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Dissolved Arsenic Concentrations in Surface Waters
Within the Upper Portions of the Klamath River Basin,

Oregon and California

By Marie Noéle Croteau,! Brent R. Topping,! and Rick A. Carlson?

Abstract

Arsenic toxicity is an environmental health problem.
Levels of arsenic in surface waters at some locations in
the Klamath River Basin in southern Oregon and northern
California can exceed the U.S. Environmental Protection
Agency (EPA) standard for drinking water. There are both
anthropogenic and natural sources of arsenic. The Klamath
River Basin consists primarily of volcanic deposits and
contains an underground geothermal system with hot
springs and warm water wells, all known natural sources of
arsenic. Anthropogenic sources of arsenic are related to the
agricultural use of herbicides, fungicides, and insecticides.
Surface water arsenic levels can also be affected by fertilizer
amendments, evaporative concentration, oxygen-level
depletion, and various geochemical transformations that can
increase arsenic mobilization.

In this study by the U.S. Geological Survey and the
Bureau of Reclamation, dissolved concentrations of arsenic,
copper, and lead were measured in surface waters at 39 unique
sites within the upper portions of the Klamath River Basin
between 2018 and 2022. In every year, except 2022, sites
were sampled four times between April and November.
Surface-water arsenic concentrations varied up to four-orders
of magnitude among sites. Median arsenic concentration was
lowest at Cherry Creek (0.03 micrograms per liter [pg/L])
and highest at Wood Kimball Spring (36.7 pg/L), two sites
located north of Upper Klamath Lake. The highest arsenic
concentrations (17.4+4.9 pg/L, n=3) were found in drain
sites (defined here as a waterbody returning used irrigation
water) while the lowest arsenic concentrations were found
in an artesian well (0.8 pg/L, n=1). The elevated arsenic
concentrations of the drain sites suggest that arsenic might
be concentrated or mobilized by agricultural activities, water
re-use practices, and (or) by geochemical processes occurring
around water stored in drains (that is, in the water column
and across sediment water boundaries). A source of arsenic
in drain water in the Klamath Strait Drain area includes water
used for irrigation originating from Ady Canal. Other potential
sources include groundwater, geothermal water, and local soils
and sediments.

1U.S. Geological Survey

2Bureau of Reclamation

Seasonal differences in surface-water arsenic
concentrations were detected at 13 sites, 10 of which had
higher arsenic concentrations in summer than in either spring
or fall. The sites sampled around Upper Klamath Lake, the
impounded rivers, one of the two canal sites, and 5 of the
14 river sites had higher surface-water arsenic concentrations
in the summer than in either spring or fall. Surface-water
arsenic concentrations from groundwater sources (that is,
springs and in the artesian well) did not vary significantly
among seasons (p-values greater than 0.1).

Median surface-water concentrations of copper and
lead ranged from 0.03 to 3.7 pg/L, and from 0.013 to
0.175 pg/L (n=2-18), respectively. Dissolved concentrations
of both metals were below acute toxicity endpoints reported
by the EPA for freshwater animals. Surface-water arsenic
concentrations varied independently from corresponding
changes in surface-water lead or copper concentrations.
However, arsenic concentrations measured in bed-sediment
samples collected from a subset of sites located north of Upper
Klamath Lake correlated strongly and significantly with the
corresponding sedimentary lead concentrations (p=0.015).

Aqueous arsenic speciation measured in a subset of sites
in 2019 and 2022 showed that all the arsenic existed as arsenic
(V), the most oxidized arsenic species, and presumably, the
least toxic. The highest proportions of arsenite (As(IIl)), the
presumably most toxic arsenic species, relative to total arsenic
concentrations were found at drain sites.

Our assessment of dissolved arsenic concentrations in
various surface-water bodies in the Upper Klamath River
Basin reveals geographical areas of consistently low (below
2.1 pg/L), moderate (below 10 pg/L) and high (above
10 pg/L) surface-water arsenic concentrations. South of Upper
Klamath Lake, surface-water arsenic concentrations were
consistently higher than 20 pg/L at two drain sites located in
an area of predominant agricultural land use with extensive
water re-use practices. North of Upper Klamath Lake,
surface-water arsenic concentrations greater than 20 pg/L were
consistently measured at sites with limited nearby agricultural
activities, suggesting a geogenic source. The consistently high
arsenic levels from the Wood River at Jackson F. Kimball
State Park, Fort Creek, and Crooked Creek, which are sites
located at or near headwater spring sources, suggest a natural
background source of arsenic. Water flowing downstream
from this area could be a potential source of arsenic to Upper
Klamath Lake and the Upper Klamath River.
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Introduction

Arsenic toxicity is an environmental health problem.
Acute exposure to arsenic in humans can cause severe
toxicity. Symptoms of acute toxicity include gastrointestinal
discomfort, vomiting, convulsions, cancer, coma, and death
(Hughes 2002; Choudhury and others, 2018). Chronic
exposure to inorganic arsenic can elicit subacute adverse
effects that include skin lesions, cirrhosis, and diabetes
(Hughes, 2002). In the United States, exposure to arsenic
in drinking water has been identified as a health concern
in states where bedrock contains naturally high levels of
arsenic. The U.S. Environmental Protection Agency (EPA)
and World Health Organization have set the drinking water
arsenic standard to 10 parts per billion (10 micrograms per
liter [png/L]) to mitigate effects of long-term arsenic exposure
to humans (EPA, 2001). More stringent criteria have also
been established by states. For instance, the human health
water-quality criterion (WQC) for arsenic set by the Oregon
Department of Environmental Quality (DEQ) is 2.1 pg/L
(Sturdevant, 2011).

Arsenic occurs naturally in the Earth’s crust. Shales,
slates, hydrothermal ore deposits, and volcanic rocks are
commonly associated with elevated groundwater arsenic levels
(Smedley and Kinniburgh, 2002). More than 245 minerals
contain arsenic (Bissen and Frimmel, 2003). The most
common type of arsenic minerals are sulfide minerals,
which includes arsenopyrite (O’Day, 2006). As gold tends
to associate with pyrite and arsenopyrite, arsenic is also
often found in association with gold deposits (for example,
Kuwabara others, 1990). Arsenic from geogenic sources can
be mobilized by a variety of processes including alkaline
desorption, anionic competition, reactive glass dissolution, and
reductive dissolution of iron oxides (Ferreira, 2016).

In western Oregon, there are well-documented
occurrences of geogenic arsenic contamination of
groundwater. For example, Stoner and others (1977)
reported arsenic levels exceeding the EPA drinking water
criterion of 10 parts per billion (10 pg/L; EPA, 2001) in
53 of 174 surveyed wells. Hinkle and Polette (1999) reported
exceedances of the EPA drinking water limit of 50 pg/L
(at the time in 1999) in 8 percent of groundwater samples
(n=728) collected in the Willamette Basin. Arsenic mobilized
from volcanic tuffs and tuffaceous sediments from the
late Eocene and Oligocene Fisher and Oligocene Eugene
Formations, and the Oligocene and early Miocene Little
Butte Volcanics explained these high arsenic groundwater
concentrations (Hinkle and Polette, 1999; Ferreira 2016). The
Upper Klamath Basin is also composed largely of volcanic
rocks (Gannett and others, 2007). Klamath Basin studies
have shown variable but occasionally high concentrations
of arsenic in water (Sorenson and Schwarzbach, 1991;
Kuwabara and others, 2016). Similar to arsenic contamination
in western Oregon, arsenic exceedances of the EPA
drinking-water limit have been largely ascribed to the natural
geologic conditions of the Klamath Basin (Sorenson and
Schwarzbach, 1991; Oregon DEQ, 2019).

Aside from atmospheric input from smelting operations
and fossil-fuel combustion (Cullen and Reimer, 1989),
common anthropogenic sources of arsenic to the environment
include agricultural uses of herbicides, fungicides, and
pesticides as well as wood preservatives (Bissen and Frimmel,
2003). For instance, arsenical herbicides have been widely
applied to cotton fields, orchards, golf courses, and to dry
out plants before harvesting. Prior to the introduction of
dichlorodiphenyltrichloroethane (DDT) in 1947, arsenate
pesticides (including lead [Pb] arsenate, copper [Cu] arsenate,
and calcium [Ca] arsenate) were commonly used in agriculture
(Bissen and Frimmel, 2003; Hughes and others, 2011).
Although they were banned in 1988 by the EPA due to the
poisonous nature of arsenic compounds, surface-reactive
arsenic may persist in agricultural soils due to prior
pesticide application.

Agriculture is a vital activity in the Klamath region.
There are approximately 557,000 acres of privately owned
land used for farming; nearly 6 percent of the Klamath Basin
total land (https://sciencepolicy.colorado.edu/klamathbasin/
background/physical.html). Numerous hydrological features
such as irrigation ditches, canals, and reservoirs are used to
capture, store, and divert surface water to supply farmers
with irrigation water, especially south (down gradient) of
Upper Klamath Lake. In addition to possible anthropogenic
sources of arsenic to surface waters, the physicochemical
conditions of the water, and adjacent bed sediments associated
with these waterbodies affected by agricultural activities, can
favor arsenic mobilization, accumulation, and concentration.
For instance, water evaporation, or evapoconcentration, can
increase solute concentrations (Ong and others, 1995), while
fertilizer amendments can influence arsenic speciation and
mobility (Battaglia-Brunet and others, 2021). Arsenic can
also be mobilized by favorable pH values, redox conditions,
temperatures, and solute concentrations, including phosphate
and organic matter (Smedley and Kinniburgh, 2002; Campbell
and Nordstrom 2014). Diurnal variations in pH due to
photosynthetic activity can further affect surface-water arsenic
concentrations by influencing adsorption-desorption reactions
at mineral surfaces (Fuller and Davis, 1989).

Arsenic often changes forms as it moves through
the aqueous environment. Depending on the biological,
chemical, and geological conditions, arsenic can be
present as different chemical species, including arsenite
(arsenic(III)), arsenate (arsenic(V)), and organic species
such as monomethylarsonate (MMA), and dimethylarsinate
(DMA) (Bissen and Frimmel, 2003). Methylated forms of
arsenic are thought to result from detoxification processes
(Thirunavukkarasu and others, 2002). Although the inorganic
forms of arsenic usually dominate in natural freshwaters,
organic arsenic species can be important in eutrophic
systems (Rahman and Hasegawa, 2012). Arsenic(V) is
the thermodynamically stable state in oxic waters, while
arsenic(III) is predominant in reducing conditions (Cullen and
Reimer, 1989). The biological availability and toxicological
effects of arsenic depend on its chemical forms, and not on
the total aqueous arsenic concentration (Cullen and Reimer,
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1989). For example, inorganic arsenic has a high toxicity
level and increases cancer risks (Hughes, 2002), whereas
methylated forms of arsenic are generally considered
non-toxic (Thirunavukkarasu and others, 2002). Although
toxicity of arsenic(Ill) is in general greater than that of
arsenic(V), mechanisms of toxicity for both inorganic redox
states have been well studied (Hughes, 2002).

In this study, the U.S. Geological Survey (USGS) and
Bureau of Reclamation (Reclamation) measured dissolved
concentrations of arsenic, copper, and lead in surface waters
at 39 sites within the Upper Klamath Basin between 2018 and
2022. Because surface-water lead and copper concentrations
are naturally low in the region (Carpenter and others, 2009),
their dissolved concentrations were used as potential proxies
for lead- and copper-based arsenate pesticides. Except in 2022,
sites were sampled four times per year, between late April and
November, bracketing both the annual cyanobacterial bloom
in Upper Klamath Lake and the most intensive agricultural
season (Kuwabara and others, 2016). Data were used to
provide an assessment of dissolved arsenic concentrations
in various surface-water bodies in the Upper Klamath Basin,
including Klamath Strait Drain, whose water is considered
impaired, that is, section 303(d) listed under the Clean Water
121°30'

Methods 3

Act of 1972 (33 U.S.C. 1251 et seq.). Data were also used to
help identify arsenic sources in the region and assess potential
for arsenic toxicity at a subset of sites.

Methods

All glass and plastic materials used in the collection,
preparation, and storage of the samples were cleaned thoroughly
to remove metal contamination. Cleaning consisted of
sequential immersion in a detergent bath for at least 24 hours,

a rinse in deionized water, and then immersion in a 10-percent
nitric acid (HNOs) bath. After at least 72 hours, immersed
materials were rinsed three times with deionized water, followed
by one final rinse with double-deionized water (approximately
18 megohm centimeter [MQ cm] resistivity). Materials were
then dried in a dust-free (HEPA filtered) positive-pressure
environment. Prior to field collection, syringes were filled with
double-deionized water and individually sealed in plastic bags.

Field Collection and Water Body Types

Surface water was collected at 39 sites located in the
Upper Klamath Basin from 2018 to 2022 (fig. 1). Waterbody
types included springs (6 sites), creeks (8 sites), rivers
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(14 sites), canals (2 sites), drains (defined here as a waterbody
returning used irrigation water, 3 sites), river impoundments
(2 sites), lakes (namely 3 sites on Upper Klamath Lake), and
an artesian well (table 1). Except in 2022, sites were sampled

Table 1.

four times per year between late April and November. Samples
were collected only in April and June in 2022. Sampling
occurred mostly over two consecutive days, and the listed date
in tables 2—6 corresponds to the first day of sampling.

Locations of the 39 sampling sites in the Klamath Region, Oregon and California, and waterbody types at the site locations.

[Coordinate information is referenced to the World Geodetic System 1984 (WGS 84), listed in decimal degrees. Canal, waterbody bringing water from rivers
and lakes; drain, a waterbody returning used irrigation water. N, north; W, west; Reclamation, Bureau of Reclamation; KSD, Klamath Strait Drain; USGS, U.S.
Geological Survey; TNC, The Nature Conservancy.]

Site Site location details Latitude (N) Longitude (W)  Waterbody type
Ady Canal Ady Canal at Highway 97 42.08104 121.84554 Canal
Agency Ramp Upper Klamath Lake at Agency Lake boat ramp 42.52950 121.92978 Lake
Annie Annie Creek Sno-Park near Crater Lake National Park 42.76392 122.05897 Creek
Fourmile Well Artesian well near lower Fourmile Creek 42.60912 122.05881 Artesian well
Cherry Cherry Creek at Reclamation streamgage 42.59903 122.09450 Creek
Crooked Crooked Creek at Highway 62 42.64378 121.94494 Creek
Fort Creek Fort Creek near headwaters 42.70239 121.96308 Creek
Hagelstein Barkley Spring at Hagelstein Park 42.38236 121.81125 Spring
Harriman Harriman Springs 42.46736 122.10050 Spring
Klamath R. Bypass Klamath River at Highway 140 Bypass 42.19178 121.78461 Impounded river
Klamath R. Keno Klamath River at Keno Dam 42.13448 121.94804 Impounded river
KSD F-FF Klamath Strait Drain at Pumping Plants F-FF 42.07987 121.84368 Drain
KSD Headworks Klamath Strait Drain at headworks 41.99672 121.78172 Drain
Link Below Dam Link River below Link River Dam 42.23178 121.80061 River
Lost Clear Dam Lost River below Clear Lake Dam 41.92772 121.07419 River
Lost Crystal Lost River at Crystal Springs Road 42.15507 121.66342 River
Lost Harpold Lost River below Harpold Dam 42.16959 121.45354 River
Lost Malone Lost River at Malone Dam 42.00654 121.22406 River
Lost Ander-Rose Lost River at Anderson-Rose Dam 42.01041 121.56185 River
Malone Malone Springs 42.53056 122.08581 Spring
Mares Egg Mare’s Egg Spring 42.66039 122.08800 Spring
Modoc Point Upper Klamath Lake near Modoc Point 42.43900 121.86786 Lake
North Fork Sprague North Fork Sprague River 42.49670 121.00787 River
Odessa Odessa Creek 42.43119 122.06050 Creek
PP-D Tule Pumping Plant D 41.92489 121.56651 Drain
Sevenmile Agency Sevenmile Canal at Agency Lake 42.58200 121.97097 Canal
Sevenmile Guard Sevenmile Creek at guard station 42.70503 122.07472 Creek
South Fork Sprague South Fork Sprague River near Bly, Oregon 42.37324 120.96786 River
Sprague USGS Sprague River at USGS streamgage 42.58439 121.84258 River
Spring USGS Spring Creek at USGS streamgage 42.64205 121.87753 River
Sun Creek Sun Creek 42.76225 122.01600 Creek
Tecumseh Tecumseh Spring 42.64190 121.94300 Spring
Wocus Upper Klamath Lake at Wocus Bay boat ramp 42.31458 121.94219 Lake
Upper 4-Mile Upper Fourmile Creek 42.62820 122.07048 Creek
Will River Marsh Williamson River near Klamath Marsh National Wildlife 42.96523 121.57836 River

Refuge headquarters

William USGS Williamson River at USGS streamgage 42.74031 121.83419 River
WillRiv TNC Williamson River at The Nature Conservancy boat ramp 42.49392 121.93661 River
Wood Kimball Wood River at Jackson F. Kimball State Park 42.73753 121.97778 Spring
Wood USGS Wood River at USGS streamgage 42.64631 121.99481 River




Table 2. Dissolved arsenic concentrations in surface-water samples collected in 2018 at 37 sites in the Klamath River Basin, Oregon

and California.

Methods

[Data from Hill and others (2021). Monthly concentrations are reported as mean + deviation (n=2). Means for monthly concentrations were summarized and

reported as annual mean + standard error (SEM) (n=1-4). Metal concentrations below method detection limits (MDL) were ascribed a value corresponding to
half the MDL for the calculations. Date in month/day/year format. pg/L, micrograms per liter; NS, not sampled; <MDL, concentration below method detection

limit; KSD, Klamath Strait Drain; USGS, U.S. Geological Survey; TNC, The Nature Conservancy; —, not applicable]
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Site Concentrationon  Concentrationon  Concentrationon  Concentration on Annual SEM (pg/L)
5/29/2018 (pg/L) 7/11/2018 (pg/L) 8/15/2018 (pg/L) 9/19/2018 (pg/L)  mean (pg/L)

Ady Canal 7.1£0.11 8.3+0.02 8.9+0.02 6.3+0.03 7.6 0.59
Agency Ramp 10.1£0.05 22.840.2 25.1£0.2 13.1£0.05 17.8 3.7

Annie 0.33£0 0.35+0.01 0.49+0.01 0.48+0 0.41 0.04
Fourmile Well NS 0.83+0 0.71+0.01 0.81+0.01 0.78 0.04
Cherry <MDL <MDL 0.04+0 0.03+0 0.03 0.01
Crooked 16.5+0.15 15.4+0.05 15.9+0.2 15.9+0.05 15.9 0.22
Fort Creek 19.7+0.45 20.4+0.05 20.7+0.15 21.6£0.2 20.6 0.4

Harriman <MDL <MDL 0.060 0.07+0 0.04 0.02
Klamath R. Bypass 4.44+0.02 6.6+0.05 8.6+0.01 6.3+0.01 6.5 0.86
Klamath R. Keno 4.8+0.06 9.4+0.01 9.440.08 5.8+0.08 7.3 1.2

KSD F-FF 39.240.95 23.6+0 15.4+0.05 16.6+£0.05 23.7 5.5

KSD Headworks 15.9+0.1 24.4+0.1 22.5+0.05 17.3+0.35 20.0 2.0

Link Below Dam 3.8+0.11 6.5+0 8.9+0.1 7.1£0.03 6.6 1.1

Lost Clear Dam 0.85+0 1.1+0.01 1.3+0.01 1.6+0 1.2 0.15
Lost Crystal 1.7+0.01 4.840.01 6.7£0.07 4.0+0.01 43 1.0

Lost Harpold 1.0+0.18 1.2+0.01 1.2+0.01 1.2+0.02 1.1 0.04
Lost Malone 0.98+0.21 0.97+0.01 1.2+0.01 1.4+0.01 1.1 0.09
Lost Ander-Rose 4.1£0.03 6.6+0.01 7.8+0.06 6.5+0.07 6.2 0.79
Malone 0.16+0 0.60+0 0.70+0.01 0.66+0.06 0.53 0.13
Mares Egg 0.15+0.01 0.24+0 0.37+0 0.35+0 0.28 0.05
Modoc Point 4.1£0 6.5+0.03 NS NS 5.3 1.2

North Fork Sprague <MDL <MDL <MDL 0.03+0 0.02 0.01
Odessa 3.0+0.06 1.2+0.06 0.23+0.01 0.17+0 1.1 0.67
PP-D Tule 15.8+0.35 7.5+0.10 7.5+0 10.8+0.05 10.4 1.9

Sevenmile Agency 0.18+0.01 2.7+0.18 2.1+0.01 1.0+0 1.5 0.55
Sevenmile Guard 3.42+£0.05 0.13+0.01 0.23+0 0.20+0 0.18 0.03
South Fork Sprague 0.15 0.19+0 0.30+0 0.27+0.01 0.23 0.04
Sprague USGS 0.30+0 0.36+0.01 0.47+0 0.41+0 0.39 0.04
Spring USGS 2.5+0.01 2.5+0.02 2.6+0.01 2.7+0 2.6 0.06
Sun Creek NS 0.14+0.01 0.22+0 0.19+0 0.18 0.02
Wocus 3.9+0.07 6.3+0 8.4+0 6.2+0.02 6.2 091
Upper 4-Mile NS 0.64+0 0.43+0.01 0.55+0 0.54 0.06
Will River Marsh 0.10+0.01 0.05+0 <MDL 0.11£0 0.07 0.02
William USGS 4.4+0.15 NS NS NS 4.4 —
WillRiv TNC 1.1+0.01 1.7+0.02 1.8+0.01 1.6+0 1.5 0.16
Wood Kimball 28.7+0.55 34.3+0.20 35.3+0.25 37.2+0.15 33.8 1.8

Wood USGS 11.5£0.05 12.9+0.05 12.9+0.10 14.2+0 12.9 0.56

aQutlier—Not included in calculations.
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Table 3. Dissolved arsenic concentrations in surface-water samples collected in 2019 at 38 sites in the Klamath River Basin, Oregon
and California.

[Data from Hill and others (2021). Monthly concentrations are reported as mean + deviation (n=2). Means for monthly concentrations were summarized and
reported as annual mean + standard error (SEM) (n=1-4). Metal concentrations below method detection limits (MDL) were ascribed a value corresponding to
half the MDL for the calculations. Access to Modoc Point was problematic and the site was dropped in 2019 and replaced by Hagelstein. Date in month/day/year
format. pg/L, micrograms per liter; NS, not sampled; <MDL, concentration below method detection limit; KSD, Klamath Strait Drain; USGS, U.S. Geological
Survey; TNC, The Nature Conservancy; —, not applicable]

Site Concentration on  Concentration on Concentration on Concentration on Annual SEM (ug/L)
6/05/2019 (pg/L) 6/26/2019 (pg/L) 7/24/2019 (pg/L) 9/18/2019 (pg/L) mean (pg/L)

Ady Canal 6.5+0.04 6.2+0.02 6.4=0.01 7.6+0.02 6.7 0.3

Agency Ramp 8.9+0.01 13.2+0.05 19.4+0.05 10.2+0.05 12.9 2.3

Annie 0.2+0 0.35+0.01 0.19+0.10 0.37+0.01 0.28 0.05
Fourmile Well 0.79+0 0.7+£0.03 0.64 0.63 0.69 0.04
Cherry <MDL <MDL <MDL <MDL 0.015 —

Crooked 15+0.07 15.8+0.15 16.1+0 15.2+0.2 15.5 0.25
Fort Creek 20.6+0.32 20.94+0.2 20.9+0.15 19.9+0 20.6 0.23
Hagelstein NS 0.37+0 0.39+0 0.39+0.01 0.38 0.01
Harriman 0.06+0.01 0.05+0 <MDL <MDL 0.04 0.01
Klamath R. Bypass 4.2+0.08 4.9+0.15 7+0.03 7.2+0.03 5.8 0.76
Klamath R. Keno 4.8+0.01 5.9+0.12 6.9+0.1 7.6+0.02 6.3 0.61
KSD F-FF 25.4+0.02 16.3£0.6 14.9+0.2 11.6+0 17.1 2.9

KSD Headworks 18.5+0.06 20.8+0.1 20.6+0.45 18.6+0.05 19.6 0.62
Link Below Dam 40 4.9+0.13 6.2+0.01 7.4+0.04 5.6 0.73
Lost Clear Dam 0.59+0.01 0.69+0 0.82+0.01 1.1+0 0.79 0.1

Lost Crystal 2.9+0.02 4.1£0.02 4.84+0.02 4.840.02 4.2 0.44
Lost Harpold 1.2+0 1.1£0.01 1.0+0.02 0.94+0 1.1 0.05
Lost Malone 0.55+0.01 0.69+0 0.78+0.01 1.1£0.01 0.77 0.11
Lost Ander-Rose 5.3+0.02 5.2+0.01 5.9+0.03 7.1£0.08 59 0.43
Malone 0.16+0 0.18+0 0.41+0 0.09+0 0.21 0.07
Mares Egg 0.29+0 0.28+0.03 0.274£0 0.17+0 0.25 0.03
Modoc Point 0.41+0.01 NS NS NS 0.41 —

North Fork Sprague 0.06+0.01 0.03 0.03+0.01 <MDL 0.03 0.01
Odessa 3+0.03 0.77+0.01 1.24+0.01 0.13£0 1.3 0.62
PP-D Tule 13.8+0.38 12.9+0.15 9.6+0.10 11.3+0.05 11.9 0.91
Sevenmile Agency 3.3+0.09 7.6+0.52 2.2+0.37 0.81+0.01 3.5 1.5

Sevenmile Guard 0.06+0 0.18+0.02 0.18+0.02 0.15+0 0.14 0.03
South Fork Sprague 0.13+0 0.16+0 0.18+0.01 0.19+0.01 0.16 0.01
Sprague USGS 0.29+0 0.38+0.01 <MDL 0.29+0.01 0.24 0.08
Spring USGS 2.540 2.5+0.02 2.5+0.01 2.4+0.04 2.5 0.02
Sun Creek NS NS 0.16+0.01 0.14+0 0.15 0.01
Wocus 440.05 4.5+0.01 5.8+0.04 7.3£0.05 5.4 0.74
Upper 4-Mile 0.20+0 0.5+0.01 0.41+0.01 0.37+0 0.37 0.06
Will River Marsh 0.17+0 0.09+0 <MDL 0.02+0.01 0.07 0.04
William USGS 3.1+0.01 NS NS NS 3.1 —
WillRiv TNC 0.94+0.01 1.5+0.01 0.98+0.78 1.5+0.03 1.2 0.14
Wood Kimball 35.2+0.25 36.2+0.1 36.3+£0.25 35.0+0.15 35.7 0.34

Wood USGS 9.5+0.07 10+0.08 8.0+0.72 11.6+0.15 9.8 0.74
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Table 4. Dissolved arsenic concentrations in surface-water samples collected in 2020 at 36 sites in the Klamath River Basin, Oregon

and California.

[Data from Hill and others (2021). Monthly concentrations are reported as mean + deviation (n=2). Means for monthly concentrations were summarized and
reported as annual mean + standard error (SEM) (n=1-4). Metal concentrations below method detection limits (MDL) were ascribed a value corresponding to
half the MDL for the calculations. Date in month/day/year format. pg/L, micrograms per liter; NS, not sampled; <MDL, concentration below method detection
limit; KSD, Klamath Strait Drain; USGS, U.S. Geological Survey; TNC, The Nature Conservancy; —, not applicable]
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Site Concentration on Concentration on Concentration on Concentration on Annual SEM (pg/L)
6/24/2020 (pg/L) 1/27/2020 (pg/L) 8/26/2020 (pg/L) 10/28/2020 (pg/L) mean (pg/L)
Ady Canal 7.5+0.11 9.1£0.01 10.1+£0.23 6.6+0.04 8.0 0.91
Agency Ramp 14.2+0.25 26.4+0.35 15.3+£0.05 3.1+0.01 14.7 4.8
Annie 0.4+0.01 0.47+0 0.5+0.01 0.47+0 0.46 0.02
Fourmile Well NS 0.77+0.03 0.83+0.03 0.83+0.02 0.81 0.02
Cherry <MDL 0.02+0.01 0.04+0 0.03+0.01 0.03 0.01
Crooked 17+0.1 16.7+0.05 12.8+0.35 15.8+0.1 15.6 0.97
Fort Creek 22.3+0.4 23.6+0.15 2340.15 22.8+0.15 22.9 0.26
Hagelstein 0.45+0.01 0.36+0 0.44+0.01 0.45+0 0.43 0.02
Harriman <MDL 0.09 0.07+0 0.05+0 0.05 0.01
Klamath R. Bypass 4.5+0.03 8.9+0.03 9.5+0.06 5.7+0.03 7.1 1.2
Klamath R. Keno 5.2+0.08 8.4+0.08 9.6+0.17 5.1+0.12 7.1 1.1
KSD F-FF 19+0.1 19.1+0.4 17.1+0.2 13.6+0.05 17.2 1.3
KSD Headworks 14.8+0.1 16.3£0.05 19.9+0 13.5+0.15 16.1 1.4
Link Below Dam 4.5+0 9.1+0.33 9.94+0.02 5.3+0.23 7.2 1.3
Lost Clear Dam 1.1£0.01 1.5+£0.03 1.8+£0.04 1.8+£0.03 1.5 0.17
Lost Crystal 4.7+0 7.9+0.04 5.6=£0.08 2.3+0.02 5.1 1.2
Lost Harpold 1.240.02 1.540.04 1.34£0.01 0.9740.01 1.2 0.1
Lost Malone 1.3+£0.02 1.4+0.01 1.7£0.05 1.7+0 1.5 0.11
Lost Ander-Rose 5.8+0.01 7.6£0.04 8.4+0.55 3.5+0 6.3 1.1
Malone 0.71+0.08 0.74+0.01 0.79+0.03 0.15+0.01 0.6 0.15
Mares Egg 0.24+0.01 0.31+0.06 0.35+0.01 0.31+0 0.3 0.02
North Fork Sprague 0.07+0.01 <MDL 0.04=+0 <MDL 0.04 0.01
Odessa 0.93+0.03 0.24+0.01 0.3£0.01 0.14+0 0.4 0.18
PP-D Tule 14.4+0.05 6.0+0.2 12.2+0.05 11£0.1 10.9 1.8
Sevenmile Agency 1.2+0.02 1.6+0.01 1.2+0.02 0.71£0 1.2 0.17
Sevenmile Guard 0.23+0 0.24+0.01 0.62+0.17 0.15+0 0.31 0.1
South Fork Sprague 0.17+0.01 0.33+0.02 0.36+0.01 0.29+0.01 0.29 0.04
Sprague USGS 0.45+0.01 0.55+0.01 0.59+0.01 0.41+0 0.5 0.04
Spring USGS 2.6+0.01 2.7+0.02 2.840.01 NS 2.7 0.06
Sun Creek NS 0.19+0.02 0.23£0 0.21£0 0.21 0.01
Wocus 4.1+0.04 8.4+0.53 9.3+0.17 8.1+0.07 7.5 1.1
Upper 4-Mile NS 0.56+0.02 0.64+0 0.64+0.01 0.61 0.03
Will River Marsh 0.04+0 0.09+0 0.12+0 0.08+0.01 0.08 0.02
WillRiv TNC 1.7+0.01 2+0.02 240.01 1.8+0.01 1.9 0.07
Wood Kimball 3940.5 40.2+0.35 39.94+0.35 40.3+0.65 39.8 0.28
Wood USGS 11.8+0 13.1£0.05 13.5+0.15 14.5+0.05 13.2 0.55
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Table 5. Dissolved arsenic concentrations in surface-water samples collected in 2021 at 36 sites in the Klamath River Basin, Oregon
and California.

[Data from Hill and others (2021). Monthly concentrations are reported as mean + deviation (n=2). Means for monthly concentrations were summarized and
reported as annual mean + standard error (SEM) (n=1-4). Metal concentrations below method detection limits (MDL) were ascribed a value corresponding to
half the MDL for the calculations. Date in month/day/year format. pg/L, micrograms per liter; NS, not sampled; <MDL, concentration below method detection
limit; KSD, Klamath Strait Drain; USGS, U.S. Geological Survey; TNC, The Nature Conservancy; —, not applicable]

Site Concentrationon  Concentrationon  Concentrationon  Concentration on Annual SEM (ug/L)
6/30/2021 (pg/L) 7/28/2021 (pg/L) 9/01/2021 (pg/L) 10/13/2021 (pg/L)  mean (pg/L)

Ady Canal 7.4+0.02 8.9+0.08 9.4+0.07 5.8+0.13 7.9 0.82
Agency Ramp 29.8+0.05 31.0+0.6 19+0.5 4.6+0.17 21.1 6.1
Annie 0.5+0 0.48+0.01 0.53+0.02 0.45+0 0.49 0.02
Fourmile Well 0.87+0.01 0.88+0.01 0.81+0.01 0.81+0.02 0.84 0.02
Cherry 0.06+0 0.04+0 0.05+0 <MDL 0.04 0.01
Crooked 16.7+0.1 15.9+0.5 16.9+0.1 17+0.25 16.6 0.24
Fort Creek 22.440.15 21.740.75 23.740.6 2340 22.7 0.44
Hagelstein 0.46+0.01 0.44+0 0.5+0 0.41+0.01 0.45 0.02
Harriman 0.07+0 0.06+0 0.07+0.01 <MDL 0.05 0.01
Klamath R. Bypass 9.1+0.14 9.3+0.13 8.4+0.39 5.7+0.09 8.1 0.82
Klamath R. Keno 7.3+0.01 7.7+0.16 9.6+0.13 5.6+0.09 7.5 0.81
KSD F-FF 31.8+0.2 31.7+0.3 28.3£0.75 37.5+0.2 32.3 1.9
KSD Headworks 15.3£0.2 19.3£0.9 18.8+2.7 15.6+0.3 17.2 1
Link Below Dam NS NS 8.94+0.66 6.6+0.18 7.8 1.2
Lost Clear Dam 2.5+0.05 3.2+0.03 4+0.13 2.6+0.1 3.1 0.34
Lost Crystal 5.940.02 6+0.12 5.2+0.04 5.240.13 5.6 0.22
Lost Harpold 1.7+0.02 1.6+0.04 0.95+0.03 1.1£0.03 1.3 0.19
Lost Malone 2.4+0.04 3.4£0 3.1+0.06 2.4+0.02 2.8 0.25
Lost Ander-Rose 7.7£0.05 6.6+£0.12 9+0 7.240.04 7.6 0.5
Malone 1.1+0 1.1£0.03 0.17+0 0.08+0 0.61 0.28
Mares Egg 0.27+0 0.28+0 0.26:0.01 0.27+0 0.27 0
North Fork Sprague 0.07+0 0.05+0 0.05+0 <MDL 0.05 0.01
Odessa 1.4+0 0.31+0 0.18+0 0.07+0 0.5 0.31
PP-D Tule 2.5+0.04 2.3+£0.24 2+0.03 4.7+0.02 2.9 0.61
Sevenmile Agency 2.340.01 2.14£0.01 1.3+0.01 0.58+0.01 1.6 0.38
Sevenmile Guard 0.29+0.02 0.32+0 0.24+0.03 0.11£0 0.24 0.05
South Fork Sprague 0.53+0.01 0.36+0.01 NS 0.39+0.03 0.42 0.05
Sprague USGS 0.84+0.01 0.64+0.03 0.6+0.01 0.36+0 0.61 0.1
Spring USGS 2.7+0 2.7+0.01 3+0.07 2.9+0.02 2.8 0.07
Sun Creek NS 0.22+0 0.18+0 NS 0.2 0.02
Wocus 10.9£0 8.9+0.08 9.5+0.11 7.9+0.04 9.3 0.62
Upper 4-Mile 0.67+0 0.67+0 0.6+0 0.58+0 0.63 0.02
Will River Marsh 0.19+0 0.17+0.02 0.1+0 <MDL 0.12 0.04
WillRiv TNC 2.1+0 2.1+0 2.240.1 1.9+£0.01 2.1 0.06
Wood Kimball 31.3+0.3 31.6+0.5 40.5+0.2 40.7+0.05 36 2.6

Wood USGS 12.7+0 12.6+0 14+0.05 13.6+0.05 13.2 0.33
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Table 6. Dissolved arsenic concentrations in surface-water samples collected in 2022 at 36 sites in the Klamath River Basin, Oregon
and California.

[Data from Hill and others (2021). Monthly concentrations are reported as mean + deviation (n=2). Means for monthly concentrations were summarized and
reported as annual mean + standard error (SEM) (n=1-4). Metal concentrations below method detection limits (MDL) were ascribed a value corresponding to
half the MDL for the calculations. PP-D Tule could not be accessed in 2022. Tecumseh was only sampled in 2022 and was not included in the analyses. Date in
month/day/year format. pg/L, micrograms per liter; NS, not sampled; <MDL, concentration below method detection limit; KSD, Klamath Strait Drain; USGS,
U.S. Geological Survey; TNC, The Nature Conservancy; —, not applicable]

Site Concentration on 4/27/2022 (pg/L)  Concentration on 6/01/2022 (pg/L)  Annual mean (pg/L) SEM (pg/L)

Ady Canal 7.5+0.1 6.6+0.08 7 0.44
Agency Ramp 4.3+0.03 9.1+£0.05 6.7 2.4
Annie 0.47+0 0.41+0 0.44 0.03
Fourmile Well NS 0.94+0.05 0.94 —
Cherry 0.06+0 0.04+0 0.05 0.01
Crooked 16.4+0.27 16.7+0.16 16.6 0.15
Fort Creek 23.7+0.55 22.4+0.35 23 0.65
Hagelstein 0.45+0.03 0.49+0 0.47 0.02
Harriman 0.08+0 0.08+0 0.08 0
Klamath R. Bypass 3.1+0.03 5.1+0.06 4.1 0.98
Klamath R. Keno 3.340.11 5.940.15 4.6 1.3
KSD F-FF 35.240.25 42.4+1.4 38.8 3.6
KSD Headworks 14.6+0 14.5+0.08 14.5 0.09
Link Below Dam 2.7+0.02 4.84+0.05 3.8 1
Lost Clear Dam 0.63+£0.02 0.93+0.01 0.78 0.15
Lost Crystal 2.6+0 4.8+0.1 3.7 1.1
Lost Harpold 1.5+0.03 1+0.15 1.3 0.24
Lost Malone 0.43+0 0.47+0 0.45 0.02
Lost Ander-Rose 4.840.2 5.8+0.05 5.3 0.47
Malone 0.94+0 0.47+0 0.71 0.24
Mares Egg 0.39+0 0.36+0.02 0.38 0.02
North Fork Sprague 0.07+0 0.08+0 0.08 0.01
Odessa 0.97+0.01 0.76+0 0.87 0.1
Sevenmile Agency 1.3+0.01 0.91+0.02 1.1 0.21
Sevenmile Guard 0.16+0 0.16+0 0.16 0
South Fork Sprague 0.15+0 0.23+0 0.19 0.04
Sprague USGS 0.34+0.01 0.4+0.02 0.37 0.03
Spring USGS 2.7+0.02 2.6+0.04 2.7 0.05
Tecumseh 8.2+0.11 8+0.28 8.1 0.1
Wocus 2.7+0.05 4.6+0.09 3.7 0.95
Upper 4-Mile NS 0.06+0 0.06 —
Will River Marsh 0.15+0.01 0.15+0 0.15 0
WillRiv TNC 1.3£0.02 1.5+0.1 1.4 0.11
Wood Kimball 41.44+0.51 40.2+0.29 40.8 0.6

Wood USGS 13.2+0.11 11.4+0.01 12.3 0.9
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Time of sample collection varied among sites, as samples were
collected throughout the day. For 2020, 2021, and 2022, some
sites were either sampled or re-sampled later in the month than
the listed date. At each site, two replicate samples (replicate

A and B) were collected in 250 milliliter (mL) high-density
polyethylene (Nalgene, Rochester, New York) wide-mouth
acid washed bottles. Immediately after sampling, water was
drawn through Millipore Millex-GP 0.22-micrometer (pm)
hydrophilic PES filters into Henke Sass Wolf (Tuttlingen,
Germany) 60 mL acid washed syringes. Prior to filtration,
double-deionized water was removed from the syringes. In
2022, field blanks were collected using a similar procedure.
Filtered water samples collected for speciation analyses in
2022 were stored in acid-washed (5 percent hydrochloric

acid [HCI]) brown bottles and acidified (1 percent HCI) on
site. Filtered water samples were placed in bags and stored

on ice in coolers. At each site, field parameters including
temperature, pH, specific conductance, oxidation-reduction
(redox) potential, and dissolved oxygen were measured using
a Xylem YSI ProDSS sonde (Yellow Springs, Ohio).

In 2020, bed-sediment samples were collected from a
subset of 7 sites from streambed deposits in areas near the
bank using the procedure described in Axtmann and Luoma
(1991). Sediments were sampled using an acid-washed
polypropylene scoop and sieved onsite through a 63-um
polyester-mesh sieve. The finer fraction of sediment was
collected in an acid-washed 500-mL polyethylene bottle
and transported on ice to the USGS Metal Bioavailability
laboratory (Menlo Park, California).

Sample Preparation

In the laboratory, filtered water samples were acidified to
0.1 percent with double-distilled HNO; and stored at 4 degrees
Celsius (°C) until analyses. Sieved bed-sediment samples
were oven dried at 60 °C and ground using an acid-washed,
ceramic mortar and pestle. Aliquots of about 0.2-0.3 grams (g)
of sediment from each sample were digested using a hot,
concentrated HNOj; reflux according to methods described by
Luoma and Bryan (1981). After a 2-week digestion period,
samples were evaporated to dryness and reconstituted in
10 mL of 0.6 N (normal) HCI. Reconstituted samples were
filtered through a 0.45-pum pore-size filter and diluted with
0.6 N HCL

Metal Analyses

Water samples were analyzed for arsenic, copper, and
lead by inductively coupled plasma mass spectrometry
(ICP-MS) using a method adapted from Garbarino and Taylor
(1996). Except for arsenic that has only one stable isotope,
metal concentrations were inferred from two stable isotopes.
To account for instrument drift and change in sensitivity,
internal standardization was performed by addition of
indium to all samples and standards, but not the calibration
blanks. In 2018 and 2019, samples were analyzed using an
autosampler which spiked each sample with the internal
standard. Starting in 2020, samples were manually spiked with

indium prior to analysis. External standards, serially diluted
from ultrapure, single-element standards, were used to create
calibration curves.

A subset of water samples collected in 2019 was sent
to the USGS National Water Quality Laboratory (NWQL) in
Lakewood, Colorado, for arsenic speciation analysis using
liquid chromatography-inductively coupled plasma-tandem
mass spectrometry (LC-ICP-MS/MS). In April 2022, samples
collected from a subset of 12 sites were sent to the USGS
Redox Chemistry Laboratory in Boulder, Colorado, for
speciation analyses (namely arsenic(IIl) and total arsenic)
by hydride-generation atomic absorption spectrometry
(McCleskey and others, 2003, 2004).

Sediment samples were analyzed for arsenic, copper,
and lead by inductively coupled plasma-optical emission
spectrometry (ICP-OES), as described in Cain and others
(2021). Solid-phase metal concentrations, in milligrams per
kilogram (mg/kg), were calculated using the liquid phase
concentrations (milligram per liter [mg/L]), the volumes of
digested sample (mL), the dilution ratios and the sample dry
weights (g).

Method Detection Limits

Method detection limits (MDL) and reporting levels
(RL) for the ICP-MS were determined using the procedures
outlined by Glaser and others (1981). For arsenic, copper,
and lead, the MDLs ranged from 0.024 to 0.03 pg/L, 0.02 to
0.06 pg/L, and 0.005 to 0.04 ug/L, respectively (appendix 1).
Data collected prior to 2021 were evaluated against MDLs and
RLs determined in April 2021 whereas data collected in 2021
and 2022 were evaluated against MDLs and RLs determined
in October 2021. Metal concentrations below MDLs were
ascribed a value corresponding to half the MDL for the
calculations and statistical analyses.

Quality Assurance

Samples prepared for ICP-MS and ICP-OES analysis
were accompanied by certified reference materials issued
by the National Research Council of Canada (NRCC) and
standard reference samples issued by the USGS Branch
of Quality Systems, Office of Water Quality. Analyses
were preceded by instrument calibration, followed
by quality-control checks during each analytical run
(approximately every 10 samples).

Data Treatment

Replicate measurements of arsenic, copper, and lead
concentrations were averaged for each sampling event and
reported as a mean + deviation. Deviation (DEV) was defined
as the absolute value of the difference between measurements
divided by 2. Some sites were not sampled at each sampling
campaign. Reasons include restricted access or no water.
Absence of data is reported as “NS” (not sampled) and single
measurements are reported without DEV. In 2020, two sites
(Fourmile Well and Upper 4-Mile) were re-sampled three



weeks after the fall sampling event (Hill and others, 2021).
Because only these two sites were sampled twice in the fall,
and only in 2020, data collected in November 2020 were
not included in the data analyses for consistency with other
sites and years, and for minimizing risk of skewness. For
collection years 2021 and 2022, metal analyses were reported
twice in Hill and others (2021) for a given replicate sample
at Sevenmile Guard (June 6, 2021), Fort Creek (September 1,
2021), Odessa (October 13, 2021) and Fourmile Well (May
24,2021). Data for only one replicate were included in the
compilations and statistical analyses.

Copper and lead concentrations greater than the
reporting limits were used to calculate copper-63 (63Cu)
to copper-65 (6°Cu) ratios as well as lead-208 (298Pb) to
lead-206 (209Pb) ratios. Concentrations of copper in samples
collected at Fort Creek on June 24, 2020, and at South Fork
Sprague on August 26, 2020, were discarded because of the
high discrepancies between copper concentrations inferred
from both copper isotopes (that is, 20- to 80-fold differences)
or because copper concentrations varied by more than 70-fold

Table 7.
2018-2022 in Klamath River Basin, Oregon and California.

Methods 1

between replicate samples. Similarly, lead concentration
reported in one replicate sample collected at South Fork
Sprague on August 26, 2020, was abnormally high (8 pg/L
as opposed to less than [<] MDL in replicate sample) and
thus excluded from the dataset. These elevated copper

and lead concentrations were likely caused by inadvertent
contamination.

Statistical Analysis

Boxplots of monthly metal-concentration averages
were used to evaluate skewness and identify outliers in the
dataset. Median (table 7) and annual arsenic, copper, and
lead concentration means were calculated from monthly
metal concentration-averages (tables 2—6). Variability in
surface-water arsenic concentrations was evaluated using
the grand means of the annual concentration averages and
associated errors (that is, standard errors of the means divided
by the grand means of the annual arsenic concentration
averages, table 8). Data from Tecumseh, which was only
sampled in 2022, were not included in the analyses. Duplicate

Median surface-water metal concentrations and physicochemical characteristics for samples collected from 39 sites during

[Data from Hill and others (2021). Medians were calculated using means of monthly samples (see tables 2—6). pg/L, micrograms per liter; Temp, temperature;
°C, degrees Celsius; uS/cm, microsiemens per centimeter; mg/L, milligrams per liter; redox, oxidation-reduction; mV, millivolt; KSD, Klamath Strait Drain;

USGS, U.S. Geological Survey; TNC, The Nature Conservancy; ND, no data]

Site Arsenic Copper Lead Temp oH Specific conductance Dissolved Redox potential

(ng/L) (na/L) (na/L) (°C) (uS/cm) oxygen (mg/L) (mV)
Ady Canal 7.4 0.47 0.024 19.9 8.2 154 4.7 67
Agency Ramp 13.7 0.52 0.020 22.7 8.2 109 9.5 113
Annie 0.46 0.20 0.020 6.8 7.5 60 10.9 145
Fourmile Well 0.81 3.7 0.020 12.1 7.9 158 2.6 ND
Cherry 0.03 0.09 0.020 8.6 7.6 58 10.4 132
Crooked 16.0 0.14 0.020 12.0 7.7 106 9.8 146
Fort Creek 22.0 0.03 0.020 8.2 7.7 106 9.8 143
Hagelstein 0.44 0.06 0.020 11.8 7.9 128 8.5 135
Harriman 0.06 0.05 0.020 6.4 7.5 81 10.4 152
Klamath R. Bypass 6.4 0.48 0.020 19.4 8.3 125 4.4 51
Klamath R. Keno 6.4 0.47 0.020 19.6 8.6 134 8.0 88
KSD F-FF 21.4 0.86 0.020 19.4 8.1 457 5.5 96
KSD Headworks 17.9 0.75 0.020 19.4 8.7 1,120 7.5 16
Link Below Dam 6.3 0.56 0.020 18.5 8.5 110 8.6 145
Lost Clear Dam 1.2 2.0 0.020 21.4 8.3 246 7.7 97
Lost Crystal 4.8 1.1 0.020 20.5 9.1 294 6.6 78
Lost Harpold 1.2 1.3 0.020 19.1 8.5 336 8.3 107
Lost Malone 1.2 1.9 0.020 20.1 8.3 222 7.7 108
Lost-Ander-Rose 6.5 1.0 0.020 21.1 8.5 237 6.5 81
Malone 0.53 0.09 0.020 13.7 7.6 101 7.2 147
Mares Egg 0.28 0.03 0.020 5.6 7.5 66 10.5 162
Modoc Point 4.1 0.09 0.020 223 9.1 114 10.4 158
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Table 7.

Median surface-water metal concentrations and physicochemical characteristics for samples collected from 39 sites during
2018-2022 in Klamath River Basin, Oregon and California.—Continued

Site Arsenic Copper Lead Temp oH Specific conductance Dissolved Redox potential

(ng/L) (ng/L) (ng/L) (°c) (nS/cm) oxygen (mg/L) (mV)
North Fork Sprague 0.03 0.12 0.020 9.8 7.8 56 10.3 124
Odessa 0.54 0.17 0.020 12.0 7.7 79 10.2 130
PP-D Tule 10.2 0.92 0.020 21.2 9.1 934 6.5 101
Sevenmile Agency 1.3 0.29 0.020 20.2 7.7 80 9.0 146
Sevenmile Guard 0.18 0.14 0.020 11.4 7.2 65 10.1 142
South Fork Sprague 0.23 0.40 0.020 12.4 7.9 96 9.6 120
Sprague USGS 0.41 0.47 0.020 18.5 8.7 100 9.0 154
Spring USGS 2.6 0.05 0.020 6.4 7.4 78 10.5 145
Sun Creek 0.19 0.14 0.020 11.5 7.2 61 9.9 137
Tecumseh 8.1 0.05 0.013 9.2 7.9 85 10.0 148
Wocus 6.8 0.49 0.020 19.7 8.7 116 7.9 126
Upper 4-Mile 0.56 0.06 0.020 12.7 7.0 83 6.4 ND
Will River Marsh 0.09 0.20 0.020 15.2 7.4 94 7.7 153
William USGS 3.7 0.87 0.175 17.9 7.1 113 6.2 170
WillRiv TNC 1.7 0.23 0.020 17.2 8.3 89 10.4 132
Wood Kimball 36.7 0.06 0.020 9.1 7.7 127 9.4 151
Wood USGS 12.8 0.13 0.020 10.2 7.5 93 10.6 149

measurements of sedimentary metal concentrations were
averaged and summarized at each site as means + standard
error. Data for sites described as “impounded river” or as
“lake” were combined for most statistical analyses.

Seasonal variation in arsenic concentrations was
evaluated using either one-way analysis of variance
(ANOVA) or Kruskal-Wallis non-parametric test when
data failed the normality and equality of variance
requirements after log-transforming the data. Pairwise
multiple comparisons (either Holm-Sidak method or Dunn’s
method) were used to identify significant differences in
arsenic concentrations between seasons. Monthly arsenic
concentration averages were ascribed to a season based on the
day sampling occurred. Specifically, “Spring” was ascribed
when sampling occurred from April to June 20, “Summer”
was ascribed when sampling occurred between June 21
and September 20, and “Fall” was ascribed when sampling
occurred after September 21. Exceptions to this categorization
include the sampling events that occurred on September 19,
2018, and September 18, 2018 (only days prior to the
autumnal equinox) that were ascribed as “Fall” category to
ensure enough data in this category. Sites sampled only in the

spring (that is, Modoc Point, Tecumseh, and William USGS)
or for which data are missing for a season (that is, Sun Creek)
were excluded from the analyses.

Medians and annual means for surface-water temperature,
pH, specific conductance, dissolved-oxygen concentration,
and redox potential were calculated from monthly averages.
Differences among waterbody types for each of these
physicochemical parameters were evaluated using one-way
ANOVA or Kruskal-Wallis non-parametric test when data
failed the normality and equality of variance requirements
after log-transforming the data. Pairwise multiple comparisons
(either Holm-Sidak method or Dunn’s method) were used to
identify significant differences among waterbody types for
each physicochemical parameter. Grand means, calculated
from yearly averages, were used in the statistical analyses.

Patterns in the data and sources of variability were
identified using a principal component analysis (PCA).

Grand means of annual surface-water concentrations and

physicochemical parameters at each site were used in the
analysis. Modoc Point, Tecumseh, Fourmile Well, Upper

4-Mile, and William USGS were not included in the PCA
because of the limited dataset for these sites.



Table 8. Grand means of annual surface-water arsenic concentrations for 39 sample sites, 2018-2022, in the
Klamath River Basin, Oregon and California.

[Data from Hill and others (2021). Averages of annual means (n=5, tables 2—6) are summarized and reported as grand means (GM) +
standard error means (SEM). Ratio of SEM to GM (SEM:GM) are reported as percentage (%). pg/L, micrograms per liter; As, arsenic;
USGS, KSD, Klamath Strait Drain; U.S. Geological Survey; TNC, The Nature Conservancy; —, not applicable]

Site As (pg/L) SEM:GM (%)
Ady Canal 7.4+0.26 35
Agency Ramp 14.6+2.4 16.5
Annie 0.42+0.04 8.7
Fourmile Well 0.81+0.04 5.0
Cherry 0.03+0.01 18.1
Crooked 16.0+0.24 1.5
Fort Creek 22.0+0.56 2.6
Hagelstein 0.43+0.02 4.5
Harriman 0.05+0.01 13.0
Klamath R. Bypass 6.3+0.67 10.6
Klamath R. Keno 6.6+0.54 83
KSD F-FF 25.8+4.3 16.6
KSD Headworks 17.5¢1.0 5.9
Link Below Dam 6.2+0.70 11.3
Lost Clear Dam 1.5+0.42 28.9
Lost Crystal 4.6+0.34 7.5
Lost Harpold 1.2+0.05 3.8
Lost Malone 1.3+0.41 30.6
Lost-Ander-Rose 6.3+0.39 6.2
Malone 0.53+0.08 16.0
Mares Egg 0.30+0.02 7.4
Modoc Point 2.842.4 85.5
North Fork Sprague 0.04+0.01 22.3
Odessa 0.84+0.17 20.4
PP-D Tule 9.0+2.1 23.0
Sevenmile Agency 1.8+0.44 24.8
Sevenmile Guard 0.21+0.03 15.1
South Fork Sprague 0.26+0.05 17.9
Sprague USGS 0.42+0.06 14.9
Spring USGS 2.6+0.06 2.1
Sun Creek 0.19+0.01 6.6
Tecumseh 8.1 —
Wocus 6.4+0.95 14.9
Upper 4-Mile 0.44+0.11 24.0
Will River Marsh 0.10+0.02 16.3
William USGS 3.7+0.64 17.3
WillRiv TNC 1.6£0.15 9.5
Wood Kimball 37.2+1.3 3.5
Wood USGS 12.3£0.65 53

Methods
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Results

Sampling Site Locations

All 39 sampling sites (fig. 1) were in Klamath County,
Oregon, around Upper Klamath Lake, except for three sites
(PP-D Tule, KSD Headworks, and Lost Clear Dam) located
in Northern California in Siskyou and Modoc Counties,
respectively. PP-D Tule is near the Tule Lake National
Wildlife Refuge while Lost Clear Dam is approximately
200 meters (m) downstream of Clear Lake Reservoir. Site
locations extend almost to Crater Lake’s latitude to the north
(42°50' N.), to the California-Oregon border to the south,
east of the Cascades to the west, and to the Fremont-Winema
National Forest to the east.

The land cover of the studied area was dominated by
agricultural fields to the southeast, and by forested areas
to the west and north (fig. 2; USGS, 2021). To the east,
land cover includes both forests and agricultural fields.

The Klamath River basin comprises 10 million acres
(Reclamation, 2021). Federal agencies such as the Bureau

of Land Management, U.S. Department of Agriculture

Forest Service, U.S. Fish and Wildlife Service, and the U.S.
National Park Service own 6.2 million acres of the land

(fig. 3). Privately owned lands account for 3.7 million acres,
15 percent of which (557,000 acres) are used for farming
(https://sciencepolicy.colorado.edu/klamathbasin/background/
physical.html).

Waterbody Types

Sample sites vary in their hydrological features (table 1).
Six of the sampling sites were springs or a waterbody located
meters away from a spring source, all of which were classified
as “springs.” They included Hagelstein, Harriman, Malone,
Mares Egg, Tecumseh, and Wood Kimball. Note that the Wood
Kimball site is located about 50 meters downstream of what
is considered the start of the Wood River, which emanates
out of the ground from a spring. Spring water originates from
aquifers overflowing to the surface. Spring-water quality
depends on the type of rocks with which the groundwater is in
contact and the quality of water recharging the aquifer
(https://www.usgs.gov/special-topics/water-science-school/
science/springs-and-water-cycle).

Figure 2.

Rivers, as designated by their geographic names, were
the most frequently sampled sites in this study. The 14 “river”
sites included Link Below Dam, Lost Clear Dam, Lost
Crystal, Lost Harpold, Lost Malone, Lost Ander-Rose, North
Fork Sprague, South Fork Sprague, Sprague USGS, Spring
USGS, Will River Marsh, William USGS, WillRiv TNC and
Wood USGS (table 1). Note that the feature name for the
stream where the Spring USGS site is located is called Spring
Creek in table 1 even though it has more flow than some of
the rivers. Although there is no technical difference between
ariver and a creek, rivers tend be larger flowing bodies than
creeks (https://www.usgs.gov/special-topics/water-science-
school/science/rivers-streams-and-creeks). Eight sampling
sites belong to the “creek” category: Annie, Cherry, Crooked,
Fort Creek, Odessa, Sevenmile Guard, Sun Creek, and Upper
4-Mile (table 1). Note that the Crooked and Fort Creek
sites are located between 150 to several hundred meters
downstream of where water emanates from the ground.

Sample sites also included “canal” and “drain” categories,
the former defined as a waterbody bringing water from rivers
and lakes, and the latter defined as a waterbody returning used
irrigation water. One exception to this definition is the drain
site “KSD Headworks” that can also receive water from the
Lower Klamath Lake National Wildlife Refuge (A.B. Sullivan,
USGS, written commun., March 8, 2023). However, for most
of the study period, the Klamath area was in drought and the
Lower Klamath Lake National Wildlife Refuge held water.
Two of the sampling sites were canals (that is, Ady Canal,
Sevenmile Agency), and three of the sampling sites were
drains (that is, KSD FF-F, KSD Headworks, and PP-D Tule).
It is worth noting that two sites, KSD FF-F, and Ady Canal are
adjacent to each other, yet are different waterbody types. The
former site, located east of Highway 97 (U.S. Route 97), is a
drain returning irrigation water, whereas the latter site, located
west of Highway 97, is sourced by the Klamath River water.

Sampling sites also included two impounded river sites
on the Klamath River (Klamath R. Bypass and Klamath R.
Keno). The sampling sites located on the shore of Upper
Klamath Lake were ascribed as “lake.” They include Agency
Ramp, Modoc Point and Wocus (table 1). Although Upper
Klamath Lake is a natural lake, its outlet is dammed to
control water level (at the Link River Dam). One artesian
well was also sampled on the northwest side of the study area
(that is, Fourmile Well). Water from artesian wells is directly
sourced and flows from a groundwater aquifer.

Location map of the arsenic sampling sites along with land cover in the Klamath River Basin, Oregon and California. The

land cover of the studied area was dominated by agricultural fields to the southeast, and by forested areas to the west and north. To
the east, land cover includes both forests and agricultural fields. Waterbodies at sampling sites are colored by type. Symbol sizes
indicate median arsenic concentration (in parts per billion [ppb]) below or above water-quality criterion for the Oregon Department
of Environmental Quality (DEQ) and U.S. Environmental Protection Agency (EPA). Land cover from the National Land Cover Database

(NLCD) (U.S. Geological Survey, 2021).


https://sciencepolicy.colorado.edu/klamathbasin/background/physical.html
https://sciencepolicy.colorado.edu/klamathbasin/background/physical.html
https://www.usgs.gov/special-topics/water-science-school/science/springs-and-water-cycle
https://www.usgs.gov/special-topics/water-science-school/science/springs-and-water-cycle
https://www.usgs.gov/special-topics/water-science-school/science/rivers-streams-and-creeks
https://www.usgs.gov/special-topics/water-science-school/science/rivers-streams-and-creeks
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Location map of the arsenic sampling sites and land ownership in the Klamath Region, Oregon and California. A variety

of Federal agencies own 6.2 million acres of land in this region. Privately owned lands account for 3.7 million acres, 15 percent of
which are used for farming and account for nearly 6 percent of the Klamath Basin total land (https://sciencepolicy.colorado.edu/
klamathbasin/background/physical.html). Waterbodies at sampling sites are colored by type. Symbol sizes indicate median arsenic
concentration (in parts per billion [ppb]) below or above the water-quality criteria for the Oregon Department of Environmental Quality
(DEQ) for human health and the U.S. Environmental Protection Agency (EPA) for drinking water. Data used for this map are from U.S.
Bureau of Land Management (2023). USDA, U.S. Department of Agriculture.

Surface-Water Arsenic Concentrations

Surface-water arsenic concentrations varied four orders
of magnitude among the 39 sites (fig. 4). As shown in figure 4,
data distribution was skewed at many sites, and some means

for monthly arsenic concentrations were either lower than
the 10th percentile or exceeded the 90th percentile. Notable
outliers included the arsenic concentration reported at
Sevenmile Guard in May 2018 (3.4 pg/L, table 2), which was
nearly 20-times higher than the median concentration for this
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Figure 4. Boxplot showing arsenic concentrations determined from monthly means for samples collected 2018-2022 in the Klamath
River Basin, Oregon and California. Surface-water arsenic concentrations varied four orders of magnitude among sites; median values
ranged from 0.03 to 37 micrograms per liter [pg/L], (table 7) among the 39 sample sites (see tables 2-6). Data distribution was skewed at
many sites and means for monthly arsenic concentrations were either lower than the 10th percentile or exceeded the 90th percentile.
Notable outliers included the arsenic concentration reported at Sevenmile Guard in May 2018 (3.4 pg/L), which was nearly 20-times
higher than the median concentration for this site (0.18 pg/L). This sample was excluded from the dataset. Error bars show the standard
error of mean (SEM). Arsenic concentrations below method detection limits were ascribed a value corresponding to half the method
detection limits (that is, 0.012 and 0.015 pg/L). For locations of sample sites, see figure 1. Site categories found in table 1. Data from Hill

and others (2021).
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site (0.18 pg/L, table 7). Arsenic concentration from the May
2018 sample was excluded from the dataset. Median arsenic
concentrations were lowest at Cherry (0.03 ng/L) and highest
at Wood Kimball (36.7 pg/L, table 7).

Arsenic concentrations measured in the spring of 2018
and 2019 at Odessa (3.0 pg/L, tables 2—-3) were nearly six
times higher than the median arsenic concentration for the
site (0.54 pg/L, table 7). A similar difference was observed
between the arsenic concentrations measured on June 26,
2019 (7.6 pg/L, table 3) at Sevenmile Agency and the median
arsenic concentration for the site (1.3 pg/L, table 7). Monthly
arsenic concentration means were also 6- to 10-times lower
than the median arsenic concentrations at Malone Ramp
(0.08 ng/L versus 0.53 pg/L, tables 5 and 7), Sevenmile
Agency (0.18 ng/L versus 1.3 ug/L, tables 2 and 7), Odessa
(0.07 pg/L versus 0.54 pg/L, tables 5 and 7), Upper 4-Mile
(0.06 pg/L versus 0.56 ug/L, tables 6 and 7), and Modoc Point
(0.41 pg/L versus 4.1 pg/L, tables 3 and 7). This variability
in dissolved arsenic concentrations is discussed in the section
“Variability in Surface-Water Arsenic Concentrations.”

Based on the grand means of annual arsenic
concentrations (table 8), the highest arsenic concentration was
found for the drain site category (17.4+4.9 pg/L, n=3) and
the lowest was found for the artesian well category (0.8 pg/L,
n=1) (fig. 5). Limited data support this comparison, however.
Arsenic concentrations within waterbody types were highly
variable and there was no statistical difference in the mean
values among waterbody types (ANOVA log-transformed
data, probability value [p]=0.078).

Variability in Surface-Water Arsenic
Concentrations

Variability in surface-water arsenic concentrations was
evaluated by comparing data dispersion. Like calculations for
coefficients of variation (that is, standard deviation to mean
ratio), data dispersion was captured by ratioing the standard
error of annual means (SEM) to the grand means (GM) of
annual arsenic concentrations for each site (table 8). As
shown in figure 6, data dispersion was less than 10 percent
for nearly half the sites (that is, 17 of the 38 sites, Tecumseh
excluded as it was only sampled in 2022), most of which were
creeks, springs, and rivers. Means for monthly surface-water
arsenic concentrations at 4 of the 10 sites displaying the
lowest variability (<6 percent, table 8) were consistently in
exceedance of the EPA drinking water criterion of 10 pg/L
(EPA, 2001): Crooked, Fort Creek, Wood Kimball, and KSD
Headworks (tables 2—6).

Annual arsenic concentration means were the most
variable at Modoc Point (85.5 percent, table 8), which could
be partly ascribed to the scarcity of data for this site (that
is, the site was sampled twice in 2018, and once in 2019,
tables 2-3). After Modoc Point, the greatest variability
in surface-water arsenic concentrations was found at two
river sites: Lost Malone (30.6 percent) and Lost Clear Dam
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Arsenic concentration, in micrograms per liter

Waterbody type

Figure 5. Plot showing the grand means of annual arsenic
concentration averages for each waterbody type sampled in

the Klamath River Basin, Oregon and California. The highest
arsenic concentration was found for the drain category

(17.4£4.9 micrograms per liter [ug/L], n=3) and the lowest was
found for the artesian well category (0.8 pg/L, n=1). Arsenic
concentrations within waterbody types were highly variable and
as a result, there was no statistical difference in the mean arsenic
concentrations among waterbody types (analysis of variance
log-transformed data, p=0.078). Grand means (table 8) were
calculated using mean annual arsenic concentrations. Error bars
show the standard error of mean. For locations of sample sites,
see figure 1. Waterbody categories are shown in table 1. A drain
is defined as a waterbody returning used irrigation water. See
tables 26 for dissolved arsenic concentrations in surface-water
samples. Data from Hill and others, 2021.

(28.9 percent, table 8). At these sites, arsenic concentrations
varied among years (ANOVA p<0.001, data log-transformed
for Lost Malone), which explained some of the variability in
surface-water arsenic concentrations (fig. 6). Variability in
surface-water arsenic concentrations was also greater than
20 percent at one of the two canal sites (Sevenmile Agency,
24.8 percent), at one drain site (PP-D Tule, 23.0 percent) and
at two creek sites (Upper 4-Mile 24.0 percent and Odessa
20.4 percent, table 8). Statistical differences in surface-water
arsenic concentrations were detected among years at two

of these sites (ANOVA p<0.001, PP-D Tule, and Upper
4-Mile). Apart from PP-D Tule, annual surface-water arsenic
concentrations at the sites displaying the greatest variability
(that is, greater than [>] 20 percent, table 8) were consistently
lower than the EPA drinking water criterion of 10 pg/L
(EPA, 2001).
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Figure 6. Plot showing data dispersion in surface-water arsenic concentrations for 37
sample sites in the Klamath River Basin, Oregon and California. Dispersion was defined as

the ratio of standard error of annual means (SEM) to the grand means (GM) of annual arsenic
concentrations. Dispersion for Tecumseh could not be calculated (n=1). Data dispersion for
Modoc Point not shown (85 percent). See tables 2—6 and 8 for arsenic concentration and grand
means for samples, respectively. For locations of sample sites, see figure 1. Data from Hill and
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others, 2021.

To assess whether some of the variability in surface-water
arsenic concentrations could be ascribed to seasonal variability
in geochemical or biological processes, land use practices,
water use, or weather-related factors such as precipitation or
temperature, monthly arsenic concentration means for each site
were compared among seasons. Statistical difference in arsenic
concentrations was detected at 13 sites (appendix 2), two of
which had highly variable surface-water arsenic concentrations
(>20 percent at Odessa and Sevenmile Agency, fig. 6).
Surface-water arsenic concentrations were significantly higher
in summer than in either spring or fall at 10 of the 12 sites for

which statistical differences in arsenic concentrations among
seasons were detected by pairwise multiple comparisons
(Holm-Sidak method, p<0.05, table 9). Two sites on Upper
Klamath Lake, the impounded rivers, one of the two canals,
4 rivers, and one creek had higher surface-water arsenic
concentrations in the summer than in either spring or fall
(table 9). Higher arsenic concentrations in the spring than

in either summer, or fall, or both summer and fall, were
observed at one of the drain sites and at one creek site. Arsenic
concentrations in the spring sites and for the artesian well did
not vary significantly among seasons (appendix 2).
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Table 9. Seasonal surface-water arsenic concentrations,
2018-2022, for 39 sample sites in the Klamath River Basin, Oregon
and California.

[Data from Hill and others (2021). Means for seasonal averages of monthly
samples from tables 2—6 are summarized and reported as grand means +
standard error (SEM). Spring is defined from April to June 20, summer is
defined as between June 21 and September 20, and fall is defined as after
September 21. ug/L, micrograms per liter; KSD, Klamath Strait Drain; NS,
not sampled; USGS, U.S. Geological Survey; TNC, The Nature Conservancy]

Site Spring (pg/L)  Summer (pg/L)  Fall (pg/L)
Ady Canal 6.9+0.23 8.2+0.41 6.5+0.35
Agency Ramp 8.1+1.3 21.6+2.0 7.7+2.3
Annie 0.35+0.06 0.43+0.03 0.44+0.02
Fourmile Well 0.87+0.05 0.78+0.03 0.78+0.04
Cherry 0.03+0.01 0.03+0.01 0.02+0.01
Crooked 16.1+0.39 15.9+0.39 16.0+£0.36
Fort Creek 21.6+0.90 21.9+0.39 21.840.71
Hagelstein 0.47+0.02 0.43+0.02 0.42+0.02
Harriman 0.06+0.01 0.05+0.01 0.04+0.01
Klamath R. Bypass 4.2+0.41 7.7+0.58 6.2+0.36
Klamath R. Keno 4.7+0.53 7.9+0.50 6.0+0.55
KSD F-FF 35.5+3.7 19.3+0.98 16.2+1.1
KSD Headworks 15.9+0.93 19.3+£0.98 16.2+1.1
Link Below Dam 3.8+0.43 7.4+0.66 6.6+0.45
Lost Clear Dam 0.75+0.08 1.8+0.35 1.840.31
Lost Crystal 3.0+0.64 5.6+0.35 4.1£0.65
Lost Harpold 1.2+0.11 1.3+0.08 1.0+0.05
Lost Malone 0.61+0.13 1.740.30 1.6+0.28
Lost-Ander-Rose 5.0+0.37 7.1+0.39 6.1+0.87
Malone 0.43+0.37 7.1+0.39 6.1+0.87
Mares Egg 0.30+0.05 0.29+0.01 0.28+0.04
Modoc Point 2.2 6.5 NS
North Fork Sprague 0.06+0.01 0.04+0.01 0.02+0.0
Odessa 1.94+0.62 0.67+0.15 0.13+0.02
PP-D Tule 14.8+0.69 7.7+1.4 9.4+1.6
Sevenmile Agency 1.4+0.68 2.4+0.59 0.78+0.09
Sevenmile Guard 0.12+0.03 0.27+0.04 0.15+0.02
South Fork Sprague 0.16+0.02 0.29+0.04 0.28+0.04
Sprague USGS 0.33+0.03 0.49+0.07 0.37+0.03
Spring USGS 2.6+0.05 2.7+0.05 2.7+0.11
Sun Creek NS 0.19+0.01 0.18+0.02
Tecumseh 8.1+0.07 NS NS
Wocus 3.8+£0.40 7.6+0.72 7.4+0.44
Upper 4-Mile 0.13+0.05 0.57+0.03 0.53+0.06
Will River Marsh 0.14+0.02 0.09+0.02 0.06+0.02
William USGS 3.7+0.45 NS NS
WillRiv TNC 1.2+0.13 1.840.11 1.7+0.10
Wood Kimball 36.4+2.9 36.4+1.1 38.3+1.4
Wood USGS 11.5+0.76 12.1£0.57 13.4+0.66

Surface-Water Copper and Lead Concentrations

Copper concentrations inferred from the most abundant
copper isotope, 63Cu, were on average 1.74+1.23 times
higher than copper concentrations inferred from %5Cu, the
least abundant copper isotope (n=960, Hill and others, 2021).
Copper concentrations inferred from both copper isotopes
should be consistent, however. For instance, ratioing the
copper concentrations inferred from both 63Cu and 93Cu for
the standard reference samples analyzed as quality assurance
quality controls (QAQC:s) in this study yielded a value of
1.04 (n=372, Hill and others, 2021). The discrepancy in
copper concentrations inferred from both copper isotopes
for the surface-water samples can be ascribed to polyatomic
interferences, namely argon-40 sodium-23 (4°Ar?3Na) (May
and Wiedmeyer, 1998), that inflated copper concentrations
inferred from the 93Cu isotope. Copper concentrations
measured at sites with high specific conductance were
especially affected by polyatomic interferences. For instance,
63Cu/65Cu ratio at PP-D Tule, the site with the highest specific
conductance (table 7), averaged (+ standard deviation)
4.7543.38 (n=32) as opposed to 1.19+0.31 (n=23) for North
Fork Sprague, the site with the lowest specific conductance
(table 7). To minimize risks of overestimating copper
concentrations, concentrations inferred from 65Cu, rather than
from 63Cu, were used as surface-water total-dissolved-copper
concentrations. As shown in figure 7, the median surface-water
copper concentrations ranged from 0.03 to 3.7 ug/L
across sites.

Surface-water lead concentrations were inferred from
two lead isotopes, namely 208Pb and 206Pb (Hill and others,
2021). Concentrations inferred from 208Pb were 1.02+0.11
(standard deviation) times higher than concentrations
inferred from 206Pb (n=256, Hill and others, 2021). As this
difference was not significantly different from 1.00, lead
concentrations inferred from the most abundant isotope (that
is, 208Pb) were used as surface-water lead concentrations in
this study. As shown in figure 8, the median surface-water
lead concentrations ranged from 0.013 to 0.175 pg/L. Lead
concentrations were below the method detection limits
(<0.04 ng/L, appendix 1) for 535 of 564 samples collected in
2018 and 2019. In 2020, an aberrantly high lead concentration
was measured at South Fork Sprague (7.96 ng/L, Hill and
others, 2021) likely due to sample contamination, and was
therefore not included in data analyses.

Surface-water dissolved copper and lead concentrations
were below acute toxicity endpoints reported by the EPA
for freshwater animals. For example, LC50 or EC50 values
for aquatic animals range from 3.4 to 2,000 pg/L for copper
(EPA, 2007) and from 124 to 542,000 pg/L for lead (EPA,
1984). Measured surface-water copper and lead concentrations
were also below the EPA action levels for drinking water
(1,300 pug/L and 15 pg/L for copper and lead, respectively).

Correlations between surface-water arsenic, copper,
and lead concentrations determined in this study were
not obvious. For example, means for annual averages of
surface-water arsenic concentration were not significantly
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correlated with means for annual averages of surface-water was no significant correlation between the means for annual
copper (correlation coefficient [#] = —0.062, p=0.708) or lead averages of surface-water copper and lead concentrations
concentrations (+=0.034, p=0.840) (fig. 94, B). Similarly, there  (+=0.095, p=0.567, fig. 9C).
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EXPLANATION
@ Individual observation above Figure 7. Boxplot showing surface-water copper concentrations

S0th percentile determined from monthly means for samples from 39 sites collected

90th percentile 2018-2022 in the Klamath River Basin, Oregon and California. Median

surface-water copper concentrations ranged from 0.03 to 3.7
Interquartile micrograms per liter (pg/L) across sites. Error bars show the standard
Median range error of mean. Copper concentrations below method detection limits
were ascribed a value corresponding to half the method detection
limits (that is, 0.01 and 0.03 pg/L). For locations of sample sites, see
figure 1. Data from Hill and others (2021).
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determined from monthly means for samples from 39 sites collected
2018-2022 in the Klamath River Basin, Oregon and California. Error

bars show the standard error of mean. Median surface-water lead
concentrations ranged from 0.013 to 0.175 micrograms per liter (pg/L).
Lead concentrations were below the method detection limits (<0.04 ug/L)
for 535 of 564 samples collected in 2018 and 2019. Lead concentrations
below method detection limits were ascribed a value corresponding

to half the method detection limits (that is, 0.0025 and 0.02 pg/L). For
locations of sample sites, see figure 1. Data from Hill and others (2021).
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Figure 9. Plots showing the relationships between grand
means of annual surface-water arsenic, copper, and lead
concentrations determined from monthly means for samples
from 39 sites collected 2018-2022 in the Klamath River Basin,
Oregon and California. Correlations between surface-water
concentrations of arsenic, copper, and lead concentrations
were not statistically significant, p>0.5. A, Arsenic and copper,
B, Arsenic and lead, and C, Lead and copper. Data from Hill
and others (2021).

Physicochemical Characteristics

A boxplot was used to show the distribution of
monthly-mean temperature measurements acquired with the
multiparameter water quality sonde. As shown in figure 10,
median surface-water temperatures (n=2—18) varied from
6 to 23 °C among sites. Eight of the 39 sites had median
temperatures higher than 20 °C, and nine sites had median
temperatures lower than 10 °C. Surface-water temperatures
varied significantly among waterbody types (ANOVA
p<0.001). Based on the grand means of annual surface-water
temperatures, the lowest surface-water temperatures (= SEM)
were observed at spring (9.6+1.1 °C, n=6) and creek sites
(9.9£0.7 °C, n=8) with lowest water residence times, while
the highest surface-water temperatures (= SEM) were found
at canal (17.2+0.4 °C, n=2), drain (18.4%1.6 °C, n=3), and at
the lake and impounded river sites (18.94+0.8 °C, n=5), with
highest water residence times (fig. 11, table 7) (p>0.1 for all
pairwise multiple comparisons).

Surface-water median pH values varied from 7.0 to 9.1
among sites (table 7). Surface-water pH varied significantly
among waterbody types (ANOVA p=0.001). Similar to the
water temperature results, based on the grand means of annual
surface-water pH values, the lowest pH values (+ SEM) were
observed in creeks (7.41+0.08, n=8) and springs (7.55+0.13,
n=5) while the highest pH values (£ SEM) were found at drain
(8.53+0.23, n=3), lake and impounded river sites (8.56+0.14,
n=5) (fig. 12, table 7). A statistically significant difference in
pH values was detected between the creeks and the drains, the
creeks and the lake/impounded rivers, as well as between the
springs and the drains and lake/impounded rivers (pairwise
multiple comparison, p<0.05).

Median surface-water specific conductance values varied
twentyfold among sites, ranging from 56 microsiemens per
centimeter (uS/cm) at North Fork Sprague to 1,120 pS/cm
at KSD Headworks (table 7). Specific conductance varied
significantly among sites (Kruskal-Wallis p=0.005). Like
trends observed for pH values, based on the grand means of
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Figure 10. Boxplot showing surface-water temperatures determined from
I . monthly means for samples from 39 sites collected 2018-2022 in the Klamath
. nterquartile . . . . .
Median range River Basin, Oregon and California. Median surface-water temperatures (n=2-18)
varied from 6 to 23 degrees Celsius (°C) among sites. Eight of the 39 sites had
median temperatures greater than 20 °C, and nine sites had median temperatures

lower than 10 °C. For locations of sample sites, see figure 1. Data from Hill and
@ Individual obser_vation below others (2021).
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annual surface-water values, the lowest specific conductance artesian well had the lowest dissolved-oxygen concentrations
values (uS/cm £ SEM) were observed in creeks (72+7, (2.50 mg/L, n=1) and the creeks had the highest
n=8) while the highest specific conductance values (+ SEM) dissolved-oxygen concentrations (9.47+0.44 mg/L) (+x SEM)
were found at drain sites (817155, n=3) (fig. 13, table 7). A (fig. 14, table 7). Dissolved-oxygen concentrations varied
statistically significant difference in specific conductance was  significantly among sites (ANOVA p<0.001). Significant
detected between the creeks and the drains (pairwise multiple statistical differences were detected between the artisan well
comparison, Dunn’s Method, p=0.003) (fig. 13). and all the other waterbody types (Holm-Sidak p<0.02),
Median dissolved-oxygen concentrations ranged from 2.6  except the drains (Holm-Sidak p=0.059). Dissolved-oxygen
to 10.9 mg/L among sites (table 7). Based on the grand means  concentrations also varied significantly between creeks and
of annual surface-water dissolved-oxygen concentrations, the drains (Holm-Sidak p=0.008).
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Figure 11. Plot showing the grand means of annual
surface-water temperatures averaged by waterbody types
(n=1-14) for samples collected 2018-2022 in the Klamath River
Basin, Oregon and California. Surface-water temperatures

varied significantly among waterbody types (analysis of variance
p<0.001). Error bars show the standard error of mean. For
locations of sample sites, see figure 1. Waterbody categories are
shown in table 1. A drain is defined as a waterbody returning used
irrigation water. Data from Hill and others (2021).
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Figure 12. Plot showing the grand means of annual
surface-water pH values averaged by waterbody types (n=1-14)
for samples collected 2018-2022 in the Klamath River Basin,
Oregon and California. A statistically significant difference in

pH values was detected between the creeks and the drains,

the creeks and the lake/impounded rivers, as well as between
the springs and the drains and lake/impounded rivers (pairwise
multiple comparison, p<0.05). Error bars show the standard
error of mean (SEM). For locations of sample sites see figure 1.
Waterbody categories are shown in table 1. A drain is defined as
a waterbody returning used irrigation water. Data from Hill and
others (2021).

Figure 13. Plot showing the grand means of annual
surface-water specific-conductance values averaged by
waterbody types (n=1-14) for samples collected 2018-2022 in

the Klamath River Basin, Oregon and California. A statistically
significant difference in specific conductance was detected
between the creeks and the drains. Based on the grand means

of annual surface-water values, the lowest specific conductance
values in microsiemens per centimeter (uS/cm) were observed

in creeks (72«7, n=8), whereas the highest specific conductance
values were found at drain sites (817+155, n=3) (table 7). Error
bars show the standard error of mean. Scale for the y-axis is
logarithmic. For locations of sample sites, see figure 1. Waterbody
categories are shown in table 1. A drain is defined as a waterbody
returning used irrigation water. Data from Hill and others (2021).
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The median redox potentials ranged from 16 to 170 mV
among sites (table 7). Based on the grand means of annual
surface-water redox potential values, the lowest redox
potentials (= SEM) were observed at the drain sites (71+28
mV, n=3) while the highest values (+ SEM) were observed
at creek (144+2 mV, n=8) and spring sites (153+£9 mV, n=6)
(fig. 15, table 7). There was a statistical difference in redox
potential values among waterbody types (Kruskal-Wallis,
p=0.032). Note that no data were collected at the artesian well
site. Relationships between physicochemical and trace element
data are explored with principal component analyses below.

Aqueous Arsenic Speciation

Arsenic speciation data showed that nearly all the
arsenic in the surface-water samples existed as As(V), the
most oxidized species, with the exception of one sample
from PP-D Tule on June 29, 2023 (table 10). Arsenic(III)
was only detected in the samples collected in 2019, which
is largely a consequence of the higher detection limit for
arsenite analyzed in 2022 (that is, different laboratories
provided arsenic speciation analyses, see methods section).
The highest proportion of arsenite (arsenic(IIl) relative to
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Figure 14. Plot showing the grand means of annual surface-water
dissolved-oxygen concentrations averaged by waterbody types (n=1-14)
for samples collected 2018-2022 in the Klamath River Basin, Oregon

and California. Based on the grand means of annual surface-water
dissolved-oxygen concentrations, the artesian well had the lowest
dissolved-oxygen concentrations and the creeks had the highest
dissolved-oxygen concentrations. Dissolved-oxygen concentrations varied
significantly among sites (analysis of variance p<0.001) with significant
differences between the artesian well and all the other waterbody

types (Holm-Sidak p<0.02), except the drains (Holm-Sidak p=0.059).
Dissolved-oxygen concentrations also varied significantly between creeks
and drains (Holm-Sidak p=0.008). Error bars show the standard error of
mean. For locations of sample sites, see figure 1. Waterbody categories
are shown in table 1. A drain is defined as a waterbody returning used
irrigation water. Data from Hill and others (2021).

Waterbody type

Figure 15. Plot showing the grand means of annual
surface-water oxidation-reduction (redox) potential values
averaged by waterbody types (n=1-14) for samples collected
2018-2022 in the Klamath River Basin, Oregon and California.
Based on the grand means of annual surface-water redox
potential values, the lowest redox potential values were observed
at the drain sites (71+28 millivolts [mV], n=3) while the highest
values were observed at creek (144+2 mV, n=8) and spring sites
(153+9 mV, n=6, table 7). There was a statistical difference in
redox potential values among waterbody types (Kruskal-Wallis,
p=0.032). Note that no data were collected at the artesian well
site. Waterbody categories are shown in table 1. A drain is defined
as a waterbody returning used irrigation water. Data from Hill and
others (2021).
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Table 10. Arsenic speciation for surface-water samples collected in 2019 and 2022 in the Klamath River Basin, Oregon and California.

[Data from Hill and others (2021). Dates are listed in month/day/year (mm/dd/yyyy) format. As, arsenic; DMA, dimethylarsinate; MMA,
monomethylarsonate; ng/L, micrograms per liter; KSD, Klamath Strait Drain, USGS, U.S. Geological Survey; <, less than; —, not analyzed]

Site Date (mm/dd/yyyy) Replicate sample As(V)(pg/L) As(lll) (pg/L) DMA (pg/L) MMA (pg/L) Total As (pg/L)
Crooked 6/29/2019 1 11.4 1.0 0.67 0.10 13.2
Crooked 6/29/2019 2 14.8 0.35 0.10 0.0 15.3
Fort Creek 6/29/2019 1 22.5 0.21 0.10 0.10 22.9
Fort Creek 6/29/2019 2 23.0 0.13 0.10 0.10 233
KSD F-FF 6/29/2019 1 13.6 0.41 0.28 0.23 14.5
KSD F-FF 6/29/2019 2 12.9 1.1 0.28 0.28 14.6
KSD Headworks 6/29/2019 1 15.4 1.2 0.10 0.34 17.0
KSD Headworks 6/29/2019 2 15.4 1.3 0.10 0.38 17.2
PP-D Tule 6/29/2019 1 3.4 6.5 0.28 0.18 10.3
PP-D Tule 6/29/2019 2 9.5 0.23 0.27 0.20 10.2
Wood Kimball 6/29/2019 1 38.0 1.5 0.10 0.10 39.7
Wood Kimball 6/29/2019 2 39.2 0.07 0.10 0.10 39.4
Crooked 7/24/2019 1 15.4 0.22 0.10 0.10 159
Fort Creek 7/24/2019 1 23.0 0.10 0.10 0.10 23.3
Fort Creek 7/24/2019 2 22.9 0.10 0.10 0.10 232
KSD F-FF 7/24/2019 1 11.5 1.9 0.56 0.27 14.3
KSD Headworks 7/24/2019 1 15.3 0.92 0.07 0.26 16.5
KSD Headworks 7/24/2019 2 15.5 0.96 0.07 0.27 16.8
PP-D Tule 7/24/2019 1 7.2 0.24 0.32 0.23 8.0
Wood Kimball 7/24/2019 1 39.0 0.10 0.10 0.10 39.6
Ady Canal 4/27/2022 1 6.22 <l.5 — — 6.2
Ady Canal 4/27/2022 2 6.12 <l.5 — — 6.1
Agency Ramp 4/26/2022 1 3.58 <1.5 — — 3.5
Agency Ramp 4/26/2022 2 3.72 <1.5 — — 3.7
Crooked 4/26/2022 1 17.22 <l.5 — — 17.2
Crooked 4/26/2022 2 17.02 <l.5 — — 17.0
Fort Creek 4/26/2022 1 24.82 <1.5 — — 24.8
Fort Creek 4/26/2022 2 25.42 <l.5 — — 25.4
KSD F-FF 4/27/2022 1 31.42 <l.5 — — 314
KSD F-FF 4/27/2022 2 31.12 <1.5 — — 31.1
KSD Headworks 4/27/2022 1 10.62 <l.5 — — 10.6
KSD Headworks 4/27/2022 2 10.92 <l.5 — — 10.9
Link Below Dam 4/26/2022 1 223 <1.5 — — 2.2
Link Below Dam 4/26/2022 2 2,11 <l.5 — — 2.1
Lost Crystal 4/26/2022 1 1.82 <l.5 — — 1.8
Lost Crystal 4/26/2022 2 1.52 <l.5 — — 1.5
Lost Ander-Rose 4/26/2022 1 3.72 <L.5 — — 3.7
Lost Ander-Rose 4/26/2022 2 3.62 <1.5 — — 3.6
Wocus 4/26/2022 1 2.32 <l.5 — — 23
Wocus 4/26/2022 2 2.32 <l.5 — — 2.3
Wood Kimball 4/26/2022 1 45.52 <l.5 — — 45.5
Wood USGS 4/26/2022 1 13.32 <l.5 — — 13.3
Wood USGS 4/26/2022 2 13.52 <l.5 — — 13.5

a[ndicates arsenate (As(V)) determined by subtracting arsenite (As(III)) from total arsenic concentration.
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total arsenic) was found in samples collected in a drain site in
2019. Arsenite concentration in one replicate sample collected
in June 2019 at PP-D Tule was twice that for arsenate
(arsenic(V); Hill and others, 2021). Data for this replicate
sample were excluded because DMA concentrations did not
correlate with the arsenite level (Maguffin and others, 2015).
The concentrations of DMA and MMA were 20 to 400-times
lower than the total arsenic concentrations (that is, consistently
<5 percent of total dissolved arsenic). Ratios of DMA to MMA
varied from 0.3 to 6.7.

Sedimentary Arsenic, Copper, and Lead
Concentrations

Sedimentary arsenic concentrations varied 66-fold
among sites that included five creeks, one river and one
spring. They ranged from 0.70 mg/kg at Will River Marsh to
46.5 mg/kg at Wood Kimball (table 11). The elevated arsenic
concentration reported at Wood Kimball is more than 10-times
the average crustal abundance of arsenic (4.8 milligram
per kilogram [mg/ kg]; Rudnick and Gao, 2003), while the
sedimentary arsenic concentration at Will River Marsh is less
than 20 percent the average crustal abundance for arsenic.
Concentrations of lead and copper in sediment varied 31-
and fourfold among sites, respectively, that is, from 1.0 to
31.3 mg/ kg for lead and from 13.9 to 58.0 mg/kg for copper
(table 11). The highest sedimentary lead concentration was
measured at Wood Kimball, while the highest sedimentary
copper concentration was measured at Fort Creek. Variations
in sedimentary arsenic and lead concentrations were
statistically correlated (=0.85, p=0.015). In contrast, weak
correlations that were not statistically significant (p>0.9)
were found between sedimentary concentrations of arsenic
and copper (=0.014) as well as between sedimentary
concentrations of copper and lead (+=0.003). The correlation

Table 11.

between sedimentary arsenic concentrations and the
corresponding grand means of annual surface-water arsenic
concentrations was strong and statistically significant (»=0.94,
p=0.001, n=T).

Correlations Among All Measured Variables

A PCA was used to identify linear relationships among
variables and explain sources of variability. As shown on
figure 16, 70 percent of the variance in the data was explained
by two principal components. PC1 explained most of the
variance (55.52 percent) and had large positive associations
with surface-water copper and lead concentrations, as well as
temperature, pH and specific conductance. PC1 was primarily
associated with measured dissolved constituents, excluding
arsenic concentrations (fig.164). The second component,

PC2 (14.17 percent), had a large negative association with
surface-water arsenic concentrations and to a lesser extent,
with surface-water lead concentrations (fig. 164). PC2
therefore primarily measured dissolved arsenic concentrations
considering that lead concentrations were often below MDLs.
A plot of the component scores showed that 14 of the 37 sites
aligned positively along PC1 (fig. 16B). These sites showed

a strong association with both surface-water copper and lead
concentrations, temperature, pH, and specific conductance.
They included the three drains (KSD Headworks, KSD FF-F,
and PPD Tule), one of the two canals (Ady Canal), one
impounded river (Klamath R. Keno), and four rivers. Along
with two creeks (Crooked, Fort Creek) and one spring (Wood
Kimball), one drain site (KSD F-FF) also aligned negatively
with PC2, showing an association with surface-water arsenic
concentrations. None of the rivers, Upper Klamath Lake sites,
impounded rivers, canals, or the artesian well showed a strong
negative association with PC2.

Sedimentary metal concentrations for bed sediment samples collected in 2020 in
the Klamath River Basin, Oregon and California.

[Data from Hill and others (2021). Concentrations are reported as means of monthly averages + standard error
(n=2). As, arsenic; Pb, lead; Cu, copper; mg/kg, milligram per kilogram]

Site As (mg/kg) Pb (mg/kg) Cu (mg/kg)
Annie 3.3+0.8 1.0+0.1 36.3+£3.2
Cherry 0.9+0.1 1.5+0.5 29.942.1
Crooked 9.3£1.8 22.3£13.1 18.8+0.2
Fort Creek 19.7+8.2 20.5+10.8 58.0£28.9
Sun Creek 8.5t1.6 1.60.2 32.7+1.8
Will River Marsh 0.7+0.0 1.4+0.1 13.9+0.3
Wood Kimball 46.5£7.0 31.3£7.8 20.0+0.7
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1. South Fork Sprague 13. Harriman 25. Ady Canal
2. Will River Marsh 14. Cherry 26. Klamath R. Keno
3. Will River TNC 15. Wood USGS 27. Agency Ramp
4. Hagelstein 16. Malone 28. Klamath R. Bypass
5. Sevenmile Guard 17. Sun Creek 29. PP-D Tule
6. North Fork Sprague 18. Odessa 30. Lost Crystal
7. Annie 19. Sprague USGS  31. Lost Ander-Rose
8. Spring USGS 20. Crooked 32. Lost Harpold
9. Link below Dam 21. Fort Creek 33. Lost Malone
10. Sevenmile Agency  22. Wood Kimball 34. Lost Clear Dam
11. Wocus 23. KSD F-FF
12. Mares Egg 24. KSD Headworks

Figure 16.
loadings (A) and scores (B) as well as 95-percent prediction
ellipse. Grand means of surface-water concentrations and
physicochemical parameter values for each site in the Klamath
River Basin, Oregon and California, were used in the PCA.
Seventy percent of the variance in the data was explained by
two principal components. PC1 explained most of the variance
and had large positive associations with surface-water copper
and lead concentrations, as well as temperature, pH, and
specific conductance. PC2 had a large negative association with
surface-water arsenic concentrations and to a lesser extent,
with surface-water lead concentrations.
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Plot showing principal component analysis (PCA)

Discussion

Surface-Water Arsenic Concentrations in the
Upper Klamath Basin

Surface-water arsenic concentrations varied four orders
of magnitude among sites, with median values ranging from
0.03 to 36.7 ug/L (table 7, fig. 4). At 20 of the 39 sites,
median surface-water arsenic concentrations were within the
range, or below, the baseline arsenic concentrations reported
in United States natural waters (that is, from 0.15 to 2.1 pg/L,
Smedley and Kinniburgh, 2002). The highest arsenic
concentrations measured in this study (that is, 30-40.8 pug/L,
tables 2—6) were within the range of concentrations reported
in rivers influenced by geothermal activities (that is, from
10 to 370 pg/L, Nimick and others, 1998), and by mining
activities in the United States and Canada (that is, from 35 to
100 pg/L, Azcue and Nriagu, 1995). Surface-water arsenic
concentrations were, however, orders of magnitude lower
than the highest arsenic concentrations reported in natural
waters affected by mining activities in the United States (that
is, up to 34,000 pg/L, Plumlee and others, 1997).

Surface-water arsenic concentrations (grand means
of annual means, table 8) were below the DEQ aquatic
life water quality criteria for both acute (350 pg/L) and
chronic (150 pg/L) toxicity for all 39 sites (Oregon DEQ,
2011). Compared to drinking water quality criteria, annual
surface-water arsenic concentrations were below the Oregon
DEQ’s water-quality criterion (2.1 pg/L; Sturdevant, 2011)
at 20 of the 39 sampling sites (51 percent). They were also
below the EPA drinking water quality criterion of 10 pg/L at
32 of the 39 sites (82 percent) (table 8, fig. 4) (EPA, 2001).
Five of the seven sites with the highest surface-water arsenic
concentrations had monthly arsenic concentration averages
consistently above the EPA drinking water quality criterion
(Crooked, KSD Headworks, Fort Creek, KSD F-FF and
Wood Kimbeall, tables 2—6).
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Averaging the grand means of annual arsenic
concentrations by waterbody types showed that the highest
arsenic concentrations (= SEM) were found in drains
(17.4+4.9 ng/L, n=3) (fig. 5), which were in areas of
increased agricultural activities and associated water re-use
practices (fig. 2). Although this comparison is supported
by limited data and is specific to the geographical area of
the sampling sites, surface-water arsenic concentrations are
lower at nearby sites that are not drains (for example, Ady
Canal, Klamath R. Keno, table 7). Some of the arsenic in
drain water could have originated from past applications of
arsenic-containing pesticides, from use of arsenic additive in
livestock feed (Smedley and Kinniburgh 2002), or possibly
from the geothermal waters in the Klamath Strait Drain area
(A.B. Sullivan, USGS, written commun., March 8, 2023)
(USGS streamgage station no. 420258121443101; USGS,
2023). Aside from these potential arsenic sources, agricultural
activities can affect arsenic mobility by changing soil pH
and redox conditions, which influences arsenic speciation
and stability with solid phases, in particular iron oxides
(Monagail and others, 2018). Fertilizer amendments can also
affect arsenic speciation and mobility. For instance, addition
of phosphate, a structural analogue to arsenate (arsenic(V)),
can (1) compete with arsenic for sorption onto iron oxides,
which favors arsenic desorption from solid phases (Smith and
Naidu, 2009), and (2) stimulate phytoplankton production and
subsequent eutrophication effects on adsorbate mobilization
(Kuwabara and others, 2009).

Surface-water samples from the artesian well had the
lowest arsenic concentrations among waterbody types (0.81
ug/L, table 8, fig. 5). But only one artesian well was sampled
in the study, and it is in an area where surface-water arsenic
concentration is low (northwest side of the study area, fig. 1).
Higher arsenic concentrations (up to 14 pug/L) have been
recorded in wells located elsewhere in the Upper Klamath
Lake region (at the time of publication, data for arsenic
concentrations in wells from 2001 to 2007 are not publicly
available from the Bureau of Reclamation but can be requested
from the Klamath Basin Area office in Klamath Falls, Oregon).
Arsenic concentrations reported at sites in the Wood River
Wetland, whose sources of water include regional groundwater
discharge and five flowing artesian wells (Carpenter and
others, 2009) were even higher (that is, up to 56 pg/L, USGS
streamgage station no. 423618121571401; USGS, 2023).
Considering that water from artesian wells is directly sourced
from groundwater aquifers, the low arsenic concentration
measured in the artesian well sampled in this study suggests
that water-rock interactions at this location minimally favored
arsenic mobilization and accumulation, or that particulate
arsenic concentrations surrounding the aquifer are low.

The highest median surface-water arsenic concentration
among sites was observed at Wood Kimball (table 7), a spring
located north of Upper Klamath Lake (figs. 1 and 4). This
site was not influenced by agricultural activities (fig. 2). In
addition to water characteristics of the recharging aquifer,
spring water-quality largely depends on the type of rocks

with which the groundwater is in contact. Like Fort Creek
and Crooked, Wood Kimball is located on the east edge of
the Wood River Valley. Water from these sites, including
Wood USGS, appeared to originate out of the ground from
the base of a ridge that runs north to south. Similarly high
arsenic concentrations have been reported in the Wood River
(Kuwabara and others, 2016). Tecumseh, which was sampled
only in 2022, is in the southern portion of this ridge, and
surface-water arsenic concentrations up to 8.2 pg/L were
measured here (tables 2—6). The source of arsenic for these
sites thus seems geogenic.

Variability in Surface-Water Arsenic
Concentrations

Variability in surface-water arsenic concentrations
was less than 10 percent at 17 of the 38 sites (Tecumseh is
excluded, as it was only sampled in 2022) (table 8, fig. 6).
With a consistent groundwater source, surface-water arsenic
concentrations in springs and in the artesian well were the
least variable (table 8); no statistical differences were observed
among seasons (appendix 2). On the contrary, surface-water
arsenic concentrations at 13 sites, including the sites on
Upper Klamath Lake (except Modoc Point), the impounded
rivers, the canals, one of the drains, two creeks, and four
rivers, varied significantly among seasons (appendix 2).
Surface-water arsenic concentrations were significantly
higher in summer than in either spring or fall at 10 of these
13 sites. Geochemical processes such as redox and sorption
reactions mobilizing arsenic can explain some of the seasonal
variations in surface-water arsenic concentrations (Smedley
and Kinniburgh, 2002). For example, elevated surface-water
temperatures can trigger the microbial reduction of As(V) to
As(III), which increases arsenic mobilization (McLaren and
Kim, 1995). Anoxia induced by degradation of algal biomass
has also been shown to accelerate the release of arsenic from
sediment (Rahman and Hasegawa 2012; Tang and others
2019). Kuwabara and others (2016) reported a trend towards
increasing arsenic during July and August (from 2.8 and
11.9 pg/L) in Upper Klamath Lake, concomitant with the
annual peak of cyanobacteria Aphanizomenon flosaquae
(J Ralfs Ex Bornet and Flah). Abiotic processes can also affect
surface-water arsenic concentrations. For example, high-flow
conditions in spring can dilute surface-water concentrations
of solutes during runoffs. During low-flow season, solute
concentrations can increase because of evaporative
concentration especially in shallow waterbodies (Ong and
others, 1995). Greater contribution of arsenic from geothermal
water can also increase surface-water arsenic concentrations
(Nimick and others, 1998).

Diurnal patterns in temperature, pH, oxygen levels, and
metal concentrations including arsenic are well documented
(Fuller and Davis, 1989; Nimick and others 1998, 2011).
Because time of day when sampling occurred varied among
sites, some of the variability observed among sites and among
sampling periods in the surface-water metal concentrations



and physicochemical characteristics could be attributed to
diurnal patterns. However, because comparisons were based
on data dispersion (for example, medians, means, SEM),
influences of diel biogeochemical processes were likely
modest in this study.

Sedimentary Arsenic, Copper, and Lead
Concentrations

Apart from Wood Kimball, Fort Creek, and Crooked,
sedimentary arsenic, copper, and lead concentrations are
similar to those measured in sediments collected in reservoirs
along the Klamath River (Benninger and others, 2011). Arsenic
concentrations measured in the bed sediments of two of the
seven sampled sites exceeded the Oregon DEQ maximum limit
of arsenic in soil for the Basin and Range provinces (12 mg/
kg; Oregon DEQ, 2013). Exceedances were observed at Fort
Creek, and Wood Kimball (table 11), two sites that also had the
highest surface-water arsenic concentrations (fig. 4). The strong
and statistically significant correlation observed between the
arsenic concentrations in surface water and sediment is driven
by these two sites. Surface-water arsenic concentrations (pg/L)
were three orders of magnitude lower than sedimentary arsenic
concentrations (mg/kg), reflecting arsenic propensity to bind or
adsorb to suspended and settling particles such as manganese
and iron oxides, organic matter, sulfides, and carbonates
(Ruokolainen and others, 2000). Metal concentrations in
aquatic systems are orders of magnitude higher in sediments
than in water (Luoma and Rainbow, 2008).

The correlation between sedimentary arsenic and
lead concentrations could stem from the mineralogy of the
sediment collected as arsenic often occurs in minerals with
lead (that is, there are over 346 minerals containing arsenic
and lead, https://www.mindat.org). X-ray diffraction analyses
of sediment samples could confirm this hypothesis, however.
Because agricultural activities are negligible in the area
surrounding the sampled sites (fig. 2), the source of arsenic
and lead in the bed-sediment at these sites is likely geogenic.

Influence of Physicochemical Characteristics
on Arsenic Speciation

Temperature, pH, dissolved-oxygen concentrations,
and specific conductance varied among sites. In general,
creeks and springs had colder surface-water temperatures,
circum-neutral pH values, lower specific conductance, and
higher dissolved-oxygen concentrations and redox potentials
than the other waterbody types (figs. 11-15). The colder
water temperatures reported in creeks, springs, and in the
artesian well point to their groundwater origin. Except
for the artesian well, whose water is sourced underground
where no photosynthesis occurs and oxygen is naturally
low, the colder water temperatures of the creeks and springs
were associated with elevated oxygen levels (figs. 11 and
14). Oxygen saturation increases as temperature decreases,
a relationship important for aquatic species (https://www
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.usgs.gov/special-topics/water-science-school/science/
dissolved-oxygen-and-water#overview). Arsenate (arsenic(V))
is thermodynamically stable in oxic waters (Sharma and
Sohn, 2009). Arsenate is also presumably the least toxic
inorganic arsenic species (Ng, 2005), although it can substitute
for phosphate and interfere with adenosine triphosphate
production in bacteria (Hughes, 2002).

Drains, canals, and to some extent the sites on Upper
Klamath Lake and the impounded rivers, had in general higher
surface-water temperatures, higher specific conductance
(drains only), alkaline pH values, and lower dissolved-oxygen
concentrations and redox potentials than the other waterbody
types (figs. 11-15). Evapoconcentration likely explained the
particularly high specific conductance reported for the drains
(table 7, fig. 13) (Ong and others, 1995). Irrigation water
evaporates as it moves through streams and irrigation fields,
getting progressively enriched in ions, notably sodium and
sulfate ions (Sorenson and Schwarzbach, 1991). The presence
of fertilizers and organic matter in drain and canal water
can stimulate bacterial activities, which in turn, can lead to
oxygen decline (fig. 14) and reducing conditions (fig. 15)
(Tang and others, 2019). Furthermore, large concentrations of
phosphate and organic matter can enhance arsenic desorption
because of competition for adsorption sites (Sharma and Sohn,
2009). In contrast to metals like copper and lead, arsenic can
also desorb from mineral oxides at high pH values (>8.5)
because the adsorbate is a ligand (Smedley and Kinniburgh,
2002). Collectively, the physicochemical characteristics of
the drains, canals, Upper Klamath Lake sites, and impounded
rivers would favor the more reduced arsenic species, arsenite
(arsenic(I1I)), which has presumably a higher toxicity than
arsenate (Hughes, 2002). However, at the pH and redox
potential values measured in this study (table 7), arsenic(V) is
expected to be thermodynamically stable and thus, likely the
most abundant inorganic arsenic form across sites (Hasegawa
and others, 2010).

In addition to inorganic arsenic species, methylated
organoarsenic compounds were detected in all the samples
collected in 2019 (table 10). A wide variety of methylated
arsenic compounds can be found in the environment, and
their occurrence is mediated by bacteria (Rahman and
Hasegawa, 2012). Because methylated arsenic species
tend to be persistent and are generally not metabolized or
bioaccumulated by higher eukaryotes, they are considered
less toxic than the inorganic forms of arsenic, although studies
have found that MMA can be toxic (Sharma and Sohn, 2009).

Arsenic Sources in the Upper Klamath Region

Surface-water concentrations of arsenic in the Klamath
Basin, which has a volcanic origin and encompasses large
areas of agricultural lands, can exceed at some locations
both the Oregon DEQ human health water quality criterion
(2.1 ug/L; Sturdevant, 2011) and the EPA drinking water limit
(10 ug/L; EPA, 2001). Both natural and anthropogenic sources
of arsenic seem likely.


https://www.mindat.org
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To the north, surface-water arsenic concentrations at three
sites consistently exceeded the EPA drinking water limit (Wood
Kimbeall, Fort Creek, and Crooked, tables 2—6). Exceedance
of the EPA drinking water limit was also observed at all but
two sampling events at Wood USGS (tables 2—6). These four
sites are located either within, or on the east edge of the Wood
River Valley (fig. 1). Water from these sites, including that for
Tecumseh, originates from the base of a ridge that runs north
to south. Although this area comprises wetlands that used to be
drained for cattle grazing and crop cultivation (Carpenter and
others, 2009), arsenic at these sites seems to originate from the
groundwater aquifer hosted in a rock formation of volcanic
origin (Gannett and others, 2007). High aqueous concentrations
of arsenic are found where basaltic rocks are dominant and
where water-rock interactions are maximal (Stoner and others,
1977; Hinkle and Polette, 1999).

To the south, surface-water arsenic concentrations
at two drain sites consistently exceeded the EPA drinking
water limit (KSD Headworks and KSD FF-F, tables 2—-6).
Water in drains consists mainly of water used for irrigation.
As discussed previously in “Influence of Physicochemical
Characteristics on Arsenic Speciation,” the unique
physicochemical characteristics of drain waters (for example,
elevated pH, fig. 12), high phosphate and dissolved organic
carbon concentrations (USGS streamgage station no.
420451121510000; USGS, 2023), were likely favorable
to processes mobilizing arsenic from solids (Smedley and
Kinniburgh, 2002; Sharma and Sohn, 2009), including
soils previously contaminated by arsenical pesticides and
herbicides. In addition, evapoconcentration likely affected
the solute concentrations of drain water during the summer
months, thereby concentrating arsenic. But evaporation does
not provide insight into the original source(s) of arsenic at
these sites, which could include volcanic minerals in the
north, some geothermal waters from the Klamath Strait Drain
area (USGS streamgage station no. 420258121443101, U.S.
Geological Survey, 2023), or legacy arsenical pesticides and
herbicides, although we found no evidence of arsenic-based
pesticide use in the Upper Klamath region. The lack of
correlation between surface-water copper and arsenic
concentrations (fig. 94), as well as between surface-water
lead and arsenic concentrations (fig. 98) provides an
argument against the pesticide source. But differences in
sorption characteristics and leaching behaviors among metals
(Merry and others, 1983) preclude using copper and lead
concentrations as proxies for lead- and copper-based arsenate
pesticides, which was the initial intent. The four orders of
magnitude spread in the surface-water arsenic concentrations
(fig. 4) compared to the 1.2-order of magnitude spread for lead
(fig. 8) and 1.9-order of magnitude spread for copper (fig. 7)
does indicate a decoupling, caused in part, by differences in
mobilities among metals (Merry and others, 1983). Although
identifying the source(s) of arsenic in drain water remains
unquantified, the unique physicochemical characteristics of
drain water may be conducive to processes mobilizing and
concentrating arsenic.

In support of water-quality managers and water-use
stakeholders in the Klamath Basin, mass balances of arsenic
loads and transport, arsenic adsorption and desorption
experiments, as well as evaporation calculations could help
quantify relative arsenic sources at these sites, especially drain
sites. Moreover, additional mechanistic studies could enhance
understanding of the interplay among water chemistry,
speciation, bioavailability, and toxicity, especially at sites with
different sources of arsenic (for example, geogenic versus
agricultural origin).

Summary

Levels of dissolved arsenic in surface waters at
some locations in the Klamath Basin can exceed the U.S.
Environmental Protection Agency (EPA) and Oregon
Department of Environmental Quality (DEQ) standards
for drinking water (10 and 2.1 micrograms per liter [ug/L],
respectively). The Klamath Basin consists primarily of
volcanic deposits and contains an underground geothermal
system hosting hot springs and warm water wells that are
known sources of arsenic. Common anthropogenic sources of
arsenic are related to agricultural use and include pesticides,
although irrigation, water re-use and water storage practices
can favor arsenic mobilization and concentration by variety of
biogeochemical processes.

In this study, dissolved concentrations of arsenic,
copper, and lead were measured in surface waters at 39 sites
within the Upper Klamath Basin, of varied waterbody types,
between 2018 and 2022. Surface-water arsenic concentrations
varied four orders of magnitude among sites. Median arsenic
concentrations ranged from 0.03 to 36.7 pg/L. Surface-water
arsenic concentrations varied independently of corresponding
changes in surface-water lead or copper concentrations, which
does not support the “anthropogenic use of arsenic-based
pesticides” hypothesis, although differences in sorption and
leaching characteristics among metals might have driven the
lack of correlations. Literature searches did not provide any
evidence of arsenic-based pesticide use in the Upper Klamath
region. Speciation data collected in a subset of sites showed
that arsenic existed mostly as arsenic(V), the most oxidized
species, and presumably, the least toxic arsenic species.

Drain sites (drains are defined here as a waterbody
returning used irrigation water) sampled in this study had
the highest arsenic concentrations (17.4+4.9 pg/L) as
opposed to the artesian well (0.81+£0.04 pg/L). In addition
to evapoconcentration, the unique physicochemical
characteristics of water stored in drains likely favored arsenic
mobilization from solids, and explained in part, the elevated
surface-water arsenic concentrations.

Variability in surface-water arsenic concentrations was
less than 10 percent at 17 of the 38 sites (Tecumseh excluded,
as it was only sampled in 2022). Seasonal differences in
surface-water arsenic concentrations were detected at 13 sites,
10 of which had higher arsenic concentrations in summer than
in either spring or fall. Two sites on Upper Klamath Lake, the



impounded rivers, one of the canals, one creek and four rivers
had higher surface-water arsenic concentrations in the summer
than in either spring or fall. Redox and sorption reactions
mobilizing arsenic at higher temperatures, evapoconcentration,
or release of arsenic from sediment due to sub-oxic conditions
associated with eutrophication can explain, in part, the

higher surface-water arsenic concentrations observed in
summer than in the spring or fall. Surface-water arsenic
concentrations in the sites at springs and for the artesian well
did not vary significantly among seasons, likely because of the
groundwater origin of the sourced water.

There are likely both natural and anthropogenic
sources of arsenic in the Klamath Basin. North of Upper
Klamath Lake, high surface-water arsenic concentrations
were consistently measured at sites with limited nearby
agricultural activities, suggesting a geogenic source. South of
Upper Klamath Lake, surface-water arsenic concentrations
were elevated and consistently higher than the EPA drinking
water criterion at two drain sites in an area of predominant
agricultural land use with extensive water re-use practices.
Although the source(s) of arsenic in drain water remains
unquantified, the unique physicochemical characteristics of
drain water were likely conducive to processes controlling
arsenic partitioning between solid and aqueous phases. No
evidence of agricultural use of arsenic based pesticides was
found during this investigation.

Our assessment of dissolved arsenic concentrations in
various surface-water bodies in the Upper Klamath River
Basin reveals geographical areas of consistently low (below
the Oregon Department of Water Quality water-quality
criterion of 2.1 pg/l), moderate (below EPA water quality
criterion of 10 pg/L) and high (above 10 pg/L) surface-water
arsenic concentrations. Consistently high (above 10 ng/L)
arsenic levels from the Wood River at Kimball Park, Fort
Creek, and Crooked (sites located at or near headwater spring
sources), suggest a natural background source of arsenic in
this area. Water flowing downstream from this area could be
a potential source of arsenic to Upper Klamath Lake and the
Upper Klamath River.
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Appendix 1. Method Detection Limits and Method Reporting Levels for the
Inductively Coupled Plasma Mass Spectrometry Method

The following appendix contains data to support the 0.024 to 0.03 micrograms per liter (ug/L), 0.02—0.06 pg/L,
study on dissolved arsenic concentrations in surface waters and 0.005-0.04 ug/L, respectively. Data collected prior to
within the Upper Klamath Lake Basin, Oregon and California. 2021 were evaluated against MDLs and RLs determined in
All the data for this study are provided in the data release April 2021 whereas data collected in 2021 and 2022 were
associated with this report (Hill and others, 2021). evaluated against MDLs and RLs determined in October 2021.

Method detection limits (MDL) and reporting levels (RL)  Metal concentrations below MDLs were ascribed a value
for the inductively coupled plasma mass spectrometry were corresponding to half the MDL for the calculations and

determined using the procedures outlined by Glaser and others  statistical analyses (table 1.1).
(1981). For arsenic, copper, and lead, the MDLs ranged from

Table 1.1. Method detection limits and method reporting levels for the inductively coupled plasma mass spectrometry method that was
used to analyze samples collected in the Klamath River Basin, Oregon and California.

[Concentrations inferred from ¢3Cu and 208Pb were used to calculate method limits. Dates are given in year-month (yyyy-mm) format. As, arsenic; Cu, copper;
Pb, lead; MDL, method detection limit; MRL, method reporting level; pg/L, micrograms per liter]

Method limit Date (yyyy-mm) As (pg/L) Cu (pg/L) Pb (pg/L)
MDL 2021-04 0.03 0.06 0.04
MRL 2021-04 0.06 0.12 0.08
MDL 2021-10 0.024 0.02 0.005

MRL 2021-10 0.05 0.04 0.01
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Appendix 2. Statistical Parameters for Seasonal Comparisons of Monthly

Arsenic Concentration Means

The following appendix contains data to support the
study on dissolved arsenic concentrations in surface waters
within the Upper Klamath Lake Basin, Oregon and California.
All the data for this study are provided in the data release (Hill
and others, 2021) associated with this report.

To assess whether some of the variability in surface-water
arsenic concentrations could be ascribed to seasonal variability
in geochemical or biological processes, land use practices,
water use, or weather-related factors such as precipitation or
temperature, monthly arsenic concentration means for each
site were compared among seasons. Seasonal differences in

Table 2.1.
Klamath River Basin, Oregon and California.

surface-water arsenic concentrations were detected at 13 sites,
10 of which had higher arsenic concentrations in summer than
in either spring or fall.

With a consistent groundwater source, surface-water
arsenic concentrations in springs and in the artesian well were
the least variable (table 8); no statistical differences (p>0.05)
were observed among seasons. On the contrary, surface-water
arsenic concentrations at the 13 sites, including the sites on
Upper Klamath Lake (except Modoc Point), the impounded
rivers, the canals, one of the drains, two creeks, and four
rivers, varied significantly among seasons (p<0.05, table 2.1).

Statistical parameters for seasonal comparisons of monthly arsenic concentration means at 39 sampling sites in the

[Data from Hill and others (2021). ANOVA, analysis of variance; p, probability value; ND, not detected, Sp, spring, Su, summer, F, fall, —, not applicable; <,

less than; KSD, Klamath Strait Drain; USGS, U.S. Geological Survey]

Site ANOVA  Kruskal Wallis ) Group Site ANOVA  Kruskal Wallis ) Group
p-value p-value difference p-value p-value difference

Ady Canal 0.032 — ND Mares Egg 0.900 — —
Agency Ramp <0.001 — Sp-Su, Su-F Modoc Point — = =
Annie 0.382 — — North Fork Sprague 0.075 — —
Fourmile Well 0.444 — = Odessa — 0.005 Sp-F, Su-F
Cherry 0. 585 — — PP-D Tule 0.118 — —
Crooked — 0.928 — Sevenmile Agency — 0.022 Su-F
Fort Creek 0.919 — — Sevenmile Guard 0.025 — Sp-Su
Hagelstein 0.390 = = South Fork Sprague 0.156 — Sp-Su
Harriman — 0.321 — Sprague USGS 0.068 — —
Klamath R. Bypass 0.005 — Sp-Su Spring USGS 0.819 — —
Klamath R. Keno 0.004 — Sp-Su Sun Creek — — —
KSD F-FF 0.023 — Sp-Su, Sp-F Tecumseh — — =
KSD Headworks 0.074 — — Wocus 0.010 — Sp-Su, Sp-F
Link Below Dam 0.005 — Sp-Su, Sp-F Upper 4-Mile 0.666 — =
Lost Clear Dam 0.171 — — Will River Marsh 0.098 — —
Lost Crystal 0.006 — Sp-Su William USGS — — —
Lost Harpold 0.263 — — WillRiv TNC 0.023 — Sp-Su
Lost Malone 0.091 — = Wood Kimball 0.712 — —
Lost-Ander-Rose 0.042 — Sp-Su Wood USGS 0.099 — —
Malone 0.132 — —
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