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Abstract
The interface between oxic surface water and anoxic groundwater plays an important role in trace element cycling in moun-
tains streams. In this investigation, stream water and shallow groundwater were sampled in a semiarid mountain catchment 
at Red Canyon, Wyoming, USA to evaluate variability in redox conditions and trace element concentrations. Samples were 
collected in July 2013 during summer baseflow conditions and in May 2014 during snowmelt runoff. Field measurements 
showed dissolved oxygen-saturated stream water and anoxic groundwater, with relatively higher pH in surface water. Ground-
water and surface water chemistry were remarkably similar during both the summer and spring sampling events, indicating 
overall stability of the oxic/anoxic transition and trace element concentrations. Similar stable water isotope values indicate a 
close connection between the surface water and groundwater (δ18O and δD ranged from − 18.1 to − 18.9‰ and from − 140 to 
− 147‰, respectively). Concentrations of most trace and major elements were a factor of two higher in groundwater relative 
to surface water. Notably, Mn, Fe, and Ce concentrations were 7–90-fold higher in groundwater relative to surface water. In 
contrast, As, Se, and V concentrations were 3–30-fold lower in groundwater relative to surface water, likely due to pH- and 
redox-driven changes in speciation and sorption. This study is important for characterizing trace element cycling in moun-
tainous areas, where measurements are rare, and has implications for furthering understanding of the key biogeochemical 
processes that occur during groundwater–surface water interactions.

Keywords  Groundwater–surface water interactions · Mountain hydrology · Redox · Trace elements · Red Canyon · 
Wyoming

Introduction

The reduction/oxidation (redox) boundary between ground-
water and surface water in stream systems is a hotspot of 
biogeochemical cycling. Chemical oxidation/reduction and 
solution pH both control groundwater composition beyond 
dilution and mixing (Siegel 2008). Abrupt transitions 
between oxidizing surface water and reducing groundwa-
ter combined with changes in pH can alternately mobilize 
or immobilize trace elements during hyporheic exchange 
(Nagorski and Moore 1999). Redox conditions are often 
linked to the occurrence of contaminants such as As in 
groundwater (McMahon and Chapelle 2008; Smedley and 
Kinniburgh 2002). Significant questions still remain about 
how redox conditions affect trace element cycling and the 
potential impacts on water quality. Mountain watersheds 
are particularly important for study due to climate-driven 
decreases in snowpack, which may lead to a decline in 
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groundwater recharge and stream discharge (Meixner et al. 
2016).

The purpose of this study is to investigate trace element 
behavior in a meandering stream and adjacent groundwa-
ter in a semiarid mountain stream in a seasonally snow-
covered watershed at Red Canyon, Wyoming. Red Canyon 
Creek watershed has been well studied over the past dec-
ade for hydrology and water chemistry (Bauer et al. 2009; 
Fanelli and Lautz 2008; Jin et al. 2009, 2010, 2012; Lautz 
and Fanelli 2008; Lautz and Siegel 2006, 2007; Lautz et al. 
2006). This study builds upon the previous work by includ-
ing measurements of trace element and redox chemistry in 
groundwater and surface water. Specific objectives are to (1) 
compare trace element concentrations in surface water and 
groundwater, (2) evaluate spatial variability in groundwater 
chemistry, and (3) evaluate seasonal variability from sum-
mer baseflow to spring runoff.

Materials and methods

Field area

Red Canyon Creek watershed is located on the southeastern 
flank of the Wind River Range in Wyoming, USA (Fig. 1). 
The watershed has an area of ~ 80 km2 and ranges in eleva-
tion from ~ 1700 to ~ 2700 m above sea level. The normal 
annual precipitation is 40 cm, of which 60% falls during 
the months of October through April, primarily in the form 
of snow (NOAA 2016). The mean annual air temperature 
is 7.3 °C, with a long-term mean annual daily minimum of 
0.5 °C and maximum of 14.1 °C (NOAA 2016). The water-
shed contains several ephemeral streams and the perennial 

Cherry Creek and Red Canyon Creek, which join near the 
confluence with the Little Popo Agie River at the base of 
the watershed. Red Canyon is underlain by eastward dipping 
sedimentary beds of the Paleozoic-age Madison Limestone, 
Tensleep Sandstone, Amsden Formation, and Phosphoria 
Formation and the Mesozoic-age Chugwater and Dinwoody 
Formations and Nugget Sandstone.

The study area is located at the base of the watershed 
with samples collected in meandering sections at a moder-
ate-relief meadow in Cherry Creek and a low-relief meadow 
on Red Canyon Creek (Fig. 1). The meadow at Red Canyon 
Creek is underlain by 6–7 m of unconsolidated alluvium. 
Silty sands extend from the ground surface to a depth of 
about 2 m, where there is a discrete layer of highly perme-
able sand and gravel (hydraulic conductivity ranging from 
3 × 10−4 to 10−3 cm/s) that extends to the relatively imper-
meable bedrock of the Chugwater Formation (Lautz and 
Siegel 2006). The site is instrumented with over 30 shallow 
wells and piezometers as a part of hydrogeologic investi-
gations of the University of Missouri–Columbia’s Branson 
Geology field camp (Bauer et al. 2009; Lautz et al. 2006). 
Wells and piezometers range in depth from 2 to 3 m below 
ground surface. At the Red Canyon meadow, groundwater 
is recharged by a losing section of the stream at the top of 
the meander and returns to the stream at a gaining section at 
the bottom of the meander (Lautz and Siegel 2006). Ground-
water travel times are estimated at several years across the 
meadow (Lautz and Siegel 2006).

Six representative wells in the Red Canyon Creek 
meadow and one well in the Cherry Creek meadow were 
selected for sampling, along with surface water samples 
at two sites on Red Canyon Creek and one site on Cherry 
Creek (Fig. 1). Field sampling was conducted on 14–15 

Fig. 1   Study area in Red Can-
yon, Wyoming, USA, showing 
Cherry Creek and Red Canyon 
Creek on the southeastern 
end of the Wind River Range 
(WRR). Groundwater and sur-
face water sample locations are 
shown as blue circles and red 
squares, respectively. Particle 
pathlines are modified after 
Lautz and Siegel (2006), who 
developed a MODFLOW and 
MT3D model for the experi-
mental reach on Red Canyon 
Creek. Base images from ESRI
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July 2013 during summer baseflow conditions and 2 May 
2014 during spring snowmelt runoff. A total of three surface 
water and seven groundwater samples were collected during 
each season. Snow telemetry (SNOTEL) data from nearby 
Townsend Creek station indicate that the May sampling 
period occurred during the primary snowmelt season in the 
headwaters of Red Canyon Creek (Fig. 2). Red Canyon wells 
were selected along the hydraulic gradient as illustrated by 
MT3D-generated particle pathlines for groundwater beneath 
the meadow (Lautz and Siegel 2006) (Fig. 1). The ground-
water flow direction beneath the Cherry Creek meadow is 
unclear, but there is likely flow between the meanders with 
additional flow upgradient from the east.

Sample collection

Samples were collected from shallow groundwater and sur-
face water using standard methods (USEPA 1996). Water 
was pumped through Teflon tubing using a Geopump peri-
staltic pump with a short section of MasterFlex tubing at 
the pump head. The tubing was cleaned prior to collect-
ing each sample by pumping 10% v/v HCl through the tub-
ing for several minutes followed by rinsing with excessive 
amounts of Milli-Q water. Field parameters, including dis-
solved oxygen, oxidation–reduction potential (ORP), water 
temperature, pH, and conductivity, were measured using 
a YSI Quatro multiparameter probe that was calibrated at 
the beginning of each sampling day. For surface water sam-
ples, field parameters were measured by placing the probe 
directly in the stream below the sample collection point. For 
groundwater samples, and field parameters were measured 
using a flow-through cell and purging the wells until field 
parameters stabilized.

Filtered water samples were collected by passing water 
through an inline 0.45 µm PES cartridge filter to a prerinsed 

30 mL LDPE bottle for major anion measurements and 
an acid-washed and preacidified (2.4% v/v HNO3) 60 mL 
LDPE bottle for trace element and major cation measure-
ments. After collecting the filtered samples, the cartridge 
filter was removed and an unfiltered sample was collected 
in a 1 L LDPE bottle for measurements of bicarbonate and 
stable isotopes in water (δD and δ18O). To test for possible 
contamination during sample collection, transport, and stor-
age, one field blank was collected during each sampling day 
(total of three field blanks). The field blank samples were 
collected using clean tubing to pump Milli-Q water from a 
1 L LDPE bottle to 30 mL and 60 mL bottles for anion and 
trace element/cation measurements, respectively.

Laboratory analysis

Trace element and major cation concentrations were meas-
ured with a quadrupole inductively coupled plasma mass 
spectrometer (ICP-MS) (USEPA 1994). We used an Agilent 
7500ce ICP-MS with a collision cell, a double-pass spray 
chamber with perfluoroalkoxy (PFA) nebulizer (0.1 mL/
min), a quartz torch, and platinum cones. Concentrations 
were measured for the following 40 elements: Ag, Al, As, 
B, Ba, Be, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Fe, Gd, Ho, K, 
La, Li, Lu, Mg, Mn, Mo, Na, Nd, Ni, Pb, Rb, Sb, Se, Sm, Sr, 
Tb, Ti, Tl, U, V, Y, and Zn. A calibration solution containing 
all the elements reported was prepared gravimetrically using 
1000 mg/L single-element standards (Inorganic Ventures, 
Inc.). This solution was used to prepare a calibration curve 
with six points plus a blank for each sample run. Al, Ca, 
Cr, Fe, K, Mn, Na, and V were determined using 4 mL He/
min in the collision cell, As and Se were determined using 
4 mL He/min plus 2.5 mL H2/min, and the other 30 elements 
were determined using Ar as the carrier gas. Detection limit 
(DL) was determined as three times the standard deviation 
of all blanks analyzed throughout each run. A USGS stand-
ard reference sample (T-205) and NIST standard reference 
material (SRM 1643e) were analyzed multiple times in each 
run together with the samples as a continuing calibration 
verification. The long-term reproducibility for T-205 and 
SRM 1643e shows that our results are consistently accurate 
within 10% for most elements.

Major anions (Cl−, NO3
−, and SO4

2−) were analyzed on 
filtered aliquots using a Dionex ICS-90 ion chromatograph 
(USEPA 1997), and alkalinity (assumed to be HCO3

−) was 
measured using a Mettler Toledo DL50 titrator with dilute 
HCl (USEPA 1978). Stable isotopes in water (δD and δ18O) 
were measured on unfiltered aliquots using a Los Gatos 
Research Liquid Water Isotope Analyzer (LWIA-24d) (New-
man et al. 2009). All measurements were made relative to 
Vienna Standard Mean Ocean Water (VSMOW), with a 
precision of 1.0‰ and 0.4‰ for δD and δ18O, respectively.

Fig. 2   Snow water equivalent (SWE) data from Townsend Creek 
snow telemetry (SNOTEL) station for the 2013 and 2014 water years. 
Arrows indicate sample dates at Red Canyon watershed
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Data quality control

Field blanks showed low background concentrations for all 
measured elements, with concentrations < DL in nearly all 
cases. Ca, K, and Li had measureable values in at least one 
of the three field blanks, but the concentrations were negli-
gible relative to concentrations measured in actual samples. 
Concentrations of all other elements were < DL in the field 
blanks. Another set of 18 elements had concentrations < DL 
in the field blanks and in most samples, including Ag, Al, 
Be, Cd, Cr, Cs, Cu, Dy, Gd, Ho, La, Lu, Nd, Pb, Sb, Sm, 
Tb, and Tl, and thus were removed from the dataset for all 
further analyses. For other elements, any values < DL were 
set as 1/2 DL.

Charge balances, calculated using cation (K+, Na+, Ca2+, 
Mg2+) concentrations from the ICP-MS, anion (Cl−, NO3

−, 
SO4

2−) concentrations from the IC, and HCO3
− concen-

trations from titration, were within ± 5% for 18 out of 20 
samples and − 5.3% and − 6.3% for the other two samples 
(Supplementary material, Table S1).

Geochemical modeling

Saturation indices (SI) and aqueous speciation were calcu-
lated with PHREEQC using the Minteq.v4 thermodynamic 
database (Parkhurst and Appelo 1999). Positive SI values 
indicate oversaturation and potential for mineral precipita-
tion. The distribution of elements among their valence states 
was calculated using field-measured pH and calculated pe 
values, which were estimated using dissolved oxygen con-
centrations for surface water and the Fe(II)/Fe(III) redox 
couple for groundwater. We assumed that Fe measured on 
filtered samples was Fe(II) and used a nominal value of 
1 µg/L for Fe(III) concentrations. These input values resulted 
in pe values > 12 for surface water and pe values ranging 
from 0.5 to 3.3 for groundwater.

Results

Groundwater and surface water stable isotope 
composition

Stable isotopes in water (δD and δ18O) showed minimal 
seasonal variability in both groundwater and surface water 
(Fig. 3). Surface water samples had nearly identical isotopic 
composition in samples collected 14–15 July 2013 and 2 
May 2014. Groundwater samples showed greater variability 
between sampling periods relative to surface water, with δD 
values slightly more depleted in samples collected in May 
relative to samples collected in July. However, the variabil-
ity in δD was small (~ 3‰) and some of the May samples 
overlap in isotopic space with the July samples.

Groundwater and surface water chemistry

Field parameters indicated dramatically different water 
chemistry between surface water and groundwater (Fig. 4). 
Specifically, dissolved oxygen, ORP, water temperature, and 
pH were higher in surface water relative to groundwater. 
Dissolved oxygen was > 80% of saturation in surface water 
and were negligible in groundwater. Likewise, ORP val-
ues were mostly positive in surface water and negative in 
groundwater samples. The exceptions were wells MW-12 
and CC-W2, which had slightly positive ORP values in July 
and May samples, respectively. Temperature was higher 
overall in surface water relative to groundwater, with warmer 
temperatures in July 2013 relative to May 2014 for both 
groundwater and surface water. The pH was > 8 in surface 
water and circumneutral (~ 7) in groundwater.

Major solute concentrations and conductivity were on 
average ~ 50% higher in groundwater relative to surface 
water (Fig. 4). Well CC-W2 had the highest conductivity 
(with values over 1500 µS/cm), which was nearly three 
times higher than the conductivity of surface water. Ca, 
SO4, and Sr behaved similarly as conductivity, with slightly 
higher concentrations in groundwater relative to surface 
water, and with the highest concentrations in well CC-W2 
(Fig. 4). Other major solutes and conservative trace elements 
showed similar trends as conductivity (Supplementary mate-
rial, Table S1).

Specific redox-sensitive trace elements had very differ-
ent concentrations between surface water and groundwater 

Fig. 3   Stable isotope composition of surface water (SW) and ground-
water (GW) for samples collected 14–15 July 2013 and 2 May 2014. 
The dashed line is the global meteoric water line
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(Fig. 5). On average, Fe concentrations were ~ 90 times 
higher in groundwater relative to surface water, Mn con-
centrations were ~ 20 times higher, and Ce concentrations 
were ~ 7 times higher. However, concentrations were 

spatially variable, especially considering well MW-12, 
which had low concentrations of Fe, Mn, and Ce. Well 
CC-W2 had relatively low Fe concentrations with high Mn 

Fig. 4   Field parameters dissolved oxygen (%), oxidation–reduction 
potential (ORP, mV), temperature (°C), pH, conductivity (µS/cm), 
and concentrations of Ca (mg/L), SO4 (mg/L), and Sr (µg/L) in sur-
face water and groundwater samples collected 14–15 July 2013 and 2 

May 2014. Dissolved oxygen, ORP, pH, and temperature values were 
typically higher in surface water, whereas conductivity, Ca, SO4, and 
Sr concentrations were typically higher in groundwater
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and Ce concentrations, whereas well P-5 had moderate Mn 
concentrations with high Fe and Ce concentrations.

In contrast to Mn, Fe, and Ce, concentrations of specific 
oxyanion-forming elements, including Se, V, and As, were 
higher in surface water relative to groundwater (Fig. 5). On 
average, Se concentrations were ~ 30 times higher in surface 
water relative to groundwater and V concentrations were 5 
times higher. Se concentrations were low in all groundwater 
samples, whereas V concentrations were more variable with 
moderate concentrations in wells MW-12 and TP-4. Vana-
dium also showed seasonal variability in surface water, with 
higher concentrations in May 2014 relative to July 2013. 
Arsenic concentrations were also relatively higher in surface 
water samples relative to groundwater with the exception of 

well TP-2 during July 2013 and well TP-4 during both July 
2013 and May 2014. Wells P-5 and P-9 had moderate As 
concentrations, whereas wells MW-12, P-16, and CC-W2 
had low As concentrations.

Geochemical modeling

PHREEQC-calculated speciation and saturation indices 
showed different conditions between surface water and 
groundwater for specific redox-sensitive elements and min-
eral phases (Table 1). Selenium and V were predicted as 
SeO4

2− (+VI oxidation state) and H2VO4
− or HVO4

2− (+V 
oxidation state) in surface water and as HSeO3

− (+IV oxida-
tion state) and V(OH)3 (+III oxidation state) in groundwater, 

Fig. 5   Trace element (Mn, Fe, Ce, As, V, and Se) concentrations 
(µg/L) in surface water and groundwater samples collected 14–15 
July 2013 and 2 May 2014. Fe, Mn, and Ce concentrations were typi-

cally higher in groundwater, whereas V, As, and Se concentrations 
were typically higher in surface water



Environmental Earth Sciences (2019) 78:510	

1 3

Page 7 of 9  510

respectively. Arsenic was predicted as HAsO4
2− (+V oxida-

tion state) in both surface water and groundwater. Surface 
water was oversaturated with respect to carbonate minerals 
(aragonite, calcite, and dolomite) and Fe- and Mn oxides 
(including birnessite, bixbyite, ferrihydrite, goethite, and 
hematite). In contrast, groundwater was undersaturated or 
at equilibrium with respect to many carbonate minerals and 
Fe- and Mn oxides. Notably, groundwater was oversaturated 
with respect to Se-bearing mineral phases including FeSe, 
FeSe2, and elemental Se.

Discussion

Redox conditions and pH control groundwater 
and surface water chemistry

Redox conditions and pH are important controls on ground-
water and surface water chemistry in Red Canyon Creek 
watershed. Elevated Mn and Fe concentrations in ground-
water (Fig. 5) are likely the result of reductive dissolution 
of Mn- and Fe oxides and oxyhydroxides from the aquifer 
material (Chapelle and Lovley 1992). Mn- and Fe-bearing 
minerals were oversaturated in surface water, suggesting that 
these minerals precipitate out of solution when groundwa-
ter is oxidized during groundwater–surface water exchange. 
Elevated Ce concentrations in groundwater are also likely 
related to redox conditions, since reduced forms of Ce are 
more soluble (Vázquez-Ortega et al. 2015). Although Ce 
thermodynamic data were not available for geochemical 
modeling in PHREEQC, groundwater likely contains more 
soluble Ce(III) species, whereas surface water likely con-
tains less soluble Ce(IV) species.

In contrast to cation-forming elements, concentrations of 
the oxyanion-forming elements Se, V, and As were higher 
in surface water relative to groundwater (Fig. 5). Vanadium 
and Se concentrations in our samples were positively corre-
lated with pH (R2 > 0.80), with the lower pH of groundwater 
likely promoting sorption of oxyanion species (Carling et al. 
2011; Dzombak and Morel 1990). Lower pH in groundwater 
may also contribute to the lower As concentrations observed 

in most samples by promoting sorption (Dicataldo et al. 
2011). Notably, the decrease in pH between surface water 
and groundwater is likely driven by calcite precipitation 
in response to gypsum dissolution due to the common ion 
effect, as reported from the previous work in the watershed 
(Jin et al. 2010). Elevated As concentrations in well TP-4, 
which also had relatively high Fe and Mn concentrations, 
may be the result of co-dissolution of As during reductive 
dissolution of Mn- and Fe oxides and oxyhydroxides (Haque 
et al. 2008).

Selenium concentrations in groundwater may also be 
associated with redox conditions or mineral precipitation. 
The geochemical modeling results predicted different redox 
states for these elements in surface water and groundwa-
ter (Table 1). For example, the reduced selenite species of 
Se predicted by PHREEQC in groundwater have a higher 
tendency for sorption in groundwater relative to the oxi-
dized selenate species in surface water (Dzombak and Morel 
1990). Low Se concentrations in groundwater may be further 
explained by precipitation of Se-bearing minerals such as 
FeSe and FeSe2, which were predicted to be oversaturated 
in groundwater samples (Table 1).

Spatial variability in groundwater redox chemistry

Variability in groundwater redox chemistry affects the trace 
element chemistry in the wells. For example, Fe and Mn con-
centrations and ORP across the wells (Figs. 4, 5). This sug-
gests that redox conditions are spatially variable in ground-
water with zones of dominant Mn- or Fe reduction driven by 
variability in physical properties and geochemical composi-
tion of the aquifer material. Anoxic conditions are present in 
groundwater in close proximity to the stream, as indicated by 
well TP-2, which had low dissolved oxygen and high Fe and 
Mn concentrations. Well CC-W2 had high Mn concentra-
tions but low Fe concentrations, with ORP values near zero, 
suggesting variability in Mn and Fe reduction processes in 
the groundwater system. Well MW-12 was the least reduc-
ing of all groundwater samples with relatively low Mn and 
Fe concentrations and ORP values near zero. Notably, well 
MW-12 also had relatively high V concentrations, illustrating 

Table 1   Geochemical modeling inputs and results

Groundwater Surface water

pH 6.78–7.29 8.23–8.38
calculated pe 0.5–3.3 12.2–12.4
V speciation V(OH)3 (+III oxidation state) H2VO4

− or HVO4
2− (+V oxidation state)

As speciation HAsO4
2− (+V oxidation state) HAsO4

2− (+V oxidation state)
Se speciation HSeO3

− (+IV oxidation state) SeO4
2− (+VI oxidation state)

Minerals with positive saturation index 
(SI > 0)

Aragonite, calcite, dolomite, birnessite, bixbyite, ferrihy-
drite, goethite, hematite

FeSe, FeSe2, elemental Se
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the importance of redox state for controlling the chemistry of 
specific trace elements, as they may be less likely to adsorb to 
aquifer sediments under oxidizing conditions. Based on our 
measurements, dissolved oxygen concentrations are useful for 
determining oxic versus anoxic conditions, but are not sensi-
tive enough for predicting concentrations of Fe, Mn, or other 
redox-sensitive elements.

Temporal variability in water chemistry

Groundwater and surface water collected at Red Canyon 
watershed during July 2013 and May 2014 showed minimal 
seasonal variability in water chemistry. This is illustrated by 
similar δD and δ18O isotope ratios (Fig. 3) and similar con-
centrations of most elements during both July 2013 and May 
2014 (Figs. 4, 5). The lack of seasonal variability indicates a 
stable hydrologic system with relatively long residence times 
in groundwater. Upland ponds are also important for homog-
enizing rain and snowmelt in the watershed prior to discharge 
to streams, as described in the previous work in the watershed 
(Jin et al. 2012).

Some seasonal differences were observed between July 
2013 and May 2014 samples. For example, conductivity 
and Ca concentrations in groundwater (Fig. 4) tended to be 
higher in the May samples relative to the July samples. This 
was unexpected, since the snowmelt recharge should dilute 
the groundwater chemistry. However, these differences can be 
explained by cation exchange processes in the groundwater, 
with lower Na:Ca ratios in May relative to July samples (Sup-
plementary material, Table S1). In the previous work in the 
watershed, Na:Ca ratios were used as a proxy for groundwater 
residence times, since the ratio increases with travel distance 
as Na exchanges for Ca in the subsurface (Lautz and Siegel 
2006). May samples, with lower Na:Ca ratios, likely represent 
“newer” water that has flushed through the groundwater sys-
tem in response to snowmelt recharge. Flushing of the ground-
water system may occur during the snowmelt season, provid-
ing less time for cation exchange to occur, and affecting overall 
groundwater chemistry. Na:Ca ratios could also be affected by 
water temperature, with cooler water in May samples possibly 
inhibiting cation exchange relative to warmer water in July. 
Quantifying residence times in shallow groundwater of moun-
tain streams is important for determining resilience of these 
systems with climate change. As mountain watersheds transi-
tion from snowmelt- to rain-dominated hydrologic systems, 
the amount of groundwater recharge may decline in the future.

Conclusion

Differences in redox conditions and pH play an important 
role in controlling concentrations of specific trace elements 
in groundwater and surface water at Red Canyon watershed, 

Wyoming. In this investigation, surface water and ground-
water samples were collected during July 2013 and May 
2014 to evaluate redox chemistry, pH, and trace and major 
element concentrations. Surface water had high dissolved 
oxygen concentrations and pH values above 8, whereas 
groundwater was anoxic with circumneutral pH. Fe and Mn 
concentrations were elevated in groundwater likely due to 
reductive dissolution of Fe- and Mn oxides and oxyhydrox-
ides. In contrast, Se, V, and As concentrations were rela-
tively lower in groundwater likely due to pH- and/or redox-
driven enhanced sorption to aquifer materials. Groundwater 
chemistry showed high spatial variability, illustrating the 
importance of redox zonation, flow pathways, and aquifer 
properties for controlling water chemistry. There was lim-
ited seasonal variability for most measured parameters, sug-
gesting long groundwater residence times in the watershed. 
This study shows that groundwater–surface water interac-
tions may have important controls on water chemistry in 
mountain watersheds. These interactions need to be further 
identified and quantified to understand potential changes to 
water quality in snowmelt-dominated watersheds under a 
changing climate.
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