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Characterization of Groundwater Quality and Discharge
with Emphasis on Selenium in an Irrigated Agricultural
Drainage near Delta, Colorado, 2017-19

By M. Alisa Mast

Abstract

Selenium is a water-quality constituent of concern for
aquatic ecosystems in the lower Gunnison River Basin.
Selenium is derived from bedrock of the Mancos Shale and
is mobilized and transported to groundwater and surface
water by application of irrigation water. Although it is
recognized that groundwater contributes an appreciable
amount of selenium to surface water, few studies have
addressed interactions between the two. The U.S. Geological
Survey in cooperation with the Colorado Water Conservation
Board conducted a study during 2017-19 to characterize
the quality and quantity of groundwater discharging to an
agricultural drainage near Delta, Colorado, locally known as
Sunflower Drain.

Water quality in the study area is characterized by high
dissolved solids with elevated concentrations of selenium
and nitrate resulting from dissolution of soluble salts in the
Mancos Shale. Selenium concentrations have decreased by
50 percent since the early 2000s, possibly in response to
irrigation system improvements. Stable water isotopes indicate
streamflow is dominated by canal water during the irrigation
season (April to October) and, during the nonirrigation season
(November to March), is dominated by groundwater that
has undergone some degree of evaporation. Pesticide and
pharmaceutical compounds were infrequently detected, and
results indicate they were derived from sources outside the
study area such that they do not appear to be useful as tracers
of groundwater sources. Stable isotopes of nitrate indicate
that nitrate originates from the Mancos Shale, and the isotopic
composition is enriched by denitrification in the groundwater
system. Using a mass-balance approach, estimated
groundwater discharge rates to Sunflower Drain ranged from
0.15 to 0.27 cubic feet per second per mile with one losing
reach identified. Selenium, sulfate, and nitrate concentrations
in groundwater estimated by mass-balance calculations were
similar to concentrations measured in the Poly 17 observation
well, located in a largely irrigated area in east tributary.

One tributary reach had higher concentrations of selenium,
sulfate, and nitrate likely reflecting localized inputs of more

concentrated groundwater, similar to the concentrations in
the Poly 7 observation well, which is downgradient from a
residential area in the west tributary.

Three pilot studies were conducted, including fiber
optic distributed temperature sensing to detect groundwater
discharge zones in the stream channel, a passive seismic
technique to estimate depth to bedrock, and use of radon-222
as a geochemical tracer of groundwater discharge. All three
techniques show promise as additional approaches for
investigating groundwater discharge surface-water systems in
irrigated drainage areas on Mancos Shale.

The factors that affect groundwater movement mainly
include when and where irrigation water is transported and
applied, and the distribution of bedrock of the Mancos Shale
and overlying alluvial deposits. The average groundwater
recharge rate for the study area was estimated at 8.1 inches per
year, based on mass balance calculations from synoptic survey
data. Along the western tributary of Sunflower Drain, there
was evidence that spills from the East Canal may recharge
the groundwater aquifer adjacent to the stream channel.
Groundwater movement to the stream channel may be
controlled by the topography of the alluvial/bedrock interface
or focused along human-made features, such as tile drains and
ditches constructed around irrigated fields. On larger scales,
the top of bedrock was also important, creating a topographic
constriction that caused a zone of groundwater discharge.

The groundwater system is complex, and further study could
better define the system, possibly through application of a
groundwater flow model and more extensive studies using
some of the exploratory methods evaluated in this study.

Introduction

Selenium is a water-quality constituent of concern
for aquatic ecosystems in the lower Gunnison River Basin
(LGRB) in western Colorado (fig. 1). The source of the
selenium is from selenium-bearing salts in the bedrock of the
Mancos Shale that were formed from oxidation of pyrite in
the shale over thousands of years (Tuttle and others, 2014).
Selenium is mobilized into groundwater and surface water by
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the application of irrigation water and leakage from unlined
ponds and canals into landscapes of the Mancos Shale.

An important control on the mobility of selenium in the
groundwater system is the presence of elevated nitrate, which
maintains mildly oxidizing conditions in the groundwater
(Thomas and others, 2019). Oxidation and (or) reduction of a
trace element refers to its gain or loss of mobility in a system
owing to the level of chemical or biological reactivity with
its surroundings. Reduced forms of selenium are much less
soluble than oxidized forms, and the nitrate, which is a more
suitable electron receptor than selenium, prevents appreciable
reduction of selenium, allowing it to remain mobile in the
groundwater system (Plant and others, 2014). The nitrate is
thought be naturally occurring and sourced from the same
soluble salts in the Mancos Shale as the selenium (Mast and
others, 2014; Mills and others, 2016).

As the groundwater moves from recharge to discharge
areas, it transports dissolved selenium to downstream
wetlands, streams, and rivers. Selenium entering aquatic
ecosystems can bioaccumulate in fish and waterfowl
causing reproductive failures and deformities in offspring
(Hamilton, 2004). In 2008, the U.S. Fish and Wildlife Service
determined that some reaches of the lower Gunnison River
had concentrations of selenium that may be hampering the
recovery of native fish species, including the endangered
Ptychocheilus lucius (Colorado pikeminnow) and Xyrauchen
texanus (razorback sucker) (U.S. Fish and Wildlife Service,
2009). In response to this determination, the Bureau of
Reclamation (Reclamation) established the Selenium
Management Program (SMP) for the LGRB (Reclamation,
2011). The SMP consists of Federal, State, and local agencies
and seeks to mitigate selenium sources with a goal of
decreasing selenium levels in endangered fish habitat in the
lower Gunnison River and its tributaries.

The SMP in cooperation with the U.S. Geological Survey
(USGS) has identified monitoring and research efforts needed
to more fully understand selenium loading to the river and
the effects of mitigation projects in the LGRB. One area of
research identified is improved understanding of linkages
between groundwater and selenium loading to surface water,
which may help to identify areas where mitigation would be
most effective. Most studies to date have focused separately on
either selenium occurrence in surface water or groundwater.
Comprehensive surface-water studies of selenium loading
in the LGRB were conducted by Butler and Leib (2002)
and more recently by Stevens and others (2018). The most
extensive groundwater study was conducted by Thomas and
others (2019), who characterize the hydrology and water
quality of shallow groundwater using a 30-well network on the
east side of the Uncompahgre River. Two additional studies
characterized selenium in aquifer sediments and soils and
mobilization in the groundwater system (Mast and others,
2014; Mills and others, 2016). Although it is recognized
that groundwater contributes an appreciable amount of
selenium to surface water, few studies have addressed
interactions between the two. The USGS in cooperation with
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the Colorado Water Conservation Board conducted a study
during 2017-19 to improve understanding of interactions
between the groundwater and surface-water systems in an
irrigated agricultural drainage area near Delta, Colorado. This
work contributes to the SMP’s overarching need to better
understand, through scientific monitoring and research, the
mobilization, transport, and fate of selenium, as well as the
effects of selenium-mitigation projects on selenium loading to
surface water.

Purpose and Scope

The purpose of this report is to characterize the quality
and quantity of groundwater discharging to the surface-water
system of an agricultural drainage near Delta, Colorado,
with a special emphasis on selenium loading to surface
water. The study was conducted during 2017-19 and focused
on a tributary of the Gunnison River locally referred to
as Sunflower Drain. Current and historical data for a site
just upstream from the Gunnison River (Sunflower Drain
at Highway 92, near Read; USGS, 2019a) were used to
compute selenium loads from the drainage area and evaluate
changes in concentrations over time. Four synoptic surveys
were conducted that included streamflow measurements
and collection of water-quality samples from streams,
canals, return-flow ditches, springs, and groundwater wells.
Synoptic-sample results for stable isotopes of water, major
and trace element chemistry, pesticides and pharmaceuticals,
and stable isotopes of nitrate were used to help constrain
groundwater and solute sources. A mass-balance approach was
used to estimate the recharge rate and average composition
of groundwater during the nonirrigation season (November
to March). Three pilot studies were conducted to explore
additional approaches for investigating groundwater discharge
to surface-water systems in the study area. Lastly, a conceptual
model of the groundwater flow system and connections with
surface water for the study area is presented.

Study Area

Sunflower Drain is predominantly an agricultural
drainage system that flows into the Gunnison River
approximately 4 miles (mi) upstream from Delta, Colorado
(fig. 1). The landscape is characterized by low relief hills
separated by narrow valleys. The area is underlain by flat
lying Mancos Shale of Late Cretaceous age, and in low
lying areas and valley bottoms, this bedrock formation is
covered by shale-derived alluvial deposits up to 20 feet (ft)
in thickness (Thomas and others, 2019). In some reaches, the
stream channels have incised steep-walled canyons through
the alluvium and into the shale reaching depths up to 30 ft.
The climate is semi-arid with approximately 8 inches (in)
of precipitation per year (Western Regional Climate Center,
2020) that, in unirrigated areas, supports only semi-desert
shrublands (Reclamation, 2018). Because of the semi-arid
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climate, almost all natural precipitation is lost through surface
runoff and evapotranspiration, and the shallow groundwater
reservoir in the study area would not likely have contained
appreciable quantities of water prior to irrigation (Thomas and
others, 2019).

The Sunflower Drain study area is defined as the area
upstream from site 2 and includes two main tributaries
herein referred to as the west tributary (west trib) and east
tributary (east trib) (fig. 1). Below the tributary confluence,
the stream flows another 3.2 mi to its confluence with the
Gunnison River. Both tributaries of Sunflower Drain are
perennial, and streamflow is sustained by irrigation return
flows and groundwater discharge. Streamflow in the west trib
is augmented by inputs of excess irrigation water from the
East Canal that spills directly into the head of the tributary
over an energy dissipation structure locally referred to as
the “Dragon’s Teeth” (Gunnison River Basin, 2020). Canal
spills occur during the irrigation season (April to October),
although there is some flow at the Dragon’s Teeth during the
nonirrigation season, likely because of groundwater discharge
into the canal when the canal is not in use. Groundwater in the
study area is primarily recharged by infiltration of irrigation
water below the rooting zone (deep percolation), leakage from
unlined canals, and possibly seepage from septic systems
(Mayo, 2008). During the winter or nonirrigation season,
streamflow is sustained almost entirely by groundwater
discharge, in the form of seepage from the stream banks, with
minor inputs from winter precipitation events and inputs from
the East Canal.

The major land uses are irrigated agriculture, which
covers 20 to 25 percent of the study area, and scattered
residential developments (fig. 1). Water for irrigation is
supplied by several canals and lateral canals (hereafter
laterals), which distribute water from the main canals. Water
for domestic use is piped into the study area from public
water supplies. Approximately 85 percent of land in the
study area is privately owned (Delta County, 2020). Land-use
changes include an increase in residential developments
and implementation of irrigation improvement projects. A
record of septic permits from Delta County (Delta County,
2020) indicates permits in the study area increased from 49
to 216 from 1993 through 2017 with the greatest density of
new residences on the west side of the west trib (fig. 1). The
Bureau of Reclamation, National Resources Conservation
Service, and Colorado River District along with local partners
have been implementing irrigation system improvement
projects throughout the LGRB (Gunnison River Basin, 2020).
Projects generally include piping of irrigation canals and
laterals and implementing more efficient on-farm irrigation
systems. Piping projects involve replacing open earthen
irrigation laterals with closed pipe to reduce seepage loses.
This reduction in seepage not only conserves water but also
benefits water quality by limiting the mobilization of selenium
and salts to surface water from bedrock and soils of the
Mancos Shale. In the Sunflower Drain study area, about 10 mi
of laterals have been piped since 2015 including the GH-A

lateral, which was completed in 2015, and two sections of the
GK lateral, one completed in 2018 and the other completed
in 2020 (fig. 1). Numerous on-farm projects have been
implemented in the study area to upgrade irrigation systems
and improve irrigation management since the late 1980s
(Reclamation, 2020).

Methods

This section provides details on the methods of sample
collection, laboratory analyses, statistical analyses, and mass
balance calculations used in the study. Methods also are
described for the three exploratory techniques evaluated,
including fiber-optic distributed temperature sensing,
passive seismic measurements, and application of radon as a
geochemical tracer.

Water-Quality Sample Collection and Analysis

Synoptic surveys of streamflow and water quality were
made at selected surface-water sites (streams, canals, ditches
and springs) in the study area on four dates (fig. 1, table 1).
One synoptic was conducted during the irrigation season
(August 2017), and three synoptics were conducted during
the nonirrigation season (March 2018, November 2018, and
March 2019). During each synoptic, most surface-water
samples were collected on the same day. A few groundwater
samples were collected during the synoptics at two existing
observation wells (Poly 7 and Poly 17, part of a 30-well
network) (see Thomas and others [2019] for well details)
and at four shallow test holes augered by hand using a
bucket auger. In addition to the synoptic sampling, monthly
to bimonthly streamflow measurements and water-quality
sampling was conducted at Sunflower Drain at Highway 92
(site 1 in fig. 1) from August 2016 to July 2019. A summary
of constituents measured at each sampling site is presented
in table 2. All water-quality data collected for this study
are stored in the USGS National Water Information System
(NWIS) database (USGS, 2020a) and can be retrieved using
the USGS station numbers from table 1.

At surface-water sites, streamflow measurements were
made using a handheld SonTek FlowTracker acoustic Doppler
velocimeter with a wading rod or a portable flume according
to methods in Rantz (1982) and Turnipseed and Sauer (2010).
Water temperature and specific conductance were measured
in the field using a handheld meter. Surface-water and
groundwater samples were collected and processed according
to standard USGS protocols described in the “National Field
Manual for the Collection of Water-Quality Data” (USGS,
2018). Water-quality samples were collected from streams as
grab samples at the centroid of flow, and groundwater samples
were collected using a peristaltic pump. Water samples
were filtered through a 0.45-micrometer capsule filter into
precleaned plastic bottles. Samples collected for cation and



Table 1.

[Site no., site number from figure 1; latitude and longitude in decimal degrees, North American Datum of 1983; Depth, well depth in feet; Trib, tributary; GW, groundwater; BLM, Bureau of Land Management;

nr, near; —, not applicable]

Description of sampling sites in the Sunflower Drain study area, Colorado, with U.S. Geological Survey station numbers and names.

Site no. Station number Station name Latitude Longitude Type Depth (feet)
1 384551107591901 Sunflower Drain at Highway 92 38.7642 107.9892 Stream —
2 384457107584801 Unnamed Drainage at 2050 Road 38.7492 107.9806 Stream —
3 384438107574501 East Trib of Sunflower Drain at Confluence 38.7439 107.9625 Stream —
4 384437107574501 West Trib of Sunflower Drain at Confluence 38.7436 107.9624 Stream —
5 384445107571001 East Trib of Sunflower Drain at 2200 Road 38.7459 107.9528 Stream —
6 384401107560201 East Trib of Sunflower Drain nr Peach Valley Road 38.7336 107.934 Stream —
7 384337107561901 Canal on East Trib Sunflower Drain at F Road 38.7268 107.9386 Ditch —
8 384217107553501 Unnamed Drainage at D50 Road 38.7048 107.9263 Ditch —
9 384429107574301 Spring near West Trib of Sunflower Drain 38.7415 107.9619 Spring —
10 384336107572701 West Trib Sunflower Drain at F Road 38.7267 107.9573 Stream —
11 384243107574001 Unnamed Drainage at E Road 38.7119 107.9617 Stream —
12 384200107573901 East Canal Tailwater into Sunflower Drain 38.7 107.9615 Canal —
13 384428107573901 Poly 7 38.7411 107.9608 GW well 28.2
14 384300107561801 Poly 17 38.7167 107.9383 GW well 233
15 384448107584001 Test Hole on Stream Bench at Stirrup Creek Road 38.7468 107.9777 GW well 6
16 384431107573901 Test Hole on Stream Bench 38.742 107.9607 GW well 7
17 384401107560501 Lower Test Hole in BLM Parcel 38.7336 107.9347 GW well 6
18 384400107560601 Upper Test Hole in BLM Parcel 38.7333 107.935 GW well 4
19 384434107574401 Spring in Sunflower Drain Channel 38.7428 107.9621 Spring —

Spoyis Nl

S



Table 2. Summary of water-quality data collected at each sampling site during the four synoptic surveys in the Sunflower Drain study area, Colorado.

[Site number from figure 1; Major-Nut, dissolved major ions and nutrients; Selenium, dissolved selenium; Water isotopes; stable oxygen and hydrogen isotopes of water; Nitrate isotopes; stable nitrogen and

oxygen isotopes of nitrate; Pest-pharm, pesticides and pharmaceuticals; A, August 2017 synoptic survey; B, March 2018 synoptic survey; C, November 2018 synoptic survey; D, March 2019 synoptic survey;

Trib, tributary; BLM, Bureau of Land Management; nr, near; —, not collected]

Site number Station name Major-nut Selenium Water isotopes Nitrate isotopes Pest-pharm
1 Sunflower Drain at Highway 92 A,B,C,D A,B,C,D A,B,C,D D —
2 Unnamed Drainage at 2050 Road A,B,C,D A,B,C,D A,B,C,D C,D —
3 East Trib of Sunflower Drain at Confluence A,B,C,D A,B,C,D A,B,C,D C,D A,B
4 West Trib of Sunflower Drain at Confluence A,B,C,D A,B,C,D A,B,C,D C,D A,B
5 East Trib of Sunflower Drain at 2200 Road A,B,C,D A,B,C,D A,B,C,D C,D —
6 East Trib of Sunflower Drain nr Peach Valley Road B,C B,C,D B,C,D C,D —
7 Canal on East Trib Sunflower Drain at F Road A,B,C,D A,B,C,D A, B, C C,D —
8 Unnamed Drainage at D50 Road C,D C,D C,D C,D —
9 Spring near West Trib of Sunflower Drain A,B,D A,B,D A, B — A
10 West Trib Sunflower Drain at F Road A,B,C,D A,B,C,D A,B,C,D C,D —
11 Unnamed Drainage at E Road A, B A,B A, B — —
12 East Canal Tailwater into Sunflower Drain A,B,C,D A,B,C,D A,B,C,D C,D B
13 Poly 7 A,B A,B B — A
14 Poly 17 B B B — —
15 Test Hole on Stream Bench at Stirrup Creek Road D D — —

16 Test Hole on Stream Bench D D D D —
17 Lower Test Hole in BLM Parcel D D D — —
18 Upper Test Hole in BLM Parcel D D D D —
19 Spring in Sunflower Drain Channel D D D D —

9
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selenium analyses were acidified with nitric acid. Samples
collected for nutrient and anion analyses were chilled on ice
until delivered to the laboratory. Major ions, nutrients, and
selenium were analyzed at the USGS National Water Quality
Laboratory (NWQL) in Lakewood, Colorado (USGS, 2020b),
using approved methods (Fishman and Friedman, 1989;
Fishman, 1993; Garbarino and others, 2006).

Selected samples were analyzed for additional
constituents, including pesticide and pharmaceutical
compounds and stable isotopes of water and nitrate (table 2).
Samples for pesticides and pharmaceuticals were collected in a
precleaned Teflon bottle then passed through a 0.7-micrometer
glass-fiber filter into a 20 milliliter (mL) glass vial that was
chilled on ice and delivered to the laboratory within 48 hours.
Pesticide and pharmaceutical compounds were analyzed at
the NWQL using methods described by Furlong and others
(2012) and Sandstrom and others (2015). Unfiltered samples
for water isotopes were collected in 60-mL glass vials with
polyseal caps. Samples for nitrate isotopes were filtered
through 0.45-micrometer capsule filters, then filtered a second
time through a 0.2-micrometer syringe filter into a plastic
bottle and frozen within 24 hours of collection. Stable isotope
ratios of oxygen (6180) and deuterium (62H) in water were
measured at the USGS Stable Isotope Laboratory in Reston,
Virginia (USGS, 2020c), using mass spectrometry, following
methods by Révész and Coplen (2008a, 2008b). Stable
isotopes of nitrogen (5!5N) and oxygen (6!80) in nitrate were
analyzed at the same laboratory using bacterial conversion
of nitrate to nitrous oxide and subsequent measurement on a
continuous-flow isotope ratio mass spectrometer (Coplen and
others, 2012). All isotope results are reported with the standard
delta notation (), in parts per thousand (per mil).

Quality Assurance and Quality Control

Quality-control samples for major ions, nutrients,
selenium, and isotopes included field blanks (except for
isotopes) and sequential replicates collected during each of
the four water-quality synoptics. Field blanks were used to
evaluate the potential for sample contamination from sample
collection, processing, and analysis, and replicate samples
were used to evaluate sampling and analytical variability
(Mueller and others, 2015). In the four field blanks (table 3),
there was one detection for ammonia and one detection for
nitrite, although all detections were less than two times the
laboratory reporting level (LRL). Constituent concentrations
detected in blanks were lower than the concentrations in all
but one of the environmental samples, indicating collection
and processing of samples was not a substantial source
of contamination. Relative percent difference (RPD) was
computed for each replicate pair to estimate variability
(Mueller and others, 2015). Most RPD values were less than
5 percent, indicating analytical results were reproducible for
the constituents of interest. Only ammonia in replicate pairs
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exceeded 5 percent RPD (table 3), indicating concentrations
for this constituent may have a higher degree of variability and
uncertainty than other constituents (Mueller and others, 2015).
For pesticides and pharmaceuticals, one blank was
collected during the August 2017 synoptic survey, and
one replicate sample was collected during the March 2018
synoptic survey. The blank had no detections, indicating
contamination was minimized during sample collection,
processing, and analysis. The replicate sample pair had
one detected compound (metolachlor SA, a metolachlor
metabolite), with concentrations within 11 percent of each
other (environmental = 51 nanograms per liter (ng/L),
replicate = 57 ng/L), indicating the analytical results appeared
to be reproducible, although only for one compound.

Data Analysis and Spatial Datasets

Selenium loads were estimated for site 1 using 38
samples collected during the period 2016—19 with discrete
selenium concentrations and streamflow measurements
(USGS, 2019a). Daily loads in pounds per day (Ib/day) were
calculated by multiplying the concentration by the streamflow
and a factor to convert the units to Ib/day. Changes in water
quality over time were evaluated for site 1 using available
data from NWIS. Samples were grouped into irrigation
(April-October) and nonirrigation (November—March)
seasons and statistical comparisons between two periods
of record (pre-2004 and post-2015) were made using a
two-sample permutation test (Helsel and others, 2020) using
R software (version 3.6.1, R Core Team, 2019) with the R
package “perm” (Fay, 2015). The permutation test makes no
assumption of normality in the data, has more power than
traditional parametric tests, and is less affected by outliers
than other parametric tests (Helsel and others, 2020). A Piper
diagram, which is a trilinear diagram using the three-point
plotting method developed by Piper (1944) and described
by Hem (1985), was constructed using the R package
“smwrGraphs” (Lorenz and Diekoff, 2017) with major-ion
data collected as part of this study as well as previously
collected data retrieved from NWIS.

High resolution light detection and ranging (lidar) data
covering Delta County were obtained from the Colorado
Hazard Mapping Program (Colorado Water Conservation
Board, 2020). A shaded relief map was developed from the
lidar dataset using the Global Mapper Software (Blue Marble
Geographics, 2020); the relief map was used as a base map
in several of the report figures. The lidar was available only
to the north of latitude 38° 42', which is why the resolution
of the base map decreases south of this latitude on some
figures. Landsat Analysis Ready Data (ARD) products
were downloaded from EarthExplorer (USGS, 2020d). All
available ARD images for the 3-year study period were
downloaded, excluding any with cloud and snow cover.
The normalized difference vegetation index (NDVI), which



Table 3. Water-quality results for field blanks and replicate samples collected during the study.

[Site number from figure 1; A, August 2017 synoptic survey; B, March 2018 synoptic survey; C, November 2018 synoptic survey; D, March 2019 synoptic survey; Env., Environmental sample; Rep., replicate
sample; RPD, relative percent difference calculated using (C1-C2)/([C1+C2]/2) x 100, where C1 is the concentration of the environmental sample and C2 is the concentration of the replicate sample; <, less
than; —, no data; values in bold format indicate detections in blanks or RPD greater than 5 percent; Constituent concentrations in units of milligrams per liter except selenium in micrograms per liter; Alkalinity
in milligrams per liter as calcium carbonate; Nitrogen species in milligrams per liter as nitrogen; 5!80; stable isotope ratio of oxygen; 62H, stable isotope ratio of deuterium; 315N, stable isotope ratio of nitrogen;
isotope ratios reported in parts per thousand]

Site number: 3 4 4 1 12 3 2
Synoptic survey: A B c D A B c

Sample type: Blank Blank Blank Blank Env. Rep. RPD Env. Rep. RPD Env. Rep. RPD

Constituent and value

Ammonia 0.013 <0.01 <0.01 <0.01 <0.01 <0.01 — 0.195 0.169 14.3 0.25 0.182 31.5
Nitrite <0.001 <0.001 <0.001 0.002 0.00339 0.00343 -1.2 0.0248 0.0246 0.8 0.0589 0.0585 0.7
Nitrate-+nitrite <0.04 <0.04 <0.04 <0.04 0.709 0.707 0.3 8.95 8.98 -0.3 9.94 9.99 -0.5
Calcium <0.022 <0.022 <0.022 <0.022 88.1 87.6 0.6 478 481 -0.6 444 443 0.2
Magnesium <0.011 <0.011 <0.011  <0.011 19.4 19.4 0 281 283 —0.7 294 293 0.3
Sodium <0.1 <0.1 <0.4 <0.4 323 32.1 0.6 932 942 -1.1 1,129 1,145 -1.4
Potassium <0.1 <0.1 <0.3 <0.3 2.49 2.5 -0.4 149 15 -0.7 15.8 15.6 1.3
Chloride — <0.02 <0.02 <0.02 4.42 4.44 -0.5 54.4 54.5 -0.2 66.7 65.8 1.4
Sulfate — <0.02 <0.02 <0.02 218 219 -0.5 3,735 3,688 1.3 4,257 4,192 1.5
Selenium <0.05 <0.05 <0.05 <0.05 2.94 2.94 0 70.6 71.6 -1.4 91.8 90.5 1.4
Alkalinity — — <0.15 <0.15 139 139 0 422 422 0 395 400 -1.3
62H in water — — — — —116.0 -115.8 0.2 —-110.2 —109.9 0.3 — — —
6180 in water — — — — -15.5 -15.5 0 —-14.4 -14.4 0 — — —
S15N in nitrate — — — — — — — — — — 26.7 26.7 0

6180 in nitrate — — — — — — — — — 9.22 9.09 1.4
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quantifies vegetation cover (USGS, 2020¢), was computed
for each of the 44 ARD images and then averaged over the
study period using the “raster” package in the R statistical
software. Because vegetation mainly grows in irrigated areas
and discharge zones, the averaged NDVI was reclassified on
the basis of the intensity using the raster package and was
used to map areas with the highest potential for groundwater
recharge.

Methods of Exploratory Studies

This section describes three techniques that were
explored as additional tools for investigating groundwater
discharge to surface-water systems in the study area. One
technique used temperature as a tracer of groundwater
discharge zones, the second used a passive seismic technique
to estimate thickness of alluvial sediments, and the third
technique used radon-222 as a geochemical tracer of
groundwater discharge.

Fiber-Optic Distributed Temperature Sensing

Fiber-optic distributed temperature sensing (FO-DTS)
is a technology that allows high precision temperature
measurements along the length of a cable at a fine spatial
resolution. The FO-DTS sensors work by propagating a
light pulse down a fiber optic cable, which scatters the light
and can be used to estimate temperature along the cable
(Briggs and others, 2012). For this study, temperature data
from a FO-DTS cable were collected along a 0.3-mi reach of
Sunflower Drain starting about 500 ft upstream from site 2
(fig. 1) during March 6-8, 2017. The FO-DTS cable, with
a spatial resolution of 1.01 meters (3.31 ft), was secured to
the streambed using plastic coated landscape staples and flat
river stones where necessary. While deploying the cable,
coordinates were collected at known distances along the
cable using a hand-held global positioning system receiver.
Temperature data along the cable were collected and
processed using an Oryx model SR Remote Logging DTS
unit (Sensornet, 2020) run in double ended configuration,
which automatically adjusts for ambient light loss along
optical fibers (Briggs and others, 2012). Calibration for
thermal drift was performed in real time using a continuously
mixed ice bath, which was monitored with a thermistor. Data
were collected over a 48-hour period and were integrated
at 10-minute intervals. The FO-DTS cable and logging unit
were on loan from the USGS Hydrogeophysics Branch in
Storrs, Connecticut (USGS, 2020f). The raw and processed
DTS data and coordinates of the cable positions are available
in a companion data release (Mast, 2020).

Methods 9

Passive Seismic Technique

The horizontal-to-vertical spectral ratio (HVSR)
is a passive seismic technique that uses a single-station
three-component seismometer to measure the vertical and
horizontal components of ambient seismic noise (Lane and
others, 2008). The ratio of the averaged horizontal-to-vertical
frequency spectrum (H/V) is used to determine the
fundamental site resonance frequency (F,), which can be
used to estimate sediment thickness and depth to bedrock.
Details of the method can be found in Johnson and Lane
(2016). The HVSR measurements were made in March 2018
using a Tromino seismometer (Moho, 2020), which is a
portable instrument that is powered by batteries. At each
site, spikes on the corners of the Tromino seismometer
were firmly pushed into the soil to couple it with the earth.
After leveling, the instrument was left undisturbed to record
data for 20 minutes. Sites were selected near groundwater
wells where the depth to bedrock was known from well
logs. The commercially available software program Grilla
V6.1 (Moho, 2020) was used to process the ambient seismic
data. The software produces a spectral plot of the ratio of
the averaged H/V components showing the fundamental
frequency, F,, which can be used to estimate depth to
bedrock using the relation Vs=4*F,*Z, where Vs is the shear
wave velocity (in meters per second) and Z is the thickness
(in meters) of the surficial layers (Johnson and Lane, 2016).
The shear wave velocity can be estimated for locations where
depth to bedrock is known from well logs, then applied to
nearby areas with similar geology. The raw data in ascii
and binary formats are available in a USGS data release
(Mast, 2020).

Radon-222 Sampling

Samples for radon-222 analyses were collected in
November 2018 at three surface-water sites (sites 5, 8, 9)
and one groundwater well (site 13) (table 4). A second set of
samples was collected in March 2019 along a 0.5-mi reach
of the east trib just upstream from site 6. At surface-water
sites, a 10-mL sample was collected from below the water
surface using a glass syringe. The sample was injected into a
glass vial that contained a mineral oil scintillation solution;
the vial was then sealed with a polyseal cap. Groundwater
was sampled with a bailer, and a 10-mL sample was pulled
from the bottom of the bailer using a glass syringe then
injected in the glass scintillation vial. Samples were analyzed
at NWQL using standard methods (American Society for
Testing and Materials, 2002). The November 2018 samples
were collected in duplicate and confirm that results are
reproducible and that radon losses likely were not occurring
as a result of sampling (table 4).



Table 4. Radon-222 activities for selected sampling sites in the Sunflower Drain study area, Colorado.

[Site no., site number from figure 1; Latitude and Longitude in decimal degrees, North American Datum of 1983; radon-222 concentration in picocuries per liter; values in parenthesis are for duplicate samples col-
lected on the same date; Distance, distance in feet along the stream reach; Trib, tributary; BLM, Bureau of Land Management; NWIS, National Water Information System; GW, groundwater; —, not available]

Station name Site no. Latitude Longitude Date Time Type Radon-222 Distance
East Trib of Sunflower Drain at 2200 Road 5 38.7459 107.9528 11/28/2018 1602 Stream 14,9 (1-4.4) —
Unnamed drainage at D50 Road 8 38.7048 107.9263 11/29/2018 910 Ditch 17.1 (16.8) —
Spring near West Trib of Sunflower Drain 9 38.7415 107.9619 11/28/2018 1115 Spring 121 (107) —
Poly 7 13 38.7411 107.9608 11/28/2018 1140 GW well 757 (805) —
East Trib radon site 12 — 38.7317 107.9339 3/20/2019 1300 Stream 285 0
East Trib radon site 22 — 38.7325 107.9339 3/20/2019 1315 Stream 260 456
East Trib radon site 32 — 38.7331 107.9336 3/20/2019 1320 Stream 202 804
East Trib radon site 42 — 38.7367 107.9336 3/20/2019 1330 Stream 278 1,319
East Trib radon site 52 — 38.7344 107.9350 3/20/2019 1340 Stream 239 1,492
East Trib radon site 62 — 38.7331 107.9336 3/20/2019 1345 Stream 252 1,679
Spring? — 38.7331 107.9336 3/20/2019 1350 Spring 1,332 —
Upper Test Hole in BLM Parcel 18 38.7333 107.9350 3/20/2019 1430 GW well 274 —

ILess than the sample-specific critical level, which is similar to a laboratory reporting level.

2Site and data not available in NWIS database.
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Hydrologic Conditions

Streamflow during the study period at Sunflower Drain
(site 1, USGS, 2019a) and Loutsenhizer Arroyo (USGS,
2019b) are shown in figure 2. Loutsenhizer Arroyo, which
is a slightly larger drainage area located 3.5 mi southwest
of the study area (fig. 1), has a streamflow-gaging station
and was included to show daily variation in streamflow.
Loutsenhizer Arroyo and Sunflower Drain sites show similar
seasonal patterns, reflecting the timing and application of
irrigation water (fig. 2). Abrupt increases and decreases in
streamflow occurred over a few days at the start (April) and
end (October) of the irrigation season when canals were
turned on and off. Continuous streamflow at Loutsenhizer
Arroyo in summer was punctuated by spikes caused by
summer thundershowers. During winter months, streamflow
gradually declined, reflecting drainage of the shallow
groundwater system. Streamflow during the irrigation season
was lower in 2018 than the previous 2 years, presumably
reflecting lower precipitation (61 percent of average; data
from National Resources Conservation Service [2020])
during the 2018 winter compared to winter in 2016 (97
percent of average) and 2017 (109 percent of average). In
general, the discrete streamflow measurements in Sunflower

Hydrologic Conditions 1"

Drain showed interannual patterns similar to those at
Loutsenhizer (for example lower streamflow in 2018).
Although there are only monthly data for Sunflower Drain,
the seasonal patterns appear to diverge in mid-summer when
streamflow in Sunflower Drain decreases while streamflow at
Loutsenhizer Arroyo remains relatively constant, especially
evident in 2017.

Groundwater levels were monitored monthly at two
USGS observation wells, Poly 7 (site 13, fig. 1) and Poly
17 (site 14), during the study period as part of an ongoing
USGS study (Thomas and others, 2019). Poly 17, which
is surrounded by irrigated fields and is characterized by
semiconfined conditions, shows strong seasonal variation
in water levels (8—10 ft), reflecting the effect of irrigation
on the shallow groundwater table (fig. 3). In contrast, Poly
7, which is located downgradient from a predominantly
residential area with minimal irrigated areas (fig. 1), shows
little seasonal variation in water level (less than 1 ft). The
lack of seasonality is not entirely understood, but Thomas and
others (2019) report this well had a much lower recharge rate
than other shallow unconfined wells in the lower Gunnison
River Basin (LRGB) perhaps because recharge is derived
largely from residential areas rather than irrigated fields.
Groundwater levels were not substantially different in the
drought year (2018) compared to wetter years (2017, 2019).
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Figure 2. Discrete streamflow measurements at Sunflower Drain at Highway 92 (U.S. Geological
Survey station 384551107591901; U.S. Geological Survey, 2019a), Colorado, plotted with daily
streamflow at Loutsenhizer Arroyo (U.S. Geological Survey station 383926107593001; U.S. Geological

Survey, 2019b) during the study period.
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Figure 3. Seasonal variation in groundwater levels at the Poly 7 (U.S. Geological Survey station
384428107573901) and Poly 17 (U.S. Geological Survey station 384300107561801) observation wells in
the Sunflower Drain study area, Colorado, during 2017-19. The wells are part of a 30-well network
in the lower Gunnison River Basin described by Thomas and others (2019); groundwater levels can
be accessed at U.S. Geological Survey (2019¢, 2019d).

Water Quality of Sunflower Drain with
Emphasis on Selenium

This section presents results for water-quality data and
temporal trends with emphasis on selenium from two datasets,
the first for Sunflower Drain at Highway 92 (site 1) and the
second for the four synoptic sampling events conducted in the
study area.

Sunflower Drain at Highway 92

Sunflower Drain is one of the largest tributary sources
of selenium to the Gunnison River upstream from the
Uncompahgre River (Butler and Leib, 2002) and is currently
part of a water-quality monitoring network supported by the
SMP (Reclamation, 2011). Continued monitoring is important
for tracking current conditions as well as long-term trends
in selenium concentrations and loads. Since 2016, the SMP
has supported USGS in conducting quarterly sampling at
Sunflower Drain at Highway 92 (site 1, fig. 1), which was
supplemented in 2017 and 2018 by additional monthly
samples collected as part of this study. The USGS also
sampled site 1 from 1991 to 2003 as part of a USGS irrigation
study described by Seiler and others (2003). Data for site 1 for
both periods of record are available in NWIS (USGS, 2020a).

Concentrations and Loads

Surface water at Sunflower Drain (site 1) is characterized
by high specific conductance with elevated concentrations
of selenium and nitrate, particularly during the nonirrigation
season (fig. 4). The major cations are sodium and calcium, and
the major anion is sulfate. Selenium concentrations commonly
exceeded 100 micrograms per liter (ug/L) especially during
the pre-2004 nonirrigation season. This composition results
from dissolution of selenium-bearing salts, mainly gypsum
and sodium sulfate, in soils and aquifer materials derived
from the Mancos Shale (Tuttle and others, 2014). Selenium
concentrations in all samples from site 1 exceeded the
Colorado chronic aquatic life standard of 4.6 ug/L (Colorado
Department of Public Health and Environment, 2020). Nitrate
also was elevated, with concentrations up to 18 milligrams
per liters (mg/L) during the nonirrigation season. Elevated
nitrate has been attributed to dissolution of nitrogen-bearing
salts in the Mancos Shale and associated soils rather than
human-generated sources such as agriculture (Mast and
others, 2014; Mills and others, 2016). The seasonal pattern
in selenium and nitrate concentrations at site 1 is strongly
bimodal with concentrations in the nonirrigation season up to
20 times greater than during the irrigation season (fig. 4). The
strong seasonality is due to a 100-fold increase in streamflow
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Boxplots comparing specific conductance, selenium, nitrate, and streamflow values at Sunflower Drain at Highway

92 (site 1; U.S. Geological Survey, 2019a), by season (irrigation and nonirrigation) and by period of record (pre-2004 is 19922003
and post-2015 is 2016-19). Horizonal line is the State of Colorado chronic aquatic-life standard for selenium of 4.6 micrograms
per liter (Colorado Department of Public Health and Environment, 2020).

during the irrigation season that dilutes concentrated winter
base flow with large inputs of more dilute streamflow derived
from irrigation return flows and canal spills into the west trib.
Selenium loads were estimated for site 1 to quantify
the importance of base flow (groundwater) compared with
surface runoff as the source for selenium loading to the
Gunnison River. Average daily selenium load (concentration
times streamflow) during the nonirrigation season (mid-April
to mid-November) was estimated at 1.39 Ib/day and during
irrigation season was estimated at 2.66 1b/day, yielding an
annual load of 769 Ib. Assuming the base-flow component is
relatively constant throughout the year, the daily selenium load
during the irrigation season owing to return flows and canal
inputs was estimated at 1.27 Ib/day by the difference between
irrigation and nonirrigation loads, indicating 65 percent of the
annual selenium load from Sunflower Drain is from base flow
or groundwater. The other 35 percent is likely from surface
water in Sunflower Drain or sources outside the drainage area
(East Canal spills) (fig. 1). Thomas and others (2019) report a
similar value of 62 percent using data for site 1 over a different
period of record (1991-2017). The 62—65 percent values may
be overestimated if groundwater is diluted by irrigation-season

recharge; however, groundwater data for a 30-well network

in LRGB, which includes Poly 7 and Poly 17, did not show
statistically significant differences in selenium concentrations
between the irrigation and nonirrigation seasons (Thomas and
others, 2019). Another source of uncertainty could be seasonal
changes in groundwater discharge rates. Streamflow was
observed to decline through the nonirrigation season by about
a factor of two, indicating groundwater discharge rates may be
slightly higher during the irrigation season, and the 65 percent
may be underestimated. Direct measurements of groundwater
flux into the stream channel (Kalbus and others, 2006) could
be used to further refine these estimates.

Temporal Trends Selenium

Changes in water quality over time were evaluated for site
1 by comparing the earlier dataset (1992-2003) with the more
recent dataset (2016—19), which includes data collected as part
of this study (fig. 4). Samples were grouped into irrigation
(April-October) and nonirrigation (November—March) seasons
and compared between the two periods of record (pre-2004 and
post-2015). The results of the statistical tests are summarized
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Table 5. Results of two-sample permutation test comparing concentrations in the pre-2004 and post-2015 periods for selected
water-quality constituents at Sunflower Drain at Highway 92, Colorado (Site 1 in fig. 1).

[p-value is the statistical significance of the test; p-values less than 0.05 are shaded and indicate the means of the two groups are statistically different; post, data
from 2016 to 2019; pre, data from 1992 to 2003; Difference, percent difference in concentration between post-2015 and pre-2004 periods; %, percent; <, less than]

Irrigation season Nonirrigation season

Constituent Difference Difference

p-value (post-pre) p-value (post-pre)
Selenium, in micrograms per liter <0.001 —50% <0.001 —43%
Nitrate, in milligrams per liters as nitrogen 0.889 2% 0.027 —27%
Sulfate, in milligrams per liter 0.014 —23% 0.105 —7%
Sodium, in milligrams per liter 0.048 —23% 0.046 -11%
Calcium, in milligrams per liter 0.103 9% 0.279 3%
Specific conductance, in microsiemens per centimeter at 25 degrees Celsius 0.002 —20% 0.269 —4%

in table 5. Where p-values from the tests were less than 0.05,
results were considered statistically significant. There is strong
evidence that selenium concentrations were lower in the
post-2015 period by as much as 50 percent. Nitrate also shows
lower concentrations in the post-2015 period with a decrease
of about 25 percent but only in the nonirrigation season. For
the major ions, sulfate and sodium show statistically significant
decreases of about 20 percent in the irrigation season, but only
sodium significantly decreased in the nonirrigation season.

No statistically significant changes were detected in calcium.
These changes are likely related to piping and on-farm salinity
and selenium control measures mentioned previously. A piping
project in a similar drainage area just south of Sunflower

Drain showed a 28-percent decrease in selenium loads and a
12-percent decrease in salinity loads after piping of an open
ditch and further reductions after conversion of flood irrigated
land to residential development (Richards and Moore, 2015). A
recent study by Henneberg (2018) reports a decline in selenium
concentrations of nearly 40 percent in the Gunnison River near
Whitewater (fig. 1) between 1986 and 2016, which is similar
to the trend observed at Sunflower Drain. These declines in
concentrations and load are perhaps evidence that irrigation
system improvement projects may be resulting in a reduction of
selenium and perhaps other salts leaching to surface water and
groundwater not only in Sunflower Drain, but other irrigated
areas in the LGRB underlain by Mancos Shale.

Synoptic Studies

Four surface-water synoptics were conducted during the
study to characterize the quality and quantity of groundwater
within the study area. This section presents and interprets
data for stable isotopes of water, general geochemistry,
pesticides and pharmaceuticals, and stable isotopes of nitrate.
In the final section, mass balance calculations are used to
estimate groundwater discharge rates and chemistry during the
nonirrigation season.

Stable Water Isotopes

Stable isotopes of water for streams, canals, springs, and
groundwater were analyzed to help discern the origin and
isotopic evolution of streamflow and groundwater recharge in
the study area. A plot of 180 compared to 62H in all samples
is shown in figure 5 along with a local meteoric water line
(LMWL) derived from precipitation samples collected in the
headwaters of the Gunnison River (Marchetti and Marchetti,
2019). The sample with the lightest values (62H = —116, 5180
=—15.46) and closest to the LMWL is from the East Canal
(site 12), which was sampled during the irrigation season; the
sample reflects snowmelt from higher elevations as the source
of irrigation water. Because precipitation rates in the study area
are very low, canal water is the main source of streamflow and
groundwater recharge, which is supported by the isotopic data
showing the canal as an endmember. Surface-water samples
during the irrigation season (red symbols) are parallel to the
LMWL, indicating the source is isotopically depleted canal
water. During the nonirrigation season, samples fall along a
linear trend line below the LMWL (blue symbols), which is
attributed to enrichment owing to evaporation. Groundwater
at Poly 7 was the most highly enriched and evaporated of all
the samples and defines a second endmember in the system.
The slope of surface-water data during the nonirrigation season
is about 4, indicating evaporation under conditions of low
relative humidity and high temperature (Gibson and others,
2008). This is consistent with groundwater recharge occurring
during summer when low humidity (20-35 percent) and high
air temperatures (31-34 degrees Celsius [°C]) (monthly average
climate data for June to August, Western Regional Climate
Center 2020) promote evaporation of irrigation water applied to
fields, some of which percolates into the groundwater. Stream
water during the winter falls along the evaporation line because
groundwater discharge is the source of most streamflow during
the nonirrigation season.
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A map of 62H for surface-water sites during the
March 2018 synoptic reveals distinct spatial patterns in water
sources over the study area (fig. 6). The east trib had a narrow
range of lighter values (=110 to —111 per mil), indicating
groundwater discharging along this reach had a relatively
uniform composition. Values were similar for east trib samples
collected during the other nonirrigation synoptics (—110 to
—111 per mil) as well as the Poly 17 well (=112 per mil),
further supporting a uniform groundwater composition around
—111 per mil in this subdrainage area. The west tributary
showed greater change along the reach owing to the mixing
of heavier inputs at the Dragon’s Teeth (fig. 1) with lighter
groundwater. The composition of groundwater in this reach
is slightly heavier than at east trib, based on the value for
site 4 (—107 per mil). Heavier values were also observed at
site 9 (—107 per mil), a groundwater discharge zone west of
the tributary; site 19 (=101 per mil), a spring in the stream
channel; site 16 (=107 per mil); and shallow wells adjacent
to the stream (see fig. 1 for site locations). Heavier values
in the west trib indicate groundwater had more evaporation
compared to the east trib. Greater evaporation might occur if
the groundwater system in the west trib is shallower compared
to the east, thus increasing the potential for evaporation.
Although valleys are difficult to quantify, the shaded relief
map from lidar shows that narrower valleys appear to be
more common at the west trib than at the east trib (fig. 6),
which could indicate alluvial deposits are shallower and
groundwater is closer to the surface in the west trib drainage.
Sites 9, 19, and 16 are downgradient from a large wetland
complex in a mostly residential area, where groundwater is

near or at the surface (fig. 6). The presence of a wetland may
indicate depth to bedrock is shallow in this area creating a
zone of groundwater discharge and increasing the potential for
evaporation. In addition, evapotranspiration by phreatophytes
in the wetland could further enrich the isotopic composition of
the groundwater.

Major lons, Nitrate, and Selenium

Results of major-ion data collected during the synoptic
surveys are plotted on a Piper diagram (fig. 7) as well as
additional data retrieved from NWIS for Sunflower Drain
at Highway 92 (site 1), the East Canal (site 12), and a
groundwater network in the LGRB (Thomas and others,
2019). Surface water on figure 7 includes data from all stream
samples collected during this study combined with additional
data for site 1. Groundwater data from this study is plotted
separately from data for the groundwater network. The Piper
diagram shows three endmember water types labeled as A,

B, and C. Endmember A is characterized as a sodium-sulfate
type and includes mostly groundwater and spring sites (site

9, 13, and 19) in the study area. These samples have high
concentrations of dissolved solids (specific conductance
ranges from 28,880 to 42,400 microsiemens per centimeter
[uS/cm]) and very high concentrations of nitrate (75-541
mg/L as nitrate) and selenium (616-3,140 pg/L). This water
type results from interaction of irrigation or domestic water
with highly soluble selenium-bearing sodium sulfate salts such
as thenardite in the Mancos Shale and associated soils (Mills
and others, 2016, Tuttle and others, 2014). Endmember B is a
calcium-magnesium-sulfate type water, and samples from the
study area were collected from irrigation return flows (site 7)
and a shallow well (site 17) in a nearby wetland (fig. 1). These
samples have lower dissolved solids (specific conductance
ranging from 3,650 to 5,270 uS/cm) and much lower nitrate
(0.04-8.9 mg/L) and selenium (3.9 to 63 pg/L) concentrations
than endmember A. Most of the wells from the observation
well network (Thomas and others, 2019) also plot in this
region. This water type may be derived from dissolution

of less soluble salts, such as gypsum or carbonates, in soils
depleted of more soluble minerals, such as in a field irrigated
for many years. Endmember C is characterized as a mixed
calcium-magnesium-bicarbonate-sulfate type water. This
endmember is dominated by the East Canal and represents
dilute irrigation water derived from the Gunnison River.

All surface-water samples collected, including site 1, plot
between the two groundwater endmembers (A and B) during
the nonirrigation season then curve off towards endmember C
during the irrigation season. This pattern makes sense because
surface water is almost entirely derived from groundwater
discharge during the nonirrigation season, whereas during

the irrigation season, streamflow is dominated by spills of
irrigation water into the west trib and to a lesser extent by
irrigation return flows.
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Figure 6. Spatial variation in hydrogen isotopes in water (52H-H,0) for surface water collected during the March 2018 synoptic.

Controls on water quality were further explored using
relations among constituent concentrations. A biplot of
sulfate and sodium shows a strong linear relation for nearly
all stream and groundwater samples (fig. 84). Owing to
the high solubility of sodium-sulfate minerals in the shale,
the linear relation indicates conservative mixing of canal
water, return flows, and groundwater. The water isotope data
also indicate that groundwater and springs with the highest
sodium and sulfate concentrations have undergone some

degree of concentration as a result of evaporation. A few
drainage ditch samples fall below the mixing line. These

are samples represented by end member B in figure 7 and
may represent drainage from areas where soils are depleted
of more soluble sodium-sulfate salts. In contrast, a much
different pattern is observed between calcium and sulfate
(fig. 8B). In the most dilute samples (irrigation season),
calcium and sulfate in surface water are positively correlated,
indicating conservative mixing is occurring between
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Figure 7.

Composition of surface water and groundwater in the Sunflower Drain study area, Colorado,

with A, B, and C indicating three dominant endmember types. The diagram also includes samples from
Sunflower Drain at Highway 92 (site 1), the East Canal (site 12), and a local groundwater network (Thomas
and others, 2019) collected for earlier studies and retrieved from the U.S. Geological Survey National
Water Information System database (U.S. Geological Survey, 2020a).

irrigation water, groundwater, and return flows. However,

for sulfate concentrations greater than 2,000 mg/L, calcium
and sulfate are negatively correlated. Mills and others (2016)
reported a similar pattern in LGRB groundwater and modeled
it as dissolution of sodium-sulfate salts in the Mancos Shale,
which releases sulfate into solution thus driving gypsum
saturation and removal of calcium from groundwater. In
Sunflower Drain, this mechanism appears to explain the
variation in calcium concentrations during the nonirrigation
season, when streamflow is almost entirely derived from
groundwater. Selenium also was positively correlated with
sulfate (fig. 8C), although there was a change in slope for
selenium concentrations of about 100 pg/L. Because surface
water during the nonirrigation season likely represents
average groundwater, it makes sense that most surface-water
samples during the irrigation season plot between canal water
and average groundwater. Many of the groundwater and

spring samples did not plot along this same linear trajectory.
The concentrations in the groundwater and spring samples
might be different from the surface-water samples owing to
local variations in the selenium content of soils or aquifer
materials or to geochemical processes that remove and release
selenium in groundwater. Selenium concentrations also were
positively correlated with nitrate over the entire range of
concentrations (fig. 8D). Nitrate and selenium are thought to
be derived from dissolution of soluble salts in the Mancos
Shale. The strong correlation supports the idea that nitrate
plays an important role in maintaining selenium mobility

and transport in the groundwater system. The only samples
that fell distinctly off the linear trajectory were shallow
groundwater samples in near-stream environments. Nitrate in
these samples may have been removed by plants or microbes
in the near-surface soil environment.
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Figure 8. Concentrations of A, sodium compared tosulfate, B, calcium compared to sulfate, C,
selenium compared to sulfate, and D, selenium compared to nitrate in stream, ditch, canal, and
groundwater samples collected in the Sunflower Drain study area, Colorado. [Red symbols are
samples collected during the irrigation season, and blue symbols are the nonirrigation season.
Gypsum saturation model from Mills and others (2016)]

Pesticides and Pharmaceuticals

Pesticides and pharmaceuticals were evaluated as
potential tracers of recharge sources to the groundwater
system, with pesticides indicating mainly agricultural sources
and pharmaceuticals indicating residential sources. Of the
328 organic compounds analyzed for in seven samples, only
metformin, an antidiabetic drug, and 2,4-D, an herbicide, were
detected at concentrations greater than the LRL (table 6). A
few additional compounds had concentrations reported less
than the LRL, indicating they were qualitatively identified

but had increased uncertainty because concentrations were
less than the lowest calibration standard (Sandstrom and
others, 2015). The highest concentrations of metformin

and 2,4-D were detected in water collected in March 2018
spilling over the Dragon’s Teeth (site 12). Water in the canal
during the nonirrigation season is thought to be derived from
groundwater discharging into the canal when it is not in use,
which could originate from irrigation water that recharged
the aquifer adjacent to the canal or seepage from upgradient
septic systems and fields. Metformin has been found to
degrade rapidly in soils and is not typically detected in



Table 6. Pesticide and pharmaceutical concentrations at selected sites in the Sunflower Drain study area, Colorado, including unpublished data from the U.S. Environmental
Protection Agency (Barb Osmundson, U.S. Fish and Wildlife Service, written commun., 2017) for three samples collected at Sunflower Drain at Highway 92 (site 1) in 2015.

[Concentrations in nanograms per liter; LRL, laboratory reporting level; Site number from figure 1; WS, Stream; WG, groundwater well; EPA, U.S. Environmental Protection Agency; —, not detected; nd, no
data; ft3/s, cubic feet per second; shaded cells show concentrations reported at greater than the LRL; <, less than]

Site 12 Site 4 Site 3 Site 4 Site 3 Site 9 Site 13 Site 1(2015 data from EPA)
Constituent (LRL) canal ' WS ws ws spring WG WS
Nonirrigation (March 2018) Irrigation (August 2017) March June August

Streamflow, in ft3/s 0.088 0.69 1.14 19.9 13.3 nd nd nd nd nd
Caffeine (91) — — — — — — 24 <25 <25 <25
Gabapentin (400) — — — — — — — <10.0 11.5 11.5
Hexamethylenetetramine (40) — — — 16 — — — nd nd nd
Metformin (13) 208 27 — 22 10 — — <10.0 <10.0 10.4
2,4-D (62) 138 — — 94 26 — — <10.0 11,050 94
Chlorpyrifos (3) — — — 2.2 — — — nd nd nd
Fenamiphos sulfone (5) — — — — — — 2.8 <10.0 <10.0 <10.0
Hexazinone (3.6) 2.7 — — — — — — <10.0 26.1 <10.0
Metolachlor (9) — — — 5 — — — <20.0 <20.0 <20.0
Metolachlor SA (58) — — 51 — — — — <20.0 <20.0 30.6
Prometon (4) — — — 33 — — — <20.0 <20.0 <20.0
Propargite (2) — — — 1.7 — — — nd nd nd

IField blank collected on the same day and analyzed by EPA had a 2,4-D concentration of 850, so this value may be questionable.
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groundwater (Lesser and others, 2018), so its presence in the
groundwater-derived canal water was somewhat surprising.
The west trib (site 4) in March also had detectable metformin
but at a concentration eight times less than the canal input.
Because streamflow also increased by a factor of 8 between
these two sites (0.088 to 0.69 cubic feet per second [ft3/s]),

a source from outside the drainage area, not groundwater
discharge within the study area, appears to be the main
source of these organic compounds to this tributary during
the nonirrigation season. The east trib (site 3), which does
not receive outside inputs, showed only a single detection of
metolachlor SA (a metolachlor degradate) that was less than
the LRL, indicating that groundwater was a negligible source
of pesticide and pharmaceutical compounds in this tributary
as well.

During the irrigation season, a greater number of
pesticide and pharmaceutical compounds were detected
particularly in the west trib (site 4), although all detections
were less than the LRL expect for 2,4-D. The canal was not
sampled for these compounds in August, but streamflow
measurements showed it accounted for 90 percent of
streamflow in the west trib (site 4), indicating the canal
likely was the source of these organic compounds during the
irrigation season. Samples from one groundwater well (site 13)
and a groundwater-fed spring (site 9) had no detections above
the LRLs, providing additional evidence that groundwater
within the study area has few organic compounds. Pesticide
data for Sunflower Drain (site 1) analyzed by the U.S.
Environmental Protection Agency (Barb Osmundson, U.S.
Fish and Wildlife Service, written commun., 2017) showed
a high concentration (1,050 ng/L) of 2,4-D in June 2015
(table 6), which declined by tenfold in August. Because
the herbicide is often applied in early spring, the elevated
concentration in June might have resulted from leaching of
2,4-D applied to agricultural fields or lawns to surface water
early in the irrigation season; however, the canal cannot be
ruled out as a source. A blank sample collected at that site
on the same day had a concentration of 850 ng/L, indicating
some level of uncertainty in the 1,050-ng/L concentration for
the stream.

Although this dataset is limited, it shows little evidence
of pesticides and pharmaceuticals in groundwater in the study
area, indicating these organic compounds may have limited
use as tracers of groundwater sources in Sunflower Drain.
Clay-rich soils and aquifer sediments may adsorb and degrade
most of the organic compounds, thereby inhibiting movement
of these contaminants, particularly pharmaceuticals, through
the groundwater system (Phillips and others, 2015, Lesser
and others, 2018). In addition, because less than 25 percent
of land in the drainage area is irrigated and the area has
a low residential density, it is possible that inputs are not
large enough to affect groundwater quality. Most detections
in surface-water samples appear to be related to the canal
and therefore are mainly derived from sources outside the
study area.

Nitrate Isotopes

Stable isotopes of nitrate (615N and 6180) were collected
to evaluate the sources and biogeochemical transformations of
nitrate in groundwater (Kendall and others, 2007). Nitrate is
important in irrigated landscapes of the Mancos Shale because
elevated concentrations maintain mildly oxidizing conditions
in groundwater that prevent reduction of selenium thereby
enhancing mobilization in the groundwater system (Mast and
others, 2014; Thomas and others, 2019). A dual isotope plot
of 815N compared to 5180 of nitrate is shown in figure 9 for
samples collected during the study as well as a few groundwater
samples from nearby observation wells (Thomas and others,
2019). The 6!5N of surface-water samples ranged from +17 to
+36 per mil and plotted along a linear regression with a slope
of about 0.3. The source of most nitrate in groundwater in the
LGRB is thought to be soluble nitrate salts in the Mancos Shale,
which are derived from natural weathering of nitrogen-rich
organic matter in the shale (Mast and others, 2014).
Water-extractable nitrate from an undisturbed (unirrigated) soil
derived from Mancos Shale was found to have a 6!5N value of
—1.3 and 8'80 of 0.2 (Mast and others, 2014) and plots along
the same trajectory as the surface-water samples in figure 9.
This pattern appears to indicate that nitrate originates from a
Mancos Shale source and subsequently undergoes fractionation
in the groundwater system to produce the enriched 615N values
observed in surface water and groundwater. Denitrification
generally results in enrichment ratios of 615N to §!80 that
range from 0.5 to 1 (Kendall and others, 2007), which is higher
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Figure 9. Stable nitrate isotopes for selected surface-water and
groundwater sites in the Sunflower Drain study area, Colorado.
Also plotted is a soil extract from Mast and others (2014) and
groundwater from an observation well network in the lower
Gunnison River Basin (Thomas and others, 2019).



than the slope of 0.3 observed for the study area (fig. 9). High
nitrogen isotope fractionation was reported in experimental
studies of anerobic denitrification in forest soils, which yielded
slopes of 0.28 to 0.47 (Wang and others, 2018). Wang and
others (2018) suggest that the isotope effects of denitrification
may vary greatly among regions and soil types, indicating that
the lower slope for Sunflower Drain may be representative

of nitrate fractionation in alluvial material derived from the
Mancos Shale. Groundwater samples collected by Thomas
and others (2019) from the observation well network plotted
along a similar linear regression, providing additional support
for the determination that the lower slope is characteristic for
the region. A few groundwater samples collected during this
study (green circles in fig. 9) did not fall along the regression
line, especially sites 14 and 18 which were considerably more
enriched in 3!5N. A possible explanation proposed in the
literature to further enrich 8!5N is coincident nitrate production
by nitrification (Granger and Wankel, 2016; Wang and others,
2018). This process may also help to explain the lower slope
of 0.3 for surface waters; however, further exploration of this
mechanism in Sunflower Drain is beyond the scope of this
project.
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Groundwater Discharge Rates and
Concentrations

One objective of the water-quality synoptics was to
quantify the rate and composition of groundwater discharging
to streams in the study area. Because surface-water inputs
and return flows are minimal during the nonirrigation
season, changes in streamflow and chemical loads between
surface-water sites provides an indirect estimate of groundwater
inputs along gaining reaches. The average solute concentrations
in groundwater were estimated from the change in chemical
load over each reach divided by the change in streamflow based
on the nonirrigation season synoptic data. The groundwater
discharge rate was the change in streamflow along each reach
divided by the channel length, which was computed using
StreamStats, an online spatial analysis tool (USGS, 2020g).
Resulting estimates of groundwater discharge rates, and
constituent concentrations for the subdrainages of the east and
west tribs are given in table 7. All the reaches were gaining
except between sites 3 and 5 on the east trib (fig. 1). This reach,
which is not included in table 7, showed slight decreases in
streamflow (0.1 to 0.2 ft3/s) at the downstream site during

Table 7. Estimates of groundwater discharge rates and selenium, nitrate, and sulfate concentrations based on mass-balance calculations
using nonirrigation synoptic survey data for selected sites in the Sunflower Drain study area, Colorado. Measured concentrations from
two groundwater wells, Poly 7 and Poly 17, and average base-flow concentrations at Sunflower Drain at Highway 92 are included for

comparison.

[trib, tributary; Poly 17 is site 14, Poly 7 is site 13, and Sunflower is site 1 in figure 1; Number, number of stream segments or samples; calculated, groundwater dis-
charge rates and concentrations calculated using nonirrigation synoptic data; measured, measured concentrations in groundwater and surface water; —, not applicable]

Type East trib West trib Poly 17 Poly 7 Sunflower
Number calculated calculated measured measured measured
6 17 3 4 14
Groundwater discharge rate, in cubic feet per second per mile
Median 0.27 0.15 — — 10.32
Minimum 0.12 0.049 — — 10.17
Maximum 0.58 0.69 — — 10.93
Selenium, in micrograms per liter
Median 81 68 72 2,995 80
Minimum 68 42 38 2,640 28
Maximum 117 278 92 3,140 101
Nitrate, in milligrams per liter as nitrogen
Median 9.1 7 6.9 545 10.8
Minimum 3.5 4.7 4.4 511 3.9
Maximum 14.3 38 7.1 550 14.1
Sulfate, in milligrams per liter
Median 3,617 4,378 3,277 32,600 3,840
Minimum 2,669 3,940 3,060 28,800 1,190
Maximum 4,238 6,687 3,390 34,400 4,260

ICalculated from streamflow measurements at site 1.
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all three nonirrigation synoptic surveys, indicating this reach
likely was losing water to groundwater and (or) evaporation.
The median groundwater discharge rates in gaining reaches
were greater in the east trib (0.27 ft3/s per mi) compared to
west trib (0.15 ft3/s per mi) (table 7), perhaps because there
is more irrigated agricultural land in the east trib (1.84 square
miles [mi2]) than the west trib (0.39 mi2). Median calculated
concentrations in groundwater were similar between the
two subdrainage areas, although the west trib had greater
maximum values especially for selenium and nitrate. Measured
concentrations in the Poly 17 well (site 14) had very similar
concentrations to those estimated for groundwater, whereas
concentrations in Poly 7 (site 13) were substantially higher,
indicating Poly 7 is not representative of most groundwater in
the study area that discharges to surface water. The chemistry of
base flow at site 1 was similar to that estimated for groundwater
and poly 17, not an unexpected result if groundwater is the main
source of nonirrigation streamflow.

The spatial distribution of groundwater entering
Sunflower Drain based on mass balance calculations
using data from the March 2018 synoptic survey is shown
in figure 10. Colors of the stream segments in the map
indicate apparent selenium concentrations in groundwater
discharging to the stream. The upper reaches of both tribs
had slightly lower concentrations (55-68 pg/L), which could
be caused by several factors such as shorter groundwater
flowpaths in the upper part of the basin, the effects of canal
water inputs on the west trib, and more irrigated land in the
east trib. Groundwater in the middle reaches of both tribs
in March 2019 was more concentrated but especially the
west trib (278 pg/L). In the west trib, the greater apparent
groundwater selenium concentrations might be explained
by discharge of extremely concentrated groundwater from a
zone just upstream from the confluence. Poly 7 well (site 13)
and a spring in the channel (site 19) had exceptionally large
selenium concentrations (greater than 2,500 ug/L), providing
a plausible explanation for the higher apparent concentrations
in this reach. In the east trib, there is less irrigated land in
the middle reach, so groundwater discharge may come from
canal leakage or along deeper flowpaths. There are in fact
numerous wetlands and groundwater springs as well as visible
salt deposits in the vicinity of site 6 (fig. 10B), providing some
evidence of a groundwater discharge zone in this part of the
subdrainage area. The shaded relief map indicates bedrock
forms a topographic constriction in this area where deeper
groundwater may be forced to the surface. Groundwater below
the confluence has a lower selenium concentration, which is
similar to that of the upper reaches (72 pg/L). This reach is
downstream from areas of irrigated agriculture as well as a
high-density residential area that uses septic systems.

Exploratory Studies of Groundwater

In addition to water-quality synoptics, three techniques
were explored as additional tools for investigating
groundwater discharge to surface-water systems in the study
area and similar irrigated drainage areas in the region. One
technique utilizes temperature as a tracer of groundwater
discharge, the second utilizes a passive seismic technique to
map depth to bedrock, and the third technique investigates
radon-222 as a geochemical tracer of groundwater discharge
zones. Results of these three exploratory studies are
described below.

Use of Distributed Temperature Sensing to
Identify Groundwater Discharge Zones

In hydrologic studies, FO-DTS is often used to collect
continuous temperature data along the streambed interface
to identify temperature anomalies that may correspond to
areas of groundwater discharge (Briggs and others, 2012).
In Sunflower Drain and similar agricultural drainage areas
in the region, a basic understanding of the way in which
groundwater discharges to the stream is lacking. For example,
is groundwater discharge diffuse, or does it occur in focused
zones (Rosenberry and others, 2016)? If it is determined that
focused groundwater discharge zones exist, local stakeholders
could use this information to better target selenium control
efforts in the future. To address this question, a FO-DTS cable
was deployed along a lower reach of Sunflower Drain near
site 2 in spring 2018 (fig. 1). During this time of year, surface
water is cold owing to average nighttime air temperatures
of about zero (Western Regional Climate Center, 2020), and
groundwater is warmer (median of 12°C for the observation
well network of Thomas and others, 2019) and may provide a
measurable contrast at groundwater discharge zones (Briggs
and others, 2012). A plot of minimum stream temperature
at each distance over the data collection period is shown
in figure 11. Minimum temperatures, which occurred at
night, were used instead of average temperatures because
large diurnal variations in air temperatures might obscure
a “warmer” groundwater signal during the middle of the
day. Streambed temperatures along the length of the cable
showed a number of positive temperature anomalies with
the largest at about 1,300 ft. This positive anomaly was just
downstream from a tailwater pipe and sediment control pond.
Both of these were dry during the measurement period, but
the temperature data indicate groundwater may be focused
along these features. Also evident was a persistent warming
effect of these anomalies on downstream water temperature.
Taken together these patterns provide evidence there may
be several discrete groundwater discharge zones along the
reach. In reaches with fewer temperature anomalies, such as
500-1,300 ft, the stream temperature showed a steady cooling,
perhaps indicating a paucity of groundwater inputs in this
reach. The FO-DTS results seem to indicate groundwater
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cable placed along a 0.3-mile reach of Sunflower Drain, Colorado, March 2019.

discharge zones were focused rather than diffuse at least in
this reach of Sunflower Drain. Focused discharge zones may
reflect the patchy distribution of irrigated land and associated
areas of groundwater recharge as well as the routing of tile
drains in irrigated areas that might focus groundwater along
discrete flowpaths. Depth to bedrock may also play a role in
controlling discharge of groundwater. Bedrock was evident
along the streambed in several sections of the study reach,
but no attempt was made to correlate it with the location

of focused discharge zones. In summary, this pilot study
demonstrates the potential for using FO-DTS to identify
groundwater discharge zones in the study area and similar
agricultural drainage. Combining FO-DTS measurements with
other techniques, such as seepage meters, vertical temperature
profilers, and forward-looking infrared images may improve
estimates of groundwater flux to the stream channel (Harvey
and Wagner, 2000).

Use of Passive Seismic Technique to Estimate
Depth to Bedrock

Depth of unconsolidated sediments (or depth to bedrock)
often plays an important role in controlling occurrence and
discharge of shallow groundwater, and in Sunflower Drain,
this information may help identify areas with greater potential
for groundwater storage and discharge. Although mapping
of unconsolidated sediments across the watershed was
beyond the scope of this study, the HVSR passive seismic
technique was explored as a tool for mapping the thickness

of unconsolidated sediments. The ratio of the averaged
horizontal-to-vertical frequency spectrum (H/V) is used to
determine the fundamental site resonance frequency (F,), and
results from the measurements made adjacent to the Poly 7
well show an easily identified peak at 5.7 hertz (Hz) (fig. 12).
The thickness of unconsolidated sediment at this site was 28 ft
(8.5 meters), based on the well log, which yields a Vs of 200
meters per second (656 ft per second). It was assumed that the
calculated shear wave velocity was applicable to other parts
of the study area, and the same equation was used to compute
depth to bedrock at locations where sediment thickness was
unknown. Additional readings were made in the vicinity of
Poly 7 yielding peaks between 5.31 and 5.69 Hz, indicating
thickness was fairly uniform near this well (28-30 ft). A second
peak at 7.4 Hz was detected at two locations corresponding

to a depth of about 23 ft. A possible interpretation is this is

a transition zone between more weathered water-bearing
zones in the Mancos Shale and more competent unweathered
Mancos Shale below. Measurements at Poly 17 yielded
smaller amplitude peaks around 20 Hz corresponding to a
depth of about 8 ft. Well logs indicate bedrock at 5.5 ft, but the
Mancos Shale is described as highly weathered at this location,
perhaps making it difficult to distinguish the alluvium from
weathered shale. A small survey was done in a third area that
had no groundwater wells (fig. 12). The six measurements
were fairly uniform showing frequency peaks ranging from
10.3 to 11.4 Hz, corresponding to depths of 13.6—15.6 ft. This
result is consistent with the topography because the bedrock,
which is flat lying, crops out in the streambed just to the north,
which is about 12—14 ft lower than the land surface where the
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measurements were made (fig. 12). These results, although
preliminary, show that passive seismic measurements, such
as those made with a Tromino seismometer, may provide a
cost effective way to estimate depth to bedrock in areas with
alluvial sediments overlying the Mancos Shale.

Radon as a Tracer of Groundwater Discharge

Radon-222 is a naturally occurring gas produced by
radioactive decay of uranium that can build up in groundwater
during water-rock interactions. Surface water typically
has low radon concentrations owing to rapid diffusion of
radon into the atmosphere. This difference allows radon
to be useful as a tracer to locate and quantify groundwater
discharge to streams (Cook and others, 2006). To test the use
of radon-222 in Sunflower Drain, a pilot study was conducted
in November 2018 (table 4). Radon-222 concentration in
groundwater (site 13) was found to be high (757 pCi/L),
indicating that uranium is present in abundance in the
surrounding aquifer material derived mainly from Mancos
Shale (Morrison and others, 2012; Senior, 1998). A spring
(site 9) downgradient from a wetland had a concentration of
121 pCi/L, representing either the composition of near-surface
groundwater, such as the wetland, or mixing of deeper
groundwater, such as from thicker (up to 20 ft) alluvial
deposits, with surface water with low concentration. Radon
concentrations were low in the stream (site 5) and a drainage
ditch (site 8), indicating radon loss through degassing and
minimal groundwater discharge at these locations.

A second pilot study was conducted in March 2019 along
a 0.5-mi reach of a drainage ditch upstream from site 6 that
captures water from irrigated areas and several small wetlands
(fig. 10B). Six samples were collected from the stream, one
from a spring adjacent to the channel, and one from a shallow
well in the wetland (table 4). Radon-222 concentrations in
the stream ranged from 239 to 285 pCi/L, which were much
higher than at previously sampled surface-water sites (4.9 to
17.1 pCi/L, table 4), providing strong evidence of groundwater
discharge along the reach. Over the first 800 ft, concentrations
showed a consistent decrease possibly owing to diffusive
loss (fig. 13). After flowing past small wetlands, stream
radon-222 increased to 278 pCi/L. Radon-222 concentrations
in a wetland well matched the stream, indicating this shallow
groundwater was the main source of groundwater discharging
to the stream. Downstream from the wetlands, radon-222
concentration again decreased slightly possibly owing to
diffusion. A groundwater spring just downgradient from the
last stream site had the highest concentration in the pilot study
at 1,332 pCi/L. This elevated value may indicate a separate
perhaps deeper groundwater source disconnected from the
shallow groundwater feeding the wetland. No samples could
be collected downstream from the spring owing to access
limitations, but the sample at site 5 in the first pilot study
showed no radon-222 concentration at the bottom of this
reach, perhaps indicating groundwater discharge is focused
in the upper part of this stream segment. In summary, these
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Figure 13. Radon-222 concentration along a short stream reach
of the east tributary of Sunflower Drain. Horizontal dashed line
represents the possible composition of shallow groundwater
from the wetland and deeper groundwater discharging into the
study reach.

pilot studies confirmed that radon-222 is present in high
concentrations in the groundwater and therefore potentially
useful as a tracer of groundwater discharge in irrigated stream
reaches underlain by Mancos Shale. Application of numerical
modeling such as described by Cook and others (2006) with
more detailed datasets could be used in future studies to
quantify groundwater discharge rates.

Conceptual Model of Groundwater
Recharge and Discharge in Sunflower
Drain

An understanding of how water enters and exits the
shallow groundwater system in Sunflower Drain was
developed from previous studies (Thomas and others, 2019;
Kolm and van der Heijde, 2015) and by using data collected
as part of this study. The shallow groundwater system likely
did not exist before the development of an irrigation delivery
system in the LGRB more than 100 years ago (Reclamation,
1994). The factors that affect groundwater movement mainly
include when and where irrigation water is transported and
applied, and the distribution of bedrock of the Mancos Shale
and overlying alluvial deposits. These factors together result
in a shallow groundwater system that is discontinuous over the
landscape and generally flows with the topography or along
the top of the Mancos Shale eventually discharging at springs,
wetlands, drainage ditches, and streams within the study area.
Gains from or losses to a regional groundwater system are
likely negligible (Thomas and others, 2019).
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Recharge to the groundwater flow system is mainly
from artificial sources, including irrigation return flows, canal
leakage, canal spills, and seepage from septic systems. Stable
isotope data confirm that canal water during the irrigation
season was the dominant source of groundwater recharge
although groundwater likely undergoes some evaporation
either before or after recharge. Recharge processes do
not occur over a broad area but instead are focused under
irrigated fields, along canals, and near residential areas. A
map of areas with the greatest potential for groundwater
recharge was generated using the average NDVI index over
the study period (fig. 14). Most areas with high potential for
groundwater recharge represent irrigated agriculture, but
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discharge zones downgradient from canals and residential
areas where phreatophytes grow also were detected. Areas
with the highest potential for groundwater recharge accounted
for 24 percent of land in the west trib and 29 percent in

the east trib. Assuming steady-state conditions (no change

in groundwater storage), groundwater recharge rates were
estimated using the area of recharge zones from fig. 14 and the
net stream discharge during the nonirrigation synoptic studies
(March and November). Recharge rates ranged from 6.0 to
12.4 inches per year (in/yr) for the entire study area, 6.2 to
10.1 in/yr for the east trib, and 5.0 to 34.0 in/yr for the west
trib (fig. 15). The high value in the west trib may be evidence
that spills from the East Canal recharge the groundwater
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Figure 14. Areas with the greatest potential for recharge for the Sunflower Drain study area,
Colorado, derived from Landsat images from U.S. Geological Survey (2020e).



28 Characterization of Groundwater Quality and Discharge with Emphasis on Selenium, Delta, Colorado, 2017-19

EXPLANATION 340
[ Entire drainage area

@

=4

2

§ 5 - East Tributary

82 [ west Tributary

[l

_E =%

gé 20— —

© o

> .=

g < 12.0 12.4 101

e 10— : —

2 62 62 60 S8 .,
UJ-l m

March 2018 November 2018 March 2019

Month/year

Figure 15. Estimated groundwater recharge rates for the
subdrainage areas of the Sunflower Drain study area, Colorado.

aquifer during the irrigation season when the stage is elevated.
Once irrigation water is turned off, the aquifer adjacent to

the channel rapidly drains, as indicated by the decrease

from 34 in/yr in November 2018 to 5 in/yr 5 months later in
March 2019. The average of all values (November estimate
for west trib excluded) yields a value of 8.1 in/yr. This value is
similar to the average recharge rate of 9.1 in/yr estimated from
groundwater-age tracers for unconfined portions of the shallow
groundwater system (Thomas and others, 2019) but less than
the average rate of 15.2 in/yr based on a soil-moisture balance
technique for alfalfa-crop sites on Mancos Shale near Grand
Junction (Mayo, 2008). The estimated recharge rate in this
study includes canal leakage, deep percolation from fields,
and natural precipitation. Seepage from canals was estimated
around 2 in/yr or about 25 percent of the total recharge using a
canal seepage rate of 0.46 ft per day from Richards and others
(2014) and a channel wetted perimeter of 10 ft estimated

from methods in Leib and others (2012). The total length of
unlined canals and laterals was 15 mi, assuming those running
along the drainage divide contributed one-half the seepage

of those running through the drainage area. The estimated
length of canal would likely be an upper estimate because

not all sections of canals are leaking. Recharge from septic
systems was not quantified for this study, but Thomas and
others (2019) estimate contributions of less than 1 percent.

A combination of reduction in deep percolation through
on-farm improvements and piping of canals likely would have
the greatest effect on reducing groundwater discharge and
associated selenium loading to streams.

Movement of groundwater through the aquifer is largely
controlled by topography with groundwater being localized
under flat lying alluvial valleys, where agriculture occurs,
and focused by low hills, where Mancos Shale is close to the
surface (fig. 14). The alluvial deposits in most of the drainage
area are composed of mudflows of residuum from the Mancos
Shale and generally are no more than 20 ft in thickness
(Thomas and others, 2019). Thomas and others (2019) report
that wells completed in alluvial sediments were generally

unconfined, and recharge moves through unconsolidated
material from areas of high potential to areas of lower
potential. In contrast, wells completed in weathered Mancos
Shale, where alluvial deposits are shallow or not present,

tend to be confined, and movement of water is controlled by
bedding planes and partings in the shale. Streams, springs,
and wetlands in the study area continued to flow throughout
the nonirrigation season, indicating that discharge from the
shallow groundwater sustains the surface-water system.
Mancos Shale crops out in many places along the bed of

the main channel, and it is likely that groundwater flows
downgradient from fields and canals, possibly flowing laterally
along the alluvium/bedrock interface before discharging into
the stream. During the study, one such spring (site 19 in fig. 1)
in the bottom of the channel was identified (fig. 16) that had

a geochemical signature similar to groundwater from the
nearby Poly 7 well, providing evidence that groundwater was
reaching the stream by this mechanism. The FO-DTS data
provided some evidence that groundwater discharge zones

Figure 16. Spring in Sunflower Drain Channel (site 19 in fig. 1)
discharging through the bed sediments of Sunflower Drain.



tended to be focused rather than diffuse, although this may
not be representative of all reaches in the study area. Focused
groundwater discharge likely is controlled by the topography
of the alluvial/bedrock interface or human-made features such
as tile drains and ditches constructed around irrigated fields.
The distribution of shale was observed to control groundwater
movement at a larger scale as well. In the vicinity of site 6,
low hills of Mancos Shale formed a topographic constriction
that appeared to cause a zone of groundwater discharge, based
on presence of wetlands and salt deposits (map B in fig. 10).
Radon-222 and geochemical data also support this idea and
provide evidence that groundwater from different sources may
have been discharging in this area.

Although this study provides new data and insights, the
groundwater system in the study area is complex and further
study would be beneficial to the SMP and other resource
managers. An additional challenge of working in an area of
privately owned land is gaining access to the stream channel in
different environments. Refining recharge and discharge rates
and delineating zones of groundwater discharge likely would
involve the application of a groundwater flow model and
possibly more detailed studies using some of the exploratory
methods evaluated in this study.

Summary

Selenium is a water-quality constituent of concern
for aquatic ecosystems in the lower Gunnison River Basin
(LGRB) in western Colorado. Selenium is derived from
bedrock of the Mancos Shale and is mobilized by application
of irrigation water and leakage from canals. Selenium in
aquatic systems is detrimental to aquatic life and may be
hampering recovery of native fish species in the lower
Gunnison River. Although it is recognized that groundwater
contributes an appreciable amount of selenium to surface
water, few studies have addressed interactions between the
two. The U.S. Geological Survey in cooperation with the
Colorado Water Conservation Board conducted this study
during 2017-19 to characterize the quality and quantity of
groundwater discharging to the surface-water system of an
agricultural drainage area near Delta, Colorado, locally know
as Sunflower Drain.

The Sunflower Drain study area is characterized by low
relief hills formed by Mancos Shale separated by narrow
alluvial-covered valleys where most irrigated agriculture
occurs. The two main tributaries in the study area are
perennial, and flow is sustained by irrigation return flows,
groundwater discharge, and canal spills. Dissolution of
selenium-bearing salts in the Mancos Shale results in surface
water with high dissolved solids and elevated concentrations
of selenium and nitrate. Selenium loads from the study areca
were estimated at 1.39 pounds per day during the nonirrigation
season (November to March) and 2.66 pounds per day during
irrigation season (April to October) with 65 percent of the
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annual selenium load resulting from groundwater discharge.
A trend analysis indicates that selenium concentrations in
Sunflower Drain may have decreased by as much as 50
percent since the early 2000s. Similar selenium decreases
have been reported for a nearby site on the Gunnison River,
indicating that irrigation system improvements may be
reducing selenium leaching to surface water in the LRGB.

Four water-quality synoptic surveys were conducted
during the study that included sampling of streams, canals,
drainage ditches, springs, and groundwater for a variety
of dissolved constituents and stable isotopes to determine
groundwater and solute sources. Stable water isotopes
indicate streamflow is dominated by canal water during
the irrigation season, and during the nonirrigation season,
streamflow is dominated by groundwater that has undergone
some degree of evaporation. Spatial variability in isotopes
revealed groundwater in the west tributary (west trib) was
heavier than the east tributary (east trib), perhaps indicating
groundwater was shallower in this subdrainage area and had
a higher potential for evaporation. For the major-ion data,
three endmembers were identified that appear to explain
most spatial and temporal variability in water quality—a
highly concentrated sodium-sulfate type groundwater, a
less concentrated calcium-magnesium-sulfate type that may
represent drainage from well irrigated fields, and a dilute
mixed calcium-magnesium-bicarbonate-sulfate type that
represents inputs of dilute irrigation water. Sodium, sulfate,
selenium, and nitrate concentrations appeared to be controlled
mainly by conservative mixing between concentrated
groundwater and dilute irrigation water, whereas calcium was
also controlled by gypsum solubility. Of the 328 pesticide and
pharmaceutical contaminants analyzed for, only metformin
and 2,4-D were detected at concentrations greater than the
laboratory reporting limit. Most detections were in surface
water and appeared to be related to inputs from the East
Canal, indicating most of these organic compounds were
derived from sources outside the study area. Owing to limited
inputs from agricultural and septic-system sources and (or)
adsorption and degradation in the clay-rich aquifer sediments,
pesticides and pharmaceuticals do not appear to be useful as
tracers of groundwater sources in the study area. Samples for
stable isotopes of nitrate (3!5N and 6180) were collected to
evaluate the sources and biogeochemical transformations of
nitrate in groundwater. The isotope values indicate that nitrate
originates from a Mancos Shale source and subsequently
undergoes fractionation to produce highly enriched 515N
values in surface water and groundwater. Denitrification is
the most likely cause of the enrichment, although further
enrichment by other processes, such as nitrate production by
nitrification, may also be possible.

A mass-balance approach was used to estimate the
discharge rate and average composition of groundwater. The
median groundwater discharge rates were higher in east trib
(0.27 cubic foot per second per mile) compared to west trib
(0.15 cubic foot per second per mile), perhaps because there
is more irrigated agricultural land in the east trib. Estimated
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groundwater concentrations for selenium, nitrate, and sulfate
are similar to concentrations measured in the Poly 17 well,
which is located in a mainly irrigated area of the east trib.

The most downstream reach of the west trib had the greatest
estimated selenium and nitrate concentrations, likely reflecting
localized inputs of high concentrations of selenium and nitrate
in groundwater, similar in composition to the Poly 7 well,
located downgradient from a residential area in the east trib.

Three pilot studies were conducted as additional
approaches for investigating groundwater in the study area,
including fiber optic distributed temperature sensing to detect
groundwater discharge zones in the stream channel, the
horizontal-to-vertical spectral ratio passive seismic technique
to estimate thickness of alluvial deposits, and use of radon-222
as a geochemical tracer of groundwater discharge. Although
the pilot studies were limited in scope, all three showed
promise as techniques for future studies to characterize
groundwater discharge to surface-water systems in irrigated
areas on the Mancos Shale.

A conceptual model of how water enters and exits the
shallow groundwater system describes the factors that affect
groundwater movement, which mainly include when and
where irrigation water is transported and applied, and the
distribution of bedrock of the Mancos Shale and overlying
alluvial deposits. These factors together result in a shallow
groundwater system that is discontinuous over the landscape
and generally following topography and the top of bedrock,
eventually discharging at springs, wetlands, drainage ditches,
and streams. Areas with the greatest potential for groundwater
recharge were mapped and combined with the synoptic data
to estimate recharge, which averaged 8.1 inches per year in
irrigated areas of the basin. Recharge rates calculated for the
west trib were greater than those estimated for the east trib
and provide some evidence that spills from the East Canal
may recharge the groundwater aquifer adjacent to the channel.
Groundwater movement to the stream channel may be
controlled by the topography of the alluvial/bedrock interface
or focused along human-made features such as tile drains
and ditches constructed around irrigated fields. On larger
scales, bedrock was also important, creating a topographic
constriction that appeared to cause a zone of groundwater
discharge. The groundwater system is complex, and further
study could better define the system through application of a
groundwater flow model and more detailed studies using some
of the exploratory methods evaluated in this study.
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