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Conversion Factors

Multiply By To obtain

Length
centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft) 
kilometer (km) 0.6214 mile (mi)
meter (m) 1.094 yard (yd) 
micrometer (µm) 3.93701e-5 inch (in.)
inch (in.) 2.54 centimeter (cm)
foot (ft) 0.3048 meter (m)

Area
square kilometer (km2) 247.1 acre
square centimeter (cm2) 0.001076 square foot (ft2)

Volume
liter (L) 33.82 ounce, fluid (fl. oz)
liter (L) 2.113 pint (pt)
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
liter (L) 61.02 cubic inch (in3) 
milliliter (mL) 0.033814 ounce, fluid (fl. oz)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: 
°F=(1.8×°C)+32

Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Elevation, as used in this report, refers to distance above the vertical datum.

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times 
foot of aquifer thickness [(ft3/d)/ft2]ft. In this report, the mathematically reduced form, foot 
squared per day (ft2/d), is used for convenience.

Specific conductance is given in millisiemens per centimeter at 25 degrees Celsius (mS/cm at 
25 °C).

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L), 
micrograms per liter (µg/L), or micromoles per liter (µm/L).





Response of Selenium Concentrations in Groundwater to 
Seasonal Canal Leakage, Lower Gunnison River Basin, 
Colorado, 2013

By J.I. Linard, P.B. McMahon, L.R. Arnold, and J.C. Thomas

Abstract
Selenium is a water-quality concern in the lower Gun-

nison River Basin because irrigation water interacting with 
seleniferous soils derived from the Mancos Shale Forma-
tion has mobilized selenium and increased its concentrations 
in surface water. Understanding the occurrence of elevated 
selenium concentrations in groundwater is necessary because 
groundwater discharge is an important source of selenium 
in surface water in the basin. In 2013, the U.S. Geological 
Survey, in cooperation with the Bureau of Reclamation and 
the Colorado Water Conservation Board, began a study to 
understand how changes in groundwater levels attributed to 
canal leakage affected the concentrations and speciation of 
dissolved selenium in groundwater. The purpose of this report 
is to characterize the groundwater adjacent to an unlined leaky 
canal. Two locations, near the East Canal (W-N1 and W-N2) 
and farther from the East Canal (W-M1 and W-M2), were 
selected for nested monitoring well installations. The pressure 
exerted by changes in canal stage was more readily transferred 
to the deep groundwater measured in the W-N1 near the canal 
than the shallow groundwater at the W-N2 well. No definitive 
relation could be made between canal water-level elevation 
and water-level elevations in monitoring wells farther from the 
canal (W-M1 and W-M2). 

Water flowing through the East Canal before the irri-
gation season had much higher selenium concentrations 
(140 micrograms per liter) than water in the canal during the 
irrigation season (3.02 micrograms per liter). Total selenium 
concentrations in the monitoring wells near the canal ini-
tially increased to 51.8 micrograms per liter in W-N1 and 
1.66 micrograms per liter in W-N2. The initial increase in 
groundwater selenium concentrations presumably resulted 
from the dissolution of salts in the unsaturated zone by ris-
ing groundwater levels associated with canal leakage. The 
subsequent decrease in total selenium concentrations resulted 
from a combination of dilution by canal leakage and selenium 
reduction processes. Total selenium concentrations in moni-
toring wells located farther from the canal were not directly 
affected by canal leakage.

Selenite/total selenium mass ratios in the East Canal 
samples ranged from about 0.02 to 0.13, indicating that 

about 2 to 13 percent of the total selenium in canal samples 
was composed of selenite. The increase in total selenium at 
W-N1 from before the irrigation season to the early irriga-
tion season was accompanied by a decrease in the percent-
age of selenite from about 10 to 1 percent, indicating that 
selenate was added to the groundwater. A nitrate pulse 
occurred with the selenate pulse in W-N1at the beginning 
of the irrigation season but apparently dissipated to a low 
enough concentration during the irrigation season to allow 
for selenate reduction to occur, as indicated by the relatively 
high percentages of selenite in W-N1 during the late irriga-
tion season. W-N2 generally contained higher percentages 
of selenite than W-N1. 

Percentages of selenite in W-M1 did not change in 
response to filling the canal and generally composed less 
than 1 percent of the total selenium in that well. The pre-
dominance of selenate in W-M1, and apparent lack of 
selenate reduction, cannot be explained by a lack of anoxic 
conditions in the groundwater because all the available 
dissolved-oxygen data indicate that concentrations were less 
than 0.5 milligrams per liter. The most likely explanation for 
the lack of selenate reduction in W-M1 is that the exception-
ally high concentrations of nitrate in the groundwater (about 
340 to 390 milligrams per liter as nitrogen) inhibited selenate 
reduction. These high nitrate concentrations presumably 
come from the Mancos Shale and its weathering products 
because there was no evidence for a human source of nitrate 
at the lower Gunnison River Basin wetland. The high con-
centrations of selenate in W-M1 may persist and eventually 
discharge to surface water unless nitrate concentrations are 
reduced to low enough levels to permit substantial selenate 
reduction to occur. Well W-M2 contained relatively low con-
centrations of total selenium and high percentages of selenite 
before and at the onset of the irrigation season. An increase 
in total selenium concentration associated with a drying and 
wetting period later in the summer was accompanied by 
a decrease in the percentage of selenite to near 0 percent, 
indicating that selenate was added to the groundwater. This 
pattern is consistent with the examples of increasing concen-
trations of total selenium in the other wells and presumably 
resulted from the dissolution of selenate-bearing salts in the 
unsaturated zone by rising water levels in W-M2. 
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Introduction
Selenium is a water-quality concern in the lower Gun-

nison River Basin (LGRB) because irrigation water interact-
ing with seleniferous soils derived from the Mancos Shale 
Formation has mobilized selenium and increased its concen-
trations in surface water (Butler, 1996). As part of the National 
Irrigation Water Quality Program (NIQWP), the U.S. Fish and 
Wildlife Service and the U.S. Geological Survey found that 
selenium concentrations in groundwater and surface water 
were greater in irrigated regions overlying the Mancos Shale 
than in other areas (Butler and others, 1996). The elevated 
selenium concentrations in surface water are considered to 
detrimentally affect the recruitment of native Colorado River 
Basin fish species: Razorback Sucker (Xyrauchen texanus), 
Colorado Pike Minnow (Ptychocheilus Lucius), Humpback 
Chub (Gila cypha), and the Bonytail Chub (Gila elegans) 
(Colorado River Endangered Fish Recovery Program, http://
www.coloradoriverrecovery.org, accessed October 25, 2012). 
Specifically, selenite (SeIV) is the selenium species of concern 
because of its bioavailability and toxicity to fish (Lemly, 1993; 
Dhillon and Dhillon, 1999; Fernandez-Martinez and Charlet, 
2009). How selenite affects fish is more complex than a mat-
ter of presence or absence or even exceedance of a specified 
concentration, and studies are being conducted that provide 
ecosystem-scale selenium modeling in support of criteria 
development for fish and wildlife (Presser and Luoma, 2010). 

The bioavailability and toxicity of selenium in the envi-
ronment is dependent on its solubility and oxidation state. The 
primary selenium oxidation states that exist in the environment 
are +VI (selenate SeO4

2–), +IV (selenite SeO3
2–), 0 (elemental 

selenium Se0), and –II (selenide Se2–). Selenate and selenite 
are both water soluble and although selenite is more bioavail-
able and toxic than selenate, selenate typically comprises 
more of the total selenium in water than selenite as it is more 
soluble (Fordyce, 2007). Elemental selenium is the least 
soluble and is the least toxic to organisms (Combs and others, 
1996; Fernandez-Martinez and Charlet, 2009). The relatively 
insoluble organic selenides, however, have a high potential for 
bioavailability and toxicity (Lemly, 1993; Fernandez-Martinez 
and Charlet, 2009). Bound to suspended particulate matter, 
which carries about 85 percent of the total selenium in streams 
(Fernandez-Martinez and Charlet, 2009), selenides are poten-
tially important to high selenium residues in the food web 
along stream corridors (Lemly, 1993). Generally the occur-
rence of the different selenium species in soils is a product of 
their physical and chemical environment. Selenate and selenite 
are prevalent in oxygen-rich aqueous solutions; whereas, 
elemental selenium and selenide are more common in low 
oxygen, acidic, and organic-rich soils (Fernandez-Martinez 
and Charlet, 2009).

The enrichment of selenium in groundwater of the LGRB 
occurs as a result of Mancos Shale weathering, efflorescent 
salt dissolution, and redox processes that keep selenium in 
solution. In unweathered Mancos Shale, pyrite is indicated as 
the main source of selenium (Tuttle and others, 2014). Iron 

layers, formed by the oxidation of the pyrite, are enriched 
with selenium composed mostly of selenite (Tuttle and oth-
ers, 2014). After further oxidation and evapotranspiration, 
efflorescent salts (such as gypsum [CaSO4] and thenardite 
[Na2SO4]) form, within which selenium can be substituted for 
sulfur because of its similar chemical and physical proper-
ties (Tuttle and others, 2014; Presser and Ohlendorf, 1987). 
Upon exposure to water, the salts dissolve, and studies by 
Kumar and Riyazuddin (2011), Dhillon and others (2008), 
Fernandez-Martinez and Charlet (2009), and Zhang and 
Moore (1996) indicate that more selenate is mobilized than 
selenite. Selenite solubility is typically governed by sorp-
tion/desorption processes on mineral surfaces (Balistrieri and 
Chao, 1987) and organic matter (Fernandez-Martinez and 
Charlet, 2009) and the redox state of the groundwater (Tuttle 
and others, 2014). Redox processes are catalyzed by micro-
organisms that successively use terminal electron-accepting 
redox-sensitive chemicals (in order of preference: dissolved 
oxygen, DO; nitrate, NO3; selenate; manganese, Mn(IV); iron, 
Fe(III); uranium, U(VI); and sulfate, [SO4]) for respiration 
processes (McMahon and Chapelle, 2008; Gates and others, 
2009). Highly soluble selenate may exist in groundwater under 
oxic conditions (defined by McMahon and Chapelle [2008] 
as groundwater with DO concentrations greater than or equal 
to 0.5 mg/L), whereas selenate may be reduced to less soluble 
selenite under anoxic conditions (DO concentrations of less 
than 0.5 mg/L; McMahon and Chapelle, 2008). The presence 
of nitrate in anoxic groundwater is known to inhibit the reduc-
tion of selenate to selenite (Gates and others, 2009; White and 
Benson, 1991). Groundwater in some locations of the LGRB 
exhibits naturally high nitrate concentrations (Holloway and 
Smith, 2005; Morrison and others, 2012; Mast and others, 
2014) and suggest a limited potential for reduction of selenate 
in those locations.

Concentrations of dissolved selenium in surface water are 
increasing in some areas of the LGRB despite the implementa-
tion of salinity/selenium-control projects (such as improving 
irrigation efficiency or lining canals) in the region. Salinity/
selenium-control projects aim to reduce percolation and sub-
sequent mobilization of salt and selenium from groundwater 
to surface-water systems. Following the completion of a major 
salinity/selenium control project, which lined approximately 
18 kilometers of irrigation canals in the LGRB, instream 
selenium concentrations during the nonirrigation season (com-
posed of mostly groundwater) had decreased by 16 percent 
(Butler, 2001). As of 2010, however, these selenium concen-
trations had increased (Moore, 2011), which has led to local 
interest in more clearly understanding the effects of canal 
lining on selenium concentrations.

Geochemical conditions in groundwater adjacent to leaky 
canals are likely to fluctuate seasonally as canals fill and oxic 
water recharges the aquifer. The increase in groundwater lev-
els subsequent to canal filling may act to dissolve soluble salts 
in the unsaturated zone which in turn could increase concen-
trations of soluble selenium in groundwater. At the completion 
of the irrigation season, it is likely that groundwater levels 

http://www.coloradoriverrecovery.org
http://www.coloradoriverrecovery.org
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would decrease and efflorescent salts would precipitate in 
the unsaturated zone, which would act to immobilize soluble 
selenium. After lining a leaky canal the water level adjacent to 
the canal would decrease further creating a thicker unsaturated 
zone and immobilizing more selenium. In an irrigated environ-
ment, like the LGRB, the postlining water level would still be 
subjected to seasonal fluctuations albeit at lower elevations. 
The iron layers identified by Tuttle and others (2014) could 
potentially provide a rich source of selenium if the depth of 
the layers coincided with the water level where the new fluc-
tuations occurred. 

In 2013, the U.S. Geological Survey (USGS), in coop-
eration with the Bureau of Reclamation and the Colorado 
Water Conservation Board, began a study to understand how 
changes in groundwater levels attributed to canal leakage 
affected the concentrations and speciation of dissolved sele-
nium in groundwater.

Purpose and Scope

This report characterizes the groundwater adjacent to an 
unlined leaky canal. Nested shallow and deep groundwater 
monitoring wells were installed at different distances from the 
leaky canal (fig. 1). Continuous pressure (water-level) data 
were measured in the canal and monitoring wells. Discrete 
seasonal data consisting of concentrations of total selenium 
and selenium species and water levels in the canal water, field 
properties, concentrations of total selenium and selenium spe-
cies, major ions, nutrients, and dissolved gases, and nitrogen 
isotopic compositions in groundwater were measured before, 
during, and after the 2013 irrigation season. 

Description of Study Area

The field site for this study is a wetland in the LGRB 
(termed the LGRB wetland through the remainder of the 
report) that is approximately 5.5 kilometers (km) northeast of 
Olathe, Colo. (fig. 1). The site is bounded on the east, north, 
and west sides by the East Canal and an irrigation lateral fed 
by the East Canal. The East Canal is part of the east side of 
the Uncompahgre Project area and planning is underway to 
identify how best to pipe and line that irrigation water deliv-
ery system (Bureau of Reclamation, 2011). The mean annual 
air temperature (1980–2010) is 10.4 degrees Celsius at the 
LGRB wetland, which receives about 18.8 centimeters (cm) 
of precipitation per year (Daly and others, 2008). During the 
2013 calendar year, 27.8 cm were recorded at a precipita-
tion station about 1 km west of the LGRB wetland (Sta-
tion CO-MT-25, http://www.cocorahs.org/Stations/Station.
aspx?StationNumber=CO-MT-25; fig. 1). Although 90 percent 
of the precipitation infiltrates (Elliott and others, 2007), the 
evaporation induced by the arid climate combined with the 
poorly draining, silty clay soils that are moderately to strongly 
saline (Natural Resources Conservation Service, 2014; Map 
Unit Symbol 790), make poor growing conditions for even the 

native desert vegetation. The vegetation in the LGRB wetland, 
however, generally conforms to that of a persistent Palustrine 
emergent wetland with perennial water (Cowardin and others, 
1979; Rector and others, 1979). The abrupt change in vegeta-
tion from the east side of the East Canal to the west indicates 
the East Canal as a principal source of water to the LGRB 
wetland. Freestanding water was evident throughout the study, 
and continuously flowing springs fed several ponds. Evapora-
tion from ponds and freestanding water in the LGRB wetland 
can approach 150 cm per year, of which two-thirds can be lost 
during the irrigation season (determined at Montrose, Colo., 
17 km southeast of Olathe, Colo.; Farnsworth and Thomp-
son, 1982). The cumulative evapotranspiration from soils and 
plants determined for the irrigation season during 2010 was 
about 33 cm (Singh and others, 2014). The evapotranspira-
tion yields efflorescent salts that are common throughout the 
LGRB wetland and are evidence of the saline soils, which 
can be composed of up to 15 percent calcium carbonate and 
20 percent gypsum (Natural Resources Conservation Service, 
2014; table 1 of this report). 

Data collected by the Bureau of Reclamation (BOR) 
during the late 1970s and early 1980s from a well (Observa-
tion well E263133; 8 meters [m] deep) at the southern end 
of the LGRB wetland gives an indication of the geochemical 
nature of the groundwater in the LGRB wetland (John Sot-
tilaire, Bureau of Reclamation, written commun., March 29, 
2012; Appendix 1). Data were available on a bimonthly basis, 
generally, from September 1978 through October 1983 and are 
summarized in table 1. The distribution of cations (dominated 
by sodium) and anions (dominated by sulfate) are consistent 
with Mancos Shale groundwater (Morrison and others, 2012). 

Study Methods

Well Installation

Two locations, near the East Canal and farther from 
the East Canal, were selected for nested monitoring well 
installations (fig. 1). The wells near the canal (W-N1 and 
W-N2) were installed 24 meters (m) from the canal, and the 
wells farther from the canal (W-M1 and W-M2) were an 
additional 277 m from the near wells (301 m from the canal). 
Land-surface elevation at the location near the canal was 
1,628.75 m and 1,625.04 m at the farther location. Drilling 
services, supplies, and materials were provided by the BOR. 
A CME75 drilling rig was used to drive hollow-stem-augers 
and a split spoon sampler that collected geologic material for 
lithologic descriptions. Borehole drilling and well instal-
lation were overseen by an onsite USGS geologist respon-
sible for documenting daily drilling operations, logging and 
packaging geologic materials encountered while drilling, 
overseeing well installation, and preparing well-construction 
reports. Lithologic logs (Appendix 2) were developed from 
the collected geologic material and auger cuttings through 
visual inspection and were completed using the Wentworth 

http://www.cocorahs.org/Stations/Station.aspx?StationNumber=CO-MT-25
http://www.cocorahs.org/Stations/Station.aspx?StationNumber=CO-MT-25
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Figure 1.  Location of field site, lower Gunnison River Basin, Montrose County, Colorado. 
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Physical and chemical properties of the lower Gunnison River Basin wetland soils (Natural Resources Conservation Service, 2014) 

Physical soil properties Chemical soil properties

Map unit symbol 
and 

soil name

Depth, 
cm

Clay, 
percent

Moist bulk 
sensity, 
g/cm3

Saturated 
hydraulic 

conductivity, 
µm/s

Available 
water 

content, 
cm/cm

Organic 
matter, 
percent

Cation 
exchange 
capacity, 
meq/100 g

Soil 
reaction, 

pH

Calcium 
carbonate, 

percent

Gypsum, 
percent

Salinity, 
µmhos/cm

Sodium 
absorption 

ratio

790: Aquisalids
0–5.1 0–5 -- 42–705 0.2–0.3 -- -- 6.1–7.3 -- -- -- --

5.1–61 25–50 1.15–1.3 0.28–2.8 0.01–0.16 0.5–5.0 10–40 8.0–9.6 0–10 0–20 8–50 8–30
61–155 25–50 1.15–1.3 0.42–2.8 0.01–0.12 0.0–3.0 10–35 8.0–9.6 0–15 0–20 16–50 16–50

Geochemical summary of Bureau of Reclamation data collected between September 1978 and October 1983 at observation well E263133 (John Sottilaire, written commun., March 29, 2012)

Statistic pH
Temperature, 

degrees 
Celsius

Total 
dissolved 

solids, 
mg/L

Electrical 
conductivity, 

µmhos/cm

Calcium, 
mg/L

Magnesium, 
mg/L

Sodium, 
mg/L

Potassium, 
mg/L

Bicarbonate, 
mg/L

Chloride, 
mg/L

Sulfate, 
mg/L

Minimum 7.5 9.4 16,900 16,600 441 331 4,280 39.1 312 668 9,990
Maximum 8.1 15.4 44,100 43,100 517 1,110 11,100 78.2 785 1,600 24,400
Mean 7.7 12.1 33,300 30,400 465 714 7,980 60.6 580 1,120 17,700
Standard deviation 8,700 7,760 27.7 232 2,090 15.0 142 290 792

Table 1.  Physical and chemical data for soils and groundwater geochemistry data from previous studies. 

[cm, centimeter; g/cm3, grams per cubic centimeter; µm/s, micrometers/second; cm/cm, centimeter per centimeter; meq/100 g, milliequivalents per 100 grams; µmhos/cm, micromhos per centimeter; mg/L, 
milligrams per liter]
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classification system (Wentworth, 1922) and Munsell color 
system (Geological Society of America, 1995). Geochemical 
analyses of select core material were performed to deter-
mine the total selenium, organic matter, and pyrite contents 
and are described in detail by Mast and others (2014). For 
all wells, interpretation of the auger cuttings during drilling 
indicated a decrease in moisture content with depth through 
weathered Mancos Shale. Unweathered Mancos Shale 
with water-bearing bedding planes was encountered below 
weathered Mancos Shale at both locations. Consequently, 
groundwater monitoring wells were installed in the shallow 
and deep water-bearing bedding plane systems at both the 
near and farther locations. Based on the lithologic logs, the 
shallow system has minor, if any, hydraulic connection with 
the deep system.

The four wells installed for this study are W-N1 well 
(deep, near the East Canal), W-N2 (shallow, near the East 
Canal), W-M1 (deep, farther from the canal), and W-M2 
(shallow, farther from the canal) (fig. 1). Wells were con-
structed using 5.08-cm diameter, Schedule 40 polyvinyl 
chloride (PVC) casing (Appendix 3) and equipped with 
1.5-m screens using 10-slot PVC. Annular space adjacent 
to the screened interval was backfilled with a 20–40 graded 
silica sand pack, and the annular space above the sand pack 
was sealed with at least a one-foot thick layer of 0.95-cm 
diameter bentonite pellets topped by concrete to the land 
surface. A concrete pad and locking protective steel casing 
were installed at the surface. Once sites were installed, the 
surrounding area, well head, and measuring point were pho-
tographed for the well record, and the well location and eleva-
tion of the well head were measured to within 20 cm using a 
high precision Global Positioning System (GPS) unit. 

Wells were developed following USGS protocols 
(Lapham and others, 1997) to ensure hydraulic connection 
with the water-bearing geologic material. A combination of a 
peristaltic pump and bailer were used to develop the shallow 
wells. While a sustainable flow rate was achieved at W-M2 
with the peristaltic pump, the water level in the W-N2 well 
failed to recover after 24 hours when bailed dry. A Waterra 
Hydrolift 2 inertial pump with high-density polyethylene tub-
ing and surge block was used to develop the deeper wells.

Continuous Data Collection

Continuous pressure (water-level) data were measured at 
each of the four wells and the East Canal site. The time period 
for which data were recorded at each site varied depending on 
availability of the vented YSI 600LS Sondes and battery life, 
although generally data were collected from March 20, 2013, 
to December 9, 2013. Data were recorded every 15 minutes 
except at W-N1, which recorded data every 2 hours. A staff 
plate was installed at the East Canal site to periodically 
measure the water level and for the correction of continuous 
pressure data. An electronic water-level tape was used at the 
monitoring wells to manually measure depth to groundwater 
(Cunningham and Schalk, 2011). All site information and 

data were entered into the USGS National Water Information 
System (NWIS) database (http://waterdata.usgs.gov/co/nwis/; 
U.S. Geological Survey, 1998). 

Sample Collection and Analysis

Water-quality samples were collected at the East Canal 
(the above 6125 Road site), two ponds (W-Pond M and 
W-Pond N), and the monitoring wells (fig. 1). Depth inte-
grated canal samples were collected before (March), during 
(July), and after (December) the irrigation season and ana-
lyzed for total selenium and selenite concentrations (table 2). 
Depth integrated samples were collected from the ponds dur-
ing (April, May, August, and October) and after (December) 
the irrigation season. The W-Pond N was sampled because 
of its size (about 10 m in diameter and 1 m deep) and close 
proximity to the wells and springs near the East Canal. The 
W-Pond M was sampled because of the odor of hydrogen 
sulfide observed and its proximity to the wells farther from 
the East Canal.

Water samples were collected before (March), during 
(April, May, August, and October), and after (December) the 
irrigation season from the monitoring wells (tables 2 and 3). In 
the deeper wells (W-N1 and W-M1), samples were collected 
by using a peristaltic pump after the removal of at least three 
casing volumes and well discharge data for water temperature, 
specific conductance, pH, and dissolved-oxygen concentration 
had become stable (Koterba and others, 1995). Field proper-
ties were measured using a calibrated field meter, which was 
calibrated according to standard protocols described in the 
National Field Manual (U.S. Geological Survey, variously 
dated). Procedures for sampling the shallow wells differed in 
that water was purged with a peristaltic pump from the shal-
low wells 2 to 3 days prior to sampling to allow for adequate 
recovery. To preserve the redox state, water levels were con-
stantly monitored during purging to ensure they stayed above 
the top of the well screen. For quality assurance and control 
purposes, a blank sample was collected before any sampling 
occurred and again at the middle of the irrigation season. 
Replicate samples were collected at W-M1 both early and late 
in the irrigation season. 

Samples were collected in processing chambers to 
reduce the potential for airborne contamination (U.S. Geo-
logical Survey, variously dated). Samples collected for total 
selenium, selenite, major ions, nutrients, and dissolved 
organic carbon were filtered through a 0.45-micrometer (µm) 
capsule filter into precleaned plastic bottles (amber glass 
bottle for dissolved organic carbon). Major ions refers to 
the following dissolved constituents: calcium, magnesium, 
sodium, potassium, chloride, sulfate, fluoride, manganese, 
and iron. Dissolved concentration data for oxygen, nitrate 
as nitrogen, manganese, iron, and sulfate (table 3) are used 
to identify redox processes (McMahon and Chapelle, 2008). 
Total selenium and selenite samples were preserved with 
hydrochloric acid to pH less than 2 and analyzed to a detec-
tion limit of 0.2 micrograms per liter (µg/L) using hydride 

http://waterdata.usgs.gov/co/nwis
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Location March April May August October December
Total selenium

East Canal 140 -- -- 13.02 -- 50.96
W-Pond N -- 30.0 15.3 1.30 1.20 3.83
W-Pond M -- 2.38 1.40 0.90 <0.2 0.21

W-N1 8.76 51.8 33.6 2.10 0.70 0.84
W-N2 0.79 1.66 1.2 0.90 0.40 0.66
W-M1 3,220 2,690 2,780 2,740 2,520 3,010
W-M2 1.30 1.35 1.40 10.9 6.00 2.98
W-S -- -- -- 4,100 -- --

Selenate 
East Canal 136 -- -- 12.64 -- 50.2
W-Pond N -- 29.4 14.4 0.90 0.90 3.51
W-Pond M -- 1.87 0.80 0.90 <0.2 <0.2

W-N1 7.89 51.4 32.0 1.50 0.4 0.44
W-N2 0.3 1.44 0.6 0.6 0.4 0.48
W-M1 3,220 2,690 2,760 2,740 2,510 2,300
W-M2 0.93 0.95 0.92 10.8 5.80 2.94
W-S -- -- -- 4,100 -- --

Selenite 
East Canal 4.28 -- -- 10.38 -- 0.80
W-Pond N -- 0.64 0.90 0.40 0.30 0.32
W-Pond M -- 0.51 0.60 <0.2 <0.2 <0.2

W-N1 0.87 0.39 1.60 0.60 0.30 0.40
W-N2 0.49 0.22 0.60 0.3 <0.2 <0.2
W-M1 5.37 7.00 12.9 7.40 11.5 9.95
W-M2 0.37 0.40 0.48 <0.2 0.20 <0.2
W-S -- -- -- 4 -- --

Selenite/total selenium mass ratio
East Canal 0.03 -- -- 0.13 -- 0.02
W-Pond N -- 0.02 0.06 0.31 0.25 0.08
W-Pond M -- 0.21 0.43 0.22 -- 0.95

W-N1 0.10 0.01 0.05 0.29 0.43 0.48
W-N2 0.62 0.13 0.50 0.33 0.50 0.30
W-M1 0.002 0.003 0.005 0.003 0.005 0.003
W-M2 0.28 0.30 0.34 0.02 0.03 0.07
W-S -- -- -- 0.001 -- --

1The irrigation season East Canal sample was collected on July 1, 2013.

Table 2.  Total selenium, selenate, and selenite concentrations, in micrograms per liter, and selenite/total selenium mass 
ratios measured at the lower Gunnison River Basin wetland during 2013.

[--, no data; <, less than; selenite/total selenium mass ratio; concentration of selenite divided by concentration of total selenium]
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Site March April May August October December

Dissolved oxygen (DO)

W-N1 0.1 0.1 0.2 0.1 0.4 0.2
W-N2 3.9 2.2 3 0.3 1.9 2.7
W-M1 0.1 0.1 <0.1 <0.1 0.3 0.1
W-M2 0.1 0.1 0.1 0.1 0.3 <0.1

Nitrate as nitrogen (NO3−N)

W-N1 1.48 6.41 5.49 0.63 0.27 0.27
W-N2 0.20 1.08 2.13 0.32 0.1 0.11
W-M1 393 340 340 364 342 364
W-M2 <0.039 <0.120 <0.040 0.057 <0.033 <0.039
W-S -- -- -- 823 -- --

Manganese (Mn 2+)

W-N1 0.26 0.17 0.14 0.13 0.17 0.25
W-N2 0.23 0.29 0.72 0.28 0.45 0.024
W-M1 0.17 0.32 0.30 0.20 0.24 0.20
W-M2 1.51 1.14 0.92 1.53 1.56 1.38
W-S -- -- -- 0.85 -- --

Iron (Fe 2+)
W-N1 <0.012 <0.012 <0.012 <0.008 33.4 15.5
W-N2 <0.004 0.005 <0.004 0.104 0.326 <0.008
W-M1 <0.1 0.286 <0.080 <0.1 <0.080 <0.080
W-M2 0.90 3.57 1.18 7.58 25.4 13.2
W-S -- -- -- <0.1 -- --

Sulfate (SO4 2−)

W-N1 2,480 2,440 2,500 2,000 1,990 2,080
W-N2 610 841 901 1,310 1,060 1,080
W-M1 25,700 28,400 28,600 29,600 30,000 28,300
W-M2 12,100 11,900 11,900 10,300 9,370 7,870
W-S -- -- -- 14,000 -- --

Table 3.  Concentration data for dissolved oxygen, nitrate as nitrogen, manganese, iron, and sulfate, in milligrams per liter, 
in groundwater sampled at the lower Gunnison River Basin wetland monitoring wells during 2013.

[<, less than; --, no data]

generation/atomic fluorescence spectroscopy (HG-AFS) 
(Briggs and Crock, 1986) at the USGS Crustal Geophys-
ics and Geochemistry Science Center, in Lakewood, Colo. 
Selenite was analyzed prior to digesting a mixture of sample 
water with nitric, hydrochloric, and perchloric acid to convert 
all forms of selenium to selenite. This mixture was then 
analyzed and used for total selenium. Using the same method-
ology as White and Benson (1991), selenate was determined 
as the difference between total selenium and selenite. Major 
ion samples were acidified in the field to pH less than 2 using 
nitric acid. Dissolved organic carbon samples were acidified 
in the field to pH less than 2 using sulfuric acid and chilled. 
Nutrient samples were chilled. Major ions, nutrients, and dis-
solved organic carbon were analyzed at the USGS National 
Water-Quality Laboratory, in Lakewood, Colo., using 

methods defined by Garbarino and Struzeski (1998), Fishman 
and Friedman (1989), and Fishman (1993), and the results 
were entered into the USGS NWIS database (U.S. Geological 
Survey, 1998). Alkalinity was measured in the field by inflec-
tion point titration (U.S. Geological Survey, variously dated) 
using 0.16 or 1.6 normal sulfuric acid. 

Unfiltered sample water was analyzed for dissolved 
gases (argon, carbon dioxide, dinitrogen (N2), and meth-
ane) and the isotopic composition of N2 gas. Dissolved-gas 
samples were collected from the canal site and wells before, 
during, and after the irrigation season (table 2). Isotopic 
samples were collected from the wells during and after the 
irrigation season. Samples for dissolved gas and N2 isotopes 
were collected in 125-milliliter glass serum bottles by filling 
from the bottom and allowing water to overflow to ensure 
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no air bubbles were trapped inside (U.S. Geological Survey, 
2015a). Pellets of potassium hydroxide were added to raise 
the pH to greater than 11, and the bottles were sealed with 
no headspace and stored on ice. Samples for nitrogen and 
oxygen isotope analysis of nitrate were collected by succes-
sively filtering sample water through a 0.45-µm filter and 
0.2-µm filter into untreated, brown polyethylene bottles and 
preserved with pellets of potassium hydroxide (U.S. Geolog-
ical Survey, 2015b). The sample water was collected imme-
diately after the collection of redox sensitive analytes when 
sampling the shallow wells. This approach provided the most 
representative sample possible for these wells because of 
their slow recovery characteristics. 

Dissolved gases were analyzed using gas chroma-
tography with thermal conductivity or flame ionization 
detection at the USGS Chlorofluorocarbon Laboratory in 
Reston, Va. (Busenberg and others, 1993; http://water.usgs.
gov/lab/dissolved-gas/). The isotopic composition of N2 
was measured on an isotope ratio mass spectrometer at the 
USGS Stable Isotope Laboratory in Reston, Va. (Böhlke 
and Denver, 1995). The isotopic composition of nitrate was 
analyzed by bacterial conversion of nitrate to nitrous oxide 
and subsequent measurement on a continuous flow isotope 
ratio mass spectrometer at the USGS Stable Isotope Labo-
ratory in Reston, Va. (Sigman and others, 2001; Casciotti 
and others, 2002; Coplen and others, 2004; and Coplen and 
others, 2012). 

Seasonality of Water Levels

This section describes the changes in water levels in the 
East Canal, groundwater near the canal, and groundwater 
farther from the canal that occurred during the study period. 
Additionally, the physical processes associated with these 
changes are discussed. 

Canal Operation

Understanding when canals are filled and drained is 
necessary to relate the canal leakage to changes in groundwater 
elevation. The elevation of water in the canal increases at the 
beginning of the irrigation season (on or about April 1) and 
correspondingly decreases at the end of the irrigation season (on 
or about November 1). Standing water was observed during the 
nonirrigation season (fig. 2) in canal bed depressions. The eleva-
tion of the nonirrigation season water level in the canal was 
about 1,629.60 m (fig. 3). On a weekly basis starting April 1, 
2013, the canal was partially filled and drained to flush aggraded 
sediment and debris, and to saturate and stabilize canal banks. 
By the third week in April, the canal was filled to an elevation 
of 1,630.55 m and remained steady until August 18, 2013, after 
which the water-level elevation gradually decreased to 1,630.20 
by the end of October when the canal was drained back to its 
nonirrigation season elevation. 

Figure 2.  Water level in the East Canal during nonirrigation, March 29, 2013. Photograph by Joshua Linard, U.S. 
Geological Survey. 

http://water.usgs.gov/lab/dissolved-gas/
http://water.usgs.gov/lab/dissolved-gas/
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Figure 3.  Continuous water-
level elevation data recorded 
at the W-N1 and W-N2 
monitoring wells and the East 
Canal with precipitation.
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Figure 4.  Continuous water-
level elevation data recorded 
at the W-M1, W-M2 monitoring 
wells and the East Canal with 
precipitation.
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Groundwater Near the Canal

Water-level elevations in the wells near the canal (W-N1 
and W-N2) were affected by canal leakage during the irriga-
tion season. Water levels in W-N1 before the irrigation season 
were at 1,628.31 m and increased to 1,628.55 m (0.2 m below 
land surface) three weeks after the canal was filled (fig. 3). The 
water level increased to a maximum of 1,628.65 m by the early 
irrigation season before it gradually decreased to 1,628.53 m 
near the end of the irrigation season when the canal was 
drained. Discrete water-level measurements after the end of the 
irrigation season indicated water-level elevation had returned 
to the nonirrigation season levels (1,628.34 m). The water 
level in W-N2 was at 1,628.30 m before the irrigation season 
and increased to 1,628.45 m after three weeks (fig. 3). Water-
level elevation increased to 1,628.64 m below land surface and 
steadily decreased to 1,628.53 m at the end of the irrigation 
season. The water-level elevation had decreased to 1,628.32 m 
within a week of the canal being drained. After the week fol-
lowing the canal draining the water level had decreased to 
0.41 m below land surface. The slow recovery of the W-N2 
well is evidenced in the April and May continuous data and 
coincides with sampling period during which the continuous 
monitor remained in the well (fig. 3). The continuous monitors 
were removed prior to the successive sampling period.

The response of the water level in W-N1 to stage changes 
in the canal was quicker than at W-N2. Consistently, the water 
levels in W-N1 changed about 2 hours after changes were 
recorded in the canal, whereas water levels in W-N2 required 
about 2 days to respond. Most likely this is because of the 
greater hydraulic connectivity of the canal to more conductive 
bedding planes than to poorly draining soils of the canal bank. 
The bottom of the canal is at the unweathered Mancos Shale 
interface and fractures (created through natural processes or 
the periodic cleaning of canal sediment and debris with heavy 
construction equipment) are evident. The pressure exerted 
by changes in canal stage is, consequently, more readily 
transferred to the deep groundwater measured in W-N1 than 
the shallow groundwater at W-N2. The presumed relatively 
low-permeability sediments in which W-N2 was completed, 
as demonstrated by the slow recovery of water levels in the 
well following sampling, suggest the amount of canal leakage 
reaching W-N2 would be limited.

Groundwater Farther from the Canal

No definitive relation could be made between canal 
water-level elevation and water-level elevations in monitoring 
wells farther from the East Canal (W-M1 and W-M2). Water-
level elevations at W-M1 averaged 1,621.14 m throughout 
the study period and ranged from 1,621.06 to 1,621.31 m 
(fig. 4). In contrast to the other wells, water levels in W-M1 
were lowest during the irrigation season and highest during the 
nonirrigation season. The processes governing the decrease 
and increase are unclear, but it is evident that leakage from 
the East Canal did not directly affect water-level elevation 

at W-M1. The water-level elevations in W-M2, in contrast, 
remained within 0.15 m of land surface throughout the study 
period except for a dry period in June and July during which 
the water level decreased by about 1.5 m, to 1,623.48 m 
(fig. 4). The decrease in water level at W-M2 during the dry 
period suggests that the rate of evapotranspiration can exceed 
the rate at which water moves through the LGRB wetland 
soils. Although the July precipitation was sufficient to raise 
the water level at W-M2, it is unreasonable to suggest precipi-
tation is the perennially sustaining source of water because 
wetlands are uncommon in the LGRB.

Although canal leakage seasonally affects water levels 
at W-N1, ancillary data and positive pressures recorded at 
both W-N1 and W-M1 throughout the study period suggest 
a source of water, supplementing that from the East Canal, 
affects water levels. The fact that small amounts of water 
move through the East Canal continually during the nonir-
rigation season suggests the groundwater system tapped by 
W-N1 and W-M1 intercepts the canal, and possibly contains 
seepage from higher in the system. That supplemental water 
source also explains why positive pressures exist in both deep 
wells throughout the study period rather than only during the 
irrigation season. The elevations of the water-bearing bedding 
planes were at 1,625.75 m at W-N1 and 1,617.44 m at W-M1 
and nonirrigation season water-level elevations recorded at 
those wells were 2.54 m and 4.7 m, respectively, above those 
elevations. The positive pressures in the deep monitoring wells 
and the existence of the consistently flowing spring and free-
standing water, moreover, suggest that the deep groundwater 
system affects water levels in the shallow groundwater system. 

Seasonality of Total Selenium 
Concentrations

This section describes total selenium concentrations 
in the East Canal, ponds, groundwater near the canal, and 
groundwater farther away from the canal. Conceptually, an 
increase in total selenium concentrations is expected as rising 
groundwater levels dissolve soluble salts in the unsaturated 
zone. The major-ion chemistry of the groundwater is char-
acteristic of calcium-sodium-sulfate to sodium-sulfate type 
waters (fig. 5) and is consistent with the conceptual model of 
soluble salts such as gypsum (CaSO4) and thenardite (Na2SO4) 
controlling the water chemistry. Overall, groundwater chem-
istry in the LGRB wetland is similar to regional groundwater 
chemistry in the Mancos Shale (Morrison and others, 2012).

Canal

Water flowing through the East Canal before the irriga-
tion season had different selenium concentrations than water 
in the canal during the irrigation season. Before the irrigation 
season, concentrations of total selenium in the canal were 
140 µg/L (table 2). The concentrations declined to 3.02 µg/L 
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during the irrigation season likely because of dilution with 
water diverted into the canal from the Gunnison River, before 
increasing to almost 51.0 µg/L after the irrigation season 
(fig. 6). Changes in specific conductance measured in the 
canal were similar, exceeding 8 millisiemens per centimeter 
(mS/cm) before the irrigation season and then decreasing to 
less than 1 mS/cm at the onset of the irrigation season (fig. 7). 
Specific conductance stayed at this lower value until after the 
irrigation season when it increased to more than 7 mS/cm. 
Similar seasonal patterns of selenium concentrations and spe-
cific conductance in streams of the LGRB are common (Butler 
and others, 1996), because snowmelt runoff in the early sum-
mer dilutes surface-water selenium concentrations that are 
otherwise higher during the nonirrigation season because of 
base-flow contributions to streamflow. 

Wetland Ponds

Selenium concentrations in the ponds decreased with 
distance from the canal and decreased throughout the irriga-
tion season (fig. 6). Total selenium concentrations at W-Pond 
N decreased from 30.0 to 1.20 µg/L and from 2.38 to less than 
0.20 µg/L at W-Pond M (table 2). The higher concentrations 
potentially result from the first canal leakage at the start of the 
irrigation season or from the solubilization of efflorescent salts 

in soils adjacent to the ponds. Although pond-surface eleva-
tions were not surveyed at the time of each sampling period, 
visual reconnaissance indicated soils adjacent to the ponds 
wetted and dried in response to the onset and conclusion of the 
irrigation season. Concentrations increased after the irrigation 
season to 3.83 µg/L at W-Pond N, but remained relatively low 
(0.21 µg/L) at W-Pond M (table 2). The evaporative processes 
that formed salts during the drying period concentrated sele-
nium in the groundwater (Tuttle and others, 2014) and could 
explain observed increases in concentrations in W-Pond N 
following the irrigation season. 

The decrease in selenium concentration with increas-
ing distance from the canal and through the irrigation season 
may be a result of selenium reduction and immobilization. 
The strong odor of hydrogen sulfide at W-Pond M indicates 
that sulfate-reducing conditions existed in that area. The 
odor was not detected at W-Pond N, but that does not mean 
sulfate reduction was not occurring; perhaps sulfate reduc-
tion occurred at a lesser rate than at W-Pond M. By the time 
sulfate-reducing conditions predominate in aquatic systems, 
selenate would be expected to be reduced to selenite and 
elemental selenium (Oremland and others, 1989), both of 
which are less mobile than selenate. Selenite/total selenium 
mass ratios for W-Pond N and W-Pond M (fig. 6), discussed 
in the section Seasonality of Selenium Species, support the 
hypothesis that selenate reduction occurred to a greater extent 
at W-Pond M than at W-Pond N, and that more selenate reduc-
tion occurred during the irrigation season than during the non-
irrigation season in both ponds.

Groundwater Near the Canal

Total selenium concentrations in the monitoring wells 
near the canal increased as groundwater levels increased. At 
W-N1, total selenium concentrations increased at onset of 
the irrigation season to 51.8 from 8.76 µg/L (table 2, fig. 6). 
Concentrations decreased through the irrigation season to 
0.70 µg/L before increasing to 0.84 µg/L after the irriga-
tion season (table 2, fig. 6). Although selenium is diluted 
and flushed from the canal as it is filled, the flux of water 
into the deep groundwater from the canal would increase as 
the hydraulic gradient increases, which would subsequently 
transport selenium toward W-N1. The process of priming the 
canal (Kenneth Leib, U.S. Geological Survey, oral commun., 
October, 2011) to flush debris and saturate canal banks solu-
bilizes efflorescent salts and, in addition to the relatively high 
total selenium concentrations in the canal before the irrigation 
season, is a potential source of selenium to nearby groundwa-
ter during the early irrigation season. The increase in specific 
conductance at W-N1 at the start of the irrigation season and 
subsequent decrease through the rest of the season support the 
concept of a pulse of more saline water followed by the influx 
of more dilute canal water (fig. 7). At W-N2, total selenium 
concentrations increased from 0.79 µg/L before the irrigation 
season to 1.66 µg/L at the onset of irrigation season (table 2, 
fig. 6). Concentrations decreased through the irrigation season 

Figure 5.  Major-ion chemistry of groundwater sampled in the 
lower Gunnison River Basin wetland, 2013.
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Figure 6.  Concentrations of total selenium and selenite/total selenium mass ratios in surface water and groundwater in the study area.
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Figure 7.  Discrete specific conductance measured in the A, East Canal; B, W-N1, W-N2; and C, W-M1, and W-M2 at the lower 
Gunnison River Basin wetland during 2013.

to 0.40 µg/L before increasing to 0.66 µg/L after the irrigation 
season (table 2, fig. 6). In addition, specific conductance in 
W-N2 also showed a small increase during the early irriga-
tion season as opposed to the decrease that would be expected 
if the canal leakage reaching W-N2 was composed of only 
dilute irrigation water (fig. 7). The increase in total selenium 
concentrations in W-N2 could be a result of both direct con-
tributions of selenium from canal leakage through the canal 
banks and solubilization of efflorescent salts in the unsaturated 
zone as water levels increased. The quick response of water 
levels in monitoring wells near the canal to the beginning of 
the irrigation season and the relatively high selenium concen-
trations measured at those wells at the onset of the irrigation 
season indicate canal leakage affects selenium concentrations 
in groundwater near the canal. 

Groundwater Farther from the Canal

Total selenium concentrations in monitoring wells far-
ther from the East Canal were not directly affected by canal 
leakage. Total selenium concentrations at W-M1were higher 
than concentrations at either of the near canal wells or W-M2 
and ranged from 3,220 µg/L before the irrigation season to 
2,520 µg/L late in the irrigation season (table 2). The replicate 
sample collected at W-M1 late in the irrigation season yielded 
a total selenium concentration of 2,960 µg/L. Although this 
difference was about 15 percent, the difference in the early 
irrigation season replicate sample was less than 2 percent and 
the blank samples had total selenium concentrations less than 
the detection limit of 0.20 µg/L. Considering the replicate 

concentration, total selenium at W-M1, like water-level eleva-
tion at this well, generally decreased until the middle of the 
irrigation season and increased thereafter. The processes gov-
erning the decrease and increase are unclear, but it is evident 
that the transition from irrigation to nonirrigation season does 
not substantially affect total selenium at W-M1. 

Climatology affected total selenium concentrations at 
W-M2. The total selenium concentrations increased after the 
midsummer drying and wetting periods from 1.40 to 10.9 µg/L 
(table 2). Solubilization of efflorescent salts in the unsaturated 
zone as water levels increased is the most likely explanation 
for the increased selenium concentrations in W-M2. Salts could 
have formed in the unsaturated zone as water levels declined 
during the drying period. When water levels started to recover 
in late July because of precipitation, the salts could have been 
redissolved, thus increasing the selenium concentration in 
groundwater, as was observed in the middle of the irrigation 
season. The drying and wetting periods, while not related to the 
irrigation season, are related to climatological seasons. There 
is potential, consequently, that large increases in total selenium 
concentrations may occur in shallow groundwater on an annual 
basis if similar drying and wetting periods occur.

Without the evident effect of canal leakage, the processes 
governing the seasonality of total selenium concentrations in 
groundwater farther from the East Canal are less clear. Any 
effects of canal leakage on total selenium concentrations in 
W-M1 and W-M2 are likely to be muted and offset by some 
lag time greater than that observed at wells W-N1 and W-N2 
because of the distance between the East Canal and wells farther 
from the canal. In that case, more than one season of data col-
lection may be required to identify any relations that might exist 
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between water levels in the canal and wells farther from the 
canal. What does appear to be important with respect to total 
selenium concentrations in deep groundwater is distance from 
the canal: separated by 277 m, concentrations at W-M1 were 
greater than those at W-N1 by at least 2,600 µg/L. Similarly, 
deep groundwater selenium concentrations at well W-S (roughly 
275 m farther from W-M1 and 28 feet deep; fig. 1) in the middle 
of the irrigation season were about 1,400 µg/L greater than 
the W-M1 concentration measured at the same time (Mast and 
others, 2014). These data indicate that the deep groundwater 
accumulates selenium as it moves through the wetland system. 
This finding is important because groundwater in the deep part 
of the flow system may eventually discharge to surface water.

Seasonality of Selenium Species

This section describes seasonal variations in selenate and 
selenite concentrations in the East Canal, ponds, and groundwa-
ter relative to total selenium concentrations. The contributions 
of selenate and selenite to total selenium concentrations are 
evaluated in the context of water levels and redox conditions. 

Canal

Selenite/total selenium mass ratios in the East Canal 
samples ranged from about 0.02 to 0.13 (fig. 6A, table 2), 
indicating that about 2 to 13 percent of the total selenium 
in canal samples was selenite. The smallest percentages 
occurred before and after the irrigation season and the largest 
percentage occurred during the irrigation season. Dissolved-
oxygen concentrations in the canal water were not measured 
in this study, but the predominance of selenate in canal water 
throughout the year implies that the water was largely oxic 
(Oremland and others, 1989; Butler and others, 1996).

The decrease in total selenium concentrations in canal 
water during the irrigation season is considered to be mostly 
a result of dilution by river water diverted into the East Canal, 
but the increase in the percentage of selenite in the water dur-
ing the irrigation season indicates that some of the concentra-
tion decrease could be because of selenate reduction to less 
soluble forms of selenium such as selenite. If selenate reduc-
tion did occur in the canal during the irrigation season, it was 
probably focused at the sediment-water interface and catalyzed 
by microorganisms. Selenite generated by selenate reduction 
at the sediment-water interface could be reoxidized to selenate 
once the diversion of river water into the canal stops at the 
end of the irrigation season and the sediment is re-exposed to 
the atmosphere. At the same time, dissolved selenate that was 
in canal water during the irrigation season could precipitate 
from solution (or be evaporatively concentrated) as the canal 
drains. The relatively large concentrations of total selenium 
and percentages of selenate measured in canal water during the 
nonirrigation season could be because of dissolution of selenate 
from both those sources by periodic small flows in the canal. 

Wetland Ponds

About 2 to 30 percent of the total selenium in W-Pond N 
was selenite, whereas about 20 to almost 100 percent of the 
total selenium in W-Pond M was selenite (figs. 6B and 6C). 
The percentages of selenite in both ponds increased during the 
irrigation season as total selenium concentrations decreased. 
One mechanism that could explain the increase in selenite 
would be the conversion of selenate in pond water to selenite, 
which can occur in anoxic conditions. These percentages 
indicate that much less of the total selenium in pond water was 
selenate than was observed in canal water. A strong odor of 
hydrogen sulfide in W-Pond M is indicative of highly reduc-
ing conditions, which is consistent with the relatively high 
percentages of selenite in that pond compared to W-Pond N or 
the canal (figs. 6B–6C). By the late irrigation season, the total 
selenium concentration in W-Pond M was less than 0.20 µg/L, 
and after the irrigation season almost 100 percent of the total 
selenium concentration was selenite (table 2). 

The percentage of selenite in W-Pond N decreased after 
the end of the irrigation season and the total selenium concen-
tration increased (fig. 6B), indicating that selenate was added 
back into solution during that period. That pattern is similar 
to the pattern observed in the canal (fig. 6A). Like the East 
Canal, the banks of the ponds partially dried out during the 
nonirrigation season. Given the similarities between W-Pond 
N and the East Canal with respect to these characteristics, it is 
possible that the small increase in total selenium and selenate 
concentrations measured in the pond after the irrigation season 
could be a result of evaporative concentration, similar to that 
observed by Tuttle and others (2014).

Groundwater Near the Canal

Water samples from wells W-N1 and W-N2 were used to 
describe the chemistry of selenium species in groundwater near 
the canal (fig. 1). The increase in total selenium from before the 
irrigation season to the onset of the irrigation season was accom-
panied by a decrease in the percentage of selenite from about 10 
percent to 1 percent at well W-N1 (fig. 6D). The data indicate 
that selenate was added to the groundwater at W-N1 during that 
period. The change in selenium chemistry and water-level rise 
in W-N1 corresponded closely in time to the filling of the canal. 
Thus, the added selenate could have come directly from the canal 
if the first flush of water through the canal had a similarly high 
total selenium concentration and small percentage of selenite as 
was measured in the canal before the irrigation season (fig 6A). 
Alternatively, or in addition to that scenario, the added selenate 
could have come from selenate-bearing salts in the unsaturated 
zone if they were mobilized when groundwater levels started to 
rise following the filling of the canal. The pulse of selenate that 
was present in W-N1 during the early irrigation season was dis-
sipated through the course of the irrigation season and the fraction 
of selenite increased to about 43 percent (fig. 6D). The corre-
sponding decrease in selenate is due at least in part to selenate 
reduction to less soluble forms of selenium such as selenite. 
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Redox data were collected from the wells to determine 
whether redox conditions in the aquifer were conducive to 
selenate reduction. Groundwater systems need to be anoxic and 
contain little or no nitrate for substantial selenate reduction to 
occur (Oremland and others, 1989). Groundwater in W-N1 was 
anoxic throughout the study, but nitrate concentrations were 
variable (fig. 8A). Nitrate concentrations in W-N1 ranged from 
about 0.27 to 6.41 mg/L as N (table 3), with the largest concen-
trations coinciding with the selenate pulse in the early irrigation 
season (table 2). Generally speaking, anoxic groundwater that 
contains more than about 0.50 mg/L of nitrate N is conducive 
to nitrate reduction, or denitrification (McMahon and Chapelle, 
2008), the process of microbial reduction of nitrate to nitrogen 
gas (N2), but not necessarily to selenate reduction because of 
the inhibitory effect of nitrate on the selenate-reduction process 
(Oremland and others, 1989). The threshold nitrate concentra-
tion above which selenate reduction is not likely to occur could 
be higher or lower than 0.50 mg/L as N in a particular aquifer 
system, but it is unlikely that selenate would have been reduced 
during the early irrigation season when nitrate concentrations 
were greater than 0.50 mg/L as N (fig. 8A). 

The dissipation of nitrate concentrations in W-N1 in the 
later part of the irrigation season coincided with relatively high 
percentages of selenite and could indicate that selenate reduc-
tion had occurred. The dissipation of nitrate in W-N1 could 
have resulted from dilution by canal leakage and (or) denitrifi-
cation in the anoxic groundwater. Nitrate concentrations in the 
canal were not measured in this study so the dilution process 
cannot be fully evaluated. Nevertheless, the specific conduc-
tance of water in W-N1 decreased through the irrigation season 
(fig. 7), indicating that canal water was moving through the 
aquifer sediments at W-N1 during the irrigation season.

The nitrogen isotopic composition of nitrate (δ15N) 
in samples collected from W-N1 in August and December 
were about 58 to 66 per mil (table 4) and could be evidence 
for denitrification (Böhlke and Denver, 1995). The oxygen 
isotopic composition of the nitrate (δ18O) was not particu-
larly elevated (0.08 to 4.21 per mil) for samples that could be 
highly denitrified (Böttcher and others, 1990; McMahon and 
Böhlke, 2006). For example, the nitrate in highly denitrified 
groundwater in York, Nebraska, had δ15N values of 30 to 40 
per mil and δ18O values of 15 to 20 per mil (McMahon and 

Figure 8.  Concentrations of dissolved nitrate and oxygen in groundwater in the study area.
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Well 
name

Sample 
date

Measured Calculated

Dis-
solved 

oxygen, 
mg/L

Dis-
solved 
nitrate, 
µmol/L

Dis-
solved 

N2, 
µmol/L

Dis-
solved 
argon, 
µmol/L

δ15N- 
nitrate, 
per mil

δ18O-
nitrate, 
per mil

δ15N-N2, 
per mil

Scenario

Recharge 
tempera-

ture, 
°C

N2 in air-
saturated 

water, 
µmol/L

δ15N, N2 in 
air- 

saturated 
water, 
per mil

Excess 
air, 

cm3/L

N2 in 
excess 

air, 
µmol/L

N2 from 
denitrifi-
cation, 
µmol/L

δ15N, N2 
from 

denitrifi-
cation, 
per mil

Initial 
nitrate 

in 
solution, 
µmol/L

δ15N of 
initial 

nitrate, 
per mil

Measured 
nitrate/ 
Initial 
nitrate 
ratio

W-N1 8/14/2013 0.1 20 604 13.5 58.45 4.21 0.77 -- -- -- -- -- -- -- -- -- --
W-N1 12/11/2013 0.2 19 606 13.3 66.38 0.08 1.25 -- -- -- -- -- -- -- -- -- --
W-N2 12/12/2013 2.7 8 688 16.3 --1 --1 1.21 -- -- -- -- -- -- -- -- -- --
W-M1 8/14/2013 -- 25,993 772 13.4 12.76 7.88 –12.36 21 5.4 459 0.79 2.0 70 243 –40.8 26,479 11.8 0.98
W-M1 8/14/2013 -- 25,993 772 13.4 12.76 7.88 –12.36 32 9.5 421 0.76 4.8 167 184 –53.6 26,361 11.8 0.99
W-M1 12/11/2013 0.1 25,993 720 12.6 13.55 8.38 –10.74 21 4.9 429 0.79 2.0 70 221 –36.5 26,435 12.7 0.98
W-M1 12/11/2013 0.1 25,993 720 12.6 13.55 8.38 –10.74 32 9.5 391 0.76 4.7 164 165 –48.7 26,323 12.8 0.99
W-M2 12/12/2013 0.5 1 659 15.8 --1 --1 1.46 -- -- -- -- -- -- -- -- -- --

1Sample could not be accurately analyzed because of matrix interferences.
2Assumes 2 cm3/L of excess air.
3Assumes recharge temperature of 9.5 °C, which is the mean annual air temperature in Montrose, Colorado (Daly and others, 2008), and an elevation of 5,326 ft above the North American Vertical Datum of 1988.

Table 4.  Measured concentrations and isotopic compositions for nitrate and nitrogen gas, and calculated initial nitrate concentrations in solution, isotopic composition of initial 
nitrate, and the ratio of measured to initial nitrate concentration.

[mg/L, milligrams per liter; µmol/L, micromoles per liter; N2, nitrogen gas; δ15N, stable isotope composition; δ18O, stable isotope composition; °C, degrees Celsius; cm3/L, cubic centimeters per liter; --, no data]
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Figure 9.  Argon/nitrogen gas molar ratios compared to 
the nitrogen isotopic composition (δ15N) of nitrogen gas in 
groundwater in the study area. Water samples from W-M1 
contained a component of nonatmospheric nitrogen gas 
interpreted as the product of denitrification. Water samples 
from the other wells appeared to contain nitrogen gas from 
equilibration with the atmosphere as well as small amounts 
of trapped (excess) air that was either acquired at the time of 
recharge or during sampling.
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others, 2008). Thus, it is not entirely clear from the isotopic 
compositions of nitrate that denitrification occurred in W-N1. 
Data for dissolved nitrogen gas (N2) and argon concentra-
tions, and the nitrogen isotopic composition of the nitro-
gen gas, also provide no clear evidence for denitrification 
in W-N1 (table 4 and fig. 9). The data indicate that W-N1 
mostly contained N2 of atmospheric origin consisting of two 
main components: a major component of dissolved N2 in 
equilibrium with air and a minor component of excess air 
(fig. 9). Given that the isotope samples were collected late in 
the year when nitrate concentrations in W-N1 were already 
low, it may be necessary to collect isotope samples from 
W-N1 during the early irrigation season when the nitrate 
pulse first begins to dissipate in order to better understand 
the role of denitrification in that area. 

Pulses of selenium and nitrate also appeared in W-N2 at 
the onset of the irrigation season, but they were much smaller 
than the pulses in W-N1 (figs. 6E and 8B). The maximum 
total selenium concentration in W-N2 was about 1.66 µg/L 
(table 2), and the maximum nitrate concentration was about 
2.13 mg/L as N (table 3). As at W-N1, the increased con-
centration of total selenium in W-N2 was accompanied by a 
decrease in the percentage of selenite in the water (from about 
62 to 13 percent), indicating that selenate also was added to 
groundwater at W-N2 (fig. 6). Field observations and specific-
conductance data indicate that the small additions of selenate 
and nitrate in W-N2 probably came mostly from salts in the 
unsaturated zone and less so from the canal.

Well W-N2 generally contained higher percentages of 
selenite than W-N1 (figs. 6D and 6E), even though W-N2 
contained more dissolved oxygen than W-N1 (fig. 8A and 
8B). The apparent occurrence of selenate reduction in oxic 
groundwater could be an artifact of how the well was sampled. 
Because W-N2 had such poor water-bearing properties, it 
had to be purged a day or two before sampling to give it time 
to recover. Water in the well potentially became oxygenated 
from exposure to the atmosphere during the recovery period. 
Exposure of well water to atmospheric oxygen would not have 
artificially increased the percentage of selenite in the water 
(Fernandez-Martinez and Charlet, 2009), so the high levels of 
selenite measured in the well are presumed to be representa-
tive of the aquifer. 

Denitrification might be expected to be more important 
at W-N2 than W-N1 because of the slow movement of water 
through the relatively low-permeability sediments at W-N2. 
However, there was no evidence that denitrification occurred 
at W-N2 on the basis of N2 and argon concentrations and 
the nitrogen isotopic composition of N2 (fig. 9). The sample 
from W-N2 appeared to contain mostly N2 from atmospheric 
sources (fig. 9). As with the dissolved-oxygen data, possibly 
the N2 and argon data were affected by exposure of the well 
water to the atmosphere during recovery of the water level in 
the well prior to sampling. The isotopic composition of nitrate 
in W-N2 could not be determined because of matrix interfer-
ence with the sample during the analysis (table 4). 

Concentrations of selenate and nitrate in groundwater near 
the canal increased shortly after the canal was filled with water 
at the onset of the irrigation season. The increases in concentra-
tions were larger in W-N1 than W-N2. The two likely sources 
of selenate and nitrate were canal leakage into the aquifer and 
soluble salts in the unsaturated zone that were mobilized when 
groundwater levels increased in response to the canal being 
filled. Selenate and nitrate concentrations in groundwater 
decreased through the irrigation season in both wells. Decreases 
in selenate concentrations were because of selenate reduction 
to selenite and dilution by canal leakage. Decreases in nitrate 
concentrations in W-N1 appeared to result mostly from dilution 
by canal leakage. The processes responsible for decreases in 
nitrate concentrations in W-N2 are not well characterized in part 
because of the poor water-yielding characteristics of the well 
that may have affected the integrity of dissolved-gas samples. 
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Groundwater Farther from the Canal

Water samples from wells W-M1 and W-M2 were used to 
describe the chemistry of selenium species in groundwater far-
ther from the canal (fig. 1). Unlike at wells W-N1 and W-N2, 
concentrations of total selenium and percentages of selenite in 
W-M1 did not change in response to filling the canal (figs. 6F 
and 6G). The fraction of selenite in W-M1 remained close to 
0 percent throughout the study. The predominance of selenate 
in W-M1, and apparent lack of selenate reduction, cannot be 
explained by a lack of anoxic conditions in the groundwater 
because all the available dissolved-oxygen data indicate that 
concentrations were less than 0.50 mg/L (fig. 8C). The most 
likely explanation for the lack of selenate reduction in W-M1 
is that the high concentrations of nitrate in the groundwater 
(about 340 to 390 mg/L as N, table 3) inhibited selenate reduc-
tion (Oremland and others, 1989). The high concentrations of 
selenate in W-M1 (about 2,500 to 3,200 µg/L; table 2) may 
persist and eventually discharge to surface water unless nitrate 
concentrations are reduced to low enough levels to permit 
substantial selenate reduction to occur.

Dilution by canal leakage is not a viable process for 
lowering nitrate concentrations in W-M1 because the canal is 
located too far from the well to affect groundwater chemistry. 
Denitrification is the only process that might be capable of 
lowering nitrate concentrations in groundwater at W-M1. There 
is evidence that denitrification occurred at W-M1 on the basis of 
N2 and argon concentrations and the nitrogen isotopic composi-
tion of N2 (fig. 9). The data indicate that W-M1 contained an 
additional N2 component of nonatmospheric origin (referred to 
as excess N2). Both samples from W-M1 plotted below the mix-
ing line between air-saturated water and air and had δ15N values 
for excess N2 (defined at Ar/N2 = 0 in fig. 9) less negative than 
-20 per mil, which is consistent with isotope fractionation in the 
early stages of denitrification. However, the denitrification pro-
cess appears to have removed no more than about 1 to 2 percent 
of the nitrate (table 4, Appendix 4). (Appendix 4 describes the 
method used to calculate the ratio of measured to initial nitrate 
in solution, as well as the initial nitrate concentration in solution 
and the initial isotopic composition of the nitrate.) 

If groundwater velocities were slow enough and distances 
to discharge areas were far enough, it might be possible that the 
rate of denitrification in the deep groundwater could outpace 
the rate of nitrate transport, thereby allowing substantial sel-
enate reduction to occur before the groundwater discharged to 
surface water. However, concentrations of selenate and nitrate 
in groundwater actually increased from W-N1 to W-M1 to W-S 
(fig. 1, tables 2 and 3), indicating that selenium and nitrate were 
added to groundwater as it moved through the LGRB wetland. 
If the added nitrate was from human sources such as fertilizer 
or manure associated with agricultural activities, then removing 
those sources would help reduce the inhibitory effect of nitrate 
on selenate reduction. However, there was no evidence for a 
human source of nitrate at the LGRB wetland to account for 
those increasing concentrations, so the large nitrate concentra-
tions in W-M1 are presumed to come from the Mancos Shale 

and its weathering products. This interpretation is consistent 
with the results from Mast and others (2014) showing that 
some sediments derived from the Mancos Shale contain natu-
rally high concentrations of selenium and nitrate. 

Mast and others (2014) reported nitrogen isotopic 
compositions for nitrate and total nitrogen in Mancos Shale 
sediments at W-M1 as 1.86 per mil and at W-S as 2.5 per mil. 
The nitrogen isotopic composition of nitrate in W-M1 water, 
corrected for denitrification effects (Böhlke and Denver, 1995; 
Böhlke and others, 2002), was about 12 per mil (table 4, 
Appendix 4). The reason for the discrepancy in isotopic 
values for nitrogen in sediment and nitrate in groundwater is 
unknown but warrants further study because of the importance 
of nitrate in inhibiting selenate reduction. 

Well W-M2 contained relatively low concentrations of 
total selenium and high percentages of selenite before and at 
the onset of the irrigation season (fig. 6G). During that period, 
concentrations of dissolved oxygen and nitrate in W-M2 also 
were low (fig. 8), consistent with the idea that selenate-reduc-
ing conditions were present in the aquifer at that location. The 
increase in total selenium concentration associated with the 
drying and wetting period was accompanied by a decrease in 
the percentage of selenite to near 0 percent (fig. 6G), indicat-
ing that selenate was added to the groundwater. This pattern is 
consistent with the examples of increasing concentrations of 
total selenium in the other wells and W-Pond N and presum-
ably resulted from the dissolution of selenate-bearing salts in 
the unsaturated zone by rising water levels in W-M2.

Nitrate concentrations in W-M2 generally were less than 
0.1 mg/L as N throughout the study (table 3). There is no evidence 
on the basis of N2 and argon concentrations and the nitrogen 
isotopic composition of N2 that denitrification was responsible for 
the low nitrate concentrations (fig. 9). The water possibly never 
contained high nitrate concentrations or other processes, such as 
plant uptake, kept the concentrations at low levels. 

Summary
Selenium is a water-quality concern in the lower Gun-

nison River Basin (LGRB) because irrigation water interact-
ing with seleniferous soils derived from the Mancos Shale 
Formation has mobilized selenium and increased its concen-
trations in surface water. The elevated selenium concentra-
tions in surface water are considered to detrimentally affect 
the recruitment of native Colorado River Basin fish species: 
Razorback Sucker (Xyrauchen texanus), Colorado Pike Min-
now (Ptychocheilus Lucius), Humpback Chub (Gila cypha), 
and the Bonytail Chub (Gila elegans). The bioavailability and 
toxicity of selenium in the environment is dependent on its 
solubility and oxidation state. Selenate and selenite are both 
water soluble and although selenite is more bioavailable and 
toxic than selenate, selenate typically comprises more of the 
total selenium in water than selenite as it is more soluble. 

The enrichment of selenium in groundwater of the LGRB 
occurs as a result of Mancos Shale weathering, efflorescent salt 
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dissolution, and redox processes. Total selenium concentra-
tions in surface water are increasing in some areas of the LGRB 
despite the implementation of salinity/selenium-control projects 
(such as improving irrigation efficiency or lining canals) in the 
region that aim to reduce percolation and subsequent mobiliza-
tion of salt and selenium from groundwater to surface-water 
systems. Geochemical conditions in groundwater adjacent to 
leaky canals fluctuate seasonally as canals fill and oxic water 
recharges the aquifer. In 2013, the U.S. Geological Survey, in 
cooperation with the Bureau of Reclamation and the Colorado 
Water Conservation Board, began a study to understand how 
changes in groundwater levels attributed to canal leakage may 
affect concentrations and speciation of dissolved selenium in 
groundwater. The purpose of this report is to characterize the 
groundwater adjacent to an unlined leaky canal.

Two locations, near the East Canal and farther from the 
East Canal, were selected for nested monitoring well instal-
lations. The four wells installed for this study are the W-N1 
well (deep, near the East Canal), W-N2 (shallow, near the East 
Canal), W-M1 (deep, farther from the canal), and W-M2 (shal-
low, farther from the canal). Continuous pressure (water level) 
data were measured at each of the four wells and the East Canal 
site. Water-quality samples were collected at the canal, two 
ponds, and the monitoring wells. Samples were collected in pro-
cessing chambers to reduce potential for airborne contamination 
and filtered samples were analyzed for total selenium, selenite, 
major ions, nutrients, and dissolved organic carbon. Unfiltered 
sample water was analyzed for dissolved gases (argon, carbon 
dioxide, dinitrogen [N2], and methane) and the isotopic compo-
sition of N2 gas. 

Understanding when canals are filled and drained is neces-
sary to relate canal leakage to changes in groundwater elevation. 
The elevation of water in the canal increases at the beginning 
of the irrigation season (on or about April 1) and correspond-
ingly decreases at the end of the irrigation season (on or about 
November 1). The pressure exerted by changes in canal stage 
was more readily transferred to the deep groundwater measured 
in W-N1 than the shallow groundwater at W-N2. The relatively 
low-permeability sediments in which W-N2 was completed 
and the slow recovery of water levels in that well follow-
ing sampling suggest the amount of canal leakage reaching 
W-N2 would be limited. No definitive relation could be made 
between canal water-level elevation and water-level elevations 
in monitoring wells farther from the canal (W-M1 and W-M2). 
Although the canal leakage seasonally affects water levels at 
W-N1, ancillary data and positive pressures recorded at both 
W-N1 and W-M1 throughout the study period suggest a source 
of water, in addition to that of the canal, affects water levels.

Conceptually, an increase in total selenium concentra-
tions is expected as rising groundwater levels dissolve soluble 
salts in the unsaturated zone. Water flowing through the East 
Canal before the irrigation season had different selenium 
concentrations (140 micrograms per liter) than water in the 
canal during the irrigation season (3.02 micrograms per liter). 
Selenium concentrations in the ponds decreased with distance 
from the canal and decreased throughout the irrigation season. 

Total selenium concentrations in the monitoring wells near 
the canal increased to 51.8 micrograms per liter in W-N1 and 
1.66 micrograms per liter in W-N2 in response to increases in 
water level related to canal leakage. Total selenium concen-
trations in monitoring wells farther from the canal were not 
directly affected by canal leakage. Climatology affected total 
selenium concentrations at W-M2 where the total selenium 
concentrations increased after the midsummer drying and wet-
ting events from 1.40 to 10.9 μg/L.

The contributions of selenate and selenite to total selenium 
concentrations were evaluated in the context of water levels and 
redox conditions. Selenite/total selenium mass ratios in the East 
Canal samples ranged from about 0.02 to 0.13, indicating that 
about 2 to 13 percent of the total selenium in canal samples was 
selenite. The decrease in total selenium concentrations in canal 
water during the irrigation season is considered to be mostly 
a result of dilution by river water diverted into the East Canal, 
but the increase in the percentage of selenite in the water during 
the irrigation season indicates that some of the concentration 
decrease could be because of selenate reduction to less soluble 
forms of selenium such as selenite. About 2 to 30 percent of 
the total selenium in W-Pond N was selenite, whereas about 20 
to almost 100 percent of the total selenium in W-Pond M was 
selenite. The percentage of selenite in W-Pond N decreased after 
the end of the irrigation season, and the total selenium concen-
tration increased, indicating that selenate was added back into 
solution during that period. 

Water samples from wells W-N1 and W-N2 were used 
to describe the chemistry of selenium species in groundwater 
near the canal. The increase in total selenium in W-N1 from 
before the irrigation season to the early irrigation season was 
accompanied by a decrease in the percentage of selenite from 
about 10 percent to 1 percent, indicating that selenate was 
added to the groundwater. Redox data were collected from the 
wells to determine whether redox conditions in the aquifer were 
conducive to selenate reduction. Even though concentrations of 
dissolved oxygen in W-N1 were low, a pulse of relatively high 
nitrate concentrations occurred in the groundwater in the early 
irrigation season that appeared to inhibit selenate reduction. The 
nitrate pulse in W-N1 apparently dissipated to a low enough 
concentration during the irrigation season to allow for sel-
enate reduction to occur later in the season, as indicated by the 
relatively high percentages of selenite in W-N1during the late 
irrigation season. Pulses of selenium and nitrate also appeared 
in W-N2 during the early irrigation season, but they were much 
smaller than the pulses in W-N1. There was no clear evidence 
for denitrification at W-N1 based on dissolved-gas and nitrogen 
isotopic data; therefore, dissipation of the nitrate pulse in W-N1 
is attributed mostly to dilution by canal leakage. W-N2 gener-
ally contained higher percentages of selenite than W-N1, even 
though W-N2 contained more dissolved oxygen than W-N1. 
Denitrification might be expected to be more important at W-N2 
than W-N1 because of the slow movement of water through 
the relatively low-permeability sediments at W-N2. However, 
denitrification could not be accurately assessed because the poor 
water-yielding characteristics of that well may have affected the 
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integrity of gas samples collected from the well. High nitrate 
concentrations presumably come from the Mancos Shale and its 
weathering products because there was no evidence for a human 
source of nitrate at the lower Gunnison River Basin wetland. 

Unlike at wells W-N1 and W-N2, concentrations of 
total selenium and percentages of selenite in W-M1 did not 
change in response to filling the canal. The fraction of sel-
enite in W-M1 remained close to 0 percent throughout the 
study. The predominance of selenate in W-M1, and apparent 
lack of selenate reduction, cannot be explained by a lack of 
anoxic conditions in the groundwater because all the avail-
able dissolved-oxygen data indicate that concentrations were 
less than 0.50 milligrams per liter. The most likely explana-
tion for the lack of selenate reduction in W-M1 is that the 
exceptionally high concentrations of nitrate in the groundwater 
(about 340 to 390 milligrams per liter as N) inhibited sel-
enate reduction. The high concentrations of selenate in W-M1 
(about 2,500 to 3,200 micrograms per liter) may persist and 
eventually discharge to surface water unless nitrate concentra-
tions are reduced to low enough levels to permit substantial 
selenate reduction to occur. Dilution by canal leakage is not 
a viable process for lowering nitrate concentrations in W-M1 
because the canal is located too far from the well to have such 
a direct effect on groundwater chemistry. There is evidence 
for denitrification at W-M1, but it removed less than 2 percent 
of the nitrate. If groundwater velocities were slow enough 
and distances to discharge areas were far enough, it might be 
possible that the rate of denitrification in the deep groundwater 
could outpace the rate of nitrate transport, thereby allowing 
selenate reduction to occur before the groundwater discharged 
to surface water. However, concentrations of selenium and 
nitrate in groundwater increased from W-N1 to W-M1 to 
W-S, indicating that selenium and nitrate were actually added 
to groundwater as it moved through the LGRB wetland. 
Well W-M2 contained relatively low concentrations of total 
selenium and high percentages of selenite before and at the 
onset of the irrigation season. The increase in total selenium 
concentration associated with the drying and wetting period 
was accompanied by a decrease in the percentage of selenite 
to near 0 percent, indicating that selenate was added to the 
groundwater. Presumably this resulted from the dissolution of 
selenate-bearing salts in the unsaturated zone by rising water 
levels in W-M2. 
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Date
Water level 

in feet below 
ground surface

pH
Temperature, 

degrees 
Celsius

Electrical 
conductivity, 

µmhos/cm

Total 
dissolved 

solids, 
mg/L

Calcium, 
mg/L

Magnesium, 
mg/L

Sodium, 
mg/L

Potassium, 
mg/L

Bicarbonate, 
mg/L

Chloride, 
mg/L

Sulfate, 
mg/L

9/20/1978 19.9 7.9 11.7 16,559 16,900 517 331 4,280 46.9 312 668 9,990
5/2/1979 21.4 7.5 11.7 23,538 23,250 -- -- -- -- -- -- -- 

6/21/1979 22.1 7.5 12.2 28,115 27,500 441 626 7,360 68.4 519 1,030 17,200
8/7/1979 22.8 7.5 13.9 30,671 30,000 441 669 8,120 78.2 549 1,130 17,100
9/25/1979 23.2 7.7 12.2 30,012 32,200 451 754 8,620 58.6 604 1,150 18,700
11/14/1979 23.9 7.6 10.5 31,490 34,500 451 796 9,010 46.9 625 1,230 19,600
1/21/1980 24.2 7.5 11.1 31,328 36,600 451 882 9,310 68.4 714 1,350 21,200
3/10/1980 24.8 -- -- -- -- -- -- -- -- -- -- -- 
5/14/1980 24.6 7.5 12.2 33,739 42,173 -- -- -- -- -- -- -- 
7/16/1980 24.9 -- -- -- -- -- -- -- -- -- -- -- 
9/15/1980 24.9 7.8 12.2 28,571 39,830 -- -- -- -- -- -- -- 
11/17/1980 24.6 7.6 10.0 37,500 41,900 481 1,110 11,100 78.2 785 1,600 24,400
1/22/1981 25.2 -- -- -- -- -- -- -- -- -- -- -- 
3/23/1981 25.1 7.7 13.3 43,134 44,130 -- -- -- -- -- -- -- 
5/15/1981 25.1 7.7 12.2 38,340 39,106 -- -- -- -- -- -- -- 
7/23/1981 21.7 7.9 15.5 22,228 23,330 491 547 6,070 39.1 530 840 13,600
9/28/1981 23 -- -- -- -- -- -- -- -- -- -- -- 
1/22/1982 23.3 7.8 9.4 17,085 21,356 -- -- -- -- -- -- -- 
3/10/1982 23.9 -- -- -- -- -- -- -- -- -- -- -- 
5/17/1982 23.6 8.1 13.3 41,407 36,865 -- -- -- -- -- -- -- 
7/22/1982 DRY -- -- -- -- -- -- -- -- -- -- -- 
11/17/1982 DRY -- -- -- -- -- -- -- -- -- -- -- 
1/21/1983 23.9 -- -- -- -- -- -- -- -- -- -- -- 
3/31/1983 DRY -- -- -- -- -- -- -- -- -- -- -- 
5/20/1983 DRY -- -- -- -- -- -- -- -- -- -- -- 
7/12/1983 23.7 8 12.8 31,953 43,568 -- -- -- -- -- -- -- 

10/18/1983 DRY -- -- -- -- -- -- -- -- -- -- -- 

Appendix 1.  Water-quality data (raw) collected between September 1978 and October 1983 at Bureau of Reclamation observation well E263133, Montrose County, Colorado.

[Data from John Sottilaire, Bureau of Reclamation, written commun., March 29, 2012; µmhos/cm, micromhos per centimeter; mg/L, milligrams per liter; --, no data; DRY, no water in observation well at time 
of site visit]
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Lithologic Logs

Wells W-N1 and W-N2
Date wells completed: 11/13/2012
Log prepared by L.R. Arnold

[Depth intervals in feet below land surface; mm, millimeters; ft, feet; HCl, hydrochloric acid; 1 ft=30.48 centimeters]

Depth Sample type Description1

0–3 surface and core Deeply weathered Mancos Shale—Clay, olive gray (5Y4/1), little very fine sand and trace fine-medium 
sand, soft–firm, wet 0–2 ft,  moist 2–3 ft, some small gypsum crystals 0–0.5 ft, some organic material 
0–1.5 ft, reacts to HCl.

12–14.8 core Weathered Mancos Shale—Clay, olive gray (5Y3/2) to dark gray (N3), trace very fine sand, nonfissile, hard, 
damp, water-bearing fractures below about 10 ft, small gypsum crystals and iron staining, reacts to HCl, 
drilling refusal at 14.8 ft. 

1Grain size based on the Wentworth classification system (Wentworth, 1922). Proportions defined using the following terms: “trace” (0–10 percent), “little” 
(10–20 percent), “some” (20–35 percent), and “and” (35–50 percent). Color codes refer to the Munsell color system (Geological Society of America, 1995).

Wells W-M1 and W-M2
Well W-M1 completed 11/08/2012
Well W-M2 completed 11/9/2012
Log prepared by L.R. Arnold

[Depth intervals in feet below land surface; mm, millimeters; ft, feet; HCl, hydrochloric acid; 1 ft=30.48 centimeters] 

Depth Sample type Description1

0–12 surface and core Deeply weathered Mancos Shale—Clay, dark yellowish brown (10YR4/2), little very fine sand, soft, wet-
saturated, trace iron staining, some organic material from 0 to 1 ft, reacts to HCl.

12–28.8 core Weathered Mancos Shale—Clay, light olive gray (5Y5/2) to olive gray (5Y3/2), becoming more dark gray 
(N3) below about 18 ft, some very fine sand, lenses of trace fine-medium sand, nonfissile, stiff–hard, 
damp–moist, water-bearing fractures 24.9–28.8 ft, trace calcium carbonate mottling, small gypsum 
crystals, and iron staining, reacts to HCl, drilling refusal at 28.8 ft. 

1Grain size based on the Wentworth classification system (Wentworth, 1922). Proportions defined using the following terms: “trace” (0–10 percent), “little” 
(10–20 percent), “some” (20–35 percent), and “and” (35–50 percent). Color codes refer to the Munsell color system (Geological Society of America, 1995).
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Appendix 3

–1.9 to 3.1 ft

Ground surface

Protective steel surface casing

2-in.-diam. Sch. 40 PVC riser

2-in.-diam. Sch. 40 PVC 0.01in. slot screen

2-in.-diam. Sch. 40 PVC sump and end cap 8.2 to 9.2 ft

Concrete surface seal and pad

Bentonite 1.0 to 2.0 ft

20-40 mesh silica sand pack 2.0 to 9.2 ft

Dry at time of drilling on 11/13/12

Native clay 14.3 to 14.8 ft

Bentonite 1.5 to 7.7 ft

20-40 mesh silica sand pack

2-in.-diam. Sch. 40 PVC 0.01 in. slot screen 3.3 to 8.2 ft

Protective steel surface casing
–1.8 to 3.2 ft

2-in.-diam. Sch. 40 PVC end cap (no sump)

–0.4 to 1.5 ft

–1.7 to 9.7 ft

7.7 to 14.3 ft

9.7 to 14.6 ft

14.6 to 14.8 ft
Total well depth: 14.8 ft
Total borehole depth: 14.8 ft

Total well depth: 9.2 ft
Total borehole depth: 9.2 ft

2-in.-diam. Sch. 40 PVC riser –1.6 to 3.3 ft

Well W-N1 Well W-N2

Depth to water on 11/12/12
10 ft

Concrete surface seal and pad
–0.4 to 1.0 ft



Appendix 3—Continued

–2.4 to 2.6 ft

Ground surface

Protective steel surface casing

2-in.-diam. Sch. 40 PVC riser

2-in.-diam. Sch. 40 PVC 0.01 in. slot screen

2-in.-diam. Sch. 40 PVC sump and end cap 8.1 to 10.6 ft

Concrete surface seal and pad

Bentonite 0.5–1.5 ft

20-40 mesh silica sand pack 1.5 to 9.0 ft

Depth to water on 11/9/12

Bentonite 9.0 to 10.6 ft
Bentonite 0.5 to 21.5 ft

20-40 mesh silica sand pack

2-in.-diam. Sch. 40 PVC 0.01 in. slot screen 3.2 to 8.1 ft

Protective steel surface casing
–2.5 to 2.5 ft

2-in.-diam. Sch. 40 PVC end cap (no sump)

–0.4 to 0.5 ft

–2.3 to 23.7 ft

21.5 to 28.8 ft

23.7 to 28.6 ft

28.6 to 28.8 ft

Total well depth: 28.8 ft

Total borehole depth: 28.8 ft

Total well depth: 10.6 ft
Total borehole depth: 10.6 ft

2-in.-diam. Sch. 40 PVC riser –2.4 to 3.2 ft

Well W-M1 Well W-M2

Depth to water on 11/8/12
13.0 ft

3.7 ft
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Appendix 4  Methods for Calculating Initial Nitrate Concentration, Initial 
Nitrogen Isotopic Composition of Nitrate, and Ratio of Measured to Initial Nitrate 
in W-M1

Denitrification is a microbially mediated process that reduces nitrate to nitrogen gas (N2) in anoxic environments.  One way 
to evaluate whether denitrification has occurred in an aquifer is to calculate the amount of N2 in groundwater from denitrifica-
tion, referred to here as “excess N2.” The concentration of excess N2 in samples from W-M1 was estimated by assuming (1) all 
samples were recharged with the same amount of excess air but with varying recharge temperatures (Scenario 1 in table 4) and 
(2) all samples were recharged at the same temperature but with varying amounts of excess air (Scenario 2 in table 4) (Böhlke 
and others, 2002). Excess N2, recharge temperatures, and excess air were then calculated using the measured N2 and argon con-
centrations (Böhlke and Denver, 1995). These assumptions may not be entirely accurate, but the difference in estimated excess 
N2 concentrations between assumptions 1 and 2 was small (about 55 to 60 micromoles per liter [µmol/L]) compared to the con-
centrations of nitrate (25,993 µmol/L) and total N2 (720 to 772 µmol/L) in the samples (table 4). The concentration and isotopic 
composition of excess N2 in the samples were calculated using equations 1 through 3 (Böhlke and others, 2002). 

                                                      excess N2 = [N2 total] – [N2 air saturation] – [N2 excess air]	 (1)

                                                N2 excess air = [N2/Ar]air × {[Argon total] – [Argon air saturation]}	 (2)

            δ15N (excess N2) = {δ15N(N2 total)× [N2 total] – δ15N(N2 air saturation)× [N2 air saturation]}/ [N2 excess air]	 (3)

[N2 total] and [Argon total] are the measured concentrations of N2 and argon in the samples, [N2 air saturation] and [Argon air 
saturation] are the concentrations of N2 and argon in the samples from air-water equilibration at 4.9 to 9.5 °C and 5,326 ft eleva-
tion (table 4) (Weiss, 1970), and [N2 excess air] is the concentration of N2 in the samples from unfractionated excess (trapped) 
air. [N2/Ar]air is the molar ratio of N2 and argon in air (83.6) (Böhlke and others, 2002). δ15N(N2 total) is the measured isotopic 
composition of the total N2 in the sample and δ15N(N2 air saturation) is the isotopic composition of N2 in the sample from air-
water equilibration (0.76 to 0.79 per mil) (Klots and Benson, 1963). 

	 The initial concentrations and isotopic compositions of nitrate in W-M1, corrected for denitrification effects, were esti-
mated using equations 4 and 5 (Böhlke and others, 2002). 

                                                              [nitrate initial] = [nitrate measured] + 2×[excess N2]	 (4)

           δ15N(nitrate initial) = {δ15N(nitrate measured)×[nitrate measured] + 2×δ15N(excess N2)×[excess N2]}/[nitrate initial]	 (5)

[nitrate initial] and [nitrate measured] are the initial and measured concentrations of nitrate in the sample. δ15N(nitrate initial) 
and δ15N (nitrate measured) are the isotopic compositions of the initial and measured nitrate.

The ratio of measured to initial nitrate in the sample is given by equation 6.

                                                                      Ratio = [nitrate measured]/[nitrate initial]	 (6)
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