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ABSTRACT: Koocanusa Reservoir (KOC) is a waterbody that spans the United
States (U.S.) and Canadian border. Increasing concentrations of total selenium
(Se), nitrate + nitrite (NO3

−, nitrite is insignificant or not present), and sulfate
(SO4

2−) in KOC and downstream in the Kootenai River (Kootenay River in
Canada) are tied to expanding coal mining operations in the Elk River
Watershed, Canada. Using a paired watershed approach, trends in flow-
normalized concentrations and loads were evaluated for Se, NO3

−, and SO4
2−

for the two largest tributaries, the Kootenay and Elk Rivers, Canada. Increases in
concentration (SO4

2− 120%, Se 581%, NO3
− 784%) and load (SO4

2− 129%, Se
443%, NO3

− 697%) in the Elk River (1979−2022 for NO3
−, 1984−2022 for Se

and SO4
2−) are among the largest documented increases in the primary literature,

while only a small magnitude increase in SO4
2− (7.7% concentration) and

decreases in Se (−10%) and NO3
− (−8.5%) were observed in the Kootenay

River. Between 2009 and 2019, the Elk River contributed, on average, 29% of the combined flow, 95% of the Se, 76% of the NO3
−,

and 38% of the SO4
2− entering the reservoir from these two major tributaries. The largest increase in solute concentrations occurred

during baseflows, indicating a change in solute transport and delivery dynamics in the Elk River Watershed, which may be
attributable to altered landscapes from coal mining operations including altered groundwater flow paths and increased chemical
weathering in waste rock dumps. More recently there is evidence of surface water treatment operations providing some reduction in
concentrations during low flow times of year; however, these appear to have a limited effect on annual loads entering KOC. These
findings imply that current mine water treatment, which is focused on surface waters, may not sufficiently reduce the influence of
mine-waste-derived solutes in the Elk River to allow constituent concentrations in KOC to meet U.S. water-quality standards.
KEYWORDS: trends, load, water quality, WRTDS, selenium

1. INTRODUCTION
Worldwide, more than 260 river basins are divided and shared
by multiple nations. Managing and preserving transboundary
watersheds, their water resources, and cultural heritage is
exceptionally difficult because political borders rarely coincide
with watershed boundaries, and governments may have
conflicting regulatory approaches.1−3 Without cooperative
resource management between governments, transboundary
waterways are uniquely vulnerable to the influences of human
land use on water quality and ecosystem integrity. One
example is large scale mining and the alteration of land surfaces
and aquifers due to placement of waste rock, which are known
to profoundly influence groundwater and surface water
quality.4−6 Mining supports regional and national economies
but has been shown to alter water, solute, and sediment
dynamics and harm aquatic ecosystems.7 Understanding
environmental and water-quality impacts from mines located
near borders provides information that may be used to protect,
restore, and manage natural resources in the complex
regulatory setting of transboundary watersheds.8

Koocanusa Reservoir (KOC, also called “Lake Koocanusa”)
is a transboundary reservoir that is split between northwestern
Montana (MT), United States (U.S.), and southeastern British
Columbia (B.C.), Canada (CA). The reservoir was impounded
in 1972 by the Libby Dam, near Libby, MT (Figure 1). KOC
encompasses the headwaters of the Kootenai (Kootenay in
CA) River Basin. Including KOC, the Kootenai River crosses
the U.S./CA border twice and drains into the Columbia River
just north of where the river crosses the international border a
third time (Figure 1). The Kootenai and Columbia Rivers have
significant cultural importance�the watershed itself is the
basis for the Ktunaxa Creation Story.9 Ecologically and
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culturally important fish resources in the Kootenai Watershed
(U.S.) include the federally endangered Kootenai River White
Sturgeon (Acipenser transmontanus), the threatened Bull Trout
(Salvelinus conf luentus), and two species of concern, Burbot
(Lota lota) and Westslope Cutthroat Trout (Oncorhynchus
clarkii lewisi).10 The headwater drainages for KOC are present
on both sides of the border. However, the three largest
tributaries are in B.C., and the second largest is the Elk River,
which drains a watershed that contains several open-pit, coal
mining operations (Figure 1).11,12

Coal mines have operated in the Elk River Watershed since
1897 and are known sources of contaminants to the
transboundary waters in the Kootenai River Basin (Figure
2).5,13−15 Current coal mines in the Elk River Watershed (Elk
River Mines, ERM) are classified in Canada as open-pit mines,
but they are analogous to mountain top removal coal mines in
the U.S.7 where mining operations create abundant volumes of
waste rock that are deposited in valley areas more than 100-m
thick.4,13

Open-pit coal mining in the Elk River Watershed results in
the removal of coal and waste rock and subsequent waste rock
dump generation (valley fill)�these mining operations alter
the slopes, physical landscape, hydrologic, hydrogeologic, and
geochemical functions of the mountain headwater systems
where the mines are present (Figure 2).5,14 As a result, these

mountain headwaters have less relief and more low gradient
surfaces, which alters infiltration and runoff processes.5,14

Geochemical processes are also altered when solid bedrock is
removed and replaced with porous crushed waste rock. Waste
rock dumps change the porosity and transmissivity of the
system and increase the surface area and exposure of waste
rock to air16 and water, enabling more rapid chemical
weathering.4,5,17 Changing mining practices, including the
development of new technologies, treatments, and best
managements also further complicate the landscape and runoff
and infiltration mechanisms, including lag times that affect
solute movement through waste rock.18−21

Past literature has correlated Se and NO3
− concentrations in

the Elk River with the volume of waste rock produced in the

Figure 1. Study area map showing the Kootenai Basin (and partial
Columbia River Basin) including the Elk River and Kootenay River
Watersheds and other major tributaries; the Bull River, and the
Tobacco River. Mine areas in the Elk River Watershed are shown in
yellow, sampling locations are shown as triangles.11,12

Figure 2. Coal production in the Elk River Watershed. Aerial image of
one area of mine operations within the watershed. Copyrighted, used
with permission via licensing agreement with Garth Lenz. Plots
illustrate yearly coal production by mine, represented by different
colors,16 and measured concentrations of total Se and NO3

− in the
Elk River and Highway 93.22
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ERMs (Figure 2); however, the mechanisms driving the
changing concentrations (e.g., the increase in concentrations
around 2005) are not well understood.5,13 Likewise, Se, NO3

−,
and SO4

2− concentrations measured in the Elk River where it
enters KOC have been increasing since concentrations were
first measured in 1984, and concentrations are also increasing
in KOC (station no. 12300110) (Figure 3).22−24 Water-quality
sampling on the Elk River was initiated roughly 80 years after
coal mining began, but it is likely that mining affected water
quality before monitoring started.15

Coal-associated waste rock contains sulfide minerals (pyrite,
most commonly) and organosulfide compounds which are
associated with Se and other trace elements.25−27 Se is of

particular importance because its crustal concentrations can be
enriched up to 82 times in coal-bearing geologic formations.27

Chemical weathering through the oxidation of sulfide minerals
releases SO4

2− and associated trace elements to both surface
water and groundwater.28 Increasing NO3

− concentrations in
the Elk River have been tied to blasting practices from coal
mining operations,13 and excess ammonium may originate
directly from coal.29 Release of these mine-waste-derived
solutes has negative implications for beneficial uses, including
the potential to harm ecosystems in downstream water bodies.

KOC is oligotrophic due to low background phosphorus
concentrations and limited sediment delivery to the down-
stream section of the reservoir because of the Libby Dam.
Increasing NO3

− loads from the Elk River coupled with limited
phosphorus has the potential to alter food webs through an
imbalance of nutrients.30−33 Food web effects from the
nutrient imbalance have known ecological consequences
downstream of the reservoir in the Kootenai River in MT
and Idaho (ID), where phosphorus is now being added to
improve food webs for fisheries.30,34

Se is an essential trace element for life, but excess Se can be
toxic to vertebrates and invertebrates.35 In egg-laying
organisms, Se substitutes for sulfur in proteins causing
teratogenesis (deformities) in early life stages, among other
effects.31,36−39 Thus, elevated Se entering from the Elk River
poses a risk to organisms and the ecological function of KOC
and the entire Kootenai Watershed.

In 2012, KOC and the Kootenai River were listed as
impaired for Se on Montana’s Clean Water Act section 303(d)
list.40 Idaho’s listing for Se occurred in 2020 with a second
section of the Kootenai listed in 2022.41,42 From 2015 to 2020,
the State of MT and province of B.C. worked to develop site-
specific Se standards to protect water resources in KOC. The
water column Se criterion of 0.8 ug/L (dissolved Se) was set
for the U.S. portion of KOC (along with fish tissue criteria)
(Figure 3) and 3.1 μg/L (dissolved Se) for the Kootenai River
in MT and ID.43−45 However, as of September 20, 2023, B.C.
has yet to officially establish a site-specific water-quality
guideline for the CA portion of the reservoir. B.C. is the
primary regulatory entity, and they have specified water-quality
performance objectives (i.e., CA regulatory criteria for water
column concentrations) at order stations (i.e., CA regulatory
compliance points) associated with mining permits, which are
site-specific objectives that differ from CA water-quality
guidelines.46 The water-quality performance objectives for Se,
at the order station within the CA portion of KOC, match the
provincial recommended guideline value of 2 μg/L (total)
(Figure 3a).47 Water-quality criteria for Se are now being
regularly exceeded on both sides of the border. At the time of
publication, water Se concentrations collected at the interna-
tional boundary (USGS Site ID 12300110) have not been less
than the U.S. site-specific regulatory standard since July, 2020
(Figure 3a).24

Here, we aimed to gain a better understanding of how the
history of ERM operations has influenced the quality of waters
flowing into the U.S. via a retrospective analysis of Canadian
water-quality and discharge records. Our analysis included
three constituents (Se, NO3

−, and SO4
2−) in the two largest

tributaries of KOC (The Kootenay River and Elk River), near
their entries to the reservoir. For all three constituents in each
river, we built empirical models of concentration, using
weighted regression as a function of time trend, discharge,
and season (WRTDS).48 Based on these models, we estimated

Figure 3. Solute concentration measurements in Koocanusa
Reservoir, the Elk River at Highway 93 and the Kooteanay River at
Fenwick.22 (a) Koocanusa Reservoir total Se concentrations measure-
ments at a Canadian compliance point (Lake Koocanusa South of Elk
River, green)46 and dissolved Se on the United States side of the
international boarder (U.S. Geological Survey Site ID 12300110,
magenta)24 with their respective regulatory criteria.45,46 Concen-
tration measurements of total Se (b), NO3

− (c), and SO4
2− (d) at the

Elk River at Highway 93 (orange) and the Kootenay River at Fenwick
(blue).22
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daily and annual concentrations and loads and evaluated trends
in flow-normalized concentrations and loads. Through a paired
watershed study with three objectives, our goal was to address
the following research question: How does the export of
potential contaminants such as Se, NO3

−, and SO4
2− reflect the

history of coal mining land use and waste rock management in
watersheds? Our first objective was to model and estimate the
masses of Se, NO3

−, and SO4
2− that enter KOC annually from

the two major tributaries and assess how the annual delivery of
solutes has changed through time via flow-normalized trends in
concentration and load. Our second objective was to
determine the relative contributions of Se, NO3

−, and SO4
2−

over time, from the two tributaries into KOC. Lastly, we
looked for evidence of changing solute dynamics in the two
tributaries in relation to the coal mining operational history,
including the recent implementation of water treatment at the
ERM.

While public concern and scientific study related to mining
contaminants in the Elk River have been previously
documented in government reports, Canadian and U.S.
national news sources, and primary literature,5,14,27,49−52 this
study provides the first comprehensive and comparative
analysis in the primary literature of historical water-quality
effects to U.S. waters from solutes derived from coal mine
operations in the Elk River Valley. Our efforts demonstrate
how flexible analysis techniques (WRTDS) can be used to
improve our understanding of changing solute dynamics and
the fate and transport of mine-waste-derived solutes (Se,
NO3

−, and SO4
−2).

2. METHODS
2.1. Site Information. KOC is 145 km long and is bisected

by the international border in southeastern B.C., CA, and
northwestern MT, U.S. (Figure 1).53 There are four gauged
tributaries that contribute water to KOC; the three largest are
Canadian tributaries, the Kootenay, Elk, and Bull Rivers�
which together supply approximately 87% of the inflow to the
reservoir, with roughly 50% coming from the Kootenay River
and 25% from the Elk River (Figure 1).23,54,55

Large growth of mining operations in the Elk River
Watershed occurred in the 1970s, with the transition from
underground mining to large scale surface mining with valley-
fill waste rock dumps (Figure 2).16,56 In 2020, ERM was
responsible for producing 80% of Canada’s annual steelmaking
coal exports and 43% of B.C.’s mining revenues. In 2021, ERM
produced 24.6 million tons of coal, with the majority exported
to the Asia Pacific region.57,58 In 2022, the ERM encompassed
over 145 km2 (3%) of the Elk River Watershed (SI Figure 1
and SI Table 1a,b). At present (2023), there are also three
additional proposed mines and one proposed mine expan-
sion.56 As of 2020 the ERM had generated over 6.74 billion
bank (in situ) cubic meters (B.B.C.M) of waste rock,29 a 43%
increase from the 4.7 B.B.C.M of waste rock that was present
in 2010.59 Current permitted mine operations allow 11.03
B.B.C.M of waste rock, so volumes could nearly double from
their present sizes under existing mine permits (SI Table 2).29

The areal extent of waste rock dumps is specified by
permitting,5,60 so future waste rock generation from existing
operations is likely to alter the geometry of the dump areas by
increasing their depth.

In 2013, based on rising concentrations of five constituents
(Se, NO3

−, SO4
2−, cadmium and calcite) in the Elk River, B.C.

began requiring ERM to address mining contamination.61

Remedial measures implemented by ERM included piloting of
water treatment technologies to remove Se and NO3

−

beginning in late 2014, leading to 4 operating treatment
facilities by the end of 2022 (SI Table 4).29

2.2. Data Compilation. Water-quality and discharge data
were obtained from the online B.C. Water Tool (downloaded
on 7/7/2022)55 and the Environment and Climate Change
Canada (ECCC) data portal (downloaded on 11/12/2022).62

Water-quality data for the Kootenay River were obtained from
the Kootenay River near the Fenwick site (B.C.08NG0009),
which has a drainage area of 11,754 km2. Discharge and water-
quality sampling locations were not coincident, so discharge
data from the Kootenay River at Fort Steele (station ID
08NG065)55 were adjusted based on the drainage area ratio
between the discharge monitoring and the water-quality
sampling locations (SI Figure 2).22 The Elk River is 220 km
long and has a drainage area of 4,450 km2 to the water-quality
monitoring site located at Highway 93 Near Elko
(B.C.08NK0003).23 Because the discharge and water sampling
locations were not coincident, the Maintenance of Variance
Extension, Type 2 (MOVE.2)63 for record extension was used
to extend the daily discharge record at the Elk River at Phillips
Bridge site (08NK005),55 which is the closest gauge, but
discharge measurements were discontinued after 1996. Record
extension for Phillips Bridge was based on the discharge
relationship with the Elk River at the Fernie site (08NK002)
(correlation coefficient 0.9805) (SI Figure 2).63,64 A drainage
area ratio correction was then applied to adjust for the
differences in contributing area between the Phillips Bridge
discharge records and the Highway 93 water-quality
monitoring location.22 Additional information is in the SI
Methods, including additional site information and geology.
Concentration and discharge input files, in addition to the
models, associated metadata, and additional details are
available in ref 22.

Both the Elk and Kootenay Rivers have snowmelt-
dominated flow regimes, generally characterized by peak
discharges in late May through early June, transitioning to
baseflow recession in the late summer and early fall, and finally
steady low discharge dominated by baseflow contributions
throughout the winter months (SI Figure 3).5 Water-quality
samples at each location were generally collected two times
each month over the period of record for each solute and
generally spanned the range of flow conditions (SI Figure 4).
Additional information regarding data quality screening, and
corrections, are available in ref 22.
2.3. Analysis Methods. Weighted Regression on Time,

Discharge and Season (WRTDS) was implemented using R
Studio (version 1.4.1106), and the EGRET (version 3.0.7),
and EGRETci (Version 2.0.4) packages.48,65,66 Six individual
models were generated, with one model for each constituent of
interest at each site. Additional details, including the governing
equation are included in the Supporting Information (SI
Analysis Methods).
2.3.1. Evaluation of Flow Stationarity. To determine the

appropriate implementations of WRTDS (stationary flow-
normalization or generalized flow-normalization), eight metrics
of variation in annual stream discharge (SI Figures 5 and 6)
were examined for monotonic trends at each river location.67

The statistics were evaluated using the nonparametric Mann-
Kendall trend test with Theil−Sen slope (SI Figures 5 and 6).
In addition, Quantile-Kendall plots were examined for changes
in discharge quantiles for the periods of record with discrete
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water-quality data (Elk 1979−2021; Kootenay 1979−2019)
(SI Figure 7).68 These statistical tests suggested that trends in
discharge were small and not statistically significant; therefore,
we implemented WRTDS using stationary flow-normalization.
2.3.2. Flow-Normalized Trends. Trends in the flow-

normalized concentration and load were examined visually
and quantitatively for each model using the WRTDS
framework. WRTDS was developed to evaluate the combined
effects of discharge, season, and interannual trends in water
quality. It does this by creating a statistical model of
concentrations for each day in the record as a function of
discharge, trends in time (expressed in decimal years), and
season (SI Analysis Methods; Kalman). The model results
were integrated over the frequency distribution of the
discharge to compute flow-normalized estimates. These
estimates are designed to allow a comparison of year-to-year
variations in concentration and load that are independent of
the effects of variations in discharge. Removing this source of
variation facilitates the identification and estimation of long-
term, nonmonotonic trends.48,69

The EGRETci package was used to estimate the uncertainty
associated with these trends through block bootstrapping.70

This method constructs confidence intervals around a trend by
randomly subsampling the data set and recreating the WRTDS
model over many iterations to capture variability in the trend
estimate. Uncertainty was described using likelihood terminol-
ogy following Hirsch, Archfield and De Cicco,70 where a trend
likelihood is described based on the percentage of increasing or
decreasing trends from hundreds of bootstrapped iterations,
with higher likelihoods corresponding to higher percentages.70

Trend estimates for load are generally presented in the
Results and Discussion section as yield (i.e., area normalized
load). Loads are presented as yields to make results more
directly comparable because the Kootenay Watershed has
more than twice the contributing area of the Elk Watershed
(Figure 1).

Additionally, we chose to explore general effects that the
recent implementation of ERM water treatment (post 2015)
may have had on the contaminant loading trends at the Elk
River at the Highway 93 sampling location (80−120 km
downstream of mining operations). Daily mass removal data
from ERM water treatment for Se and NO3

− through
September 2022 are available in ref 22. We carried out a
mass balance calculation for Se using the combined daily Se
mass removals from all treatment locations. The calculations
make two simplifying assumptions. The first is that the Se
removed by the treatment plants would have otherwise been
transported conservatively (i.e., in its entirety) 80−120 km
downstream to the Highway 93 sampling location. The second
assumption is that the load reduction at the monitoring
location on any given day is equal to the running mean of Se
removal for the prior 30 days. This averaging was selected to
account for different treatment locations upstream and to
account for surface water advection and dispersion as well as
exchange of the solute between the surface water and
groundwater systems. This second assumption results in a
smoothing of the overall treatment effect assessment but does
not have a significant effect on the concentration reduction
estimates at longer time scales (e.g., seasonal to annual). The
smoothed data were used to construct a concentration surface
using the same indexing (for time and logQ) as the original Se
concentrations computed from the monitoring data within the
Elk Se WRTDS model.22

2.3.3. Load Estimates. The EGRET package65 was used to
provide daily estimates of concentration and load, which were
then summarized into a time series of annual mean
concentration and annual load using a state space modeling
approach with the WRTDS_Kalman method.71,72 The
WRTDS_Kalman method uses the WRTDS model and the
measured sample values to compute optimal estimates for each
day in a manner that accounts for serial correlation in the
model residuals. It is a method that has been shown to
generate some of the most accurate estimates of load based on
comparisons with measurements.71,72 Comparisons between
observed and modeled daily loads and WRTDS and
WRTDS_Kalman annual estimates are in SI Figures 8 and 9.
2.3.4. Concentration−Discharge Relationships. Concen-

tration−discharge relationships (C−Q) were plotted and
assessed for variation with respect to seasons and over time,
providing a summary of solute dynamics and insights into
changing watershed flushing and dilution processes. WRTDS
captures changes in C−Q relationships over time and
generates a modeled 3D surface that shows expected
concentrations across a range of possible discharge values for
each day in the period of record (SI Figure 10). Information
contained within this 3D surface allows for inferences about
the effects of changing hydrologic conditions, evidenced
through changing behavior in the C−Q relationship over
time.48,73,74

Two different visualizations were explored. The first set of
visualizations are like traditional C−Q plots, but on an
arithmetic scale, and relationships at three different days over
time are shown on the same graph. Multiple iterations of these
graphs were examined looking at historical changes during high
and low discharge times of year. The second set of plots looked
at changes in concentration over time for each constituent at
specific discharges based off a flow duration curve generated
for 60 days surrounding a specific date (high, 95th quantile;
intermediate, 50th quantile; and low discharges, 5th quantile),
during peak discharge (June 13) and low discharge (January 1)
times of the year. These two graphical tools provide a visual
assessment of patterns that can illustrate potential changes in
solute delivery dynamics over time because patterns in the
relationship of C−Q provide perspective on the mechanisms
related to the mixture of precipitation water and stored water
in streamflow generation.

There are three common patterns that are frequently
described for C−Q relationships: dilution, mobilization, and
chemostasis. Often these patterns vary between individual
solutes and watersheds, so they are useful for characterizing the
average behavior of a watershed.75−80 As such, a change in C−
Q behavior over time may indicate hydrologic shifts, such as
changes in land use that affect basin characteristics, changes or
transformations in constituents and sources, or altered flow
paths (i.e., solute delivery dynamics).76,81,82

3. RESULTS AND DISCUSSION
3.1. Concentration. Within the two watersheds, both land

use and bedrock geologies are generally different, suggesting
the possibility that the background concentrations of solutes
might vary (SI Methods, Geology). Background Se concen-
trations have the potential to be higher in the Elk River than
the Kootenay River, based on bedrock geologic sources
independent of mining.83 The mean Se concentration on the
Kootenay River (2003−2019) is near 0.1 μg/L and is likely to
have decreased 10% over this time (Table 1). The annual
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mean concentration for Se on the Elk River at Highway 93 in
2022 was 5.77 μg/L, but in 1985 it was 0.89 μg/L (Table 1).22

The 1985 value is 295% greater than concentrations on the Elk
River upstream of the mines and in the neighboring Flathead
River watershed, based on values that were measured by Hauer
and Sexton15 (0.3 μg/L). There is limited literature
surrounding background concentrations in the Elk River, but
values upstream of the mines and the concentration increases
early in the record (SI Table 3) suggest that concentrations of
mine-related contaminants may have been increasing since
before concentrations were initially measured.

Like Se, NO3
− and SO4

2− concentrations in the Elk River
have followed a trajectory where average, maximum, and
minimum concentrations are all increasing, in addition to
increases in amplitude in annual patterns among high and low
concentrations (Figure 3b,c,d). NO3

− concentrations have
remained stable or decreased marginally in the Kootenay River
(Figure 3b,c,d).84 NO3

− and SO4
2− concentrations entering

KOC do not exceed current CA regulatory guidance for water
quality.85,86 However, NO3

− concentrations in the Elk River
have increased 784% between 1979 and 2022, more than any
other solute (Table 1). NO3

− concentrations in the Elk River
were like those in the Kootenay River when concentrations
were first measured in the 1980s, but recently measured high
values each year are nearing half the 3 mg/L CA guidance level
(Table 1).85

Since the year 2000, measured Se concentrations in the Elk
River have constantly exceeded recommended ambient water-

quality guidelines to protect aquatic life set by both the
Canadian Council for Ministers of the Environment (1 μg/L)
and the British Columbia Ministry of Environment and
Climate Change Strategy (alert concentration: 1 μg/L;
guideline: 2 μg/L).47,87 In KOC, dissolved Se concentrations
have exceeded U.S. regulatory criteria since July, 2020 (Figure
3a).45 In contrast, Se concentrations in the Kootenay remain
1−2 orders of magnitude lower and stable (Figure 3b).

The Elk River location at Highway 93 is not a CA regulatory
compliance point; therefore, concentrations here are being
compared to the CA recommended federal and provincial Se
guidelines (total).47,87 In 2021, the average annual measured
Se concentration in the Elk River where it enters KOC was
5.87 μg/L, the maximum was 9.65 μg/L, and the minimum
was 3.51 μg/L. We used the WRTDS model output to
calculate the expected number of days that modeled
concentrations exceeded the guideline criteria (SI Methods,
Exceedance Probability). For the federal guideline of 1 μg/L,
exceedances increased from 70 days a year in 1984, to 252 in
1990, to 350 in 2000, and by 2006 exceedances were greater
than the federal/provinical alert guideline for more than 360
days per year, for each year until the present. Similarly, for the
2 μg/L provincial guideline, the expected number of
exceedances per year rose from 7 days in 1984, to 31 days
in 1990, to 217 days in 2000, and by 2010 it is greater than the
CA recommended guidance concentration for more than 360
days per year for every year since 2010.

Table 1. Trends in Loads and Concentrations (Flow-Normalized) For Select Time Periods for the Elk River at Highway 93
Bridge and the Kootenay River at Fenwick22,a

aUncertainty is described in terms of the likelihood from bootstrapped replicates.
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3.2. Loads. Loads discussed in this section are based on
estimates optimized for accuracy (WTRDS_Kalman) and not
flow-normalized.71,72 Within the Elk and the Kootenay
Watersheds, snowmelt runoff is the time of year when most
of the discharge moves through each system and with it most
of the mass of solutes is delivered to KOC over the water year.
The mean annual discharge for the Kootenay River is roughly
twice that of the Elk River (SI Figure 3 and SI Table 3), and
generally, the proportion of water from the two tributaries
discharged into KOC did not change over the last 40 years (SI
Table 3). On average, the Elk River contributed 29% of the
combined discharges, but in the past decade contributed 95.3%
of the Se, 76% of the NO3

− and 38% of the SO4
2− to KOC

from the two tributaries combined (SI Table 3). Annual
variations in loads for both rivers were driven by year-to-year
variations in discharge, and within the Elk River variation in
loads were also coupled with the large increase in solute
concentrations from mining operations.

The masses of SO4
2− delivered to KOC from these rivers

were the most similar relative to the other solutes (SI Table 3).
Mining in the Elk River Watershed has added additional mass
to background weathering and other SO4

2− sources, which was
evident by the increase in annual load estimates over time,
from 25% of the combined load in the late 1980s to 38% in the
2010s (SI Table 3).

NO3
− load increased more than the other two constituents

within the Elk River over its respective period of record. This
increase is likely driven by ammonium nitrate used in mine
blasting13 and to some extent geogenic ammonium ions in the
coal-bearing strata.29 In 1979, when NO3

− was first measured,

roughly 30% of the NO3
− entering KOC was coming from the

Elk River, a proportion like the discharge volume (concen-
trations were similar in both rivers), but by 2014, it had
increased up to 83% of the combined NO3

− contributed to
KOC (SI Table 3).

Annual loads of Se have grown by over 1 order of magnitude
over the past 35 years (SI Table 3). When water-quality
monitoring was initiated in the Elk River in 1984, estimated
loads were already 3−4 times greater than loads entering the
KOC from the Kootenay River (SI Table 3).

The mass of NO3
− and Se being delivered to KOC is now

dominated by contributions from the Elk River, despite its
much lower discharge volume (SI Table 3). Discharge in the
vicinity of waste rock dumps in the Elk River Watershed has
been shown to be attenuating, with decreasing peak and
stormflows and increasing baseflows.58 Thus, the timing of
solute mass delivery may shift toward a greater proportion
during baseflow periods, due to increased transient storage and
solute sources from growing volumes of waste rock.4 Likewise,
several studies have shown that transport is the limitation for
solute delivery out of waste rock within the Elk River
Watershed.5,13,14 This limitation is present despite increased
infiltration capacities that can be three times greater than the
infiltration capacity of the natural catchment.60 This suggests
that if more flow through waste rock occurred, more solute
mass would be mobilized�an important consideration given
changing precipitation patterns and form (rain vs snow) as a
result of climate change.

A portion of the most contaminated surface waters are now
being treated, and the volume of water to be treated is planned

Figure 4. Concentration vs discharge relationships for total Se (a) and NO3
− (b) in the Elk River at Highway 93.22,65 Colored lines (a,b) show

modeled C−Q relationships for three different dates, illustrating changes in the solute behavior over time. Shading (a, b) shows the 90% prediction
interval for each date. (c,d) illustrates changes in concentration over time at two different discharges and two times of the year. (c) illustrates
patterns at the high discharge time of year (June 13) and (d) shows a low discharge time of year (Jan 1). Lines (c, d) represent the 5th (black) and
95th (red) percentiles for flow duration curves for 60 days around each date (30 days before and after). Shading (c, d) shows the 90% prediction
interval for each flow. Additional solutes and Kootenay River data are shown in SI Figures 11 and 12.
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to increase through 2027.88 In 201514 and 2018,5 Wellen,
Shatilla and Carey found that mining practices, including
surface reclamation, the shape of waste rock piles, and the age
of waste rock dumps, also have the potential to reduce Se
delivery to water bodies, suggesting operational practices,
which change in time, are likely to influence loads (increase or
decrease). Water treatments may reduce loads to KOC going
forward, but the magnitude and timing of that reduction are
not well understood. Likewise, there has been little published
study of surface water−groundwater interaction in mine-
affected areas and areas downstream. A recent update to the
Regional Water Quality Model (RWQM) added a surface
water−groundwater partitioning component, suggesting solute
movement in groundwater is an important mechanism that
needs to be understood in the context of downstream water
quality.29,89,90 Loads from both shallow and deep groundwater
are a source of uncertainty in this system, and very little is
known about the effects on deep groundwater from waste rock

dumps on top of bedrock limestone with high karst
potential.89,91 Presently only surface water is treated, and
current plans are to treat only surface waters into the future.29

With limited knowledge surrounding surface water−ground-
water interaction and potential groundwater contamination, it
is unclear if treatment of surface water alone will sufficiently
reduce the mass of solutes moving downgradient in the
watershed and into KOC to meet U.S. water-quality
regulations (Figure 3a).
3.3. C−Q Relationships. For each of the three solutes in

the Kootenay River, the C−Q relationships for individual
solutes were consistent over time, suggesting consistency in the
solute delivery mechanisms for the watershed (SI Figure 11a−
c). Se and SO4

2− both showed a dilution signal. Se shows a
slight decrease across all concentrations from 2003 to 2019,
while SO4

2− shows an increase across all discharges between
1986 and 2019, but more so at lower discharges (SI Figure
11a,c). NO3

− exhibited a mobilization pattern, suggesting that

Figure 5. Flow-normalized trends for the Elk River (orange) and the Kootenay River (blue).22,48,65 Concentration trends for each constituent are
on the left (a, c, e, g), and trends in yield (i.e., area normalized load) are on the right (b, d, f, g).22 Each row is a constituent: (a, b) total Se, (c, d)
total Se for the Kootenay River only, (e, f) NO3

−, and (g, h) SO4
2−. Solid dots are mean annual concentration or annual yield. Dashed lines are 90%

confidence intervals.65
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the mechanisms behind the Kootenay’s delivery of NO3
− to

KOC is driven by runoff solute delivery mechanisms, coupled
with an overall decrease across all concentrations between
1986 and 2019 (SI Figure 11b).

In contrast to the Kootenay River, the Elk River C−Q
relationships for Se and NO3

− changed with time (Figure 4),
while SO4

2− maintained a consistent dilution signal, but the
magnitude of concentrations increased across all discharges (SI
Figure 11f). In 1986 Se and NO3

− in the Elk River exhibited
C−Q relationships that were indicative of mobilization or
chemostasis solute delivery mechanisms (Figure 4). However,
by 2008 and into 2021, the solute delivery for both Se and
NO3

− changed to dilution (Figure 4a,b). Like SO4
2−, as time

progressed both Se and NO3
− exhibited an overall increase in

concentrations across all discharges, with the largest magnitude
of increase occurring at the lowest flows.

In addition to more traditional perspectives on C−Q
relationships, we used information within the WRTDS models
to evaluate how concentrations have changed at different
discharges (i.e., seasonal high, average, or low discharge)
during different seasons (Figure 4c,d and SI Figure 12).65 In
the Elk River for all three constituents, we observed that solute
concentrations at lower discharges increased faster than those
at higher discharges (SI Figure 12). This was the case during
both high discharge (June 13) and low discharge (January 1)
times of the year (Figure 4c,d). However, the magnitude of
concentration increase was greatest during the lowest
discharges, at the baseflow time of the year (Figure 4c,d).
Patterns shown in Figure 4 display a notable change in relative
rates of increase (slope) that occurred in the mid-2000s, where
the concentrations began to increase more rapidly across the
different discharges�this is particularly evident in Se during
the low flow time of year (Figure 4d). In contrast, patterns
across discharges in the Kootenay River for all three solutes
during high and low discharge periods are relatively flat over
time (not shown). The shift in Se and NO3

− C−Q signals
(Figure 4a,b), as well as the largest concentration increase
during low flows (Figure 4), suggests that processes controlling
solute delivery to surface water have changed over the last 40
years in the Elk River, with a notable increase in the lowest
flows relative to higher flows taking place in the early to mid-
2000s (Figure 4d).

Concentrations of solutes at baseflow conditions are
generally a good indicator of the chemistry of shallow
groundwater; existing reports suggest that most streams in
the Elk Valley gain shallow groundwater.58 Therefore, shifts in
C−Q behavior (increased concentrations during baseflow)
may reflect increased solute loadings to streams from shallow
groundwater. However, increasing concentrations at low
discharges are also consistent with observations made by
Nippgen et al.,4 who suggest waste rock dumps may be altering
the hydrologic storage and release of solutes within
Appalachian coal mine affected watersheds, causing increased
solute mobilization during the baseflow period via surface
water drainage from dumps. The switch in Se and NO3

− C−Q
behavior to dilution and the largest increase in concentrations
at the lowest baseflows in Figures 3 and 4 suggest that the
ERM may now behave like a point source, with a near
continuous release of higher concentration solutes that are
being diluted by water from unmined portions of the Elk River
Watershed. The changing solute behavior in the Elk River
could be the result of contaminated groundwater downgradient
of waste rock dumps and or increases in surface water sources

(concentration and/or discharge) emerging from waste rock
dumps�suggesting that additional investigation to understand
the mechanisms driving the change in solute delivery in the Elk
River Watershed may support understanding the source(s). In
contrast, solute dynamics in the Kootenay River have remained
relatively consistent over time.
3.4. Trends. 3.4.1. Differing Trends from the Paired

Watersheds. Trends in load are presented in this section as
yields, to facilitate direct comparisons between the two
watersheds, which are different in size. In the Kootenay
River there are gaps in the SO4

2− and NO3
− record and a

shorter Se record due to discrepancies in concentration
measurements after methods changes; thus, the time periods
for comparison vary slightly (Figure 5). However, the flow-
normalized trends (concentration and yield) for these
constituents in the Kootenay River either decreased (Se and
NO3

−) or increased marginally (SO4
2−) (Figure 5 and Table

1).22

The flow-normalized trends of Se, NO3
−, and SO4

2− for both
concentrations and yields in the Elk River document significant
water-quality changes (Figure 5 and Table 1); Se concen-
trations in the mine-affected tributaries to the Elk River are
among the largest in published literature, and the increases in
Se and NO3

− in the Elk River at Highway 93 are the largest
percent increases documented in the primary literature that are
known to the authors.35,92 Flow-normalized concentrations of
Se, NO3

−, and SO4
2− in the Elk River increased over their

respective periods of record by 551% (Se), 784% (NO3
−), and

120% (SO4
2−). Trends in yield mirrored those in concen-

tration but were slightly smaller in magnitude for Se (443%)
and NO3

− (697%) and slightly larger for SO4
2− (129%) (Table

1). This occurred while marginal decreasing trends in Se and
NO3

− and a slight increase in SO4
2− were observed in the

Kootenay River.
Modeled annual average NO3

− concentrations in the
Kootenay River and Elk River were nearly the same when
monitoring began in 1984 (Figure 5c). Since 1984,
concentrations of NO3

− have been declining in the Kootenay.
There were likely significant declines after the closure of a
fertilizer manufacturing plant (ammonia phosphate) on the
Saint Mary River in 1987 (a major tributary to the Kootenay,
Figure 1).93 Conversely, NO3

− concentrations have been on an
upward trajectory in the Elk River from mining operations.

SO4
2− concentrations in the Elk River in 1984 were lower

than concentrations in the Kootenay River; concentrations
were comparable between the two rivers in the mid 2000s but
have been higher in the Elk River ever since (Figure 5e).
Generally, SO4

2− and Se weather from the same parent
material; however, the difference in concentration trends over
time (Figure 5a, g) suggests that different geochemical or
biogeochemical mechanisms affect these solutes in different
ways within the Elk River Watershed.

In the Kootenay River, percent change for SO4
2− and Se

yields is greater than the respective changes in concentrations.
However, NO3

− is the opposite, again suggesting that
mechanisms delivering NO3

− are different from the other
two solutes (Table 1 and Figure 5), which aligns with the
mobilization signal that was observed in the C−Q relationship
for NO3

− on the Kootenay River (SI Figure 11). Overall
concentration and yields entering KOC from the Kootenay
River have been consistent historically, especially in compar-
ison to the large magnitude increase in all three solutes from
the Elk River.
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For NO3
− and Se in the Elk River, the increase in

concentration has been larger in percentage terms than the
corresponding increase in yield, but this pattern was the
opposite for SO4

2− (Table 1 and Figure 5a−d). This is driven
by the larger relative increases in concentration during
baseflow, but due to low discharge volumes during those
times, trends in load have not increased at the same rate. The
relative magnitude of the increase in SO4

2− (concentration and
yield) was less than the other two constituents, and the trend
was more consistent in terms of the magnitude of the slope
through time (Figure 5e, f). The difference in the SO4

2− trends
in the Elk River (compared to NO3

− and Se) may have been
driven by chemical weathering of other geologic sources of
sulfate, delivering higher baseline concentrations (SI Methods,
Geology).
3.4.2. Mining Operations Drive Trends in the Elk River.

Three distinct time periods of increasing trends in the NO3
−

and Se concentrations were observed in the Elk River (Figure
5a−d). The first period was from the start of the record
through the early 2000s and was characterized by a moderate
(relative) slope. The second period showed an increase in the
slope around 2002, suggesting the concentrations and
corresponding solute delivery were increasing at a faster rate.
The third period coincided with a taper in the slope around
2015. The 2015 inflection is noteworthy for NO3

− and Se as

the first reduction in the slope of the trend that has been
underway for 3 to 4 decades. What caused the taper in both
the concentration and yield trends around 2015 is uncertain,
but we pose three hypotheses that could explain changes in
hydrologic processes that could cause a slowing in the rate of
increase late in the record:

(1) The RWQM58 incorporates lag times to account for the
time it takes for weathering or release of solutes after waste
rock deposition to begin appearing in surface waters. Those
times in the RWQM average to 7 years across all watersheds.
Similar work in the primary literature has also shown that 8
year lag times were necessary to model solute delivery within
the West Line Creek mine site. Past work has tied
concentration with waste rock volume and areal extent.5,13,14

Other work has also shown the possibility of some depletion to
occur in this time scale for NO3

−; however, it is unlikely that
depletion of Se is occurring on the same time scale. The
similarity in trends between Se and NO3

− suggests that the
pattern in trends is not driven by depletion alone.27,94,95 Thus,
we hypothesize that the lag times coupled with decreases in
waste rock production from economic conditions16 could
explain the inflection in trend near 2015, as they began to
present themselves roughly 7 years after the economic
recession of 2008 when there was a decrease in coal
production (Figure 2). This hypothesis could be tested by

Figure 6. Modeled influence of Se mass removal from three mine water treatment facilities in the Elk River Watershed.22 Estimated Se removal by
water treatment in the Elk River at Highway 93, using a 30 day lagged running mean (a). Estimated daily concentration (b) and load (c) of Se in
the Elk River at Highway 93 (only 2021 and 2022 are shown for temporal resolution). The green line (b,c,e,f) is an estimate based on the model
optimized for accuracy (WRTDS_Kalman).71,72 The black line (b,c,e,f) is based on this same model with the addition of the estimated amount of
Se that was removed by treatment. Green dots (d) are the estimated annual load of Se for the Elk River WRTDS_Kalman model. Black dots (d)
are the annual loads if there was no treatment. The flow-normalized trends for load (e) and concentration (f) in black, are an estimate of the trends
in the absence of treatment, compared to what was observed (modeled) in green.
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evaluating annual waste rock production over time; however,
those data are not publicly available since 2010.96

(2) Alternatively, other mine engineering processes could
have affected the trend. A transition to deeper waste rock
dumps with fixed aerial extent could increase flow path lengths
and limit or delay solute transport temporarily.5,13,25 Past work
has shown that solute loss in waste rock dumps is driven by
vertical percolation and not lateral inputs of water.5 Similarly,
Villeneuve et al.60 describe three stages in the evolution of the
dump footprint for the West Line Creek operation, which is
part of the Line Creek Mine in the ERM: first a linear increase
in dump area from 1981 to 1998, followed by decreasing rates
of areal expansion between 1998 and 2003, and a relatively
constant dump area from 2003 to 2014, suggesting an increase
in thickness (longer vertical flow paths) during this time.5 Here
we hypothesize that the inflection point could occur because of
the lagged effect of these longer flow paths through waste rock,
resulting in longer time periods before solutes will enter
downstream surface waters. However, longer flow paths are
also associated with more oxidation of sulfide minerals and
may cause a subsequent increase in concentrations and loads
later in time.5,13,25

(3) The third hypothesis is that the reduction in the trend
slope is a result of water treatment. ERM have invested in
active and passive water treatment technologies to mitigate
NO3

− and Se concentrations into the Elk River Watershed;
pilot efforts began as early as 2014, but the first treatment
system was not fully operational until 2018 (SI Table 4).29 To
explore the effect that the treatment may have had on the
contaminant loading at the Elk River at the Highway 93 Bridge
sampling location (80−120 km downstream of mining
operations), we carried out a mass balance calculation
(described here in terms of Se) using daily mass removals
from ERM water treatment facilities between October 2015
and September 2022.22

Figure 6a shows the sum of the 30 day running mean of the
daily Se removal from all treatment locations. Figure 6b shows
modeled daily concentrations at Elk River and the estimated
concentrations that could have occurred if there were no
treatment removals upstream, assuming our assumptions are
reasonable. There were notable reductions in simulated
concentration during times of low discharge (late summer
through early spring). But, at times of high discharge (June),
the decreases due to treatment were limited. Figure 6d shows a
load perspective; the simulated effect of the treatment plants
approaches a 40% reduction for portions of the months of
lowest discharge in 2022 but is limited in the months of the
highest discharge. For high discharge months, the amounts
removed are minor (less than 5%) compared to the total
amount of Se being transported by the Elk River (SI Figure
13a). Additional perspective on the effect of treatment can be
seen in SI Figure 13b,c (like the patterns in Figure 4);
concentrations are generally higher in the months of lower
discharges. Concentration increases between 2006 and 2015
and 2016−2022 were substantial for high and low discharge
segments of the year. The effect of the treatment was greater
for the months of low discharge than it was for the months of
high discharge.

In general, with our assumptions in mind, our analysis
suggests that water treatment has been successful in reducing
concentrations during the months of lower discharge (when
concentrations tend to be highest). But, for the high discharge
months, the effect of treatment has been modest. This

translates directly to treatment effects on loads, suggesting
that treatment will have less effect on annual loads and more
on some seasonal and annual average concentrations. Accurate
understanding of treatment effects on concentrations down-
stream may be supported by a more complete understanding
of the hydrologic and hydrogeologic system between the ERM
and the outlet to KOC than is currently available. How mass
removals by treatment actually affected concentrations and
loads at the Highway 93 site (without our two simplifying
assumptions) is not yet clear.

Incorporating masses removed from treatment back into the
WRTDS model of Se in the Elk River provides support for a
combination of hypotheses. The plateau in the Se trends is still
present even with mass removals incorporated (i.e., without
treatment), and we see an increase in the delivery rate after
2021 (Figure 6e,f). This suggests that the reduction in rate
around 2016 may not only be the result of treatment but may
be more likely attributed to hypothesis 1, showing a possible
lagged rebound in production postrecession, or hypothesis 2,
showing how dump construction practices that are focused on
increasing height of dumps have resulted in longer flow paths
and further lagged times for solutes to enter downstream
surface waters. The absence of the rise in solute concentration
and load around 2021 (Figures 5a,b and 6e,f) suggests that in
recent years concentrations could have resumed a more rapid
rate of increase without treatment, which aligns with increases
in solutes from longer flow paths in hypothesis 2. The modeled
trends (Figure 5a−d) and trends incorporating removal
(Figure 6e,f) suggest that the overall patterns in trends may
be more likely attributed to hypotheses 2 and 3, with the
plateau driven by operational practices that increased flow path
lengths and coincident timing that would have resulted in
another rapid increase in the trend around 2021 if treatment
had not been present at its current capacity. Fundamentally the
combination of changes in waste rock production, waste rock
management, and water treatment are likely to drive the
magnitude of downstream solute delivery.

4. IMPLICATIONS AND FUTURE OUTLOOK
Through a retrospective analysis of water-quality and discharge
data, this study indicates that increasing mine waste derived
solutes have been exported from ERM operations to the
transboundary KOC, while solute delivery from the Kootenay
River has remained largely unchanged. The large differences in
load contributions from these two watersheds point to the
potential further increase in solutes into the Elk River with coal
mine expansions or new coal mines and for solutes to continue
to be released after the end of mining.20,95 The physiographic
setting of the ERM and their operational practices have
resulted in tons of Se and thousands of tons of other mine
wastes (NO3

−, SO4
2−) entering U.S. waters (SI Table 3) that

are now resulting in exceedances of U.S. and CA water-quality
regulations in KOC (Figure 3a).22,24,45,46,97

Within the mining affected watershed of the Elk River,
beginning in the early 1980s, there have been large,
documented increases in both load and concentration for Se
and NO3

−.5,14,22,23 There have been large relative increases in
the concentration of SO4

2− as well. In the case of Se, the Elk
River is now delivering on average 95% of the combined
annual Se mass to KOC. Large increases and recent plateaus in
the concentration and load trends suggest that changes may be
driven by waste rock production, waste rock dump geometry
(vertical vs lateral expansion), and mine surface water
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treatment in the last 1−2 years; these processes seemingly
dictate the magnitude of downstream delivery of solutes.

The changes in the C−Q relationships and increasing
baseflow concentrations in the Elk River indicate increased
chemical weathering of solutes due to increased waste rock
volume and year-round mobilization of solutes into surface
water. Solutes may be transported to the Elk River via waste
rock dump discharge to surface water and/or through
groundwater discharge to surface water. Changes in the solute
delivery dynamics in the Elk River suggest that the hydrologic
processes responsible for delivering solutes have changed over
the past four decades. In the 1980s C−Q relationships for Se
and NO3

− showed patterns indicative of surface runoff
mechanisms exhibited through mobilization and chemostatic
behavior but are now dominated by dilution. This is further
evidenced by the largest increase in concentrations of all three
solutes in the Elk River during the lowest discharges during the
late fall and winter baseflow months. However, a better
understanding of surface water−groundwater interaction may
support observations in the study by filling a knowledge gap as
the increase in solute concentrations at low discharges could be
partially attributed to a contaminated groundwater source.

Past studies have shown that lower topographic relief, and
higher infiltration rates, coupled with increased transmissivity
of material from waste rock dumps (i.e., valley fill) can alter the
flow paths and residence time of water within mined
watersheds.4 What is surprising is that we can observe this
through changing solute dynamics 80−120 km downriver from
the ERM, at the outflow of the larger Elk River Watershed,
indicating the profundity of the change that large scale mining
is having on solute transport.

The spring freshet is still the period when the largest mass of
solutes is delivered to KOC. However, the baseflow is the time
when the highest concentration waters flow into the reservoir.
Based on the patterns we have observed in the changes in
solute dynamics, increasing transient storage and solute
generation from the growing volume of waste rock has raised
baseflow solute concentrations more than those occurring at
other times in the year, which may increase further with
additional mining. High base-flow concentrations are likely to
persist unless water treatment can increase and outpace
growing solute delivery from additional mining and address all
major sources. Our analyses suggest that current ERM water
treatment has the potential to decrease concentrations in the
Elk River during low discharge portions of the year; however,
treatment will have much less effect on the annual loads being
delivered to KOC�meaning how solute concentrations are
distributed in time and space within the reservoir may have
significant implications for downstream ecosystems, fisheries,
and water-quality targets. This is an important finding that
could assist in the management of beneficial uses in KOC
because the mass of contaminants being delivered to KOC
post ERM water treatment may not have the same propor-
tional reduction that annual average concentrations may have.
Likewise, there is limited primary literature on the effects on
the aquatic ecosystem in KOC thus far. But this work is a first
step in quantifying masses of solutes entering the reservoir over
time, which provides context for ecological studies going
forward.

Mining operations have changed the solute delivery
dynamics within the Elk River Watershed between 1984 and
2022, while the Kootenay River has remained largely
unchanged. With the introduction of water treatment and

planned treatment expansions, understanding how treatment
further changes the hydrologic and geochemical systems in
conjunction with planned and proposed mining operations
may support management decision making. There are still
many areas that could benefit from further research, including:
surface water−groundwater interaction in the Elk Valley and
its mine-affected tributaries, an understanding of the
magnitude and extent of groundwater contamination, the
long-range transport potential of Se, and a better under-
standing of how treatment will affect downstream concen-
trations and loads. In addition, an assessment of the Se and
NO3

− mass balance in KOC is needed. Including developing
an understanding of spatial and temporal distribution of
contaminants within KOC, both current and historic, which
may improve understanding of the downstream effects on
solute concentrations and loads from mining operations and
associated water treatment�an important consideration given
the potential for effects to aquatic ecosystems and fisheries.
Given current and planned mine operations and water
treatment, it is unclear whether current and planned surface
water treatment will be sufficient to meet downstream water-
quality regulations. This transboundary system presents a
unique challenge for managers and decision makers on both
sides of the border and has implications for water quality
throughout the Kootenai Basin and the broader Columbia
River system.
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Methods 17 

SI Geospatial Analysis for Mine Area 18 

Total area of disturbance (waste rock deposits) was estimated using remote sensing and 19 

geospatial analysis techniques (SI Figure 1). Specifically, Sentinel 2 data 1 for August, 2022 were 20 

mosaicked and composited for the Elk River Watershed using Google Earth Engine. 2 A function 21 

to mask clouds from the image using bands 10 and 11 was applied and pixel values for all images 22 

included in the composite were reduced to the median value for each band. Random forest 23 

classification was then done on the composite image. 3 The classification model was trained with 24 

ten trees using the training classes and associated sample sizes shown in table SI 1a. Fifty percent 25 

of the training data were held out for validation for each tree. Total mean error from validation on 26 

holdout sites was 12.7%. The classified image was then imported to ArcPro4 for postprocessing. 27 

The image was converted to a multipart polygon using the conversion tools. Next, the Region 28 

Group tool was used to eliminate polygons less than 5,000 square meters, as these small polygons 29 

likely represented misclassified pixels rather than actual landcover features. Additionally, because 30 

the objective of this exercise was to extract the perimeter of the waste rock area, small polygons 31 

located within the waste rock polygons associated with a class other than waste rock were 32 

eliminated on the assumption that while the surface reflectance in the imagery might indicate the 33 

presence of another landcover (e.g., water or vegetation) it is likely still underlain by waste rock. 34 

The final areas of waste rock are shown in table SI 1b.  35 

 36 

Additional site information 37 

The Kootenay River near Fenwick Station (BC08NG0009) is 13 km downstream of the Fort 38 

Steele discharge station (08NG065) and downstream of the confluence with the Saint Mary’s 39 

River, but upstream of the confluence with the Bull River (Figure 1). 5 Sample collection at this 40 



S3 
 

site was discontinued in September 2019. The mean daily discharge for the Kootenay at Fort Steele 41 

(WSC site 08NG065) between 1963 and 2022 was 148 m3sec-1. 5 Because the discharge and water 42 

sampling locations are not concurrent, flow was corrected by the difference in contributing area 43 

between the two sites, meaning flow at the Fort Steele location was increased by 2.82% to estimate 44 

flows at the Fenwick location. Adjusted flows for the Fenwick site are available in Lange and 45 

Storb 6 46 

There is a historical Water Survey of Canada (WSC) site the Elk River at Phillips Bridge 47 

(08NK005), 6.7 km upstream of the Highway 93 sampling location5. Flow at Phillips Bridge was 48 

measured from 1924-1996. The closest flow measurement location that is currently in operation is 49 

the WSC Elk River at Fernie site (08NK002). Thus, Move2 streamflow record extension 50 

techniques 7, 8 were implemented in R55 using the smwrStats package9 to extend the daily flow 51 

record at Phillips Bridge, based on the flow relationship between the two sites post 1970 52 

(Correlation coefficient 0.9805). Once the record extension was complete, an area correction factor 53 

was applied to account for the difference in contributing area between the Phillips Bridge and the 54 

Highway 93 sampling location, flows from Phillips Bridge were increased by 0.49%.  Adjusted 55 

flows for the Highway 93 site are available in Lange and Storb 6 56 

 57 

Geology  58 

The Elk and Kootenay Watersheds are both contained within the Canadian Cordillera and 59 

bisected by faults that run north to south. In both watersheds faults have generated the valley 60 

bottoms where their respective rivers are present, however the bedrock geologies are different. 10 61 

The Upper Kootenay Watershed is generally comprised of carbonate and silicate geology, the 62 

eastern side is primarily limestones and dolomites, and the western side is dominated by carbonate 63 
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and siliciclastic formations. The Kootenay River overlays quaternary alluvium, and the riverbed 64 

mirrors the Rocky Mountain Trench fault 10. The Elk River Watershed generally runs north to 65 

south, with the Elk River overlaying a quaternary alluvial aquifer and mirrors the Bourgeau thrust 66 

fault from its northern extent to the town of Fernie. The Elk Valley contains two of the three, 67 

structurally separate, major coalfields in British Columbia (B.C.) 11. Mining in the Elk River 68 

Watershed is focused on bituminous coal from the Mist Mountain Formation which is part of the 69 

Jurassic-Cretaceous Kootenay Group (deposited 150-130 M years ago; 450-550 m thick) and is 70 

underlain by limestone bedrock, which has high karst potential in some areas 12, 13.  71 

Coal has been mined in the Elk River Watershed since 1897, with large-scale mining in the 72 

valley beginning in the 1970’s with the transition to open pit drill and blast methods 14. The 73 

Kootenay River Watershed is also home to mining operations, including a smelter and several 74 

gypsum and silica mines. Several metal explorations are also occurring 10 and the Sullivan Metal 75 

Mine (operated by Teck Resources for Pb, Zn and silver (Ag) production) near the town of 76 

Kimberly operated for almost a century, but closed in 2001. 15   77 

Analysis methods  78 

WRTDS Model Governing Equation 79 

The Weighted Regression on Time Discharge and Seasons (WRTDS) model is based on using 80 

statistical smoothing by partitioning the variation present in constituent concentration values into 81 

three components and an error term. The four components are related to season within the year, 82 

the watershed hydrologic condition or discharge component, long-term trend, and the random 83 

unexplained portion of the variation 16. The basic form of the underlying WRTDS model is below, 84 

where c is concentration; Q is discharge; t is time in years; and ε is unexplained variation: 85 

ln(c) = β0 + β1 t + β2 ln(Q) + β3 sin(2πt) + β4 cos(2πt) + ε (1) 86 

https://www.teck.com/operations/canada/legacy/sullivan-mine/
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The equation is a weighted regression and is fit in the form of a weighted Tobit model (i.e., 87 

survival regression). The model accommodates the incorporation of non-detect data because each 88 

concentration value can be expressed as a single number for a data point with a detection or as an 89 

interval between 0 and the reporting limit for non-detect values 17, 18. 90 

Likelihoods were determined from 250 bootstrap intervals assuming stationary flow 91 

normalization. 92 

 93 

Kalman 94 

Performance of WRTDS_Kalman19 depends on the AR1 coefficient (ρ), and that relationship 95 

varies with constituents and sampling scenarios. The default for ρ within the WRTDS_Kalman 96 

function is 0.9 19, 20. This was utilized for selenium and sulfate after exploration of larger and 97 

smaller ρ values (0.85 and 0.95) did not generate estimates that were substantially different (<5%), 98 

ρ = 0.95 was used for nitrate for WRTDS_Kalman19 estimates for both rivers following results 99 

presented in Zhang and Hirsch19.  100 

Exceedance probability  101 

One way of describing the trends in Se concentrations over the period of record is to use 102 

estimates of the expected number days in each year when Se concentrations exceeded the water 103 

quality criteria. These calculations are made by using the WRTDS model of Se for the Elk River. 104 

For each day of the 38-year long record6 the WRTDS model provides an estimate of conditional 105 

mean and standard deviation of the natural log of concentration for that day (conditioned on year, 106 

time of year, and discharge). Using the observed residuals from the fitted WRTDS model as a 107 

representation of the probability distribution of the standardized residual for each day, we 108 

estimate, for each day in the period of record, the probability of exceedance of the criteria. The 109 
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expected number of days that concentration exceeded the criteria is simply the sum of the 110 

probabilities for all days in the year.   111 

The approach to calculating the expected number of days on which the Se concentrations exceed 112 

a specified criterion is based on the estimated WRTDS model and the discharge record. 113 

 114 

Let 𝑥𝑖 = the concentration on day 𝑖,  115 

      𝑦𝑖 = ln(𝑥)𝑖 116 

     �̅�𝑖 = the estimated conditional mean of 𝑦𝑖 from the WRTDS model 117 

      𝑠𝑖 = the standard deviation of the distribution of 𝑦𝑖 from the WRTDS model  118 

 119 

where 𝑖 is the index of all 14,004 days in sequence, starting with 1984-07-10 and ending with 120 

2022-11-11. 121 

 122 

     We can express the value if 𝑦𝑖 on any given day as: 123 

 124 

𝑦𝑖 = �̅�𝑖 + 𝑠𝑖 ∙ 𝑒𝑖 125 

 126 

The 𝑒𝑖 values are standardized residuals, computed from the WRTDS model and the data set of 127 

774 observed concentrations.  They are computed as: 128 

 129 

𝑒𝑗 =
𝑦𝑗−�̅�𝑗

𝑠𝑗
    for 𝑗 = 1, 2, … , 774 130 

 131 

The subscript 𝑗 here refers to the sequence number of sample values, (1 to 774).  132 

 133 

Rather than using some theoretical distribution (such as gaussian) for these standardized 134 

residuals we use the population of observed standardized residuals from the data set. 6 In the case 135 

considered here, the Elk River Se data, we have 774 observations and hence 774 observed 136 
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standardized residuals (these are a set of jack-knife cross-validation estimates computed in the 137 

modelEstimation() function in EGRET). 18 It is assumed here that each of these 774 residuals is 138 

equally likely to have occurred on any given day in the 14,004-day record.     139 

 140 

For purposes of estimation of the probability of exceedance of the water quality criterion, 141 

denoted here as 𝑥∗.  The natural log of the criterion is denoted as 𝑦∗ = ln(𝑥∗).   142 

 143 

For each day in the period of record (𝑖 = 1, 2, … 14004) we compute 774 equally likely 144 

outcomes one for each sampled day (𝑗 = 1, 2, …  774)).  Those 10,839,096 145 

 (= 14004 ∙ 774) outcomes are denoted 𝑉𝑖,𝑗 and they are computed as: 146 

 147 

𝑉𝑖,𝑗 = {
1 𝑖𝑓 �̅�𝑖 + 𝑠𝑖 ∙ 𝑒𝑗  ≥ 𝑦∗

0 𝑖𝑓 �̅�𝑖 + 𝑠𝑖 ∙ 𝑒𝑗  < 𝑦∗} 148 

 149 

Then the estimated probability that concentration on day 𝑖 exceeds the criterion 𝑥∗ is defined as 150 

 151 

𝑝𝑖  =
∑ 𝑉𝑖,𝑗

774
𝑗=1

774
    for 𝑖 = 1, 2, … , 14004 152 

 153 

We can then compute the expected number of exceedances for each water year in the record as 154 

𝑧𝑘 =  ∑ 𝑝𝑖𝑖∈𝑈𝑘
 155 

 156 

Where, 𝑖 ∈ 𝑈𝑘 denotes the set of all days, 𝑖,  in year 𝑘. 157 

 158 

The 𝑧𝑘 represent the expected number of days of exceedances in year 𝑘 and can take on any 159 

value from 0 to 365 (or 366 in a leap year).   160 
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 161 

 162 

Any use of trade, firm, or product names is for descriptive purposes only and does not imply 163 

endorsement by the U.S. Government. 164 

 165 
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SI Figure 1  166 

Total area of mine disturbance (waste rock deposits) based on GIS analysis of aerial imagery.  167 

 168 

 169 
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SI Table 1a 170 

Training classes and associated sample sizes from the GIS analysis of mine waste rock area 171 

Sample size 

(n) 

Class 

228 Waste rock 

89 Forest 

68 Water 

81 Open rock 

60 Deforested 

 172 
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SI Table 1b 173 

Final areas of waste rock from GIS analysis. 174 

Mine Area of disturbance, in square kilometers 

Fording River Operations 75 km2 

Line Creek Operations 26 km2 

Elkview Operations 36 km2 

Coal Mountain Operations (in closure period) 8 km2 

 175 
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SI Table 2 176 

Elk River Watershed cumulative waste rock volumes by mine, reported by Teck Resources in 177 

their 2022 Implementation Plan Adjustment Document (Table 2.1). 21 Existing volumes are 178 

values at the end of 2020 in millions of bank (in situ) cubic meters.  179 

Operation Existing Volume (BCM x 

106) 

Permitted Volume (BCM x 106) at the end 

of mining 

Fording River 3,036 4,787 

Greenhills 808 1,186 

Line Creek 797 1,445 

Elkview 1,787 3,304 

Coal Mountain1 311 311 

Total 6,739 11,033 

1. No longer operating and currently in a closure period. 180 
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SI Table 3  181 

Se, NO3
-, SO4

2- annual estimates of load (optimized for accuracy) for the Elk River (Elk) and 

Kootenay River (Koot). The proportion that the Elk River contributed by year, from the combined 

estimates of the two tributaries is shown in percent for each constituent and discharge.16 

Year 

Koot 

Flow 

(m3/sec) 

Elk 

Flow 

(m3/sec) 

Elk 

proportion 

of total 

combined 

(%) 

Koot 

Se 

(t/Yr) 

Elk 

Se 

(t/Yr) 

Elk 

proportion 

of total 

combined 

(%) 

Koot 

NO3
- 

(t/Yr) 

Elk 

NO3
- 

(t/Yr) 

Elk 

proportion 

of total 

combined 

(%) 

Koot 

SO4
2- 

(t/Yr) 

Elk 

SO4
2-

(t/Yr) 

Elk 

proportion 

of total 

combined 

(%) 

1979 128 58.8 31.50%       442.77 218 33%       

1980 173 67.3 28.00%       557.15 243 30%       

1981 214 90.3 29.70%       713.84 400 36%       

1982 189 72.5 27.70%       672.67 350 34%       

1983 173 67.8 28.20%       581.46 250 30%       

1984 154 60.5 28.20%       594.72 280 32%       

1985 142 61.6 30.30%   1.66   552.34 317 36% 103186 32077 24% 

1986 188 75.8 28.70%   2.22   630.72 345 35% 123833 41149 25% 

1987 154 61.1 28.40%   2.04   521.04 337 39% 115952 38303 25% 

1988 139 52.1 27.30%   1.63   530.82 261 33% 104826 32286 24% 

1989 166 63.1 27.50%   1.86   668.4 301 31% 114991 37871 25% 

1990 204 89.8 30.60%   3.57   828.57 624 43% 126769 46310 27% 

1991 238 100.4 29.70%   4.09   953.65 828 46% 141380 54032 28% 

1992 143 53.6 27.30%   2.2   533.41 419 44% 104216 38947 27% 

1993 159 67.9 29.90%   3.12   535.13 550 51% 112542 43943 28% 

1994 158 61.6 28.10%   3.23   607.38 603 50% 119986 44531 27% 

1995 171 76.5 30.90%   3.69   632.1 670 51% 122786 48108 28% 

1996 228 101 30.70%   5.44   813.86 893 52% 153292 61970 29% 

1997 181 80 30.70%   4.48   589.91 612 51% 132329 51921 28% 

1998 175 75.9 30.30%   4.62   634.14 805 56% 136417 54786 29% 

1999 220 78.7 26.30%   4.21     794     55958   

2000 185 70.8 27.70%   4.31     627     55155   

2001 108 39.6 26.80%   2.49     356     38955   

2002 169 84.3 33.30%   5.27     679     59197   

2003 133 64 32.50% 0.49 5.22 91.50%   672     58338   

2004 148 59.7 28.70% 0.36 4.22 92.10%   497     50190   

2005 168 77.6 31.60% 0.46 6.1 93.00%   811     62462   

2006 187 87.8 32.00% 0.49 7.83 94.20%   1214     73056   

2007 203 82.2 28.80% 0.56 7.78 93.30%   1115     69321   

2008 160 67.2 29.60% 0.4 6.88 94.50%   1153     63140   

2009 139 49.7 26.30% 0.4 5.54 93.30% 414.02 899 68%   50131   

2010 138 55.6 28.70% 0.38 6.05 94.10% 427.55 1104 72%   54625   

2011 204 80.8 28.40% 0.5 8.48 94.40% 596.62 1633 73%   66141   

2012 238 100.1 29.60% 0.58 11.53 95.20% 712.9 2139 75%   79029   

2013 212 98.9 31.80% 0.49 12.6 96.20% 657.21 2645 80% 135270 88804 40% 

2014 192 86.6 31.10% 0.44 12.4 96.60% 589.34 2815 83% 128185 85490 40% 

2015 152 63.6 29.50% 0.35 9.99 96.60% 494.69 2038 80% 117210 74140 39% 

2016 162 60.9 27.30% 0.42 9.12 95.60% 539.4 2031 79% 127970 76617 37% 

2017 210 80.5 27.70% 0.51 9.96 95.20% 848.21 2115 71% 146569 79502 35% 

2018 179 70.3 28.20% 0.45 10.21 95.80% 595.46 2169 78% 131452 84313 39% 

2019 144 51.6 26.40% 0.37 7.88 95.50% 460.4 1448 76% 124535 64884 34% 

2020   74.6     10.5     2198     80595   

2021   74     11.36     2501     82322   

2022   87.8     12.27     2549     89262   

Mean 174 72 29.20% 0.45 5.77 94.50% 615 1034 58% 124938 4.5E+07 30% 

Mean 

Post 

2009 

179 74 28.60% 0.44 9.85 95.30% 576 2020 76% 130170 74353 38% 
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SI Table 4 182 

Selenium and Nitrate treatment, locations, timing, and volumetric capacity as presented in the 183 

2022 Teck Implementation Plan Adjustment. 21 Pilot phase start dates sourced from mass 184 

removal data provided by Teck.6 Note, from pilot phase start to the operational date, treatment 185 

facilities did not operate continuously and additional treatment pilot projects occurred before 186 

2015.  187 

 188 

Water Treatment 

Facility 

Facility 

Type 

Pilot Phase 

Start 

Operational 

Date 

Hydraulic 

Capacity 

(m3/day) 

Line Creek Operation 

WLC Phase I 

Active 

Water 

Treatment 

October 25, 

2015 

December 31, 

2018 

6,000 

 

Line Creek Operation 

WLC Phase II 

Active 

Water 

Treatment 

NA January 1, 2020 1,500 

Elkview Operation 

SRF Phase I 

Saturated 

Rock Fill 

Treatment 

January 1, 

2018 

September 1, 

2021 

20,000 

Fording River 

Operation AWTF 

(FRO-South) 

Active 

Water 

Treatment 

December 22, 

2021 

September 1, 

2022 

20,000 

 189 
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SI Figure 2  190 

Map illustrating Canadian Water Survey of Canada discharge monitoring stations (halo symbols) and 191 

water quality sampling locations (triangles) for both the Elk (orange) and Kootenay (blue) Rivers.   192 
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SI Figure 3  193 

Mean daily hodographs for the Elk River at Hwy 93 (top) and Kootenay River at Fenwick 194 

(bottom) 22 , discharge in m3/sec. Two time periods are shown one from 1977-2000 and from 195 

2000-2022.  196 

 197 

 198 
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SI Figure 4   199 

Box plot illustrating the range of discharge on days with water quality sampling vs those without water 200 

quality samples for Se in the Elk River at Highway 93.  201 

 202 
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SI Figure 5 203 

Elk River at Highway 93, flow record from 1979-2021. 6 Plots showing 8 different statistical 204 

flow metrics, with the Mann-Kendall trend test and corresponding Theil-Sen slope estimate to 205 

evaluate flow stationarity. The Theil-Sen slope provides an estimate of the direction and 206 

magnitude of the Mann-Kendall trend. 23 207 

 208 
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SI Figure 6 209 

Kootenay River at Fenwick, flow record from 1979-2019. 6 Plots showing 8 different statistical 210 

flow metrics, and the Mann-Kendall trend test and corresponding Theil-Sen slope estimate to 211 

evaluate flow stationarity. The Theil-Sen slope provides an estimate of the direction and 212 

magnitude of the Mann-Kendall trend. 23 213 

 214 

 215 
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SI Figure 7 216 

Streamflow trends for the Elk River at Highway 93 (top two panels) and the Kootenay River at 217 

Fenwick (bottom two panels). Left panels are Quantile-Kendall plots for the water year. Right are 218 

Quantile-Kendall plots for the low flow period (February-October). Quantile-Kendall plots are 219 

visualizations of trends in slope for ranked discharge, where each point is a trend slope for a given 220 

order statistic, the lowest daily discharge is on the left and the highest is on the right. 24  221 

 222 

 223 

 224 



S21 
 

SI Figure 8  225 

Plot illustrating the difference between observed daily loads on the days when samples were collected vs modeled daily load on the same day 226 

for Se in the Elk River at Highway 93. Open circles are generated values that represent censored (below detection limit) values. Equivalent R-227 

squared value for this model (error in the estimates of log(Flux)) is 0.852. 20 of the 841 samples were below the detection limit. Models are 228 

available in Lange and Storb, 2023.6 229 

 230 
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SI Figure 9  231 

Two plots illustrating the difference between WRTDS and WRTDS_kalman models for Se in the Elk River at Highway 93.  Models are available in 232 

Lange and Storb, 2023.6 233 

 234 
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SI Figure 10 235 

Weighted Regression based on Time Discharge and Season (WRTDS) modeled 3-D surfaces for Se, NO3
-, SO4

2- for the Elk River at 236 

Highway 93 and the Kootenay River at Fenwick. Plots illustrate and quantify the relationship between concentration and discharge 237 

over time for each WRTDS model. Left plots are the three solutes for the Elk River at Highway 93 and Right plots are the three 238 

solutes for the Kootenay River at Fenwick. Top row of plots is Se, middle is NO3
-, bottom row is SO4

2-. The color ramp represents 239 

concentration of the respective constituent in mg/l. Models are available in Lange and Storb, 2023.6 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

a) 

d) 

b) 

e) 
f) 

c) 
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SI Figure 11 

Modeled concentration vs discharge relationships. Top row (a-c) is the Kootenay River at 

Fenwick, the bottom row is the Elk River at Highway 93 (d-e). Each column is a solute, from left 

to right (Se; a & d, NO3
-: b & e, SO4

2-; c & f). Each line is a different date. These plots are 

focused on high flow times of the year (June 13) over time. Low flow times (ex. January 1) 

exhibit similar patterns but are not shown. Models are available in Lange and Storb, 2023.6 
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SI Figure 12 

Changes in concentration over time at different discharges and times of the year for the Elk River 

at Highway 93. The left column (a-c-e.) is high discharge time of year (June 13) and the right 

column (b-d-f.) is a low discharge time of year (Jan 1). Discharge lines roughly represent the 5th, 

50th, and 95th percentiles for flow duration curves for 60 days around (30 days before and after) 

each date. Models are available in Lange and Storb, 2023.6 
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SI Figure 13 

Additional perspective on Elk River Mine water treatment. a.) Estimated percentage reduction in 

concentration due to treatment.  Reductions range from 0% to 40%. b.) Boxplots of estimated 

daily concentrations of Se during the high discharge months of May, June, and July. First box is 

for water years 2006-2015, second is 2016 – 2022, and the third is also for 2016-2022 but 

simulated as if there had been no treatment upstream.  [the medians of the three boxes shown are 

0.0032, 0.0042, 0.0045]. c.) Boxplots of estimated daily concentrations of Se during the low 

discharge months of August through April. First box is for water years 2006-2015, second is 

2016 – 2022, and the third is also for 2016-2022 but simulated as if there had been no treatment 

upstream [the medians of the three boxes shown are 0.0049, 0.0062, 0.0075]. 
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