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ABSTRACT

We report the results of a synoptic (“snap-
shot”) sampling of inorganic and isotopic 
geochemistry of surface water and ground-
water during base fl ow in Red Canyon Creek 
watershed (Wyoming, USA) to evaluate how 
mixing of waters and geochemical processes 
modify stream-water chemistry. Our syn-
optic approach of studying the geochem-
istry of a stream mimics and has the same 
strengths of that widely used to characterize 
geochemical processes in groundwater sys-
tems. Gypsum dissolution, carbonate pre-
cipitation, and the infl ux of tributary and 
groundwater all affect Red Canyon Creek 
stream-water chemistry. Identical ranges of 
hydrogen and oxygen isotopes show good 
hydraulic connection between surface water 
and shallow groundwater. In contrast, δ34SSO4 
values of groundwater (15.2‰ ± 1.6‰) and 
surface water (11.1‰ ± 1.6‰) refl ect sulfate 
mostly contributed by gypsum dissolution. 
Calcium contributed by gypsum dissolution 
causes calcite to rapidly precipitate in crusts 
observed in the streambed. This process oc-
curs even though residence time of water in 
the stream is orders of magnitude less than 
that found in groundwater systems show-
ing the same kind of common ion effect. Al-
though microbes oxidize organic matter by 
sulfate reduction behind beaver dams and 
in the hyporheic  zone, too little of this water  
reaches the stream to measurably affect the 
sulfur isotopic signature of its water. The 
results of this study suggest that calcareous 
accumulations in the fl uvial sedimentary 
record , in association with gypsum, may pos-

sibly be paleohydrologic proxies for environ-
ments where mixtures of surface water with 
different chemical composition occurred.

INTRODUCTION

The chemical composition of waters can be 
used to determine sources of elements, mineral 
weathering, water mixtures, and geochemical re-
actions (Bailey et al., 2004; Crandall et al., 1999; 
Rahman et al., 2006; Fitzhugh et al., 2001; Frey 
et al., 2007; Liu et al., 2004; McDonnell et al., 
1991; Meixner et al., 2004; Winter et al., 1998). 
Except for a few long-term ecological study 
sites (e.g., Hubbard Brook, New Hampshire), 
research on small-order streams has generally 
focused on the variability of streamfl ow and 
water  geochemistry at the base of watersheds to 
integrate processes within them (e.g., Rahman  
et al., 2006; Hooper and Shoemaker, 1986; Rose, 
1996; Siegel and Pfannkuch, 1984). Although 
numerous small-scale studies have been done to 
understand nutrient cycling and trace metal geo-
chemistry within watersheds (Fanelli and Lautz, 
2008; Lautz and Siegel, 2007; Mul holland et al., 
2004; Triska et al., 1989), synoptic (“snapshot”) 
studies of the ways in which major solutes in 
streams change along full reaches are rare. At a 
very large scale, a synoptic study of rivers in the 
Western Siberian lowlands of Russia  was able to 
characterize sources of dissolved inorganic car-
bon, sulfur, and other solutes (Frey et al., 2007). 
However, because the rivers studied were so 
large, any products of chemical reactions within 
the rivers that affected major solute chemistry 
were hard to directly identify, and had to be in-
ferred by theoretical considerations.

In this paper, we explore how stable isotope 
ratios and concentrations of major solutes can 
be used to characterize mixing of waters and 

geochemical processes in Red Canyon Creek, 
Wyoming, USA, a small watershed in the Wind 
River Range of Wyoming transecting marine 
and terrestrial sedimentary rock formations 
characterized by minerals that react orders 
of magnitude faster than do silicate minerals 
(Bethke, 1996; Langmuir, 1997). Most similar-
sized watersheds that have been historically 
studied, many to address the effects of atmo-
spheric acid deposition on surface waters, are 
underlain by silicate rocks that weather too 
slowly to reach equilibrium with solid phases 
that control major solute concentrations (e.g., 
Bricker et al., 1983; Oliva et al., 2003; Siegel, 
1981; Velbel and Price, 2007). Because of the 
faster reaction rates of minerals associated with 
marine sedimentary rocks, particularly calcite 
and gypsum, we can test the hypothesis that it is 
possible to identify multiple sources for major 
solutes and mixing dynamics in stream water 
as it moves from headwaters to mouth, and it is 
also possible to identify potential reaction prod-
ucts that affect major solute concentrations.

Major ion chemistry and stable isotope ratios 
are widely used to calculate source water mix-
ing during stormfl ow. For example, chloride is 
widely used as a conservative tracer for hydro-
graph separation (Machavaram et al., 2006; 
Peters and Ratcliffe, 1998). Hydrogen (H) and 
oxygen (O) isotopes are particularly useful as 
source water tracers because H and O isotopic 
composition of stream water generally retains 
its distinctive isotopic signature unless it mixes 
with waters of different isotopic compositions 
(Kendall  and McDonnell, 1998; Sidle, 1998). 
Stable isotopes of carbon (δ13C) in dissolved 
inorganic carbon (DIC) and sulfur (δ34S) in sul-
fate (SO

4
2–) also can be used to identify different 

sources of the solutes, but the isotopic composi-
tion of these solutes can also be altered by both 
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chemical (e.g., calcite precipitation) and bio-
logical (e.g., bacterial sulfate reduction) reactions.

Our research was designed to identify mix-
tures of tributary and groundwater discharge, 
and to investigate geochemical processes that 
affect major solute chemistry, specifi cally the 
effects of gypsum dissolution, carbonate pre-
cipitation, and sulfate reduction, from the varia-
bility of isotopic compositions and major ion 
concentrations along Red Canyon Creek water-
shed during low-fl ow conditions.

Much research has been done on the com-
mon ion effect in groundwater systems where 
residence time of water usually is factors to 
orders of magnitude longer than in streams 
(e.g., Langmuir, 1997). We explore how this ef-
fect may occur in a fast-moving stream where 
waters  of different chemical composition mix. 
In particular, we investigate whether the intro-
duction of calcium sulfate water to a normally 
 carbonate-dominated stream at near-neutral pH 
can lead to rapid precipitation of calcite, much 

as can happen with rapid degassing of carbon di-
oxide (e.g., Herman and Lorah, 1987; Pentecost, 
2005; Siegel et al., 2004). If so, then this process 
may be expected elsewhere where sulfate-rich 
waters from dissolving evaporites enter similar 
carbonate-dominated streams, either along the 
Rocky Mountain front or elsewhere. Moreover, 
recognition of this process may lead to better 
recognition of paleohydrology conditions in 
the past where calcareous accumulations may 
be associated with evaporative minerals in the 
geologic record.

GEOLOGIC AND HYDROLOGIC 
SETTINGS

Current Geologic and Hydrologic Settings

Red Canyon Creek, a third-order stream 
located on the southeastern fl ank of the Wind 
River Range, lies in a transitional climate zone 
between the high altitude of the Wind River 

Range and the adjacent desert in Wyoming, 
USA (Figs. 1A and 1B). The Nature Conser-
vancy (TNC) of Wyoming owns the majority of 
the Red Canyon Creek watershed and manages 
the site for raising cattle and sustaining natural 
ecosystems (The Nature Conservancy, 2008).

The creek, ~10 km in length and fl owing in 
north-northwest direction, discharges to the 
Little  Popo Agie River. In general, between April 
and August, irrigation water from Twin Creek, 
located across the Red Canyon Creek watershed 
divide, is diverted into the Red Canyon Creek 
basin through a rectangular-shaped concrete 
irri ga tion channel at the top of the watershed 
(Fig. 1C). This water constitutes less than 10% 
of the water discharging in the entire creek. The 
~80 km2 watershed includes three major tribu-
taries, Deep Creek (DC), Barrett Creek (BC), 
and Cherry Creek (CC), all of which are located 
on the western side of the creek valley (Fig. 1C). 
The elevation of the watershed ranges from 
1700 to 2800 m above sea level (asl; Fig. 1C). 
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Figure 1. Site maps showing (A) the location of Wyoming State; (B) the study area on the southeastern side of the Wind River Range on 
the elevation map of Wyoming State (modifi ed from http://geology.com/state-map/wyoming.shtml); and (C) Red Canyon Creek watershed 
and synoptic sampling locations within the watershed. Three tributaries, Cherry, Barrett, and Deep Creeks, are located on the western 
side of the valley. (D) The base of the Red Canyon Creek watershed with surface-water sampling locations. (E) Detailed array of ground-
water sampling locations in the meadow close to the mouth of the creek (modifi ed from fi g. 1 in Lautz and Siegel, 2006). NOAA—National 
Oceanic  and Atmospheric Administration.
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Deep Creek joins Red Canyon Creek close to 
its head of origin, whereas Barrett and Cherry 
Creek join Red Canyon Creek near the base 
of the watershed. Red Canyon Creek water is 
mostly supported by the tributary discharges.

Red Canyon Creek watershed has typical geo-
morphic features of low-order streams draining 
hogback regions in the Rocky Mountain Range, 
e.g., steep headwaters (~7.5%) through a narrow 
channel leading to shallower gradients (<2.0%) 
in broad meanders. A detailed description of 
the watershed can be found in Lautz and Siegel 
(2006). The stream channel width ranges from 
~1.5 to 3.0 m and depth ranges from 0.15 to 
0.35 m during base-fl ow condition.

The watershed receives on average ~42.5 cm 
of precipitation per year (NOAA, 2008), with 
most falling as snow. About 40% precipitation 
falls during spring months (between March and 
May), coincident the timing of the snowmelt. 
Streamfl ow has been recorded hourly since 
August  of 2005 at a Parshall fl ume equipped 
with two pressure transducers at the mouth of 
the water shed (Fig. 1C).

Geologic History

The present confi guration of Red Can-
yon Creek watershed formed from processes 
that involved pre-Pleistocene nonglacial and 
Pleisto cene proglacial erosion into rocks of the 
 Triassic-age Chugwater and Dinwoody Forma-
tions, which consist of red gypsiferous siliciclas-
tic rocks (Love, 1948) overlain in the southeastern 
part by the Nugget Sandstone and the Gypsum 
Springs Formation. These rocks form the eastern 
crest of the watershed (Fig. 2). The most notable 
geomorphic feature of Red Canyon is the impos-
ing dip slope of the Permian-age carbonate, the 
Phosphoria Formation along its west wall, and 
the glaciofl uvial terraces that dominate the can-
yon fl oor. Further upslope from the Phosphoria 
Formation, sandstones of the  Pennsylvanian-age 
Amsden and Tensleep Formations are topped 
by the Mississippian Madison Limestone 
and the Ordovician Bighorn Dolomite, which 
form the crest of the watershed divide on the 
western side of the watershed (Fig. 2).

The morphology of Red Canyon has probably 
remained essentially the same since its initial ex-
cavation by the proto–Red Canyon and Cherry 
Creek as they fl owed into the Little Popo Agie 
River (the Little Popo Agie is the trunk stream 
that controls the local base level for the entire 
Red Canyon watershed). As these streams cut 
deep canyons into the more resistant Tensleep 
and Phosphoria Formations, and Madi son For-
mation, they encountered the less resistant sandy 
shale of the Chugwater Group, which allowed 
the streams to continually erode at the base of 

the Chugwater while maintaining the structural 
surface of the Phosphoria Formation. The Madi-
son, Tensleep, and Phosphoria Formations form 
nearly vertical cliffs in the headwater segments 
of the larger tributaries. This erosional process 
has caused the dip slope formed by the upper 
Phosphoria Formation to dominate the topog-
raphy along the western slope of the canyon. 
East of the Phosphoria dip slope, a sequence of 
glaciofl uvial terraces dominates the fl oor of Red 
Canyon. Each of the glaciofl uvial units contains 
a two-stage depositional sequence. At depth, 
a cobble-rich deposit is incised into either the 
sandy-silty Chugwater material or into a previ-
ously existing alluvial unit predominantly com-
posed of Chugwater materials.

METHODS

Field Sampling

Fifty water samples were collected in June and 
July of 2005 and 2006 when the streamfl ow was 
low. This low-fl ow condition provides a perfect 
fl ow regime, where the geochemical signatures 
will be most strongly expressed, and slower fl ow 
rate allows additional time for water-rock inter-
action to proceed and enhance end-member geo-
chemical fi ngerprints. Surface-water samples 

were collected from 15 locations along the Red 
Canyon Creek main stream and its tributaries 
between 30 June and 1 July 2006 for both sol-
utes and isotopic compositions of hydrogen and 
oxygen, carbon in dissolved inorganic carbon, 
and sulfur in sulfate (Figs. 1D and 1E). Thirty-
two groundwater samples were collected from 
monitoring wells (n = 6) and shallow piezome-
ters (n = 13 and two piezome ters clusters: P12–1 
to P12–6 and P15–1 to P15–7) in the summers 
of 2005 and 2006 in the meadow at the base of 
the watershed (Fig. 1E). The 2005 ground water 
samples were collected for major chemical 
analysis only, and in 2006, groundwater samples 
were subsequently collected for stable  isotopes 
to characterize major geochemical processes. 
Wells and piezometers were installed by stan-
dard methods, including sand packing and grout 
(Fetter, 1993), during the past 8 yr as part of 
the University of Missouri’s Branson Geology 
Field Camp. They were constructed using 2-cm-
diameter PVC pipe casing to depths of between 
2.1 and 6.1 m, with the bottom screen at an 
inter val of 0.6–3.0 m (Lautz and Siegel, 2006). 
Groundwater discharging from the lowermost 
terrace mostly consists of sediments derived 
from the Chug water, Dinwoody, and Phos-
phoria Formations. Due to site accessibility for 
well installation , shallow groundwater samples 
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were mostly collected at the base of Red Canyon 
Creek watershed. Three samples from two arte-
sian wells penetrating 500–1000 m below land 
surface, which obtain water probably from the 
Amsden Formation, and one spring from Chug-
water Formation within the watershed were also 
collected (Fig. 1C).

Hydrologic Measurements

Stream discharge measurements were taken 
at each sampling site using either velocity-area 
technique or dilution gauging. At the top of Red 
Canyon Creek watershed, where minor irrigation 
water from the Twin Creek is diverted into the 
basin, we used the velocity and cross-sectional 
area method to estimate stream discharge be-
cause the regular irrigation channel was ideal for 
this type of measurement. At other surface-water 
sampling locations, we used a salt-slug tracer 
test to calculate stream discharge. We injected 
a known amount of salt (NaCl) into the stream 
and monitored specifi c conductance changes 
downstream of the injection site. We then cal-
culated the Cl– concentration from observed 
specifi c conductance data using established lin-
ear relationships between Cl– concentration and 
specifi c conductance at each sampling site. The 
Cl– breakthrough curve was used to calculate the 
stream discharge based on mass conservation 
(Eq. 1). Using the equation for conservation of 
mass, we calculated the stream discharge rate 
from the total mass of the salt injected (Mi) and 
integration under the breakthrough curve (Ac) 
(Kilpatrick and Cobb, 1985).

 Qstream = M i

Ac
= Ci ⋅Vi

Ac
. (1)

The total mass injected is a function of the 
concentration of the salt injection solution (Ci) 
and the total volume of the slug injected (Vi). 
We calculated the area under the breakthrough 
curve (Ac) by multiplying each recorded con-
centration by the sampling interval.

Chemical Analysis

Water temperature, pH, and specifi c conduc-
tance in the waters were measured in situ. The 
pH meter and conductance meter (WTW 340i 
multiparameter meter) were calibrated before 
use each day. All the samples were collected 
and analyzed for major ions and H and O iso-
tope ratios. Selected samples were analyzed for 
stable isotope ratios of carbon (DIC) and sulfur 
(sulfate). Carbonate, bicarbonate concentra-
tions, and DIC of surface-water samples in 2006 
were determined immediately after sampling by 
standard titration. In 2005, we determined DIC 

in groundwater by electrochemical difference 
(Drever, 1997; Mark et al., 2005) because sam-
ple volumes were small. Charge balances of sur-
face waters were mostly within ±5%, with a few 
exceptions up to 13%, so we are confi dent that 
our charge balance to estimate DIC for ground-
water samples produced reasonable values.

Samples collected for cations were passed 
through 0.45 μm hydrophilic polyvinylidene 
fl uoride (PVDF) membrane fi lters and pre-
served by addition of 65% HNO

3
 to a level of 

1% v/v. Samples were analyzed for Ca2+, Mg2+, 
Na+, K+, Sr2+, and Si using a Perkin-Elmer 
OPTIMA  3300DV ICP-OES (inductively cou-
pled plasma–optical emission spectrometry) at 
State University of New York College of Envi-
ronmental Sciences and Forestry (SUNY-ESF). 
Samples analyzed for Cl– and SO

4
2– analysis 

were also passed through 0.45 μm PVDF mem-
brane fi lters and kept frozen before running 
them on the Dionex ICS-2000 Ion Chromatog-
raphy (IC) system at SUNY-ESF.

Hydrogen, oxygen, and carbon isotope 
ratios  were measured at the Environmental 
Isotope Laboratory at the University of Water-
loo. The δ18O and δ2H values were measured 
using the standard method with a Micromass 
IsoPrime-EA mass spectrometer (Drimmie and 
Heemskerk, 1993; Epstein and Mayeda, 1953). 
The isotopic ratios for oxygen and hydrogen 
are reported in standard delta notation (δ) rela-
tive to standard mean ocean water (SMOW). 
Analytical precision is estimated at 0.2‰ and 
0.8‰ for δ18O and δ2H, respectively. Carbon-13 
in total dissolved inorganic carbon (DIC) and 
carbon-13 in carbonate were measured on a 
Finnigan Delta-EA mass spectrometer. The car-
bon isotope ratio is reported in standard relative 
to the Peedee belemnite (PDB) with 0.2‰ ana-
lytical precision.

Sulfur isotope ratios of sulfate in stream 
waters and mineral gypsum were analyzed 
at the University of Calgary. Details of sulfur 
isotopic analysis can be found in Mayer and 
Krouse (2004) and Giesemann et al. (1994). 
Sulfur isotope ratios are reported relative to 
standard V-CDT (troilite from the Canyon 
Diablo  meteorite) and with reproducibility 
better than ±0.3‰.

Mineral Analysis

In the fi eld, “coatings” were discovered on the 
surface of the streambed sediments. We tested to 
see if the precipitates were carbonate in the fi eld 
with dilute acid (HCl) at several sampling loca-
tions. Encrustations sampled along the stream 
reaches were analyzed by X-ray diffraction us-
ing a PW 1729 X-ray diffractometer at Syracuse 
University for mineral compositions.

PHREEQC Modeling

PHREEQC does a wide variety of low-
temperature aqueous geochemical calculations 
(Parkhurst, 1995). We used PHREEQC to de-
termine equilibrium states between waters and 
minerals and to evaluate on the ways in which 
mixing of waters change the chemical composi-
tion of the resulting mixed water sample.

First, the relative discharge of each tribu-
tary and groundwater was determined from 
our discharge measurements. We then used 
PHREEQC to calculate amounts of solutes in 
the mixed water samples according to the dis-
charge percentage and solute concentrations 
of each water source, assuming no chemical 
reaction after mixing. We used the mean val-
ues for solute concentrations in the ground-
waters collected in the detailed array in the 
meadow at the base of the creek (Fig. 1E). 
Modeled water  chemistry was then compared 
to the measured values of the outlet water. Geo-
chemical reactions were explored to account 
for the difference of solutes and isotopes be-
tween the modeled and measured values.

In addition, we used PHREEQC to calculate 
the saturation indices of each water sample be-
tween carbonate, gypsum, and other minerals 
to determine the extent to which waters were in 
equilibrium and whether waters could remain 
oversaturated with respect to minerals. The in-
puts to PHREEQC included pH, temperature, 
and chemical composition of each water sam-
ple. The inferred DIC concentrations calculated 
from the charge balance may have introduced 
uncertainties into the saturation index calcula-
tion, so we performed a sensitivity analysis on 
calculated saturation indices by increasing and 
decreasing DIC concentrations by 10%.

RESULTS

Hydrology

Streamfl ow of Red Canyon Creek varies 
throughout the year due to the spring snow-
melt. The highest fl ow, on the order of a few 
hundred liters per second, occurs during late 
spring between April and May. During the 
summer (June to August), the headwater of 
Red Canyon Creek is supported by irrigation 
fl ow imported from Twin Creek, whereas water  
stored in terraces and wetlands supports tribu-
tary fl ow to the creek. At sampling, the dis-
charge import from Twin Creek measured at 
the irrigation channel was only 8 L/s, or ~7.5% 
of that measured at the mouth.

In June of 2006, downstream of the Red 
Canyon Creek headwaters, stream discharge 
increased from 8 L/s to 40 L/s at the confl uence  
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of Deep Creek. Further downstream, Barrett 
Creek and Cherry Creek increased Red Canyon 
Creek fl ow by 8.3 L/s (16.2%) and 45.7 L/s 
(48.4%), respectively (Fig. 3A). These three 
tributary contributions to Red Canyon Creek 
primarily sustain streamfl ow to Red Canyon 
Creek and maintain perennial fl ow for the 
stream’s ecosystems. In addition to the increase 
from tributary infl ux, 3–4 km upstream of 
the creek outlet and between Deep Creek and 
Barrett  Creek confl uences, there was an ~15% 
increase of streamfl ow, probably from ground-
water discharge (Fig. 3A).

Major Ion Chemistry of the Water

The fi rst water entering Red Canyon Creek 
is minor irrigation water from Twin Creek. This 
water had a specifi c conductance of ~300 μS/cm 
and was dominated by Ca2+, Mg2+, and HCO

3
– 

(Table 1). Approximately 2 km downstream 
and immediately before the confl uence of Deep 
Creek, the total dissolved solids concentrations 
increased about three times, with an increase 
in DIC by less than a factor of 2, and increases 
were observed in calcium and sulfate by factors 
of 4 and 400, respectively (Fig. 3B; Table 1). 
These changes occurred without any measure-
able change in discharge, which remained the 
same at ~8 L/s (Fig. 3A).

Three major tributaries on the western side of 
creek valley had the dominant solutes of Ca2+, 
Mg2+, and HCO

3
–, a pH of ~8.3, and specifi c con-

ductance of ~500 μS/cm (Table 1). Major chem-
ical changes in the creek occurred where three 
tributaries joined Red Canyon Creek (Fig. 3B). 
The most profound chemical change occurred 
at the Deep Creek (DC) confl uence due to its 
signifi cant contribution to downstream fl ow 
(~80%). Figure 3B also shows smaller changes 
in water chemistry at Barrett Cherry and Cherry 
Creek confl uences.

Along the upper reach of Red Canyon 
Creek, where there was an ~15% increase in 
stream discharge from groundwater discharge, 
solute concentrations also changed (Fig. 3B; 
Table 1). For example, calcium and sulfate 
concentrations increased by 40% and 80%, 
respectively. Magnesium concentrations re-
mained similar. In contrast, bicarbonate con-
centrations decreased by 12%.

Groundwater samples at the base of the 
water shed were dominated by Ca2+, SO

4
2–, and 

HCO
3
–, and pH ranged between 7.1 and 7.8. The 

Ca2+ and SO
4
2– concentrations varied from 1 to 

9 mmol/L (Table 1).

Isotope Compositions of Water and 
Dissolved Solutes

Oxygen and Hydrogen Isotope Ratio 
(δ 18O and δ 2H)

The δ18O and δ2H values for surface waters  
from the Red Canyon Creek watershed ranged 
from –19.1‰ to –18.1‰ and –144‰ to 
–140‰, respectively, with mean δ18O values of 

–18.7‰ ± 0.3‰ (n = 15) and mean δ2H val-
ues of –142.3‰ ± 1.3‰ (n = 15), respectively 
( Table 2). The shallow groundwater samples 
from monitoring wells and piezometers had 
δ18O values ranging from –18.9‰ to –18.1‰, 
with a mean value of –18.6‰ ± 0.2‰ (n = 26), 
and δ2H values from –144‰ to –140‰, with 
a mean value of –141.7‰ ± 1.2‰ (n = 26) 
(Table 2). The oxygen and hydrogen isotopes 
in groundwater and surface water showed simi-
lar values with little variations (Fig. 4). Waters 
from two artesian well samples had the most 
negative isotopic values (δ18O: –19.5‰ and 
19.6‰; δ2H: –147‰ and –148‰), and the 
spring-water sample had the most positive 
value (δ18O: –17.2‰; δ2H: –135‰), which 
were different from surface waters and shallow 
groundwaters (Fig. 4).

Figure 4 also shows hydrogen and oxygen iso-
topic values of all water samples within the con-
text of two local meteoric water lines (LMWL) 
developed for the Red Canyon Creek watershed 
(Jin and Siegel, 2008) and for southeastern 
Idaho, western Wyoming, and south-central 
Idaho (Benjamin et al., 2005). All water sam-
ples generally fell on both LMWLs. These two 
LMWLs  have similar slopes but slight differ-
ences in deuterium-excess values, which might 
refl ect localized precipitation conditions.

Sulfur Isotope Ratios of Sulfate (δ 34S)
The δ34S values of sulfate in surface waters  in 

Red Canyon Creek watershed ranged from 6.3‰ 
to 12.4‰, with a mean value of 11.1‰ ± 1.5‰ 
(n = 14) (Table 2). The δ34S values of ground-
water sulfate ranged from 14.1‰ to 21.2‰, 
with a mean value of 15.2‰ ± 1.6‰ (n = 17) 
(Table 2). Groundwaters had higher δ34S values 
and sulfate concentrations than surface waters. 
The δ34S value of gypsum from the Gypsum 
Spring Formation was 15.7‰.

Sulfur isotopic compositions of sulfate and 
sulfate concentrations appeared to be spatially 
correlated. The three tributaries have lower δ34S 
values and sulfate concentrations than those of 
Red Canyon Creek (Fig. 5). Changes between 
0.5‰ and 1.2‰ in δ34S values and between 0.2 
and 3.0 mmol/L in sulfate concentrations oc-
curred at the confl uences of tributaries. There 
was a 1‰ increase in δ34S along the upper reach 
of the Red Canyon Creek main stem between 
the Deep Creek and Barrett Creek confl uences, 
which corresponds with a marked increase in 
the sulfate concentrations (Fig. 5).

Carbon Isotopes of Dissolved Inorganic 
Carbon (δ 13CDIC)

The DIC of surface waters in the Red Can-
yon Creek watershed ranged from 3.51 to 
6.14 mmol/L and from 1.77 to 10.14 mmol/L 
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for groundwater. The δ13C of dissolved in-
organic carbon (δ13CDIC) of surface waters 
ranged from –9.2‰ to –6.2‰, with a mean 
value of –8.4‰ ± 0.9‰ (n = 15) (Table 2). Two 
selected shallow groundwater samples at the 
base of the Red Canyon Creek watershed had 
δ13CDIC values of –12.3‰ and –10.1‰, respec-
tively (Table 2). Groundwaters had higher DIC 
concentrations and lower δ13C values than sur-
face waters. Two samples of encrustation on the 
streambed sediments had δ13Ccarbonate values of 
–6.6‰ and –7.6‰.

The δ13CDIC values of surface-water sam-
ples were similar (within 0.4‰) at each tribu-

tary confl uence (Fig. 6). The δ13CDIC values 
of three tributaries slightly differed from each 
other (~1.5‰).

PHREEQC Calculations

We used PHREEQC to heuristically evaluate 
changes in water chemistry resulting from mix-
ing of Red Canyon Creek headwaters with each 
tributary and groundwater discharge (steps 1–4 
in Table 3). When we compared the modeled 
chemistry with measured data, results showed 
the percent difference between modeled and 
measured solute concentrations, which were 

less than 5%, except for potassium (9.6%), silica 
(7.1%), and sulfate (18.4%) (Table 3).

We also used PHREEQC to calculate the ac-
tivities of major ions and equilibrium states with 
respect to calcite and gypsum from water analy-
sis data (Table 1). The saturation of waters with 
respect to calcite or gypsum is expressed as a 
saturation index (SImineral). Figure 7 shows that 
the SIcalcite value for most groundwater samples 
is close to zero, indicating near-equilibrium 
condition. Results of sensitivity analysis done 
on DIC concentrations showed that increasing 
or decreasing concentrations by 10% affected 
saturation index by less than 0.05 units, which 
assures reasonable calculation of saturation in-
dices of groundwater using DIC concentrations 
calculated from the charge balance. In contrast, 
SI values of surface-water samples were gen-
erally greater than one, suggesting that these 
waters are supersaturated with respect to the 
mineral calcite. Saturation indices of surface 
and groundwater samples with respect to min-
eral gypsum (SIgypsum) were less than zero, indi-
cating undersaturation.

INTERPRETATION AND DISCUSSION

Water and Solute Sources in the Watershed

At sampling, a small amount of ground-
water discharge and a larger tributary fl ux sup-
ported streamfl ow along Red Canyon Creek. 
At smaller scale, detailed studies of hyporheic 
interactions at the base of the watershed show 
complex surface-water and groundwater ex-
change associated with beaver dams and other 
obstructions (Lautz and Siegel, 2006). Our 
work supports the conclusion that only 15% of 
water in Red Canyon Creek consists of ground-
water discharge along the main stem, and 85% 
of water  is from tributaries infl ux; however, the 
extent of groundwater involved in hyporheic 
inter action may be much larger.

The abrupt increase in concentrations of 
major  solutes, particularly calcium and sulfate, 
in the Red Canyon Creek water from low con-
centrations provided in irrigation water within 
the fi rst 2 km of channel indicates that ground-
water that has dissolved gypsum enters the 
stream (Fig. 3B). From measurements of irriga-
tion water  at the entrance culvert and base fl ow 
along the creek, we can deduce that the amount 
of irrigation water imported from the adja-
cent watershed, Twin Creek, is substantially 
less than 10% of the total fl ow. We could not 
obtain details on the dispersal of this water in 
the upper headwater area. Therefore, the focus 
of this paper starts where Red Canyon Creek 
water fi rst obtains its calcium sulfate signature 
(labeled as number 1 in Fig. 1C) and not in the 

TABLE 2. SUMMARY OF ISOTOPIC ANALYSIS OF SURFACE WATERS (SW), 
SHALLOW GROUNDWATERS FROM MONITORING WELLS (MW) AND PIEZOMETERS (P), 

SPRING (S) AND DEEP WELLS (DW), AS WELL AS CALCITE ENCRUSTATIONS 
AND MINERAL GYPSUM FROM GYPSUM SPRING FORMATION

etadelpmaSepyTDI
δ18O
(‰)

δ2H
(‰)

δ34S
(‰)

δ13C
(‰)

1.81–6002/03/6WS1 –140 12.4 –9.5
1.9–3.11141–0.91–6002/03/6WS2

0.91–6002/03/6WS3 –144 11.7 –8.6
9.81–6002/03/6WS4 –143 11.8 –9.0
7.81–6002/03/6WS5 –144 11.8 –8.6
7.81–6002/03/6WS6 –143 11.9 –8.5
7.81–6002/03/6WS7 –144 12.3 –8.3
7.81–6002/03/6WS8 –143 11.8 –8.3
6.81–6002/03/6WS9 –143 11.2 –8.8
5.81–6002/03/6WS01 –141 12.1 –8.4
7.81–6002/03/6WS11 –141 10.5 –7.4
5.81–6002/03/6WSCC –141 9.5 –7.7
7.81–6002/03/6WSCB –142 6.3 –9.2
1.91–6002/03/6WSCD –144 10.5 –8.4
3.81–6002/03/6WSWI –142 n.a. –6.2

Deep well 1 DW 7/1/2006 –19.6  –147 n.a. n.a.
Deep well 2 DW 7/1/2006 –19.5  –148 n.a. n.a.

SgnirpS 7/1/2006 –17.3  –135 n.a. n.a.
8.81–6002/5/7WM5WM –141 n.a. n.a.
5.81–6002/5/7WM21WM –142 n.a. n.a.
5.81–6002/5/7WM1PT –141 n.a. –12.28

.a.n.a.n.a.n.a.n6002/5/7WM2PT
6.81–6002/5/7WM3PT –140 n.a. n.a.
5.81–6002/5/7WM4PT –141 n.a. n.a.
9.81–6002/5/7P2P –144 14.1 n.a.
6.81–6002/5/7P3P –144 15.5 n.a.

.a.n.a.n.a.n.a.n6002/5/7P4P

.a.n.a.n341–6.81–6002/5/7P5P

.a.n2.12241–7.81–6002/5/7P6P

.a.n8.51241–6.81–6002/5/7P7P

.a.n2.51041–1.81–6002/5/7P8P

.a.n9.41241–5.81–6002/5/7P9P

.a.n6.41341–3.81–6002/5/7P01P
P1-21P 7/5/2006 –18.4 –141 14.7 n.a.
P2-21P 7/5/2006 n.a. n.a. n.a. n.a.
P3-21P 7/5/2006 –18.6 –140 14.5 n.a.
P4-21P 7/5/2006 n.a. n.a. n.a. n.a.
P5-21P 7/5/2006 –18.7 –141 14.6 n.a.
P6-21P 7/5/2006 –18.6 –140 14.4 n.a.

.a.n.a.n241–6.81–6002/5/7P31P

.a.n.a.n.a.n.a.n6002/5/7P41P
P1-51P 7/5/2006 n.a. n.a. n.a. n.a.
P2-51P 7/5/2006 –18.6 –141 14.8 n.a.
P3-51P 7/5/2006 –18.8 –141 14.8 n.a.
P4-51P 7/5/2006 –18.6 –142 14.9 n.a.
P5-51P 7/5/2006 –18.4 –143 14.9 n.a.
P6-51P 7/5/2006 –18.4 –143 14.7 n.a.
P7-51P 7/5/2006 –18.5 –143 14.7 n.a.

31.01–.a.n341–9.81–6002/5/7P61P
.a.n.a.n041–6.81–6002/5/7P71P

Calciate crust 1 6/30/2006 n.a. n.a. n.a. –6.6
Calciate crust 2 6/30/2006 n.a. n.a. n.a. –7.6
Mineral gypsum 6/30/2006 n.a. n.a. 15.7 n.a.
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uppermost reach of the watershed, where small 
amounts of irrigation water enter the system. 
Uncertainty introduced by lack of information 
on the dispersal of irrigation water in the water-
shed does not change any conclusion drawn 
from this paper.

In any case, the similarity of δ18O and δ2H 
values in groundwaters and surface waters in-
dicates that groundwater derived from local 
precipitation sustains Red Canyon Creek dur-
ing low fl ow. This observation shows a strong 
hydrologic connection between surface and 
groundwater in Red Canyon Creek. The deep 
well waters with the most negative δ2H and δ18O 
values are probably from the Amsden Forma-
tion, which is recharged ~1000 m higher than 
the valley below (Figs. 1 and 2). The shallow 
spring with the highest δ2H and δ18O values is 
recharged only ~50 m above Red Canyon Creek 
on the eastern ridge adjacent to the Cherry 
Creek confl uence (Fig. 1C). The δ2H and δ18O 
values of surface and groundwaters fall between 
those of the deep wells and shallow spring 

water , which suggests that surface and ground-
waters may effectively be bracketed by these 
two end members (Fig. 4).

The δ34S values of sulfate from surface waters 
and groundwaters in the watershed fall within 
the range between an atmospheric source δ34S 
value (3.8‰–8.4‰) (Finley et al., 1995; Turk 
et al., 1993) and mineral gypsum δ34S value 
(15.7‰, Table 2). The δ34S value of the min-
eral source end member is consistent with that 
of Mesozoic marine evaporates such as those 
found in the Gypsum Spring Formation or in the 
Dinwoody Formation (Claypool et al., 1980). 
However, sulfate in atmospheric precipitation 
cannot be the end-member solution providing 
sulfate with lower δ34S values to the creek sys-
tem because of its much lower sulfate concen-
tration compared to creek values.

For example, the average sulfate concen-
tration in the creek waters was 1.5 mmol/L, 
compared to 0.01 mmol/L in 2006 average pre-
cipitation (NADP, 2006). Therefore, another 
source of sulfate with δ34S values signifi cantly 

lower than those of the gypsum source must 
occur in the tributary watersheds. Oxidation of 
pyrite with biogenic origin in the Phosphoria 
Formation or in younger formations in the head-
waters of the canyons (Whalen, 1991) could 
have strongly negative δ34S values. Therefore, a 
small amount of sulfate contributed by sulfi de 
oxidation could cause a relatively large change 
in δ34S of sulfate values in stream waters.

The δ34S values of groundwaters with high 
sulfate concentrations are close to those of 
mineral gypsum (Table 2). Furthermore, a bi-
variate plot of calcium and sulfate shows that 
all the groundwater samples fall close to the 
gypsum stoichiometric dissolution line with 
a slope of unity (Fig. 8). The intercept on the 
x-axis shows the Ca2+ excess from carbonate 
dissolution. In total, the chemistry and isotopic 
values of sulfate are consistent with a gypsum 
contribution dominating the sulfate chemistry 
at Red Canyon Creek.

Mixing Model

Table 3 shows that the percentage dif-
ferences between PHREEQC modeled and 
measured solute concentrations were less than 
5%, except for potassium, silica, and sulfate. 
This agreement falls within the error of most 
measurements and indicates that the majority 
of solutes are effectively nonreactive in the 
streams, and that concentration changes can 
be explained by simple mixing models. The 
higher predicted silica and potassium con-
centrations compared to the measured values 
could be due to biotic demand for these ele-
ments. However, the calculated sulfate con-
centration at the base of watershed was 18% 
less than measured, suggesting that additional 
sulfate may have been contributed by gyp-
sum dis so lution in the streambed. If more 
gypsum dis solves, excess calcium could have 
precipitated as calcite. Variations in sulfur and 
carbon isotope ratios agreed in our heuristic 
model within 7%, suggesting that the mixing 
model re mains essentially sound (Table 3).

The wells within Red Canyon Creek water-
shed only were placed in the fl oodplain allu-
vium. We recognize this spatial limitation of 
groundwater collection imposes some uncer-
tainty on our calculation. However, ground water 
in the upper portion of the watershed mostly 
discharges from the lowermost fl uvial terrace, 
which consists of sediments derived from the 
Chugwater, Dinwoody, and Phosphoria Forma-
tions, i.e., the same as the sediments hosting 
groundwater at the base of the watershed. Ad-
ditional shallow groundwater wells need to be 
installed at different locations within the water-
shed as future work.
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Figure 4. δ18O versus δ2H of surface waters (SW), shallow groundwaters (GW), and water 
from two deep artesian wells and one shallow spring within the context of local meteoric 
water line (LMWL). One LMWL shown in solid straight line was developed for the Red 
Canyon Creek area, and another LMWL in dashed line was developed by Benjamin (2005) 
for southeastern Idaho, western Wyoming, and south-central Idaho.
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Geochemical Mass Balance Reactions

In order to account for the difference of 
PHREEQC modeled and measured sulfate, we 
evaluated some potential chemical reactions in 
the system.

According to sulfur isotope data, sulfate in 
base fl ow is predominantly derived from gyp-
sum dissolution. Dissolution of calcite and 
gypsum both contribute Ca2+. Both surface and 
groundwater samples are undersaturated with 
respect to gypsum (SIgypsum < 0). Since gypsum 
continually dissolves in water, it will cause 
stream waters to be supersaturated with respect 
to calcite, causing it to precipitate because of the 
common ion effect (Eq. 2):

 

2HCO−
3 + CaSO4 ⋅2H2O <=>

CaCO3 precipitate + CO2 gas +

SO4
2– + 3H2O.

 (2)

PHREEQC results indicate that most 
groundwater samples have SIcalcite values close 
to zero with respect to calcite and high pCO

2
 

values, indicating groundwaters near equi-

librium with respect to calcite. In contrast, SI 
values of surface-water samples exceed unity, 
indicating that they are oversaturated with re-
spect to calcite. The degree of calcite satura-
tion of water is primarily related to its calcium 
and bicarbonate activity, pH, and temperature 
(Neal et al., 1998). Surface waters had higher 
pH and temperature than groundwaters, which 
drive the water to supersaturation because of 
loss of carbon dioxide and shifting of carbon-
ate speciation from bicarbonate toward the 
carbonate ion. We also occasionally saw white 
to green (algal component) crustal coatings on 
surfaces of streambed sediments through the 
creek system (Fig. 9). X-ray diffraction results 
confi rmed that the crusts consisted of pure cal-
cite (Jin et al., 2006).

Calcite crusts occurred on pebbles at the ends 
of pool-riffl e sequences, downstream of debris 
and beaver dams, where groundwater upwells 
(Fanelli and Lautz, 2008; Harvey and Bencala, 
1993), and 4 km upstream from the mouth of 
Red Canyon Creek, where groundwater dis-
charge occurs (Fig. 3A). When groundwater 
with high concentrations of Ca2+ and SO

4
2– 

from gypsum dissolution mixes with stream 
water  already nearly saturated with calcite, the 

common ion effect quickly causes calcite pre-
cipitation, similar to that found in groundwater 
systems that require much greater residence 
times for reaction to occur (Bischoff et al., 
1994; Busby et al., 1991; Dobrzynski, 2007; 
Plummer and Back, 1980; Plummer et al., 1990; 
Sacks and Tihansky, 1996).
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Figure 6. Longitudinal profi les of δ13CDIC and dissolved 
inorganic carbon (DIC) concentrations in Red Canyon 
Creek (RCC) with distance downstream. The single 
point indicates δ13CDIC or DIC of each tributary and 
groundwater sample.
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Figure 7. Saturation index (SI) with respect 
to calcite versus pH of surface waters (SW) 
and groundwaters (GW). The values of 
groundwaters are close to equilibrium, while 
surface waters have values greater than 1, 
which are 10 times greater than saturation.

TABLE 3. TWO END-MEMBER MIXING MODELS PERFORMED BY PHREEQC

Mixing percentage Ca2+ K+ Mg2+ Na+ Sr2+ Si SO4
2– DIC CI– δ13CDIC δ34SSO4

(%) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (‰) (‰)
Starting headwater 17.7 4.57 0.12 1.92 0.47 0.025 0.37 4.04 6.14 0.118 –9.5 12.4
Mixing with DC (step 1) 82.3 1.69 0.02 0.96 0.13 0.003 0.25 0.44 4.97 0.025 –8.4 10.5
Resulting water 1 (M1) 85.4 2.20 0.04 1.13 0.19 0.007 0.27 1.08 5.18 0.041 –8.6 11.7
Mixing with groundwater (step 2) 14.6 5.17 0.05 2.05 0.70 0.027 0.30 4.52 6.19 0.093 –11.2 14.8
Resulting water 2 (M2) 83.8 2.64 0.04 1.26 0.27 0.010 0.28 1.58 5.33 0.049 –9.0 13.0
Mixing with BC (step 3) 16.2 1.75 0.02 1.23 0.16 0.003 0.25 0.58 5.65 0.029 –9.2 6.3
Resulting water 3 (M3) 51.6 2.49 0.03 1.26 0.25 0.009 0.27 1.42 5.38 0.045 –9.1 12.6
Mixing with CC (step 4) 48.4 1.84 0.02 1.20 0.12 0.004 0.20 0.69 5.68 0.026 –7.7 9.5
Resulting water 4 (M4) 2.18 0.03 1.23 0.19 0.007 0.24 1.07 5.53 0.036 –8.4 11.6
Mean outlet water chemistry (Ow) 2.23 0.02 1.24 0.18 0.007 0.22 1.31 5.27 0.035 –7.9 11.3

3.05.0–100.062.042.0–20.0000.000.010.0–00.060.0–wOdna4Mw/becnereffiD
%9.2%2.6%0.3%8.4%4.81–%1.7%4.4–%2.1%0.1–%6.9%5.2–%niecnereffiD

Note: DIC—dissolved inorganic carbon; DC—Deep Creek; BC—Barrett Creek; CC—Cherry Creek.
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In the equation for the common ion effect 
(Eq. 2), one mole of H+ and SO

4
2– is produced 

when gypsum dissolves, and one mole of HCO
3
– 

is lost as one mole of CaCO
3
 forms. After theo-

retically mixing Red Canyon Creek headwaters 
with groundwater and tributaries, we found that 
there remained a small surplus of 0.26 mmol/L 
DIC and almost an equal defi cit of sulfate 
( Table 3). The common ion effect can consume 
this surplus of 0.26 mmol/L of DIC while pro-
ducing 0.26 mmol/L of calcite precipitate and 
0.26 mmol/L of sulfate in the water, which bal-
ance the sulfate defi cit.

Carbon isotope values of the calcite precipi-
tates in the streambed at two different locations 
had slightly higher δ13C values (–6.6‰ and 
–7.6‰) than DIC in all surface-water samples, 
as would be expected due to preferential precipi-
tation of the heavier carbon isotope 13C. The loss 
of DIC by calcite precipitation only accounts for 
5% of total DIC, and the change of δ13CDIC in the 
stream waters on a mass basis is too small to see 
a clear trend.

Bacterial dissimilatory sulfate reduction 
(Eq. 3) occurs in organic-rich areas behind 
beaver dams and in overbank stream deposits 
(Fanelli and Lautz, 2008).

 2CH2O + SO4
2– = 2HCO3

– + H2S. (3)

This reaction generates sulfide with sig-
nifi cantly lower δ34S values than those of the 
reactant , and consequently 34S-enriched sulfate 
in the remaining reactant (Brown, 1985; Clark 
and Fritz, 1997; Knoller et al., 2004). Water 
from some shallow in-stream piezometers 
showed high δ34S values, which clearly indi-
cated bacterial sulfate reduction taking place at 
certain locations in the streambed (Fanelli and 
Lautz, 2008).

The extent of stream and groundwater ex-
change depends on the degree of connectivity 
between the stream and streambed sediments. 
We found that the depletion of sulfur isotopes 
in the stream water falls within the uncertainty 
of our analytical method, and so, despite sulfate 
reduction occurring in storage behind beaver 
dams, simple gypsum dissolution best explains 
the sulfur isotope composition of the stream 
water . It appears that because of the poor hy-
draulic connection between stream and stream-
bed at locations where sulfate reduction takes 
place, minimal sulfate from hyporheic inter-
action affects the stream-water quality.

CONCLUSIONS

The effects of hydrologic and geochemi-
cal processes on the water chemistry of Red 
Canyon Creek can be clearly determined 
from the chemical and isotopic composition 
of base-fl ow water samples coupled with 
geochemical mixing and mass balance mod-
els. Red Canyon Creek water initially begins 
as dilute irrigation water from Twin Creek, 
located across the Red Canyon Creek water-
shed divide. As water  moves downstream, 
its chemistry quickly changes because of 
infl ux from tributaries and diffuse ground-
water discharge. The nonreactive infl ux of 
solutes from three tributaries, along with 

small amounts of groundwater discharge, 
explains most of the spatial variation of the 
major solutes in Red Canyon Creek, except for 
sulfate and, to a small extent, DIC.

The difference in DIC and sulfate concentra-
tions between measured and modeled values 
can be explained by the common ion effect 
driven by gypsum dissolution that precipitates 
calcite. A factor that we found striking is how, 
despite short residence times of surface water 
moving from headwaters to mouth of Red Can-
yon Creek, the introduction of calcium sulfate-
bearing groundwater to carbonate-rich stream 
water suffi ciently drives calcite precipitation 
onto the streambed. Calcite also can precipi-
tate when carbon dioxide degasses in streams 
(Herman  and Lorah, 1987; Pentecost, 2005), 
from groundwater in caves, and where carbon 
dioxide–charged saline groundwater discharges 
to the land surface (Siegel et al., 2004). How-
ever, here, at Red Canyon Creek, we identi-
fi ed similar rapid precipitation of carbonate 
driven by the common ion effect by mineral 
dissolution.

Common ion–driven precipitation of car-
bonate (and associate trace elements) may be 
far more prevalent wherever gypsiferous rocks 
dissolve in groundwater to discharge to surface 
water bodies. Knowing this, the occurrence of 
calcite nodules in fl uvial sedimentary records 
associated with evaporites may provide clues on 
former paleohydrologic conditions. Apparently, 
the kinetics of carbonate precipitation caused by 
either carbon dioxide degassing or the common 
ion effect occur at the same order of magnitude, 
even in rapidly moving streams.

We also found that the hyporheic waters 
affected  by sulfate reduction, common in 
organic-rich sediments in the Red Canyon 
streambed and overbank deposits (Fanelli and 
Lautz, 2008), minimally affected the concen-
trations of DIC and sulfate in the creek or the 
isotopic composition of carbon and sulfur, re-
spectively, in these solutes. This conclusion sug-
gests that, although hyporheic interactions may 
locally control nutrient and other fl uxes at the 
 groundwater–surface-water interface, care must 
be taken when extrapolating the magnitude of 
the control over larger stream reaches.
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Figure 9. An example of calcite encrustation 
on the surface of streambed pebbles.
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