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ABSTRACT
Mercury and Dissolved Organic Matter Dynamics
During Snowmelt in a Montane Watershed,
Provo River, Utah
Brian Noel Packer
Department of Geological Sciences, BYU
Master of Science
Mercury (Hg) transport in streams is typically facilitated by dissolved organic matter
(DOM), however, the dynamics of Hg and DOM during snowmelt in montane watersheds are
poorly understood. Hg transport during snowmelt is widely recognized as a significant source of
Hg to downstream lakes and reservoirs, such as Jordanelle Reservoir where fish consumption
advisories are in effect due to elevated Hg concentrations in certain species of fish. For this
study, total mercury (THg), methylmercury (MeHg), and DOM samples were collected at three
sites in the upper Provo River, northern Utah, during the 2016 and 2017 water years. To evaluate
Hg and DOM sources, samples were collected from snowpack and ephemeral streams in the
watershed. In-situ fluorescent DOM (fDOM) data and other parameters were measured in the
river to characterize high-frequency variation in water chemistry. Excitation-emissions matrices
(EEMs) were used to determine changes in DOM characteristics during snowmelt. Hg
concentrations increased in the upper Provo River from <1 ng/L during baseflow to >7 ng/L
during the snowmelt period (~April-July), with filtered THg concentrations approximately ~75%
of the unfiltered concentrations. In the watershed, filtered THg concentrations ranged from ~0.4
ng/L in snowpack to ~8 ng/L in ephemeral streams. Annual THg loading from the Provo River to
Jordanelle Reservoir was approximately 1 kg/yr with ~90% of the flux occurring during the
snowmelt period. High correlations between filtered THg and fDOM allowed for the
development of a high frequency filtered THg proxy using in-situ fDOM sensors. DOM
characteristic during the snowmelt period showed that Hg transport was facilitated by humic
substances which was sourced from upland soils. Fractions of filtered methylmercury (MeHg)
and filtered THg (filtered MeHG:filtered THg) were ~0.1 during baseflow and reduced to ~0.01
during snowmelt, implying that snowmelt runoff has little impact on the MeHg flux to Jordanelle
Reservoir. The results suggest that Hg and DOM are flushed from soils during snowmelt, and
that a significant majority of the Hg flux occurs the snowmelt period. Our study has implications
for understanding Hg sources and transport mechanisms in other snowmelt dominated
watersheds.

Keywords: Mercury, dissolved organic matter (DOM), fluorescent DOM (fDOM), snowmelt,
ephemeral streams
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1. Introduction
Flushing and erosion of the soil surface mobilizes and transports mercury (Hg) to streams
during snowmelt. In montane watersheds, the snowmelt period often accounts for the majority of
annual Hg export (Mast et al., 2005). Atmospheric Hg deposition, which has tripled since the
industrial revolution, is a significant source of Hg in the terrestrial landscape and aquatic systems
(Streets et al., 2011), even in remote watersheds (Lucotte et al., 1995). Atmospheric Hg
deposition rates can be enhanced in montane watersheds due to high precipitation rates and
processes such as cold condensation (Schroeder and Munthe, 1998). Atmospherically deposited
Hg in soils and other surfaces is mobilized and transported to streams during high flow events. In
streams, Hg typically remains mobile until it reaches a larger water body (Bank, 2012b). Hg
transport is facilitated by particulate organic matter (POM) or dissolved organic matter (DOM)
(Bank, 2012a). Although DOM and Hg are often correlated, the mechanisms of Hg-DOM
binding are poorly understood (Ravichandran, 2004).
Hg can be transformed to the more harmful form of methylmercury (MeHg) in terrestrial
and aquatic systems. MeHg is a potent neurotoxin of serious concern to human development and
health (Mergler et al., 2007). The methylation of Hg to form MeHg is a biologically mediated
process primarily dominated by sulfate and iron reducing bacteria (Ullrich et al., 2001).
Wetlands and anoxic lake sediments are important environments where methylation processes
can occur (Paranjape and Hall, 2017). Several studies have suggested that methylation can occur
in soils during the snowmelt period, and could be an important for studying the Hg budget of a
snow dominated watershed (Haynes et al., 2017; Lehnherr et al., 2012). MeHg bioaccumulates
up the food web from microbial organisms to increasingly predatory organisms, particularly fish.
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The bioaccumulative properties of MeHg can produce fish with tissue concentrations of Hg in
parts per million, even if concentrations in the water are in parts per trillion (Morel et al., 1998).
The slope (b) of a log-log concentration-discharge (C-Q) relationship can be used to
determine hydrologic behaviors of Hg and other trace metals such as flushing (b>1), chemostasis
(b=1), or dilution (b<1). The hydrologic behavior of trace metals gives insight to flow paths
taken by the trace metals during high flow events such as snowmelt (Winnick et al., 2017).
Hysteresis in C-Q relationships occurs when there is a difference in the relative timing of solute
and discharge responses (Evans and Davies, 1998). A clockwise hysteresis occurs when the
solute peaks before maximum discharge, and a counter-clockwise hysteresis is when the solute
peaks after maximum discharge. Combing C-Q relationships with DOM analysis provides a
more detailed understanding on the mechanisms governing the mobilization and transport of
certain trace metals such as Hg (Rue et al., 2017).
DOM is an important constituent of soils and surface waters, and fundamental to
understanding transport of trace metals such as Hg. Typically, measurements of bulk dissolved
organic carbon (DOC) are used to explain DOM cycling and trace metal interactions. However,
the biochemical composition of DOM can significantly affect Hg transport in a watershed
(Ravichandran, 2004). Fluorescence spectroscopy can shed new light on DOM characterization
in freshwater environments, providing insight to the mechanisms governing Hg transport in
freshwater ecosystems (Lu and Jaffe, 2001). DOM can be made of many components including
humic, fulvic, and protein like substances (Xie et al., 2017). Because of strong relationships
between DOM and Hg, in situ measurements of fluorescent DOM (fDOM) can be used as a
proxy for filtered THg concentrations. This allows for high frequency filtered THg data to be
available where fDOM sensors are installed (Bergamaschi et al., 2012). Measurements for
2

fDOM are in quinine sulfate units (QSU), and is defined as 1 QSU = 1 ppb quinine sulfate
(Chepyzhenko and Chepyzhenko, 2017).
The purpose of this study is to evaluate mechanisms of Hg transport during snowmelt in a
montane watershed. Specific objectives are to: 1) investigate concentration-discharge
relationships for Hg and DOM; 2) evaluate the sources of Hg and DOM at the watershed-scale;
3) develop high-frequency Hg datasets using fDOM as a proxy for Hg; 4) quantify Hg loads and
fraction of dissolved versus particulate Hg; and 5) examine MeHg inputs to the river during
snowmelt.
The upper Provo River watershed was selected for this study because it is a relatively
pristine snowmelt-dominated montane watershed with a comprehensive network of instruments.
The watershed is intensively studied as part of the innovative Urban Transitions and Aridregion
Hydro-sustainability (iUTAH) project, which has installed aquatic stations in addition to existing
USGS stream gages along the Provo River. The upper Provo River watershed is also monitored
for precipitation by the NRCS through snow telemetry (SNOTEL) stations. This study is
significant because the Provo River provides drinking water to over 65% of Utah’s population,
and fills Jordanelle Reservoir which has fish consumption advisories for Brown Trout and
Smallmouth Bass due to elevated Hg concentrations (https://deq.utah.gov/fishadvisories/waterbody-utah-fish-advisories#jordanelle).
2. Methods
2.1 Study Area
The upper Provo River watershed covers 675 km2 in the southwestern Uinta Mountains,
and is part of the Middle Rocky Mountains physiographic province. The Provo River also
3

receives diverted water from the Weber River watershed (589 km2) and Duchesne River
watershed (104 km2) (Fig. 1). The watershed extends from the sub-alpine region around the
headwaters of the Provo River to the semi-arid foothills at Jordanelle Reservoir (Woods et al.,
2001). Dominant vegetation in the mid to high-elevations regions of the watershed includes
lodgepole pine and douglas fir (Lowry et al., 2005). The semi-arid regions at lower elevations are
dominated by sedge and sage brush with minor agricultural use along the river. The length of the
upper Provo River is ~50 km with a vertical relief of ~1120 m, from ~3000 m asl at the
headwaters, to ~1880 m at Jordanelle Reservoir.
The geology in the upper part of the watershed consists primarily of interbedded
metasedimentary rocks overlain by surficial glacial deposits and other Quaternary deposits. The
lower part of the watershed is dominated by Paleozoic carbonate and Tertiary volcanic rocks
(Fig. 1). Shallow, weakly developed soils with a thin loess cap cover much of the upland regions
of the watershed (Munroe, 2012).
2.2 Sample collection and preparation for river, ephemeral streams, and snow
River, ephemeral stream, and snow samples were collected from the upper Provo river
watershed during the 2016 and 2017 water years (Fig. 1). Over 100 river samples were collected
at three locations including Soapstone, Woodland, and Hailstone. We sampled over a range of
stream discharge conditions, with increased sampling frequency during the snowmelt runoff
period (April - June). 22 ephemeral stream samples were collected during the 2016 and 2017
water years. Ephemeral stream flow occurred in a brief 1-2 month period during snowmelt and
likely represents soil water. Ephemeral stream samples were selected by finding locations where
active channels were flowing. 26 snow samples were collected from three locations which were
representative of the upper watershed (Fig. 1).
4

For both river and ephemeral streams, samples were collected for unfiltered THg, filtered
THg, and DOM. Unfiltered and filtered THg samples were collected in double-bagged Milli-Q
rinsed 250 mL FLPE bottles. Filtered THg samples were filtered upon returning to the lab using
syringe and 0.45 μm PES filters. Both unfiltered and filtered THg samples were preserved by
acidifying to 1% v/v with trace meatal grade HCl. DOM samples were filtered on site using a
peristaltic pump and ashed 0.45 μm glass microfiber filters, and collected into ashed 60 mL
amber glass vials. During each sampling day a field blank of Milli-Q water was taken for each
sample type as a quality control for contamination. Samples were collected in accordance to
‘clean hands, dirty hands’ method established by the EPA to prevent contamination (USEPA,
1996).
Snow samples were collected to evaluate atmospheric deposition of Hg to winter
snowpack. Snow samples were collected at peak snowpack (mid-April) during 2017 and 2017 in
accordance to Carling et al. (2012) by digging the three snow pits at each site to within 10 cm of
the ground. Temperature and visual observations of each snow pit were taken in 10 cm
increments and recorded in a field notebook. Using acid washed acrylic tubes measuring 45.5cm
x 5.5 cm, snow cores were transferred into acid washed 2.5 L FLPE bottles and then double
bagged. A field blank of Milli-Q water was collected at each sampling site to ensure no
contamination occurred during the collection process. Snow samples were collected in
accordance to ‘clean hands, dirty hands’ method established by the EPA to prevent
contamination (USEPA, 1996). In the lab, snow samples were melted and aliquots were taken for
measurements of unfiltered THg, filtered THg, and DOM.
2.3 THg and DOM Laboratory analysis
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Filtered and unfiltered THg samples were prepared according to EPA Method 1631 and
analyzed on the Brooks Rand Merx-T system (USEPA, 2002). As a quality control a 1-5 ng/L
matrix spikes were made at least every 10 samples. Filtered and unfiltered MeHg samples were
prepared by direct ethylation and analyzed on the Brooks Rand Merx-M system (Mansfield and
Black, 2015). As a quality control a 1 ng/L matrix spike was made for every sample. Detection
limits were 0.02 ng/L for THg and 0.002 ng/L for MeHg. For both THg and MeHg the
“dissolved” fraction was designated as the filtered (0.45 μm) portion of the analysis. The
difference between the unfiltered and filtered THg is the particulate fraction of THg (unfiltered
Hg – filtered Hg = particulate Hg)
DOM samples were analyzed by measuring the absorbance spectra and fluorescence
excitation-emissions matrix (EEM) using the Horiba Scientific AQUALOG. Excitation and
emission values from the DOM analysis were then processed through MATLAB to determine
the organic matter type along with the fluorescence and freshness indices (Stedmon and Bro,
2008). The fluorescence index indicates if DOM is more microbial (FI ~ 1.8) in nature or more
terrestrial (FI ~ 1.2). It is calculated by dividing the 380 nm emission by the max emission
intensity between 420-435 nm at an excitation of 310 nm. The freshness index (BIX) indicates
the proportion of recently produced DOM (microbial) over older DOM (decomposition of
organic matter) (Gabor et al., 2014). DOM characteristics are only available for the 2017 water
year due to technical issues involving samples from the 2016 water year.
2.4 Quantifying THg loads from concentration and discharge data
Daily, seasonal, and yearly loads for unfiltered and filtered THg were estimated using the
LOAD ESTimator (LOADEST) program from the USGS (Runkel et al., 2004). Loads were
calculated using THg concentrations of river samples and discharge measurements from iUTAH
6

and USGS stations. Load values of µg/day were calculated each hour for every day that had
available discharge data. The mean of the 24 hourly load values during each day was used as the
daily load. Standard error options were set calculate the exact standard error for the adjusted
maximum likelihood estimation of load, and the program was set to select the best regression
model to describe C-Q relationships. No discharge data was available during certain times of the
year such as when the river was frozen or when the Woodland station was washed away during
2017 snowmelt runoff. Load values when the river was frozen were assumed to be similar to
loads during other baseflow conditions. THg loads at Hailstone represent the flux of THg
entering Jordanelle Reservoir from the upper Provo River.
3. Results
3.1 Stream discharge and THg concentration response to snowmelt
THg concentrations were associated with discharge at Soapstone, Woodland, and
Hailstone during the 2016 and 2017 water years. The associations were strongest at Hailstone
with the peaks occurring at the same time, and weaker at Soapstone and Woodland due to the
difference in timing of discharge and THg peaks. THg concentrations increased ten-fold from
baseflow to snowmelt periods at all three sites. Highest measured unfiltered THg concentrations
during the two water years were 7.8 ng/L (2016) and 8.2 ng/L (2017). During both water years,
the hydrographs at all three sites peaked between late May and early June. Peak concentrations
for THg occurred on the rising limb of the hydrograph for Soapstone and Woodland, with
Soapstone peaking earlier than Woodland. At Hailstone, the THg concentration peaked near the
same time as the hydrograph peak for both water years (Fig. 2). Average THg concentrations at
baseflow for the three sites was ~1 ng/L during both water years. Filtered THg comprised a
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significant portion of the unfiltered THg, with contributions between 52-79%, and the percentage
of filtered THg decreasing downstream. Due to filtered THg being the most dominant fraction, it
is used primarily to explain all the variations of THg in relationship to discharge.
Comparison of the 2016 and 2017 water years is of interest because of the difference in
snowpack. 2016 was a moderately low snowpack year with a SWE of 59 cm (91% of average),
and 2017 was a high snowpack year with a SWE of 114 cm (179% of average). Snowmelt
discharge response for the two years was between April 1-Jun 10 (2016) and March 15-July 31
(2017).
3.2 Filtered THg concentration discharge and hysteresis
Filtered THg concentration-discharge (C-Q) plots showed flushing behavior during the
snowmelt period (Fig. 3). For all three locations, and for both water years, filtered THg increased
by at least one order of magnitude in response to discharge. At Soapstone and Woodland, filtered
THg concentrations increased greatest at discharges between 1-20 m3/s. After reaching 20 m3/s
the C-Q slope for Soapstone and Woodland became slightly negative (b<1). The log-log C-Q
plot for Hailstone remained positive (b>1) during the entire range of discharge values.
Spatial differences occurred in the characteristics of C-Q hysteresis loops for filtered THg
in the upper Provo River (Fig. 4). At Soapstone and Woodland, the hysteresis loops were
clockwise, convex, and positively trending (Evans and Davies, 1998). The hysteresis loop of
Woodland had a less pronounced clockwise trend compared to Soapstone. At Hailstone, the
hysteresis loop showed a more complex figure-eight trend, with the filtered THg concentrations
of the falling limb crossing over the rising limb at a discharge 20 m3/s (Fig. 4).
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3.3 DOM characteristics and variability
DOM characteristics varied temporally and spatially during snowmelt in the upper Provo
River. EMMs plots during snowmelt showed signatures for humic substances in ephemeral
streams and the upper Provo River (Fig. 5). FI decreased during snowmelt at Soapstone,
Woodland, and Hailstone (Fig. 6). The highest FI was ~1.65 and occurred at Soapstone during
baseflow. The lowest FI of ~1.35 occurred at Hailstone during peak runoff. FI during snowmelt
was lowest in ephemeral streams with an average index value of ~1.44. FI values increased
downstream with the average FI at Soapstone, Woodland, and Hailstone during snowmelt being
1.46, 1.50, and 1.52 respectively (Fig. 7). There was slight variability in the BIX during the
snowmelt Soapstone, Woodland, and Hailstone (Fig. 8). A slight decrease in the BIX occurred at
all river sites during snowmelt, followed by an increase after peak snowmelt discharge.
Variability in the BIX was minimal between sites, ranging from ~0.5 to ~ 0.75 of recently
produced DOM.
3.4 THg loads during the snowmelt season
THg loads were strongly dependent on total discharge during both water years. Estimated
daily THg loads for Soapstone, Woodland, and Hailstone during the 2016 and 2017 water years
reached as high as 0.05 μg/day during snowmelt runoff (Fig. 9). Loads during baseflow were
extremely low, averaging <0.001 μg/day. The snowmelt period of both water years accounted for
nearly all of the annual THg flux (88-98%) in the upper Provo River (Table 1). Unfiltered THg
loads for Soapstone, Woodland, and Hailstone during the 2016 snowmelt period where 0.64 kg,
0.94 kg, and 0.70 kg respectively. For the 2017 snowmelt period, those loads were 0.82 kg, 1.30
kg, and 1.28 kg. From the 2016 and 2017 water year data, the average annual unfiltered THg
yield at Hailstone was estimated at 1 kg/yr, which represents the total flux of THg to Jordanelle
9

Reservoir. Filtered THg accounted for approximately 56% of the yearly THg load entering
Jordanelle Reservoir.
The total load of Hg in snow was comparable to the Hg load in the upper Provo River
during snowmelt (Table 1). During the 2016 water year, which had a SWE of 0.59 m, the mass
of THg in the upper Provo River watershed was calculated to be ~ 0.66 kg. During the 2017
water year, which had a SWE of 1.14 m, the mass of THg was calculated at ~1.28 kg. For both
the 2016 and 2017 water years the estimated mass of Hg in snowpack was >94% of the total Hg
flux in the watershed.
3.5 Hg and fDOM relationships
Filtered THg and fDOM (QSU) measurements showed a strong positive correlation at
Soapstone (R2 = 0.91) and Woodland (R2 = 0.77) (Fig. 10). The correlation of fDOM to filtered
THg at Soapstone and Woodland are described by polynomial equations with x = QSU and y =
ng/L of filtered THg. For Soapstone, the equation is y = 4.58E-04x2 + 4.51E-03x + 5.83E-01. At
Woodland, the equation is y = 5.67E-04x2 - 1.60E-02x + 0.601 (Fig. 10).
Using the polynomial equations, QSU values were used as a proxy to predict filtered THg
concentrations (Fig. 11). This proxy allowed for the creation of a high-frequency (fifteen-minute)
filtered THg data, which could provide concentration estimates at any time so long and the
instrument was collecting data. In both the Soapstone and Woodland dataset there are periods of
time when the fDOM sensor was offline, leaving large gaps in the predicted filtered THg values.
3.6 THg concentration variability in snow and ephemeral streams
THg concentrations in snowpack and ephemeral streams were compared with
concentrations in the Provo River to evaluate potential Hg sources (Fig. 12).THg concentrations
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in snow were significantly lower than concentrations in the upper Provo River during snowmelt.
Average unfiltered THg concentrations in snow were 1.5 (2016 water year) and 1.9 ng/L (2017
water year). Average filtered THg concentrations were 0.38 (2016 water year) and 0.32 ng/L
(2017 water year). The majority of the THg in snow (79%) for the two water years was in the
form of particulate Hg. Compared to Soapstone samples during snowmelt runoff, unfiltered THg
concentrations in snow were 106% lower and filtered THg concentrations were 168 % lower.
THg concretions in ephemeral stream were higher than concentrations in the upper Provo
River during the 2016 and 2017 snowmelt period. Average unfiltered THg concentrations in
ephemeral streams were 9.2 (2016 water year) and 7.8 ng/L (2017 water year). Average filtered
THg concentrations were 8.4 (2016 water year) and 7.3 ng/L (2017 water year). The majority of
the THg in ephemeral stream (84%) for the two water years was in the filtered fraction.
Compared to Soapstone samples during snowmelt runoff, unfiltered THg concentrations in
ephemeral streams were 41% higher and filtered THg concentrations were 67% higher.
3.7 Variability in the MeHg:THg ratio
The fraction of filtered MeHg:filtered THg shows and inverse relationship to discharge at
Soapstone, Woodland, and Hailstone (Fig. 13). At baseflow, the fraction increased upstream to
downstream from ~0.03 at Soapstone to ~0.10 at Hailstone. During snowmelt runoff, the fraction
of filtered MeHg:filtered THg decreased to ~0.010 at all three locations. Filtered MeHg
concentrations in the river showed no correlation to discharge or any other variable at Soapstone,
Woodland, or Hailstone.
4. Discussion
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4.1 Mercury flushing from soils during snowmelt
Hg was flushed from soil during snowmelt and transported by ephemeral streams to the
upper Provo River. The significant increase in THg concentrations seen on the log-log C-Q plot
strongly suggests that Hg was mobilized during snowmelt events. The increase in THg
concentrations (b>1) at Soapstone and Woodland below 20 m3/s, followed by a decrease in
concentrations (b<1), indicates that available THg was being flushed during the initial period of
snowmelt. The log-log C-Q plot for Hailstone, which remained positive (b>1) through the entire
range of discharge values, shows that THg concentrations increased and decreased proportionally
to discharge during snowmelt.
Spatial differences in C-Q hysteresis loops observed in the upper Provo River are
indicative of influences from different hydrologic mechanisms. At Soapstone and Woodland,
clockwise hysteresis loop for filtered THg are the result of concentrations peaking on the rising
limb of the hydrograph, and indicate that sources of Hg are proximal and well connected to the
upper Provo River (Creed et al., 2015). Other studies in alpine environments have found C-Q
patters of Hg similar to that of Soapstone and Woodland, and concluded that Hg was flushed
from soils during the initial period of snowmelt (Mast et al., 2005). The clockwise figure-ofeight hysteresis loop observed at Hailstone is more complex, but still corresponds to a scenario
where concentrations and discharge peak at similar times. A figure-of-eight hysteresis is
produced by a combination of clockwise and counter-clockwise hysteresis patters (Williams,
1989). This combination could indicate that above Hailstone the river was possibly being diluted
by water with distal and poorly connected sources of Hg.
Soil water is the primary source for THg in the upper Provo River during snowmelt. As
snowmelt infiltrates and saturates soil, ephemeral streams are created, which transported Hg
12

which was mobilized from soil. The concentrations of filtered THg in ephemeral streams is
likely the result of DOM bound Hg flushed from soil (Grigal, 2002). Particulate Hg, which is
typically associated with POM, is mobilized from the erosion of near surface soils (Bank,
2012a). The low fractions of particulate Hg in ephemeral streams could mean that there was
minimal erosion of soils from snowmelt. High fractions of filtered THg at Soapstone indicate
that ephemeral streams are the primary mechanism for transporting Hg to the upper Provo River.
Although the Soapstone site had the closest proximity to active ephemeral streams, average
filtered THg concentrations at Soapstone were slightly lower when compared to ephemeral
streams. This decrease in filtered THg concentrations between ephemeral streams and Soapstone
could be the result of dilution from baseflow or other sources of water such as the Duchesne
diversion. Observed increases in the fraction of particulate THg at Woodland and Hailstone are
possibly be the result of the resuspension of streambed sediments with bound Hg, or the in situ
formation of particulate Hg from filtered THg (Grigal, 2002; Quémerais et al., 1999).
The majority of Hg in soils from the upper Provo River watershed is being retained
during snowmelt. Using a report published from the USEPA, it is assumed that the primary
source of Hg upper Provo River watershed is from atmospheric deposition (USEPA, 1997).
Since we did not measure atmospheric Hg as part of this study, we assume that Hg deposition
rates to the watershed are approximate to other locations with a similar climate in the western
U.S. Using data from the National Atmospheric Deposition Program (NADP) annual Hg
deposition rates were estimated at ~18 μg/m2 (NADP, 2014). Using this deposition rate for the
upper Provo River watershed (675 km2), it was calculated that an Hg load of ~12 kg enters the
upper Provo River watershed though wet deposition. With and average Hg flux of 1kg each year,
this would indicate that ~92% of wet Hg deposition from the 2016 and 2017 water years was
13

retained in soils. Dry deposition of Hg, which was not included in this study, can contribute just
as much Hg to the terrestrial landscape as wet deposition (Mast et al., 2005). Therefore, it is
likely that Hg deposition rates are underestimated, and that retention rates are even higher that
92%. The Hg load estimated from NADP rates are significantly higher than winter loads
calculated from THg concentrations in snow. This could be due to Hg deposition rates being
much higher during summer months because of the effects of insolation which increase the
oxidation of Hg(0) in the atmosphere, and the greater effectiveness of rain in scavenging Hg
compared to snow (Blackwell and Driscoll, 2015).
4.2 DOM characteristics and THg pathways during snowmelt

Changes in DOM characteristics during snowmelt indicted that DOM was originating
from both microbial and terrestrial organic matter. In ephemeral streams, the most common
species of DOM was from humic substances, and this was correlated to the changes seen in the
river during snowmelt. Moderately high FI and BIX values during baseflow were indicative of
microbial sourced organic matter and shifted more towards terrestrial plant and soil organic
matter during snowmelt. This difference could be the result of changing microbial activity
effecting DOM production during the snowmelt period (Malik and Gleixner, 2013). Changes in
FI and BIX from Soapstone to Hailstone are indicative of microorganisms changing the
properties of DOM during downstream transport (Cory and Kling, 2018). The previously
established correlations between fDOM and filtered THg reinforces the argument that Hg
transport was facilitated by fluorescent species of DOM such as humic and fulvic substances
(Lescord et al., 2018). Binding of Hg to DOM is attributed to reduced sulfur sites in the organic
matter, and is effected by characteristics such as pH and DOM source (Haitzer et al., 2003;
Ravichandran, 2004). It has been observed that binding of Hg to certain types of DOM, such as
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humic acids, can be increased at pH ranges from 4-7(Haitzer et al., 2003). During the snowmelt
period, the pH of soil water is often depressed to values below 7, and could trigger increased HgDOM binding.
4.3 Insight of high resolution filtered THg monitoring from in-situ fDOM measurements
The high correlation of filtered THg to in-situ fDOM (QSU) measurements allowed for
the development of high resolution time-series data of filtered THg. This high-frequency filtered
THg data can improve understanding of Hg fluxes in the upper Provo River as it has in other
watersheds (Vermilyea et al., 2017). For example, it can be very difficult to obtain grab samples
for THg during storm events, but through a proxy, THg concentrations and fluxes could be
estimated during those events. The use of fDOM as a proxy to filtered THg is specific to the
stream where THg concentrations were measured. Applying the Woodland proxy calculation to
Hailstone would be problematic because unaccounted hydrologic influences, such as the Weber
diversion, could complicate fDOM-THg relationships. The most significant problem with relying
on fDOM as a proxy for filtered THg is the issue of equipment failure. During the 2016 and 2017
water years, there were large periods of time in which the fDOM sensors at Soapstone and
Woodland did not record data, and would thus prevent the estimate of filtered THg
concentrations.
4.4 Yearly filtered THg Loading at Jordanelle Reservoir
The upper Provo River contributes more to the total Hg load than atmospheric deposition
onto the reservoir. The majority of water entering Jordanelle Reservoir is supplied from the
upper Provo River. Given the fish consumption advisories in Jordanelle Reservoir due to
elevated Hg concentrations in fish tissue, it is worth determining the amount of Hg inputs from
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the upper Provo River relative to atmospheric sources. The same Hg deposition rate of ~18
μg/m2 for the upper Provo River watershed was used for Jordanelle Reservior. With a surface
area of 1.2E7 m2, this amounts to 0.22 kg of Hg deposition to the reservoir, which is only 22% of
the Hg inputs from the river. Since the completion of Jordanelle Reservoir in April of 1993,
assuming 1 kg/yr from the Provo River, approximately 30 kg of Hg have entered the reservoir by
means of the river and atmospheric deposition. If these annual inputs of Hg to Jordanelle
reservoir are accumulating in sediments, the availability of Hg for bioaccumulation could
increase, potentially causing more issues with high Hg concentrations in fish tissue.
4.5 Lack of MeHg export during snowmelt
Filtered MeHg:filtered THg variability indicated that no significant amounts of filtered
MeHg were exported during snowmelt. Although MeHg dynamics during snowmelt are poorly
understood, saturation of soil from snowmelt is known to produce anoxic and low pH
environments which can enhance MeHg production and export. MeHg, which has a high affinity
to DOM (Klapstein and O’Driscoll, 2018), could be produced in soils and exported during
snowmelt. However, no significant inputs of MeHg were seen to occur in the upper Provo River
during snowmelt. It can thus be assumed that primary Hg methylation is occurring in the
sediments of Jordanelle Reservior. In the study conducted by (Mast et al., 2005) similar MeHg
concentrations were found in streams during snowmelt, and it was concluded that there were low
net methylation rates in the watershed. The processes governing Hg methylation are complex and
it is uncertain what factors are mitigating methylation in the soil of upper Provo River watershed.
A more detailed study on spatial and temporal MeHg variably in the watershed would be
necessary to quantify the impact of MeHg from soil water.
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5. Conclusion
This study of the upper Provo River watershed provides more insight to the
understanding of Hg and DOM dynamics in montane watersheds. Atmospherically deposited Hg,
which collected in soil, was flushed during snowmelt and caused THg concentrations to increase
more than ten-fold in the upper Provo River. The load of Hg during the snowmelt period
(typically April – July) accounted for ~90% of the total Hg flux each water year (2016 and
2017). Yearly loading of THg at Jordanelle Reservoir from the upper Provo River was estimated
at ~ 1 kg with ~56% as filtered THg. THg transport was facilitated by DOM, primarily in the
form of humic substances, which was originally sourced from shallow soils. Decreases in FI and
BIX both spatially and temporally are indicative microbial influenced changes in DOM
characteristics. The development of a filtered THg proxy through in situ fDOM (QSU)
measurements provided a better understanding of Hg dynamics through high resolution filtered
THg estimates. MeHg exported from upland soils was not significant for the total MeHg flux,
and it can be assumed that MeHg production is primarily occurring in the reservoir. Additional
research involving spatial and temporal Hg changes in watershed soils and Jordanelle Reservoir
would add greatly to the understanding of Hg dynamics in this and similar watersheds.
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Table 1. Yearly and snowmelt runoff THg load comparisons at river sampling sites in the upper
Provo River during the 2016 and 2017 water years.

Location

Water
Year

Soapstone
Soapstone
Woodland
Woodland
Hailstone
Hailstone

2016
2017
2016
2017
2016
2017

Load (Snowmelt Runoff
Period)

Load (yearly)
Unfiltered
THg (kg)

Filtered
THg (kg)

Unfiltered
THg (kg)

Filtered
THg (kg)

0.66
0.93
0.95
1.42
0.80
1.30

0.49
0.66
0.52
0.74
0.54
0.59

0.64
0.82
0.92
1.30
0.70
1.28

0.48
0.60
0.51
0.71
0.47
0.58
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% Yearly THg
load from
snowmelt runoff
97
88
97
92
86
98

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.
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Figure 2. Discharge, total Hg, and filtered Hg at three sampling sites (Soapstone, Woodland, and
Hailstone) in the Upper Provo River watershed. Runoff discharge is observable for two water
years (2016 and 2017), with peak discharge occurring between late May and early June both
years.
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Figure 3. Log-Log C-Q plot for Soapstone (blue), Woodland (green), and Hailstone (red).
Diagonal line from top left to bottom right represents a 1:1 dilution.
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Figure 4. C-Q and Hysteresis loops for
filtered THg at Soapstone, Woodland,
and Hailstone during the 2016 and
2017 water years. The rising limb of
the plot is in blue and the falling limb
in red.
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Figure 5. Excitation-emissions matrix (EEMs) for an ephemeral stream, Soapstone, Woodland,
and Hailstone during snowmelt (May 2017). Red boxes indicate regions that correspond to
humic substances.
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Figure 6. Fluorescence index (FI) at Soapstone, Woodland, and Hailstone during the 2017 water
year. FI of all three sites decreases during snowmelt, indicating a greater input of terrestrial plant
and soil organic matter.
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Figure 7. Fluorescence index (FI) of ephemeral streams and river sampling sites (Soapstone,
Woodland, and Hailstone) during snowmelt (~ April-July). Ephemeral streams had the lowest FI
indicating greater input from terrestrial plant and soil organic matter. FI increased downstream
from Soapstone to Hailstone indicating a greater presence of microbial sourced organic matter.
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Figure 8. Freshness Index (BIX) at Soapstone, Woodland, and Hailstone during the 2017 water
year. BIX of all three sites show a majority fraction of recently produced DOM (microbial) with
slight decreases occurring between the months of March and June.
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Figure 9. Daily filtered and unfiltered THg loads at Soapstone, Woodland and Hailstone for the
2016 and 2017 water years. The runoff period (early April - early July), contributed the majority
(> 90%) of the THg load for the two water years.
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Figure 10. fDOM (QSU) vs filtered Hg at Soapstone and Woodland for the 2016 and 2017 water
years. fDOM shows a strong correlation with filtered Hg at both locations. Polynomial equations
for the two relationships were used to create a fDOM-fitlered THg proxy.
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Figure 11. Calculated filtered THg from in-situ fDOM measurements at Soapstone and
Woodland. Values across multiple periods missing due the fDOM sensor being offline.
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Figure 12. Concentration of filtered Hg of snow, ephemeral channels, baseflow, and river
sampling sites (Soapstone, Woodland, and Hailstone). Each box plot contains concentration data
from the 2016 and 2017 water years with total number of samples = n.
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Figure 13. Filtered MeHg:filtered THg fraction Soapstone, Woodland, and Hailstone for the
2016 and 2017 water years. Filtred MeHg:filtered THg shows an inverse correlation with
discharge at each site during both years.
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