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Abstract
Grant-Kohrs Ranch National Historic Site (GRKO) in 

southwestern Montana commemorates the frontier cattle era 
and its formative role in shaping the culture and history of the 
Western United States. The ranch was designated a national 
historic landmark in 1960 and a unit of the National Park 
Service (NPS) by Congress in 1972. The GRKO is unique 
because of its proximity to large-scale extraction, mill-
ing, and smelting of gold, silver, copper, and lead ore from 
the 1860s to the 1980s in the Butte mining district. During 
this time, mining and milling wastes were discarded in the 
upper Clark Fork Basin, resulting in the deposition of large 
amounts of waste materials (tailings) enriched with metal-
lic contaminants (including cadmium, copper, iron, lead, 
manganese, zinc, and the metalloid trace element arsenic) in 
soils and in nearby streams and floodplains. Denuded vegeta-
tion and fish kills attributed to large concentrations of heavy 
metals caused the U.S. Environmental Protection Agency to 
designate a 120-mile section of the Clark Fork River (hereaf-
ter referred to as the “Clark Fork”), including GRKO, to be 
included on the National Priority List for Superfund cleanup in 
1989. In 2018, with oversight from the Montana Department 
of Environmental Quality, the NPS began remediation 
of 2.6 miles of the Clark Fork as it flows through GRKO 
property.

In 2019, the U.S. Geological Survey (USGS), in col-
laboration with the NPS, conducted a study using time-series 
data from backscatter signals from fixed-point turbidity and 
acoustic sensors with the intent to provide a high-resolution 
monitoring tool to estimate metallic-contaminant concentra-
tions (MCCs) and loads during NPS remediation of the Clark 
Fork. Two monitoring sites at USGS streamgages on the Clark 
Fork on either side of GRKO property were instrumented with 
turbidity and acoustic sensors and surrogate relations were 
developed among time-series data and MCCs. The application 
of high-resolution surrogate data was used to infer contami-
nant source and fate and evaluate MCC values relative to 
aquatic-life standards. Using high-resolution surrogate data, 

it was determined that during spring runoff and storm-related 
runoff events, MCCs peaked at their highest values at stream-
flows markedly lower and prior to peak streamflow. Because 
MCCs peaked prior to streamflow peaks, it could be inferred 
that the source of MCCs originated from channel bed sedi-
ments in close spatial proximity to the monitoring site or from 
nearby streambanks and floodplains. High-resolution surrogate 
data revealed that copper concentrations in the Clark Fork 
exceeded chronic aquatic-life standards 90 percent of the time 
when streamflow exceeded 200 cubic feet per second (ft3/s) 
and exceeded acute aquatic-life standards 85 percent of the 
time when streamflow exceeded 260 ft3/s. These data helped 
support NPS management goals for evaluating variation in 
water quality during remediation of GRKO property, evaluat-
ing MCC values relative to aquatic-life standards, and quanti-
fying benefits from Superfund remediation activities.

Introduction
The establishment of Grant-Kohrs Ranch in 1862–66 

by stockgrower Johnny Grant and cattle baron Conrad Kohrs 
marked the beginning of a 120-year continuum of one of the 
largest open-range cattle operations in the Western United 
States (Grant-Kohrs Ranch, 2004). In 1864, gold was discov-
ered in the Butte area and from 1864 to the 1980s, the Butte 
mining district in Montana—formerly known as the “Richest 
Hill on Earth”—was the epicenter of large-scale extraction, 
milling, and smelting of gold, silver, copper, and lead ore 
that brought immense economic wealth to the region (U.S. 
Environmental Protection Agency, 2004; Gammons and oth-
ers, 2006). During this time, mining and milling wastes were 
discarded in the upper Clark Fork Basin, resulting in the depo-
sition of large amounts of waste materials (tailings) enriched 
with metallic contaminants (including cadmium, copper, iron, 
lead, manganese, zinc, and the metalloid trace element arsenic) 
in soils and in nearby streams and floodplains (Andrews, 1987; 
Moore and Luoma, 1990; Gammons and others, 2006). Public 
water-supply contamination, denuded vegetation, and fish kills 
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attributed to large concentrations of heavy metals derived from 
the tailings caused the U.S. Environmental Protection Agency 
(EPA) to designate a 120-mile section of the Clark Fork River 
(hereafter referred to as the “Clark Fork”), including Grant-
Kohrs Ranch National Historic Site, as a Superfund site in 
1989 (U.S. Environmental Protection Agency, 2004).

Grant-Kohrs Ranch National Historic Site (GRKO) cel-
ebrates the frontier cattle era and its formative role in shaping 
the culture and history of the Western United States. The ranch 
once served as headquarters to more than 10 million acres 
of feeding, water, and grazing rights that spanned Montana 
and parts of Utah, Idaho, Wyoming, Colorado, and Canada 
(Grant-Kohrs Ranch, 2014). In 2022, the GRKO encompassed 
1,618 acres in southwestern Montana adjacent to the town of 
Deer Lodge and was designated a national historic landmark 
in 1960 and a unit of the National Park Service (NPS) by 
Congress in 1972 (Grant-Kohrs Ranch, 2004). The GRKO is 
unique because of its geographical setting in the upper Clark 
Fork Basin and its proximity to large-scale extraction, mill-
ing, and smelting of gold, silver, copper, and lead ore from the 
1860s to the 1980s in the Butte mining district. The GRKO 
has the distinction of being the only NPS unit to be included 
on the National Priority List for Superfund cleanup (U.S. 
Environmental Protection Agency, 2004; Grant-Kohrs Ranch, 
2006). In 2018, with oversight from the EPA and the Montana 
Department of Environmental Quality (MDEQ), the NPS 
began remediation of 2.6 miles of the Clark Fork as it flows 
through GRKO property in an area with extensive floodplain 
and streambank deposits of contaminated mining wastes (U.S. 
Environmental Protection Agency, 2004; Research Specialist, 
Inc., 2020; Jeff Johnson, National Park Service, Grant-Kohrs 
Ranch, oral cummun., various dates).

The U.S. Geological Survey (USGS) monitors, conducts 
research, and provides information on a wide range of water 
resources including streamflow, groundwater, water quality, 
and water use and availability. Water-quality data, including 
streamflow data, are available online to the public in the USGS 
National Water Information System database (U.S. Geological 
Survey, 2023).Water-quality data collection by the USGS, in 
cooperation with the EPA, began during 1985–88 in the upper 
Clark Fork Basin with the establishment of a small long-term 
monitoring network (LTMN) that expanded through time from 
8 sites (4 on the main-stem Clark Fork and 4 in major tribu-
taries) to 22 and continued to present (2022). The legacy of 
the USGS LTMN in the Clark Fork is described in detail by 
Lambing (1991, 1998), Sando and others (2014), and Sando 
and Vecchia (2016).

Superfund remediation to deal with the mining contami-
nation is a pre-eminent resource issue in GRKO because of its 
geographic setting in the upper Clark Fork Basin. NPS policies 
require park management to maintain, rehabilitate, and per-
petuate the inherent integrity of aquatic resources within NPS 
units (National Park Service, 2006; Schweiger and others, 
2014). Because of the site’s inclusion on the National Priority 
List for Superfund cleanup, many of the day-to-day and long-
term management decisions at GRKO regarding fisheries, 

water quality, surface-water quantity, and riparian composi-
tion and function are pressing matters related to the mining 
and smelting operations in Butte and Anaconda, Mont., in the 
headwaters of the Clark Fork (U.S. Environmental Protection 
Agency, 2004; National Park Service, 2006).

Two USGS streamgages on either side of the GRKO pro-
vide a valuable framework for USGS monitoring of the Clark 
Fork during NPS remediation activities (fig. 1): Clark Fork at 
Deer Lodge, Mont. (streamgage 12324200; 1 mile upstream 
from the GRKO; hereafter referred to as “Clark Fork at Deer 
Lodge”) and Clark Fork above Little Blackfoot River near 
Garrison, Mont. (streamgage 12324400; about 12 miles down-
stream from the GRKO; hereafter referred to as “Clark Fork 
near Garrison”). Historically, the two sampling sites have had 
the highest frequency of exceedance of water-quality standards 
for concentrations of trace elements (hereafter referred to as 
“metallic-contaminant concentrations [MCCs]”) of any of 
the sites in the Clark Fork USGS LTMN (Sando and Vecchia, 
2016; Montana Department of Environmental Quality, 2019).

Although the LTMN provides water-quality and stream-
flow data to evaluate large-scale effects of remediation activi-
ties in the upper Clark Fork Basin, the LTMN does not provide 
the high-resolution data needed to understand how GRKO 
remediation activities affect water quality in the Clark Fork. 
To overcome limitations inherent with discrete point samples, 
surrogate data, which replicate MCCs, were developed from 
well-defined linear relations and produced at a high-resolution 
temporal scale following methods and techniques described 
by Montgomery and others (2007), Stubblefield and others 
(2007), Rasmussen and others (2009), Lee and Ziegler (2010), 
Joiner and others (2014), and Landers and others (2016). This 
report describes the application of surrogate data from fixed-
point turbidimeters (Rasmussen and others, 2009), acoustics 
sensors (Topping and others, 2004; Landers and others, 2016), 
and streamflow to provide accurate, real-time measures of 
MCCs in the Clark Fork as it flows through GRKO property. 
Continuous real-time streams of data showing spikes and 
declines in MCCs, measured at a high-resolution temporal 
scale, may be linked with remediation actions such as excava-
tion of contaminated soils, streambank restoration activities, 
and re-vegetation of riparian and denuded regions of GRKO 
property. Other factors affecting metallic-contaminant dis-
charge into the Clark Fork, such as irrigation operations in the 
Deer Lodge Valley along with precipitation event occurrence, 
intensity, and duration may also be linked to MCC response 
and potentially differentiated from remediation activities.

Purpose and Scope

The primary purposes of this study and subsequent report 
are to (1) provide a high-resolution monitoring tool for the 
GRKO to estimate MCCs and metallic-contaminant loads 
(MCLs) during Superfund remediation activities on the Clark 
Fork, and (2) develop the monitoring tool by establishing rela-
tions among turbidity and acoustic surrogate data with MCCs. 
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This report presents results of relating surrogate data with 
MCCs and describes how suspended sediment was the primary 
mechanism for the transport of metallic contaminants in the 
Clark Fork as it flows through GRKO property. Regression 
results and various data-related factors that affect regression 
results are discussed, and background information on mining 
and remediation activities in the upper Clark Fork Basin is 
provided. Results of this study may assist resource managers 
in evaluating the benefits of using surrogate relations in linear 
models to predict real-time concentrations of metallic con-
taminants and loads during remediation activities; however, it 
is beyond the scope of this report to provide detailed explana-
tions of the effects of GRKO remediation activities on water 
quality during ongoing remediation implementation phases.

Description of Study Area

The Clark Fork Basin drains extensive portions of west-
ern Montana and northern Idaho within the larger Columbia 
River Basin. The main stem of the Clark Fork begins at the 
confluence of Silver Bow and Warm Springs Creeks near 
Warm Springs, Mont., and flows 485 miles through Montana 
and Idaho where it enters the Columbia River (not shown on 
figure). The study area is in the upper Clark Fork Basin in 
southwestern Montana and begins at the Clark Fork at Deer 
Lodge streamgage and extends downstream to the Clark Fork 
near Garrison streamgage (fig. 1; table 1). Grant-Kohrs Ranch 
is about 1 mile downstream from the Clark Fork at Deer 
Lodge streamgage in the upper Clark Fork Basin adjacent to 
the town of Deer Lodge.
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Figure 1. Location of the study area, Grant-Kohrs Ranch National Historic Site, U.S. Geological Survey streamgages, and 
National Priority List Superfund operable units in the upper Clark Fork Basin, Montana.
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Table 1. Information for Clark Fork at Deer Lodge (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a) and Clark Fork above Little Blackfoot River near Garrison 
(U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b) study sites upstream and downstream, respectively, from Grant-Kohrs Ranch National Historic Site in the upper Clark Fork 
Basin, Montana (U.S. Geological Survey, 2023).

[ft3/s, cubic feet per second; °, degree; ‘, minute; ‘’, second; N, north; W, west]

USGS site 
identification 

number 
(fig. 1)

USGS site name
Abbreviated  

site name
Latitude Longitude

Drainage 
area 

(square 
miles)

Period of 
water-quality 

data collection

Range of 
annual 

sampling 
frequency 

 (samples per 
year)

Range of 
streamflows at 
which samples  
were collected 

(ft3/s)

12324200 Clark Fork at Deer Lodge, 
Montana

Clark Fork at 
Deer Lodge

46° 23' 51.54”N 112° 44' 33.14”W 995 October 2018–
October 2020

10–12 166–1,120

12324400 Clark Fork above Little 
Blackfoot River near 
Garrison, Montana

Clark Fork near 
Garrison

46° 30' 39.28”N 112° 47' 22.87”W 1,139 October 2018–
October 2020

11–13 161–1,410
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Hydrographic and Hydrologic Characteristics

From its beginning, the Clark Fork flows for about 
21 miles to the upper boundary of the study area at the town 
of Deer Lodge. Within the larger Clark Fork Basin (fig. 1), the 
study area includes a 16-mile reach of the Clark Fork between 
Clark Fork at Deer Lodge and Clark Fork near Garrison. In 
the reach of the Clark Fork downstream from the confluence 
of Silver Bow Creek and Warm Springs Creek to Deer Lodge, 
there are abundant floodplain tailings from mining wastes 
that were generated near Butte and Anaconda, Mont. (Smith 
and others, 1998). In this reach, the Clark Fork Basin val-
ley is wide (about 5 miles across; hereafter referred to as the 
“Deer Lodge Valley”) and the Clark Fork main-stem channel 
is highly meandering (Lambing, 1998). An important minor 
tributary that enters the Clark Fork in this reach is Lost Creek. 
The Lost Creek drainage basin has an area of about 65 square 
miles (mi2) and was affected by deposition of contaminants 
in emissions from smelting activities of the Anaconda Mining 
Company Smelter (Hooper and others, 2002). Clark Fork 
at Deer Lodge has a drainage area of 995 mi2 and mean 
annual streamflow (water years 1979–2020; water year is the 
12-month period from October 1 through September 30 and 
is designated by the year in which it ends) of 267 cubic feet 
per second (ft3/s; U.S. Geological Survey, 2021a). Between 
Deer Lodge and Garrison, Mont., for 12 miles below GRKO 
to Clark Fork near Garrison, floodplain tailings are pres-
ent to a similar extent as in the valley upstream from Deer 
Lodge (Smith and others, 1998). Clark Fork near Garrison 
has a drainage area of 1,139 mi2 and mean annual streamflow 
(water years 2010–20) of 350 ft3/s (U.S. Geological Survey, 
2021b). Hydrographic and hydrologic characteristics of the 
upper Clark Fork and main tributaries in the upper Clark Fork 
Basin above the study area are described in detail by Lambing 
(1991) and Sando and others (2014).

Physiographic, Climatic, and Geologic 
Characteristics

The upper Clark Fork Basin lies west of the Continental 
Divide in southwestern Montana and is within the Rocky 
Mountains physiographic province, which is characterized 
by rugged mountains and intermontane valleys (Woods and 
others, 2002). Upstream from the town of Deer Lodge (fig. 1; 
from Galen to Deer Lodge), the topography is dominated by 
a broad valley that is bordered by high, dissected terraces that 
rise 200 to 1,000 feet (ft) above the river (Woods and others, 
2002). The north-trending valley is bordered on the east by 
mountains along the Continental Divide and on the west by the 
Flint Creek Range (Lambing, 1991). Highest elevations range 
from about 8,600 ft along the Continental Divide to about 
10,000 ft in the Flint Creek Range. Near the town of Garrison, 
the downstream boundary of the study area, the Clark Fork 

turns northwesterly and flows through a narrow valley that is 
typically less than (<) 1 mile wide and is bordered by moun-
tains having elevations <7,500 ft.

The climate of the study area varies from semiarid in the 
Deer Lodge Valley to humid alpine in the mountains. More 
than 70 percent of the annual precipitation in the valley falls 
between April and September, with May and June being the 
wettest months. Areally weighted mean annual precipitation 
in the study area (1980–2010 30-year normal; PRISM Climate 
Group, 2021) is about 12 to 15 inches. About one-half of 
annual precipitation falls during May through July, whereas 
winter typically is the driest season (Nimick, 1993). In the 
mountains, mean annual precipitation, which includes both 
rainfall and snow, varies from about 20 to 60 inches depend-
ing on elevation (1980–2010 30-year normal; PRISM Climate 
Group, 2021), generally as snow from December through 
April, although rainfall can be considerable in May and 
June. Average temperatures in the Deer Lodge Valley range 
from 20 degrees Fahrenheit (°F) in January to 63 °F in July 
(1980–2010 30-year normal; PRISM Climate Group, 2021).

Geology of the upper Clark Fork Basin consists of 
Cretaceous to Tertiary granite and Tertiary volcanic rocks 
along the Continental Divide east of Deer Lodge, whereas 
the Deer Lodge Valley is underlain by Upper Cretaceous and 
Tertiary sediments as much as 5,500 ft thick (Alden, 1953). 
The high valley terraces formed on Tertiary sediments in the 
Deer Lodge Valley are remnants of an erosional surface cre-
ated during late Pliocene or early Pleistocene time (Alden, 
1953). Quaternary alluvium, typically found near all streams, 
is normally fine to coarse grained and thin in the smaller tribu-
taries. Quaternary alluvium ranges in thickness from about 
25 ft in the Deer Lodge Valley to 300 ft in the narrow valley 
upstream from the confluence with Rock Creek (Alden, 1953; 
fig. 1). Geology of the Deer Lodge Valley and upper Clark 
Fork Basin is described in detail by Alden (1953), Konizeski 
and others (1968), Nimick (1993), and Gammons and oth-
ers (2006).

Overview of Mining and Remediation Activities
From 1864 to the 1980s, the Butte mining district—

formerly known as the “Richest Hill on Earth”—was the epi-
center of large-scale extraction; milling; and smelting of gold, 
silver, copper, and lead ore that brought immense economic 
wealth to the region (U.S. Environmental Protection Agency, 
2004; Gammons and others, 2006). During this period, min-
ing and milling wastes were discarded in the upper Clark 
Fork Basin (in excess of 100 million tons) resulting in the 
deposition of large amounts of waste materials enriched with 
metallic contaminants (including cadmium, copper, iron, lead, 
manganese, zinc, and the metalloid trace element arsenic) in 
soils and in nearby streams and floodplains (Andrews, 1987; 
Moore and Luoma, 1990; Gammons and others, 2006). Large 
floods in the late 1800s and early 1900s transported enormous 
volumes of contaminants downstream and resulted in wide-
spread deposition of contaminated sediments in the Clark Fork 
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floodplain and streambanks in the Deer Lodge Valley, damag-
ing terrestrial and aquatic habitat. Long-term flood-irrigation 
operations in the Deer Lodge Valley further contributed to 
widespread contamination in the Clark Fork floodplain (Smith 
and others, 1998) by diverting Clark Fork water with metallic-
laden suspended sediments and applying it to the land surface. 
Exposed tailings, referred to as “slickens,” with low pH and 
high amounts of metals, caused a phytotoxic condition result-
ing in denuded areas of vegetation in the floodplain throughout 
the upper Clark Fork Basin (U.S. Environmental Protection 
Agency, 2004).

Public water-supply contamination, denuded vegeta-
tion, and fish kills attributed to large concentrations of heavy 
metals derived from the tailings caused the EPA to desig-
nate the mine-impacted areas as a Superfund site in 1989. 
Now the largest contiguous Superfund site in the United 
States, remediation efforts have included substantial cleanup 
in the Butte area and removal of the Milltown Dam near 
Missoula to mitigate some of the most severe contamination 
(U.S. Environmental Protection Agency, 2004). In 1989 the 
United States sued Atlantic Richfield Company for reim-
bursement of costs associated with the Superfund cleanup 
(U.S. Environmental Protection Agency, 2004). In 2004, 
the EPA released a Record of Decision (ROD) for the Clark 
Fork River operable unit (CFROU). The ROD identified a 
120-mile section of the Clark Fork as a distinct Superfund 
operable unit (U.S. Environmental Protection Agency, 2004). 
The CFROU extends from the Silver Bow Creek and Warm 
Springs Creek confluence to the former Milltown Reservoir 
site at the Clark Fork and Blackfoot River confluence (fig. 1). 
The CFROU consists of surface water, streambed sediments, 
tailings, impacted soils, groundwater, aquatic resources, 
terrestrial resources, irrigation ditches, and related sediment 
deposition and contaminated property within and adjacent to 
the historic floodplain of the Clark Fork (Montana Department 
of Environmental Quality, 2015). The ROD designated the 
Clark Fork River Riparian Evaluation System (CFR RipES), 
a vegetative survey developed for the CFROU, as an impor-
tant tool to determine if remediation actions satisfy standards 
established in the ROD (U.S. Environmental Protection 
Agency, 2004; Montana Department of Environmental 
Quality, 2015). A Consent Decree, negotiated with Atlantic 
Richfield Company as the principle responsible party and 
all government stakeholders, was signed and filed with the 
courts in August 2008 (Montana Department of Environmental 
Quality, 2015; Natural Resources Damage Program, 2023). 
The Consent Decree assigned performance of the remedia-
tion of the CFROU to MDEQ with oversight by the EPA. 
The ROD designated that the remediation would occur from 
the beginning of the CFROU downstream to Garrison, Mont. 
(fig. 1). The ROD contained a prescriptive approach that used 
an ocular method for identification and delineation of con-
taminated soils within the 100-year floodplain and indicated 
that exposed tailings or severely affected soils and vegeta-
tion would be removed, and the excavated area revegetated, 
with the limited exception of severely affected areas that are 

400 square feet or less and less than approximately 2 ft deep. 
In most instances, the ROD remedy was for affected areas 
to be treated in place using lime addition, soil mixing, and 
re-vegetation. Contaminated soils that were removed would 
be disposed of in Opportunity Ponds (not shown in fig. 1, 
located north of the community of Opportunity, Mont., and 
northeast of the city of Anaconda). Based on results from the 
CFR RipES method for mapping of floodplain tailings and 
soils in 2006–07, the MDEQ determined that the CFR RipES 
did not reliably capture the depth of contamination of the 
floodplain soils and was not an effective tool to meet reme-
diation objectives. Therefore, MDEQ developed a remedial 
design that included “significant differences” from the original 
ROD remedy (Montana Department of Environmental Quality, 
2015). A notable exception to the ROD’s remedial approach 
was to switch from an ocular approach to identify affected 
areas to using x-ray fluorescence and lab analyses of depth-
integrated soil samples to determine the depth of contamina-
tion. This change markedly expanded remediation of affected 
areas to entail the removal, rather than in-place treatment, of 
buried tailings in contaminated soils greater than 2 ft in depth 
(Montana Department of Environmental Quality, 2014, 2015).

Remediation activities upstream from GRKO on Silver 
Bow Creek between Butte and Anaconda have resulted in 
substantial (greater than 60 percent) reductions in MCCs at 
Silver Bow Creek streamgage sampling sites (Sando and oth-
ers, 2014; Sando and Vecchia, 2016). However, the substantial 
reductions in Silver Bow Creek have not been translated to 
the downstream reaches of the Clark Fork, largely because of 
the mobilization of contaminated sediments as the Clark Fork 
meanders through the Deer Lodge Valley where there still 
are extensive unremediated floodplain and tailings deposits 
(Sando and Vecchia, 2016). More recently (2011 to present), 
Federal Superfund activities have focused remediation activi-
ties from Galen to Deer Lodge. The EPA, in collaboration with 
MDEQ, subdivided the reach between Galen and Deer Lodge 
into 17 distinct phases for remediation that encompass approx-
imately 1- to 2-mile sections of the Clark Fork and its adjacent 
floodplain (Research Specialist, Inc., 2020). Remediation of 
GRKO property is designated phases 15, 16, and a portion of 
17 and consists of a 2.6-mile river length and an accompany-
ing floodplain area of approximately 100 acres (Research 
Specialist, Inc., 2020). Remediation activities in GRKO began 
in November 2018 with the planned excavation and removal 
of 400,000 cubic yards of contaminated soils within the park 
boundaries to be followed by landscaping/topsoil addition 
and re-vegetation of the excavated soils (Research Specialist, 
Inc., 2020). Removal of contaminated soils was completed in 
November 2020 with the removal of 320,000 cubic yards of 
soil. Re-vegetation in affected areas was completed in concert 
with clean soil replacements. An example of contaminated 
soils at GRKO before and after remediation in the Clark Fork 
floodplain are shown in figure 2. Placements of an additional 
2,500 plants at GRKO was scheduled for spring 2022 (Jeff 
Johnson, National Park Service, Grant-Kohrs Ranch, oral 
commun., December 17, 2021).
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A. Clark Fork River May 2017 

Clark Fork River

B. Slicken May 2017 C. Reclaimed slicken May 2023 

Figure 2. Remediation of contaminated soils at Work Area G at the Clark Fork at Grant-Kohrs 
Ranch National Historic Site, Montana. A, Aerial photo (May 2017) of the Clark Fork River at 
Work Area G. B, Before remediation (May 2017). C, After remediation (May 2023) (Photographs 
A and B courtesy of Jeff Johnson, National Park Service, Grant-Kohrs Ranch National Historic 
Site. Photograph C courtesy of U.S. Geological Survey.).

Data Collection, Surrogate Data, and 
Analytical Methods

The USGS collects water samples at 22 sites at estab-
lished USGS streamgages in the upper Clark Fork Basin 
to monitor streamflow, MCCs, nutrients, major ions, and 
suspended sediment as part of the Clark Fork USGS LTMN 
(Sando and others, 2014; Dodge and Hornberger, 2015; 
Cleasby and others, 2019; Clark and others, 2020). The 
current study leveraged the ongoing LTMN effort by collect-
ing an additional nine samples during water years 2019–20 
at Clark Fork at Deer Lodge and Clark Fork near Garrison 
(USGS streamgages 12324200 and 12324400, respectively; 

fig. 3; U.S. Geological Survey, 2021a, 2021b). The additional 
samples were collected using the same data-collection proto-
cols and sampling equipment of the LTMN (Clark and others, 
2021) with the intent to obtain adequate numbers of samples 
for the computation of time-series metallic-contaminant and 
suspended-sediment concentrations (SSCs) and loads.

Water samples were collected from vertical transits 
throughout the entire stream depth at multiple locations 
across the stream by using standard USGS depth- and width-
integration methods (EWDI) (Edwards and Glysson, 1999; 
U.S. Geological Survey, variously dated). EWDI methods 
provide a vertically and laterally discharge-weighted com-
posite sample that represents the entire flow passing through 
the cross section of a stream (Dodge and Hornberger, 2015; 



8  Application of Surrogate Technology to Predict Real-Time Metallic-Contaminant Concentrations and Loads

EXPLANATION
A. Clark Fork at Deer Lodge B. Clark Fork near Garrison
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Figure 3. Streamflows at which metallic-contaminant and suspended-sediment samples were collected on the Clark Fork, water 
years 2019–20 (U.S. Geological Survey, 2023). A, Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a). B, Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 
12324400; U.S. Geological Survey, 2021b).

Clark and others, 2020). Samples were collected with iso-
kinetic depth-integrating water-quality samplers (Davis and 
Federal Interagency Sedimentation Project, 2005) constructed 
of plastic or coated with a nonmetallic rubber-coating paint 
and equipped with polytetrafluoroethylene nozzles. Sample 
filtration and preservation were completed according to 
procedures described by Ward and Harr (1990), Horowitz 
and others (1994), and U.S. Geological Survey (variously 
dated). Subsamples of the composite water samples were 
analyzed at the USGS National Water Quality Laboratory 
(NWQL; National Water Quality Laboratory, 2023) in 
Denver, Colorado, for filtered (0.45-micrometer pore size) 
and unfiltered-recoverable concentrations of metallic contami-
nants (table 2) by using methods described by Garbarino and 
Struzeski (1998) and Garbarino and others (2006).

Water samples for analysis of SSCs were collected from 
multiple vertical transits concurrently with water-quality 
samples according to methods described by Edwards and 
Glysson (1999). Water samples were analyzed for SSCs 
and the percentage of suspended-sediment mass finer than 
0.062-millimeter diameter (silt size and smaller) by the 
USGS Wyoming-Montana Water Science Center Sediment 
Laboratory in Helena, Mont., according to methods described 
by Guy (1969) and Dodge and Lambing (2006). Water-quality 
data, SSC, streamflow, time-series turbidity and laser in situ 
scattering and transmissometry acoustic backscatter sig-
nal (LISST–ABS) data are available in the USGS National 
Water Information System (U.S. Geological Survey, 2021a, 

2021b). Water-quality samples collected by USGS during the 
study along with computed time-series metallic-contaminant 
data and metadata are contained in a USGS data release 
(Ellison, 2023).

Surrogate Data

The close association among SSCs and MCCs is well 
documented (Ongley and others, 1981; Allan, 1979), and this 
association has been observed in the Clark Fork (Sando and 
others, 2014; Sando and Vecchia, 2016). Prediction of MCCs 
based on surrogate relations relies on the assumption that sedi-
ment in suspension in the Clark Fork is the primary mecha-
nism for the transport of metallic contaminants. The link 
between suspended sediment and MCCs is dependent on the 
physical and chemical characteristics of suspended sediment, 
such as grain size, surface area, and cation exchange capacity, 
all of which affect the degree to which sediment collects and 
concentrates metallic contaminants (Allan, 1979; Ongley and 
others, 1981; Horowitz, 1985). Studies indicate a systematic 
increase in the content of MCCs with decreasing suspended-
sediment particle size and increasing surface area (Horowitz, 
1985; Douglas and others, 1993). In the Clark Fork, samples 
previously collected at Clark Fork at Deer Lodge and Clark 
Fork near Garrison indicated that fine sized sediments 
(<0.0625 millimeter) were the dominant sediment size in sus-
pension, constituting 74 and 76 percent, respectively, of col-
lected samples (Dodge and others, 2018). Because fine-sized 
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Table 2. Properties, constituents, and associated information relating to laboratory and study reporting levels (National Water Quality 
Laboratory, 2023).

[ft3/s, cubic feet per second; NA, not applicable; µs/cm, microsiemen per centimeter; mg/L, milligram per liter; CaCO3, calcium carbonate; µg/L, microgram  
per liter]

Property or constituent Units of measurement Laboratory reporting level
Study reporting level used in the 

application of the regression models

Streamflow, instantaneous ft3/s NA 10.0
Specific conductance µS/cm NA 1.0
pH, standard units standard units NA 1.0
Hardness, filtered mg/L as CaCO3 NA 1.0
Calcium, filtered mg/L 0.022 1.0
Magnesium, filtered mg/L 0.01 1.0
Cadmium, filtered µg/L 0.03 0.01
Cadmium, unfiltered-recoverable µg/L 0.03 0.1
Copper, filtered µg/L 0.4 1.0
Copper, unfiltered-recoverable µg/L 0.4 1.0
Iron, filtered µg/L 1 1.0
Iron, unfiltered-recoverable µg/L 5 5.0
Lead, filtered µg/L 0.02 0.1
Lead, unfiltered-recoverable µg/L 0.06 1.0
Manganese, filtered µg/L 0.4 1.0
Manganese, unfiltered-recoverable µg/L 0.4 1.0
Zinc, filtered µg/L 2 2.0
Zinc, unfiltered-recoverable µg/L 2 2.0
Arsenic, filtered µg/L 0.1 1.0
Arsenic, unfiltered-recoverable µg/L 0.1 1.0
Sediment, suspended mg/L 1 1.0
Sediment, suspended, percent finer  

than 0.062 millimeter
percent 1 1.0

sediments are the dominant sediment size in the Clark Fork, it 
is likely that MCCs associated with suspended sediment (par-
ticulate phase) in the water column are orders of magnitude 
higher as compared to the dissolved phase (Horowitz, 1985).

Continuous water-quality monitoring using surrogate data 
from fixed-point turbidimeters and acoustic velocity meters for 
estimating SSCs has a proven record of success (Topping and 
others, 2004; Wagner and others, 2006; Rasmussen and oth-
ers, 2009; Landers, 2012; Wood and Teasdale, 2013; Groten 
and others, 2016; Landers and others, 2016). The application 
of relations among backscatter signals from turbidity and 
hydroacoustic sensors with SSCs is expanded in this study for 
use as surrogates to improve estimates of MCCs as compared 
to using the periodic discrete sampling of the LTMN. For 
this study, a turbidimeter (Observator Analite NEP5000), 
measuring formazin nephelometric units and an acoustic 
sensor (Sequoia Inc. LISST–ABS), measuring uncalibrated 
SSCs, in milligrams per liter, were installed at each site on the 
streambank at Clark Fork at Deer Lodge and suspended from 
the bridge deck at Clark Fork near Garrison below the water 

surface. The sensors were programmed to transfer measured 
data using serial data interface (SDI–12) at 1,200 baud com-
munication protocol to a 12-volt battery powered Sutron 
SatLink3 datalogger at each of the monitoring sites. Data 
from the turbidity and hydroacoustic sensors were recorded at 
15-minute intervals and sent by way of satellite transmission 
hourly to the USGS office in Helena.

Analytical Methods

MCCs, turbidity, acoustics, SSCs, and discrete mea-
surements of streamflow were analyzed to obtain summary 
statistics, simple linear regression (SLR), multiple linear 
regression (MLR), and Wilcoxon rank-sum and Welch’s 
two-sample t-tests using the R statistical environment (R 
Development Core Team, 2011; De Cicco and others, 2021; 
Venables and others, 2022). Summary statistics included the 
minimum, maximum, mean, median, total number of samples, 
25th and 75th percentiles, and ratios of median filtered to 
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median unfiltered-recoverable MCCs. The key elements for 
computing MCC time-series data from discrete SSC, turbid-
ity, and acoustic data are the type and goodness-of-fit of the 
regression model used in the calculation. Stepwise regression 
analysis and model diagnostics were used to determine which 
models were best at predicting MCCs using turbidity, acous-
tics, and streamflow as explanatory variables. Nash-Sutcliffe 
Efficiency values (Nash and Sutcliffe, 1970) and model biases 
(McCuen and others, 2006) were calculated to determine 
models’ goodness-of-fit. R–QWTREND (Vecchia and Nustad, 
2020) was used to calculate unfiltered flow-adjusted total-
recoverable MCCs to normalize concentrations prior to mak-
ing comparison tests (Wilcoxon rank-sum and Welch’s two-
sample t tests) between USGS and NPS water-quality samples.

Estimated Turbidity Values

Throughout the period of record, instream turbidity was 
periodically missing or deleted from the data record for vari-
ous reasons, so estimates to fill these gaps were computed 
by interpolation or by using data from existing records at the 
study sites. Erroneous values can be recorded because of envi-
ronmental conditions (for example, debris caught on sensor; 
sensor is buried or becomes fouled), sensor malfunction (for 
example, wiper becomes dislodged or parks over the optical 
window), or power interruption (for example, loose connec-
tion). At both study sites, the sensors were removed during 
the winter months (November to March) to prevent ice dam-
age to the sensor. In 2019, at the Clark Fork at Deer Lodge, 
turbidity data from March 6–8 and 10–11; May 20 and 21; 
June 24–July 2; July 4–9, 12–22, and 23–25; August 14–16; 
and September 2–3 were removed because of sensor fouling. 
In 2020, there is a data gap on June 8 from 13:45 to 15:30 
when a malfunction caused the data to not be recorded. Data 
gaps occurred during September when turbidity values fell 
below the minimum threshold of 0.5 formazin nephelomet-
ric unit (FNU) during low streamflow. In 2019 at Clark Fork 
near Garrison, data from March 15 through 29 were removed 
because of erratic sensor readings. A period from April 24 to 
29 was removed owing to erratic sensor readings attributed 
to placement of the deployment tubes. Data gaps between 
May 13 from 13:00 to 15:45 and May 29 from 10:15 to 12:30, 
June 5 from 15:00 to 18:15, June 10 from 07:15 to 09:30, 
June 14 from 15:45 to 18:00, June 29–July 1, and July 2 from 
10:00 to 13:00 were from when turbidity data were removed 
because of erratic readings from debris fouling from the spring 
runoff season. Data were removed because of fouling by 
algae on the following dates: July 17–18 and 25–30; August 6 
from 17:30 to 20:15 and 28–30; and October 12 from 15:00 
to 18:30. On November 2–3, 9–12, and 14–15, data were 
removed because of erratic readings caused by floating ice 
and anchor ice. In 2020, on March 20, 24, 25; and March 28–
April 3, turbidity data were removed because of erratic sensor 
readings. Small data gaps occurred between May 29 and 
June 1 when extreme low values were removed. Data were 

removed from August 1 to 12 and from August 14 through the 
end of the period of record because of extreme low or high 
turbidity values.

Missing turbidity values at Clark Fork near Garrison 
in 2019 from March 15 to 29 were estimated by developing 
relations from turbidity records using 13 matched pairs at 
Clark Fork at Deer Lodge and Clark Fork near Garrison. For 
most missing or deleted values, turbidity was estimated by 
interpolation using the fillMissing function in the R statisti-
cal environment (R Development Core Team, 2011; Lorenz, 
2015), and checked using direct interpolation. For the begin-
ning and end of the period of record, turbidity values were 
estimated using existing turbidity and streamflow measure-
ments from the same period (Dodge and Hornberger, 2015; 
Dodge and others, 2018). Variation in turbidity was compared 
with streamflow to discount the possibility of substan-
tially higher or lower turbidity from effects of variation in 
streamflow. Turbidity values at the beginning and end of the 
monitoring season were estimated in March and October, 
respectively, when streamflow is typically at its lowest and 
accounts for <5 percent of the annual sediment loads (Dodge 
and Hornberger, 2015; Dodge and others, 2018; Cleasby and 
others, 2019).

Regression Analysis
A stepwise regression approach was used to develop 

statistical models to predict MCCs based on instantaneous 
streamflow, turbidity, and acoustics. Stepwise regression alter-
nates between adding and removing variables in the model and 
testing each variable for significance. If a variable is added to 
the model and tests significant, and then later tests as insig-
nificant after an additional variable is added, the variable is 
eliminated from inclusion in the model. In comparing models, 
a combination of coefficient of determination (R2), Pearson’s 
r, p-values, and the Prediction Error Sum of Squares (PRESS) 
statistic (Helsel and others, 2020) was used to determine the 
best model. The PRESS statistic is a validation-type estimator 
of error that uses deleted residuals to provide an estimate of 
the prediction error. Lower values of the PRESS statistic indi-
cate the regression equation produces less error when making 
new predictions (Helsel and others, 2020).

Simple linear regression (SLR) uses a single explanatory 
variable, whereas MLR uses two or more explanatory vari-
ables to determine which model is best at predicting MCCs. 
The statistical significance of each model was evaluated based 
on a p-value <0.05, whereas the R2 (Helsel and others, 2020) 
was used to assess the linear association between the response 
and explanatory variable(s) and to assess how well the model 
was able to accurately predict outcomes of the response vari-
able. For regression models to produce a useable model, the 
explanatory and response variables are assumed to be related 
linearly, the variance of the residuals is assumed to be constant 
(homoscedastic), and the residuals are assumed to be distrib-
uted normally (Helsel and others, 2020). These assumptions 
usually are violated by measured water data, so the data are 
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transformed to logarithmic values to satisfy these assumptions. 
Natural logarithmic (ln) transformation has been determined 
to be effective in normalizing residuals for many water-quality 
measures and streamflow (Helsel and others, 2020). A con-
sequence of transformation of the response variable(s)—in 
this case MCCs and SSCs—is an introduction of bias (usu-
ally negative), which must be accounted for when computing 
values in their original units (Miller, 1951; Koch and Smillie, 
1986). The bias is present because regression estimates are the 
mean of y given x in log units, and retransformation of these 
estimates is not equal to the mean of y given x in linear space. 
To correct for this retransformation bias, Duan (1983) intro-
duced a nonparametric bias-correction factor (BCF) equation 
called the “smearing” estimator:

  BCF  =  
 ( ∑ i=1  n    exp   ei  ) 

 _ n   i = 1,2, … … n   (1)

where
 BCF is the bias correction factor;
 n is the number of samples;
 exp is Euler’s number (Aghaeiboorkheili and 

Kawagle, 2022), which is approximately 
2.71828; and

 ei is the difference between each measured and 
modeled value, in lognormal units.

Regression-computed MCCs and SSCs are corrected for 
bias by multiplying the retransformed value by the BCF. For 
this study, SLR models were determined to provide the best 
model for predicting MCCs and SSCs. Measures of correla-
tion (Pearson’s r) and p-values were examined to evaluate the 
applicability of the model (Helsel and others, 2020). The SLR 
model predicts values of a response variable based on one 
explanatory variable:

   y  i   =  β  0   +  β  1     χ  1   +  ε  i ,    i = 1,2, … … n  (2)

where
 yi is the ith observation of the response variable;
 β0 is the y-intercept;
 β1 is the coefficient assigned to the explanatory 

variable;
 χ1 is the ith observation of the explanatory 

variable;
 εi is the random error or residual for the ith 

observation; and
 n is the sample size.

For this study, SLR models were based on ln-
transformed data:

     ln (  MCC  i   )    =  β  0   +  β  1    ln ( χ  1i  )  i = 1,2, … … n    (3)

where
 MCCi is the ith metallic-contaminant concentration 

(or suspended-sediment concentration), in 
micrograms per liter (metallic-contaminant 
concentration) or milligrams per liter 
(suspended-sediment concentration);

 β0 is the y-intercept;
 β1 is the coefficient determined for the 

explanatory variable; and
 n is the sample size.

The ln-transformed SLR model (eq. 4) was retransformed 
and corrected for bias with a BCF:

   MCC  i    =  exp    β  0       χ  i      β  1     BCF, i = 1,2, … … n   (4)

where
 MCCi is the ith metallic-contaminant concentration 

(or suspended-sediment concentration), in 
micrograms per liter (metallic-contaminant 
concentration) or milligrams per liter 
(suspended-sediment concentration);

 exp is Euler’s number (Aghaeiboorkheili 
and Kawagle, 2022), which is 
approximately 2.71828;

 χi is the ith observation of the explanatory 
variable;

 β0 is the y-intercept;

 β1 is the coefficient determined for the 
explanatory variable;

 BCF is Duan’s bias-correction factor, as described 
in equation 1 above; and

 n is the sample size.

Nash-Sutcliffe Efficiency Values

Nash-Sutcliffe Efficiency (NSE) values (Nash and 
Sutcliffe, 1970) were used to evaluate the effectiveness of 
predictive models to approximate measured MCCs and SSCs. 
The NSE value was calculated using the measured values of 
the sampled data, modeled values, and the mean of the mea-
sured values according to the following equation:

  NSE  = 1 −   
 ∑ i=1  n     ( X  0  , i −  X  m  , i)    2  

  ________________   ∑ i=1  n     ( X  0  , i −  X  mean  )    2  
  i = 1,2, … … n  (5)

where
 NSE is the Nash-Sutcliffe Efficiency value;
 n is the number of observations used;
 X0,i is the measured (observed) value for each 

observation i;
 Xm,i is the modeled value for each 

observation i; and
 Xmean is the mean of the measured values.
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The NSE values can range from negative infinity to 1. An 
NSE value of 1 indicates that the model matches the observed 
values exactly, an NSE value of 0 indicates that the model 
is predicting values that are no better than the mean of the 
measured values, and negative values of NSE indicate that 
the mean of the measured values is better than the model at 
approximating individual measured values. In general, models 
are considered predictive if the NSE value is greater than 0.20 
(Jenkins, 2015).

Model Bias

Potential sources of systematic and random errors were 
evaluated when developing models according to McCuen and 
others (2006). Systematic errors introduce biases in the data, 
whereas random errors may be associated with unusually high 
or low values (sample outliers). Positive systematic biases 
cause models to overestimate measured values, and negative 
systematic biases cause models to underestimate measured 
values. Biases were estimated using the mean error, where 
the error is the difference between the modeled and measured 
values. Model bias (ē) has the same units as the sampled data 
and was computed using the following equation:

   
_
 e   =  1 _ n   ∑ i=1  n    (   ̂  Y    i   −  Y  i  )   i = 1,2, … … n   (6)

where
 ē is model bias in the same units as the 

sampled data;
 n is the sample size;
 Ŷi is the modeled value; and
 Yi is the measured value.

Model bias was reported as relative bias (Rb), which is 
the ratio of the bias to the mean of the measured values and 
was computed using the following equation:

   R  b    = 100    
_
 e  _   

_
 y     (7)

where
 Rb is relative bias, in percent;
 ē is model bias, in the same units as the 

sampled data; and
 ȳ is the mean value of the measured values.

A relative bias greater than 5 percent is considered 
substantial (McCuen and others, 2006). Relative biases were 
computed to assess how model biases affected the ability of 
the model to approximate measured values. In contrast, outli-
ers represent random errors and might result from mistakes 
associated with data collection or natural anomalies that do not 
match the rest of the collected data. In this study, 2 samples 
out of 52 MCC and SSC samples collected on September 19 

and 24, 2019, at Clark Fork near Garrison were identified as 
outliers and excluded during development of SLR models 
because of an unusually high percentage of sand in the sample.

Flow Adjusted Concentrations
Flow adjusted concentrations (FACs) for unfiltered 

total-recoverable MCCs and SSCs were calculated using R–
QWTREND (Vecchia and Nustad, 2020) to normalize MCCs 
prior to doing comparison tests between USGS and NPS 
water-quality samples. QWTREND software was developed 
by USGS for analyzing trends in stream-water quality. The R–
QWTREND package is a collection of functions written in R 
(Vecchia and Nustad, 2020) and uses a parametric time-series 
model to express logarithmically transformed constituent con-
centration in terms of flow-related variability, trend, and seri-
ally correlated model errors. Flow-related variability captures 
natural variability in concentration based on concurrent and 
antecedent streamflow. Maximum likelihood estimation was 
used to estimate model parameters and determine the best-
fit trend model (Vecchia and Nustad, 2020). For this study, 
USGS and NPS water-quality sample data were analyzed 
concomitant in R–QWTREND and discerned using a remarks 
code for the singular purpose of calculating FACs. Best-fit 
trend models were developed in R–QWTREND encompass-
ing a 10-year period (2011–20). Trend analysis models were 
delineated into three models: no-trend, 1 trend (2011–20), 
and 2 trends (2011–16 and 2016–20). Although best-fit trend 
models were developed, trend analysis results are not pre-
sented in this report because trend analysis of water quality in 
the Clark Fork (Sando and others, 2014; Sando and Vecchia, 
2016) is bound to a separate statutory agreement between the 
USGS and EPA. FACs derived from R–QWTREND were 
computed using the no-trend model to provide consistency 
among results.

Comparison Tests
The NPS collects water samples on GRKO property to 

assess stream ecological integrity on the Clark Fork as part 
of the Rocky Mountain Inventory & Monitoring Network to 
develop and provide scientific information on the status and 
long-term trends of park ecosystems (Schweiger and others, 
2014; Rocky Mountain Inventory & Monitoring Network, 
2023). The NPS is interested in the differences between USGS 
depth- and width-integrated EWDI water samples of unfil-
tered total-recoverable metallic contaminants and NPS grab 
samples (single-point submerged bottle sample) using MDEQ 
sampling protocols (Billy Schweiger, National Park Service, 
oral commun., various dates; Schweiger and others, 2014; 
Makarowski, 2019).

To determine differences between USGS and NPS water-
quality samples, a nonparametric Wilcoxon rank-sum test 
(Helsel and others, 2020) was used. The Wilcoxon rank-sum 
test compares the median value of the differences between 
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MCCs to zero. A required assumption was that positive and 
negative differences are symmetric around zero. If the assump-
tion was true, untransformed values were used for the test. If 
the differences were not symmetric around zero, the values 
were transformed to achieve symmetry prior to the test. If 
the median value of the differences was not close to zero 
and demonstrated a symmetric distribution around a nonzero 
median, then the two parameters were considered to be from 
different populations (Helsel and others, 2020). In addition to 
the Wilcoxon rank-sum test, Welch’s two-sample t-test (Helsel 
and others, 2020) was used to further substantiate the results 
of the comparison tests. Percent difference (Ellison and others, 
2014; Groten and Johnson, 2018) was used to describe the 
magnitude of the difference between water-quality samples 
collected by USGS at Clark Fork at Deer Lodge and water-
quality samples collected by NPS at GRKO (approximately 
1 mile downstream from the USGS streamgage). The percent 
difference equation is applied when comparing two constituent 
values, where one of the values, in this case USGS width- and 
depth-integrated MCC samples, is assumed to be the value that 
is more accurate, or “correct,” value, attributed to more rigor-
ous EWDI data collection methods as compared to grab sam-
pling (Ellison and others, 2014; Groten and Johnson, 2018):

    PD  =  100  [   (  x  1−     x  2   )   /  x  1   ]       (8)

where
 PD is the percent difference between x1 and x2;
 x1 is the median value of MCCs of USGS 

collected data, in micrograms per liter; and
 x2 is the median value of MCCs of 

NPS-collected data, in micrograms 
per liter.

Quality Assurance
A detailed description of quality-assurance procedures 

(with associated references) and quality-assurance data for 
each water year (2019–20) of data collection are presented in 
the annual data reports for the Clark Fork LTMN (Clark and 
others, 2021, 2022). The quality of the data was evaluated 
using quality-control samples that were sampled and analyzed 
concurrently with primary environmental samples. Quality-
control samples consist of replicates, spikes, and blanks that 
provide quantitative information on the precision and bias of 
the overall field and laboratory processes (Lambing and oth-
ers, 1994).

Prior to regression analyses and comparison tests, the 
following were reviewed to ensure data quality: (1) analyti-
cal results as compared with associated quality-assurance 
sample results, (2) analytical results as compared with results 
from previously collected samples at the site, (3) filtered as 
compared with unfiltered-recoverable concentrations, (4) 

unfiltered-recoverable concentrations as compared with SSCs 
(including percent fines), and (5) concentrations of MCCs 
and SSCs as compared with streamflow conditions. During 
the review, no difference was determined between filtered 
and unfiltered-recoverable concentrations for iron at Clark 
Fork at Deer Lodge and Clark Fork near Garrison on May 14, 
May 19, and June 2, 2020, which is inconsistent with previ-
ous work (Dodge and Hornberger, 2015; Cleasby and oth-
ers, 2019; Clark and others, 2020, 2021, 2022) showing an 
order of magnitude difference between filtered and unfiltered 
iron. Because of these unusual results, a laboratory request 
was submitted to the NWQL to re-analyze these samples. 
Re-analysis of these samples by the laboratory resolved the 
problem, and the samples were used in the development of 
the regression models and comparison tests. There were two 
environmental samples collected at Clark Fork near Garrison 
on September 19 and 24, 2019, that indicated high influence 
attributed to elevated MCCs and SSCs. Closer inspection of 
the samples indicated relatively low fines composition (41 
and 13 percent fines corresponding to 59 and 87 percent sands 
composition, respectively). Transport of high percentages of 
sand at low streamflows is unsupported by sedimentological 
theory (Rasmussen and others, 2009) and contradictory to 
samples collected previously at this streamgage (percent fines 
for other samples collected at Clark Fork near Garrison had a 
mean of 70 percent). These samples were categorized as arti-
facts likely caused by sampling error (inadvertent scooping of 
sand-size bed material into the suspended-sediment sampler) 
and were removed from the dataset.

Streamflow and Water-Quality 
Characteristics for Water Years 
2019–20

Statistically summarizing streamflow and water-quality 
characteristics of the sampling sites is useful for generally 
describing water quality and providing comparative informa-
tion for interpreting relations among surrogate data and MCCs 
and SSCs. Data are summarized for water years 2019–20, 
which is a summary period that represents water-quality con-
ditions during remediation activities at GRKO.

General Streamflow Characteristics for Water 
Years 2019–20

To aid in interpreting water-quality characteristics of the 
sampling sites, graphical and statistical summaries of con-
tinuous streamflow data are presented in figure 4 and table 3. 
The continuous streamflow data are available in the USGS 
National Water Information System (U.S. Geological Survey, 
2021a, 2021b). In general, streamflow conditions during water 
years 2019–20 were higher than period-of-record (POR) 
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A. Clark Fork at Deer Lodge (fig. 1, table 1)

B. Clark Fork near Garrison (fig. 1, table 1)

Figure 4. Daily mean and mean daily streamflows near Grant-Kohrs Ranch National Historic Site in the upper Clark Fork 
Basin, Montana, water years 2019–20. A, Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a). B, Clark Fork above Little Blackfoot River near Garrison, Montana (U.S. Geological Survey 
streamgage 12324400; U.S. Geological Survey, 2021b).
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Table 3. Statistical summaries of continuous streamflow data at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 
2021a) and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b) in the upper Clark Fork 
Basin, Montana.

[Water year is the 12-month period from October 1 through September 30 and is designated by the year in which it ends. USGS, U.S. Geological Survey; POR, period of record]

USGS 
site number 

(fig. 1; table 1)

Abbreviated  
site name 
(table 1)

Drainage area 
(square miles)

Analysis period, 
in water years 

(number of years)

Statistical summaries of daily mean streamflow (2019–20) 
and mean daily streamflow (1979–2020; 2010–20) 

(cubic feet per second)

Minimum
25th 

percentile
Median Mean1 75th 

percentile
Maximum

12324200 Clark Fork at Deer Lodge 995 2019–20 (2) 163 324 461 540 711 1,130
POR: 1979–2020 (42) 22 214 243 267 280 2,390

12324400 Clark Fork near Garrison 1,139 2019–20 (2) 159 289 461 558 837 1,370
POR: 2010–20 (11) 55 249 287 350 369 2,560

1Also referred to as “mean annual streamflow.”
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streamflows. Mean annual streamflow for Clark Fork at Deer 
Lodge for water years 2019–20 was about 2 times higher 
than POR (1979–2020) mean annual streamflow (table 3). 
The POR for streamflow at Clark Fork near Garrison was 
shorter (2010–20) than at Clark Fork at Deer Lodge because 
the streamgage was not established until 2009. Mean annual 
streamflow for Clark Fork near Garrison for water years 
2019–20 was 59 percent higher than the POR mean annual 
streamflow (table 3). The mean annual streamflow for Clark 
Fork at Deer Lodge and Clark Fork near Garrison for water 
years 2019–20 was 540 and 558 ft3/s, respectively (table 3). 
There are no major tributaries that enter the Clark Fork within 
the study reach to account for the difference in streamflow 
between the study sites; however, there are numerous ephem-
eral gulches and groundwater inflow that add small discharges 
into the main-stem channel that likely account for the differ-
ence in mean annual streamflow. There was no difference in 
median annual streamflow between the two sites (461 ft3/s; 
table 3). The larger mean value compared to the median indi-
cated that the distribution was right (positive) skewed, which 
is typical of streamflow and water-quality data when there are 
episodic elevated streamflows causing the mean value to be 
higher than the median (Helsel and others, 2020).

Water-Quality Characteristics for Water Years 
2019–20

Statistical summaries of water-quality data (water years 
2019–20) for the two sampling sites are based on unadjusted 
MCCs (the observed concentrations before flow adjustment; 
table 4). Flow adjustment, as described in the “Flow Adjusted 
Concentrations” section, is relevant when interpreting differ-
ences in contaminant concentrations between USGS and NPS 
water-quality samples that are strongly dependent on stream-
flow conditions. However, flow adjustment is not relevant 
for statistically summarizing the observed water-quality data 
during water years 2019–20.

Ratios of median filtered to unfiltered-recoverable 
MCCs reported in table 4 provide general information on 
the predominant phase (that is, dissolved or particulate) of 
metallic contaminants in transport. Values of aquatic-life 
standards (Montana Department of Environmental Quality, 
2019; based on median hardness for each site for water years 
2019–20) for cadmium, copper, lead, and zinc are presented 
in table 5. Those values were used for plotting the standards 
relative to the statistical distributions of selected MCCs. The 
arsenic human-health standard is 10 micrograms per liter 
(μg/L; Montana Department of Environmental Quality, 2019). 
Percentages of samples (water years 2019–20) with unadjusted 
unfiltered-recoverable concentrations exceeding water-quality 
standards for each site are presented in table 6. The exceed-
ance percentages for the hardness-based aquatic-life standards 
for cadmium, copper, lead, and zinc in table 6 were based 

on comparison of MCCs of each individual sample with the 
aquatic-life standards that were calculated using the hardness 
for each individual sample.

Statistical distributions of water-quality characteristics 
of the sampling sites are shown in figure 5 using boxplots of 
selected example constituents (unadjusted concentrations of 
arsenic, copper, lead, and suspended sediment). The boxplots 
provide an overview of important water-quality characteristics 
in the upper Clark Fork Basin. Copper is presented because 
it exceeded aquatic-life standards more frequently and with 
greater relative magnitude than other metallic contaminants. 
Arsenic and copper are constituents of concern with respect to 
potential toxicity issues, but they exhibit different geochemi-
cal characteristics. Spatial and temporal variability in copper 
concentrations in the upper Clark Fork Basin shows similar 
patterns as other metallic contaminants that adsorb to par-
ticulates in water (Sando and others, 2014); therefore, copper 
was considered to be representative of those other metallic 
contaminants. In contrast, arsenic in the upper Clark Fork 
Basin primarily existed in the dissolved phase (table 4) and 
did not exhibit the same variability as other metallic contami-
nants (Sando and others, 2014). Lead is presented because it 
is toxic and, unlike copper and arsenic, there is a substantial 
difference between acute and chronic aquatic-life standards 
(table 5; Montana Department of Environmental Quality, 
2019). Suspended sediment provides information on transport 
of particulate materials, which is a factor that can strongly 
affect transport of metallic contaminants.

Small increases were observed in median concentra-
tions of unfiltered-recoverable MCCs downstream at Clark 
Fork near Garrison in water years 2019–20. There was a 
corresponding small decrease in the median concentration of 
suspended sediment (table 4) between the two sampling sites, 
which is notable and might indicate deposition of suspended 
sediment in the reach during receding streamflow or that 
floodplains and streambanks, which are primary sources of 
contaminants to the main-stem channel (Smith and others, 
1998), were becoming less erodible.

It is expected that water quality in the Clark Fork will 
improve as planned remediation work replaces contaminated 
soils with clean soils in the floodplains above Clark Fork at 
Deer Lodge and on GRKO property. Remediation of the Clark 
Fork floodplain and streambanks downstream between GRKO 
property and Clark Fork near Garrison is in the planning stage 
and may result in measurable improvements in water qual-
ity in the study reach. Ultimately, it is hoped that strides to 
improve water quality in the Clark Fork will enable MDEQ to 
remove the Clark Fork from the EPA’s 303(d) impaired waters 
list (Montana Department of Environmental Quality, 2021).

During water years 2019–20, exceedances of water-
quality standards (table 6) followed similar patterns reported 
by Sando and Vecchia (2016). The acute aquatic-life standard 
for copper was exceeded in 68 percent of samples at Clark 
Fork at Deer Lodge and 70 percent of the samples at Clark 
Fork near Garrison, whereas the chronic aquatic-life standard 
for copper was exceeded in 92 percent of samples at Clark 
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Table 4. Statistical summaries of water-quality data collected at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 
2021a) and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b) in the upper Clark Fork 
Basin, Montana, water years 2019–20.

[Water year is the 12-month period from October 1 through September 30 and is designated by the year in which it ends. ft3/s, cubic foot per second; µS/cm, microsiemen per centimeter at 25 degrees Celsius; 
mg/L, milligram per liter; CaCO3, calcium carbonate; µg/L, microgram per liter; NA, not applicable to non trace element constituent]

Constituent or  
property, unadjusted 
(not flow adjusted) 

units of measurement

Statistical summaries of water-quality data Ratios of median filtered 
to median 

unfiltered-recoverable 
concentrations for 

trace elements, 
in percent

Number of  
samples

Minimum
25th 

percentile
Median Mean

75th 
percentile

Maximum

Clark Fork at Deer Lodge, Montana (water years 2019–20; fig. 1; table 1)

Streamflow, instantaneous, ft3/s 25 163 324 461 540 711 1,130 NA
Specific conductance, µS/cm 24 238 347 429 406 458 556 NA
pH, standard units 24 7.5 8.1 8.2 8.2 8.4 8.7 NA
Hardness, filtered, mg/L as CaCO3 25 101 158 189 181 211 242 NA
Calcium, filtered, mg/L 25 31.7 46.5 54.5 54 62.6 73.2 NA
Magnesium, filtered, mg/L 25 5.25 8.83 11.8 11.07 12.7 16.1 NA
Cadmium, filtered, µg/L 25 0.045 0.065 0.091 0.103 0.141 0.19 28
Cadmium, unfiltered-recoverable, µg/L 25 0.08 0.16 0.32 0.42 0.48 1.28 NA
Copper, filtered, µg/L 24 3.5 6.1 7.7 9.3 10.8 23.8 10
Copper, unfiltered-recoverable, µg/L 25 10.9 24.1 78.5 104.1 108 436 NA
Iron, filtered, µg/L 25 7.9 14.2 18.6 34.1 33.1 239 1
Iron, unfiltered-recoverable, µg/L 25 90 312 1,520 1,570 1,990 5,230 NA
Lead, filtered, µg/L 25 0.037 0.094 0.14 0.249 0.23 2.41 1
Lead, unfiltered-recoverable, µg/L 25 0.7 2.06 9.44 11.52 13.6 41.7 NA
Manganese, filtered, µg/L 25 9.9 16 21 26.4 29.9 73.4 14
Manganese, unfiltered-recoverable, µg/L 25 32.1 74.5 154 193 269 501 NA
Zinc, filtered, µg/L 25 2.2 4.3 5.6 6.4 6.6 18.4 9
Zinc, unfiltered-recoverable, µg/L 25 8 22 65 75.6 85 259 NA
Arsenic, filtered, µg/L 25 7.4 10.3 12.6 13.1 15.2 23.9 58
Arsenic, unfiltered-recoverable, µg/L 25 9.6 15.8 21.9 23.6 30.3 48.1 NA
Suspended sediment, mg/L 25 3 12 79 82 98 336 NA
Suspended sediment, percent fines1 25 38 55 69 66 77 87 NA
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Table 4. Statistical summaries of water-quality data collected at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 
2021a) and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b) in the upper Clark Fork 
Basin, Montana, water years 2019–20.—Continued

[Water year is the 12-month period from October 1 through September 30 and is designated by the year in which it ends. ft3/s, cubic foot per second; µS/cm, microsiemen per centimeter at 25 degrees Celsius; 
mg/L, milligram per liter; CaCO3, calcium carbonate; µg/L, microgram per liter; NA, not applicable to non trace element constituent]

Constituent or 
property, unadjusted 
(not flow adjusted) 

units of measurement

Statistical summaries of water-quality data Ratios of median filtered 
to median 

unfiltered-recoverable 
concentrations for 

trace elements, 
in percent

Number of  
samples

Minimum
25th 

percentile
Median Mean

75th 
percentile

Maximum

Clark Fork below Little Blackfoot River near Garrison, Montana (water years 2019–20; fig. 1; table 1)

Streamflow, instantaneous, ft3/s 27 55 249 287 350 369 2,560 NA
Specific conductance, µS/cm 24 261 353 420 410 469 536 NA
pH, standard units 24 7.7 8 8.2 8.3 8.6 8.8 NA
Hardness, filtered, mg/L as CaCO3 27 110 155 196 185 212 245 NA
Calcium, filtered, mg/L 27 33.3 47.4 56.6 54.6 62.8 73.8 NA
Magnesium, filtered, mg/L 27 6.41 9.43 12.3 11.75 14 16.6 NA
Cadmium, filtered, µg/L 27 0.04 0.062 0.075 0.096 0.14 0.187 21
Cadmium, unfiltered-recoverable, µg/L 27 0.1 0.15 0.36 0.521 0.65 2.14 NA
Copper, filtered, µg/L 27 4.5 6.8 8.2 10.2 12.4 37.7 10
Copper, unfiltered-recoverable, µg/L 27 13.6 22.5 82.4 118 151 529 NA
Iron, filtered, µg/L 27 10 10.5 16.8 28.6 39.4 87 2
Iron, unfiltered-recoverable, µg/L 27 37.4 263 1,020 1,804 2,480 8,350 NA
Lead, filtered, µg/L 27 0.035 0.091 0.134 0.215 0.281 0.708 1
Lead, unfiltered-recoverable, µg/L 27 0.99 2.13 10.4 14.4 18.2 72.3 NA
Manganese, filtered, µg/L 27 1.32 12.6 21.7 23.2 29.7 60.1 14
Manganese, unfiltered-recoverable, µg/L 27 44.1 72.9 159 229 328 783 NA
Zinc, filtered, µg/L 27 2.1 2.9 5.1 6 7.6 25.5 7
Zinc, unfiltered-recoverable, µg/L 27 10 20 76 99.1 124 460 NA
Arsenic, filtered, µg/L 27 7.1 12.1 14.1 13.8 16.3 21 60
Arsenic, unfiltered-recoverable, µg/L 27 9.5 15.5 23.4 25.7 32.2 58.7 NA
Suspended sediment, mg/L 27 5 16 73 99 122 497 NA
Suspended sediment, percent fines1 27 13 55 68 66 78 86 NA

1Percent fines refers to the percentage of suspended sediment smaller than 0.062-millimeter diameter.
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Figure 5. Statistical distributions of selected constituents at Clark Fork at Deer Lodge, Montana 
(U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a) and Clark Fork above 
Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; 
U.S. Geological Survey, 2021b), in the upper Clark Fork Basin, water years 2019–20. A, Arsenic. B, Copper. C, 
Lead. D, Suspended sediment.
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Table 5. Aquatic-life standards (based on median hardness for water years 2019–20) at Clark Fork at Deer Lodge, Montana 
(U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a) and Clark Fork above Little Blackfoot River near Garrison, 
Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b) in the upper Clark Fork Basin, Montana, water years 
2019–20 (Montana Department of Environmental Quality, 2019).

Abbreviated 
sampling site name 

(table 1)

Median 
hardness for 
water years 

2019–20, 
(mg/L as CaCO3)

Aquatic-life standards (Montana Department of Environmental Quality, 2019) 
(micrograms per liter)

Cadmium Copper Lead Zinc

Acute Chronic Acute Chronic Acute Chronic Acute Chronic

Clark Fork at Deer Lodge 189 3.54 1.31 25.5 16.1 183.6 7.15 205 205
Clark Fork near Garrison 196 3.67 1.35 26.4 16.6 192.3 7.49 212 212

Table 6. Percentages of samples collected with unadjusted unfiltered-recoverable metallic-contaminant concentrations exceeding 
water-quality standards at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological 
Survey, 2021a) and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; 
U.S. Geological Survey, 2021b) in the upper Clark Fork Basin, Montana, water years 2019–20.

Abbreviated 
sampling site name 

(table 1)

Percentage of samples exceeding indicated standard

Arsenic 
human- 
health 

standard1

Cadmium Copper Lead Zinc

Acute Chronic Acute Chronic Acute Chronic Acute Chronic

Clark Fork at Deer Lodge 96 0 0 68 92 0 56 8 8
Clark Fork near Garrison 96 0 7 70 85 0 52 7 7

1Arsenic human-health standard is 10 micrograms per liter (Montana Department of Environmental Quality, 2019)

Fork at Deer Lodge and 85 percent of the samples at Clark 
Fork near Garrison. For arsenic, the human-health standard of 
10 µg/L was exceeded in 96 percent of the samples for both 
sites. For lead, the chronic aquatic-life standard was exceeded 
at Clark Fork at Deer Lodge and Clark Fork near Garrison in 
56 and 52 percent of samples, respectively (table 6).

Adequacy of Model-Calibration 
Datasets

An adequate model-calibration dataset for developing 
regression models relating water quality and explanatory vari-
ables consists of a suitable number of water-quality samples 
and concurrent turbidity, acoustics, and streamflow measure-
ments collected throughout the observed range of hydrologic 
conditions for the POR (Rasmussen and others, 2009). For this 
study, samples collected during water years 2019–20 were dis-
tributed over the range of fixed-point turbidity, acoustics, and 
streamflow measurements, with emphasis placed on medium 
and high periods of streamflow (figs. 3, 6, and 7).

During the record-working phase of the study for 
turbidity and LISST–ABS acoustic time-series data, it was 
determined that the LISST–ABS sensors had excessive drift 
(−20 to 30 percent). Because the LISST–ABS was a recently 

developed, research-grade sensor, instrument acceptance 
criteria had not been established by the USGS Hydrologic 
Instrumentation Facility at the time of the study. Therefore, 
monitor operation and record computation were applied to 
LISST–ABS sensors and associated data following procedures 
established for turbidity sensors regarding calibration criteria 
and maximum allowable limits for sensor fouling and drift as 
described in Wagner and others (2006) and Anderson (2004). 
Because of excessive drift, and to adhere to guidelines in 
Wagner and others (2006), it was determined that LISST–ABS 
data would not be used in the development of time-series 
models and that turbidity would be the primary explanatory 
variable, with streamflow to a lesser extent, used to predict 
MCCs and SSCs. Even though LISST–ABS data were not 
used in time-series models, the relations between corrected 
LISST–ABS data and MCCs are presented in this report.

Serial correlation typically is present when data are 
collected in close temporal proximity, causing the regression 
assumption of data independence to be violated. This viola-
tion happens if multiple discrete samples of the same type 
are collected during the rising and falling of a storm-related 
runoff event. Serial correlation between data points used in a 
regression model causes inefficiencies in the estimates of the 
regression coefficients and might cause substantial under-
estimation of the variance in the model (Helsel and others, 
2020). One method for assessing serial correlation is to check 
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Figure 6. Duration curves at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey 
streamgage 12324200; U.S. Geological Survey, 2021a) and corresponding points along the 
curve where metallic-contaminant concentration samples were collected for water years 
2019–20. A, Turbidity. B, Streamflow.
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Figure 7. Duration curves at Clark Fork above Little Blackfoot River near Garrison, 
Montana (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b) and 
corresponding points along the curve where metallic-contaminant concentration samples 
were collected for water years 2019–20. A, Turbidity. B, Streamflow.
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for independence among residuals during development of the 
regression model. A statistic to assess serial correlation of the 
residuals is the Durbin-Watson statistic (Durbin and Watson, 
1950), as shown in the following equation:

  d  =  
 ∑ i=2  n     [ e  i   −  e  i−1  ]    2    _____________  ∑ i=1  n    e  i  2  

   i = 1,2, … … n  (9)

where
 d is the Durbin-Watson statistic;
 n is the sample size;
 ei is the ith residual;
 ei−1 is the ith–1 residual; and
   e  i  2   is the ith residual squared.

According to Durbin and Watson (1950), the value of d 
always lies between 0 and 4. A small value of d (for example, 
d < 2) is an indication of positive serial correlation. To test 
for positive serial correlation at a chosen significance level α, 
the Durbin-Watson statistic d, is compared to a critical value 
dL (Durbin and Watson, 1950). The null hypothesis that the 
residuals are independent is rejected in favor of serial correla-
tion when d<dL. The value of dL depends on the size of the 
dataset, the number of explanatory variables, and α (Helsel 
and others, 2020). Little or no serial correlation was detected 
in the residuals when using the Durbin-Watson statistic (d>dL 
in 30 of 32 SLR models) for Clark Fork at Deer Lodge and 
Clark Fork near Garrison and using turbidity and acoustics as 
explanatory variables in SLR analysis.

Duration curves, which are cumulative frequency curves 
that show the percent of time that specified time-series 
data (for example, turbidity and streamflow) are equaled or 
exceeded, can be used to check the distribution of MCC and 
SSC samples across the period of record. For this study, daily 
turbidity and streamflow values were sorted largest to smallest 
to construct turbidity and streamflow duration curves using 
time-series data from fixed-point sensors. Exceedance proba-
bilities were calculated for each turbidity and streamflow value 
using Weibull’s plotting position (Weibull, 1951; Helsel and 
others, 2020). Ideally, turbidity and streamflow associated with 
MCCs and SSCs samples span the ranges of the time-series 
turbidity and streamflow values. The turbidity duration curves 
presented in figures 6 and 7 were developed using daily turbid-
ity and streamflow values from fixed-point sensors for water 
years 2019–20. The turbidity and streamflow values associated 
with MCC samples were plotted along the duration curve.

Relations among Streamflow, Turbidity, 
Acoustics, Suspended-Sediment 
Concentrations, and 
Metallic-Contaminant Concentrations

Understanding the association between SSCs and MCCs 
is important because riverine transport of contaminants is 
dominated by suspended sediment in the water column, and 
in most cases, the concentration of metallic contaminants in 
suspended sediment is far greater than the concentration of 
contaminants dissolved in the water column (Horowitz, 1985).

Variations in streamflow provide important information 
for the timing and changes in suspended-sediment transport 
and traditionally have been used to develop SSC prediction 
models. Streamflow, turbidity, and acoustic signals inher-
ently are related because each can be used as a predictor of 
SSCs in streams. Although the association between suspended 
sediment and streamflow has been used in the prediction of 
SSCs, the advancement of in-stream fixed-point turbidity 
and acoustic sensors and the development of SSC-turbidity 
and SSC-acoustic surrogate relations (Rasmussen and oth-
ers, 2009; Landers and others, 2016) offer an opportunity to 
improve understanding of suspended-sediment transport, fate, 
and source. In general, higher streamflow transports larger 
amounts of sediment and associated MCCs. In Montana, 
streamflow typically is highest in the spring because of 
melting of the winter snowpack. Streamflow usually dimin-
ishes following spring runoff and alternately increases and 
decreases in response to storm events through the rest of the 
year. Streamflow tends to drop gradually during the summer, 
with low flow reached in late July or August.

Relations between Suspended-Sediment 
Concentrations and Streamflow, Turbidity, and 
Acoustics

For both sampling sites, SLR models were developed 
using natural log transformed data for SSCs, streamflow, 
turbidity, and acoustics to assess the relations between these 
parameters. Goodness-of-fit indicators, such as R2, NSEs, 
and model biases, were calculated to assess the strength of 
the models.

Although streamflow has traditionally been used as 
the primary explanatory variable for SSCs, it is not always 
directly related to SSCs, and the relation between the two is 
known to vary extensively (Guy, 1970; Tornes, 1986; Tornes 
and others, 1997; Blanchard and others, 2011). According 
to Knighton (1998), this variation happens largely because 
the dominant control on suspended sediment is the rate of 



24  Application of Surrogate Technology to Predict Real-Time Metallic-Contaminant Concentrations and Loads

supply, which is affected by myriad factors, including sedi-
ment availability, season, watershed size, and source location 
within the watershed. Considerable variation in SSCs might be 
attributed to the result of a hysteresis effect with streamflow. 
Clockwise hysteresis (higher sediment concentration on the 
rising limb of the hydrograph) is common in small watersheds 
because sediment sources are closer to the stream channel. 
Counterclockwise hysteresis might be present in large water-
sheds where upstream sources continue to supply the bulk of 
the load after the streamflow peak (Knighton, 1998). Seasonal 
differences contribute to the variation in SSCs because 
sediment transport typically is greater in the spring during 
snowmelt runoff. The availability of sediment at its sources 
also affects how SSCs vary with streamflow at a particular 
location. Because of these and other factors, the variation and 
range of SSCs during any runoff event may differ from con-
centrations during other periods, even though streamflow may 
be identical or similar (Porterfield, 1972).

There is a proven record of success for using turbidity 
and acoustic backscatter in linear regression analysis to predict 
SSCs (Uhrich and Bragg, 2003; Topping and others, 2004; 
Rasmussen and others, 2009; Wall and others, 2006; Gray 
and Gartner, 2009; Landers, 2012; Wood and Teasdale, 2013; 
Groten and others, 2016). Turbidity and acoustic backscatter 
signals from fixed-point sensors are not a direct measure of 
suspended particles in water but are measures of the scattering 
and absorbing effect such particles have on light (turbidim-
eters) and sound waves (acoustics). These properties yield 
superior results when developing SSC regression models com-
pared to streamflow, which relies on energy generated from 
streamflow to provide a measure of SSCs (Rasmussen and oth-
ers, 2009; Landers and others, 2016). Turbidity and acoustics 
used as explanatory variables in regression analysis likely will 
produce more reliable SSC time-series models with smaller 
uncertainty values than a sediment-transport curve using 
streamflow as the explanatory variable (Rasmussen and others, 
2009). These models can be used to compute continuous SSC 
values and loads using data within the measurement range of 
the turbidity and acoustic meter (Rasmussen and others, 2009; 
Landers and others, 2016).

Sequoia Scientific’s LISST–ABS, used in this study, is a 
submersible fixed-point acoustic sensor designed specifically 
for measuring SSCs (Sequoia Scientific, 2016). In concept, 
the advantages of an acoustic backscatter sensor over optical 
turbidity sensors are less sensitivity to grain size, less suscep-
tibility to fouling, and a larger working range in concentration 
(Snazelle, 2017). The LISST–ABS expands the measurement 
range of turbidimeters, which generally are limited to measur-
ing 5,000–6,000 FNUs, to measurements of SSCs as much 
as 30,000 milligrams per liter. The LISST–ABS is easier to 
install compared to typical acoustic velocity meters and uses 
simplified reporting units (milligrams per liter); hence, data 
reduction requirements are minimized. Initial laboratory test-
ing of the LISST–ABS by Snazelle (2017) was promising, and 
field evaluation by Manaster and others (2020) determined 
strong relations between LISST–ABS data and physically 

collected SSCs at 10 USGS streamgages, with Pearson’s r 
values ranging from 0.718 to 0.956. The tandem application of 
acoustics and optics has the potential to overcome previously 
unresolved issues related to variability in sensor response 
to heterogenous particle sizes and poor relations between 
SSCs and streamflow attributed to pulse-driven large stream-
flow events.

The relations between SSCs and streamflow and tur-
bidity, and LISST–ABS for each sampling site are shown 
in figures 8–10. Results of the SLR analysis between SSC 
and streamflow, turbidity, and acoustics presented in table 7 
provide a quantitative description of the plots shown in 
figures 8–10. Best-fit regression lines, which represent the 
relations between SSCs, and streamflow, turbidity, and acous-
tics, can be used to evaluate how SSCs respond to changes in 
streamflow, turbidity, and acoustic backscatter.

The relation between SSCs and streamflow was statisti-
cally significant (p-value<0.01) for both sites. For Clark Fork 
at Deer Lodge, the adjusted R2 value was 0.52 and for Clark 
Fork near Garrison, the adjusted R2 value was 0.48. The rela-
tion between SSCs and turbidity and acoustic backscatter was 
statistically significant (p-value<0.01) for both sites, with each 
site’s adjusted R2 values being higher than the SSC-streamflow 
relation (table 7). For Clark Fork at Deer Lodge, the adjusted 
R2 value for the SSC-turbidity SLR model was 0.95 and the 
SSC-LISST–ABS SLR model was 0.96. For Clark Fork near 
Garrison, the adjusted R2 value for the SSC-turbidity SLR 
model was 0.97, and the adjusted R2 for the SSC-LISST–ABS 
SLR model was 0.98. The NSE values indicated that stream-
flow was not a good predictor of SSCs at Clark Fork at Deer 
Lodge and only a marginal predictor of SSCs at Clark Fork 
near Garrison, with NSE values of −0.01 and 0.33, respec-
tively. In contrast, NSE values indicated that turbidity and 
acoustics were strong predictors of SSCs at both sites with 
NSE values of 0.92 and 0.97 at Clark Fork at Deer Lodge, 
respectively, and 0.97 at Clark Fork near Garrison, respec-
tively. Model biases ranged from −9.7 percent using turbidity 
as a predictor of SSCs at Clark Fork at Deer Lodge to 52.6 
percent using streamflow as a predictor of SSCs at Clark Fork 
at Deer Lodge (table 7).

Relations between Metallic-Contaminant 
Concentrations and Suspended-Sediment 
Concentrations

Summarizing the relations between metallic contami-
nants and suspended sediments at the sampling sites is useful 
for describing suspended-sediment effects on MCCs relevant 
for interpreting relations among turbidity and LISST–ABS 
surrogate data with MCCs. The correlation between metal-
lic contaminants and suspended sediments lies in the innate 
properties of sediment-trace element chemistry. The main 
mechanisms for the retention of MCCs on suspended-sediment 
particles (that is, adsorption) are the collaborative effects of 
grain size, surface area, surface charge, and cation exchange 
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Figure 8. Relations between suspended-sediment concentrations and streamflow in the upper Clark Fork Basin, Montana, 
for water years 2019–20. A, Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 
2021a). B, Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; 
U.S. Geological Survey, 2021b).
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Figure 9. Relations between suspended-sediment concentrations and turbidity in the upper Clark Fork Basin, Montana, for  
water years 2019–20. A, Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 
2021a). B, Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; 
U.S. Geological Survey, 2021b).
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Figure 10. Relations between suspended-sediment concentrations and LISST–ABS uncalibrated suspended-sediment 
concentrations in the upper Clark Fork Basin, Montana, for water years 2019–20. A, Clark Fork at Deer Lodge, Montana 
(U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a). B, Clark Fork above Little Blackfoot River near 
Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b).

capacity. Adsorption is defined as the consolidation of atoms, 
ions, or molecules on the surface of an independent substrate 
(Horowitz and others, 1994), and differs from absorption, 
which involves penetration of a constituent into the body, or 
inner structure, of another material. One of the most impor-
tant factors that affect the capacity for suspended sediment 
to control and retain MCCs is grain size, such that there is 
a strong positive correlation between decreasing grain size 
and increasing contaminant concentrations (Jenne and oth-
ers, 1980; Hart, 1982; Horowitz, 1985; Horowitz and Elrick, 
1987). Fine-grained sediments, because of their large surface 
areas, provide the main sites for the collection and transport 
of MCCs. In addition to grain size, cation exchange capac-
ity and surface charge (metallic contaminants have a positive 
charge, whereas sediment particles have a negative surface 
charge) are key to the tendency of suspended sediment to 
retain metallic contaminants. For the Clark Fork, suspended 
sediment has a high capacity to retain metallic contaminants. 
For both sampling sites, MCC–SSC relations (figs. 11, 12) 
and SLR models (table 8) indicate exceptionally strong rela-
tions between concentrations of unfiltered total-recoverable 
metallic-contaminant concentrations and suspended sediment.

For the Clark Fork at Deer Lodge, R2 values for MCC–
SSC SLR models ranged from 0.88 for cadmium to 0.99 for 
iron and lead and ranged from 0.88 for manganese to 0.99 for 
iron and lead at Clark Fork near Garrison. For SLR models, R2 
values equaled or exceeded 0.90 in 10 of 12 models (table 8). 

Arsenic had an R2 value of 0.69 at Clark Fork at Deer Lodge 
and 0.73 at Clark Fork near Garrison. Arsenic, which is gener-
ally more soluble than metallic contaminants in the upper 
Clark Fork Basin, is present predominantly in the dissolved 
phase in the upper Clark Fork Basin (table 4), which is likely 
the cause, in part, of the weaker relation with SSCs compared 
to metallic contaminants. Arsenic has been widely dispersed 
in the upper Clark Fork Basin from deposition of flue dust and 
smelter emissions with resultant large-scale soil and ground-
water contamination (U.S. Environmental Protection Agency, 
2010). These factors result in high arsenic concentrations that 
exceed human-health standards in 96 percent of the samples 
(fig. 5; table 6) collected in stream channels for a large range 
of streamflow conditions.

NSE values followed similar patterns as R2 values 
(table 8), indicating that suspended sediment is a strong 
predictor of MCCs. NSEs ranged from 0.78 for copper at 
Clark Fork at Deer Lodge to 0.99 for lead at Clark Fork near 
Garrison. For unfiltered total-recoverable metallic contami-
nants, NSE values for 8 out of 12 models exceeded 0.90, 
whereas NSE values for the metalloid trace element arsenic 
averaged 0.79 for both sites. Model biases indicated little or 
no bias in the SLR models for MCCs, ranging from −5.3 per-
cent for copper to 0 percent bias for lead at Clark Fork at Deer 
Lodge. For all SLR models, model biases were <5 percent for 
12 out of 14 models.
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Table 7. Simple linear regression coefficients, confidence intervals, residual standard errors, Nash-Sutcliffe efficiencies (Nash and Sutcliffe, 1970), and model biases 
using streamflow, turbidity, and LISST–ABS (acoustics) as explanatory variables for suspended-sediment concentrations (SSCs) at Clark Fork at Deer Lodge, Montana 
(U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a) and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey 
streamgage 12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork Basin, Montana, water years 2019–20.

[b0, regression coefficient for the intercept; %, percent; b1, regression coefficient for the slope; p-value, calculated probability; RSE, residual standard error; R2, coefficient of determination; BCF, bias correction 
factor; NSE, Nash-Sutcliffe efficiency (Nash and Sutcliffe, 1970); n, total number of samples; SSC, suspended-sediment concentration; exp, Euler's number (Aghaeiboorkheili and Kawagle, 2022), approxi-
mately 2.71828; Q, streamflow; <, less than; T, turbidity; LISST–ABS, uncalibrated suspended-sediment concentration, in milligrams per liter]

Explanatory 
variable

Model

Regression coefficient

p-value RSE R 2 BCF NSE
Model 

bias 
(%)

n
b0

Confidence 
interval b1

Confidence 
interval

2.5% 97.5% 2.5% 97.5%

Clark Fork at Deer Lodge (fig. 1; table 1)

Streamflow SSC = expbo X Qb1 X BCF −7.391 −11.509 −3.272 1.811 1.142 2.480 <0.01 0.919 0.52 1.450 -0.01 52.6 29
Turbidity SSC = expbo X Tb1 X BCF 0.790 0.505 1.076 1.057 0.964 1.150 <0.01 0.284 0.95 1.037 0.92 −9.7 28
LISST–ABS 

(acoustics)
SSC = expbo X LISST-ABSb1 

X BCF
1.388 1.136 1.641 0.945 0.847 1.043 <0.01 0.268 0.96 1.034 0.97 1.8 18

Clark Fork above Little Blackfoot River near Garrison (fig. 1; table 1)

Streamflow SSC = expbo X Qb1 X BCF −4.814 −8.307 −1.320 1.410 0.850 1.970 <0.01 0.914 0.48 1.431 0.33 25.2 29
Turbidity SSC = expbo X Tb1 X BCF 0.006 −0.287 0.299 1.232 1.147 1.317 <0.01 0.195 0.97 1.017 0.97 2.5 26
LISST–ABS 

(acoustics)
SSC = expbo X LISST-ABSb1 

X BCF
1.183 0.992 1.375 0.890 0.834 0.947 <0.01 0.197 0.98 1.018 0.97 −9.3 27
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Table 8. Regression coefficients, confidence intervals, residual standard errors, Nash-Sutcliffe efficiencies (Nash and Sutcliffe 1970), and model biases using 
suspended-sediment concentration as the explanatory variable for metallic-contaminant concentrations at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey 
streamgage 12324200; U.S. Geological Survey, 2021a) and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; 
U.S. Geological Survey, 2021b), in the upper Clark Fork Basin, water years 2019–20.

[b0, regression coefficient for the intercept; %, percent; b1, regression coefficient for the slope; p-value, calculated probability; RSE, residual standard error; R2, coefficient of determination; BCF, bias correction 
factor; NSE, Nash-Sutcliffe efficiency (Nash and Sutcliffe, 1970); n, total number of samples; MCC, metallic-contaminant concentration; exp, Euler's number (Aghaeiboorkheili and Kawagle, 2022), approxi-
mately 2.71828; SSC, suspended-sediment concentration; <, less than]

Constituent Model

Regression coefficient

p-value RSE R2 BCF NSE
Model 
 bias 
(%)

n
b0

Confidence interval
b1

Confidence 
interval

2.5% 97.5% 2.5% 97.5%

Clark Fork at Deer Lodge (fig. 1; table 1)

Arsenic MCC = expbo X SSCb1 X 
BCF

2.048 1.742 2.353 0.275 0.197 0.352 <0.01 0.253 0.69 1.029 0.78 0.6 22
Cadmium −3.269 −3.610 −2.929 0.563 0.476 0.649 <0.01 0.282 0.88 1.037 0.86 4.3 22
Copper 1.277 0.964 1.590 0.764 0.685 0.844 <0.01 0.259 0.94 1.035 0.78 −5.3 22
Iron 3.596 3.467 3.724 0.866 0.833 0.898 <0.01 0.107 0.99 1.005 0.97 1.9 22
Lead −1.396 −1.545 −1.247 0.878 0.840 0.916 <0.01 0.123 0.99 1.007 0.98 0.0 22
Manganese 2.791 2.473 3.110 0.584 0.503 0.665 <0.01 0.264 0.90 1.032 0.86 5.1 22
Zinc 1.216 0.917 1.515 0.720 0.645 0.796 <0.01 0.247 0.94 1.033 0.98 1.1 22

Clark Fork above Little Blackfoot River near Garrison (fig. 1; table 1)

Arsenic MCC = expbo X SSCb1 X 
BCF

1.887 1.546 2.228 0.324 0.241 0.406 <0.01 0.260 0.73 1.031 0.80 0.1 23
Cadmium −3.559 −3.848 −3.270 0.659 0.589 0.729 <0.01 0.221 0.94 1.022 0.93 −2.6 23
Copper 1.111 0.889 1.333 0.816 0.762 0.869 <0.01 0.169 0.98 1.013 0.98 −1.9 23
Iron 3.383 3.220 3.547 0.921 0.882 0.961 <0.01 0.125 0.99 1.007 0.97 1.5 23
Lead −1.519 −1.690 −1.339 0.926 0.882 0.969 <0.01 0.137 0.99 1.008 0.99 0.4 23
Manganese 2.736 2.344 3.128 0.612 0.517 0.707 <0.01 0.299 0.88 1.041 0.87 −1.1 23
Zinc 0.849 0.662 1.036 0.834 0.789 0.879 <0.01 0.142 0.98 1.009 0.98 −0.9 23
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Figure 11. Relations among metallic-contaminant concentrations 
and suspended-sediment concentrations at Clark Fork at Deer 
Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a) in the upper Clark Fork Basin, 
Montana, for water years 2019–20. A, Arsenic. B, Cadmium. C, 
Copper. D, Iron. E, Lead. F, Manganese. G, Zinc.
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Figure 12. Relations among metallic-contaminant concentrations 
and suspended-sediment concentrations at Clark Fork above Little 
Blackfoot River near Garrison, Montana (U.S. Geological Survey 
streamgage 12324400; U.S. Geological Survey, 2021b), in the upper 
Clark Fork Basin, Montana, for water years 2019–20. A, Arsenic. B, 
Cadmium. C, Copper. D, Iron. E, Lead. F, Manganese. G, Zinc.
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Relations between Metallic-Contaminant 
Concentrations and Turbidity and Acoustics 
Surrogate Data

This section of the report presents results for one of the 
primary objectives of the study—to develop relations among 
turbidity and acoustics surrogate data with MCCs and the 
metalloid trace element arsenic. The relations between MCCs 
and turbidity and acoustics surrogate data are shown in fig-
ures 13–16 and presented in table 9. Given the link between 
MCCs and suspended sediment (figs. 11, 12; table 8) and 
strong relations between SSCs with fixed-point turbidity and 
acoustics backscatter (figs. 9, 10; table 7), developing MCC-
turbidity and MCC-acoustics regression models is the next 
step in predicting time-series MCCs and MCLs. As described 
in the “Adequacy of the Model-Calibration Datasets” section, 
turbidity was the primary explanatory variable for time-series 
models. Although drift in LISST–ABS sensors was cor-
rected for use in development of regression models, drift in 
water-quality sensors that exceeds plus or minus 5 percent 
of calibration standards is prohibitive for use in time-series 
models to compute continuous MCCs and SSCs (Wilde and 
Radtke, 2005; Wagner and others, 2006). Once SLR models 
are developed, continuous MCCs can be used for a variety of 
purposes, including a means to describe variability in MCC 
conditions, evaluate MCC values relative to aquatic-life stan-
dards and GRKO management goals, compare MCC and MCL 
characteristics between sampling sites, and to detect changes 
and trends in water quality attributed to remediation of the 
Clark Fork. Although streamflow was determined to be a sig-
nificant explanatory variable for MCCs and SSCs, it explained 
less variability in the SLR models when compared to either 
turbidity or acoustics and did not contribute significantly to 
justifying its use in a more complex MLR model. Therefore, 
turbidity in an SLR model was used for reliable computations 
of MCCs and SSCs.

Using turbidity as the sole explanatory variable for 
MCCs, R2 values for SLR models ranged from 0.89 for cad-
mium to 0.96 for iron and lead at Clark Fork at Deer Lodge 
and ranged from 0.89 for manganese to 0.98 for cadmium, 
iron, and zinc at Clark Fork near Garrison (table 9). For SLR 
models, R2 values exceeded 0.90 in 9 of 12 models. Arsenic 
had an R2 value of 0.55 at Clark Fork at Deer Lodge and 0.69 
at Clark Fork near Garrison.

Goodness-of-fit computations for NSE values and 
model biases using turbidity as the sole explanatory variable 
for MCCs followed similar patterns as R2 values, indicating 
that turbidity was a strong predictor of MCCs at both sites 
(table 9). NSEs ranged from 0.84 for cadmium at Clark Fork 
at Deer Lodge to 0.98 for zinc at Clark Fork near Garrison. 
For SLR models, NSE values for 9 out of 12 models exceeded 
0.90, whereas NSE values for arsenic averaged 0.70 for both 
sites. Little or no bias in SLR models was indicated because 
model biases ranged from −8 percent for copper to a minimum 
of 0.2 percent for zinc at Clark Fork at Deer Lodge. Model 

bias for arsenic was 0.2 percent for Clark Fork at Deer Lodge 
and 0.1 percent for Clark Fork near Garrison. For all SLR 
models, model biases were <5 percent for 13 out of 14 models.

Using LISST–ABS acoustics data as the explanatory 
variable for MCCs, R2 values for SLR models at Clark Fork at 
Deer Lodge ranged from 0.83 for manganese to 0.93 for iron 
and ranged from 0.80 for manganese to 0.98 for iron at Clark 
Fork near Garrison. For SLR models, R2 values exceeded 
0.90 in 6 of 12 models (table 9). Arsenic had an R2 value of 
0.74 at Clark Fork at Deer Lodge and 0.71 at Clark Fork near 
Garrison.

Goodness-of-fit computations for NSE values and model 
biases using LISST–ABS acoustics data as the sole explana-
tory variable for MCCs followed similar patterns as R2 values 
(table 9), indicating that LISST–ABS acoustics data was a 
good predictor of MCCs at both sites. NSEs ranged from 
0.59 for copper at Clark Fork at Deer Lodge to 0.99 for iron 
at Clark Fork near Garrison. For SLR models, NSE values 
exceeded 0.90 in 7 out of 12 models, whereas NSE values for 
arsenic averaged 0.76 for both sites. Model biases indicated 
little or no bias in SLR models for MCCs and arsenic, ranging 
from −7.2 percent for copper at Clark Fork at Deer Lodge to 
a minimum of −0.1 percent bias for lead at Clark Fork near 
Garrison. Model biases for arsenic was −4.2 percent for Clark 
Fork at Deer Lodge and −1.4 percent for Clark Fork near 
Garrison. For all SLR models, model biases were <5 percent 
for 13 out of 14 models.

The regression models selected to compute MCC and 
SSC time-series at the Clark Fork at Deer Lodge and Clark 
Fork near Garrison, are the MCC-turbidity and SSC-turbidity 
simple linear regression models. Comparisons among MLR 
models indicated that the addition of streamflow as an 
explanatory variable in the model, although significant, only 
marginally improved prediction of MCCs and SSCs but was 
not sufficient as to justify its inclusion.

Computation of Time-Series Records 
for Metallic-Contaminant and 
Suspended-Sediment Concentrations

Continuous real-time streams of MCCs and SSCs at 
the study sites, measured at high-resolution temporal scale, 
may provide insight in MCC response during periods of high 
and low streamflow that can then be linked to known timing 
and types of specific remediation actions such as excava-
tion of contaminated soils, streambank restoration activi-
ties, and re-vegetation of riparian and denuded regions on 
GRKO property. Other factors affecting MCC discharge into 
the Clark Fork, such as snowmelt runoff, irrigation opera-
tions in the Deer Lodge Valley along with episodic storm 
event occurrence, intensity, and duration, may be linked to 
MCCs and SSCs response and potentially discerned from 
remediation activities. The application of surrogate data from 
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Figure 13. Relations among metallic-contaminant 
concentrations and turbidity at Clark Fork at Deer Lodge, Montana 
(U.S. Geological Survey streamgage 12324200; U.S. Geological 
Survey 2021a), in the upper Clark Fork Basin, Montana, for water 
years 2019–20. A, Arsenic. B, Cadmium. C, Copper. D, Iron. E, Lead. 
F, Manganese. G, Zinc.

Figure 14. Relations among metallic-contaminant 
concentrations and turbidity at Clark Fork above Little Blackfoot 
River near Garrison, Montana (U.S. Geological Survey streamgage 
12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork 
Basin, Montana, for water years 2019–20. A, Arsenic. B, Cadmium. 
C, Copper. D, Iron. E, Lead. F, Manganese. G, Zinc.
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Figure 15. Relations among metallic-contaminant concentrations 
and LISST–ABS at Clark Fork at Deer Lodge, Montana 
(U.S. Geological Survey streamgage 12324200; U.S. Geological 
Survey, 2021a), in the upper Clark Fork Basin, Montana, for water 
years 2019–20. A, Arsenic. B, Cadmium. C, Copper. D, Iron. E, Lead. 
F, Manganese. G, Zinc.
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Figure 16. Relations among metallic-contaminant concentrations 
and LISST–ABS at Clark Fork above Little Blackfoot River near 
Garrison, Montana (U.S. Geological Survey streamgage 12324400; 
U.S. Geological Survey, 2021b), in the upper Clark Fork Basin, 
Montana, for water years 2019–20. A, Arsenic. B, Cadmium. C, 
Copper. D, Iron. E, Lead. F, Manganese. G, Zinc.
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Table 9. Regression coefficients, confidence intervals, residual standard errors, Nash-Sutcliffe efficiencies (Nash and Sutcliffe, 1970), and model biases using turbidity 
and LISST–ABS as explanatory variables for metallic-contaminant concentrations at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a), and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b), in 
the upper Clark Fork Basin, Montana, water years 2019–20.

[b0, regression coefficient for the intercept; %, percent; b1, regression coefficient for the slope; p-value, calculated probability; RSE, residual standard error; R2, coefficient of determination; BCF, bias correction 
factor; NSE, Nash-Sutcliffe efficiency (Nash and Sutcliffe, 1970); n, total number of samples; MCC, metallic-contaminant concentration; exp, Euler's number (Aghaeiboorkheili and Kawagle, 2022), approxi-
mately 2.71828; LISST–ABS, uncalibrated suspended-sediment concentration, in milligrams per liter; <, less than]

Constituent Model

Regression coefficient

p-value RSE R 2 BCF NSE
Model 

bias 
(%)

n
b0

Confidence interval
b1

Confidence interval

2.5% 97.5% 2.5% 97.5%

Clark Fork at Deer Lodge (fig. 1; table 1)

Arsenic MCC = expbo X 
Turbidityb1 X 
BCF

2.367 2.061 2.673 0.259 0.160 0.359 <0.01 0.293 0.55 1.038 0.64 0.2 24
Cadmium −2.881 −3.173 −2.559 0.615 0.520 0.710 <0.01 0.279 0.89 1.037 0.84 2.5 24
Copper 1.877 1.503 2.252 0.810 0.688 0.932 <0.01 0.358 0.89 1.062 0.76 −8.0 24
Iron 4.263 4.015 4.512 0.923 0.842 1.004 <0.01 0.238 0.96 1.025 0.96 −2.5 24
Lead −0.729 −0.996 −0.463 0.938 0.852 1.025 <0.01 0.255 0.96 1.029 0.93 −4.5 24
Manganese 3.192 2.976 3.408 0.642 0.572 0.712 <0.01 0.207 0.94 1.020 0.93 3.0 24
Zinc 1.770 1.430 2.110 0.767 0.657 0.878 <0.01 0.325 0.90 1.055 0.85 0.2 24

Clark Fork above Little Blackfoot River near Garrison (fig. 1; table 1)

Arsenic MCC = expbo X 
Turbidityb1 X 
BCF

1.849 1.418 2.280 0.409 0.284 0.534 <0.01 0.275 0.69 1.034 0.76 0.1 22
Cadmium −3.762 −3.977 −3.548 0.871 0.809 0.933 <0.01 0.137 0.98 1.008 0.96 −2.4 22
Copper 1.039 0.772 1.305 1.030 0.953 1.107 <0.01 0.170 0.97 1.013 0.96 −0.9 22
Iron 3.408 3.136 3.679 1.130 1.052 1.209 <0.01 0.173 0.98 1.014 0.97 1.9 22
Lead −1.486 −1.782 −1.191 1.137 1.051 1.222 <0.01 0.188 0.97 1.017 0.97 1.3 22
Manganese 2.673 2.238 3.109 0.778 0.652 0.904 <0.01 0.278 0.89 1.036 0.91 −0.3 22
Zinc 0.777 0.540 1.014 1.051 0.982 1.120 <0.01 0.151 0.98 1.010 0.98 −0.5 22

Clark Fork at Deer Lodge (fig. 1; table 1)

Arsenic MCC = expbo X 
LISST-ABSb1 X 
BCF

2.594 2.403 2.785 0.226 0.150 0.302 <0.01 0.194 0.74 1.016 0.76 −4.2 15
Cadmium −2.438 −2.716 −2.161 0.434 0.323 0.545 <0.01 0.282 0.83 1.036 0.85 −0.6 15
Copper 2.471 2.088 2.855 0.658 0.504 0.811 <0.01 0.391 0.86 1.077 0.59 −7.2 15
Iron 4.817 4.508 5.126 0.799 0.675 0.922 <0.01 0.315 0.93 1.047 0.92 −0.6 15
Lead −0.130 −0.454 0.194 0.788 0.658 0.917 <0.01 0.330 0.92 1.053 0.93 −1.0 15
Manganese 3.599 3.273 3.925 0.494 0.364 0.625 <0.01 0.332 0.83 1.052 0.70 −0.5 15
Zinc 2.325 1.983 2.667 0.603 0.466 0.740 <0.01 0.348 0.87 1.058 0.92 0.7 15
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Table 9. Regression coefficients, confidence intervals, residual standard errors, Nash-Sutcliffe efficiencies (Nash and Sutcliffe, 1970), and model biases using turbidity 
and LISST–ABS as explanatory variables for metallic-contaminant concentrations at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a), and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b), in 
the upper Clark Fork Basin, Montana, water years 2019–20.—Continued

[b0, regression coefficient for the intercept; %, percent; b1, regression coefficient for the slope; p-value, calculated probability; RSE, residual standard error; R2, coefficient of determination; BCF, bias correction 
factor; NSE, Nash-Sutcliffe efficiency (Nash and Sutcliffe, 1970); n, total number of samples; MCC, metallic-contaminant concentration; exp, Euler's number (Aghaeiboorkheili and Kawagle, 2022), approxi-
mately 2.71828; LISST–ABS, uncalibrated suspended-sediment concentration, in milligrams per liter; <, less than]

Constituent Model

Regression coefficient

p-value RSE R 2 BCF NSE
Model 

bias 
(%)

n
b0

Confidence interval
b1

Confidence interval

2.5% 97.5% 2.5% 97.5%

Clark Fork above Little Blackfoot River near Garrison (fig. 1; table 1)

Arsenic MCC = expbo X 
LISST-ABSb1 X 
BCF

2.336 2.081 2.590 0.269 0.194 0.344 <0.01 0.248 0.71 1.029 0.77 −1.4 23
Cadmium −2.746 −3.077 −2.415 0.573 0.476 0.670 <0.01 0.323 0.87 1.049 0.88 −0.6 23
Copper 2.142 1.891 2.392 0.706 0.633 0.780 <0.01 0.244 0.95 1.028 0.92 −3.5 23
Iron 4.488 4.311 4.666 0.814 0.761 0.866 <0.01 0.173 0.98 1.014 0.99 −0.5 23
Lead −0.395 −0.628 −0.162 0.817 0.748 0.885 <0.01 0.227 0.97 1.023 0.98 −0.1 23
Manganese 3.502 3.105 3.899 0.531 0.415 0.648 <0.01 0.387 0.80 1.069 0.83 −0.2 23
Zinc 1.863 1.618 2.107 0.733 0.661 0.805 <0.01 0.239 0.95 1.026 0.96 −0.4 23
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fixed-point turbidity sensors to compute MCCs and SSCs 
may inform State and Federal agencies and GRKO resource 
managers regarding magnitude and timing of MCCs in rela-
tion to streamflow peaks; MCC values relative to aquatic-life 
standards; and information on MCC transport, source, and fate 
previously unavailable.

Natural logarithmic (ln)-transformed SLR models were 
retransformed, expressed as a power function, and corrected 
for bias to compute time-series instantaneous and daily 
MCCs and SSCs (eq. 4; table 9). For these data, there were 
no computed values extrapolated beyond the upper range of 
turbidity as the explanatory variable. Although there were 
periods of missing turbidity measurements, there were a large 
number (60,751) of instantaneous values computed for MCCs 
and SSCs as a consequence of the 15-minute data collection 
interval. To simplify viewing of the graphical time-series, 
interpreting the data, and computing loads, daily mean values 
in addition to instantaneous values were computed and used 
for computing MCCs and SSCs. Daily mean MCCs and 
SSCs for the Clark Fork at Deer Lodge and Clark Fork near 
Garrison are presented in figures 17 and 18 for arsenic, cop-
per, lead, and SSC for water years 2019–20 along with acute 
and chronic aquatic-life standards. Copper as a representative 
contaminant, along with associated streamflow at both sites to 
show time-series copper response during periods of elevated 
streamflow for water years 2019–20, is shown in figures 19 
and 20.

There were four notable streamflow events in 2019 
and five notable streamflow events in 2020, including initial 
snowmelt freshet, that provide valuable insight on MCC char-
acteristics. Time-series instantaneous and daily mean copper 
concentrations, along with corresponding streamflow peaks for 
selected streamflow events, are presented in table 10.

Timing of peak copper concentrations were compared 
to streamflow peaks and ascending and descending limbs of 
the hydrograph during annual snowmelt and episodic runoff 
events. The dominant control on magnitude and timing of 
MCCs was availability of suspended sediment and delivery 
of sediment to the Clark Fork main-stem channel. Climate 
and weather characteristics, such as snowpack; rain-on-snow 
conditions; and variation in ambient temperature affecting the 
timing, intensity, and duration of snowmelt runoff, exert pri-
mary control on delivery of sediment (Guy, 1970; Knighton, 
1998) and associated MCCs to the Clark Fork. Other weather 
characteristics, such as storm approach to the watershed, 
localization, intensity, and duration, affect the timing and 
peak of MCCs and SSCs in relation to streamflow peaks 
(Knighton, 1998). MCC and SSC peaks that occurred prior to 
peaks in streamflow likely were from sediment sources close 
to the monitoring site (for example, erodible streambanks or 
denuded/sparsely vegetated floodplains), or from aggraded 
sediment stored in the channel bed during low streamflow 
conditions (Guy 1970; Knighton, 1998). MCC and SSC peaks 
that occurred after streamflow peaks might be linked to myriad 

combinations of weather conditions or sediment availability in 
the watershed where upstream sources might supply the bulk 
of the load after the streamflow has peaked (Knighton, 1998).

During the initial snowmelt freshet in 2019, copper 
concentration peaked at its highest value of 607 µg/L on 
March 25, approximately 28 hours prior to the streamflow 
peak of 930 ft3/s on March 27 at Clark Fork at Deer Lodge 
(table 10). During this same period at Clark Fork near 
Garrison, copper concentration peaked at 1,251 µg/L approxi-
mately 32 hours prior to the streamflow peak of 1,060 ft3/s. 
Copper concentrations peaked at streamflows markedly lower 
and prior to peak streamflow for the initial snowmelt freshet 
of 2019 (figs. 17B, 18B, 19; table 10). Other notable stream-
flow peaks in 2019 occurred on April 6, April 8, and May 18. 
For the runoff event on April 6, copper (278 µg/L) peaked 
2 hours after the streamflow peak (956 ft3/s) at Clark Fork at 
Deer Lodge, whereas copper (339 µg/L) peaked 11 hours after 
the streamflow peak (958 ft3/s) at Clark Fork near Garrison. 
The highest streamflow for 2019 at Clark Fork at Deer Lodge 
and Clark Fork near Garrison occurred on May 18 with peak 
streamflows of 1,320 and 1,460 ft3/s with corresponding 
copper concentrations of 254 and 346 µg/L, respectively. For 
May 18, copper concentrations peaked 11 and 5 hours before 
the streamflow peaks, respectively.

For 2020, the initial snowmelt freshet began in May, 
substantially later than snowmelt runoff in water year 2019 
(figs. 3, 19, 20; table 10). For the initial snowmelt freshet in 
water year 2020, copper concentration peaked at 410 µg/L 
on May 20, approximately 6.5 hours prior to the streamflow 
peak of 1,070 ft3/s on May 21 at Clark Fork at Deer Lodge 
(table 10). During this same period, copper concentration 
peaked at 737 µg/L, 6 hours prior to the streamflow peak of 
1,420 ft3/s at Clark Fork near Garrison. Similar to 2019, cop-
per concentrations peaked during streamflows notably lower 
and prior to maximum streamflow for the initial snowmelt 
freshet. For 2020, peak streamflows for the year at Clark Fork 
at Deer Lodge and Clark Fork near Garrison were on June 8 
and 9 with streamflows of 1,760 and 2,100 ft3/s with corre-
sponding copper concentrations of 226 and 321 µg/L, respec-
tively. Other notable streamflow peaks in 2020 were on June 1, 
17, and 30. For each of the other runoff events in 2020, copper 
concentrations peaked prior to the streamflow peak, ranging 
from 7 to 23 hours before the streamflow peak at Clark Fork 
at Deer Lodge and ranging from 6 to 28 hours prior to the 
streamflow peak at Clark Fork near Garrison. Because copper 
peaked prior to the streamflow peaks except for April 6 and 9, 
2019, it was inferred the source of copper was stored in chan-
nel bed sediments in close spatial proximity to the monitoring 
site or from nearby streambanks and floodplains, as opposed 
to sources higher in the drainage basin.

High-resolution time-series data revealed that copper 
concentrations at the Clark Fork at Deer Lodge exceeded 
chronic aquatic-life standards (16.1 µg/L; table 5) 90 percent 
of the time for streamflows that exceeded 200 ft3/s (fig. 17B, 
F) and exceeded acute aquatic-life standards (25.5 µg/L; 
table 5) 85 percent of the time when streamflow exceeded 
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Figure 17. Streamflow and computed daily mean arsenic, copper, lead, and suspended-sediment concentrations from March 1 
through August 31 for water years 2019–20 at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, WY 2019. C, Lead, WY 2019. 
D, Suspended-sediment concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, Suspended-sediment 
concentration, WY 2020.
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Figure 17. Streamflow and computed daily mean arsenic, copper, lead, and suspended-sediment concentrations from March 1 
through August 31 for water years 2019–20 at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, WY 2019. C, Lead, WY 2019. 
D, Suspended-sediment concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, Suspended-sediment 
concentration, WY 2020.—Continued
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Figure 17. Streamflow and computed daily mean arsenic, copper, lead, and suspended-sediment concentrations from March 1 
through August 31 for water years 2019–20 at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, WY 2019. C, Lead, WY 2019. 
D, Suspended-sediment concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, Suspended-sediment 
concentration, WY 2020.—Continued
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Figure 17. Streamflow and computed daily mean arsenic, copper, lead, and suspended-sediment concentrations from March 1 
through August 31 for water years 2019–20 at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, WY 2019. C, Lead, WY 2019. 
D, Suspended-sediment concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, Suspended-sediment 
concentration, WY 2020.—Continued
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Figure 18. Streamflow and computed daily mean arsenic, copper, lead, and suspended-sediment concentrations from March 1 
through August 31 for water years 2019–20 at Clark Fork above Little Blackfoot River near Garrison, Montana (U.S. Geological Survey 
streamgage 12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, WY 
2019. C, Lead, WY 2019. D, Suspended-sediment concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, 
Suspended-sediment concentration, WY 2020.
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Figure 18. Streamflow and computed daily mean arsenic, copper, lead, and suspended-sediment concentrations from March 1 
through August 31 for water years 2019–20 at Clark Fork above Little Blackfoot River near Garrison, Montana (U.S. Geological Survey 
streamgage 12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, WY 
2019. C, Lead, WY 2019. D, Suspended-sediment concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, 
Suspended-sediment concentration, WY 2020.—Continued
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Figure 18. Streamflow and computed daily mean arsenic, copper, lead, and suspended-sediment concentrations from March 1 
through August 31 for water years 2019–20 at Clark Fork above Little Blackfoot River near Garrison, Montana (U.S. Geological Survey 
streamgage 12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, WY 
2019. C, Lead, WY 2019. D, Suspended-sediment concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, 
Suspended-sediment concentration, WY 2020.—Continued
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Figure 18. Streamflow and computed daily mean arsenic, copper, lead, and suspended-sediment concentrations from March 1 
through August 31 for water years 2019–20 at Clark Fork above Little Blackfoot River near Garrison, Montana (U.S. Geological Survey 
streamgage 12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, WY 
2019. C, Lead, WY 2019. D, Suspended-sediment concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, 
Suspended-sediment concentration, WY 2020.—Continued
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Figure 19. Streamflow and computed daily mean copper concentrations from March 15 through June 15 for water year 2019 at Clark 
Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a), and Clark Fork above Little 
Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b), in the upper Clark 
Fork Basin.
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Figure 20. Streamflow and computed daily mean copper concentrations from May 15 through July 27 for water year 2020 at Clark 
Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a), and Clark Fork above Little 
Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b), in the upper Clark 
Fork Basin.
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Table 10. Dates, times, instantaneous, and corresponding daily mean values of selected peak copper concentrations and corresponding peak streamflows at Clark Fork 
at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a) and Clark Fork above Little Blackfoot River near Garrison, Mont. 
(U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork Basin, Montana, water years 2019–20.

[M, month; DD, day; YYYY, year; µg/L, microgram per liter; %, percent; ft3/s, cubic feet per second]

Abbreviated 
sampling site name 

(table 1)

Copper peak concentrations Streamflow peaks

Date 
(M/DD/YYYY)

Time
Calculated 

instantaneous 
(µg/L)

Lower 95% 
confidence 

interval 
(µg/L)

Upper 95% 
confidence 

interval 
(µg/L)

Daily 
mean 
(µg/L)

Date 
(M/DD/YYYY)

Time
Instantaneous 

(ft3/s)

Daily 
mean 
(ft3/s)

Water year 2019

Clark Fork at Deer Lodge 3/25/2019 18:45 607 201 1,632 267 3/27/2019 0:30 930 812
Clark Fork near Garrison 3/25/2019 18:45 1,251 599 2,539 448 3/27/2019 3:30 1,060 944
Clark Fork at Deer Lodge 4/6/2019 8:15 278 103 664 208 4/6/2019 6:15 956 861
Clark Fork near Garrison 4/6/2019 15:45 339 179 624 267 4/6/2019 4:30 958 902
Clark Fork at Deer Lodge 4/8/2019 14:45 362 129 900 233 4/8/2019 14:45 1,120 988
Clark Fork near Garrison 4/8/2019 21:00 530 271 1,009 303 4/8/2019 19:30 1,130 1,030
Clark Fork at Deer Lodge 5/18/2019 5:45 254 96 599 219 5/18/2019 16:45 1,320 1,280
Clark Fork near Garrison 5/18/2019 11:15 346 182 637 298 5/18/2019 16:45 1,460 1,420

Water year 2020

Clark Fork at Deer Lodge 5/20/2020 22:00 410 144 1,039 292 5/21/2020 4:30 1,070 1,040
Clark Fork near Garrison 5/21/2020 1:45 737 367 1,438 436 5/21/2020 7:45 1,420 1,320
Clark Fork at Deer Lodge 6/1/2020 5:30 148 61 322 134 6/1/2020 12:30 1,110 1,060
Clark Fork near Garrison 6/1/2020 7:30 206 113 366 181 6/1/2020 18:30 1,290 1,170
Clark Fork at Deer Lodge 6/8/2020 16:30 226 87 524 115 6/9/2020 1:00 1,760 1,510
Clark Fork near Garrison 6/9/2020 2:00 321 170 588 219 6/9/2020 9:15 2,100 2,040
Clark Fork at Deer Lodge 6/18/2020 0:15 132 55 281 116 6/18/2020 23:30 1,700 1,580
Clark Fork near Garrison 6/17/2020 21:15 196 96 301 111 6/19/2020 1:15 1,930 1,850
Clark Fork at Deer Lodge 6/30/2020 1:15 109 47 226 82 6/30/2020 13:45 1,560 1,510
Clark Fork near Garrison 6/30/2020 3:00 166 75 226 122 6/30/2020 14:00 1,830 1,740
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260 ft3/s (fig. 17B, F). For Clark Fork near Garrison, cop-
per concentrations exceeded chronic aquatic-life standards 
(16.6 µg/L; table 5) 85 percent of the time when streamflow 
exceeded 250 ft3/s (fig. 18B, F) and exceeded acute aquatic-
life standards (26.4 µg/L; table 5) 50 percent of the time when 
streamflow exceeded 280 ft3/s (fig. 18B, F). Although copper 
concentrations at Clark Fork near Garrison exceeded copper 
concentrations at Clark Fork at Deer Lodge, copper concen-
trations at Clark Fork near Garrison dropped below concen-
trations at Clark Fork at Deer Lodge during low streamflow 
conditions, indicating that copper adsorbed on suspended fine-
sized particles at Clark Fork near Garrison were settling out of 
suspension at a proportionately higher rate than Clark Fork at 
Deer Lodge during base-flow conditions.

MCCs during initial snowmelt freshet indicated higher 
response rates to elevated streamflow at Clark Fork near 
Garrison when compared to Clark Fork at Deer Lodge. In 
2019, peak copper concentration during snowmelt freshet 
at Clark Fork near Garrison was 1.7 times higher than the 
peak concentration at Clark Fork at Deer Lodge compared 
to an average of 1.3 times higher during three other notable 
streamflow events (figs. 19, 20; table 10). In 2020, peak 
copper concentration during snowmelt freshet at Clark Fork 
near Garrison was 1.5 times higher than the peak concentra-
tion at Clark Fork at Deer Lodge compared to an average of 
1.4 times higher during four other notable streamflow events. 
Differences in MCCs response between the two monitoring 
sites also might be discerned during low flow conditions, dur-
ing periods between ice-out conditions, and prior to snowmelt 
freshet. Using high-resolution time-series data, subtle variation 
in the response of copper during gradual increases in stream-
flow is shown in figure 21.

During GRKO’s superfund remediation activities from 
fall 2018 through fall 2020, the MDEQ required the con-
struction contractor to monitor turbidity in the Clark Fork 
main-stem channel above and below GRKO property dur-
ing excavation and replacement of contaminated soils and 
re-vegetation of the affected work areas. MDEQ established a 
requirement that turbidity not exceed 10 nephelometric turbid-
ity units between concurrent readings at the above and below 
monitoring locations to minimize adverse effects to the Clark 
Fork during remediation of the streambanks and floodplains 
(Jeff Johnson, NPS, Grant-Kohrs Ranch National Historic 
Site, December 17, 2021, oral commun.). Jeff Johnson, the 
GRKO superfund remediation manager, indicated the turbidity 
objective was satisfied during the construction period. These 
results were corroborated through inspection of 15-minute 
and daily mean time-series data (Ellison, 2023) as no visible 
spikes or increasing trends in computed MCCs downstream 
at Clark Fork near Garrison were discerned independent from 
MCCs response linked to variations in streamflow during the 
construction period.

Metallic-Contaminant and 
Suspended-Sediment Loads and Yields

The R–LOADEST statistical package (Cohn and oth-
ers, 1989; Runkel and others, 2004; R Development Core 
Team, 2011; Runkel and De Cicco, 2017) was used to com-
pute annual and daily MCLs and suspended-sediment loads 
(SSLs) along with 95-percent prediction intervals based on 
measured data from collected samples. R–LOADEST applies 
linear regression with one or more explanatory variables 
for calculating daily and annual loads. R–LOADEST trans-
forms (lntransformation) explanatory variables during model 
development and accounts for bias by introducing a bias 
correction factor (Duan, 1983). R–LOADEST provides users 
the option of introducing an additional explanatory variable 
during model development to incorporate daily mean sur-
rogate data collected from fixed-point water-quality sensors 
such as specific conductivity or turbidimeters (Runkel and 
others, 2004). R–LOADEST accounts for multicollinearity by 
applying a method that centers explanatory variables (Cohn 
and others, 1992; Runkel and others, 2004). For this study, two 
options available within R–LOADEST were used to calcu-
late daily and annual loads: (1) model 4 (streamflow and two 
seasonal terms as explanatory variables), and (2) application 5 
(streamflow, turbidity and two seasonal terms as explanatory 
variables). R–LOADEST model 4 is presented to substantiate 
the benefits of incorporating surrogate data in the load model 
and is not presumed for use as an alternative model given that 
it inherently yields lower R-squared values and has a wider 
range in prediction intervals as compared to time-series and 
application 5 models. R–LOADEST loads calculated from 
model 4 and application 5 were compared to time-series 
computed loads (eq. 10) to evaluate the applicability of time-
series computed loads for calculating daily and annual MCLs 
and SSLs.

Using time-series data, daily and annual MCLs and SSLs 
were calculated from computed daily mean MCCs and SSCs 
and streamflow for each site using the following equation 
(Porterfield, 1972):

  MC  L  i    = MC  C  i   ×  Q  i   × c  (10)

where
 MCLi is the ith computed metallic-contaminant (or 

suspended-sediment) load, in tons per day;
 MCCi is the computed metallic-contaminant 

concentration, in micrograms per liter, 
or suspended-sediment concentration, in 
milligrams per liter, for the ith value;

 Qi is the streamflow for the ith value, in cubic 
feet per second; and

 c is a constant, 0.0000027, for converting units 
of micrograms per liter to tons per day, or 
0.0027, for converting units of milligrams 
per liter to tons per day.
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Figure 21. Streamflow and computed daily mean copper concentrations during March 15 through April 15 for water year 2020 at Clark 
Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a) and Clark Fork above Little 
Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b), in the upper Clark 
Fork Basin.

For time-series loads, daily loads at each site were 
summed for each water year to obtain annual MCLs and 
SSLs. Uncertainty estimates (that is, root mean squared error) 
for time-series data using summed MCLs and SSLs calcu-
lated from retransformed MCCs and SSCs from SLR models 
with transformed response variables can be computed using 
methods described in Gilroy and others (1990). For this study, 
prediction intervals for daily and annual R–LOADEST and 
time-series loads were calculated to provide a measure of the 
uncertainty in load calculations. Prediction intervals quantify 
a range of values from which load calculations are expected to 
exist and are a function of the standard error of the residuals; 
thus, prediction intervals are informative to evaluate the accu-
racy of the model. Prediction intervals differ from confidence 
intervals in that they provide a measure of the unexplained 
variability for individual load calculations, whereas confi-
dence intervals provide a measure of the uncertainty associ-
ated with the variable estimates (that is, intercept and slope). 
Information on R–LOADEST regression models is included in 
table 11 and annual MCLs and SSLs are presented in table 12. 
Selected daily MCLs and SSLs are shown in figures 22 
and 23.

In previous water-quality trend studies on the Clark Fork, 
Sando and others (2014) and Sando and Vecchia (2016) indi-
cated that MCCs were trending downward for all sites in the 
Clark Fork LTMN. Results of this study indicated that inputs 
of metallic contaminants, although trending downward, con-
tinue to remain elevated above aquatic-life standards. Given 

this, results from annual load estimates indicated an increase 
in loading for all metallic contaminants between Clark Fork 
at Deer Lodge and Clark Fork near Garrison (table 12). Direct 
comparison of MCLs and SSLs between sites is not meaning-
ful unless they can be normalized to account for variation 
in streamflow and watershed basin characteristics. Metallic-
contaminant yields were determined by dividing total annual 
load by the drainage area as an alternative to gain insight on 
relative site yield and are included in table 12.

Annual arsenic loads from times-series models at Clark 
Fork at Deer Lodge and Clark Fork near Garrison were 7.9 
and 8.6 tons per year, respectively, in 2019, and 7.6 and 
8.8 tons per year in 2020, respectively, indicating an increase 
in arsenic load downstream (table 12). In contrast, arsenic 
yields at the two sites were 15.9 and 15.2 pounds per square 
mile (lbs/mi2) in 2019 and 15.3 and 15.5 lbs/mi2, respectively, 
in 2020, indicating nearly identical yields for arsenic at both 
sites. Copper had annual loads in 2019 of 24 and 29.9 tons 
per year at Clark Fork at Deer Lodge and Clark Fork near 
Garrison, respectively in 2019, and loads of 19.7 and 29.6 tons 
per year in 2020, respectively, with corresponding yields of 
48.2 and 52.4 lbs/mi2, respectively, in 2019, and 39.6 and 
52.1 lbs/mi2 in 2020, respectively, indicating an increase in 
copper yield along the downstream gradient between the 
two sites. For suspended sediment, time-series annual loads 
in 2019 were 17,830 and 23,218 tons per year, respectively, 
and 13,568 and 22,622 tons per year in 2020, respectively, at 
Clark Fork at Deer Lodge and Clark Fork near Garrison, with 
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Table 11. R–LOADEST regression coefficients for models used to compute metallic-contaminant and suspended-sediment loads at 
Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a) and Clark Fork above 
Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b), in the upper 
Clark Fork Basin, water years 2019–20.

[ln, natural log; Q, streamflow; DECTIME, decimal time; sin, sine; cos, cosine; R2; coefficient of determination; p-value, calculated probability; USGS, U.S. 
Geological Survey; NA, not applicable; <, less than]

Constituent
Regression coefficient

R 2 p-value
Intercept

ln 
(Q)

ln 
(Turbidity)

sin 
(DECTIME)

cos 
(DECTIME)

Clark Fork at Deer Lodge Montana (USGS station number 12324200)1

Arsenic 3.8271 1.5164 NA −0.0556 −0.3269 0.8860 <0.001
Cadmium −0.4485 1.5829 NA 0.4014 −0.0244 0.7748 <0.001
Copper 4.8026 2.0903 NA 0.3825 −0.0923 0.7738 <0.001
Iron 7.5588 2.2868 NA 0.4570 0.0635 0.8008 <0.001
Lead 2.5653 2.2816 NA 0.4818 0.0018 0.7959 <0.001
Manganese 5.6640 1.5012 NA 0.4537 −0.0521 0.7407 <0.001
Zinc 4.5801 2.0925 NA 0.3237 −0.1495 0.8116 <0.001
Suspended sediment 11.3480 2.5433 NA 0.4967 0.0338 0.8071 <0.001

Clark Fork above Little Blackfoot River near Garrison Montana (USGS station number 12324400)1

Arsenic 4.0029 1.5378 NA −0.0662 −0.3022 0.8976 <0.001
Cadmium −0.0614 1.6695 NA 0.2890 0.0733 0.7574 <0.001
Copper 5.1696 2.0482 NA 0.2321 −0.0701 0.7818 <0.001
Iron 7.9375 2.2157 NA 0.3300 0.1437 0.7858 <0.001
Lead 3.0269 2.2102 NA 0.3069 0.0776 0.7751 <0.001
Manganese 6.0429 1.4353 NA 0.2843 0.0523 0.6726 <0.001
Zinc 5.1041 2.0351 NA 0.2742 0.1967 0.7576 <0.001
Suspended sediment 11.7549 2.2669 NA 0.3869 0.1432 0.7728 <0.001

Clark Fork at Deer Lodge Montana (USGS station number 12324200)2

Arsenic −3.9889 1.1091 0.3609 −0.2325 −0.3963 0.9697 <0.001
Cadmium −7.1823 0.7736 0.7171 0.0499 −0.1622 0.9592 <0.001
Copper −3.9797 0.9920 0.9732 −0.0946 −0.2794 0.9890 <0.001
Iron −2.4362 1.1895 0.9723 −0.0195 −0.1234 0.9878 <0.001
Lead −7.2568 1.1463 1.0060 −0.0112 −0.1916 0.9897 <0.001
Manganese −0.1624 0.5828 0.8138 0.0549 −0.2085 0.9718 <0.001
Zinc −4.9771 1.1993 0.7915 −0.0643 −0.3017 0.9653 <0.001
Suspended sediment 0.1176 1.3537 1.0541 −0.0200 −0.1688 0.9864 <0.001

Clark Fork above Little Blackfoot River near Garrison Montana (USGS station number 12324400)2

Arsenic −4.6674 1.2381 0.3367 −0.2189 −0.2498 0.9531 <0.001
Cadmium −8.2901 0.9411 0.8182 −0.0822 0.2007 0.9547 <0.001
Copper −5.1365 1.2263 0.9233 −0.1868 0.0737 0.9635 <0.001
Iron −3.2004 1.3228 1.0032 −0.1251 0.3000 0.9683 <0.001
Lead −7.9714 1.2815 1.0432 −0.1664 0.2400 0.9714 <0.001
Manganese −1.4555 0.6130 0.9237 −0.1348 0.1961 0.9630 <0.001
Zinc −4.9501 1.1552 0.9884 −0.1743 0.3506 0.9669 <0.001
Suspended sediment 0.5317 1.2948 1.0920 −0.1085 0.3132 0.9695 <0.001

1R–LOADEST model 4 for all models (Runkel and others, 2004).
2R–LOADEST application 5: User-Defined Model with an Additional Variable (Runkel and others, 2004).
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Table 12. R–LOADEST and time-series turbidity surrogate load comparisons at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a), and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b), in 
the upper Clark Fork Basin, Montana, water years 2019–20.

[tons/year; tons per year; lb/mi2, pounds per square mile; tons/mi2, tons per square mile; USGS, U.S. Geological Survey]

Constituent
R–LOADEST1 
annual load 
(tons/year)

R–LOADEST2 
annual load 
(tons/year)

Time-series 
annual load 
(tons/year)

R–LOADEST1 
lower 

95-percent 
prediction 

interval 
(tons/year)

R–LOADEST2 
lower 

95-percent 
prediction 

interval 
(tons/year)

Time-series 
lower 

95-percent 
prediction 

interval 
(tons/year)

R–LOADEST1 
upper 

95-percent 
prediction 

interval 
(tons/year)

R–LOADEST2 
upper 

95-percent 
prediction 

interval 
(tons/year)

Time-series 
upper 

95-percent 
prediction 

interval 
(tons/year)

Constituent3 
yield (lbs/mi2 
for metallic 

contaminants; 
tons/mi2 

for suspended 
sediment)

Clark Fork at Deer Lodge, Montana; USGS site number 12324200, water year 2019

Arsenic 8.2 6.9 7.9 3.6 4.4 4.1 16.3 10.3 15.4 15.9
Cadmium 0.140 0.097 0.111 0.028 0.050 0.063 0.448 0.174 0.196 0.2
Copper 35.2 20.2 24.0 4.5 13.2 10.8 139.6 29.7 53.3 48.2
Iron 587 340 362 74 211 209 2,340 524 628 729
Lead 4.2 2.4 2.6 0.5 1.5 1.4 17.2 3.6 4.7 5.2
Manganese 66 43 51 11 25 32 228 71 82 103
Zinc 26.5 17.1 18.9 4.5 8.1 9.1 92.4 32.1 39.3 38.0
Suspended 

sediment
31,772 17,230 17,830 3,259 9,803 9,162 137,886 28,387 34,704 17.9

Clark Fork at Deer Lodge, Montana; USGS site number 12324200, water year 2020

Arsenic 9.5 7.4 7.6 4.1 4.7 3.9 19.2 11.2 14.8 15.3
Cadmium 0.138 0.083 0.097 0.027 0.042 0.055 0.451 0.150 0.172 0.2
Copper 37.2 17.7 19.7 4.5 11.5 8.9 150.8 26.2 43.7 39.6
Iron 599 286 288 71 175 166 2,448 444 498 579
Lead 4.3 3.0 2.0 0.5 1.3 1.1 18.1 3.0 3.7 4.1
Manganese 64 36 44 11 20 28 226 59 71 89
Zinc 29.0 16.1 15.8 4.7 7.5 7.6 103.7 30.7 32.8 31.7
Suspended 

sediment
33,521 14,746 13,568 3,220 8,280 6,993 149,305 24,548 26,326 13.6

Clark Fork above Little Blackfoot River near Garrison, Montana; USGS site number 12324400, water year 2019

Arsenic 10.1 8.5 8.6 4.3 4.7 4.9 20.5 14.3 15.2 15.2
Cadmium 0.211 0.143 0.142 0.035 0.067 0.088 0.745 0.274 0.228 0.2
Copper 48.7 30.3 29.9 6.5 13.6 17.8 190.1 59.7 50.2 52.4
Iron 835 515 479 93 229 248 3,501 1,021 927 841
Lead 6.3 3.8 3.6 0.7 1.7 1.9 27.3 7.3 6.7 6.3
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Table 12. R–LOADEST and time-series turbidity surrogate load comparisons at Clark Fork at Deer Lodge, Montana (U.S. Geological Survey streamgage 12324200; 
U.S. Geological Survey, 2021a), and Clark Fork above Little Blackfoot River near Garrison, Mont. (U.S. Geological Survey streamgage 12324400; U.S. Geological Survey, 2021b), in 
the upper Clark Fork Basin, Montana, water years 2019–20.—Continued

[tons/year; tons per year; lb/mi2, pounds per square mile; tons/mi2, tons per square mile; USGS, U.S. Geological Survey]

Constituent
R–LOADEST1 
annual load 
(tons/year)

R–LOADEST2 
annual load 
(tons/year)

Time-series 
annual load 
(tons/year)

R–LOADEST1 
lower 

95-percent 
prediction 

interval 
(tons/year)

R–LOADEST2 
lower 

95-percent 
prediction 

interval 
(tons/year)

Time-series 
lower 

95-percent 
prediction 

interval 
(tons/year)

R–LOADEST1 
upper 

95-percent 
prediction 

interval 
(tons/year)

R–LOADEST2 
upper 

95-percent 
prediction 

interval 
(tons/year)

Time-series 
upper 

95-percent 
prediction 

interval 
(tons/year)

Constituent3 
yield (lbs/mi2 
for metallic 

contaminants; 
tons/mi2 

for suspended 
sediment)

Clark Fork above Little Blackfoot River near Garrison, Montana; USGS site number 12324400, water year 2019—Continued

Manganese 92 60 64 13 31 34 352 104 122 113
Zinc 42.8 26.9 25.6 5.0 12.5 13.7 176.1 51.5 47.6 44.9
Suspended 

sediment
42,138 24,896 23,218 3,869 10,779 11,451 190,917 50,227 47,091 20.4

Clark Fork above Little Blackfoot River near Garrison, Montana; USGS site number 12324400, water year 2020

Arsenic 11.8 10.0 8.8 4.9 5.5 5.0 24.4 16.9 15.4 15.5
Cadmium 0.210 0.137 0.142 0.033 0.063 0.089 0.756 0.263 0.229 0.2
Copper 54.4 32.6 29.6 6.8 14.5 17.7 217.7 64.7 49.7 52.1
Iron 879 504 471 92 221 244 3,779 1,007 908 826
Lead 6.8 3.8 3.5 0.7 1.7 1.9 30.1 7.4 6.6 6.2
Manganese 90 55 65 12 29 34 349 96 123 114
Zinc 43.7 25.4 25.4 4.8 11.7 13.7 184.0 48.9 47.1 44.5
Suspended 

sediment
43,742 23,677 22,622 3,755 10,142 11,195 203,264 48,119 45,719 19.9

1R–LOADEST model 4 for all models (Runkel and others, 2004).
2R–LOADEST application 5: user-defined model with an additional variable (Runkel and others, 2004).
3Time-series annual tons per year and site drainage area to calculate yields.
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Figure 22. Computed daily arsenic, copper, lead, and suspended-sediment loads, 
from March 1 through August 31 for water years 2019–20 at Clark Fork at Deer Lodge, 
Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 
2021a), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, 
WY 2019. C, Lead, WY 2019. D, Suspended-sediment concentration, WY 2019. E, 
Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, Suspended-sediment 
concentration, WY 2020.

0

100

200

300

400

500

March April May June July August
2019

Ar
se

ni
c 

lo
ad

, i
n 

po
un

ds
 p

er
 d

ay
Co

pp
er

 lo
ad

, i
n 

po
un

ds
 p

er
 d

ay

0

500

1,000

1,500

2,000

2,500

3,000
B

A

R–LOADEST load—R–LOADEST model 4
(Runkel and others, 2004)

R–LOADEST load—R–LOADEST application 5:
User-defined model with an additional
variable (Runkel and others, 2004)

R–LOADEST application 5 model 
upper and lower 95-percent 
prediction interval

Time-series load

Observed load

EXPLANATION



52  Application of Surrogate Technology to Predict Real-Time Metallic-Contaminant Concentrations and Loads

March April May June July August
2019

Le
ad

 lo
ad

, i
n 

po
un

ds
 p

er
 d

ay

Su
sp

en
de

d-
se

di
m

ae
nt

 lo
ad

, i
n 

po
un

ds
 p

er
 d

ay

0

100

1,000

10,000

100,000

1,000,000

10,000,000

50

100

150

200

250

300

350

D

C

R–LOADEST load—R–LOADEST model 4
(Runkel and others, 2004)

R–LOADEST load—R–LOADEST application 5:
User-defined model with an additional
variable (Runkel and others, 2004)

R–LOADEST application 5 model 
upper and lower 95-percent 
prediction interval

Time-series load

Observed load

EXPLANATION

Figure 22. Computed daily arsenic, copper, lead, and suspended-sediment loads, 
from March 1 through August 31 for water years 2019–20 at Clark Fork at Deer Lodge, 
Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 
2021a), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, 
WY 2019. C, Lead, WY 2019. D, Suspended-sediment concentration, WY 2019. E, 
Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, Suspended-sediment 
concentration, WY 2020.—Continued
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Figure 22. Computed daily arsenic, copper, lead, and suspended-sediment loads, 
from March 1 through August 31 for water years 2019–20 at Clark Fork at Deer Lodge, 
Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 
2021a), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, 
WY 2019. C, Lead, WY 2019. D, Suspended-sediment concentration, WY 2019. E, 
Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, Suspended-sediment 
concentration, WY 2020.—Continued
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Figure 22. Computed daily arsenic, copper, lead, and suspended-sediment loads, 
from March 1 through August 31 for water years 2019–20 at Clark Fork at Deer Lodge, 
Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 
2021a), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 2019. B, Copper, WY 
2019. C, Lead, WY 2019. D, Suspended-sediment concentration, WY 2019. E, Arsenic, 
WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, Suspended-sediment concentration, 
WY 2020.—Continued



Metallic-Contaminant and Suspended-Sediment Loads and Yields  55

Figure 23. Computed daily mean arsenic, copper, lead, and suspended-sediment 
loads, from March 1 through August 31 for water years 2019–20 at Clark Fork above 
Little Blackfoot River near Garrison, Montana (U.S. Geological Survey streamgage 
12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork Basin. A, Arsenic, 
water year (WY) 2019. B, Copper, WY 2019. C, Lead, WY 2019. D, Suspended-sediment 
concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. 
H, Suspended-sediment concentration, WY 2020.
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Figure 23. Computed daily mean arsenic, copper, lead, and suspended-sediment 
loads, from March 1 through August 31 for water years 2019–20 at Clark Fork above 
Little Blackfoot River near Garrison, Montana (U.S. Geological Survey streamgage 
12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork Basin. A, Arsenic, 
water year (WY) 2019. B, Copper, WY 2019. C, Lead, WY 2019. D, Suspended-sediment 
concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, 
Suspended-sediment concentration, WY 2020. —Continued



Metallic-Contaminant and Suspended-Sediment Loads and Yields  57

March April May June July August
2020

Ar
se

ni
c 

lo
ad

, i
n 

po
un

ds
 p

er
 d

ay
Co

pp
er

 lo
ad

, i
n 

po
un

ds
 p

er
 d

ay

F
0

200

400

600

800

1,000

1,200

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

E

R–LOADEST load—R–LOADEST model 4
(Runkel and others, 2004)

R–LOADEST load—R–LOADEST application 5:
User-defined model with an additional
variable (Runkel and others, 2004)

R–LOADEST application 5 model
upper and lower 95-percent 
prediction interval

Time-series load

Observed load

EXPLANATION

Figure 23. Computed daily mean arsenic, copper, lead, and suspended-sediment 
loads, from March 1 through August 31 for water years 2019–20 at Clark Fork above 
Little Blackfoot River near Garrison, Montana (U.S. Geological Survey streamgage 
12324400; U.S. Geological Survey, 2021b), in the upper Clark Fork Basin. A, Arsenic, 
water year (WY) 2019. B, Copper, WY 2019. C, Lead, WY 2019. D, Suspended-sediment 
concentration, WY 2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. 
H, Suspended-sediment concentration, WY 2020. —Continued
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Figure 23. Computed daily mean arsenic, copper, lead, and suspended-sediment loads, 
from March 1 through August 31 for water years 2019–20 at Clark Fork above Little 
Blackfoot River near Garrison, Montana (U.S. Geological Survey streamgage 12324400; 
U.S. Geological Survey, 2021b), in the upper Clark Fork Basin. A, Arsenic, water year (WY) 
2019. B, Copper, WY 2019. C, Lead, WY 2019. D, Suspended-sediment concentration, WY 
2019. E, Arsenic, WY 2020. F, Copper, WY 2020. G, Lead, WY 2020. H, Suspended-sediment 
concentration, WY 2020. —Continued
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corresponding yields of 17.9 and 20.4 tons per square mile 
(tons/mi2), respectively, in 2019, and 13.6 and 19.9 tons/mi2, 
respectively, in 2020, indicating an increase in yield along 
the stream gradient between the two sites. Other constituents 
indicated similar patterns for annual loads and yields.

Comparisons of Load Calculations

For Clark Fork at Deer Lodge, R–LOADEST MCLs and 
SSLs, application 5 models for water years 2019 and 2020, 
had smaller ranges in 95-percent prediction intervals for all 
eight constituents compared to time-series and R–LOADEST 
model 4 models, although it is notable that 95-percent predic-
tion intervals for time-series models were substantially smaller 
in range than prediction intervals from R–LOADEST model 
4 models (table 12). Annual and daily loads from time-series 
and R–LOADEST application 5 models fell within the range 
of the 95-percent prediction intervals of each model and were 
not considered to be significantly different (table 12; figs. 22, 
23). In contrast, R–LOADEST annual loads from model 4 
were outside the upper range of 95-percent prediction inter-
vals for copper, iron, lead, and suspended sediment at Clark 
Fork at Deer Lodge for water years 2019–20 compared to R–
LOADEST application 5 loads. The wider range in 95-percent 
prediction intervals for loads calculated using model 4 were, 
in part, attributed to its application of streamflow as the sole 
explanatory variable. R–LOADEST loads using model 4 had 
notably smaller R2 values when compared to models devel-
oped from application 5, which used streamflow and turbidity 
as explanatory variables (table 11), and time-series models 
(table 9), which used turbidity as the sole explanatory variable.

For Clark Fork near Garrison, time-series model MCLs 
and SSLs for water years 2019–20 indicated smaller ranges 
in 95-percent prediction intervals for 7 out of 8 constituents 
(magnesium is exception) compared to R–LOADEST appli-
cation 5 and model 4 loads. Annual and daily loads from 
time-series and R–LOADEST application 5 models fell within 
the range of the 95-percent prediction intervals of each model 
and were not considered to be significantly different (table 12; 
figs. 22, 23). For Clark Fork at Deer Lodge, R–LOADEST 
model 4 annual loads were within the 95-percent prediction 
intervals of time-series loads in 2019; but exceeded the upper 
95-percent prediction interval for R–LOADEST application 5 
annual loads for copper, iron, lead, and suspended sediment. 
For Clark Fork near Garrison, R–LOADEST model 4 annual 
loads fell within the range of 95-percent intervals for time-
series and R–LOADEST application 5 loads in 2019 and 2020, 
with the exception of copper and lead in 2020, which exceeded 
the upper 95-percent prediction interval for time-series annual 
loads. Daily loads for copper, lead, and suspended sediment 
from R–LOADEST model 4 exceeded or were near the upper 
95-percent prediction interval for R–LOADEST application 5 
loads for water years 2019–20 (figs. 22, 23).

Comparison between NPS and USGS 
Water-Quality Samples

Accurate measurements of metallic contaminants are 
important for evaluating trends in water quality, evaluating 
MCC values relative to aquatic-life standards, and quantify-
ing benefits from Superfund remediation activities at GRKO. 
NPS personnel collect water-quality samples using grab 
sampling (Billy Schweiger, National Park Service, oral com-
mun., various dates; Schweiger and others, 2014; Makarowski, 
2019) and contract various labs for sample analysis, whereas 
USGS personnel collect samples using EWDI techniques 
and use the USGS NWQL for sample analysis (National 
Water Quality Laboratory, 2023). The period of record used 
in this analysis was 2010–19 to provide adequate numbers 
of samples to satisfy the central limit theorem. The intent of 
this analysis was to inform NPS resource managers regard-
ing possible bias in sample results. It is beyond the scope of 
this report to attribute differences between NPS and USGS 
sample results to differences in field data collection methods 
or differences in laboratory analytical methods. There were no 
matched-pair comparisons between NPS and USGS samples 
because prior to the current study (2019–20), the USGS and 
NPS did not concurrently collect water-quality samples. 
Water-quality samples collected by the NPS Rocky Mountain 
Inventory & Monitoring Network (Rocky Mountain Inventory 
& Monitoring Network, 2023) and the USGS LTMN used in 
this analysis included arsenic, cadmium, copper, iron, lead, 
manganese, and zinc.

Comparisons of NPS and USGS samples are not mean-
ingful unless the results are adjusted to account for variations 
in streamflow (FACs) and effects of climate. The intent of flow 
adjustment is to identify and remove streamflow-related vari-
ability (including hysteresis) in MCCs from NPS and USGS 
samples independent from effects of climatic variability. R–
QWTREND trends analysis software (Vecchia and Nustad, 
2020) was used to calculate unfiltered total-recoverable FACs 
for NPS and USGS samples prior to applying statistical 
tests to NPS and USGS data. Water-quality samples for this 
analysis follow patterns described by Sando and others (2014), 
where unadjusted concentrations tend to be higher during high 
streamflow conditions than during low-streamflow conditions. 
R–QWTREND FACs tend to be smaller than their correspond-
ing unadjusted concentrations during higher streamflow and 
tend to be larger than their associated unadjusted concentra-
tions during lower streamflow. R–QWTREND provides users 
the option of specifying time periods for trend analysis and 
recommends the user include a “no-trend or null model” as a 
reference for identifying the best model among user-defined 
time periods. For this study, the no-trend model was used to 
compute FACs for metallic contaminants to provide consis-
tency among results. A remarks code (remxx = c(“NPSVL”)) 
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was included as an argument in the R–QWTREND function 
“runQWmodel” to discern NPS water-quality samples from 
USGS samples.

Wilcoxon rank-sum and Welch’s two-sample t-tests were 
applied to ln-transformed data (Helsel and others, 2020). 
During the period of record, NPS and USGS data did not 
have an equal number of samples, with NPS samples rang-
ing from 15 to 32 samples and USGS samples ranging from 
75 to 79 samples for each MCC. Under ideal conditions of 
homogeneous, well-mixed streamflow, there would be no 
differences between NPS and USGS water-quality samples 
results attributed to field data collection techniques. Use of 
identical laboratory analytical methods for USGS and NPS 
collected samples also would be expected to produce little 
or no differences in results. This is not the case for typical 
water-quality field sampling and laboratory analysis, and it is 
expected that differences in field data collection methods and 
variations in laboratory analytical methods would likely yield 
some measure of bias. Gray and others (2000) determined that 
differences in laboratory analytical methods for SSC aliquot 
samples, which analyze a subsample of the whole sample, 
underestimated SSCs when compared to whole-sample labora-
tory analysis. Groten and Johnson (2018) determined that grab 
sampling for suspended sediment (total-suspended solids) 
and laboratory aliquot analysis were biased low compared to 
EWDI sampling and whole-sample laboratory analysis for 
SSCs. Their study indicated that differences in field data col-
lection methods accounted for significant differences between 
EWDI and grab sampling methods ranging from 13 and 41 
percent in SSCs, whereas laboratory analysis for whole sample 
analysis as compared to aliquot sample analysis indicated that 
aliquot sample analysis underestimated SSCs, ranging from 19 
to 32 percent (Groten and Johnson, 2018).

Results of comparison tests between median NPS and 
USGS unfiltered total-recoverable flow-adjusted MCCs are 
presented in table 13 and illustrated in figure 24. Means and 
medians of unadjusted concentrations are included in table 13 
for examination of raw differences between unadjusted and 
adjusted concentrations.

Comparisons between NPS and USGS water-quality 
samples, after adjustment for effects of variation in stream-
flow, indicated small differences in median values for 6 out of 
7 MCCs, with MCCs in USGS samples slightly larger than in 
NPS samples for 5 of the 7 metallic contaminants. Cadmium 

and zinc are exceptions with NPS sample median values being 
larger when compared to USGS samples. The median value 
of zinc samples (n=29) collected by NPS was not significantly 
larger than USGS samples (n=76), whereas the NPS median 
value of cadmium samples (n=30) collected by NPS was 
significantly larger than USGS (n=79) median value (table 13) 
at the 0.05 significance level. Although arsenic, copper, iron, 
lead, and manganese indicated total-recoverable flow-adjusted 
median values from USGS samples were slightly larger than 
NPS sample median values, Wilcoxon rank-sum and Welch’s 
two-sample t-test did not indicate that the differences were 
statistically significant at the 0.05 significance level. For this 
study, USGS samples were assumed to be the reference value 
for the purpose of computing percent differences, which is 
attributed to more rigorous EWDI data collection methods 
as compared to grab sampling. Given that cadmium is the 
exception, differences in NPS and USGS field sampling and 
laboratory analytical methods did not translate to significant 
differences in sample results or produce negative bias in NPS 
FACs. For arsenic, copper, iron, lead, and manganese, percent 
differences between NPS and USGS samples ranged from 2.2 
to 10.5 percent, with USGS samples having larger, but not sig-
nificantly different, median values. For zinc, NPS and USGS 
flow-adjusted median value was virtually the same (24.7 com-
pared to 23.0 µg/L, respectively), whereas NPS median cad-
mium was significantly larger than USGS median value using 
the Wilcoxon rank-sum test, but not significantly different 
using Welch’s two-sample t-test (p-value=0.047 and 0.2812, 
respectively; table 13), with NPS cadmium median value 55 
percent larger than the USGS median. Lack of significant 
differences between NPS and USGS water-quality samples 
may in part be an artifact of the homogeneity and well-mixed 
conditions represented at the sampling sites. The Clark Fork is 
a relatively small river with comparatively low concentrations 
of sediment in suspension dominated by fine-size particles, 
which is the primary transport mechanism for MCCs. Further 
investigation regarding the cause of the difference between the 
NPS unfiltered total-recoverable flow-adjusted cadmium and 
the USGS median cadmium is beyond the scope of this report.
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Table 13. Comparison of unfiltered total-recoverable flow-adjusted metallic-contaminant concentration samples collected by U.S. Geological Survey at Clark Fork at Deer 
Lodge, Montana (U.S. Geological Survey streamgage 12324200; U.S. Geological Survey, 2021a) and samples collected by National Park Service at Clark Fork at Grant-Kohrs 
Ranch National Historic Site, Mont. (Rocky Mountain Inventory & Monitoring Network, 2023), in the upper Clark Fork Basin, Montana, for years 2010–19.

[µg/L, microgram per liter; p-value, probability value; NPS, National Park Service; USGS, U.S. Geological Survey]

Constituent Agency
Years samples 

collected
Number of 
samples

Mean 
(non-flow 
adjusted) 

(µg/L)

Median 
(non-flow 
adjusted) 

(µg/L)

Mean 
(flow adjusted) 

(µg/L)

Median  
(flow adjusted) 

(µg/L)
p-value1 p-value2 Percent 

difference

Arsenic NPS 2010–12; 
2014–19

32 16.7 16.0 14.4 14.1 0.646 0.8841 2.7

USGS 2010–19 77 22.1 17.5 14.7 14.5
Cadmium NPS 2011–12; 

2014–19
30 0.254 0.270 0.258 0.234 30.047 0.2812 −55

USGS 2010–19 79 0.307 0.194 0.182 0.152
Copper NPS 2010–12; 

2014–19
32 35.1 28.2 26.0 24.8 0.2181 0.1384 10.5

USGS 2010–19 75 73.9 35.4 30.5 27.7
Iron NPS 2011–12; 

2014–16
17 470 396 355 309 0.3292 0.5232 2.2

USGS 2010–19 78 1,157 565 368 316
Lead NPS 2010–12; 

2014–19
33 4.3 4.1 3.4 3.0 0.7038 0.7754 3.2

USGS 2010–19 75 9.0 4.5 3.5 3.1
Manganese NPS 2011–12; 

2014–16
15 77.7 85.0 70.7 68.4 0.3116 0.2506 7.7

USGS 2010–19 79 128.2 103.0 80.6 74.1
Zinc NPS 2011–12; 

2014–19
29 31.3 26 29.9 24.7 0.9686 0.3542 −7.4

USGS 2010–19 76 55.5 32.9 24.7 23.0

1Wilcoxon rank-sum test with continuity correction (Helsel and others, 2020).
2Welch's two-sample t-test (Helsel and others, 2020).
3p-value significant at alpha = 0.05.
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Summary

Simple linear regression (SLR) models were developed 
to provide the best model for predicting metallic-contaminant 
concentrations (MCCs) and suspended-sediment concen-
trations (SSCs) at two U.S. Geological Survey (USGS) 
streamgages on the Clark Fork River (hereafter referred to 
as “the Clark Fork”) on either side of Grant-Kohrs Ranch 
National Historic Site (GRKO) near Deer Lodge, Montana: 
Clark Fork at Deer Lodge, Mont. (streamgage 12324200; 
hereafter referred to as “Clark Fork at Deer Lodge”) and 
Clark Fork above Little Blackfoot River near Garrison, Mont. 
(streamgage 12324400; hereafter referred to as “Clark Fork 
near Garrison”). A stepwise regression approach was used to 
develop statistical models to predict MCCs and SSCs based 
on instantaneous values of streamflow, turbidity, and acoustic 
data. Discrete water-quality samples collected in water years 
2019–20 were distributed over the range of fixed-point turbid-
ity, acoustics, and streamflow measurements, with emphasis 
placed on medium and high streamflow periods. Although 
streamflow was determined to be a significant explanatory 
variable for MCCs and SSCs, it explained less variability in 
the SLR models compared to turbidity and acoustics (LISST–
ABS) and did not contribute significantly to justifying its 
use in a more complex multiple linear regression model. The 
LISST–ABS acoustic sensors had excessive drift, did not 
meet USGS calibration criteria and maximum allowable limits 
for sensor drift, and could not be used in the development of 
time-series models. Therefore, turbidity in an SLR model was 
used for reliable computations of time-series MCCs and SSCs. 
Nash-Sutcliffe Efficiency (NSE) values were used to evaluate 
the effectiveness of predictive models to approximate mea-
sured MCCs and SSCs, and model bias was calculated as an 
additional check on model accuracy.

Using turbidity as the sole explanatory variable, coef-
ficient of determination (R2) values for SLR predictive models 
ranged from 0.89 for cadmium to 0.96 for iron and lead at 
Clark Fork at Deer Lodge and ranged from 0.89 for manga-
nese to 0.98 for cadmium, iron, and zinc at Clark Fork near 
Garrison. For SLR models, R2 values exceeded 0.90 in 9 of 12 
models. The metalloid trace element arsenic had an R2 value of 
0.55 at Clark Fork at Deer Lodge and 0.69 at Clark Fork near 
Garrison. Goodness-of-fit computations for NSE values and 
model biases followed similar patterns as R2 values, indicat-
ing that turbidity was a strong predictor of MCCs at both sites. 
NSEs ranged from 0.84 for cadmium at Clark Fork at Deer 
Lodge to 0.98 for zinc at Clark Fork near Garrison. NSE val-
ues for 9 out of 12 models exceeded 0.90, whereas NSE values 
for arsenic averaged 0.70 for both sites. A check of statistical 
models for biases indicated little or no bias in SLR models for 
MCCs and the metalloid trace element arsenic, ranging from 
−7.2 percent for copper at Clark Fork at Deer Lodge to −0.1 
percent bias for lead at Clark Fork near Garrison. Model bias 
for arsenic was −4.2 percent for Clark Fork at Deer Lodge 

and −1.4 percent for Clark Fork near Garrison. For all SLR 
models, model biases were less than 5 percent for 13 out of 
14 models.

Time-series instantaneous and daily MCCs and SSCs 
were calculated using log-transformed SLR models. There 
were no computed values extrapolated beyond the upper range 
of turbidity as the explanatory variable. Although there were 
periods of missing turbidity measurements, there were a large 
number (60,751) of instantaneous values computed for MCCs 
and SSCs from the 15-minute data collection interval. To 
simplify viewing of the graphical time-series, interpreting the 
data, and computing loads, daily mean values in addition to 
instantaneous values were computed and used for computing 
MCCs and SSCs.

The application of high-resolution time-series data pro-
vided insight on MCC transport, magnitude, and was used to 
infer contaminant source and fate. For example, using copper 
as a representative contaminant, it was determined that during 
initial snowmelt runoff freshet in 2019, copper concentration 
peaked at its highest value at streamflows markedly lower 
and prior to peak streamflow at Clark Fork at Deer Lodge and 
Clark Fork near Garrison. During initial snowmelt freshet, 
MCCs indicated higher response rates to elevated streamflow 
at Clark Fork near Garrison when compared to Clark Fork at 
Deer Lodge. In 2019, peak copper concentration during snow-
melt freshet at Clark Fork near Garrison was 1.7 times higher 
than the peak concentration at Clark Fork at Deer Lodge. In 
2020, peak copper concentration during snowmelt freshet at 
Clark Fork near Garrison was 1.5 times higher than the peak 
concentration at Clark Fork at Deer Lodge.

High-resolution time-series data revealed that copper 
concentrations at the Clark Fork at Deer Lodge exceeded 
chronic aquatic-life standards (16.1 micrograms per liter 
[µg/L]) 90 percent of the time for streamflow that exceeded 
200 cubic feet per second (ft3/s) and exceeded acute aquatic-
life standards (25.5 µg/L) 85 percent of the time when 
streamflow exceeded 260 ft3/s. For Clark Fork near Garrison, 
copper concentrations exceeded chronic aquatic-life standards 
(16.6 µg/L) 85 percent of the time when streamflow exceeded 
250 ft3/s and exceeded acute aquatic-life standards (26.4 µg/L) 
50 percent of the time when streamflow exceeded 280 ft3/s.

The R–LOADEST statistical package was used to com-
pute annual and daily metallic-contaminant loads (MCLs) 
and suspended-sediment loads (SSLs) along with 95-percent 
prediction intervals. R–LOADEST calculated loads were com-
pared to time-series computed loads to evaluate the applicabil-
ity of time-series data for calculating daily and annual MCLs 
and SSLs. Prediction intervals were calculated to provide a 
measure of the uncertainty in load calculations. As an alterna-
tive to gain insight on relative site yield, metallic-contaminant 
yields were determined by dividing total annual load by the 
drainage area of the monitoring site.

Results from annual load estimates indicated an increase 
in loading for all metallic contaminants between Clark Fork 
at Deer Lodge and Clark Fork near Garrison. Annual arsenic 
loads from times-series models at Clark Fork at Deer Lodge 
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and Clark Fork near Garrison were 7.90 and 8.65 tons per 
year, respectively, in 2019, and 7.61 and 8.80 tons per year 
in 2020, respectively, indicating an increase in arsenic load 
downstream. In contrast, arsenic yield at the two sites was 
15.9 and 15.2 pounds per square mile (lbs/mi2) in 2019 and 
15.3 and 15.5 lbs/mi2, respectively, at both sites in 2020, indi-
cating nearly identical yields for arsenic at both sites. Copper 
had annual loads in 2019 of 24 and 29.9 tons per year at Clark 
Fork at Deer Lodge and Clark Fork near Garrison, respectively 
in 2019, and had loads of 19.7 and 29.6 tons per year in 2020, 
respectively, with corresponding yields of 48.2 and 52.4 lbs/
mi2, respectively, in 2019, and 39.6 and 52.1 lbs/mi2 in 2020, 
respectively, indicating an increase in copper yield along the 
downstream gradient between the two sites. For suspended 
sediment, time-series annual loads in 2019 were 17,830 and 
23,218 tons per year, respectively, and 13,568 and 22,622 tons 
per year in 2020, respectively, at Clark Fork at Deer Lodge 
and Clark Fork near Garrison, with corresponding yields of 
17.9 and 20.4 tons per square mile, respectively, in 2019, and 
13.6 and 19.9 tons per square mile, respectively, in 2020, 
indicating an increase in yield along the downstream gradient 
between the two sites. Other constituents indicated similar pat-
terns for annual loads and yields.

R–QWTREND trend analysis software was used to 
calculate unfiltered total-recoverable flow-adjusted concentra-
tions for National Park Service (NPS) and USGS water-quality 
samples prior to applying statistical tests to NPS and USGS 
data. Wilcoxon rank-sum and Welch’s two-sample t-test were 
applied to natural log transformed data. Comparisons between 
NPS and USGS water-quality samples, after adjustment for 
effects of variation in streamflow, indicated small differences 
in values for 6 out of 7 MCCs, with USGS median values 
slightly larger in 5 of 7 NPS samples. Cadmium and zinc are 
exceptions with NPS sample median values larger when com-
pared to USGS samples. Wilcoxon rank-sum and Welch’s two-
sample t-test did not indicate the small differences in 6 of 7 
median values between NPS and USGS water-quality samples 
(cadmium is an exception) were statistically significant at the 
0.05 significance level. USGS samples were assumed to be 
the reference value for the purpose of computing percent dif-
ferences, which was attributed to more rigorous equal-width 
depth integrating data collection methods as compared to grab 
sampling; however, differences between NPS and USGS field 
sampling and laboratory analytical methods did not translate 
to significant differences in sample results or indicate negative 
bias in NPS water-quality samples.
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