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Abstract

Geochemical modelling was performed to constrain fluid

controls on the formation of the Eskay Creek sulphide and

sulphosalt deposit in northwestern British Columbia. Us-

ing recently published H2S solubility data, models of

seafloor sulphide precipitation were developed for several

modern seafloor vents of known fluid compositions. The

modelling suggests that a fluid with a pH of 4.5–5.0 could

have precipitated sphalerite at Eskay Creek at temperatures

of 180–220ºC. Such a fluid could have sufficient alkalinity

to reach carbonate saturation, which is required to explain

the origin of the carbonate-kaolinite alteration in the

mudstone hosting the stratiform orebodies of clastic sul-

phide and sulphosalt deposits. The geochemical modelling

demonstrates that the Eskay Creek deposit formed from a

near-neutral and relatively reducing fluid. As the chemical

character of the hydrothermal fluid is not unusual for sub-

marine hydrothermal systems, exploration for volcanic-

hosted, precious-metal deposits such as Eskay Creek can be

guided by criteria not unlike those used in the search for

conventional massive sulphide deposits.

Purpose of Research

The Eskay Creek deposit (MINFILE 104B 008; BC Geo-

logical Survey, 2011) in northwestern BC represents an un-

usual volcanic-hosted sulphide and sulphosalt deposit that

is characterized by high precious-metal concentrations (av-

erage of 48.4 g/t Au and 132.2 g/t Ag), a geochemical asso-

ciation of the precious metals with the epithermal suite of

elements, and low temperatures (<200°C) of sulphide and

sulphosalt deposition (Roth et al., 1999). Based on these

deposit attributes, Eskay Creek is considered to represent

the type example of a new group of volcanic-hosted gold

deposits that formed in relatively shallow water, submarine

environments, where phase separation of the hydrothermal

fluids represented an important control on metal precipita-

tion (Hannington et al., 1999).

Detailed mineralogical and geochemical investigations of

the hostrocks of the Eskay Creek deposit resulted in the def-

inition of a distinctive alteration halo surrounding the de-

posit (Ettlinger, 1992; Roth et al., 1999; Meuzelaar and

Monecke, 2011). Most notable is an extensive zone of car-

bonate-kaolinite alteration in the carbonaceous mudstone

hosting the stratiform clastic sulphide and sulphosalt

orebodies. This style of alteration is largely restricted to ar-

eas overlying upflow zones of mineralizing hydrothermal

fluids and associated discordant sulphide zones in the

footwall rhyolite. The newly defined alteration signature

and compositional trends within the carbonaceous mud-

stone can be used to parameterize models of fluid evolution

aimed at understanding deposit genesis and the unique

geochemical footprint of the Eskay Creek deposit.

Previous numerical simulations of submarine ore-forming

processes have so far been impaired by a number of issues,

including the quality of H2S-solubility data in databases

used for geochemical modelling. In this paper, it is shown

that the data from Duan et al. (2007) provide reliable con-

straints on H2S solubility. The quality of the data was tested

by modelling sulphide precipitation at modern seafloor

vent sites, where the compositions of the mineralizing chlo-

ride waters are known. The results indicate that predicted

sulphide-precipitation temperatures are in agreement with

seafloor observations. Based on published homogenization

temperatures of fluid inclusions in sphalerite, it is possible

for the first time to constrain the chemical nature of the flu-

ids responsible for the formation of the Eskay Creek de-

posit. The findings of the geochemical modelling have sig-

nificant implications for exploration as they show that

gold-rich massive sulphide deposits, such as the Eskay

Creek deposit, are not formed by hydrothermal fluids of

unusual chemical character.

Geology

The Eskay Creek deposit is located on the western margin

of the allochthonous Stikine terrane of the northern Cana-
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dian Cordillera (Figure 1). The hostrock succession of the

deposit is part of the Upper Hazelton Group, which formed

by extensional, continental-margin arc volcanism between

181 and 172 Ma (Barrett and Sherlock, 1996; Childe,

1996).

The hostrocks of the deposit are folded into a shallowly

north-plunging, north-northeast-trending, upright open

anticline (Figure 1). The ore zones of the Eskay Creek de-

posit occur on the western limb of the fold, near the fold

closure, and dip gently 30–45° to the west. The metamor-

phic grade in the mine area is lower greenschist (Roth et al.,

1999). The bulk of the mineralization consists of stratiform

clastic beds and laminations of commonly graded sulphide

and sulphosalt debris, which are hosted by a thick interval

of carbonaceous mudstone at the contact between felsic

volcanic rocks and overlying basalt (Britton et al., 1990;

Ettlinger, 1992). In addition to the stratiform orebodies,

economic concentrations of precious metals have been rec-

ognized in discordant zones of sulphide veins and dissemi-

nations in the footwall rhyolite.

The stratigraphic footwall of the deposit is composed of

multiple rhyolite units and associated volcaniclastic depos-

its, reaching a maximum apparent thickness of approxi-

mately 100 m in the mine area (Britton et al., 1990). Hydro-

thermal alteration is widespread throughout the footwall

rhyolite (Robinson, 1991; Barrett and Sherlock, 1996).

Secondary potassium-feldspar formation and moderate

silicification occurred in the periphery of the stratiform

ores and in deeper parts of the footwall. Immediately under-

lying the stratiform ore zones, a tabular zone of more in-

tense and texturally destructive chlorite and white mica al-

teration is recognized (Ettlinger, 1992; Roth et al., 1999).

An unusual hydrocarbon alteration occurs locally below

the stratiform ore zones (Ettlinger, 1992; Barrett and Sher-

lock, 1996; Roth et al., 1999).

The footwall rhyolite is overlain by carbonaceous mud-

stone, which hosts the stratiform ore zones of clastic sul-

phide and sulphosalt deposits. The carbonaceous mudstone

has an apparent stratigraphic thickness that ranges from <1

to >60 m (Britton et al., 1990); it is laminated, thinly bedded

or massive and contains abundant intercalated, tan-col-

oured beds of fine-grained volcaniclastic material. Calcar-

eous and siliceous intervals are present, but not common.

The carbon content generally decreases toward the top of

the unit. The mudstone contains radiolarians, dinoflag-

ellates, rare belemnites and corals, suggesting a marine

depositional environment (Britton et al., 1990; Robinson,
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Figure 1. Geology of the Eskay Creek anticline, showing the location of the surface projection of the ore zones (modified from Alldrick et al.,
2005). Inset shows the location of the deposit in the Stikine terrane (modified from Gabrielse et al., 1991).



1991; Nadaraju, 1993; Monecke et al., 2005). Thin pyrite

laminations are common throughout the unit. The occur-

rence of flame structures at the base of the sulphide lamina-

tions indicates that the pyrite is clastic in origin (Britton et

al., 1990; Monecke et al., 2005). In addition to the sulphide

laminations, thin veins and veinlets of pyrite crosscutting

bedding are widespread close to the contact with the

underlying rhyolite.

Basalt sills and dikes occur throughout the carbonaceous

mudstone unit. The occurrence of mudstone-matrix basalt

breccia along the bottom and top margins of coherent basalt

intervals indicates that the lava intruded the mudstone

when it was still wet and unconsolidated (Monecke et al.,

2005). The relative proportion of basalt increases in the up-

per part of the hostrock succession of the Eskay Creek de-

posit. Both intrusive and extrusive basalt units occur at this

stratigraphic level, forming an interval up to 150 m thick,

which generally thins southward, away from the deposit

(Britton et al., 1990).

Previous work

Results of a detailed mineralogical and geochemical study

of the carbonaceous mudstone hosting the Eskay Creek de-

posit (Meuzelaar and Monecke, 2011) revealed a number of

important geochemical trends, which can be used both for

numerical-model parameterization and target vectoring

when exploring for precious and base metals. The occur-

rence of carbonate minerals appears to correlate with the

distance to the mineralized zones, with higher dolomite-an-

kerite and magnesite-siderite abundances indicating prox-

imity to the ore zones at the base of the mudstone unit.

Magnesian calcite is abundant in the stratigraphic hanging-

wall proximal to the stratiform ore zones.

In addition to carbonate alteration, which appears to be the

most reliable vector of proximity within tens to hundreds of

metres of mineralized zones, the composition of chlorite

appears to vary systematically. Chlorite close to mineral-

ization is characterized by an increased Mg content, which

is consistent with compositional trends observed in the car-

bonate mineralogy. Local silicification of mudstone has

been noted. Strongly altered mudstone samples collected

close to the upflow zones of hydrothermal fluids are char-

acterized by Na2O depletion, which is caused by feldspar-

destructive alteration commonly associated with subma-

rine sulphide mineralization (e.g., Large, 1977; Schardt et

al., 2001). Proximity to mineralization is also reflected in

elevated F contents in sheet silicates, systematic changes in

the Cs/Rb ratio of white mica and the Ni/V ratio in organic

carbon.

The mudstone samples show increases in the galena, chal-

copyrite and sphalerite contents with proximity to ore. Py-

rite contained in background mudstone samples is mostly

of diagenetic origin. However, pyrite that is distinctly en-

riched in As has also been recognized This type of pyrite is

interpreted to have formed in association with the sulphide

and sulphosalt mineralization. Mineralogical variations in

the mudstone samples in proximity to ore are reflected by

increased Ag, As, Au, Cd, Cu, Sb, Pb, Te and Zn concentra-

tions in whole-rock geochemical analyses. There is a strong

correlation between the precious- and base-metal contents

of the carbonaceous mudstone, which is reflective of the

overall metal signature of the Eskay Creek deposit.

H2S Solubility

Numerical simulation of the ore-forming processes at

Eskay Creek and of those responsible for the formation of

the associated carbonate-kaolinite alteration halo requires

an adequate description of the H2S solubility in the

hydrothermal fluids.

Duan et al. (2007) summarized the results of previous ex-

perimental investigations, which have thus far been con-

ducted only under a comparably narrow range of tempera-

tures, pressures and salinities. Duan et al. (2007) also

discussed the limitations of the various experimental stud-

ies and proposed a new thermodynamic model calculating

the H2S solubility in pure water and aqueous NaCl solu-

tions. The model calculates the chemical potential of H2S in

the vapour phase using the equation of state presented in

Duan et al. (1996), whereas the chemical potential of H2S in

the liquid phase is modelled using the approach described

by Pitzer (1973). The proposed model is valid for solutions

of varied electrolyte compositions, with ionic strengths

(measured in terms of the NaCl molality) of 0–6 molal, at

temperatures of 0–227°C, and H2S fugacities of 0–200 bar

(an online solubility calculator is available at http://

calc.geochem-model.org/).

To conduct modelling for the present study, the H2S-solu-

bility data of Duan et al. (2007) was initially used to calcu-

late the equilibrium constant K for the reaction and the cor-

responding mass-action equation

H2S(aq) = H2S(g)

K = f[H2S(g)]/a[H2S(aq)] (1)

where f is the fugacity of the gas and a is the activity of H2S

in the solution. The fugacity of H2S as a gas and the activity

of H2S in solution were made dimensionless based on the

choice of an appropriate standard state (Bethke, 2008).

The values of the equilibrium-constant K for different tem-

peratures calculated this way were inserted into the Law-

rence Livermore National Laboratory (LLNL) thermo-

chemical database (Delany and Lundeen, 1990), replacing

the equilibrium constants originally given in the database.

The original equilibrium constants for the LLNL and the

extended LLNL thermochemical databases at temperatures

ranging from 0 to 300ºC are given in Figure 2.
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The corrected equilibrium-constant data for the same tem-

perature range, at ionic strengths of 0–2 molal and H2S

fugacities of 0–200 atm, are shown in Figure 3. Inspection

of the data shows that the ionic strength has little influence

on the equilibrium constant. Comparison with the original

equilibrium constants in both LLNL databases reveals that

they significantly underpredict H2S solubility above 150°C

at H2S fugacities ranging from 1 to 40 atm. Duan et al.

(2007) also noted that equilibrium constants calculated us-

ing the SUPCRT92 software (Johnson et al., 1992) under-

estimate H2S solubility above 150ºC. At 50 atm, the LLNL

data underpredict solubility across the entire temperature

range, whereas at higher fugacities of 100–200 atm both

LLNLdatabases underpredict H2S solubility below 100ºC.

As a final step, the equilibrium constants describing the HS-

and H+ partitioning were corrected in the LLNL database.

The solubility data for dissolved H2S and vapour-phase

H2S are given by the following two reactions:

H2S(aq) = H+ + HS- (2)

H2S(g) = H+ + HS- (3)

Given that HS- and H+ partitioning data for the P-T-xNaCl

range of the solubility model from Duan et al. (2007) are

not available, it is not possible to quantify equilibrium con-

stants for these reactions. As reaction (1) is simply reaction

(3) subtracted from reaction (2), the LLNL database was

modified to calculate the equilibrium constant k1 for reac-

tion (1) from Duan et al. (2007) followed by the subtraction

of k1 from k2, the equilibrium constant for reaction (2).

This yields k3, the equilibrium constant for reaction (3),

which was used to replace the existing values in the LLNL

database.

Following correction of the equilibrium-constant data, the

LLNL database was used for modelling of the present

study. It is important to note that the database is configured

for modelling at 1 atm, temperatures of 0–300ºC and activi-

ties calculated according to the B-dot equation of Helgeson

et al. (1969) and Helgeson and Kirkham (1974). The 1 atm

steam-saturation limitation appears somewhat troublesome

given that seafloor hydrothermal venting occurs at a con-

fining pressure corresponding to the hydrostatic pressure at

a water depth of several hundreds to thousands of metres.

However, Duan et al. (2007) pointed out that the fugacity

coefficient of H2S in the vapour phase of H2S-H2O mixtures

differs little from that of pure H2S within the temperature

range of the model. As long as fluid temperature and hydro-

static confining pressure are below the two-phase curve for

seawater (Bischoff and Rosenbauer, 1984), H2S solubility

can be estimated from H2S fugacity apart from the satura-

tion pressure of H2O. Ohmoto (1996) showed that the two-

phase curve of seawater is indeed an important control on

the formation of modern, seafloor massive-sulphide accu-

mulations. An additional constraint on modelling is im-

posed by the fact that the LLNL database is valid only for

solutions with ionic strengths of up to 3.0 molal if Na and Cl

are the dominant solutes. This condition is met in the case

of most chloride waters sampled from modern seafloor vent

sites (cf. Hannington et al., 2005).

Models of Sulphide Precipitation in Modern
Vent Analogues

The quality of the equilibrium-constant data calculated

above was evaluated by modelling sulphide precipitation

from chloride waters of known compositions, which were

sampled at modern seafloor vent sites. For this purpose, the
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Figure 2. Temperature dependency of the equilibrium-constant K for the re-
action H2S(aq) = H2S(g), according to the Lawrence Livermore National Lab-
oratory (LLNL) thermochemical database (Delany and Lundeen, 1990) and
the extended LLNL database.



comprehensive compilation of modern seafloor fluid com-

positions by Hannington et al. (2005) was used. Although

the database provides vent-fluid compositions for about 60

active vent sites worldwide, only 12 chloride waters were

chosen for the present study. Most chloride waters either

had temperatures exceeding the limits of the solubility

model (227ºC) by Duan et al. (2007) and the LLNL

thermochemical database (300ºC) or were not analyzed for

all parameters required for geochemical modelling. In ad-

dition, the higher temperature vent fluids are likely poor an-

alogues as sulphide and sulphosalt deposition at Eskay

Creek occurred largely at temperatures below 200ºC (Sher-

lock et al., 1999). The compositions of the 12 representa-

tive modern seafloor chloride waters are summarized in

Table 1. Their pH values and contents of total dissolved

solids are plotted in Figure 4.

The 12 chloride waters represent four different tectonic set-

tings, including mid-ocean ridges, sedimented ridges,

ridge-hotspot intersections and back-arc spreading centres

and/or rifts; the latter is probably closest to the tectonic set-

ting of the Eskay Creek deposit. Table 1 shows that the pH

of the hydrothermal fluids broadly correlates with plate-

tectonic setting and generally decreases from sedimented

ridges (pH = 5.0–6.0), to ridge-hotspot intersections

(pH = 4.0–4.5), mid-ocean ridges (pH = 3.0–4.0) and back-
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Figure 3. Temperature dependency of the equilibrium-constant K for the reaction H2S(aq) = H2S(g) at five se-
lected H2S fugacities and ionic strengths (NaCl molality) ranging from 0 to 2.0 molal (calculation is based on
Duan et al., 2007).



arc spreading centres and/or rifts (pH = 2.5–4.0). The

higher pH of the chloride waters from sedimented ridges is

likely a reflection of the neutralizing capacity of the sedi-

mentary hostrocks. Figure 5 shows that the Zn and Pb con-

centrations for ten of the vent samples (data for two samples

are either missing or below detection limit) are generally in-

versely proportional to pH, suggesting that the more acidic

fluids have a higher capacity for transporting metals.

One representative chloride water sample from each of the

four tectonic settings, generally representing a median con-

tent of total dissolved solids, was selected for numerical
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Table 1. Composition of representative chloride waters from modern seafloor vent sites located in different tectonic
settings (data compilation from Hannington et al., 2005).

Figure 4. Scatter diagram of acidity (pH at 25°C) versus contents of total dissolved sol-
ids for representative chloride waters collected from different modern seafloor vent
sites (data from Hannington et al., 2005). The composition of seawater is given for com-
parison. Abbreviations: AS, Axial Seamount; BH, Bent Hill; DD, Dead Dog; EP, 21ºN,
EPR; GY, Guaymas; MG, Menez Gwen; NC, North Cleft; PC, Pacmanus; SC, South
Cleft; SE, 17ºN, SEPR; VW, Vienna Wood.



modelling. The four sites chosen were South Cleft (mid-

ocean ridge), Dead Dog (sedimented ridge), Menez Gwen

(ridge-hotspot intersection), and Pacmanus (back-arc rift).

The four modelled vent fluids were speciated and cooled

via simple, polythermal reaction-path models at fixed H2S

fugacities (constrained by aqueous-H2S concentrations of

the vent fluids) using The Geochemist’s Workbench® soft-

ware (Bethke, 2008) and the LLNL thermochemical data-

base, modified using H2S-solubility corrections from Duan

et al. (2007) at discrete pressures of 5–200 atm. Figure 6

shows an example output for one of the reaction-path

models.

Modelling showed that the chalcopyrite mineral-solubility

data in the LLNL database yielded incorrect results. Conse-

quently, data from the MINTEQ database (Allison et al.,

1991) was used. As H2S-solubility data calculated accord-

ing to Duan et al. (2007) are only slightly affected by
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Table 1 (continued)

Figure 5. Scatter diagram of Zn versus Pb for representative chloride waters collected from dif-
ferent modern seafloor vent sites (data from Hannington et al., 2005). Abbreviations: AS, Axial
Seamount; BH, Bent Hill; DD, Dead Dog; EP, 21ºN, EPR; GY, Guaymas; NC, North Cleft; PC,
Pacmanus; SC, South Cleft; VW, Vienna Wood.



changes in ionic strength, a mid-range ionic strength of

1.0 molal (total dissolved solids of 55 g/kg) was chosen so

that only H2S corrections for temperature and pressure re-

quired evaluation. Figure 7 shows calculated dissolved H2S

concentrations at 1.0 molal ionic strength for discrete tem-

peratures between 0 and 300ºC, using the modified LLNL

datasets at pressures between 5 and 200 atm. Solubility data

above the temperature limit (227ºC) of the model by Duan

et al. (2007) and above boiling temperatures and below the

boiling pressures were estimated using polynomial-trend

fits.

Measured dissolved H2S concentrations of the four vent

fluids ranged from 0.0016 molal at Menez Gwen to

0.0068 molal at Pacmanus. Figure 7 can be applied to esti-

mate H2S fugacity using dissolved-H2S concentrations and

vent temperatures (the plot cannot be used to estimate min-

eralization depth as H2S fugacity is independent of water-

saturation pressure). In addition, there is a high uncertainty

in the H2S-solubility curves at high temperatures and low

pressures, as solubility curves in this region contain extrap-

olated data. Nonetheless, first-order estimates suggest H2S

fugacities of 10–20 atm at South Cleft, and of 30–40 atm at

Dead Dog, Menez Gwen and Pacmanus.
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Figure 6. Results of a polythermal reaction-path model using The Geochemist’s
Workbench® software (Bethke, 2008) for chloride waters from the Pacmanus vent
site. Chalcopyrite precipitation was modelled using thermodynamic data from the
MINTEQ database (Allison et al., 1991). All other sulphides are modelled using
data from the Lawrence Livermore National Laboratory database.

Figure 7. The H2S-solubility data derived from the model presented in Duan et al. (2007) plotted
as a function of temperature for different H2S fugacities.



Figure 8 shows the temperatures of first precipitation of

chalcopyrite, pyrite, galena and sphalerite for H2S

fugacities ranging from 5 to 200 atm. In general, precipita-

tion temperatures are proportional to fluid pH, with near-

neutral fluids from Dead Dog precipitating sulphides at the

highest temperatures, whereas the chloride waters at South

Cleft and Pacmanus precipitate sulphides at distinctly

lower temperatures (Table 2). The calculated sulphide-pre-

cipitation temperatures conform closely to observations

made on the modern seafloor (cf. Hannington et al., 2005).

Homogenization temperatures of fluid inclusions in

sphalerite from Eskay Creek range up to 180–220ºC

(Sherlock et al., 1999). Modelling of the present study sug-

gests that a fluid with a pH of 4.0–5.0 is necessary to gener-

ate sphalerite at these temperatures (assuming that the ho-

mogenization temperatures are similar to the temperatures

of formation). The crossover pH between CO2 dissolved in

chloride waters and the generation of bicarbonate waters is

approximately 4.5 at 200ºC (Bischoff and Rosenbauer,

1996). This suggests that a fluid with a pH somewhat higher

Geoscience BC Report 2012-1 49

Figure 8. Temperatures of first precipitation of chalcopyrite, pyrite, galena and sphalerite for chloride waters sampled from the South Cleft,
Dead Dog, Menez Gwen and Pacmanus vent sites at a range of H2S fugacities.

Table 2. Calculated sulphide-precipitation temperatures for four representative modern seafloor vent sites.



than that of the chloride waters from Menez Gwen would

be capable of reaching carbonate saturation under those

conditions, which would have been critical for generating

the carbonate-kaolinite alteration halo at Eskay Creek. Al-

though the hydrothermal fluids venting at Pacmanus repre-

sent the closest modern analogue to the mineralizing fluids

at Eskay Creek in terms of tectonic setting and local host-

rock composition, the numerical modelling shows that the

alkalinity and pH of the chloride waters venting at

Pacmanus are too low to explain the formation of the car-

bonate-kaolinite alteration halo observed at Eskay Creek.

This alteration must have been caused by a bicarbonate

water of higher alkalinity and near-neutral pH.

Future Modelling Work

The present modelling, largely based on thermochemical

data from the LLNL database, successfully evaluated the

role of simple cooling on sulphide precipitation in seafloor

hydrothermal vents of different compositions. Predicted

sulphide-precipitation temperatures closely conformed to

seafloor observations, indicating that the data of Duan et al.

(2007) provide a reliable approximation of H2S solubility.

Modelling of the present study also showed that chalcopy-

rite-solubility data from the MINTEQ dataset (Allison et

al., 1991) is more reliable than that from the LLNL data-

base. Future modelling will evaluate whether MINTEQ

data are also more appropriate to describe solubility for

other sulphide phases commonly precipitating at seafloor

hydrothermal vents.

Following adequate description of sulphide precipitation,

geochemical modelling will focus on the formation of the

carbonate-kaolinite alteration at Eskay Creek, which repre-

sents for exploration the most useful vector to mineraliza-

tion. This will require a better understanding of the controls

on carbonate solubility, which is a direct function of dis-

solved and vapour-phase CO2 concentrations. Similar to

the H2S-solubility data, CO2 solubility in most thermo-

chemical databases is currently only parameterized at low

pressures and temperatures. To overcome this problem, the

CO2-solubility model of Duan and Sun (2003) and Duan et

al. (2006), which is accurate over geologically relevant

temperatures, pressures and fluid-solute levels, will be

implemented using the approach established in this paper.

Once H2S and CO2 solubility in the mineralizing hydrother-

mal fluids is correctly described over the relevant pressure

and temperature ranges, geochemical modelling will be

able to show whether simple interaction with the wallrock

and simple cooling of the chloride waters forming the sul-

phide and sulphosalt mineralization at Eskay Creek could

have resulted in the generation of the bicarbonate waters re-

sponsible for the formation of the carbonate-kaolinite alter-

ation. Future model calculations will also explore an alter-

native hypothesis that involves the effervescence of CO2

from the chloride waters at higher temperatures, coupled

with the subsequent take-up of the CO2 by cooler, ambient

pore waters, possibly producing waters of sufficient

alkalinity and near-neutral pH to form the carbonate-

kaolinite alteration halo.
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