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The Critical Zone is an important source of trace elements to headwater streams during
the snowmelt runoff period, yet the mechanisms of trace element release are poorly
characterized. To evaluate changes in water chemistry in response to snowmelt, we
measured trace element and major ion concentrations at three sites in the upper Provo
River in northern Utah, USA, over a 5-year period spanning years with below-and
above-average discharge. We also sampled snowpack, ephemeral streams, and soil
water to investigate trace element sources. The river drains siliciclastic bedrock above
the upper site, carbonate rocks between the upper and middle sites, and volcanic
rocks between the middle and lower sites, with minimal anthropogenic impacts in the
watershed. Concentrations of specific trace metals (Be, Al, Cu, and Pb) and rare earth
elements (represented by La and Y) increased during snowmelt runoff each year at all
three sites, with decreasing concentrations from upstream to downstream. In contrast,
major ion concentrations, including Ca* and SOZZ[, were similar year-round at the upper
site and were diluted during snowmelt at the lower sites, with increasing concentrations
from upstream to downstream. The snowmelt runoff period (April-June) accounted for
>84% of the annual trace element loading, with most trace element inputs occurring
above the upper sampling site. Concentration—discharge (C-Q) relationships revealed
variations in solute behavior from upstream to downstream. For example, at the upstream
site the trace elements had a slight positive slope in log C-log Q space, while Ca®*
and SOf[ had zero slope. At the downstream sites, the trace elements had a strong
positive slope and Ca* and SO?[ had a negative slope. Trace element concentrations
were relatively low in snowpack but elevated in ephemeral streams and soil water,
suggesting that flushing of shallow soils by snowmelt causes increased trace element
concentrations with positive C—Q relationships in the upper part of the river. Trace element
loads propagate downstream where concentrations are diluted by groundwater inputs

Frontiers in Water | www.frontiersin.org

1 November 2020 | Volume 2 | Article 578677


https://www.frontiersin.org/journals/water
https://www.frontiersin.org/journals/water#editorial-board
https://www.frontiersin.org/journals/water#editorial-board
https://www.frontiersin.org/journals/water#editorial-board
https://www.frontiersin.org/journals/water#editorial-board
https://doi.org/10.3389/frwa.2020.578677
http://crossmark.crossref.org/dialog/?doi=10.3389/frwa.2020.578677&domain=pdf&date_stamp=2020-11-10
https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles
https://creativecommons.org/licenses/by/4.0/
mailto:greg.carling@byu.edu
https://doi.org/10.3389/frwa.2020.578677
https://www.frontiersin.org/articles/10.3389/frwa.2020.578677/full

Checketts et al.

Trace Element Export During Snowmelt

from carbonate bedrock. Our results demonstrate that soil water flushing in the Critical
Zone at the headwaters of mountain streams is an important control on downstream

water chemistry.

Keywords: trace elements, concentration-discharge (C-Q) relationships, snowmelt, soil water, ephemeral stream,

alpine hydrology, the critical zone

INTRODUCTION

Snowmelt-fed river systems exhibit seasonal changes in water
chemistry, with increased fluxes of trace elements during
snowmelt runoff (Shafer et al., 1997; Rember and Tefrey, 2004;
Ogendi et al,, 2007; Carling et al., 2015). The seasonal changes
in water chemistry of snow dominated watersheds may be
detrimental to water supplies impacting up to one-sixth of the
world’s population (Barnett et al., 2008). The mechanisms for
transferring solutes from the watershed to mountain streams are
not well-understood, especially for soil-vs. rock-derived solutes
and over seasonal timeframes (Brooks et al., 2015). Further, the
transfer of solutes along longitudinal profiles from headwater
streams to higher order rivers is under-studied as most research
has focused on a single site within a river system (Godsey et al.,
2009).

The Critical Zone, extending from shallow soils to deeper
permeable bedrock, is the primary source of solutes to stream
systems (Chorover et al, 2017). The Critical Zone releases
solutes to groundwater by weathering of bedrock and soils
through seasonally dynamic deep- and shallow-flow paths. The
composition of soils in montane watersheds is typically a
mixture of weathered bedrock and aeolian dust, which provides
allochthonous trace elements that alter snowpack and soil
composition (Carling et al., 2012; Munroe, 2014; Reynolds
et al., 2014). Shallow groundwater following quick flow paths
more likely contains a soil-like water chemistry signature rich
in dissolved organic matter (DOM), mineral colloids, and
trace elements not found in the local bedrock, while deeper
groundwater following long flow paths more likely resembles
the chemistry of weathered bedrock (Chorover et al, 2017).
The relative fraction of water inputs from shallow vs. deep flow
paths changes during hydrologic events, such as snowmelt runoff,
thereby altering stream water chemistry (Brooks et al., 2015).

The water chemistry response to changing discharge is often
investigated using concentration-discharge (C-Q) plots. C-Q
relationships provide information on solute availability and
sources within a watershed (Williams, 1989; Evans and Davies,
1998; Godsey et al., 2009; Lloyd et al., 2016). The C-Q slope may
reveal chemostatic behavior (no change in concentration with
discharge), flushing (increasing concentrations with increased
discharge), or dilution (decreasing concentrations with increased
discharge) (Creed et al., 2015). While numerous studies have
investigated C-Q relationships for major ions, suspended
sediments, and nutrients, relatively few have examined C-Q
relationships for trace elements (Trostle et al., 2016; Mcintosh
et al, 2017). Trace element C-Q relationships, which often
demonstrate flushing behavior, are useful for describing flow

pathways, colloid transport, and hydrologic connectivity during
snowmelt runoff (Aguirre et al., 2017).

The purpose of our study is to investigate the mechanisms
for transferring trace elements from the Critical Zone to an
alpine stream. Specific objectives are to: (1) characterize changes
in water chemistry in response to increasing discharge during
snowmelt runoff; (2) evaluate C-Q relationships for chemostatic
or chemodynamic behavior; (3) characterize changes in C-Q
patterns from upstream to downstream across a longitudinal
transect in a nested catchment; and (4) identify sources of trace
elements and major ions in the watershed. The upper Provo
River watershed in the Uinta Mountains of northern Utah was
selected for this study because it is a relatively pristine snowmelt-
dominated montane watershed with a network of real-time water
quality, snowpack, and discharge measurements. The Provo
River supplies drinking water to over half of Utah’s population.
Our study builds on previous work investigating natural and
anthropogenic sources of trace elements to the river system
(Carling et al., 2015) and mercury/DOM dynamics in the upper
Provo River (Packer et al., 2020).

MATERIALS AND METHODS

Upper Provo River Watershed Study Area
The upper Provo River watershed is primarily fed by high
elevation snowmelt from the Uinta Mountains. Three established
monitoring locations in the watershed are located (from
upstream to downstream) at Soapstone, Woodland, and
Hailstone (Figure 1). The watershed covers 675 km? and receives
supplemental water diverted from the Duchesne River watershed
(104 km?) above the Soapstone site and Weber River watershed
(589 km?) above the Hailstone site (Figure 1). The upper Provo
River extends ~50km with a vertical drop of 1,000m, from
2,900 m asl at Trial Lake to 1,900 m asl at Jordanelle Reservoir.
The geology of the upper part of the watershed above Soapstone
consists of interbedded siliciclastic rocks (mainly quartz arenite
with minor interbedded shales) (Condie et al., 2001; Dehler et al.,
2006) overlain by surficial glacial and alluvial deposits (Figure 1).
Shallow, weakly developed soils with a thin loess cap cover
much of the alpine area of the watershed (Munroe et al., 2015).
The lower part of the watershed contains Paleozoic carbonate
rocks between Soapstone and Woodland and Tertiary volcanic
rocks between Woodland and Hailstone. The watershed is mostly
undeveloped except for small roads and campgrounds at the top
of the watershed and a minor amount of agricultural land use at
the bottom of the watershed.

Stream discharge in the upper Provo River is dominated by
snowmelt with most runoff occurring during the months of April
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FIGURE 1 | Simplified geologic map of the upper Provo River watershed (northern Utah, USA) showing sample locations, the Duchesne and Weber River diversions,
and Jordanelle Reservoir. The upper Provo River watershed receives water from the Duchesne River above the Soapstone site and Weber River above the Hailstone

site. Modified after Packer et al. (2020).

through June (Figure 2). The higher elevations above Soapstone
receive the most snowfall while the lower elevation portions
of the watershed are drier. Discharge increases between the
Soapstone and Woodland sites due to inputs from groundwater
and other tributaries. Likewise, discharge increases between
the Woodland and Hailstone sites due to groundwater inputs
and transbasin diversions from the Weber River watershed
(Figure 1). At peak discharge, the river is fed by ~80% snowmelt
and 20% groundwater based on mixing calculations using
conductivity measurements (Carling et al., 2015).

River, Ephemeral Stream, Soil Water, and

Snowpack Sample Collection

To characterize seasonal trends in water chemistry, we sampled
the Provo River at Soapstone, Woodland, and Hailstone
(Figure 1) during water years 2014-2018 with increased
sampling frequency during the snowmelt runoft period (April
through June). Each site was sampled ~20 times per year during
2016, 2017, and 2018. Additionally, Soapstone was sampled eight
times per year in 2014 and 2015 and Hailstone was sampled

six times in 2015. Near peak runoff in 2016 (June 1-2), we
conducted an intensive diel sampling event at Soapstone with
hourly samples collected over a 24-h period to measure changes
in water chemistry in response to hourly changes in discharge.

To evaluate water chemistry of potential inputs to the Provo
River, we sampled ephemeral snowmelt streams during May
2016 (n = 8), May/June 2017 (n = 14), and May 2018 (n =
5). Ephemeral streams, which appeared as small rivulets during
the snowmelt season, were sampled opportunistically in the
upper part of watershed above Soapstone (Figure 1). The samples
primarily represent snowmelt water that has interacted with
soil water and shallow groundwater. Field blanks (n = 3) were
collected along with ephemeral stream samples.

For river and ephemeral stream samples, multiple bottles
were used for different chemical analyses. For trace elements
and major cations, water was collected in a 125 mL LDPE bottle
and filtered in the laboratory within ~6h of collection using
a polypropylene syringe and 0.45um PES syringe filter. The
filtered sample was amended to 2.4% v/v trace metal grade
HNO3;. To avoid sample contamination, filtering was done in a
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FIGURE 2 | Daily discharge at Soapstone, Woodland and Hailstone sites on the upper Provo River for water years 2014-2018. Vertical dashed lines indicate the
beginning of the water year on 1 October and the gray boxes indicate the 3-month snowmelt runoff period (April-June) each year. For Soapstone, missing values (in

red) were calculated by regression with Woodland data.
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laminar flow hood and all materials that contacted the sample
were acid washed with 10% HCI and rinsed with Milli-Q water.
Field blanks (n = 66) were processed each sampling day by
pouring Milli-Q water into a clean LDPE bottle and treating the
blank water in the same manner as a sample. Samples for major
anions (F~,Cl7, NO3, and SOE_) and HCO3 were collected in
1L HDPE bottles and stable isotopes of water (8'30 and $?H)
were collected in 30 mL amber glass vials with polyseal caps.
The major anion samples were filtered in the laboratory using
a 0.45 um acetate filter in a plastic vacuum filtration unit, while
HCO53, 3'80, and 8*H were measured on unfiltered aliquots.

To compare with ephemeral stream sample chemistry, we
collected a total of eight shallow soil water samples during the
snowmelt period over 2 years using different methods due to the
difficulty of obtaining sufficient volume from the clay-rich soils.
In 2017, we collected two soil water samples using UMS tension
lysimeters. In 2018, we collected one sample using an Eijkelkamp
MacroRhizon sampler and five samples by centrifuging wet soils.
All samples were filtered using a 0.45 pm PES syringe filter into
a LDPE bottle for analysis of trace elements and major cations.
There was insufficient volume for other analyses.

To compare snow chemistry with river chemistry, we sampled
snowpack at maximum accumulation (prior to snowmelt)
each spring from 2014 through 2018 in the upper watershed
(Figure 1). Snow was sampled at five sites in 2014, one site in
2015, six sites in 2016, and two sites in 2017 and 2018. The
sites were carefully selected in flat, wind-protected areas within
clearings in the coniferous forest beyond the canopy drip edge,
with consistent locations year-to-year. At each site, three snow
pits were excavated to collect separate full-depth snow samples (n
= 48). A complete snow column (except the bottom ~10 cm near
the ground) was collected behind the snow pit face using a clean

acrylic tube following established methods (Carling et al., 2012).
Snow was transferred from the tube to a clean 2L fluorinated
high-density polyethylene (FLPE) bottle. Field blanks (n = 7)
were collected each sampling day by pouring Milli-Q water
through the sampling tubes into a sample bottle and treating
the water in the same manner as a snow sample. After melting
samples in the lab, the water was subsampled for trace elements
and major cations, major anions, and stable isotopes as described
above for the other water samples.

Laboratory Analysis of Water Samples

Water samples (river, ephemeral streams, soil water, and snow)
were analyzed for metals and major cations, major anions,
alkalinity, and stable isotopes of water (8'30 and §?H). Trace
element and major cation concentrations were measured using
an Agilent 7500ce quadrupole inductively coupled plasma mass
spectrometer (ICP-MS). Concentrations were measured for the
following elements: Ag, Al, As, B, Ba, Be, Ca, Cd, Ce, Co, Cr,
Cs, Cu, Dy, Er, Eu, Fe, Gd, Ho, K, La, Li, Lu, Mg, Mn, Mo, Na,
Nd, Ni, Pb, Pr, Rb, Sb, Se, Sm, Sr, Tb, Th, Ti, TI, U, V, Y, Yb,
and Zn. The detection limit (DL) was determined as the standard
deviation of all blanks analyzed throughout each run. A USGS
standard reference sample (T—205) and NIST standard reference
material (SRM 1643e) were analyzed multiple times in each run
together with the samples as a continuing calibration verification.
The long-term reproducibility for T—205 and SRM 1643e shows
that our results are accurate within 10% for most elements.
Major anions (F~, CI7, NO3, and SOi_) were analyzed on
filtered samples using a Dionex ICS—90 ion chromatograph (IC).
Alkalinity, assumed to be HCO;', was measured on unfiltered
samples by acid titration. Stable isotopes of water (3'0 and §2H)
were measured on unfiltered samples using a Los Gatos Research
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Liquid Water Isotope Analyzer (LWIA—24d). All measurements
were made relative to Vienna Standard Mean Ocean Water
(VSMOW), with a precision of 0.4%o and 1.0%o for 8180 and
§2H, respectively.

Data Quality Control

For data quality control, we checked for elements with high
background in field blanks and elements with detection limit
issues. For most elements, concentrations were near or <DL in
all field blank samples (including blanks for river, ephemeral
stream, and snow samples). Two exceptions were B and Zn,
which showed measurable values in nearly all field blank
samples and thus were excluded from the working dataset.
Ag, Cd, Cs, Sc, and TI were excluded from this study because
of insufficient concentrations (<DL) across sample types. For
those elements with measurable concentrations in most sample
types, occurrences of <DL were set to % DL to allow for
subsequent calculations.

Charge balances calculated using cation (KT, Nat, Ca?*,
and Mg2+) concentrations from the ICP-MS, anion (F~, CI—,
NO3, and SOi_) concentrations from the IC, and HCOjJ
concentrations from titration were within an acceptable range
of 5% for 221 out of 239 river and ephemeral stream
samples. The remaining 18 samples were charge balanced by
slightly adjusting HCO; concentrations. Raw data for all river,
ephemeral stream, soil water, and snow samples, including field
blanks and charge balance calculations, are provided in the
Supplementary Tables 1-5.

Stream Discharge Data and Solute Loads

Stream discharge measurements were used to develop C-
Q relationships and calculate solute loads. Stream discharge
data were obtained from the US Geological Survey (USGS)
gauging stations at Woodland (USGS 10154200) and Hailstone
(USGS 10155000). For the Soapstone site, discharge data were
obtained from the iUTAH (innovative Urban Transitions and
Arid region Hydro-sustainability) project using 15-min water
level measurements (iUTAH GAMUT Working Group, 2019)
converted to discharge with a stream rating curve (iUTAH
Cyberinfrastructure Team, 2017). Discharge values at Soapstone
were missing for most of water year 2014 and all of water
year 2018, with interspersed missing days between 2015 and
2017. Given the strong relationship between discharge at the
Soapstone and Woodland sites (R? value of 0.94 over 3 years
of overlapping daily data), periods of missing data at Soapstone
were interpolated by linear regression on Woodland discharge
data using the equation (with units of m®/s): Soapstone discharge
= 0.6868 (Woodland discharge) - 0.5777. The regression
equation was similar considering all data or considering only
data collected during baseflow and the rising or falling limbs
of the hydrograph (Supplementary Figure 1). Negative values
were replaced with a nominal value of 0.3 m®/s. The measured
and calculated daily discharge values are shown in Figure 2
and provided in the Supplementary Tables 1-5. The calculated
discharge values were used in subsequent C-Q analysis and load
calculations. The best-fit slope of the log C-log Q relationship
was determined by regression for each solute at Soapstone,

Woodland, and Hailstone, where a slope of zero represents
chemostatic behavior, a positive slope represents flushing, and
a negative slope represents dilution (Godsey et al., 2009; Creed
et al., 2015).

Daily, seasonal, and annual trace element and major ion
loads were calculated using the USGS LOADEST (LOAD
ESTimator) program (Runkel et al., 2004). LOADEST uses nine
regression models to calculate the adjusted maximum likelihood
estimation (AMLE) of load, assuming a normal distribution in
the model residuals, and automatically selects the model with the
lowest Aikake information criterion (AIC). The inputs included
concentrations of trace elements and major ions and discharge at
Soapstone, Woodland, and Hailstone.

RESULTS

Snowmelt Dominated Stream Hydrograph
Stream discharge in the upper Provo River was variable
throughout our 5-year study period (Figure 2). Water years 2014
and 2016 had near-average annual discharge (103 and 96% of
the long-term mean), while 2017 was above average (155% of
the long-term mean) and 2015 and 2018 were below average
(85 and 72% of the long-term mean) based on nearly 70 years
of data at the Hailstone site. Peak discharge was higher in 2014
relative to 2017, but the snowmelt runoff period was much longer
during 2017 extending from March through July compared with
April through June for other years. Discharge typically increased
between Soapstone and Woodland and between Woodland and
Hailstone, during low flow periods and during snowmelt runoft.

Contrasting Response of Trace Elements

and Major lons to Snowmelt Runoff

Specific trace elements and major ions showed contrasting
behavior over time in the upper Provo River (Figure 3). We
focused on specific trace elements (Be, Al, Cu, Pb, La, and
Y) and major ions (Ca’t and SOi_) that showed contrasting
trends relative to discharge. We used the trace metals Be,
Al, Cu, and Pb because they represent potential water quality
impairments and are elevated in atmospheric deposition to
the Uinta Mountains (Reynolds et al., 2010; Munroe, 2014;
Dastrup et al., 2018; Goodman et al., 2019). In particular, Al
concentrations commonly exceed state water quality standards in
the upper Provo River (Boyd, 2017). La and Y are representative
of the rare earth elements in our dataset and Ca’>* and SO~
are representative of the major ions. Raw data for all trace
elements and major ions at Soapstone, Woodland, and Hailstone
are provided in the Supplementary Tables 1-5.

Trace element concentrations increased with discharge, with
year-to-year variability for some elements depending on total
discharge (Figure 3). Concentrations were typically highest at
Soapstone, intermediate at Woodland, and lowest at Hailstone.
For Be, La, and Y, peak concentrations were similar each year
in response to snowmelt runoff. In contrast, maximum Al,
Cu, and Pb concentrations were variable in response to the
amount of discharge, with the highest concentrations occurring
in 2017 coincident with the highest discharge. The lowest
peak concentrations of Al were measured in 2016 with average
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discharge, while the lowest peak concentrations of Cu were
measured in 2015 and 2018 with the lowest discharge. Peak
concentrations of Pb were moderate in 2015 and low in 2018.

Major ion concentrations showed dramatically different
trends relative to the trace elements, with increasing
concentrations from upstream to downstream (Figure 3).
At Soapstone, Ca’t and SOi_ concentrations were similar
throughout the entire 5-year sampling period, with minimal
change in response to discharge. At Woodland and Hailstone,
major ion concentrations varied in response to discharge.
Specifically, Ca?* and SOi_ concentrations were relatively high
during low-flow periods and decreased during snowmelt runoft
each year, nearly matching the low concentrations observed at
Soapstone. For major ions and trace elements, the seasonal and
year-to-year variability were much larger than measurement
errors (in the range of £10%).

Concentration-Discharge Relationships for

Trace Elements and Major lons

Concentration-discharge (C-Q) plots showed positive slopes
for trace elements and either no slope or negative slopes for
the major ions (Figure 4). For the trace elements, the slopes
of the log C-log Q relationships were less steep at Soapstone
relative to Woodland and Hailstone. For example, the log
C-log Q slope for be increased from 0.31 at Soapstone to
0.62 and Woodland and 0.61 at Hailstone. The steepest slopes
were found for Al, which increased from 0.59 at Soapstone
to >1 at Woodland and Hailstone. For the major ions, in
contrast, the slopes were near zero at Soapstone and negative
at Woodland and Hailstone. For example, the slope was
—0.09 at Soapstone and decreased to —0.63 at Woodland
and —0.35 at Hailstone. For each of these solutes, C-Q data
were included for all years of the study period for each site.
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years. The slope of the best fit line and R? value are shown for each data
series.

The C-Q relationships were more robust at Woodland and
Hailstone (higher R? values) relative to Soapstone (lower R?
values) for all solutes. At Woodland and Hailstone, R? values
ranged from 0.63 to 0.98. At Soapstone, R*> values ranged
from 0.35 to 0.69 for trace elements and were <0.2 for the
major ions.

Stable isotopes of water (3'80 and $%H) showed small changes
relative to discharge (Figure5). Both isotopes were slightly
depleted from low flow to high flow. Notably, the values were
similar at Soapstone, Woodland, and Hailstone.

Annual Solute Loads Dominated by

Snowmelt Runoff

Solute loading was dominated by the snowmelt runoff period
(April-June) each year, with the upper watershed (above
Soapstone) contributing a majority of trace elements and the
lower watershed (below Soapstone) contributing a majority of
major ions (Tables 1, 2). Trace element loads at Soapstone
were nearly as high (Be, Cu, Pb) or similar (Al, La, Y) as
the loads further downstream at Hailstone, whereas the major
ion loads at Soapstone were only a small fraction (<15%)
of the loads at Hailstone (Table 1). The 3-month snowmelt
runoff period accounted for 84-99% of the annual trace element
loads compared with only 67-86% of the annual discharge at
Soapstone, Woodland, and Hailstone. For the major ions, the
snowmelt runoff period accounted for 75-89% of the annual load
at Soapstone and 37-71% of the annual load at Woodland and
Hailstone (Table 2).

Solute Concentrations in Snow, Soil Water,

and Ephemeral Streams

Solute concentrations were variable across snow, soil water,
ephemeral stream, and river samples (Figure6). For the
trace elements, concentrations were highest in soil water and
ephemeral stream samples. Concentrations of Be, Cu, La, and
Y were similar in soil water and ephemeral streams, while
concentrations of Al and Pb were much higher in soil water.
Trace element concentrations were lower in baseflow samples
(defined as the period July-March) relative to snowmelt runoff
samples (April-June) at Soapstone, Woodland, and Hailstone.
For the major ions, in contrast, concentrations were low in soil
water and ephemeral streams and high in the river samples
during baseflow and were higher during baseflow relative to
snowmelt runoff. For all solutes, concentrations in snowpack
were low relative to the other sample types. There is some
uncertainty in the concentration ranges within each sample type
(Figure 6) because of spatial variability across the landscape for
snowpack or ephemeral streams and the difficulty of collecting
representative soil water samples. However, even with the
uncertainty, the differences were so large between snow and soil
water or ephemeral streams that the interpretations likely would
not change even with additional sampling.

DISCUSSION

Trace Element Flushing From the Critical

Zone During Snowmelt Runoff

Trace element concentrations in the upper Provo River
increased during snowmelt runoff each year, suggesting that
these elements are sourced from shallow flow paths that
are activated by snowmelt in the watershed. The increased
concentrations likely result from soil water flushing based on
C-Q relationships, elevated concentrations in soil water, and
increased DOM concentrations during the snowmelt period
(Supplementary Figure 2). The C-Q relationships depend on
material availability, with positive slopes demonstrating that high
discharge events provide new sources of trace elements through
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FIGURE 5 | Stable isotopes of water (8'80 and §?H) vs. discharge for Soapstone, Woodland, and Hailstone with data from multiple years. Note the linear scale for the

TABLE 1 | Annual solute loads at Soapstone, Woodland, and Hailstone.

Location Water year Be (kg) Al (t) Cu (kg) Pb (kg) La (kg) Y (kg) Ca?* () 042 (t)
Soapstone 2016 3.3 13.8 121 8.4 19.6 33.9 529 198
Soapstone 2017 4.0 21.6 183 9.5 24.4 43.2 688 209
Soapstone 2018 1.6 5.8 60 2.7 9.2 17.4 256 154
Woodland 2016 3.2 12.2 132 9.5 241 37.2 1,993 924
Woodland 2017 5.6 26.6 279 12.8 33.0 61.7 3,873 1,266
Woodland 2018 2.0 6.4 72 3.7 1.6 20.8 2,262 996
Hailstone 2016 3.6 12.2 165 1.7 23.4 37.6 3,603 1,339
Hailstone 2017 6.0 19.3 348 14.5 27.2 53.8 6,971 2,027
Hailstone 2018 1.7 5.1 81 34 8.2 15.4 3,658 1,357
Units are kg or metric tons (t).

TABLE 2 | Fraction of annual solute load and discharge during snowmelt runoff (April-June).

Location Water year Be Al Cu Pb La Y Ca?* S0, Discharge
Soapstone 2016 0.93 0.97 0.92 0.95 0.96 0.95 0.89 0.85 0.86
Soapstone 2017 0.86 0.92 0.86 0.89 0.90 0.88 0.83 0.75 0.77
Soapstone 2018 0.88 0.94 0.85 0.92 0.94 0.91 0.77 0.78 0.76
Woodland 2016 0.95 0.98 0.93 0.97 0.98 0.96 0.55 0.42 0.77
Woodland 2017 0.86 0.92 0.84 0.87 0.93 0.90 0.55 0.42 0.73
Woodland 2018 0.89 0.96 0.85 0.93 0.96 0.92 0.44 0.37 0.67
Hailstone 2016 0.98 0.99 0.95 0.97 0.98 0.98 0.71 0.59 0.83
Hailstone 2017 0.92 0.96 0.87 0.91 0.93 0.92 0.61 0.51 0.73
Hailstone 2018 0.92 0.98 0.84 0.90 0.95 0.92 0.51 0.45 0.67

flushing, as observed in other studies (Trostle et al., 2016).
Positive C-Q slopes for Be, Al, Cu, Pb, La, and Y reflect flushing
of these elements from soils (Figure 4). Soil water contained
the highest trace element concentrations relative to snowpack
and ephemeral streams, indicating that soil water is the likely
source of trace elements (Figure 6). Flushed soil water mixes with
groundwater and surficial snowmelt to create ephemeral streams,

which carry trace elements to the river. Solutes in snowpack likely
contribute minimally to observed water chemistry in the upper
Provo River. Rather, snowmelt interacts with the soil profile
and flushes trace elements from soil water. The major ion C-
Q relationships showed chemostatic behavior at Soapstone, with
constant concentrations with increasing discharge, and dilution
at Woodland and Hailstone. During baseflow, when the river
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FIGURE 6 | Box plots of trace element (Be, Al, Cu, Pb, La, and Y) and major ion (Ca®* and SO%’) concentrations in snowpack (n = 48), soil water (n = 8), ephemeral
streams (n = 27), river samples under baseflow conditions (defined as July-March) combined for Soapstone, Woodland, and Hailstone (n = 77), and river samples
collected during snowmelt runoff (defined as April-June) for Soapstone (n = 51), Woodland (n = 36), and Hailstone (n = 40). Circles represent outliers.

is dominated by groundwater inputs, major ion concentrations
increased substantially between Soapstone and Woodland with
inputs of solute-rich groundwater from carbonate bedrock.
While we did not measure groundwater chemistry as part of
our study, previous work in the Provo River watershed (Carling
et al, 2015) and the Logan River in northern Utah (Neilson
et al., 2018) describes contributions of solute-rich groundwater
from carbonate bedrock to rivers during dry-season baseflow.
During snowmelt runoff, the major ion concentrations remained
low at Soapstone and were diluted at Woodland and Hailstone
with the influx of snowmelt-flushed shallow soil water from the
upper watershed.

Changing flow paths during the snowmelt season is supported
by stable isotopes of water. As shallow flow paths were
activated during high discharge, the 3'%0 and $*H values
were more depleted (Figure 5). This suggests that isotopically
depleted snowmelt entered the river, either as direct inputs
or along quick flow paths. The slightly depleted isotopic
values transferred downstream from Soapstone to Woodland
and Hailstone, highlighted the importance of high elevation

recharge to streamflow at lower elevations. Yet the small isotopic
changes from low- to high-discharge also demonstrate that
high elevation snowmelt dominates shallow soil water and
groundwater fluxes to the river, with similar isotopic values at all
locations throughout each year. Thus, snowmelt is the primary
source of water to the river but the chemistry of snowmelt
changes depending on the flow path.

Flushing of shallow soils as a source of trace elements
is further supported by elevated DOM concentrations in the
upper Provo River during snowmelt (Supplementary Figure 2).
Trace metal and DOM concentrations are typically correlated
in streams, especially during runoff events (Rember and Tefrey,
2004; Holemann et al, 2005; Kerr et al, 2008; Reynolds
et al, 2014; Herndon et al.,, 2015). Soil water is the main
source of DOM in mountain watersheds (Hornberger et al.,
1994; Rember and Tefrey, 2004). The most likely source of
stream DOM is from the upper soil horizon by degradation
of plant material, where DOC is transported from soil water
to the river system (Brooks et al, 1999). Probe-measured
fluorescent DOM (fDOM) concentrations spiked during the
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snowmelt runoft period over multiple years at Soapstone and
Woodland (Supplementary Figure 2). Samples collected for
DOM characteristics at Soapstone, Woodland, and Hailstone
during 2017 identified the dominance of soil humic and
fulvic acid fractions of DOM during snowmelt runoff (Packer
et al., 2020). Further analysis of DOM is needed to identify
relationships between the complexation of metals with fulvic and
humic acids.

Trace element transport from soil water to the stream during
snowmelt may be facilitated by both DOM and mineral colloids
(Trostle et al,, 2016). For example, concentrations of both
fDOM and turbidity increased dramatically during snowmelt
runoff at Soapstone in 2016 (Supplementary Figure 3). The
elevated metal concentrations at peak discharge could be related
to colloid transport, as observed in other headwater streams
(Aguirre et al, 2017). High discharge is typically a driver
of total suspended solid concentrations (Rose et al., 2018),
of which a fraction may be composed of colloids that pass
through a <0.45 pm filter. Colloids effectively sorb metals and
facilitate metal transport, especially Pb (Citeau et al., 2003).
Sorbed metals can move more quickly through soils due to
size exclusion (Grolimund et al., 1998), which explains why a
flux of metals often precedes peak discharge and why metals in
particular are flushed, while other solute concentrations remain
chemostatic. The presence of colloid-bound metals is supported
by our previous research comparing water chemistry above and
below Jordanelle Reservoir, with decreasing concentrations of
“dissolved” metals likely due to settling in the reservoir (Carling
etal., 2015). The relative amount transported by DOM or colloids
during snowmelt deserves further attention but was beyond the
scope of this study.

Trace element fluxes from soil water at the top of the
watershed dominate the trace element loads at the bottom of
the watershed. The annual trace element loads were controlled
by annual discharge, with the largest loads occurring in 2017
(above average discharge) and the smallest loads occurring in
2018 (below average discharge). Most trace element loading
occurred during the short window of snowmelt runoff, with
>84% of the loads of Be, Al, Cu, Pb, La, and Y occurring during
April-June each year (Table 2). The fraction of trace element
loading during snowmelt runoff was greater than the fraction
of discharge occurring over the same period, highlighting the
importance of shallow flow paths for contributing trace elements
to the river. The trace element loads at Soapstone were nearly
equal to the loads at Hailstone (Table 1), demonstrating that
trace element inputs at the top of the watershed dominate
the total trace element load for the river and that the trace
elements are effectively transported downstream. Although trace
element concentrations decreased from upstream to downstream
(Figure 3), the loads remained similar, suggesting that trace
elements are diluted but not removed during transport. It is also
possible that trace elements are lost from the river due to settling
or other processes, such that trace elements in the additional
water at downstream sites makes up for the trace elements lost
during transport.

Major ion loading is controlled by groundwater inputs in
the lower part of the watershed, with loads of Ca?>* and SO?{

increasing substantially from upstream to downstream (Table 1).
At Soapstone, most major ion loading occurred during snowmelt
runoff, but the loads were small compared to Woodland and
Hailstone, where only about half of the loading occurred
during snowmelt runoff (Table2). At the downstream sites,
groundwater contributions during baseflow dominated the major
ion loads. Although baseflow contributed only ~30% of the
annual discharge at Woodland and Hailstone, the major ion
concentrations in groundwater were high enough to account
for ~50% of the annual loading. The loads of Ca?* and SO3~
doubled between Woodland and Hailstone due to contributions
from the Weber River diversion.

Changes in Solute
Concentration-Discharge Relationships

From Upstream to Downstream

Trace element concentrations decreased from Soapstone to
Woodland and Hailstone (Figure 3) but the slope of the C-Q
relationship was steeper at the downstream sites (Figure 4). This
suggests that water from the upper reaches of the watershed
exerts a greater influence on downstream water chemistry during
periods of high discharge relative to baseflow even as trace
elements are diluted or removed from upstream to downstream.
In other words, trace elements in soils at the top of the watershed
are flushed with snowmelt tens of kilometers downstream to
cause a steeper slope in the C-Q relationships. The slug of water
from Soapstone increases trace element concentrations but also
dilutes the major ion chemistry of the river downstream and
Woodland and Hailstone, causing the negative slope for Ca?*
and SOi_ in C-Q space (Figure 4).

For many solutes, chemostasis is expected to develop with
increasing stream order as flows accumulate downstream (Creed
et al., 2015). However, across our transect of three sites, the C-
Q relationships trended toward more chemodynamic behavior
with flushing of trace elements or dilution of major ions
(Figure 4). Further downstream, below Jordanelle Reservoir,
water chemistry is generally chemostatic owing to long holding
times in the reservoir (Carling et al., 2015). The emergent C-
Q patterns in the upper watershed highlight the importance
of comparing C-Q relationships at multiple sites along a
river. Investigating the water chemistry only at Soapstone
would result in interpretation of chemostatic or slight flushing
behavior during snowmelt runoff, yet the C-Q relationships at
Woodland and Hailstone reveal a more dynamic system. The C-
Q relationships at Woodland and Hailstone are affected by water
and solutes inherited from upstream at Soapstone, such that the
groundwater—-dominated river during baseflow is overwhelmed
by snowmelt water from the upper watershed during the runoft
period. Solute concentrations converge at the three sites at
high discharge. The snowmelt water from shallow flow paths
(soil water) causes dilution of the solute-rich groundwater at
Woodland and Hailstone while simultaneously causing a much
steeper slope in the trace element C-Q relationships. Under
baseflow conditions, trace element concentrations decrease more
rapidly from upstream to downstream, likely due to longer
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residence in the stream allowing for increased biogeochemical
processing between the sites.

Solute Sources Within the Critical Zone

During Snowmelt Runoff

The increase in dissolved metal and rare earth element
concentrations and loads during snowmelt deserves further
discussion given the limited source of these elements in local
bedrock at the upper part of the watershed. The bedrock geology
in the Uinta Mountains above the Soapstone site is dominated
by siliciclastic rocks with relatively low concentrations of trace
elements such as Be, Al, Cu, Pb, La, and Y (Munroe, 2014;
Munroe et al., 2020). Alpine soils in the periglacial zone of
the Uintas contain ~50-80% dust, with elevated trace element
concentrations in soils relative to bedrock (Munroe et al., 2020).
The concentrations of dust-derived metals, including Cu and
Pb, increased dramatically in Uinta Mountain lake sediments
after the year 1870, implying that dust-derived material
increased as a result of anthropogenic activities (Reynolds
et al, 2010). Similarly, others studies have shown that dust
contributes elevated trace element concentrations to northern
Utah snowpack (Carling et al., 2012; Reynolds et al., 2014;
Dastrup et al, 2018; Goodman et al., 2019). Dust deposited
to snowpack during winter or directly to the landscape during
summer accumulates over time in soils and adds trace metals
and rare earth elements to the soil profile, as observed in
the Uintas and other locations (Vazquez-Ortega et al., 2015;
Mcintosh et al.,, 2017; Munroe et al., 2020). The minerals in
dust slowly weather from soils, contributing to elevated trace
element concentrations in soil water (Figure 6) that is released
during the snowmelt pulse. It is also possible that weathered
material from the interbedded shales within siliciclastic rocks
in the upper watershed are a source of metals due to their
composition of micas and plagioclase minerals with relatively
high metal concentrations (Condie et al., 2001; Myer, 2008).
However, the shale would likely contribute metals during the
baseflow period with deeper groundwater flow paths rather than
during the snowmelt season.

The major ions (Ca?* and SOi_) are dominated by inputs
from carbonate bedrock weathering in the lower portions of the
watershed and soils and dust in the upper part of the watershed
(Figure 1). Particularly, between the Soapstone and Woodland
sites, groundwater in carbonate rocks contributes large amounts
of major ions to groundwater and cause higher total solute
concentrations at Woodland and Hailstone relative to Soapstone
(Carling et al., 2015). In the upper watershed above Soapstone,
weathering of siliciclastic sedimentary rocks (Condie et al., 2001)
contribute low concentrations of major ions that is matched
by concentrations from soil water during the snowmelt runoff
period to maintain chemostasis.

Additional work is needed to quantify solute contributions
from dust vs. bedrock in the upper Provo River watershed. This
could be accomplished by developing watershed-scale solute
mass balances over multiple years, better characterizing
groundwater chemistry and fluxes, and investigating
biogeochemical processing of solutes during transport. Our
data could be used to constrain watershed models of solute
transport, such as the Soil & Water Assessment Tool (SWAT), to

determine the fate of dust-derived solutes in the watershed by
coupling with modules to consider metals (Meng et al., 2018).
Currently, we are using 37Sr/36Sr ratios to quantify Sr can Ca?"
inputs from dust and bedrock and to track the fate of dust-
derived solutes through the watershed, which is described in an
upcoming paper. The additional sampling, modeling work, and
isotopic measurements are part of an ongoing, long-term project.

CONCLUSIONS

The Critical Zone is the primary source of solutes to rivers,
with inputs of trace elements and major ions changing with
discharge. We demonstrate the importance of shallow flow paths
activated during snowmelt runoff for flushing trace elements
from soil water in the upper Provo River watershed of northern
Utah. Trace metal (Be, Al, Cu, and Pb) and rare earth element
(represented by La and Y) concentrations increased dramatically
during the snowmelt runoft period, with loads from the upper
watershed propagating downstream. Snowmelt flushing of soils
in the upper watershed plays an important role in controlling
trace element chemistry of the river, accounting for most of
the annual trace element loading. Given the low concentrations
of trace elements in the siliciclastic bedrock at the top of the
watershed, trace elements in soils are likely sourced from aeolian
dust. Thus, metals and rare earth elements in dust represent an
important control on river chemistry. Trace element transport is
likely facilitated by a combination of dissolved organic matter and
mineral colloids.

Major ion fluxes, in contrast, are controlled by water-rock
interactions along groundwater flow paths in the carbonate
bedrock at the lower elevations in the watershed. Major ion
concentrations and loads were low at the upper site and
increased substantially downstream with groundwater inputs
from carbonate rocks. Only about half of the Ca’" and
SOi_ loads occurred during snowmelt runoff, with the other
half coming from groundwater during baseflow. During the
snowmelt runoff period, water from the upper watershed diluted
major ion concentrations in the lower part of the watershed,
resulting in similar concentrations longitudinally from upstream
to downstream.

Concentration-discharge relationships revealed unique
patterns for trace elements and major ions along the
longitudinal transect of three sites. Concentration-discharge
plots showed flushing behavior for trace elements and either
chemostatic behavior or dilution for the major ions. For the
trace elements, there was a weak flushing behavior at the
upstream site and much stronger flushing behavior at the
downstream sites. Major ion concentrations were chemostatic
at the upstream site and diluted at the downstream sites.
These relationships are contrary to expectations because
chemostatic behavior should develop as flows accumulate
downstream. This observation highlights the importance of
characterizing concentration-discharge at multiple locations
in a river for better understanding water quality in response to
changing discharge.

Our findings highlight the importance of the Critical Zone
for controlling water chemistry in montane watersheds, with
snowmelt-driven soil water flushing dominating the annual
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trace element loads. Understanding flow paths during snowmelt
and baseflow is necessary for determining impacts on water
quality. The flux of trace elements during snowmelt may
exert a larger control on river chemistry, and at larger scales,
than previously thought. In particular, trace element inputs
from aeolian dust to montane soils may be an important,
yet overlooked, source of potentially harmful elements to
river systems.
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