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Abstract
The Riverton Processing site was a uranium mill 

4 kilometers southwest of Riverton, Wyoming, that prepared 
uranium ore for nuclear reactors and weapons from 1958 
to 1963. The U.S. Department of Energy completed sur-
face remediation of the uranium tailings in 1989; however, 
groundwater below and downgradient from the tailings site 
and nearby Little Wind River was not remediated. Beginning 
in 2010, a series of floods along the Little Wind River began 
to mobilize contaminants in the unsaturated zone, resulting 
in substantial increases of uranium and other contaminants of 
concern in monitoring wells completed inside the contaminant 
plume. In 2011, the U.S. Department of Energy started a series 
of university and Government agency retrospective and field 
investigations to understand the processes controlling contami-
nant increases in the groundwater plume. The goals of the field 
investigations described in this report were to (1) identify and 
quantify the contaminant flux and potential associated biologi-
cal effects from groundwater associated with the legacy plume 
as it enters a perennial stream reach, and (2) assess chemical 
exposure and potential effects to biological receptors from the 
interaction of the contaminant plume and the river.

Field investigations along the Little Wind River were 
completed by the U.S. Geological Survey during 2015–17 in 
cooperation with the U.S. Department of Energy Office of 
Legacy Management to characterize: (1) seepage areas and 
seepage rates; (2) pore-water and bed sediment chemistry 
and hyporheic exchange and reactive loss; and (3) exposure 
pathways and biological receptors. All data collected during 
the study are contained in two U.S. Geological Survey data 
releases, available at https://doi.org/ 10.5066/ F7BR8QX4 
and https://doi.org/ 10.5066/ P9J9VJBR. A variety of tools 
and methods were used during the field characterizations. 

1U.S. Geological Survey.

2University of Montana.

3U.S. Department of Energy Office of Legacy Management.

4Liverpool John Moores University.

Streambed temperature mapping, electrical resistivity tomog-
raphy, electromagnetic induction, fiber-optic distributed tem-
perature sensing, tube seepage meters, vertical thermal sensor 
arrays, and an environmental tracer (radon) were used to iden-
tify areas of groundwater seepage and associated seepage rates 
along specific sections of the study reach of the river. Drive 
points, minipiezometers, diffusive equilibrium in thin-film/
diffusive gradients in thin-film probes, bed-sediment samples, 
and equal discharge increment sampling methods were used 
to characterize pore-water chemistry, estimate hyporheic 
exchange and reactive loss of selected chemical constituents, 
and quantify contaminant loadings entering the study reach. 
Sampling and analysis of surface sediments, filamentous 
algae, periphytic algae, and macroinvertebrates were used to 
characterize biological exposure pathways, metal uptake, and 
receptors.

Areas of focused groundwater discharge identified by 
the fiber-optic distributed temperature sensing surveys cor-
responded closely with areas of elevated electrical conductiv-
ity identified by the electromagnetic induction survey results 
in the top 5 meters of sediment. During three monitoring 
periods in 2016, the mean vertical seepage rate measured with 
tube seepage meters was 0.45 meter per day, ranging from 
−0.02 to 1.55 meters per day. Five of the 11 locations where
vertical thermal profile data were collected along the study
reach during August 2017 indicated mean upwelling values
ranging from 0.11 to 0.23 meter per day. Radon data collected
from the Little Wind River during June, July, and August 2016
indicated a consistent inflow of groundwater to the central
part of the study reach, in the area congruous with the center
of the previously mapped groundwater plume discharge zone.
During August 2017, the greatest attenuation of uranium from
reactive loss in pore-water samples was observed at three loca-
tions along the study reach, at depths between 6 and 15 cen-
timeters, and similar trends in molybdenum attenuation were
also observed. Bed-sediment concentration profiles collected
during 2017 also indicated attenuation of uranium and molyb-
denum from groundwater during hyporheic mixing of surface
water with the legacy plume during groundwater upwelling
into the river. Streamflow measurements combined with equal

https://doi.org/10.5066/F7BR8QX4
https://doi.org/10.5066/P9J9VJBR
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discharge increment water sampling along the study reach 
indicated an increase in dissolved uranium concentrations in 
the downstream direction during 2016 and 2017. Net uranium 
load entering the Little Wind River study reach was about 290 
and 435 grams per day during 2016 and 2017, respectively. 
Biological samples indicated that low levels of uranium and 
molybdenum exposure were confined to the benthos in the 
Little Wind River within and immediately downstream from 
the perimeter of the groundwater plume. Concentrations of 
molybdenum and uranium in filamen tous algae were consis-
tently low at all sites in the study reach with no indication of 
increased exposure of dissolved bioavailable molybdenum or 
uranium at sites next to or downstream from the groundwater 
plume.

Comparison of the August 2017 results from electro-
magnetic induction, tube seepage meters, vertical thermal 
profiling, and pore-water chemistry surveys were in general 
agreement in identifying areas with upwelling groundwater 
conditions along the study reach. However, the electrocon-
ductivity values measured with electromagnetic induction 
in the top 100 centimeters of sediment did not agree with 
sodium concentrations measured in pore-water samples col-
lected at similar streambed depths. Differences and simi-
larities between multiple methods can result in additional 
insights into hydrologic and biogeochemical processes that 
may be occurring along a reach of a river system interacting 
with shallow groundwater inputs. It may be advantageous 
to apply a variety of geophysical, geochemical, hydrologic, 
and biological tools at other Uranium Mill Tailings Remedial 
Action (htt ps://www.e nergy.gov/ sites/ prod/ files/ 2014/ 10/ f19/ 
UMTRCA.pdf) sites during the investigation of legacy con-
taminant plume interactions with surface-water systems.

Introduction
The Riverton Processing site was a uranium mill that pro-

duced yellowcake (U3O8), which was used to prepare uranium 
fuel for nuclear reactors and weapons. The mill operated from 
1958 to 1963 and was on the Wind River Indian Reservation 
about 4 kilometers (km) southwest of Riverton, Wyoming 
(fig. 1). The mill processed 816,470 metric tons of uranium ore 
that was mined in the Gas Hills mining district, about 50 km 
east of Riverton, Wyo. (Merritt, 1971; Dam and others, 2015).

From the mid-1950s to the mid-1960s, the Gas Hills 
mining district in central Wyoming was one of the major 
uranium-producing regions in the United States (Anderson, 
1969). Four types of uranium deposits are present in the min-
ing district: solution front, transition bedded, oxidized, and 
residual remnant, with the most important being the solution-
front deposits (Anderson, 1969). Most of the uranium ore that 
was mined was present in coarse-grained sand beds in the 
Upper Wind River Formation. The sand beds consist of about 
60 percent quartz and about 40 percent plagioclase, orthoclase, 
and microcline feldspar; the beds are also intermixed with 

fine grains of muscovite, biotite, sericite, chlorite, hornblende, 
zircon, tourmaline, garnet, and hematite (Anderson, 1969). 
The dominant uranium minerals are uraninite and coffinite and 
occur as interstitial fillings and coatings on quartz sand grains 
(Anderson, 1969).

During the milling process, the uranium ore was crushed 
and ground, and water was added to create a slurry. Mill tail-
ings that remained after extracting U were conveyed by slurry 
to a 29-hectare unlined tailings impoundment (Umetco Gas 
Hills disposal site) and stockpiled (U.S. Department of Energy 
[DOE], 1995) (fig. 1).

The DOE was authorized to clean up the Riverton 
Processing site under the Uranium Mill Tailings Radiation 
Control Act of 1978 (42 U.S.C. ch. 88 § 7901 et seq.; DOE, 
2014). The area of the former uranium mill and the area 
affected by elevated (above background) concentrations of 
uranium, other trace elements (arsenic, boron, iron, lead, 
manganese, mercury, molybdenum, nickel, selenium, and 
vanadium), and sulfate (SO4

2−) are shown in figure 1. Surface 
remediation began in 1988 and removed about 1.4 mil-
lion cubic meters (m3) of contaminated material from the 
site. The contaminated material was then disposed of at the 
Umetco Gas Hills disposal site (fig. 1), 88 km east-southeast 
of Riverton. Surface remediation was completed at the site in 
November 1989.

The tailings slurry was the primary source that contami-
nated the shallow groundwater beneath and downgradient 
from the Riverton processing site (White and others, 1984; 
Narasimhan and others, 1986; DOE, 1998). Groundwater is 
present in three aquifers beneath the site (fig. 2): (1) a shal-
low (surficial), unconfined aquifer, (2) a middle, semiconfined 
aquifer, and (3) a deeper, confined aquifer (DOE, 1998). The 
shallow aquifer consists of about 4.6–6 meters (m) of uncon-
solidated alluvium composed mostly of sand and gravel and 
lesser amounts of clay and cobbles. The semiconfined and 
confined aquifers compose the upper units of the Eocene-age 
Wind River Formation, which is more than 150 m thick near 
the site. A discontinuous shale confining layer 2–3 m thick 
underlies the shallow aquifer, and the semiconfined sandstone 
aquifer ranges from 5 to 9 m thick beneath the shale layer. 
A shale aquitard 3–8 m thick separates the semiconfined and 
confined aquifers. The confined sandstone aquifer underlies 
the shale aquitard and is at least 15 m thick in the site area. 
The confined aquifer is uncontaminated and is the primary 
drinking-water aquifer in the region (Dam and others, 2015). 
Groundwater with elevated concentrations of uranium and 
molybdenum is present in the shallow aquifer, but these 
milling-related constituents are not detected in the semicon-
fined aquifer.

A conceptual site model developed from site charac-
terization work in the 1990s by DOE indicated that once 
the tailings source was removed, advection, dispersion, 
and sorption would dominate contaminant migration in the 
shallow (surficial) aquifer (Dam and others, 2015). Sandia 
National Laboratories (Albuquerque, New Mexico) simulated 

https://www.energy.gov/sites/prod/files/2014/10/f19/UMTRCA.pdf
https://www.energy.gov/sites/prod/files/2014/10/f19/UMTRCA.pdf
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Figure 2. The aquifers, tailings pile, groundwater contaminant plume, and rivers at the Riverton Processing site near Riverton, 
Wyoming. Figure modified from Dam and others (2015).

contaminant movement with time in the shallow contaminated 
aquifer using the computer code Groundwater Analysis and 
Network Design Tool (GANDT) (Knowlton and others, 1997; 
DOE, 1998). The GANDT model developed for the Riverton 
Processing site predicted that uranium concentration in the 
shallow aquifer would decline below the maximum contami-
nant level within about 100 years from 1997 (fig. 3).

Before 2010, groundwater monitoring indicated that 
contaminant concentrations at the Riverton Processing site 
were declining at a steady rate and were in general agreement 
with the GANDT modeling predictions (fig. 3), projected 
to be below maximum contaminant levels by the year 2098 
(DOE, 2009; Dam and others, 2015). A series of floods begin-
ning in June 2010 mobilized contaminants held in normally 
unsaturated sediment above the water table in the shallow 
aquifer, as well as contaminants within the aquifer (Ranalli 
and Naftz, 2014; Dam and others, 2015; Johnson and others, 
2016), resulting in substantial increases in uranium con-
centrations in groundwater from selected monitoring wells 
and possible increased flux to the riverine system where the 
plume is discharging (fig. 1). Similar inconsistencies in other 
conceptual site models have been documented by Zachara and 
others (2013) at DOE-managed sites next to the Columbia 
and Colorado Rivers (not shown). Overall, groundwater 

monitoring data from the Riverton Processing site and other 
remediated uranium-ore-processing sites suggest that natural 
flushing is occurring at a slower rate than predicted by numeri-
cal models (Shafer and others, 2014).

Because of the inconsistencies identified in the con-
ceptual site model at the Riverton Processing site, the 
U.S. Geological Survey (USGS), in cooperation with the DOE 
Office of Legacy Management, completed field assessments 
at the Riverton Processing site from August 2015 through 
August 2017. The goal of these assessments was to identify 
and quantity the contaminant flux and associated potential 
biological effects from groundwater associated with the legacy 
plume from the Riverton Processing site that is entering a 
perennial stream reach along the Little Wind River (fig. 1). 
This goal serves as a pilot-scale assessment of the informa-
tion needed to assess chemical exposure and potential effects 
to biological receptors from the interaction of uranium- and 
molybdenum-enriched groundwater with the riverine ecosys-
tem at the Riverton Processing site. The hydrological, geo-
physical, and biogeochemical tools/methods used and devel-
oped at the Riverton Processing site may be applied in the 
future to other DOE Office of Legacy Management sites in the 
western United States with similar legacy groundwater issues.
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with measured concentrations and the maximum contaminant level allowed for the site (U.S. Department of Energy, 1998), 1995–2075. 
Graph modified from Dam and others (2015).

Methods Used to Determine the 
Interaction of a Legacy Groundwater 
Containment Plume

A variety of field and laboratory methods were used 
at the Riverton Processing site to identify and quantify the 
extent and interaction of the legacy groundwater plume with 
the Little Wind River. Brief descriptions of field, laboratory, 
and data processing and modeling methods used during the 
study are provided in this section. Detailed descriptions of the 
groundwater, surface-water, and biogeochemical methods and 
associated data used in the report are publicly available as a 
USGS data release (Naftz and others, 2019). Detailed descrip-
tions of the surface geophysical methods and associated data 
used in the report are also publicly available as a USGS data 
release (Terry and Briggs, 2019).

Field Methods

A range of geophysical, geochemical, hydraulic, and 
biological field methods were used to identify and quantify the 
interaction of the legacy groundwater plume with the Little 
Wind River at the study site. Descriptions of these field meth-
ods are described in the subsequent sections.

Streambed Temperature Mapping

Streambed temperature mapping surveys were com-
pleted during three site visits in 2016 and one site visit in 
2017. Streambed temperature was measured using a Traceable 
Control Company digital thermometer with a 10-cm probe. 
Measurement locations were surveyed with submeter accu-
racy using a Trimble R1 Global Navigation Satellite Systems 
(GNSS) receiver (Trimble, Inc., Sunnyvale, California). 
Additional details on the temperature mapping methods are in 
Naftz and others (2019).
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Electrical Resistivity Tomography
Electrical resistivity tomography (ERT) is a surface-

based, direct-contact geophysical method for estimating 
subsurface electrical conductivity (resistivity equals 1 divided 
by the conductivity). A series of electrodes are implanted into 
the surface (or in boreholes), and these electrodes are used to 
measure electrical potential in response to injected currents. 
The potential fields generated from current injections depend 
on the distribution of electrical conductivity in the subsurface 
and the geometry of the electrodes. For more details about the 
ERT method, see (for example) Binley and Slater (2020). For 
this study, we used an AGI Supersting R8 system (Advanced 
Geosciences, Inc., Austin, Texas) with 56 stainless steel elec-
trodes and placed them in roughly linear transects using 1- and 
2-m spacings between the electrodes.

A total of 1,063 measurements were made during the 
electrical resistivity surveys completed at the study site during 
August 2017. Typical ERT survey geometries were used for 
data collection including Wenner and dipole-dipole measure-
ments for each 56-electrode survey (Binley and Slater, 2020). 
Contact resistance was high (greater than [>] 5 kilohms [kΩ]) 
in pure sand areas. Contact resistances were reduced to less 
than 3 kΩ in all cases by packing a slurry of clumping clay 
(for example, cat litter) and stream water around problematic 
electrodes. Once each survey line was installed, data were col-
lected for about 2 hours.

Five separate ERT transects were collected on a sand 
bar next to the Little Wind River. The two longer transects 
(W1W2W3 and W4W5W6) used 2-m electrode spacing in 
a “roll along” style of collection, wherein overlapping data 
are collected to generate longer datasets with limited length 
cables. Data with 1-m electrode spacing were collected 
along three tie-in lines (W7, W8, W9) nearly perpendicular 
to transect W1W2W3. Additional details on the ERT survey 
methods, location of survey lines, electrode spacing, and raw/
processed data are in Terry and Briggs (2019).

Electromagnetic Induction
Electromagnetic induction (EMI) includes several related 

techniques for measuring subsurface electrical conductivity by 
generating a primary electromagnetic field within a wire loop 
that induces secondary fields in conductors within the subsur-
face. These secondary fields are measured by a receiver coil. 
In this study, we specifically used a hand-carried frequency 
domain instrument (GEM-2, Geonics Ltd., Mississauga, 
Ontario, Canada). The GEM-2 operates at several user-defined 
frequencies to provide effective sensitivities at various depths 
(Huang and Won, 2003); however, the actual investigation 
depths are affected by the distribution of subsurface electrical 
conductivity.

Roughly 10 line-km of horizontal coplanar EMI data 
were collected over several days during August 2017. Most of 
the EMI survey lines were land based; however, one survey 
line was conducted along the Little Wind River with the 

instrument strapped to a kayak. Data were collected at five fre-
quencies ranging from 450 to 63,030 hertz (Hz). For most sur-
veys, data were briefly collected at a common reference station 
to account for slight drifts in values caused by temperature 
changes in the internal circuitry of the instrument. Additional 
details on the EMI survey methods, location of survey lines, 
and raw/processed data are in Terry and Briggs (2019).

Fiber-Optic Distributed Temperature Sensing

From August 6 to September 24, 2015, fiber-optic 
distributed temperature sensing (FO–DTS) data were col-
lected in the study reach using a 1-km long armored cable 
(about 5-millimeter [mm] outer diameter) containing multiple 
multimode optical fibers. The cables were installed along the 
sediment-water interface of the streambed; one cable was 
installed through a side channel area and within about 5 m of 
the larger river shoreline, and the other generally was installed 
along the center channel of the Little Wind River. The FO–
DTS data were collected at 1.01-m linear resolution with an 
Oryx model SR Remote Logging DTS Unit manufactured by 
Sensornet Ltd. (Imperial Way, Watford, United Kingdom). 
The FO–DTS system was programmed to integrate tempera-
ture measurement at every cable position every 40 minutes. 
However, solar power to the control unit failed intermittently 
during the deployment period, especially later in the record, so 
the data were not recorded using a consistent timestep. Only 
data from the near-bank cable are discussed in this report. 
Additional details on the FO–DTS methods are in Terry and 
Briggs (2019).

Streambed Vertical Thermal Sensor Arrays

iButton Thermochron band-gap temperature sensors and 
loggers (Maxim Integrated Products, Inc., Sunnyvale, Calif.) 
were embedded horizontally in hollow 2.5-centimeter (cm) 
diameter stainless steel pipes about 40 cm long and secured 
and waterproofed with silicone caulking. Each stainless-steel 
pipe contained three temperature sensors and is referred to 
herein as a “sensor array.” Sensors were synchronized before 
deployment so that measurements were recorded on the same 
schedule. A total of seven sensor arrays were deployed during 
2016 at as many as three locations each. A total of 11 sen-
sor arrays were deployed at single locations during 2017. 
During the 2016 deployments, three iButtons were used in the 
construction of each sensor array, and the pipes were installed 
vertically in the streambed such that that temperature was 
recorded at about 0.04, 0.07, and 0.11 m depths below the 
streambed surface. Sensor arrays deployed during 2017 were 
designed for iButton installation depths at 0.01, 0.07, and 
0.11 m or at 0.01, 0.06, and 0.16 m to provide flexibility in 
postprocessing. Additional details on the vertical thermal sen-
sor array methods are in Naftz and others (2019).
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Tube Seepage Meters
Tube seepage meters (TSMs) (Solder and others, 2016) 

were installed in streambed sediments along the left bank of 
the study reach during 2016 to collect vertical hydraulic head 
differences and falling head time series data for calculation of 
vertical seepage rates (q, in meters per day [m/d]) and during 
2017 to collect head time-series data for direct measurement 
of vertical seepage rates. Seepage meters were installed by 
pounding 7.6-cm inner diameter clear polycarbonate tubing 
or 7.6-cm inner diameter, stainless steel tubing into streambed 
sediments at two sites in 2017.

In 2016, hydraulic head differences and falling head time 
series were measured manually. Hydraulic head differences 
between the inserted base of the TSM and stream surface level 
(ΔH) was measured inside the TSM after closing the TSM to 
the stream by placing a rubber stopper in the drilled hole and 
allowing the interior water level to equilibrate. Hydraulic head 
gradient (J, in meters per meter) was calculated as ΔH divided 
by the depth of TSM insertion into streambed sediments. A 
falling head test was used to estimate the vertical hydraulic 
conductivity (Kv, in meters per day) of the streambed sedi-
ments inside the TSM using the methods of Genereux and 
others (2008).

In 2017, TSM measurements were completed using a 
semiautomated system. The semiautomated system consisted 
of an interior head measurement device, a valve system that 
opens and closes the tube interior to the stream, a micropro-
cessor controller, a battery pack, and a data logger to record 
hydraulic head measurements and associated date/time stamps. 
Additional details on the manual and semi-automated vertical 
seepage measurement methods are in Naftz and others (2019).

Environmental Tracer (Radon)
Four sampling trips were completed during the sum-

mers of 2016 and 2017. During each sampling trip, surface-
water samples were collected for radon-222 analysis. River 
radon-222 samples were collected at 10 intervals spaced 
200 m apart beginning at the upstream location of the study 
reach and moving down the reach. Field parameters includ-
ing temperature, specific conductance, dissolved oxygen, and 
pH were measured at each site using an Aqua TROLL 600 
multiparameter sonde (In Situ, Inc., Fort Collins, Colorado) 
that was calibrated daily. Bottles were submerged near the 
thalweg and uncapped, and at least three bottle volumes were 
flushed through the sample container using a peristaltic pump. 
Samples were then capped underwater to prevent degassing to 
the atmosphere.

Shallow streambed drive points and DOE monitoring 
wells also were sampled to obtain the endmember radon-222 
concentration of the groundwater in the shallow aquifer. 
Shallow aquifer wells were selected throughout the plume to 
provide a sufficient representation of the groundwater com-
position. Wells were sampled using a peristaltic pump, and 
three well volumes were purged before sample collection. The 

water was pumped into a galvanized bucket to allow for bottle 
submersion. Radon-222 sample bottles were submerged, and 
then the pump discharge was inserted into the bottom of the 
bottle. At least three bottle volumes were pumped through, and 
then bottles were capped underwater to prevent gas exchange 
with the atmosphere. Field parameters were measured with 
an Aqua TROLL 600 multiparameter sonde equipped with a 
flow-through chamber. Drive points (DPs) were installed in 
the river near the left bank next to the plume discharge zone. 
Stainless-steel DPs screened over the lower 30 cm attached to 
a section of 1.9-cm diameter polyethylene tubing were driven 
to 1 m in depth; however, some DPs met refusal at shallower 
depths because of the presence of river cobbles. The depth of 
refusal ranged from 60 to 100 cm. The DPs were pumped to 
develop the well and then sampled in a similar manner to the 
monitoring wells. During sampling, pumping rates were kept 
low (less than 1,000 milliliters per minute) to avoid con-
tamination of hyporheic water with overlying stream water. 
Additional radon-222 samples were collected from smaller 
diameter (0.25 cm), nested, stainless-steel DPs at 30-, 50-, and 
70-cm depths next to the 1-m depth DP sites. All radon-222 
samples were collected in clear, 250-milliliter (mL) Boston 
round glass bottles. All radon and supporting water-quality 
data from the surface-water and groundwater sampling sites 
are available in Naftz and others (2019).

Streamflow and Equal Discharge Increment 
Sampling

Temporary bank operated cableways were established 
across the Little Wind River at three transects along the 
study reach during August 9, 2016, and August 24–25, 2017. 
Streamflow was measured multiple times at each transect 
using an acoustic Doppler current profiler (ADCP) accord-
ing to established USGS methods (Turnipseed and Sauer, 
2010). Stream discharge data from each transect were used 
to define three equal discharge increments at each transect. 
Water-quality samples were collected at the midpoint of each 
equal distance increment at each transect on August 11, 2016, 
and August 27, 2017, according to established USGS methods 
(USGS, 2012). Water sample aliquots included filtered and 
acidified, filtered and unacidified, and unfiltered and acidi-
fied. Water samples were acidified with trace-metal grade 
concentrated nitric acid to 1 percent (volume to volume). 
Field filtration was performed using a peristaltic pump and 
0.45-micrometer (μm) capsule filters. Additional details on the 
equal distance increment sampling methods are available in 
Naftz and others (2019).

Drive Points and Minipiezometers
Pore water was sampled in the upper 100 cm of stream-

bed across the zone of the contaminant plume at sites with 
groundwater upwelling through the streambed identified 
by streambed temperature surveys (see the “Streambed 
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Temperature Mapping” section). Samples were collected 
from DPs installed at 30, 50, and 70 cm and 1 m (nominal 
depth) below the streambed, and from the USGS MINIPOINT 
minipiezometer (MP) array (Duff and others, 1998; Naftz 
and others, 2019) installed at 3-cm intervals between 3 and 
15 cm deep below the streambed. The DPs installed at 1-m 
nominal depths had an inside diameter of 2.5 cm (referred to 
as large-diameter DPs), and the DPs placed at 30-, 50-, and 
70-cm depths had an inside diameter of 0.9 cm (referred to 
as small-diameter DPs). A sample of overlying stream water 
was sampled from a MP sampling port placed 3 cm above 
the streambed surface. The DPs and MPs were sampled for 
field parameters (pH, specific conductance, and dissolved 
oxygen), major cations and anions, and selected trace ele-
ments including uranium and molybdenum, the primary 
elements of concern in the legacy contaminant plume (see the 
“Introduction”). DP and MP samples were collected following 
methods described in Fuller and Harvey (2000). All MP depths 
were sampled simultaneously, and small-diameter DPs were 
sampled sequentially immediately after MP sampling.

Streambed Sediment Coring

Streambed sediment cores were collected during 
August 2017 by inserting a 2.5-cm diameter butyrate clear 
plastic core tube into the sediment until refusal. Core lengths 
ranged from 14.5 to 26 cm. Plastic end caps were taped on 
each end of the core tubes and frozen within 3 hours of col-
lection. The location of each core site and details on how the 
cores were subsampled and prepared for chemical analysis are 
available in Naftz and others (2019).

Diffusive Gradients and Equilibrium in Thin-Films

Diffusive gradients in thin-films (DGT) and diffusive 
equilibrium in thin-films (DET) are methods of measuring 
fine-scale (centimeters to millimeters) solute concentrations in 
surface waters and sediment pore waters (Davison and Zhang, 
2012). DET devices are typically used to measure equilibrium 
surface and pore-water concentrations by allowing solutes 
to diffuse through a membrane layer (0.45 μm) into an inner 
hydrogel layer. DET probes typically sample a miniscule 
volume of sediment pore water (1-cm depth intervals equal 
0.1 cm × 1 cm ×1.8 cm, or about 0.18 cubic centimeter [cm3]) 
perpendicular to the probe interface. Whereas DET relies on 
establishing equilibrium between solutes in the surrounding 
water environment and in the device, in DGT, solutes continu-
ously diffuse across a diffusion gel layer and progressively 
accumulate in a resin or binding gel layer (Davison and Zhang, 
2012). Furthermore, DGT only binds free ions or weakly com-
plexed ions and thus is considered a good general measure of 
solute speciation and bioavailability (Zhang and others, 1995; 
van Leeuwen and others, 2005; Davison and Zhang, 2012). In 
addition, as the DGT probe continually removes solutes from 

solution, it effectively perturbs the system and therefore can 
provide information on solid-solution interactions in the sedi-
ments (Lehto, 2016).

DGT samplers were deployed at seven locations in the 
streambed sediment along the left bank of the study reach dur-
ing August 2016. DGT samplers were deployed in the upper 
15 cm of the streambed sediments for about 24 hours and then 
transported to a laboratory in Riverton, Wyo., for processing 
within 2 hours of retrieval. During August 2017, a network of 
10 DGT and 10 DET probes were inserted into the sediment 
on the left bank of the study reach along the Little Wind River. 
The probes were 15 cm long and were retrieved after about 
72 hours and processed within 2 hours after retrieval at the 
laboratory in Riverton, Wyo. (Byrne and others, 2021).

Surficial Streambed Sediment Sampling
Surficial streambed sediment samples were collected 

from depositional areas along the channel margins of the 
study reach during 2016 and 2017. Areas where there seemed 
to be relatively recent (1–2 years) bank failure were avoided. 
Submerged sediment was collected using a polypropylene 
hand scoop and placed into a modified 10-cm polypropylene 
Buckner funnel fitted with a 64-µm nylon mesh. Sediment 
was sieved directly into 500-mL polypropylene bottles using 
site water. The bottles were stored on ice and shipped to the 
USGS Metal Bioavailability Laboratory in Menlo Park, Calif., 
for further processing and analysis. Additional details on the 
locations, collection, and processing of the surficial streambed 
sediment samples are available in Naftz and others (2019).

Algae and Macroinvertebrates
Samples of attached aquatic algae (Spirogyra spp. [Link, 

in C.G. Nees, 1820]) and aquatic insects were collected 
from natural streambed substrates during the site visit in 
August 2016. Algal filaments were removed from the substrate 
using plastic forceps and placed in opaque, acid-washed, plas-
tic containers with a small volume of ambient stream water 
and immediately placed in an ice-filled container. Immature 
larval and nymph stages of insect taxa were collected at each 
site using a nylon-mesh kick net. Organisms were then placed 
into acid-washed plastic containers with ambient stream water 
and frozen within 30 minutes of collection using dry ice. 
Additional details on the locations, collection, and processing 
of the algal and macroinvertebrate samples are available in 
Naftz and others (2019).

Periphyton
During the August 2017 site visit, periphyton were col-

lected using floating-rack samplers installed in free-flowing 
parts of the stream channel at five locations at a depth of 
10 cm below the water surface. Flow velocity and incident 
solar radiation were determined at each sampling location 
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on the day of sampler installation. Samplers were deployed 
from August 28 to September 11. At the end of the coloniza-
tion period, slides were removed from each sampler, stored 
in sealed opaque containers on dry ice, and shipped to the 
USGS Metal Bioavailability Laboratory in Menlo Park, Calif. 
Additional details on the locations, collection, and processing 
of the periphyton samples are available in Naftz and oth-
ers (2019).

Laboratory Methods

A variety of laboratory methods were used to analyze the 
environmental samples collected during the study. Laboratory 
methods included the chemical analysis of water, sediment, 
and biological samples for a variety of chemical constituents. 
Descriptions of the laboratory methods that were used are 
described in the subsequent sections.

Environmental Tracer (Radon)

Surface-water and groundwater samples collected 
from the Riverton Processing site were analyzed on-site for 
radon-222 using a Durridge RAD7 solid-state alpha decay 
detector with RAD H2O accessory (DURRIDGE Company, 
Inc., Billerica, Mass.). The detector allows for the measure-
ment of the radon-222 concentration in water with a detec-
tion limit of less than (<) 10 picocuries per liter (pCi/L) 
to >400,000 pCi/L. Four, 5-minute counting cycles were 
averaged to calculate the radon-222 concentration in water 
samples. Additional details on the analytical methods used for 
the analysis of radon-222 during the study are in Goble (2018) 
and Naftz and others (2019).

Major Ions and Trace Elements in Water

The concentration of calcium, magnesium, potassium, 
sodium, silica, strontium, aluminum, iron, and manganese 
in water samples collected from the Riverton Processing site 
were determined using inductively coupled plasma-atomic 
emission spectroscopy. Additional trace elements (copper, 
cobalt, molybdenum, uranium, and zinc) were determined by 
direct injection inductively coupled plasma-mass spectrom-
etry. Concentrations of chloride, sulfate, and bromide were 
determined by ion chromatography. Dissolved organic carbon 
was measured by wet oxidation, and total alkalinity was deter-
mined by Gran titration. All analyses were performed at the 
USGS research laboratories in Menlo Park, Calif. Additional 
details and references on the analytical methods used for these 
chemical constituents are in Naftz and others (2019).

Major and Trace Elements in Sediment Samples

Three replicates of dried surficial streambed sediment 
samples were initially digested by hot acid reflux in 16 normal 
(N) nitric acid (HNO3), and then evaporated to dryness. For 
the first replicate, 10 mL of 0.6N hydrochloric acid (HCl) was 
added, whereas 10 mL of 1N HNO3 was added to the second 
and third replicates. After equilibration, sample solutions 
were filtered (0.45 µm) and analyzed. The first replicate was 
analyzed for major and trace metals, exclusive of molybdenum 
and uranium, using inductively coupled plasma-optical emis-
sion spectrometry. The second and third replicates were ana-
lyzed for molybdenum and uranium using inductively coupled 
plasma-mass spectrometry. All analyses were conducted at the 
USGS Metal Bioavailability Laboratory in Menlo Park, Calif.

Dried subsamples from each sediment core were sieved 
to <1 mm and digested using a mixture of HCl, HNO3, 
perchloric, and hydrofluoric acids at low temperature. The 
decomposed samples were analyzed by inductively coupled 
plasma-atomic emission spectrometry and inductively coupled 
plasma-mass spectrometry through an analytical contract 
administered by the USGS (Analytical Chemistry section of 
the Central Mineral and Environmental Resources Science 
Center, Denver, Colo.). Additional details and references on 
the methods used for the analysis of the chemical constituents 
in the surficial streambed sediment and sediment core samples 
are in Naftz and others (2019).

Major and Trace Elements in Algae and 
Macroinvertebrates

Filamentous algae samples were cleaned of external 
debris by rinsing and examined under magnification to confirm 
taxonomic identification. Cleaned samples were oven-dried 
at 70 degrees Celsius (°C), and part of the dried sample was 
digested using concentrated HNO3. Samples were evapo-
rated to dryness, reconstituted in 0.6N HCl, filtered through a 
0.45-µm pore-size filter, and analyzed for metal content using 
inductively coupled plasma-optical emission spectrometry. 
An additional part the dried sample was combusted at 400 °C, 
re-dried to a constant mass, and reweighed to determine 
ash-free dry mass. Aquatic insect samples were inspected by 
microscopy to ensure sample integrity and sorted to their low-
est practical taxonomic level (usually genus). After sorting, 
each sample was oven-dried at 70 °C, weighed, and digested 
by reflux using concentrated HNO3. After digestion, samples 
were evaporated to dryness, reconstituted in 0.6N HCl, filtered 
through a 0.45-µm pore-size filter, and analyzed for metal 
content using inductively coupled plasma-optical emission 
spectrometry. Additional details and references on the methods 
used for the analysis of the chemical constituents in algae and 
macroinvertebrate samples are in Naftz and others (2019).
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Chemical Constituents in Periphyton
Autotrophic (chlorophyll a) and heterotrophic (ash-free 

dry mass) biomass accrual was determined using a subset 
of slides from each site location using methods described in 
Naftz and others (2019). Slides selected for chemical analysis 
from each sample location were scraped with a Teflon spatula 
into a metal-free beaker with a small volume of deionized 
water for subsequent filtration, digestion, and chemical analy-
sis. Additional details on sample digestion and analysis are in 
Naftz and others (2019).

Major and Trace Elements in Diffusive Gradients 
and Equilibrium in Thin-Films Probes

After slicing the DGT and DET probes into 1-cm sec-
tions, each slice was eluted for 24 hours with 1N HNO3. The 
solutions were then analyzed by inductively coupled plasma-
mass spectrometry for target analytes (DGT was used for ura-
nium and molybdenum; DET was used for uranium, molybde-
num, calcium, potassium, iron, manganese, magnesium, and 
strontium). The DGT solute concentrations were calculated 
as follows:

 CDGT=M×Δg÷Dmdl×Ap×t (1)

where
 M is the mass of solute accumulated in the resin 

gel, in nanograms;
 Δg is the thickness of the diffusive gel and the 

filter layer, millimeters;
 Ap is the sample exposure window, in square 

centimeters; and
 t is the deployment time, in seconds.

Data Processing and Modeling

A variety of processing and modeling methods were used 
to describe and quantify interactions of the legacy ground-
water plume with the Little Wind River. Details of the data 
processing and modeling methods are described in the subse-
quent sections.

Surface Geophysics
Both EMI and ERT data were inverted to produce depth 

models of electrical conductivity. Briefly, inversion is the 
process of estimating an earth conductivity model from the 
geophysical data. The inverse problem (geophysical data to 
earth model) is typically nonlinear, so various numerical opti-
mization methods are used. Further constraints are typically 
needed to stabilize the inversion algorithm to provide realistic 
results. The most common procedure is a spatial regulariza-
tion parameter that enforces a degree of consistency between 

adjacent model cells, which gives resulting images a blurry 
appearance. For a summary of some common approaches for 
inversion, see Menke (2012).

EMI data were first corrected for instrument drift by 
using the median difference from each frequency recorded at 
the reference station before and after individual surveys and 
applying a linear scaling factor based on those differences (for 
example, Sudduth and others, 2001). Data were then imported 
into the Aarhus Workbench software (Aarhus GeoSoftware, 
2021) using the ground conductivity module and were resa-
mpled to 1-m-spaced soundings using a 3-m moving average 
window. Data quality was assessed visually, and a few areas 
with extremely high standard deviations (computed from the 
moving average) were removed; however, over 99 percent of 
the data were retained. Inspection of reference station data 
indicated an approximately 75-part-per-million (ppm) standard 
deviation for all frequencies, so this value plus 1 percent was 
used to provide error estimates to the inversion.

The inversion considered 20 layers logarithmically 
increasing in thickness to 10 m depth. A laterally constrained 
inversion was used, wherein a one-dimensional (1D) model 
is estimated at each data point, regularized to the surrounding 
inversion results. “Medium” vertical and horizontal constraints 
were used to enforce smoothness between adjacent models, 
and the inversion successfully converged after a few itera-
tions. For additional details on the inversion approach used in 
Workbench, see Auken and others (2015). Given the relatively 
high density of measurements at the site, results were linearly 
interpolated to aid in interpretation.

ERT data having stacking errors >2 percent, negative 
apparent resistivities, or apparent resistivities >5,000 ohm 
meters (Ω•m) were removed before inversion. Measurements 
were of overall high quality because >95 percent of the data 
retained after these filtering criteria were applied. Data were 
assumed to follow a 0.02 Ω•m plus or minus (±) 5-percent 
error model. The filtered ERT data were inverted using R2 
software (Binley, 2021). Further details on ERT inversion 
are in Binley (2015). Starting resistivity models based on 
the inverted EMI results were used. All inversions con-
verged successfully within seven iterations. Topography was 
added to resistivity models using the USGS 3D Elevation 
Program 1/3 arc-second resolution digital elevation model 
(USGS, 2013).

To better understand the approximate depth of sensitiv-
ity for geophysical data, depth of investigation calculations 
were done. Depth of investigation for the EMI inversion was 
calculated using a routine built into the Aarhus Workbench 
software package (Aarhus GeoSoftware, 2021) and based on 
Christiansen and Auken (2012). ERT depth of investigation 
was computed using the method of Oldenburg and Li (1999) 
using 50 and 1 Ω•m reference models.

FO–DTS data were extracted from the instrument files, 
geolocated, and analyzed for summary statistics in Matlab 
(Mathworks, 2021). Georeference information was collected 
in the field with a handheld global positioning system device 
at known cable distances whenever the cable installation 
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deviated from a straight line (number of samples [n] 
=21 points), and unknown cable positions were interpolated 
between reference points.

Environmental Tracer (Radon)
The concentration of radon-222 along the study reach 

that was receiving groundwater inflow was modeled with the 
equations for 1D steady state, advective stream transport with 
gas exchange and radioactive decay (Cook and others, 2006):

  Q  ∂ c _ ∂ x   = I ( c  i   − c)  + wEc − kwc − dwλc  (2)

   
∂ Q

 _ ∂ x    = I (x)  − L (x)  − E (x)   (3)

where
 c is the concentration of tracer in the river;
 ci is the concentration of tracer in the 

groundwater;
 I is the groundwater inflow rate, in cubic meters 

per meter per day;
 w is the stream width, in meters;
 d is the mean stream depth, calculated as the 

cross-sectional area divided by the width, 
in meters;

 k is the gas exchange velocity, in 
meters per day;

 λ is the tracer decay coefficient per day,
 Q is the river discharge, in cubic meters per day;
 E is the evaporation rate, in meters per day; and
 L is the river extraction rate, in cubic meters per 

meter per day.

Groundwater inflow along the study reach was esti-
mated by matching the observed stream concentrations of 
radon-222 with modeled radon-222 concentrations by varying 
the groundwater inflow along the reach. Groundwater inflow 
steps were assigned as varied parameters to coincide with the 
stream sampling intervals. Groundwater inflow for each step, 
I, from equation 2 was varied iteratively using the Levenberg-
Marquardt algorithm (Marquardt, 1963) to obtain a least-
squares fit by minimizing χ-squared residual. The resulting 
inflow value at each step provides an estimate of the spatial 
and volumetric distribution of groundwater inflow along the 
study reach with a change in stream discharge. Additional 
details on radon-222 modeling methods are in Goble (2018).

Tube Seepage Meters
Analysis of TSM data collected in 2016 and 2017 was 

completed using different methods. For 2016 data, vertical 
seepage rates (that is, vertical specific discharge) were calcu-
lated using Darcy’s equation:

  q  =  ΔH _ L    Ky  (4)

where
 q is the specific discharge, in meters per day;
 ΔH is the hydraulic head difference, in meters;
 L is the tube insertion depth in sediment, in 

meters; and
 Ky is the vertical hydraulic conductivity, in 

meters per day.

Vertical hydraulic conductivity of streambed sediments 
was estimated by falling-head tests using the already installed 
TSM following the methods of Genereux and others (2008).

Data collected in 2017 were analyzed to determine q fol-
lowing a modified version of the method of Solder and others 
(2016). Described briefly, the time-series of interior head after 
isolation (that is, valve closed) is fit with a second-order poly-
nomial by least-squares regression, with increased deference 
toward measurements at the start of the period, to describe the 
change in head through time. The first derivative of the fitted 
equation evaluated at time equals 0 is equal to q. This differs 
from Solder and others (2016) in that the time at which to 
evaluate the fitted polynomial (that is, the interior head equals 
the stream head) does not need to be estimated. With the 
zero-displacement valve, the interior head at the time of valve 
closure (that is, time equals 0) is equal to the stream head. 
Positive values of q indicate groundwater discharge to the 
stream. Measurements of q can be converted to a volumetric 
discharge rate (Q, in cubic meters per day) by multiplying q by 
the cross-sectional area of the tube (A=0.456 m2). Qualitative 
seepage direction (gain, loss, or neutral) also is reported for 
2017 measurements in which q could not be reliably calculated 
because of a lack of significant difference (less than the vari-
ability of measurements close in time) between water levels at 
the start and end of the interior head measurement period. A 
qualitative indicator of gain or loss was assigned when a clear 
trend in the interior head time series was present, and indicator 
of neutral was assigned when no trend was observed.

Streambed Vertical Thermal Sensor Arrays

Vertical seepage dynamics at subdaily timescales were 
inferred with independent logging thermistors at known verti-
cal spacing installed within saturated streambed sediments. 
The effects of seepage on depth-specific temperature time 
series are predictable based on the governing 1D advection-
conduction model if the thermal properties of the streambed 
are estimated or measured (Lapham, 1989). Briggs and others 
(2014) showed that the vertical temperature-based inference 
of upward seepage is particularly sensitive to the sediment 
thermal parameter model inputs. Recent reworking of the 
1D advection-conduction model solution based on paired 
amplitude ratio and phase shift of the diurnal signal between 
two depths in the vertical has allowed in situ evaluation of 
saturated thermal diffusivity, the master conductive parameter 
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(Luce and others, 2013). Following these principles, Irvine 
and others (2017a) developed an automated workflow addition 
to the Matlab-based software VFLUX (Gordon and others, 
2012) that uses the geometric mean of the thermal diffusivity 
time series derived from diurnal signals in the amplitude-ratio 
based analytical models of vertical water flux. We adopted 
that approach for the streambed temperature profile-based 
measurements of seepage within the study reach. During the 
modeling process early and late time (up to a few days) at 
the beginning and end of each deployment was removed to 
reduce edge effects of the diurnal signal extraction process as 
discussed by Gordon and others (2012).

Streamflow and Equal Discharge Increment 
Sampling

The net loading of uranium to the Little Wind River 
between upstream and downstream transects is calculated 
using mass balance considerations. A mass balance equation 
for the study reach is given by:

 QdCd=QuCu+ΔQCL (5)

where
 C is the dissolved uranium concentration given 

by the average of the three equal discharge 
increment samples at a given transect,

 CL is the average concentration of 
uranium reaching the stream via 
groundwater inflow,

 Q is the average streamflow at a given transect,
 ΔQ is the increase in streamflow within the study 

reach (Qd−Qu), and
 u and d denote quantities at the most upstream and 

downstream transects, respectively.

Equation 5 may be rearranged to solve for the net load:

 ΔQCL=QdCd−QuCu (6)

The average inflow concentration is then calculated by divid-
ing the net load by the increase in streamflow.

Hyporheic Exchange and Reactive Loss 
Estimates

The extent of surface and groundwater mixing in the 
hyporheic zone was estimated as a function of depth in the 
streambed and attenuation of reactive solutes using a two-end 
member mixing of overlying surface water and the ground-
water following the approach provided in Fuller and Harvey 
(2000). The fraction of surface water as calculated using major 
ion concentrations (for example, sodium) was used as conser-
vative, nonreactive tracers of surface and groundwater instead 
of an in-stream injection of a conservative tracer. The large 

difference between major ion chemistry in groundwater and 
surface water allows calculation of the fraction of each water 
type. For example, concentrations of sodium in groundwa-
ter within the contaminant plume range from 10 to 50 times 
higher than sodium concentrations in the Little Wind River. 
The fraction of surface water was calculated for each depth 
above the sample depth used to define the groundwater com-
ponent as follows:

 [Naz]=Fsw×[Nasw]+(1−Fsw)×[Nagw] (7)

where
   Nasw and Nagw are the conservative ion (sodium) 

concentrations of surface water and 
groundwater, respectively;

 Naz is the sodium concentration at any depth; and
 Fsw is the fraction of surface water.

The concentration of sodium in the 50-cm depth DP 
water sample was used in August 2016 for the groundwater 
component, and the 1-m depth DP water sample was used 
in August 2017 to represent the groundwater component. 
Equation 7 was solved for the fraction of surface water (Fsw). 
Sodium was used as the conservative tracer in this study, but 
use of other major ions (silicon, potassium, chloride, and sul-
fate [SO4]) resulted in Fsw that agreed within 10 percent of Fsw 
values determined using sodium.

The concentration of reactive solutes (for example, 
uranium and molybdenum) in the streambed resulting from 
groundwater and surface water mixing at each depth was 
then calculated in the absence of reaction following Fuller 
and Harvey (2000) and using the Fsw values, as follows (for 
uranium):

 [Upred,z]=Fsw×[Usw]+(1−Fsw)×[Ugw] (8)

where
    Usw and Ugw are dissolved uranium concentrations 

of surface water and groundwater, 
respectively, and

 Upred,z is the predicted concentration of uranium 
assuming no reactive loss or gain of 
uranium during mixing of groundwater and 
surface water in the hyporheic zone.

The difference between the predicted concentration, 
[Upred,z], and the measured concentration at any depth (for 
example, [Uz]) represents reactive loss of the solute if the 
predicted concentration is greater than the measured concen-
tration. Reactive loss is attributed to sorption or precipitation 
reactions attenuating the solute of interest. Release of the 
solute from the streambed is inferred if the measured con-
centration is greater than the predicted concentration from 
conservative, nonreactive mixing of the two waters. These 
calculations do not imply a specific flow path such as a verti-
cal flow path of upwelling groundwater that would entail using 
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the next deeper depth for the groundwater component. Instead, 
the chemistry of the groundwater component from the deeper 
drive points (for example, 1-m depth) are used in the mixing 
model to represent the groundwater mixing with surface water 
at each site and depth.

Riverton Processing Site Study Results 
and Discussion

The study results are presented under four general top-
ics: (1) seepage areas and seepage rates; (2) pore-water and 
bed sediment chemistry and hyporheic exchange and reactive 
loss; (3) exposure pathways and biological receptors; and 
(4) lessons learned. Results discussed under the first topic 
include streambed temperature mapping, surface geophysics 
(groundwater transport and discharge), seepage rates (TSMs 
and vertical thermal profiling), and radon as an environmental 
tracer of groundwater input. Results discussed under the sec-
ond topic include pore-water chemistry (DPs, MPs, and DET/
DGT probes), estimates of hyporheic exchange and reactive 
loss, bed sediment chemistry, and surface-water chemical gra-
dients along cross sections within the Little Wind River. The 
third topic includes biogeochemical results associated with 
surface sediments, filamentous macroalgae, periphytic algae, 
and macroinvertebrates. The fourth topic is an integration of 
the results from the first three topics into measurable changes 
along the study reach and how information from the Riverton 
Processing site could be applied to other DOE-managed sites 
in the western United States.

Data presented in this report section were collected dur-
ing water years 2015–17. Mean daily data from the USGS 
streamgage on the Little Wind River (Little Wind River near 
Riverton, Wyo.) about 2 km below the study reach (USGS, 
2019) are compared to each equipment deployment period/site 
visit (fig. 4). Annual maximum mean daily discharge varied 
during the water years 2015–17; water year 2015 had the 
lowest daily maximum, and water year 2017 had the highest 
annual maximum. In addition to the higher maximum mean 
daily discharge, water years 2016 and 2017 had multiple high-
flow events compared to water year 2015 (fig. 4).

Equipment deployment periods and site visits during 
water years 2015–17 were conducted on the falling limb of the 
hydrograph or during baseflow conditions (fig. 4). Mean daily 
discharge during the deployment of the FO–DTS equipment 
in water year 2015 ranged from 2.11 to 3.46 cubic meters per 
second (m3/s). Mean daily discharge during three site visits 
in water year 2016 ranged from 1.90 to 22.8 m3/s and ranged 
from 7.90 to 18.8 m3/s during the 15-day period coinciding 
with on-site data collection activities during water year 2017 
(fig. 4). Monitoring results from water years 2015–17 are 
presented and discussed in the next four sections.

Seepage Areas and Rates

Identification of groundwater seepage transport areas 
along the Little Wind River study reach were identified using 
streambed temperature mapping and surface geophysical 
methods. In addition, seepage rates were measured using tube 
seepage meters, thermal sensor arrays, and an environmental 
tracer (radon). Results from these measurements methods are 
presented in the subsequent five sections.

Streambed Temperature Mapping
A variety of techniques and equipment have been used to 

identify and quantify groundwater discharge to surface water 
and include seepage meters, heat flowmeters, DPs, MPs, verti-
cal streambed temperature profiling, tracer tests, measuring 
differences in streamflow along a stream reach, application of 
flow and chemical hydrograph separation techniques, and FO–
DTS (Conant, 2004; Selker and others, 2006; Henderson and 
others, 2009; Mwakanyamale and others, 2012). Groundwater 
discharge to streams and rivers also can be associated with 
contaminant plumes; however, many of these techniques can-
not provide the finer scale (meter to centimeter) information 
in a cost-effective manner to evaluate how these contaminant 
plumes interact with the stream or streambed (Conant, 2004; 
Conant and others, 2004). In addition, application of many of 
the more obtrusive methods at meter to submeter scales can 
alter the natural system (Conant, 2004). Streambed tempera-
ture mapping provides an inexpensive and unobtrusive method 
for identifying and measuring groundwater fluxes through a 
streambed at small spatial scales (Conant, 2004) and can guide 
the placement of semipermanent monitoring equipment in 
the streambed, such as vertical thermistor arrays and seep-
age meters.

Streambed temperature measurements have been applied 
in a variety of settings with various objectives. Streambed 
temperature mapping has been used to identify areas of 
upwelling groundwater supporting biologically critical thermal 
regimes in a Canadian stream and to guide the placement of 
streambed piezometers (Drake and others, 2010). Mapping of 
winter season streambed temperatures was used by Franssen 
and others (2013) to determine if brook trout (Salvelinus 
fontinalis [Mitchill, 1814]) spawning site selection in northern 
latitudes was affected by the presence of upwelling ground-
water. Temperature mapping also has been used to estimate 
groundwater discharge through streambeds on stream subreach 
to reach scales (Conant, 2004; Schmidt and others, 2007). 
Methods used to quantify groundwater discharge from stream-
bed temperature mapping include analytical (Schmidt and 
others, 2007) and empirical (Conant, 2004) approaches.

Streambed temperature maps were constructed for 
selected areas along the left bank of the Little Wind River 
during four periods: (1) June 30, 2016; (2) July 28, 2016; 
(3) August 10, 2016; and (4) August 15–17, 2017. Mapped 
areas were constrained to potential areas where the legacy 
groundwater plume intersected the left bank of the Little Wind 
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River. Mapped areas were further constrained by stream chan-
nel material that would allow full penetration of the tempera-
ture probe. Transition from sand/silt to cobble bottom material 
prevented the extension of temperature maps beyond about 
10 to 25 m from the left bank of the study reach. Migration 
of the sand channel during calendar years 2016 and 2017 and 
seasonal changes in river stage substantially changed the areas 
and relative locations available for streambed temperature 
mapping (fig. 5). Comparison of the aerial photographs of the 
study reach taken on May 2, 2014, and April 5, 2018, indi-
cated a 23.5-m extension of the left bank associated with sand 
channel location A (fig. 5) and a 7.2-m shortening of the left 
bank associated with sand channel location B (fig. 5). Channel 
migration can change streambed elevation and associated 
stream depth, which in turn could change the direction and 
(or) magnitude of groundwater discharge through the stream-
bed (Conant, 2004). The aerial photograph taken April 5, 2018 
(USGS, 2022), is used as a base map in subsequent report sec-
tions to show streambed temperature measurement locations, 
as well as the locations of sites where other types of data (for 
example DPs, MPs, DETs, and DGTs) were collected inland 
from the location of the left streambank. To access the air 
photo data collected during April 5, 2018 (https://ea rth 
explore r.usgs.gov), select the “Data Sets” tab, expand “UAS,” 
and select “UAS – Ortho.” Under “Additional Criteria,” 

expand “Project” and enter “USGS_WY_Little_Wind_River.” 
Hit the “Results” radio button to view the data. Despite their 
appearance on the base maps, temperature measurement and 
other data collection sites were consistently within the areas of 
active streamflow during each water year (2016 and 2017) of 
the study period.

Data used to construct the streambed temperature maps 
are provided in Naftz and others (2019). Variations in stream-
bed temperature at the Riverton Processing site were used 
to help guide the selection of monitoring and sampling sites 
including TSMs, DPs, MPs, continuous vertical thermal 
profilers (iButtons), and DET/DGT samplers. Boxplots were 
used to compare the streambed temperature data distributions 
collected during the four monitoring periods during June 2016 
to August 2017 (fig. 6). Median streambed temperatures dur-
ing the mapping periods ranged from 17.5 to 21.9 °C. The 
highest median streambed temperature was during July 2016 
and the lowest median streambed temperature was during 
August 2017.

Contour maps of streambed temperatures were con-
structed for the three sampling periods in 2016 (fig. 7) and 
the single sampling period in 2017 (fig. 8). The less than 
or equal to (≤) 25th percentile of streambed temperature 
was plotted on each contour explanation to provide a point 
of reference to identify areas with a higher potential for 

https://earthexplorer.usgs.gov
https://earthexplorer.usgs.gov


Riverton Processing Site Study Results and Discussion  15

23.5 meters
7.2 meters

A

B

−108.3986°

−108.3994°

42.987° 42.988° 42.989°

0

0 10 20 30 40

100 200 FEET

50 METERS

EXPLANATION

Left bank on April 5, 2018 
(U.S. Geological Survey, 2022)

Distance of left bank migration
from 2014 to 2018 

Area 1 boundary

Downstream

A
23.5 meters

Base map data from Google, 2014

N

42.990°42.988°

−108.3994°

−108.3972°

−108.3951°

Area 1

Area 2

N

Figure 5. Map showing migration of left bank of the Little Wind River along part of the study reach from May 2, 2014, to April 5, 2018 
(U.S. Geological Survey, 2022), Riverton Processing site, Wyoming.

13

14

15

16

17

18

19

20

21

22

23

24

25

113

219

688

473

EXPLANATION

Maximum value

Number of values

Individual value above 
95th percentile 

75th percentile

95th percentile

50th percentile (median)

Mean value

25th percentile

5th percentile

Individual value below 
5th percentile

Minimum value

219

St
re

am
be

d 
te

m
pe

ra
tu

re
, i

n 
de

gr
ee

s 
Ce

ls
iu

s

June July August August
2016 2017

Figure 6. Boxplots of streambed temperature data (Naftz and others, 2019) collected along the study reach during 2016 and 2017, Little 
Wind River, Riverton Processing site, Wyoming.



16  Interaction of a Legacy Groundwater Contaminant Plume with the Little Wind River

42.989°42.988°42.987°

−108.3994°

−108.3986°
50 100

0

0

25 50 METERS

150 FEET 

DP−1

WR−5

WR3−R

WR3−L

DP−2

DP−9

A. Area 1, June 2016 

N

Base modified from U.S. Geological Survey, 2022

EXPLANATION

17.75

19.32

20.90

25th percentile13.02

14.60

16.17

Streambed temperature, in degrees Celsius Downstream

Large-diameter (2.5-centimeter) 
drive point location and identifier

DP−2

EXPLANATION

Streambed temperature, in degrees Celsius Downstream

Large-diameter (2.5-centimeter) 
drive point location and identifier

WR−7

42.989°42.988°42.987°

−108.3994°

−108.3986°

B. Area 1, July 2016 

WR−9

WR−7
DP−2

DP−1
WR3−L

WR3−C

50 100

0

0

25 50 METERS

150 FEET 

N

13.75

15.66

17.57

19.48

21.39

23.30

25th percentile

Figure 7. Contour maps of streambed temperatures along parts of the study reach, Little Wind River, Riverton Processing site, 
Wyoming. A, area 1, June 2016. B, area 1, July 2016. C, area 1, August 2016. D, area 2, August 2016 (Naftz and others, 2019).



Riverton Processing Site Study Results and Discussion  17

42.990°42.988°

−108.3994°

−108.3972°

−108.3951°

Area 1

Area 2

N

Base modified from U.S. Geological Survey, 2022

42.989°42.988°42.987°

−108.3994°

−108.3986°

WR3−L

MP5

MP3

WR3−C

MP2

DP−1

DP−2 WR−9

WR−7

MP4

MP1

EXPLANATION

14.98

16.29

17.60

18.92

20.23

21.54

25th percentile

Streambed temperature, in degrees Celsius Downstream

Large-diameter (2.5-centimeter) 
drive point location and identifier

Small-diameter (0.9-centimeter) 
drive point and minipiezometer 
location and identifier

DP−1

MP2

50 100

0

0

25 50 METERS

150 FEET 

C. Area 1, August 2016 

N

D. Area 2, August 2016

EXPLANATION

Downstream

Large-diameter (2.5-centimeter) drive 
point location and identifier

Streambed temperature, 
in degrees Celsius

14.98

16.29

17.60

18.92

20.23

21.54

25th percentile

WR−10

25

0

0

10 20 METERS

50 FEET 

WR−10

    
    

42.9903°

42.9905°

−108.3954° −108.3950° −108.3946°

N

Figure 7. Contour maps of streambed temperatures along parts of the study reach, Little Wind River, Riverton Processing site, 
Wyoming. A, area 1, June 2016. B, area 1, July 2016. C, area 1, August 2016. D, area 2, August 2016 (Naftz and others, 2019).—Continued



18  Interaction of a Legacy Groundwater Contaminant Plume with the Little Wind River

EXPLANATION

42.989°42.988°42.987°

−108.3994°

−108.3984°
0 50

50 METERS25

100 FEET

0
WR17−2

WR17−9

WR17−3

WR17−4
WR17−5 WR17−6

WR17−7

WR17−8

WR17−1

A. Area 1

18.01

18.51

19.01

<16.5

25th percentile
17

17.5

Streambed temperature, in degrees Celsius

Area boundary 2017

Area boundary 2016

Downstream

Large-diameter (2.5-centimeter) drive 
point location and identifier

WR17−1

N

N

42.9906°42.9905°42.9904°42.9903°
−108.3960°

−108.3955°

−108.3950°

−108.3945°

WR-10

WR17−10

0

0

10

15

20 METERS

30 FEET

B.  Area 2

N

Base modified from U.S. Geological Survey, 2022

Figure 8. Contour maps of streambed temperatures during August 2017 along parts of the study reach, Little Wind River, 
Riverton Processing site, Wyoming (Naftz and others, 2019). A, area 1. B, area 2.



Riverton Processing Site Study Results and Discussion  19

groundwater discharge through the streambed. The coldest 
streambed temperatures during the June 2016 mapping period 
were measured at the mouth of the side channel between DPs 
DP–2 and DP–9 (fig. 7A). Streambed temperatures in this 
area were between 13 and 14.5 °C. Streambed cobbles along 
the mainstream channel prevented streambed temperature 
measurements in a 50-m long section of the left bank of the 
main channel that contained DPs DP–1 and DP–2 (fig. 7A). 
June 2016 streambed temperatures within the area contain-
ing DPs WR3–L, WR–5, and WR3–R were mostly elevated 
relative to the 25th percentile; however, there were two areas 
containing colder (≤25th percentile) streambed temperatures 
along the left bank between DPs WR3–L and DP–1 (fig. 7A).

Cold (≤25th percentile) streambed temperatures dur-
ing July 2016 were in narrow (<2-m width) areas along the 
left bank, north of DPs WR3–C and WR3–L (fig. 7B). Like 
the June 2016 results, cold (≤25th percentile) streambed 
temperatures were measured at the mouth of the side chan-
nel and extended southeast to DP–2 (fig. 7B). It is likely that 
cold streambed temperatures were present along the left bank 
between DPs DP–1 and DP–2; however, cobbles in this sec-
tion of the channel prevented any measurements of streambed 
temperatures. The increased extent of the cold streambed tem-
perature anomaly at the mouth of the side channel relative to 
June 2016 was likely attributable to a decrease in river stage. 
A third area of cold (≤25th percentile) streambed temperatures 
was measured in a section of ponded water about 30 m west 
of drive point DP–1 (fig. 7B). The coldest temperatures in 
this area were confined to an area along the left bank of the 
side channel.

August 2016 streambed temperatures were mapped 
in areas 1 and 2 along the study reach (figs. 7C and 7D). 
Decreasing water levels in the Little Wind River during the 
August 2016 mapping period resulted in two stream chan-
nels near DP WR3–C (fig. 7C). The coldest (≤25th percentile) 
streambed temperatures were along the left bank of the split 
channel immediately west of DP WR3–C and east of DP 
WR3–L. A similar pattern of cold (≤25th percentile) stream-
bed temperatures exhibited by the July 2016 mapping results 
also was measured at the mouth of the side channel and per-
sisted in a southerly trend to DP–2. Streambed temperatures 
were not measured in ponded water west of DP–1 (fig. 7C) 
during August 2016; however, it is likely that similar condi-
tions resulted in a similar streambed temperature anomaly to 
what existed during July 2016.

Cobbles in some sections of the streambed in area 2 
limited temperature mapping to two sections (fig. 7D). Like 
area 1, the coldest (≤25th percentile) streambed temperatures 
were generally along the left bank of the Little Wind River. 
The cold streambed temperatures near DP WR–10 were likely 
affected by preferential groundwater flow through an aban-
doned oxbow intersecting the active channel of the Little Wind 
River (fig. 7D).

Streambed temperature mapping in 2017 was limited to 
a single period during August and was conducted in areas 1 
and 2 (figs. 8A and 8B). Parts of the active stream channel 

in the central part of area 1 shifted to the northeast between 
the 2016 and 2017 mapping periods (fig. 8A). Because of the 
shifting stream channel, the clustering of cold (≤25th per-
centile) streambed temperatures also shifted to the northeast. 
Like the 2016 results, the colder streambed temperatures were 
mostly limited to narrow (<5 m) areas along the left bank of 
the active channel where DPs WR17–2, 3, 4, 5, and 6 were 
installed (fig. 8A). The 2017 streambed temperature mapping 
area was extended upstream in the side channel in the south-
west corner of area 1 (fig. 8A). Streambed temperatures in 
the southwest corner of area 1 were generally greater than or 
equal to 25th percentile of the streambed temperatures except 
for one small area near DP WR17–1 (fig. 8A). In contrast to 
the 2016 results, the mouth of the side channel in the north 
part of area 1 did not contain cold (≤25th percentile) stream-
bed temperatures (fig. 8A). The cause for this is not known; 
however, continued erosion of the delta at the mouth of the 
side channel between the 2016 and 2017 mapping periods may 
have changed the movement of groundwater into the near-
surface parts of the streambed. As noted previously, about 7 m 
of the side channel delta in area 1 was removed between May 
2014 and April 2018 (fig. 5). The cold streambed temperatures 
that extended south along the left bank of the main channel to 
DP–2 during 2016 (figs. 7A–C) also were measured during the 
2017 monitoring period and were between DPs WR17–6 and 
7 (fig. 8A).

Changes in bed material along the left bank of the stream 
channel in area 2 between August 2016 and August 2017 
prevented streambed temperature mapping in the exact same 
area. For reference, figure 8B compares the boundary of area 2 
in 2016 (white) with the boundary of Area 2 in 2017 (yellow). 
No areas of cold (≤25th percentile) streambed temperatures 
were mapped in area 2 during August 2017 (fig. 8B). The 
absence of cold anomalies in the area 2 streambed sediments 
during 2017 likely was caused by the upstream shift in the 
survey area that did not capture groundwater input from the 
abandoned oxbow intersecting the active channel of the Little 
Wind River. Groundwater inflow from the abandoned oxbow 
channel was about 40 m east (downstream) of the area with 
the coldest streambed temperatures during 2017 in area 2 
(fig. 8B). For comparison, a DP (WR17–10) was placed along 
the left bank of the active stream channel that contained the 
coldest streambed temperature measurements observed in 
area 2 during the 2017 mapping period (fig. 8B).

Surface Geophysics (Groundwater Transport)
Both geophysical methods for sensing electrical conduc-

tivity (EMI and ERT) have advantages and disadvantages. 
EMI data collection is relatively straightforward. Because the 
EMI instrument does not require direct ground contact, data 
can be collected at walking speed, unlike ERT where elec-
trodes and cables must be set up, and measurements may take 
several hours to complete. However, EMI generally cannot 
detect low conductivity targets. Further, the depth resolution of 
EMI is generally poor when compared to ERT. Both methods 
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are subject to decreasing sensitivity with depth. For the con-
figurations used in this study, we did not expect any sensitivity 
for either method beyond about 10 m below ground surface. 
Our hope was to use ERT to gather electrical conductivity 
information at relatively fine depth resolution and to extend 
these findings to spatially extensive EMI data.

The distribution of electrical conductivity inverted from 
EMI data is shown at 1-, 3-, and 5-m depths in figure 9. In 
most areas, the depth of investigation did not extend below 
5 m, so data analysis was limited to the upper 5 m. High 
electrical conductivity values (>1,500 microsiemens per cen-
timeter at 25 °C [µS/cm]) mainly were present in the northern 
area near the oxbow and toward the southern area, in the 
general area where the contaminant plume likely is present. 
At the 3-m depth, high electrical conductivity in both areas 
seems to migrate closer to the Little Wind River (fig. 9A). The 
southern high conductivity zone is still relatively extensive 
at the 3-m depth, whereas the northern zone is diminished in 
size (fig. 9B). At the 5-m depth, small, localized zones of high 

electrical conductivity are present near and below the Little 
Wind River (fig. 9C), generally seeming to line up with the 
path of high conductivity migration toward the river observed 
at the 1- and 3-m depths (figs. 9A and 9B). We interpret these 
results as groundwater flow transporting ions, either from 
evaporite deposits or related to the contaminant plume, into or 
below the Little Wind River.

ERT inversions are compared to EMI inversions in 
figure 10. ERT depth of investigation was limited to about 6 m 
in most areas, so results were limited to this depth. In general, 
results indicate a lower conductivity layer overlying a higher 
conductivity layer. These layers are interpreted as unsaturated 
shallow aquifer sand deposits (lower conductivity layer) over-
lying more-conductive saturated sediments (higher conduc-
tivity layer). EMT inversions from the 2-m spaced electrode 
roll-along style surveys (figs. 10F and 10G) seem reasonably 
consistent with the EMI inversions (figs. 10L and 10M) but 
overall indicate more vertical and horizontal variability. This 
variability is particularly apparent in the 1-m spaced lines 

A. 1-meter depth
−108°24.326'

42°59.679'
−108°23.502'

42°59.076'

EXPLANATION

0 to 500 

Electrical resistivity tomography 
survey lines

>500 to 1,000  

>1,000 to 1,500  

>1,500 

Little Wind River

River oxbow

Sand bars

Electrical conductivity, 
in microsiemens per 
centimeter at 
25 degrees Celsius

−108°23.502'
42°59.679'

42°59.076'

−108°24.326'
C. 5-meter depth

0

200 METERS100

400 800 FEET

0

−108°24.326'
42°59.679'

42°59.076'

−108°23.502'
B. 3-meter depth

Base modified from U.S. Geological Survey, 2022

Figure 9. Electrical conductivity inverted from electromagnetic induction data, Little Wind River, Riverton Processing site, 
Wyoming (Terry and Briggs, 2019). A, 1-meter depth. B, 3-meter depth. C, 5-meter depth.
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(figs. 10C–10E), which show discrete zones of high electrical 
conductivity (low resistivity) surrounded by lower electrical 
conductivity (higher resistivity) and only are faintly compa-
rable to the more layered (low conductivity over high conduc-
tivity) appearance of results obtained from EMI inversions 
(figs. 10I–10K). Substantial effort was put forth to determine 
if the cause of these anomalous results was a result of the data 
processing, including directly incorporating topography and 
geographic location into the inversion, stricter filtering of the 
data, and numerous inversion and data weighting options; 
however, results were typically similar in appearance. It is 
possible that these anomalies represent isolated lenses of high 
conductivity materials and (or) high salinity groundwater, and 
that the decreased resolution/sensitivity of the EMI data causes 
these anomalies to be smoothed out in space.

Surface Geophysics (Groundwater Discharge)
Temperature has long been used as an indicator of 

groundwater discharge throughout surface-water systems, as 
thoroughly reviewed by Constantz (2008). Spatial and tem-
poral continuity in direct-contact environmental temperature 
measurements was improved when FO–DTS techniques were 
introduced to the hydrogeological community (for example, 
Selker and others, 2006), where temperature is measured over 
discrete sections along kilometer-scale fiber-optic cables. 
Raman-spectra backscatter FO–DTS techniques rely on the 
temperature-dependent backscatter of laser light pulses emit-
ted along an optical fiber that return to the control unit within 
the anti-Stokes frequency range (Dakin and others, 1985). 
The most common application of FO–DTS in river systems 
is for armored cables that contain one or more optical fibers 
to be deployed directly along the sediment-water interface. 
Temperature data are collected over time by a control unit that 
is plugged into the cable, typically at a 0.25 to 1 m minimum 
linear spatial resolution along cable lengths of ≤2 km. Discrete 
or spatially “preferential” zones of groundwater discharge 
are then recognized by their characteristic effect on vari-
ous temperature metrics, such as mean, minimum, and (or) 
standard deviation by cable location over time (Briggs and 
Hare, 2018). Temperature anomalies along FO–DTS cables 
deployed in flowing water of similar depth to the Little Wind 
River recently were determined to directly relate to preferen-
tial groundwater discharge points that showed on average five 
times the vertical discharge rate compared to other streambed 
locations only meters away (Rosenberry and others, 2016).

Mean temperature anomalies often are used to indicate 
preferential groundwater discharge zones over longer-term 
FO–DTS deployments (for example, Hare and others, 2015); 
however, the submerged sections of cable at the Little Wind 
River site had little spatial variation in this metric. As might be 
expected, locations along the shallow side channel and toward 
the distal end of the deployment where the cable was partially 
exposed to air had the largest standard deviation in interface 
temperature (fig. 11A). Downstream from the side chan-
nel, several discrete locations had slightly reduced standard 

deviation from the ambient interface condition that are paired 
with enhanced minimum temperature (figs. 11B and 11C). 
These locations are interpreted as discharge zones of relatively 
warm, shallow groundwater (about >14 °C), an interpretation 
supported by the point-in-time streambed temperature map-
ping (figs. 7 and 8). Shallow groundwater along these flow-
paths may be expected in systems with low lateral hydraulic 
gradients, such as the Little Wind River corridor, and warm 
primarily through downward conduction of surface heat over 
the summer. Focused groundwater discharges that are directly 
intersected by the FO–DTS cable along the streambed inter-
face buffer daily temperature swings and moderate nighttime 
cooling, creating the paired standard deviation and minimum 
temperature anomalies that were observed.

Figure 12 is a comparison between anomalously low 
streambed temperature standard deviations and anomalously 
high electrical conductivity at 1 m deep measured with EMI. 
Four zones of low temperature standard deviation (<2.28 °C) 
were identified (labeled a1 to a4 in fig. 12), which correspond 
closely with high electrical conductivity areas (>600 µS/
cm). Extremely high electrical conductivity zones (1,000 µS/
cm) are also observed in the corresponding areas of the ERT 
inversion results; zone a2 corresponds to the 0–20-m region of 
W1W2W3 (fig. 10F), and zone a1 corresponds to the 0–20-m 
region of W9 (fig. 10E). These areas are interpreted as zones 
of discharge to the Little Wind River.

Tube Seepage Meters
Traditional seepage meters have been widely used to 

measure groundwater discharge in streams and rivers (Libelo 
and MacIntyre 1994; Landon and others, 2001; Rosenberry, 
2008). Decades of use and testing have revealed that tradi-
tional seepage meters are subject to errors related to flow 
constriction, resistance to filling of collection bags, and 
pressure effects on exposed bags (Murdoch and Kelly, 2003; 
Rosenberry and others, 2008), although careful design, 
installation, measurement technique, and meter calibration 
(Rosenberry and Menheer, 2006) can provide reliable field 
results. In flowing surface-water settings, groundwater seepage 
measurements may be biased if the relatively large frontal area 
and rigid structure of traditional meters induce seepage via the 
Bernoulli effect (Cable and others, 2006; Rosenberry, 2008), 
if the large footprint causes substantial sediment disturbance 
(Rosenberry 2008; Rosenberry and others, 2010), or both.

TSMs (Solder and others, 2016) are a newer method for 
direct measurement of groundwater-surface water exchange, 
designed to reduce some of the errors associated with tradi-
tional seepage meters. Vertical seepage rates (q) were mea-
sured by TSM during four site visits along the study reach 
during 2016 and 2017 (figs. 13 and 14). TSM installation was 
limited by a pervasive cobble layer in the stream bed below 
more mobile sands and fine-grain materials. The cobble layer 
prevented TSM full depth penetration (about 1 m) at many 
sites and prevented any TSM installation in 2016 between 
sites TSM6 and TSM7R (fig. 14C). Two stainless-steel TSMs 
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Base modified from U.S. Geological Survey, 2022
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were installed in the cobble stream bed section in 2017 (TSM7 
and TSM8) and polycarbonate tubes in sand deposits near the 
left bank (sites TSM9 and TSM13; fig. 14D).

Measured specific discharge, q, in 2016 represents the 
time-averaged q over an interval related to the temporal stabil-
ity of the change in hydraulic head (ΔH), whereas the rates 
measured in 2017 are individual instantaneous measurements 
of q. Comparison of summarized q measurements for June, 
July, and August 2016, and August 2017 (figs. 13 and 14) is 
useful for characterizing broader hydrologic conditions across 
the study site and through time. The lowest median q was 
observed in 2017 (fig. 13). The 2016 mean q for all months is 
0.45 m/d, ranging from −0.02 to 1.55 m/d with extreme outli-
ers removed; and the 2017 mean q is 0.01 m/d, ranging from 
−0.04 to 0.05 m/d. Extreme outliers of q in 2016 data (June, 
WR3C=12.3 m/d, WR3R=10.3 m/d, and WR4=4.36 m/d; and 
August WR3C=3.90 m/d) are likely the result of increased 
uncertainty in estimated vertical hydraulic conductivity (Kv), 
in meters per day, associated with rapid falling water levels 
(>2.5 cm in 25 seconds), resulting in lower accuracy of timed 
head measurements at these sites during falling head tests. 
Spatially, q is consistently higher in 2016 and 2017 at the junc-
tions between the ephemeral side channels and main channel 
at the upstream and downstream ends of the intensive study 
reach (fig. 14).

Comparison of TSM-measured mean q for all site 
visits and mean q from 2016 only to stream stage (USGS 
streamgage 06235500 [fig. 1]; USGS, 2019) indicated no 
statistically significant relationship. A statistically significant, 
albeit weak, negative correlation was determined between 
hourly measured q at site TSM13 (site with the longest con-
tinuous record in 2017) and stream stage (correlation coeffi-
cient=−0.27, statistical significance [p-value] <0.01).

Preliminary site-scale estimates of q in the area directly 
upgradient from the study area were calculated based on 
horizontal hydraulic head gradients and published estimates of 
Kv ranging from 45.7 to 54.9 m/d (Knowlton and others, 1997; 
DOE, 1998). Hydraulic head gradients were calculated from 
water levels measured in August of 2016 and 2017 at sites 
between Rendezvous Road and the Little Wind River (DOE, 
2021) and averaged 7.3×10−4 and 6.7×10−4 meter per meter 
(m/m) in 2016 and 2017, respectively. Resulting q ranged from 
0.11 to 0.13 m/d in 2016 and from 0.10 to 0.12 m/d in 2017.

Vertical Thermal Sensor Arrays
Patterns of groundwater-surface water exchange are 

highly variable in space and over time (Boano and others, 
2014), often needing methods that can characterize the tem-
poral dynamics of seepage rates. In addition to direct physical 
approaches (for example, TSMs), vertical seepage dynamics 
at subdaily timescales can be inferred from vertical thermal 
sensor arrays installed within saturated streambed sediments. 
As reviewed thoroughly by Irvine and others (2017b), depth-
specific streambed temperature measurements are typically 
collected with independent logging thermistors at known 

vertical spacing, which is often achieved by embedding therm-
istors within a solid rod or pipe. The vertical advection of 
water (seepage) affects the thermal gradient between shallow 
and deeper sediments, including the downward propagation of 
natural surface temperature diurnal signals (Constantz, 2008). 
The effects of seepage on depth-specific temperature time 
series are predictable based on the governing 1D advection-
conduction model if the thermal properties of the streambed 
are estimated or measured (Lapham, 1989).

Vertical thermal profiles were collected in saturated 
streambed sediments during periods from June 29 to 
September 15, 2016, or from August 23 to August 31, 2017. 
In 2016, the sensor arrays were relocated to various streambed 
locations two to three times over the period of deployment, 
whereas in 2017 the sensor arrays were left in place during the 
shorter period of deployment (fig. 15). In general, 2016 sensor 
array deployment locations were more broadly spaced and 
guided by existing ancillary data and information, whereas in 
2017, the profilers were installed in a relatively small area of 
suspected paleo-channel groundwater discharge to the Little 
Wind River. As the downward propagation of surface tem-
perature signals is highly attenuated in groundwater discharge 
zones (target of this study), the custom temperature sensor 
arrays were designed to collect high spatial resolution data just 
below the sediment-water interface.

Visual inspection of the raw 2016 streambed tempera-
ture sensor array data indicated poor coupling and (or) strong 
hyporheic downwelling at several locations over the varied 
deployment periods such that many locations showed little 
difference in temperature dynamics with depth. When there is 
effectively no vertical gradient in streambed temperature for 
a given period, there is little information that can be extracted 
for seepage flux modeling. Therefore, quantitative flux model-
ing using data collected in 2016 was only possible for three 
streambed locations (table 1). Saturated streambed thermal dif-
fusivity as derived from the vertical transport of natural diur-
nal temperature signals ranged from 0.03 to 0.06 square meter 
per day (m2/d) (geometric mean) for the 2016 deployments 
where strong coupling between the streambed and the pro-
filer was indicated. This range in thermal diffusivity values is 
generally consistent with other reported values for fine-grained 
river sediments (Rau and others, 2012), and these values were 
used for the diurnal signal amplitude-ratio base modeling of 
vertical seepage rates. A constant streambed porosity of 0.35 
was assumed for all deployment locations. Modeled flux rates 
were modest to circum-neutral and generally ranged from 0.2 
to −0.2 m/d (positive sign indicates upward flow, or upwell-
ing), depending on location (table 1). The most consistent 
modeled record of upward groundwater discharge is in the 
general area where the 2017 temperature sensor arrays were 
concentrated.

In contrast to 2016, the 2017 streambed temperature 
sensor array data indicated universally strong coupling with 
streambed sediments except at site 6 where quantitative seep-
age modeling was not attempted. A thermal diffusivity of 
0.6 m2/d was assumed for all vertical flux models based on the 
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Table 1. Mean and standard deviation of modeled temperature signal-based vertical water flux at each vertical thermal sensor array 
site (Naftz and others, 2019) installed in the Little Wind River, Riverton Processing site, Wyoming, 2016–17.

Site  
(fig. 15)

Latitude Longitude
Mean flux, 

in meters per day
Standard deviation flux, 

in meters per day

2016 location

Q5 (2) 42.98928676 –108.3992661 –0.01 0.13
Q5 (3) 42.98928034 –108.399248 0.08 0.07
R5 (1) 42.988407 –108.398866 –0.04 0.05
R5 (2) 42.98850954 –108.3989053 –0.13 0.02
R5 (3) 42.98891138 –108.3991021 –0.08 0.05
R6 (2) 42.98923748 –108.3992011 0.02 0.05

2017 location

1 42.98818137 −108.3985427 0.23 0.02
3 42.98833197 –108.3986177 0.04 0.03
4 42.98842435 –108.3986905 0.08 0.06
5 42.98853245 –108.3988257 0.23 0.02
7 42.9887304 –108.3990961 0.21 0.11
8 42.98890491 –108.3991036 0.16 0.01
9 42.98918046 –108.399158 0.11 0.02
10 42.98921861 –108.399158 0.02 0.03
11 42.9893197 –108.3991759 0.00 0.07
12 42.989133 –108.399113 –0.02 0.03

2016 data and typical reported thermal properties of riverbed 
sediments, and a porosity of 0.35 was assumed. The model-
ing results for the 10 remaining streambed sites are listed in 
table 1. Five streambed sites indicated circum-neutral vertical 
seepage flux conditions where ±1 standard deviation of sub-
daily modeled flux values included 0. The other five streambed 
locations showed mean upwelling values where 0 was not 
included within 1 standard deviation, and these mean values 
ranged 0.11 to 0.23 m/d (table 1). Temporal variance was 
generally small (0.01 to 0.02 m/d standard deviation), except 
for site 7, which showed large changes in vertical seepage rate 
over the deployment period.

Environmental Tracer (Radon)

Radon-222 (222Rn) is a soluble, colorless, gaseous, inert, 
unstable isotope produced by the decay of radium-226 (226Ra) 
contained in uranium-bearing subsurface materials. With a 
half-life of 3.8 days, radon-222 reaches secular equilibrium 
with radium-226 activity in the subsurface materials within 
2–3 weeks (Cook, 2013). Water in equilibrium with the 
atmosphere has no radon-222 concentration, and the presence 
of 222Rn in surface waters is indicative of subsurface interac-
tion. Radon activities in groundwater are typically two to 
three orders of magnitude higher than those in surface waters; 
therefore, points of elevated 222Rn in streams indicate zones of 
groundwater inflow (Yu and others, 2013).

Figure 16 shows the groundwater and surface-water 
sampling locations where 222Rn samples were collected within 
the study area. Specific conductance ranged from 306.2 
to 18,511 μS/cm, with a mean of 8,002 μS/cm (fig. 17A). 
Concentrations of 222Rn expressed as activity per volume 
in samples collected from wells and drive points between 
2016 and 2017 ranged from 87.9 to 1,583 picocuries per liter 
(pCi/L), with a mean concentration of 456 pCi/L (fig. 17B). 
Concentrations of 222Rn in water samples collected from the 
Little Wind River during 2016 ranged from 10.9 to 19.7 pCi/L 
in June; 8.9 to 25.7 pCi/L in July; and 14.8 to 25.7 pCi/L in 
August. During 2016, the average stream concentrations of 
222Rn increased each month and were 15.1 (June), 18.7 (July), 
and 19.6 (August) pCi/L (fig. 18). Instream 222Rn concentra-
tions measured during August 2017 were substantially lower, 
ranging from 5.4 to 9.8 pCi/L with a mean of 7.9 pCi/L 
(fig. 18). Instream specific conductance values ranged from 
479 to 492 μS/cm in June 2016; 1,029 to 1,056 μS/cm in 
July 2016; and 1,047 to 1,067 μS/cm in August 2016 (fig. 19). 
Specific conductance values increased in 2016 between each 
sampling period, reflecting decreases in stream stage (fig. 19). 
Specific conductance ranged from 700 to 722 μS/cm during 
the sampling period in August 2017 (fig. 19).

The radon-222 data were used to estimate the ground-
water inflow along the study reach (fig. 16) during the four 
sampling periods in 2016 and 2017 using a method described 
in Goble (2018). Results of the groundwater discharge model-
ing indicated an evolution in inflow patterns with fluctuations 
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in river stage and flow conditions (fig. 20). Estimated inflow 
in June 2016 was large at the upper (0–0.4 km) and cen-
tral (0.8–1.2 km) parts of the reach (fig. 20B) with a total 
stream contribution of 19,016 cubic meters per day (m3/d). 
By July, the inflow was limited to the central (0.8–1.0 km) 
and the lower (1.2–2.0 km) parts of the reach (fig. 20D) with 
a cumulative discharge of 14,218 m3/d. Two weeks later in 
August 2016, the inflow was again confined to the upper 
central (0.4–1.0 km) and lowermost parts (1.7–2.0 km) of the 
reach (fig. 20F) with a cumulative discharge of 11,858 m3/d. 
In August 2017, however, low river radon-222 concentra-
tions resulted in substantially less estimated inflow along the 
reach. There was an initial pulse of water at the uppermost part 
(0–0.4 km) of the reach (fig. 20H) contributing 9,536 m3/d to 
the Little Wind River.

During 2016, consistent inflow of groundwater was 
observed in the central part of the study reach, between 0.7 
and 1.7 km downstream (figs. 20B, D, and F), which was con-
gruous with the center of the previously mapped groundwater 
plume discharge zone. Cumulative declines in groundwater 
inflow during June through August 2016 were determined. 
These declines in groundwater discharge were concurrent with 
declines in the stream stage (fig. 4) and the associated reduc-
tion in aquifer storage. The groundwater contribution along 
the reach as a percentage of streamflow was around 1 percent 
in June 2016, increasing to about 6 percent during the base-
flow periods in July and August 2016 (fig. 21). Groundwater 
contribution during August 2017 decreased to about 1 percent 
of streamflow, indicating higher streamflow conditions relative 
to August 2016 (fig. 4) and that typical late season baseflow 
conditions had not been attained.

Pore-Water and Bed Sediment Chemistry

A key component in assessing the effect and flux of the 
legacy plume into the Little Wind River is determining the 
extent of contaminant attenuation during groundwater emer-
gence and mixing with stream water. In this study, interac-
tion of the legacy plume with the Little Wind River was 
investigated using chemical analysis of shallow groundwater 
and hyporheic zone porewaters to identify the spatial extent 
of contaminated groundwater and develop mixing models 
to estimate reactive loss or attenuation during groundwater 
emergence and mixing with surface water in the hyporheic 
zone. Bed sediment chemistry also was determined in 2017 for 
comparison to porewater results (Naftz and others, 2019).

Mixing of emerging groundwater with surface water in 
stream and river corridors occurs largely in the streambed 
interface between shallow aquifer and stream channel. This 
interface is termed the hyporheic zone, where flow paths occur 
over a range of spatial scales from a few centimeters up to a 
meter vertically, and up to hundreds of meters horizontally 
(Triska and others, 1989; Harvey and Bencala, 1993; Harvey 
and Fuller, 1998). The extent of surface-water exchange into 
the streambed and mixing with groundwater depends on 
streambed sediment grain size and hydraulic conductivity, on 
streambed morphology, on groundwater hydraulic head, and 
on hydrostatic pressure exerted by overlying surface waters 
(Boano and others, 2014). In addition, hydrodynamic forces 
of surface flow resulting around geomorphic features such 
as sand bars and ripples are thought to drive hyporheic flow 
on spatial scales typically less than stream depth (Boano and 
others, 2014). The hyporheic zone is traditionally defined as 
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Wind River, Wyoming.

the depth range in which pore water contains a 10-percent or 
greater fraction of overlying surface water (Triska and oth-
ers, 1989). Hyporheic zone pore waters are characterized by 
steep redox and chemical gradients, such as higher pH and 
dissolved oxygen than emerging groundwater, and by contact 
with microorganisms residing on sediments. Solute attenuation 
during transport through the hyporheic zone can be enhanced 
by biogeochemical processes occurring in response to higher 
dissolved oxygen and pH than groundwater (Duff and Triska, 
1990; Conant and others, 2004) and can substantially attenuate 
constituent loads (Harvey and Fuller, 1998; Harvey and others, 
2013). For example, the presence of manganese-oxidizing 
microbes was shown to enhance manganese oxide formation 
that increased attenuation of other metals through uptake onto 
sorbent phases forming in the hyporheic zone resulting in 
decreased metal loads transported out of the drainage basin 
(Fuller and Harvey, 2000).

Six, 1-m DPs (WR3-L, WR3-R, WR-5, DP1, DP2, and 
WR-9) were deployed and sampled in June 2016 (fig. 7A), 
and four of the DPs deployed in June 2016 were resampled 
(WR3-L, DP1, DP2, and WR9) in July and August 2016 
(figs. 7B and 7C). 30- and 50-cm DPs and MPs were deployed 
at five sites in August 2016, in zones of colder streambed tem-
peratures: three between WR–7 and WR–9, and two between 

DP–1 and WR3–C (fig. 7C). In August 2017, the sampling 
density was increased with 1-m DPs deployed at 10 sites. 
Six of these sites (WR17–2 through WR17–6, and WR17–9) 
spanned the zone of colder water along the active channel 
identified by temperature surveys (fig. 8, area 1) and across 
the legacy contaminant plume identified in 2016. In 2017, 
two other DPs (WR17–7 and WR17–8) were placed along the 
embayment at the mouth of the side channel in the north part 
of area 1. MPs and 30-, 50-, and 70-cm DPs were co-located 
within 1 m of the 1-m DPs. In addition, DPs and MPs were 
deployed in the upstream side channel (WR17–1). DPs were 
deployed at site WR17–10 in August 2017 near the abandoned 
oxbow where coldest streambed temperatures were observed 
(area 2, fig. 8B). The MP array was not deployed at WR17–10 
because the fine-grained sediments at this site limited pore-
water sampling from the MP array.

Ten DGT and DET probes were deployed at the 10 DP 
sites, WR17–1 through WR17–10 (fig. 8). Streambed sediment 
cores were collected in 2017 at all 10 DP sites and analyzed 
for selected solid-phase chemical constituents, including ura-
nium and molybdenum.
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Drive Points and Minipiezometers
In June 2016, dissolved uranium concentrations ranged 

from 2 to 1,260 micrograms per liter (µg/L) in 1-m DPs 
sampled (fig. 7A), and the highest concentration was measured 
in the DP–2 sample (fig. 22). Molybdenum concentrations 
ranged from 1 to 660 µg/L, and the highest concentration was 
also measured in DP–2. Uranium and molybdenum concentra-
tions were as much as 450 and 650 times greater than surface 
water, respectively. DP–2 was downgradient from the contam-
inant plume and had elevated specific conductance, major ion, 
and uranium and molybdenum concentrations characteristic of 
the legacy contaminant plume (DOE, 2016).

In July 2016, uranium concentrations at most 1-m DPs 
installed in June had increased three to eight times, as did 
specific conductance, likely in response to a decrease in river 
stage. Molybdenum concentrations increased by as much 
as a factor of five times between June and July. In contrast, 
uranium and molybdenum concentrations in DP–2 did not 
change. DP WR–7, installed in July (fig. 7B), had elevated ura-
nium, molybdenum, and major ion concentrations consistent 
with the legacy groundwater contaminant plume (fig. 22). The 
other DPs had elevated concentrations of uranium and molyb-
denum ranging from 8 to 180 times surface water, along with 
elevated major ion concentrations, defining the location of the 
legacy plume in the shallow streambed of the left bank.

Concentrations in 1-m DPs in August 2016 were essen-
tially unchanged from July (fig. 22). The uranium, molybde-
num, and major ion chemistry data indicate that the plume was 
between sites WR3–L and WR–9, and the highest concentra-
tion of contaminants was measured between DP–2 and WR–9. 
Extremely low concentrations of uranium, molybdenum, and 
other constituents that are indicative of the contaminant plume 
were measured in DP WR–10 in area 2 next to the abandoned 
oxbow (figs. 7 and 22).

The MP array was deployed and sampled in tandem with 
30- and 50-cm DPs at five sites in August 2016 within 1 m of 
the left bank of the river within the zone of contaminant plume 
(fig. 7). Elevated uranium and molybdenum concentrations 
were observed at 50 cm at all sites consistent with adjacent 
1-m DPs (fig. 22). Uranium and molybdenum decreased 
toward the sediment-water interface. The decreases at sites 
MP–4 and MP–5 are largely the result of near complete 
hyporheic exchange to 12 cm evident from similar major ion 
chemistry to the overlying stream water and the calculated 
fraction of surface water (Fsw) of 1. Fsw was 0.43 and 0.56 
at 30 cm at sites MP–4 and MP–5, respectively. No reactive 
loss of uranium or molybdenum was calculated at any depth 
at these sites (eq. 7). Combined, these results suggest little or 
no flux of contaminants to the river at sites MP–4 and MP–5 
because of the strong hyporheic exchange of surface water 
into the streambed. At WR–3, hyporheic exchange extended to 
30 cm, where the Fsw was 0.78, and an Fsw of 1 was calculated 
between 3 and 15 cm. Little or no reactive loss of uranium 
or molybdenum was calculated during hyporheic mixing 
of surface water with the contaminant plume at MP–3. In 

contrast, much less hyporheic exchange was observed at sites 
MP–1 and MP–2, where an Fsw of 0.07 to 0.12 was observed 
between 3 and 15 cm. These sites were at the edge of a small, 
shallow embayment at the mouth of a dry meander channel. 
Little or no surface flow was evident at these sites, suggesting 
low hydrodynamic forcing of hyporheic exchange (Boano and 
others 2014) consistent with shallow penetration of surface 
water in the streambed and greater groundwater upwelling. 
At MP–1, reactive losses of 15 to 19 percent of groundwater 
uranium and 22 to 25 percent of molybdenum were calculated 
between 3 and 15 cm. Reactive loss at MP–2 was negligible 
(5 percent or less) for both constituents.

In August 2017, groundwater uranium concentrations 
at 100 cm below the streambed increased downstream from 
sites WR17–9 to WR17–6, and uranium concentrations were 
similar at sites WR17–6 to WR17–8 (fig. 23). This trend in 
uranium paralleled major ion chemistry and is indicative of the 
presence of the legacy contaminant plume (Naftz and others, 
2019). DP molybdenum concentrations also increased down-
stream along this transect, but the highest concentrations were 
measured at the farthest downstream site, WR17–8, of area 1. 
Uranium and molybdenum concentrations exceeded 2,000 and 
700 µg/L, respectively, and were within the range of the high-
est concentrations measured in the legacy plume in monitor-
ing wells installed in the adjacent floodplain and dry channel 
in 2015 (DOE, 2016). Uranium, molybdenum, and major ion 
concentrations at site WR17–1 in the dry side channel to the 
southwest were substantially lower, indicating a negligible 
component of the legacy plume. Low concentrations also were 
measured in DPs at site WR17–10 (fig. 23), consistent with 
August 2016 data that indicated the absence of the plume at 
this site (fig. 8, area 2).

Pore-water concentrations of uranium, molybdenum, 
and major ions are relatively constant between 30 and 100 cm 
below the sediment water interface at the sites intersecting 
the plume, although decreases in uranium and molybdenum 
were observed at the intermediate depths at site WR17–7 
(figs. 23A and 23B; Naftz and others, 2019). Lower pore-water 
concentrations of uranium, molybdenum, and major ions 
were observed at depths shallower than 30 cm. The extent of 
decrease varied among sites. For example, uranium concentra-
tions in MP samples between 3 and 15 cm approached surface-
water concentrations at sites WR17–9, 2, 3, 7, and 8, whereas 
little or no decrease was observed approaching the stream 
interface at sites WR17–4, 5, and 6. Similar trends with depth 
were observed for molybdenum (fig. 23B). pH increased at 
shallower depths and approached the surface-water pH. These 
differences in pore-water uranium and molybdenum profiles 
among sites can be explained in part by dilution of groundwa-
ter by mixing with surface water in the hyporheic zone. The 
extent of hyporheic exchange of surface water is illustrated 
by the contour plot of Fsw versus depth (fig. 23C). The trends 
in the fraction of surface water with depth generally mirror 
the concentration contour plots for uranium and molybdenum 
(figs. 23A and23B), indicating the decrease in the solutes is, 
in part, because of dilution by surface water. The hyporheic 
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Figure 23. Contour plots of drive point and minipiezometer pore-water constituent concentrations, August 2017, adjacent to Little Wind 
River, Wyoming (Naftz and others, 2019). A, uranium. B, molybdenum. C, calculated fraction of surface water.

zone, defined by 10 percent or more surface water, ranged 
in depth from 3 to 70 cm among these sites, and the deepest 
penetration of surface water was observed at site WR17–9. 
The extent of hyporheic exchange varied inversely with grain 
size. For example, the sediments at sites WR17–4, 5, and 6 
were finer grained with an average of 45 percent <125 µm by 
mass (Naftz and others, 2019). In contrast, sediments averaged 
10 percent <125 µm by mass at the other sites that had deeper 
and more extensive hyporheic exchange.

Dilution of uranium and molybdenum by surface water 
in the hyporheic zone was estimated by calculating their 
concentrations in the absence of reactive loss or gain using 
equation 7. The 1-m DP and the surface-water concentra-
tions at each site were used for end-member components in 
the nonreactive mixing model. The difference between the 
calculated nonreactive concentration and the measured con-
centration of uranium and molybdenum is defined as reactive 
loss or hyporheic mixing of surface water and groundwater 



38  Interaction of a Legacy Groundwater Contaminant Plume with the Little Wind River

in the streambed. The contour plot of uranium reactive loss 
shows greatest attenuation of uranium at sites WR17–7, 8, 
and 9 between 6 and 15 cm, and as much as 90 percent ura-
nium attenuation from the upwelling groundwater (note that 
uranium loss at WR17–9 is not evident in fig. 24A because 
absolute uranium loss is plotted). Intermediate levels of 
uranium attenuation (30 to 50 percent) were estimated at sites 
WR17–3 and WR17–4. A lower extent of uranium attenuation 
was calculated for sites WR17–5 and WR17–6 (10 to 30 per-
cent). Similar trends in molybdenum attenuation extent were 
observed except that greater loss (40 to 50 percent) compared 
to uranium was calculated at sites WR17–5 and WR17–6 
(fig. 24C).

Bed Sediment
Contour plots of sediment uranium and molybdenum 

total concentrations in the <1-mm fraction of streambed 
sediment cores show elevated concentrations for sites span-
ning the legacy contaminant plume relative to outside of the 
plume (figs. 24B and 24D). Uranium and molybdenum at sites 
WR17–9 and WR17–2 vary little with depth and are within 
measurement uncertainty of sediment concentrations of ura-
nium and molybdenum from site WR17–1 upstream from the 
legacy plume. The average of all intervals at these three sites 
(WR17–1, 2, and 9) was used to define uranium and molyb-
denum background concentrations of 1.0 and 0.16 microgram 
per gram (µg/g), respectively. The higher uranium concentra-
tions ranging from 1.9 to 2.3 µg/g measured at site WR17–10 
(Naftz and others, 2019), downstream from the legacy con-
taminant plume (fig. 8), are likely because of a larger fraction 
of fine-grained sediments. Sediment uranium concentrations 
at sites within the legacy contaminant plume were 2–10 times 
higher than background with the exception of sites WR17–3 
and WR17–8 below 3 cm, where little or no enrichment was 
observed. The highest uranium concentration was observed 
at sites WR17–5 and WR17–6. Molybdenum concentrations 
at sites WR17–3 through WR17–8 ranged from two to nine 
times above background. The highest molybdenum sediment 
concentrations were observed at WR17–5 and WR17–6. The 
variation in sediment uranium and molybdenum resulting from 
differences in grain-size distribution among core intervals may 
account for some of the observed differences among sites. 
However, the proportional increase in uranium and molyb-
denum with increases in the <63 and <125 µm grain-size 
fractions for background sites does not explain the extent of 
the variability observed in plume site sediments. For example, 
uranium increases linearly from 0.9 to 2.3 μg/g with increase 
of the <63 µm fraction from 1.2 to 45 percent at background 
sites (WR17–1, 2, 9, and 10). This range in the <63 µm frac-
tion encompasses the grain size distribution in sediments from 
plume sites (Naftz and others, 2019).

Overall, higher sediment concentrations and higher 
calculated aqueous uranium and molybdenum reactive loss 
were observed in the zone where the legacy plume is emerg-
ing into the river. However, no spatial correlations are evident 

between sediment uranium or molybdenum and calculated 
reactive loss from groundwater in the streambed (fig. 24). 
Instead, the spatial differences are attributed to the time scales 
of the sediments and the pore-water profile measurements. The 
pore-water profiles represent conditions over a short period 
(<2 hours), whereas the core samples represent accumula-
tion of uranium and molybdenum onto the bed sediments 
since sediment deposition, which is likely on the order of a 
few months or longer. Nonetheless, pore-water reactive loss 
estimates and sediment concentration profiles are consistent 
with attenuation of uranium and molybdenum from groundwa-
ter during hyporheic mixing of surface water with the legacy 
plume during groundwater upwelling into the river.

The processes resulting in uranium and molybdenum 
attenuation were not investigated in this study but are top-
ics for ongoing investigation. Uranium removal may result, 
in part, by sorption onto iron oxyhydroxides forming in the 
streambed during hyporheic mixing. Dissolved iron concen-
trations in the legacy plume groundwater defined by the 1-m 
DPs ranged from 100 to >10,000 µg/L. At shallower depths 
at some sites, measured iron concentrations were lower than 
predicted by conservative mixing with surface water. The loss 
of pore-water iron is attributed to iron oxidation and precipi-
tation in response to increased dissolved-oxygen concentra-
tions in the hyporheic zone. Total uranium and iron sediment 
concentrations were not correlated, in part, because the 
amount of iron-bearing minerals dissolved by the strong acid 
digestion used for sediment analyses is likely much higher 
than iron precipitated from groundwater. A weaker chemical 
extraction would be needed to measure the iron precipitated 
from groundwater on sediments to allow better comparison 
with sediment uranium concentrations. Significant correla-
tions between sediment molybdenum and total iron (p<0.005, 
Pearson’s correlation coefficient=0.687, n=56) or total sulfur 
(p<0.005, Pearson’s correlation coefficient=0.746, n=56) sug-
gest molybdenum attenuation may result from sorption to iron 
and (or) sulfur phases, although covariation in these constitu-
ents does not confirm an attenuation process.

Diffusive Gradients and Equilibrium in Thin-Films
Contour plots of DET uranium and molybdenum pore-

water concentrations in the shallow sediments (top 15 cm) 
along the Little Wind River study reach during August 2017 
are shown in figures 25A and 25B. Site WR17–1 (above the 
groundwater plume) and site WR17–10 (below the ground-
water plume) are not shown; however, mean concentrations 
of uranium (WR17–10, 11 µg/L; WR17–1, 22 µg/L) and 
molybdenum (WR17–10, 7 µg/L; WR17–1, 4 µg/L) were low, 
and both sites did not seem to be affected by contaminated 
groundwater, which was consistent with DP and MP data. The 
DET probes deployed at sites WR17–2 to WR17–9 clearly 
identified the location and focus of contaminated groundwa-
ter in the shallow sediments of the Little Wind River. The 
highest uranium and molybdenum concentrations seem to 
be near sites WR17–5 and WR17–6 (uranium) and WR17–7 
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Figure 24. Calculated reactive loss and streambed sediment concentrations of uranium and molybdenum, adjacent to Little Wind 
River, Wyoming. A, uranium reactive loss. B, uranium concentration. C, molybdenum reactive loss. D, molybdenum concentration.
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Figure 25. Diffusive equilibrium in thin films pore-water constituent concentrations (Naftz and others, 2019) along the left bank 
of the Little Wind River (sites WR17–2 to WR17–9), Riverton Processing site, Wyoming, August 2017. A, uranium. B, molybdenum. 
C, strontium.

(molybdenum). Mean concentrations within the sampling zone 
were 403 µg/L for uranium (ranged from 4 to 1,320 µg/L) 
and 60 µg/L for molybdenum (ranged from 1 to 237 µg/L). 
Between sites WR17–4 and WR17–7, uranium and molybde-
num concentrations decreased towards the surface in the upper 
3 to 6 cm.

Figure 25C is a contour plot of strontium pore-water 
concentrations in 2017 from the DET samplers. In this sys-
tem, strontium is considered a conservative solute, so any 
decrease in concentration in the sediment pore waters might 

be related to mixing with surface waters that would contain 
lower strontium concentrations. Unlike uranium concentra-
tions, elevated strontium pore-water concentrations at sites 
WR17–5, WR17–6, and WR17–7 (range 4.6–7.4 milli-
grams per liter [mg/L]) persisted closer to the surface (sur-
face water=1.1 mg/L), but concentrations decreased at site 
WR17–7 (to 2.8 mg/L) (fig. 25C). These slightly different pat-
terns in reactive and conservative solute concentrations indi-
cate dilution by infiltrating low uranium concentration surface 
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water (table 2) and reactive uptake of uranium in groundwater 
by sediments during hyporheic mixing, which may account for 
the observed decrease in uranium concentrations.

DGT pore-water concentrations and fluxes (into DGT 
probe) for uranium in August 2017 are shown in figure 26. 
Uranium concentrations determined using DGT measurements 
were substantially lower than concentrations determined using 
DET measurements. The DGT mean uranium concentration 
was 15 µg/L (range 1–121 µg/L), and DGT molybdenum 
concentrations were generally below detection limits. It is 
not uncommon for bulk pore-water concentrations derived 
from DET or DP samplers to be higher than DGT concentra-
tions. Typically, there are three possible explanations for this 
difference in concentrations. First, re-supply of solutes from 
sediments or pore waters to the DGT is not sufficient to keep 
pace with the demand from the DGT (Lehto, 2016). Second, 
the solutes of interest may not exist in bioavailable phases 
and are instead partially labile or inert to DGT (Degryse and 
Smolders, 2016). Complexes with large dissolved organic 
ligands often have small diffusion coefficients and can be less 
labile than dissolved inorganic complexes. Third, other solutes 
may outcompete uranium and molybdenum for binding sites 
on the DGT gel (Turner and others, 2012).

The capability of the sediment to re-supply solute to the 
DGT can be determined by calculating the sediment reactiv-
ity coefficient (Rc), the ratio of the DGT concentration to the 
bulk pore water solute concentration (from DET measure-
ments) (fig. 27) (Lehto, 2016). Values of Rc above 0.8 would 
indicate a well-buffered system with continuous supply from 
the solid and solution phases at a rate almost equal to the flux 
into the DGT. Values of Rc from 0.2 to 0.8 would indicate 
some supply from the solid phase that is insufficient to satisfy 
the demand from the DGT. Most DGT measurements are 
<0.2, suggesting a poorly buffered system where diffusion is 
the major process supplying solute to the DGT. This also may 
suggest that re-supply of pore water solute through advec-
tive transport via groundwater does not occur at a rate fast 
enough to satisfy demand from the DGT. Isolated pockets of 
elevated DGT uranium concentrations and fluxes (figs. 26A 
and 26B) may indicate regions of the sediment with more reac-
tive sediment, faster re-supply rates by advective transport, 
or both. However, competition for binding sites on the DGT, 
and (or) the presence of DGT-inert or partially labile uranium 
and molybdenum species, also could contribute to the low 
observed Rc values.

Comparison of DET (fig. 25) and MP (fig. 23) uranium 
and molybdenum concentrations from shallow sediments (top 
15 cm) indicates good general agreement in the overall trend. 
That is, concentrations generally decreased towards the sur-
face of the sediment, supporting the idea of solute attenuation 
in the shallow sediments. However, there is some disagree-
ment in the actual solute concentrations measured by each 
method. This disagreement is possibly explained by the finer-
resolution sampling of the DET device and the small sampling 
volume compared to the MP system, which results in minimal 
disturbance to the pore-water concentration and the chemical 

gradient. At some sites (WR17–5 and WR17–6), the DET data 
seem to indicate a sharper attenuation gradient than the MP 
data centered around 10 cm deep.

Streamflow and Equal Discharge Increment 
Sampling

Bank operated cableways were established at three loca-
tions on the Little Wind River during the 2016 and 2017 field 
seasons to facilitate streamflow measurements using an ADCP. 
Bank operated cableway transects were chosen to bracket 
the area where the contaminant plume enters the Little Wind 
River; the upstream transect (RIV–US) was upstream from 
the contaminant plume, the midway transect (RIV–MID) was 
immediately downstream from the highest plume concentra-
tions, and the downstream transect (RIV–DS) was downstream 
from the plume (fig. 28). ADCP streamflow measurements 
were conducted on August 9, 2016, and August 24–25, 2017 
(Naftz and others, 2019).

Streamflow during 2016 was below average. ADCP 
measurements at the field site (about 85 cubic feet per second 
[ft3/s]) were about 40 percent of median values for USGS 
streamgage on the Little Wind River (Little Wind River near 
Riverton, Wyo.) with 77 years of record and located about 
2 km below the study reach (USGS, 2019). In contrast, 
streamflow during 2017 was above average. ADCP measure-
ments (about 380 ft3/s) were about 225 percent of median 
values. Changes in streamflow between the upstream and 
downstream transects were variable between years and within 
the same year (2017). Streamflow at the downstream transect 
was about 4 percent less than at the upstream transect (about 
81 and 85 ft3/s, respectively) on August 9, 2016, and about 
0.3 percent less on August 24, 2017 (381 and 382 ft3/s, respec-
tively). These small streamflow losses are likely an artifact 
of measurement error given their small magnitude, known 
errors in ADCP measurements, and the fact that the upstream 
and downstream transects bracket the contaminant plume. In 
addition, streamflow measurements at the transects were made 
sequentially (as opposed to simultaneously), and additional 
errors caused by temporal variability are possible. Streamflow 
at the downstream transect on August 25, 2017, was about 
7 percent greater than streamflow at the upstream transect (390 
and 364 ft3/s, respectively), consistent with the entry of the 
contaminant plume and the increase in constituent concentra-
tions described below.

Streamflow data were used to define three EDIs across 
each transect, with the left (L), center (C), and right (R) incre-
ments each representing 1/3 of the transect streamflow (USGS, 
2012). Water-quality samples were collected at the midpoint 
of each increment on August 11, 2016, and on August 27, 
2017, and were analyzed for anions, cations, alkalinity, and 
dissolved organic carbon (Naftz and others, 2019). The EDI 
sampling scheme was designed to detect the longitudinal 
changes in concentration as the Little Wind River passes by 
the contaminant plume and changes in the transverse direction 
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Table 2. Concentrations of selected major and trace elements in composite water samples collected from three transects across the Little Wind River, Riverton Processing site, 
Wyoming, during August 2016 and August 2017 (Naftz and others, 2019).

[F, iron; mg/L, milligram per liter; Cl, chloride; SO4, sulfate; Ca, calcium; K, potassium; Mg, magnesium; Na, sodium; Si, silicon; Sr, strontium; Mn, manganese; Cu, copper; Co, cobalt; Mo, molybdenum; U, 
uranium; --, not applicable]

Site 
 (fig. 28)

Sample
F 

(mg/L)
Cl 

(mg/L)
SO4 

(mg/L)
Ca 

(mg/L)
K 

(mg/L)
Mg 

(mg/L)
Na 

(mg/L)
Si 

(mg/L)
Sr 

(μg/L)
Mn 

(μg/L)
Cu 

(μg/L)
Co 

(μg/L)
Mo 

(μg/L)
U 

(μg/L)

Little Wind River, 2016

RIV–US Left bank 0.460 14.2 351 104 3.80 40.7 79.9 3.88 1,171 24.7 3.31 2.91 1.96 8.26
RIV–US Center 0.480 14.4 353 104 3.86 41.3 79.7 3.76 1,179 23.9 3.44 0.97 1.87 8.96
RIV–US Right bank 0.460 14.5 360 105 3.83 41.7 80.3 3.64 1,193 25.0 2.88 0.92 1.64 8.99
RIV–US Average 0.467 14.4 355 104 3.83 41.2 80.0 3.76 1,181 24.6 3.21 1.60 1.82 8.74
RIV–MID Left bank 0.490 14.6 362 104 4.02 41.3 81.2 3.75 1,179 27.9 3.65 2.19 1.99 9.71
RIV–MID Center 0.470 14.5 359 104 3.89 40.9 80.0 3.74 1,175 24.0 4.37 3.37 1.73 9.05
RIV–MID Right bank 0.450 14.4 357 105 3.90 40.8 80.7 3.72 1,179 23.0 -- 1.27 1.60 8.75
RIV–MID Average 0.470 14.5 359 104 3.94 41.0 80.6 3.74 1,178 25.0 -- 2.28 1.77 9.17
RIV–DS Left bank 0.460 14.7 362 104 4.12 41.2 80.9 3.71 1,177 26.0 6.31 3.22 2.06 10.5
RIV–DS Center 0.460 14.7 360 101 4.02 41.1 80.6 3.72 1,178 26.0 4.54 2.64 1.90 9.58
RIV–DS Right bank 0.510 14.6 361 103 3.87 41.0 80.1 3.68 1,174 31.0 4.26 1.13 1.88 9.46
RIV–DS Average 0.477 14.7 361 103 4.00 41.1 80.5 3.70 1,176 27.6 5.04 2.33 1.95 9.85

Little Wind River, 2017

RIV–US Left bank 0.336 7.12 206 72.6 2.86 27.3 43.8 3.16 800 14.2 2.14 0.243 1.29 4.38
RIV–US Center 0.254 6.99 203 72.4 2.84 27.7 43.6 3.03 806 12.1 1.53 0.488 1.18 4.23
RIV–US Right bank 0.253 6.98 203 71.2 2.35 27.3 43.0 2.99 795 12.1 1.35 0.493 1.15 4.13
RIV–US Average 0.281 7.03 204 72.1 2.68 27.4 43.5 3.06 800 12.8 1.67 0.408 1.21 4.25
RIV–MID Left bank 0.254 7.10 205 71.8 2.67 27.5 43.7 3.01 801 18.1 1.41 0.594 1.32 4.46
RIV–MID Center 0.253 7.02 204 72.0 2.51 27.5 43.5 3.02 797 13.6 1.46 0.489 1.23 4.23
RIV–MID Right bank 0.252 6.99 204 71.0 2.65 27.2 42.9 3.00 794 13.1 1.41 0.649 1.22 4.22
RIV–MID Average 0.253 7.04 204 71.6 2.61 27.4 43.4 3.01 797 15.0 1.43 0.577 1.26 4.30
RIV–DS Left bank 0.260 7.13 206 72.0 2.59 27.6 44.0 3.04 803 17.2 1.42 0.692 1.40 4.86
RIV–DS Center 0.258 7.10 205 71.4 3.04 27.3 43.3 3.01 795 15.6 1.50 0.556 1.39 4.51
RIV–DS Right bank 0.262 7.07 205 70.6 2.18 27.0 43.0 3.00 792 15.1 2.25 0.464 1.35 4.40
RIV–DS Average 0.260 7.10 205 71.3 2.60 27.3 43.4 3.02 797 16.0 1.72 0.570 1.38 4.59



Riverton Processing Site Study Results and Discussion  43

0

2

4

6

8

10

12

14

180 200 220 240 260 280 300
Distance along channel, in meters

WR17-9 WR17-2 WR17-3 WR17-4 WR17-5 WR17-6 WR17-7 WR17-8
B. Uranium flux

De
pt

h 
be

lo
w

 s
tre

am
be

d,
in

 c
en

tim
et

er
s

0

2

4

6

8

10

12

14

WR17-9 WR17-2 WR17-3 WR17-4 WR17-5 WR17-6 WR17-7 WR17-8

180 200 220 240 260 280 300
Distance along channel, in meters

A. Uranium concentration
De

pt
h 

be
lo

w
 s

tre
am

be
d,

in
 c

en
tim

et
er

s
EXPLANATION

Uranium concentration, in 
micrograms per liter 

0

20

40

60

80

100

120

[WR17-8, site identifier]

EXPLANATION

Uranium flux, in nanograms per
centimeter per second 

0

300

600

1,200

900

1,500

1,800

2,100

[WR17-8, site identifier]

Figure 26. Diffusive gradients in thin-films pore-water uranium along the left bank of the Little Wind River (sites WR17–2 to 
WR17–9), Riverton Processing site, Wyoming (Naftz and others, 2019). A, concentrations. B, flux.
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(perpendicular to streamflow) at each transect. Overall longitu-
dinal changes in concentration are assessed by averaging con-
centrations from the L, C, and R increments at each transect; 
changes in the transverse direction are assessed by plotting 
the L, C, and R concentrations for each transect. Under this 
sampling scheme, concentrations at the upstream transect are 
expected to be uniform in the transverse direction (L, C, and 
R concentrations being comparable) because of the transect 
being upstream from the contaminant plume. Concentrations 

for the L increment at the midway and downstream transects 
are expected to exceed those of the C and R increments as the 
plume enters along the left bank of the river.

Average streamflow values at the upstream and down-
stream transects in 2017 indicate a 2.9-percent increase in 
streamflow along the study reach, and equation 6 can be used 
to calculate the net load and average concentration. In contrast, 
average streamflow values from 2016 suggest a small decrease 
in streamflow along the study reach, an observation that is at 
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odds with the observed increase in stream uranium concentra-
tions. The small decrease is likely attributable to measure-
ment error. As such, net loading calculations for 2016 assume 
a streamflow increase that is comparable to that observed in 
2017 (average streamflow at the downstream transect is set to 
be 2.9 percent higher than at the upstream transect).

Instream concentrations for all constituents were substan-
tially lower in 2017 compared to 2016 because of the dilution 
effect of above average streamflow (table 2). Longitudinal 
and transverse trends in dissolved uranium concentrations 
were consistent between both years, despite large differences 
in hydrologic conditions (2016 streamflow was substantially 
below average, and 2017 was substantially above). Dissolved 
uranium concentrations increased in the downstream direc-
tion in both years; average concentrations at the downstream 
transect exceeded those of the midway transect, and concen-
trations at the midway transect exceeded those at the upstream 
transect (average, fig. 29). The relative percentage difference 
for sequential replicates that were analyzed for dissolved ura-
nium ranged from 0.7 to 3.8 percent (Naftz and others, 2019). 
In addition, dissolved uranium concentrations for the L incre-
ment at the midway and downstream segments were elevated 
relative to the upstream segment in both years (left, center, 
and right, fig. 29). Both of these observations are indicative 
of the addition of water and solute mass to the Little Wind 
River from the contaminant plume, a conclusion that is at 
odds with the measured streamflow losses on August 9, 2016, 
and August 24, 2017, but consistent with the streamflow gain 
observed on August 25, 2017. As noted above, the streamflow 
losses are likely an artifact of measurement error, and the 
August 25, 2017, streamflow gain is a more plausible scenario. 
Overall, the streamflow data suggest relatively small additions 
of plume water can cause detectable changes in instream con-
centration, a situation that arises because groundwater plume 
concentrations are orders of magnitude higher than surface-
water concentrations at the upstream transect.

Mass balance calculations (see the “Data Processing and 
Modeling” section) indicate that the net uranium load enter-
ing the stream during the 2016 field effort is about 290 grams 
per day (g/d), with an average inflow concentration of 
47 μg/L. Mass balance results for 2017 indicate a net load of 
approximately 435 g/d, with an average inflow concentration 
of 16 μg/L. The higher loading rate observed in 2017 might 
be attributable to a higher groundwater table and increased 
groundwater inflow associated with wetter conditions. 
Similarly, the lower average inflow concentration observed 
in 2017 may be due to increased dilution of plume waters. 
Average inflow concentrations for both years are well below 
observed concentrations within the groundwater plume, an 
observation that might be explained by the fact that the mass-
balance calculations include all of the water entering between 
the upstream and downstream transects, rather than strictly 
plume waters. In addition, uranium concentrations might be 
attenuated as waters leave the groundwater system through 
the hyporheic zone and cross the groundwater/surface-water 

interface, as inferred from the modeling of pore-water chem-
istry profiles (see previous discussion in the “Drive Points and 
Minipiezometers” section).

Other constituents that illustrate the effect of the plume 
on the Little Wind River include chloride, molybdenum, 
and sulfate. All three of these constituents generally exhibit 
an upstream to downstream increase in both years, and the 
addition of plume water is evident from small increases in the 
L increment concentration at the midway and downstream 
transects (table 2). The remaining constituents do not exhibit 
these two trends in a consistent manner, as they lack increases 
from upstream to downstream and from right to left (calcium, 
cobalt, copper, fluoride, potassium, magnesium, manganese, 
sodium, silica, and strontium, table 2).

Biological Exposure Pathways and Receptors

Uranium and other metals entering the Little Wind River 
from a groundwater plume raise the question of whether they 
pose any chemical risk to endemic biota. Benthic organ-
isms living along the study reach within the area where the 
groundwater plume contacts the river (fig. 1) will be the most 
susceptible to contaminant exposure. These organisms include 
primary producers that are exposed from contact with contam-
inated water and consumers that are exposed from water and 
ingestion of contaminated algae, detritus, sediment, and prey. 
Determining metals in environmental media and in benthic 
organisms provides data for assessing metal exposure and the 
potential for adverse biological effects (Suter, 2001).

Metal concentrations in streambed sediments are in part 
indicative of local sources and inputs to a receiving system 
and, accordingly, can provide a means with which to identify 
and monitor contaminant distribution resulting from point 
sources (Förstner and Wittmann, 1979). Moreover, sediment-
bound metals include potentially reactive forms that can be 
biologically available to benthic organisms through contact 
and ingestion (Luoma and Rainbow, 2008). Organic mate-
rial and biogenic organic detritus that compose parts of the 
sediment material matrix can be an important source of 
bioavailable metal to bottom-dwelling organisms. However, 
measured concentrations of uranium in oxic streambed 
sediments might be influenced by coupled hydrological and 
biogeochemical conditions affecting flux of uranium from 
surface runoff and groundwater to surface water (Blake and 
others, 2017; Zachara and others, 2013), reactions of uranium 
(+6 valance state) with solid phases (Stewart and others, 2009; 
Cumberland and others, 2016), and transport and deposition 
(Blake and others, 2017). Incomplete understanding of how 
chemical and physical factors determine the bioavailability 
and uptake of sediment-bound uranium introduces uncertainty 
to risk assessment (Crawford and others, 2018).

Bioaccumulation of uranium and associated elements by 
aquatic plants and animals is a more direct measure of the bio-
logical availability of these constituents in receiving systems 
and can be used to evaluate the fate and potential biological 
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effects of introduced contaminants (Phillips and Rainbow, 
1994). Aquatic plants, such as macroalgae and microalgae 
(periphytic algae or periphyton) primarily assimilate dissolved 
elements directly from solution. Hence, uranium concentra-
tions in aquatic plants are indicative of bioavailable uranium 
in surface waters. However, uptake and toxicity are correlated 
with chemical speciation, which is affected by water quality 
and competing cations at biological uptake sites (Fortin and 
others, 2007; Markich, 2013). In addition, algal mats form 
interstices that can entrap particulate phases, which compli-
cates interpretation of measured contaminants (Newman and 
others, 1985). For algae, biological effects resulting from 
water-quality impairment and potential toxic insult typically 
manifest as reductions in growth rates and biomass accrual 
(Genter, 1996; Charles and others, 2002). Uranium body 
burdens in aquatic invertebrates reflect exposure to uranium 
in solution and from ingestion of contaminated food materials 
including algae, organic detritus, and prey either in suspension 
or in close association with streambed substrates (Alves and 
others, 2008; Muscatello and Liber, 2010; Simon and oth-
ers, 2013).

Differences in exposure source and life history strategies 
related to rates of growth and development enable algae and 
invertebrates to integrate contaminant exposure over different 
temporal scales. For example, uptake of metals from solu-
tion by algae is relatively rapid corresponding to fast rates of 
growth and metal sequestration; accordingly, tissue concentra-
tions integrate exposure concentrations during a few days to 
a few weeks (Leguay and others, 2016). Macroinvertebrate 
metal concentrations typically represent exposure conditions 
during a few weeks to a few months depending in part upon 
species-specific differences in metal physiology and life-cycle 
duration (Buchwalter and others, 2008). Examining both types 
of biota provides a more comprehensive assessment of source-
fate relations than a single taxon or taxa group alone and 
contributes to a more informative understanding of existing 
and antecedent exposure conditions.

During the Riverton Processing site study, bioaccumula-
tion of uranium and associated elements by algae and inver-
tebrates, and the enrichment of these elements in streambed 
sediment in the Little Wind River, were used to assess: (1) the 
occurrence and distribution of bioavailable and sediment-
bound uranium and other trace-element constituents in the 
receiving system; (2) linkages between contaminant distribu-
tions in streambed sediment and sediment-dwelling inverte-
brates; and (3) effects of the groundwater contaminant plume 
on primary productivity. Results presented herein focus on 
uranium and molybdenum as primary constituents associ-
ated with the groundwater plume. Data for other elements are 
reported in Naftz and others, (2019).

Sampling Design
Longitudinal sampling was performed at multiple sites 

spanning the contaminated groundwater plume in 2016 and 
2017 to identify its location and chemical and biological effect 

(fig. 30). The samples collected during 2016 included stream-
bed sediment, a diversity of benthic macroinvertebrates (larval 
aquatic insects), and filamentous green algae. Based on results 
from 2016, the study design was revised in 2017. Streambed 
sediments were again sampled, but macroinvertebrates and 
filamentous algae were not. Instead, a series of samplers 
were deployed to assess uranium uptake by periphyton and 
effects of aqueous uranium on primary productivity. Details 
on sampling and analytical methods are provided by Naftz and 
others (2019).

Streambed Sediment
In 2016, fine sediment (<63 µm) was collected from the 

streambed at eight sites spanning regions upstream and down-
stream from the contaminated groundwater plume (fig. 31). 
Site 1 was a reference site about 3 km upstream from the 
plume (not shown on fig. 30). Other sites were located using 
stream water temperature data for guidance (fig. 7) and are 
shown on figure 30. Site 2 was in a side channel on the left 
side of the main channel, and site 3 was in the main channel, 
both considered to be upstream from the groundwater plume. 
Sites 4 and 6 were near the upstream perimeter of the plume, 
sites 7 and 11 were within the plume, and site 14 was down-
stream from the plume. Samples were collected along the left 
bank at all sites and additionally along the right bank at sites 1, 
6, 11, and 14.

Mean concentrations of uranium and molybdenum in 
sediment samples collected in 2016 along the left bank ranged 
from 2.02 to 2.72 milligrams per kilogram (mg/kg) and from 
0.21 to 0.37 mg/kg, respectively (fig. 31). On the right bank, 
uranium and molybdenum concentrations were less variable, 
ranging from 1.98 to 2.19 mg/kg uranium and from 0.20 to 
0.27 mg/kg molybdenum. The effect of the contaminant plume 
was evident in uranium and molybdenum concentrations at 
sites 11 and 14. Sediment collected along the left bank exhib-
ited significant enrichment in uranium at both sites (analy-
sis of variance, p-value<0.001; Tukey’s Honest Significant 
Difference test). The molybdenum concentration at site 11 also 
was elevated along the left bank, whereas the concentration 
at site 14 was not. Uranium and molybdenum concentrations 
among samples collected from the right bank were comparable 
except at site 14 where uranium concentrations were slightly 
greater (analysis of variance, p-value<0.01). Other elements 
varied modestly among sites with no change evident at or 
near sites 11 and 14 (Naftz and others 2019). Neither uranium 
nor molybdenum correlated spatially with aluminum, iron, or 
manganese, suggesting absence of a natural lithogenic source 
of enrichment.

Samples of streambed sediments were collected from 
10 locations in 2017. Five of these were co-located with 
periphyton samplers at sites 3 and 12–15 (fig. 30). The remain-
ing five sediment samples were collected between site 3 and 
12, within the area where the groundwater plume contacted 
the stream channel. Comparison of left and right bank samples 
collected in 2016 indicated that uranium concentrations in 
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streambed sediment were generally highest along the left 
bank; accordingly, sediment samples collected in 2017 were 
limited to left bank regions of the stream channel.

Mean uranium and molybdenum concentrations ranged 
from 1.02 to 4.06 and from 0.26 to 2.03 mg/kg, respectively. 
In 2016, concentrations of both elements were more vari-
able, and maximum concentrations were greater. As shown in 
figure 32, concentrations increased downstream from site 3, 
reaching their maximum concentration at site 10. Iron and 
arsenic concentrations also were elevated at site 10 (Naftz and 
others 2019) where a surface layer of iron floc was visible, 
indicating a region of groundwater input. The formation of 
ferric oxides likely would provide sorption sites for soluble 
hexavalent uranium. The groundwater signal was highly 

localized because concentrations of all elements at site 11 
were comparable to those at site 1, and uranium and molybde-
num concentrations were roughly one-half those measured at 
the same location in 2016. Further downstream, uranium and 
molybdenum concentrations trended downward, although with 
considerable among-site variation that possibly was related to 
transport and heterogeneous mixing of sediment.

Sediment quality guidelines directly applicable to the 
Little Wind River are not available. To place the data into con-
text, sediment concentration thresholds were used and derived 
using lowest effect levels and severe effect levels from the 
co-variance of benthic invertebrate community structure and 
contaminant concentrations of sediments from uranium mining 
and milling sites in Canada (Thompson and others, 2005). The 
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lowest effect level, the uranium concentration at which abun-
dance and species richness of invertebrate communities would 
be reduced by <20 percent, was estimated to be 104 micro-
grams per gram based on a weighted method, which is more 
than an order of magnitude greater than the highest concentra-
tions observed in the Little Wind River bed sediment data.

Macroalgae
Samples of attached filamentous green alga Spirogyra 

spp. were collected during August 9–11, 2016, from natural 
streambed substrates at select locations above and below 
where the legacy groundwater plume intercepted the left bank 
of the Little Wind River (fig. 30; sites 2–6, 11, and 14). To 
ensure that exposure periods were relatively consistent among 
sampling locations, care was taken to select relatively undis-
turbed algal clusters exhibiting new growth with minimum 
evidence of senescence. The farthest upstream site (site 1) was 
not included as part of these analyses because of the paucity of 
new-growth algae at that location.

There was no significant difference (p-value>0.30; paired 
t-test, Sokal and Rohlf, 2003) in algal uranium or molybde-
num concentrations between left and right bank samples (col-
lected at sites 5, 6, 11, and 14), and results presented here are 
limited to samples collected along the left bank. Algal tissue 
concentrations of uranium and molybdenum were generally 
low among left-bank sites and ranged from 0.45 to 2.10 µg/g 
dry weight and 0.55 to 0.98 µg/g dry weight, respectively 

(fig. 33). Mean tissue concentrations and corresponding confi-
dence intervals (CIs; ±95 percent CI) upstream of the con-
taminant plume (sites 2–6) were compared to concentrations 
downstream at sites 11 and 14. Confidence intervals represent 
ranges of expected tissue concentrations for evaluating down-
stream effects. Tissue concentrations that are within the range 
of expected values for uranium or molybdenum (±95 percent 
CI) are considered unaltered. Comparison among sites indicate 
that concentrations of uranium and molybdenum in Spirogyra 
spp. downstream from the groundwater contaminant plume 
(sites 11 and 14) were within the expected range of values 
for sites upstream of where the groundwater plume entered 
the river (fig. 33). Increased bioaccumulation of dissolved 
uranium or molybdenum at locations downstream from the 
groundwater plume was not indicated at the time of sampling.

Benthic Invertebrates
Immature larval and nymph stages of aquatic inverte-

brates were collected from natural streambed substrates at six 
locations in the Little Wind River in August 2016. Four of the 
sampling locations were located upstream (sites 1–4) of where 
the groundwater plume entered the river and at two sites (11 
and 14) downstream of the plume location (fig. 30). A total of 
eight invertebrate taxa were collected for tissue analysis and 
included six Ephemeroptera (mayfly) genera (Choroterpes 
[Eaton, 1881], Ephoron [Williamson, 1802], Heptagenia 
[Walsh, 1863], Traverella [Edmunds, 1948], Tricorythodes 
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Figure 33. Uranium and molybdenum concentrations in filamentous macroalgae (Spirogyra spp.) at seven sites along the Little Wind 
River, Riverton Processing site, Wyoming, 2016 (Naftz and others, 2019).

[Ulmer, 1920], and Baetis [Leach, 1815]), one Odonata 
(dragonfly) genera (Ophiogomphus [Selys, 1854]), and one 
Trichoptera (caddisfly) genera (Hydropsyche [Pictet, 1834]). 
Because of variability in stream habitat quality and availabil-
ity among sites, not all taxa were present at all locations or in 
sufficient numbers for processing. Accordingly, among-site 
comparisons of tissue metal concentrations presented here are 
limited to the three most common taxa (Choroterpes, Ephoron, 
and Heptagenia). Tissue metal concentrations for all inverte-
brate taxa are reported in Naftz and others (2019).

To determine whether concentrations of bioavailable ura-
nium and molybdenum increased near and downstream from 
where the groundwater contaminant plume entered the Little 
Wind River, whole-body tissue concentrations in the mayfly 
nymphs Choroterpes, Ephoron, and Heptagenia were com-
pared at sampling locations upstream and downstream from 
the groundwater plume. Overall tissue concentrations of ura-
nium and molybdenum tended to be higher in Choroterpes and 
Ephoron compared to Heptagenia, although concentrations 
among taxa were generally low with uranium concentrations 
ranging from 0.28 to 2.15 µg/g dry weight and molybdenum 
from 0.50 to 3.99 µg/g dry weight. Comparison of mean tissue 
concentrations at upstream (sites 1–4) and downstream sites 
(11 and 14) indicated that tissue concentrations of uranium 
in Choroterpes and Ephoron at site 11 significantly exceeded 
(p-value<0.05; single observation mean comparison technique, 
Sokal and Rohlf, 2003) the expected range of values (±95 per-
cent CI) for sites upstream from the groundwater contaminant 

plume (fig. 34). Uranium concentrations in Heptagenia 
showed a nonsignificant increase at site 11 relative to upstream 
sites. Molybdenum concentrations in all three taxa were sig-
nificantly higher at site 11 (p-value<0.05) compared to tissue 
concentrations upstream. Constituent concentrations in all 
three mayfly nymphs decreased farthest downstream at site 14 
to within expected levels observed upstream at sites 1–4, indi-
cating that the highest concentrations of bioavailable uranium 
and molybdenum were likely limited to the region next to and 
immediately downstream from the contaminant plume.

Periphyton
In August 2017, floating-rack periphyton samplers were 

installed in free-flowing portions of the stream channel at five 
locations representing conditions upstream, adjacent to, and 
downstream of where the legacy groundwater plume inter-
cepts the left bank of the Little Wind River (fig. 30, sites 3 
and 12–15). Site 12 was next to where the groundwater plume 
intercepted the receiving system, but partial bank failure at 
that location resulted in high sediment loads proximate to 
the sampler location and extensive sediment buildup on the 
sampler substrates. Thus, the results from site 12 were not 
included in the final analysis and summary.

Ambient nutrient concentrations, amount of solar 
radiation, and flow velocity are primary determinants of 
algal growth rates in most riverine systems (Genter 1996). 
Although nutrient concentrations in the study reach were not 
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determined as part of this investigation, it was felt given the 
limited spatial segregation of sampling locations (about 700 m 
distance between furthest upstream and downstream periphy-
ton sites) that differences among sites in nutrient concentra-
tions would be relatively minor. Among-site differences in 
incident solar radiation during the sampling period were not 
remarkable and ranged from 5.54 to 6.24 kilowatt-hours per 
square meter per day (Naftz and others, 2019). Near-sampler 
flow velocity at site 3 upstream from where the groundwa-
ter plume entered the receiving system was 0.318 meter per 
second (m/s) at the time of sampler installation compared to 
0.314 m/s (0.200–0.481 m/s) averaged for sites downstream 
from the plume.

Concentrations of uranium and molybdenum in periphy-
ton were generally low overall and ranged from 1.11 to 
1.52 µg/g dry weight and 0.26 to 0.47 µg/g dry weight, 
respectively. Median uranium concentration in periphyton for 
sites downstream from the groundwater contaminant plume 
(sites 13, 14, and 15) was 1.28 µg/g compared to 1.29 µg/g 
upstream at site 3 (fig. 35). Median molybdenum concentra-
tion in periphyton for sites downstream from the contaminant 

plume was 0.39 µg/g compared to 0.44 µg/g at site 3. There 
was no evidence of significant uranium or molybdenum 
enrichment in the receiving system nearby or downstream 
from the groundwater influx.

In addition, there was no evidence of reduction in net 
primary productivity at sites downstream from where the 
groundwater plume entered the study reach. Net autotrophic 
biomass accrual rates were lowest upstream from the ground-
water plume at site 3 (0.16 milligram [mg] chlorophyll a per 
square meter per day [Chla/m2/d]) and highest downstream 
with concentrations of 0.22, 0.25, and 0.29 mg Chla/m2/d at 
sites 13, 14, and 15, respectively (fig. 36).

Lessons Learned and Application to 
Other Sites

The methods and results from a variety of geophysical, 
geochemical, hydrologic, and biological “tools” applied to 
the Riverton Processing site were presented in the “Riverton 
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Figure 35. Boxplots of uranium and molybdenum concentrations in periphyton collected in the Little Wind River, Riverton Processing 
site, Wyoming in 2017 at sites upstream (site 3) and downstream (sites 13, 14, and 15) from the groundwater contaminant plume (Naftz 
and others, 2019).
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Figure 36. Boxplots of net autotrophic biomass accrual rates (chlorophyll a per square meter per day [Chla/m2/d]) for periphyton 
collected in the Little Wind River, Riverton Processing site, Wyoming in 2017 at sites upstream (site 3) and downstream (sites 13, 14, 
and15) from the groundwater contaminant plume (Naftz and others, 2019).

Processing Site Study Results and Discussion” section. The 
purpose of this section is to provide detailed comparisons of 
selected results collected at similar locations along the study 
reach and to discuss likely reasons for observed similari-
ties and differences. Information on how these methods and 
tools might be best applied to other Uranium Mill Tailings 
Radiation Control Act sites with similar surface water and 
groundwater interactions also will be presented.

Figure 37 compares the results from geophysical, hydro-
logic, and geochemical methods used to identify and quantify 
likely areas of groundwater upwelling/seepage along the study 
reach. Data collected during August 2017 along river channel 
distances from 168 to 302 m established from the pore-water 
chemistry surveys (fig. 23) were used in the comparison. The 
surface geophysical survey results (EMI) extend to a depth 
of 400 cm below the streambed surface (fig. 37A). Vertical 
flux measurements from TSMs ranged from 0.2 to 1.1 m in 
depth below the streambed interface (fig. 37B). Vertical flux 
calculated from thermal profiles were based on temperature 
data collected from 0 to 10 cm below the streambed inter-
face (fig. 37C). Pore-water chemistry data (sodium, uranium, 

molybdenum, and surface-water mixing fraction) were 
collected from 0 to 100 cm below the streambed interface 
(figs. 37D–37G), the highest density of samples being from 0 
to 15 cm below the surface of the streambed.

Measurement of vertical flux from TSMs installed 
at 10 locations along the study reach (fig. 37B) generally 
agreed with the survey results from the surface geophysics 
(fig. 37A). Discrete measurements of vertical flux were made 
from August 25 to 31, 2017, along the study reach, and the 
areas with consistent positive flux were observed at chan-
nel distances of 168 m, 180 m, 197 m, 214 m, 279 m, 287 m, 
291 m, and 303 m, generally agreeing with areas of elevated, 
near-surface EC values at channel distances of 168 to 210 m 
and 285 to 302 m (figs. 37A and 37B). The single vertical flux 
measurement at channel distances of 235 m and 255 m agree 
with the lower electrical conductivity values extending to 
200 cm below the surface at channel distances ranging from 
230 to 270 m. Additional confirming measurements of vertical 
flux at channel distances of 235 and 255 m would increase the 
confidence in the similarity between EMI and TSM methods.
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Figure 37. Results of methods used to identify and quantify areas of groundwater upwelling/seepage along the study reach 
during August 2017, Little Wind River, Riverton Processing site, Wyoming (Naftz and others, 2019). A, electromagnetic induction. 
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Comparison between the streambed thermal sensor arrays 
and co-located TSMs (figs. 37B and 37C) generally indicated 
upwelling conditions; however, the magnitude of the vertical 
flux measured by the two methods was different. With one 
exception, the highest vertical flux measurements using ther-
mal profiling data were found between river channel distances 
of 180 and 287 m. The lowest vertical flux measurements 
using this same method were observed at channel distances 
of 180 m, 282 m, 292 m, and 303 m (fig. 37C). No definitive 
explanation for the differences in the vertical flux measured 
by the two methods was found; however, it might be related to 
the type and depth of the measurements made by each method.

The TSMs isolate and measure net vertical seepage 
between the meter base and the stream. In contrast, the thermal 
profiling method is sensitive to lateral water movement across 
the measurement length. Most TSMs were installed at depths 
ranging from 0.5 to 1.1 m below the streambed. In contrast, 
the streambed temperature loggers used to model vertical flux 
were usually deployed within 10 cm of the streambed inter-
face. The likely fundamental reason for the observed differ-
ences in seepage rates between the two methods is that vertical 
seepage rates are being derived using vertically based methods 
from an oblique groundwater discharge flow field. In relatively 
low hydraulic gradient systems such as the Little Wind River, 
streambed seepage is likely to contain a strong lateral compo-
nent (Winter and others, 1998). The TSM connects two verti-
cal locations within this oblique flow field, the upper boundary 
representing the pressure of the stream water column and the 
lower bed pressure at some depth below the deepest profiler 
temperature logger. Although the measurements of fluid flux 
made with this method can be quite precise, the measurements 
might be affected by artificially increasing the vertical hydrau-
lic gradient by decreasing the flowpath length term.

In contrast, the temperature-based model estimates 
of vertical fluid flux inherently are less precise, approach-
ing ±0.1 m/d based on thermal parameter uncertainty alone 
(Briggs and others, 2012); however, the temperature log-
gers can be deployed within 10 cm of the interface where 
upward streambed seepage patterns in the hyporheic exchange 
zone are expected to be the most vertical near the interface. 
Furthermore, the thermal profiling method is sensitive to 
lateral water movement across the measurement length. Both 
methods have strengths and weaknesses, and are essentially 
integrating vertical flux over varied depth intervals.

The mixing model developed from the pore-water chem-
istry results (fig. 37G) agree better with the vertical flux rates 
modeled by the thermal profiling data than the TSM data. The 
smallest contribution of surface-water mixing in pore-water 
samples occur between channel distances of 197 to 274 m. In 
general, this is the same location along the river channel where 
the highest vertical flux rates are modeled by the thermal pro-
filing data (fig. 37C).

The strong agreement between the pore-water mixing 
model (fig. 37G) and thermal profiling (fig. 37C) results prob-
ably are related to the high resolution, near-surface data used 
in both methods. As noted previously, the thermal profiling 
data are collected within the upper 10 cm of the streambed 
interface where the upward seepage patterns are expected to 
be the most vertical. Similarly, the pore-water chemistry data 
collected with the MPs were collected at five depths in the 
upper 15 cm of the streambed where upward seepage patterns 
likely would be the most vertical.

Curiously, the surface geophysical (EMI) results in the 
top 100 cm of the streambed (fig. 37A) did not exhibit similar 
patterns as sodium concentrations measured in pore-water 
samples collected from DPs and MPs (fig. 37D). At depths of 
0 to 100 cm below the streambed interface, the surface geo-
physical results exhibit the lowest (about <800 μS/cm) electri-
cal conductivity values at river channel distances ranging from 
168 to 287 m and elevated (about >1,000 μS/cm) electrical 
conductivity values at channel distances greater than 287 m 
(fig. 37A). In contrast, sodium concentrations measured in 
pore-water samples exhibited elevated (>2,000 mg/L) concen-
trations from 20 to 100 cm below the sediment-water interface 
at channel distances ranging from 180 to 290 m (fig. 37D). 
The reason for the differences between the surface geophysical 
and pore-water chemical methods is not known.

The comparison of the surface geophysical, TSM, 
thermal profiling, and pore-water chemistry results exhibited 
varying levels of agreement along the Little Wind River. As 
evidenced by the comparison of methods along the Little Wind 
River, differences and similarities between multiple methods 
can result in additional insights into hydrologic and geochemi-
cal processes that might be occurring. If only one or two of 
these methods were applied to the study reach, the additional 
insights into legacy plume interactions with a river system 
would likely be limited. If possible, a variety of these and 
other geophysical, geochemical, hydrologic, and biological 
tools that were presented and discussed in the report should be 
deployed at future Uranium Mill Tailings Radiation Control 
Act sites where legacy plume interactions with surface-water 
systems need to be investigated and quantified. For example, 
in a system with a higher hydraulic gradient, vertical flux val-
ues from TSM and thermal profiling methods could be similar. 
Furthermore, river channel changes in vertical flux values 
measured by TSMs might be more closely aligned to similar 
changes in pore-water chemistry and the associated mixing 
model results.
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Summary
Field investigations along the Little Wind River in the 

Riverton Processing site, Wyoming, were completed by the 
U.S. Geological Survey during 2015–17 in cooperation with 
the U.S. Department of Energy Office of Legacy Management 
to characterize: (1) seepage areas and seepage rates; (2) pore-
water and bed sediment chemistry and hyporheic exchange 
and reactive loss; and (3) exposure pathways and biological 
receptors. A variety of tools and methods were used during the 
field characterizations. Streambed temperature mapping, elec-
trical resistivity tomography (ERT), electromagnetic induction 
(EMI), fiber-optic distributed temperature sensing (FO–DTS), 
tube seepage meters (TSMs), vertical thermal sensor arrays, 
and an environmental tracer (radon) were used to identify 
areas of groundwater seepage and associated seepage rates 
along specific sections of the study reach of the river. Drive 
points (DPs), minipiezometers (MPs), diffusive equilibrium in 
thin-film (DET)/diffusive gradients in thin-film (DGT) probes, 
bed-sediment samples, and equal discharge increment sam-
pling methods were used to characterize pore-water chemistry, 
estimate hyporheic exchange and reactive loss of selected 
chemical constituents, and quantify contaminant loadings 
entering the study reach. Sampling and analysis of surface 
sediments, filamentous algae, periphytic algae, and macro-
invertebrates were used to characterize biological exposure 
pathways, metal uptake, and receptors.

Streambed temperature surveys were conducted along 
selected areas of the left bank of the Little Wind River during 
June, July, and August 2016, and during August 2017. The 
primary goal of these surveys was to identify areas of potential 
groundwater discharge and guide the placement and installa-
tion of TSMs, vertical thermal sensor arrays, DPs, MPs, and 
DGT/DET samplers. Contour maps were used to display the 
streambed temperature data. Streambed temperatures below 
the 25th percentile for each period were used to identify areas 
with a higher potential for groundwater discharge through the 
streambed. Variations in the location of streambed tempera-
ture anomalies were observed between the periods measured 
in 2016 and 2017. Notably, parts of the active stream channel 
in the center part of area 1 shifted to the northeast between 
the 2016 and 2017 measurement periods. The clustering of 
cold (less than [<] 25th percentile) streambed temperature 
values associated with this area shifted in the same direction 
as the shifting stream channel. In contrast to the 2016 results, 
the mouth of the side channel in the north part of area 1 did 
not contain cold (<25th percentile) streambed temperatures. 
Continued erosion of the delta at the mouth of the side chan-
nel between the 2016 and 2017 mapping periods may have 
changed the movement of groundwater into the near surface 
parts of the streambed.

EMI and ERT surveys were completed in the study area 
along the left bank of the Little Wind River. Both geophysical 
methods were used to detect changes in near-surface electri-
cal conductivity that were used to infer migration of higher 
conductivity shallow groundwater to the Little Wind River (for 

example contaminant plumes with higher ionic strength and 
[or] higher conductive aquifer materials). EMI survey results 
in the top 5 meters (m) of sediments detected high electrical 
conductivity values (greater than [>] 1,500 microsiemens per 
centimeter at 25 degrees Celsius) in the general areas where 
the groundwater uranium plume was identified from water-
quality surveys. At 3-m depths, high electrical conductivity 
zones seem to migrate closer to the Little Wind River than at 
1-m depths. At the 5-m depth, only small, localized zones of 
high electrical conductivity were detected and likely result 
from either local sedimentological variation (for example, 
evaporite deposits) or changes in pore fluid chemistry related 
to the uranium plume flowing into or below the Little Wind 
River. ERT survey results in the top 6 m of sediments indicate 
a lower conductivity layer overlying a higher conductivity 
layer that was interpreted as alluvial sand deposits overlying 
more conductive saturated sediments below. ERT results seem 
reasonably consistent with the EMI results; however, the ERT 
results indicate more vertical and horizontal variability.

During August and September 2015, FO–DTS techniques 
were used along the sediment-water interface in the Little 
Wind River study reach. Mean temperature anomalies were 
used to identify preferential groundwater discharge zones 
along the Little Wind River. Several discrete locations with 
slightly reduced standard deviation from the ambient interface 
condition were paired with enhanced minimum temperature 
values. These locations were interpreted as discharge zones 
of relatively warm, shallow groundwater (about >14 degrees 
Celsius). The focused groundwater discharge intersected by 
the FO–DTS cable along the riverbed interface buffer daily 
temperature swings and moderate nighttime cooling, creat-
ing the paired standard deviation and minimum temperature 
anomalies that were observed. The areas of focused groundwa-
ter discharge identified by FO–DTS techniques corresponded 
closely with areas of elevated electrical conductivity identified 
with the EMI survey results.

During 2016, TSMs measured mean vertical seepage 
rate for all months of 0.45 meter per day (m/d), ranging from 
−0.02 to 1.55 m/d. In 2017, the mean vertical seepage rate was 
0.01 m/d, ranging from −0.04 to 0.05 m/d. Vertical seepage 
was consistently higher at the junctions between the ephemeral 
side channels and main channel at the upstream and down-
stream ends of the intensive study reach along the Little Wind 
River. Sites where TSMs could be installed were limited by a 
pervasive cobble layer in the streambed below more-mobile 
sands and fine-grain materials

Vertical thermal sensor arrays, consisting of thermis-
tors embedded within a solid pipe, were installed in saturated 
streambed sediments along the study reach during 2016 and 
2017. For data collected in 2016, modeled seepage rates, based 
on the governing 1-dimensional advection-conduction model, 
were modest to circum-neutral and generally ranged from 0.2 
to −0.2 m/d (negative indicates upward flow), depending on 
location along the study reach. Modeled temperature profile 
data collected in 2017 indicated universally strong coupling 
with bed sediments at 10 of the 11 streambed sites. Five 
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streambed locations indicated circum-neutral vertical seepage 
flux conditions, whereas the other five streambed locations had 
mean upwelling values ranging from 0.11 to 0.23 m/d.

Water in equilibrium with the atmosphere has no 
radon-222 concentration, and the presence of elevated 
radon-222 in streams can indicate zones of groundwa-
ter inflow. Specific to the study reach, concentrations of 
radon-222 in samples collected from wells and DPs during 
2016 and 2017 contained a mean concentration of 456 pico-
curies per liter (pCi/L). Concentrations of radon-222 in water 
samples collected from the Little Wind River study reach 
during 2016 ranged from 10.9 to 19.7 pCi/L (June); 8.9 to 
25.7 pCi/L (July); and 14.8 to 25.7 pCi/L (August). Instream 
radon-222 concentrations measured during August 2017 were 
substantially lower, ranging from 5.4 to 9.8 pCi/L with a mean 
of 7.9 pCi/L. The radon-222 data were used to model the 
groundwater inflow along the Little Wind River study reach 
during the four sampling periods in 2016 and 2017. During 
June, July, and August 2016, a consistent inflow of groundwa-
ter was modeled in the central part of the study reach congru-
ous with the center of the previously mapped groundwater 
plume discharge zone. Less groundwater contribution along 
the study reach was modeled during August 2017, indicat-
ing higher streamflow conditions relative to August 2016 and 
that typical late season baseflow conditions had not yet been 
attained.

Interaction of the legacy groundwater plume with the 
Little Wind River was investigated by sampling and chemi-
cal analysis of shallow groundwater and hyporheic zone pore 
water to identify the spatial extent of contaminated ground-
water. A combination of DPs and MPs were installed along 
the study reach during 2016 and 2017 to obtain representative 
water samples. Sediment cores along with DET and DGT 
probes were co-located with DP locations during August 2017. 
A summary of the results from field work conducted in 2016 
and 2017 are presented for DPs and MPs; bed sediment cores; 
and DGT and DET.

Between June and July 2016, uranium concentrations 
at most 1-m DPs increased from three to eight times, likely 
in response to a decrease in river stage. Molybdenum con-
centrations increased by as much as a factor of five during 
the same period. The elevated uranium and molybdenum, 
along with elevated major ion concentrations in the DP water 
samples, defined the location of the legacy plume in the shal-
low streambed along the left bank of the study reach. A water 
sample from a DP installed during August 2016 in area 2 of 
the study reach (WR–10) contained low concentrations of 
uranium, molybdenum, and other constituents indicative of 
the contaminant plume. A MP array was deployed at five sites 
along the left bank of the streambed in the contaminant plume 
zone during August 2016 and sampled in tandem with 30- and 
50-centimeter (cm) DPs. Uranium and molybdenum decreased 
toward the sediment-water interface at sites MP–4 and MP–5. 
Nearly complete hyporheic exchange to a depth of 12 cm 
was estimated, and no reactive loss of uranium or molybde-
num was calculated at any depth indicating little or no flux 

of contaminants to the river at either MP–4 or MP–5. Much 
less hyporheic exchange was observed at MP–1 and MP–2. 
Little or no surface flow was evident at these sites, suggesting 
low hydrodynamic forcing of hyporheic exchange consistent 
with shallow penetration of surface water in the streambed 
and greater groundwater upwelling. Reactive loss of as much 
as 25 percent of groundwater uranium and molybdenum was 
calculated between 3 and 15 cm at site MP–1.

During August 2017, groundwater uranium concentra-
tions at 100 cm below the streambed increased downstream 
from WR17–9 to WR17–6, and uranium concentrations were 
similar at WR17–6, 7, and 8, indicative of the presence of the 
legacy contaminant plume. Generally, pore-water concentra-
tions of uranium and molybdenum are constant between 30 
and 100 cm below the sediment/water interface at the sites 
intersecting the plume. The hyporheic zone ranged in depth 
from 3 to 70 cm in August 2017, and the deepest penetration 
of surface water was observed at WR17–9. Lower pore-water 
concentrations of uranium and molybdenum were observed at 
depths <30 cm below the sediment-water interface. Calculated 
uranium reactive loss shows greatest attenuation of uranium 
at WR17–7, 8 and 9 between 6 and 15 cm, and as much as 
90-percent uranium attenuation is from the upwelling ground-
water during hyporheic exchange with surface water in the 
streambed. With a few exceptions, similar trends in molybde-
num attenuation were observed.

Total uranium and molybdenum concentrations in the 
<1-millimeter fraction of streambed sediment cores col-
lected along the left bank of the study reach show elevated 
concentrations for sites spanning the legacy contaminant 
plume relative to sites outside of the plume. Sediment ura-
nium concentrations at sites within the legacy contaminant 
plume were 2 to 10 times higher than background with the 
exceptions of sites WR17–3 and WR17–8 below 3 cm, where 
little or no enrichment was observed. Molybdenum concen-
trations at sites WR17–3 through WR17–8 ranged from two 
to nine times above background. Overall, higher sediment 
concentrations and calculated aqueous uranium and molyb-
denum reactive loss were observed in the zone where the 
legacy plume is emerging into the river. The lack of spatial 
correlations between sediment uranium or molybdenum and 
calculated reactive loss from groundwater in the streambed 
might be attributed to the time scales associated with pore 
water (<2 hours) versus sediment (>1 month) measurements. 
Pore-water reactive loss estimates and sediment concentration 
profiles are consistent with attenuation of uranium and molyb-
denum from groundwater during hyporheic mixing of surface 
water with the legacy plume during groundwater upwelling 
into the river.

The DET probes deployed in the top 15 cm of sediment 
along the left bank of the study reach clearly identify the loca-
tion and focus of contaminated groundwater at sites WR17–2 
to WR17–9. Peak uranium and molybdenum concentrations 
are centered on sites WR17–5 and WR17–6 (uranium) and 
WR17–7 (molybdenum), with a mean uranium concentration 
of 403 micrograms per liter (µg/L) and mean molybdenum 
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concentration of 60 µg/L. Slightly different patterns in reactive 
(uranium) and conservative (strontium) solute concentrations 
indicate dilution by infiltrating low uranium concentration sur-
face water and reactive uptake of uranium in groundwater by 
sediments during hyporheic mixing may account for observed 
decreases in uranium and molybdenum concentrations above 
6-cm depth in the sediments. Pore-water solute concentra-
tions measured in DGT probes were substantially lower 
than concentrations derived from DET measurements. The 
explanation for lower DGT concentrations is unclear with the 
available data but might suggest that re-supply of pore-water 
solute through advective transport via groundwater does not 
occur at a rate fast enough to satisfy demand from the DGT 
probes. Competition for binding sites on the DGT and (or) the 
presence of DGT-inert or partially labile uranium and molyb-
denum species also could contribute to the lower observed 
solute concentrations. Comparison of DET and MP uranium 
and molybdenum concentrations in the top 15 cm of sediment 
indicate general agreement in the overall trend; however, there 
is some disagreement in the actual solute concentrations mea-
sured by each method. This might be explained by the finer 
sampling resolution and volume of the DET device relative to 
comparable samples from the MPs.

Three temporary bank operated cableways, designated as 
RIV–US, RIV–MID, and RIV–DS, were installed to measure 
streamflow along the study reach to bracket the area where the 
contaminant plume enters the Little Wind River: (1) RIV–US 
upstream from the contaminant plume; (2) RIV–MID immedi-
ately downstream from the highest plume concentrations; and 
(3) RIV–DS downstream from the plume. Acoustic Doppler 
current profiler streamflow measurements were completed 
at each bank operated cableway on August 9, 2016, and 
August 24–25, 2017. Streamflow data were used to define 
three equal discharge increments across each transect, and 
water-quality samples were collected at the midpoint of each 
transect (left, center, and right), representing one-third of the 
transect streamflow. Chemical concentrations in water samples 
collected from the left increment at the RIV–MID and RIV–
DS transects were expected to exceed those of the center and 
right segments because the plume enters along the left bank 
of the Little Wind River. Dissolved uranium concentrations 
increased in the downstream direction in 2016 and 2017; 
average concentrations at RIV–DS exceeded RIV–MID, and 
concentrations at RIV–MID exceeded RIV–US. Also, dis-
solved uranium concentrations in left increment water samples 
collected from RIV–MID and RIV–DS were elevated rela-
tive to RIV–US during 2016 and 2017. Both observations 
are indicative of the addition of water and solute mass to the 
Little Wind River from the contaminant plume; however, this 
conclusion conflicts with the measured streamflow losses 
on August 9, 2016, and August 24, 2017, but is consistent 
with the streamflow gain observed on August 25, 2017. The 
streamflow losses are likely an artifact of measurement error, 
and the results suggest that relatively small additions of plume 
water can cause detectable changes in instream concentra-
tion, evidenced by groundwater plume concentrations that are 

much higher than the surface-water concentrations measured 
at RIV–US. During 2016, net uranium load entering the Little 
Wind River study reach was about 290 grams per day, and 
average inflow concentration was 47 micrograms per liter; 
during 2017, the load was 435 grams per day, and the concen-
tration was 16 micrograms per liter.

Maximum concentrations of molybdenum and uranium in 
streambed sediment from 2016 and 2017 indicated groundwa-
ter inputs of uranium and molybdenum at or near sites 10–11; 
these findings are generally consistent with other physical and 
chemical data from the site. Data from 2016 indicated that the 
enrichment of uranium in streambed sediment was restricted to 
the left bank within the sampled reach. There was no evidence 
of uranium or molybdenum contamination on the right bank. 
These findings are consistent with water-quality data pre-
sented herein. Spatial differences in longitudinal concentration 
profiles between years might reflect corresponding differences 
in hydrologic and geomorphic conditions at the times samples 
were collected. Sediment quality guidelines directly applicable 
to the Little Wind River are not available. To place the data 
into context, sediment concentration thresholds were used and 
derived using lowest effect levels and severe effect levels from 
the co-variance of benthic invertebrate community structure 
and contaminant concentrations of sediments from uranium 
mining and milling sites in Canada. The lowest effect level, 
the uranium concentration at which abundance and species 
richness of invertebrate communities would be reduced by 
<20 percent, was estimated to be 104 micrograms per gram 
based on a weighted method, which is more than an order of 
magnitude greater than the highest concentrations in the Little 
Wind River bed sediment data.

Similar to the streambed sediment, concentrations of 
molybdenum and uranium in aquatic invertebrates collected in 
2016 were elevated downstream from the groundwater plume 
at site 11, although tissue concentrations for both elements 
were generally low overall. Concentrations of molybdenum 
and uranium for all taxa decreased downstream at site 14 
to levels equal to those observed at sites upstream from the 
groundwater plume. Results indicate that the source of molyb-
denum and uranium exposure was localized to the region next 
to and immediately downstream from where the contaminant 
plume entered the receiving system. Uptake of molybdenum 
and uranium likely resulted from ingestion of constituent 
enriched organic and inorganic materials, and to a lesser extent 
from active or passive facilitated diffusion of elements in 
solution.

Despite the ability of freshwater algae to readily assimi-
late and concentrate metals and other constituents from solu-
tion, concentrations of molybdenum and uranium in filamen-
tous algae collected in 2016 and in periphytic algae collected 
in 2017 were consistently low at all sites in the study reach. In 
either year, there was no indication of increased exposure of 
dissolved bioavailable molybdenum or uranium at sites next 
to or downstream from the groundwater plume. Similarly, 
in 2017 there was no evidence of reduction in net primary 
productivity at sites downstream from where the groundwater 
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plume entered the receiving system. The relatively low con-
centrations of molybdenum and uranium observed in the fila-
mentous and periphytic algae were consistent with exposure to 
dissolved concentrations in water samples.

Results obtained along the study reach during 
August 2017 from surface geophysics (EMI), TSMs, vertical 
thermal profiling, and pore-water chemistry (sodium, ura-
nium, and molybdenum concentrations; surface-water mixing 
model), were compared to determine how well the selected 
methods agree or disagree in identifying areas of groundwater 
upwelling/seepage. Discrete measurements of vertical flux 
from the TSMs, ranging in depth from 0.2 to 1.1 m below 
the sediment-water interface, generally agree with elevated 
electrical conductivity values measured at 0.1- to 1-m depths 
below the sediment-water interface at similar stream channel 
distances. Co-located vertical thermal sensor arrays and TSMs 
generally indicate upwelling conditions; however, differences 
in the magnitude of the vertical flux measured by each method 
were different. The proportion of surface water calculated 
from the pore-water chemistry indicated good agreement with 
the vertical flux rates modeled by the vertical thermal profiling 
data. The electrical conductivity values measured in the top 
1 m of the streambed with surface geophysics (EMI) did not 
indicate patterns similar to the sodium concentrations mea-
sured at similar streambed depths from pore-water samples 
collected from DPs and MPs. Differences and similarities 
between multiple methods can provide additional insights into 
hydrologic and geochemical processes that might be occur-
ring. A variety of geophysical, geochemical, hydrologic, and 
biological tools could be deployed at future Uranium Mill 
Tailings Radiation Control Act sites where legacy plume 
interactions with surface-water systems are being investigated 
and quantified.
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