (0.06) 0.34 (0.16) 0.41 (0.21) 0.14 (0.05)
Al 0,4 1.01 (0.82) 5.99 (1.21) 1.76 (0.59) 4.71 (0.99) 7.65 (3.36) 9.09 (2.39) 2.35 (0.94)
Fe,0, 1.50 (1.27) 0.97 (0.45) 4.81 (3.74)
FeO 0.89 (0.52) 2.12 (0.11) 3.51 (2.91) 1.06 (0.31)
MnO 0.13 (0.09) 0.09 (0.04) 0.01 (0.00) 0.01 (0.01) 0.08 (0.02) 0.02 (0.01) 0.19 (0.10)
MgO*! 0.39 (0.14) 0.72 (0.27) 0.05 (0.01) 0.20 (0.10)
Ca0 50.65 (3.76)  29.37 (2.10) 0.01 (0.00) 0.41 (0.40) 22.23 (4.14) 4.79 (5.35) 43.23 (4.52)
K,0 0.11 (0.14) 1.01 (0.35) 0.45 (0.42) 1.10 (0.25) 1.00 (0.97) 1.30 (0.61) 0.33 (0.33)
Na,0*! 0.00 (0.00) 0.05 (0.01)
P,0; 0.50 (0.14) 0.44 (0.03) 0.00 (0.00) 0.00 (0.00) 0.24 (0.09) 0.13 (0.06) 0.48 (0.04)
S0, 1.43 (1.04) 1.21 (0.86) 0.07 (0.01)
S #2 0.36 (0.53) 1.55 (0.28) 3.61 (2.24) 1.32 (0.54)
H,0* 0.65 (0.63) 2.69 (0.64) 3.21 (1.39) 1.07 (0.19)
CO,* 39.06 (1.22)  20.71 (1.74) 17.60 (2.79) 34.63 (3.38)
Cor*® 0.18 (0.14) 0.79 (0.50) 0.02 (0.03) 1.28 (0.84) 0.37 (0.03)
LOI 1.91 (1.07) 1.84 (1.44) 10.85 (4.36) .
Less 0=S 0.08 0.34 0.73 (0.65) 0.30 (0.12)
Total 100.33 100.76 101.42 100.27 99.06 98.83 100.53
Quartz 532 (1.76)  26.35 (2.81) 92.08 (4.63) 82.96 (3.25) 31.55 (4.87) 54.02 (15.27) 12.47 (5.00)
Tllite*® 1.64 (2.14) 15.07 (5.19) 3.64 (3.69)
Sericite*® 0.71 (1.00) 9.18 (2.26) 11.12 (10.78) 14.48 (6.77)
Kaolinite 0.61 (0.68) 2.14 (2.61) 3.66 (0.93) 4.68 (1.07) 10.26 (6.19) 11.19 (6.66) 3.04 (2.65)
Calcite 89.10 (4.38) 44,69 (3.31) 39.26 (7.09) 8.25 (9.24) 77.84 (7.55)
Dolomite 1.77 (0.62) 3.23 (1.26)
Pyrite 0.76 (1.01) 2.70 (0.34) 5.78 (4.44) 2.46 (1.01)
Jarosite 3.98 (3.07) 2.61 (0.73)
Hematite 0.57 (0.71)
Silver Chert plus Partially oxidized plus
Magazine Sandstone reduced samples
(n=7) (n=8)
As*® 842 (1,158) 11,366 (18,821)
Sb*8 989 (1,332) 19 (24)
Hg*® 12 (14) 27 (30)*7
Ti*® 47 (54) 178 (73)*"
Ag*? 0.130 (0.217) 0.018 (0.041)
Au*® 0.049 (0.047) 0.082 (0.091)

*'AAS; **LECO® analysis; **total water by Penfield analysis (Hutchinson, 1974); *%acid titration; **method of Gaudette et al. (1974);
*6analyses from Table II (all other elements by XRF); *"three analyses; **ppm; **ounces/ton.

Nearly 200 individual inclusions representing identify individual crystals which contained us-
the jasperoid facies and two of the three major able fluid inclusions. Doubly polished plates
hypogene vein assemblages were analyzed (Ta- ranging in thickness from 100 z#m to 1 mm were

ble III). Standard thin-sections were used to then prepared from these samples. Only those



250

TABLE II

Microprobe analyses of illite and sericite

HS-4-1928 R-21-90

M-6/22-6 ML-9-198 ML-9-214

illite sericite sericite sericite sericite
(n=9) (n=9) (n=5) (n=5) (n=3)
Compositions:
Si0, 49.12 (1.22) 46.34 (1.37) 47.28 (1.14) 47.83(1.38) 47.87 (1.55)
TiO, 0.84 (0.46) 0.47 (0.18) 0.45 (0.20) 0.41 (0.20) 0.54 (0.33)
AlLOg 36.18 (1.17)  33.27 (2.14) 32.68 (2.74) 31.58 (2.06) 30.68 (3.61)
FeO 0.35 (0.05) 2.34 (1.38) 3.56 (1.24) 2.50 (1.58) 1.73 (1.34)
MnO 0.21 (0.05) 0.27 (0.08) 0.00 0.00 0.00
MgO 0.89 (0.14) 1.03 (0.65) 1.38 (0.58) 1.40 (0.67) 1.67 (1.02)
Ca0 0.26 (0.12) 0.41 (0.40) 0.21 (0.06) 0.14 (0.01) 0.32 (0.01)
K,0 5.95 (0.32) 9.06 (1.11) 8.07 (1.32) 9.03 (1.25) 8.51 (0.37)
Na,0 0.42 (0.16) 0.52 (0.14) 0.31 (0.16) 0.30 (0.14) 0.41 (0.34)
H,0 5.50 4.72 5.16 4.70 4.67
Total 99.72 98.43 99.10 97.89 96.40
Ions: .
Si 3.18 3.12 3.16 3.22 3.26
Ti 0.04 0.02 0.02 0.02 0.03
AlY 0.82 0.88 0.84 0.78 0.74
AV 1.94 1.76 1.73 1.73 1.72
Fe3* 0.02 0.12 0.18 0.13 0.09
Mn 0.01 0.02
Mg 0.09 0.10 0.14 0.14 0.17
K 0.49 0.78 0.69 0.78 0.74
Na 0.05 0.07 0.04 0.04 0.05
Ca 0.02 0.03 0.02 0.01 0.02
Activities:
Mus 0.45 0.60 0.51 0.56 0.52
Par 0.05 0.05 0.03 0.03 0.04
Pyr 0.16 0.03 0.07 0.05 0.06
HS-4-1928 = silty limestone from unaltered Upper Beds, DDH-HS-4.
R-21-90= totally decarbonated organic-rich siltstone, argillic facies, median limestone; Magazine Sandstone,
DDH-R-21, Marion Hill.
ML-9-198= totally decarbonated organic-rich siltstone, argillic facies, with orpiment-pyrite-calcite-barite vein
material; Mercur Beds, DDH-ML-9 Mercur Hill.
M-9/22-6= decarbonated silicified organic-rich siltstone jasperoid and/or argillic facies, surface sample; Mercur
Beds, Marion Hill.
ML-9-214= partially decarbonated organic-rich silty limestone, argillic-facies alteration with pyrite-orpiment-

realgar vein material; Mercur Beds, DDH-ML-9, Mercur Hill.

Mus =muscovite; Par =paragonite; Pyr=pyrophyllite.

inclusions with characteristics which indicated
a primary origin were analyzed (Roedder,
1979). Reproducibility of the heating measure-
ments was +3.0°C and *+0.4°C for the freez-
ing point depressions, Calibration was made

with standard organic materials of known
melting points (MacDonald and Spooner, 1981)
and NaCl-H,0O solutions of known salinity.
Crushing stage measurements were made of se-
lected samples to determine whether anoma-
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Summary of fluid-inclusion data

251

Sample Topliff Mineral Filling temperature (°C) Salinity
interval association (eq. wt.% NaCl)
No. range mean S.D. No. range mean
Quartz in jasperoid facies:
GV-25-212 Upper Beds quartz vein 3 252-258 256 3
GV-25-403 Silver quartz in vug 10 208-290 237 27
Chert
H-17-237 Magazine quartz vein 8 203-247 222 15 5 44-74 6.6
Sandstone
M-9/22-5b Silver quartz in vug 5 230-303 265 32 2 6.4-6.7 6.9
Chert
Calcite associated with argillic-facies, pyrite-orpiment-organics-marcasite veins, and/or calcite-realgar veins:
GV-25-217 Upper Beds calcite-realgar vein in 2 188-197 192 6
argillic-facies rocks
GV-25-242 Mercur calcite vein with 7 175-196 187 8
Beds organics
MH-9-128 Upper Beds calcite-realgar vein 21 125-230 165 24
MH-9-130 Upper Beds calcite vein in argillic 2 138-167 153 21 5 5.8-8.9 7.2
facies
MH-9-156 Mercur calcite-realgar vein 14 139-199 175 17
Beds
MH-9-292 limestone in  calcite vein in argillic- 2 174-178 176 3
Magazine facies rock
Sandstone
ML-9-158 Upper Beds calcite-realgar vein 26 128-199 172 23 8 3.3-6.4 5.0
Barite-halloysite-calcite veins:
M-9/22a Silver barite in vug 20 272-253 308 21
Chert
P-27-118 Silver barite in vug 24 145-278 218 27 14 55-79 7.0
Chert
P-27-130 Silver barite vein 10 152-321 268 51
Chert
P-27-149 Silver barite in vug 13 161-315 235 51
Chert
P-27-156 Silver barite in vug 17 155-231 186 22 12 2.1-48 3.8
Chert

S.D.=standard deviation (10).

lous internal pressures were present in the fluid
inclusions.

Fluid-inclusion leach analyses were per-
formed on cleaned crushed samples of hydro-
thermal calcite. All other minerals were deemed
unsuitable for leach analysis due to fine grain

size and/or contaminating mineral phases. 4—
10 g of vein calcite were hand-picked, cleaned
in dilute acid, and crushed in a mortar and pes-
tle. The crushed sample was leached with dou-
bly-distilled water and the leachate analyzed by
inductively coupled plasma spectrometry (ICP)
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TABLE IV

Summary of my,+ /My~ ratios of fluid-inclusion leach analyses

Sample Mya+ /Mx+ Mean homogenization Comments
temperature
(°C)
GV-25-242a 2.8 187 calcite vein with abundant organics
GV-25-242b 3.2 187 calcite vein with abundant organics
MH-9-128a 3.0 165 calcite-realgar vein
MH-9-128b 6.7 165 calcite-realgar vein
MH-9-292 9.2 176 calcite vein crosscutting argillic-facies
rocks
ML-9-158 3.7 172 calcite-realgar vein
R-21-94a 3.1 - calcite-realgar vein in organic-rich argil-
lic-facies rocks
R-21-94b 1.6 - calcite-realgar vein in organic-rich argil-

lic-facies rocks

for K, Na and Ca. The amount of Ca in the
leachate was approximately the same as
(Na+K), indicating dissolution of the host
mineral was minimal. K/Na ratios are reported
in Table IV.

4. Chemical composition of unaltered
rocks

Several generalizations can be drawn from the
bulk chemistry of unaltered rocks (Table I).
Massive limestones are essentially pure car-
bonates with <10% total silica, 0-2% alumina
and trace amounts of pyrite. Relative amounts
of kaolinite and illite are difficult to character-
ize, given the small number of samples (4) and
the small percentages of clay minerals. Four
thinly bedded, silty limestones have 30-40%
silica and 5-10% alumina. Modal partitioning
of elements shows that illite/kaolinite ratios are
near unity. The amount of pyrite is between 1%
and 3%. The unaltered Topliff samples have or-
ganic carbon contents within the 0.2-1.0%
range reported for unaltered Great Blue rocks
outside of the Mercur district (W. Tafuri, pers.
commun., 1982).

Microprobe analyses of illite from unaltered
rocks shows less K,0, more SiO,, MgO and H,0
than muscovite, but less MgO and Fe,O; than
hydrothermal sericite (Table II). Interlayer site

occupancy is typically <0.6, possibly due to in-
terstratification with smectite layers.

5. Chemical composition of altered rocks
5.1. Bulk chemistry

Modes calculated from whole-rock analyses
show that quartz constitutes 85-97% of jasper-
oid-facies rocks (Table I, columns 3and 4). Ka-
olinite appears to be the dominant phyllosilicate
in the Silver Chert, whereas sericite is more
common in the Magazine Sandstone.

Whole-rock chemical analyses of argillic-fa-
cies rocks are consistent with simple decarbon-
ation of silty limestones. Deposition of silica in
the argillic facies was minor. Silica values range
up to 75-80% in totally decarbonated lime-
stones (Table II, columns 5 and 6). This two-
fold increase in silica contents of unaltered silty
limestones is the result of dissolution of origi-
nal carbonate (50-60% of the original total).

Mineral modes of argillic-facies rocks and
unaltered silty and shaley limestones show a
progression in terms of oxidation and carbon-
ate content (Fig. 3). Four unaltered samples
have calcite contents of 40-50%. Argillically al-
tered limestones have variable amounts of cal-
cite (2-50%). Of particular note is the
progression from oxidized high-calcite samples
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O Massive Limestone
A Silty Limestone, unaltered
O Argillically altered Limestone, oxidized (0% organic C)
100 - @ Argillically altered Limestone, partially oxidized (O-1% organic C)
B argillically oitered Limestone, reduced ( 1% organic C)
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Fig. 3. Percent calcite vs. (sericite/kaolinite) plot for unaltered and argillically altered rocks at Mercur. Sericite/kaolinite
ratios of 0.1 and 100 correspond to zero and infinity, respectively. Tie-lines show unaltered/altered samples which are

stratigraphically equivalent.

to reduced totally-decarbonated samples. The
geochemical significance of this observation is
discussed in Section 7.4.2.

Sericite/kaolinite ratios are variable for all
samples (Fig. 3). Where unaltered and altered
limestone were analyzed from the same sample
or an equivalent stratigraphic horizon, the al-
tered rocks retain a sericite/kaolinite ratio
which was essentially unchanged, despite the
chemistry of hydrothermal sericite being sig-
nificantly different than sedimentary illite
(Table II).

Three whole-rock analyses were made of
massive limestones with calcite-realgar veins
(Table I, column 7). Chemical composition of
the rock hosting the calcite-realgar veins is
similar to that of massive unaltered limestones,
indicating that formation of the veins did not
significantly alter the enclosing rock.

5.2. Sericite analyses
Sericites have slightly lower amounts of sil-

ica and alumina than the analyzed illites, and
the total interlayer site occupancy is greater in

the sericites than in the illites (Table II). Oc-
tahedral Fe and Mg are somewhat higher in ser-
icites than in illites, an observation which may
account for the characteristic green color of ser-
icite in thin-section. Composition of the seri-
cites is similar to those reported in modern
geothermal systems and other ore deposits
(McDowell and Elders, 1980; Parry et al., 1984).

5.3. Precious-metal and trace-element spatial
distribution

The paragenesis of Au has not been unequiv-
ocally documented in any Carlin-type Au de-
posit, including Mercur. At Mercur, the
extremely fine-grained nature of the Au pre-
vented its identification in polished section.
Ore-grade Au is associated with specific alter-
ation types and stratigraphic intervals at Mer-
cur, however. This association allows some
constraints to be place on the timing and mech-
anisms of Au mineralization.

The bulk of Au mineralization occurs in the
Mercur Beds in conjunction with argillic-facies
alteration and/or the pyrite-orpiment- organ-
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ics + marcasite vein assemblage. Samples from
the Mercur Beds with high Au values fre-
quently have a strong As-T1-Hg geochemical
signature, even if no As minerals are visible
(Mercur geologic staff, pers. commun., 1982).
Cinnabar has been reported at Mercur (Gilluly,
1932) but was not observed in this study, and
no Tl minerals were identified at Mercur.

The Silver Chert and silicified Magazine
Sandstone are hosts for significant amounts of
Au mineralization. Silica encapsulation of the
gold has not been noted (W. Tafuri, pers. com-
mun., 1982), suggesting that Au deposition fol-
lowed silica deposition. Historical records
indicate that the Silver Chert-Magazine Sand-
stone interval was host for virtually all of the
Ag production in the Mercur district (Spurr,
1895; Butler et al., 1920). Specific Ag minerals
were not observed in this study, although geo-
chemical assays occasionally show anomalous
Ag concentrations in the Silver Chert. The Sil-
ver Chert also has an As—-Sb-T1-Hg trace-ele-
ment signature, but stibnite is the only
mineralogical manifestation of these elements.

The Upper and Barren Beds show locally sig-
nificant amounts of Au mineralization. Alter-
ation and trace-element signatures in such cases
resemble those in the Mercur Beds.

6. Fluid inclusions

Fluid inclusions suitable for heating and
freezing measurements were found in euhedral
quartz overgrowths on earlier fine-grained
quartz in the Silver Chert. Care was taken to
distinguish this early quartz from the much
rarer quartz deposited in the barite-halloysite
veins. One sample of fluid inclusion-bearing
quartz was identified from the Upper Beds (GV-
25-212, Table III). In this sample, quartz grains
are crosscut by realgar, thus establishing the
quartz as the earlier formed mineral.

Fluid inclusions in quartz are sparsely and ir-
regularly distributed throughout individual
quartz crystals. Diameters are generally <15

um. All inclusions are two-phase, liquid domi-
nant with no daughter minerals.

Fluid inclusions in hydrothermal calcite were
measured where calcite veins crosscut earlier
hydrothermal minerals or contained realgar.
The inclusions are abundant and evenly dis-
tributed, but generally quite small (2-10 um)
although 20-30-um inclusions are not uncom-
mon. All inclusions are two-phase, liquid
dominant.

Fluid inclusions are abundant in virtually all
of the barite found at Mercur. Barite fluid in-
clusions exhibit a wide variety of shapes and
sizes (up to 25 um in diameter) and many ap-
pear empty or have a high vapor/liquid ratio.
This feature can be explained as entrapment of
varying proportions of liquid and vapor by a
boiling fluid or as leakage through prominent
cleavage planes in the barite due to internal
pressures produced by carbon dioxide. Homog-
enization of the vapor-rich inclusions was not
achieved, even at very high temperatures. This
seems to indicate that the vapor-rich inclusions
were the result of leakage rather than boiling.
Heating measurements of liquid-dominant
barite fluid inclusions were as reproducible as
those in quartz and calcite and suggest that lit-
tle leakage has occurred during measurement.
The standard deviations for barite-filling tem-
peratures are somewhat higher than those of
quartz and calcite (Table III).

Recent research (Bodnar and Bethke, 1984 )
has demonstrated that stretching of fluid inclu-
sions can occur when soft host minerals are
overheated. The effect is most pronounced in
relatively large fluid inclusions. Fluid inclu-
sions with a volume of 10° um? in fluorite and
sphalerite are stretched by overheating of only
30°C (Bodnar and Bethke, 1984 ). For the Mer-
cur samples analyzed in this study, the average
volumes of the calcite and barite fluid inclu-
sions were 10%° and 10° um?, respectively. Er-
rors due to overheating may be less pronounced
in these relatively small inclusions.

Assuming that fluids which deposited barite
were hotter than those which deposited hydro-



thermal calcite, overheating and stretching of
the calcite fluid inclusions is a possibility. If so,
the calcite depositional temperatures were ac-
tually somewhat lower than the homogeniza-
tion temperatures reported in Table III.

Freezing measurements were performed on
quartz, calcite and barite although the small size
of most fluid inclusions often precluded deter-
mination of the final melting point of the ice.
Salinities (expressed as eq. wt.% NaCl in Table
IIT) were computed using the equations of Pot-
ter et al. (1978). No CO, clathrates were ob-
served nor was liquid CO, seen during any
cooling runs. Crushing stage analyses produced
bubbles in the surrounding oil, however. These
bubbles are the result of gases with positive in-
ternal pressures in the fluid inclusions. The
most common gas to produce this sort of pres-
sure is CO, (Bodnar et al., 1985).

Observations of first melting during fluid in-
clusion freezing runs and fluid inclusion leach
analyses allow broad generalizations of fluid
composition to be made. Although first melting
was difficult to see, it appeared to occur at tem-
peratures no lower than —25°C, with temper-
atures of ~ —20°C more typical. Divalent
cations (Ca®* and Mg?*) depress the eutectic
(first melting) of aqueous brines significantly
(up to —50°C). The observations of the eutec-
tic in Mercur fluid inclusions indicate that the
mole fraction of univalent cations (Na* and
K™*) is greater than divalent cations (Craw-
ford, 1981). Fluid-inclusion leach analyses of
hydrothermal calcite show Na/K molar ratios
which vary from 1.6 to 9.7 although most values
are between 3 and 5.

Fluid inclusions in jasperoid-facies quartz
show that temperatures of the initial Mercur
fluids ranged from 220° to 270°C. The fluids
apparently had cooled by the time of vein de-
position, as shown by filling temperatures of
hydrothermal calcite (150-190°C). During the
final barite-halloysite stage, the fluids were
heated to the 180-300°C temperature range.
Considering the tendency of barite fluid inclu-
sions to stretch, the lower portion of this tem-
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perature range is probably more realistic.
Throughout the paragenesis at Mercur, the sal-
inity of the fluids remained relatively constant
at 5-8 eq. wt.% NaCl (Table III). In the few
fluid inclusions where both heating and freez-
ing measurements were accomplished a weak
positive correlation is observed between tem-
perature and salinity. Such correlations are
considered indicative of high-salinity high-
temperature fluids mixing with cool dilute
groundwater. The data are too few to confirm
this at Mercur, although geochemical consid-
erations discussed in Section 8 also suggest fluid
mixing.

Fluid-inclusion studies at the Carlin Au de-
posit (Radtke et al., 1980) have shown a ther-
mal history which has some similarities to the
Mercur deposits. In both deposits, ore stage de-
position at temperatures of 160-200°C is fol-
lowed by a sulfate stage in which depositional
temperatures were higher (>200°C). Unlike
Carlin, Mercur shows early jasperoid deposi-
tion at relatively high temperature (up to
240°C). At Carlin, jasperoid deposition is in-
terpreted as part of a late-stage acid-sulfate
event associated with boiling.

Fluid inclusions at Mercur do not provide po-
sitive confirmation of boiling hydrothermal
fluids. If total pressure is equal to:

Pt =Pu0 +Pco,

a free vapor phase can form and coexisting va-
por and liquid can be trapped in fluid inclu-
sions; lack of recognition of vapor-rich
inclusions does not prove nonboiling condi-
tions (Hedenquist and Henley, 1985). Mineral
assemblages present in boiling zones of geo-
thermal systems that also appear in epithermal
vein systems suggest that boiling is common in
epithermal systems. The diagnostic minerals
include calcite (present as discrete veins at
Mercur) and hydrothermal K-feldspar (not
observed at Mercur).

A plot of calcite fluid-inclusion filling tem-
peratures against present day elevation above
sealevelis givenin Fig. 4. A linear least-squares
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Fig. 4. Calcite fluid-inclusion filling temperatures plotted
against present-day elevation at Mercur.

fit through the mean value of each sample in-
dicates a fluid temperature gradient of 30°C/
100 m. Gradients this high are indicative of ver-
tical fluid flow in a shallow subsurface environ-
ment (Rybach and Muffler, 1981; Vikre, 1985).
This gradient also correlates with the boiling
curve of H,O under hydrostatic conditions at
depths of 100-400 m (Haas, 1971).

7. Geochemical model

Fluid-inclusion observations and mineral as-
semblages present in the Mercur deposit are
used to establish limits to intensive geochemi-
cal parameters of the alteration assemblages.
Mineral assemblages at Mercur, fluid-inclusion
characteristics, available thermodynamic and
experimental data, together with chemical
characteristics of modern geothermal systems
permit estimation of limiting values of pH, fu-
gacities of CO,, O, and H,S, activities of Na, K,
Ca, H,S and SO,, and postulation of principal

Au precipitating mechanisms. Reactions rele-
vant to these geochemical parameters are sum-
marized in Table V.

The Upper Beds, Mercur Beds and Barren
Beds contain oxidized and reduced argillic-fa-
cies alteration and all vein minerals. Although
three separate vein assemblages are described,
there is temporal and spatial overlap in depo-
sition of all vein minerals and argillic alteration
(Fig. 2). Calcite and realgar form distinct veins
with no other minerals, but small amounts of
calcite and realgar also occur in the pyrite-or-
piment-organics + marcasite assemblage. Mi-
nor amounts of barite are also found with this
assemblage. This suggests that deposition of
realgar, orpiment, pyrite, marcasite, calcite and
barite was approximately contemporaneous.
The geochemical model discussed in this sec-
tion is based on stabilities of these minerals as
well as fluid-inclusion data.

In the silicified oxidized Silver Chert and
Magazine Sandstone, only very general geo-
chemical constraints can be established, due to
the restricted number of alteration minerals.

7.1. Temperature and salinity

A typical temperature for jasperoid replace-
ment of limestone is 240°C, the mean T}, for
fluid inclusions in quartz (Table III). Jasper-
oid-facies salinity used in subsequent calcula-
tions is 6.4 eq. wt.% NaCl, which gives an ionic
strength of 1.0 and mg- =1.0 at 240°C using
the computer program SOLVEQ (Reed, 1982).

The fluid-inclusion filling temperatures of
hydrothermal calcite range between 153° and
192°C. For the argillic facies—vein assemblage
model, a temperature of 180°C is chosen in or-
der to more closely approximate relevant ex-
perimental mineral solubility studies which
usually have minimum temperatures of 175—
200°C. Salinity is chosen to be the median of
fluid-inclusion freezing measurements, or ~5.5
eq. wt.% NaCl (Table III).
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TABLEV

Summary of thermodynamic data

Reaction log K Reference*’
180°C 240°C
boiling boiling
curve curve
(1) Muscovite-kaolinite 4.70 4,14 (a)
2KAl;8i,0,,(0H),+2H* +3H,0=3A1,5i,0,(0OH) ,+ 2K *
(2) Paragonite-kaolinite 8.94 7.70 (a)
2NaAl,;8i;0,,(OH),+2H* +3H,0=3A1,581,05(0H),+2Na™*
(3) K-feldspar-muscovite —6.76 —-5.24 (a)
3KAISi;05+2H* =KAl;8i;0,(0OH); +6Si0, (oq) + 2K+
(4) Quartz —2.51 -2.21 (a)
Si0,=8i0; (aq)
(5) Chalcedony -2.33 —2.06 (a)
Si0,=8i0; (4q)
(6) Calcite 8.89 8.76 (a)
CaCO,+2H* =Ca** +CO, (,, + H,0
(7) Witherite 4.55 4.80 (a)
BaCO,;+2H*=Ba** +CO, (,+H,0
(8) Anhydrite —6.67 —-7.97 (a)
CaS0,=Ca?* +502-
(9) Barite —9.83 —10.58 (a)
BaS0,=Ba%* +802-
(10) Hematite-pyrite 34.22 26.84 (a)
Fe,0,+4H,S ;) + 10, (,,=FeS, +4H,0
(11) Magnetite-pyrite 62.05 49.33 (a)
Fe304 =+ 6Hgs (g) + 02 (g) :BFeSQ + 6H20
(12) Magnetite-hematite 21.44 18.13 (a)
2F6304 + %02 () :3Fe203
(13) Realgar-orpiment 12.07 (b)
4AsS+S; ()= 2As,8;
(15) Sulfate-hydrogen sulfide —69.88 —56.88 (a)
SO4_ + 2H+ :H2S ) + 202 (g)
(16) S,-hydrogen sulfide —33.64 —28.43 (a)
Sz oy T 2H0=2H,S () + Oy
(17) Gold 2.02 (a)
Aug,+2CI7 4+ 10,+ H* = {H,0+ AuCly 7.23*2 (¢c)
8.27 (d)
(18) Gold 6.64 (e)

Augy, +2H,S o) + 10,2 4H,0+ H* +Au(HS);

*!References: a=Helgeson (1969); Helgeson et al. (1978); b=Craig and Barton (1973); ¢ =Drummond (1981); d=Wood
(1985); e=Seward (1973).
*2Used in Fig. 5.
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7.2. Pcos

Fluid-inclusion fluids in the Mercur samples
are expected to contain carbon dioxide. The
presence of mineralized and altered rocks in
carbonaceous calcareous sedimentary rocks,
and the chemical and petrographic evidence for
dissolution of carbonates by the solutions re-
quires carbon dioxide at some concentration
level in the fluids. Careful observation of the
fluid inclusions during freezing runs failed to
show evidence of nucleation of a clathrate com-
pound. However, the vapor bubble does expand
when fluid inclusions are opened. Repeated
freezing of fluid inclusions in calcite to
~ —80°C and warming to 20°C to search for
these effects opened inclusions along cleavage
planes and permitted leakage which was always
accompanied by expansion of the vapor bubble.
Crushing stage measurements of jasperoid-fa-
cies quartz, vein calcite and vein barite plates
containing fluid inclusions produced numerous
small bubbles which rapidly coalesced into
larger bubbles in the surrounding oil. These
represent the contents of fluid inclusions that
have expanded and indicates an internal pres-
sure greater than atmospheric. This pressure is
most commonly the result of carbon dioxide in
the fluid inclusion (Bodnar et al., 1985).

Maximum pcg, possible in Mercur hydro-
thermal fluids is established from other fluid-
inclusion characteristics. Clathrate was not ob-
served to be present in the quartz fluid inclu-
sions above 0°C. The low-temperature phase
relations in the H,O-CO,-NaCl system (Col-
lins, 1979; Hedenquist and Henley, 1985) in-
dicate pco, at 0°C of <20 bar within the fluid
inclusions. Application of Henry’s law
(Kyn=pco,/Mco,) from Drummond (1981)
gives mco,=0.83. K;, at 240°C in a 6.4 wt.%
NaCl solution is 138 so maximum pgg, =115
bar. Clathrate was also not observed at 0°C in
calcite fluid inclusions. K}, in a 5.5 wt.% NaCl
solution at 180°C is 141 (Drummond, 1981) so
DPco, 18 <113 bar.

Dissolved CO, of these magnitudes in fluid

inclusions can produce errors in salinity esti-
mates of 0.6--3.2 wt.% NaCl (Hedenquist and
Henley, 1985). Implications of this are dis-
cussed in Section 7.3.2.

7.3. Na, K, Ca and H activities

7.3.1. Jasperoid facies. Calcite dissolution is
characteristic of jasperoid-facies alteration. pH
of the jasperoid-forming fluids can be deter-
mined from the reaction:

CaCO3 +2H+—)C&2++C02(g)+H20 (1)

(calcite)

If maximum pcg, and ac,:+ are known, a min-
imum pH can be established. Maximum pco,
was determined above to be 115 bar. Maximum
Gca2+ 1s provided by the observations of approx-
imate eutectic temperatures in quartz fluid in-
clusions. Since first melting of ice was not
observed below —20° to —25°C:

Mya+ T Mg+ > Mege+ +mMg2+

The concentration of Mg?* in hydrothermal
solutions is usually small (Fournier and Trues-
dell, 1973); therefore, a charge balance can be
assumed as:

Mya+ +My+ +2mca2+ =Mg1~ ~ 1 molal (2)

This relationship implies mcg2+ <0.33. agge+ is
then computed as <0.05 using the high-tem-
perature activity coefficients of Wood et al.
(1985). Substituting these values into an
expression for the equilibrium constant for re-
action (1) gives a minimum pH of 3.6.

7.3.2. Argillic facies-vein assemblages. The
transition from calcite-undersaturated condi-
tions (argillic-facies alteration) to calcite-sat-
urated conditions (vein assemblages) is
observed in close spatial association at Mercur.
Aluminosilicate mineral equilibria in conjunc-



tion with calcite equilibria can therefore place
upper and lower bounds on cation activities of
argillic facies-vein assemblages.

Coexisting kaolinite and hydrothermal seri-
cite is found in virtually all argillic-facies rocks
(Table I; Fig. 3). Since sericite is the only K-
and Na-bearing mineral phase at Mercur, it is
logical to assume that it was controlling the
o+ /ay+ and ay,+ /ay+ ratio of the fluid. Equi-
librium constants for the kaolinite-muscovite
and kaolinite-paragonite reactions (Table V)
in conjunction with the activities of muscovite
and paragonite in analyzed sericite (Table II)
allow these ratios to be determined:

3ALSi, 05 (OH),+2K* =

(kaolinite)

2KAl;81;0,0 (OH), +2H* +3H,0 (3)

(muscovite in sericite )

with
log K., =—4.18

3Al,Si,05 (OH),+2Na* =

(kaolinite)
2NaAl;Si;0,, (OH),+2H* +3H,0 (4)

(paragonite in sericite)

with
log K., = —6.14

Combining eq. 3 with eq. 4 gives aya+/
A+ =M+ /Mx+ =9.1. Fluid-inclusion leach
analyses suggest my,+ /mx+ of 3-5 (Table IV).
Given the analytic uncertainty of the micro-
probe and fluid-inclusion techniques, the
agreement between these two estimates is very
reasonable.

Qcq2+ /a31+ and peo, can be established using
the calcite solution—dissolution equilibria (eq.
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1). mcaz+ <0.33 molal and pcg, <113 bar have
been established from fluid-inclusion observa-
tions discussed above. Inserting these values
into eq. 1 gives a minimum pH of 4.0.

A minimum pH of 4.0 establishes a maxi-
mum mg+ of 0.03 molal (eq. 3) and maximum
Mya+ of 0.09-0.27 molal. These estimates are
in disagreement with fluid-inclusion eutectic
measurement which imply that:

Mo+ Mg+ > M2+

Progressively lower pco,-values (eq. 1) imply
progressively higher pH and hence lower cation
activities (egs. 3 and 4).

One resolution to these inconsistencies may
be found in the arguments of Hedenquist and
Henley (1985). They show that modest
amounts of CO, (0.2-1.0 molal) in hydrother-
mal fluids can result in overestimation of salin-
ity by as much as 3.2 wt.% NaCl. Thus, if eq. 2
were modified to read mg- =0.5 molal, more
reasonable maximum cation estimations of
Meoge+ <0.15, mg+ =0.04-0.05, and Mya+ =
0.12-0.45 could be made by the analysis given
above. A maximum pco, of 113 bar then gives a
minimum pH of 3.7. With these assumptions,
eqs. 1-3 are all satisfied.

Although the preceding discussion repre-
sents only estimations of pH, pco,, and cation
activities, the model does suggest some general
conclusions. The spatial and temporal associa-
tion of calcite solution-dissolution with the ka-
olinite-sericite mineral assemblage requires a
relatively low-pH, high-pco, fluid. The amount
of CO, in epithermal environments is currently
controversial (e.g., Hedenquist, 1986; Vikre,
1986). Some epithermal systems in volcanic
rocks are known to have m¢g, on the order of
0.5 molal (Ellis, 1979; Hedenquist and Henley,
1985). For hydrothermal fluids in thick carbon-
ate sequences such as those which underlie
Mercur the modestly high carbon dioxide pres-
sure being hypothesized here (mgo,=0.8) isnot
unreasonable.
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7.4. f02 and szO

7.4.1. Jasperoid facies. In all examples of jas-
peroid-facies alteration at Mercur (Fig. 2), he-
matite is the dominant Fe-bearing phase. This
appears to be universally true in the Silver Chert
horizon where pyrite has not been observed. Al-
though pyrite is a minor constituent of the mas-
sive limestones in Silver Chert equivalent rocks,
the fact that hematite replaced pyrite during
silicification establishes a minimum log f,, of
~ —34 to ~ — 32, depending on the total sulfut
and pH of the fluids [reaction (10), Table V].

7.4.2. Argillic facies-vein assemblages. Silty and
shaley limestones which host argillic-facies al-
teration show a progressive evolution in terms
of oxidation. As shown in Fig. 3, four unaltered
silty limestone samples have calcite contents of
40-50% and highly variable illite to kaolinite
ratios. Oxidized, argillically altered limestones
have lower amounts of calcite (2-50%), and
sericite/kaolinite ratios which are essentially
the same as unaltered samples. A plausible
interpretation is that early argillic-facies fluids
were similar in composition to jasperoid-facies
fluids, i.e. oxidizing and sufficiently acid to be
in equilibrium with kaolinite and sericite.
Whole-rock analyses of argillically altered silty
limestones which are partially oxidized or re-
duced contain significantly less calcite (0-30%)
and sericite/kaolinite ratios which are the same
as unaltered rocks. This suggests that progres-
sive decarbonation of the silty limestones was
accomplished by fluids which were less oxi-
dized. Reduction of the oxidizing fluids could
have been accomplished by indigenous organic
material in the limestones according to the
reaction:

2CH,0+2H™* +S05~ =H,S+2H,CO; (5)
where CH,0 is a generalized formula for sedi-

mentary organic matter.
Log fg, of the vein assemblages can be fixed

by realgar-orpiment coexistence [reaction (13),
Table V)] at —12.07 (Craig and Barton, 1973).
A lower limit of f,, can be established from the
presence of calcite and the absence of anhydrite
at Mercur [from reactions (6), (8), (15) and
(16), Table V]:

2CaSO4+ 200242caCO3+S2+302 (6)
anhydrite calcite
with

log K., =—137.3

Using fs, established by realgar—orpiment co-
existence, log fo, ~ —40.4 at pco, of 113 bar.

In a similar fashion, an upper limit is estab-
lished by the occurrence of barite rather than
witherite:

9BaS0,+2C0,—2BaCO, +S,+ 30, (7)
barite witherite
with

log K.q=—134.9

Calculated values are near log fo, = —39.6 for
the estimated p¢o,. These fp,-values are ap-
proximately 4 to 1 log unit smaller than the he-
matite-pyrite buffer (Fig. 5). The spatial
association of these vein assemblages minerals
with decarbonated limestones which show evo-
lution from oxidized to reduced conditions sug-
gests that fo, may have been somewhat variable.

Experimental work on the stability of mar-
casite provides additional evidence that the vein
assemblages formed at f,, -values slightly lower
than the hematite—pyrite buffer. Rising (1973)
indicated that marcasite forms as a metastable
product near the pyrrhotite—pyrite or pyrite—
hematite boundaries. More recently, ElDahhar
and Barnes (1979) and Murowchick and Barnes
(1986) have indicated that marcasite forms in
the presence of metastable intermediate-va-
lence sulfur species according to reactions such
as:
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Fig. 5. pH vs. log fo, plot of argillic facies-vein assemblage fluids. >S=3-10~* molal estimated using log fo, from eq. 6 of the
text and pH =4.5. Stippled area represents ore-forming solutions at Mercur.

TABLE VI

Summary of chemical parameters of Mercur hydrothermal fluids

Jasperoid facies

Argillic facies-
vein assemblages

Pco, (bar) <115

pH >3.6

ak+

ONg+

Qcgz+

log fo, > —34to —32

log fs,

log fu.s

log my,s

log mgoy-

Total S

Mineral quartz, sericite, ka-
assemblages olinite, hematite

113
4.0-5.0
0.025
0.07-0.22
<0.03
~40.4to0 —39.6
—12.07
~3.1to —2.7
—4.7t0 —4.3
—4.5t0 —1.3
5-10-5-5-102

sericite, kaolinite, pyrite,
orpiment, realgar, cal-
cite, barite

4Fe?* 438,02~ +4H,S=

4FeS;+2S07~ +6H* +H,0 (8)
marcasite
Fe?* +H,S,=FeS,+2H"* (9)
marcasite

S, 03~ is not stable in hydrothermal solutions
above 200°C (Barnes, 1979) and reaction (9)
takes place below 160°C (Murowchick and
Barnes, 1986). Marcasite forms abundantly
only for conditions below pH 5 and below 240°C
(Murowchick and Barnes, 1986). These tem-
perature limits are consistent with our fluid-in-
clusion data from Mercur hydrothermal calcite
(Table IIT) and for our estimated range of pH
(Table VI). '

Using the fo, constraints provided above al-
lows ay,s of the argillic facies-vein assemblages
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to be defined according to the reaction:
H,S() +0,=H,0+S, (10)

Calculated values of log fi;,5 are —3.1to —2.7
using the estimated fs, and fy, conditions hy-
pothesized above.

Total dissolved sulfur in Mercur hydrother-
mal fluids may be estimated. HyS ) is calcu-
lated from Henry’s law constant (K,= fu,s/
My,s =46.2 at 180°C) and my,c=1.0 (Drum-
mond, 1981). Equilibrium constants for oxida-
tion and dissociation reactions in Table V
together with activity coefficients calculated
with the aid of the computer program SOLVEQ
(Reed, 1982) permit calculation of molalities of
HS—, SO3~ and HSO; . Total dissolved sulfur
molality is ~3-10~* (assuming a median pH of
4.5 and log fo, from calcite-anhydrite, eq. 6).

8. Discussion of the ore-forming
environment

The geological characteristics and geochem-
ical parameters estimated above for formation
of replacement and vein mineral assemblages
provide important constraints on the chemical
environment of Au ore precipitation, but only
indirect evidence for the identity of the Au
complex in solution is provided.

The earliest formed alteration at Mercur is
replacement of massive and karst limestone be-
low the Magazine Sandstone by massive jas-
peroid. Decarbonation of silty limestones in the
Upper Beds, Mercur Beds and Barren Beds with
deposition of minor quartz and chalcedony was
contemporaneous with to slightly later than
jasperoid formation.

Jasperoid formation in selected stratigraphic
horizons (Silver Chert and Magazine Sand-
stone) implies that the hydrothermal fluids
were silica saturated at these sites. This can be
explained by cooling or by mixing of hydrother-
mal fluids with cold meteoric groundwater.
Mixing of thermally-contrasting silica-under-
saturated fluids is a logical mechanism for for-
mation of  silica-supersaturated  fluids

(Truesdell and Fournier, 1977) (Fig. 6). Rela-
tively cold meteoric water might be expected in
the porous Magazine Sandstone and underly-
ing karst limestones. The Upper Beds, Mercur
Beds and Barren Beds are much less porous and
permeable than the Magazine Sandstone and
underlying karst limestones, and they probably
contained much less cold meteoric groundwa-
ter. Silica supersaturation would therefore be
less likely, and hence these beds contain rela-
tively little jasperoid.

The Silver Chert is completely oxidized. It is
unlikely that this is the result of supergene al-
teration because there is a total lack of sulfides
in even the most impermeable jasperoid. Evi-
dence for hypogene oxidation being over-
printed by unoxidized fluids during argillic-
facies alteration is also compelling in thin sec-
tion. A plausible explanation is that H,S-bear-
ing near-neutral pH fluids were oxidized by cool
groundwater in the Silver Chert/Magazine
Sandstone. The resulting acidic silica-
supersaturated fluids dissolved limestone as
they formed jasperoid. This evolved oxidized
acidic fluid migrated into the Upper, Mercur
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Fig. 6. Silica solubility vs. temperature (from Truesdell and
Fournier, 1977). If a high-temperature silica-saturated fluid
were mixed with a low-temperature silica-saturated fluid,
the resulting fluid would be silica supersaturated.



and Barren Beds where reaction with carbona-
ceous silty limestones raised pH and lowered
fo, of the fluid. Continued reaction with the silty
limestones produced totally decarbonated ser-
icite—kaolinite-rich rocks, consistent with the
field observations, phyllosilicate mineralogy
and bulk chemical relationships presented in
this paper.

The solubility of Au and the role of gold chlo-
ride and sulfide complexes in Au transporta-
tion and deposition are controversial [see
reviews and accompanying references in Se-
ward (1983) and Henley and Ellis (1983)].
This controversy is particularly difficult to re-
solve for Carlin-type deposits in which the
physical association of the Au is not exactly
known. Most authors consider Au to havea +1
valence under hypogene conditions and to be
transported by either the AuCl; complex or one
of a variety of gold sulfide or bisulfide com-
plexes. Equilibrium constants provided by dif-
ferent investigators are variable, but all
generally agree that AuCl; predominates in
acidic oxidized fluid and bisulfide complexes are
characteristic of reduced fluids.

The chemical environment for deposition of
Au accompanied by argillic facies and vein min-
erals is shown in Fig. 5. Also shown are gold
chloride and bisulfide concentrations in Mer-
cur hydrothermal solutions. The Mercur chem-
ical environment is near a Au solubility
minimum. Au would be more soluble (chloride
complex) in solutions that were more oxidizing
or more acid and more soluble (bisulfide com-
plex) in solutions that were less oxidized. The
mineralogical characteristics of the Mercur ore
do not resolve the problem of which complex is
responsible for Au transport, but oxidation, re-
duction, cooling and mixing of hydrothermal
solutions are all involved in various parts of the
deposit. The Silver Chert results from cooling
or fluid mixing, but oxidation of Au thio-com-
plexes in the Silver Chert horizon would con-
centrate Au and As mineralization there rather
than in the overlying Mercur Beds. Silica en-
capsulation of the Au as a result of contempo-
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raneous precipitation with silica might also be
expected, contrary to what is observed. A pos-
sible explanation may be that following jasper-
oid formation, unreacted H,S-bearing fluids
passed through the relatively inert jasperoid
into the overlying rocks. This is consistent with
petrographic observation of reduced organic-
rich fluids overprinting early-oxidized decar-
bonated silty limestones. Precipitation of Au
could then result from destabilization of the gold
bisulfide complex by organic matter and cooling.
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