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ABSTRACT

Jarosite-group minerals accumulate in the form of stalactites and fi ne-grained mud on massive pyrite in the D drift of the 
Richmond mine, Iron Mountain, California. Water samples were collected by placing beakers under the dripping stalactites and 
by extracting pore water from the mud using a centrifuge. The water is rich in Fe3+ and SO4

2–, with a pH of approximately 2.1, 
which is signifi cantly higher than the extremely acidic waters found elsewhere in the mine. Electron-microprobe analysis and 
X-ray mapping indicate that the small crystals (<10 �m in diameter) are compositionally zoned with respect to Na and K, and 
include hydronium jarosite corresponding to the formula (H3O)0.6K0.3Na0.1Fe3+

3(SO4)2(OH)6. The proton-microprobe analyses 
indicate that the jarosite-group minerals contain signifi cant amounts of As, Pb and Zn, and minor levels of Bi, Rb, Sb, Se, Sn and 
Sr. Speciation modeling indicates that the drip waters are supersaturated with respect to jarosite-group minerals. The expected 
range in composition of jarosite-group solid-solution in equilibrium with the pore water extracted from the mud was found to be 
consistent with the observed range in composition.
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SOMMAIRE

Nous décrivons des minéraux du groupe de la jarosite qui sʼaccumulent sous forme de stalactites et de boues à granulométrie 
fi ne sur la pyrite massive le long de la gallerie dʼavancement D de la mine Richmond, à Iron Mountain, en Californie. Nous 
avons prélevé des échantillons dʼeau en plaçant des béchers sous les stalactites dégouttantes et en extrayant lʼeau des pores de 
la boue avec une centrifugeuse. L̓ eau est riche en Fe3+ et SO4

2–, avec un pH dʼenviron 2.1, ce qui est nettement plus élevé que 
dans les eaux extrêmement acides trouvées ailleurs dans cette mine. Les résultats dʼanalyses à la microsonde électronique et des 
cartes de répartition dʼéléments indiquent que les petits cristaux, moins de 10 �m de diamètre, sont zonés par rapport à Na et K, 
et coexistent avec une hydronium jarosite de composition (H3O)0.6K0.3Na0.1Fe3+

3(SO4)2(OH)6. Dʼaprès les résultats dʼanalyses 
par microsonde protonique, les minéraux du groupe de la jarosite contiennent des teneurs importantes de As, Pb et Zn, et des 
niveaux mineurs de Bi, Rb, Sb, Se, Sn et Sr. Les modèles de spéciation montrent que lʼeau dégouttant des stalactites est sursaturée 
par rapport aux minéraux du groupe de la jarosite. L̓ intervalle compositionnel prédit des minéraux du groupe de la jarosite en 
équilibre avec lʼeau des pores extraite de la boue concorde avec lʼintervalle observé.

 (Traduit par la Rédaction)

Mots-clés: eau dʼexhaure acide, spéciation aqueuse, solution solide, mine Richmond, Californie.

§ E-mail address: jamieson@geol.queensu.ca



1226 THE CANADIAN MINERALOGIST

INTRODUCTION

The inactive base-metal mines at Iron Mountain, 
California (Fig. 1) are well known for producing 
extremely acidic drainage (including waters with pH 
less than 0) and a variety of effl orescent iron sulfate 
minerals (Nordstrom & Alpers 1995, 1999a, Nordstrom 
et al. 2000, Alpers et al. 2003). Gold, silver, copper, 
zinc, iron, and pyrite (for production of sulfuric acid) 
were extracted from volcanogenic massive sulfi de depo-
sits at Iron Mountain from the 1860s to 1962. Waters 
currently draining the Richmond mine have particularly 
high concentrations of dissolved sulfate and metals as a 
result of the vigorous oxidation of massive pyrite that 
remains within the mine (Nordstrom & Alpers 1995). 
Massive pyritic ore (95–98% pyrite), ready availability 
of gaseous oxygen and water in porous and unsatu-
rated conditions of the mine workings, the presence of 
iron- and sulfur-oxidizing bacteria (e.g., Edwards et al. 
2000, Robbins et al. 2000), and elevated temperatures 
(observed to be 28–47oC and estimated to be as high 
as 60–70oC) caused by exothermic oxidation of pyrite 
combine to form optimal conditions for sulfi de oxida-
tion. The hydrothermally altered felsic metavolcanic 
host-rock (the Balaklala Formation of Devonian age; 
Kinkel et al. 1956) provides little acid-neutralization 
capacity. Waters fl owing from the Richmond portal have 
pH values around 0.5 and drips in the Richmond mine 
have pH values as low as –3.6 (Nordstrom & Alpers 
1999a, Nordstrom et al. 2000). 

It has been observed generally that jarosite-group 
minerals will precipitate from mine drainage if the 
pH is relatively low, Eh is high and adequate sulfate 
is available (Bigham & Nordstrom 2000). However, a 
quantitative relationship between the composition of 
acid-sulfate waters and jarosite solid-solutions under 
fi eld conditions has not been described, mainly because 
few mineral samples and coexisting waters have been 
characterized, such as the subject of the present study.

SULFATE MINERALS AT THE RICHMOND MINE

Within the underground workings of the Richmond 
mine, abundant efflorescences of iron sulfate form 
by oxidation and evaporation of acidic mine-waters. 
These include soluble Fe2+ sulfates such as melante-
rite, szomolnokite, mixed Fe2+–Fe3+ sulfates such as 
copiapite, voltaite, römerite, and some Fe3+ sulfates such 
as coquimbite and rhomboclase (Table 1). The repeated 
dissolution and precipitation of these secondary sulfate 
minerals are a signifi cant contributing factor to the 
extremely poor quality of water at Iron Mountain; these 
soluble minerals store Fe2+, SO4, potentially hazardous 
elements such as As, Cd, Cu and Zn, as well as acidity 
(in the form of H3O+) and Fe3+ (an oxidant) during dry 
seasons, and release them during wet seasons (Alpers 
et al. 1992, 1994, Nordstrom & Alpers 1999a, Jamieson 
et al. 1999). The sudden increase in dissolved metals 

after winter rainfall events has been attributed to the 
dissolution of the soluble metal sulfate salts (Alpers et 
al. 1994). This “fi rst fl ush” phenomenon has also been 
noted at other mine-waste sites (Jambor et al. 2000).

In July 1998, jarosite-group minerals were disco-
vered on a stope wall (approximately 5 m2) within the 
Richmond mine. Much of the massive, fi ne-grained 
pyrite on the stope wall was covered with moist and 
pasty jarosite-group minerals and stalactites that 
were actively dripping acidic water (Robinson 2000, 
Robinson et al. 2000). This discovery provided the 
opportunity to collect and analyze samples of coexisting 
water and the jarosite-group minerals. In this paper, 
we present those results and describe how they can be 
used to quantify the relationship between acid waters 
saturated with one or more jarosite-group minerals and 
the composition of the jarosite-group mineral(s) that 
precipitate(s) from those solutions.

Jarosite-group minerals are relatively common in 
mine waste, but had not been noted as a secondary 
mineral within the Richmond mine workings prior to 
1998, most likely because the conditions are generally 
too acidic (pH < 1). However, Alpers et al. (1989) 
analyzed jarosite-group minerals that had precipitated 
from effl uent waters emanating from the Richmond 
mine and the nearby Hornet mine after the water 
samples had been stored for 11 to 13 years. It was 
assumed that at the time of collection, the waters were 
somewhat undersaturated with jarosite-group minerals, 
and subsequent oxidation of dissolved Fe2+ caused 
precipitation. Alpers et al. (1989) used the composi-
tion of the coexisting jarosite and aqueous solutions to 
calculate a Gibbs free energy value for an intermediate 
member of the jarosite solid-solution corresponding to 
[K0.77Na0.03(H3O)0.20]Fe3+

3(SO4)2(OH)6.

JAROSITE-GROUP MINERALS 
IN MINE-WASTE ENVIRONMENTS

Jarosite-group minerals are commonly found as 
a secondary phases formed from the oxidation of 
sulfi de deposits and associated with acid rock-drai-
nage (Alpers & Brimhall 1989, Jambor 1994, Bigham 
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1994, Nord strom & Alpers 1999b, Dutrizac & Jambor 
2000, Jambor et al. 2000, Stoffregen et al. 2000). 
The jarosite group of minerals includes members 
of the alunite supergroup with the general formula 
DG3(TO4)2(OH,H2O)6, in which G represents Fe3+ > 
Al3+ and SO4 is greater or equal to 75% of total TO4 
(Jambor 1999). Most samples of natural jarosite-
group minerals are considered to be a solid solution 
of jarosite sensu stricto, KFe3+

3(SO4)2(OH)6, natroja-
rosite, NaFe3+

3(SO4)2(OH)6, and hydronium jarosite, 
(H3O)Fe3+

3(SO4)2(OH)6. Hydronium jarosite likely 
forms under conditions of extremely rapid oxidation of 
sulfi de (Kubisz 1961, Dutrizac & Jambor 2000) or where 
availability of Na and K is low. Brophy & Sheridan 
(1965) showed that a continuous solid-solution exists 
between the end members jarosite, natrojarosite and 
hydronium jarosite as a result of element substitution 
under low-temperature and low-pressure conditions. 
The presence of hydronium (H3O)+ is usually inferred 
from low alkali content in the mineral, as it is diffi cult 
to measure directly (Alpers et al. 1989, Stoffregen et 
al. 2000). On the basis of an interpretation of single-
crystal X-ray-diffraction data on synthetic hydronium 
jarosite, Majzlan et al. (2004) concluded that the D site 
in jarosite-group minerals may not be fully occupied, 
such that the hydronium content reported by difference 
should be considered a maximum value.

The available data from fi eld and laboratory studies 
indicate that jarosite-group minerals precipitate from 
waters in the pH range of 1 to 3 (Zotov 1970, van 
Everdingen et al. 1985, Alpers et al. 1989, Baron & 
Palmer 1996).

SAMPLE COLLECTION

Mineral and water samples were collected inside the 
Richmond mine in July 1998. Although underground 
mining ceased in the 1950s, restoration of the Richmond 
adit in the early 1990s allowed entry to some of the 
stopes through a well-lit and ventilated tunnel approxi-
mately 400 meters long and 2 to 3 meters in diameter. 
Four unventilated drifts (A, B, C and D) branch off 
from the end of this tunnel. Unstable wallrock and 
poor quality of the air prevented exploration further 
than approximately 20 m along the drifts. At the time 
of sampling, streams of effl uent with temperatures of 
38 to 48°C and pH values near 1 fl owed from drifts 
A, B and C, and the average temperature of the air in 
the mine was 28 to 38°C. These warm temperatures 
promote evaporation of mine water, and the extreme 
acidity and high concentrations of metals and sulfate 
in the waters lead to the abundant precipitation of 
effl orescent minerals (Nordstrom & Alpers 1999a). 
Effl orescences, stalactites, and stalagmites composed 
of sulfate minerals (Table 1) coat the walls, timbers 
and concrete supports of the mine passages, creating a 
colorful array of blue, green, yellow, orange, pink, and 
white coatings.

At the time of sampling in the D drift, water was 
dripping from cracks and stalactites in the walls and 
ceiling. Approximately 10 meters from the fi ve-way 
intersection (Fig. 1), a section of the west wall of pyrite 
1.0 to 1.5 meters high and 3 to 4 meters long was found 
to be coated in a yellow mud consisting dominantly 
of jarosite-group minerals (Fig. 2). The sampling area 
was close to the contact between the massive sulfi de 
orebody and the host rock, a hydrothermally altered 
felsic volcanic rock. Water dripping from a series of 
dull yellow stalactites (Fig. 3) was collected, as were 
the stalactites and mud composed of jarosite-group 
minerals, as described below.

Water samples

Six beakers were placed beneath stalactites that were 
actively dripping yellow-orange-colored water and left 
overnight (98CA105A, B, D–G; Fig. 4). Sixteen hours 
later, the pH, Eh, temperature and specifi c conduc-
tance of the sampled drip-waters were measured in 
the mine.

Two 50 mL centrifuge tubes, each containing 
approximately 40 mL of yellow, mustard-like jarosite-
group minerals sampled from the stope wall, were 
spun on site in a small portable centrifuge for 20 
minutes (water sample 98CA106). Measurements of 
pH, temperature, Eh, and specifi c conductance were 
obtained from placing the probes into the residual, 
moist solid material.

Two pH electrodes were prepared for fi eld measu-
rements. They had been soaked in a sulfuric acid 
solution of pH 1.0 for 23 hours to condition them 
before the underground sampling began. The electrodes 
were calibrated with a series of standard sulfuric acid 
solutions (Nordstrom et al. 2000) that were bathed in 
a pool of mine water to maintain a temperature close 
to that of the drip and pore waters. Millivolt readings 
from each of the two pH electrodes were converted to 
pH using regression curves for values measured from 
standard solutions (pH 1, 2, 3, and 4) at three calibra-
tion temperatures (28, 29, and 45°C). In the case of the 
stalactite drip-waters, the 29°C curve was used. The 
most accurate electrode measurement was identifi ed by 
examining the difference between the measured specifi c 
conductance and the value calculated using WATEQ4F 
(Ball et al. 1987).

The Eh standards consisted of pH 4 and 7 buffer 
solutions to which hydroquinone was added (Makita 
& Fujii 1992). Although the temperature dependence 
of the hydroquinone redox buffers is unknown, the 
temperature range encountered in this study is small, 
and the errors introduced are likely insignifi cant. The 
redox buffers were bathed in mine water along with the 
pH standards to ensure equilibration of temperature.

The drip waters were found to vary in color between 
dark and very light orange (Fig. 4). The lighter colors 
were found to correspond to waters with lower measured 
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FIG. 1. Location and plan map of the underground workings, 2,600 level, Richmond mine, Iron Mountain, California. 

values of Eh, whereas the darker waters exhibited higher 
Eh values (Table 2). We observed that the stalactites 
forming the drips with the lighter-orange-colored water 
had more bacterial slime coating the stalactite tips. The 
darker water seemed to be originating from “slime-free” 
stalactites.

Mineral samples

After the water samples had been collected, three 
stalactites were broken off the wall by hand and placed 
in centrifuge tubes to protect them from further brea-
kage (98CR14a, b, and c).The samples of stalactite 

composed of jarosite-group minerals are relatively hard, 
opaque and a dull orange-yellow color (Munsell 2.5Y 
6–7/7–8, Munsell Color Company, 1954). They range 
in length from 1 to 20 cm and in diameter from <1 to 3 
cm. Most samples have a hollow core that at one time 
accommodated water fl ow. In cross-section, this central 
cavity is surrounded by variably hued concentric bands 
that are apparently growth rings.

Samples 98CR15a and b were collected from the 
muddy part of the wall, located 2 to 3 meters from 
the stalactites, closer to the fi ve-way junction (Fig. 1). 
They are yellow (Munsell 2.5Y 7/6) and have a smooth 
consistency similar to prepared mustard.
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ANALYTICAL METHODS

The waters were fi ltered (0.45 �m pore-diameter 
membrane) on site and 2.0 mL of concentrated HNO3 
was added to the 250 mL fraction of each sample 
reserved for cation analysis and 2.0 mL of concentrated 
HCl to that reserved for Fe speciation. The level of 
concentration of all cations was established using induc-
tively couple plasma – optical emission spectroscopy 
(ICP–OES) except Na, K, and Li, which were done by 
fl ameless atomic absorption spectroscopy. Anions were 
determined using ion chromatography. The FerroZine 
method (Stookey 1970, To et al. 1999) was used to 
analyze for total Fe and Fe2+.

The minerals were initially identifi ed using X-ray 
powder-diffraction analysis. The jarosite-group-mineral 
mud was dried in air, and both mud and stalactite 
samples were crushed gently to a powder and mounted 
with petroleum jelly on a glass slide. A Siemens powder 
diffractometer with nickel-fi ltered CuK� radiation (� 
= 1.5418 Å) was used at Queenʼs University. Samples 
were scanned from 6° to 60° 2�, with a 0.1° step and a 
6 second preset time. The measured patterns were then 
matched by computer with ICDD (Joint Committee on 
Powder Diffraction Standards 1997) fi les to characte-
rize the sample. A Gandolfi  camera (CoK�, 24-hour 
exposure) was used to confi rm the identity of the iron 
oxyhydroxide mineral(s) intergrown with the jarosite-
group minerals.

Scanning electron imaging of stalactite fragments 
and air-dried mud was accomplished using a Philips 
XL30 CP SEM at the Royal Military College of Canada 
in Kingston. Polished thin sections of stalactite and mud 
samples were made by impregnating subsamples with 
an epoxy that cured at room temperature, then polishing 
without water. Standard analytical conditions for elec-
tron-microprobe analyses done at Queenʼs University in 
quantitative EDS mode included an accelerating voltage 
of 15 kV, a take-off angle of 52.5°, and an emission 
current of 100 mA. Optimal operating conditions for 
analyzing jarosite-group minerals were determined by 
testing the effect of beam size, collection time, and beam 
current on a homogeneous alunite standard of known 
composition, no jarosite standard being available. A 
rastered beam with a beam current of 40 nA and a 
collection time of 50 seconds was found to produce 
consistently accurate results, whereas longer collection-
times and a smaller beam-spot resulted in lower values 
for K and Na, presumably owing to the remobilization 
of K and Na during EMPA analysis (Hunt & Hill 1993, 
Hunt et al. 1998). Primary analytical standards included 
synthetic chalcopyrite for Fe, barite for S, orthoclase for 
K, kaersutitic amphibole for Na (Smithsonian USNM 
143965), and a synthetic glass for Al, Mg, Ca, and Si 
(U.S. National Bureau of Standards 470). Alunite from 
Marysville, Utah (Stoffregen & Alpers 1987) served 
as a secondary analytical standard for potassium, 
aluminum, and sulfur; it was analyzed as an unknown 

periodically to ensure consistent results (Robinson 
2000). All primary standards were rechecked at the 
end of the session. Analytical spectra were processed 
by fi tting the reference spectra using a least-squares 
program to obtain uncorrected k-ratios. The k-ratios 
were then corrected for atomic number (Z), absorption 
(A), and fl uorescence (F) by the ZAF program (Doyle 
& Chambers 1981). Measured concentrations of Fe, Al, 
and S in the alunite standard and a pyrite grain were 
consistently within 1 wt% (absolute) of the published 
or stoichiometric values, and values of the molar ratios 
Al:S in alunite and Fe:S in pyrite were found to be close 
to ideal. One stalactite from this study was analyzed 
by EMPA at the U.S. Geological Survey laboratory in 
Denver, Colorado using a wavelength-dispersion spec-
trometer (WDS) with an accelerating voltage of 10 kV, 
a beam current of 10 nA, and a 20-second count time on 
element peaks. No migration of Na or K was observed 
under these conditions.

Concentrations of trace elements, including Ag, As, 
Cd, Cu, Fe, Ga, Ge, In, Mo, Nb, Ni, Pb, Rb, Sb, Se, 
Sn, Sr, Tl, W, Y and Zn, were measured using proton-
induced X-ray emission (micro-PIXE) analysis at the 
University of Guelph, Ontario, on the same polished 
thin sections as were used for EMPA at Queenʼs Univer-
sity. A reduced beam-current of 1.4 nA was applied to 
avoid penetration into underlying material. The reduced 
current lengthened the duration of analysis to approxi-
mately 700 seconds as the stopping time corresponds 
to charge accumulation (1 �C). An Al-mylar fi lter (250 
�m thick) in combination with a mylar fi lter (125 �m 
thick) were used to stop the back-scattered protons and 
to reduce the intensity and number of X-ray photons 
with lower energy and longer wavelength. A PIXE 
analysis is conventionally used as a standardless tech-
nique, and correction factors are calculated directly 
from an understanding of how the proton beam interacts 
with the sample (Cabri & Campbell 1998). However, 
in this case, we were able to measure the concentration 
of Fe by both EMPA and micro-PIXE. In the case of 
the stalactites, the average concentration of iron deter-
mined by micro-PIXE corresponds very closely to that 
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determined by EMPA (micro-PIXE results were 1% 
lower). This agreement demonstrates that the beam 
did not penetrate any underlying Fe oxyhydroxides, 
the only other minerals present in signifi cant quantities 
in the section. The concentration of Fe determined by 
micro-PIXE in the mud sample is approximately 10% 
lower than that determined by EMPA, probably owing 
to the smaller crystals of the jarosite-group-mineral in 
the mud relative to those in the stalactite, and the micro-
PIXE data were refi t by using the Fe value determined 
by EMPA. The results were evaluated independently 
in each analysis by ensuring an acceptable fi t-error and 
limit of detection (LOD). Concentrations greater than 
three times the LOD were considered signifi cant. In 
addition, the spectra for each analysis were examined 
for residual peaks. The elements present in the samples 
of the jarosite-group-mineral in signifi cant concentra-
tion, according to these criteria, are discussed below.

RESULTS

Composition of water

The composition of the six samples of drip water 
collected from stalactites and of one sample of pore 
water extracted from the mud is listed in Table 3. These 
compositions are similar to that of other acid-mine-drai-
nage water from the Richmond mine in that the domi-
nant dissolved species are Fe3+ and SO4

2– (Nordstrom 
& Alpers 1999a, b, Nordstrom et al. 2000, Jamieson et 
al. 2005). However, they are considerably more dilute 
and less acidic than most other drainage waters from 
the Richmond mine. For example, the dissolved sulfate 
content of the drip waters are one to two orders of 

FIG. 2. Wall of jarosite-group minerals formed on the surface of massive pyrite in the D 
drift of the Richmond mine. On the right of the muddy section are stalactites, a red-
brown mineral (goethite) and bacterial slime.

FIG. 3. Close-up view of dripping stalactite consisting of 
jarosite-group minerals.
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magnitude less than that measured in other Richmond 
mine waters, including pore water from an accumulation 
of copiapite-group minerals found a few meters away 
from the sampling site of the jarosite-group mineral, 
in the D drift (Nordstrom et al. 2000, Jamieson et al. 
2005). The pore water from jarositic mud (sample 
98CA106) contains approximately ten times as much 
dissolved iron and sulfate as the drip waters, but it is 
still relatively dilute compared to other waters from the 
mine. The dissolved Fe is dominantly Fe2+, whereas in 
the case of the drip waters, it is mostly Fe3+, though the 
Fe2+:Fe3+ ratio varies from 0.001 to 0.966 (Table 3). 
Concentrations of Zn, Cu, Cd, Pb and As in all samples 
listed in Table 3 are much lower than values measured 
in other water samples from Richmond mine, especially 
drip waters associated with other iron minerals (Nord-
strom & Alpers 1999a). The measured values of pH for 
the water coexisting with the samples of jarosite-group 
mineral are between 1.3 and 2.3 (Table 2), whereas 
those of previously reported waters from the Richmond 
mine are between –3.6 and 1.5 (Nordstrom et al. 2000, 
Alpers et al. 2003). The waters in Table 3 are more 
similar to acid mine-waters reported from other sites 
and less like the extremely acidic, metal- and sulfate-
rich drainage observed elsewhere in the Iron Mountain 
system. A possible explanation for the more dilute 
nature of these waters in the D drift is that this area is 
near the edge of the massive sulfi de, where percolating 
waters have more opportunity to interact with the hydro-
thermally altered metavolcanic host-rocks.

The six samples of stalactite drip-waters are similar 
in composition to each other with the exception of their 

FIG. 4. Stalactite drip waters collected overnight. From left to right, beginning with the 
largest beaker: 105A, 105D, 105E, 105F. Sample 105G is behind 105F. In front, 105B 
and 105C, which is empty.
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Fe3+:Fe2+ ratio (Table 3). There is a direct correspon-
dence between color, measured Eh, and Fe3+, such that 
the darkest orange waters have the highest Fe3+ content, 
Fe3+:Fe2+ ratio, and measured Eh. The simple rela-
tionship between water color and redox state cannot be 
extrapolated to other Richmond mine waters, however, 
as more reduced waters with higher Fe2+ and sulfate 
concentrations can be blue-green, and waters of similar 
measured Eh values to these drip waters but of lower pH 
can be dark brown (Robinson 2000), probably caused 
by higher concentrations of Fe3+ and sulfate. Although 
the composition of the water extracted from the jaro-
sitic mud is somewhat different than that of the drip 
waters, fi eld relations indicate that both types of water 
are closely associated with jarosite-group minerals that 
are actively forming. As discussed below, geochemical 
modeling was used to test the hypothesis that these 
water compositions are close to thermodynamic equili-
brium with the associated jarosite-group minerals.

Composition of the jarosite-group minerals

The SEM images of stalactite fragments show 
rhombohedral crystals no larger than 10 �m in diameter 
(Fig. 5a). Many grains are partially encrusted with fi ner-
grained light-colored silica, identifi ed by EDS. Crystals 
of jarosite-group minerals from the mud sample appear 
to be slightly smaller (<8 �m) and exhibit little or no 
encrustation with silica (Fig. 5b).

In thin section, samples of the jarosite-group mineral 
appear in transmitted light as rounded, yellow-orange 
blebs less than 40 �m in diameter, which represent 
spheroidal aggregates of the tiny rhombohedral crystals 
seen in the SEM images. In some areas, a red-brown 
mineral with internal refl ections in refl ected light is 
probably goethite. A Gandolfi camera was used to 
obtain a diffraction pattern of a small amount of the 
red-brown mineral scraped from a thin section. The 
resulting pattern is complicated by the presence of a 
jarosite-group mineral, but includes the most intense 
peak of goethite (JCPDS 1997).

The X-ray powder-diffraction patterns of samples 
of the jarosite-group minerals indicate a close match 
with jarosite as well as distinctive shoulders on several 
peaks at d values corresponding to hydronium-bearing 
jarosite and hydronium jarosite (Stoffregen et al. 2000). 
This was observed in both the XRD data collected at 
Queenʼs University on stalactite and mud samples, and 
those collected at the U.S. Geological Survey, Denver 
Laboratory, on a stalactite sample. The results indicate 
a physical mixture of jarosite and hydronium jarosite, 
with jarosite being the more abundant.

Representative results of EMPA of the jarosite-group 
minerals present as stalactites, and all the composi-
tions of the mud, are listed in Table 4. The calculated 
structural formulae are listed in Table 4 and plotted in 
Figure 6. The relatively low K and very low Na are 
considered to be caused by the presence of H3O at the 
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alkali site. The H3O content was calculated by diffe-
rence, and the H2O was computed. The presence of a 
hydronium jarosite component in the sample was also 
confi rmed by spectral refl ectance data (G. Swayze, U.S. 
Geological Survey, written commun., 2004). The (Fe + 
Al):S molar ratio for jarosite-group minerals analyzed 
in this study varies from 2.50:2 to 2.97:2, which is less 
than the ideal ratio of 3:2, but well within the range 

reported by others for natural and synthetic materials 
[Härtig et al. (1984): 2.20:2 to 2.57:2, Ripmeester et al. 
(1986): as low as 2.33:2, Alpers et al. (1989): 2.85:2 
to 2.96:2, Baron & Palmer (1996): 2.79:2, Drouet & 
Navrotsky (2003): 2.48 to 2.91:2, Paktunc & Dutrizac 
(2003): 2.54:2 to 2.88:2].

The most striking aspect of the compositions of the 
jarosite-group minerals analyzed in this study is the very 

FIG. 5a. SEM image of the stalactite of jarosite-group mineral. The crystals are coated by 
fi ne-grained amorphous silica. 

FIG. 5b. SEM image of jarosite-group mineral in the mud sample. Silica coating is 
essentially absent.
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wide range in composition with respect to the jarosite, 
hydronium jarosite, and natrojarosite end-members 
from what might initially be considered a common 
environment of formation (Fig. 6). This is true for both 
the stalactites and the mud. X-ray mapping with the 
electron microprobe (Fig. 7) indicates that the crystals 
composing the stalactites are zoned with respect to Na 
and K (and H3O as calculated by difference) at a scale 
comparable to the size of the analytical volume, sugges-
ting that the compositions listed in Table 4 and plotted 
in Figure 6 represent mixtures. The variation in compo-
sition is not related to the apparent growth-rings in the 
stalactite. This pattern suggests that the composition of 
the jarosite-group mineral solid-solution in terms of the 
relative amounts of K, Na, and H3O is very sensitive to 
variation in one or more parameters in the environment 
of precipitation, and that this variation occurred during 
the formation of the stalactites and mud wall.

Given that there are several cation-sites in the 
jarosite-group mineral structure and that extensive 
substitution of some base metals into jarosite-group 
minerals has been documented elsewhere (e.g., Scott 
1987, Dutrizac & Jambor 2000, and references therein), 
it is not surprising that a variety of trace elements are 
sequestered within the jarosite-group minerals at the 
Richmond mine. Micro-PIXE analyses indicate that 
Zn, As and Pb are present in the stalactites in signifi -
cant concentrations, i.e., more than three times above 

the limit of detection. The results are listed in Table 5. 
The fi t error and LOD were calculated according to the 
method of Cabri & Campbell (1998). Concentrations of 
Rb, Sr and Sb are also present in signifi cant but lower 
amounts (averaging 26 ± 8 ppm, n = 15; 38 ± 17 ppm, 
n = 18; 176 ± 159 ppm, n = 18, respectively). The jaro-
site-group minerals present in the mud do not contain 
signifi cant Zn, but the average concentrations of Pb 
(5,961 ppm) and As (435 ppm) are higher than those in 
the stalactites, and Bi, Se, and Sn were detected in most 
samples of the mud (207 ± 58 ppm, n = 6; 121 ± 75 ppm, 
n = 10; 155 ± 40 ppm, n = 6, respectively). Because it 
was not possible to collect micro-PIXE spectra on the 
same spots that were analyzed by EPMA owing to beam 
damage, the trace-element results cannot be correlated 
with the variation in K–Na–H3O content in the jarosite-
group minerals. Lead probably substitutes for K, on the 
basis of the well-known stability of plumbojarosite in 
oxidized portions of lead-rich sulfi de deposits (Dutrizac 
& Jambor 2000, Hochella et al. 2005). Bismuth and 
Sr also may occupy the D site, as several Bi-bearing 
and Sr-bearing end-members of the crandallite group 
(part of the alunite supergroup) are known (Dutrizac 
& Jambor 2000). Rubidium is expected to substitute 
for K. Zinc is known to substitute for Fe in jarosite-
group minerals and other hydrous Fe sulfates from 
Iron Mountain (Jamieson et al. 1999), and, on the basis 
of ionic radius and charge, Sn probably does as well. 
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FIG. 7. X-ray intensity-distri-
bution maps (electron-micro-
probe data) of crystals of the 
jarosite-group minerals from 
a stalactite. Blue shades repre-
sent less intense areas (less of 
the respective element) and 
red or orange shades represent 
more intense areas (more of 
the respective element). Note 
that high-K areas correspond 
to low-Na areas. CP: back-
scattered-electron image.

FIG. 6. The composition of jarosite-group minerals in sta-
lactites (from sample 98CR14) and mud (98CR15). The 
CR14-D analyses were done at the USGS lab in Denver, 
Colorado. The CR-14Q and CR15-Q analyses were done 
at Queenʼs University.
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Arsenic, Se, and Sb are expected to behave as T ions. 
The substitution of AsO4

3– for SO4
2– has been reported 

for jarosite-group minerals (Paktunc & Dutrizac 2003, 
Savage et al. 2005) and in other hydrous Fe sulfates 
from Iron Mountain (Jamieson et al. 1999, 2005).

Other minerals

Electron-microprobe analyses of iron oxyhydroxide 
minerals were diffi cult owing to the small grain-size and 
variable quality of polished surfaces. The Fe content 
at twenty-six points on the grains that appear, in back-
scattered electron imaging, to be the brightest and 
smoothest varies signifi cantly (45 to 60 wt% Fe) and 
is consistent with either ferrihydrite or goethite, but is 
less than that expected for hematite. Most compositions 
include small amounts of Si and Ca. Where S is present, 
the amounts are higher than that expected for schwert-
mannite (Bigham & Nordstrom 2000) and probably 
represent admixed jarosite-group minerals. On the basis 
of the EMPA, XRD, and microscopic observations, the 
red-brown mineral has been tentatively identifi ed as 
goethite. Micro-PIXE analysis of the iron oxyhydroxide 
grains also showed considerable grain-to-grain variation 
in Fe concentration and thus the trace-element analyses 
can only be considered semiquantitative. Zinc and As 
appear to be present in signifi cant concentrations (tens 
to thousands of ppm). 

GEOCHEMICAL MODELING

We used the geochemical modeling program 
WATEQ4F (Ball et al. 1987) to calculate aqueous 

speciation in the drip waters and saturation indices (SI 
values) of relevant minerals. The results are summarized 
in Table 6.

Solids with SI > 0 versus the observed minerals

All water samples collected from dripping stalac-
tites are supersaturated with at least two of the four 
compositions of jarosite-group minerals included in the 
WATEQ4F database: KFe3+

3(SO4)2(OH)6 and jarosite 
(ss), which corresponds to K0.77Na0.03(H3O)0.20Fe3+

3
(SO4)2(OH)6 (Alpers et al. 1989). Five of the six 
drip waters are also supersaturated with (H3O)Fe3+

3
(SO4)2(OH)6, and one is supersaturated with NaFe3+

3
(SO4)2(OH)6. The pore water extracted from the mud 
is also close to saturation with KFe3+

3(SO4)2(OH)6 and 
jarosite (ss). The saturated indices of jarosite-group 
minerals in equilibrium with the pore water are shown 
in Figure 8 and discussed below.

Goethite and some form of silica (“chalcedony”, 
silica gel, or amorphous silica) are consistently super-
saturated in all these waters. Mineralogical results 
indicate that an iron oxyhydroxide, probably goethite, 
is present. The predicted formation of amorphous 
silica is consistent with the SEM observations of silica 
coatings on crystals of the jarosite-group minerals. It 
is also consistent with the mass-balance calculation of 
Alpers et al. (1992); it indicates the precipitation of 
silica minerals resulting from reaction of the metavol-
canic host-rock and oxidation of pyrite to produce the 
typical drainage-water at the Richmond mine. Secon-
dary silica has also been found in tailings from other 
massive-sulfi de deposits as a replacement of biotite 
(Jamieson et al. 1995). Initially, aluminosilicates will 
dissolve at low pH; concentrations of dissolved silica 
will be expected to be particularly high in the hotter 
areas of the mine workings because of the exponential 
increase in silica solubility with increasing temperature 
(Rimstidt & Barnes 1980, Fournier 1985). In the cooler 
areas of the mine (i.e., those near 30°C), the silica 
precipitates. Nordstrom (1977) and Nordstrom & Potter 
(1977) used the silica content of the Richmond mine 
effl uent as a geothermometer based on the solubility 
of amorphous silica to predict that temperatures in the 
mine were at least 50°C. Subsequent exploration of the 
mine workings since access became available in 1989 
has yielded maximum observed temperatures of 48°C 
(Nordstrom & Alpers 1999a).

Calculated versus observed values of Eh

The Eh calculated by WATEQ4F using the measured 
Fe2+/Fe3+ value is remarkably close to the Eh value 
measured in the Richmond mine at the time of sampling 
in the case of most samples (Table 6). The average 
calculated Eh is 770 ± 75 mV for the six samples of 
drip water, which is identical to the average measured 
Eh (770 ± 77 mV). The Eh calculated from the Fe2+/Fe3+ 
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of the pore water extracted from the mud (714 mV) is 
slightly lower than that the measured Eh (758 mV). 
These results are expected because iron concentrations 
are high enough to provide an equilibrium potential at 
the platinum electrode surface (Nordstrom & Alpers 
1999b). The Eh calculated from the measured As3+/As5+ 
ratio (461 ± 9 mV for six drip-waters), on the other 
hand, is signifi cantly different from the measured Eh 
value, although relatively constant from one sample to 
another. This result is also expected because this redox 
couple is generally not electro-active.

Calculated versus observed composition of the 
jarosite-group mineral for pore water in the mud

Following Alpers et al. (1989), the jarosite solid-
solution KxNay(H3O)(1–x–y)Fe3(SO4)2(OH)6 can be 
described by two compositional variables, x and y. The 
following two dissolution reactions apply to the potas-
sium (Kj) and sodium (Naj) components of the jarosite 
solid-solution, respectively:

KFe3(SO4)2(OH)6 + 6H+ ↔ 
K+ + 3Fe3+ + 2SO4

2– + 6H2O (1)

NaFe3(SO4)2(OH)6 + 6H+ ↔ 
Na+ + 3Fe3+ + 2SO4

2– + 6H2O (2)

At equilibrium, the Gibbs free energy of the reactions 
is equal to 0:

�fG0
K+ + 3 �fG0

Fe3+ + 2 �fG0
SO4

2– 
+ 6 �fG0

H2O + RT ln(10) (log[K+] 
+ 3 log[Fe3+] + 2 log[SO4

2–] + 6 log[H2O] 
+ 6 pH) – �fG0

Kj – RT ln(x) = 0 (3)

FIG. 8. Saturation indices calculated using WATEQ4F for the 
pore water 98CA106.
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�fG0
Na+ + 3 �fG0

Fe3+ + 2 �fG0
SO4

2– 
+ 6 �fG0

H2O + RT ln(10) (log[Na+] 
+ 3 log[Fe3+] + 2 log[SO4

2–] + 6 log[H2O] 
+ 6 pH) – �fG0

Naj – RT ln(y) = 0 (4)

In equations (3) and (4), �fG0
i refers to the standard-

state Gibbs free energy of formation of species i, and 
square brackets denote aqueous activity. The logarithms 
of individual ion activity-products (IAP) for jarosite 
and natrojarosite are defi ned, based on equations (3) 
and (4), as:

Log[IAPKj] = log[K+] + 3 log[Fe3+] 
+ 2 log[SO4

2–] + 6 log[H2O] + 6 pH (5)

Log[IAPNaj] = log[Na+] + 3 log[Fe3+] 
+ 2 log[SO4

2–] + 6 log[H2O] + 6 pH (6)

The solubility products of jarosite and natrojarosite 
are related to the standard-state Gibbs free energies of 
formation:

RT ln(10) log Ksp–Kj = �fG0
Kj – �fG0

K+ 
– 3 �fG0

Fe3+ – 2 �fG0
SO4

2– – 6 �fG0
H2O (7)

RT ln(10) log Ksp–Naj = �fG0
Naj – �fG0

Na+ 
– 3 �fG0

Fe3+ – 2 �fG0
SO4

2– – 6 �fG0
H2O (8)

Combining equations (3) to (8) produces:

log[IAPKj] – log Ksp–Kj – log(x) = 0 (9)

log[IAPNaj] – log Ksp–Naj – log(y) = 0 (10)

Given chemical data for a water sample and assuming 
ideal mixing in jarosite solid-solution, equations 
(9) and (10) can be used to calculate x and y, which 
represent the composition of the ideal jarosite solid-
solution in equilibrium with that water sample. The 
values of log[IAPi] and log Ksp–i were calculated using 
WATEQ4F. Thermodynamic data for jarosite at 25°C 
(log Ksp) were based on experimental data of Kashkay 
et al. (1975) and Baron & Palmer (1996). The tempe-
rature dependence of log Ksp (�Ho) was taken from 
Ball et al. (1987).

The values of x and y were also obtained assuming 
non-ideal mixing of K and Na, and of Na and H3O, in 
the jarosite-group-mineral structure (WK–Na = WH3O–Na 
= 1.275 kJ•mol–1; WH3O–K = 0). Alpers et al. (1989) 
suggested ideal mixing of K and H3O in jarosite solid-
solution, but warned of probable non-ideality of K–Na 
and Na–H3O substitution based on differences in unit-
cell volume. The value of 1.275 kJ•mol–1 is estimated 
as a maximum value compatible with the experimental 
data summarized by Stoffregen et al. (2000) for the 
jarosite–natrojarosite binary join. In that case, equations 
(9) and (10) contain additional terms accounting for the 
non-ideality, and the equations could only be solved 

by a numerical method. (The Generalized Reduced 
Gradient technique of nonlinear optimization utilized in 
Microsoft® Excel 97 was used in this study.) The results 
of calculations assuming ideal and non-ideal mixing of 
K–Na and Na–H3O were found to be virtually identical, 
owing to the negligible amount of Na in the calculated 
compositions of the jarosite-group minerals.

Using the method described above, the composition 
of the jarosite-group mineral in equilibrium with the 
pore water extracted from the jarosite mud (sample 
98CA106) was calculated for a range of pH values 
near the measured value of 1.27. The calculated Na 
content is so low that the jarosite-group minerals can 
effectively be considered as members of the solid-solu-
tion between the K and H3O end-members. The value 
of x, representing the K end-member, varies from 0.1 
at pH = 1.1 to 0.7 at pH = 1.28. A small change in pH 
produces signifi cant change in the K+ content of the 
calculated composition. This effect is expected because 
a small change in pH at values near 1.27 represents a 
large change in aqueous proton (and hydronium ion) 
concentration and activity.

The calculated equilibrium Na content of the jaro-
site-group minerals in equilibrium with water samples 
98WA105(A, B, D, E, F, and G) and 98WA106 is low 
in comparison with the observed values (Table 4). A 
decrease of about 12 kJ/mol in the �fG0 of natrojaro-
site would be required to reproduce the observed Na 
contents. This change in free energy is within the range 
of uncertainty for recent estimates of the �fG0 of natro-
jarosite (Stoffregen et al. 2000, Drouet & Navrotsky 
2003, Drouet et al. 2004).

Saturation indices for calculated compositions of the 
jarosite solid-solution

The saturation index was computed for calculated 
compositions of jarosite-group mineral solid-solution 
(noted as jgm–ss) based on the following dissolution- 
reaction (Alpers et al. 1989):

KxNay(H3O)(1–x–y)Fe3(SO4)2(OH)6 
+ (5 + x + y) H+ ↔ x K+ + y Na+ + 3 Fe3+ 
+ 2 SO4

2– + (7 – x –y ) H2O  (11)

The logarithm of the ion activity-product (IAP) for 
reaction (11) can be expressed as:

Log[IAPjgm–ss] = x log[K+] + y log[Na+] 
+ 3 log[Fe3+] + 2 log[SO4

2–] 
+ (7 – x – y) log[H2O] + (5 + x + y) pH (12)

The logarithm of the solubility-product constant 
Ksp–jgm–ss can be calculated for each composition of 
jarosite-group mineral solid-solution as:

ln Ksp–jgm–ss = �rG0
11/ RT (13),
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where �rG11 is calculated as:

�rG11 = x �fG0
K–J + y �fG0

Na–J + (1–x–y) 
�fG0

H3O–J + RT[x ln(x) + y ln(y) + (1–x–y) 
ln(1–x–y)] – x �fG0

K+ – y �fG0
Na+ – 3 �fG0

Fe3+ 
– 2 �fG0

SO4
2– – (7 – x – y) �fG0

H2O  (14)

The equations (12) to (14) are used to obtain the satu-
ration index SI:

SI = log (IAPjgm–ss/Ksp–jgm–ss)

or

SI = x log[IAPKj] + y log[IAPNaj] + (1 – x – y) 
log[IAPHj] – x log Ksp–Kj – y log Ksp–Naj 
– (1 – x – y) log Ksp–Hj – x log(x) – y log(y) 
– (1 – x – y) log(1 – x – y) (15),

where

RT ln(10) log Ksp–Hj = �fG0
Hj – 3 �fG0

Fe3+ 
– 2 �fG0

SO4
2– – 7 �fG0

H2O

and

log[IAPHj] = 3 log[Fe3+] + 2 log[SO4
2–] 

+ 7 log[H2O] + 5 pH,

by analogy with equations (5) – (8).

Equation (15) was used for SI calculations. As in the 
case of the calculation of the composition of the jarosite-
group minerals, the values of log[IAPi] and log Ksp–i 
were calculated using WATEQ4F and the thermody-
namic data of Kashkay et al. (1975), Baron & Palmer 
(1996), and Ball et al. (1987).

Saturation indices (SI) for the jarosite-group mine-
rals were calculated for the pore-water composition 
98CA106 for a range a pH values (Fig. 8). The SI values 
for jarosite and the jarosite-group mineral solid-solution 
approach zero near the measured pH of 1.27. The water 
is consistently undersaturated with respect to the end-
member compositions of natrojarosite and hydronium 
jarosite over the range of pH values tested.

DISCUSSION AND CONCLUSION

The waters that precipitate abundant jarosite-group 
minerals in the D drift are less acidic and more dilute 
than the waters found elsewhere in the Richmond mine, 
including those that precipitated abundant magnesio-
copiapite collected a few meters away from the samples 
of jarosite-group mineral (Jamieson et al. 2005).

Geochemical modeling using WATEQ4F indicates 
that the stalactite drip-waters are supersaturated, and 
the pore water of the mud sample is at or close to 

equilibrium with the solid phases observed. Jarosite-
group minerals are known to precipitate directly from 
aqueous solution in the field (Nordstrom 1977), in 
the lab (Alpers et al. 1989), and in process solutions 
(Dutrizac & Jambor 2000).

Nordstrom et al. (2000) described the chemical 
evolution of extremely acidic mine-waters at Iron 
Mountain as the result of four hydrobiogeochemical 
processes: (1) generation of acidic ferrous sulfate solu-
tions by pyrite oxidation, (2) concentration of ions by 
evaporation, (3) consumption of H+ during oxidation of 
Fe2+ to Fe3+ at very low pH, and (4) acid production or 
consumption during mineral precipitation, depending 
on the stoichiometry of the Fe sulfate precipitating. In 
the part of the D drift where jarosite-group precipitates 
were found, there may be considerably less evaporative 
concentration (process 2) than elsewhere in the mine 
workings because of the addition of cool, dilute ground-
water from the adjacent host felsic metavolcanic rock 
and a lower temperature as a result of less exothermic 
reaction (pyrite oxidation). Consequently, the pH is 
not as low as elsewhere in the mine workings. If the 
waters associated with jarosite-group minerals were 
concentrated by evaporation, they would approach 
the composition of the extremely Fe-rich, acidic (pH 
= –0.9) water coexisting with magnesiocopiapite 
(Robinson et al. 2000, Jamieson et al. 2005). At the 
pH values observed, Fe3+ produced by process (3) 
is hydrolyzed and then precipitated as jarosite-group 
minerals and goethite, whereas for other waters in the 
mine that have pH values less than 2, Fe3+ hydrolysis 
is minimal. In theory, the precipitation of jarosite and 
natrojarosite releases acidity to solution. The amount of 
acid released is reduced proportionally, however, by the 
amount of H3O-bearing jarosite precipitating, according 
to the reversal of equation (11).

The measured compositions and X-ray maps of 
the samples of jarosite-group minerals from the Rich-
mond mine indicate that there is a signifi cant range of 
Na-, K- and H3O-dominant components present in the 
samples. The compositions include hydronium jarosite, 
in which a maximum of 62% of the D site is occupied by 
H3O. The apparent H3O-rich compositions are richer in 
H3O relative to most jarosite-group minerals reported in 
the literature from mine-waste sites (Dutrizac & Jambor 
2000). This enrichment may exist because they are 
precipitated from rapidly oxidizing water at pH values 
lower than those associated with many acid sulfate 
waters. According to equilibrium calculations, the K:
H3O ratio in jarosite-group minerals should depend 
strongly on pH. In the case of the pore water in the 
mud sample, we demonstrated that the observed range 
in composition of the solid can be accounted for by a 
small range in pH (Fig. 8) or by changes in aqueous 
concentration of K (or both). The variation in pH 
corresponding to the range of observed compositions of 
the jarosite solid-solution is similar to the uncertainty 
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associated with measuring the pH (approximately 0.1 
log unit), but the compositional range indicates an actual 
change in solution composition.
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