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Water-Quality Assessment of the Arkansas River
Basin, Southeastern Colorado, 1990-93

By Roderick F. Ortiz, Michael E. Lewis, and Mary Jo Radell

Abstract

This report describes the spatial and
temporal variations in water-quality conditions in
the Arkansas River Basin between April 1990 and
March 1993. Discussions focus on the site-to-site
variability of water quality in the main stem of
the river in the upper basin (upstream from
Pueblo) and in the lower basin (from Pueblo to
the Colorado-Kansas State line). Water-quality
data are presented by streamflow regime. In
general, the data were separated into three stream-
flow regimes that are defined as: low flow
(October—April), snowmelt runoff (May—June),
and post-snowmelt runoff (July—September). For
trace elements in the upper basin, data are further
separated into an early-snowmelt runoff period in
April; therefore, the low-flow regime for trace
elements in the upper basin is defined as October
through March.

The primary cause of elevated trace-
element concentrations in the upper Arkansas
River is metal-laden drainage from abandoned
mines and mine tailings. The spatial and temporal
variability of trace-element concentrations at
main-stem sites in the upper Arkansas River
probably was influenced by (1) distance from
the Leadville area, (2) dilution by tributaries,

(3) degree of partitioning between the dissolved
and particulate phases, and (4) deposition and
resuspension of fluvial sediment. Overall,
dissolved trace-element concentrations in the
upper basin generally decreased from Leadville to
Portland. Temporally, dissolved-cadmium, iron,

manganese, and zinc concentrations generally
were largest during early-snowmelt runoff; total-
recoverable cadmium, copper, iron, lead, manga-
nese, and zinc concentrations generally were
largest during snowmelt runoff when resuspen-
sion of fluvial sediment occurred. Trace-element
concentrations decreased significantly at several
downstream main-stem sites following the
completion of water-treatment facilities at the
Leadville Mine Drainage Tunnel and Yak Tunnel.
Although stream-water-quality standards for trace
elements were exceeded in several samples
collected at a number of locations in the upper
basin, the vast majority of exceedances occurred
during the pre-treatment period. An analysis of
trace-element loads indicated that most tributaries
in the upper Arkansas River Basin, particularly
downstream from Granite, generally did not
contribute substantial loads to the river.
Trace-element concentrations were
substantially lower in the lower basin than in the
upper basin. Temporally, concentrations in the
Arkansas River downstream from Pueblo Reser-
voir generally were highest during snowmelt
runoff and post-snowmelt runoff. During the low-
flow regime, substantial increases in dissolved-
manganese and dissolved-iron concentrations
were measured immediately downstream from
John Martin Reservoir. Water in John Martin
Reservoir may become anoxic during the winter
months, resulting in the dissolution of iron and
manganese from bottom sediments. Chronic
stream-water-quality standards for most trace
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elements generally were not exceeded at most
main-stem sites in the lower basin; however,
total-recoverable iron and selenium standards
were frequently exceeded. During storm events in
the lower basin, tributaries contributed substantial
amounts of trace elements to the Arkansas River.

Median concentrations of dissolved solids
in the Arkansas River increased from a minimum
of 62.5 milligrams per liter in the upper basin at
Granite to 3,825 milligrams per liter in the lower
basin near the State line. A transition from
igneous and metamorphic rock to sedimentary
rock, in addition to the concentrating effects of
the use and reuse of water for irrigation, caused
this downstream increase in dissolved-solids
concentrations.

Ammonia and nitrate concentrations
increased downstream but were low in compar-
ison to State and Federal standards. Median
ammonia concentrations in the Arkansas River
ranged from 0.010 to 0.145 milligram per liter;
median nitrate concentrations at main-stem sites
ranged from 0.020 to 2.4 milligrams per liter.
High concentrations of ammonia downstream
from John Martin Reservoir, particularly during
low-flow regimes, are indicative of anoxic condi-
tions in the reservoir. Median total-phosphorus
concentrations were relatively low in the upper
basin, but they exceeded the recommended
concentration for total-phosphorus in rivers
(0.10 milligram per liter) at three sites in the
lower basin.

Suspended-sediment concentrations in the
Arkansas River upstream from Pueblo Reservoir
were relatively low but increased downstream.
Suspended-sediment concentrations typically
were much larger during snowmelt runoff, owing
to tributary inflow and resuspension of fluvial
sediment. Suspended-sediment concentrations
increased substantially during periods of elevated
runoff; the largest measured concentration in the
upper basin occurred during storm-runoff condi-
tions. In the lower basin, median concentrations
ranged from 19 milligrams per liter at Pueblo to
724 milligrams per liter at Catlin Dam.

INTRODUCTION

The Arkansas River drains about 25,400 mi2
and flows nearly 400 mi in Colorado before reaching
the Colorado-Kansas border (fig. 1). Streamflow in the
Arkansas River Basin primarily is derived from snow-
melt in the mountains that border the upper region of
the basin and, to a lesser extent, from summer thunder-
storms that occur primarily on the eastern plains.
Water uses in the Arkansas River Basin include agri-
cultural, commercial, domestic, industrial, livestock,
mining, and power production. Although the primary
water use in the basin is agricultural, many municipal-
ities within and outside the Arkansas River Basin have
become increasingly dependent on the river as a water
supply. Thus, quality of water in the Arkansas River
Basin has become an important consideration to a
multitude of water users in Colorado.

In 1990, the U.S. Geological Survey (USGS),
in cooperation with the Colorado Springs Ultilities,
Water Resources Department; Pueblo Board of Water
Works; Southeastern Colorado Water Conservancy
District; Pueblo County, Department of Planning and
Development; city of Aurora, Department of Utilities;
St. Charles Mesa Water District; Upper Arkansas Area
Council of Governments; Upper Arkansas Water
Conservancy District; city of Pueblo, Department of
Utilities; Pueblo West Metropolitan District; Fremont
Sanitation District; cities of Rocky Ford, Las Animas,
and Lamar; and the Bureau of Reclamation, began a
study to assess existing water-quality conditions in the
Arkansas River Basin.

Purpose and Scope

This report describes the spatial and temporal
variations in water-quality conditions in the Arkansas
River Basin between April 1990 and March 1993. The
primary focus of this report is the water quality of the
Arkansas River; however tributary data, when appro-
priate, were used to assess water-quality effects on the
main stem of the river.

An extensive streamflow and water-quality
monitoring network was established in April 1990.
Water-quality data collected at 19 main-stem, 16 tribu-
tary, and 2 mine-drainage sites were used to describe
the spatial and temporal variations in water quality in
the Arkansas River Basin between April 1990 and
March 1993 (table 1). The Leadville Mine Drainage

2 Water-Quality Assessment of the Arkansas River Basin, Southeastern Colorado, 199093
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Table 1. Selected surface-water sites in the Arkansas River Basin and water-quality constituents measured or analyzed
between April 1990 and March 1993

[X, routine sampling; S, special sampling; --, not collected or analyzed]

%s' Geolog:cal Sit Dissolved Trace Maj Radio- Suspended
r . SOV C ajor . .
’ :le:nit:: o Stte name typ: :ollds elements nutrients ‘:lr;::: Pesticides sediment Bacteria
(see plate 1)
07079200 Leadville Mine Mine X X B B N -
Drainage Tunnel  drainage
07081200 Leadville Main stem X X -- -- X X
07081800 California Gulch  Mine ‘ X X B _ N B
drainage
391226106213201 Lake Fork above  Tributary X X X _ B B N
Halfmoon Creek
07083000 Halfmoon Creek  Tributary X X X - - - X
391120106194901 Iowa Gulch Tributary X X X - -~ -- -
391013106190201 Empire Gulch Tributary X X X - -- -- -
07083710 Malta Main stem X X X - -~ X X
390444106174900 Lake Creek below Tributary
Twin Lakes X X X -- -- -- -
Reservoir
07086000 Granite Main stem X X X - - S --
07087000 Clear Creek below Tributary
Clear Creek X X X -- -- - --
Reservoir
07087200 Buena Vista Main stem X X X X - X X
07089520 Cottonwood Creek Tributary X X X - - - --
384427106040101 Chalk Creek Tributary X X X - -- - -
07091200 Nathrop Main stem X X X - - - X
07091500 Salida Main stem X - X - - -- X
07093500 South Fork ‘ Tributary X X X _ . _ _
Arkansas River
07093700 Wellsville Main stem X X X X -- X X
07093775 Badger Creek Tributary X X X - - -- -
382917105225200 Tallahassee Creek Tributary X X X - - - -
07094500 Parkdale Main stem X X X X -- X X
07096000 Caiion City Main stem X - X - - -- --
07096500 Fourmile Creek  Tributary X X X - - -- --
07097000 Portland Main stem X X X X X X
07099400 Be;)::ePrl:z?o Main stem X X X _ _ X
07099970 Pueblo Main stem X X X - - X X
07106500 Fountain Creek Tributary X X X - - X X
381510104350601 Highway 227 Main stem X X X - - - X
07109500 Avondale Main stem X X X X X X X
07117000 Nepesta Main stem X -- X -- - - -
380715103564701 Apishapa River ~ Tributary X S X - -- S --
07119700 Catlin Dam Main stem X X X X X X X
380111103382101 Timpas Creek Tributary X S X - - - --
07123000 La Junta Main stem X - X - -- - --
07124000 Las Animas Main stem X X X X X X X
07128500 Purgatoire River  Tributary X S X - - - -
07130500 Below Johr? Martin Main stem X X X X X X X
Reservoir

4 Water-Quaiity Assessment of the Arkansas River Basin, Southeastern Colorado, 1990-93



Tunnel (LMDT) and California Gulch (pl. 1), the two
mine-drainage sites, were added to the network in
1991. In addition, streamflow and water-quality data
collected at the Arkansas River near Coolidge, Kans.,
were used in the report; although the site is outside the
study area boundary, these data were used to describe
water-quality conditions of the downstream part of the
study area.

Methods of Investigation

Data-collection activities were conducted for
3 years and included onsite measurements of stream-
flow, dissolved oxygen, pH, and specific conductance
at all sites as well as collection of water samples for
laboratory analyses. Water samples were analyzed for
concentrations of dissolved solids (including major
ions), trace elements, nutrients, radiochemical constit-
uents, pesticides, suspended sediment, and bacteria. A
detailed description of the water-quality constituents
listed above can be found in Dash and Ortiz (1996).
Because of the diverse physiography, geology, land
use, and water use in the basin, not all the sites were
sampled for the same constituents. The water-quality
constituents measured or analyzed at each site and the
site name that will be used in this report are listed in
table 1. The major changes in physiography, geology,
land use, and water use generally occur between
Carion City and Pueblo. Therefore, for the purpose of
this report, the Arkansas River Basin was divided into
an upper and lower basin. The upper basin drains
about 4,700 mi? of the Arkansas River headwaters
upstream from Pueblo Reservoir. The lower basin
drains almost 20,700 mi? downstream from Pueblo
Reservoir to the Colorado-Kansas State line.

Data collected for this study are presented in
Dash and Ortiz (1996). Their report presents instanta-
neous streamflow and water-quality data for all the
sampled sites as well as data collected as part of the
quality-assurance program. A description of the
sampling procedures, quality-assurance sampling
protocols, and analytical techniques used in the study
are presented in the data report.

This study was designed to provide data that
represent water-quality conditions for different
streamflow regimes in the Arkansas River Basin. The
timing of sampling events relative to different stream-
flow regimes is shown in figure 2. Rainfall-runoff
samples were collected when possible. Sites on the

Arkansas River were sampled eight to nine times per
year. Tributaries that contributed at least 5 percent of
the annual streamflow to the Arkansas River were
sampled four to eight times. The two mine-drainage
sites were sampled six to eight times per year. During
each sampling event, water-quality samples generally
were collected in a downstream order throughout the
basin.

Description of the Study Area

The Arkansas River Basin is located in the
central and southeastern parts of Colorado. Fenneman
(1931) divided the basin into two physiographic prov-
inces at approximately the 105° parallel, which is just
east of Cafion City. To the west of that parallel is the
Southern Rocky Mountains Province; to the east is the
Great Plains Province (fig. 1).

The Southern Rocky Mountains Province is
mostly mountainous and has elevations ranging from
5,000 to more than 14,000 ft. Mean annual precipita-
tion ranges from less than 10 inches on the valley floor
to more than 40 inches at the crest of the mountains
(Abbott, 1985). The area is heavily forested and
underlain by igneous and metamorphic rocks. East of
Salida, there is a transition from igneous and meta-
morphic rocks to metamorphic and sedimentary rocks.
Much of the upper basin is within the Colorado
mineral belt and historically has been mined. Mining
operations continue in the region but on a much
smaller scale than in the past.

Most of the population and related activities are
concentrated along the river corridor; the major towns
are Leadville, Buena Vista, Salida, and Cafion City
(fig. 1). In 1990, the estimated population in the area
was about 60,000 (U.S. Bureau of the Census, 1991).
The area is used for many recreational activities
including rafting, kayaking, and fishing. It was esti-
mated that nearly 270,000 people rafted the Arkansas
River in 1992 (Steve Reese, Colorado State Parks, oral
commun., 1992). The Arkansas River, from the head-
waters to Caiion City, is characterized by steep-
gradient, high-velocity flows that are confined to a
relatively narrow rock and cobble stream channel. The
river gradient averages 40 ft/mi along this stream
reach. Reservoirs on Lake Fork (Turquoise Lake),
Lake Creek (Twin Lakes Reservoir), and Clear Creek
(Clear Creek Reservoir) (fig. 1) store native stream-
flow or transmountain diversion water for municipal

INTRODUCTION 5
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and irrigation needs in the basin. Lake Creek contrib-
utes the largest tributary flow to the Arkansas River. A
number of mine-drainage tunnels, most notably the
Yak Tunnel and the Leadville Mine Drainage Tunnel,
historically have supplied poor-quality water to the
basin (Moran and Wentz, 1974).

East of Cafion City, the Great Plains Province
ranges in elevation from 3,500 to 5,000 ft. Mean
annual precipitation ranges from 10 to 14 inches
(Burns, 1985). Sedimentary rock and alluvial fill
underlie the region. Land use primarily is agricultural
along the river corridor; the remaining areas mostly
are rangeland. More than 411,000 acres in the
Arkansas River Basin are irrigated, including about
56,000 irrigated acres in the upper basin (Dash and
Ortiz, 1996). Most of the irrigated areas are east of
Pueblo and are concentrated along the river corridor.
Primary crops are wheat, corn, sorghum, and alfalfa.
Fruit crops and commercial vegetables also are
produced. Over 600,000 head of cattle per year have
ranged in the Arkansas River Basin (Colorado Depart-
ment of Agriculture, 1981), and most of the cattle and
feedlots are in the lower basin, from Rocky Ford to
Lamar (fig. 1). The two largest population centers are
Pueblo and Colorado Springs (fig. 1). These two cities
account for more than 70 percent of the 641,720
people in the Arkansas River Basin (U.S. Bureau of
the Census, 1991). Pueblo is located on the main stem
of the Arkansas River downstream from Pueblo Reser-
voir at the confluence with Fountain Creek. Colorado
Springs is located on Fountain Creek 40 mi upstream
from the confluence. On the west edge of the Great
Plains Province, east of Cafion City, the gradient of the
streambed decreases to less than 9 ft/mi as the river
flows out of the mountains and onto the eastern plains.
Just upstream from Pueblo, the river flows into the
357,678 acre-ft Pueblo Reservoir (fig. 1). The reser-
voir is a multipurpose facility completed in 1975 as
part of the Fryingpan-Arkansas project. Fountain
Creek flows into the Arkansas River within the city
limits of Pueblo. Downstream from Fountain Creek,
the stream channel changes from a rock and cobble
bottom to a shifting sand channel that meanders along
the alluvial flood plain. Numerous diversion structures
between Avondale and La Junta (fig. 1) remove water
from the river for irrigation purposes. In terms of
streamflow contribution to the Arkansas River, some
of the larger tributaries include Fountain Creek,
Timpas Creek, and the Purgatoire River (pl. 1). The
Purgatoire River flows into the Arkansas River just

upstream from the 615,500-acre-ft John Martin Reser-
voir (fig. 1), which was completed in 1943 by the
U.S. Army Corps of Engineers as a multipurpose
project. Generally, recreational activities on the
Arkansas River east of Cafion City are concentrated at
the two main-stem reservoirs.
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STREAMFLOW

Precipitation and transmountain diversions are
the principal sources of water in the upper Arkansas
River Basin. Snowfall during winter produces a deep
snowpack in the mountains that subsequently melts to
supply most of the total annual streamflow in the
basin. Transmountain diversions from the Colorado
River Basin are supplied from several sources high in
the basin. Much of this water is routed through
Turquoise Lake to Twin Lakes Reservoir (fig. 1)
through closed conduit for the purpose of generating
power and for storage to meet downstream irrigation
and municipal-supply demands (Abbott, 1985).
Several open channels also transport water from the
Colorado River Basin to the Arkansas River Basin.
During the study period, April 1990—March 1993, the
monthly mean streamflow of the Arkansas River in the
ugper basin ranged from 70 ft3/s at Leadville to 688
ft°/s at Parkdale (Ugland and others, 1991, 1992, and
1993). Water released from Twin Lakes Reservoir by
way of Lake Creek is the largest source of tributary
flow to the upper Arkansas River. The monthly mean
reservoir release from Twin Lakes Reservoir during
the study period was 284 ft3/s (U gland and others,
1991, 1992, and 1993). These reservoir releases repre-
sented about 45 percent of the annual flow at Granite,
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the next downstream main-stem site, and about
35 percent of the total annual flow at Portland, the site
farthest downstream in the upper basin.

Streamflow in the lower Arkansas River Basin
is highly regulated by storage and release operations at
Pueblo Reservoir and John Martin Reservoir. Surface-
water diversions and return flows downstream from
Pueblo Reservoir have a pronounced effect on the
streamflow of the Arkansas River. Irrigation diver-
sions downstream from Pueblo Reservoir substantially
decrease streamflow in the river. Irrigation return
flows can make up a majority of the streamflow down-
stream from Manzanola during certain times of the
year (Cain, 1985). During the study period, the
monthly mean streamflow of the Arkansas River
between Pueblo Reservoir and John Martin Reservoir
ranged from 784 ft3/s at Avondale to 201 ft3/s at Las
Animas (Ugland and others, 1991, 1992, and 1993).
The monthly mean streamflow near the Colorado-
Kansas State line was about 130 ft*/s. In the lower
basin, the largest tributary to the river was Fountain
Creek, which contributed about 15 percent of the
annual streamflow at Avondale.

Streamflow in the Arkansas River exhibits
considerable temporal variability. During October into
April, streamflow is at an annual minimum and is
maintained by natural base flow and reservoir releases.
In April, however, streamflow begins to increase in the
upper basin as lower elevation snow begins to melt.
The importance of this early snowmelt runoff, or
“flushing” regime, on the water quality of the
Arkansas River is discussed in the “Trace Elements”
section of this report. Streamflow typically is at its
annual maximum during snowmelt runoff in May and
June. Peak runoff generally occurs during the second
week in June. During July through September, stream-
flow includes decreasing amounts of snowmelt and is
augmented with releases of stored water. During this
time, streamflow can increase substantially over short
periods of time following intense rainstorms and
subsequent runoff from tributaries. During July
through September, most streamflow in the lower
basin generally is diverted for irrigation.

WATER QUALITY

Water-quality data in this report are presented
by streamflow regime. In general, the data were
divided into three streamflow regimes that are defined

as low flow (October—April), snowmelt runoff (May—
June), and post-snowmelt runoff (July—September).
However, the temporal analysis of trace elements in
the upper basin was defined somewhat differently
because of unique transport mechanisms. For trace
elements in the upper basin, data are further divided
into a pre-snowmelt runoff period in April; therefore,
the low-flow regime for trace elements in the upper
basin is defined as October through March. The trans-
port characteristics for trace elements are discussed in
greater detail in the “Trace Elements” section of this
report.

Statistical comparisons of selected water-quality
properties and concentrations of constituents were
made between sites in the Arkansas River Basin. Most
statistical comparisons were made using Tukey’s
studentized range test (SAS Institute, Inc., 1985) with
an alpha level of 0.05 to determine whether the varia-
tions in concentrations that occurred among sites were
significantly different.

Dissolved Oxygen and pH

Dissolved-oxygen concentration in water is a
function of temperature and pressure, and to a lesser
degree, the concentration of other solutes (Hem,
1985). Overall, the waters of the Arkansas River Basin
were well oxygenated. Streamflow in high-gradient
streams in the upper basin supplied sufficient amounts
of atmospheric oxygen to saturate the water column.
In some cases, the water was supersaturated with
dissolved oxygen because of photosynthetic activity.
In the lower basin, the river continued to be well
oxygenated even though stream velocities and aeration
decreased (Dash and Ortiz, 1996). Aquatic-life
standards set by the Colorado Department of Health
(1994) for the Arkansas River state that dissolved-
oxygen concentrations should not decrease below 5 to
6 mg/L; instantaneous dissolved-oxygen concentra-
tions for all main-stem sites in the basin ranged from
6.1to 14.7 mg/L.

The pH of the Arkansas River was near neutral
to slightly alkaline; median pH values at main-stem
sites in the upper basin typically ranged from 7.9 to
8.5 (fig. 3). In the Leadville area, pH of the Arkansas
River was slightly alkaline because mine-drainage
water from the LMDT is neutral, and the Yak Tunnel
drainage, which is acidic, was neutralized before
reaching the river. The lowest median pH in the upper

8 Water-Quality Assessment of the Arkansas River Basin, Southeastern Colorado, 199093
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Figure 3. Variations in pH in the Arkansas River, April 1990-March 1993.
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basin occurred in the vicinity of Buena Vista before
increasing because of increased bicarbonate sources
downstream. In the upper basin, the highest median
pH occurred at Portland. In the lower basin, the
median pH of the Arkansas River ranged from 8.2 at
Coolidge, Kans., and the site Below John Martin
Reservoir to 8.5 at Highway 227. The pH of the
Arkansas River typically was lower during the snow-
melt-runoff regime because of the lower pH of snow-
melt runoff. Instantaneous pH values for main-stem
sites generally were within the acceptable range (6.5—
9.0) for in-stream water quality set by the State of
Colorado (Colorado Department of Health, 1994).

Dissolved Solids and Major lons

Water samples were collected and analyzed for
dissolved-solids concentrations at all sites in the
Arkansas River Basin. Analysis for concentrations of
major ions was done for main-stem sites, but most
tributary sites were not sampled for major ions.
Calcium, magnesium, sodium, bicarbonate, sulfate,
and chloride were the major ions analyzed. Potassium
and fluoride were not analyzed because historical data
indicated that the concentrations were not substantial
in the basin.

Dissolved-solids concentrations in the Arkansas
River are affected by many factors, including runoff
from snowmelt or rainfall, geology, land and water
use, mine drainage, and inflow from ground water
(Crouch and others, 1984). These factors resulted in
distinct spatial variations of dissolved-solids concen-
trations in the river (fig. 4). Dissolved solids were
slightly elevated at Leadville and Malta because of
mineralized drainage from mines and mine tailings in
the Leadville area. Downstream from Malta,
dissolved-solids concentrations decreased as flow
from Lake Creek (pl. 1) diluted the dissolved solids in
the river. The lowest median main-stem concentration
in the basin (62.5 mg/L) occurred just downstream at
Granite. A gradual increase of less than 1 mg/L per
mile occurred from Granite downstream to Cafion
City; dissolved solids generally doubled along this
103-mi reach. The increase was due to decreased
precipitation and runoff, changes in geology and
chemical composition of rocks, and increased water
use (Crouch and others, 1984). Measured tributaries
along this reach contributed about 50 percent of the
measured dissolved-solids loads. Dissolved-solids

concentrations nearly doubled again along a 16-mi
reach from Caifion City to Portland (about 5.5 mg/L
per mile) because of a change in geology from igneous
and metamorphic rock to sedimentary rock and
increased return flows (Miles, 1977). Only about

35 percent of the dissolved solids along this reach
could be attributed to the two measured tributaries in
the reach. Inflow from ground water and unmeasured
tributaries and surface return flows may account for
the remaining dissolved-solids load. In the Pueblo
area, median concentrations in the river increased by
about 15 percent due to tributary inflow from Fountain
Creek. Downstream from Pueblo, concentrations
increased steadily to Catlin Dam (about 5 mg/L per
mile). A 71-percent increase in median concentration
occurred between Catlin Dam and La Junta (about

16 mg/L per mile) where irrigation return flows are a
large portion of the streamflow. Between La Junta and
Las Animas, the dissolved-solids concentration in the
river increased slightly. Median dissolved-solids
concentrations increased about 183 percent (about

30 mg/L per mile) from Las Animas to Coolidge,
Kans. The highest median concentration in the basin
was 3,825 mg/L at Coolidge. Concentration of
dissolved salts resulting from the use and reuse of irri-
gation water throughout the lower basin resulted in a
greater than tenfold increase in dissolved solids in the
lower basin.

Dissolved-solids concentrations in the upper
basin were lowest during snowmelt runoff and highest
during low flow. Dissolved-solids concentrations
generally were as much as 2.5 times larger during the
low-flow regime than during snowmelt runoff. Thus,
dissolved-solids concentrations were inversely propor-
tional to streamflow in the upper basin.

In natural water, specific conductance is a good
estimator of dissolved-solids concentrations (Hem,
1985). Regression models of specific conductance and
dissolved-solids concentration were developed using
least-squares techniques for 24 sites in the Arkansas
River Basin where 15 or more paired measurements
were available. A listing of the sites, regression coeffi-
cients, and various statistical qualifiers is in table 2.
All the regressions showed statistically significant
(p<0.001) linear relations for specific conductance and
dissolved-solids concentration.

Major-ion concentrations in the Arkansas River
Basin showed large spatial variations (fig. 5). In
general, concentrations for all six major ions increased
downstream, probably because of changing geology,

10 Water-Quality Assessment of the Arkansas River Basin, Southeastern Colorado, 1990-93
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Figure 4. Variations in dissolved-solids concentrations in the Arkansas River, April 1990-March 1993.
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Table 2. Least-squares regression equations for dissolved-solids concentration and specific conductance for selected sites

in the Arkansas River Basin, April 1990—March 1993

[DS, estimated dissolved solids, in milligrams per liter; SC,,, measured specific conductance, in microsiemens per centimeter at 25 degrees Celsius;

<, less than]
Number of Regression coefficients in Standard
palred the equation
(ss;;et:;g‘i) measurements DS =a+b(SCp,) :;t.z:f,i,:':::i::, c:;;:;:: I:i;\t p-value
a b

Leadville Mine Drainage Tunnel 15 459 0.65 0.78 0.096 <0.001
Leadville 26 18.7 51 .93 .030 <.001
California Guich 15 —166.9 93 .96 .053 <.001
Malta 26 5.6 .55 .83 .051 <.001
Granite 26 ~15.0 1 .92 .043 <.001
Buena Vista 27 —6.5 .63 .83 .058 <.001
Nathrop 25 -39 .60 .88 .045 <.001
Salida 26 —-11.6 .66 .96 .028 <.001
Wellsville 25 -7.0 .62 .95 .031 <.001
Parkdale 26 -1.5 .59 97 .020 <.001
Caiion City 26 —6.6 .61 .90 .043 <.001
Portland 26 -25.1 .68 .93 .038 <.001
Below Pueblo Reservoir 24 -37.5 71 .93 .042 <.001
Pueblo 26 -92.8 .81 .99 .020 <.001
Fountain Creek 25 -122.7 78 97 .026 <.001
Highway 227 24 —61.0 74 98 .024 <.001
Avondale 24 -121.3 .83 .98 .025 <.001
Nepesta 24 -30.3 73 .87 .059 <.001
Catlin Dam 24 —120.6 .82 .97 .029 <.001
Timpas Creek 18 —280.1 .95 .98 .032 <.001
La Junta 24 —224.0 .92 .99 .018 <.001
Las Animas 24 —260.0 91 92 .057 <.001
Purgatoire River 24 —415.2 1.02 .99 .026 <.001
Below John Martin Reservoir 24 —298.8 .94 .97 .034 <.001

land use, and increased agricultural water use. The
general downstream pattern was similar to that previ-
ously described for dissolved-solids concentrations. In
the upper basin, calcium and bicarbonate were the
dominant major ions (fig. 5). Calcium and bicarbonate
accounted for about 60 to 80 percent of the cation and
anion concentrations, respectively. The downstream
increase in major-ion concentrations in the upper basin
likely was caused by the transition from igneous and
metamorphic rock to sedimentary rock, and from the
increased use of water for municipal and agricultural
purposes (Crouch and others, 1984). Downstream
from Portland, the water changed from a calcium
bicarbonate type to a calcium sulfate type, probably as
a result of contact with marine shales that occur in the

12

area. In the lower basin, the water changed from a
calcium sulfate type to a mixed water type. While no
dominant cation was detected at the Coolidge site,
sulfate accounted for about 82 percent of the anions
(fig. ).

The concept of water hardness dates back many
centuries but, in modern times, has been associated
with the presence of calcium and magnesium (Hem,
1985). Hardness generally is defined in terms of these
two constituents and is expressed in terms of an equiv-
alent concentration of calcium carbonate. In the upper
Arkansas River, median hardness values decreased
between Malta (90 mg/L as CaCOs) and Granite
(45 mg/L as CaCO3) because of dilution from Lake
Creek inflow. Downstream from Granite to Parkdale,

Water-Quallty Assessment of the Arkansas River Basin, Southeastern Colorado, 1990-93
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Figure 5. Comparison of median concentrations of six major ions in the Arkansas River, April 1990-March 1993.
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hardness increased steadily but remained less than
100 mg/L as CaCO;. Hardness values continued to
increase downstream from Portland and throughout
the lower basin. From Catlin Dam to Las Animas and
from John Martin Reservoir to Coolidge, Kans., hard-
ness increased 94 and 165 percent, respectively. The
highest median hardness concentration in the river was
1,505 mg/L as CaCOj5 at Coolidge. Temporally, hard-
ness was lowest during snowmelt runoff and increased
as streamflow decreased.

The toxicity of trace elements to aquatic life is
affected by the hardness of the water; most metals are
less toxic in water exceeding 100 mg/L as calcium
carbonate (Gerhardt, 1993). In the upper basin, this
relation is particularly important because of the rela-
tive sensitivity of trout to elevated metal concentra-
tions. Hardness is an integral part of the Colorado
Water Quality Control Commission’s stream classifi-
cations and water-quality standards for the Arkansas
River Basin (Colorado Department of Health, 1994).
Many of the water-quality standards for trace elements
(metals) require a hardness concentration as part of the

algorithm used to calculate a particular in-stream stan-
dard. Because hardness is a calculated value that
requires the chemical analysis of calcium and magne-
sium, it is useful to estimate hardness using an easily
obtainable measurement such as specific conductance.
Regression models for estimating hardness using
specific conductance were developed for

15 main-stem sites and one tributary site using an ordi-
nary least-squares regression technique. A summary of
the regression coefficients and various statistical
parameters is presented in table 3. All the regressions
showed statistically significant (p<0.001) linear rela-
tions for specific conductance and hardness.

Trace Elements

Selected trace elements were analyzed and eval-
uated in different parts of the Arkansas River Basin on
the basis of potential geologic and land-use effects on
water quality. In the upper basin, the trace elements
selected for analysis are affected mainly by local

Table 3. Least-squares regression equations for hardness and specific conductance for selected sites in the Arkansas

River Basin, April 1990—March 1993

[HARD, hardness, as milligrams per liter of calcium carbonate; SC,,, measured specific conductance, in microsiemens per centimeter at 25 degrees

Celsius; <, less than]

Regression coefficlents

Site name Num_ber in the equation Coefficient ot Standard
(see table 1) o\f,:'adgzd H:RD =a+ b(S(:,m) determination c:;';:::iz‘rut p-value
Leadville 26 0.4 0.46 0.97 0.017 <0.001
Malta 26 3.1 42 .94 .023 <.001
Granite 26 5.7 48 .98 .013 <.001
Buena Vista 27 -5.6 48 95 023 <.001
Nathrop 25 —4.8 .46 .97 016 <.001
Wellsville 26 -5.6 47 97 016 <.001
Parkdale 26 0.1 42 .97 .016 <.001
Portland 26 2.3 41 .98 .012 <.001
Below Pueblo Reservoir 25 9.0 40 .96 .018 <.001
Pueblo 26 -1.5 41 .98 .011 <.001
Fountain Creek 25 —38.9 .34 .94 017 <.001
Highway 227 24 47.1 31 .96 .013 <.001
Avondale 24 19.8 .36 .97 .013 <.001
Catlin Dam 24 -21.8 42 .98 .012 <.001
Las Animas 24 19.5 38 .98 .010 <.001
Below John Martin Reservoir 24 -129.6 45 .94 .023 <.001
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geology and mining activity. In the lower basin, the
trace elements selected for analysis are affected by
urban and agricultural land use and local geology.
Twenty-four to 28 water samples were collected and
analyzed for trace-element concentrations at most of
the main-stem Arkansas River sites. Tributaries were
sampled less frequently. Trace-element concentra-
tions in and contributions from tributaries are
discussed in less detail unless a tributary represented a
substantial trace-element source to the main stem of
the river. This discussion of trace elements focuses on
downstream temporal variations in concentrations in
the main stem of the Arkansas River. For the purposes
of graphical presentation and statistical analysis in
this report, trace-element concentrations reported as
less than the reporting limit were assumed to equal
0.7 times the reporting limit (Kimball and others,
1995; Clark and Lewis, 1997).

Water samples collected in the Arkansas River
Basin were analyzed for dissolved and total-recover-
able trace-element concentrations. Samples analyzed
for dissolved trace-element concentrations were
filtered through 0.45-um membrane filters. Kimball
and others (1995) reported that colloids, which are
solids with effective diameters that range from 1 um to
1 nm, affect the occurrence and transport of trace
elements in the upper Arkansas River. Because
colloids may pass through a 0.45-um filter, trace-
element concentrations reported as dissolved might
include a substantial percentage of colloidal-size
particles.

A review of dissolved-trace element concentra-
tions in field-equipment quality-assurance blanks
indicated that water samples collected with a D74
nonsolenoid, brass sampler were unacceptably
contaminated with dissolved copper. Therefore, all
dissolved- and total-recoverable copper concentration
data that were collected with the D74 sampler were
not included in the analyses presented in this report.
All other trace-element analytes appeared to be rela-
tively insensitive to sampler contamination or had
only minor contamination; therefore, they were judged
to be acceptable and are included in the interpretations
presented in this report.

Trace-element concentrations were compared to
the stream-water-quality standards that have been
established for the Arkansas River by the Colorado
Water Quality Control Commission (Colorado Depart-
ment of Health, 1994). The standards were established
for individual reaches of the Arkansas River and

reflect the stream classification for the individual
reaches. Stream classifications include aquatic life,
domestic water supply, and recreational and agricul-
tural use. Aquatic-life standards are further divided
into cold-water fisheries (upper basin) and warm-
water fisheries (lower basin). Aquatic-life standards
generally are calculated values that require a hardness
value in the algorithm. For the purpose of this report,
instantaneous hardness values were used when calcu-
lating acute and chronic aquatic-life standards.

Upper Basin

In the upper basin, historical mining of ore
deposits has yielded large quantities of many valuable
metals, including copper, gold, iron, lead, silver, and
zinc (Tweto, 1968). Water flowing through the aban-
doned mines and mine tailings in the upper basin has
contributed substantial quantities of cadmium, copper,
iron, lead, manganese, and zinc to the Arkansas River
(Moran and Wentz, 1974; Wentz, 1974). In this study,
these six trace elements were selected as the primary
trace elements of potential concern in the upper
Arkansas River Basin. Samples analyzed for concen-
trations of these primary trace elements were collected
from the following main-stem sites: Leadville, Malta,
Granite, Buena Vista, Nathrop, Wellsville, Parkdale,
and Portland (table 1). Additionally, water samples
collected five times during the study at four of the
eight sites were analyzed for concentrations of arsenic,
chromium, mercury, nickel, selenium, and silver for
the purpose of confirming that their concentrations
were relatively insignificant from a water-quality
perspective. Trace elements were analyzed in water
samples collected from all major tributaries in the
upper basin. In this study, the major tributaries in the
upper basin were defined as those tributaries that
contribute at least 5 to 10 percent of the annual flow in
the upper Arkansas River or those that are known or
suspected to be substantial sources of some trace
elements, primarily owing to localized land use in the
tributary drainages.

Where reported, trace-element loads were
computed by multiplying the trace-element concentra-
tion of the respective sample and the instantaneous
streamflow during sampling. Trace-element loads
were not computed for samples with constituent
concentrations that were less than the reporting limit.
No load estimates are presented for cadmium because
of the large number of censored total-recoverable
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cadmium concentrations. Trace-element load esti-
mates provide a general characterization of the
temporal trace-element load sources and are reported
for the seven main-stem river reaches downstream
from Leadville. Within each of the seven river reaches,
instantaneous trace-element loads were computed for
the major tributaries and for the main-stem site at the
upstream end of its respective reach. These loads were
compared to the trace-element load at the main-stem
site located at the downstream end of its respective
reach in order to estimate the percentage of trace-
element load contributed by the tributaries and by the
main-stem river in each of the seven reaches. Storm
runoff was sampled only once in the upper basin.
Because storm runoff can transport substantial
amounts of trace-element-enriched sediment, storm
loads are underrepresented in the load estimates.
Loads are not reported for the reach upstream from
Leadville because the sampling site on the East Fork
of the Arkansas River was upstream from the
Leadville Mine Drainage Tunnel, which is the single
largest trace-element source in the reach. Therefore,
trace-element loading from the East Fork of the
Arkansas River could not be accurately estimated.
For the purposes of this report, the downstream
temporal variability in trace-element concentrations in
the upper basin is described in terms of four distinct
streamflow regimes. The four regimes include low
flow (October—March), early-snowmelt runoff (April),
snowmelt runoff (May—June), and post-snowmelt
runoff (July—September). These four regimes differ
from the three streamflow regimes described earlier in
this report. The distinction of an early-snowmelt
runoff regime is important because lower-elevation
snowmelt generally occurs during April and begins to
flush abandoned mines, mine dumps, and tailing piles
of trace-element-enriched water. Although the volume
of water that actually flows into the river from these
sources during the early-snowmelt regime is relatively
small, the effect on trace-element concentrations can
be substantial. Low-flow, snowmelt-runoff, and post-
snowmelt-runoff regimes are similar to those
described previously in the “Streamflow” section of
this report. This definition of streamflow regimes for
trace-element concentrations in the upper basin serves
as a general guideline for the interpretation of
temporal trace-element concentrations and is subject
to some degree of variability due to year-to-year vari-
ability in weather conditions and reservoir operations.

The primary source of trace elements in the
upper Arkansas River is metal-laden drainage from
abandoned mines and mine tailings (Moran and
Wentz, 1974; Wentz, 1974). Nonpoint sources of
trace-element-enriched drainage in the upper basin
probably are substantial because of the extensive
distribution of mine tailings and mine-waste piles
throughout the upper basin. However, the most
substantial sources of mine drainage are located in the
Leadville area and include the Leadville Mine
Drainage Tunnel (LMDT) and the Yak Tunnel (Moran
and Wentz, 1974; Wentz, 1974; Clements, 1991). The
LMDT discharges to the East Fork of the Arkansas
River upstream from Leadville, and the Yak Tunnel
discharges to California Gulch near Malta (pl. 1).
Water-treatment plants were operating at both sites in
the spring of 1992. Both plants use a chemical-
precipitation process to remove metals from the mine
drainage before the mine-drainage water is discharged
to the receiving streams. The pre-treatment (April
1990—March 1992) and post-treatment (April 1992—
March 1993) dissolved- and total-recoverable trace-
element concentration data were compared for statis-
tical differences using the Wilcoxon rank-sum test.
Statistical testing on flow-adjusted concentrations was
not done because of the absence of any statistically
significant explanatory variables for metal concentra-
tions. The instantaneous streamflow associated with
the water samples collected during the pre-treatment
and post-treatment periods also was tested for signifi-
cant differences using the Wilcoxon rank-sum test. It
was assumed that streamflow had no statistically
significant effect on the distribution of trace-element
concentrations during the two periods because no
significant difference was detected between pre-
treatment and post-treatment instantaneous streamflow
(T.A. Cohn, U.S. Geological Survey, oral commun.,
1995). In cases where more than 50 percent of the
trace-element data at a given site were less than the
reporting level, the rank-sum test was not done.

Cadmium

The median dissolved-cadmium concentration
typically was largest at Malta and decreased substan-
tially downstream (fig. 6). Moore and Ramamoorthy
(1984) reported that dissolved-cadmium concentra-
tions in unpolluted freshwater typically range from 10
to 100 ng/L. The substantial decrease in dissolved-
cadmium concentrations between Malta and Granite

16 Water-Quality Assessment of the Arkansas River Basin, Southeastern Colorado, 1990-93
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probably was due to dilution by Lake Creek and
increased partitioning to the particulate phase.
Dissolved-cadmium concentrations increased at
Buena Vista. Dissolved-cadmium concentrations
typically were highest during early-snowmelt runoff
(fig. 6). During early-snowmelt runoff and snowmelt
runoff, median total-recoverable cadmium concentra-
tions increased substantially between Leadville and
Malta (fig. 6) but were subsequently diluted by inflow
from Twin Lakes (fig. 1). The median total-recover-
able cadmium concentration during snowmelt runoff
increased downstream from Buena Vista to a
maximum of 2.5 pug/L at Parkdale. The downstream
increase probably was caused by the resuspension of
trace-element-laden sediment during high streamflow.
Three characteristics of main-stem and tributary
cadmium concentrations support this conclusion. First,
total-recoverable cadmium concentrations increased
and dissolved-cadmium concentrations decreased
downstream from Buena Vista, thus indicating that
particulate cadmium concentrations increased.
Second, concentrations of total-recoverable cadmium
in the tributaries downstream from Buena Vista were
smaller than those in the main stem (Dash and Ortiz,
1996), thus indicating that the increase in main-stem

concentrations of total-recoverable cadmium prob-
ably was not caused by tributary inflow. Third,
Kimball and others (1995) stated that resuspension of
colloids in the main stem of the river is a “likely
source of colloidal iron load during runoff” and that
cadmium, copper, lead, and zinc all occur in substan-
tial concentrations in the iron colloids. These charac-
teristics also support measured increases in other total-
recoverable metal concentrations during the high-flow
conditions of snowmelt runoff.

Cadmium concentrations decreased signifi-
cantly at several sites after the mine-drainage
treatment plants came on line at the LMDT and
Yak Tunnel (California Gulch) (table 4). The median
dissolved-cadmium concentration in the effluent from
the LMDT and the Yak Tunnel (via California Gulch)
decreased from 12 to 0.3 ug/L and from 48 to
5.2 ug/L, respectively (table 4). Post-treatment
(April 1992—March 1993) dissolved-cadmium
concentrations also decreased significantly (p<0.05) at
Leadville, Malta, Granite, Buena Vista, and Nathrop
(table 4). Post-treatment total-recoverable cadmium
concentrations decreased significantly during post-
treatment at the LMDT and at California Gulch
(table 4).

Table 4. Results of Wilcoxon rank-sum test (1-tailed) of pre-treatment (April 1990-March 1992) and post-treatment
(April 1992—March 1993) instantaneous streamflow and cadmium concentrations at selected sites in the upper

Arkansas River Basin

[ﬁ3/s, cubic feet per second; ug/L, micrograms per liter; <, less than; <, less than or equal to; --, test not performed; NA, not applicable]

Total-recoverable

Streamflow Dissolved cadmium cadmium
Site name Pre-/post- Pre-/post- Pre-/post-
(see table 1) t:::td'i::‘“ p-value t::::i::r‘“ p-value '::;'I:i'}t p-value
(%/s) (ug/L)

Leadville Mine Drainage Tunnel 2.3/2.4 0.38 i <0.01 <0.01
California Gulch 1.8/1.8 .50 <.01 <.01
Leadville 70/58 50 <.01 2 NA
Malta 99/134 35 <01 -2 NA
Granite 277/470 A5 .02 -2 NA
Buena Vista 400/462 45 <.01 -2 NA
Nathrop 563/717 45 .01 -2 NA
Wellsville 524/742 38 0.1/<0.1 24 -2 NA
Parkdale 582/843 41 -2 NA -2 NA
Portland 512/800 18 -2 NA -2 NA

ISignificant differences (p<0.05) are shaded.

2Test not performed because more than 50 percent of the data were less than the reporting level.
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During the study period, the incidence of
dissolved-cadmium concentrations that exceeded
stream-water-quality standards was relatively small
(table 5). Only one sample exceeded the acute stan-
dard (Leadville), whereas two samples at Leadville,
three samples at Granite, and two samples at Buena
Vista exceeded the chronic standard (table 5). All
exceedances occurred during the pre-treatment period
(April 1990—March 1992). There was no obvious
temporal pattern associated with these exceedances of
water-quality standards.

Table 5. Number of samples that exceeded acute and
chronic cadmium water-quality standards in the upper
Arkansas River, April 1990-March 1993

Number of samples that

Site name Number exceeded standard’

(see table 1) oz::;::;zs Acute Chronic
standard? standard®

Leadville 27 1 24
Malta 26 0 03
Granite 27 0 3
Buena Vista 27 0 2
Nathrop 27 0 0
Wellsville 27 0 0
Parkdale 27 0 0
Portland 26 0 0

TAcute and chronic cadmium standards are based on dissolved-
cadmium concentration (Colorado Department of Health, 1994).

2Acute standard, in micrograms per liter =
¢(1-128[In(hardness)}-2.905)

3Unless noted: Chronic standard, in micrograms per liter =
(07852 In(hardness)]-3.490)

4Chronic standard = 1.4 nﬁcrogmms per liter.
3 Chronic standard = 2.3 micrograms per liter.

Copper

Median dissolved-copper concentrations
increased between Leadville and Malta during the
early-snowmelt, snowmelt-, and post-snowmelt-
runoff regimes because of substantial copper loading
from California Gulch and nonpoint sources (fig. 7).
The median dissolved-copper concentration in Cali-
fornia Gulch was 8 pg/L (Dash and Ortiz, 1996); in
unpolluted freshwater, concentrations typically range
from 0.5 to 1 ug/L (Moore and Ramamoorthy, 1984).
During snowmelt runoff, median dissolved-copper
concentrations increased from 2 ug/L at Leadville to
4 ng/L at Buena Vista. Downstream from Buena
Vista, they decreased substantially (fig. 7) probably

because of increased partitioning of copper to the
particulate phase. Median concentrations were equal
to or less than 2 pg/L during the other three regimes.
The percentage of copper in the dissolved phase
ranged from about 50 to 75 percent between Leadville
and Parkdale but decreased to almost 30 percent at
Portland (fig. 8). Dissolved-copper concentrations
were not diluted between Malta and Granite by the
substantial tributary inflow from Lake Creek because
of somewhat elevated dissolved-copper concentrations
(2 to 3 pg/L) in Lake Creek (Dash and Ortiz, 1996).
Median dissolved-copper concentrations were largest
during snowmelt runoff (fig. 7), which is somewhat
unusual because dissolved trace-element concentra-
tions typically are inversely proportional to stream-
flow and are diluted by increasing streamflow. It is
likely that colloidal copper, which will pass through a
0.45-um filter, increased during snowmelt runoff
(Kimball and others, 1995).

Median total-recoverable copper concentrations
were highest during the snowmelt-runoff regime
(fig. 7). During the other three streamflow regimes,
there was little difference among the median total-
recoverable copper concentrations, which ranged from
1 to S pug/L (fig. 7). During snowmelt runoff, the
median total-recoverable copper concentration
increased from a minimum of 4 pg/L at Leadville to a
maximum of 12.5 ug/L at Parkdale (fig. 7). Although
most of the measured copper load in most of the main-
stem reaches was accounted for by measured tributary
and main-stem loads, this was not the case in the reach
from Buena Vista to Nathrop (table 6). During July—
August and October, the percentage of the measured
copper load at Nathrop that was accounted for by
main-stem loading at Buena Vista or by measured
tributary loading in the reach was 57 and 40 percent,
respectively. The unaccounted copper load may be
from the resuspension of sediment or nonpoint sources
within the reach. Downstream from Buena Vista,
copper loading from the tributaries was relatively
small (<10 percent) compared to main-stem load
contributions (table 6).

Total-recoverable copper concentrations
decreased significantly during the mine-drainage
post-treatment period at California Gulch. Post-
treatment dissolved-copper concentrations decreased
at Malta, which is immediately downstream from the
mining-affected Leadville area, and total-recoverable
copper concentrations decreased significantly at
Malta, Buena Vista, and Nathrop (table 7).
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Figure 7. Median dissolved- and total-recoverable copper concentrations by streamflow regime in the upper Arkansas
River, April 1990-March 1993.
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concentrations in the upper Arkansas River, April 1990-March 1993.

Table 6. Average percentages of instantaneous streamflow and instantaneous total-recoverable copper load contributed to the
Arkansas River by the upstream main-stem site and the intervening tributaries in the same reach, April 1990—-March 1993

[Main-stem sites are in capital letters; --, insufficient data]

Streamflow Total-recoverable copper load
Site name (in percent) (in percent)
(see table 1) April June AJUUQIYJ; October April June AJ:‘VJ; October
Main-stem reach 1 (Leadville to Malta)
LEADVILLE 41 70 54 30 18 -- 42 12
California Gulch 2 1 2 1 100 -- 46 34
Lake Fork above Halfmoon Creek 39 21 36 35 24 -- 34 20
Iowa Gulch 0 4 4 4 -- -- 10 -
Empire Gulch 0 2 1 0 - -- 1 0
Main-stem reach 2 (Malta to Granite)
MALTA 56 32 30 80 74 - 37 67
Lake Creek below Twin Lakes Reservoir 19 59 56 12 16 - 38 12
Main-stem reach 3 (Granite to Buena Vista)
GRANITE 76 78 78 76 120 - 170 90
Clear Creek below Clear Creek Reservoir 9 12 15 10 4 - 17 6
Main-stem reach 4 (Buena Vista to Nathrop)
BUENA VISTA 78 92 80 53 95 - 52 34
Cottonwood Creek 2 1 1 7 1 - 1 2
Chalk Creek 1 9 8 8 1 - 4 4
Main-stem reach 5 (Nathrop to Wellsville)
NATHROP 99 99 96 77 90 - 283 162
South Fork Arkansas River 2 3 1 5 1 - 6 2
Main-stem reach 6 (Wellsville to Parkdale)
WELLSVILLE 83 88 95 87 70 - 90 124
Badger Creek 3 0 1 2 3 - 1 2
Tallahassee Creek 0 1 0 1 0 - 0 0
Main-stem reach 7 (Parkdale to Portland)
PARKDALE 11 98 122 104 130 - 116 30
Fourmile Creek 11 2 5 6 5 - 5 6
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Table 7. Results of Wilcoxon rank-sum test (1-tailed) of pre-treatment (April 1990-March 1992) and post-treatment '
(April 1992-March 1993) instantaneous streamflow and copper concentrations at selected sites in the upper Arkansas River
Basin

[ﬂ3/s, cubic feet per second; ug/L, micrograms per liter; <, less than; <, less than or equal to; --, test not performed; NA, not applicable]

Total-recoverable

Streamflow Dissolved copper copper
Slte name Pre-/post- Pre-/post- Pre-/post-
(see table 1) ‘r’::;'i';‘;ﬁ" p-value ‘,’::d";‘;',“ p-value t::gi:?::t p-value
(ft%ss) (hg/L) (ng/L)

Leadville Mine Drainage Tunnel 234 0.38 -2 NA -4 NA
California Gulch 1.8/1.8 .50 10/7.5 11 .03
Leadville 32/58 32 171 .49 2/2 .25
Malta 95/134 .26 <.01 <.01
Granite 228/392 .18 22 .26 5/3 11
Buena Vista 253/456 22 2/2 A7 .02
Nathrop 433/701 21 2/1.5 23 .02
Wellsville 460/690 12 2/2 32 4/2 .07
Parkdale 476/788 .10 /1.5 1 4/1.5 10
Portland 470/694 .08 1/1 .48 4/3.5 .28

ISignificant differences (p<0.05) are shaded.
2Test could not be performed because more than 50 percent of the data were less than the reporting limit.

The incidence of dissolved-copper concentra- copper standards occurred during the snowmelt-
tions that exceeded stream-water-quality standards runoff regime, but this determination cannot be
was small (table 8). No samples exceeded the acute made because most of these samples were not
copper standard, whereas only one sample collected included in the analyses due to quality-assurance
at Nathrop in May exceeded the chronic copper concerns associated with the use of the D74
standard. It is possible that more exceedances of the sampler.

Table 8. Number of samples that exceeded acute and chronic copper water-quality standards
in the upper Arkansas River, April 1990-March 1993

Number of samples that exceeded standard’

Slte name Number of samples Acute Chronic

(see table 1) analyzed standard? standard®
Leadville 24 0 0
Malta 25 0 0
Granite 22 0 0
Buena Vista 22 0 0
Nathrop 21 0 :
Wellsville 22 0 0
Parkdale 21 0 0
Portland 21 9 0

1 Acute and chronic copper standards are based on dissolved-copper concentration
(Colorado Department of Health, 1994).

2 Acute standard, in micrograms per liter = ¢{0-9422[In(hardness)}-1.4634)

3Chronic standard, in micrograms per liter = ¢(0-8543{In(hardness)}-1.465)

22  Water-Quality Assessment of the Arkansas River Basin, Southeastern Colorado, 199093



iron

The median dissolved-iron concentrations were
largest during early-snowmelt runoff; the maximum
median concentration (330 pg/L) was at Leadville
(fig. 9). Dissolved-iron concentrations were much
smaller during the other three streamflow regimes and

were not substantially different from one another

(fig. 9). Median percentages of dissolved-iron
concentrations decreased downstream largely because
of the increased partitioning of iron to the particulate
phase (fig. 10). The median percentage of iron in the
dissolved phase decreased from a maximum of
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Figure 9. Median dissolved- and total-recoverable iron concentrations by streamfiow regime in the upper

Arkansas River, April 1990-March 1993.
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Figure 10. Median percentages of dissolved iron in percentage of total-recoverable iron
concentrations in the upper Arkansas River, April 1990-March 1993.

42 percent at Leadville to a minimum of 3 percent at
Portland (fig. 10). The median total-recoverable

iron concentrations were largest during snowmelt
runoff and increased from 665 pg/L at Leadville

to 4,600 pg/L at Portland, an increase of almost

600 percent (fig. 9). Total-recoverable iron concentra-
tions were much smaller during the other three flow
regimes, and they were not substantially different from
one another (fig. 9). The downstream increase in total-
recoverable iron concentrations during snowmelt
runoff probably was caused by the resuspension and
downstream transport of iron-enriched fluvial sedi-
ment. The elevated streamflow during snowmelt
runoff has the largest potential effect on the resuspen-
sion and downstream transport of sediment. An
analysis of total-recoverable iron-load contributions
indicates that tributary contributions of iron typically
were small (<10 percent) compared to the main-stem
loads (table 9) with the exception of California Gulch,
Lake Fork above Halfmoon Creek, and Lake Creek
below Twin Lakes Reservoir.

Dissolved and total-recoverable iron concentra-
tions decreased significantly at the LMDT during the
post-treatment period, but concentrations at California
Gulch showed no significant change (table 10).

Nonpoint-source loading of iron to California Gulch
from sources other than the Yak Tunnel probably
contributed a substantial amount of iron, which
negated the effects of the treatment plant. Iron concen-
trations at most main-stem Arkansas River sites were
not statistically different during the pre-treatment and
post-treatment periods (table 10). The results of the
statistical tests of pre-treatment and post-treatment
concentrations were not unexpected owing to the wide
distribution of iron-enriched mine tailings and the
ubiquitous nature of iron throughout the basin.
Chronic stream-water-quality standards for
dissolved and total-recoverable iron were exceeded
in many samples throughout the upper basin during
the study period (table 11). There was no acute
standard for iron. Two samples collected at Granite
exceeded the chronic standard for dissolved iron
(300 pg/L). The chronic total-recoverable iron
standard (1,000 pg/L) was exceeded in about 7 percent
of the samples collected at Leadville. The percent
exceedance increased downstream to a maximum of
about 42 percent at Portland (table 11). Most chronic
iron-standard exceedances occurred during snowmelt
runoff.
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Table 9. Average percentages of instantaneous streamflow and instantaneous total-recoverable iron lpad contributed to the
Arkansas River by the upstream main-stem site and the intervening tributaries in the same reach, April 1990-March 1993

[Main-stem sites are in capital letters]

~Streamflow Total-recoverable iron load
Slte name (in percent) (in percent)
(see table 1) April June :l:'gln; October April June AJ:QIYI;I October
Main-stem reach 1 (Leadville to Malta)
LEADVILLE 41 70 54 30 33 51 32 14
California Gulch 2 1 2 1 77 3.5 26 22
Lake Fork above Halfmoon Creek 39 21 36 35 41 37 48 43
Iowa Gulch 0 4 4 4 0 2 2 0
Empire Gulch 0 2 1 0 0 3 4 0
Main-stem reach 2 (Malta to Granite)
MALTA 56 32 30 80 69 44 53 130
Lake Creek below Twin Lakes Reservoir 19 59 56 12 22 15 28 3
Main-stem reach 3 (Granite to Buena Vista)
GRANITE 76 78 78 76 165 57 130 166
Clear Creek below Clear Creek Reservoir 9 12 15 10 3 3 14 7
Main-stem reach 4 (Buena Vista.to Nathrop)
BUENA VISTA 78 92 80 s3 87 70 58 64
Cottonwood Creek 2 1 1 7 4 1 1 9
Chalk Creek 1 9 8 8 1 9 8 20
Main-stem reach 5 (Nathrop to Wellsville)
NATHROP 99 99 96 77 117 94 106 50
South Fork Arkansas River 2 3 1 5 2 5 1 23
Main-stem reach 6 (Wellsville to Parkdale)
WELLSVILLE 83 88 95 87 75 821 47 54
Badger Creek 3 0 1 2 11 2 4 2
Tallahassee Creek 0 1 1 1 0 1 2 0
Main-stem reach 7 (Parkdale to Portland)
PARKDALE 11 98 122 104 74 88 125 32
Fourmile Creek It 2 5 6 8 3 10 21

Table 10. Resuits of Wilcoxon rank-sum test (1-tailed) of pre-treatment (April 1990-March 1992) and post-treatment
{April 1992-March 1993) instantaneous streamfiow and iron concentrations at selected sites in the upper Arkansas River Basin

[ft*/s, cubic foot per second; pg/L, micrograms per liter; <, less than; <, less than or equal to]

Streamflow Dissolved Iron Total-recoverable lron
Slte name Pre-/post- Pre-/post- Pre-/post-
(see table 1) t:::;?::}' p-value t::g.;?::t p-value ‘:::;';f,’}‘ p-value
(i) (ng/L) (ngrL)
Leadville Mine Drainage Tunnel 2.3/24 0.38 <0.01 <0.01
California Gulch 1.8/1.8 .50 69/40 43 3,800/3,950 37
Leadville 70/58 .50 88/92 .29 340/240 27
Malta 99/134 35 92/91 44 420/440 36
Granite 277/470 45 56/47 32 235/270 35
Buena Vista 400/462 45 36/41 .19 190/170 48
Nathrop 563/717 45 34/34 36 320/230 25
Wellsville 524/742 .38 13 300/180 37
Parkdale 582/843 41 .04 350/420 38
Portland 512/800 18 A48 700/1,400 .08

! Significant differences (p<0.05) are shaded.
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Table 11. Number of samples that exceeded chronic iron water-quality standards in the upper

Arkansas River, April 1990—-March 1993

[--, no standard available]

Number of samples that exceeded standard’

Number of

Site name hronic Chronic
(see table 1) ::;T;ZI:Z st:ndard for 2 standard for
dissolved iron total-recoverable iron?
Leadyville 28 - 2
Malta 26 - 4
Granite 27 2 3
Buena Vista 28 0 3
Nathrop 27 0 5
Wellsville 27 0 7
Parkdale 27 0 8
Portland 26 0 114

‘Colorado Department of Health, 1994.
2300 micrograms per liter.

3Unless noted: Chronic standard = 1,000 micrograms per liter.

41,200 micrograms per liter.
Lead

Dissolved-lead concentrations in the upper
Arkansas River exhibited very different spatial and
temporal variability patterns compared to the other
trace elements of concern (fig. 11). Median dissolved-
lead concentrations typically were largest during
snowmelt runoff; the largest median concentrations
were at Malta (1.1 pg/L) and at Nathrop (1.0 pg/L)
(fig. 11). Moore and Ramamoorthy (1984) reported
that the dissolved-lead concentrations in unpoliuted
freshwater typically are less than 3 ug/L. During
early snowmelt and snowmelt runoff, dissolved-lead
concentrations increased substantially between
Leadville and Malta. During snowmelt runoff and
post-snowmelt runoff, concentrations increased
substantially between Buena Vista and Nathrop
(fig. 11). Downstream from Leadville, concentrations
of dissolved lead were affected minimally by changes
in the partitioning of lead between the dissolved and
particulate phases; the dissolved-lead fraction
remained relatively constant (5 to 15 percent)
throughout most of the upper basin (fig. 12). Total-
recoverable lead concentrations were largest during
snowmelt runoff, and the maximum median concen-
tration (51 pg/L) occurred at Nathrop (fig. 11). There
was little variability between total-recoverable lead
concentrations during the other three flow regimes;
concentrations were much smaller than during snow-
melt runoff (fig. 11). The elevated concentrations of
dissolved and total-recoverable lead at Malta (fig. 11)

are probably attributable to mine drainage, primarily
from California Gulch. The elevated lead concentra-
tions at Nathrop cannot be accounted for by inflow
from the two major tributaries in the reach, Cotton-
wood Creek and Chalk Creek (pl. 1) because their
concentrations were generally less than those in the
main stem of the river (Dash and Ortiz, 1996). Resus-
pension of lead-enriched fluvial sediment and
nonpoint-source contributions are possible sources of
the elevated lead concentrations at Nathrop.

An analysis of instantaneous lead loads indi-
cates that the only tributaries that contributed a
substantial lead load to the main-stem river throughout
the study period were California Gulch in reach 1 and
Lake Creek in reach 2 (table 12). Lead loading from
California Gulch was solely a function of extremely
elevated lead concentrations in California Gulch
(Dash and Ortiz, 1996). Streamflow typically was less
than 2 ft3/s, but the median total-recoverable lead
concentration was 125 ug/L (Dash and Ortiz, 1996).

Pre-treatment and post-treatment dissolved-
lead concentrations at the two mine-drainage sites
were not tested with the Wilcoxon rank-sum test
because more than 50 percent of the data were less
than the reporting level. The median total-recoverable
lead concentration at the LMDT decreased signifi-
cantly from 7 pg/L to less than 1 ug/L (table 13).
However, lead concentrations in the pre-treatment and
post-treatment periods were not statistically different
at most main-stem Arkansas River sites (table 13).
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Figure 11. Median dissolved- and total-recoverable lead concentrations by streamfiow regime in the upper

Arkansas River, April 1990-March 1993.
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Figure 12. Median percentages of dissolved lead in percentage of total-recoverable lead
concentrations in the upper Arkansas River, April 1990-March 1993.

Table 12. Average percentages of instantaneous streamflow and instantaneous total-recoverable lead load contributed to the
Arkansas River by the upstream main-stem site and the intervening tributaries in the same reach, April 1990—-March 1993

[Main-stem sites are in capital letters; --, insufficient data)

Streamflow Total-recoverable Tead foad
Site name (in percent) (in percent)
(see table 1) April June R‘Jgﬂ;: October April June ::gl‘y];t October
Main-stem reach 1 (Leadyville to Malta)
LEADVILLE 41 70 54 30 6 46 46 7
California Gulch 2 1 2 1 79 4 83 25
Lake Fork above Halfmoon Creek 39 21 36 35 4 5 8 18
Iowa Gulch 0 4 4 4 - 8 5 1
Empire Gulch 0 2 1 0 - 1 2 -
Main-stem reach 2 (Malta to Granite)
MALTA 56 32 30 80 49 32 48 99
Lake Creek below Twin Lakes Reservoir 19 59 56 12 - 69 28 -
Main-stem reach 3 (Granite to Buena Vista)
GRANITE 76 78 78 76 214 63 271 224
Clear Creek below Clear Creek Reservoir 9 12 15 10 3 2 45 8
Main-stem reach 4 (Buena Vista to Nathrop)
BUENA VISTA 78 92 80 53 112 94 80 86
Cottonwood Creek 2 1 1 7 2 0 0 -
Chalk Creek 1 9 8 8 1 6 7 4
Main-stem reach S (Nathrop to Wellsville)
NATHROP 99 99 96 77 130 124 298 -
South Fork Arkansas River 2 3 1 5 1 1 2 -
Main-stem reach 6 (Wellsville to Parkdale)
WELLSVILLE 83 88 95 87 90 164 72 205
Badger Creek 3 0 1 2 3 0 1 --
Tallahassee Creek 0 1 0 1 0 0 0 -
Main-stem reach 7 (Parkdale to Portland)
PARKDALE 11 98 122 104 107 78 164 -
Fourmile Creek 11 2 5 6 22 2 8 -
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Table 13. Results of Wilcoxon rank-sum test (1-tailed) of pre-treatment (April 1990-March 1992) and post-treatment .
(April 1992-March 1993) instantaneous streamflow and lead concentrations at selected sites in the upper Arkansas River

Basin

[f3/s, cubic feet per second; ug/L, micrograms per liter; --, test could not be performed; NA, not applicable; <, less than; <, less than or equal to]

Streamflow Dissolved lead Total-recoverable lead
Site name Pre-/post- Pre-/post- Pre-/post-
(see table 1) t:::gi::,“ p-value '::;’g‘j{," p-value t::g:;i'," p-value
(ft%/s) (ugiL) (ug/L)

Leadville Mine Drainage Tunnel 2.3/24 0.38 -4 NA <0.01
California Gulch 1.8/1.8 .50 -2 NA 104/135 42
Leadville 70/58 .50 -2 NA 3/1 13
Malta 99/134 35 -2 NA 11/8 42
Granite 277/470 45 -2 NA 7.5/7 44
Buena Vista 400/462 45 -2 NA 2 .18
Nathrop 563/717 45 -2 NA 04
Wellsville 524/742 38 -2 NA 20
Parkdale 582/843 41 -2 NA 41
Portland 512/800 .18 -2 NA 4/6 22

1 Significant differences (p<0.05) are shaded.

2 Test not performed because more than 50 percent of the data were less than the reporting level.

Water-quality standards for lead were exceeded
in a small number of samples at five sites in the upper
basin (table 14). The acute standard was exceeded in
only one sample that was collected at Nathrop during

the snowmelt-runoff regime in 1990. The chronic stan-

dard for lead was exceeded in a few samples that were
collected at Leadville, Malta, Granite, Buena Vista,

and Nathrop. The largest number of chronic
exceedances (four) occurred at Nathrop (table 14).
Ninety-two percent of the chronic exceedances
occurred during the mine-drainage pre-treatment
period. Eighty-three percent of the chronic
exceedances occurred during the snowmelt-runoff

regime.

Table 14. Number of samples that exceeded acute and chronic lead water-quality standards
in the upper Arkansas River, April 1990—March 1993

Site name Number of Number of samples that exceeded standard’
(see table 1) samples Acute Chronic
analyzed standard? standard®
Leadville 27 0 3
Malta 26 0 1
Granite 27 0 3
Buena Vista 27 0 2
Nathrop 27 1 4
Wellsville 27 0 0
Parkdale 27 0 0
Portland 26 0 0

"Acute and chronic lead standards are based on dissolved-lead concentration

(Colorado Department of Health, 1994).
2 Acute standard = e(!-6418{In(hardness)]-2.8736)

3 Chronic standard = e(l .417[ln(hardness)]-5.167).
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Manganese

Dissolved-manganese concentrations were
largest during the early-snowmelt-runoff streamflow
regime; the maximum median concentration of
280 pg/L occurred at Malta (fig. 13). Dissolved-

manganese concentrations were largest in the early-
snowmelt-runoff regime probably because, in April,
early snowmelt flushed the mines and mine tailings.
Additionally, there was relatively little sediment in the
water column for the manganese to sorb onto and
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Figure 13. Median dissolved- and total-recoverable manganese concentrations by streamflow regime in the upper

Arkansas River, April 1990-March 1993.
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relatively little streamflow for dilution (Dash and
Ortiz, 1996). During the other three flow regimes,
dissolved-manganese concentrations were much
smaller, and they were not substantially different from
one another (fig. 13). Dissolved-manganese concentra-
tions showed consistent increases for all streamflow
regimes between Leadville and Malta, probably due to
mine drainage from California Gulch, before
decreasing downstream from Malta (fig. 13) largely
because of increased partitioning of manganese to the
particulate phase (fig. 14). Upstream from Buena
Vista, total-recoverable manganese concentrations
typically were largest during early-snowmelt runoff;
therefore, the largest median total-recoverable manga-
nese concentrations in the upper basin coincided with
the timing of the largest median dissolved-manganese
concentrations (fig. 13). Downstream from Granite,
total-recoverable manganese concentrations were
largest during snowmelt runoff. In the reach between
Leadville and Granite, most of the total-recoverable
manganese occurred in the dissolved phase (fig. 14).
Concentrations of total-recoverable manganese
decreased between Malta and Granite, probably
because of dilution by Lake Creek and deposition of
particulate manganese. Downstream from Granite, a
larger percentage of manganese existed in the particu-
late phase than in the dissolved phase (fig. 14). There-
fore, downstream from Granite, total-recoverable
manganese concentrations might have been affected

by deposition during much of the year and by resus-
pension during the elevated streamflow of snowmelt
runoff (May—June). Manganese loading from tribu-
taries, with the exception of California Gulch, Lake
Fork above Halfmoon Creek, and Lake Creek, gener-
ally was insubstantial (<10 percent) compared to
main-stem loads (table 15).

During the mine-drainage post-treatment period,
dissolved and total-recoverable manganese concentra-
tions decreased significantly at the LMDT, California
Gulch, and Leadbville (table 16). Dissolved-manganese
concentrations also decreased significantly at Malta,
Granite, Nathrop, and Wellsville during the post-
treatment period (table 16).

Water-quality standards for manganese were
exceeded in a relatively small number of samples
collected at four sites in the upper basin (table 17).
The chronic standard for dissolved manganese
(50 pg/L) was exceeded in a total of 13 samples
that were collected at Granite, Buena Vista, and
Nathrop (table 17). Eighty-five percent of the
exceedances occurred during the mine-drainage
pre-treatment period. About 62 percent of the chronic
exceedances occurred during snowmelt runoff, and
about 31 percent occurred during early-snowmelt
runoff. Only one sample, which was collected at
Parkdale following an August thunderstorm, exceeded
the chronic standard for total-recoverable manganese
(1,000 pg/L) (table 17).
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Figure 14. Median percentages of dissolved manganese in percentage of total-recoverable
manganese concentrations in the upper Arkansas River, April 1990-March 1993.
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Table 15. Average percentages of instantaneous streamflow and instantaneous total-recoverable manganese load contributed to
the Arkansas River by the upstream main-stem site and the intervening tributaries in the same reach, April 1990-March 1993

[Main-stem sites are in capital letters; --, no data]

Streamflow Total-recoverable manganese foad
Site name (in percent) (in percent)
(see table 1) April  June A’u“;“’l;t October April  June A’u“;‘l’;t October
Main-stem reach 1 (Leadyville to Malta)
LEADVILLE 41 70 54 30 7 36 21 40
California Gulch 2 1 2 1 139 28 88 87
Lake Fork above Halfmoon Creek 39 21 36 35 21 14 18 13
Iowa Gulch 0 4 4 4 0 3 4 0
Empire Gulch 0 2 1 0 0 2 2 0
Main-stem reach 2 (Malta to Granite)
MALTA 56 32 30 80 93 61 87 117
Lake Creek below Twin Lakes Reservoir 19 59 56 12 2 13 21 7
Main-stem reach 3 (Granite to Buena Vista)
GRANITE 76 78 78 76 180 61 108 223
Clear Creek below Clear Creek Reservoir 9 12 15 10 3 1 16 7
Main-stem reach 4 (Buena Vista to Nathrop)
BUENA VISTA 78 92 80 53 101 100 98 52
Cottonwood Creek 2 i 1 7 - 0 1 2
Chalk Creek 1 9 8 8 1 7 10 12
Main-stem reach 5 (Nathrop to Wellsville)
NATHROP 99 99 96 77 133 92 76 77
South Fork Arkansas River 2 3 1 5 1 2 2 6
Main-stem reach 6 (Wellsville to Parkdale)
WELLSVILLE 83 88 95 87 112 251 90 66
Badger Creek 3 0 1 2 4 0 4 2
Tallahassee Creek 1 1 1 1 2 3 2 2
Main-stem reach 7 (Parkdale to Portland)
PARKDALE 11 98 122 104 67 93 92 61
Fourmile Creek 11 2 5 6 27 3 6 11

Table 16. Results of Wilcoxon rank-sum test (1-tailed) of pre-treatment (April 1990-March 1992) and post-treatment
g}pnl I13 99_2——March 1993) instantaneous streamflow and manganese concentrations at selected sites in the upper Arkansas
iver Basin

[ft*/s, cubic feet per second; pg/L, micrograms per liter; <, less than; <, less than or equal to]

‘Total-recoverable

Streamtiow Dissolved manganese
manganese
Site name Pre-/post- Pre-/post- Pre-/post-
(see table 1) ';f:;’l';i’,“ p-value t::g;‘::t p-value ‘::;’I‘;f"}‘ p-value
(/) (ng/L) (hglL)
Leadville Mine Drainage Tunnel 2312.4 0.38 020 0.01 '
California Gulch 1.8/1.8 .50 .01
Leadyville 70/58 .50 <.01
Malta 99/134 .35 .01 150/140 12
Granite 277/470 45 .03 60/60 .39
Buena Vista 400/462 45 14/12 .09 40/50 47
Nathrop 563/717 45 .05 60/30 28
Wellsville 524/742 38 .01 40/40 41
Parkdale 582/843 41 .24 40/40 .28
Portland 512/800 18 17/17 .34 70/90 .08

! Significant differences (p<0.05) are shaded.
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Table 17. Number of samples that exceeded chronic manganese water-quality standards in the upper Arkansas

River, April 1990—March 1993

[--, no standard available]

Number of samples that exceeded standard’

i Chronic
Ste name Number f SAmBies i pdard o standard for fota

dissolved recoverable

manganese? manganese®
Leadville 27 - 0
Malta 26 - 0
Granite 27 7 0
Buena Vista 27 4 0
Nathrop 27 2 0
Wellsville 27 0 0
Parkdale 27 0 1
Portland 26 0 0

IColorado Department of Health, 1994.

2Unless noted: Chronic standard = 50 micrograms per liter.

31,000 micrograms per liter.

Zinc

Zinc concentrations (fig. 15) showed spatial and
temporal patterns similar to manganese (fig. 13).
Median dissolved-zinc concentrations typically were
largest during early-snowmelt runoff. The concentra-
tion of dissolved zinc in unpolluted freshwater typi-
cally ranges from 0.5 to 15 pg/L (Moore and
Ramamoorthy, 1984). The maximum median concen-
tration (320 pg/L) was at Malta; downstream from
Malta, dissolved-zinc concentrations decreased, prob-
ably because of increased partitioning to the particu-
late phase. The percentage of zinc in the dissolved
phase decreased from about 83 percent at Leadville to
about 19 percent at Portland (fig. 16). Concentrations
of dissolved zinc generally increased between Lead-
ville and Malta because of tributary contributions from
California Gulch. Total-recoverable zinc concentra-
tions tended to decrease downstream from Malta,
except during snowmelt runoff (fig. 15) when resus-
pension of fluvial sediment by the elevated streamflow
probably caused total-recoverable zinc concentrations
to increase downstream from Granite. Dilution by
Lake Creek and sedimentation of particulate zinc are
the probable causes for the substantial decreases in
total-recoverable zinc concentrations between Malta
and Granite. An analysis of instantaneous total-recov-
erable zinc loads indicates that the only tributary that
contributed a substantial zinc load (>10 percent) to the
main-stem river during all streamflow regimes was

California Gulch (table 18). Most other tributaries
typically contributed insubstantial loads (<10 percent)
compared to the main-stem loads.

Concentrations of dissolved and total-
recoverable zinc had statistically significant decreases
(p < 0.05) between the pre-treatment and post-treat-
ment periods at both mine-drainage sites and at four of
the eight main-stem Arkansas River sites (table 19).
With the exception of Parkdale, all main-stem sites
had significantly smaller dissolved-zinc concentra-
tions during the post-treatment period (table 19).
Total-recoverable zinc concentrations decreased
significantly at main-stem sites at Leadville, Malta,
Buena Vista, and Wellsville (table 19). Based on these
results, it seems likely that the treatment plants had a
substantial effect on zinc concentrations.

The acute water-quality standard for dissolved
zinc was exceeded in 18 of 28 samples (about
64 percent) collected at Leadville (table 20). Seven of
the 18 exceedances occurred during snowmelt runoff,
and the other 11 exceedances occurred during the
other three flow regimes. Only one of the exceedances
occurred after the treatment facility at Leadville Mine
Drainage Tunnel began operation. There was no acute
standard for zinc at sites located between Leadville
and Portland. The chronic stream-water-quality
standard for zinc was exceeded in three samples, or
less than 2 percent of the main-stem samples collected
during the study period (table 20).
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Figure 15. Median dissolved- and total-recoverable zinc concentrations by streamflow regime in the upper
Arkansas River, April 1990-March 1993.
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Figure 16. Median percentages of dissolved zinc in percentage of total-recoverable zinc
concentrations in the upper Arkansas River, April 1990-March 1993.

Table 18. Average percentages of instantaneous streamflow and instantaneous total-recoverable zin¢ load contributed to the
Arkansas River by the upstream main-stem site and the intervening tributaries in the same reach, April 1990-March 1993

[Main-stem sites are in capital letters; --, insufficient data)

Streamflow Total-recoverable zinc Toad
Site name (in percent) (in percent)
(see table 1) April June AJ:glrJ;t October April June :l::r’;‘ October
Main-stem reach 1 (Leadville to Malta)
LEADVILLE 41 70 54 30 7 30 16 28
California Gulch 2 1 2 1 116 32 78 99
Lake Fork above Halfmoon Creek 39 21 36 35 8 2 2 -
Iowa Gulch 0 4 4 4 - 2 15 1
Empire Gulch 0 2 1 0 - 0 0 --
Main-stem reach 2 (Malta to Granite)
MALTA 56 32 30 80 83 78 72 99
Lake Creek below Twin Lakes Reservoir 19 59 56 12 - - 4 -
Main-stem reach 3 (Granite to Buena Vista)
GRANITE 76 78 78 76 118 54 457 80
Clear Creek below Clear Creek Reservoir 9 12 15 10 0 - - 1
Main-stem reach 4 (Buena Vista to Nathrop)
BUENA VISTA 78 92 80 53 104 113 89 108
Cottonwood Creek 2 1 1 7 0 -- 1 -
Chalk Creek 1 9 8 8 0 8 5 -
Main-stem reach 5 (Nathrop to Wellsville)
NATHROP 99 99 96 77 178 105 274 120
South Fork Arkansas River 2 3 1 5 - 1 -- -
Main-stem reach 6 (Wellsville to Parkdale)
WELLSVILLE 83 88 95 87 142 324 128 132
Badger Creek 3 0 1 2 1 - - -
Tallahassee Creek 0 1 0 1 0 - 0 -
Main-stem reach 7 (Parkdale to Portland)
PARKDALE 11 98 122 104 184 111 228 114
Fourmile Creek 11 2 5 6 14 1 7 12
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Table 19. Resuilts of Wilcoxon rank-sum test (1-tailed) of pre-treatment (April 1990-March 1992) and post-treatment
(April 1992-March 1993) instantaneous streamflow and zinc concentrations at selected sites in the upper Arkansas

River Basin

[ft3/s, cubic feet per second; ug/L, micrograms per liter; <, less than; <, less than or equal to]

Total-recoverable

Streamflow Dissolved zinc zinc
Slte name Pre-/post- Pre-/post- Pre-/post-
rotabie ) e pveie T e T pe
(1t%/s) (rgL) (ng/L)

Leadville Mine Drainage Tunnel 2324 0.38 0.01 <0.01
California Gulch 1.8/1.8 .50 .02 .02
Leadville 70/58 .50 <01 <.01
Malta 99/134 35 .01 .01
Granite 277/470 45 .02 120/100 44
Buena Vista 400/462 45 .01 .05
Nathrop 563/717 45 .01 85/80 .28
Wellsville 524/742 38 <.01 <.01
Parkdale 582/843 41 14/9 11 50/50 45
Portland 512/800 .18 <.01 40/50 .20

I Significant differences (p<0.05) are shaded.

Table 20. Number of samples that exceeded acute and chronic zinc water-quality standards
in the upper Arkansas River, April 1990—March 1993

[--, no standard available]

Number of Number of samples that exceeded standard’
Site name
(see table 1) samples Acute Chronic
analyzed standard? standard?

Leadyville 28 18 14
Malta 26 - 0’
Granite 27 - 16
Buena Vista 28 - 06
Nathrop 27 - 16
Wellsville 27 - 08
Parkdale 27 - 08
Portland 26 0 0

!Acute and chronic zinc standards are based on dissolved-zinc concentrations (Colorado Department
of Health, 1994).

2 Acute standard = e(0‘8473[In(hardness)]+0.8604).

3 Unless noted: Chronic standard = e(0-8473{In(hardness)}+0.7614)

4 365 micrograms per liter.

5 118 micrograms per liter.

5130 micrograms per liter.

36 Water-Quallty Assessment of the Arkansas River Basin, Southeastern Colorado, 1990-93



Secondary Trace Elements

Most water samples collected in the upper
basin were not analyzed for concentrations of the
secondary trace elements arsenic, chromium, mercury,
nickel, selenium, and silver. The secondary trace
elements were assumed to occur at concentrations that
would not constitute a water-quality concern. To vali-
date this assumption, water samples from four main-
stem Arkansas River sites (Buena Vista, Wellsville,
Parkdale, and Portland) were collected five times
during the study period and analyzed for concentra-
tions of dissolved and total-recoverable secondary
trace elements. These data are reported in Dash and
Ortiz (1996).

All samples (20 of 20) analyzed for dissolved
arsenic and 90 percent (18 of 20) of the samples that
were analyzed for total-recoverable arsenic had
concentrations that were less than the reporting limit
(1 pg/L). One sample collected at Parkdale and one at
Portland had total-recoverable arsenic concentrations
of 1 pg/L. Moore and Ramamoorthy (1984) reported
that arsenic concentrations in most unpolluted fresh-
water are less than 1 pg/L. Ninety-five percent (19 of
20) of the samples analyzed for dissolved chromium
and 70 percent (14 of 20) of the samples analyzed for
total-recoverable chromium had concentrations that
were less than the reporting limit (1 pg/L). The median
concentration of the six samples that contained total-
recoverable chromium concentrations larger than the
reporting limit was 1 pg/L. In unpolluted lakes and
rivers, dissolved-chromium concentrations typically
range from 1 to 2 pg/L. (Moore and Ramamoorthy,
1984). Ninety-five percent (19 of 20) of the samples
that were analyzed for dissolved and total-recoverable
mercury had concentrations that were less than the
reporting limit (0.1 pg/L). Dissolved and total-recov-
erable nickel concentrations were less than the
reporting limit (1 pg/L) in 60 percent (12 of 20) of the
samples. The occurrence of nickel concentrations that
was larger than the reporting limit increased down-
stream; the median concentration of those samples
was 3.5 pg/L. At Portland, 80 percent (4 of 5) of the
total-recoverable nickel concentrations were larger
than the reporting limit; the median dissolved-nickel
concentration of those four samples was 2.5 pug/L.
Snodgrass (1980) reported that dissolved-nickel
concentrations in unpolluted freshwater usually
range from 1 to 3 pg/L. About 90 percent of the
samples analyzed for total-recoverable and dissolved

selenium had concentrations less than the reporting
limit (1 pg/L). Concentrations of dissolved and total-
recoverable silver were less than the reporting limit
(1 pg/L) in all 20 samples that were collected and
analyzed. The analytical reporting limit was too large
to indicate if silver occurred at concentrations that
might be toxic to aquatic life. Based on these results,
arsenic, chromium, mercury, nickel, and selenium do
not occur in large enough concentrations to pose a
concern for the quality of water in the upper Arkansas
River.

Lower Basin

Trace-element sources in the lower basin
include inflow from the mining-affected upper basin,
point and nonpoint sources associated with urban land
use, irrigation return flows associated with agricultural
land use, and tributary inflow. Lewis and Edelmann
(1994) reported that a substantial percentage of many
trace elements that enter Pueblo Reservoir from the
upper basin was removed from the water column
between the upper and lower ends of Pueblo Reservoir
because of deposition within the reservoir. These find-
ings were based on data collected during 1985—89.
Although Lewis and Edelmann (1994) did not
measure the release of trace elements from the bottom
sediments, periods of prolonged anoxia in Pueblo
Reservoir could cause dissolution of substantial
quantities of some trace elements from the bottom
sediments to the water column, to the reservoir
outflow, and eventually to the lower Arkansas River.
No periods of prolonged anoxia were measured in the
reservoir during 1985—89, and dissolution of sedi-
mented trace elements did not occur.

In the reach downstream from Pueblo Reservoir
to Avondale (pl. 1), the trace elements of potential
concern include cadmium, chromium, copper, iron,
lead, manganese, nickel, selenium, silver, and zinc.
These trace elements were selected based on the
potential for trace-element transport from the upper
basin, urbanized land use in the Pueblo area, use of the
Arkansas River for domestic water supplies by the city
of Pueblo and the St. Charles Mesa Water Users Asso-
ciation, and tributary inflow from Fountain Creek. The
diversion point for the city of Pueblo water supply is
located between the main-stem sites Below Pueblo
Reservoir and Pueblo (table 1); the diversion point for
the St. Charles Mesa Water Users Association water
supply during low flow is located at the main-stem
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Pueblo site (table 1). The confluence of the Arkansas
River and Fountain Creek is downstream from the
main-stem site at Pueblo and just upstream from the
main-stem site at Highway 227 (table 1). A substantial
percentage of streamflow in Fountain Creek is derived
from the city of Colorado Spring’s municipal waste-
water effluent. Downstream from Avondale to the
Colorado-Kansas State line, land use predominantly is
agricultural, and the primary trace elements of poten-
tial concern are copper, iron, manganese, selenium,
and zinc. Secondary trace-elements of potential
concern in this reach include cadmium, chromium,
lead, and silver, which were analyzed in six samples
collected at each of the following Arkansas River
main-stem sites: Catlin Dam, Las Animas, and Below
John Martin Reservoir (table 1).

Concentrations of some trace elements in the
lower Arkansas River have considerable temporal
variability because of the variability of streamflow.
Water storage and release operations in the two
main-stem reservoirs in the lower basin, Pueblo
Reservoir and John Martin Reservoir, cause much of
the variability in streamflow in the lower Arkansas
River. The downstream temporal variability of trace-
element concentrations in the lower basin is described
in terms of three flow regimes, which are slightly
different from those described for the upper basin
trace elements. The streamflow regimes in the lower
basin are low flow (October—April), snowmelt runoff
(May—June), and post-snowmelt runoff (July—
September). This definition of streamflow regimes

serves as a general guideline for the interpretation of
trace-element concentrations and is subject to some
degree of variability due to year-to-year variability in
weather conditions and reservoir operations.

Cadmium

Downstream from Pueblo Reservoir to Avon-
dale, dissolved- and total-recoverable cadmium
concentrations typically were less than their respective
reporting limits, 0.1 pg/L and 1 ng/L, during all three
flow regimes. Two exceptions were measured during
the low-flow regime at the sites Below Pueblo Reser-
voir and Pueblo; the median dissolved-cadmium
concentrations were 0.18 and 0.14 nug/L, respectively.
Cadmium concentrations were analyzed in six samples
collected at each of three main-stem sites from Catlin
Dam downstream to Below John Martin Reservoir. At
these sites, all dissolved-cadmium concentrations were
less than the reporting limit (1 pg/L). Conversely,
total-recoverable cadmium concentrations at Catlin
Dam and at Las Animas typically were greater than
the reporting limit (1 pg/L) and ranged from 1 to
5 ng/L. Total-recoverable cadmium concentrations in
samples collected at Below John Martin Reservoir
were all less than the reporting limit. Only one sample
(collected in August 1991 at the site Below Pueblo
Reservoir) exceeded the chronic water-quality stan-
dard for dissolved cadmium (table 21). No samples
exceeded the chronic standard for total-recoverable
cadmium (table 21).

Table 21. Number of samples that exceeded chronic cadmium water-quality standards in the lower Arkansas River,

April 1990—-March 1993

Number of samples that exceeded standard’

Site name Number of samples ~ Chronic Chronic standard for
(see table 1) analyzed standard for totai-recoverable
dissolved cadmium? cadmium?
Below Pueblo Reservoir 26 1 0%
Pueblo 25 0 0
Highway 227 24 0 0
Avondale 24 0 0
Catlin Dam 6 0 0
Las Animas 6 0 0
Below John Martin Reservoir 6 0 0

IColorado Department of Health, 1994,
2Chronic standard = (0-7852{In(hardness)}-3.490)

3Unless noted: Acute standard = e(!-128{n(hardness)]-2.905)
4 Acute standard = e(1.128[ln(hardness)]-3‘490).
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Chromium

About 90 percent or more of the samples
collected at the four sites from Pueblo Reservoir to
Avondale had dissolved-chromium concentrations that
were less than the reporting limit of 1 pg/L. Total-
recoverable chromium concentrations typically were
less than or equal to the reporting limit (1 pg/L) at the
main-stem sites, Below Pueblo Reservoir and Pueblo
(fig.17). Between Pueblo and Highway 227, the
median total-recoverable chromium concentration
increased to 1.4 pg/L and 2.0 pg/L during the post-
snowmelt runoff and low-flow regimes, respectively
(fig. 17). Inflow of chromium from Fountain Creek
presumably caused this increase; the median total-
recoverable chromium concentration in Fountain
Creek at Pueblo was 6 pg/L (Dash and Ortiz, 1996).
The median total-recoverable chromium concentration
generally increased between Highway 227 and Avon-
dale (fig. 17); the resuspension of chromium with
fluvial sediment and unsampled tributary inflow
between Highway 227 and Avondale are possible
causes of the increased concentrations.

Dissolved and total-recoverable chromium
concentrations were analyzed in six samples collected

at three main-stem sites from Catlin Dam downstream
to Below John Martin Reservoir. Seventeen of these
18 samples had dissolved-chromium concentrations
that were less than the reporting limit (1 pg/L).
Conversely, total-recoverable chromium concentra-
tions at Catlin Dam and at Las Animas typically were
greater than the reporting limit and ranged from 2 to
170 pg/L. It was not possible to distinguish temporal
patterns in total-recoverable chromium concentrations
at these three sites because of the small number of
samples that were collected. The median total-
recoverable concentrations at Catlin Dam and at

Las Animas were 16.5 and 11.5 pg/L, respectively.
Between Las Animas and Below John Martin Reser-
voir, the median total-recoverable chromium concen-
tration decreased to 0.85 pg/L, presumably due to
deposition in the reservoir. The resuspension of chro-
mium with fluvial sediment and unsampled tributary
inflow are possible causes of increased total-recover-
able chromium concentrations at Catlin Dam and at
Las Animas. No samples collected at any site in the
lower basin had dissolved-chromium concentrations
that exceeded water-quality standards.
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Figure 17. Median total-recoverable chromium concentrations by streamflow regime in the lower Arkansas River,

April 1990—March 1993.
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Copper

A comparison of dissolved-copper concentra-
tions at the farthest downstream site in the upper
basin, Portland (fig. 7), and the first site downstream
from Pueblo Reservoir, Below Pueblo Reservoir
(fig. 18), indicates that dissolved-copper was trans-
ported conservatively through the reservoir.
Dissolved-copper concentrations in the lower
Arkansas River generally were largest during the post-
snowmelt runoff regime; the maximum median
concentration of 4 pg/L occurred during the post-
snowmelt runoff regime at Highway 227 (fig. 18).
This substantial increase cannot be accounted for by
inflow from Fountain Creek, which typically had
concentrations of 2 pg/L (Dash and Ortiz, 1996).
Nonpoint sources in the Pueblo area or resuspension
of colloidal copper, which would be included in the
dissolved fraction, are possible sources for the
increase. Downstream from Avondale, dissolved-
copper concentrations typically decreased. Total-
recoverable copper concentrations were largest during
the post-snowmelt runoff regime and increased down-
stream to Catlin Dam; the maximum median total-
recoverable copper concentration (42 pg/L) occurred
at Catlin Dam during the post-snowmelt runoff regime
(fig. 18). Total-recoverable copper concentrations at
Catlin Dam (fig. 18) typically were larger than concen-
trations at any main-stem site in the upper basin
(fig. 7). Resuspension of copper with fluvial sediment
and unsampled tributary inflow are likely sources of
the elevated total-recoverable copper concentrations at
Catlin Dam. Two water samples that were collected
during two storm-runoff events from the Apishapa
River (pl. 1), which is a tributary to the Arkansas
River 2.3 miles upstream from Catlin Dam, had total-
recoverable copper concentrations of 300 ug/L and
260 ug/L (Dash and Ortiz, 1996). These concentra-
tions are 200 to 230 percent larger than the highest
instantaneous total-recoverable copper concentration
that was measured in any lower Arkansas River
sample. Another storm-runoff sample, which was
collected from the Purgatoire River just upstream from
John Martin Reservoir, had a total-recoverable copper
concentration of 200 ug/L (Dash and Ortiz, 1996).
Based on these three samples, it seems likely that the
tributary inflow to the lower Arkansas River, espe-
cially during storm-runoff events, probably represents
a major copper source to the lower Arkansas River.
Total-recoverable copper concentrations decreased

substantially downstream from John Martin Reservoir,
possibly because of deposition in the reservoir. Stream
water-quality standards for dissolved copper were not
exceeded at any site in the lower Arkansas River.

Iron

A comparison of dissolved-iron concentrations
at Portland, the upstream site closest to Pueblo Reser-
voir (fig. 9), and the site immediately downstream
from the reservoir, Below Pueblo Reservoir (fig. 19),
indicates nonconservative transport of dissolved iron
through Pueblo Reservoir. Deposition within the reser-
voir is a probable cause of decreased concentrations.
Concentrations of dissolved iron generally were
similar at all sites downstream from Pueblo Reservoir
to Las Animas (fig. 19). During low flow, median
dissolved-iron concentrations increased substantially
at the site just downstream from John Martin Reser-
voir; the maximum median concentration of dissolved
iron (15 pg/L) occurred at this site. It is suspected that
the water in John Martin Reservoir becomes anoxic
during the winter; therefore, dissolution of iron from
reservoir bottom sediments and release to the water
column would be a possible cause of increased
dissolved-iron concentrations downstream from the
reservoir. Temporally, total-recoverable iron concen-
trations generally did not vary substantially at any
main-stem site downstream to Avondale (fig. 19).
Concentrations did, however, increase substantially
between Avondale and Las Animas during the snow-
melt-runoff and post-snowmelt runoff regimes
(fig. 19), presumably because of resuspension and trib-
utary inflow. In the two samples that were collected
from the Apishapa River during storm-runoff events,
total-recoverable iron concentrations were 270,000
and 180,000 pg/L (Dash and Ortiz, 1996); these
concentrations were about 200 to 300 percent larger
than the highest instantaneous total-recoverable iron
concentration in any lower Arkansas River sample. A
storm-runoff sample collected from the Purgatoire
River had a total-recoverable iron concentration of
250,000 pg/L (Dash and Ortiz, 1996). These tributary
storm-runoff samples indicate that inflow from tribu-
taries, especially during storm events, represents a
substantial iron source to the lower Arkansas River.
Only one sample collected in the lower Arkansas
River had a dissolved-iron concentration that
exceeded the chronic water-quality standard for
dissolved iron (table 22). Conversely, about 37 percent
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Figure 18. Median dissolved- and total-recoverable copper concentrations by streamflow regime in the lower
Arkansas River, April 1990-March 1993.
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Figure 19. Median dissolved- and total-recoverable iron concentrations by streamflow regime in the lower Arkansas River,
April 1990-March 1993.
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Table 22. Number of samples that exceeded chronic iron water-quality standards in the lower Arkansas River,

April 1990—March 1993

Number of samples that exceeded standard’

Site name Number ot Chronic Chronic
(see table 1) anlyzed standard for totabrecoverable

dissolved iron iron3

Below Pueblo Reservoir 25 0 1*

Pueblo 23 0 24

Highway 227 23 1 13

Avondale 22 0 12

Catlin Dam 24 0 19

Las Animas 23 0 13

Below John Martin Reservoir 23 0 1

IColorado Department of Health, 1994.
2300 micrograms per liter.

3Unless noted: 1,400 micrograms per liter.
#1,000 micrograms per liter.

of the samples collected at main-stem sites in the
lower Arkansas River exceeded the chronic water-
quality standard for total-recoverable iron (table 22).
These exceedances had no discernible temporal
pattern.

Lead

Dissolved-lead concentrations were less than
the reporting limits (0.5 ug/L from Below Pueblo
Reservoir to Avondale; 1 ug/L downstream from
Avondale) in nearly all of the samples collected from
the lower Arkansas River. Total-recoverable lead
concentrations tended to increase downstream from
Below Pueblo Reservoir to Avondale (fig. 20).
Concentrations typically were largest at most sites
during post-snowmelt runoff except at Avondale,
where the maximum median total-recoverable lead
concentration (13 pg/L) occurred during snowmelt
runoff (fig. 20). Inflow from Fountain Creek, which
had a median total-recoverable lead concentration of
8 ug/L, probably is responsible for the increased
concentrations between the Pueblo and Highway 227
sites (fig. 20). Although tributary inflow and resuspen-
sion of lead with fluvial sediment are possible causes
of the increased concentrations at Avondale, there are
no available lead-concentration data for any tributaries
between Highway 227 and Avondale to substantiate
tributary effects. Dissolved and total-recoverable lead
concentrations were analyzed in six samples each at
Catlin Dam, Las Animas, and Below John Martin
Reservoir. All 18 samples had dissolved-lead

concentrations that were less than or equal to the
reporting limit (1 ug/L). Based on the analysis of the
six samples collected at Catlin Dam and at Las
Animas, total-recoverable lead concentrations
continued to increase downstream from Avondale. The
median total-recoverable lead concentrations at Catlin
Dam and at Las Animas were 28.5 ug/L and 26.5 pg/L
(Dash and Ortiz, 1996), respectively. Concentrations
of total-recoverable lead decreased substantially just
downstream from John Martin Reservoir (median
value 3.5 pg/L) probably because of deposition in the
reservoir. Lead concentrations did not exceed stream-
water-quality standards at any main-stem site in the
lower basin.

Manganese

Median dissolved-manganese concentrations at
Portland ranged from 12 to 33 pg/L (fig. 13); just
downstream from Pueblo Reservoir, median
dissolved-manganese concentrations ranged from 4 to
about 27 ng/L (fig. 21). This comparison indicates
transport of dissolved manganese through Pueblo
Reservoir to the lower basin with some losses to the
reservoir that are probably from deposition. In the
lower basin, the median dissolved-manganese concen-
tration was relatively constant at the main-stem sites
from Pueblo Reservoir to Las Animas (fig. 21). During
low flow, median dissolved-manganese concentrations
increased from 34 to 1,020 pg/L (thirtyfold increase)
between Las Animas and the site immediately below
John Martin Reservoir (fig. 21). Dissolved manganese
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Figure 20. Median total-recoverable lead concentrations by streamflow regime in the lower Arkansas River,

April 1990-March 1993.

could have been released from the bottom sediments
of John Martin Reservoir during anoxic reservoir
conditions. These results are similar to those described
for iron and seem to be limited to low-flow regimes.
Total-recoverable manganese concentrations generally
increased downstream from Pueblo Reservoir.
Concentrations increased about 150 to 300 percent
between Avondale and Catlin Dam during snowmelt
and post-snowmelt runoff regimes (fig. 21) probably
because of resuspension and tributary inflow. Two
storm-runoff water samples collected from the
Apishapa River had total-recoverable manganese
concentrations of 5,800 ug/L and 6,400 pg/L (Dash
and Ortiz, 1996); these concentrations are about

two times higher than the highest instantaneous total-
recoverable manganese concentration measured at any
main-stem site in the lower basin. A sample collected
from the Purgatoire River during a storm-runoff event
had a total-recoverable manganese concentration of
5,300 pg/L (Dash and Ortiz, 1996). About 99 percent
of the manganese was in the particulate phase. These
three storm-runoff samples indicate that tributary
contributions of manganese to the lower Arkansas

River are substantial, especially during rainfall runoff.
The substantial increase in total-recoverable manga-
nese concentrations between Las Animas and Below
John Martin Reservoir during the low-flow regime,
could be caused by the release of dissolved manganese
from the reservoir’s bottom sediments. There were no
exceedances of the chronic stream-water-quality
standard for dissolved manganese at any site located
upstream from Las Animas (table 23). The chronic
stream-water-quality standard for dissolved manga-
nese was exceeded in about 21 percent and about

67 percent of the samples analyzed from the sites

Las Animas and Below John Martin Reservoir, respec-
tively (table 23). Sixty-two percent of these exceed-
ances occurred during the low-flow regime. Two
samples collected at Catlin Dam and six samples
collected at the Below John Martin Reservoir site
exceeded the chronic stream-water-quality standard
for total-recoverable manganese (table 23). The six
exceedances from Below John Martin Reservoir
occurred during the low-flow regime and could be
attributable to the release of manganese from the
reservoir bottom sediments.

44 Water-Quality Assessment of the Arkansas Rlver Basin, Southeastern Colorado, 1990—93
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Arkansas River, April 1990-March 1993.
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Table 23. Number of samples that exceeded chronic manganese water-quality standards in the lower Arkansas River,

April 1990-March 1993

Number of samples that exceeded standard’

; hronic Chronic
(sselze ‘::Ir:e“ Numt::ac:;zs::\ ples st:nd:rd for standard for
dissolved total-recoverable

manganese? manganese?®
Below Pueblo Reservoir 26 0 0
Pueblo 26 0 0
Highway 227 24 0 0
Avondale 24 0 0
Catlin Dam 25 0 2
Las Animas 24 5 0
Below John Martin Reservoir 24 16 6

IColorado Department of Health, 1994.
250 micrograms per liter.
31,000 micrograms per liter.

Nickel

Median dissolved-nickel concentrations at the
four main-stem sites in the Pueblo area (fig. 22) were
less than 3 pg/L, which is within the typical range of
dissolved-nickel concentrations in unpolluted surface
water (Moore and Ramamoorthy, 1984). Median total
recoverable nickel concentrations varied minimally
and ranged from 2 to 7 pg/L at the four main-stem
sites in the Pueblo area (fig. 22). Six water samples
were collected at the Catlin Dam, Las Animas, and
Below John Martin Reservoir sites and were analyzed
for nickel. Concentrations of dissolved nickel ranged
from 1 to 7 pug/L at these sites (Dash and Ortiz, 1996),
thus indicating no apparent downstream change in
concentration. Total-recoverable nickel concentrations
were elevated at Catlin Dam and Las Animas, where
median concentrations were 23 ug/L and 25 pg/L,
respectively (Dash and Ortiz, 1996). Resuspension
and tributary inflow are possible causes of these
increases. The median total-recoverable nickel
concentration between Las Animas and Below John
Martin Reservoir decreased substantially to 4 pg/L,
presumably due to deposition in the reservoir. Nickel
concentrations in the lower basin did not exceed
stream-water-quality standards at any site.

Selenium

Selenium was analyzed in 16 to 24 samples
collected at most main-stem sites in the lower
Arkansas River Basin. Only three samples were
collected and analyzed for selenium at the Below

Pueblo Reservoir and Highway 227 sites; therefore,
these two sites are not included in the selenium-
concentration plots (fig. 23). The downstream
temporal patterns in dissolved and total-recoverable
selenium concentrations were similar (fig. 23) because
more than 90 percent of the total-recoverable selenium
was in the dissolved phase. Median concentrations of
dissolved selenium typically were largest during the
low-flow regime. The maximum median dissolved-
selenium concentration (13.5 pg/L) occurred at

Las Animas during low flow (fig. 23). In general,
dissolved- and total-recoverable selenium concentra-
tions increased downstream to Las Animas; concentra-
tions decreased substantially between Las Animas and
Below John Martin Reservoir (fig. 23).

The temporal and spatial patterns in selenium
concentrations are a function of local geology, exten-
sive agricultural irrigation, and chemical processes.
Cretaceous marine shales and limestones are exposed
extensively within the study area (Mueller and others,
1991); concentrations of selenium can be elevated in
these shales and limestones compared to concentra-
tions in other rock types (Turekian and Wedepohl,
1961; Hatten, 1969; Schultz and others, 1980). There
are about 300,000 acres of irrigated agriculture in the
lower Arkansas River Basin, where irrigation water is
derived from the Arkansas River and from pumped
ground water. Irrigation drain water in the lower
Arkansas River Basin flows to the Arkansas River via
tributary streams, drainage ditches, and the alluvial
aquifer. Cain (1985) reported that downstream from
La Junta, much of the streamflow in the Arkansas

46  Water-Quallty Assessment of the Arkansas River Basln, Southeastern Colorado, 1990-93
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River is derived from these irrigation return flows. The
extensive application of irrigation water can leach
selenium from the seleniferous soils and rocks in the
study area. Thus, local geology and irrigation return
flows are the two most likely causes of the increasing
selenium concentrations between Pueblo and Las
Animas (fig. 23).

Selenium concentrations were largest during
the low-flow regime when streamflow and irrigation
return flows were less diluted by the river. The
apparent decrease in selenium concentrations between
the Las Animas and Below John Martin Reservoir
sites (fig. 23) seems to have been caused by a process
that removed dissolved selenium from the water
column and stored it in the biota or bottom sediments.
Oremland and others (1989) have demonstrated the
possibility of such a process involving the bacterial
reduction of selenate, the most mobile inorganic sele-
nium species, under anoxic conditions. Selenite,
which is relatively insoluble, is expected to be the
most common selenium species under anoxic condi-
tions. Selenite has been shown to readily sorb to ferric
oxides, thus controlling the selenium concentration in
solution (Brown, 1991).

Total-recoverable selenium concentrations
frequently exceeded the chronic stream-water-quality
standard of 10 pg/L at several sites in the lower basin
(table 24). The frequency of exceedance was largest
at Catlin Dam and at Las Animas, where about

Table 24. Number of samples that exceeded chronic
selenium water-quality standards in the lower Arkansas
River, April 1990—March 1993

Number of
samples that
Site name Number of exceed2d chronic
(see table 1) samples standard for total-
analyzed
recoverable
selenium’
Below Pueblo Reservoir 3 0
Pueblo 16 1
Highway 227 3 2
Avondale 16 7
Catlin Dam 24 14
Las Animas 24 17
Below John Martin Reservoir 23 1

IChronic selenium standard (10 micrograms per liter) is based on
total-recoverable selenium concentration (Colorado Department of

Health, 1994).

58 percent and about 71 percent of the samples
exceeded the standard, respectively (table 24). Sele-
nium concentrations exceeded the stream-water-
quality standard during all three flow regimes,
although the standard was exceeded more frequently
during the low-flow regime.

Silver

Dissolved and total-recoverable silver concen-
trations were less than the reporting limit (1 pg/L) in
nearly all of the samples that were collected in the
lower basin. The analytical reporting limit was too
large to indicate if silver occurred at concentrations
that might be toxic to aquatic life.

Zinc

A comparison of the median dissolved- and
total-recoverable zinc concentrations at Portland
(fig. 15) and Below Pueblo Reservoir (fig. 24) indi-
cates that very little zinc was transported through
Pueblo Reservoir from the upper basin. In the lower
basin, the median dissolved-zinc concentrations
ranged from about 2 to 7 pg/L and varied extensively
(fig. 24). The median total-recoverable zinc concentra-
tion ranged from 7 to 200 pg/L; the maximum total-
recoverable zinc concentration (200 pg/L) occurred at
Catlin Dam during the post-snowmelt runoff regime
(fig. 24). Total-recoverable zinc concentrations varied
little at most sites during the low-flow regime but
tended to increase downstream from Avondale during
the snowmelt-runoff and post-snowmelt runoff
regimes (fig. 24). This increase probably is attributable
to resuspension and tributary inflow. In the two storm-
runoff samples that were collected from the Apishapa
River and in the one sample collected from the Purga-
toire River, the total-recoverable zinc concentrations
were 1,300, 850, and 1,000 pg/L, respectively (Dash
and Ortiz, 1996). The total-recoverable zinc concen-
trations tended to decrease between Las Animas and
the site just downstream from John Martin Reservoir
(fig. 24), probably because of deposition within the
reservoir. Zinc concentrations did not exceed the
stream-water-quality standards at any main-stem site
in the lower Arkansas River Basin.
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Figure 24. Median dissolved- and total-recoverable zinc concentrations by streamflow regime in the lower Arkansas
River, April 1990—March 1993.

50  Water-Quality Assessment of the Arkansas River Basin, Southeastern Colorado, 199093



Nutrients

Nutrients collected and analyzed as part of
this study were total ammonia (hereinafter referred to
as ammonia), total nitrite plus nitrate (hereinafter
referred to as nitrate), and total phosphorus (herein-
after referred to as phosphorus). Water samples for
analysis of ammonia and nitrate concentrations were
collected 24 to 28 times at all 20 main-stem sites.
Samples for phosphorus were collected 24 to 28 times
at 13 main-stem sites. Tributaries generally were
sampled less frequently. Different reporting limits
were used for sites in the upper and lower Arkansas
River Basin because nutrient samples collected in the
upper Arkansas River Basin had much lower concen-
trations than those in the lower basin.

Potential major nutrient sources include several
municipal wastewater-treatment facilities and
nonpoint-source loading from agricultural return flow,
domestic livestock, feedlots, and septic systems. In
the upper basin, municipal wastewater sources include
facilities for Leadville, Buena Vista, Salida, and the
Fremont Sanitation District (Gary Soldano, Colorado
Department of Public Health and Environment,
written commun., 1996). The town of Leadville uses
secondary wastewater treatment and discharges
directly into California Gulch about one-half mile
upstream from the confluence with the Arkansas River
and the water-quality site on California Gulch. Buena
Vista uses a lagoon system that uses evaporation and
discharges to ground water. Wastewater treatment at
Salida uses secondary treatment and discharges to the
Arkansas River. Fremont Sanitation District uses
secondary treatment for Cafion City, Florence, and
several penal institutions and discharges to the
Arkansas River between Florence and Portland (pl. 1).
In the lower basin, municipal wastewater sources
include wastewater-treatment facilities for Pueblo,
Colorado Springs, Security Sanitation District, Wide-
field, Fountain Sanitation District, Fowler, Manzanola,
Rocky Ford, La Junta, Las Animas, and Lamar (Gary
Soldano, Colorado Department of Public Health and
Environment, written commun., 1996). The cities of
Pueblo, Colorado Springs, Security, Widefield, and
La Junta use secondary wastewater treatment. Colo-
rado Springs has since upgraded to advanced waste-
water treatment (William Vanderveer, Colorado
Springs Utilities, written commun., 1996). Pueblo and
La Junta discharge to the Arkansas River; Colorado
Springs, Security, and Widefield discharge to Fountain

Creek. Wastewater pond systems are used at the
remaining locations.

Ammonia

Ammonia concentrations in the upper Arkansas
River Basin generally increased downstream (fig. 25).
Median ammonia concentrations for main-stem sites
ranged from 0.010 mg/L at Leadville and Buena Vista
to 0.026 mg/L at Wellsville. California Gulch, which
receives wastewater discharge from Leadville, had the
highest median ammonia concentration (2.15 mg/L)
in the upper basin. Several other tributaries in the
Leadville area, including Iowa Gulch and Empire
Gulch (pl. 1), contributed to the elevated ammonia
concentrations in the Arkansas River downstream
from California Guich. Median concentrations of
ammonia increased steadily from Buena Vista to
Wellsville with a significant increase (a=0.05) in
concentration occurring between Salida and Wells-
ville. Increased ammonia concentrations probably
were due to discharges from wastewater facilities in
the reach, although other potential sources in this
reach include nonpoint-source loading from livestock
and septic systems. Ammonia concentrations gener-
ally decreased along the 52-mi stream reach from
Wellsville to Parkdale, probably due to dilution and
assimilation of nitrogen by aquatic plants. Tributary
inputs, with the exception of those in the Leadville
area, did not contribute substantial amounts of
ammonia to the upper Arkansas River; typically,
tributaries contributed less than 15 percent of the load
within a stream reach.

In the lower Arkansas River Basin, median
ammonia concentrations at main-stem sites ranged
from 0.020 mg/L at Nepesta and Las Animas to
0.145 mg/L at Below John Martin Reservoir (fig. 25).
Substantially larger ammonia concentrations were
analyzed just downstream from Pueblo Reservoir than
at Portland. Lewis and Edelmann (1994) indicated that
inorganic nitrogen concentrations were larger in the
deeper portions of Pueblo Reservoir because of
reduced biologic uptake and releases of nitrogen from
the bottom sediments. Nutrients released from the
bottom sediments in deep-water withdrawal reser-
voirs, like Pueblo Reservoir, may be discharged down-
stream, thus increasing concentrations in the river.
Ammonia concentrations decreased through the city of
Pueblo, probably because of nitrification of ammonia
and assimilation of ammonia by aquatic plants.

WATER QUALITY 51



52

TOTAL-AMMONIA CONCENTRATION, AS NITROGEN, IN MILLIGRAMS PER LITER

10— T T T T T T T T T T T T T T T T T ]
7F Upper Arkansas River Basin Lower Arkansas River Basin -
i ]
3 .
L (25) Number of observations b
Outlier data val than 3 ti th
2t O interquariié rangs ouiside the quartie @49
r Outlier data value less than or equal to 3 T 7]
- ¥ and more than 1.5 times the ) 1
L interquartile range outside the quartile 4
1+ Data value less than or equal to 1.5 tim