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Introduction
THE STUDY of mine water geochemistry has relevance to eco-
nomic geologists for a number of reasons. From an explo-
ration point of view, the release of trace metals and other con-
stituents during the natural weathering of mineral deposits
often creates a geochemical anomaly which the discerning
prospector can identify and interpret as a pathfinder to ore
(Rose et al., 1979). The same processes occur during weath-
ering of mined deposits, albeit at a greatly accelerated rate
(e.g., Nordstrom and Alpers, 1999). During mine operations,
management of water can be a major logistical issue and after
closure, the quality of any groundwater and surface water
leaving a mine site is typically subject to stringent and en-
forceable numerical standards. Therefore, better knowledge

of the processes that control the chemistry of mine waters is
of immediate value to the mining industry. Finally, acidic
mine waters sometimes have concentrations of dissolved met-
als that are high enough to be extracted at a profit. This is cer-
tainly the case for active heap-leach copper mines, for exam-
ple. However, in rare cases, it is also true of abandoned mine
sites. The Berkeley pit lake of Butte, Montana, is one exam-
ple, as will be shown below.

Besides being one of the world’s largest and most extensively
studied porphyry deposits, the mines of Butte, Montana, offer
an unparalleled opportunity to examine the geologic and micro -
biological processes that control mine water chemistry. Conta-
mination from mining and smelting of the Butte ore bodies has
created the largest Environmental Protection Agency (EPA)
Superfund complex in the United States (Moore and Luoma,
1990; Frandsen, 2006), and remedial work is still ongoing at a
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Abstract
Over a century of mining and smelting of the world-class porphyry lode ore deposit at Butte, Montana, has

resulted in extensive environmental damage. In addition to its being the location of one of the world’s largest
and most acidic mining pit lakes, Butte is host to over 16,000 km of flooded underground mine workings. Of
the more than 60 mine shafts that have historically operated in Butte, approximately one dozen are presently
accessible for groundwater sampling. The geochemistry of the mine shaft waters is zoned and roughly coin-
cides with a district-wide zonation in hydrothermal alteration and mineralization. Mine waters in the so-called
“Central zone” of intense phyllic and advanced argillic alteration have lower pH and very high concentrations
of As, Fe, Mn, and Zn, but very low concentrations of dissolved Cu. The scarcity of Cu is attributed to ce-
mentation onto scrap iron left in the mines, and/or to replacement of preexisting sulfide minerals below the
water table in a manner analogous to supergene enrichment processes. At the other extreme, mine waters in
the “Peripheral zone” of weakest alteration have near-neutral pH, low metal concentrations, and contain dis-
solved sulfide (H2S, HS–). These waters are close to equilibrium with calcite, siderite, crystalline or amorphous
MnCO3, and mackinawite (poorly crystalline FeS). A suite of deep groundwater monitoring wells completed
in fractured and mineralized Butte Quartz Monzonite, unassociated with the mining complex, shows a similar
range in groundwater chemistries to the mine shaft waters, suggesting a fundamental control of bedrock geol-
ogy on water quality.

Based on its isotopic composition, aqueous sulfate in the Butte mine waters was sourced from a combina-
tion of pyrite oxidation and leaching of hydrothermal anhydrite associated with early, porphyry-style Cu-Mo
mineralization. Aqueous sulfide in the Peripheral zone mine workings is 28 to 50 per mil depleted in 34S rela-
tive to coexisting aqueous sulfate, consistent with microbial sulfate reduction. Dissolved inorganic carbon in
the majority of the waters sampled appears to have isotopically equilibrated at low temperature with hy-
drothermal rhodochrosite, an abundant mineral at Butte. Waters with the highest H2S concentrations also have
unusually high dissolved inorganic carbon concentrations that are depleted in 13C, consistent with an influx of
CO2 from microbial oxidation of organic carbon. The source of organic carbon is not known, but may include
timbers used to reinforce the tunnels and stopes.

In contrast to the large horizontal gradients in mine water chemistry on a district scale, vertical gradients in
chemistry and temperature within each individual shaft at Butte are negligible, possibly due to vertical water
circulation. The circulation model is consistent with data on the local geothermal gradient in Butte, and ex-
plains why the deepest mine shafts tend to have the warmest water. The Kelley mine has an anomalously warm
temperature (~35°C), and some of the excess heat in this mine shaft may have come from pyrite oxidation, a
highly exothermic reaction. The flooded underground mine complex of Butte has potential for heat recovery
using modern heat pump technology. 
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very heavy cost. Butte’s
most famous land-
mark is the Berkeley
pit lake (see http://
www.pitwatch. org/), a
huge manmade lake
occupying a former
open-pit copper mine,
with strongly acidic
pH and extremely high

concentrations of Cu, Zn, Fe, and other dissolved metals. The
geochemistry and limnology of the Berkeley pit lake are well
documented (Davis and Ashenberg, 1989, Robins et al., 1997;
Jonas, 2000; Gammons et al., 2003; Pellicori et al., 2005;
Gammons and Duaime, 2006). Less well documented is the
geochemistry of the extensive flooded underground mine
network, perhaps the largest of its type in the world, that ex-
ists below and adjacent to the pit lake.

Gammons et al. (2006a) summarized historical data collected
by the Montana Bureau of Mines and Geology (MBMG) on
the geochemistry of the roughly one dozen flooded mine shafts
in Butte that are accessible for collection of water samples.
Metesh (2004, 2006) provided a detailed analysis of the history
of flooding of the underground mines, and also performed geo-
chemical modeling of the submerged mine workings. Roesler
et al. (2007) conducted a detailed study of a pumping well that
drains the southwestern portion of the underground mines of
Butte, and presented stable isotopic and geochemical evidence

for bacterial sulfate reduction in these flooded mine workings.
The current paper builds on these previous works and provides
the most comprehensive picture to date of horizontal and ver-
tical gradients in mine-water chemistry and stable isotopic
composition of the flooded underground mines of Butte. A
number of geologic and microbial processes are discussed to
explain the field observations, many of which are backed up by
thermodynamic calculations.

Site Description

Geology and mineralization

The ore deposits of Butte, Montana, have a complex history
of multiple mineralizing events that is still being unraveled
today. Early works outlining the basic geology of Butte include
Sales (1914) and Meyer et al. (1968, and references therein), as
well as a compilation of papers published as a Butte field trip
guide (Miller, 1973). George Brimhall and coworkers advanced
our understanding of the genesis of the Butte deposits and por-
phyry copper deposits in general (Brimhall, 1977, 1979, 1980;
Brimhall and Ghiorso, 1983; Brimhall et al., 1985; Ague and
Brimhall, 1989). More recent contributions include the
geochronological study of Lund et al. (2002), the stable isotope
study of Field et al. (2005), and the fluid inclusion papers of
Rusk et al. (2004, 2008). Much of the following description is
synthesized from Meyer et al. (1968) and Rusk et al. (2008).

The predominant host rock in the Butte district is the Butte
Quartz Monzonite (Fig. 1), dated at ~ 76 Ma (Lund et al.,
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the text. Geology simplified from Rusk et al. (2008) and Meyer et al. (1968). The outlines of mining features were taken from
a 2007 aerial photograph.
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2002). The Butte Quartz Monzonite is the largest pluton
within the late Cretaceous Boulder batholith, and has a bor-
derline granite-to-quartz monzonite composition consisting
of 35 to 40 vol percent plagioclase, 20 to 25 percent quartz,
20 to 25 percent K-feldspar, and 15 to 20 percent biotite +
hornblende, with trace accessory minerals including apatite,
magnetite, titanite, and ilmenite. The Butte Quartz Mon-
zonite on Butte Hill is cut by a number of pegmatite and
aplite dikes that are late differentiates of the parent Butte
Quartz Monzonite magma. A distinctly younger set of quartz
porphyry dikes dated at 66 ± 1 Ma are roughly coeval with
“pre-Main stage” porphyry Cu-Mo mineralization at Butte.
This event resulted in formation of a very large but low-grade
porphyry deposit, with widespread potassic alteration re-
flected in conversion of hornblende to biotite and plagioclase
to K-feldspar. Mo-rich veins are generally younger than Cu-
rich veins, and occur as two large domes defined by dissemi-
nated molybdenite and an abundance of magnetite.

Superimposed on the porphyry Cu-Mo system is a younger
set of subvertical, Cordilleran-style Main stage hydrothermal
veins. Many of the Main stage veins were unusually thick (up
to 10 m) and continuous, and were mined for strike lengths of
>3 km and depths up to >1 km (Figs. 2, 3). Main stage min-
eralization was strongly zoned, with a Cu-rich Central zone
centered more or less over the present-day Berkeley pit, grad-
ing outward into a Cu-Zn–rich Intermediate zone, and a Zn-
Pb-Ag-Mn–rich Peripheral zone (Meyer et al., 1968; Figs. 1, 4).

Hydrothermal alteration associated with the Main stage event
was also zoned, with intense phyllic and advanced argillic al-
teration in the Central zone, grading outward into weaker
phyllic, argillic, and propylitic alteration toward the Peripheral
zone. Although detailed fluid inclusion studies are lacking, it
appears that the Main stage event occurred at shallower
depths and lower temperatures than the earlier porphyry sys-
tem (Rusk et al., 2008). Within the Central zone, the Main
stage veins share features in common with high-sulfidation
epithermal deposits, including the abundance of high fS2 min-
erals such as enargite, bornite, and hydrothermal chalcocite,
as well as hypogene advanced argillic alteration. Brimhall
(1979) stressed that the Main stage hydrothermal event was
key in remobilizing metals from the low-grade porphyry pro-
tore into the large and unusually high grade Main stage veins
that made Butte famous. Another important process was su-
pergene enrichment, which resulted in leaching of hypogene
Cu-(±Fe)-sulfides and reprecipitation of Cu as chalcocite
(Cu2S) below the water table (McClave, 1973; Brimhall et al.,
1985; Ague and Brimhall, 1989).

Ignimbrite and dikes of rhyolitic composition belonging to
the Eocene Lowland Creek Volcanics crop out to the west of
the main zone of mineralization on Butte Hill (Fig. 1). These
rocks, dated at 51.5 Ma, are essentially unmineralized. Two large
normal faults—the Continental and Klepper faults—border
the district to the east. The Continental fault is west-side-down,
whereas the Klepper fault has the reverse sense of offset. The
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FIG. 2.  Map showing the extent of major underground mine workings, color-coded for depth below the ground surface
at the Alice mine (located near the top of the map). Black dots show the location of older mine shafts, most of which are no
longer accessible. The blue arrows show the approximate direction of groundwater flow, and the dot-dashed line is a ground-
water divide. The dashed brown arrow shows the location of the Horseshoe Bend springs which in the past was dumped into
the Berkeley pit but is now diverted away from the pit and treated with lime. The gray overlay shows streets of the city of
Butte. Modified from Duaime et al. (2004).



Continental porphyry Cu-Mo deposit, which is the site of pre-
sent-day mining in Butte (Czehura, 2006), resides in the horst
formed between these two structures (Fig. 1). Based on geo-
logic correlations, there has been at least 1,000 m of vertical
offset along the Continental fault (Czehura, 2006). In terms
of mine drainage chemistry, the Continental fault is important
as it separates intensely altered, pyrite-rich rock with high
acid generation potential to the west from weakly altered,
low-pyrite rock with significant acid neutralization potential

(in the form of disseminated calcite) to the east (Newbrough
and Gammons, 2002). Thus, in contrast to the Berkeley pit
lake, which is highly acidic and metal rich, a small lake in the
Continental pit has near-neutral pH with relatively low dis-
solved metal concentrations (Table 1).

History of mining and mine flooding

Hard-rock mining began in Butte during the 1870s and has
continued with a few brief interruptions to the present day.
Total production through 2003 is estimated at 1 × 1010 kg Cu,
2.2 × 109 kg Zn, 1.7 × 109 kg Mn, 3.9 × 108 kg Pb, 1.5 × 108

kg Mo, 2.3 × 107 kg Ag, and 0.9 × 104 kg Au (Duaime et al.,
2004). Early mining concentrated on the high-grade Main
stage veins and employed underground stoping methods. The
vast underground mine complex (Fig. 2) was accessed by
more than 75 km of vertical shafts and over 16,000 km of hor-
izontal tunnels on levels that were spaced at 100 ft (30.5 m)
intervals (Duaime et al., 2004). Between 1953 and 1963 the
Anaconda Mining Company conducted a large underground
block-caving operation to extract disseminated Cu ore in the
vicinity of the Kelley mine shaft (Miller, 1973). However,
Anaconda eventually shifted its focus to open-pit mining. The
Berkeley pit was excavated between 1955 and 1982, and the
nearby Continental pit broke ground in 1981. On April 23,
1982, Anaconda announced they were suspending all Butte
operations, with the exception of the Continental pit, which
was kept open for another year. Mining of the Continental pit
resumed in 1986 under a different owner, and has contin-
ued—with one interruption from 2000 to 2003—to the pre-
sent day (Czehura, 2006).

The main pumps used to dewater the underground mines
and Berkeley pit were located at level 3900 (1,110 m below
surface) of the Kelley mine (Figs. 1, 2). To lessen the quantity
of water that needed to be pumped, a smaller network of un-
derground mines, referred to as the West Camp (Fig. 2), were
sealed off from the rest of the workings by bulkheads. To pre-
vent flooding of residential basements, it later became neces-
sary to install a pump to maintain a constant mine pool eleva-
tion within the West Camp. The pumping station was initially
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located at the Travona mine shaft (Figs. 1, 2), but was later
moved to the present-day West Camp extraction well (WCEW),
which is directly connected to the Travona mine workings at
a depth of 160 m below surface (Roesler et al., 2007).

When the Berkeley pit was closed in 1982, the dewater-
ing pumps in the Kelley mine were turned off, allowing the
mine complex (with the exception of the Continental de-
posit) to begin flooding. Water levels in the underground
mines quickly rebounded, and in November 1983 a lake
began to form in the Berkeley pit (Metesh, 2006). The
Berkeley pit is still flooding to this day from a combination
of direct precipitation, runoff, and influent groundwater
seepage from the East Camp mine workings. Prior to 2003,
the rate of filling was augmented by the influx of 0.4 to 1 ×
107 L/day of acidic seepage near the toe of the tailings dam
referred to as the Horseshoe Bend springs (Fig. 2). The
Horseshoe Bend seepage is presently diverted and treated
with lime for re-use by the active mining operation. The
Berkeley pit lake is now over 200 m deep and contains >100
billion L of water with pH <3.0, up to 150 mg/L Cu, and up
to 550 mg/L Zn (Pellicori et al., 2005; Gammons and Du-
aime, 2006). Although highly publicized as an environmen-
tal disaster, the Berkeley pit lake is currently a source of
revenue for the active mining company that is pumping
water from depth and cementing the dissolved Cu onto
scrap iron (Gammons and Duaime, 2006; Duaime and
Tucci, 2008).

Sampling, Analytical, and 
Geochemical Modeling Methods

Methods are described here for samples collected from the
Butte mine shafts and bedrock monitoring wells. Methods
used in collection of samples from the Berkeley pit lake and
West Camp extraction well have previously been published
(Pellicori et al., 2005; Duaime and Metesh, 2007; Roesler et
al., 2007; Duaime and Tucci, 2008).

Water samples were collected at different depths from the
Anselmo, Granite Mountain, Kelley, Marget Ann, Orphan
Girl, Steward, and Travona mine shafts by use of either an
open bailer or a 2-L Kemmerer-type point sampler. Both de-
vices were constructed of stainless steel. The bailer or point
sampler was lowered into the shaft to the desired depth by
hand or using a truck-mounted winch. Samples raised to the
surface were filtered (to 0.45 µm) immediately into polyeth-
ylene bottles and preserved as needed for later chemical
analysis. Although some of the mine shafts extend to depths
>1,500 m, it was not possible to collect samples deeper than
500 m below ground surface owing to equipment limitations.
Retrieval of deep samples proved difficult and time consum-
ing, and gear was occasionally lost when it got hung up on de-
bris in the shaft. Several other mine shafts, including the
Emma, Ophir, and Orphan Boy shafts, are presently sealed,
but could be sampled through monitoring wells with screens
located approximately 9 m below the static water level in each
shaft. These wells were purged at a rate of several L/s for 30
minutes prior to collection of water samples. A set of deep
bedrock monitoring wells located to the southeast of the
Berkeley pit (Fig. 1) were also sampled by MBMG hydroge-
ologists using this method, although in this case purging was
allowed to continue for several hours (Duaime and Metesh,

2007; Duaime and Tucci, 2008). Although the Belmont shaft
is permanently sealed, water samples can be withdrawn from
a nearby well that penetrates to 600 ft (185 m) level of the
mine. Sampling of the Belmont shaft in this study occurred
during a 57-day pumping test of this well (see Petritz, 2008,
for more details).

Field parameters including pH, temperature (T), redox
potential (Eh), specific conductance (SC), and dissolved
oxygen (DO) were measured in the field with a Hydrolab
Minisonde MS-5 and an In-Situ Troll 9000 datasonde. The
MS-5 was used to collect parameters for water samples
hauled or pumped to the surface, whereas the Troll was
used to collect in situ parameters in the top 100 m of the sta-
tic water column in each shaft. Additional temperature data
were obtained using a “Tidbit” temperature logger attached
to the sampling devices that were sent to a depth >300 m
below static water level. All Eh measurements were cor-
rected to the Standard Hydrogen Electrode by calibration
with ZoBells solution. Alkalinity was determined by pH
titration soon after each sample was raised to the surface.
Sulfidic waters were analyzed immediately for total S2– (sum
of H2S + HS–) using a portable spectrophotometer and the
methylene blue colorimetric test. Filtered and HNO3-pre-
served water samples were analyzed for a suite of major and
trace metals by conventional ICP-AES analysis (EPA
Method 200.7). Filtered and HCl-preserved samples were
analyzed colorimetrically for FeII/FeIII speciation using the
Ferrozine procedure (Stookey, 1970). Filtered samples were
speciated in the field following the method of Langner et al.
(2001) for later AsIII/AsV analysis. This method involves col-
lection of two duplicate samples, one of which is immedi-
ately purged with N2 + NaBH4 to eliminate all dissolved
AsIII as arsine gas. The purged and nonpurged samples can
then be stored indefinitely prior to analysis by conventional
ICP-AES, which gives the AsV and total As concentrations,
respectively.

Filtered samples for isotopic analysis of water were col-
lected in a 10 mL glass vial with no head space. Preparation
of samples for isotopic analysis of dissolved sulfide and sulfate
followed the procedures of Carmody et al. (1998). Aqueous
sulfide was extracted immediately after sample recovery as
Ag2S by direct addition of silver nitrate solution to a 1-L Nal-
gene bottle filled with unfiltered mine shaft water. This pre-
cipitate was later filtered and purified with NH4OH to re-
move traces of AgCl. Aqueous sulfate was extracted as BaSO4

by addition of BaCl2 to a filtered water sample with pH ad-
justed to <3 to prevent formation of BaCO3. Preparation of
samples for isotopic analysis of dissolved inorganic carbon
(DIC) followed a procedure adapted from Friedman (1970),
in which DIC is extracted as SrCO3.

All stable isotope analyses were performed at the Univer-
sity of Nevada-Reno using a Micromass IsoPrime stable iso-
tope ratio mass spectrometer (IRMS). Water-δ18O analyses
were performed using a Micromass MultiPrep device inter-
faced to a dual inlet and the IRMS, and all other isotope
analyses were performed using a Eurovector elemental ana-
lyzer interfaced to the IRMS. Isotope values are reported in
the usual δ notation in units of per mil (‰, or parts per thou-
sand), versus VCDT for sulfur, versus VSMOW for oxygen
and versus VPDB for carbon. Sample preparation followed
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the method of Epstein and Mayeda (1953) for δ18Owater, Mor-
rison et al. (2001) for δDwater, Giesemann et al. (1994) for
δ34Ssulfide and δ34Ssulfate, Kornexl et al. (1999) for δ18Osulfate, and
Harris et al. (1997) for δ13CDIC. Analytical uncertainties are
±0.2 per mil for δ34Ssulfide and δ34Ssulfate, ±0.4 per mil for
δ18Osulfate, ±0.1 per mil for δ18Owater, ±1 per mil for δDwater and
±0.4 per mil for δ13CDIC.

The software package Visual Minteq (V-Minteq, version
2.32), a recent adaptation of the original Minteq program (Al-
lison et al., 1991), was used to compute aqueous speciation and
mineral saturation indices (S.I.) for selected water samples The
V-Minteq database was supplemented with thermodynamic
data for aqueous and solid As species given in Langmuir et al.
(2006). Solubility products of 2-line and 6-line ferrihydrite

were taken from Majzlan et al. (2004). For schwertmannite,
parallel calculations were performed using thermodynamic
data from Bigham et al. (1996) and Majzlan et al. (2004).

Gradients in Mine Water Chemistry

Horizontal gradients

Representative chemical analyses for all accessible mine-
shaft waters and bedrock monitoring wells in Butte are given
in Tables 1 and 2, and Figure 5a summarizes regional zona-
tion patterns in mine water chemistry. As defined in this
paper, “type I” water is highly acidic and moderately oxidized
(little or no dissolved O2 present), with very high dissolved
metal concentrations. Type I waters include the Berkeley pit
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lake, the Kelley mine shaft, and bedrock Well J. By contrast,
“type III” waters have a near-neutral pH and low metal con-
centrations, are strongly reducing, and are characterized by
the presence of reduced sulfur (H2S, HS–). All of the mine
shafts in the West Camp and Outer Camp workings, includ-
ing the West Camp extraction well, belong to type “III.” Sev-
eral of the deep bedrock monitoring wells to the southeast of
the Berkeley pit also contain trace levels of H2S, and have a
chemistry similar to the West Camp waters. “Type II” waters
have weakly acidic pH, intermediate concentrations of met-
als, and redox conditions that are moderately reducing (no
H2S present). Most of the mine shafts in the East Camp, with
the exception of the Kelley mine, are type II. The boundary
between type II and III waters is sharp, and corresponds to
the groundwater divide shown in Figure 2. The boundary be-
tween type II and I waters is less well defined, and most likely
is gradational.

District-wide trends in mine water chemistry are further
summarized in Figure 5b-f, which shows contours in SC, pH,
water temperature, and the concentrations of dissolved Fe
and Zn. District-wide redox zonation is shown in an Eh-pH
diagram for the Fe-S-H2O-CO2 system (Fig. 6). Based on
data collected in this study and previous work (e.g., Pellicori
et al., 2005; Roesler et al., 2007), all of the dissolved Fe in the
mine shaft waters and bedrock monitoring wells is ferrous
(FeII), whereas Fe in the Berkeley pit lake is present in both
the FeII and FeIII oxidation states (Pellicori et al., 2005). This
is consistent with the measured Eh and pH conditions (Fig.
6). Based on a limited data set, dissolved As appears to be pri-
marily in the AsIII oxidation state in type III waters, but is a

mixture of AsIII and AsV in the East Camp mine shafts (Table
3). No data are available on the oxidation state of As in the
Berkeley pit lake, although the presence of dissolved FeIII

suggests that AsV should be the dominant valence state. None
of the mine shaft waters contain detectable DO, and DO lev-
els typically drop to zero within the top 2 to 5 m of the Berke-
ley pit lake as well (Pellicori et al., 2005; Duaime and Metesh,
2007; Duaime and Tucci, 2008). As shown in Figure 5d, there
are interesting district-wide trends in mine shaft tempera-
ture. Possible reasons for the temperature trends are dis-
cussed near the end of this paper.

All of the West and Outer Camp waters have measurable
quantities of dissolved sulfide, ranging from 0.01 to 8.5 mg/L
as S2– (see last column in Tables 1 and 2). To the best of the
authors’ knowledge, the Butte district is the only location in
the world where H2S-rich water has been directly observed in
an abandoned metal mine. Bacterial production of H2S has
been inferred to take place in a flooded Pb-Zn mine in Wis-
consin (Labrenz et al., 2000; Druschel et al., 2002) and a Cu-
Zn mine in California (Church et al., 2007) based on exami-
nations of bacterial biofilm and sulfide precipitates coating
submerged surfaces and sediment in those mines. The con-
centrations of H2S in the Butte mine waters are high enough
to produce a foul odor during sampling, and are a potential
concern to human health, particularly in confined spaces such
as mine shafts. To date, no microbial work has been published
on these unique sulfidic waters.

Vertical gradients

Vertical changes in the chemistry of Butte mine shaft wa-
ters are summarized in Table 2 and Figure 7. Profiles of field
parameters were collected in situ by lowering a datasonde
down the top 100 m of water in each mine shaft (Fig. 7). All
the shafts showed a trend of decreasing Eh with increase in
depth below static water level, reaching a steady-state value at
>30 m depth. These trends are predictable considering that
O2 must diffuse into the water from the overlying air column,
whereas any reduced gases such as H2S, H2, CO, or CH4
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Table 3.  Results of AsIII/AsV Speciation of Mine Shaft Waters
(all data in mg/L)

Depth (m) As(total) AsV AsIII %AsIII

East camp
Anselmo 1 0.059 b.d. 0.059 100
Anselmo 30 0.068 b.d. 0.068 100
Anselmo 137 b.d. b.d. b.d. b.d.
Steward 1 1.93 1.17 0.76 39
Steward 37 1.98 1.11 0.87 44
Steward 341 2.30 1.08 1.22 53
Kelley 1 8.68 6.03 2.65 30
Kelley 30 8.54 5.84 2.70 32
Kelley 305 10.0 6.9 3.1 31

West Camp
Ophir 9 0.059 b.d. 0.059 100
Emma 9 0.068 b.d. 0.068 100
Travona 1.5 0.076 b.d. 0.076 100
Travona 9 0.083 0.026 0.056 68
Travona 30 0.087 b.d. 0.087 100
Travona 107 0.088 b.d. 0.088 100
Travona 271 0.090 b.d. 0.090 100



would be diffusing out of the water into the air. Vertical
trends in pH varied from shaft to shaft. In the Marget Ann
and Travona mines, pH decreased toward the surface of the
water column, possibly due in part to oxidation of dissolved
sulfide near the water surface:

H2S + 2O2 → SO42– + 2H+ (1)

This hypothesis is supported by the fact that dissolved sulfide
concentrations in the Marget Ann mine decreased to near-
zero levels at shallow depth (Table 2). In the Kelley and Stew-
ard mines, pH increased toward the water surface. This op-
posite trend is most likely due to evasion of dissolved CO2. All
the Butte mine shaft waters have calculated CO2 partial pres-
sures (Table 4) that are well above air-saturation values
(~0.0003 atm at the elevation of Butte). This is particularly
true of the Kelley and Steward mines, for which the calcu-
lated CO2 partial pressures are 2.4 and 0.81 atm, respectively.
Water bailed to the surface from depth in the Kelley mine
was observed to effervesce, consistent with CO2 partial pres-
sures >1 atm. Dissolved CO2 is the weak acid in the dissolved
inorganic carbon system that—along with HCO3– ion—helps
to buffer the pH of most groundwaters. Consequently, loss of
CO2 to the air results in an increase in pH. Consistent with
this hypothesis, the pH of deep Kelley mine water measured

after bailing to the surface was higher than the pH measured
in situ using the submersible datasonde, sometimes by as
much as 0.5 units.

In contrast to the vertical gradients in Eh and pH, the top
100 m of the water column in all of the mine shafts examined
showed no gradients in either water temperature or SC (Fig.
7a, b). Data from the “Tidbit” temperature loggers also showed
negligible changes in water temperature to depths as great as
300 m below static water level. Chemical analyses of samples
retrieved from shallow (<3 m), intermediate (10–100 m) and
deep (>100 m) locations within each shaft were likewise indis-
tinguishable within the analytical error (with the exception of
somewhat higher metal concentrations in the deep Kelley mine
sample, Table 2). The absence of vertical gradients in temper-
ature and chemical composition in the mine shaft waters im-
plies that they continuously mix in a vertical direction. This
possibility is explored in greater detail in a later section.

Changes in water chemistry with time

Although all of the data summarized in this paper were col-
lected during the time period 2000 to 2007, flooding of the
Butte underground mine workings began in 1982. The
MBMG’s Ground Water Information Center (GWIC) database
includes chemical analyses of mine-shaft waters collected in
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the 1980s and 1990s. Metesh (2004, 2006) pointed out that
the water quality of several of the mine shafts during the first
two years of flooding (1982–1984) was anomalously bad in
terms of lower pH and higher metal and sulfate concentra-
tions. This was especially true for mine shafts closer to the
Berkeley pit, such as the Kelley, Steward, and Belmont mines.
A major reason for this initially poor water quality was that
the hydraulic gradients during the early period of mine flood-
ing were such that acidic pit-wall runoff and diverted low-pH
surface water (including the Horseshoe Bend seepage) enter-
ing the Berkeley open pit were percolating downward and
outward into the underground mine complex (Metesh, 2004,
2006). By late 1983 the water levels in the mine shafts had re-
bounded to the extent that the gradients reversed and the
open pit became a zone of groundwater capture. Once this

occurred, water quality in the surrounding mine shafts
quickly improved and reached a quasisteady state that is ob-
served today.

Roesler et al. (2007) found no significant changes with time
in any measurable parameter during a 12-month study in
2004 of the West Camp extraction well, which is pumped con-
tinuously at a rate of 500 to 750 L min–1. This suggests that
seasonal changes in chemistry of the flooded underground
mine workings are likely to be small or nonexistent. In addi-
tion, an examination (Gammons et al., 2006a) of archived data
collected by MBMG during 2000 to 2007 (GWIC, 2008)
showed few long-term changes in the chemical compositions
of the Butte mine-shaft waters, with the notable exception of
the Kelley mine. Kelley mine water initially had poor water
quality but made a definite improvement during the late
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TABLE 4.  Calculated Charge Balances, CO2 Partial Pressures, Ionic Strengths, and Mineral Saturation Indices (S.I.) 
for Averaged Mine Shaft Water Compositions

Saturation indices

Charge balance1 pCO2 (bars) Ionic st. (molal) BAR GYP CAL MNA RDC

East Camp shafts

Anselmo 0.9%(+) 0.15 0.036 0.31 –0.39 –0.71 0.01 0.50
Granite Mt. 4.6%(–) 0.21 0.057 0.28 –0.05 –1.30 –0.40 0.09
Kelley 7.8%(+) 2.41 0.125 – –0.13 –4.35 –2.92 –2.41
Belmont 2.5%(–) 0.30 0.050 – –0.21 –1.41 –0.72 –0.23
Steward 1.1%(+) 0.81 0.059 –0.20 –0.15 –1.27 –0.59 –0.09
Lexington 1.2%(+) 0.31 0.049 – –0.26 –1.32 0.13 0.62
Pilot Butte 1.5%(–) 0.07 0.079 – –0.01 –1.99 –0.28 0.22

West and Outer Camp shafts

Travona 1.9%(+) 0.06 0.021 0.39 –0.83 –0.31 0.16 0.64
Orphan Girl 6.2%(+) 0.39 0.027 0.41 –1.02 –0.08 0.13 0.63
Orphan Boy 1.7%(+) 0.18 0.026 0.37 –1.01 0.23 0.42 0.92
Ophir 3.2%(+) 0.023 0.011 –0.20 –1.33 –0.44 0.39 0.88
Emma 4.3%(+) 0.076 0.021 0.40 –0.83 –0.34 0.32 0.81
M. Ann 1.7%(+) 0.01 0.014 0.34 –1.00 –0.02 0.04 0.52

Saturation indices

SMS SID CHA SIA HAP2 MAC SPH PYR

East Camp Shafts

Anselmo 0.18 0.23 0.22 –0.60 – – – –
Granite Mt. –0.52 –0.82 0.20 –0.63 – – – –
Kelley –2.53 –1.80 0.58 –0.20 – – – –
Belmont –0.54 0.23 – – – – – –
Steward –0.13 0.40 0.44 –0.36 – – – –
Lexington 0.52 –0.55 0.19 –0.65
Pilot Butte –0.74 –0.89 0.39 –0.44 – – – –

West and Outer Camp Shafts

Travona –1.60 –0.44 0.20 –0.64 0.18 –0.69 5.37 9.70
Orphan Girl –2.25 –1.19 0.14 –0.66 0.00 –0.58 5.33 10.80
Orphan Boy –2.64 –1.12 0.14 –0.66 0.45 –0.08 5.37 –
Ophir –2.76 0.16 0.03 –0.81 – –0.04 4.22 9.85
Emma –1.26 –0.38 0.20 –0.64 0.09 –0.42 5.89 10.20
Marget Ann –1.60 –0.64 –0.12 –0.98 – –0.36 5.96 9.64

Values of S.I. in italics are considered to be close to equilibrium (within ±0.5 units of 0.0)
1A positive sign in parentheses indicates an excess of cations, a negative sign is an excess of anions 2Saturation indices for hydroxyapatite were adjusted to

1 Ca atom per unit formula; Abbreviations: BAR = barite, CAL = calcite, CHA = chalcedony, GYP = gypsum, HAP = hydroxyapatite, MAC = mackinawite,
PYR = pyrite, MNA = amorphous MnCO3, RDC = rhodochrosite, SIA = amorphous SiO2, SID = siderite, SMS = smithsonite, SPH = sphalerite



1980s, only to degrade again to lower pH and higher metal
concentrations by the late 1990s. In the last 15 years there has
also been a noticeable increase in the temperature of the
Kelley shaft water, from the low 20s to the low- to mid-30s
(°C). The reason for this increase in temperature is not
known with confidence but may reflect an increase in the rate
of pyrite oxidation (see below).

Thermodynamic Controls on Mine Water Chemistry
The average composition of water in each mine shaft or

bedrock monitoring well was input into V-Minteq to calculate
aqueous speciation and mineral S.I values. Selected results
are summarized in Table 4 and Figure 8.

East Camp mine waters

The flooded East Camp mine workings include waters of
type I (Kelley mine) and II (Anselmo, Belmont, Granite
Mountain, Lexington, Pilot Butte, and Steward Mines). All
of these waters are characterized by moderate to very high
 concentrations of dissolved FeII, Mn, Zn, and sulfate, with
variable As concentrations (Table 2). Based on V-Minteq
modeling, all of the East Camp waters are near equilibrium
saturation with gypsum and barite. As discussed below, the
most likely sources for the elevated dissolved SO4 concen-
trations are the following: (1) weathering of pyrite and
other sulfide minerals, and (2) dissolution of hydrothermal
anhydrite. Although both type I and II waters are strongly

undersaturated with calcite, all of the type II waters are close
to equilibrium with at least one other carbonate mineral, in-
cluding smithsonite (ZnCO3), siderite (FeCO3), rhodo -
chrosite, or amorphous MnCO3. It is likely that one or more
of these metal-carbonate phases are present as secondary pre-
cipitates coating flooded mine walls, and that equilibrium be-
tween these carbonate minerals and dissolved inorganic car-
bon buffers the pH of the type II waters. The Kelley mine
and Well J are highly undersaturated with all of the carbonate
minerals, and the pH of these waters is most likely controlled
by other reactions, such as equilibrium between CO2(aq), dis-
solved Al3+, and aluminous clay or hydroxysulfate minerals.
Based on V-Minteq, Kelley water is close to equilibrium with
kaolinite (S.I. = +0.12), alunite (S.I. = +0.95), and AlOHSO4

(S.I. = –0.16). The apparent equilibrium with AlOHSO4 (i.e.,
jurbanite) may be erroneous, as Bigham and Nordstrom
(2000) point out that this phase rarely forms in mine waste
settings in lieu of other Al-hydroxysulfate phases, such as
basaluminite. Dissolved silica concentrations in East Camp
waters generally decrease with increasing pH (Table 2). Type
II waters are closest to equilibrium with chalcedony, whereas
the Kelley mine waters are closer to saturation with amor-
phous SiO2. The latter scenario is indicative of a greater ex-
tent of hydrolytic alteration which leaches cations such as Al3+

and K+ out of feldspars and micas, leaving a relatively soluble,
SiO2-enriched “leached layer” behind (Helgeson, 1971; Casey
et al., 1988).
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FIG. 8.  Relationship between dissolved Ca, Mn, Fe, and Zn vs. pH. Filled squares are East Camp mine shafts, diamonds
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rhodochrosite, amorphous MnCO3 (dashed lines in b), (c) siderite and (d) smithsonite are shown for comparison, assuming
ΣC concentrations of 0.001 or 0.01 molal.



Because no detectable FeIII was found in the East Camp
mine waters, it is not possible to directly calculate the satura-
tion state with respect to ferric minerals. However, this can be
indirectly assessed by inputting the Eh measured at depth
and assuming redox equilibrium between ferric solids and
dissolved FeII species. The results suggest that Kelley water
may be in redox equilibrium with goethite (S.I. = +0.69) and
scorodite (FeAsO4, S.I. = –0.18). The latter result is not sur-
prising, given the very high concentration of dissolved AsV in
this water (>10 mg/L, Table 3). Similar calculations (results
not shown) suggest that type II waters are supersaturated
with goethite and are closer to equilibrium with schwertman-
nite and/or ferrihydrite.

Explanation for low Cu2+ concentrations

Considering the fact that the East Camp mines of Butte
were primarily worked for copper, it is interesting that most
of their mine waters have dissolved Cu concentrations near or
below analytical detection limits (Table 2). Based on V-
Minteq modeling, all of the East Camp waters are strongly
undersaturated with all Cu-bearing minerals in the thermo-
dynamic database. However, it is possible that dissolved Cu
concentrations are buffered by replacement reactions that
occur at the surface of preexisting sulfide minerals. The re-
placement of pyrite by chalcocite and sphalerite by covellite
can be written as follows:

5FeS2(s) + 14Cu2+ + 12H2O = 
7Cu2S(s) + 5Fe2+ + 3SO42– + 24H+ (2)

ZnS(s) + Cu2+ = CuS(s) + Zn2+ (3)

In both reactions, Cu2+ ions “scavenge” the reduced S that is
present in the preexisting sulfide mineral. Reaction (2) is
common in nature, and leads to coatings of chalcocite-after-
pyrite that increase the average Cu grade of the orebody (Mc-
Clave, 1973; Brimhall et al., 1985; Ague and Brimhall, 1989;
Lichtner and Biino, 1992). Reaction (3) is less well docu-
mented in the economic geology literature but has been pro-
posed based on detailed mineralogical studies of weathered
mine tailings impoundments in Canada (Blowes and Jambor,
1990; Johnson et al., 2000). It is also possible that secondary
Cu-sulfide minerals could form in the underground mine
workings from direct precipitation as Cu2S or CuS in the
presence of H2S. Such a reaction could be written as follows:

Cu2+ + H2S = CuS(s) + 2H+ (4)

Although no H2S was detected from any of the East Camp
mine shafts (and no odor of H2S was evident during sam-
pling), it is possible that local environments of bacterial sul-
fate reduction exist. Because the solubility product of CuS is
so much lower than that of FeS, ZnS, or MnS (e.g., Stumm
and Morgan, 1996), any H2S formed by microbial processes
would likely be immediately scavenged by dissolved Cu2+. 

Using published free energies of formation (Faure, 1998),
it is possible to place mathematical constraints on the dis-
solved Cu/Fe and Cu/Zn concentrations that would be pre-
sent if local equilibrium were achieved with either reaction
(2) or (3) above. The results of calculations for the replace-
ment of pyrite by chalcocite (Fig. 9) suggest that reaction (2)
may be buffering dissolved Cu concentrations in some type I

waters, which include the Berkeley pit lake, the Kelley mine,
and possibly Well J. This result should be of particular inter-
est for the operating mine, as it implies that dissolved Cu
concentrations in the pit lake may rebound to levels >100
mg/L after Cu removal by cementation, i.e., by dissolution of
secondary chalcocite stored on the submerged mine walls.
Based on thermodynamic data for reaction (3), the predicted
Cu2+/Zn2+ ratio for equilibrium between covellite and spha-
lerite is exceedingly low (<10–11), indicating a very strong
thermodynamic potential for sphalerite to be replaced by cov-
ellite in low-temperature, acidic mine waters. Sphalerite was
an uncommon mineral in the Central zone of Butte, but was
a major ore mineral in the Intermediate and Peripheral zones
(Fig. 4).

An alternative explanation for the lack of dissolved Cu in the
East Camp mine waters is that Cu2+ is cementing onto scrap
iron (e.g., equipment, tools, cables, steel rails, reinforcement
on mine walls and ceilings) left behind in the flooded mines.
The reaction of interest can be written as follows:

Cu2+ + Fe(s) = Cu(s) + Fe2+ (5)

Reaction (5) is rapid at low pH, and, as mentioned above, a
large-scale project employing cementation onto scrap iron is
currently being used to recover dissolved Cu from the Berke-
ley pit lake (Gammons and Duaime, 2006; Duaime and Tucci,
2008).

West and Outer Camp mine waters

All of the mine waters in the West and Outer Camps belong
to type III, and are characterized by a near-neutral pH,
strongly reducing conditions, and presence of aqueous sul-
fide. Unlike the East Camp waters, type III waters are un-
dersaturated with gypsum, and are close to equilibrium with
calcite. Most type III waters are also close to equilibrium with
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amorphous MnCO3, barite, chalcedony, and hydroxyapatite
(Table 4). Saturation with apatite is not surprising, given its
presence as an accessory mineral in the Butte Quartz Mon-
zonite. All of the West Camp shafts (Travona, Emma, Ophir)
are near equilibrium with siderite, whereas the Outer Camp
shafts are undersaturated with this phase. The latter result is
most likely due to the higher concentrations of H2S in the
Outer Camp mines, which limits Fe mobility as Fe-sulfides.
Likewise, because the presence of H2S drastically reduces the
solubility of Zn2+ by formation of ZnS(s), all of the type III
waters are undersaturated with smithsonite (Table 4, Fig. 8).

Type III waters are close to equilibrium with mackinawite
(i.e., crystalline FeS) but are strongly supersaturated with
pyrite and sphalerite (Table 4). As is often the case in low-
temperature waters, equilibrium is more quickly established
with amorphous or poorly crystalline phases (such as macki-
nawite) as opposed to the thermodynamically stable com-
pounds (pyrite, sphalerite). Nonetheless, pyrite framboids and
individual pyrite octahedra were found attached to floating
fragments of wood in the Orphan Girl shaft (Fig. 10). This
shows that, given time, amorphous sulfide precipitates will con-
vert to their crystalline counterparts. Another phenomenon
that confounds attempts to thermodynamically model the sul-
fidic type III waters is the presence of aqueous metal- sulfide

clusters. These molecules are polymeric aqueous species with
a range in stoichiometry, such as FexSy, ZnxSy, etc., where the
ratio of x/y is typically close to 1 (Luther and Rickard, 2005).
For the sake of convenience, it has become customary to
refer to metal-sulfide clusters by their simplified formulae,
FeS(aq), ZnS(aq), etc… (Theberge and Luther, 1997).
Roesler et al. (2007) recently showed that FeS(aq) clusters
are the dominant form of dissolved Fe and sulfide-S in the
West Camp extraction well of Butte. Similar clusters are
probably present in the Outer Camp mine shafts as well.

Bedrock monitoring wells

Chemical data from the bedrock monitoring wells (Fig. 1)
provide an interesting counterpart to the data collected from
the flooded mine shafts. All of these wells were completed in
fractured Butte Quartz Monzonite at depths ranging from 91
to 330 m below land surface. As shown in Table 1, the chem-
istry of the bedrock wells runs the gamut, from strongly acidic
and metal rich (Well J) to pH neutral, weakly sulfidic, and
metal poor (Wells B, E, F, G). Calculated Eh-pH conditions
and mineral saturation indices for the bedrock wells overlap
with the range of results from the mine shafts (Figs. 6, 8).
This is strong evidence that the basic trends in mine water
chemistry in Butte are fundamentally controlled by the

1226 GAMMONS ET AL.

0361-0128/98/000/000-00 $6.00 1226

Fe

S

MnCa
10 µm

5 µm5 µm a. b.

c. d.
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scattered in the wood (blocky material in the background). d) EDS spectrum of a pyrite framboid. The Ca impurity may rep-
resent trace amounts of gypsum.



 mineralogy of the surrounding hydrothermally altered rock, a
point that was previously made by Metesh (2004). Following
this train of thought, it is possible that the pH of some of the
groundwaters in Butte (e.g., within the Central zone) could
have been acidic prior to mining. As well, concentrations of
dissolved metals such as As, Mn, Zn, and Fe were probably al-
ways elevated over background levels, a possibility that has
implications to ongoing reclamation efforts on Butte Hill, as
well as geochemical exploration for undiscovered, Butte-like
porphyry deposits. This said, it is also obvious that mining has
accelerated the rate of sulfide mineral oxidation and acid gen-
eration at Butte by creating a labyrinth of voids in which
highly mineralized rock is exposed to weathering.

Stable Isotopes
Table 5 summarizes stable isotope data collected from mine

shafts and bedrock monitoring wells in Butte. Isotopic data

for the Berkeley pit lake and Horseshoe Bend springs can be
found in Pellicori et al. (2005). Additional data for δ18O and
δD of local precipitation and miscellaneous surface waters
are given in Gammons et al. (2006b).

O and H isotopes of water

A summary of the O and H isotope composition of Butte
mine waters is given in Figure 11. The Butte local meteoric
water line (LMWL) and local evaporation line (LEL) are
taken from Gammons et al. (2006b). All of the Butte mine
shafts and bedrock monitoring wells fall near the intersection
of the LMWL and LEL. Since this point of intersection ap-
proximates the average isotopic composition of groundwater
recharge on Butte Hill (Gammons et al., 2006b), it implies
that the mine-shaft waters are of local meteoric origin and
have not undergone significant evaporation prior to recharge
to their respective mine pools. In contrast, the Berkeley pit
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TABLE 5.  Stable Isotope Data for Selected Butte Mine Waters

Date Sample ID (depth) δ18Owater δDwater δ34Ssulfate δ18Osulfate δ34Ssulfide δ13CDIC

East Camp mine shafts

20071 Belmont (avg)1 –17.7 –136 4.9 –8.3 – –11.9
20071 Belmont (±1σ)1 ± 0.0 ± 1 ± 0.7 ± 0.7 – ± 2.3
5/5/2006 Kelley (1 m) –17.5 –140 2.7 –9.9 – –
5/5/2006 Kelley (96 m) –17.6 –140 2.7 –8.7 – –
5/5/2006 Kelley (305 m) –17.7 –140 2.3 –9.4 – –
4/8/2003 Kelley (30 m) –17.4 –139 2.5 –10.2 – –
9/14/2006 Granite Mt. (8 m) –17.2 –135 3.7 –11.1 – –14.4
9/14/2006 Granite (30 m) –17.3 –136 3.8 –11.1 – –13.8
9/14/2006 Granite (305 m) –17.3 –136 3.9 –10.6 – –14.6
4/8/2003 Steward (30 m) –17.2 –135 5.8 –8.1 – –
4/8/2003 Anselmo (30 m) –17.0 –134 7.0 –7.0 – –

West Camp and Outer Camp mine waters

20042 WCEW (avg)2 –17.3 –134 11.7 –3.9 –34.3 –13.8
20042 WCEW (±1σ)2 ± 0.0 ± 0.5 ± 0.6 ± 0.8 ± 1.8 ± 1.4
4/19/2006 Orphan Boy –17.6 –141 34.6 2.2 3.7 –
1/17/2006 Orphan Girl (10 m) – – 33.9 2.9 5.6 –
9/1/2006 Orphan Girl (2 m) –17.7 –140 34.3 1.3 3.8 –21.2
9/1/2006 Orphan Girl (96 m) –17.4 –139 34.0 1.2 4.7 –21.1
9/1/2006 Orphan Girl (305 m) –17.7 –140 – – – –20.9
4/19/2006 Emma –17.4 –135 18.6 0.8 –20.9 –
4/23/2004 Emma – – 18.0 0.2 –24.7 –
7/19/2006 Travona –17.3 –135 13.0 –2.9 – –
4/23/2004 Travona – – 11.6 –3.5 –34.8 –
4/19/2006 Ophir –17.5 –134 7.3 –3.1 –24.0 –
8/22/2006 Marget Ann (38 m) –18.6 –146 15.8 –0.1 –34.6 –16.1

Bedrock monitoring wells

12/19/2000 Well A – – 16.8 2.0 – –
7/13/2001 Well A –18.5 –150 – – – –
12/27/2000 Well B – – 4.2 –8.6 – –
12/21/2000 Well C – – 3.6 –10.8 – –
7/17/2001 Well C –18.6 –145 – – – –
1/25/2001 Well D1 – – 9.6 –6.4 – –
1/3/2001 Well D2 – – 8.3 –6.1 – –
12/27/2000 Well E – – 7.9 –5.4 – –
12/28/2000 Well F – – 14.7 –0.7 – –
12/26/2000 Well G – – 10.6 0.3 – –
12/19/2000 Well J – – 3.7 –10.0 – –

WCEW = West Camp extraction well
1 The values shown are the average and standard deviation of 10 isotope samples collected between July 6 and Sept. 5, 2007, during a continuous pump-

ing test of the Belmont irrigation well (Petritz, 2008)
2 The values shown are the average and standard deviation of 6 isotope samples taken every 2 months during 2004 (Roesler et al., 2007)



lake and Horseshoe Bend springs both have a distinct evapo-
ration signature. Shallow water in the Berkeley pit lake is
more enriched in δ18O than deeper water (Fig. 11 inset), with
up to 25 percent of the shallow water having been lost to
evaporation based on isotope mass balance and kinetic en-
richment calculations (Gonfiantini, 1986; Gammons et al.,
2006b). Samples collected in 2003 from the tailings pond
(Fig. 1) were even more strongly evaporated, with an esti-
mated 50 to 60 percent water loss (Gammons et al. 2006b).

Significantly, the isotopic composition of Butte mine-shaft
waters showed no discernable changes with depth below sta-
tic water level (Table 5). This supports the idea that the mine
shaft waters are vertically mixed.

S and O isotopes of dissolved S species

The δ34S and δ18O of dissolved sulfate from Butte mine wa-
ters and bedrock monitoring wells vary over a large range
(Table 5, Figs. 12, 13). The observed variations are inter-
preted to be the result of three dominant processes: (1) oxi-
dation of pyrite and other hydrothermal sulfide minerals, (2)
dissolution of hydrothermal sulfate minerals, and (3) fraction-
ation during bacterial sulfate reduction (BSR). Regarding the
first process, previous workers (e.g., Field, 1966; Seal, 2003;
Balci et al., 2007) have shown that oxidation of pyrite and
other metal sulfides results in negligible fractionation of S iso-
topes, whether or not the oxidation process is microbially me-
diated. Thus, sulfate formed during weathering of sulfide min-
erals should have about the same δ34S value as the precursor
sulfides. Figure 12 provides δ34S data (Field et al., 2005) for
selected hypogene minerals from Butte, including pyrite, an-
hydrite, and barite. Dissolved sulfate in the Berkeley pit lake
has a similar S isotope signature as Butte pyrite, supporting

the hypothesis that most of the sulfate in the lake came from
oxidation of pyrite (Pellicori et al., 2005). Dissolved sulfate
from the Kelley mine and Well J also has δ34S close to Butte
pyrite, whereas sulfate from the other East Camp mine shafts
is somewhat heavier. The West Camp and Outer Camp mine
shafts have the heaviest sulfate (Table 5), with δ34S ranging as
high as +34.6 per mil (Orphan Boy shaft).
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The above isotopic trends can be partly explained by mix-
ing of isotopically light sulfate derived from pyrite oxidation
with isotopically heavy sulfate derived from dissolution of hy-
drothermal sulfate minerals, such as anhydrite or barite (Fig.
13). Waters with the lowest pH (e.g., Kelley Mine, Well J,
Berkeley pit and Horseshoe Bend) predictably plot near the
pyrite oxidation end member along this mixing line. The other
waters most likely inherited some of their sulfate from sulfide
mineral oxidation and some from sulfate mineral dissolution.
Given its low solubility, it is unlikely that barite could con-
tribute much to the total dissolved SO4 pool. Anhydrite is a
more likely source given its much higher solubility and its
abundance as a pre-Main stage alteration mineral at Butte
(Meyer et al., 1968; Rusk et al., 2008). Because of the intense
hydrothermal overprint in the Central zone during Main stage
mineralization, most of the original anhydrite was likely lost
from the vicinity of the Berkeley pit and nearby Kelley mine.
Preservation of anhydrite is more likely elsewhere in the dis-
trict, and its abundance is furthermore known to increase with
depth (John Dilles, pers. commun., 2006). Given the possibil-
ity that the mine shaft waters of Butte are circulating vertically,
anhydrite may have been leached from potassically altered
rock at deep levels in a given mine and then advected to shal-
lower levels in the shaft. Once again, minimal differences
were noted between the isotopic compositions of sulfate col-
lected at different depths within a given mine shaft (Table 5).

The S isotope composition of dissolved sulfide (δ34Ssulfide) in
Butte mine waters varied over a large range, from –34.6
(Marget Ann) to +5.6 per mil (Orphan Girl) (Table 5, Fig.
12). The measured isotopic separation (∆34S) between coex-
isting sulfate and sulfide ranged from 28 to 50 per mil. Such
large isotopic separation values are characteristic of bacterial
sulfate reduction (Canfield, 2001), and support the conclu-
sion of Roesler et al. (2007) that aqueous sulfide in the West
Camp extraction well is of microbial origin. It is not known
with confidence why some mine shaft waters have larger
∆34Ssulfate-sulfide (e.g., Travona, Marget Ann) whereas others
have lower isotopic separation values (e.g., Ophir, Orphan
Boy, Orphan Girl). Considering that the Orphan waters are
anomalously warm (Table 2), some of this variation could be
due to temperature effects. Isotopic separation accompany-
ing microbial sulfate reduction should decrease with increase
in temperature (Canfield, 2001). However, it is also plausible
that side reactions have occurred, such as loss of early-
formed, isotopically depleted H2S to sulfidation of weathered
wall rock within the mine workings. As well, very little is
known regarding the nature of the carbon substrate utilized
by sulfate-reducing bacteria, which could vary from sample
location to sample location within the district.

The dashed arrows in Figure 13 show the range in pre-
dicted trajectories for isotopic fractionation accompanying
BSR (Seal et al., 2000; Seal, 2003). The Orphan samples plot
squarely in the middle of these trends, and clearly these wa-
ters have been profoundly influenced by BSR. Some of the
other West Camp and Outer Camp sulfates may also have
been enriched by BSR (which would tend to shift their iso-
topes off the “mixing” line to the upper right), but not to the
extent of the Orphan waters. BSR in the Orphan waters was
further examined by computing trajectories of δ34Ssulfate and
δ34Ssulfide as a function of f, the fraction of total initial sulfate

reduced. These calculations assumed either a completely
closed, equilibrium model or an open, Rayleigh distillation
model (e.g., Clark and Fritz, 1997). The initial δ34Ssulfate value
was taken to be +5 per mil, based on interpolation of the Or-
phan Boy/Girl samples in Figure 13 back to the origin along
the BSR enrichment trend lines, and a constant isotopic en-
richment value (εsulfate-sulfide) of 30 per mil was assumed. The
results (Fig. 14) indicate that near-complete reduction of sul-
fate to sulfide would be necessary to explain the measured
δ34Ssulfate and δ34Ssulfide values of the Orphan shaft waters if an
equilibrium, closed model applied. However, because BSR is
a far from equilibrium process, these calculations are almost
certainly erroneous. In addition, it is very likely that most of
the H2S formed by BSR was lost from the system, either
through sulfidation reactions involving Fe and other transi-
tion metals stored on the weathered mine walls, or through
volatilization to the atmosphere. (Regarding the second pos-
sibility, the water in the Orphan Girl mine shaft was observed
to “burp” periodically during sampling, presumably due to
evasion of H2S, N2, CO2, and other gaseous compounds). Fol-
lowing the open system Rayleigh model, the measured iso-
topic compositions of the Orphan Boy and Orphan Girl wa-
ters correspond to an f value of ~0.62, i.e., > 60 percent
reduction of the initial dissolved sulfate pool. Based on the
current SO4 concentrations in these waters, this means that
~4.2 mmol L–1 of sulfate reduction has occurred. The fact
that less than 0.3 mmol L–1 of dissolved sulfide remains in the
shaft water at the present time suggests that >90 percent of
the H2S that formed through BSR was lost to the aqueous
 system.

C isotopes of dissolved inorganic carbon

Although there are comparatively few analyses of δ13C of
DIC from Butte mine waters (Table 5), some general trends
exist. The majority of samples analyzed have δ13CDIC between
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–17 and –12 per mil (Fig. 15). Roesler et al. (2007), attributed
δ13CDIC values in this range from the West Camp extraction
well to low-temperature isotopic equilibration with hy-
drothermal rhodochrosite (δ13C = –7.2 to –7.8‰, Garlick and
Epstein, 1966). Rhodochrosite was an abundant mineral in
the Butte Main stage veins, especially in the Intermediate
and Peripheral zones (Fig. 4). Indeed, some of the West
Camp veins were mined primarily for Mn, and for many years
Butte was an important U.S. domestic supplier of Mn ore. 

Relative to the other mine waters, DIC in the Orphan Girl
shaft is strongly isotopically depleted. Coincidently, the Or-
phan Girl and Orphan Boy waters also have much higher DIC
concentrations than any of the other mine shaft waters in
Butte. Given the aforementioned evidence for extensive bac-
terial sulfate reduction in the Orphan mine waters, it is logi-
cal to assume that the isotopically light DIC has a biogenic
source. DIC is a byproduct of all heterotrophic microbial re-
actions, including sulfate reduction, as shown by the following
example reaction which uses acetate as an organic carbon
source:

SO42– + CH3COO– + H+ →  H2S(aq) + 2HCO3– (6)

The ultimate source of organic carbon for sulfate-reducing
bacteria in the Butte mine waters is not known with confi-
dence, although it is logical to point to the millions of board-
feet of timber that were used to reinforce the underground
mine workings, some of which were treated with preservative
(e.g., in major access tunnels), but much of which were not
(e.g., in active stopes). Coniferous trees in temperate regions
such as Montana typically have δ13C in the range of –24 to
–30 per mil (Clark and Fritz, 1997). Because sulfate-reducing
bacteria require low molecular weight organic compounds for
their energy source, they must coexist with fungi, fermenting
bacteria, and other microorganisms that break down complex
organic compounds (such as wood) into smaller organic mol-
ecules (such as acetate). Although few data exist, dissolved or-
ganic carbon concentrations in the Butte underground mine
waters appear to be very low, in the 0 to 1 mg/L range (e.g.,

Roesler et al., 2007). Most likely the concentrations are main-
tained at a low level by the balance between slow DOC pro-
duction (by fungi and fermenters) and relatively rapid DOC
consumption (by S- and Fe-reducing bacteria, and other het-
erotrophs). If wood is the ultimate source of organic carbon
for bacteria in the West and Outer Camp mine waters, then
oxidation of this C should produce DIC with a similar isotopic
composition, i.e., –24 to –30 per mil. Indeed, this overlaps
with the observed δ13CDIC values in the Orphan Girl mine
(Fig. 15).

As discussed in the preceding section, the S isotope data
from the Orphan Girl and Orphan Boy shafts suggest that as
much as 60 percent or more of the initial sulfate in the mine
waters, or 4.2 mmol L–1, may have been reduced to H2S. By
the stoichiometry of reaction (6), this means that 8.4 mmol
L–1 of biogenic inorganic carbon would have been produced.
Significantly, the observed HCO3– concentrations in the Or-
phan shaft waters are about 8.4 mmol L–1 (512 mg L–1) higher
than those in the nearby West Camp mine workings. Thus,
the DIC concentration and isotopic data support the conclu-
sion that a very high extent of microbial sulfate reduction has
occurred in the Orphan Boy and Orphan Girl workings.

Temperature and Mine Water Convection
One possible explanation for the lack of vertical gradients in

chemistry and temperature of the Butte mine waters is that
the shaft waters are continuously circulating in a vertical di-
rection. Direct evidence of vertical circulation in the Anselmo
mine shaft was noted, via a submersible movie camera, by
MBMG hydrogeologists in 2005. When the movie camera
was held stationary, suspended particles in the water column
were clearly shown to be moving upwards through the shaft
(Mike Kerschen, MBMG, pers. commun., 2007).

A consideration of the local geothermal gradient on Butte
Hill provides insight into likely mechanisms for mine water
convection. Figure 16a shows changes in water temperature
as a function of depth from several sources. The black trian-
gles are data recorded in GWIC for the bedrock monitoring
wells located to the south and east of the Berkeley pit lake
(Fig. 1). Because these wells are purged for several hours
prior to collection of field parameters and water samples, the
water temperatures are believed to be representative of the
conditions in the deep, fractured bedrock aquifer. Also shown
are some temperature data collected by the Anaconda Com-
pany from two deep exploration drill holes (DDH #1,
DDH#2). Finally, the arrows labeled “Kelley 4600 level”
show the range in groundwater temperatures measured by
Anaconda in freshly blasted drifts and stopes at the 4600-ft
level of the Kelley mine during the period of active mining
(from Blackwell and Robertson, 1973). Together, the data
show a more-or-less consistent pattern (bedrock Well J falls
off the trend, and will be discussed below), indicating a local
geothermal gradient of between 30° and 35°C per km. This
slope falls near the higher end of what is typically encoun-
tered in intracontinental settings lacking active volcanism and
may be a result of relatively high concentrations of radioactive
elements in the Butte Quartz Monzonite. For example, the
concentrations of K, U, and Th in the Butte Quartz Mon-
zonite are higher by a factor of roughly two than in the simi-
larly-aged Idaho Batholith (Swanberg and Blackwell, 1973).
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Blackwell and Robertson (1973) estimated a heat production
of 8.5 × 10–13 cal/cm3/sec for the Butte Quartz Monzonite in
Butte, which compares with an average value of only 2.6 ×
10–13 cal/cm3/sec (Swanberg and Blackwell, 1973) for the
main phase of the Idaho batholith.

Figure 16b summarizes the average temperatures of mine
shaft waters from Butte plotted against the total depth of
each individual mine shaft. In general, mine water tempera-
ture increases with increasing mine shaft depth, and the data
cluster between apparent thermal gradients of 10° to
20°C/km. (The Kelley and Orphan Girl shafts fall off this

trend, and are discussed below). It is plausible that the ma-
jority of the mine shafts act as conduits for groundwater up-
flow, thereby advecting geothermal heat from depth. The
exact position of a particular mine shaft in Figure 16b could
reflect a number of confounding circumstances, including the
following: (1) different rates of vertical water movement, (2)
the presence or absence of obstructions in a given mine shaft
that cut off circulation, (3) water entering the shaft horizon-
tally from adjacent mine workings, and (4) the presence of
ongoing chemical or biological reactions that are heating up
the water. The latter explanation deserves special attention, as
it may help to explain the anomalously warm water tempera-
tures of the Kelley and Orphan Girl mines, as well as the Well
J bedrock monitoring well.

The Kelley mine has by far the most acidic, Fe-rich, and
sulfate-rich water of any of the flooded mine shafts of Butte.
It is reasonable to assume that the source of the Fe and sul-
fate in this water is pyrite oxidation, and indeed the S isotope
data support this hypothesis. The overall reaction can be writ-
ten as follows: 

FeS2(s) + H2O + 7/2O2 → Fe2+ + 2SO42– + 2H+ (7)

Using thermodynamic data in Faure (1998), the calculated
enthalpy change for reaction (7) is –1450 kJ/mol, indicating
that the reaction is very strongly exothermic. If it is assumed
that all of the dissolved Fe in the Kelley mine shaft (~0.032
mol/L) formed through reaction (7), then this would require
oxidation of approximately 0.032 moles of pyrite, which
would liberate 45.9 kJ of heat per liter of water. Assuming an
average heat capacity of water of 4.187 kJ/kg/K, this much
heat would raise the temperature of the water by roughly 11
K. This amount of warming is consistent with the observed
temperature of the Kelley mine shaft in comparison to the
surrounding mine waters (Fig. 16b). Using similar thermody-
namic calculations for Well J, and basing the extent of reac-
tion progress on sulfate concentration as opposed to Fe, a
temperature rise of approximately 4 to 5 K is estimated.
Again, this is roughly similar to the magnitude of the temper-
ature anomaly for this well (see Fig. 16a). The reason for the
anomalously warm temperatures in the Orphan Boy-Orphan
Girl mine complex is less obvious. Given the near-neutral pH
values, pyrite oxidation is unlikely to be a factor. Although it
is possible that biological reactions (e.g., fermentation, sulfate
reduction) are contributing to the warming trend, it is con-
sidered more likely that the elevated temperatures in these
two shafts are due to local hydrologic conditions which allow
more efficient advection of water and heat from deep por-
tions of the mine to the near-surface.

Resource Recovery Potential
At the time of this writing, all of the flooded East Camp

mine waters of Butte are slowly draining to the Berkeley pit,
and therefore pose no threat to surrounding ground or sur-
face water. Remediation of the East Camp mine pool to meet
human health or aquatic life standards would require expen-
sive treatment, and this idea has been written off by the U.S.
EPA as being “technically impracticable” (EPA, 1994). Mean-
while, water in the West Camp mine workings is continuously
pumped by the West Camp extraction well to a nearby water
treatment facility where it is mixed with contaminated alluvial
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With the exception of Well J, the data are consistent with a thermal gradient
of around 30° to 35°C/km. b) Temperatures of near-surface water in mine
shafts as a function of the total depth of each shaft. With the exception of the
Orphan Girl and Kelley mines, most of the shaft waters fall on gradients be-
tween 10° and 20°C/km. These temperatures are most likely modified by ver-
tical circulation within the flooded shafts.



groundwater and treated with lime prior to discharge to the
local stream (Silver Bow Creek). The combined discharge
from the treatment facility must meet stringent standards for
protection of aquatic life in Silver Bow Creek (see Depart-
ment of Environmental Quality, 2008). 

Given the unusual volume of the flooded underground
mine complex at Butte, the question may well be raised as to
whether a resource exists that could lead to a positive eco-
nomic benefit. Although a large-scale copper recovery opera-
tion is currently taking place for the Berkeley pit lake, con-
centrations of Cu in the underground workings are far too low
to be of economic interest. Zinc is much more abundant, with
a range in concentration in the East Camp shafts of 10 to 200
mg/L (Table 2). Concentrations of this order of magnitude
are often cited as being sufficient for an ore fluid to form an
economic hydrothermal Zn deposit (e.g., Barnes, 1979) given
enough time (tens to hundreds of thousands of years). How-
ever, such levels are currently noneconomic for direct recov-
ery. In fact, Zn concentrations in the Berkeley pit lake are
even higher (>500 mg/L, Table 1), and, as of this writing and
despite considerable interest, there is still no demonstrated
technology to recover Zn from the pit lake at a profit.

The city of Butte currently imports roughly half of its drink-
ing water supply from a river located 45 km away, on the
other side of the Continental Divide. Thus, the costs for con-
sumptive use of city water are significant. Petritz (2008) eval-
uated the possibility of using Belmont mine water for irriga-
tion of lawns on a nearby municipal property. As part of this
study, a 57-day pumping test of the Belmont extraction well
was conducted. Unfortunately, the quality of the extracted
water quickly degraded during the first day of pumping, with
dissolved Fe, Mn, Zn, and As levels exceeding proposed irri-
gation standards. Methods of inexpensively treating this water
prior to irrigation are currently being evaluated.

Perhaps the most viable resource that the flooded mine wa-
ters of Butte have to offer is heat. The idea of using flooded
mines as heat exchangers is gaining momentum worldwide,
and a number of demonstration projects are in progress in
Europe and North America (Arkay, 1992; Watzlaf and Ack-
man, 2006; NETL, 2006; Ghomshei, 2007; Minewater Pro-
ject, 2007). With modern heat pump technology, it is now
possible to heat buildings with water that has ambient tem-
peratures of ~10° to 15°C. As shown above, many of the
Butte mine waters are much warmer than this (e.g., ~25°C
for the Steward and Orphan Girl mines, ~35°C for the Kelley
mine), and the huge volume of these underground workings
increases their potential for use as a heat reservoir.

Conclusions
The main intent of this paper is to describe the distribution

of geochemical and stable isotopic constituents in time and
space within the flooded underground mine complex of
Butte, and to speculate as to the geologic and biological con-
trols on the observed patterns. Horizontal, district-wide zona-
tions in mine shaft chemistry are fundamentally controlled by
zonation in the primary mineralization and hydrothermal al-
teration of the Butte orebody. Hence, mine water in the
highly altered Central zone is acidic and metal rich, whereas
water in the Intermediate and Peripheral zones has weakly
acidic to near-neutral pH and is in equilibrium with one or

more carbonate minerals. The latter observation is explained
by the abundance of primary carbonate minerals (calcite,
rhodochrosite) in the veins of the outer portions of the Butte
district. The scarcity of copper in the Butte mine shaft waters
could be due to present-day supergene enrichment
processes, such as precipitation of chalcocite or covellite, or
to cementation onto scrap iron left behind in the mines. In
the outer portions of the district, the mine-water chemistries
and S and C isotope signatures have been profoundly modi-
fied by bacterial sulfate reduction. The absence of vertical
changes in mine shaft chemistry, coupled with observations
on the temperatures of the mine waters, suggests that water
in the shafts is circulating vertically. There is potential for eco-
nomic recovery of heat from the mine shaft waters, and this
may be an interesting legacy for the once-famous under-
ground mines of Butte.
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