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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
Area
acre 4,047 square meter (m?)
acre 0.4047 hectare (ha)
acre 0.4047 square hectometer (hm?)
acre 0.004047 square kilometer (km?)
square mile (mi?) 259.0 hectare (ha)
square mile (mi?) 2.590 square kilometer (km?)
Volume
acre-foot (acre-ft) 1,233 cubic meter (m?)
acre-foot (acre-ft) 0.001233 cubic hectometer (hm?)
Flow Rate
acre-foot per day (acre-ft/d) 0.01427  cubic meter per second (m3/s)
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m?3/yr)
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year (hm?3/yr)
cubic foot per second (ft3/s) 0.02832  cubic meter per second (m3/s)
Mass
pound, avoirdupois (I1b) 0.4536 kilogram (kg)
ton 0.9072 metric ton (t)
Yield
ton per year per acre 224.2 metric ton per year per square kilometer
pound per day per acre 112.1 kilogram per day per square kilometer
International System of Units to U.S. customary units
Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
meter (m) 3.281 foot (ft)
meter (m) 1.094 yard (yd)
Volume
liter (L) 33.81402 ounce, fluid (fl. 0z)
liter (L) 2.113 pint (pt)
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
Mass
gram (g) 0.03527 ounce, avoirdupois (0z)




Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVDS8S).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NADS83).

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

Supplemental Information

Concentrations of chemical constituents in water are given in either milligrams per liter (mg/L)
or micrograms per liter (ug/L).

As used in this report, load relates the mass of a constituent for a specified unit of time. Load
is specified for annual or seasonal time periods and reported as the mean in tons per day for
salinity (total dissolved solids) and pounds per day for selenium.

As used in this report, yield is mass per time per unit of area. Yield of salinity (total dissolved
solids) is in units of tons per year per acre, and selenium yield is in units of pounds per day
per acre.

The water year is defined as the 12-month period from October 1 through September 30.
The water year is designated by the calendar year in which it ends. Thus, the year ending
September 30, 2014, is the “2014 water year.”

Abbreviations
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EPA U.S. Environmental Protection Agency
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GIS geographic information system

ISD individual sewage disposal

MLR multiple linear regression
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Reclamation  Bureau of Reclamation

SPARROW SPAtially Referenced Regressions on Watershed attributes
SSURGO Soil Survey Geographic Database

TDS total dissolved solids

USGS U.S. Geological Survey

VIF variance inflation factor



Salinity and Selenium Yield Maps Derived from
Geostatistical Modeling in the Lower Gunnison River
Basin, Western Colorado, 1992-2013

By Cory A. Williams, Rachel G. Gidley, and Michael R. Stevens

Abstract

Salinity is known to affect drinking-water supplies
and damage irrigated agricultural lands. Selenium in high
concentrations is harmful to fish and other wildlife. Land
managers, water providers, and agricultural producers in the
lower Gunnison River Basin in western Colorado expend
resources mitigating the effects of these constituents. The U.S.
Geological Survey revised existing salinity (total dissolved
solids) and selenium models for the lower Gunnison River
Basin in an attempt to better identify areas of greatest salinity
and selenium yield. This effort developed maps of yields
predicted from multiple linear regression (MLR) models for
the lower Gunnison River Basin. The models included data
for irrigation and nonirrigation seasons and two periods,
1992-2004 and 2005-13.

Concentrations of salinity and selenium and discharge
measurements made at the time of sampling were used
to compute loads for subbasins (component drainages of
the larger lower Gunnison River Basin study area), which
were adjusted for inflows and outflows of canal loads. Load
regression equations were determined from explanatory
basin characteristics that included physical properties,
precipitation, land use and cover, surficial deposits (soil and
unconsolidated geologic materials), and bedrock geology.
Loads of salinity and selenium were converted to yields by
using the subbasin drainage areas, and an empirical Bayesian
kriging procedure was used to produce robust grids of yields
for salinity and selenium.

Salinity yields ranged from 0.00667 to 6.564 tons per
year per acre. The highest salinity yields, greater than about
5.0 tons per year per acre, are predicted on the western side
of the Uncompahgre River upstream from Delta, Colorado,
an area with a high density of irrigated land. The selenium
yield map shows a similar pattern, but the highest yields are
somewhat more confined to the eastern side of the lower
Uncompahgre River and south of the Gunnison River near the
confluence with the Uncompahgre River at Delta, Colorado.
Selenium yields ranged from 2.6888 x 10-10 to 0.000445
pounds per day per acre. The highest predicted selenium

yields, greater than 0.0003 pounds per day per acre, were in
the area downstream from Montrose, Colorado, on the eastern
side of the Uncompahgre River.

Introduction

Salinity is known to affect drinking-water supplies
and damage irrigated agricultural lands. Selenium in high
concentrations is harmful to fish and other wildlife (Butler and
others, 1996; Lemly, 2002; Presser and Luoma, 2006; Tuttle
and Grauch, 2009). Agricultural valleys in the lower Gunnison
River Basin in western Colorado (fig. 1) tend to be located
on geologic materials derived from marine shale (fig. 2) that
have high salt and selenium content. Irrigation of the soils
developed from this type of geology can mobilize salt and
selenium (Duffy, 1984; Evangelou and others, 1984; Butler
and others, 1991, 1996; Tuttle and Grauch, 2009; Leib and
others, 2012).

Land managers, water providers, and agricultural
producers expend resources mitigating the effects of salinity
and selenium (dissolved selenium) on water quality in the
lower Gunnison River Basin (Barnett, 2019; Ward and
others, 2021). The terms “salt” and “salinity” are often used
interchangeably. In this report, “salt” refers to the in situ
occurrence of ions that compose geologic and soil materials;
“salinity” refers to ions that have been solubilized in water.
Salinity is often measured as total dissolved solids (TDS).
The U.S. Environmental Protection Agency (EPA) has
established a primary drinking-water standard for selenium
of 50 micrograms per liter (ug/L) (EPA, 2003), and, in 1997,
the State of Colorado established an aquatic-life standard
for dissolved selenium of 4.6 pg/L (Colorado Department
of Public Health and Environment, 2020). Current (2021)
State of Colorado dissolved selenium aquatic-life standards
are 18.4 ng/L for acute standards and 4.6 pg/L for chronic
standards (Colorado Department of Public Health and
Environment, 2020). Control projects, developed in response
to the Colorado River Basin Salinity Control Act (1974)
and administered by agencies such as the U.S. Department
of the Interior Bureau of Reclamation (Reclamation) and
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the U.S. Department of Agriculture Natural Resources
Conservation Service (NRCS), are implemented to reduce
salinity levels in the Colorado River (Colorado River

Basin Salinity Control Forum, 2020). Because of the close
association of salt and selenium in marine shales, mitigation
activities that reduce salinity yields can also prevent selenium
from entering rivers and streams (Butler, 2001). These control
projects include mitigation of salinity and selenium transport
by minimizing seepage from irrigation canals and laterals as
well as improving the efficiency of agricultural and residential
irrigation practices.

Water-quality conditions of a river basin can be related to
basin characteristics to assess sources of salinity and selenium
and prioritize mitigation actions. Statistical regression
modeling methods are frequently used to establish these
relations. Leib and others (2012) used basin characteristics
derived from geospatial data to develop multiple linear
regression (MLR) models for estimating salinity and selenium
loads in the lower Gunnison River Basin. Models have also
been developed to inform the prioritization of mitigation
projects. Linard (2013) refined the MLR models to estimate
yields of salinity and selenium for the lower Gunnison River
Basin by using geospatial basin characteristics. The use of
yields (mass per time per unit of area) instead of loads was
chosen to address collinearity of the explanatory variables
and the weight of subbasin area as a predictor. The study
produced salinity and selenium yield estimates for subbasins
within the lower Gunnison River Basin and ranked each
subbasin so that high-yield areas could be identified (Linard,
2013). A SPAtially Referenced Regressions on Watershed
attributes (SPARROW) dissolved solids model (Schwarz
and others, 2006) was implemented by Kenney and others
(2009) by using water-quality data for water year 1991 and
basin characteristics that were related to climate, land use,
and geology for the Upper Colorado River Basin. The water
year is defined as the 12-month period from October 1 through
September 30, designated by the calendar year in which it
ends. Resulting salinity load estimates underpredicted the
computed salinity loads in the lower Gunnison River Basin
downstream from the North Fork Gunnison River because of
the absence of monitoring data on the North Fork Gunnison
River. This result indicated additional data might improve
those estimates. Miller and others (2017) updated the 1991
SPARROW model with data for water years 1984-2012,
additional monitoring sites for model calibration (including
sites on the North Fork Gunnison River), and basin attributes
that were not available for the water year 1991 model. This
effort allowed the model to better represent long-term average
conditions rather than a single year estimate. Lastly, Nauman
and others (2019) developed soil property and cover maps
and used them along with the updated SPARROW model in
a random forest regression approach to produce salinity yield
maps for the Upper Colorado River Basin.

The U.S. Geological Survey (USGS), in cooperation with
the Colorado Water Conservation Board and Reclamation, has
refined the existing lower Gunnison River Basin salinity and

selenium models developed by Linard (2013) in an attempt to
better identify areas of greatest salinity and selenium yield. This
effort is intended to provide a more accurate assessment of areas
in the lower Gunnison River Basin with the highest salinity and
selenium yields as well as provide more flexibility to assess
yield information from user-defined areas (polygons). This
study improves on and adds to previous efforts by including
additional years of water-quality data (USGS, 2014b), as well as
new geospatial data related to factors that influence salinity and
selenium transport (Williams and others, 2023).

Purpose and Scope

This report describes the statistical procedures, salinity
and selenium water-quality data, and geospatial data used
to develop MLR statistical models compiled to update those
originally developed by Leib and others (2012) and Linard
(2013). These new models estimate seasonal in-stream salinity
and selenium loads within the lower Gunnison River Basin
by using improved seasonal evaluations, additional years
of data, and new geospatial data on land use, irrigation, and
individual sewage disposal (ISD) system effluent. This report
describes the MLR techniques, methods, and selection of
basin characteristics, which differ from some procedures and
characteristics used in previous studies. The objectives of this
report are (1) to improve estimates of salinity and selenium
loads by updating the regressions and incorporating new
geospatial data from the lower Gunnison River Basin (and
new statistical transformations of new variables and variables
used in previous studies) and (2) to integrate into new MLR
models water-quality data available for years since previous
studies were completed. Descriptions of basin characteristics
and load estimation techniques extensively reference methods
described in previous reports (Leib and others, 2012; Linard,
2013). The reader may need to consult these reports for
detailed procedures of computations and background on
salinity and selenium science.

The spatial extent of the current study includes only
drainages within the lower Gunnison River Basin, unlike
Leib and others (2012) and Linard (2013), which included the
Colorado River Basin drainages downstream from Cameo,
Colorado (USGS streamgage 09095500), to the Utah-Colorado
state line (fig. 1). This report groups water-quality and some
geospatial data into two time periods (19922004 and 2005—13)
and two seasons (irrigation, April-October; and nonirrigation,
November—March). These changes help to reduce spatial
variability and temporal complexity of the water-quality sample
data. The estimates from the MLR models may help regulatory
and land management agencies identify and prioritize areas in
the lower Gunnison River Basin likely to yield more salinity
and selenium than other areas.



Description of Study Area

The study area consists of the lower Gunnison River
Basin downstream from the Gunnison Tunnel (USGS
streamgage 09128000) to the Gunnison River near Grand
Junction (USGS streamgage 09152500), near the confluence
with the Colorado River at Grand Junction (fig. 1). The study
area encompasses 803 square miles (mi?), and elevation
ranges from 14,153 feet (ft) at the southern end of the lower
Gunnison River Basin in the San Juan Mountains to 4,631 ft
at the northern (downstream) end of the study area (USGS,
1999a, 2014a). Subbasins in the lower Gunnison River Basin
study area range in size from 3.12 to 803 mi? (USGS, 2014a).

Climate and hydrology may affect salinity and selenium
yields in the study area. Precipitation is substantial in
mountainous areas (greater than 30 or 40 inches of annual
moisture in the highest peaks) and is predominantly in the
form of snowfall. Low-elevation valleys are arid, with some
areas receiving less than 10 inches of annual moisture (PRISM
Climate Group, 2014). During the summer growing season
(April-October), irrigation is necessary for many types of
agriculture in the low-elevation areas. Reservoirs capture
snowmelt primarily during the May—June period and release
water at optimum times to augment natural discharge with
agricultural diversion.

There are multiple natural and human sources of selenium
and salinity to streams in the lower Gunnison River Basin.
Salt- and selenium-bearing minerals, contained in soils and
weathered bedrock (Mast and others, 2014), are weathered
under favorable geochemical or physical conditions, making
salt and selenium susceptible to transport as water migrates
to streams by groundwater flow and surface-runoff pathways
(Leib and others, 2012; Tuttle and others, 2014a, b). An
extensive irrigation system moves water to the irrigated
areas (fig. 1). Natural soil and vegetation in these areas were
transformed in the early 1900s with the completion of several
water-supply projects (Bureau of Reclamation, 2022). Other
areas are not irrigated and retain more natural soil and native
vegetation types. The multitude of irrigation infrastructure,
diversion, and agricultural drains complicates the calculation
of salinity and selenium loads in the lower Gunnison
River Basin. In addition, residential development is mostly
supported by ISD wastewater treatment systems, which add
household wastewater (effluent) into the ground (Waller, 1994).
Subsurface water is available to dissolve and transport salt
(Rumsey and others, 2017) and associated selenium to surface
waters (Butler and others, 1996).

Agricultural development is most intensive in valleys,
which preferentially form in soils developed on the erodible
Cretaceous Mancos Shale (fig. 2) (Leib and others, 2012).
Because of the geomorphic setting and climate, crop growth
on these marine shale areas of the lower Gunnison River Basin
is not possible without irrigation. Quaternary surficial deposits
and geologic units (Leib and others, 2012) also influence the
yields of salinity and selenium and are described in the “Soil
and Geology” section of this report.

Previous Investigations 5

Previous Investigations

Many previous studies have improved the understanding
of salinity and selenium transport and geochemistry in western
Colorado. Warner and others (1985) studied groundwater
contributions to surface-water salinity loads in the Upper
Colorado River Basin and found that the Uncompahgre River
Basin was responsible for most of the salinity load in the
lower Gunnison River Basin. Several studies were undertaken
during the 1990s to investigate water-quality concerns related
to irrigation. These studies involved characterization of
groundwater, surface water, sediment, and biota and found
that surface water was enriched with respect to selenium
(Butler and others, 1991, 1996). Later work examined changes
in salinity and selenium loads in response to canal leakage
(Linard and others, 2017), irrigation system improvements
(Butler, 2001), and land-use change (Mayo, 2008; Moore,
2011; Richards and Moore, 2015). Mast and others (2014) used
laboratory leaching experiments and geochemical modeling to
investigate selenium speciation and mobilization, concluding
that selenium is released mainly through dissolution of soluble
salts and gypsum found in soil and bedrock. Monitoring is
ongoing in the lower Gunnison River Basin and other parts
of western Colorado to improve understanding of salinity
and selenium loading, source areas, and trends (Butler and
Leib, 2002; Leib, 2008; Thomas and others, 2008; Mayo and
Leib, 2012; Stevens and others, 2018; Henneberg, 2020). The
installation of a 30-well monitoring network on the east side
of the Uncompahgre River in the lower Gunnison River Basin
has facilitated additional studies to characterize groundwater
quality and groundwater-surface water interactions in the
area (Mills and others, 2016; Thomas and others, 2019;

Mast, 2021).

Building on the knowledge gained from previous
studies, Leib and others (2012) and Linard (2013) used MLR
models to better understand links between environmental
characteristics and selenium and salinity loads and yields in
the lower Gunnison River Basin. Basin characteristics used
in the previous salinity and selenium regression models are
listed in table 1. Leib and others (2012) analyzed salinity
and selenium loading by computing loads at 231 locations
having adequate water-quality concentration and discharge
data and separating the data into irrigation (April-October)
and nonirrigation (November—March) seasons. To delineate
subbasins, pour points and stream networks were defined
using the USGS National Hydrography Dataset (USGS,
1999b), which was corrected to topographic stream channel
low points by using a digital elevation model, if necessary,
where the stream network did not precisely align with terrain.
The study area included Colorado River Basin drainages
downstream from Cameo, Colorado, to the Utah-Colorado
state line in addition to the lower Gunnison River Basin. The
subbasin boundaries and a 10-meter digital elevation model
were used as a mask in a geographic information system (GIS)
to extract and calculate geospatial variables, such as elevation
and land use, for each subbasin.
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Table 1. List of basin characteristics used for salinity (total dissolved solids) and selenium regression modeling in Leib and others
(2012) and Linard (2013).

[SI is the irrigation season (April-October) salinity model, SNI is the nonirrigation season (November—March) salinity model, Sel is the irrigation season

selenium model, and SeNI is the nonirrigation season selenium model. Leib and others (2012) used the models to predict salinity and selenium loads; Linard
(2013) used the models to predict yields. x, variable used in the model; —, not applicable; SSURGO, Soil Survey Geographic Database (U.S. Department of

Agriculture, 1994)]

Explanatory

Variable description

Characteristics comhined for the

Sl

SNI

Sel

SeNI

variable explanatory variable
Leib and others (2012)
SA Subbasin area — X X X X
M Area of irrigated Mancos Shale Irrigated area and Cretaceous marine X X X X
shale (geologic subgroup 1.10 in
Leib and others, 2012)
CA; Wetted area of unlined irrigation canals — — X — —
I, Estimated amount of irrigation water applied — — X — —
PI Irrigation season precipitation — — — X —
PNI Nonirrigation season precipitation — — — — X
Linard (2013)
Grp3.3 Percentage of basin occupied by Quaternary alluvial — X X X X
deposits near streams
M Percentage of basin occupied by irrigated Mancos Irrigated area and Cretaceous marine X X X X
Shale shale (geologic subgroup 1.10 in
Leib and others, 2012)
Clay2 SSURGO mean percentage clay — X — — X
Irr_land Percentage of basin occupied by irrigated land — — X — X
ffday?2 SSURGO mean frost-free days — — X — —
sand2 SSURGO mean percentage sand — — X — —
elev Mean subbasin elevation — — X — —
aspect Mean subbasin aspect — — X X X
C.typel Percentage of small (1-100 cubic feet per second) — X — —
canals in the subbasin —
Plhires High-resolution irrigation season mean precipitation — — — X —
hzdepb2 SSURGO mean soil depth — — — X X
kwfact2 SSURGO mean erodibility — — — X X
slope Mean subbasin slope — — — X —
ETrev Revised evapotranspiration from irrigated land Evapotranspiration and irrigated area ~ — — X —
Grpl.10 Percentage of basin occupied by Mancos Shale — — — — X
Grp3.2 Percentage of basin occupied by the Mancos Shale — — — — X
and the Mesaverde, Wasatch, Green River, and
Uinta Formations and Mancos Shale
ksat2 SSURGO mean saturated hydraulic conductivity — — — — X
resdepth2 SSURGO mean depth to a restrictive layer — — — — X




Mean monthly precipitation was used to calculate mean
irrigation and nonirrigation seasonal precipitation (Leib
and others, 2012). Precipitation data were also used for
computation of irrigation water application, which included the
following variables: irrigation method, crop water need, crop
consumptive use, growing season, and effective precipitation
(Leib and others, 2012). The area of unlined canals in the
irrigation network, a source of infiltration, was quantified.

Geology was important in the models because of the
role rock units have as sources of salinity and selenium and
their effects on geochemistry, the water table, leaching, and
groundwater movement. Geologic units were classified into
groups and subgroups by age, lithology, and unconsolidated
deposit types (Leib and others, 2012). The estimates of
final salinity and selenium load predictions were depicted
graphically with 95-percent prediction intervals (Leib and
others, 2012).

Linard (2013) analyzed salinity and selenium loading by
computing yields at locations with adequate concentration and
discharge data and separating the data into irrigation (April—
October) and nonirrigation (November—March) seasons.
Water quality was assessed in the same way as Leib and others
(2012), but all data for the 231 sites were combined into a
single period of analysis, water years 1989-2004. Differing
from Leib and others (2012), salinity and selenium production
were expressed in yields as tons per day per acre for salinity
and pounds per day per acre for selenium. This calculation
decreased the tendency of the models to estimate that large
subbasins produce large loads, a potential bias (Linard, 2013).

Linard (2013) used some basin characteristics, such as
precipitation, agricultural land use, geology, and soil properties,
that were computed by Leib and others (2012). However,
Linard (2013) used higher resolution elevation and precipitation
data and soil properties with more detailed resolution than Leib
and others (2012). Outcrop geology and projection of bedrock
geology (bedrock beneath the surface of unconsolidated
deposits) were used as grouped in Leib and others (2012) from
geologic maps of the Grand Mesa, Uncompahgre, and Gunnison
National Forests (Day and others, 1999) and Utah (Hintze
and others, 2000). The Mancos Shale (geologic subgroup 1.10
from Leib and others, 2012), the Mancos Shale and the Late
Cretaceous Mesaverde, early Tertiary Wasatch, Tertiary Green
River, and Tertiary Uinta Formations (geologic subgroup 3.2
from Leib and others, 2012), and Quaternary alluvial deposits
(geologic subgroup 3.3 from Leib and others, 2012) were used
as variables in the regression modeling (Linard, 2013). Soil and
unconsolidated deposits also were used extensively as basin
characteristics. The soil properties were obtained from the Soil
Survey Geographic Database (SSURGO) (U.S. Department of
Agriculture, 1995) and, for areas lacking SSURGO soil property
attributes, from the less precise State Soil Geographic Database
(STATSGO) (U.S. Department of Agriculture, 1994).

Linard (2013) used MLR to produce irrigation and
nonirrigation equations for salinity and selenium yield
prediction by using basin characteristics as independent
variables. Yield equations were then used to predict mean
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seasonal yields for 175, 12-digit Hydrologic Unit Code
subbasins. The results were presented on maps by using color
to emphasize subbasins having larger salinity and selenium
yields (Linard, 2013). Irrigation season salinity yields ranged
from 0.0001 to 0.03 tons per day per acre, and nonirrigation
season salinity yields ranged from 0.0003 to 0.008 tons per
day per acre. Irrigation season selenium yields ranged from
2.3x1076 to 0.0007 pounds per day per acre, and nonirrigation
season selenium yields ranged from 1.8x10 to 0.0005 pounds
per day per acre.

Methods

The following sections describe the water quality and
basin characteristics used in the current study. Water-quality
data methods were the same as those used by Leib and others
(2012) and Linard (2013). Unlike Leib and others (2012)
and Linard (2013), the study area is restricted to the lower
Gunnison River Basin.

Water-Quality Data

Water quality (salinity and selenium loads in this
report) is the response variable in the MLR approach. Basin
characteristics are the explanatory variables used for prediction
of loads. Two seasons were defined for the loading analysis:
April through October is the irrigation season, and November
through March is the nonirrigation season. The irrigation
season roughly defines the frost-free months at low elevations
and corresponds to the application of irrigation water within
the study area. Data were available in the National Water
Information System (NWIS) database (USGS, 2014b) for
two periods, 1992 through 2004 and 2005 through 2013.
Separating the data into periods helped address potential issues
of nonstationarity, the tendency for some basin characteristics
to change variability ranges through time (Milly and others,
2008). The time periods for analysis were selected based on
available water-quality and GIS data. Two time periods were
used to account for land-use changes taking place between
the two periods (for example, the conversion of agricultural
land to urban land; Moore, 2011; Richards and Moore, 2015).
Significant downward trends in salinity and selenium yields
have been documented in the lower Gunnison River Basin
through time (Richards and Moore, 2015; Henneberg, 2020,
2021). From 2013 to 2022, changes have occurred within the
basin related to irrigation improvements, canal lining, and
land-use conversion and are not well characterized by spatially
robust sampling (Ward and others, 2021). For the period
1992-2004, there were 35 sites with salinity and discharge
data for the irrigation season and 25 sites with data for the
nonirrigation season. For the period 2005-13, 16 sites had
salinity and discharge data for the irrigation season, and 16 sites
had data for the nonirrigation season. For selenium in the period
1992-2004, there were 39 sites for the irrigation season and
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34 sites for the nonirrigation season. For the period 2005-13,
22 sites had selenium and discharge data for the irrigation
season, and 18 sites had data for the nonirrigation season. These
periods considered in the current study are different from those
described in the “Previous Investigations” section of this report.
Site selection was based on the availability of sufficient salinity
and selenium concentration data, availability of discharge
data for those samples, and whether basins could be separated
into smaller subbasins depending on the configuration of sites
and canal inputs and outputs. A minimum of five samples per
season was required for a site to be selected for an MLR model.
The mean seasonal salinity and selenium water-quality data
measured at each site were used to estimate load.

Salinity and selenium loads are computed by multiplying
constituent concentrations by discharge measurements
made at the time of sampling. Sample concentrations for
salinity (TDS), selenium (dissolved selenium), and discharge
measurements are available in the USGS NWIS database
(USGS, 2014b) and can be retrieved using the site numbers in
the USGS data release associated with this report (Williams
and others, 2023). Daily load values for salinity in tons per
day are calculated using the following equation (Leib, 2008):

L=CxQxK, (1)

where
L is the daily constituent load, in tons per day;
C s constituent concentration, in milligrams
per liter;
O  isdischarge, in cubic feet per second; and
K is the unit conversion constant, 0.0027.

Daily load values for selenium in pounds per day are
calculated by using the following equation (Leib, 2008):

L=CxQxK, )

where
L is constituent load, in pounds per day;
C  is constituent concentration, in micrograms
per liter;
(0] is discharge, in cubic feet per second; and
K is the unit conversion constant, 0.0054.

Due to the complexity of water imports, diversions, and
the locations of sites with existing load information, final
calculated loads were adjusted to avoid nesting of subbasins
(overlap) and double counting of loads to ensure maximum
model utility. In Linard (2013), some of the subbasins
used to develop the models were nested. For the current
study, avoiding nested basins provided more accurate load
computations and reduced confusion regarding the load signal
in large subbasins. The method for separating loads in basins
with tributary load information was explained in detail in Leib
and others (2012). For example, figure 3 is a simple schematic
that shows how the use of available load information can
create additional unnested subbasins for use in the regressions.

In this example, a basin is partitioned for load calculations,
and subbasin loads are adjusted such that inputs and outputs
are accounted for. Ignoring the canal inputs (1a and 2a) and
outputs (1b and 2b) for a moment, two subbasins define the
drainages of two sites with available water-quality data.

Site 1 is at the mouth of a tributary that is joined by another
tributary just downstream. The two subbasins are defined as
subbasin 1 (tan area in fig. 3), which is the drainage of the
tributary sampled at site 1, and subbasin 2, which is the entire
basin minus subbasin 1. Sites 1 and 2 have loads calculated
from field sample constituent concentrations and discharges.
With the water-quality data available for each site, the mean
of all point loads (each load on a different date) is converted to
annual or seasonal loads in this report. The load at site 1 (1)
is the calculated load averaged at the mouth of the tributary
(tan area). The load at site 2 (2), is calculated by taking the
original load measured at site 2 and subtracting the load at

site 1, leaving both subbasins with no overlapping contributing
area and no loads counted twice.

A more complex situation commonly found in the irrigated
parts of the lower Gunnison River Basin involves the irrigation
network of canals and ditches, which moves loads from one
subbasin to another (fig. 3). The load input from a canal, 1a, is
computed the same way as a stream load entering a subbasin,
and 1b is the load computed at the point that a canal leaves a
subbasin. The difference of the two terms (output minus input)
is added to or subtracted from the load of the subbasin traversed
by the canal, depending on whether the canal loses or gains
load. When the output from one subbasin continues into an
adjacent subbasin, it becomes the input for that second subbasin
and so on. The canal load difference (2b minus 2a) is added
to the load at site 2, from which the load 1; is then subtracted.
For example, consider a canal gaining load. If the measured
loads are 15 pounds per day at the point where the canal enters
the subbasin and 20 pounds per day at the point where the
canal exits the subbasin, the canal gained 5 pounds per day of
load. That gained load was generated within the subbasin and
therefore is added to the overall load measured at the mouth
of the stream. In the example (fig. 3), load 1 (equation 3),
and load 2; (equation 4) are adjusted for canal mass balance.
These adjusted load estimates were used in MLR analysis and
are provided in the salinity and selenium attribute tables in the
USGS data release associated with this report (Williams and
others, 2023). The equations are as follows:

lp=1+(1,-1), 3)

where
I+ is the adjusted constituent load at site 1;

1 is the constituent load at site 1 calculated from
field sample concentrations and discharge
measurements;

1,  1is constituent load transported out of subbasin
1 by canals; and;

1 is constituent load transported into subbasin 1
by canals.
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Figure 3. Flow routing for load calculations in a subbasin. Load input from canals is represented by 1a and 2a; load output from
canals is represented by 1b and 2b. The adjusted basin load (1; and 2;) is computed by adding the canal load difference (for

example, 1b-1a) to the load computed at the mouth of the stream (1 and 2) and, if applicable, subtracting the adjusted load for
any nested basins.

2, =2+(2,-2,) 1, “) 2, s constituent load transported out of
subbasin 2 by canals;
where 2, s constituent load transported into subbasin
2, is the adjusted constituent load at site 2; 2 by canals; and
2 is the constituent load at site calculated from 1, s the adjusted constituent load at site 1.

field sample concentrations and discharge
measurements;

9
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Geospatial Data

Many basin characteristics were considered for MLR and
prediction of salinity and selenium loads. Previous studies
using basin characteristics for prediction of salinity and
selenium loads or yields have identified many of the most
significant classes of geospatial data that are important for
consideration in MLR models. These basic types of data are
discussed extensively in Leib and others (2012) and Linard
(2013) and are summarized and referenced in the “Previous
Investigations” section of this report. Basin characteristics
used in the regressions in the current study belong to similar
classes as those discussed in the earlier reports, and include
physical characteristics, precipitation, land use, land cover,
surficial deposits, and geologic units. New characteristics used
in this study, such as a soil property related to selenium in soil
and water derived from residential wastewater systems, were
not considered in previous studies. These new characteristics
are discussed in greater detail in the following sections. A GIS
makes the use of the geospatial information described in the
next sections of the report practical and efficient (Esri, 2016).

Subbasin Boundaries

Subbasins within the study area were selected for analysis
if they met the criteria for water-quality load data (at least one
site having at least five valid sets of paired concentration and
discharge). Lists of subbasins were compiled for each season
and analysis period, resulting in four combinations for salinity
and four combinations for selenium. Subbasin polygons were
delineated with GIS software (Esri, 2016) by using pourpoints
(USGS, 2014a) located at the water-quality sites. A 10-meter
digital elevation model (USGS, 1999a) was the base for
delineation. Area (in acres) of the calibration subbasin is used
to compute several basin characteristics, particularly those that
represent a characteristic as a percentage of the subbasin area.
For the GIS analysis, an Albers equal-area conic projection
was used to minimize distortion bias when comparing
subbasin areas. A digital elevation model was used to compute
the mean elevations of subbasins, which were used in the
calculations of irrigation water application.

Precipitation

Precipitation is an important component of some subbasin
characteristics used in the MLR models, and precipitation that
infiltrates below the root zone (effective precipitation) can be a
major source of groundwater recharge. Water is a driver of salt
and selenium transport because it dissolves minerals present in
geologic and soil materials that contribute to salt and selenium
loading. Natural settings and cultivated lands produce a
portion of the loads that are, at the most basic level, mobilized
by direct precipitation. The effective precipitation that
becomes deep percolation groundwater has varying degrees
of contact time with rock and soil and is primarily responsible

for loading the water with salinity and selenium compounds.
Deep percolation groundwater (from precipitation) may

then discharge to local drainages for transport as surface
water. Precipitation also may run off directly without deep
percolation and pick up salt and selenium as it flows across
rock or soil surfaces. In general, the potential for deep
percolation or runoff increases with the amount, intensity, and
duration of the precipitation (USGS, 2020).

The MLR models for salinity and selenium contain
seasonal values for irrigation and nonirrigation seasons. The
sum of monthly precipitation (PRISM Climate Group, 2014)
for April-October represents precipitation for the irrigation
season. The sum of monthly precipitation for November—
March represents precipitation for the nonirrigation season.

Land Use and Land Cover

Subbasin characteristics related to agricultural and
developed land use (including residential and urban or suburban
land uses) were explored as explanatory variables of salinity
and selenium loads. Water resources in the lower Gunnison
River Basin have been developed extensively to facilitate
irrigated agriculture through the construction of dams, canals,
and irrigation ditches. Excess water not consumptively used by
crops, removed by surface runoff, or evaporated infiltrates into
soil and rock, then percolates and migrates along shallow and
deep pathways as part of the groundwater flow system (Mayo,
2008; Thomas and others, 2019).

Colorado’s Decision Support Systems (2014)
irrigated-lands dataset specifies crop type and irrigation
method for each irrigated-lands area. The 1993 dataset was
used to represent 1993—2004, and the 2005 dataset was used
to represent 2005—13. Data that quantify the amounts of
irrigation water applied are not directly available; however,
by using the available geospatial data, these amounts can
be estimated (Leib and others, 2012). The method for
estimating amount of irrigation water applied (Broner and
Schneekloth, 2003) is described in detail in Leib and others
(2012). Briefly, the method involves computations using
consumptive water use for each crop type (U.S. Department
of Agriculture Natural Resources Conservation Service,
1988), efficiency of irrigation methods used (Waskom,
1994), length of growing season (National Climatic Data
Center, 2005), and effective precipitation (precipitation that
infiltrates to the root zone) (Leib and others, 2012). Irrigation
water is also a source of groundwater recharge that seeps
from canals, laterals, and ponds (Robinson and Rohwer,
1959). Irrigation channel data were provided by Reclamation
(written commun., 2015; used to create input raster files that
are provided in Williams and others [2023]), and pond area
was determined using National Wetlands Inventory data
(U.S. Fish and Wildlife Service, 2014).

Land uses other than irrigation were assessed for
their value in improving MLRs for the prediction of
salinity and selenium loads. Basin characteristics related to
(1) acreage under cultivation, (2) intensity of development



(U.S. Department of Agriculture, 2015), and (3) residential
parcels outside municipal boundaries (related to ISD system
effluent production) were useful in exploring correlations
for regression modeling. The first two characteristics

were available in the Cropland Data Layer for Colorado
(U.S. Department of Agriculture, 2015). Acreage under
cultivation is the total area of all crop agricultural lands,
including nonirrigated parcels under dryland cultivation. The
land-use data from the Cropland Data Layer for Colorado
(U.S. Department of Agriculture, 2015) also include lands
designated as developed with three levels of intensity: low,
medium, and high.

Nonmunicipal residences (residential parcels outside
municipal boundaries) that use ISD systems for wastewater
treatment produce effluent that is potentially a direct source
of recharge to groundwater and may contribute to salinity
loads from dissolution of soil salts. Because the operation
of an ISD system is designed such that effluent produced by
the household is leached directly into the soil zone, there
is a potential for salt to be mobilized from the unsaturated
zone of the soil profile and underlying aquifers. The ISD
system effluent produced per household was estimated by
using residential parcel data from counties in the study area.
County parcel data (Delta County, 2014; Gunnison County,
2014; Mesa County, 2014; Montrose County, 2014; Ouray
County, 2014), as they existed at the time of analysis (2014),
were used to identify residential locations outside municipal
boundaries. These locations were subsequently checked
for existing residential dwellings by using aerial imagery.
Areas within municipal boundaries were assumed to be on
municipal sewer systems and were excluded. Once identified,
the centroid of each nonmunicipal residential parcel was
used as the location of an ISD system. Municipal water-use
data from 2003 to 2008 provided by the Tri-County Water
Conservancy District (2010) were used to estimate volume of
ISD system effluent. The mean water usage during January
(when outdoor water use is at a minimum) was assumed to
represent the monthly amount of water that goes into an ISD
system leach field from a single household. The estimate for
all customers on municipal water systems, 1,900 acre-feet
per year (Tri-County Water Conservancy District, 2010), was
converted to per capita household use, then multiplied by the
number of nonmunicipal residential households assumed to
be using ISD systems.

Soil and Geology

The association of salinity and selenium loading with
Cretaceous marine shales was thoroughly discussed in Butler
and others (1996), Leib and others (2012), and Linard (2013).
Similarly, other geologic units in the study area also correlate
with selenium and salinity, such as Cretaceous and Tertiary
rock units, Quaternary unconsolidated deposits, selected glacial
units, and sand and gravel lithologies (Warner and others, 1985;
Leib and others, 2012). Because some geologic materials act as
load sources and others facilitate transport of groundwater or
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act as barriers, many of the geologic units and combinations of
geologic units described in Leib and others (2012, table 1) were
promising candidates for explanatory variables.

The geology of bedrock parent material explains some
of the variation in salinity and selenium loads in the lower
Gunnison River Basin, but different soil types can form from
weathering of the same bedrock. Numerous soil types have
been mapped by the NRCS in the lower Gunnison River Basin
and are available in the 1:24,000-scale SSURGO database
(U.S. Department of Agriculture, 1995). Some soil properties
are aggregates of other properties.

Some soils have a geochemical tendency to
yield more selenium than other soil types (fig. 4). The
Selenium Leaching Potential dataset available from
the NRCS Web Soil Survey (U.S. Department of
Agriculture Natural Resources Conservation Service, 2014)
includes information from parts of the five counties of interest
in the lower Gunnison River Basin: Delta, Gunnison, Mesa,
Montrose, and Ouray. The interpretation criteria for selenium
leaching potential are a set of soil and climate properties related
to selenium leaching below the root zone (U.S. Department
of Agriculture Natural Resources Conservation Service,

2014). The five soil and climate properties (parent material,
soil pH, depth to bedrock, mean annual precipitation, and, if
applicable, a water table index) were each assigned a numeric
rating by the NRCS, and the ratings were aggregated into a
single rating for each soil map polygon in SSURGO maps
for the lower Gunnison River Basin (on a scale of 0.0 to 1.0,
lowest risk to highest risk). The selenium leaching potential
scale has thresholds of less than 0.20 for low, 0.21-0.60

for moderate, 0.61-0.80 for high, and greater than or equal

to 0.81 for very high rating scale values assigned to soil
polygons. Selenium leaching potential ratings and descriptions
of the properties used to determine the ratings are available
through the NRCS Web Soil Survey (U.S. Department of
Agriculture Natural Resources Conservation Service, 2014).

Geostatistical Modeling

Estimated loads for salinity and selenium were modeled
with MLR techniques by using geospatial basin characteristics
(variables) available for the entire study area. Basin
characteristics are surrogates meant to aid in the estimation of
salinity and selenium loads. These surrogates may be related
to processes, sources, land uses, and physical properties within
the study area, and accuracy of the predictions of each equation
may vary among subbasins. For the sites that had adequate
water-quality data, subbasin boundaries and loads computed
from monitoring data were used to calibrate the models (fig. 5).
The zonal statistics tool in ArcMap (Esri, 2016) was used to
aggregate data from raster grids of the geospatial variables for
each calibration subbasin (detailed methods and calibration
subbasins are provided in the USGS data release associated
with this report; Williams and others, 2023). Many variables
related to the primary types of characteristics already discussed
were analyzed in a stepwise least-squares regression (Helsel
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Figure 5. Calibration subbasins used to
develop the salinity and selenium multiple
linear regression models. Calibration data
were separated into two time periods and two
seasons. Salinity calibration subbasins are

A, 1992-2004 irrigation season; B, 1992-2004
nonirrigation season; C, 2005-13 irrigation
season; and D, 2005-13 nonirrigation season.
Selenium calibration subbasins are E, 1992-2004
irrigation season; F, 1992—-2004 nonirrigation
season; G, 2005-13 irrigation season; and H,
200513 nonirrigation season.—Continued
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Figure 5. Calibration subbasins used to
develop the salinity and selenium multiple
linear regression models. Calibration data
were separated into two time periods and two
seasons. Salinity calibration subbasins are

A, 1992-2004 irrigation season; B, 1992-2004
nonirrigation season; C, 2005-13 irrigation
season; and [0, 2005-13 nonirrigation season.
Selenium calibration subbasins are E, 1992—-2004
irrigation season; F, 1992—-2004 nonirrigation
season; G, 2005-13 irrigation season; and H,
200513 nonirrigation season.—Continued
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Figure 5. Calibration subbasins used to
develop the salinity and selenium multiple
linear regression models. Calibration data
were separated into two time periods and two
seasons. Salinity calibration subbasins are

A, 1992-2004 irrigation season; B, 1992-2004
nonirrigation season; C, 2005-13 irrigation
season; and D, 2005-13 nonirrigation season.
Selenium calibration subbasins are E, 1992-2004
irrigation season; F, 1992—-2004 nonirrigation
season; G, 2005-13 irrigation season; and H,
2005-13 nonirrigation season.—Continued



and others, 2020) procedure conducted with scripts written in
the R statistical programming language (R Core Team, 2017)
to identify the strongest combinations of explanatory variables
for salinity and selenium loads. Because two periods and two
seasons were available for analysis, consideration was given
for single season and two-part models separated into irrigation
and nonirrigation seasons.

Statistical procedures used in this study were similar
to those described in Leib and others (2012). Variables
with p-values greater than or equal to 0.05 were considered
significant and were retained and included in the regression
models. First, correlations between individual variables were
considered to identify potential variables for the multivariate
analysis. All combinations of variables were assessed by the
statistical software, and variables were added to regressions by
the R code until the maximum coefficients of determination (R?)
were identified. Diagnostic plots were used to determine whether
assumptions of MLR were met: homoscedasticity of residuals
(linear variance of plotted residuals), normality of residuals
(quantile-quantile plots), lack of outliers as indicated by a
standardized residual less than 3 (residual divided by estimated
standard error), and lack of high-leverage data points (plots of
correlation of standardized residuals with high leverage).

Combinations of variables used in previous investigations
and new variables computed for this study also were assessed
based on adjusted R? and prediction error sum of squares
(PRESS) statistics (Helsel and others, 2020). Sometimes the
best models did not have the top score for all three statistics, and
other measures were used to determine the best final equations.
Statistical significance of variables (p-values), diagnostic plots
that indicated favorable residuals patterns such as constant
variance (homoscedasticity), and normal distribution of
residuals were used to qualify or disqualify candidate models or
indicate if transformations of the data might be helpful (Helsel
and others, 2020). Centering of some variables derived from
basin characteristics (subtracting the value from the mean and
dividing by the standard deviation) minimized multicollinearity
(Tacobucci and others, 2016). Logarithm transformations were
used in salinity models to optimize fit (Helsel and others,
2020). When logarithmic transformation was used, a bias
correction factor was computed and added to the equation upon
retransformation of logarithmic to linear space as detailed in
Duan (1983). Some selenium variables were transformed by
the square root to improve linearity. Square root transformation
does not require a bias correction factor.

Candidate best-fit equations had adjusted R? greater
than 0.70 and p-values less than 0.05. Leverage and influence
calculations were used to evaluate the effect of outliers on the
regression. The leverage statistic was calculated to indicate
whether a load associated with a site had high leverage, and
the difference in fits (DFFITS) statistic was used to assess the
influence (ability to bias the equation) of a high-leverage load
site (Helsel and others, 2020). To check the independence of
variables chosen for the equations, the collinearity between
variables was evaluated using the variance inflation factor
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(VIF) statistic (Ott and Longnecker, 2001; Helsel and others,
2020). Generally, a VIF greater than 10 indicates a high degree
of correlation (Helsel and others, 2020).

Empirical Bayesian Kriging

After the MLR models for salinity and selenium
loads were finalized, yield predictions that are useful for
interpretation purposes were computed using a raster data
density map (cells). An empirical Bayesian kriging (EBK)
procedure (Krivoruchko, 2012) was implemented in ArcMap
(Esri, 2016) to produce a robust grid of yields for salinity and
selenium. The study area was overlain by a grid of 12 layers
of hexagonal polygons. The initial layer of polygons covering
the study area was used to create a set of centroids (center
points) for the net of polygons. Each salinity polygon had
dimensions of 6,500 meters (m) on a side. From these center
points another 11 layers of polygons were created by offsetting
the center point by intervals of 3,250 m north—south and
east—west around the initial polygon center point. Selenium
polygon dimensions were 4,500 m on a side, and the center
points were offset by 2,250 m (fig. 6). Hexagon dimensions
were determined so that the grid resulted in overall loads that
were consistent with long-term data for the study area. New
polygons were created with each center point representing the
centroid of each of the 11 new layers of polygons, each with
the exact dimensions of the initial polygons. The polygons
covered at least the entire study area (including a buffer
around the study area) (figs. 7 and 8). The polygon layers
were then used to calculate salinity and selenium loads by
using the MLRs and the basin characteristics calculated for
each individual polygon. Because salinity MLRs were for two
seasons, the seasonal loads for irrigation and nonirrigation
seasons were combined, weighted by the portion of the year of
each season, to calculate the annual loads. The resulting load
values were then converted to salinity yields in tons per year
per acre and selenium yields in pounds per day per acre by
using the area of the polygons.

The EBK tool in ArcMap Geostatistical Analyst (Esri,
2016) was used to average and smooth the overlapping
polygon loads (fig. 8) and form a raster grid with
63.615-meter by 63.615-meter cells in the North American
Datum of 1983 coordinate system and Albers projection.
Specific model parameters entered for the EBK method
are shown in table 2. EBK is a geostatistical interpolation
method that automates difficult aspects of building a valid
kriging model or, for this study, a raster yield prediction grid.
Other kriging methods in ArcMap Geostatistical Analyst
require users to manually adjust parameters, but EBK
automatically computes parameters through subsetting and
simulations (Krivoruchko, 2012). The method is processor
intensive, but use of the semivariogram model type results in
lower standard error of predictions compared to other kriging
methods (Esri, 2016; Krivoruchko and Gribov, 2019).
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Table 2. Empirical Bayesian kriging method summary for salinity (total dissolved

solids) and selenium yields in ArcMap (Esri, 2016).

[—, not applicable]

Property Input salinity model Input selenium model
Dataset
Name HexaTDSMerge HexaSeMerge
Type Feature class Feature class
Data field 1 TDSYield SeYield
Records 0 0
Empirical Bayesian kriging method
Output type Prediction Prediction
Transformation type Log-empirical Log-empirical
Semivariogram model type K-Bessel K-Bessel
Subset size 100 100
Overlap factor 1 1
Number of simulations 100 100

Searching neighborhood

21

Neighborhood type Standard circular Smooth circular
Neighbors to include 8 —
Include at least 8 —
Sector type Eight —
Radius 8,125 5,625

Angle 0 —

Smoothing factor

— 0.5

Multiple Linear Regression Models

Basin characteristics chosen for best-fit equations,
described in this section, are for use in salinity and selenium
MLR models as noted (table 3) and described further in a U.S.
Geological Survey data release (Williams and others, 2023).

Evaluating likely possible combinations of geospatial
variables resulted in three MLR models that best estimated
irrigation-season salinity load (SI), nonirrigation-season
salinity load (SNI), and annual selenium load (Se) (tables 3
and 4, fig. 9). Different combinations of explanatory variables
within the MLR analysis result in differences in the magnitude,
and at times, the sign of the coefficients used when compared
to independent correlations between each explanatory variable
and the response variable.

Salinity Irrigation-Season Model

The six explanatory variables (V1-V6) used to estimate
salinity load during the irrigation season (SI) were related to
geology, irrigation, ISD system effluent, and basin physical
characteristics (table 3). The equation takes the form:

log(SD = 1.6900 — 0.3826(zF'1) + 0.1274(log(zV2))+
0.4612(log(z3)) + 0.1112(zV4) + 0.4294 V5, (5)
0.1630(log(V6))

where
ST is the irrigation season salinity load in tons
per day, and
Z is the standardized (centered) value of the
explanatory variable.

The values of the explanatory variables for the calibration
subbasins used in the salinity irrigation-season MLR equation
are provided in a shapefile attribute table in the USGS data
release associated with this report (Williams and others, 2023).
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The combination of variables that predict irrigation-season
salinity load includes both sources and transport pathways

(table 3). Variable V2 represents irrigation water applied to
Cretaceous marine shale geology, accounting for an important
transport pathway (irrigation) and source (Cretaceous marine
shale) of salinity in the study area. Other variables related to
surficial deposits and geologic units are V1 (percentage of
subbasin area occupied by Quaternary rock units, except basalt
flows), V5 (percentage of subbasin area occupied by unlined
irrigation channels on Quaternary rock units, except basalt
flows), and V6 (percentage of subbasin area occupied by ancient
alluvium, old glacial drift (pre-Bull Lake glaciation), old gravel
and alluvium (pre-Bull Lake glaciation), gravel and alluvium

of the Pinedale and Bull Lake glaciations, eolian deposits, and
modern alluvium and terrace gravels. These variables are related
to transport pathways because these geology types allow for
subsurface infiltration and transport of water, which can lead to
leaching of salt. Some geologic units are also sources of salt.
Variable V3 is also related to leaching and a transport pathway
of salt because ISD system effluent, irrigation water applied, and
mean effective precipitation are major components of the water
budget available for leaching salt below the root zone (Butler,
2001; Kanzer and Merritt, 2008). The method for estimating
ISD system effluent is described in the “Land Use and Land
Cover” section. Variable V4, mean subbasin elevation, is a
physical characteristic that relates to transport pathways because
elevation affects the amount of precipitation received.

Salinity Nonirrigation-Season Model

The eight explanatory variables (V1-V8) used to estimate
salinity load during the nonirrigation season (SNI) were
related to ISD system effluent, ponds, geology, irrigation, and
developed land use (table 3). The equation takes the form

log(SND = 1.5444 + 0.6122(log(zV'1)) +
0.3802(log(zV2))—0.1699(log(zV3) ) —
0.1819(zV4) — 0.3274(log(zV'5))—0.2320(zV6)+ (6)
0.2276(log(zV'7) ) +0.1753(zV'8)

where
SNI is the nonirrigation season salinity load in
tons per day, and
Z is the standardized (centered) value of the

explanatory variable.

The variable values for calibration subbasins are provided
in the shapefile attribute table in the associated USGS data
release (Williams and others, 2023). Similar to the salinity
irrigation-season model, several variables are related to
geology (table 3). Variable V4 is the amount of ISD system
effluent on Quaternary alluvium and terrace gravels, V6 is
the percentage of subbasin area occupied by Quaternary
rock units, except basalt flows, and V8 is the percentage of
subbasin area occupied by Quaternary glacial gravel and

alluvium. Because these deposit types facilitate infiltration
and subsurface movement of water, the variables are related
to transport pathways. Also related to transport pathways

are variables V1 (ISD system effluent) and V5 (irrigated

land area). Both ISD system effluent and irrigation water
contribute to leaching and transport of salt. Two variables in
the model are related to seepage from ponds and therefore
transport pathways: V2, wetted area of ponds at elevations
less than 1,820 meters above the North American Vertical
Datum of 1988, and V3, percentage of subbasin area occupied
by ponds. Ponds can be a source of salinity and water for
leaching salt from soil. The remaining variable in the salinity
nonirrigation-season model, V7, is the percentage of subbasin
area with developed land use. This variable, related to
transport pathways, is a basin characteristic that interacts with
salinity loading dynamics and may demonstrate the effects of
development that increases impervious surfaces, leading to
increased runoff and decreased infiltration.

Selenium Model

The eight explanatory variables used to estimate
selenium load (a single model, not separated for irrigation and
nonirrigation seasons) were related to irrigation, soil properties,
land use, and ponds (V1 through V8, table 3). The equation
takes the form

\/Se = —0.3262 — 0.00002898()'1) + 0.00006544(V2)+

0.1770(N73) + 0.06878(\74) + 0.002286(N 75 )+
0.01234(NV6) + 0.5683(NV7) — 0.7469(73)

2 (7)

where
Se is the selenium load in pounds per day.

The variable values for calibration subbasins are provided
in the shapefile attribute table in the associated USGS data
release (Williams and others, 2023). Unlike the salinity
models, the selenium model does not include variables that
represent geologic units; however, the model does include a
variable related to soil properties. Variable V2 is the amount of
irrigation water applied to soils with high to very high selenium
leaching potential. Selenium leaching potential is based on
several criteria, including soil parent material (soils developed
from Cretaceous marine shale are assigned higher ratings than
those developed from other parent material; U.S. Department
of Agriculture Natural Resources Conservation Service, 2014).
Irrigation water is a transport pathway, and soil is a source of
selenium. Variable V1 is similar and represents the amount
of irrigation water applied. Two other variables in the model
are related to irrigation: V3, percentage of subbasin area with
agricultural land use, and V4, wetted area of unlined irrigation
channels. Soils on agricultural land represent a source of
selenium, and irrigation water (including water in unlined
irrigation channels) is a transport pathway. The selenium model



Table 3. Explanatory variables and methods of computation or extraction for salinity and selenium load-prediction multilinear regression models.

[SI is the irrigation season (April-October) salinity model, SNI is the nonirrigation season (November—March) salinity model, and Se is the selenium model. The first column identifies the variables as “V” fol-
lowed by a number indicating the order in the equation; for example, V1 is the first variable in the equation. Variable types are crop area physical characteristic (pc), precipitation (pr), irrigation (i), geology (g),
soil property (s), canal area (c), pond area (po), developed land use (dev), individual sewage disposal (ISD) system effluent (sp), and crop area (ag). Elevation refers to distance above the North American Vertical
Datum of 1988. GIS, geographic information system; z, standardized (centered) variable; x, specified method of computation or extraction was used; —, not applicable; log, logarithm; SQRT, square root]

Method of
Variable in Explanator Transformation Pt O Typeof  Regression Variance
regression pla Y Variable description . extraction P gress inflation
. variable or centering variable  coefficient
equation Geospatial factor
mask (GIS)
Sl
Vi PAT1QA.Catl  Percentage of subbasin area occupied by Quaternary rock units, except z X g, pc —0.3826 242
basalt flows (geologic subgroup 3.3 in Leib and others, 2012)
V2 R1 Irrigation water applied to areas with Cretaceous marine shale geology z, log X i,g 0.1274 2.26
(acre-feet)
V3 TSpctblrrP Sum of ISD system effluent, irrigation water applied, and mean effective ~ z, log — sp, 1, pr 0.4612 2.01
precipitation
V4 PElev. MEAN  Mean elevation of subbasin (meters) z X pc 0.1112 2.86
V5 RO9Pct Percentage of subbasin area occupied by unlined irrigation channels on z — c, g pc 0.4294 2.85
Quaternary rock units, except basalt flows (geologic subgroup 3.3 in
Leib and others, 2012)
V6 X Percentage of subbasin area occupied by ancient alluvium, old glacial drift z, log — g, pe 0.163 3.36
(pre-Bull Lake glaciation), old gravel and alluvium (pre-Bull Lake gla-
ciation), gravel and alluvium of the Pinedale and Bull Lake glaciations,
eolian deposits, and modern alluvium and terrace gravels (geologic
subgroup 2.2 in Leib and others, 2012)
SNI
V1 RI12A ISD system effluent infiltrated during the nonirrigation season (acre-feet)  z, log — se 0.6122 2.11
V2 R17 Area of ponds at elevations less than 1,820 meters (acres) z, log X po, pc 0.3802 1.6
V3 R14Pct Percentage of subbasin area occupied by ponds z, log X po, pc —0.1699 1.5
V4 R13ASptcTerr  ISD system effluent infiltrated on Quaternary alluvium and terrace gravels z X sp, g —0.1819 4.78
(geologic subgroup 1.29 in Leib and others, 2012) during nonirrigation
season (acre-feet)
V5 R4 Irrigated land area (acres) z, log — i —0.3274 6.45
V6 PAIIQA.Cat.1  Percentage of subbasin area occupied by Quaternary rock units, except z X g, pe —-0.2320 1.95

basalt flows (geologic subgroup 3.3 in Leib and others, 2012)
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Table 3. Explanatory variables and methods of computation or extraction for salinity and selenium load-prediction multilinear regression models.—Continued

[SI is the irrigation season (April-October) salinity model, SNI is the nonirrigation season (November—March) salinity model, and Se is the selenium model. The first column identifies the variables as “V” fol-
lowed by a number indicating the order in the equation; for example, V1 is the first variable in the equation. Variable types are crop area physical characteristic (pc), precipitation (pr), irrigation (i), geology (g),
soil property (s), canal area (c), pond area (po), developed land use (dev), individual sewage disposal (ISD) system effluent (sp), and crop area (ag). Elevation refers to distance above the North American Vertical
Datum of 1988. GIS, geographic information system; z, standardized (centered) variable; x, specified method of computation or extraction was used; —, not applicable; log, logarithm; SQRT, square root]

Variable i Method of computa- Vari
ariable in Explanatory . _ Transformation _ tion or extraction  Typeof  Regression rariance
regression variable Variable description or centering G ijal variable coefficient inflation
equation eospatia factor
mask (GIS)
SNI—Continued
V7 PDevPct Percentage of subbasin area classified as developed low intensity, devel- z, log — X dev, pc 0.2276 1.33
oped medium intensity, or developed high intensity land use
V8 PGlacial.Cat.1  Percentage of subbasin area occupied by Quaternary gravel and alluvium  z — X g, pe 0.1753 2.28
deposits of the Pinedale and Bull Lake glaciations (geologic subgroup
1.26 in Leib and others, 2012)
Se
V1 ACREFT Irrigation water applied (acre-feet) — X — i —0.00002898 11.84
V2 ACREFTSE1  Irrigation water applied to soils with high to very high selenium leaching —— — X i,s 0.00006544 5.36
potential (acre-feet)
V3 AgSum Percentage of subbasin area with agricultural land use, all crop types SQRT X — ag 0.177 3.34
V4 CanalAcres Wetted area of unlined irrigation channels (acres) SQRT X — 0.06878 8.64
V5 POLY AREA Subbasin area (acres) SQRT — X pc 0.002286 7.76
V6 PondAcres Wetted area of ponds (acres) SQRT X — po 0.01234 3.33
V7 CDL122 Percentage of subbasin area classified as developed low intensity land use  SQRT X — dev 0.5683 5.92
V8 CDL121 Percentage of subbasin area classified as developed open space land use SQRT X — dev —0.7469 8.77
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Natural logarithm of calculated irrigation

Natural logarithm of calculated
selenium load, in pounds per day

season salinity load, in tons per day
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Table 4. Statistical values of the salinity and selenium load-prediction models.
[R2, coefficient of determination; SI, salinity irrigation-season model; SNI, salinity nonirrigation-season model; Se, selenium model; <, less
than; —, not applicable]
Model R Prediction error sum of -value Bias correction factor  Degrees of Standard
squares (PRESS) statistic P (Duan, 1983) freedom error
ST 0.89 3.11 <0.0001 1.12 45 0.216
SNI 0.88 4.85 <0.0001 1.15 32 0.295
Se 0.73 22.9 <0.0001 — 104 0416
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Figure 9. Relation of calculated loads to model-predicted loads
for calibration basins. A, salinity irrigation season; B, salinity

nonirrigation season; C, selenium.
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also includes a variable representing the wetted area of ponds
(V6). Seepage from ponds can be a transport pathway for
movement of selenium through deep percolation (Mayo, 2008).
Variable V7 (percentage of subbasin area with developed low
intensity land use) is related to transport pathways and is a
basin characteristic that interacts with selenium vectors because
impervious surfaces associated with development can affect
runoff and infiltration. Additionally, developed areas tend to
have more efficient irrigation systems than undeveloped areas,
leading to reduced deep percolation and leaching of selenium
in the soil profile (Mayo, 2008). Variable V8 (percentage of
subbasin area with developed open space land use) is related
to transport pathways because open space may be irrigated

or have associated ponds that allow for infiltration and can
lead to leaching and transport of selenium. Finally, variable
V5 is the subbasin area. This variable is not a source or
transport pathway of selenium but a basin characteristic that
can influence or interact with selenium loading dynamics. In
general, larger basins produce larger selenium loads; however,
when using the fixed hexagonal grid for estimations, this
variable acts as a constant, decreasing the magnitude of the
y-axis intercept.

Salinity and Selenium Yield Maps

The salinity and selenium output datasets from the EBK
procedure were raster yield prediction grids (salinity in tons
per year per acre and selenium in pounds per day per acre)
as georeferenced tag image file format (.tif) files, which are
available in the USGS data release associated with this report
(Williams and others, 2023). To produce yields that represent
annual composites, irrigation and nonirrigation season
salinity yields were combined, weighted by the portion of the
year of each season. Prediction grids (figs. 10 and 11) present
the modeling results and are classified by yield ranges.
Linard (2013) presented the results of MLR models as maps
depicting predicted salinity and selenium yields for selected
subbasins in the study area. The raster grids produced by
the current study are more detailed, providing yield values
for each cell. With these grids, yields can be assessed for
user-defined areas (polygons).

The salinity map (fig. 10) indicates that the highest yields
are predicted along the lower part of the Uncompahgre River
Basin and the lower part of the Gunnison River upstream from
Delta, Colorado, similar to the irrigated lands distribution
(fig. 1). North of the main-stem Gunnison River and northeast
of Delta and along the North Fork Gunnison River at and
downstream from Paonia, Colorado, an area of low to
moderate yields was predicted (both areas are irrigated [fig. 1]
and associated with marine shales [fig. 2]). Salinity yields
ranged from 0.00667 to 6.564 tons per year per acre. The
highest salinity yields, greater than about 5.0 tons per year per

acre, are predicted on the western side of the Uncompahgre
River upstream from Delta (fig.10), an area with a high density
of irrigated land (fig. 1).

The part of the basin that drains directly to the main-stem
Gunnison River upstream from the confluence with the North
Fork Gunnison River does not show high predicted yields
(fig. 10) most likely because irrigation is not as common in
the area, and because there are fewer drainages on marine
shales that drain to this reach of the Gunnison. Adjacent to the
lower part of the Uncompahgre River and the Gunnison River
upstream from Delta are low-elevation irrigated areas, canals,
residential land use (ISD system effluent), and Cretaceous
marine shales (fig. 2), which are related to increases in salinity
in the MLR models. The high predicted salinity yields do not
extend substantially downstream from the confluence of the
Gunnison and Uncompahgre Rivers at Delta (fig. 10).

The salinity yield map generally agrees with the salinity
yield maps produced by Linard (2013); however, the Linard
(2013) models predicted high salinity yields from a subbasin
in the northwest part of the study area (hydrologic unit code
140200057503; see fig. 6 and appendix in Linard, 2013). The
salinity yield map produced for the current study does not
indicate high yields from this area.

The selenium yield map shows a similar pattern to
salinity yields, with the highest yields along the lower half
of the Uncompahgre River Basin and the lower part of the
Gunnison River upstream from Delta, like the irrigated lands
distribution (fig. 1). The highest selenium yields, however, are
more confined to the eastern side of the lower Uncompahgre
River and south of the Gunnison River near the confluence
with the Uncompahgre River at Delta (fig. 11). These
predicted higher selenium yield areas conform well to the
areas of high selenium leaching potential (fig. 4). Selenium
yields ranged from 2.6888 x 10-19 to 0.000445 pounds per day
per acre. The highest predicted selenium yields, greater than
0.0003 pounds per day per acre, were in the area downstream
from Montrose on the eastern side of the Uncompahgre River,
unlike the area predicted for highest salinity yields, which
was on the western side of the Uncompahgre Rive and closer
to Delta (figs. 10 and 11). As with salinity yields, areas of
slightly higher selenium yields were predicted north of the
main-stem Gunnison River and northeast of Delta and along
the North Fork Gunnison River at and downstream from
Paonia (both areas are irrigated [fig. 1] and associated with
marine shales [fig. 2]). The high predicted selenium yields
do not extend substantially downstream from the confluence
of the Gunnison and Uncompahgre Rivers at Delta (fig. 11),
consistent with a finding of no substantial selenium loading to
the Gunnison River in the reach downstream from Delta at low
flow (Stevens and others, 2018).

As with salinity, the selenium yield map generally agrees
with the maps produced by the Linard (2013) study. Linard
(2013) predicted high selenium yields from a subbasin in
the northwest part of the study area (hydrologic unit code
140200057503; see fig. 6 and appendix in Linard, 2013);
however, the map produced for the current study does not
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Figure 10. Predicted salinity yield in tons per year per acre in the lower Gunnison River Basin study area.
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Figure 11.

Predicted dissolved selenium yield in pounds per day per acre in the lower Gunnison River Basin study area.



indicate high selenium yields from this area. Additionally,
the Linard (2013) nonirrigation season model did not predict
higher selenium yields for the area at and downstream from
Paonia. The irrigation season model did predict higher yields
in that area, as did the map produced for the current study.

Verification of Salinity Yield

Verification of the salinity yield raster data was done
to evaluate error or bias introduced into the prediction raster
by the EBK process. Comparisons of yield residuals for 12
subbasin areas (fig.12) show that annual yields calculated
from the prediction raster compare relatively well with yields
derived from measured annual loads at USGS streamgages
considered to be representative of those subbasins. The
mean percentage error is —24.7 percent, and the median is
18.2 percent; percentage error ranged from —476 to 63.1
percent. The distribution of percentage error values may
indicate that a positive bias exists, leading to predicted yields
that are generally higher than observed yields (table 5).
Additional field measurements, for example, measurements
made during a synoptic study, could provide a better dataset to
test model performance. Interbasin load transfers may account
for some of the larger differences between predicted yield and
measured yield, for example, the site Montrose Arroyo at East
Niagara Street (table 5).

Verification of Selenium Yield

Verification of the selenium yield raster data was done
to evaluate error or bias introduced into the prediction raster
by the EBK process. Comparisons of yield residuals for 18
subbasin areas (fig. 12) show that for most of the subbasin
areas annual yields calculated from the prediction raster
compare relatively well with yields derived from measured
annual loads at USGS streamgages considered to be
representative of those subbasins. The mean percentage error
is —40.5 percent, and the median is 0.75 percent; percentage
error ranged from —535 to 62.2 percent. The distribution of
percentage error values may indicate that a negative bias
exists, leading to predicted yields that are generally lower
than observed yields (table 6). Additionally, targeted field
assessments could provide a better test of model performance.
Interbasin load transfers may account for some of the larger
differences between predicted yield and measured yield.

Summary

Land managers, water providers, and agricultural
producers expend resources mitigating the effects of salinity
(total dissolved solids) and selenium on water quality in the
lower Gunnison River Basin in western Colorado. Salinity is
known to affect drinking-water supplies and damage irrigated
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agricultural lands. Selenium in high concentrations is harmful
to fish and other wildlife. Agricultural valleys in the lower
Gunnison River Basin tend to be located on geologic materials
derived from marine shale. Irrigation of those soils can
mobilize salt and selenium.

The U.S. Geological Survey (USGS) revised existing
salinity and selenium models for the lower Gunnison River
Basin in an attempt to better identify areas of greatest salinity
and selenium yield. This report describes the statistical
procedures, salinity and selenium water-quality data, and
geospatial data used to determine multiple linear regression
(MLR) statistical models to estimate in-stream salinity and
selenium loads for subbasins within the lower Gunnison River
Basin. The MLR techniques, methods, and selection of basin
characteristics differ from some procedures and characteristics
used to create existing models for the lower Gunnison River
Basin. The objectives of the current study were to (1) improve
estimates of salinity and selenium loads by improving the
regressions and geospatial data for the lower Gunnison River
Basin with new variables (and new statistical transformations
of new variables and variables used in previous studies) and
(2) to integrate water-quality data available for years since
previous studies were completed.

The water-quality and some geospatial data are grouped
into two time periods (1992 through 2004 and 2005 through
2013) and two seasons (irrigation and nonirrigation). These
changes can reduce spatial variability and temporal complexity
of the data. The time periods for analysis were selected based
on available water-quality and geographic information system
data. Water quality (salinity and dissolved selenium loads in
this report) is the response variable in the MLR approach.
Basin characteristics are the explanatory variables used for
prediction of salinity and dissolved selenium loads. Separating
the data into two periods helped address potential issues of
nonstationarity, the tendency for some basin characteristics
to change variability ranges through time. The determination
of loads required computations that include constituent
concentrations and discharge measurements made at the
time of sampling. Concentration and discharge data were
obtained from the USGS National Water Information System
database. Loads were assumed to be the mean of at least five
concentration and discharge measurements both in subbasins
and canals in a season.

Due to the complexity of water imports, diversions, and
the locations of sites with existing load information, final
calculated loads were adjusted to avoid nesting of subbasins
(overlap) and to count loads only once. Avoiding nested
basins is an approach not used in previous studies of the
lower Gunnison River Basin and provided more accurate
load computations and less confusion of the load signal in
larger subbasins by separating out the overlap of areas. The
procedure for separating nested subbasins involves subtracting
the tributary load (the load in a subbasin encompassed within
the drainage area of a larger subbasin) from the load computed
for the larger subbasin, resulting in two separate subbasin
drainages that do not count the same load twice. Canals are
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Table 5. Summary of salinity yield verification results, 2005-13 (U.S. Geological Survey, 2014b).

[Salinity yield residual is the difference between the yield computed from measured annual loads and the yield determined from the yield prediction raster.
Residual percentage error is computed as the yield residual divided by the mean yield from load computation times 100. Site names from the National Water
Information System database (USGS, 2014b) are abbreviated in this table. USGS, U.S. Geological Survey; ton/yr/acre, tons per year per acre; CO, Colorado; N,

North; Rd, R, Road; St, street]

Salinity yield Salinity yield Salinity vield Salinity yield Yield
USGS site USGS site from load from prediction resi(‘i,uval residual verification
name number computation raster (ton/yr/acre) percentage basin number
(ton/yr/acre) (ton/yr/acre) ¥ error (fig. 12)

Tongue Creek at Cory, CO 09144200 0.191 0.649 0.458 39.9 1

North Fork Gunnison River 09136100 0.266 0.476 0.210 18.2 2
above mouth near
Lazear, CO

Loutzenhizer Arroyo below 383946107595301 1.76 1.61 —0.147 -12.8 3
N. River Rd. near Delta, CO

Gunnison River at Delta, CO 09144250 0.339 0.708 0.369 32.1 4

Montrose Arroyo at East 382802107513301 7.76 2.29 —5.47 —476
Niagara St.

Montrose Arroyo at 6700 Rd.  382711107500501 1.06 1.79 0.726 63.1 6

Montrose Arroyo at 6750 382702107493701 0.434 0.966 0.532 46.2 7
and Ogden Roads

Gunnison River near 09152500 0.268 0.295 0.0267 2.32 8
Grand Junction, CO

Uncompahgre River at 09149500 0.540 1.06 0.522 45.4 9
Delta, CO

Uncompahgre River near 09146200 0.545 0.499 —0.0463 —4.02 10
Ridgway, CO

Uncompahgre River at 09147500 0.090 0.354 0.264 23.0 11
Colona, CO

Uncompahgre River near 09146020 0.570 0.457 -0.113 -9.83 12

Ouray, CO

common in the study area and were part of the water budget
accounting for the subbasins they cross. The load coming in
across a subbasin boundary and the load leaving a subbasin are
subtracted, and the difference is added to the basic subbasin
load computation without canal influence.

Salinity and selenium loads were modeled with MLR
techniques by using geospatial basin characteristics. Many
basin characteristics were considered for MLR and prediction
of salinity and selenium loads. Basin characteristics used
in the regressions are related to physical properties of the
subbasin, precipitation, land use and land cover, surficial
deposits (soil and unconsolidated geologic materials), and
bedrock geology. New characteristics used in this study, such
as a soil property related to selenium in soil and water derived
from residential wastewater systems, were not considered in
previous studies. The variables were analyzed in a stepwise
least-squares regression procedure to identify the strongest
combinations of explanatory variables for salinity and
selenium loads.

Combinations of variables were assessed based on
adjusted R? and prediction error sum of squares statistics.
Sometimes the best models did not have the top score for
all three statistics, and other measures were used to choose
the best final equations. Statistical significance of variables
(p-values), diagnostic plots that indicated favorable residuals
patterns such as constant variance (homoscedasticity), and
normal distribution of residuals were used to qualify or
disqualify candidate models or indicate if transforms of the
data might be helpful.

Evaluating all possible combinations of geospatial
variables resulted in three MLR models that best estimated
irrigation-season salinity load, nonirrigation-season salinity
load, and annual selenium load. Loads of salinity and selenium
were converted to yields by using the subbasin drainage areas,
and an empirical Bayesian kriging (EBK) procedure was used
to produce robust grids of yields for salinity and selenium. To
produce yields that represent annual composites, irrigation and
nonirrigation season salinity yields were summed.
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Table 6. Summary of dissolved selenium yield verification results, 2005-13 (U.S. Geological Survey, 2014b).

[Selenium yield residual is the difference between the yield computed from measured annual loads and the yield determined from the yield prediction raster.
Residual percentage error is computed as the yield residual divided by the mean yield from load computation times 100. Site names from the National Water
Information System database (USGS, 2014b) are abbreviated in this table. USGS, U.S. Geological Survey; lb/yr/acre, pounds per year per acre; CO, Colorado;

N, north; Rd, Road; St, Street]

Selenium Selenium yield Selenium vield Selenium Yield
USGS site USGS site yield from load  from predic- residu:I yield residual verification
name number computation tion raster (Ib/yr/acre) percentage basin number
(Ib/yr/facre)  (Ib/yr/acre) y error (fig. 12)

Gunnison River near Grand 09152500 0.00370 8.59x10 —2.84x1073 —5.88 1
Junction, CO

Tongue Creek at Cory, CO 09144200 0.00185 4.36x1073 2.51x1073 5.20 2

Gunnison River at 2200 384624107570701 0.00582 5.38x1073 —4.37x10™* -0.91
Bridge at Austin, CO

North Fork Gunnison River 09136100 0.00144 0.00312 1.68 x1073 3.47 4
above mouth near
Lazear, CO

Gunnison River above 384527108152701 0.0127 0.0176 4.95x1073 10.3 5
Escalante Creek near
Delta, CO

Gunnison River at Delta, CO 09144250 0.0471 0.0503 0.00316 6.53 6

Gunnison River above 384617108022901 0.0426 0.0406 —0.0020 —4.2 7
Hartland Ditch near
North Delta, CO

Gunnison River near 09137500 0.0400 0.0294 —0.0106 -21.9 8
Cory, CO

Roubideau Creek at mouth 09150500 8.58 x10* 2.98x1073 2.12 x1073 4.39 9
near Delta, CO

Uncompahgre River at 09149500 0.00140 0.0135 0.0121 25.1 10
Delta, CO

Loutzenhizer Arroyo below 383946107595301 0.102 0.0646 —0.037 =77.5 11
N. River Rd. near
Delta, CO

West tributary of 383250107540301 0.243 0.131 —-0.112 -231 12
Loutzenhizer Arroyo at
Ida Rd.

Montrose Arroyo at East 382802107513301 0.343 0.0847 —0.258 =535 13
Niagara St.

Montrose Arroyo at 6700 Rd.  382711107500501 0.0133 0.0433 0.03000 62.2 14

Montrose Arroyo at 6750 382702107493701 0.00709 0.0227 0.0156 323 15
and Ogden Roads

Uncompahgre River at 09147500 8.09 x10# 1.24x1073 4.30 x10™ 0.89 16
Colona, CO

Uncompahgre River near 09146200 0.00178 1.24x1073 —5.44 x10# =113 17
Ridgway, CO

Uncompahgre River near 09146020 0.00160 1.24x1073 —3.64 x10™ —-0.75 18

Ouray, CO




The highest salinity yields are predicted along the lower
part of the Uncompahgre River and the lower part of the
Gunnison River upstream from Delta, Colorado, similar to the
irrigated lands distribution. North of the main-stem Gunnison
River and northeast of Delta and along the North Fork
Gunnison River at and downstream from Paonia, Colorado, an
area of low to moderate yields was predicted (both areas are
irrigated and associated with marine shales). Salinity yields
ranged from 0.00667 to 6.564 tons per year per acre. The
highest salinity yields, greater than about 5.0 tons per year per
acre, are predicted on the western side of the Uncompahgre
River upstream from Delta, an area with a high density of
irrigated land.

The selenium yield map was similar to the salinity yield
map, but the highest predicted selenium yields were somewhat
more confined to the eastern side of the lower Uncompahgre
River and south of the Gunnison River near the confluence
with the Uncompahgre River at Delta. Selenium yields ranged
from 2.6888 x 10-1% to 0.000445 pounds per day per acre.

The highest predicted yields, greater than 0.0003 pounds per
day per acre, were in the area downstream from Montrose,
Colorado, on the eastern side of the Uncompahgre River.

As with salinity yields, areas of slightly higher selenium
yields were predicted north of the main-stem Gunnison River
and northeast of Delta and along the North Fork Gunnison
River at and downstream from Paonia (both are irrigated
areas associated with marine shales). These predicted higher
selenium yield areas conform well to the areas of high
selenium leaching potential.

The salinity and selenium yield maps generally agree
with maps produced by the previous MLR models for the
lower Gunnison River Basin. Verification of the salinity and
selenium yield rasters was done to evaluate error or bias
introduced into the prediction rasters by the EBK process.
Comparisons of yield residuals for selected subbasin areas
show that annual salinity and selenium yields calculated
from the prediction raster compare relatively well with yields
derived from measured annual loads at USGS streamgages
considered to be representative of those subbasins. Additional
field measurements, for example, measurements made during
a synoptic study, could provide a better dataset to test model
performance.. Interbasin load transfers may account for
some of the larger differences between predicted yield and
measured yield.
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