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Conversion Factors

Sl to Inch/Pound

Multiply By To obtain
Length
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Area
square meter (m?) 0.0002471 acre
hectare (ha) 2.471 acre
hectare (ha) 0.003861 square mile (mi?)
square kilometer (km?) 0.3861 square mile (mi?)
Volume
liter (L) 0.2642 gallon (gal)
Flow rate
meter per day (m/d) 3.281 foot per day (ft/d)
cubi.c meter per second per square 91.49 cubic foot per second per square mile
kilometer [(m?/s)/km?] [(ft}/s)/mi?]
Mass
milligram (g) 0.00003527 ounce, avoirdupois (0z)
kilogram (kg) 2.205 pound avoirdupois (1b)
Hydraulic conductivity
meter per day (m/d) 3.281 foot per day (ft/d)
Inch/Pound to SI
Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 4,047 square meter (m?)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m?)
cubic foot (ft?) 0.02832 cubic meter (m?)
acre-foot (acre-ft) 1,233 cubic meter (m?)
Flow rate
acre-foot per day (acre-ft/d) 0.01427 cubic meter per second (m*/s)
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m?/yr)
foot per second (ft/s) 0.3048 meter per second (m/s)
cubic foot per day (ft*/d) 0.02832 cubic meter per day (m?/d)
gallon per day (gal/d) 0.003785 cubic meter per day (m3/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m*/s)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

vii
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Conversion Factors—continued

Inch/Pound to SI
Multiply By To obtain
Mass
ton per year (ton/yr) 0.9072 metric ton per year
Radioactivity
picocurie per liter (pCi/L) 0.037 becquerel per liter (Bq/L)

Specific capacity

gallon per minute per foot

[(gal/min)/f)] 0.2070 liter per second per meter [(L/s)/m]
Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day (m/d)
Hydraulic gradient
foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)
Transmissivity*
foot squared per day (ft*/d) 0.09290 meter squared per day (m%d)

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

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

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

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

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



Abbreviations Used in this Report

AMLE
Ca2+
CDA
CDWR
CDPHE
CDSS
CERCLA

Cl-
cwacc
CSUFC
DS
FORTRAN
ft¥/s
HCO,
HSU
IQR

K+

LAD
LARVR
LOADEST
LOWESS
MCL
meq/L
mg/L
Ha/L
uS/cm
MgZ+
MLE
Na*
NWIS
QA/ac
r2

RCRA
SC
Se0,?
S0~
S0
STORET

t/d

t/yr
USEPA
USGS
WWTF
WWTP

Adjusted Maximum Likelihood Estimation
calcium

Colorado Department of Agriculture

Colorado Division of Water Resources

Colorado Department of Health and Environment
Colorado Decision Support System
Comprehensive Environmental Response, Compensation,
and Liability Act

chloride

Colorado Water Quality Control Commission
Colorado State University — Fort Collins
dissolved solids

Formula Translation computer programming language
cubic feet per second

bicarbonate

hydrostratigraphic unit

interquartile range (I1QR)

potassium

Least Absolute Deviation

Lower Arkansas River Valley Research

Load Estimator Model

Locally Weighted Scatterplot Smooth

maximum contaminant level

milliequivalents per liter

milligram per liter

microgram per liter

microsiemens per centimeter

magnesium

Maximum Likelihood Estimation

sodium

USGS National Water Information System database
quality assurance and quality control

coefficient of determination

Resource Conservation and Recovery Act
specific conductance

selenite

sulfate

sulfite

U.S. Environmental Protection Agency’s Storage and
Retrieval system

tons per day

tons per year

U.S. Environmental Protection Agency

U.S. Geological Survey

waste water treatment facilities

waste water treatment plant






Occurrence and Distribution of Dissolved Solids,
Selenium, and Uranium in Groundwater and Surface
Water in the Arkansas River Basin from the Headwaters
to Coolidge, Kansas, 1970-2009

By Lisa D. Miller, Kenneth Watts, Roderick F. Ortiz, and Tamara Ivahnenko

Abstract

In 2007, the U.S. Geological Survey (USGS), in coopera-
tion with City of Aurora, Colorado Springs Utilities, Colorado
Water Conservation Board, Lower Arkansas Valley Water
Conservancy District, Pueblo Board of Water Works, South-
eastern Colorado Water Activity Enterprise, Southeastern
Colorado Water Conservancy District, and Upper Arkansas
Water Conservancy District began a retrospective evaluation
to characterize the occurrence and distribution of dissolved-
solids (DS), selenium, and uranium concentrations in ground-
water and surface water in the Arkansas River Basin based
on available water-quality data collected by several agen-
cies. This report summarizes and characterizes available DS,
dissolved-selenium, and dissolved-uranium concentrations in
groundwater and surface water for 1970-2009 and describes
DS, dissolved-selenium, and dissolved-uranium loads in sur-
face water along the main-stem Arkansas River and selected
tributary and diversion sites from the headwaters near Lead-
ville, Colorado, to the USGS 07137500 Arkansas River near
Coolidge, Kansas (Ark Coolidge), streamgage, a drainage area
of 25,410 square miles.

Dissolved-solids concentrations varied spatially in
groundwater and surface water in the Arkansas River Basin.
Dissolved-solids concentrations in groundwater from Qua-
ternary alluvial, glacial drift, and wind-laid deposits (HSU 1)
increased downgradient with median values of about 220 mg/L
in the Upper Arkansas subbasin (Arkansas River Basin from
the headwaters to Pueblo Reservoir) to about 3,400 mg/L in
the Lower Arkansas subbasin (Arkansas River Basin from
John Martin Reservoir to Ark Coolidge). Dissolved-solids con-
centrations in the Arkansas River also increased substantially
in the downstream direction between the USGS 07086000
Arkansas River at Granite, Colorado (Ark Granite), and Ark
Coolidge streamgages. Based on periodic data collected from
1976-2007, median DS concentrations in the Arkansas River
ranged from about 64 mg/L at Ark Granite to about 4,060 mg/L
at Ark Coolidge representing over a 6,000 percent increase in
median DS concentrations.

Temporal variations in specific conductance values
(which are directly related to DS concentrations) and seasonal
variations in DS concentrations and loads were investigated at
selected sites in the Arkansas River from Ark Granite to Ark
Coolidge. Analyses indicated that, for the most part, specific
conductance values (surrogate for DS concentrations) have
remained relatively constant or have decreased in the Arkan-
sas River since about 1970. Dissolved-solids concentrations
in the Arkansas River were higher during the nonirrigation
season (November—February) than during the irrigation season
(March—October). Average annual DS loads, however, were
higher during the irrigation season than during the nonirriga-
tion season. Average annual DS loads during the irrigation
season were at least two times and as much as 23 times higher
than average annual DS loads during the nonirrigation season
with the largest differences occurring at sites located down-
stream from the two main-stem reservoirs at USGS 07099400
Arkansas River above Pueblo, Colorado (Ark Pueblo), (which
is below Pueblo Reservoir) and USGS 07130500 Arkansas
River below John Martin Reservoir, Colorado (Ark below
JMR).

From January 2000 through December 2006, average
annual DS loads in the Arkansas River ranged from about
18,000 tons per year (t/yr) at Ark Granite to about 303,500 t/yr
at the USGS 07109500 Arkansas River near Avondale, Colo-
rado (Ark Avondale), streamgage to about 363,800 t/yr at Ark
below JMR to about 458,400 t/yr at Ark Coolidge (includes
estimated DS load for Frontier Ditch). During this period,
about 83 percent of the average annual DS load at Ark below
JMR and about 66 percent of the average annual DS load at
Ark Coolidge can be attributed to sources upstream from Ark
Avondale.

The concentration of dissolved selenium (August 1970-
August 2008) in groundwater samples used in the analysis
ranged from less than 1 microgram per liter (ug/L) to more
than 3,700 pg/L. Concentrations of dissolved selenium
in groundwater from unconsolidated Quaternary deposits
increased downgradient from median values of about 5 pg/L
in the Upper Arkansas and Fountain Creek subbasins to
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16.2 pg/L and 14.8 pg/L in the Middle Arkansas (Arkansas
River Basin between Pueblo Reservoir and John Martin Reser-
voir) and Lower Arkansas subbasins, respectively.

The largest percent increases in dissolved-selenium
concentrations between sites in the Arkansas River occurred
between USGS 07097000 Arkansas River at Portland,
Colorado (Ark Portland), and Ark Pueblo and Ark Pueblo
and USGS 07099970 Arkansas River at Moffat Street at
Pueblo, Colorado (Ark Moffat St). Unlike DS concentrations,
dissolved-selenium concentrations and the variability in
dissolved-selenium concentrations did not increase substan-
tially in the Arkansas River between Ark Avondale and USGS
07124000 Arkansas River at Las Animas, Colorado (Ark Las
Animas). The highest instantaneous dissolved-selenium loads
in the Arkansas River were measured in the reach downstream
from the confluence with Fountain Creek to Ark Avondale.
Instantaneous dissolved-selenium loads in the Arkansas River
decreased between Ark Avondale and USGS 07119700 Arkan-
sas River at Catlin Dam near Fowler, Colorado (Ark Catlin
Dam), and then remained relatively constant in the river to Ark
Coolidge.

Concentrations of dissolved uranium (August 1970-
August 2008) in groundwater varied over about 5 orders of
magnitude from unconsolidated Quaternary deposits and
Upper Cretaceous shale and limestone in the Arkansas River
Basin in Colorado. Probabilities of exceeding 30 pug/L of
dissolved uranium in groundwater were greatest in Otero,
Kiowa, Cheyenne, and Prowers counties, where probabilities
commonly ranged from 30 to 60 percent. These areas coincide
with areas in which the lower part of the Pierre Shale and
upper part of the Niobrara Formation (suspected sources of
uranium) crop out or are directly overlain by the unconsoli-
dated Quaternary deposits.

Dissolved-uranium concentrations and the variability in
dissolved-uranium concentrations measured in the Arkansas
River typically increased in the downstream direction. Based
on data collected from 2005 through 2007, patterns in median
instantaneous dissolved-uranium loads resembled patterns
in median instantaneous streamflows in the Arkansas River
between Ark Pueblo and the USGS 07120500 Arkansas River
near Rocky Ford, Colorado (Ark Rocky Ford), streamgage.
Downstream from Ark Rocky Ford, median instantaneous
streamflows decreased; whereas, median instantancous-dis-
solved-uranium loads remained constant or increased.

Introduction

Water in the Arkansas River Basin is a valuable resource
used for agricultural, municipal, recreational, power produc-
tion, industrial, livestock, domestic, and mining purposes.
Changes in water storage, water releases, and(or) transfer of
water within or outside of the Arkansas River Basin are likely
to occur to accommodate the growing population. These
water-use changes have the potential to affect water quality

within the basin by affecting such things as the dilution of
chemicals and sediment transport. In addition to changes in
water use, land-use changes associated with urbanization and
agricultural practices also may affect water quality within the
basin. Urbanization and agricultural practices can increase
contaminant loading to groundwater and surface water and
change groundwater recharge and streamflow characteristics.
As the result of continuing water-quality concerns and recog-
nition of the importance of understanding potential effects of
changes in land and water uses throughout the Arkansas River
Basin, the U.S. Geological Survey (USGS), in cooperation
with the City of Aurora, Colorado Springs Utilities, Colorado
Water Conservation Board, Lower Arkansas Valley Water
Conservancy District, Pueblo Board of Water Works, South-
eastern Colorado Water Activity Enterprise, Southeastern Col-
orado Water Conservancy District, and Upper Arkansas Water
Conservancy District, began a comprehensive basin-wide
strategy to address multiple water-quality concerns. As part of
this effort, water-quality issues within the basin were identified
and prioritized by stakeholders. The occurrence of high con-
centrations of dissolved solids (DS), selenium, and uranium in
groundwater and surface water affecting agricultural produc-
tivity, in-stream water quality and(or) drinking-water quality
in selected parts of the basin was identified as a priority water-
quality concern by stakeholders. To begin to address this con-
cern, available groundwater- and surface-water-quality data
were compiled to characterize the occurrence and distribution
of DS, dissolved-selenium, and dissolved-uranium concentra-
tions throughout the Arkansas River Basin.

Previous Studies

Groundwater and surface-water quality in the Arkansas
River Basin have been analyzed previously by numerous
investigators. Although there are no known investigations or
reports that describe basin-wide groundwater quality for the
Arkansas River Basin in Colorado, several reports describe
groundwater quality for major parts of principal aquifers in the
study area. One of the first investigations of groundwater in
the Arkansas River Basin in Colorado (Darton, 1906) pre-
sented results of chemical analyses of groundwater from wells
completed in the Dakota Sandstone. Crouch and others (1984)
reported DS concentrations in groundwater from alluvial,
basin-fill, and bedrock aquifers in the Arkansas River Basin
upstream from Pueblo, including southwestern Pueblo County.
Robson and Banta (1987) described the quality of groundwa-
ter in the deep bedrock aquifers in eastern Colorado, including
the Laramie-Fox Hills, Fort Hays-Codell, Dakota-Purgatoire,
Entrada-Dockum, Lyons, and Fountain aquifers.

In 1993, a comprehensive 3-year surface-water-quality
data-collection program was completed in the Arkansas River
Basin in Colorado (Dash and Ortiz, 1996). An assessment
of the surface-water quality in the basin was done using the
data and included analysis of DS, major ions, trace elements,
nutrients, radio-chemical constituents, pesticides, suspended



sediment, and bacteria (Ortiz and others, 1998). Gaydos (1980),
Abbott (1985), Cain (1985 and 1987), and Mueller and others
(1991) described the quality of the Arkansas River including
quality of irrigation-return flows, relations to specific con-
ductance (SC), and operation of water systems. Miles (1977)
focused on the downstream increase in salinity in the Arkansas
River. Cain and Edelmann (1980) and Cain and others (1980a)
investigated the effects of municipal and industrial wastewater
discharges to the Arkansas River near Pueblo. Mau and others
(2007) characterized water-quality and suspended-sediment
conditions in the Monument and Fountain Creek watersheds
for different flow regimes using data collected from 1981
through 2006. Various publications documenting ongoing
research by Colorado State University—Fort Collins (CSUFC)
(2009b) in the lower Arkansas River Basin are listed at Attp://
www.csuarkriver.colostate.edu/publications.html. Other
reports of county or local extent that include data and discus-
sions of groundwater and surface-water quality in the Arkan-
sas River Basin of southeastern Colorado are included in the
‘Selected References’ at the end of this report, and others are
listed in Kuzmiak and Strickland (1994).

Purpose and Scope

The purpose of this report is to (1) summarize and
characterize available DS, dissolved-selenium, and dissolved-
uranium concentration data in groundwater and surface water
in the Arkansas River Basin and (2) describe DS, dissolved-
selenium, and dissolved-uranium loads in surface water along
the main-stem Arkansas River and selected tributary and
diversion sites from the USGS 07081200 Arkansas River
near Leadville, Colorado (Ark Leadville), streamgage to
the USGS 07137500 Arkansas River near Coolidge, Kan-
sas (Ark Coolidge), streamgage (fig. 1), a drainage area of
25,410 square miles. This report uses existing groundwater
and surface-water data collected from 1970 through 2009 and
analyzed by the USGS, Colorado Division of Water Resources
(CDWR), City of Pueblo, Colorado Department of Agriculture
(CDA), Colorado State University at Fort Collins (CSUFC),
and Colorado Department of Public Health and Environment
(CDPHE).

Groundwater-quality data collected from August 1970
through August 2008 were used to characterize and describe
the spatial distribution of specific conductance (SC) values
and DS, dissolved-selenium, and dissolved-uranium concen-
trations throughout the Arkansas River Basin in Colorado.
Surface-water-quality and instantaneous-streamflow data
collected from January 1, 1976, through September 30, 2007,
were compared spatially to develop downstream profiles and
compute instantaneous dissolved-selenium and dissolved-ura-
nium loads at selected surface-water sites along the main-stem
Arkansas River and selected tributaries. Temporal trends in SC
values were evaluated at selected Arkansas River sites using
available data: SC values typically were available starting
between 1960 and 1975 to present (July, 2009) at these sites.

Introduction 3

Instantaneous water-quality data used in this report are avail-
able at attp://rmgsc.cr.usgs.gov/ewqdr/Arkansas/ (accessed
July 7, 2009). Table 1 shows surface-water-quality site names
(used in this report) and station names. Daily SC, streamflow,
and diversion data collected from January 1, 1995, through
December 31, 2006, were used to compute DS loads along
the main-stem Arkansas River and Fountain Creek. Daily SC
and streamflow data are available at http.//waterdata.usgs.
gov/nwis/dv?referred module=sw&search_criteria=search
site_no&search_criteria=site_tp_cd&submitted
form=introduction (accessed July 7, 2009). To retrieve the
daily SC and streamflow data, enter the USGS site number,
select “Streamflow, ft*/s” and “Specific conductance, water,
unfiltered, uS/cm at 25°C,” choose dates for data retrieval and
output option, and press “Submit.” Daily diversion data can be
retrieved at Attp.//cdss.state.co.us/DNN/Structures Diversions/
tabid/75/Default.aspx (accessed July 7, 2009).

Description of the Study Area

The Arkansas River originates among some of the high-
est peaks in the continental United States, flowing from the
high mountain basins onto the plains of southeastern Colo-
rado. The Arkansas River Basin in Colorado lies within the
Southern Rocky Mountains section of the Rocky Mountains
physiographic province and the Colorado Piedmont and Raton
sections of the Great Plains province (Fenneman and Johnson,
1946) (fig. 2A). The High Plains section of the Great Plains
province lies along the eastern side of the basin. Upstream
from Canon City, the Arkansas River is characterized by steep
gradient, high velocity flows that are confined to a relatively
narrow rock and cobble stream channel. Downstream from
Cafion City the river gradient decreases as the river flows out
of the mountains onto the plains. Fountain Creek, a major
tributary in the study area, flows into the Arkansas River
within the city limits of Pueblo. Downstream from Fountain
Creek, the river channel is a shifting sand channel that mean-
ders along the alluvial flood plain.

The semiarid climate of the study area is characterized
by low to moderate precipitation, substantial evaporation, low
humidity, moderate to intense winds, and a large daily range
in temperature. The mean annual precipitation in the study
area ranges from about 10 inches in parts of the eastern plains
to more than 40 inches at the crests of the highest mountains
(Abbott, 1985; Pinyon Ecology Research Group, 2007). Prior
to the advent of irrigated agriculture in the Arkansas River
Basin during the 19th century, groundwater recharge in the
basin occurred primarily from infiltration of precipitation
through the unsaturated zone and from infiltration of surface
water from losing streams. Because the area’s climate is semi-
arid, the potential for natural recharge from precipitation likely
is a small percentage of the average annual precipitation, par-
ticularly in the Great Plains part of the basin (fig. 2A). Wolock
(2003a) estimated that natural recharge in the Arkansas River
Basin varies from 0.08 in/yr near the southeastern corner of


http://www.csuarkriver.colostate.edu/publications.html
http://www.csuarkriver.colostate.edu/publications.html
http://rmgsc.cr.usgs.gov/cwqdr/Arkansas/
http://waterdata.usgs.gov/nwis/dv?referred_module=sw&search_criteria=search_site_no&search_criteria=site_tp_cd&submitted_form=introduction
http://waterdata.usgs.gov/nwis/dv?referred_module=sw&search_criteria=search_site_no&search_criteria=site_tp_cd&submitted_form=introduction
http://waterdata.usgs.gov/nwis/dv?referred_module=sw&search_criteria=search_site_no&search_criteria=site_tp_cd&submitted_form=introduction
http://waterdata.usgs.gov/nwis/dv?referred_module=sw&search_criteria=search_site_no&search_criteria=site_tp_cd&submitted_form=introduction
http://cdss.state.co.us/DNN/StructuresDiversions/tabid/75/Default.aspx
http://cdss.state.co.us/DNN/StructuresDiversions/tabid/75/Default.aspx
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Table 1. Surface-water-quality site names and station names for the Arkansas River Basin.

Introduction

[USGS, U.S. Geological Survey; CDPHE, Colorado Department of Health and Environment; Site names are presented in alphabetical order for ease of use]

Site Name' Station Name?

Adobe Creek USGS 380506103183801 Adobe Creek at Highway 194 near Las Animas, Colorado
Apishapa River USGS 380715103564701 Apishapa River at Highway 50 near Fowler, Colorado
Ark 10-A USGS 381534104333201 Arkansas River site 10-A, Colorado

Ark Avondale USGS 07109500 Arkansas River near Avondale, Colorado

Ark Baxter USGS 381530104294600 M-37 Arkansas River at Baxter, Colorado

Ark below IMR USGS 07130500 Arkansas River below John Martin Reservoir, Colorado

Ark Buena Vista USGS 07087200 Arkansas River at Buena Vista, Colorado

Ark Canon City USGS 07096000 Arkansas River at Canon City, Colorado

Ark Catlin Dam USGS 07119700 Arkansas River at Catlin Dam near Fowler, Colorado

Ark Coolidge USGS 07137500 Arkansas River near Coolidge, Kansas

Ark Hwy 227 USGS 381510104350601 Arkansas River below Highway 227 at Pueblo, Colorado
Ark Granite USGS 07086000 Arkansas River at Granite, Colorado

Ark Las Animas USGS 07124000 Arkansas River at Las Animas, Colorado

Ark La Junta USGS 07123000 Arkansas River at La Junta, Colorado

Ark Leadville USGS 07081200 Arkansas River near Leadville, Colorado

Ark Malta USGS 07083700 Arkansas River near Malta, Colorado

Ark Moffat St USGS 07099970 Arkansas River at Moffat Street at Pueblo, Colorado

Ark Nathop USGS 07091200 Arkansas River near Nathrop, Colorado

Ark Nepesta USGS 07117000 Arkansas River near Nepesta, Colorado

Ark Parkdale USGS 07094500 Arkansas River near Parkdale, Colorado

Ark Portland USGS 07097000 Arkansas River at Portland, Colorado

Ark Pueblo USGS 07099400 Arkansas River above Pueblo, Colorado

Ark Rocky Ford USGS 07120500 Arkansas River near Rocky Ford, Colorado

Ark Salida USGS 07091500 Arkansas River at Salida, Colorado

Ark Wellsville USGS 07093700 Arkansas River near Wellsville, Colorado

Chicosa Creek USGS 07117600 Chicosa Creek near Fowler, Colorado

Crooked Arroyo USGS 375955103351201 Crooked Arroyo at Highway 50 near La Junta, Colorado
Fnt 4th Street CDPHE 7360 Fountain Creek at 4th Street Bridge, Colorado

Fnt Ab Little Fnt USGS 07105905 Fountain Creek above Little Fountain Creek, below Fountain, Colorado
Fnt Circle Drive USGS 07105533 Fountain Creek at Circle Drive below Colorado Springs, Colorado
Fnt Co Springs USGS 07105500 Fountain Creek at Colorado Springs, Colorado

Fnt Fountain USGS 07106000 Fountain Creek near Fountain, Colorado

Fnt Hwy 47 CDPHE 7350 Fountain Creek at Highway 47, Colorado

Fnt blw Janitell USGS 07105530 Fountain Creek below Janitell Road below Colorado Springs, Colorado
Fnt Mouth USGS 381515104351900 Fountain Creek at mouth near Pueblo, Colorado

Fnt Pinon USGS 07106300 Fountain Creek near Pinon, Colorado

Fnt Pueblo USGS 07106500 Fountain Creek at Pueblo, Colorado

Fnt Security USGS 07105800 Fountain Creek at Security, Colorado

Horse Creek USGS 380421103193101 Horse Creek at Mouth near Las Animas, Colorado
Huerfano River USGS 07116500 Huerfano River near Boone, Colorado

Pueblo WWTP USGS 381522104342100 Pueblo Wastewater Treatment Plant Outfall, Colorado
Purgatoire River USGS 07128500 Purgatoire River near Las Animas, Colorado

Salt Creek USGS 381530104333200 CF&I Steel Corp. Outfall site, Colorado

Sixmile Creek USGS 07110000 Sixmile Creek near Avondale, Colorado

St. Charles River USGS 07108900 St. Charles River at Vineland, Colorado

Timpas Creek USGS 380111103382101 Timpas Creek at Highway 50 at Swink, Colorado

Wild Horse Creek USGS 381628104381700 Wild Horse Creek at Mouth at Pueblo, Colorado

1 Site names are abbreviated station names used in the report.
2 Abbreviation at the beginning of the station name indicates which agency operates the site.
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the study area to 17.5 in/yr along the crests of the mountains
in Lake County (fig. 3).

By the mid-1880s, the waters of the Arkansas River
and its tributaries were fully appropriated (all surface water
claimed by water rights) for normal or average years (Abbott,
1985), and in areas in which surface water was diverted for
irrigation, infiltration of irrigation water from canals and
fields became a primary source of groundwater recharge. In
2003, the estimated irrigated area in the Arkansas River Valley
between Pueblo and the Colorado-Kansas State line was about
316,978 acres, of which 102,381 acres was fallow (Colorado
Decision Support System, 2008).

Streamflow in the Arkansas River exhibits considerable
seasonal variability with the majority of the total annual
streamflow resulting from snowmelt runoff in the Rocky
Mountains at the western boundary of the study area. Pueblo
Reservoir near Pueblo (fig. 1) is the first main-stem reservoir
on the Arkansas River and controls the release of stored water
to the predominantly agricultural river valley downstream.
Water is stored in Pueblo Reservoir under numerous programs
for a variety of reasons (flood control, irrigation, public water
supply, and others). The Winter-Water Storage Program seems
to effect streamflow in the Arkansas River between Pueblo
Reservoir and John Martin Reservoir more than the other
programs. Under the Winter-Water Storage Program, water is
stored in Pueblo Reservoir from November 15 to March 15 of
each year (Southeastern Colorado Water Conservancy Dis-
trict, 2010). The program allows downstream irrigation-canal
companies to store their direct-flow water in the reservoir for
release in the spring or late summer when streamflow in the
river may not be sufficient for irrigation needs. For nearly 120
miles downstream from Pueblo Reservoir, water from the river
is diverted through a network of irrigation canals and applied
and reapplied to grow crops in the valley. Ultimately, the river
flows into John Martin Reservoir near Las Animas which, in
turn, regulates the streamflow for downstream uses. Storage
decreases substantially in both reservoirs by the end of the
growing season because of decreased inflow and large down-
stream demands for irrigation water.

Most of the towns and cities in the Arkansas River Basin
are located along the river corridor. Pueblo is the largest
population center on the main stem of the Arkansas River with
a population of more than 103,000 people. Colorado Springs,
with a population of more than 372,000 people, is the largest
city within the study area and is located 40 miles north of
Pueblo on Fountain Creek in El Paso County. El Paso County,
the most populated county within the study area, has a popula-
tion of more than 596,000 people (http://quickfacts.census.
gov/qfd/states/08/0816000.html, accessed July 1, 2009).

Hydrogeologic Setting

The diverse suite of rocks in the Arkansas River Basin
includes Precambrian granites and metamorphic rocks;
Paleozoic, Mesozoic (Cretaceous, Jurassic, and Triassic), and
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Cenozoic (Tertiary) sedimentary rocks; Tertiary extrusive and
intrusive igneous and volcaniclastic rocks; and unconsoli-
dated Quaternary alluvial, wind-laid sand or silt, and glacial
(drift) deposits (fig. 2B). The principal confining unit in the
Great Plains portion of the Arkansas River Basin in Colorado
consists of a thick sequence of Upper Cretaceous shale and
limestone, which Jorgensen and others (1996) referred to as
the Great Plains confining system. The Great Plains confining
system was removed by erosion in an area along and southeast
of the Purgatoire River valley from about 20 miles east of
Trinidad, Colorado, to the confluence of the Purgatoire River
with the Arkansas River at John Martin Reservoir (figs. 1 and 2B).

For purposes of discussion, the Arkansas River Basin
was divided into four subbasins in this report as shown in
figure 1. The first subbasin (Upper Arkansas) extends from
the headwaters of the Arkansas River to Pueblo Reservoir,
the second subbasin from Pueblo Reservoir to John Martin
Reservoir (Middle Arkansas), the third subbasin (Fountain
Creek) includes Fountain Creek from the headwaters to the
confluence with the Arkansas River, and the final subbasin
(Lower Arkansas) extends from John Martin Reservoir to Ark
Coolidge (fig. 1).

The principal water-bearing hydrostratigraphic units
(aquifers) in the Arkansas River Basin in Colorado include
valley-fill aquifers, along the Arkansas River and Fountain
Creek valleys; upland-alluvial aquifers, north of the Arkansas
River in the Colorado Piedmont section; basin-fill aquifers
in faulted basins in Chaffee, Custer, and Lake Counties; the
Denver Basin aquifers; the Raton Basin aquifers; and the
Dakota-Purgatoire aquifer (Topper and others, 2003). The
Dakota-Purgatoire aquifer also is referred to as the Dakota-
Cheyenne aquifer (Robson and Banta, 1987) and as the Maha
and Apishapa aquifers (Jorgensen and others, 1996). Other
Mesozoic and Paleozoic sedimentary rocks, and Tertiary
igneous, and Cambrian and Precambrian igneous and meta-
morphic rocks locally are important aquifers but generally few
hydrologic and water-quality data are available for them. Table
2 presents the gross lithologic characteristics of the time-
stratigraphic units and definitions of the hydrostratigraphic
units used in this report to classify sources of groundwater to
wells and springs, and lists the numbers of wells, springs, and
test holes with water-quality data, considered in this report, by
hydrostratigraphic unit. The generalized geology, the distribu-
tion of hydrostratigraphic units, at the land surface (fig. 2B),
is modified from the digital geologic map of Colorado (Green,
1992).

Hydrostratigraphic unit is defined as a body of rock with
considerable lateral extent that acts as a reasonably distinct
hydrologic system (Maxey, 1964). Hydrostratigraphic unit 1
(HSU 1) consists of Quaternary alluvial and wind-laid depos-
its (valley-fill and upland-alluvial aquifers) in the Middle and
Lower Arkansas subbasins and includes Quaternary glacial
deposits in the Upper Arkansas subbasin (figs. 1 and 2B). In
the Upper Arkansas subbasin, in Chaffee, Custer, and Lake
Counties, Quaternary alluvium along streams, alluvial-terrace
and alluvial-fan deposits, and glacial outwash and till, overlie


http://quickfacts.census.gov/qfd/states/08/0816000.html
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Table 2. Hydrostratigraphic units and numbers of wells, springs, and test holes with water-quality analyses, Arkansas River Basin, Colorado, August 1970 through

August 2008.

[*Hydrostratigraphic unit numbers are used to indicate sources of groundwater samples for figures 6-9 and 17. ?Indicates an aquifer that includes strata spans the Tertiary-Cretaceous

time-stratigrphic boundary.]

Time-stratigraphic unit Hydrostratigraphic units Hydrostratigraphic' Aquifers Wells Springs Test holes
(rock types) unit number
Unconsolidated alluvial, glacial .
Quaternary drift, and wind-laid deposits 1 Alluvial 1,414 65 9
Sandstone and conglomerate 2 Basin-fill 320 68 3
Denver Basin -- Dawson, Denver,
. . and Arapaho?; and Raton Basin
Tertiary Siltstone, mudstone, shale, and coal 3 —- Huerfano, Poison Canyon, and 41 12 0
Raton?
Extrusive and intrusive igneous rocks 4 20 49 0
Denver Basin -- Arapaho? and Lara-
Sandstone, shale, and coal 5 mie-Fox Hills; and Raton Basin 100 4 3
Cretaceous, Upper -- Raton?, Vermejo, and Trinidad
Shale and limestone 6 Fort Hays-Codell 758 111 1
Cretaceous, Lower Sandstone with shale 7 Dakota-Purgatoire 400 101
Sandstone and conglomerate 8 Entrada-Dockum 9 2 0
Jurassic-Triassic
Mudstone, shale, and siltstone 9 62 19 0
Sandstone and conglomerate 10 Lyons and Fountain 13 25 0
Paleozoic, undifferentiated
Shale, limestone, and dolomite 11 6 6 0
Cambrian and Precambrian Igneous and metamorphic (crystalline) rocks 12 18 98 0

uonanpouj
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Tertiary sedimentary rocks (HSU 3) that were deposited in

the fault-controlled basins bounded by Precambrian crystal-
line rocks (HSU 12) and Paleozoic sedimentary rocks (HSU
11) (fig. 2B). In the Middle and Lower Arkansas subbasins,
the valley floors of the Arkansas River and Fountain Creek

are underlain by alluvium that was deposited in valleys that
are eroded into Cretaceous shale (HSU 6), limestone (HSU

6), and sandstone (HSU 5). These valley-fill deposits consist
of unconsolidated Quaternary stream alluvium and alluvial-
terrace deposits along the Arkansas River and Fountain Creek
(figs. 1 and 2B). The upland-alluvial aquifers consist of uncon-
solidated Quaternary alluvial and alluvial-terrace deposits in
upland areas and the wind-laid sands that commonly overlay
them (fig. 2B). The alluvial and alluvial-terrace deposits in the
valley-fill and upland-alluvial aquifers consist of mixtures of
gravel, sand, silt, and clay that were eroded from the moun-
tains and from sedimentary rocks within the Great Plains (fig.
2A and 2B). In the Colorado Piedmont section, 3-12 meters
(about 10-40 feet) of wind-laid sand typically covers the
upland alluvial deposits (Madole and others, 2005). Alluvial
aquifers in the Raton section are limited in extent. Hurr and
Moore (1972) and Nelson and others (1989a, 1989b, 1989c)
present maps showing hydrogeologic characteristics of the
Arkansas River valley-fill aquifer, downstream from Pueblo to
the Colorado-Kansas State line. Radell and others (1994) pres-
ent maps showing hydrogeologic characteristics of part of the
Fountain Creek valley-fill aquifer between Colorado Springs
and Fountain, Colo.

Methods of Investigation

Various data sets used in the analyses were obtained
from the USGS, CDWR, City of Pueblo, CDA, CSUFC, and
CDPHE. Before 1990, USGS water-quality data were col-
lected and processed using standard USGS techniques and
procedures (U.S. Geological Survey, 1977). Dash and Ortiz
(1996) describe methods of data collection and analysis
used to collect USGS water-quality data from 1990 through
1993; the same or similar methods and analysis described by
Sylvester and others (1990) and Ward and Harr (1990) were
used by the USGS to collect and process water-quality data in
the Arkansas River Basin throughout the 1990s. Water-quality
data collected by the USGS since 1999 were collected using
procedures documented in the USGS National Field Manual
(variously dated) and Wagner and others (2006). USGS water-
quality samples were analyzed using procedures documented
in Fishman and Friedman (1985), Faires (1993), Fishman
(1993), Garbarino (1999), and Garbarino and others (2006).
Descriptions of the type and quantity of data provided by
or available from each agency and information on sampling
protocols and quality assurance and quality control (QA/QC)
protocols (if available) are provided in the Appendix 1 at the
end of this report.

Classification of Hydrostratigraphic Units for
Groundwater Sites

Identification of the source of a groundwater sample
collected from a well or spring (the hydrostratigraphic unit
from which the groundwater sample was collected) is useful in
interpreting the quality of groundwater and in understanding
groundwater flow paths. A generalized classification of hydro-
stratigraphic units (aquifers and confining units) based on
generalized time-stratigraphic units from the digital geologic
map of Colorado (Green, 1992) is used in this report. Because
the aquifer or hydrostratigraphic unit was not reported for the
majority of groundwater sites (wells, springs, and test holes),
hydrostratigraphic units were estimated for 3,079 of the 3,737
groundwater sites, rather than disregard the water-quality data
for those sites. The contributing hydrostratigraphic unit for a
site was estimated, based on the well (or test hole) location
and reported depth, the hydrostratigraphic units and depths of
nearby wells, and hydrogeologic maps (Coffin and Horr, 1967,
Hurr and Moore, 1972; Cain and others, 1980b; Robson and
Romero, 1981; Robson and others, 1981a; and Robson and
others, 1981b; Robson and Banta, 1987; Nelson and others,
1989a, 19890, and 1989c; Radell and others, 1994; and Watts,
2006). The contributing hydrostratigraphic unit for a well
with a reported depth was estimated by comparing its depth
with the depths and associated aquifers of nearby wells or
with depths estimated from geologic and hydrogeologic maps.
When well depth and the aquifer were not reported, the con-
tributing hydrostratigraphic unit was assumed to be the same
as that of nearby wells or, if there were no nearby wells, the
mapped geologic unit at the surface (fig. 2B). Springs without
an identified source were assigned a hydrostratigraphic unit
based on the spring location and the mapped geologic unit at
the surface (fig. 2B).

Computation of Dissolved-Solids Concentrations

Most DS concentration data used in the analyses in
this report were measured as residual on evaporation at 180
degrees Celsius. However, DS concentrations were not pro-
vided by CSUFC; therefore, DS concentrations were calcu-
lated as the sum of constituents for each sample (major cations
and anions). Seven ions [bicarbonate (HCO,), calcium (Ca?**),
chloride (CI), magnesium (Mg?"), potassium (K*), sodium
(Na*), and sulfate (SO,*)] make up about 95 percent of DS in
groundwater (Runnells, 1993; Herczeg and Edmunds, 1999).
An ion balance was done for quality-assurance purposes.
Concentrations of the major cations and anions, in milligrams
per liter (mg/L), were converted to values expressed in mil-
liequivalents per liter (meg/L) using conversion factors from
Hem (1985, table 9). If the difference between the sum of the
cations and the sum of the anions was greater than 5 percent
of the sum of the cations plus the sum of the anions divided by
two, the DS concentration was not used in this analysis.



lllustrations Used to Summarize and Display
Spatial Variability of Constituent Concentrations

Boxplots, bar graphs, and maps are used in this report to
depict the variability of selected water-quality characteristics.
For groundwater, boxplots of constituent concentrations and
SC values are presented to show the variability of quality
within the basin and for selected categorical variables, such
as geographic area and hydrostratigraphic unit. Bar graphs
are used to show the spatial variability in concentrations.
Maps are used to show the distribution of sites with selected
water-quality characteristics, spatial variability in constitu-
ent concentrations, and the probability of dissolved-uranium
concentrations greater than 30 pg/L (the maximum contami-
nant level for drinking water (U.S. Environmental Protection

(10)

Methods of Investigation 1"

Agency, 2003a)) in groundwater. Boxplots and bar graphs of
concentrations, streamflow, and constituent loads are pre-
sented to show the spatial variability of these characteristics in
surface water within the Arkansas River, Fountain Creek, and
selected tributaries.

Boxplots were generated to show simple graphical sum-
maries of selected data sets (that is constituent concentrations
and constituent loads). An example of a boxplot is shown
in figure 4. The upper horizontal line of the box is the 75th
percentile or upper quartile (75 percent of the data are less
than this value). The horizontal line within the box represents
the median value (50 percent of the data are greater than this
value and 50 percent of the data are less than this value). The
lower horizontal line of the box is the 25th percentile or lower
quartile (25 percent of the data are less than this value). The

Interquartile range (IQR) <
(difference between 25th and 75th percentiles)

Figure 4. Explanation of a boxplot.

<«— Number of samples
Outlier value
(greater than 3 times the IQR)
Outside value
(greater than 1.5 times the IQR)
Upper tail
(less than or equal to 1.5 times the IQR)
<«— 7bth percentile
50th percentil_e
(median or middle value)
<«— 2bth percentile
Lower tail

(less than or equal to 1.5 times the IQR)
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interquartile range (IQR) contains the values between the 25th
and 75th percentiles and is the difference between the 25th
and 75th percentiles. The bottom of the vertical line on the
boxplot is the smallest value within 1.5 times the IQR of the
box. The top of the vertical line on the boxplot is the largest
value within 1.5 times the IQR of the box. Outside values are
greater than 1.5 times the IQR from the box and outlier values
are greater than 3 times the IQR from the box.

Statistical Analyses

Statistical analyses used in this report include (1) com-
putation of minimum, median, and maximum constituent
concentrations, (2) evaluation of temporal variations using
the Locally Weighted Scatterplot Smooth (LOWESS) tech-
nique, (3) the nonparametric Kruskal-Wallis test, and (4) linear
regression techniques. Statistical techniques used in DS load
computations are described in the following section of the
report.

To evaluate temporal variations in SC values (surrogate
for DS concentrations) in surface water at selected sites in
the Arkansas River, instantaneous measurements of SC and
streamflow were analyzed by using the LOWESS smoothing
technique. The smoothing technique LOWESS describes the
relation, in this case, between specific conductance and time
and(or) between streamflow and time without assuming linear-
ity or normality of the residuals (Helsel and Hirsch, 1992).

The nonparametric Kruskal-Wallis test was used to
determine whether there were statistical differences between
median concentrations of selenium at selected sites (SYSTAT
Software, Inc., 2004). Nonparametric analysis allows the
user to analyze data without assuming an underlying distribu-
tion. For the purpose of this analysis, the Kruskal-Wallis null
hypothesis assumed that the medians of the data groups (that
is the median selenium concentrations at the selected sites)
were identical. The alternate hypothesis assumed that at least
one median differed from the others. The probability value
(p-value) is the probability of rejecting the null hypothesis if
it is true. A p-value of less than 0.05 was used in this report to
indicate if a statistical test was significant.

Specific conductance can be determined in the field
using relatively inexpensive equipment and often is used as
a surrogate for or to estimate DS concentrations. Specific
conductance has been measured more frequently than DS
at most water-quality sites in the Arkansas River Basin and
found to be highly correlated with DS concentrations (Ortiz
and others, 1998). Simple linear-regression relations were
developed between instantaneous SC (independent variable)
and DS (dependent variable) values at selected surface-water
sites using paired data measured from January 1976 through
September 2007. Simple linear regression was used to deter-
mine the best straight-line fit between two variables (one
dependent and one independent variable) and obtain a predic-
tive equation. The coefficient of determination, r-squared (r?),
is a statistical measure of how well the predictive equation

(regression line) fits the real data points. It varies between 0
and 1 and indicates the amount of variability in the depen-
dent variable described by the independent variable (that is,
an r?value of 0 indicates that there is no relation between the
dependent and independent variables; and an r? value of 1
indicates that there is a perfect relation between the dependent
and independent variables). The null hypothesis, in this case,
is that there is no relation between the dependent and inde-
pendent variables (that is, the slope of the regression line is
equal to zero). Small p-values suggest that the null hypothesis
is unlikely to be true. A p-value of less than 0.05 was used in
this report to indicate if a statistical test was significant. The
relations between SC and DS (table 3) were used to estimate
DS concentrations based on measured SC values.

Relations between SC and DS change in the Arkansas
River as it flows downstream (table 3). To explore the effect
of using SC and DS relations developed at one location to
estimate DS at another location, DS concentrations were
computed using the equations shown in table 3 for SC values
ranging from 550 to 3,000 microsiemens per centimeter (uS/
cm) at Ark Avondale, USGS 07119700 Arkansas River at Cat-
lin Dam near Fowler, Colorado (Ark Catlin Dam), and USGS
07124000 Arkansas River at Las Animas, Colorado (Ark Las
Animas). Percent differences in DS concentrations ranged
from 0.2 to 3.4 percent between Ark Avondale and Ark Catlin
Dam and from 0.05 to 6.1 percent between Ark Catlin Dam to
Ark Las Animas. Therefore, estimates of DS concentrations in
the Arkansas River at canal headgates between Ark Avondale
and Ark Las Animas may range from about 0.2 percent to 6.1
percent higher or lower than the actual value.

Computation of Dissolved-Solids Loads

Dissolved-solids loads were computed in three different
ways depending on the type and quantity of data available at
each site. First, at sites having continuous daily mean SC and
streamflow data, daily mean DS concentrations were estimated
using relations developed between instantaneous SC and DS
(shown in table 3) and then multiplied by daily mean stream-
flow to obtain daily mean DS loads. Second, at selected canals
(diverting water from the main-stem Arkansas River between
Pueblo Reservoir and John Martin Reservoir) with daily
mean diversion data but no daily mean SC data, daily mean
SC values were estimated using relations developed between
instantaneous SC measured in the canal near the headgate or in
the river near the diversion point and daily mean SC measured
at a nearby Arkansas River continuous water-quality site. The
relation developed between instantaneous SC and DS in the
Arkansas River at the site was used to compute daily mean
DS concentrations in the canal. For example, instantaneous
SC values measured at the Colorado Canal diversion were
linearly related to daily mean SC values measured at the Ark
Avondale site. Daily mean SC values were computed for the
Colorado Canal using this relation (Colorado Canal SC =1.1*
Ark at Avondale SC, r?=0.95). Then the relation developed
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Table 3. Relations between specific-conductance values and dissolved-solids concentrations in surface water at selected sites
in the Arkansas River Basin from Granite, Colorado, to Coolidge, Kansas, 1976-2007.

[N, number of values; DS, dissolved-solids concentration in milligrams per liter; SC, specific conductance in microsiemens per centimeter at 25 degrees
Celsius; r-squared, coefficient of determination; p-value, probability value; <, less than]

Site number Site name N Equation r-squared p-value
07086000 Ark Granite 41 DS =0.6728 * SC - 8.4362 0.91 <0.0005
07096000 Ark Canon City 40 2DS = 0.6096 * SC - 6.0311 0.92 <0.0005
07097000 Ark Portland 165 2DS = 0.6426 * SC - 6.7052 0.95 <0.0005
07099400 Ark Pueblo 56 DS =0.7213 * SC - 38.816 0.94 <0.0005
07106000 Fnt Fountain 20 DS =0.7186 * SC - 56.053 0.99 <0.0005
07106500 Fnt Pueblo 40 DS =0.7701* SC - 98.323 0.98 <0.0005
07108900 St. Charles River 19 DS =0.9717 * SC - 174.3 0.99 <0.0005
07109500 Ark Avondale 55 DS =0.793 * SC - 89.256 0.98 <0.0005
07116500 Huerfano River® 54 2DS = 0.9371 * SC +167.89 0.93 <0.0005
07119500 Apishapa River® 13 DS =0.9609 * SC - 259.69 0.98 <0.0005
07119700 Ark Catlin Dam 58 DS =0.8652 * SC - 145.43 0.98 <0.0005
07121500 Timpas Creek* 18 DS =0.9527 * SC - 280.28 0.98 <0.0005
HRC194CO Horse Creek® 24 DS =0.9474 * SC - 313.09 0.99 <0.0005
07124000 Ark Las Animas 50 DS =0.9126 * SC - 230.95 0.95 <0.0005
07128500 Purgatoire River 39 DS =1.033 * SC - 420.487 0.99 <0.0005
07130500 Ark below JMR 90 2DS =0.8457 * SC - 101.2 0.97 <0.0005
07137500 Ark Coolidge 116 DS =0.9152 * SC - 9.3173 0.90 <0.0005

! Only dissolved-solids concentrations determined by residual on evaporation at 180 degrees Celsius used to develop the relation between dissolved
solids and specific conductance.

2 Dissolved-solids concentrations determined by residual on evaporation at 180 degrees Celsius and sum of constituents were used to develop the
relation between dissolved solids and specific conductance.

% Relation between specific-conductance values and dissolved-solids concentrations at Apishapa River at Highway 50 near Fowler (USGS Site Num-
ber 380715103564701) site used to estimate dissolved-solids concentrations at site 07119500.

4 Relation between specific-conductance values and dissolved-solids concentrations at Timpas Creek at Highway 50 at Swink (USGS Site Number
380111103382101) site used to estimate dissolved-solids concentrations at site 07121500.

® Specific-conductance values and dissolved-solids concentrations at Horse Creek at Mouth near Las Animas (USGS Site Number 380421103193101)
and Horse Creek near Las Animas (USGS Site Number 07123675) used to develop relation between specific-conductance values and dissolved-solids
concentration at Colorado Divison of Water Resources streamgage site HRC194CO.

& Specific-conductance values and dissolved-solids concentrations from USGS and Colorado Department of Public Health and Environment were
used to develop relation between specific-conductance values and dissolved-solids concentration at the site.
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between instantaneous SC and DS at the Ark Avondale site
(DS =[(SC*0.793) — 89.256]: r> = 0.98 shown in table 3) was
used to compute daily mean DS at the Colorado Canal diver-
sion. These daily mean DS concentrations were multiplied by
the daily mean diversions measured at the canal headgate to
obtain the daily mean DS load in the canal. Third, at tributary
sites with daily mean streamflow data but no daily mean SC
measurements, a load estimator model (LOADEST) was used
to estimate the average daily mean DS loads from 1995-2006.
LOADEST is a FORTRAN program for estimating constituent
loads in streams and rivers using a time series of streamflow,
additional data variables, and measured constituent concentra-
tions (Runkel and others, 2004). For the purposes of this anal-
ysis, daily mean streamflow and miscellaneous measurements
of DS were input into the LOADEST program to compute

DS loads at the tributary sites. Because far more SC measure-
ments were made at the tributary sites than DS measurements,
additional DS concentrations were estimated using relations
developed between paired measurements of SC and DS (table
3) at the tributary sites. This was done to increase the number
of DS values in the concentration input data set and improve
model performance.

Calibration and estimation procedures within LOAD-
EST are based on three methods: (1) Adjusted Maximum
Likelihood Estimation (AMLE), (2) Maximum Likelihood
Estimation (MLE), and (3) Least Absolute Deviation (LAD)
(Runkel and others, 2004). The AMLE method was used to
estimate DS loads at the selected tributary sites in this report.
The AMLE and MLE methods assume that the model residu-
als are normally distributed. The probability plot correlation
coefficients computed by the model were near one, indicat-
ing that the assumption of normality was valid (Vogel, 1986;
Vogel and McMartin, 1991). When the data set is uncensored
(that is values are greater than the reporting level) the AMLE
converges to MLE. Only uncensored values were used in this
analysis; and the AMLE and MLE converged and produced
the same results.

The mean DS load computed by LOADEST was adjusted
to account for zero flow days at Huerfano River and Horse
Creek. Zero flow days were removed from the streamflow time
series input file, and the model was run. The mean DS load
output by LOADEST was adjusted by multiplying the mean
DS load by the ratio of the number of days with streamflow
greater than zero to total number of days in the computation
period.

Indicator Kriging

Indicator kriging, as implemented in ESRI® Arc-
Map™ version 9.2 (Environmental Systems Research, Inc.,
1999-2006) was used to predict probabilities of exceeding
threshold values for concentrations of dissolved uranium in
groundwater. It is a method of interpolation which predicts
unknown values from data observed at known locations.
Indicator kriging is done using indicator variables of measured

data rather than the measured data. An indicator variable is a
transformation of the measured data (uranium concentration
in this analysis) and has two possible values: 0 or 1. Uranium
concentrations less than or equal to 30 ug/L were assigned a
value of 0, and uranium concentrations greater than 30 pg/L
were assigned a value of 1. Interpolated estimates range from
0 to 1; and, as used in this report, represent the probability that
the value is greater than a threshold value. Two advantages of
indicator kriging are that a normal (statistical) distribution of
data is not required and that censored values (less than values)
are not excluded from analyses (Bossong and others, 1999).

Quality Assurance and Quality Control

No new data were collected as part of this analysis. Data
used in this analysis were compiled from various sources.
Each data set was plotted to check for outliers and compared
to data collected by other agencies in the surrounding area to
verify that the range in concentrations was reasonable prior to
inclusion. In addition, if data were available, cation and anion
balances were computed for each sample. The sample results
were excluded from the analysis if the cation and anion bal-
ance varied by more than 5 percent. However, most data used
in the analysis were obtained from the USGS and have been
reviewed for accuracy and published in various annual data
reports (U.S. Geological Survey, 1976-2006, U.S. Geological
Survey, 2007 and U.S. Geological Survey, 2008c).

Occurrence and Distribution of
Dissolved Solids, Selenium, and
Uranium in Groundwater and Surface
Water in the Arkansas River Basin
from the Headwaters to Coolidge,
Kansas

Dissolved-solids, selenium, and uranium concentrations
in groundwater and surface water are influenced by natural
hydrogeologic and anthropogenic factors associated with
land- and water-use practices. In the following sections of the
report: (1) sources of DS, selenium, and uranium in the Arkan-
sas River Basin, (2) groundwater and surface-water data used
in the analyses; and (3) the occurrence and distribution of DS,
dissolved selenium, and dissolved uranium are discussed.

Sources of Dissolved Solids in the Arkansas
River Basin

Dissolved solids in water are the net effect of a series
of antecedent chemical reactions that dissolve material
from another phase, alter previously dissolved components,
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or eliminate them from solution by precipitation or other
processes (Hem, 1985). The source of most dissolved ions
(solids) in water is the mineral assemblage in rocks near the
land surface. As rocks are weathered, water flowing across
and through rocks will dissolve soluble minerals and chemi-
cally react with other minerals, releasing dissolved ions to

the water. Most rocks are complex mixtures of minerals that
differ widely in their solubility in water; however, except for
the evaporites (halite, gypsum, and anhydrite are common
evaporite minerals), most minerals are not readily soluble
(Hem, 1985). In addition to mineral sources of DS, connate
water (water trapped in the pores of a rock during formation
of the rock) can contribute DS to groundwater and surface
water. Dissolved solids also concentrate in water as a result of
evapotranspiration from crops and other vegetation, evapora-
tion from canals and reservoirs, and evaporation from the land
surface.

The Precambrian igneous and metamorphic (crystalline)
rocks in the Upper Arkansas River Basin, where not affected
by mine drainage, do not contribute substantial DS concentra-
tions to groundwater or surface water. Typically, in the Upper
Arkansas River Basin, where the crystalline rocks crop out,
DS concentrations in groundwater are less than 200 mg/L and
predominantly consist of calcium and bicarbonate. Dissolved-
solids concentrations in streams draining the crystalline rocks
and in transmountain diversions are generally less than 100
mg/L. The sedimentary rocks in the Lower and Middle Arkan-
sas and Fountain Creek drainage basins (particularly the Upper
Cretaceous rocks of marine origin including the Pierre Shale,
Niobrara Formation, Carlile Shale, Greenhorn Limestone, and
Graneros Shale) are a principal source of DS in groundwa-
ter and surface water in the Arkansas River Basin. Tourtelot
(1962) compared the composition of unweathered Pierre
Shale with soil that was derived from residual weathered
Pierre Shale and found that sulfides in unweathered shale were
oxidized to sulfates during weathering, likely concentrated
by evaporation of soil moisture, and precipitated as soluble
sulfate minerals in the soil. A generalized order of increas-
ing contribution of DS concentrations for common rocks in
the Arkansas River Basin is crystalline rocks, sandstone and
conglomerate, dolomite, limestone, shale, and evaporite (Hem,
1985).

Dissolved-solids concentrations in groundwater from
alluvial aquifers (HSU 1) upstream from Pueblo ranged from
6.5 to 1,030 mg/L, generally with increasing concentrations in
the direction of groundwater flow (Crouch and others, 1984).
Dissolved-solids concentrations in groundwater from thick
basin-fill aquifers (HSU 2) in Chaffee, Custer, and Lake Coun-
ties ranged from 65 to 597 mg/L with the highest DS concen-
trations in groundwater in the Upper Arkansas from wells in
the Leadville area of Lake County, which were affected by
acid mine drainage (Crouch and others, 1984). Crouch and
others (1984) found that the quality of water from the Dakota-
Purgatoire aquifer was highly variable, with DS concentrations
that ranged from 126 to 3,960 mg/L; and the lowest concentra-
tions of DS from the Dakota-Purgatoire aquifer occurred near

outcrop areas of the Dakota Sandstone. In eastern Colorado,
DS concentrations in groundwater ranged from 200 to 4,000
mg/L in the Laramie-Fox Hills aquifer (HSU 3), from less than
500 to more than 6,000 mg/L in the Fort Hays-Codell aquifer
(HSU 6), from 200 to 31,900 mg/L in the Dakota-Purgatoire
aquifer (HSU 7), from 250 to more than 5,000 mg/L in the
Lyons aquifer (HSU 10), and from 200 to 500 mg/L in the
Fountain aquifer (HSU 10) near its outcrop along the moun-
tain front (Robson and Banta, 1987).

In general, groundwater quality is better in aquifers that
are recharged by precipitation than in aquifers recharged by
irrigation water in the Arkansas River Basin, because DS
concentrations in precipitation are typically lower than DS
concentrations in irrigation waters. Stream-aquifer interaction
and irrigation likely affect groundwater quality. Irrigation in
stream-aquifer systems, like those in the Fountain Creek and
Arkansas River valleys, can increase the DS concentration in
groundwater and in surface water because part of the irriga-
tion water is consumed by evapotranspiration (consumptive
use), leaving behind salts in the soil or increased DS in the
unconsumed water, or some in both. Additional minerals
in the soil and aquifer also may dissolve as the water flows
through the soil and unsaturated zone and into and through the
aquifer. Eventually, when groundwater returns to the stream
as base flow, it can be diverted again for irrigation; and the
cycle repeats, resulting in increased concentrations of DS in
groundwater and surface water in a downstream direction
(Miles, 1977).

Sources of Selenium in the Arkansas River
Basin

Selenium is a naturally occurring trace element that can
be either beneficial or toxic to plants, animals, and humans
depending on its concentrations. Weathering and oxidative
remobilization of reduced selenium from shale and chalk can
result in selenium concentrations in water that exceed the
maximum contaminant level (MCL) in drinking water of 50
ung/L (U.S. Environmental Protection Agency, 2003a).

Sources of selenium are widely distributed throughout
the Great Plains, including the Colorado Piedmont and Raton
sections (fig. 2A) in the Arkansas River Basin in Colorado.
During the Cretaceous age there was extensive volcanic activ-
ity throughout the land mass from which Cretaceous sediments
were derived, and it is likely that much of the selenium in the
sedimentary rocks was derived from volcanic dusts and gases
(Ihnat, 1989). A summary of some of the research done during
the 1930s and 1940s concluded that “all areas of soils derived
from material of Cretaceous age are then open to suspicion of
the presence of harmful quantities of selenium” (Lakin and
Byers, 1941). The Cretaceous marine shale and limestone that
crop out throughout most of the Colorado Piedmont and the
Raton sections of the Great Plains province in the Arkansas
River Basin are a source of selenium (figs. 2A and 2B). Landis
(1959) reported selenium contents of 0.001 to 0.005 percent
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(10 to 50 pg/kg) by weight in samples of the Upper Creta-
ceous Pierre Shale and Niobrara Formation of Colorado and
Kansas; and Kulp and Pratt (2004) reported average selenium
content in core samples from the Pierre Shale and Niobrara
Formation in South Dakota and Wyoming of 0.0034 percent
(34.48 ng/kg) by weight. Elevated concentrations of selenium
in groundwater are associated with weathering of rocks, par-
ticularly the lower part of the Cretaceous Pierre Shale and the
upper part of the Niobrara Formation. Outcrops of the Pierre
Shale, Niobrara Formation (shale and limestone), and Carlile
Shale are exposed extensively in the study area. As a result,
selenium leached from the parent material could accumulate
in the soils and shallow groundwater in the study area (Muel-
ler and others, 1991). Selenium concentrations in groundwater
north of the Arkansas River alluvium in Crowley and Kiowa
Counties, Colo., frequently exceeded 10 pg/L and were as
high as 124 pg/L (Cain and others, 1980b; Mustard and Cain,
1981).

High concentrations of selenium in surface water may
indicate runoff from land underlain by marine shale and(or)
inflow from groundwater which may be compounded by
extensive application of irrigation water that can leach
selenium from the soil and underlying rock. For example,
Thomas and others (2008) in summarizing studies of selenium
in the Gunnison River Basin (Butler and others, 1991, 1996;
Wright and Butler, 1993; Butler, 2001; Butler and Leib, 2002)
reported that the variation in the magnitude of selenium con-
centration and load in streams was directly related to the appli-
cation of irrigation water on soils derived from the Mancos
Shale. The Mancos Shale is an Upper Cretaceous, massive,
and fossiliferous marine shale with interbedded sandstone,
siltstone, and devitrified volcanic ash layers, and is the lateral
equivalent to the Niobrara Formation, Cody Shale, and Pierre
Shale in Colorado, Montana, Nebraska, South Dakota, and
Wyoming (Wright and Butler, 1993).

Sources of Uranium in the Arkansas River Basin

Most natural waters contain detectable amounts of
uranium. Uranium concentrations in groundwater and sur-
face water vary greatly; the concentration of uranium in most
groundwater and surface water is less than 10 pg/L (Barker
and others, 1965). Dissolution of uranium can occur when
oxygen-rich alkaline groundwater flows through rocks con-
taining uranium. Where oxidizing conditions dominate, ura-
nium becomes soluble (Felmlee and Cadigan, 1979; Lindsey
and Clarke, 1995) and is readily transported in groundwater.
The concentration of uranium in oxidizing groundwater tends
to reach a value roughly proportional to the uranium concen-
tration in the rocks through which it flowed (Wenrich-Verbeek,
1980). In-situ mining of uranium is done by circulating an
oxygenated alkaline solution into subsurface uranium deposits
to dissolve the uranium so it can be pumped to the surface
(Pelizza, 2008). The downstream increase in alkalinity of
groundwater and surface water in the Arkansas River Valley

between Pueblo and the Colorado-Kansas State line is one of
the factors that causes a downstream increase in dissolved-
uranium concentrations in groundwater and the surface water
receiving it.

Sources of uranium are widely distributed throughout the
Arkansas River Basin and occur in all types of rocks, ranging
from Precambrian crystalline rocks to unconsolidated Quater-
nary alluvial deposits (fig. 2B). Uranium source rocks in the
basin include Precambrian-age granitic rocks in Teller County
(Pitkin and Long, 1977), Paleozoic-age redbeds (sandstone
and conglomerate) in the Sangre De Cristo Mountains in
Custer County (Lindsey and Clarke, 1995), Mesozoic-age
sedimentary rocks (Morrison Formation, Dakota Sandstone,
Niobrara Formation, and Pierre Shale), Tertiary-age allu-
vium, gravel, and tuff (consolidated volcanic ash) in western
Fremont County (Dickinson, 1981; Dickinson and Hills, 1982;
Hills and Dickinson, 1982; Hon, 1984), and Tertiary-age
intrusive rocks and volcanic ash in the Wet Mountain Valley in
Custer County (Scott and Taylor, 1975). Uranium concentra-
tions in the lower part of the Pierre Shale in the Arkansas Val-
ley generally are 0.001 percent (10 parts per million (ppm)) by
weight or less. Locally, in individual beds, uranium concentra-
tions ranged from 0.002 to 0.006 percent (20 to 60 ppm) (Lan-
dis, 1959). Surface and subsurface data indicate that the most
radioactive part of the Pierre Shale is persistent for at least
5.5 miles in Crowley County, Colo. (Landis, 1959). Zielinski
and others (1995) found that natural oxidative weathering
of uranium-bearing marine shale bedrock, leaching of shale-
derived soils, and evaporative concentration produces average
dissolved-uranium concentrations that approach or exceed 20
pg/L in surface water and shallow groundwater in southeastern
Colorado. In addition, locally extensive use and reuse of water
in the Arkansas River valley for irrigation further elevates
dissolved-uranium concentrations in irrigation return flow by
increasing the amount of water/soil and water/rock interaction
and the potential for evaporative concentration (Zielinski and
others, 1995).

Groundwater and Surface-Water Data Used to
Characterize the Occurrence and Distribution of
Dissolved Solids, Selenium, and Uranium in the
Arkansas River Basin

The occurrence and distribution of each constituent
(DS, dissolved selenium, and dissolved uranium) is discussed
separately for groundwater and surface water in the following
sections of the report.

Groundwater quality varies both spatially and temporally
within the Arkansas River Basin but generally the data are
insufficient to define that variability on a regional scale or for
multi-decadal periods. Most of the available groundwater-
quality studies have been conducted for specific areas and
aquifers and were generally for limited durations. The excep-
tions are the National Uranium Resource Evaluation (NURE)
program in the 1970s, which sampled groundwater and surface
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water nationwide at relatively high spatial density, ongoing
research of salinity and water management in the Arkansas
River Valley by Colorado State University’s Lower Arkansas
River Valley Research, and the water-quality monitoring
network operated by the CDA. Water-quality data for ground-
water in the Arkansas River Basin collected by the USGS for
water-resources investigations are available throughout the
basin but generally represent data collected at different times
for site-specific studies. Only data collected since 1970 were
compiled for this study.

The number of groundwater sites and samples used in
this analysis are summarized by data source in table 4 for the
selected water-quality characteristics. Figures 5A, 5B, and 5C
show the location of and data source for selected groundwater-
quality sites used in this analysis. Table 4 lists the data sources
and numbers of groundwater sites and samples with SC values
and concentrations of DS, dissolved selenium, and dissolved
uranium. Additional water-quality data for groundwater sites
in the study area are available from environmental investiga-
tions conducted under the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA) at
Superfund sites and under the Resource Conservation and
Recovery Act (RCRA). These data, however, are not included
in this analysis because of the potential for bias in the results
from potentially contaminated sites.

Groundwater sites were grouped according to hydro-
stratigraphic units to compare differences in water quality.
Groundwater in the alluvial aquifer (HSU 1) adjacent to the
Arkansas River and its tributaries is hydraulically connected
to surface water. Groundwater in the alluvial aquifer, in
particular, may provide base flow and is a source of solutes to
surface water or may be recharged by and possibly diluted by
surface water, depending on the direction of hydraulic gradient
between stream stage and groundwater levels. HSU 1 overlies
HSU 6 (fig. 2B) in much of the basin; as a result, groundwater
quality in HSU 1 may be affected by contact with rocks from
and interaction with groundwater in HSU 6. Groundwater-
quality results from HSU 1 and HSU 6 are discussed in greater
detail than other HSU’s in this report due to potential effects
on surface-water quality in the Arkansas River and Fountain
Creek.

For surface water, the areas of discussion are limited
to the main-stem Arkansas River from the headwaters to
Ark Coolidge, Fountain Creek, and major tributaries flow-
ing into and major canals diverting water from the Arkansas
River between Pueblo Reservoir and John Martin Reservoir.
The following discussion utilizes (1) periodic streamflow
and surface-water-quality data collected from January 1976
through September 2007 by the USGS, City of Pueblo,
CDPHE, and CSUFC (Horse Creek site only) and (2) daily
mean SC, streamflow, and diversion data collected from Janu-
ary 1995 through December 2006 by the USGS and CDWR.
In addition, available instantaneous SC and streamflow data
at selected sites on the Arkansas River were used to examine
temporal variations in SC values (surrogate for DS concentra-
tions) and streamflow. Generally, instantaneous SC values

and streamflow were measured at the selected sites beginning
between 1960 and 1975 through present (2009).

It should be noted that (1) the number of surface-water
samples analyzed for DS, selenium, and uranium varies from
site to site, (2) the sampling period varies from site to site, (3)
samples may not have been collected over a wide range of
flow regimes at all sites, and (4) uncertainty, due to measure-
ment errors and spatial and temporal variability, is associ-
ated with constituent concentrations and streamflow values.
Consequently, the variability in DS, selenium, and uranium
concentrations and instantaneous mass loads for selenium and
uranium along the main stem of the Arkansas River, Fountain
Creek, and other tributaries may not be fully represented in the
following analyses.

In the surface-water quality sections of the report,
constituent concentrations and mass loads are discussed on a
reach-by-reach basis. The first reach extends from the head-
waters of the Arkansas River to Pueblo Reservoir. The second
reach extends from Pueblo Reservoir to Ark Avondale (inset
fig. 2), the third reach includes Fountain Creek from Colorado
Springs to the confluence with the Arkansas River, and the
final reach extends from Ark Avondale to Ark Coolidge.

Dissolved Solids and Specific Conductance in
Groundwater in the Arkansas River Basin

Variability of DS concentrations in groundwater is large
in the Arkansas River Basin, ranging from about 50 to more
than 70,000 mg/L (fig. 6). Variability of DS concentrations
between and within HSUs is large, particularly for the Qua-
ternary alluvial, glacial drift, and wind-laid deposits (HSU 1),
the Upper Cretaceous shale and limestone (HSU 6), and the
Lower Cretaceous sandstone and shale (HSU 7). Dissolved-
solids concentrations in groundwater from HSU 1 increase
downgradient (fig. 7) with median values of about 220, 700,
1,700, and 3,400 mg/L in the Upper Arkansas, Fountain Creek,
Middle Arkansas, and Lower Arkansas subbasins, respectively.
Dissolved-solids concentrations in groundwater from HSU
6 also increase downgradient (fig. 7) with median values of
about 2,100, 2,300, and 3,700 mg/L in the Fountain Creek,
Middle Arkansas, and Lower Arkansas subbasins, respectively.
The relatively large down-basin increases in DS concentra-
tions in groundwater from HSU 1 likely result from two
processes: evapoconcentration of DS (due to evapotranspira-
tion from vegetation and evaporation of water from canals,
reservoirs, and the land surface) and mixing with groundwater
from HSU 6. The relative contributions from these processes
are not known. Darton (1906, p. 81) reported that DS concen-
trations in water from 29 wells completed in the Dakota Sand-
stone (HSU 7) in the Arkansas River Valley between Granada
and Pueblo ranged from 318 to 9,350 mg/L. These values are
approximately within the range of DS concentrations for
HSU 7 measured in groundwater samples collected from
1970-2008 shown in figure 6. The HSUs with the lowest
median concentrations were HSUs 3, 4, and 12, with median



Table 4. Data sources and numbers of groundwater sites and samples with concentrations of dissolved solids, dissolved selenium, dissolved uranium, and specific-
conductance values, Arkansas River Basin, Colorado, August 1970 through August 2008. [USGS, U.S. Geological Survey]

Data source Dissolved solids Specific conductance Dissolved selenium Dissolved uranium
Sites Values Sites Values Sites Values Sites Values
Colorado Department of Agriculture 0 0 159 159 0 0 0 0
City of Pueblo 23 98 22 92 21 82 0 0
Colorado State University, Fort Collins 158 8752 159 1,001 166 1,773 160 441
USGS National Uranium Resource Evaluation 0 0 2,501 2,501 0 0 2,480 2,480
USGS National Water Information System 567 707° 717 1,554 148 250 66 67
Totals 748 1,680 3,558 5,307 335 2,105 2,706 2,988

@ All dissolved-solids concentrations calculated as the sum of constituents.

> Some dissolved-solids concentrations calculated as the sum of constituents.
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Figure 5. Locations of (A) City of Pueblo, Colorado Department of Agriculture, and Colorado State University Lower Arkansas River

Valley Research, (B) U.S. Geological Survey National Water Information System, and (C) National Uranium Evaluation groundwater-
quality sites (wells, springs, and test holes) with results for one or more of selected water-quality characteristics, Arkansas River

Basin, Colorado, August 1970 through August 2008.
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Dissolved solids, selenium, and uranium in groundwater and surface water in the Arkansas River Basin, 1970-2009
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Figure 6. Median dissolved-solids concentration and specific-conductance values in groundwater by hydrostratigraphic unit and
primary lithology, Arkansas River Basin, Colorado.
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DS concentrations less than 250 mg/L (fig. 6). Because the
number of sample sites with DS results for HSUs 8-12 is
small, the variability of DS concentrations probably is under
represented in comparison with SC values for the same HSUs
(fig. 6).

Variability of SC values also is large in groundwater from
the Arkansas River Basin, ranging from about 20 to more than
50,000 uS/cm (fig. 6). Like DS, SC values had a large range
for water from HSUs 1, 6, and 7. In addition, SC values also
had a large range in groundwater from HSU 12, the Cambrian
and Precambrian crystalline rocks, with two samples having
SC values greater than 10,000 uS/cm. Cain (1985) found that
groundwater pumped from the alluvial aquifer adjacent to the
Arkansas River showed a large downstream increase in SC,
and SC in groundwater was generally higher than in the river
upstream from Lamar. However, SC values in groundwater
and in the Arkansas River were similar in the reach between
Lamar and the Colorado-Kansas State line (Cain, 1985).

Based on data used in this analysis, there is a general
increase in concentrations of DS in groundwater between
Granite and the Colorado-Kansas State line (figs. 8 and 9).
The minimum, median, and maximum DS concentrations in
groundwater from HSU 1 (unconsolidated Quaternary depos-
its) within 2 miles of the Arkansas River between Granite
and the Colorado-Kansas State line increase substantially in
the downstream direction (fig. 8). Median concentrations of
DS in groundwater increase from less than 200 mg/L in HSU
1 upstream from Nathrop to about 400 mg/L between Wells-
ville and Parkdale (fig. 8). Between Cafion City and Portland,
median DS concentrations in groundwater exceed 500 mg/L
(fig. 8) (the national secondary drinking water standard for
DS; U.S. Environmental Protection Agency, 2003b). Between
Pueblo and Avondale, median DS concentrations from HSU
1 increase to about 1,600 mg/L; between Catlin Dam and Las
Animas, they increase to about 2,000 mg/L; and downstream
from John Martin Reservoir, they increase to about 3,600 mg/L
(fig. 8). The variability in DS concentrations in groundwater
within 2 miles of the Arkansas River, as indicated by the dif-
ferences in minimum and maximum values, also increases in a
downstream direction (fig. 8).

Temporal Variations in Specific-Conductance
Values in Surface Water in the Arkansas River

Because SC values are highly correlated with DS con-
centrations in surface water in the Arkansas River Basin (see
table 3), variations in SC with time likely reflect variations in
DS with time. LOWESS curves were generated using instanta-
neous values of specific conductance and streamflow measured
at selected sites generally from 1960 through 2008; specific
conductance values measured in 1945 at Ark Las Animas were
also included in the analysis (fig. 10). Figure 10 shows LOW-
ESS curves for instantaneous SC values and streamflow over
time at USGS 07106500 Fountain Creek at Pueblo, Colorado
(Fnt Pueblo), streamgage, Ark Las Animas, and Ark Coolidge.

LOWESS curves for additional sites are shown in Appendix

2 at the end of the report. At Fnt Pueblo, the LOWESS curve
(fig. 10A) shows a general decrease in SC values from 1964 to
about 1995; whereas, figure 10D shows a general increase in
streamflows from 1964 to about 1995 at Fnt Pueblo. Specific
conductance values in Fountain Creek at Fnt Pueblo remained
relatively constant from 1995 through 2008 (fig. 10A); and,
during the same period, streamflows remained relatively
constant or decreased (fig. 10D). The LOWESS curves for SC
and streamflow at Ark Las Animas (figs. 10B and 10E) show
that, overall, SC values have decreased and streamflows have
increased. Visual inspection of the remaining LOWESS curves
shows that, for the most part, SC values in the Arkansas River
have remained relatively constant or have decreased since
about 1970 (fig. 10 and Appendix 2).

Dissolved Solids in Surface Water in the
Arkansas River Basin from Granite, Colorado, to
Coolidge, Kansas

Dissolved-solids concentrations in the Arkansas River
increased substantially in the downstream direction within
the study area. Figure 11 shows the spatial distribution of DS
concentrations in the Arkansas River from USGS 07086000
Arkansas River at Granite, Colorado (Ark Granite), to Ark
Coolidge for data collected from 1976 through 2007. Median
DS concentrations increased from about 64 mg/L at Ark
Granite to about 4,060 mg/L at Ark Coolidge (fig. 11 and table
5) representing more than a 6,000 percent increase in median
DS concentrations. Based on crop tolerances and other factors,
Ayers and Westcot (1985) report slight to moderate restrictions
for use of irrigation water with DS concentrations between 450
to 2,000 mg/L and severe restrictions in use for DS concentra-
tions greater than 2,000 mg/L. Dissolved-solids concentrations
at main-stem sites downstream from Ark Avondale generally
exceeded the secondary maximum contaminant level of 500
mg/L for DS in drinking water (U.S. Environmental Protec-
tion Agency, 2003b) and downstream from USGS 07130500
Arkansas River below John Martin Reservoir, Colorado (Ark
below JMR), concentrations generally exceeded 2,000 mg/L in
more than 50 percent of samples (fig. 11).

Dissolved-solids concentrations were higher in the
Arkansas River during the nonirrigation season (November—
February) than during the irrigation season (March—October)
(fig. 12A). However, figure 12B shows that average annual DS
loads were lower during the nonirrigation season and higher
during the irrigation season because average annual flows in
the Arkansas River (1995-2006) were at least two times higher
during the irrigation season than during the nonirrigation sea-
son at all main-stem sites (fig. 12C). Average annual DS loads
during the irrigation season were at least two times and as
much as 23 times higher than average annual DS loads during
the nonirrigation season with the largest differences occurring
at sites located immediately downstream from the two
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Table 5. Summary of dissolved-solids, dissolved-selenium, and dissolved-uranium concentrations in surface-water samples at
selected sites in the Arkansas River Basin, 1976-2007.

[USGS, U.S. Geological Survey; CDPHE, Colorado Department of Public Health and Environment; COP, City of Pueblo; N, number of samples; Min, mini-

mum value; Max, maximum value; Med, median value; mg/L, milligram per liter; pg/L, microgram per liter; <, less than; --, no data; highlighted areas, inflow

to Arkansas River]

Dissolved-solids concentration

Source Site Site
agency number name (mg/L)

N Min Mean Med Max
USGS 07081200 Ark Leadville 27 28 110 116 174
USGS 07083700 Ark Malta 3 77 96 94 116
USGS 07086000 Ark Granite 43 33 74 64 122
USGS 07087200 Ark Buena Vista 41 34 77 68 126
USGS 07091200 Ark Nathrop 25 44 81 76 131
USGS 07091500 Ark Salida 26 45 91 90 147
USGS 07093700 Ark Wellsville 41 57 105 102 163
USGS 07094500 Ark Parkdale 41 72 143 146 201
USGS 07096000 Ark Canon City 26 69 140 143 214
USGS 07097000 Ark Portland 143 95 252 254 489
USGS 07099400 Ark Pueblo 59 220 333 340 464
USGS 381628104381700 Wild Horse Creek 20 2,330 3,075 3,070 3,530
USGS 07099970 Ark Moffat St 43 210 405 390 1,190
USGS 07106500 Fnt Pueblo 42 332 846 834 1,070
USGS 381510104350601 Ark Hwy 227 24 213 468 447 766
USGS, COP 381522104342100 Pueblo WWTP 20 954 1,166 1,145 1,490
USGS 381534104333201 Ark 10-A 0 - - - -
USGS 381530104333200 Salt Creek 20 364 436 444 486
USGS 381530104294600 Ark Baxter 0 - -- - --
USGS 07108900 St. Charles River 21 242 1,521 1,800 2,450
USGS 07109500 Ark Avondale 56 279 565 553 983
USGS 07110000 Sixmile Creek 0 - -- - --
USGS 07116500 Huerfano River 12 774 3,159 2,770 5,640
USGS 07117000 Ark Nepesta 25 348 599 590 1,080
USGS 07117600 Chicosa Creek 1 2,360 2,360 2,360 2,360
USGS 380715103564701 Apishapa River 13 586 1,385 1,280 2,190
USGS 07119700 Ark Catlin Dam 60 371 726 691 1,480
USGS 07120500 Ark Rocky Ford 36 365 952 830 1,780
USGS 380111103382101 Timpas Creek 18 692 1,473 1,400 2,890
USGS 375955103351201 Crooked Arroyo 0 - -- - --
USGS 07123000 Ark La Junta 37 465 1,335 1,210 2,140
USGS 380421103193101 Horse Creek 13 2,110 3,247 3,390 4,130
USGS 380506103183801 Adobe Creek 0 -- -- -- --
USGS 07124000 Ark Las Animas 51 567 1,797 1,850 3,210
USGS 07128500 Purgatoire River 39 774 3,074 3,340 5,010
USGS 07130500 Ark Below IMR 40 1,090 1,969 2,080 2,490
USGS 07137500 Ark Coolidge 119 1,020 3,570 4,060 4,610
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Table 5. Summary of dissolved-solids, dissolved-selenium, and dissolved-uranium concentrations in surface-water samples at
selected sites in the Arkansas River Basin, 1976-2007.—Continued.

[USGS, U.S. Geological Survey; CDPHE, Colorado Department of Public Health and Environment; COP, City of Pueblo; N, number of samples; Min, mini-
mum value; Max, maximum value; Med, median value; pg/L, milligram per liter; pg/L, microgram per liter; <, less than; --, no data; highlighted areas, inflow to
Arkansas River]

Dissolved-selenium concentration Dissolved-uranium concentration
Source
agency _ (ng/L) : (ng/L)

N Min Mean Med Max N Min Mean Med Max
USGS 0 - - -- -- 0 - - - -
USGS 1 <1 <1 <1 <1 0 -- -- -- -
USGS 3 <1 <1 <1 <1 0 - - - -
USGS 8 <1 <1 <1 <1 8 <1 <1 <1 6.0
USGS 2 <1 <1 <1 <1 0 - - -- --
USGS 3 <1 <1 <1 <1 0 - - - -
USGS 8 <1 <1 <1 <1 8 <1 2.9 2.0 7.0
USGS 22 <1 <1 <1 1.0 21 <1 3.8 4.0 8.0
USGS 0 -- -- - - 0 -- -- -- --
USGS 94 <1 1.3 1.0 5.0 12 1.0 4.7 45 8.7
USGS 50 <2 3.4 3.0 7.0 16 3.2 4.9 5.0 8.9
USGS 26 362 509 515 754 11 18.6 39.5 423 62.0
USGS 70 <1 10.4 7.0 93.4 11 3.9 7.6 6.2 24.5
USGS 119 1.0 18.1 15.0 116 16 2.6 8.5 7.2 21.4
USGS 3 6.0 9.3 11.0 11.0 0 - - - -
USGS, COP 24 9.0 17.2 16.0 30.4 10 6.5 9.4 9.2 134
USGS 36 4.0 12.0 11.5 23.0 0 -- - - --
USGS 18 4.0 7.7 6.0 16.0 10 5.4 6.9 7.2 7.9
USGS 17 5.0 9.5 8.0 16.0 0 -- -- -- --
USGS 12 2.7 26.3 26.0 53.9 12 2.1 15.9 17.6 27.6
USGS 51 <1 10.0 9.0 34.0 16 4.1 7.1 6.7 12.2
USGS 15 8.0 12.4 12.0 16.0 0 -- -- -- --
USGS 15 2.0 17.5 15.0 47.0 0 -- -- -- -
USGS 4 3.0 6.2 7.0 8.0 2 7.6 9.8 9.8 12.0
USGS 15 6.0 125 12.0 22.0 0 -- -- -- --
USGS 15 5.0 19.5 20.0 32.0 0 - - - -
USGS 71 4.0 10.2 10.6 23.0 35 5.0 8.9 7.7 18.6
USGS 32 4.0 9.9 9.4 16.9 30 5.7 12.7 10.9 22.8
USGS 15 7.0 16.1 16.0 27.0 0 -- -- -- --
USGS 15 9.0 12.3 11.0 21.0 0 - -- - -
USGS 29 4.5 12.2 115 19.0 12 6.6 19.7 22.2 324
USGS 15 5.0 11.0 11.0 17.0 1 55.0 55.0 55.0 55.0
USGS 15 4.0 1.7 7.0 15.0 0 - - - -
USGS 52 4.0 11.2 11.0 18.0 16 7.7 20.3 15.2 36.0
USGS 15 2.0 4.4 4.0 7.0 1 38.0 38.0 38.0 38.0
USGS 33 2.0 6.5 7.0 11.0 5 11.0 21.0 22.0 29.0
USGS 77 4.0 18.3 18.0 35.0 1 33.0 33.0 33.0 33.0




T T T T T T T T T T T T T T T T 1T 017
(119)
4,000 — | —
o
=
:
> (51)
=
=
g 3,000 — 1
§ L
z
= (40)
)
=
E (37)
zZ
g
8 2,000 —— (36) i —
8
3 (60)
g X
> (43)
(] National secondary standard for drinking wate
@ (U.SI. Environmen?gl Protecrtion ;\g:;nc:/,%(\;‘({mb; o (25) |
e 1,000 — —
(24)
(143) (59)
(43) (41) (25) (26) (41) (41) (26) % % g I? 1
xe‘b\e\e'd \\1\6\6\6\6 4
@0\ %ﬁ\c" ,5{(\‘0 fz}i i <‘>'i 0(\0\ 06")0 Q\>e‘,° o,{\?’,&% 'L'L\‘O(\égeqe‘”‘”&\\(\()o\d?o‘\/ N (\\d‘?’ 3@?\ &

Figure 11.

EXPLANATION

(10)
¢]

*

|

IR
(Interquartile range)

-—

-—

—

—

Number of samples

Outlier value
(greater than 3 times the IQR)

Outside value
(greater than 1.5 times the IQR)

Upper tail
(less than or equal to 1.5 times
the IQR)

75% percentile

50th percentile
(Median or middle value)

25" percentile

Lower tail

(less than or equal to 1.5 times
the IQR)

Spatial distribution of dissolved-solids concentrations in the Arkansas River from Granite, Colorado, to Coolidge, Kansas, 1976-2007.

8z

6002-0£61 ‘UISeq 1aA1y sesuedly ay} Ul 18)eM 89eLNS pue Jajempunolh ul wniuen pue ‘Wniuajas ‘sp1jos paajossiq



Occurrence and Distribution of Dissolved Solids, Selenium, and Uranium 29

2,500
o - A 3 lIrrigation
w — i .
wnE B 3 Nonirrigation
A3
o B
8 w 2,000 (— p—
2o B
o= _
> B
= - —
0 1,500 [—
iE
— 2 L
<2
R B —
Z 2 1,000 —
2
'_ -
w E:( L
8 |
oz 500 [—
w
S O
<z -
. - m
(&)
o 1 1 1 1 1 1 1
550,000 [
a - B Bl Annual
< 500,000 — 3 Irrigation
9 - 1 Nonirrigation
p L
X2 L
D 400,000 |-
wn —
J
i -
) L
s¢ -
O 300,000 (—
v w
oo B
L L
(a] > B
-
<° B
> F 200,000 —
zZ -
2 -
< L
w -
2 100,000 |-
P L
g L
h - I—l_\
0 J_l_ 1 1 1 1 1 1 I
1,200
N C =3 Irrigation
- ] 3 Nonirrigation
> 1,000 —
= e
o9 -
<§( 8 800 [ — —
w -
|D_: w - —
n g B
= 600 |—
S -
= r __
<O -
w o 400 —
[Gps] -
< O -
< 200 —
0 C _‘ 1 1 1 _‘ 1 1 1 1 _l
- S S
o o 3o \,e‘o\o e o W« N
et © o Q RS N pe o
S & o N a ° \2° 2
e s e N N ¢
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main-stem reservoirs at Ark Pueblo (below Pueblo Reservoir)
and Ark below JMR (fig. 12B).

Estimates of DS loads were computed between Ark
Granite and Ark below JMR for 8 main-stem Arkansas River
sites, 8 tributary sites, 13 canal sites, and Pueblo Waste Water
Treatment Plant (WWTP) discharge from January 1995
through December 2006. During this period, average annual
DS loads in the Arkansas River increased by about 366 percent
between the USGS 07096000 Arkansas River at Cafion City,
Colorado (Ark Cafion City), streamgage and Ark Avondale
going from about 82,700 tons per year (t/yr) at Ark Cafion City
to about 385,300 t/yr at Ark Avondale (fig. 12B). Between
Ark Avondale and Ark below JMR, average annual DS loads
(1995-2006) in the Arkansas River increased by about 30 per-
cent from about 385,300 t/yr at Ark Avondale to about 502,500
t/yr at Ark below JMR (fig. 12B).

Because daily SC records were not available until June
1999 at Ark Coolidge, average DS loads were computed
from January 2000 through December 2006 at the main-stem
Arkansas River sites to compare DS loads within the study
area. Figure 13B shows that, from January 2000 through
December 2006, average DS loads ranged from about 18,000
t/yr at Ark Granite to about 303,500 t/yr at Ark Avondale to
about 363,800 t/yr at Ark below JMR to about 458,400 t/yr
at Ark Coolidge (includes estimated DS load from Frontier
Ditch). During this period, about 83 percent (Ark Avondale
DS load divided by the Ark below JMR DS load multiplied
by 100) of the average annual DS load at Ark below JMR
and about 66 percent of the average annual DS load at Ark
Coolidge can be attributed to sources upstream from Ark
Avondale.

Dissolved-solids loads at main-stem sites are influenced
by streamflow and large increases in DS concentration. For
the most part, upstream from Ark below JMR profiles of DS
loads resemble profiles of streamflow (figs. 12B, 12C, 13B,
13C), that is, DS loads increase as streamflow increases and
decrease as large amounts of water are diverted from the river.
However, downstream from Ark below JMR, streamflow
decreases and DS loads increase due to the sharp increase in
DS concentrations in the river (fig. 13A—C). Although DS
concentrations at most tributary sites were relatively high in
comparison to those observed in the river, the contribution of
mass by the tributaries was relatively small. Fountain Creek,
Huerfano River, Timpas Creek, and the Purgatoire River were
the only tributaries to contribute more than 100 tons per day
(t/d) (3,650 t/yr) of DS. Not only were DS loads variable
spatially in the river but also temporally. From 1995 through
2006, annual DS loads at USGS 07097000 Arkansas River at
Portland, Colorado (Ark Portland), ranged from about 67,100
t/yr (2002) to 234,700 t/yr (1995), and at Ark below JMR, they
ranged from 183,200 t/yr (2003) to 982,500 t/yr (1999).

Dissolved-Solids Concentrations and Loads in the Upper
Arkansas River

Median DS concentrations in the Upper Arkansas River
ranged from 64 milligrams per liter (mg/L) at Ark Granite to
254 mg/L at Ark Portland (table 5). Dissolved solids concen-
trations increased gradually between Ark Granite and USGS
07094500 Arkansas River near Parkdale, Colorado (Ark
Parkdale), and then remained relatively constant in the river
between Ark Parkdale and Ark Cafion City (fig. 11). However,
in the 16-mile reach between Ark Cafion City and Ark Port-
land, median DS concentrations increased by about 78 percent
(fig. 11). This increase in DS concentrations is attributed to
changes in geology and chemical composition of rocks and
increased irrigation return flows (Cain, 1987; Miles, 1977).

In the Upper Arkansas, DS loads were computed at the
Ark Granite, Ark Cafion City, and Ark Portland sites and the
Minnequa Canal headgate. The Minnequa Canal diverts water
from the Arkansas River about 6 mi downstream from Ark
Cafion City. From January 1995 through December 2006,
average annual DS loads ranged from about 22,800 t/yr at
Ark Granite to about 82,700 t/yr at Ark Cafion City to about
142,000 t/yr at Ark Portland (fig. 12B). During the same
period, the Minnequa Canal diverted an average of about
18,700 t/yr of DS from the river between Cafion City and
Portland. Other smaller diversions also remove water from the
river but were not included in the analysis. From 1995 through
2006, more than half of the average annual DS load at Ark
Portland (an average of about 78,000 t/yr of DS [(142,000 +
18,700) — 82,700]) entered the Arkansas River between Ark
Cafion City and Ark Portland.

Dissolved-Solids Concentrations and Loads in the
Arkansas River from Pueblo Reservoir to Avondale

In the Arkansas River between the USGS 07099400
Arkansas River above Pueblo, Colorado (Ark Pueblo), and
Ark Avondale streamgages, median DS concentrations
increased by about 63 percent from 340 to 553 mg/L (fig. 11 and
table 5). Wild Horse Creek, Fountain Creek, Pueblo WWTP,
Salt Creek, and St. Charles River discharge water into the
Arkansas River between these two sites. Median DS concen-
trations in these waters were at least 1.5 times greater than
concentrations in the river with the exception of Salt Creek,
which had a median DS concentration similar to the Arkansas
River (table 5).

Average annual DS loads (1995-2006) ranged from
about 159,900 t/yr at Ark Pueblo to about 385,300 t/yr at Ark
Avondale (fig. 12B). During this period, about 41.5 percent of
the average annual DS load at Ark Avondale can be attributed
to sources upstream from Ark Pueblo. The remaining 58.5
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percent of the average annual DS load at Ark Avondale can be
attributed to sources entering the Arkansas River between Ark
Pueblo and Ark Avondale. It was estimated that about 35.9
percent of the average annual DS load at Ark Avondale (1995-
2006) came from Fountain Creek, about 7.5 percent from St.
Charles River, about 6.7 percent from Salt Creek, about 5.4
percent from Pueblo WWTP discharge, and the remaining 3
percent from inflow from ungaged tributaries or groundwater.
It should be noted that daily discharge data were not available
for Salt Creek. Most of the streamflow in Salt Creek comes
from discharge from the steel mill near the mouth. An average
daily discharge of 60 cubic feet per second (ft3/s) was assumed
based on average monthly discharge in 1992, 1997, and 2002
from the steel mill (Jeff Clark, U.S. Environmental Protection
Agency, Database Administrator, written commun., 2006) and
instantaneous discharge measurements made when samples
were collected at the site. In addition, daily DS values were
not available for Salt Creek and Pueblo WWTP discharges.
Daily DS loads for Salt Creek were computed by multiply-
ing the average DS concentration in samples collected at the
USGS 381530104333200 CF&I Steel Corp. Outfall, Colorado,
site (Salt Creek) by the estimated average daily flow. Daily
DS loads for the Pueblo WWTP were determined by multiply-
ing the average DS concentration in samples collected at the
WWTP discharge by the daily flow measured by the City of
Pueblo.

Dissolved-Solids Concentrations and Loads in Fountain
Creek

Dissolved-solids concentrations were measured at USGS
07106000 Fountain Creek near Fountain, Colorado (Fnt
Fountain), beginning in 2004 and at Fnt Pueblo, periodically
from 1984-1993 and from December 2003 through 2007. The
median DS concentration (for the common period of record
December 2003 through 2007) at Fnt Fountain was 612 mg/L
and at Fnt Pueblo was 792 mg/L (table 6). Table 6 shows
a summary of SC values and DS, dissolved-selenium, and
dissolved-uranium concentrations measured in Fountain Creek
at selected sites from January 1995 through September 2007.
Because very few surface-water-quality samples have been
analyzed for DS in Fountain Creek, miscellaneous measure-
ments of SC made from January 1995 through September
2007 were used to approximate the probable DS concentration
profile along Fountain Creek (fig. 14). Specific-conductance
values increased in Fountain Creek in the downstream direc-
tion (fig.14). Increases in SC values between USGS 07105500
Fountain Creek at Colorado Springs, Colorado (Fnt Colorado
Springs) and USGS 07105530 Fountain Creek below Janitell
Road below Colorado Springs, Colorado (Fnt blw Janitell) are
most likely due to inflow from Janitell WWTP in the reach.
Increases in SC values downstream from 07105800 Fountain
Creek at Security, Colorado (Fnt Security), are likely due to
a variety of sources including tributary inflow, wastewater
treatment facilities (WWTF) inflow, irrigation return flow, and
groundwater and surface-water interactions (fig. 14).

Dissolved-solids loads were computed for two continu-
ous-water-quality sites along Fountain Creek (Fnt Fountain
and Fnt Pueblo) for October 1999 through September 2007
due to the large amount of missing data before 1999 at the
Fnt Fountain site. The average DS load, for this period, was
about 88,700 t/yr at Fnt Fountain and about 105,500 t/yr at
Fnt Pueblo. During this period, Fountain Creek gained about
16,800 t/yr (DS load at Fnt Pueblo minus DS load at Fnt
Fountain) of DS between Fnt Fountain and Fnt Pueblo. It was
determined, by dividing the change in the average annual DS
load between Fnt Fountain and Fnt Pueblo (16,800 t/yr) by
the average DS load at Fnt Pueblo (105,500), that about 16
percent of the average DS load at Fnt Pueblo can be attrib-
uted to sources entering the creek between Fnt Fountain and
Fnt Pueblo. Most of the agriculture along Fountain Creek
occurs downstream from Fnt Fountain and may contribute to
some of the increase in DS loads in this reach. The remain-
ing 84 percent of the average DS load at Fnt Pueblo (October
1999 through September 2007) can be attributed to sources
upstream from Fnt Fountain.

Dissolved-Solids Concentrations and Loads in the Arkan-
sas River from Avondale to Coolidge

In the Arkansas River between the Ark Avondale and
Ark Coolidge sites, median DS concentrations increased from
553 to 4,060 mg/L (table 5). Not only did DS concentrations
increased in the Arkansas River between Ark Avondale and
Ark Coolidge (fig. 11), but also the variability in DS con-
centrations increased (as indicated by the difference between
minimum and maximum values at a given site) with the excep-
tion of Ark below JMR where DS concentrations are probably
effected by mixing in the John Martin Reservoir, which is
immediately upstream from the site. A simplified schematic of
the major inflows and outflows (canal diversions) between Ark
Avondale and Ark Las Animas is shown in figure 15. The larg-
est percentage increase in median DS concentrations between
Pueblo Reservoir and John Martin Reservoir occurred between
USGS 07120500 Arkansas River near Rocky Ford, Colorado
(Ark Rocky Ford), and USGS 07123000 Arkansas River at La
Junta, Colorado (Ark La Junta), where median DS concentra-
tions increased by about 46 percent (fig. 11). Downstream
from John Martin Reservoir, median DS concentrations in the
Arkansas River increased by about 95 percent between Ark
below JMR and Ark Coolidge (fig. 11 and table 5).

To estimate the approximate amount of ungaged inflow
to the Arkansas River between Ark Avondale and Ark Las
Animas, a water balance was done using average inflows
and outflows from 1995 through 2006. Average inflows and
outflows were only computed at stream and canal sites with
continuous flow data. It should be noted that estimates of
inflows and outflows and DS loads are possibly affected by
errors associated with measurements of streamflow and con-
stituent concentrations and application of regression equations
to estimate DS concentrations from SC values. In the 33-mile
reach between Ark Avondale and Ark Catlin Dam, the river
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Figure 14. Spatial distribution of specific-conductance values at selected sites in Fountain Creek, Colorado, 1995-2007.

wniueln pue ‘wniuajas ‘sp1jos Panjossiq JO uonNqLSIq pue 8suainaa(g

€€



Table 6. Summary of specific-conductance values and dissolved-solids, dissolved-selenium, and dissolved-uranium concentrations in surface-water samples at
selected sites in Fountain Creek, Colorado, 1995-2007.

[USGS, U.S. Geological Survey; CDPHE, Colorado Department of Public Health and Environment; COP, City of Pueblo; N, number of samples; Min, minimum value; Max, maximum value;
Med, median value; uS/cm, microSiemens per centimeter at 25°C; mg/L, milligram per liter; pg/L, microgram per liter; <, less than; --, no data; *, indicates that one sample concentration was
reported as measured but not quantified and that the sample was not used to compute summary statistics]

ve

Specific conductance (1S/cm) Dissolved solids (mg/L)' Dissolved selenium (ug/L) Dissolved uranium (ug/L)

Data source Site number Site name N Min Mean Med Max N Min Mean Med Max N Min Mean Med Max N Min Mean Med Max
USGS 07105500 FntCo Springs 426 185 625 642 1240 0 - - - 99 <05 46 40 140 0 - - - -
USGS 07105530 Fntblw Janitell 205 163 674 717 1,010 0  -- - - 84 10 39 40 80 0o - - - -
USGS 07105533 FntCircle Drive 32 379 688 737 868 0 - - - 0 - - - - 1 34 34 34 34
USGS 07105800 FntSecurity 346 239 732 765 1070 0  -- - - 70~ 16 47 40 100 0 - - - -
USGS 07105905 FntAbLittle Fnt 32 494 892 930 1,120 0  -- - - 29 30 45 40 80 0 - - - -
USGS 07106000 FntFountain 146 503 933 955 1,150 20 316 605 612 755 49 15 64 70 100 0 - - - -
USGS 07106300 Fnt Pinon 237 458 981 1020 1,280 0 - - - 56 18 6.1 60 100 0 - - - -
CDPHE, COP 7350 Fnt Hwy 47 - - - - - (O - - 20 29 116 75 628 0 - - - -
USGS 07106500 Fnt Pueblo 243 526 1,169 1180 2230 16 332 802 792 1020 94 45 175 150 1160 10 26 62 65 83
CDPHE 7360 Fnt 4th Street - - - - 0 - - - 53 71 193 170 770 0 - - - -
USGS, CDPHE, Fnt Mouth 28 782 104 1110 1630 0 - ~ -~ 48 69 177 150 960 0 - - - -
coP 7390, 381515104351900

1 Summary statistics for dissolved solids were computed using data collected from December 2003 through Decemzz.
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gained an average of about 97 ft¥/s of flow from ungaged
sources. In the 60-mile reach between Ark Catlin Dam and
Ark Las Animas, the river gained an average of about 205 ft%/s
of flow. These gains may be attributed to irrigation-return flow
(groundwater and(or) surface water) and inflow from ungaged
tributaries. The average DS concentrations in the ungaged
flow entering the river between Ark Avondale and Ark Catlin
Dam and Ark Catlin Dam and Ark Las Animas were estimated
by dividing the ungaged DS load by the ungaged inflow in
each reach. Between Ark Avondale and Ark Catlin Dam, the
average DS concentration in the ungaged flow entering the
river was estimated to be about 1,250 mg/L and between Ark
Catlin Dam and Ark Las Animas about 2,034 mg/L. These
estimated DS concentrations in the ungaged flows were similar
to concentrations in the alluvial wells (fig. 8) near the river
and nearly twice as high as the estimated average DS concen-
trations in surface water diverted from the river by canals in
these reaches.

In the 93-mile reach between Ark Avondale and Ark Las
Animas, DS loads were computed at Ark Avondale, Ark Catlin
Dam, Ark Las Animas, Ark below JMR, four tributary sites
(Huerfano River, Apishapa River, Timpas Creek, and Horse
Creek) and 11 major canals from 1995 through 2006. Average
annual DS loads in the Arkansas River ranged from about
385,300 t/yr at Ark Avondale to about 330,300 t/yr at Ark
Las Animas (fig. 12B). During the same period, between Ark
Avondale and Ark Las Animas, an average of about 155,500
t/yr of DS were input into the river by gaged tributaries, about
740,200 t/yr of DS were diverted from the river by canals, and
about 529,700 t/yr of DS entered the river as ungaged flow.
Roughly 22 percent of the ungaged DS load enters the river
between Ark Avondale and Ark Catlin Dam and the remain-
ing 78 percent enters the river between Ark Catlin Dam and
Ark Las Animas (fig. 15). The average annual DS load at Ark
below JMR was 502,500 t/yr from 1995 through 2006.

Because daily SC records were not available until June
1999 at the Ark Coolidge site, average DS loads were com-
puted from January 2000 through December 2006 at the
main-stem Arkansas River sites to compare DS loads within
the study area (fig. 13). From January 2000 through December
2006, average annual DS loads ranged from 303,500 t/yr at Ark
Avondale to about 363,800 t/yr at Ark below JMR to about
458,400 t/yr at Ark Coolidge (includes estimated DS load for
Frontier Ditch). Frontier Ditch diverts water from the Arkan-
sas River about 2 mi west of the Colorado-Kansas State line
and from Cheyenne Creek about 0.2 mi west of the Colorado-
Kansas State line. Figure 16 shows a schematic diagram of the
Arkansas River with a summary of average dissolved-solids
loads in tons per year at selected sites and the percentage of
DS load contribution by river reach for data collected from
2000 through 2006. About 66 percent of the average annual
DS load (2000-2006) at Ark Coolidge can be attributed to
sources upstream from Ark Avondale (fig. 16).

Selenium in Groundwater in the Arkansas River
Basin

Concentrations of dissolved selenium in groundwater
were available for 2,105 samples from 335 groundwater sites
in the Arkansas River Basin for this analysis, including the fol-
lowing: (1) 166 sites in the Colorado State University’s Lower
Arkansas River Valley Research (LARVR) network, (2) 21
sites monitored for a study of selenium in Fountain Creek for
the City of Pueblo, and (3) 148 sites in NWIS (USGS National
Water Information System database) (table 4). The concentra-
tion of selenium in groundwater samples used in the analyses
presented in this report (August 1970-August 2008) ranged
less than 1 to more than 3,700 ug/L.

Seiler and others (1999), in an analysis of data collected
during 1986-1995 at 26 areas in the Western United States,
identified three factors common to irrigated areas with
elevated selenium concentrations in groundwater and surface
water: (1) proximity to a geologic source of selenium (such as
Cretaceous marine shale), (2) aridity—the ratio of free-water-
surface evaporation and mean annual precipitation, and (3)

a topographically closed basin or sink. The Arkansas River
Valley between Pueblo and the Colorado-Kansas State line is
generally underlain by seleniferous shale (source of selenium),
has a relatively high aridity index (Mueller and others, 1991),
and is virtually a closed basin because of the reuse of water for
irrigation. Mueller and others (1991) found (in their study of
water quality of the middle Arkansas River Basin in Colorado
and Kansas) that (1) the maximum selenium concentration

in the source water (for irrigation) was 5 pg/L, (2) in surface
water downstream from the irrigated area selenium concen-
trations ranged from 2 to 52 ug/L, and (3) 25 percent of the
selenium concentrations downstream from the irrigated area
were greater than 10 pg/L.

Dissolved-selenium concentrations in groundwater
from HSU 1 increased downgradient from median values
of about 5 pug/L in the Upper Arkansas and Fountain Creek
subbasins to 16.2 pug/L and 14.8 ug/L in the Middle Arkansas
and Lower Arkansas subbasins, respectively (figs. 7 and 17).
Figure 17 shows the spatial distribution of median dissolved-
selenium concentrations in groundwater from HSU 1 and
HSU 6 throughout the Arkansas River Basin in Colorado.
Dissolved-selenium concentrations in groundwater from
HSU 6 decreased downgradient with median values of 128.5,
41.4, and 24 pg/L in groundwater from HSU 6 in the Foun-
tain Creek, Middle Arkansas, and Lower Arkansas subbasins,
respectively (figs. 7 and 17).

Selenium in Surface Water in the Arkansas River
Basin

Dissolved-selenium concentrations measured in surface
water in the Arkansas River Basin (1976-2007) ranged from
less than 0.5 (table 6) to 754 ug/L (table 5). Dissolved sele-
nium was not detected in the Arkansas River upstream from
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Ark Parkdale. Between Ark Pueblo and Ark La Junta, dissolved-
selenium concentrations were generally higher in tributaries
than in the Arkansas River (fig. 18A). However, between

Ark La Junta and John Martin Reservoir, dissolved-selenium
concentrations were generally lower in tributaries than in the
Arkansas River (fig. 18A). The largest percent increases in
dissolved-selenium concentrations between sites in the Arkan-
sas River occurred between Ark Portland and Ark Pueblo and
Ark Pueblo and USGS 07099970 Arkansas River at Moffat
Street at Pueblo, Colorado (Ark Moffat St). Unlike DS con-
centrations, dissolved-selenium concentrations in the Arkansas
River did not increase substantially between Ark Avondale
and Ark Las Animas; and the variability in dissolved-selenium
concentrations was relatively constant between Ark Avondale
and Ark Las Animas (fig. 18A). The highest instantaneous
dissolved-selenium loads in the Arkansas River were mea-
sured in the reach downstream from the confluence with
Fountain Creek to Ark Avondale (fig. 18B).

Dissolved-Selenium Concentrations in the Upper
Arkansas River

Dissolved-selenium concentrations were measured in
the main-stem Arkansas River at various locations upstream
from Pueblo Reservoir by the USGS as part of comprehensive
water-quality studies in 1987 (Edelmann and others, 1991)
and 1990-1992 (Ortiz and others, 1998). Dissolved selenium
was not detected (minimum reporting level of 1pg/L) in any
sample collected from the river upstream from Ark Parkdale
during these studies. At the Ark Parkdale site, dissolved sele-
nium was detected in only 1 of 22 samples (table 5) collected
at a concentration of 1 pg/L (1981-1992). Downstream at Ark
Portland, concentrations ranged from less than 1 to 5.0 ug/L
(table 5) with a median concentration of 1.0 pg/L (94 samples
collected from 1979-1995). Instantaneous dissolved-selenium
loads were not computed for sites upstream from Pueblo Res-
ervoir due to the large number of samples with concentrations
less than the laboratory minimum reporting level.

Dissolved-Selenium Concentrations and Instantaneous
Loads in the Arkansas River from Pueblo Reservoir to
Avondale

In the reach between Ark Pueblo and Ark Avondale,
median dissolved-selenium concentrations in the Arkansas
River tripled, increasing from 3 pg/L at Ark Pueblo to 9 pg/L
at Ark Avondale (fig. 18A and table 5). Median dissolved-
selenium concentrations in the Arkansas River were generally
lower than the median dissolved-selenium concentration (16.2
pg/L) in groundwater samples from HSU1 in the Middle
Arkansas subbasin (fig. 7B). However, the median dissolved-
selenium concentrations measured in lower Fountain Creek
near the confluence with the Arkansas River and Pueblo
WWTP discharge were similar to the median concentration
measured in groundwater samples from HSU1 in the Middle
Arkansas subbasin. Median dissolved-selenium concentrations
in the river more than doubled between Ark Pueblo and Ark

Moftat St. Wild Horse Creek flows into the Arkansas River
between Ark Pueblo and Ark Moffat St. Dissolved-selenium
concentrations measured in samples from Wild Horse Creek
ranged from 362 to 754 ug/L with a median of 515 ug/L (table
5). The highest dissolved-selenium concentrations at Ark Mof-
fat St were measured during the lowest streamflows. Median
dissolved-selenium concentrations in the Arkansas River also
increased between Ark Moffat St and Ark Avondale (fig. 18A).

The Colorado Water Quality Control Commission
(CWQCC) agreed to a temporary modification to the current
acute and chronic State in-stream selenium standards in certain
reaches of the Arkansas River, Fountain Creek, and others trib-
utaries with existing concentrations of selenium that exceed
5 pg/L (Colorado Department of Public Health and Environ-
ment, 2009). The CWQCC adopted site-specific ambient-
and attainability-based underlying standards for selenium
on several segments in the Middle and Lower Arkansas, and
Fountain Creek subbasins (Colorado Department of Public
Health and Environment, 2009). Modifications to the standard
mostly occurred downstream from Pueblo Reservoir on the
Arkansas River and selected tributaries. Modified standards
ranged from just slightly more than 5 pg/L to as much as 710
pg/L for Wild Horse Creek (Colorado Department of Public
Health and Environment, 2009).

In the reach between Ark Pueblo and Ark Avondale the
spatial changes observed in instantaneous-selenium loads were
mostly driven by streamflow (fig. 18B). Instantaneous-selenium
loads in the tributaries were rather small in comparison to the
instantaneous-selenium loads in the Arkansas River (fig. 18B),
because streamflows in the tributaries were generally much
smaller than in the Arkansas River. However, selenium loads
from some tributaries appear to effect selenium loads in the
Arkansas River, particularly during lower streamflows. For
example, figure 18B shows an increase in the 25th percentile
and median instantaneous-selenium loads between Ark Pueblo
and Ark Moffat St probably as a result of selenium loading
from Wild Horse Creek. The median dissolved-selenium con-
centrations at Ark Pueblo and Wild Horse Creek and the aver-
age instantaneous streamflow from Wild Horse Creek were
used to estimate the relative contribution from Wild Horse
Creek to the selenium load at Ark Moffat St under various
streamflow conditions in the Arkansas River. It was estimated
that Wild Horse Creek may contribute more than 50 percent
of the dissolved-selenium load in the Arkansas River at Ark
Moffat St when streamflows in the Arkansas River are less
than about 300 ft¥/s. However, the effects of inflow from Wild
Horse Creek at Ark Moffat St decrease as streamflows in the
Arkansas River increase; and, in addition, the effects of inflow
from Wild Horse Creek decrease as the Arkansas River flows
downstream and other sources contribute to the selenium load.

Instantaneous dissolved-selenium loads, for the most
part, more than doubled in the reach between Ark Moffat St
and Ark Avondale (fig. 18B). In this reach, selenium loads
from Fountain Creek, Pueblo WWTP, Salt Creek, and St.
Charles River flow into the Arkansas River. Based on com-
parisons of median instantaneous dissolved-selenium loads
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in the Arkansas River and tributaries between Ark Moffat St
and Ark Avondale, about 45 percent of the median instan-
taneous dissolved-selenium load at Ark Avondale can be
attributed to sources upstream from Ark Moffat St, about 31
percent to Fountain Creek inflow, about 4 percent to Pueblo
WWTP inflow, and the remaining 20 percent of the median
instantaneous dissolved-selenium load at Ark Avondale can be
attributed to other tributary inflow (Salt Creek and St. Charles
River) and additional ungaged sources. The highest instanta-
neous dissolved-selenium loads in the Arkansas River were
measured in the reach downstream from the confluence with
Fountain Creek to Ark Avondale (fig. 18B).

Dissolved-Selenium Concentrations and Instantaneous
Loads in Fountain Creek

Median dissolved-selenium concentrations in Fountain
Creek from Colorado Springs downstream to the mouth
ranged from 4.0 to 17.0 ug/L from 1995 through 2007 (table
6). Generally, dissolved-selenium concentrations were lower
in samples collected during high streamflows and higher
in samples collected during low streamflows along Foun-
tain Creek. The median dissolved-selenium concentration
in groundwater in HSU 1 (alluvium) in the Fountain Creek
subbasin (fig. 7B) was similar to median concentrations in
Fountain Creek upstream from the CDPHE 7350 Fountain
Creek at Highway 47 (Fnt Hwy 47) site (fig. 19 and table 6);
and the median dissolved-selenium concentrations measured
in lower Fountain Creek near the confluence with the Arkan-
sas River were similar to the median concentration measured
in groundwater samples from HSU1 in the Middle Arkansas
subbasin (fig. 7B). Median dissolved-selenium concentrations
remained constant in Fountain Creek between Fnt Co Springs
to USGS 07105905 Fountain Creek above Little Fountain
Creek below Fountain, Colorado (Fnt Ab Little Fnt) (fig. 19A
and table 6). Between Fnt Ab Little Fnt and Fnt Fountain,
median dissolved-selenium concentrations increased and then
remained relatively constant to Fnt Hwy 47 (fig. 19A and table
6). In the reach between Fnt Hwy 47 and Fnt Pueblo, median
dissolved-selenium concentrations in the stream doubled from
7.5 to 15.0 pg/L; and the variability in dissolved-selenium
concentrations increased at sites downstream from Fnt Hwy 47
(fig. 19A). Even though figure 19 shows an apparent increase
in dissolved-selenium concentrations between Fnt Pueblo and
CDPHE 7360 Fountain Creek at 4th Street Bridge (Fnt 4th
Street) and subsequent decrease in dissolved-selenium concen-
trations between Fnt 4th Street and USGS 381515104351900
Fountain Creek at mouth near Pueblo (Fnt Mouth), differences
in median dissolved-selenium concentrations were not statisti-
cally significant.

Between Fnt Co Springs and Fnt Ab Little Fnt, median
dissolved-selenium concentrations in Fountain Creek were
similar but streamflows varied substantially. In this reach, the

lowest instantaneous dissolved-selenium loads and lowest
instantaneous streamflows were measured at Fnt Co Springs;
and the highest instantaneous dissolved-selenium loads and
the highest streamflows were measured at Fnt Security. In
the reach between Fnt Ab Little Fnt and Fnt Mouth, median
instantaneous dissolved-selenium loads increased from about
0.0015 t/d (3.0 Ib/d) at Fnt Ab Little Fnt to 0.0080 t/d (16
Ib/d) at Fnt Mouth. Instantaneous dissolved-selenium loads
were not computed at Fnt Hwy 47 or Fnt 4th Street, because
streamflow measurements were not made by CDPHE when
samples were collected. The largest percentage increase in
instantaneous dissolved-selenium loads in the reach occurred
between Fnt Pifion and Fnt Pueblo (fig. 19B). Median instan-
taneous dissolved-selenium loads in Fountain Creek between
Fnt Pifion and Fnt Pueblo tripled; whereas, streamflows only
increased by about 25 percent.

Dissolved-Selenium Concentrations and Instantaneous
Loads in the Arkansas River from Avondale to Coolidge

Dissolved-selenium concentrations vary substantially at
most sites in the Arkansas River between Ark Avondale and
Ark Coolidge, generally ranging from less than or equal to 5
pg/L to greater than 15 pg/L (fig. 18A). Unlike DS concentra-
tions (fig. 11), dissolved-selenium concentrations in the Arkan-
sas River did not increase substantially between Ark Avondale
and Ark Las Animas; and the variability in dissolved-selenium
concentrations at main-stem sites between Ark Avondale and
Ark Las Animas was similar (fig. 18A). Between Ark Avon-
dale and Ark La Junta, median dissolved-selenium concen-
trations measured in tributaries generally were elevated in
comparison to concentrations measured in the Arkansas River
(table 5 and fig. 18A). Whereas, downstream from Ark La
Junta, dissolved-selenium concentrations measured in the trib-
utaries were similar to or less than concentrations in the river
(table 5 and fig. 18A). Dissolved-selenium concentrations
decreased in the river between Ark Las Animas and Ark below
JMR (fig. 18A). The decrease in dissolved-selenium concen-
trations between these two sites may be the result of chemical
reduction processes that may be periodically occurring in John
Martin Reservoir, particularly during winter periods (Ortiz and
others, 1998). In the 66-mile reach between Ark below JMR
and Ark Coolidge, median and maximum dissolved-selenium
concentrations more than doubled (fig. 18A and table 5),
presumably as irrigation-return flow becomes the dominant
source of flow in the river. The median dissolved-selenium
concentration at Ark Coolidge (18 pg/L) was equal to the
average dissolved-selenium concentration computed for allu-
vial wells near the river in the reach. Unlike DS loads (figs.
12B and 13B), instantaneous-dissolved-selenium loads in the
Arkansas River decreased substantially between Ark Avondale
and Ark Catlin Dam and then decreased slightly or remained
relatively constant to Ark Coolidge (fig. 18B).
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Dissolved Uranium in Groundwater in the Arkansas River
Basin

Uranium is a naturally occurring trace element found
in groundwater in the Arkansas River Basin. Zielinski and
others (1995) concluded from their evaluation of uraniferous
soils in the Arkansas River Basin of southeastern Colorado
that leaching of uranium from shale and from soils derived
from shale, and evaporative concentration, particularly as
water is recycled for irrigation, could produce concentrations
of dissolved uranium in shallow groundwater that exceed
national water-quality standards. The maximum contaminant
level (MCL) for uranium in drinking water is 30 ug/L (U.S.
Environmental Protection Agency, 2003a). Median dissolved-
uranium concentrations in groundwater are variable within and
between hydrostratigraphic units (fig. 7C). Concentrations of
dissolved uranium vary over about 5 orders of magnitude in
groundwater from HSUs 1 and 6 (fig. 7C). Dissolved-uranium
concentrations in groundwater from HSU 1 decreased down-
gradient from median concentrations of 9.1, 5.9, and 5.6 pg/L
in the Upper Arkansas, Fountain Creek, and Middle Arkansas
subbasins, respectively, but increased to about 11.9 pg/L in the
Lower Arkansas subbasin (figs. 1 and 7C). Dissolved uranium
concentrations in groundwater from HSU 6 exhibited a similar
downgradient pattern though with smaller median values of
4.1,2.4,25,and 8.7 nug/L (fig. 7C) in the Upper Arkansas,
Fountain Creek, Middle Arkansas, and Lower Arkansas subba-
sins, respectively (figs. 1 and 7C). Concentrations of dissolved
uranium in groundwater from the unconsolidated Quaternary
deposits (HSU 1) are larger than those in groundwater from
the underlying Upper Cretaceous shale and limestone (HSU
6). Insufficient data are available to determine the cause or
causes for the larger concentrations of dissolved uranium in
the unconsolidated Quaternary deposits.

Avreas in which groundwater in the Arkansas River Basin
may contain elevated concentrations of dissolved uranium
(probability of dissolved-uranium concentrations exceeding 30
ug/L) are shown in figure 20. Data used for this map were
collected during August 1975 through July 1979 by the
National Uranium Resource Evaluation (Smith, 1997) and are
presumed to represent a contemporaneous data set. Though
collected from many different aquifers throughout the Arkan-
sas River Basin, the data are assumed to represent dissolved-
uranium concentrations for the uppermost aquifer, presumably
the water-table aquifer. Probabilities of exceeding 30 pg/L
dissolved uranium in groundwater were greatest in Crowley,
Otero, Cheyenne, Kiowa, and Prowers Counties (fig. 20),
where probabilities commonly ranged from 30 to 60 percent.
These areas coincide with areas in which the lower part of the
Pierre Shale and upper part of the Niobrara Formation, sus-
pected sources of uranium, crop out or are directly overlain by
the unconsolidated Quaternary deposits (fig. 2B). The primary
source of groundwater recharge in the Lower Arkansas River
Valley is infiltration of surface water that is diverted for irriga-
tion. Geochemical conditions are suitable for leaching of ura-
nium in the Lower Arkansas River Valley, because alkalinity

of the surface water (primary source of groundwater recharge)
increases down valley and the water is well oxygenated (Gates
and others, 2009).

Dissolved Uranium in Surface Water in the Arkansas
River and Fountain Creek

Dissolved-uranium concentrations measured by the USGS
in surface water along the main-stem Arkansas River and
selected tributaries ranged from less than 1 to 62 ug/L (table
5). Gates and others (2009) reported a maximum uranium
concentration of 106 pg/L in the Arkansas River between
Lamar and the Colorado-Kansas State line. Only four main-
stem sites [USGS 07087200 Arkansas River at Buena Vista,
Colorado (Ark Buena Vista), USGS 07093700 Arkansas River
near Wellsville, Colorado (Ark Wellsville), Ark Parkdale, and
Ark Portland] were sampled occasionally from 1980-1982
and(or) 1990-1992 for dissolved uranium upstream from
Pueblo Reservoir. Dissolved-uranium concentrations in the
Arkansas River upstream from Pueblo Reservoir ranged from
less than 1 to 8.7 pg/L (table 5), and the highest concentrations
generally were measured during the lowest streamflows. In the
river upstream from Pueblo Reservoir, median and maximum
dissolved-uranium concentrations increased in the downstream
direction; whereas, minimum concentrations measured in the
river upstream from Pueblo Reservoir were similar (equal to
or less than 1 pg/L) (table 5).

Boxplots of dissolved-uranium concentrations, instanta-
neous streamflow, and instantaneous dissolved-uranium loads
in the Arkansas River at selected sites from Ark Pueblo to Ark
Las Animas from 2005 through 2007 are shown in figures
21A-C. The period 2005 through 2007 was selected because
most surface-water sites downstream from Pueblo Reservoir
were sampled for dissolved uranium during this timeframe,
and general spatial trends in surface-water dissolved-uranium
concentrations (shown on figs. 21A, 21B, and 21C) are prob-
ably represented more accurately using a common period of
record. However, statistical summaries presented in table 5
use all available data from 1976 through 2007. Sites upstream
from Pueblo Reservoir were sampled before 2005; as a result,
data from these sites are not shown on figures 21A-C.

Dissolved-uranium concentrations and the variability of
dissolved-uranium concentrations measured in the Arkansas
River typically increased in the downstream direction (table 5
and fig. 21A). The largest percent increase in median dis-
solved-uranium concentrations between main-stem sites in the
river upstream from Ark Las Animas occurred between Ark
Rocky Ford and Ark La Junta (fig. 21A). Median dissolved-
uranium concentrations measured in the river more than
doubled in this reach. Dissolved-uranium concentrations are
likely elevated in groundwater from HSU1 in Otero County
between Ark Rocky Ford and Ark La Junta (fig. 1) in com-
parison to areas upstream from Ark Rocky Ford in Pueblo,
Fremont, Chaffee, and Lake Counties (fig. 20). The increase in
dissolved-uranium concentrations in the Arkansas River in this
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reach probably results from groundwater and surface-water
interactions and changes in geology.

Based on data collected from 2005 through 2007, patterns
in median instantaneous-dissolved-uranium loads (fig. 21C)
resembled patterns in median instantaneous streamflows in the
Arkansas River between Ark Pueblo and Ark Rocky Ford
(fig. 21B). Downstream from Ark Rocky Ford, median instan-
taneous streamflows decreased (fig. 21B); whereas, median
instantaneous dissolved-uranium loads remained constant or
increased (fig. 21C), probably as a result of the increase in
dissolved-uranium concentrations in the river described in the
previous paragraphs (fig. 21A).

Dissolved-uranium concentrations were measured at
two sites (USGS 07105533 Fountain Creek at Circle Drive
below Colorado Springs, Colorado [Fnt Circle Drive] and Fnt
Pueblo) in Fountain Creek downstream from Colorado Springs
from 1995 through 2007. The dissolved-uranium concentra-
tion in the one sample collected (April 20, 1995) at Fnt Circle
Drive was 3.4 pg/L (table 6), and the corresponding instanta-
neous-dissolved-uranium load was 2.4 Ib/d (0.0012 t/d). Dis-
solved-uranium concentrations measured at Fnt Pueblo ranged
from 2.6 to 8.3 pg/L with a median concentration of 6.5 pg/L
(table 6). Instantaneous dissolved-uranium loads at Fnt Pueblo
ranged from 1.0 Ib/d (0.0005 t/d) to 17.7 Ib/d (0.0089 t/d) with
a median instantaneous load of 3.5 Ib/d (0.0018 t/d). Nine of
the 10 dissolved-uranium samples from Fnt Pueblo were col-
lected during low to average streamflow conditions. In the one
sample collected during high-flow (instantaneous streamflow
was 10 times higher than all other samples) the maximum
instantaneous dissolved-uranium load and the minimum
dissolved-uranium concentration were measured.

Comparison of Dissolved Solids,
Selenium, and Uranium Concentrations
in Groundwater and Surface Water

Prior to the advent of irrigated agriculture in the Arkansas
River Basin during the 19th century, groundwater recharge in
the basin occurred primarily from infiltration of precipitation
through the unsaturated zone and from infiltration of surface
water from losing streams. By the mid-1880s, the waters of
the Arkansas River and its tributaries were fully appropriated
(Abbott, 1985), and in areas in which surface water is diverted
for irrigation (such as lower Fountain Creek and the Arkan-
sas River Valley), infiltration of irrigation water from canals
and fields became a primary source of groundwater recharge.
Groundwater in the alluvial aquifer (HSU 1) adjacent to the
Arkansas River and its tributaries is hydraulically connected to
surface water. Groundwater in the alluvial aquifer, in particu-
lar, may provide base flow and become a source of solutes to
surface water or may be recharged by and possibly diluted by
surface water, depending on the direction of hydraulic gradient
between stream stage and groundwater levels.

Dissolved-solids concentrations in groundwater from
HSU1 and surface water increased in the downstream direc-
tion. The largest percent increases in median DS concentra-
tions in groundwater and surface water occurred between the
Upper Arkansas and Middle Arkansas subbasins. Median DS
concentrations in groundwater from HSU 1 increased from
about 220 mg/L in the Upper Arkansas subbasin to 1,700 mg/L
in the Middle Arkansas subbasin; an increase of more than 670
percent. Median DS concentrations in surface water increased
from 64 mg/L at Ark Granite (Upper Arkansas subbasin) to
1,850 mg/L at Ark Las Animas (Middle Arkansas subbasin)
(table 5); an increase of more than 2,790 percent.

Dissolved-selenium concentrations in groundwater from
HSU 1 increased downgradient from median values of about
5 ng/L in the Upper Arkansas and Fountain Creek subbasins
to 16.2 pg/L in the Middle Arkansas subbasin (fig. 7B). In
contrast, the median dissolved-selenium concentration in
groundwater from HSU 1 in the Lower Arkansas subbasin
(14.8 ug/L) was lower than the median dissolved-selenium
concentration measured in groundwater from HSU 1 in the
Middle Arkansas subbasin. The median dissolved-selenium
concentration in groundwater in HSU 1 in the Fountain Creek
subbasin (fig. 7B) was similar to median dissolved-selenium
concentrations measured in Fountain Creek upstream from
the Fnt Hwy 47 site (fig. 19A and table 6); and the median
dissolved-selenium concentrations measured in lower Foun-
tain Creek near the confluence with the Arkansas River were
similar to the median concentration measured in groundwater
samples from HSU 1 in the Middle Arkansas subbasin (fig.
7B). Whereas, the median dissolved-selenium concentrations
measured in the Arkansas River in the Middle Arkansas subba-
sin were generally lower than the median dissolved-selenium
concentration measured in groundwater. In general, the highest
instantaneous dissolved-selenium loads in the Arkansas River
occurred in the reach downstream from the confluence with
Fountain Creek to Ark Avondale (fig. 18B).

Unlike median dissolved-uranium concentrations in
surface water, median dissolved-uranium concentrations in
groundwater from HSU 1 did not increase in the downstream
direction. Dissolved-uranium concentrations in groundwater
from HSU 1 decreased downgradient from median values of
9.1, 5.9, and 5.6 pg/L in the Upper Arkansas, Fountain Creek,
and Middle Arkansas subbasins, respectively, but increased to
about 11.9 pg/L in the Lower Arkansas subbasin (figs. 1 and
7C). The median dissolved-uranium concentration measured in
groundwater in the Upper Arkansas subbasin was greater than
the median dissolved-uranium concentrations measured in sur-
face water in the Upper Arkansas subbasin. Dissolved-uranium
concentrations and the variability of dissolved-uranium con-
centrations measured in the Arkansas River typically increased
in the downstream direction (table 5 and fig. 21A). The largest
percent increase in median dissolved-uranium concentrations
between main-stem sites in the Arkansas River upstream
from John Martin Reservoir occurred between Ark Rocky
Ford and Ark La Junta (fig. 21A). Median dissolved-uranium
concentrations measured in the river more than doubled in this



reach. Dissolved-uranium concentrations are likely elevated in
groundwater from HSU1 in Otero County between Ark Rocky
Ford and Ark La Junta (figs. 1and 20) in comparison to areas
upstream from Ark Rocky Ford in Pueblo, Fremont, Chaffee,
and Lake Counties. The increase in dissolved-uranium con-
centrations in the Arkansas River in this reach probably results
from groundwater and surface-water interactions and changes
in geology.

Summary

In 2007, the U.S. Geological Survey (USGS), in coopera-
tion with City of Aurora, Colorado Springs Utilities, Colorado
Water Conservation Board, Lower Arkansas Valley Water
Conservancy District, Pueblo Board of Water Works, South-
eastern Colorado Water Activity Enterprise, Southeastern
Colorado Water Conservancy District, and Upper Arkansas
Water Conservancy District, began a retrospective evalua-
tion to characterize the occurrence and distribution of DS,
dissolved-selenium, and dissolved-uranium concentrations
in groundwater and surface water based on available water-
quality data collected by several entities. This report summa-
rizes and characterizes available DS, dissolved-selenium, and
dissolved-uranium concentrations in groundwater and surface
water for 1970-2009 and describes DS, dissolved-selenium,
and dissolved-uranium loads in surface water along the
main-stem Arkansas River and selected tributary and diver-
sion sites from the headwaters near Leadville, Colo., to the
USGS 07137500 Arkansas River near Coolidge, Kansas (Ark

Coolidge), streamgage, a drainage area of 25,410 square miles.

Variability of DS concentrations in groundwater is large
in the Arkansas River Basin, ranging from about 50 to more
than 70,000 mg/L. Dissolved-solids concentrations in ground-
water from Quaternary alluvial, glacial drift, and wind-laid
deposits (HSU 1) increased downgradient with median values
of about 220, 700, 1,700, and 3,400 mg/L in the Upper Arkan-
sas, Fountain Creek, Middle Arkansas, and Lower Arkansas
subbasins, respectively. Dissolved-solids concentrations in
groundwater from Upper Cretaceous shale and limestone
(HSU 6) also increased downgradient with median values of
about 2,100, 2,300, and 3,700 mg/L in the Fountain Creek,

Middle Arkansas, and Lower Arkansas subbasins, respectively.

Temporal variations in specific conductance values
(which are directly related to DS concentrations) were investi-
gated at selected sites in the Arkansas River from Ark Granite
to Ark Coolidge. Analyses indicated that, for the most part,
specific conductance values (surrogate for DS concentrations)
have remained relatively constant or have decreased in the
Arkansas River since about 1970.

Based on periodic data collected from 1976 through
2007, median DS concentrations in the Arkansas River ranged
from about 64 mg/L at USGS 07086000 Arkansas River at
Granite, Colorado (Ark Granite) to about 4,060 mg/L at Ark
Coolidge representing more than a 6,000 percent increase in
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median DS concentrations. Dissolved-solids concentrations
were higher in the Arkansas River during the nonirrigation
season (November—February) than during the irrigation season
(March—October). However, average annual DS loads were
higher during the irrigation season than during the nonirriga-
tion season. Average annual DS loads during the irrigation sea-
son were at least 2 times and as much as 23 times higher than
average annual DS loads during the nonirrigation season with
the largest differences occurring at sites located downstream
from the two main-stem reservoirs at USGS 07099400 Arkan-
sas River above Pueblo, Colorado (Ark Pueblo), (which is
below Pueblo Reservoir) and USGS 07130500 Arkansas River
below John Martin Reservoir, Colorado (Ark below JMR).

Average annual DS loads (1995-2006) in the Arkansas
River increased by about 366 percent between the USGS
07096000 Arkansas River at Cafion City, Colorado (Ark
Cafion City), and USGS 07109500 Arkansas River near Avon-
dale, Colorado (Ark Avondale), streamgages going from an
average of about 82,700 tons per year (t/yr) at Ark Cafion City
to an average of about 385,300 t/yr at Ark Avondale. During
the same period, between Ark Avondale and Ark below JMR,
average annual DS loads in the Arkansas River increased by
about 30 percent from an average of about 385,300 t/yr at Ark
Avondale to an average of about 502,500 t/yr at Ark below
JMR.

From January 2000 through December 2006, average
annual DS loads in the Arkansas River ranged from about
18,000 t/yr at Ark Granite to about 303,500 t/yr at Ark Avon-
dale to about 363,800 t/yr at Ark below JMR to about 458,400
t/yr at Ark Coolidge (includes estimated DS load for Frontier
Ditch). During this period, about 66 percent of the average
annual DS load at Ark Coolidge can be attributed to sources
upstream from Ark Avondale.

The concentration of dissolved selenium in groundwater
samples used in the analyses presented in this report ranged
from less than 1 micrograms per liter (ug/L) to more than
3,700 ug/L. Dissolved selenium concentrations in groundwa-
ter from Quaternary deposits (HSU 1) increased downgradient
from median values of about 5 pg/L in the Upper Arkansas
(Arkansas River Basin upstream from Pueblo Reservoir) and
Fountain Creek subbasins to 16.2 pug/L and 14.8 pg/L in the
Middle Arkansas (Arkansas River Basin downstream from
Pueblo Reservoir to Ark Avondale) and Lower Arkansas
(Arkansas River Basin from Ark Avondale to Ark Coolidge)
subbasins, respectively.

The largest percent increases in dissolved-selenium
concentrations between sites in the Arkansas River occurred
between USGS 07097000 Arkansas River at Portland,
Colorado (Ark Portland), and Ark Pueblo and Ark Pueblo
and USGS 07099970 Arkansas River at Moffat Street at
Pueblo, Colorado (Ark Moffat St). Unlike DS concentrations,
dissolved-selenium concentrations in the Arkansas River
did not increase substantially in the downstream direction
between Ark Avondale and Ark Las Animas, and the vari-
ability in dissolved-selenium concentrations was relatively
constant between Ark Avondale and Ark Las Animas. Median
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dissolved-selenium concentrations in the Arkansas River in
the Middle Arkansas subbasin were generally lower than

the median dissolved-selenium concentration (16.2 pg/L) in
groundwater samples from Quaternary deposits in the Middle
Arkansas subbasin. However, the median dissolved-selenium
concentrations measured in lower Fountain Creek near the
confluence with the Arkansas River and Pueblo Waste Water
Treatment Plant (WWTP) discharge were similar to the
median concentration measured in groundwater samples from
Quaternary deposits in the Middle Arkansas subbasin.

Instantaneous dissolved-selenium loads, for the most
part, more than doubled in the reach between Ark Moffat St
and Ark Avondale. Based on comparisons of median instan-
taneous dissolved-selenium loads in the river and tributaries
between Ark Moffat St and Ark Avondale, about 45 percent
of the median instantaneous dissolved-selenium load at Ark
Avondale can be attributed to sources upstream from Ark
Moffat St, about 31 percent to Fountain Creek, about 4 percent
to Pueblo WWTP inflow, and the remaining 20 percent to
other tributary inflow (Salt Creek and St. Charles River) and
additional ungaged sources. The highest instantaneous dis-
solved-selenium loads in the Arkansas River were measured
in the reach downstream from the confluence with Fountain
Creek to Ark Avondale. Instantaneous dissolved-selenium
loads in the Arkansas River decreased between Ark Avondale
and Ark Catlin Dam and then remained relatively constant in
the river to Ark Coolidge.

Concentrations of dissolved uranium vary over about 5
orders of magnitude in groundwater from Quaternary deposits
and Upper Cretaceous shale and limestone. Probabilities of
exceeding 30 pg/L of dissolved uranium (maximum contami-
nant level for uranium in drinking water) in groundwater were
greatest in Crowley, Otero, Cheyenne, Kiowa, and Prowers
Counties, where probabilities commonly ranged from 30 to 60
percent. These areas coincide with areas in which the lower
part of the Pierre Shale and upper part of the Niobrara Forma-
tion, suspected sources of uranium, crop out or are directly
overlain by the unconsolidated Quaternary deposits.

Dissolved-uranium concentrations and the variability of
dissolved-uranium concentrations measured in the Arkansas
River typically increased in the downstream direction. The
largest percent increase in median dissolved-uranium con-
centrations between main-stem sites in the Arkansas River
upstream from Las Animas occurred between USGS 07120500
Arkansas River near Rocky Ford, Colorado (Ark Rocky Ford),
and USGS 07123000 Arkansas River at La Junta, Colorado
(Ark La Junta). Dissolved-uranium concentrations are likely
elevated in groundwater from HSU1 in Otero County between
Ark Rocky Ford and Ark La Junta in comparison to areas
upstream from Ark Rocky Ford in Pueblo, Fremont, Chaffee,
and Lake Counties. The increase in dissolved-uranium con-
centrations in the Arkansas River in this reach probably results
from groundwater and surface-water interactions and changes
in geology.

Based on data collected from 2005 through 2007,
patterns in median instantaneous-dissolved-uranium loads
resembled patterns in median instantaneous streamflows
in the Arkansas River between Ark Pueblo and the USGS
07120500 Arkansas River near Rocky Ford, Colorado (Ark
Rocky Ford), streamgage. Downstream from Ark Rocky Ford,
median instantaneous streamflows decreased; whereas, median
instantaneous-dissolved-uranium loads remained constant or
increased.
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Appendix 1.
Report

U.S. Geological Survey

Water-quality data and continuous streamflow and specific-
conductance (SC) values were retrieved from the USGS
(U.S. Geological Survey) National Water Information System
(NWIS) (U.S. Geological Survey, 2008b) for surface water
and groundwater in the Arkansas River Basin. In this report,
however, data analyses were limited to SC, dissolved solids
(DS), and dissolved selenium and uranium. Groundwater-
quality data were retrieved for domestic, municipal, irrigation,
livestock, and monitoring wells with emphasis placed on wells
completed in the valley alluvium. Additional groundwater-
quality data from the USGS National Uranium Resource
Evaluation (NURE) (U.S. Geological Survey, 2008a) were
included in the analyses for SC, DS, and uranium. The NURE
dataset provides a synoptic view of selected constituents in
groundwater, including SC and dissolved uranium. Samples
were collected by the program throughout the United States;
data were reformatted and documented by Smith (1997) and
are available at http.//pubs.usgs.gov/of/1997/ofr-97-0492/.
Groundwater samples from the Arkansas River Basin were
collected by the NURE program during 1975-1979.

Colorado Division of Water Resources

Surface-water-diversion data in the Arkansas River
Basin (including Fountain Creek and Arkansas River tribu-
taries) were retrieved from the Colorado Division of Water
Resources’ Decision Support System (CDSS) (2009). Daily
diversion data from 1995-2007 were retrieved for irrigation
canals and ditches, as well as, municipal, commercial, and
industrial diversions.

City of Pueblo

The City of Pueblo provided surface-water and ground-
water-quality data collected from 2000 through 2007 as part
of the city’s Arkansas River and Fountain Creek Water and
Wastewater Monitoring Program (ARCADIS, 2006). As part
of this program, surface-water samples were collected from
the Arkansas River, Fountain Creek, and from selected tribu-
taries and other inflows (for example, stormwater drains) to
the Arkansas River and Fountain Creek in El Paso and Pueblo
Counties. Groundwater samples were collected from various
monitoring and irrigation wells in Pueblo County. Drilling
and well installation procedures are documented in ARCADIS
(2006).

Surface-water (grab samples) and groundwater samples
were collected and analyzed for field properties (pH, con-
ductivity, dissolved oxygen, water temperature), nutrients
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(nitrogen and phosphorous), sulfate, chloride, and select trace
elements. Selected samples also were analyzed for DS, and
total and dissolved selenium. However, samples were not
analyzed for uranium. Surface-water bacteria samples for
E. coli were collected and analyzed more frequently than the
other constituents, providing the largest number of samples in
the dataset.

Samples were collected by City of Pueblo personnel
or contractors using the field/sampling protocols referenced
in the “Surface and Groundwater Monitoring Work Plan”
(ARCADIS, 2006) and analyzed at the City of Pueblo Water
Reclamation Facility using U.S. Environmental Protection
Agency (USEPA) certified techniques. Sampling quality
assurance/quality control (QA/QC) protocols are reported by
ARCADIS (2006) and laboratory protocols follow those estab-
lished by USEPA for the constituents analyzed.

Colorado Department of Agriculture

Colorado Department of Agriculture provided groundwater-
quality data collected from 1994 through 2009. Groundwater-
quality samples were collected from a variety of well types
including domestic, domestic/livestock, livestock, irrigation,
domestic/irrigation, municipal, and monitoring. Pesticides
were the predominant constituents analyzed in the samples;
however, field properties (alkalinity, pH, water temperature),
nutrients (nitrogen and phosphorous), major cations and
anions (calcium, magnesium, potassium, sodium, chloride and
bicarbonate), DS, and select trace elements also were ana-
lyzed. Samples were not analyzed for selenium or uranium.
The CDA’s Agricultural Chemicals and Groundwater Protec-
tion Program Water Quality Database System, is a cooperative
program with CDPHE and Colorado State University Coop-
erative Extension that began in 1992. Summaries of ground-
water-quality monitoring results for pesticides and inorganic
compounds, including nitrate, are available online by year and
geographic location at http.//ids-nile.engr.colostate.edu/webkit/
Groundwater.

Samples used in this analysis were collected from
wells located within the Arkansas River valley alluvium in
Pueblo, Crowley, Otero, Bent and Prowers Counties. Wells
were selected for sampling based on completion in the target
aquifer, depth to groundwater less than 150 feet, generally less
than 50 feet, and the direction of groundwater flow (Agricul-
tural Chemicals and Groundwater Protection Program, 2009).
Samples were collected by CDA and CDPHE personnel using
the field/sampling protocols developed by the Groundwater
Quality Monitoring Working Group of the Colorado Nonpoint
Task Force (1999-2004 Annual Monitoring Report, Colorado
Department of Agriculture). Pesticide samples were primarily
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analyzed at the CDA laboratory using USEPA—-approved meth-
ods for those compounds. Major ions, cations, DS and select
trace elements were analyzed at the Colorado State University
laboratory in Fort Collins, Colo. (Agricultural Chemicals and
Groundwater Protection Program, 2009). QA/QC sampling
procedures and protocols are described by Bauder and others
(2007).

Colorado State University — Fort Collins

A database containing selected water-quality constitu-
ents for groundwater and surface-water samples collected by
CSUFC as part of on-going research activities in the Lower
Arkansas River Valley Research (LARVR), Colorado, was
provided by CSUFC in August 2008. A monitoring program
has been implemented in two study areas in the valley down-
stream from Pueblo County. Monitoring by LARVR includes
measurement of groundwater levels and periodic collection of
surface-water and groundwater samples for chemical analyses
(http://www.csuarkriver.colostate.edu/goals. html, accessed
April 27, 2009). Groundwater samples were collected from
existing irrigation wells and monitoring wells installed by
CSUFC. Surface-water samples were collected from the
Arkansas River, selected tributaries, canals, drains, and seeps.
Groundwater-quality data from CSU’s LARVR program from
April 2003 through August 2008 were compiled for this report.

Water samples were analyzed for a variety of constituents
including field properties (pH, temperature, dissolved oxygen,
oxidation reduction potential, and electrical conductivity),
alkalinity, nitrate, select major anions and cations, total hard-
ness, total and dissolved iron and selenium, and dissolved
uranium. Additional electrical conductivity data for selected
canals and Wild Horse Creek were retrieved in 2009 from the
CSUFC Web site (Colorado State University, 2009a) for use
in this report. Samples were not analyzed for DS. Dissolved-
solids concentrations were estimated by summing the major
cations and anions as described in the “Methods” section of
this report.

Samples were collected by graduate students, as part of
master’s thesis or doctoral work. Total and dissolved selenium
samples were analyzed by South Dakota State University,
Olson Biochemistry Laboratory, Brookings, South Dakota

(USEPA—certified laboratory). Total and dissolved iron,
nutrients, and major anions and cations were analyzed by
Ward Laboratories, Kearney, Nebraska. Field techniques for
surface-water and groundwater sampling, laboratory protocols,
and information on well drilling and installation were reported
by Gates (Timothy Gates, Colorado State University, written
commun., 2008).

Colorado Department of Public Health and
Environment

Data from the USEPA Storage and Retrieval (STORET)
database were accessed and downloaded in January 2008
(U.S. Environmental Protection Agency, 2008) by using
hydrologic unit codes (HUC) for the Arkansas River Basin.
The USEPA STORET database contains data from a number
of Federal and State agencies including the USEPA, National
Park Service, and CDPHE. Much of the Arkansas River Basin
data in STORET are associated with mining areas in the upper
part of the basin. These data were not included in this report.
Only data collected by the CDPHE at selected sites on the
main-stem Arkansas River and lower Fountain Creek were
used in this report. To ensure reasonable comparability of data,
selected constituent concentrations (for the selected CDPHE
sites) were plotted and compared to data collected by USGS
and City of Pueblo at nearby sites. Constituent concentrations
were found to be within similar ranges and were assumed to
be comparable. Sample data from 1968 through 2004 were
retrieved from STORET. Samples were collected at surface-
water and groundwater monitoring sites. Some surface-water
sites are collocated with USGS streamgage sites. Samples
were collected throughout the Arkansas River Basin.

Constituents in STORET include field properties, total
and dissolved nutrients, major ions, trace metals, radionu-
clides, and bacteria. Information on quality assurance can be
found in the metadata files associated with STORET; however,
in many cases this data field is blank. CDPHE field sampling
techniques and QA/QC protocols are documented by Griffith
(2007). Laboratory techniques and QA/QC protocols were
provided as written communication (Robert Griffith, Colorado
Department of Public Health and Environment, 2009).
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Appendix 2. Temporal Variations in Instantaneous Specific-Conductance

Values and Streamflow at Selected Surface-Water Sites in the Arkansas River

Basin, Colorado, 1960-2009
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