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The KantishnaHills mining district of interior Alaska, USA, locatedwithin Denali National Park and Preserve, con-
tains a number of antimony lode deposits, including Alaska's historically largest antimony producer, the Stam-
pede mine. Oxidative weathering of sulfidic tailings and waste rock associated with historic mining operations
has impacted water quality in the region. In the Stampede and Slate Creek watersheds, antimony and arsenic
concentrations in streamwaters were as high as 720 μg/L and 239 μg/L, respectively. Antimony in all water sam-
ples is predominantly present as Sb(V),whereas arsenicwas detected in varying ratios of As(III) andAs(V). Based
onX-ray absorption spectroscopy (XAS)measurements reducedAs(III) and Sb(III)were identified inminewaste
materials, whereas predominantly oxidized forms, As(V) and Sb(V), were found in downstream sediments.
Elevated antimony concentrations extend for more than 8 km downstream from the antimony lodes, whereas
arsenic quickly attenuates within 1.5 km. The difference between antimony and arsenic aqueous phase specia-
tion suggests that antimony oxidation is more rapid than arsenic within this system. A high correlation is ob-
served between antimony, arsenic, and iron concentrations in fine-fraction streambed sediments downstream
of the source lodes. This suggests that sorption and co-precipitation with iron (hydr)oxides are important path-
ways for the attenuation of antimony and arsenic in these interior Alaska watersheds. Further XAS characteriza-
tion of the downstream sediments corroborates these observations and indicates that antimony is adsorbed to
Fe-oxide phases as inner-sphere bi-dentate edge and corner sharing complexes. The trace element redox states,
as well as downstream partitioning, are mainly controlled by iron speciation based on the strong correlation be-
tween redox potentials calculated from iron (Fe(II)/Fe(III)) and arsenic (As(III)/As(V)).

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Oxidative weathering of acid-forming sulfide minerals, such as py-
rite (FeS2), and associated arsenopyrite (FeAsS) and stibnite (Sb2S3),
has the potential to impact water quality. Within interior Alaska, there
are a number of examples of anomalous aqueous concentrations of ar-
senic (As) and antimony (Sb), as much as hundreds of μg/L, associated
with both natural undevelopedmetallicmineral occurrences and legacy
mining operations (Mueller et al., 2004, 2010). Such elevated concen-
trations are potentially harmful to aquatic ecosystems (Vaughan,
2006; Nam et al., 2009) and fall well above the USEPA maximum con-
taminant levels (MCLs) in drinking water of 10 and 6 μg/L for arsenic
and antimony, respectively. The fate of trace elements such as arsenic
and antimony in acid drainage waters is influenced by a variety of pro-
x 5800 MS-0754 Albuquerque,
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cesses including acid neutralization, secondary mineral precipitation,
aqueous complexation, and sorption onto particles and colloids within
thewater column or streambed sediments. Neutralization, through dis-
solution of carbonate or aluminosilicate minerals, or by dilution with
ground or surface water, will dramatically reduce the solubility of
some metal ions, such as Fe(III), causing formation of crystalline and
amorphous precipitates that serve as sinks for trace constituents
(Stumm and Morgan, 1996; Nordstrom and Alpers, 1999). The concen-
trations of metals such as Cd, Cu, Ni, Pb and Zn, and metalloids such as
As and Sb, are mainly controlled by their sorption or co-precipitation
to particulates and colloids of the secondary phases (e.g., amorphous
ferric-hydroxide or ferrihydrite, Fe(OH)3) or other high surface area
materials. The colloidal and fine-grained sorbents can be transported
long distances before settling to the streambed, serving as a significant
transport vector for trace elements from the source regions (Smith
et al., 1992, 1993; Plumlee et al., 1999; Smith, 1999). Therefore, one of
the key factors in considering the impact of sulfide oxidation and disso-
lution onwater quality is the extent to which themetal(loids) partition
between solution and solid phases, which in turn is strongly influenced
by the solution speciation.

http://dx.doi.org/10.1016/j.chemgeo.2012.10.016
mailto:tptrainor@alaska.edu
http://dx.doi.org/10.1016/j.chemgeo.2012.10.016
http://www.sciencedirect.com/science/journal/00092541
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Upon exposure to surface conditions, arsenic (Courtin-Nomade et
al., 2009; Klimko et al., 2011) and antimony (Klimko et al., 2011) as-
sociated with sulfide-rich ores are quickly oxidized. In surface soil and
aquatic environments, arsenic and antimony most commonly exist in
either the +3 or +5 oxidation state in the form of oxyanions. It has
generally been observed that As(III) has a lower affinity for binding to
mineral surfaces and is found to be more mobile in aquatic systems
than As(V) (Zobrist et al., 2000; Smedley and Kinniburgh, 2002;
Herbel and Fendorf, 2006). At acidic to circum-neutral pH, As(V) is
effectively immobilized by sorption and co-precipitation with Fe-, Al-,
and Mn-(hydr)oxides (Courtin-Nomade et al., 2009). With increasing
pH to values above 8.5, adsorbed arsenic is mobilized from oxide sur-
faces (Smedley and Kinniburgh, 2002; Bissen and Frimmel, 2003).
Both As(V) and As(III) can be released from metal (hydr)oxides during
the onset of strongly reducing conditions due to the reductive dissolu-
tion of the sorbent (Guo et al., 1997; Langner and Inskeep, 2000;
Smedley and Kinniburgh, 2002; Takahashi et al., 2004; Herbel and
Fendorf, 2006). Microbial reduction of sorbed arsenic has also been
suggested to trigger release of arsenic into the aquatic environment
(Herbel and Fendorf, 2006; Tufano et al., 2008). Under strongly
reducing conditions in the presence of sulfide, arsenic concentration
in the aqueous phase is controlled by the formation of insoluble
arsenic-sulfide species (Harvey et al., 2002; Ryu et al., 2002).

The behavior of antimony in naturalwaters has received less attention
than that of arsenic (Filella et al., 2002, 2009;Wilson et al., 2010). Themo-
bility of antimony depends on its oxidation state, nature of substrates
available for adsorption, and composition of the aqueous matrix. The
Sb(III) species adsorbs strongly to Fe- and Mn-(hydr)oxides over a wide
pH range (Belzile et al., 2001; Filella et al., 2002; Leuz et al., 2006a;
Casiot et al., 2007; Wilson et al., 2010). In laboratory studies, Sb(V) has
been shown to adsorb effectively to Fe-(hydr)oxides (e.g. Tighe et al.,
2005; Leuz et al., 2006a, 2006b), Mn-(hydr)oxides, and clay minerals
(Xi et al., 2010, 2011; Ilgen and Trainor, 2012). In natural soils, Sb(V)
has been found to be predominantly associated with Fe-oxides
(Scheinost et al., 2006). Tighe et al. (2005) investigated Sb(V) sorption
by amorphous Fe(OH)3 and floodplain soils across a pH range of 2.5–7;
adsorption was found to decrease with increasing pH, with maximum
sorption occurring at approximately pH 4. Similar results have been ob-
served with Sb(V) adsorption to goethite, whereas Sb(III) strongly
adsorbed over a pH range of 3–12 (Leuz et al., 2006a). It has also been ob-
served that Sb(III) adsorbed to goethite can be oxidized (Leuz et al.,
2006a), which suggests that sorption is a potentially important pathway
promoting oxidation (Mason et al., 2012). A number of additional studies
support the findings that iron (hydr)oxides are important sorbents for
Sb(V) in near surface environments (Mitsunobu et al., 2006; Scheinost
et al., 2006; Ackermann et al., 2009). However, the incorporation of oxi-
dized antimony into secondary Sb–Fe or Sb–Ca co-precipitates (Klimko
et al., 2011) immediately adjacent to the weathering sulfide sources
may have a significant impact on downstream speciation.

In the present study, we compare the geochemical behavior of an-
timony and arsenic in two drainage systems within Denali National
Park and Preserve, Alaska, both of which are impacted by historic an-
timony mining operations. Based on the studies summarized above,
we expect that the extent of arsenic and antimony transports within
the drainages under examination will be strongly influenced by both
the redox characteristics of the system and the heterogeneous chem-
istry associated with solid-phase partitioning. Hence, analysis of arse-
nic and antimony speciation in the surface water was conducted to
correlate oxidation state with transport characteristics along down-
stream profiles, and the fine-fraction bed sediments were character-
ized to correlate transport with extent of solid-phase partitioning.

2. Study area

Gold districtswith orogenic and intrusion-related lode gold deposits
(e.g., Goldfarb et al., 2005) also commonly containmassive stibnite. The
stibnite may be present in the gold-bearing lodes, or as distinct
antimony-rich veins and pods (Bundtzen, 1978). Quartz and carbonate
are the common gangue phases associated with the gold and antimony
deposits. Such deposits are particularly common within the Tintina
Gold Province (TGP) of interior Alaska and Yukon (Hart et al., 2002),
several of which served as a primary source of antimony ore throughout
World Wars I and II (Ebbley and Wright, 1948; Bundtzen, 1978).

In the current study, the Kantishna Hills gold and antimony mining
district, located within the northwestern part of Denali National Park
and Preserve, was investigated (Fig. 1). This district contains a number
of antimony lode deposits includingAlaska's historically largest antimo-
ny producer, the Stampede mine, as well as occurrences along Slate,
Caribou, and Eureka Creeks that included the Slate Creek, Last Chance,
and Eureka deposits, respectively. Various amounts of antimony were
recovered from these deposits starting in the early 20th century
through themid-1980s, totaling roughly 40% of the total antimony pro-
duced in Alaska (Bundtzen, 1983; Eppinger et al., 2000).

The Kantishna district is made up of a number of massive northeast
trending stibnite- and gold-bearing quartz veins extending over a linear
distance of 65 km from Slate Creek in the southwest to Stampede Creek
in the northeast (Capps, 1918; Ebbley andWright, 1948; Bundtzen and
Turner, 1979). Pyrite is commonly associated with the stibnite and arse-
nopyrite, with calcite and other carbonate phases present in low
abundances. The host rocks consist of Precambrian to Paleozoic meta-
morphic rocks of the Birch Creek Schist, the Spruce Creek sequence,
and the Keevey Peak and Totatlanika Schists (Davis, 1922; Moffit, 1933;
White, 1942; Bundtzen, 1978, 1983, 1994; Bundtzen and Turner,
1979); the main host lithology is schistose quartzite. The veins that
make up the bulk of the orebodies in the area are structurally controlled
along faults. The veins range in width from 8 cm to >9 m and in length
from 30 m to >500 m (Capps, 1918; Lingren, 1933; Bundtzen, 1981;
Zobrist et al., 2000). Post-ore faultmotionbrecciatedmanyof themassive
stibnite bodies increasing their susceptibility to laterweathering and ero-
sion. Stream and terrace gravels below the known lode systems are sites
of extensive placer mining (Salisbury and Dietz, 1984).

Except for some preliminary data in Mueller et al. (2010), no
hydrogeochemical data from Stampede Creek are available. Eppinger
et al. (2000), however, conducted a reconnaissance level study of the
Slate Creek deposit. They sampled undisturbed, butmineralized springs
and streams, streams and pools that had contacted waste-rock, and
mine tailings and streams downstream of the mined zone. They noted
the pH in the waters ranged from 3 to 8, specific conductance ranged
from 130 to 1700 μS/cm, and antimony concentrations ranged from
b1 μg/L to 190 μg/L. The highest antimony concentrations were found
in water within the mine site; however, undisturbed mineralized sam-
ples also contained as much as 14 μg/L dissolved antimony. Stream
sediments were sampled and revealed a wide range of relatively high
antimony concentrations from 43 to 6000 mg/kg.

3. Methods

3.1. Field sampling and in situ measurements

Field sampling was conducted twice at sites along Slate Creek in
August 2005 and July 2007. The sampling locations are shown in
Fig. 2 and sample descriptions are given in Table 1. In 2005, water
and bed-sediment samples were collected, whereas only water sam-
ples were collected in 2007. Slate Creek merges with Eldorado
Creek and, later, with Moose Creek (Fig. 2). For simplicity, all waters
potentially influenced by Slate Creek mine-drainage are referred to
as the “main drainage”. In 2005 a sample was collected upstream of
any visual mine disturbance (background sample 05SC01), within
and downstream of the mine workings, as well as from a waste pile
seep (05SC02) and other minor tributaries. A pond immediately adja-
cent to the main drainage (05SC16) and two springs flowing from the
embankment into the main drainage (05SC14A/B) were also sampled.



U
N

IT
E

D
 S

T
A

T
E

S

C
A

N
A

D
A

Yukon

Northwest
Territories

Alaska

Kaltag Fault

Farewell F
ault

Tintina Fault
Denali Fault

Slate Creek
Stampede

U
N

IT
E

D
 S

T
A

T
E

S

C
A

N
A

D
A

Yukon

Northwest
Territories

Alaska

Kaltag Fault

Farewell F
ault

Tintina Fault
Denali Fault

Slate Creek
Stampede

Fig. 1. Map outlining the Tintina Gold Province (shaded area), major faults, and the Stampede Creek and Slate Creek study areas.
Modified from Eppinger et al. (2000).
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One sample was collected from Moose Creek (05SC21) downstream
of the confluence with Slate Creek to further investigate the dilution
profile of the mine-affected waters. Although the exact 2005 main
drainage locations were not re-sampled in 2007, the same pond
(05SC16) and waste pile seep near the headwater (05SC02) were
re-sampled as 07SC08 and 07SC03, respectively.
Fig. 2. Slate Creek (2005 and 2007) water and bed-sediment sampling locations.
Sample sites with an 05 prefix were collected in 2005 and those with an 07 prefix
were collected in 2007.
In 2007, additional samples were collected from Friday (07FR01)
and Eureka (07EK01) Creeks (not shown on the site map), which
are tributaries to Moose Creek entering from the east side of the
drainage. The confluences of Eureka and Friday Creeks with Moose
Creek are located ~0.5 km upstream and ~1 km downstream, respec-
tively, from the Slate Creek confluence with Moose Creek. Both Friday
and Eureka Creeks have been disturbed by historic placer Au mining
(Bundtzen, 1978). Two Moose Creek samples (not shown) were also
collected during 2007; one upstream (07MC01) and one downstream
(07MC02) of the Slate Creek confluence with Moose Creek. These
samples were collected to determine the hydrogeochemical signa-
tures of the mineralized/disturbed drainages.

The Stampede Creek field sampling was conducted in July of 2006
and the sampling locations are shown in Fig. 3. Samples were collected
upstream, downstream, and within the mined areas, as well as from
minor tributaries. Pore water (06STcore) was collected from a tailings
pile within the old mine workings (including a former mill site) that
is adjacent to the main drainage. In Fig. 3, site 06ST04 is immediately
upstream of the tailings pile, and site 06STCore is in the center of the
tailings pile. Two samples (06ST13, 06ST18) were collected upstream
and one sample (06ST15) downstream of the Clearwater Fork and
Stampede Creek confluence to determine the hydrogeochemical signa-
tures of the Stampede Creek input (Fig. 3).

Water samples from a total of 42 sites were collected in HDPE bot-
tles (HDPE amber bottles were used for arsenic, antimony and iron
speciation samples), and filtered in the field using b0.45 μm high
capacity Geotech disposable filters. Additional samples were collected
at a subset of locations (18 total) by filtering through b0.2 μm
pore-size syringe filters to qualitatively determine Sb transport with-
in a defined colloidal-fraction. Water samples were field-preserved by
acidification with ultrapure 6 M HNO3 for major cation and trace
metal analyses and with ultrapure 6 M HCl for iron, arsenic, and anti-
mony speciation analyses to pH~2. No preservatives were added to



Table 1
Kantishna Hills sample descriptions and in-situ measurements.

Sample
ID

Sample
type/location

Dist. from
headwater

Cond pH Temp ORP

km μS/cm (±0.5) °C mV

05SC01 Slate Cr
(~background)

0.00 202 7.5 8.8 –

05SC02 Mine waste
seep

0.02 1816 2.8 12.0 –

05SC03 Minor
tributary

0.04 512 6.1 10.7 –

05SC04 Slate Cr 0.07 210 7.3 9.6 –

05SC05 Slate Cr 0.10 386 7.3 9.0 –

05SC06 Slate Cr 0.55 393 7.1 10.4 –

05SC07 Slate Cr 0.75 388 7.5 10.1 –

05SC08 Slate Cr 1.35 345 7.5 10.3 –

05SC09 Slate Cr 1.90 339 8.0 9.4 –

05SC10 Slate Cr 2.70 354 8.2 9.9 –

05SC11 Slate Cr 3.90 309 8.0 8.1 –

05SC12 Tributary near
tailings

4.49 2710 7.2 8.1 –

05SC13 Eldorado Cr 4.70 334 7.9 6.2 –

05SC14A Small spring 5.30 2040 6.2 3.3 –

05SC14B Small spring 5.40 2060 6.1 2.8 –

05SC15 Eldorado Cr 5.50 442 6.8 7.1 –

05SC16 Pond adjacent
to Eldorado Cr

5.70 2980 6.3 12.0 –

05SC17 Eldorado Cr 6.10 471 7.6 7.8 –

05SC18 Eldorado Cr 6.80 494 8.1 8.2 –

05SC19 Eldorado Cr 7.30 498 8.1 9.0 –

05SC20 Eldorado Cr 7.70 499 8.3 9.1 –

05SC21 Moose Cr 8.80 286 8.3 8.6 –

06ST01 Stampede Cr
(~background)

0.00 838 8.1 3.5 293

06ST02 Stampede Cr 0.40 881 7.9 3.9 –

06ST03 Minor
tributary

0.41 727 8.0 3.8 330

06ST04 Stampede Cr 0.69 856 7.9 3.9 334
06STcore Tailings pore

water
0.73 – 2.5 – –

06ST05 Stampede Cr 0.75 901 7.7 3.8 339
06ST06 Stampede Cr 1.05 961 7.8 4.8 328
06ST07 Stampede Cr 1.10 999 7.7 4.5 187
06ST08 Stampede Cr 1.61 1014 8.1 7.0 322
06ST09 Minor

tributary
2.31 521 8.3 11.5 321

06ST10 Stampede Cr 2.49 945 8.2 8.5 327
06ST11 Stampede Cr 3.19 909 8.2 9.8 335
06ST12 Stampede Cr 3.67 894 8.3 10.3 337
06ST13 Clearwater Cr – 356 8.3 9.1 318
06ST14 Stampede Cr 4.33 522 8.2 6.6 325
06ST15 Clearwater Cr 4.50 420 8.2 8.4 327
06ST16 Unnamed

drainage
– 235 7.8 5.1 298

06ST18 Clearwater Cr – 329 8.2 10.7 312
07SC01 Slate Cr 0.00 237 7.3 4.7 90–

100
07SC03 Mine waste

seep
0.04 658 5.6 11.0 158

07SC04 Slate Cr 0.10 360 6.6 6.6 120
07SC05 Slate Cr 0.70 432 6.8 7.6 96
07SC06 Slate Cr 1.40 487 7.0 8.3 101
07SC07 Slate Cr 2.90 432 7.8 7.9 189
07SC08 Pond adjacent

to Eldorado Cr
5.70 1255 6.2 12.8 228

07SC09 Eldorado Cr 5.75 732 6.8 6.4 124
07EK01 Eureka Cr – 223 8.1 6.6 155
07MC01 Moose Cr – 301 8.1 9.0 120
07MC02 Moose Cr – 345 7.6 9.5 67
07FR01 Friday Cr – 224 8.3 6.6 168

“–” = not determined, Cond is the conductivity in micro siemens per cm, and ORP is
the oxidation reduction potential in milli Volts.

Fig. 3. Stampede Creek (2006) water and bed-sediment sampling locations.
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the water samples for alkalinity and anion analyses (0.45 μm fil-
tered). For sulfide analysis, water samples were collected in 125 mL
HDPE bottles and field-preserved with 1 mL of 1 M zinc acetate and
titrated with 6 N NaOH to pH≥9. Fine-fraction (b63 μm) grab sample
streambed sediments were wet-sieved onsite through polyester
screens and collected in HDPE bottles. All samples were stored at
4 °C until analysis.

The oxidation–reduction potential (ORP), pH, conductivity, and
temperature were measured in situ (Table 1) using an Oakton Instru-
ments field meter (double junction ORPTestr10, ECTestr high+and
pH Testr30). The instrument was calibrated daily using standard
solutions.

3.2. Analytical methods

Water samples were analyzed using ion chromatography (Dionex
ICS-2000) for major cation (IonPac CS12A column) and anion (IonPac
AS19 column) compositions. The operational parameters suggested in
the IC columnmanuals were optimized using standard solutions before
sample analysis as described below. The mobile phase for cation analy-
sis was methanesulfonic acid (MSA; supplied by Dionex). To optimize
the cation peak resolution, the concentration of MSA was varied from
10 mM at the beginning of the analytical run (0–3 min), to 3 mM
(2.5–25 min), followed by a linear increase to 15 mM (26.5–50 min).
For the anion analysis, an NaOH (Dionex) mobile phase was used. The
optimum peak resolution was observed with the following sequence:
0.5 mM NaOH (0–3 min) linearly increased to 12 mM (3–12 min)
and then linearly increased to 50 mM at 12–35 min. The conductivity
cell temperature was set at 30 °C. Milli-Q water with a resistivity of
18.2 MΩ·cm, 0.2 μm-filtered and UV-irradiated (b1 μg/L total organic
carbon) was used for preparing all solutions (Barnstead NANOpure
Diamond).

Minor and trace elements in aqueous samples were measured
using an Agilent 7500ce inductively coupled plasma mass spectrome-
try (ICP-MS) (Creed et al., 1994). To remove 40Ar35Cl polyatomic in-
terference during the analysis of arsenic, the ICP-MS was operated
in a collision/reaction cell mode using He gas. Streambed sediments
were pulverized and digested using a near-total 4 acid (a mixture of
hydrochloric, nitric, perchloric, and hydrofluoric acids) digestion
method (Briggs and Meier, 2002) and analyzed by ICP-MS (Perkin
Elmer ELAN 6000) for major/minor elemental composition.

Alkalinity was determined by titrating 100 mL of a filtered sample
with 0.0200 N H2SO4 (Fisher) to a pH of 4.5 (Eaton and Franson,
2005). The resulting alkalinity (mg/L CaCO3) was calculated as ten
times the volume of 0.0200 N H2SO4. For alkalinities b20 mg/L, the ti-
tration was stopped in the pH range 4.3 to 4.6, and then continued
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using a micro-burette to reduce the pH by 0.3 units. The resulting al-
kalinity was calculated using the expression (Eaton and Franson,
2005):

Alktotal;mgCaCO3=L ¼ 2B−Cð Þ � N� 50;000
mL sample

where B is volume (mL) of H2SO4 used to the first recorded pH, C is
total volume (mL) of H2SO4 to reach pH 0.3 unit lower, and N is nor-
mality of H2SO4 acid.

The concentration of dissolved sulfide was determined by potentio-
metric titration (Eaton and Franson, 2005) using a combination silver/
sulfide electrode (Orion 94-16). The electrode performance was
checked every 2 h and calibration standards were measured every
4 h. The ZnS precipitate formed during sample preservation was sepa-
rated and dissolved in 50 mL of the alkaline antioxidant reagent and di-
luted to 100 mL volume with deoxygenated milli-Q water prior to the
potential measurement. The alkaline antioxidant reagent was prepared
by combining 80 g NaOH, 35 g ascorbic acid (C6H8O6), 67 g Na2H2EDTA
in deoxygenated milli-Q water and bringing the total volume to 1 L.

The oxidation states of arsenic and antimony in water were deter-
mined using liquid chromatography (LC; Agilent 1100) coupled to an
ICP-MS (Agilent 7500ce). The separation was performed using an ar-
senic speciation column (Agilent G3154-65001, 4.6 mm×150 mm
i.d.) and guard column (Agilent G3154-65002, 4.6 mm×10 mm i.d.)
packed with chemical bonded hydrophilic anion exchange resin.
The mobile phase for arsenic speciation was prepared with 2 mM
NaH2PO4, 0.2 mM NaEDTA, adjusted to pH 6 with 1 M NaOH, and
50 μg/L Ge as internal standard. Sensitivity optimization was
performed at a forward radio-frequency (RF) power of 1400 W, LC in-
jection volume of 50 μg/L, and detector count time of 0.5 s per point
(75As) with a total acquisition time of 800 s. The As(III) and As(V)
peaks were centered at 112 and 435 s, respectively. The mobile
phase for antimony speciation analysis consisted of 12 mM NaEDTA,
2 mM phthalic acid, 3% v/v methanol, 50 μg/L In as internal standard,
and the final pH adjusted to 4.5 with 1 M NaOH (modified from
Zheng et al., 2000). Sensitivity optimization was performed at a RF
power of 1500 W, LC injection volume of 100 μL, and detector count
time of 0.5 s per point (121Sb, 123Sb) with a total acquisition time of
450 s. The Sb(III) and Sb(V) peaks were centered at 210 and 130 s,
respectively.

The aqueous Fe(II) and Fetotal were determined by UV visible spec-
trophotometry (UV VIS) using the ferrozine method (To et al., 1999).
Calibration standards with 0.004–1.6 mg/L of Fe(II) were prepared
daily by diluting aliquots of a stock solution (25 mM reagent grade
FeSO4·7H2O in deoxygenated milli-Q water containing 1% v/v
ultrapure HCl) in deoxygenated milli-Q water. To prevent oxidation
of Fe(II) in standard solutions, and to reduce Fe(III) to Fe(II) in sam-
ples intended for the Fetotal measurements, a 1 mL aliquot of reagent
grade 10% w/v hydroxylamine hydrochloride solution was added to
each 40 mL of standard solution or sample in a 50 mL volumetric
flask. Then a 1 mL aliquot of 4.9 mM ferrozine reagent was added to
all samples, and the total volume of each sample was brought to
50 mL with milli-Q water. The concentration of Fe(II) was deter-
mined by measuring the absorbance at 562 nm; Fe(III) was calculated
as the difference between Fetotal and Fe(II). The Fetotal determined
using this method was comparable (±5%) to Fetotal determined by
ICP-MS for all samples. Additional information on analytical methods
and site descriptions may be found in Ritchie (2011).

3.3. XAS measurements

To characterize the speciation of arsenic and antimony associated
with the solid phases, we utilized X-ray absorption spectroscopy
(XAS) in both near edge (XANES) and extended (EXAFS) regions.
The XAS data was collected at sector 13 (GSECARS) of the Advanced
Photon Source (APS), Argonne National Laboratory on a bending
magnet line using a Si(111) water-cooled monochromator. Arsenic
K-edge (11,867 eV) and antimony K-edge (30,491 eV) spectra were
collected under ambient temperature using a Canberra 16 element
Ge detector (in fluorescence mode). For arsenic measurements, a ver-
tical focusing mirror was used to reject higher harmonics. Due to the
high energy of the antimony K-edge (30,491 eV), an unfocused X-ray
beam was used; for harmonic rejection, the monochromator was
detuned by ~50%. Energy calibration was done using Sb- and
Au-containing foils. The monochromator step size was 5 eV in the
pre-edge, 0.5 eV in the XANES region, and 0.05 Å−1 in the EXAFS re-
gion with a counting time of 2 s per point. Standards for arsenic oxi-
dation states were sodium meta-arsenite (NaAsO2) and sodium
arsenate (Na2HAsO4 7H2O). Standards for antimony oxidation states
were SbCl3 and KSb(OH)6. Standards were scanned in transmission
mode.
3.3.1. XAS data analysis
The oxidation state of arsenic in the sediment samples was deter-

mined using linear combination fitting (LCF) of sample XANES spec-
tra with the two model compounds (sodium meta-arsenite and
sodium arsenate) as end members. At the antimony K-edge energy
(30,491 eV) the monochromatic resolution was poor due to the
small angular step sizes, therefore the antimony oxidation states
were inferred from analysis of first shell Sb–O coordination based
on fitting of the EXAFS data. Antimony+3 and +5 exist as oxyanions
in surface aqueous systems, and have different coordination with re-
spect to first neighbor oxygen atoms. Antimony (III) has a trigonal py-
ramidal coordination, whereas Sb(V) is octahedrally coordinated
(e.g., Scheinost et al., 2006). The Sb EXAFS data processing and fitting
were done using the Athena and Artemis interface (Ravel and
Newville, 2005) to the IFEFFIT program (Newville, 2001). Data were
normalized, converted into k-space, and background subtracted as
described elsewhere (Kelly et al., 2008). The Sb K-edge EXAFS spectra
were analyzed by fitting theoretical calculated single scattering (SS)
paths. To calculate the theoretical phase and amplitude functions for
Sb–O, Sb–S, Sb–Sb, and Sb–Fe SS paths, we used the FEFF6 code
(Zabinsky et al., 1995) and known structures of tripuhyite FeSbO4

(Basso et al., 2003) and stibnite Sb2S3 (Kyono et al., 2002). The data
fitting was performed for k-weights of 1, 2 and 3 simultaneously to
ensure that the theory and data exhibit the same k-dependence.
4. Results and discussion

The correlation between antimony and arsenic in stream water
and sediment samples from the present study, as well as other sam-
ples collected within the Tintina Gold Province (TGP) (Mueller
et al., 2010), is shown in Fig. 4. There is a significant correlation be-
tween antimony and arsenic concentrations in bed-sediments, and
perhaps to a lesser extent between antimony and arsenic in water.
The median antimony concentrations of the aqueous and sediment
samples appear to be elevated at the Kantishna Hills sites relative to
other TGP sites.

In the present study, we have focused on characterizing the
hydrogeochemical setting associated with the Kantishna area samples.
The in situ conductivity, pH, temperature, and ORP measurements in
water from the KantishnaHills sites are presented in Table 1. The lowest
pH values were measured in waters directly derived from mine waste;
pH 2.5 in pulverized ore pore water (06STcore) at the Stampede mine
site and pH 2.8 in aminewaste seep (05SC02) at Slate Creek. All stream
water samples had circum-neutral pH. Conductivities ranged from 512
to 2980 μS/cm in water samples from minor tributaries and 202 to
1014 μS/cm in the main drainage samples. Similar pH and conductivity
values for Slate Creek waters were reported by Eppinger et al. (2000).
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4.1. Major/minor element aqueous chemistry

The major and minor element compositions of water samples are
presented in Table 2. The main drainage and minor tributaries ranged
from bicarbonate- to sulfate-dominant in major anion composition
(Fig. 5). The more sulfate-dominant waters correspond to samples col-
lected within the mine workings, whereas the more bicarbonate-
dominant waters were collected upstream of themined areas or down-
stream beyond evident disturbance. The notable exceptions in anion
composition are the springs (05SC14A, 05SC14B), pond (05SC16), and
mine waste seep (05SC02) samples. The chloride concentrations of
the springs and pond samples are higher than stream samples, which
suggests a significant degree of volume reduction due to (e.g.) evapo-
transpiration (Langmuir, 1997). In addition, the alkalinities (in mg/L
CaCO3) of the springs and pond samples were below detection
(b10 mg/L), although the measured pH values were in the range of
6.1–6.3. This significant lack of buffering capacity is also correlated
with a large charge imbalance that indicates an anion component defi-
ciency (Table 2). A rain eventwas occurring during sampling in 2005, so
we speculate that this observation may be attributed to baseflow dilu-
tion coupled with an influx of dissolved organic carbon from surface
runoff, which is in agreement with previous studies (Buffam et al.,
2001; Petrone et al., 2006). The organic acid content was not deter-
mined in the samples and, therefore, unaccounted for in charge balance
calculations. Conversely, the mine waste seep sample (05SC02) had
zero alkalinity; however, this sample was highly acidic (pH 2.8) and
sulfate-dominated, consistent with its location in the mine waste pile.
Furthermore, this sample indicates a significant cation deficiency that
was likely a result of the loss of cations (e.g., Fe2+) associated with
rapid oxidation and precipitation during sample collection.

All water samples were calcium–magnesium dominated with re-
spect to major cations (Fig. 5). The highest calcium concentrations
were in the spring samples, likely due to longer water–rock interac-
tion of subsurface waters. Similar chemical compositions of Slate
Creek waters were reported by Eppinger et al. (2000).

The sum of dissolved base metals, Cd, Co, Cu, Ni, Pb and Zn, is plot-
ted vs. pH in a Ficklin diagram (Fig. 6; after Plumlee et al., 1999). The
sum of base metals allows for differentiation between various con-
trols on water composition that would not otherwise be evident
from concentration variations in major cations. The designated
boundaries in the figure were proposed by Plumlee et al. (1992) for
classification of different water types. The waters draining both the
Slate Creek and Stampede mineral deposits are classified as near-
neutral pH, low base metal waters. The acid water contributions
from seeps and other minor tributaries are quickly neutralized/
diluted after mixing with the stream waters.

Within the main drainages, calcite (CaCO3) solubility appears to be
the primary control on alkalinity. The CaCO3 saturation indices (SI)
shown in Fig. 7 were calculated using Visual MINTEQ version 2.32
(Gustafsson, 2005) and the standardMINTEQ thermodynamic database
with input analytical totals and in situ pH values from Tables 1 and 2.
The results indicate that all main drainage samples, and most from
minor tributaries, are close to saturation with respect to calcite
(Fig. 7). A mine waste seep (05SC02) was noted to be undersaturated,
which is consistent with the lower pH value. Assuming equilibrium
with atmospheric CO2 (35.5 Pa), the low alkalinity spring (05SC14A,
05SC14B) and pond (05SC16) samples are also below saturation. As
stated above, this undersaturation with respect to CaCO3 may be due
to mixing of CaCO3-rich baseflow with rainwater/surface-runoff.

Calculated SI values indicate approximate saturation to over-
saturation with respect to amorphous Fe(OH)3 for all samples (Fig. 7),
but undersaturation with respect to Al andMnmineral and amorphous
phases included in the standard MINTEQ database. This is consistent
with the observation of iron staining throughout the drainage, particu-
larly near heavilymineralized zones. Several factorsmay explain the ap-
parent oversaturation, including (i) an incomplete thermodynamic
database, (ii) errors associated with tabulated temperature corrections,
and (iii) analytical uncertainties caused by the presence of Fe(III) col-
loids. A comparison of the Fe and Mn contents in the 0.2 μm versus
0.45 μm-filtered samples (Table 3) shows that as much as 23% of total
iron andmanganesemay be associated with colloids ranging in size be-
tween the two filter pore sizes. Recalculating the Fe(OH)3 SI using iron
total concentrations from the 0.2 μm-filtered samples results in a de-
crease in SI values (not shown), but still indicates slight oversaturation.
Colloidal iron of b0.2 μm-size fraction is also likely contributing to the
“dissolved” iron total concentrations, which is supported by previous
studies (Kuma et al., 1998; Pullin and Cabaniss, 2003; Bouby et al.,
2004; Pokrovsky et al., 2005). Nonetheless, the analytical iron concen-
trations, calculated SI values, and visual evidence of iron staining all
indicate that ferric hydroxides are likely important substrates for se-
questration of metal(loids) in this system via sorption and/or co-
precipitation processes.

4.2. Aqueous speciation and redox potentials

Aqueous speciation was investigated for the following redox-
sensitive elements: S, N, Fe, As, and Sb. Sulfate concentrations ranged
from b0.5 to 2115 mg/L (Table 2). Sulfide was below the detection
limit (~0.03 mg/L) in all samples. Concentrations of N species (NO3

−,
NO2

− and NH4
+) were also below detection in all samples. Total iron

concentrations (sum of Fe(II) and Fe(III)) ranged from b12 μg/L to
230 mg/L, with Fe(II)/Fe(III) ratios between 0.1 and 32 (Table 4).
Total arsenic concentrations (sum of As(III) and As(V)) in surface
and spring waters ranged from b0.3 to 179 μg/L, with As(III)/As(V)
ratios between 0.1 and 3. Total As concentration in the pore water
extracted from pulverized ore was 3554 μg/L, with an As(III)/As(V)
ratio of 78 (Table 4). Concentrations of antimony in surface and
spring waters ranged from b1 to 699 μg/L and were 55,000 μg/L in
the pore water extracted from pulverized ore (Table 5). The reduced
Sb(III) species was below the limit of detection (~5 μg/L) for all sam-
ples. Subsequent work has shown that HCl may not be an effective
preservative for Sb(III) species (Ilgen et al., 2012), hence the observa-
tions of only oxidized species in solution are uncertain.



Table 2
Major and minor element composition of water (0.45 μm-filtered) samples from Kantishna Hills.

Sample
ID

Cl− SO4
2– Alk. as CaCO3 Na+ K+ Mg2+ Ca2+ Charge

balance
(%)

mg/L mg/L mg/L mg/L mg/L mg/L mg/L

(±0.03%) (±0.08%) (±10%) (±0.72%) (±1.01%) (±0.42%) (±0.40%)

05SC01 1.2 28 73.1 0.83 0.26 11.2 22.4 0
05SC02 25 2004 0 0.5 0.62 52.6 69.3 −55
05SC03 22 171 98.0 0.52 0.42 31.9 59.9 −4
05SC04 1.1 34 71.2 0.97 0.31 11.8 23.4 0
05SC05 2.4 89 114 0.85 0.33 30.2 43.4 5
05SC06 3.4 93 104 0.69 0.37 27.7 44.7 5
05SC07 3.4 99 105 0.67 0.34 27.2 45.4 3
05SC08 2.2 85 90.7 0.72 0.38 24.6 41.1 6
05SC09 2.3 89 85.4 0.8 0.34 24.8 40.4 6
05SC10 2.2 90 93.2 0.96 0.38 26.1 42.0 6
05SC11 2.3 57 104 1.4 0.54 18.2 40.6 4
05SC12 55 2115 90.7 4.9 2.7 245 422 −7
05SC13 2.3 73 101 1.4 0.53 19.1 42.8 2
05SC14A 65 224 b10 23.5 2.4 69.1 469 65
05SC14B 100 233 b10 25.1 2.4 70.5 463 59
05SC15 5.3 88 138 2.6 0.57 21.0 62.2 2
05SC16 485 203 b10 139 5.5 187 355 37
05SC17 8.4 93 148 4 0.77 24.8 73.1 6
05SC18 8.4 104 148 3.6 0.75 26.1 71.0 4
05SC19 8.4 106 150 3.6 0.67 23.0 66.3 −1
05SC20 8.6 110 151 3.9 0.73 26.2 77.1 5
05SC21 3 62 77.9 2.9 0.65 12.2 40.4 3
06ST01 6 331 141 0.86 0.95 51.4 108 −1
06ST02 6 342 154 0.99 1.14 56.5 109 −1
06ST03 3.7 290 144 0.85 1.10 54.0 74.5 −5
06ST04 6 336 157 0.94 1.17 57.9 101 −2
06ST05 7.6 354 151 1.02 1.22 63.9 102 −1
06ST06 6 404 174 1.08 1.26 71.3 103 −4
06ST07 5 429 176 1.19 1.36 76.5 106 −4
06ST08 6 448 192 1.33 1.36 77.9 106 −6
06ST09 3.77 117 155 1.08 1.18 27.5 70.4 2
06ST10 6.2 390 157 1.44 1.34 70.4 99.9 −3
06ST11 6 368 156 1.4 1.27 66.5 97.1 −3
06ST12 6.4 362 180 1.46 1.28 65.2 96.1 −5
06ST13 2.6 88 94.5 5.15 0.85 19.0 42.9 2
06ST14 3.5 175 99.4 0.89 0.77 34.7 57.2 0
06ST15 2.6 118 98.0 3.66 0.77 23.4 46.0 −1
06ST16 b0.20 40 77.8 0.92 0.32 11.8 30.7 3
06ST18 2.4 80 87.1 1.25 0.88 14.9 40.0 −3
07SC01 b0.20 32.5 63.1 0.802 0.088 10.4 20.9 0
07SC03 b0.20 144 125 0.636 0.435 30.0 59.6 0
07SC04 b0.20 b0.50 134 0.759 0.122 15.9 27.4 1
07SC05 b0.20 91.2 93.8 0.697 0.204 21.8 35.3 −2
07SC06 b0.20 97.4 103 0.654 0.238 25.0 40.9 1
07SC07 b0.20 73.1 88.0 0.731 0.276 22.2 35.6 5
07SC08 114 65.9 327 28.8 0.842 54.4 103 −1
07SC09 7.71 29.0 288 8.02 0.567 29.2 89.9 5
07EK01 1.27 172 137 1.02 0.564 32.6 70.0 −1
07MC01 1.61 42.7 79.0 3.68 0.460 7.85 32.4 −2
07MC02 2.62 56.3 94.5 3.71 0.624 10.9 41.3 0
07FR01 1.04 151 160 0.967 1.53 28.2 79.0 0

“–” = not determined.
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The redox potential (EH) of water samples was calculated from the
analytical data based on two redox couples: Fe(II)/Fe(III) and As(III)/
As(V). In Fig. 8, the EH for the Fe(II)/Fe(III) couple as a function of pH
is compared to the theoretical stability fields calculated from thermody-
namic data in Langmuir (1997) for a simplified Fe–O2–H2O system
(10−5 M iron [average for Kantishna water samples] at 25 °C and
105 Pa). For the majority of the samples, the experimental EH values
fall in the regime expected for aqueous Fe(II) equilibrium with freshly
precipitated Fe(OH)3(am). These observations are consistent with rela-
tively slow dissolution of the Fe-bearing primary sulfideminerals (FeS2,
FeAsS) as compared to the equilibration of the Fe(II)/Fe(III) redox cou-
ple in oxygenated systems (StummandMorgan, 1996; Stefánsson et al.,
2005). One exception is the acidic mine waste seep (05SC02, pH 2.8),
which is comparatively more reduced than the main drainage and
other tributaries, and is apparently undersaturated with respect to
amorphous Fe(III) phases. Partial oxidation and precipitation may
have occurred during sample collection based on a significant charge
imbalance (cation deficiency; Table 2) of the sample, as discussed
above. Precipitation would result in a high-biased EH, so it is possible
that the seep waters may be more reduced than calculated.

A similar analysis using the computed EH values from the dissolved
arsenic concentrations suggests that the aqueous As(III) and As(V) spe-
cies maintain an apparent equilibrium, at least below a pH of about 7,
where the H2AsO4

− species would be the predominant form of As(V)
(Fig. 9). At higher pH values, the HAsO4

2− is the predominant species.
The calculated EH values are above the stability limits for the
As-sulfide species and consistent with our observation of the absence
of reduced sulfur in the samples.

A comparison of calculated EH values based on the As(III)/As(V)
and Fe(II)/Fe(III) redox couples is presented in Fig. 10. Whereas the



0.00

0.25

0.50

0.75

1.00 0.00

0.25

0.50

0.75

1.00

CO
/H

CO SO
4 2-

Cl-

0.00

0.25

0.50

0.75

1.00 0.00

0.25

0.50

0.75

1.00

C
a

2+ M
g 2+

Na++ K+

 main drainages
 minor tributaries
 ponds
 springs

% meq/L

3
2-

3
-

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

Fig. 5. Ternary diagrams of themajor ion components of the water samples from the Kantishna Hills. Tailings and mine waste seep sample are includedwith the main drainage samples.

179V.J. Ritchie et al. / Chemical Geology 335 (2013) 172–188
correlation is significant, there is an offset between the potentials com-
puted in the two cases (by 0.24 V). These observations are in agreement
with previous findings on redox conditions in a cold groundwater
(Lindberg and Runnells, 1984) and geothermal waters (Stefánsson
and Arnórsson, 2002; Stefánsson et al., 2005). Possible explanations
for this commonly observed disequilibrium have been postulated to in-
clude improper sample preservation leading to a post-sampling shift in
redox species concentrations, variations in tabulated standard EH0 data
used to calculate EH (Lindberg and Runnells, 1984) and, as noted
above, the inclusion of colloidal iron in the analytical totals leading to
overestimation of the EH values. Nevertheless, the significant correla-
tion leads us to speculate that the arsenic redox chemistry is strongly
influenced by the iron chemistry as noted in a number of previous
studies (Bednar et al., 2005; Herbel and Fendorf, 2006; Tufano et al.,
2008; Weber et al., 2010).

The EH calculated from the As(III)/As(V) redox couple is also com-
pared to theoretical antimony stability fields (Fig. 9). These computa-
tions suggest that the Sb(III)/Sb(V) ratio should be approximately 1 in
solution over a wide range of pH. The lack of observed Sb(III) in any of
the field samples contradicts this prediction. The reasons for this dis-
crepancy may be due to the inadequacy of HCl as a preservative (Ilgen
et al., 2012). However, there is also strong evidence that Sb(III) is
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highly susceptible to heterogeneous oxidation (Leuz et al., 2006a,
2006b; Mitsunobu et al., 2006; Mason et al., 2012); therefore, it is
also plausible that Sb(V) is the dominant solution species which
would further imply that the redox behavior of arsenic and antimony
is highly distinct. Additional study of this point is warranted.

4.3. Mobility and attenuation of antimony and arsenic

The total antimony and arsenic concentrations in stream water
and sediment as a function of distance from headwater (i.e., local
background samples) for the 2005 and 2007 Slate Creek, and 2006
Stampede Creek sampling events are shown in Fig. 11a, b, and c,
respectively. Both main drainage and minor tributaries are shown,
as well as corresponding in situ pH. A listing of antimony and arsenic
water and sediment concentrations is provided in Table 5.

As shown in Fig. 11a, there was considerable increase in dissolved
antimony and arsenic concentrations within and downstream of the
Slate Creek (2005) mine workings compared to concentrations at the
headwater (i.e., regional background (05SC01); [Sb]=4.2 μg/L, [As]=
5.3 μg/L). The antimony and arsenic concentrations in the main drain-
age increased significantly in the vicinity of the mine waste seep and
in another minor tributary flowing from south of the mine disturbance.
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Table 3
Ratios of iron andmanganese concentrations of 0.2 μm and 0.45 μm-filtered samples to
estimate percent colloidal-fraction in water samples.

Sample
ID

[Fe] 0.2 μm/[Fe]
0.45 μm

% colloidal
formation

[Mn] 0.2 μm/[Mn]
0.45 μm

% colloidal
formation

06ST01 – – 0.91 9
06ST03 – – 1.0 0
06ST05 – – 0.81 19
06ST07 0.91 9 0.99 1
06ST10 – – 0.85 15
06ST11 – – 0.77 23
06ST14 0.99 1 0.97 3
06ST16 0.95 5 0.99 1
06ST17 0.95 5 1.0 0
06ST18 – – 0.95 5
07SC01 0.97 3 1.0 0
07SC03 0.77 23 1.0 0
07SC04 0.80 20 0.98 2
07SC05 0.79 21 1.0 0
07SC06 0.92 8 1.0 0
07SC07 0.84 16 0.89 11
07SC08 0.77 23 0.93 7
07SC09 0.77 23 0.84 16

“–” = not determined.
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However, antimony and, to a lesser extent, arsenic concentrations
continue to increase downstream of the disturbed mining area,
reaching a maximum of 665 μg/L at 0.75 km downstream in the 2005
samples. Antimony concentrations decrease one order of magnitude
within another 3 km, but still remain one order of magnitude above
(59 μg/L) the EPA MCL (6 μg/L) before merging with Moose Creek
~8 km from the headwater. After merging with Moose Creek, antimony
is diluted to b6 μg/L. Dissolved arsenic exceeds the EPA MCL (10 μg/L)
by approximately three times at itsmaximumconcentration downstream
of themining disturbance and rapidly decreases to below theMCLwithin
0.8 km. Further downstream (4.5 km), a significant increase in arsenic
concentration (239 μg/L) is due to the input from a minor tributary near
an exposed arsenopyrite-rich mine waste pile. However, an increase in
dissolved arsenic concentration was not observed 200 m downstream
of the confluencedue todilution and/or rapid attenuation via partitioning.
A comparison of ratios of Sbwater/Sbsediment versus Aswater/Assediment (from
Table 5) reveals that arsenic has a higher relative affinity for sediment
partitioning than antimony.

The dissolved antimony and arsenic concentrations from the 2007
Slate Creek sampling event (Fig. 11b) were slightly elevated compared
to the 2005 sampling event (Fig. 11a). The lower 2005 observed con-
centrations are due to larger dilution; stream water levels were higher
in 2005 compared to 2007. The higher 2005 water levels are presumed
to be due to groundwater input as atmospheric precipitation for several
weeks prior to sampling was minimal; the 2005 National Atmospheric
Deposition Program recorded levels of snow accumulation and spring
rain events that were greater in 2005 than in 2007. Although the
exact 2005 main drainage locations were not re-sampled in 2007, the
same pond (05SC15, 07SC08) and mine waste seep (05SC02, 07SC03)
near the headwater were re-sampled and can be directly compared.
The 2007 pond had 22% and 4% higher antimony and arsenic concentra-
tions, respectively. This is consistent with the overall higher antimony
and arsenic concentrations of the main drainage resulting from lower
water levels and thus less dilution. Conversely, the 2005 mine waste
seep contained 400% more antimony and 860% more arsenic than in
2007. In addition, the pH of water in 2005 (2.8) was markedly lower
than 2007 (5.6). This may be explained by the flushing (a light rain
began minutes prior to sampling in 2005) of secondary sulfate salts
that may be deposited within the mine waste materials through
evaporation. Thesemetal salts can store acid andmetal(loid)s in a high-
ly soluble form that dissolve readily during a rainstorm event, resulting
in a high influx of acid and metal(loid)s into the drainage system
(Nordstrom and Alpers, 1999; Plumlee et al., 1999).

The 2007 antimony and arsenic concentrations in Moose Creek up-
stream of the Friday, Slate, and Eureka Creek confluences (not shown
in Fig. 11b) were both b1 μg/L (07MC01), indicating a lack of substantial
antimony and arsenic input upstream (Table 5). The samples from the
Friday and Eureka Creeks were collected ~0.8 km upstream from the
junction with Moose Creek and contained 1.7 μg/L antimony and
3.5 μg/L arsenic, and 8.9 μg/L antimony and 3.5 μg/L arsenic, respective-
ly. TheMoose Creek sample (07MC02) collected ~0.5 kmdownstreamof
the Friday Creek confluence (downstream of all drainages with known
mineralization) contained 4.3 μg/L antimony and 2.2 μg/L arsenic. The
impact from the upstream mining-affected drainages on Moose Creek
water quality is minimized mainly through dilution because Moose
Creek contains several times the discharge of the three tributaries.

Antimony was detected in Stampede Creek waters (Fig. 11c) at
concentrations ~2 times lower than those in the Slate Creek drainage.
Elevated antimony concentrations (11 to 16 μg/L) above the presumed
background concentration (2.7 μg/L from sample 06ST01)were detected
in samples collected upstream of any known disturbance, whereas arse-
nic concentrations remained b1 μg/L. Pore water collected from the tail-
ings pile along the bank of themain Stampede Creek drainage contained
significant antimony (55,000 μg/L) and arsenic (3510 μg/L) concentra-
tions. Similar to the Slate Creek drainage, in Stampede Creek the
maximum dissolved antimony concentration (264 μg/L) was detected
approximately 0.9 km downstream from the mine site, and remained
greater than the MCL (6 μg/L) before merging with the Clearwater Fork
~3.6 km from the mine site (83 μg/L at 4.3 km from headwater).
Downstream (150 m) of the confluence with Clearwater Fork, the anti-
mony concentration decreased to 29 μg/L. Conversely, dissolved arsenic
just reached the EPA MCL (10 μg/L) in one main drainage sample
(06ST07) and quickly attenuated. Clearwater Fork antimony (b2 μg/L)
and arsenic (b1 μg/L) concentrations from samples (06ST13, 06ST18)
collected upstream of the Stampede Creek confluence were minimal.
The unnamed drainage in Fig. 11c contained 12 μg/L antimony and
b1 μg/L arsenic (06ST16). It is unknown if the drainage has been affected
by historic mining activity or if the antimony detected is a result of nat-
ural weathering processes of unrecognized lode occurrences.

Antimony mobility and arsenic mobility in an aerobic aqueous
environment are generally moderated by (co)precipitation and/or ad-
sorptionwithmetal (hydr)oxides (Filella et al., 2002; Roddick-Lanzilotta
et al., 2002; Smedley andKinniburgh, 2002; Tighe et al., 2005; Leuz et al.,
2006a; Wilson et al., 2010). This is supported in our study by the high
concentrations of arsenic and antimony in the b63 μm-size fraction
bed-sediment samples downstream of the mining-affected areas
(Table 5). If the dissolved concentrations of arsenic and antimony
weremainly influenced by equilibriumexchange, in addition to dilution,
thenwewould expect a constant ratio between the sediment andwater
samples along the downstream profiles, assuming a linear exchange
function. Themismatch in the shapes of thewater and sediment profiles
(for a given element) evident in Fig. 11a and c, therefore, indicates a
decoupling between the sediments and the stream waters. In other
words, minimal mixing between the sediment and water/suspended
particles limits the rate of exchange as has been observed in previous
studies (Smith, 1999, and references therein). Antimony and arsenic
sediment concentrations in relation to iron sediment concentrations as
a function of distance from headwater are shown for Slate Creek and
Stampede Creek main drainage samples in Fig. 12. The ratios of antimo-
ny and arsenic to iron in the sediments yield similar downstream
sediment profiles to that of total antimony and arsenic sediment con-
centrations. The high sediment concentrations andhigh arsenic/antimo-
ny to iron correlation (not shown) indicate a strong affinity between the
metalloids and iron in bed-sediment. This correlation suggests that sorp-
tion and (co)precipitation with iron (hydr)oxides are an important
pathway for their attenuation, and the heterogeneous chemistry is likely
most prevalent close to the source regions. However, as noted abovewe



Table 4
Oxidation state of As (determined by LC-ICP-MS) and Fe (determined by UV–vis) in 0.45 μm-filtered water samples.

Sample
ID

Description As(III) As(V) [As(III)]/[As(V)] Fe(II) Fe(III) [Fe(II)]/[Fe(III)]

μg/L μg/L mg/L mg/L

05SC01 Slate Cr (~background) b1 5.2 – 0.10 0.02 5.3
05SC02 Mine waste seep 14 165 0.1 50 184 0.3
05SC03 Minor tributary 7.8 3.0 2.6 9.0 4.4 2.0
05SC04 Slate Cr – – – 0.34 0.32 1.0
05SC05 Slate Cr 2.5 8.7 0.3 0.66 0.31 2.1
05SC06 Slate Cr – – – 0.91 0.34 2.7
05SC07 Slate Cr – – – 0.52 0.29 1.8
05SC08 Slate Cr – – – 0.08 0.01 5.7
05SC09 Slate Cr b1 3.4 – b0.01 b0.01 –

05SC10 Slate Cr – – – 0.01 0.002 6.0
05SC11 Slate Cr – – – b0.01 b0.01 –

05SC12 Tributary near tailings – – – 27 13.1 2.1
05SC13 Eldorado Cr – – – b0.01 b0.01 –

05SC14A Small spring 3.5 3.1 1.2 3.3 3.0 1.1
05SC14B Small spring 3.1 3.2 0.9 3.4 2.6 1.3
05SC15 Eldorado Cr b1 2.9 – – – –

05SC16 Pond adjacent to Eldorado 3.9 1.7 2.2 0.05 0.004 13
05SC18 Eldorado Cr – – – 0.03 0.01 2.7
05SC19 Eldorado Cr – – – 0.02 0.009 1.7
05SC20 Eldorado Cr b1 1.9 – b0.01 b0.01 –

06ST01 Stampede Cr (~background) b1 b1 – 0.02 0.003 7.4
06ST02 Stampede Cr b1 b1 – b0.01 0.004 –

06ST03 Minor tributary b1 b1 – b0.01 0.007 –

06ST04 Stampede Cr – – – 0.02 0.005 3.3
06STcore Tailings pore water 3509 45 78 – – –

06ST05 Stampede Cr b1 b1 – b0.01 b0.01 –

06ST06 Stampede Cr – – – 0.03 0.005 5.0
06ST07 Stampede Cr 3.5 7.4 0.5 0.34 0.03 12
06ST08 Stampede Cr b1 3.3 – 0.04 0.007 4.9
06ST09 Small creek – – – 0.09 0.003 32
06ST10 Stampede Cr b1 1.9 – 0.03 0.004 7.5
06ST11 Stampede Cr – – – 0.02 0.002 8.8
06ST12 Stampede Cr – – – b0.01 b0.012 –

06ST13 Clearwater Cr – – – 0.01 0.003 3.6
06ST14 Stampede Cr b1 1.0 – 0.12 0.010 13
06ST15 Clearwater Cr – – – 0.04 0.004 9.4
06ST16 Unnamed drainage – – – 0.09 0.004 24
06ST18 Clearwater Cr – – – 0.02 0.002 8.5
07SC01 Slate Cr b1 4.0 – 0.03 0.05 0.7
07SC03 Mine waste seep 8.9 10 0.9 3.0 3.7 0.8
07SC04 Slate Cr 2.3 8.6 0.3 – – –

07SC05 Slate Cr 15 19 0.8 0.86 0.88 1.0
07SC06 Slate Cr 2.9 7.2 0.4 0.28 0.26 1.1
07SC07 Slate Cr b1 4.6 – 0.01 0.09 0.1
07SC08 Pond adjacent to Eldorado 4.5 1.5 3.0 0.70 0.28 2.5
07SC09 Eldorado Cr b1 4.4 – 0.56 0.34 1.6
07EK01 Eureka Cr b1 3.5 – b0.01 b0.01 –

07MC01 Moose Cr b1 b1 – b0.01 b0.01 –

07MC02 Moose Cr b1 2.2 – 0.09 0.05 1.9
07FR01 Friday Cr b1 3.4 – b0.01 b0.01 –

“–” = not determined.
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observe a general enhancement in the sediment/water partitioning ratio
for arsenic over antimony (Table 5), suggesting that antimony is rela-
tively more mobile in these systems.

4.4. Arsenic and antimony aqueous speciation

The predominant form of arsenic in the Slate and Stampede creeks
is As(V). The percent of the As(V) species in the main drainage as a
function of distance from the headwater is shown in Fig. 13. In each
case the fraction of As(V) decreases in the area of exposed mine
wastes, but quickly increases to approximate background levels with-
in 1–3 km of the source. The As(III) species was dominant in the tail-
ings pore water (06STcore), a tributary originating from the mined
area (05SC03), a spring (05SC14A), and both pond (05SC16,
07SC08) samples (Table 4). Due to the small volume input of these
tributaries and the relatively fast, possibly bio-mediated, oxidation
of As(III) to As(V) in oxidized waters (Oremland et al., 2001;
Bruneel et al., 2003; Saltikov and Newman, 2003), As(V) remains
the dominant species in the main drainages. A summary of arsenic
speciation in water samples is presented in Table 4.

The predominant form of antimony in all water samples is Sb(V).
Antimony originating from pore water of the pulverized ore, and per-
haps the slightly reduced environment of the spring and pond, was
expected to have detectable concentrations of reduced species, but
Sb(III) was not detected in any sample. As we noted above, HCl
appears to be an inadequate preservative for the Sb(III)/(V) redox
couple. Furthermore, the Sb(III) detection limit (~5 μg/L) was elevat-
ed relative to that for Sb(V) (1 μg/L) due to poor peak resolution. The



Table 5
Dissolved (0.45 μm-filtered ) and bed-sediment Sb and As concentrations.

Sample ID Sample type/location Sbwater Sbsediment Aswater Assediment

μg/L mg/kg μg/L mg/kg

05SC01 Slate Cr (~background) 4.2 968 5.3 1900
05SC02 Mine waste seep 124 1040 180 2370
05SC03 Minor tributary 407 116 12 855
05SC04 Slate Cr 192 4990 4.4 3080
05SC05 Slate Cr 193 7230 10 3980
05SC06 Slate Cr 626 7020 28 3820
05SC07 Slate Cr 665 6330 14 3380
05SC08 Slate Cr 407 3890 3.6 2640
05SC09 Slate Cr 289 3070 3.5 2330
05SC10 Slate Cr 269 3260 4.2 2650
05SC11 Slate Cr 134 2680 3.5 2300
05SC12 Tributary near tailings 9.6 223 239 10,100
05SC13 Eldorado Cr 71 1800 3.2 2000
05SC14A Small spring b0.3 14 6.9 272
05SC14B Small spring b0.3 1530 6.1 875
05SC15 Eldorado Cr 69 1220 3 1920
05SC16 Pond adjacent to Eldorado 3.7 189 5.9 435
05SC17 Eldorado Cr 62 1300 2 1640
05SC18 Eldorado Cr 60 972 2 1190
05SC19 Eldorado Cr 59 1060 2 1220
05SC20 Eldorado Cr 59 1170 2 1380
05SC21 Moose Cr 3.4 25 b1 107
06ST01 Stampede Cr

(~background)
2.7 91 b1 214

06ST02 Stampede Cr 11 97 b1 208
06ST03 Minor tributary 20 60 b1 26
06ST04 Stampede Cr 16 79 b1 56
06STcore Tailings pore water 55,000 – 3509 –

06ST05 Stampede Cr 36 305 b1 84
06ST06 Stampede Cr 175 1240 1 336
06ST07 Stampede Cr 187 1020 10 692
06ST08 Stampede Cr 264 296 3.5 173
06ST09 Minor tributary 4.6 21 b1 26
06ST10 Stampede Cr 228 94 2 50
06ST11 Stampede Cr 196 79 1 44
06ST12 Stampede Cr 180 87 1 41
06ST13 Clearwater Cr 1.9 8.7 b1 15
06ST14 Stampede Cr 83 110 1 48
06ST15 Clearwater Cr 29 70 b1 31
06ST16 Unnamed drainage 12 71 b1 40
06ST18 Clearwater Cr 1.7 6.6 b1 22
07SC01 Slate Cr 55 – 4.4 –

07SC03 Mine waste seep 31 – 21 –

07SC04 Slate Cr 446 – 12 –

07SC05 Slate Cr 720 – 36 –

07SC06 Slate Cr 699 – 11 –

07SC07 Slate Cr 327 – 4.9 –

07SC08 Pond adjacent to Eldorado 4.6 – 6.2 –

07SC09 Eldorado Cr 73 – 4.5 –

07EK01 Eureka Cr 8.9 – 3.5 –

07MC01 Moose Cr 0.63 – 0.6 –

07MC02 Moose Cr 4.3 – 2.2 –

07FR01 Friday Cr 1.7 – 3.5 –

“–” = not determined.
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sample preservative (HCl) caused interference with the elution of the
Sb(III) species, thus increasing its detection limit. Other studies sug-
gest that Sb(III)/Sb(V) aqueous speciation can be preserved by addi-
tion of organic acids, such as lactic, ascorbic, citric, tartaric acids,
and EDTA (Filella et al., 2009). Nevertheless, the detection of As(III)
species and no Sb(III) may suggest slower oxidation kinetics for
As(III) or stabilization via complexation. This observation has been
supported in the literature (Leuz et al., 2006b; Mitsunobu et al.,
2006).

The behavioral difference of downstream transport of antimony
and arsenic can be explained through antimony/arsenic aqueous
speciation. In aerobic conditions at mildly acidic to circum-neutral
pH, As(V) has a high affinity for mineral surfaces, and arsenic is effec-
tively immobilized by sorption and (co)precipitation with metal
(hydr)oxides (Smedley and Kinniburgh, 2002; Bissen and Frimmel,
2003). Conversely, Sb(V) has a lower affinity for mineral surfaces
suggesting a greater potential for aqueous transport (Belzile et al.,
2001; Filella et al., 2002; Casiot et al., 2007; Wilson et al., 2010).
These results are in agreement with previous studies of antimony
and arsenic mobility in mining-impacted water (Ashley et al., 2003;
Casiot et al., 2005, 2007).
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4.5. As and Sb XAS results

Predominantly As(V) was found in the bottom sediments of Slate
Creek and Stampede Creek (Table 6). The highest amounts of As(III)
were found in the Slate Creek 05SC14B and 05SC16 samples, which
are from the downstream spring and pond, respectively. The observa-
tion of reduced arsenic in the sediments at these sites correlates with
the observation of a relatively high proportion of As(III) in the aqueous
phase. The other Slate Creek sites in which As(III) in the sediments was
expected based on the aqueous chemistry, are the mine waste seep
(05SC02) and minor tributary within the mine waste area (05SC03).
However, in both of these samples the majority of sediment arsenic is
observed to be As(V). This observation correlates with the relatively
high iron content of these waters as compared to waters from sites
05SC14 and 05SC16, suggesting that the greater total iron content
of the water has played a role in promoting the oxidation of the
sediment-bound arsenic.

The antimony oxidation states inferred from the first shell coordi-
nation numbers (CN) suggest that the Slate Creek sediment samples
are primarily Sb(V) (Sb–O CN>5) (Table 7). Of the Slate Creek sam-
ples studied, the exception is the sediment from the mineralized
spring sample 05SC14B. Based on the EXAFS fitting, the first shell
coordination number of 2.8(6) indicates that a significant portion of
the antimony in this sample is likely Sb(III) (Table 7). Attempts to in-
clude sulfur as the nearest neighbors were not successful, ruling out
the presence of sulfide species as contributors to the sediment speci-
ation in this case.

In the Stampede Creek drainage, As(III) was found only in samples
from the tailings (Table 6, samples 06STTailings_A, 06STTailings_B,
06STMill_A, 06STMill_B). These samples were collected at different
sites within the tailings pile that covers a roughly 20×30 m area be-
tween the former mill site and Stampede Creek (in Fig. 3, site 06ST04
is immediately upstream of the tailings, and site 06STCore is in the
center of the tailings pile). First shell Sb–O CN for the corresponding
Sb samples (06STTailings_A, 06STTailings_B, 06STMill_A, 06STMill_B)
varies from 1.5(4) to 3.6(5) and indicates that Sb in these samples is
also present in reduced Sb(III) form (Table 7). The notable excep-
tion within the tailings samples is the Sb–O coordination in sample
06STCoreRed. This sample was taken from a red colored oxidized zone
approximately 6 cm below the tailings surface. In this case, the Sb–O
CN of 5.5(3) indicates dominantly Sb(V); corresponding arsenic specia-
tion data for this sample is not available. In the downstream samples
(06ST07 and 06STBankSed), the predominant form of antimony is
Sb(V) (Table 7). The behavior of arsenic and antimony with respect to
the sediment oxidation states is relatively consistent within both Slate
and Stampede Creek drainages: the more oxidized forms dominate
within the (Fe-rich) stream sediments, and only minor amounts of the
reduced As(III) and Sb(III) species are found outside of the tailings
environment. Within the tailing materials both Sb(III) and As(III) are
present.

A more detailed analysis of the Sb EXAFS data for select samples is
presented in Table 7 and Fig. 14. The Stampede Creek tailings (sample
06STTailings_B) is a mixture of antimony oxide and antimony sulfide
species based on the observation of both S and O in the 1st coordina-
tion shell of the EXAFS spectra (Table 7 and Fig. 14). There are also 2
second shell features at ~3.2 and 3.7 Å (uncorrected) distance, which
were fitted with S at 3.7 and 3.9 Å respectively; these Sb–S distances
are found in the structure of stibnite (Kyono et al., 2002). No evidence
of Sb–S backscattering was found in the oxidized tailings sample
(06STCoreRed) or in the stream sediments collected downstream
from the Stampede tailings (samples 06ST07 and 06STBankSed) or
in the Slate Creek stream sediment samples (05SC02, 05SC05, and
05SC07). Based on the shell-by-shell fitting of the EXAFS data for
these samples, antimony is predominantly in the oxidized Sb(V)
form (CN>5) and is adsorbed to Fe-oxide solid phase based on the
presence of Fe 2nd shell neighbors. The observed Sb–Fe distances of
approximately 3.1 Å and 3.6 Å (corrected) for all the oxidized sam-
ples indicate two types of adsorption complexes: Sb–Fe bi-dentate
edge and Sb–Fe bi-dentate corner-sharing, respectively. These two
species are structurally similar to those identified by Scheinost et al.
(2006) in shooting range soils. In one sample (06ST07), there is evi-
dence for a mono-dentate complex based on the long Sb–Fe distance
(at 4.2 Å corrected). The EXAFS data analysis (Table 7 and Fig. 14) in-
dicates that sediment phase antimony downstream from the sulfide
rich zones is oxidized quickly and predominantly present as Sb(V)
adsorbed to Fe(III)-oxides. This is in agreement with our interpreta-
tion of the aqueous speciation results above; however, it also suggests
that whereas Sb(V) may be relatively mobile, relative to Sb(III) or
As(III)/(V), it is the predominant species in both the solid and aque-
ous phase. This points to the important role of oxidation mechanisms
and pathways, and again suggests that Sb oxidation is quite rapid in
these systems.
5. Summary

Elevated concentrations of antimony and arsenic in both water and
stream sediments are associated with historic mining activities along
Slate Creek and Stampede Creek within the Kantishna Hills mining dis-
trict. Background levels of dissolved antimony and arsenic appear to be
approximately 4 μg/L and 5 μg/L, respectively, in the Slate Creek drain-
age. Within the Stampede Creek drainage dissolved background
concentrations of arsenic are approximately 2.7 μg/L and ramps up by
more than a factor of ten approaching the mineralized areas (but still
upstream of any mine development). In Stampede Creek, the back-
ground concentrations of arsenic are b1 μg/L. Water quality of both
drainage systems is impacted several kilometers downstream from
the abandoned mine sites. Dissolved antimony concentrations in Slate
Creek exceed the EPA MCL by more than two orders of magnitude
near the mine workings and remain one order of magnitude above
until the confluence with Moose Creek (~ 8 km from headwater).
Dissolved arsenic concentrations also exceed the MCL by ~three times
near the mine workings; however, arsenic rapidly decreases to below
the MCL within 1.5 km. Similar results are seen for the Stampede
Creek drainage, although at slightly lower concentrations.
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Table 6
XAS sediments and tailings sample descriptions and oxidation state of As based on lin-
ear combination fitting of XANES spectra.

Samplea Sample description Fraction
As(V)
(±0.1)

Fraction
As(III)
(±0.1)

Slate Creek
05SC01 b63 μm wet sieved stream sediments 0.9 0.1
05SC02 b63 μm wet sieved stream sediments 1.0 0.0
05SC03 b63 μm wet sieved stream sediments 1.0 0.0
05SC05 b63 μm wet sieved stream sediments 1.0 0.0
05SC06 b63 μm wet sieved stream sediments 0.9 0.1
05SC07 b63 μm wet sieved stream sediments – –

05SC09 b63 μm wet sieved stream sediments 0.9 0.1
05SC10 b63 μm wet sieved stream sediments 0.9 0.1
05SC12 b63 μm wet sieved stream sediments 0.9 0.1
05SC14A b63 μm wet sieved stream sediments 0.9 0.1
05SC14B b63 μm wet sieved stream sediments 0.3 0.7
05SC16 b63 μm wet sieved stream sediments 0.8 0.2
05SC18 b63 μm wet sieved stream sediments 1.0 0.0
05SC19 b63 μm wet sieved stream sediments 0.9 0.1
05SC20 b63 μm wet sieved stream sediments 0.9 0.1

Stampede Creek
06ST01 b63 μm wet sieved stream sediments 1.0 0.0
06ST04 b63 μm wet sieved stream sediments 1.0 0.0
06STTailings_A Main tailings pile, sample A 0.8 0.2
06STTailings_B Main tailings pile, sample B 0.1 0.9
06STCoreRed Tailings core sample, red (Fe rich) layer,

approx 6 cm below the tailings surface
– –

06STMill_A Tailings from the mill site adjacent to the
main tailings pile. Surface sample.

0.2 0.8

06STMill_B Tailings from the mill site adjacent to the
main tailings pile. Sub-surface (b5 cm)
sample.

0.1 0.9

06ST06 b63 μm wet sieved stream sediments 1.0 0.0
06ST07 b63 μm wet sieved stream sediments 1.0 0.0
06ST08 b63 μm wet sieved stream sediments 1.0 0.0
06STBankSed Iron rich stream bank sediments 1.0 0.0
06ST10 b63 μm wet sieved stream sediments 1.0 0.0
06ST14 b63 μm wet sieved stream sediments 1.0 0.0

“–” = not determined. The tailings/mill samples are from the same location as
06STCore from Table 1 and Fig. 4.

a Samples are listed in downstream orders for each drainage respectively.
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The difference between antimony and arsenic transport is attributed
to aqueous speciation and different affinities tomineral surfaces, name-
ly iron (hydr)oxides. The predominant form of antimony and arsenic in
the main drainage waters is the +5 oxidation state, with As(III) being
predominant species in minor tributaries (tailings pore water, pond,
and spring samples). Reduced As(III) and Sb(III) were found in mine
waste materials, whereas predominantly oxidized forms As(V) and
Sb(V) were found in the bottom sediments downstream from the his-
toric mines. The redox potentials calculated from the Fe(II)/Fe(III) and
As(III)/As(V) redox couples indicate that the speciesmaintained appar-
ent equilibrium in these waters. Similarly a significant correlation was
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found in downstream dispersion between antimony/arsenic and iron
in the bed-sediment, further indicating the key role iron plays in con-
trolling the mobility of the trace elements.

Our analysis indicates that the As(V) species is effectively immo-
bilized by sorption or co-precipitation within the oxidized sediments,
in agreement with the expected high affinity for mineral surfaces
(Herbel and Fendorf, 2006; Courtin-Nomade et al., 2009). The relatively
lower affinity of Sb(V) for partitioning tomineral surfaces results in fur-
ther downstream transport, however, sorption to Fe-(hydr)oxides via
an inner-sphere bi-dentate edge and corner sharing complexes appears
to be the major attenuation pathway in this system. The observation of
sorption controls on Sb(V) mobility, and the coordination chemistry of
the adsorption complexes, are similar to previous observations that
suggest that sorption to Fe-(hydr)oxides is an important sink for
oxidized Sb in soils (Mitsunobu et al., 2006; Scheinost et al., 2006;
Ackermann et al., 2009).
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Table 7
EXAFS fitting parameters for antimony in Slate and Stampede Creek samples. k-weights of 1, 2, and 3 were fitted simultaneously. Sample descriptions are given in Table 6.

Sample R-range (Å) k-range Shell N R (Å) σ2 ΔE0 R-factor Red χ2 Indep. Pts S0

Slate Creek
05SC02 1.0–3.8 2.7–10.1 Sb–O 5.4(4) 1.96(1) 0.002(4) 12(1) 0.007 5.9 13 0.87

Sb-Fe 2(2) 3.57(4) 0.003(6)
Sb–Fe 1(1) 3.08(6) 0.004(8)

05SC05 1.0–3.8 2.7–11.8 Sb–O 5.0(5) 1.97(1) 0.002(1) −7(2) 0.015 14.8 16 0.87
Sb–Fe 2(1) 3.55(8) 0.004(5)
Sb–Fe 0.8(8) 3.04(7) 0.004(6)

05SC07 1.0–3.8 2.0–11.7 Sb–O 5.3(3) 1.98(1) 0.003(1) −3(1) 0.005 7.9 17 0.87
Sb–Fe 2(1) 3.58(5) 0.006(6)
Sb–Fe 1.1(8) 3.11(5) 0.006(6)

Sb–O shell only fits
05SC14B 1.0–1.9 2.7–8.6 Sb–O 2.8 (6) 2.0(1) 0.006(3) 0.87

Stampede Creek
06STTailings_B 1.0–4.0 2.5–12.0 Sb–O 1.4(2) 2.0(2) 0.005(2) 5(3) 0.021 61.3 18 0.87

Sb–S 1.3(2) 2.52(2) 0.004(5) 8.0(3)
Sb–S 0.4(7) 3.7(1) 0.004(12)
Sb–S 0.6(6) 3.92(6) 0.005(6)

06STCoreRed 1.0–4.0 2.4–10.0 Sb–O 6.1(5) 1.97(1) 0.004(1) 7(1) 0.009 37.7 14 0.87
Sb–Fe 1.7(8) 3.09(4) 0.003(4)
Sb–Fe 2(1) 3.56(5) 0.003(5)

06ST07 1.0–4.0 2.6–12.7 Sb–O 5.5(3) 1.96(1) 0.003(1) 8.3(7) 0.005 10.1 19 0.87
Sb–Fe 0.4(8) 3.1(1) 0.01(1)
Sb–Fe 2(1) 3.55(3) 0.003(2)
Sb–Fe 2(2) 4.17(6) 0.003(5)

06STBankSed 1.0–4.0 2.5–11.7 Sb–O 5.0(3) 1.97(1) 0.002(1) 6.6(8) 0.006 18.5 17 0.87
Sb–Fe 1.0(5) 3.12(3) 0.003(3)
Sb–Fe 1.3(7) 3.56(3) 0.003(4)

Sb–O shell fits
06STTailings_A 1.0–2.0 2.6–10.7 Sb–O 3.6(5) 1.98(1) 0.004(2) 0.87
06STMill_A 1.0–2.0 2.5–12.1 Sb–O 2.8(4) 1.97(1) 0.004(2) 0.87
06STMill_B 1.1–2.7 2.6–10.9 Sb–O 1.5(4) 1.96(2) 0.004(4) 0.87

Estimated error of fitted parameters is provided in ().
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Fig. 14. EXAFS and Fourier Transforms of select Sb samples from the Stampede and Slate Creek drainages. Raw data is shown by the solid lines with corresponding best fits in dotted
lines. Fitting parameters are provided in Table 7.
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