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Here the hydrogeochemical constraints of a tracer dilution study are combined with Fe and Zn isotopic
measurements to pinpoint metal loading sources and attenuation mechanisms in an alpine watershed
impacted by acid mine drainage. In the tested mountain catchment, d56Fe and d66Zn isotopic signatures
of filtered stream water samples varied by �3.5‰ and 0.4‰, respectively. The inherent differences in the
aqueous geochemistry of Fe and Zn provided complimentary isotopic information. For example, varia-
tions in d56Fe were linked to redox and precipitation reactions occurring in the stream, while changes
in d66Zn were indicative of conservative mixing of different Zn sources. Fen environments contributed
distinctively light dissolved Fe (<�2.0‰) and isotopically heavy suspended Fe precipitates to the
watershed, while Zn from the fen was isotopically heavy (>+0.4‰). Acidic drainage from mine wastes
contributed heavier dissolved Fe (�+0.5‰) and lighter Zn (�+0.2‰) isotopes relative to the fen. Upwell-
ing of Fe-rich groundwater near the mouth of the catchment was the major source of Fe (d56Fe � 0‰)
leaving the watershed in surface flow, while runoff from mining wastes was the major source of Zn.
The results suggest that given a strong framework for interpretation, Fe and Zn isotopes are useful tools
for identifying and tracking metal sources and attenuation mechanisms in mountain watersheds.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Mountain watersheds are critical components in the hydrologic
cycle, capturing and storing enormous quantities of water that ulti-
mately supply and/or recharge a large part of the available fresh-
water on Earth (e.g., Bales et al., 2006). Metal sulfide deposits are
common in many mountain regions and are often associated with
extensive zones of pyritic alteration that sometimes host economic
quantities of base (e.g., Cu, Zn, and Pb) and/or precious (e.g., Au and
Ag) metals. Oxidative weathering of these sulfide minerals in host
rock with insufficient acid-neutralizing capacity generates acidic,
metal-rich fluids that can impact water quality (e.g., Brooks et al.,
2001; Kimball et al., 2002; Williams et al., 2002). Unfortunately,
the processes governing the loading (or attenuation) of metals like
Fe and Zn in mountain regions are poorly understood, because
mountain catchments are difficult to access, surface and ground-
water flow pathways are often ambiguous, and monitoring wells
and other infrastructure are generally absent. These complications
also make it difficult to distinguish between anthropogenic and
natural sources of metal-loading despite the fact that this distinc-
ll rights reserved.
tion is important for establishing realistic remediation strategies
(e.g., Runkel and Kimball, 2002; Kimball et al., 2002; Wanty
et al., 2004; Johnson and Hallberg, 2005).

Stable Fe and Zn isotopes have emerged as tools to examine the
sources and mechanisms controlling the cycling of Fe and Zn in riv-
ers and soils (e.g., Fantle and DePaolo, 2004; Emmanuel et al.,
2005; Bergquist and Boyle, 2006; Ingri et al., 2006; Borrok et al.,
2008a; Chen et al., 2008). Isotopes of Fe are fractionated by
changes in redox state (e.g., Welch et al., 2003; Anbar et al.,
2005), complexation with soil organic matter (Brantley et al.,
2001), bacterial interactions (e.g., Crosby et al., 2007), and during
surface adsorption and mineral precipitation reactions (e.g., Icopini
et al., 2004; Skulan et al., 2002; Balci et al., 2006). Zinc is not a re-
dox sensitive element under most natural conditions, and although
non-redox fractionations attributable to processes like surface
adsorption and complexation with natural organic matter are mea-
surable (Pokrovsky et al., 2005; Balistrieri et al., 2008; Jouvin et al.,
submitted for publication), Zn often behaves conservatively in
aqueous systems (e.g., Chen et al., 2008). Hence, Zn isotopes in flu-
ids, soils, and sediments are thought to closely represent the Zn
isotopic compositions of the original metal sources. Zinc isotopes
have been adapted specifically to identify and track anthropogenic
metal sources (e.g., Cloquet et al., 2006; Weiss et al., 2007; Chen
et al., 2008; Sonke et al., 2008).

mailto:dborrok@utep.edu
http://www.sciencedirect.com/science/journal/08832927
http://www.elsevier.com/locate/apgeochem


D.M. Borrok et al. / Applied Geochemistry 24 (2009) 1270–1277 1271
Because streams are integrators for geochemical processes on
the catchment scale, Fe and Zn isotopes in stream waters may pro-
vide key insights into the relative contributions of different metal
sources, and may be used as direct probes of the mechanisms con-
trolling metal cycling. However, to accurately interpret Fe and Zn
isotopic measurements in stream waters, it is necessary to build
a quantitative hydrogeochemical framework for a given catch-
ment. Tracer injection studies provide a method for providing such
a framework by quantifying stream water discharge and inflow
volumes through dilution calculations (Kimball et al., 2002,
2007). In this study a tracer dilution investigation is combined
with traditional geochemical data and Fe and Zn isotopic measure-
ments of stream water to pinpoint different anthropogenic and
natural metal sources and to unravel the mechanisms responsible
for metal attenuation in an alpine watershed.

2. Field setting

The investigation focuses on the Prospect Gulch (referred to
herein as PG) alpine/sub-alpine catchment (�3000–3800 m in ele-
vation) located in the Upper Animas River watershed within the
San Juan Mountains, Colorado (Fig. 1). The region is dominated
by volcanic and volcaniclastic sedimentary rocks that were em-
placed during the formation of the San Juan caldera at about
28.2 Ma (Lipman et al., 1976; Bove et al., 2000). Mineralization in
the area is characterized by widespread pyritization, particularly
in the upper 2/3 of the watershed, and fault/vein controlled ore
bodies consisting of Cu, Fe, Zn and Pb sulfides with substantial
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Fig. 1. Location map for Prospect Gulch watershed. Sample locations, well locations, an
zones of metal loading that are discussed in the text.
accessory concentrations of Au and Ag. Complete characterizations
of the ore minerals and hydrothermal alteration zones are summa-
rized in Bove et al. (2007). Numerous abandoned mines and shafts
are scattered throughout the watershed, including the former Ga-
lena Queen, Lark, Henrietta, and Joe and Johns Mines, all of which
are associated with sulfide-rich waste-rock piles. The PG wa-
tershed is �5 km2, and is drained by a �2.5 km long stream that
changes in elevation by �800 m before emptying into Cement
Creek. Field work was conducted in September, 2006, during
base-flow conditions.

3. Materials and methods

The tracer injection procedure and load calculations are pre-
sented in Kimball et al. (2007) and Runkel et al. (2007) and are only
summarized here. The purpose of the tracer injection was to quan-
tify stream loads (i.e., the flux of stream flow multiplied by constit-
uent concentrations) for Fe, Zn and other key elements in PG.
A conservative LiBr tracer solution was continuously injected at a
steady flow rate in the upper part of PG (Fig. 1). The tracer reached
a steady-state over the first �1700 m of the stream after 1.5 days,
but was slowed by avalanche debris below this point. Dilution cal-
culations downstream of this point were supplemented with a
smaller-scale Br� slug tracer (near the mouth of the catchment),
gauging measurements, and dilution information for natural trac-
ers like Sr (i.e., Sr is believed to behave conservatively over this
stretch of PG). Water samples were collected in the main stream
channel and from all tributaries over an 8-h period either by hand
 hcluG tcepsorP
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Fig. 2. The pH of stream and inflow samples in Prospect Gulch. Right and left bank
inflows are oriented from the perspective of someone looking downstream.
Numbers 1–5 and the associated lines denote locations of Fe or Zn loading
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or by automatic samplers. Because Li and Br generally behave con-
servatively in mountain streams, decreases in the concentrations of
Li and Br downstream (until steady state was lost after �1700 m)
were attributed solely to dilution. Sample bottles (that were earlier
acid-washed and rinsed three times with pure water) were trans-
ferred to an on-site field laboratory within 3 h where they were
split into filtered (0.45-lm)-acidified, filtered-un-acidified, and
unfiltered-acidified subsets. Selected samples were filtered to
0.001-lm using a tangential flow filter system. Water quality
parameters, including pH, temperature and conductivity were
measured at each sample location using a calibrated multiparam-
eter instrument.

Water samples were also collected from a series of monitoring
wells in the lower and middle reaches of the catchment (Fig. 1;
well location and installation information are presented in Johnson
and Yager, 2006). Wells were sampled with a peristaltic pump and
clean plastic tubing. For deep wells, N2 was used to provide pres-
sure to drive water from depth to the surface via a specialized tub-
ing assembly within the well (see Johnson and Yager, 2006). Well
samples were processed identically to stream water samples. A
representative quartz-sericite-pyrite (QSP)-altered volcanoclastic
rock near the stream channel (�1000 m downstream) was addi-
tionally selected for bulk geochemical and isotopic analysis (see
Fernandez and Borrok, 2009).

Total (unfiltered) metal, dissolved metal, and major cation con-
centrations for stream waters, well waters, and the digested rock
sample were determined by inductively coupled plasma mass
spectroscopy (ICP-MS; Lamothe et al., 2002). Iron(II) concentra-
tions were determined by colorimetry and anions were measured
by ion chromatography (Brinton et al., 1995). Field and trip blanks
were absent of measurable Fe and Zn. Selected rock and water
samples were prepared for isotopic analysis using an anion-ex-
change chromatography separation technique (Borrok et al.,
2007). Isotopic analyses were performed at the USGS laboratories
in Denver, Colorado using a Nu Instruments� MC-ICP-MS.

Samples were introduced to the Ar plasma via a Nu Instruments
desolvating nebulizer system (DSN 100) at a fluid flow rate of
0.1 mL/min. Previous investigation of the Ni signal using 60Ni con-
firmed that the possible isobaric interference of 64Ni on 64Zn was
insignificant under the operating conditions (Balistrieri et al.,
2008; Borrok et al., 2008a). Wash out times between samples (2%
HNO3) were monitored and adjusted in real time to ensure that
the signal returned to background levels prior to the next analysis.
A 2% HNO3 blank correction, measured for 60 s prior to each anal-
ysis was subtracted from the isotopic measurements of both sam-
ples and standards. Column procedural blanks were analyzed for
each set of samples, and blank contributions were found to be neg-
ligible and did not require any data corrections. For Zn analysis,
isotopes of masses 64, 66, and 68 were simultaneously measured.
A Johnson Matthey Zn standard, batch JMC 3-0749-L, was used as a
reference material and subjected to the same ion-exchange column
procedure prior to measurement. Isotopic results are reported in
standard delta notation (units of ‰) relative to the average of the
bracketing standards:

d66Zn ¼
ð66Zn=64ZnÞsample

ð66Zn=64ZnÞJMCave

� 1

" #
� 1000 ð1Þ

For Fe, isotopic masses of 54, 56, and 57 were simultaneously
measured in pseudo-high resolution mode, to resolve 54Fe, 56Fe,
and 57Fe peaks from their respective N- and O-argide interferences.
Isotopic ratios are reported relative to the IRMM-14 reference
material (also subjected to the column procedure):

d56Fe ¼
ð56Fe=54FeÞsample

ð56Fe=54FeÞIRMM14
� 1

" #
� 1000 ð2Þ
The ‘‘standard-sample-standard” bracketing technique was
used as the sole correction for drift and mass bias in both the Fe
and Zn systems. The validity of this approach for samples intro-
duced to the Nu Plasma instrument via the DSN 100 was confirmed
through mass bias tests presented in Borrok et al. (2007), and was
recently affirmed in a comprehensive study by Petit et al. (2008).
Additional quality assurance checks included: (1) duplicate column
separations to verify reproducibility, (2) independent assessment
of the completeness of the column recovery (100 ± 6%), and (3)
checking of the purity of the isotopic separates through analysis
with a traditional ICP-MS. The average 2r uncertainty calculated
from replicate measurements of unknowns (including column
duplicates) over multiple analytical sessions was 0.07‰ for Zn
and 0.2‰ for Fe. Plots of d66Zn vs. d68Zn and d57Fe vs. d56Fe re-
flected the appropriate mass dependence for each system
(d68Zn = 1.97 � d66Zn, R2 = 0.99; d57Fe = 1.47 � d56Fe, R2 = 0.99,
data not shown). Additional discussions of isotopic uncertainties
are presented elsewhere (Borrok et al., 2007, 2008a; Balistrieri
et al., 2008).

4. Results

Fig. 2 presents pH data for individual stream samples (38 total)
and inflows to the main stream channel (28 total) that were col-
lected during the LiBr tracer injection. Stream pH was circumneu-
tral in the uppermost reaches of the watershed, but rapidly
decreased to �3.5 in response to the loading of protons from sev-
eral acidic inflows around 1000 m downstream (Fig. 2). All stream,
stream inflow, and well samples were analyzed for major and trace
element concentrations and the data are presented in Table 1S in
the online electronic data repository. For comparative purposes se-
lected data are plotted in the form of log(C/Ci) in Fig. 3, where C is
the dissolved concentration of the measured trace (Fig. 3a) or ma-
jor (Fig. 3b) element and Ci is the initial dissolved concentration of
that element in the upper part of the stream above the injection
point. This plotting technique was adopted from Chapman et al.
(1983) who used it to track metal attenuation in streams affected
by acid mine drainage. Changes in log(C/Ci) over the 2.5 km length
of the stream reflect either (1) dilution, (2) loading from source
areas, or (3) in-stream geochemical processes. Fig. 4 presents the
predicted speciation of Fe for each filtered stream sample calcu-
lated using PHREEQC (Parkhurst and Appelo, 1999). Input for the
equilibrium modeling included the concentrations of all major
discussed in the text.
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cations, anions, and trace metals (including individual Fe(II) and
Fe(III) concentrations) for every stream sample. Modeling did not
account for possible dissolved metal–organic complexes (TOC
was not measured in the study) nor surface adsorption reactions
(although the extent of adsorption was likely modest under the
acidic pH conditions). Fig. 4 indicates that Fe(II) dominates in the
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Fig. 4. Equilibrium speciation of dissolved Fe calculated using PHREEQC. Numbers
1–5 and the associated lines denote locations of Fe or Zn loading discussed in the
text.
upper and lower reaches of the stream, while a variety of Fe(III)-
sulfate, and -hydroxide complexes are most abundant from
�1000 to 2400 m downstream (Fig. 4). Zinc species (not plotted)
did not vary substantially and were dominated by Zn+2 with lesser
ZnSO4.

Discharge for PG and the volume of flow for individual inflows
into the main stream channel were calculated from LiBr tracer data
(supplemented with the Br� slug tracer, gauging information, and
Sr dilution data) using conservation of mass and flow equations de-
scribed by Kimball et al. (2007). Flow rates ranged from 0.2L/s up-
stream near the start of the tracer to 16L/s at the mouth of PG. The
calculated flow data for PG and all the inflows to PG are presented
in Table 1S. Discharge data were combined with concentration
data to calculate the mass load in kg/day for individual elements.
Fig. 5 presents the dissolved (<0.45 lm), total (unfiltered), and
cumulative instream Fe loads in PG (note the log scale for kg/
day) and the Fe isotopic data for the measured stream and inflow
samples. The cumulative Fe load is the sum of all Fe that was
loaded into the PG stream without subtraction of Fe loss from
zones where Fe was attenuated. Hence, comparison of the cumula-
tive Fe load to the sampled Fe load provides a good indication of
the extent of Fe loss in PG (e.g., Kimball et al., 2002). Fig. 6 presents
the exact same information for Zn. Several zones in PG were iden-
tified where distinctive changes in the Fe and/or Zn loads occurred.
The starts of these zones are demarcated with solid lines and are
labeled 1 through 5 in Figs. 2–6. Representative pictures of these
zones are included in online supplemental Fig. 1S. Fig. 7 is a ternary
diagram where stream and well-water samples are plotted in Al,
Mg and Fe space. The stream water samples labeled as Zones 1–5
were collected in these discrete reaches, and the stream samples
collected between these discrete zones fall in sequence along the
dashed curves that represent mixing or metal attenuation
pathways.

The d56Fe and d66Zn of filtered groundwater samples from all
monitoring wells sampled averaged �0.17 ± 0.16‰ (1r; n = 4
wells) and +0.16 ± 0.08‰ (1r; n = 5 wells), respectively. The d56Fe
and d66Zn of the tested QSP-altered rock was 0.11 ± 0.15‰ (2r;
n = 2) and 0.11 ± 0.08‰ (2r; n = 3), respectively. These data and
isotopic data for the tested unfiltered and ultrafiltered samples
are presented in Table 1S.
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5. Discussion

The approach to this investigation was to first use the tracer
dilution and bulk geochemical data to identify reaches in the PG
stream where metal loading or in-stream geochemical processes
were occurring. The Fe and Zn isotopic data were then used to help
identify metal sources and loading/attenuation mechanisms in
these reaches. Iron and Zn isotopes were specifically chosen for
this investigation because of the inherent differences in how each
element is likely to be fractionated in stream waters. For example,
Fe isotopes in PG are likely to be affected by redox transformations
associated with weathering reactions and precipitation of Fe(III)-
oxide minerals. Conversely, Zn isotopes are not subject to redox-
related transformations and are likely to behave conservatively
under the low pH conditions in PG. It is suspected that different
anthropogenic and natural metal sources may have distinctive Fe
and Zn isotopic signatures because (1) anthropogenic sources like
mine wastes are likely to contain more and possibly different Fe
and Zn-bearing minerals (i.e., ore or gangue material) than would
be found in host rocks, and (2) the weathering rates of exposed sul-
fide minerals are likely to be significantly greater in waste rock
piles than in the host rock. Differences in the rates of weathering
could impact the degree of isotopic fractionation during incongru-
ent dissolution of Fe and Zn-bearing minerals (e.g., Beard and John-
son, 2004). Below, we highlight 5 zones of metal loading and one
zone where Fe is strongly attenuated in PG. In this discussion,
stream locations are identified by their distance downstream from
the point at which the tracer was injected into the stream.

5.1. Zone 1

Zone 1, in the upper reaches of the stream (342–500 m) is char-
acterized by its near-neutral pH (Fig. 2), its distinctly light dis-
solved d56Fe (<�2.0‰; Fig. 5), and its distinctly heavy d66Zn
(>+0.4‰; Fig. 6). Maximum Fe and Zn loads in Zone 1 are 0.52
and 0.17 kg/day, respectively (Figs. 5 and 6). The stream chemistry
in Zone 1 is dominated by Fe-rich anoxic groundwater draining
from a fen. Flow from the fen increases the total stream flow in
PG by more than five times (see LiBr dilution in Fig. 3a and
Table 1S). Iron(II) species are dominant in Zone 1 (Fig. 4), and Fe(II)
concentrations in pore waters in the fen (sampled the following
year using a vacuum-sealed soil lysimeter apparatus) ranged from
1.1 mg/L at 5 cm depth to >20 mg/L at 60 cm depth.

Suspended Fe(III)-minerals in Zone 1 represent 90–96% of the
total Fe load (Fig. 5). The d56Fe of two unfiltered acidified samples
(i.e., suspended + dissolved Fe) from Zone 1 were +0.04‰ and
+0.11‰ (Table 1S). Because of the abundance of suspended Fe in
Zone 1, the heavier d56Fe of this load offsets through isotopic mass
balance the very light d56Fe of the dissolved phase. The ‘‘overall”
(i.e., suspended + dissolved) d56Fe of these waters matches well
with the d56Fe of groundwater from sampled monitoring wells
and with the d56Fe of groundwater infiltration measured in Zone
5 (see Section 5.4). Additional testing demonstrated that the
d56Fe of an ultra-filtered (<0.001 lm) sample was the same as that
measured in an aliquot of the same sample filtered using a 0.45 lm
membrane, suggesting that Fe colloids did not control the dis-
solved metal isotopic signature of PG (Table 1S). Note that the in-
flow sample at 167 m downstream has a heavier d56Fe than the
filtered stream water samples in Zone 1. The 167 m inflow is small
(0.2L/s), does not drain the fen, and has the same characteristics as
stream and inflow samples further downstream, including a low
pH (3.3) and a low suspended Fe load (see Section 5.2).

The light d56Fe of the dissolved phase in Zone 1 is consistent
with the oxidation of Fe(II) to Fe(III) and the precipitation of
Fe(III)-oxides. Under circumneutral pH conditions, Fe(II)aq will rap-
idly oxidize to Fe(III)aq in the presence of atmospheric O2 (e.g.,
Nordstrom and Southam, 1997). Isotopic equilibrium between re-
duced and oxidized aqueous Fe species (e.g., [FeII(H2O)6]+2 and
[FeIII(H2O)6]+3) occurs rapidly with the oxidized species incorporat-
ing the heavier Fe isotopes (D56FeFe(III)aq-Fe(II)aq ffi +3.0‰; Welch
et al., 2003; Anbar et al., 2005). Under neutral pH conditions, the
isotopically heavy Fe(III)aq is quickly precipitated as ferrihydrite,
and this 2-step process of equilibrium of oxidized and reduced Fe
species in solution followed by precipitation of Fe(III)-oxides has
been shown experimentally and in field studies to drive the d56Fe
of dissolved Fe to light values (e.g., Bullen et al., 2001; Beard and
Johnson, 2004; Herbert and Schippers, 2008; Fernandez and
Borrok, 2009). The elevated pH and large suspended Fe loads in
Zone 1 provide strong evidence that abiotic precipitation is the
controlling mechanism. However, additional abiotic or biologic
processes can also impact the d56Fe of the dissolved phase. For
example, adsorption of Fe(II) onto mineral surfaces could drive dis-
solved Fe to a lighter d56Fe through preferential adsorption of the
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heavy Fe isotopes (e.g., Beard et al., 2003; Icopini et al., 2004).
Moreover, leaching of Fe with dissolved organic ligands (like those
found in soils) has been shown to prefer the lighter Fe isotopes
(Brantley et al., 2001). Finally, dissimilatory reduction of Fe(III)-
oxides within anoxic soils has been shown to produce extremely
light Fe isotopes in soil/sediment pore waters (e.g., Crosby et al.,
2007). Additional spatially-detailed testing of the waters, soils,
and microbes in Zone 1 would be necessary to quantify the possi-
ble impact of these complimentary biogeochemical reactions.

The suspended load for Zn in Zone 1 comprised less than 21% of
the total Zn in all samples (Fig. 6). This demonstrates that adsorp-
tion of Zn onto Fe(III)-oxide phases was limited. Balistrieri et al.
(2008) experimentally constrained a separation factor for Zn
adsorption onto ferrihydrite of +0.53‰ (D66Znadsorbed-solution),
which was later confirmed by Juillot et al. (2008). Isotopic mass
balance calculations using this separation factor suggest that more
than 20% adsorption of Zn would be needed for a difference in the
d66Zn of unfiltered versus filtered stream samples to be measured.
This explains why the tested pair of raw vs. filtered stream samples
were isotopically indistinguishable (Table 1S). Moreover, if surface
adsorption of Zn were an important part of the PG system it would
drive the d66Zn of the dissolved phase to lighter values, which is
not what was observed (Fig. 6). It is suspected that the reason
why the d66Zn in Zone 1 was enriched in the heavy Zn isotopes is
that much of the free Zn derived from the fen environment was
complexed with dissolved organic matter. It has been shown that
Zn-organic complexes with dissolved humic acids (Jouvin et al.,
submitted for publication) or with organic-acid functional groups
on microbial surfaces are isotopically heavy in comparison to free
Zn+2 (Gélabert et al., 2006; John et al., 2007; Borrok et al., 2008b).
The flushing of organically-complexed Zn through the fen environ-
ment is an explanation that fits the data, but is certainly one that
requires further testing to fully evaluate. An alternate explanation
is that the host rock/soil itself in Zone 1 is distinct and possesses a
uniquely heavy d66Zn compared to the rest of the rock in the PG.

5.2. Zones 2, 3, and 4

Zones 2, 3, and 4 (�950–1364 m) are rich in protons and metals,
including Fe and Zn, largely derived from a series of acidic inflows
that drain anthropogenic sources, including abandoned mines and
sulfide-rich waste-rock piles (Figs. 2, 5 and 6). Iron and Zn loads in-
crease to 1.99 and 1.04 kg/day, respectively, by the end of Zone 4
(1364 m downstream). The concentrations of Fe, Cu, Pb, Zn and
SO4 all increase over this interval while the concentrations of Ca,
Mg, Na and K remain relatively stable (Fig. 3). Iron(III)aq species be-
come dominant over Fe(II)aq species in Zones 2–4 (Fig. 4), and al-
most all the Fe is dissolved (i.e., the Fe concentration in the
filtered sample is approximately equal to the Fe concentration in
the unfiltered sample). The dashed curve labeled ‘‘A” in Fig. 7 illus-
trates the pathway of chemical mixing of stream waters from Zone
1 with Zone 2 followed by Zones 3 and 4. The evolution of the
stream water composition involves the loss of Mg (relative to Fe
and Al) and a large increase in the amount of Fe near Zones 3
and 4.

The d56Fe of dissolved stream water in Zones 2–4 ranges from
�0 to +0.6‰, which matches well with the d56Fe of the bulk
(suspended + dissolved) Fe load in Zone 1 (see discussion above).
The d56Fe of Zones 2–4 also matches well with the d56Fe of the
leachate from weathering experiments with QSP-altered rock from
PG performed by Fernandez and Borrok (2009). These experiments
demonstrate that oxidation of the pyrite surface can result in an
easily-leachable layer that is enriched in the heavier Fe isotopes.
Although this layer is quickly leached away in experiments, it
may be one explanation for the range of d56Fe observed. Precipita-
tion of Fe(III)-oxides in Zones 2–4 may additionally impact the
d56Fe of PG (see discussion of Zone 5 below); however, under acidic
conditions, adsorption reactions are not expected to significantly
impact Fe or Zn isotopes.

The d66Zn in dissolved stream water in Zones 2–4 becomes
lighter compared to Zone 1 and approaches the d66Zn of the sam-
pled QSP rock from PG (Fig. 6). Assuming Zn isotopes are not frac-
tionated significantly during weathering processes (an idea
supported by recent experimentation by Fernandez and Borrok,
2009), this change is best explained by mixing of isotopically dis-
tinct Zn from Zone 1 with Zones 2–4. To a first approximation
the cumulative Zn load is the same as the instantaneous Zn load
throughout PG (Fig. 6), suggesting that Zn is behaving conserva-
tively. Because Zone 1 has a small load of Zn in comparison to
Zones 2–4 (Fig. 6), the heavy d66Zn signature from Zone 1 is quickly
lost.

5.3. Zones of Fe attenuation

Zones of Fe loading in PG are interrupted by stream reaches
where the Fe load decreases. The difference between the cumula-
tive Fe load (Fig. 5) and the instantaneous Fe load in the stream
at any given point (Fig. 5) is a good approximation of the amount
of Fe that has been lost to precipitation in PG. For example, the
largest amount of the total Fe load in PG is lost between Zones 4
(1364 M downstream) and 5 (2385 M downstream; Fig. 5). This
attenuation corresponds to a steady increase in the d56Fe of the
stream water from �+0.5‰ at Zones 2–4 to �+1.1‰ prior to Zone
5. The loss of Fe over this stretch does not appear to be caused by
dilution, as the concentrations of other elements like Cu, Pb, Al and
Zn were not diluted over this interval (Fig. 3a), suggesting that the
mechanism of attenuation was specific to Fe. Moreover, if the loss
of Fe was attributable only to dilution from non-Fe bearing waters,
the d56Fe of the stream would not change. Hence, the loss of Fe is
most likely attributable to the precipitation of Fe(III)-oxide miner-
als in the stream channel and/or within the hyporehic zone. Ferri-
crete coats the stream bed over this interval, supporting the
interpretation. This trend of Fe attenuation is illustrated as a
dashed line labeled ‘‘B” in the ternary diagram, Fig. 7. Note that
the relative proportions of Mg and Al remain constant while only
Fe is lost.

Rapid precipitation of Fe(III)-oxides via the hydrolysis pathway
(i.e., from an over-saturated Fe(III)-rich solution) has been shown
to impart a kinetic isotopic fractionation where the lighter isotopes
of Fe are preferentially incorporated into the mineral phase (Skulan
et al., 2002; Balci et al., 2006). Skulan et al. (2002) have shown that
Fe(III) incorporation into an Fe(III)-mineral under less-rapid condi-
tions (i.e., approaching equilibrium) does not significantly impact
the Fe isotopic composition. Note that the precipitation of Fe(III)aq

via hydrolysis is not the same as the precipitation pathway in Zone
1 where Fe(II)aq was oxidized to Fe(III)aq before forming a precipi-
tate. In Zone 1 the large Fe isotope fractionation was produced
through this initial redox step in aqueous solution and was only
secondarily affected by the precipitation process. In the reach be-
tween Zones 4 and 5, Fe(III)aq species are more abundant than
Fe(II)aq species, and oxidation of Fe(II)aq to Fe(III)aq is kinetically
prohibited because of the acidic pH conditions (Nordstrom and
Southam, 1997). Geochemical modeling using PHREEQC indicates
that several Fe(III)-minerals, including ferrihydrite, goethite, and
jarosite are over-saturated over part or all of the interval where
Fe is attenuated.

The d66Zn of PG becomes slightly heavier compared to Zones 2–
4 starting around 2200 m downstream (Fig. 6). Unlike Fe, the Zn
load increases by 0.33 kg/day over this stretch (Fig. 6). The cumu-
lative in-stream Zn load is almost indistinguishable from the
instantaneous total Zn load at every point (Fig. 6), demonstrat-
ing that Zn is not attenuated in PG. This additional Zn must be
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isotopically heavier than the Zn in Zones 2–4 to increase the d66Zn
of the stream. It is suspected that this Zn is contributed by diffuse
seeps from soil and vegetation along the stream walls, as no dis-
crete inflows were identified for sampling.

5.4. Zone 5

Zone 5 (�2400 m to the mouth of PG) is characterized by an
abrupt change in d56Fe from +1.1‰ upstream of Zone 4 to �0.1‰

downstream (Fig. 5). This isotopic change correlates with a two
orders of magnitude or more increase in Fe load to �65 kg/day
(Fig. 5) and significant increases in the concentrations of Al, SO4,
K and Mg (Fig. 3). Despite this dramatic change in Fe load, the
pH of PG remains invariant (Fig. 2). The total Zn load increases only
slightly in Zone 5 to a maximum of 1.61 kg/day (Fig. 6), and the
d66Zn of the stream water and inflows to PG fluctuates from
�+0.05 to +0.25‰.

Diffuse inflows of water from the stream walls, Fe-rich springs
adjacent to the stream, and a sharp increase in Fe(II) species in
the stream (Fig. 4) all suggest that groundwater is infiltrating the
stream channel in Zone 5. Nearby flowing artesian wells confirm
that the hydraulic head for deep groundwater near the mouth of
PG is above the present-day land surface. Apparent 3H/He age
dates of the groundwater from these wells are dominantly
5–30 years (Johnson et al., 2007).

Fig. 7 provides evidence of chemical mixing (dashed line labeled
‘‘C”) between the stream and Fe-rich groundwater. The chemical
composition of samples from the three monitoring wells nearest
to the mouth of PG (screened at depths of 7.5 m, 24.7 m, and
39 m; see Johnson and Yager, 2006) are presented as stars to rep-
resent the end-member groundwater component (Fig. 7). Mixing of
groundwater with surface water involves a large increase in the
flux of Fe to the stream and a significant loss in Mg relative to Al
(Fig. 7). The d56Fe of the upwelling groundwater in Zone 5 is most
likely a direct reflection of the Fe isotopic composition of the
groundwater, and because of the low pH the d56Fe is not addition-
ally impacted by redox interactions or chemical processes like
adsorption or precipitation. Moreover, the oxidation of Fe(II)aq to
Fe(III)aq is kinetically prohibited below pH 4.0 (e.g., Nordstrom
and Southam, 1997).

In an earlier investigation, Borrok et al. (2008a) reported d66Zn
measurements for filtered water samples collected over a 24-h
period from Zone 5. The d66Zn of the stream was invariant with
time and averaged +0.4‰. This average is �0.15‰ heavier than
the data reported for Zone 5 in the current investigation. The rea-
son for this difference is unclear; however, it could be the result of
long-term or seasonal variability in d66Zn in PG. The samples re-
ported by Borrok et al. (2008a) were collected under different flow
conditions 2 years before the current investigation.
6. Conclusions

In this investigation Fe and Zn isotopes were used with addi-
tional hydrologic and geochemical constraints to distinguish metal
sources and attenuation mechanisms in an alpine watershed. In
this single alpine catchment the d56Fe and d66Zn of filtered stream
water samples varied by �3.5‰ and 0.4‰, respectively (about 70%
and 25% of their respective variation in natural samples). Most of
the variation in d56Fe occurred during redox interactions and min-
eral precipitation processes. For example, rapid oxidation of Fe(II)
entering the stream from a fen led to precipitation of isotopically
heavy Fe(III)-oxides, which imparted a distinctively light d56Fe to
the remaining dissolved Fe in the stream water. In-stream geo-
chemical processes did not impact the d66Zn of filtered stream
waters. Instead, changes in d66Zn could largely be attributed to
conservative mixing of isotopically distinct sources. For example,
waters from the fen (d66Zn � +0.4‰) were mixed with lighter Zn
isotopes (d66Zn � +0.2‰) from mining waste piles further down-
stream It is speculated that the heavy d66Zn of the fen may be
attributable to complexation with dissolved organic matter, but
this hypothesis needs further testing.

This initial investigation of a mountain watershed suggests that
Fe and Zn isotopes may prove useful for (1) helping to distinguish
between anthropogenic and natural metal loading sources, (2) pin-
pointing the contributions to metal loading from fens or wetlands,
(3) establishing chemical links between groundwater and surface
water, and (4) understanding in-stream geochemical processes
that impact metal transport. As insights continue to be gained on
the fractionation behaviors of these metals in complex systems,
it is anticipated that they will become more common as geochem-
ical probes for similar investigations.
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