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Abstract Climate change and other disturbances significantly impact hydrogeochemical exports from
mountainous headwater catchments such as the Upper Colorado River Basin. Developing a mechanistic
understanding of how the physical and chemical processes interact in time and space in an integrated manner is
key to quantifying the future impacts of such disturbances. The hydrogeochemical response of a mountainous
catchment in the 2010-2019 period is evaluated quantitatively using a high-resolution model that simulates
integrated hydrology, and transport and reactions for selected solutes and minerals. The model assumes that
pyrite is present only at depth while calcite is distributed uniformly, and captures the observed C-Q reasonably
well. Distinct C-Q dynamics are observed in an average (WY 16), a wet (WY17), and a dry (WY 18) water year.
The model also quantifies the water fraction from surface, shallow and deep groundwater compartments using
tracers, and suggests greater groundwater contributions to peak stream discharge in the dry WY 18. Results
demonstrate that calcium concentrations do not change significantly from year to year, while sulfate shows
significant temporal variability. Pyrite dissolution is affected by the changing hydrological drivers where it

is enhanced in the dry WY 18; calcite dissolution supplements calcium dilution under high flow conditions.
The model simulates the reaction hotspots controlled by hydrological conditions, and the spatially-resolved
results show that higher soil saturation and less snowpack occur earlier on the south-facing side than on the
north-facing side. This is a first-of-its-kind demonstration of a model that integrates hydrologic processes,
including evapotranspiration, and reactive transport to enable a predictive understanding of hydrogeochemical
exports.

Plain Language Summary Climate change significantly impacts water resources, including water
quantity and quality, particularly in mountainous headwater catchments such as the Upper Colorado River Basin
that are key for water supply in downstream regions of the western U.S. In this work, we used a mathematical
model to quantify the movement of water and chemical species under changing weather and climate conditions.
Changing rainfall and early snowmelt affects both the volume of water and the amount of minerals that
dissolve, impacting water quality observed at the gauged stations downstream. Consistent with the available
measurements, the three-dimensional model makes it possible to understand how the watershed's topography
and the flow of water in the streams and the groundwater interact in time and in space. In particular, we found
that the mineral composition with depth explains in part the changes in observed concentrations between dry
and wet periods and that the north- and south-facing slopes of the river valley contribute differently to these
concentrations. These effects are relatively small in this study but larger climate variability could enhance them.

1. Introduction

Mountainous watersheds supply a significant portion of the water resources used in regions downstream of these
headwater catchments, particularly in arid and semi-arid regions. These watersheds are especially sensitive to
the climate changes that are likely to impact the management of water resources. An example is the upper Colo-
rado River watershed, which serves as the primary water source in the western United States (U.S.). However,
the western U.S. has been experiencing water scarcity (Garrick et al., 2008), for example, low volumes at Lake
Mead, Nevada have triggered for the first time a water shortage declaration (Fountain, 2021). Snow-dominated
mountainous watersheds store water in the form of snowpack in the winter and release it by snowmelt in the
summer. As a result, global warming could fundamentally alter the rain-snowfall ratio, shift early snowmelt, and
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lead to changes in groundwater levels, vegetation cover, and mineral weathering. Changes in weather extremes
and land cover may lead to both short-term flooding and/or long-term drought events and alter the hydrological
response. Hydrological changes can in turn affect the solute transport and biogeochemical processes that take
place both in above- and below-ground environments, impacting chemical exports from mountainous watersheds.
Solute fluxes in the riverine system are important components in the global carbon and nitrogen cycle and affect
downstream water quality. Understanding how perturbations to the hydrological cycle affect solute exports in
mountainous watersheds is essential to improve the predictability of watershed systems, particularly for the future
impacts of climate change.

Data analysis and modeling approaches such as end-member mixing analysis (EMMA) and C-Q analyses have
been applied to investigate how watersheds function as integrated hydrogeochemical systems. EMMA can also
be used to quantitatively compute non-reactive solute concentrations under different hydrological scenarios
(Christophersen & Hooper, 1992) and to estimate groundwater transit times; for example, how solute concen-
trations are diluted in response to a precipitation event (Carroll et al., 2018). The relationship between solute
concentrations and discharge (C-Q) in the stream is widely used as a metric for interpreting the interaction of
hydrological processes, chemical transport, and mineral reactions in watersheds (Knapp et al., 2020; Olshansky
et al., 2018). The C-Q relationship has been widely used as an important method to inform key geochemical
processes (e.g., Dehaspe et al. [2021]), and evaluate the chemical dynamics (e.g., Winter et al., 2021) at vari-
ous temporal scales. Distinct C-Q responses, including dilution, chemostasis, and mobilization processes, when
concentration is decreasing, stable, or increasing with discharge, reflect different watershed behaviors (Ackerer
et al., 2020; Arora et al., 2020; Godsey et al., 2009; Knapp et al., 2020; Musolff et al., 2015). In addition, C-Q
relationships may be used to interpret the impacts of snow dynamics and its contribution to the stream water
behavior across different temporal scales in mountainous watersheds, as a spike of discharge due to snowmelt is
usually associated with specific behaviors of solute concentrations (Knapp et al., 2020). C-Q relationships also
reflect the distribution of transit times of water in the subsurface (Torres & Baronas, 2021), allowing also for its
quantitative evaluation (Ameli et al., 2017). Hysteresis in the C-Q relationship, that is, the different trajectory of
the C-Q relationships during rising and falling limbs of the hydrograph, indicate differences in the timing of the
hydrological responses from the surface and subsurface compartments (Knapp et al., 2020), and in the contribu-
tions from surface water, shallow and deep groundwater (Arora et al., 2020). Therefore, analyses based on C-Q,
with data collected at a sampling location, are generally a useful approach to understanding watershed dynamics,
and quantifying how the catchment store and release water and solutes at different times. However, they are
limited to the aggregated responses over the catchment and do not capture explicitly the spatial heterogeneity of
hydrological and geochemical processes inside the watershed (Chen et al., 2020).

Physically-based modeling can be used to develop a mechanistic understanding of hydro-biogeochemical
processes in watersheds. In combination with the aforementioned analytical tools, they can provide a quantitative
validation of conceptual models and provide spatially-resolved insights into the response of mountainous water-
sheds. Integrated hydrology (e.g. (Kollet et al., 2017; Maxwell et al., 2014)) and solute transport models have
been developed and applied at various scales (Paniconi & Putti, 2015). However, they have rarely considered
complex multicomponent reaction networks. In contrast, reactive transport codes are widely used to understand
the subsurface flow and chemical interaction, however, they rarely included surface-subsurface water interac-
tions, often incorporating surface water scenarios with a simplified boundary condition and sink/source terms
(Dwivedi et al., 2018; Li et al., 2017). Recently, applications of a newly developed watershed reactive transport
model (Bao et al., 2017) have demonstrated that the combination of integrated hydrology and multicomponent
reactive transport is a powerful tool to understand the hydro-geochemical response of watersheds.

Modeling has been used to understand chemostasis and dilution in different watersheds. Both behaviors were
observed for geogenic and biogenic species undergoing chemical transformations in Zhi et al. (2019). The model
of Lietal. (2017) explained magnesium chemostasis due to the balance of dissolving clay and flowing water under
various hydrological conditions by comparison to the non-reactive chloride, which was staying in the vadose zone
before rainfall events reconnected the watershed and flushed it out. Models have also been widely used for quanti-
fying the contribution of water sources to the water budget and their effect on observed solute patterns. The anal-
ysis of transit and residence time distribution was used to quantify surface-subsurface mixing (Yang et al., 2018).
Transit times controlled the spatial patterns of aerobic respiration and denitrification in the riparian zone, finely
resolved in a small watershed model (Nogueira et al., 2021). The work of Liggett et al. (2015) highlighted the
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Figure 1. Copper Creek at the East River watershed in Colorado, and the five-layer (shown in the 1-D column) 50-m resolution triangle mesh used in the simulation.

importance of considering surface—subsurface solute transport in evaluating internal model processes and the
need for solute field data for constraining the solute transport model. The model by (Zhi et al., 2019) found that in
most dilution-dominated scenarios, the C-Q relationship can be explained by the mixing of multiple sources and
attributed to processes such as chemical reactions with the solid phase along the pathway of water flow.

Applications of integrated hydrology and reactive transport however have been limited to simulating relatively
small catchments, using relatively coarse resolution with explicit consideration of the drainage network, or to
addressing relatively short simulated times of a year or less. Understanding responses to changing conditions,
where water inputs vary significantly from year to year, requires the ability to simulate and contrast multiple
water years, as well as to minimize assumptions relating to the existence of stream networks. Here, we use the
Advanced Terrestrial Simulator (ATS) (Coon et al., 2019; Molins et al., 2022) to simulate integrated hydrology
and geochemistry processes together in a novel method, in the Upper Colorado river basin. Integrated hydrology
processes, including surface-subsurface flow, snow dynamics, and evapotranspiration (ET), are coupled with
reactive transport processes over a multi-year period in a high-elevation mountainous watershed. The objectives
are to apply integrated hydrology and reactive transport model to reproduce the C-Q relationship observed at the
outlet of the watershed. With the model, we quantitatively evaluate the water and solute fluxes within the water-
shed to understand their contributions to the aggregate watershed response. We conduct this study at the Copper
Creek catchment — taking advantage of the availability of data over multiple years at the site — to elucidate
mechanisms behind the evolution of the watershed response under the seasonal and year-to-year changing condi-
tions. We quantify the interactions between mineral reactions and hydrological processes, including infiltration
and groundwater table fluctuations.

2. Background
2.1. Site Description

This study focuses on the simulation of integrated hydrology and reactive transport processes in the Copper Creek
catchment, the largest sub-catchment of the East River watershed (Figure 1). The East River watershed is a repre-
sentative mountainous headwater catchment of the Upper Colorado River basin near Gothic, Colorado (Dwivedi
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Figure 2. Simulated and observed discharge at the Copper Creek outlet.

et al., 2022; Hubbard et al., 2018; Matheus et al., 2020; Newcomer et al., 2021; Wan et al., 2021). The annual
average temperature is 0°C, and the area-weighted average precipitation across the basin is 700 mm/yr, with the
majority occurring as snowfall in the winters and a few late-summer storm rainfall events (Daly et al., 1997).
Streamflow is strongly influenced by the effects of snowmelt in early summer and late-summer monsoon rainfall.
During winter, snow accumulates on the surface and the baseflow magnitude is small, while in late spring and
summer the snowpack melts and dominates the discharge peak, accounting for 53% of the total discharge. The
East River geology is dominated by the Cretaceous Mancos Shale Formation, with carbonate and pyrite contents
of roughly 20% and 1%, respectively, and shallow sediment overlying the fractured Mancos shales (Morrison
et al., 2012). Mancos Shale releases elevated concentrations of major ions, trace elements, and potential contam-
inants during weathering (Morrison et al., 2012).

Field investigations indicate that Copper Creek is underlain by a combination of Mancos shale, Paleozoic sedi-
mentary rocks (Morrison, Maroon, and Gothic Formations), and Tertiary granodiorite (Winnick et al., 2017).
However, a detailed geophysical survey is not available in Copper Creek to confirm the subsurface structure.
Compared to other sub-basins in the East River watershed, higher SO4 concentrations are observed at the outlet
of Copper Creek, and these exhibit seasonal patterns during baseflow and snowmelt regimes. As is often the case
in many other mountainous watersheds, Copper Creek lacks monitoring wells for groundwater data, and riverine
gauges inside the catchment for discharge and chemical data. The only discharge and concentration data available
are from the station located at the outlet of Copper Creek, which represents the aggregate response of Copper
Creek.

2.2. Discharge and Geochemical Data at the Outlet of Copper Creek

Discharge measurements are available at a daily frequency (Rose et al., 2018). Here we focus on 3 water years
(WY16, WY17, WY18). WY 16 was an average year, WY17 a relatively wet year, and WY 18 a relatively dry
year. The total precipitation volumes were 700 mm (107% of the 6-year average between WY 14 and WY19),
760 mm (116%), and 410 mm (63%), respectively, as measured by the nearest SNOTEL station (Crested Butted).
In Copper Creek, discharge increases rapidly in May and usually reaches a peak of discharge in late May or
mid-June depending on the timing of snowmelt and snowpack accumulation conditions, and remains in baseflow
condition during winter (Figure 2). Discharge falls back to baseflow condition very early in July, but can occa-
sionally spike in August and September before the snow season due to the late summer storm events. The peak
discharge is in June in the average WY 16 and wet WY 17, while it is reached a few weeks earlier in the dry WY 18.

Stream chemistry data are collected intermittently at weekly or bi-weekly frequency (W. Dong et al., 2020; B.
C. Dong et al., 2020; Williams et al., 2020; Varadharajan et al., 2019). The major solutes in the effluent are Ca,
Mg, SO,, and DIC (Figure 3). Among them, Ca, DIC, and SO, are products of calcite and pyrite reactions, which
are included in the simulations described below. Overall, the concentrations are greater in the baseflow period
during winter when discharge is low, and lower in the snowmelt period during summer when discharge increases
(Figure 3). Solute concentrations decrease with increasing discharge starting in early summer due to snowmelt,
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Figure 3. Time series of discharge and concentrations (observed and simulated) at the Copper Creek outlet in WY 16
(average), WY 17 (wet), and WY 18 (dry).
and increase when stream discharge decreases to a baseflow condition in early fall. The highest concentrations are
always observed in the periods of late summer or early fall of the water year when a few discharge spikes are asso-
ciated with late summer monsoon precipitation events. The magnitudes of most species' concentrations are simi-
lar in WY18 (dry) compared to the previous 2 years, except higher SO, concentration are found in WY18 than in
WY16 (average) and WY17 (wet).
3. Methods
3.1. Advanced Terrestrial Simulator (ATS)
The model resolves spatiotemporally hydrologic and multicomponent reactive transport processes in the surface
and subsurface compartments. The ATS (Coon et al., 2019; Molins et al., 2022) is used to perform the simula-
tions. ATS is an open-source code for solving distributed ecosystem-based, integrated, distributed hydrology,
as well as thermal process, energy balances, snow dynamics, plant dynamics, and reactive transport. This work
uses a subset of these general capabilities. Surface and subsurface flow are considered via the diffusive wave and
Richards equations, respectively, which are solved as strongly coupled processes (Coon et al., 2019). Multicom-
ponent transport is simulated with the advection-diffusion equation, which is solved explicitly using the approach
described in Molins et al. (2022). Geochemical calculations are coupled to transport using the operator splitting
approach. The coupling is accomplished with the use of a generic software interface (Andre et al., 2013), with the
calculations performed by PFLOTRAN (Hammond et al., 2014).
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3.2. Model Description

The domain is delineated using the ridges as indicators of the water divide in both the surface and the subsur-
face. The 10-m resolution USGS Digital Elevation Maps (DEM) (Survey, 2019) are used for this purpose and
processed with the QGIS watershed spatial analysis tool (QGIS Development Team, 2021). The horizontal grid
resolution of the model is 50 m, distributed uniformly spatially using an unstructured triangular mesh. This mesh
is extruded vertically to obtain a 3D representation of the subsurface domain using a terrain-following approach.
The triangular mesh was generated with TInterator-LaGriT (LANL, 2018). The depth of the subsurface domain
is set to 30 m distributed in five layers with thicknesses of 0.1, 0.3, 0.6, 8.0, and 21.0 m, respectively, from top
to bottom. The top one-m layer represents the soil layer, the layers between the depths of 1.0 and 9.0 m comprise
the alluvial sediment, and the bottom layer below 9.0 m is the bedrock. This vertical discretization is the same as
used in a previous study of the East River watershed (Pribulick et al., 2016).

Precipitation is the only external water flux that drives the hydrological process in the catchment. Surface water
infiltrates and supplies higher O,(ag) concentration and lower pH that drives the reactive transport processes.
Hence the aggregated response of the catchment in the form of concentration and discharge at the outlet can
be compared to observed data. Precipitation is distributed spatially according to data from the Daymet forcing
datasets (Thornton et al., 2014). Daymet provides daily, 1-km resolution gridded weather parameters of precip-
itation and daily minimum and maximum surface temperature, which are remapped by bilinear interpolation
onto the surface mesh. Since Daymet does not differentiate between snowfall and rain in precipitation, the model
assumes that precipitation is in the form of snowfall when the surface temperature is below freezing point and
rainfall when the surface temperature is above freezing temperature. Snow dynamics are simulated on the surface
domain. Snow melts according to an empirical coefficient of snowmelt rate of 2.74 mm day~! C~! at 2.0° above
the freezing point (273.15 K), and can either infiltrates into the subsurface domain or become overland flow on
the surface. The Daymet dataset also includes shortwave radiation and wind speed data as meteorological forcing,
which are used for calculating ET fluxes. ET is computed via the simplified Priestley-Taylor equation (Priestley &
Taylor, 1972) considering vegetation transpiration only but not canopy and bare soil evaporation. Transpiration is
turned off in winter when deciduous trees are not transpiring, using the parameterization and adjustment factors
from the estimation in a study by Carroll et al. (2018).

3.3. Initial and Boundary Conditions

No-flow boundary conditions are imposed on all sides of the catchment except at the river outlet, where a critical
depth boundary condition allows for water to flow out of the domain freely. The pressure field is initialized from a
hydrostatic condition in a one-dimensional column and then extended to the three-dimensional domain assuming
the same depth to the water table everywhere.

The conceptual geochemical model proposed by Winnick et al. (2017) is tested quantitatively in this work. That
implies that we consider two key minerals in the simulation, pyrite, and calcite, and their distribution in the
subsurface is simply based on depth. Two subsurface regions are considered, a shallow one (between the ground
surface and 9 m of depth) and a deep one (between 9 and 30 m below the surface). Pyrite is absent in the shallow
layer and present in the deep layer with a volume fraction of 0.0135%. In contrast, calcite is distributed uniformly
and present in both regions. The composition of the groundwater is initialized by assuming equilibrium with the
minerals present in each region (Table 2). The surface water is initialized with the composition of the rainwater.
The geochemical system consists of 15 primary species and 35 aqueous secondary complexes that are in equilib-
rium with the primary species (Table 2). The reaction parameters for calcite and pyrite dissolution-precipitation
have been taken from previous work (Table 3). While the geochemical model only considers two reactive phases,
it is supported by EMMA results, which found that carbonate weathering dominates over silicate weathering in
East River (Morrison et al., 2012; Winnick et al., 2017). This approach proved to be sufficient to capture the
major solute exports and their dynamics (see Section 5.4).

Rainwater and snowmelt sources are assumed to have the same composition and to be in equilibrium with atmos-
pheric conditions (NADP [2016], Table 2), with the relevant reactive gases being O, and CO,. When these
sources infiltrate into the subsurface, they are in disequilibrium with both minerals and drive dissolution reac-
tions. Dissolution reactions are described with a transition-state-theory-type rate law, and their reaction rates
are based on Arora et al. (2016). Solute transport takes place by advection and diffusion in both the surface and
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Table 1 subsurface compartments, determined by the approach described in (Molins

Hydrological Model Parameters by Subsurface Layer

et al., 2022). In this approach, solutes in the rainwater and the snowmelt

Parameter

Soil

. contribute to the subsurface mass balance when water is not present on the
Sediment Bedrock

surface.

Calibrated permeability (%)
van Genuchten alpha (Pa~")
van Genuchten m [-]
Residual saturation [-]

Porosity

226%x 10712 226%x 1078  5.67 x 10714
2.69x 10  1.59x10™* 3.50x 10~*

0.591
0.1
0.375

3.4. Simulation Design and Calibration

0.586 0.500
0.1 0.1 A two-step process is used to initialize the simulation. Spin-up simulations
05 a9 are run for 20,000 days (more than 50 years) with a constant average precip-

itation rate until steady-state conditions are obtained for groundwater table
and soil saturation. The simulations are then run for 10 years covering the
time period between 2010 and 2019 using the Daymet datasets as forcing and
the subsurface pressure from the steady-state spin-up simulation as the initial condition for flow. The first 5 years
of the simulations (2010-2014) are discarded as spin-up for the reactive transport problem to eliminate the effect
of the initial conditions.

Calibration of the model is performed manually to discharge and solute concentrations time series spanning
2015-2019. The results are shown in Figure S1 in Supporting Information S1 and a description of the selected
case is presented in Section 4.1. The calibration process seeks to provide a reasonable agreement between the
simulation results at the outlet of Copper Creek and discharge and concentration data measured at the Copper
Creek outlet in the period from WY 16 to WY 18 when both discharge and concentration measurements are avail-
able. The only parameter varied in the calibration process is the permeability of the subsurface materials. The
calibration uses as a starting point the permeability values from an earlier hydrological model of the larger East
River watershed Pribulick et al. (2016). Permeability is the most important parameter in integrated hydrology
simulations, while other parameters such as the Manning coefficient or the van Genuchten parameters have no
or relatively small impact on the results (Lauren & Reed, 2019). The hydrological parameters used in the simu-
lations are given in Table 1.

The Nash—Sutcliffe efficiency (NSE) coefficient and Mean-Absolute-Error (MAE) are used as the performance
metrics for permeability calibration with discharge data and solute concentrations, respectively. NSE is widely
used for discharge but is not considered appropriate for concentrations (McCuen et al., 2006). The MAE is used
here as a better performance metric for concentrations (Gupta & Kling, 2011).

The simulations were performed on Cori, a Cray XC40 computer of the National Energy Research Scientific
Computing Center (NERSC), using 64 processors for the integrated hydrology spin-up and 192 processors for
the transient reactive transport simulations.

4. Results
4.1. Calibration of Concentration-Discharge Time Series
4.1.1. Calibration With Discharge Only

Six cases are considered that vary the permeabilities of soil, sediment, and bedrock (Table 4). Case 1 is the
reference case and follows the previous study of Pribulick et al. (2016) in the East River watershed. Case 2 to
Case 6 are obtained by adjusting permeability values in each layer separately. Case 3 is identified as the best case
for discharge simulation with the highest NSE, while the simulation with permeability values used in Pribulick
et al. (2016) yields the lowest NSE value (Table 4, and Figure S1 in Supporting Information S1). By comparing
Case 1-4 with Case 5-6, it is apparent that permeability in the shallow layers has a greater impact on discharge
than in the deep layers. Cases with lower permeability simulate lower baseflow discharge, indicating that the
hydrological response is more sensitive to rainfall and snowmelt with longer residence time and lower baseflow
discharge from the geological layers. Neither the total discharge over the water year nor the timing of summer
spikes is found to be sensitive to permeability. Total discharge is only determined by accumulated precipitation
and ET in the catchment without inflow. The timing of peak discharge is controlled by snowmelt hence the
temperature and radiation in the forcing meteorological datasets. In almost all cases, the simulated discharge
decreases more rapidly than the observation in the falling limb of the hydrograph and consistently overestimates
the baseflow discharge.
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Table 2
Geochemical and Mineral Initial Conditions (umol/L) in the Shallow and Deep Layers of the Model, and the Atmospheric
Deposition Concentrations
Rainwater
Parameter (Atmos. Deposition) Shallow Bedrock
Ph 5.31 7.57@ 7.57@
DIC 1.00 x 1020 1.92 x 10~ 1.92 x 1079
Ca 2.80 x 107° 1.55 x 107% 1.55 x 107%
Fe 1.00 x 1020 4.66 x 1077 4.66 x 10~7
0O,(aq) 3.23 x 10 2.41 x 107% 5.35%x 1077L.®
SO4 2.48 x 107° 8.00 x 10~% 8.00 x 10~%
K 3.59 x 1077 2.66 x 10=% 2.66 x 10
Mg 5.36 x 1077 3.58 x 10~ 3.58 x 10~%
Cl 1.19 x 107° 8.00 x 107% 8.00 x 107
Na 1.40 x 10=° 8.44 x 10~ 8.44 x 10~%
Al 1.00 x 1020 9.40 x 1077 9.40 x 10777
Si0,(aq) 1.00 x 1020 8.73 x 10~% 8.73 x 10~%
Calcite vol. frac. - 1.0 x 1073 1.0 x 1073
Calcite spec. surf. area (m~") - 60,000 60,000
Pyrite vol. frac. - - 1.35x 10~
Pyrite spec. surf. area (m~") - - 60,000
Note. Shallow layer includes soil and sediment layers. (a). Fixed by equilibrium with calcite; (b). Fixed by equilibrium with
pyrite.
4.1.2. Calibration With Solute Concentrations
Numerous studies have suggested that calibration against hydraulic heads and surface water discharge may not
be sufficient and other data may be needed, including concentrations (e.g. Partington et al., 2020; Schilling
et al., 2019)). The calibration here reached a similar result in that both discharge and concentration data are
needed. While Case 3 outperforms all other cases for discharge, it also has the highest MAE for almost all species
across all six cases, meaning the worst goodness-of-fit for concentration simulation against observation. This
indicates that the calibration to discharge over time does not necessarily lead to the best calibration of geochemi-
cal concentrations. Rather, a compromise must be made between the overall goodness-of-fit and the goodness-of-
fit of each component. In this work, equal weight is given to each component, and by ranking the cases according
to the goodness-of-fit in each component, Case 4 is selected as it has overall the second best NSE value for
Table 3

Kinetic Parameters for Mineral Dissolution/Precipitation Reactions

Mineral Neutral mechanism Acid mechanism Additional mechanism
K, E. k, E, k,, E,
(molkg;‘zom’zs" (kJ mol—") (molkg;‘zom’2 s (kJ mol~) (mol kg;,‘zom’2 ) (kJ mol~1)
Calcite* 1.55% 107¢ 23.5 5.01 x 107! 14.4 3.31x 107 354
Pyrite® 0.0 56.9 2.63 x 1078.¢ 56.9
7.94 x 10784 56.9

Note. Values are from Arora et al. (2016) and Dwivedi et al. (2018).
3CaCO,(s) + HY & Ca’* + HCO3 (Palandri & Kharaka, 2004). *FeS,(s) + 3.50,(g) + H,0 < Fe?*(aq) + ZSOZ’ + 2H* and FeS,(s) + 14Fe* + 8H,0 <

15Fe>*(aq) + 202" + 16H* (Williamson & Rimstidt, 1994). “Species involved a!: [Fe**]"", [Fe2| ™", [H+] ™" (Williamson & Rimstidt, 1994). *Species involved
o [02]%,[H*] """ (Williamson & Rimstidt, 1994).
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Table 4
Permeabilities Used in the Different Calibration Cases and the Corresponding Error Metrics for Discharge and
Concentration Simulations

Permeabilities (m?2) Error metrics

Cases Soil Sediment Bedrock NSE for Discharge =~ MAE (umol/L) for Concentrations

Case 1 5.67 x 10713 5.67 x 1071 5.67 x 1071 0.56 154.02
Case 2 1.13 x 10712 5.67x 1071 5.67 x 1071 0.61 150.52
Case 3 1.13 x 10712 1.13x 10713 5.67 x 10714 0.80 186.84
Case 4 2.26 X 10712 226 x 1071 5.67 x 1071 0.79 150.35
Case 5 5.67 x 10713 5.67 x 1071 2.84 x 1071 0.71 166.19
Case 6 2.26 x 10712 2.26%x 10718 1.13x 10713 0.75 143.65

Note. NSE is used for discharge, averaged MAE (umol/L) is used for the concentrations of four species (Ca, Mg, DIC, and
SO,) and provided here as an average (individual values are presented in Table S1 in Supporting Information S1).

discharge and second best for concentration simulations, particularly for Ca and HCO, species. The comparison
of goodness-of-fit for both discharge and concentration highlights that calibration to concentration has provided
values for improving the model performance and understanding the physical processes in the catchment. There-
fore, C-Q time series plots in Case 4 are shown in Figure 3 and discussed in the rest of the paper.

Generally, simulated concentrations oscillate more than measured concentrations at relatively coarser resolution.
In particular, significant fluctuation of concentrations is observed in simulation results before and after the peak
of discharge due to quick response to precipitation or snowmelt, but are not noticeable in the baseflow period.
Thus, these fluctuations are likely due to the immediate response of the model to snowmelt or late-summer
rainfall events that affect the mixing between groundwater and surface water. To elucidate the linkages between
chemical exports and discharge, particularly under the rising and falling limbs of the hydrograph, the C-Q rela-
tionship dynamics are explored in what follows.

4.2. C-Q Dynamics

In this section, we present the results of the model in the form of C-Q relationships. We do so by water year for 3
water years (WY 16, WY 17, and WY 18). The WY 16 is referred to as an average water year with similar precipita-
tion and discharge to the 10-year climatological average, while the WY 17 is a relatively wet year with 20% more
discharge than the average, and WY18 is a relatively dry year with 20% less discharge than the average. While
the C-Q responses are different in the 3 water years, especially during the wet season (April to September), the
significant negative correlation between geochemical concentrations and discharge (Figures 4 and 5) indicates
that the watershed behavior is mostly controlled by dilution. The response in WY 16 (average) and WY 17 (wet)
are relatively similar and are presented together below, while the response in WY 18 (dry) is presented separately.
Opverall, concentrations are lower in WY17 (wet) and higher in WY 18 (dry) years, indicating inter-annual vari-
ability in the C-Q relationship. The daily frequency of the simulation output captures year-to-year variations in
the hysteretic behavior possible, particularly when observations are not available at coarse temporal resolution.

4.2.1. Average WY16 and Wet WY17

Figure 4 (left and middle columns) shows that the timing and magnitude of peak discharge are generally captured
well in the simulations. In general, simulated Ca-Q exhibits L-shape clockwise hysteresis with higher concentra-
tions on the rising limb in May than on the falling limb in July. Model results for Ca compare reasonably well to
observations in May, July, and August in the middle of both rising and falling limbs, with higher concentrations,
are observed at the peak discharge period in June and significantly higher in September. Simulated Mg-Q exhibits
similar L-shape clockwise hysteresis C-Q relationship with a higher concentration in the rising limbs than in the
falling limbs. The greatest simulated Mg concentration is found in September, which is higher than the observa-
tion, and the lowest Mg concentration is lower than observations in June, concurrent with the spike in discharge.
The convex, clockwise simulated hysteresis for Mg-Q is closer to the observed C-Q hysteresis than that obtained
for the L-shape hysteresis for Ca-Q (Figure 4).
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Figure 4. The discharge versus concentrations of cations (Ca and Mg) at the river outlet for April to September (WY 16-18). Simulated results are plotted at daily

frequency. For observations, each point represents one sample. Data are color-coded by date.
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Figure 5. The discharge versus concentrations of anions (SO, and HCO,) at the river outlet from April to September (WY 16-18). Simulated results are plotted at daily

frequency. For observations, and each point represents one sample. Data are color-coded by date.
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Figure 5 (left and middle columns) shows that simulated and observed SO, exhibit similar C-Q hysteresis dynam-
ics with a convex pattern. SO4 concentrations match well observations in the rising limb but are lower than
observations in the falling limb. The difference between rising limb and falling limbs are more pronounced in
the simulation than in the observations. The simulated DIC C-Q hysteresis is similar to the Ca pattern and shows
an L-shape clockwise hysteresis. Simulated DIC concentration capture observed concentrations well during the
peak discharge period in June and baseflow period in September, but are lower in both rising and falling limbs.

4.2.2. Dry WY18

C-Q dynamics are quite different in both timing and hysteresis patterns (Figure 4, right column)) in the dryer,
WY 18 compared to the wetter years. Peak discharge happens nearly 1-month earlier (i.e., at the end of May) due
to early snowmelt and at peak value is less than 2.0 m3/s due to lower winter snowpack accumulation. In contrast
to the L-shape clockwise hysteresis C-Q shown in WY 16 (average), the C-Q relationship in WY 18 shows a circu-
lar pattern of clockwise hysteresis C-Q, with a significantly higher concentration in rising limbs as compared to
the falling limb. Due to the sparsity of measurements, the circle pattern of C-Q hysteresis cannot be confirmed
in the observations. However, the difference in measured Ca concentrations between the rising limb in May and
the falling limb in June are greater than their differences in the previous WY 16 and WY17 and are consistent
with the distinct pattern of C-Q hysteresis in the simulation. Similarly, the simulated Mg shows a pattern similar
to observations, namely, that Mg concentrations in May are greater than the concentrations in June of WY 18.

In WY18, simulated SO, and DIC concentrations remain high until a spike of discharge in early April, gradually
decrease during peak discharge through May and June, and increase from July to September (Figure 5, right
column)). In comparison to the L-shape or convex-shaped C-Q hysteresis in the WY 16 (average) and WY17
(wet) for DIC and SO4 (Figure 5, left and middle columns), the simulated C-Q hysteresis in WY 18 (dry) shows
a circular clockwise pattern with greater differences between the rising and falling limbs. The measured C-Q
hysteresis does not exhibit a circular pattern due to the coarseness of the sampling frequency, however, the higher
concentrations in May than in June are in agreement with simulations.

4.3. Spatial Dynamics

The concentration-discharge data presented in Section 4.2 are aggregate measures of the processes in the catch-
ment and reflect how the different watershed compartments interact temporally and spatially. Simulations are
used here to understand how these interactions affect the aggregate response. For this purpose, we use the results
from the wet WY 17 as a reference.

The solution to the integrated hydrology problem, in which our approach does not prescribe any river routing,
produces a well-defined stream network (Figure 6). The simulated water depth in Copper Creek is generally less
than 1 m, except near the outlet and at Copper Lake, a high-elevation lake. Soil saturation results in the top layer
of the subsurface indicate that soil is almost fully saturated near the river valley of Copper Creek but relatively
drier in the mountain ridges where the groundwater table is deeper (Figure 6). In the high-elevation ridges, the
soil is dry in the winter but relatively wet during the snowmelt periods. Snow accumulation is greater in the
higher elevation mountains, but less in the river valleys (shown as snow water equivalent, or SWE, in Figure 6).
Before and after the discharge peaks in May and July, respectively, more than 300 mm SWE remains on top of the
surrounding mountains, while the snowpack melts completely in the late summer.

Water saturation on the north-facing side is higher in the late spring, before and during the peak of discharge
(Figure 6), while on the south facing side it is higher in early and middle summer, during and after the peak of
discharge. The snowpack remains longer on the north-facing side due to later snowmelt. This difference in the
timing of the snowmelt results in heterogeneous water distribution in the north-versus south-facing sides of the
catchment (Figure 6).

Concentrations on the surface are relatively uniform in the areas where water is present over the domain (Figure 7).
In general, concentrations of both Ca and SO, are high in the winter, lowest in May, and rebound slightly in July.
In July, concentration gradients are greater in the steeper upstream regions and in certain streams to the north of
Copper Creek. These concentration differences mirror the north-south differences seen in the snow distribution
in May WY 17 and the subsurface water distribution in July WY 17 (Figure 6).
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Figure 6. Simulated spatial distribution of select hydrological variables in the wet WY 17 in the baseflow period (Jan), wet period before rising limbs (May), and dry
period after falling limb (July). Top row: ponded depth on the surface; Middle row: saturation_liquid on the top layer of subsurface domain; Bottom row: snow water

equivalent on the surface domain.

In the subsurface, concentrations are not as uniform as on the surface, with gradients present throughout the year
(Figure 8). Because the source of the solutes is in the subsurface, concentrations in the subsurface are greater
than on the surface (compare Figures 7 to Figure 8). A key feature of the model used here is that exchange fluxes
between the surface and the subsurface are part of the solution (Molins et al., 2022). In other words, the model
resolves spatially where and how much water (and with it the solutes) infiltrates into the subsurface, discharges
back to the surface, and potentially re-infiltrates locally into the subsurface. Thus, as described in the following
paragraph, concentration results (Figures 7 and 8) reflect the spatial and temporal distribution of the computed
exchange fluxes (Figure 14).

During baseflow, concentrations on the surface are closer to values in the top subsurface, consistent with larger
groundwater discharge (Figure 14). Concentrations gradients are also steeper, especially for SO4, with higher
concentrations computed below the streams, where exchange fluxes are larger. In May during the rising limb
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Figure 7. Simulated Ca and SO, concentrations (#umol/L) on the surface domain in the wet WY'17 in January, May, and July. Concentrations are undefined in the dry
areas of the surface (Figure 6), where values are arbitrarily set to 0, appearing in dark blue (i.e., ponded depth <10~1m).

of the hydrograph, subsurface contributions to the surface and concentrations in the streams decrease signifi-
cantly. Concentrations in the subsurface remain high near the streams but decrease quickly away from the streams
indicating a dilution effect from the surface water infiltration (Figure 8). The regions that become saturated
in the subsurface are also affected by the dilution effect. In July during the falling limb of the hydrograph, Ca
concentrations in the groundwater increase, as calcite dissolves and groundwater flow transitions from infiltration
to discharge. SO, concentrations are only significant in the portion of the subsurface around the surface streams
(Figure 8). This is because SO, is the product of pyrite dissolution only at depth, but is transported downgradient,
wells up, and discharges into the surface streams.

In comparison to the average year (WY17), the snow accumulation in May is much less than in WY 18 (Figure 9).
As a result, the surface hotspots of Ca concentrations in the high-elevation regions show in May 2018, two
months earlier than in 2017 where they happen in July. Calcium surface concentrations in July 2018 are also
significantly greater than in July 2017 in narrower streams.

5. Discussion
5.1. Contributions to Discharge and Exports

The fact that L-shaped C-Q hysteresis is observed in the average and wet years (WY16 and WY17) and a
figure-eight-patterned C-Q hysteresis in the dry year (WY18) indicates that the groundwater contribution is
greater in the dry WY 18.Figure-8-type hysteresis behavior has been noted when groundwater contribution is
greater than the total of surface water and soil water (Arora et al., 2020). We use conservative tracers to quantify
the surface water and groundwater contributions (Figure 10). In WY16 (average) and WY17 (wet), the surface
water contribution starts to increase 1 month before peak discharge, mostly due to early snowmelt. Surface
water makes up over 90% of the total discharge and peaks at the same time, and then remains at nearly 60%
of the total discharge in the falling limb. In contrast to the wet WY 17, the dry WY 18 has a smaller fraction of
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Figure 8. Simulated Ca and SO, concentrations (umol/L) in the top layer of the subsurface domain in January, May and July of wet WY 17. Concentrations are very
small in most regions shown in dark blue but not zero as subsurface concentrations are defined everywhere.

new surface water in the discharge so the groundwater contribution is higher (Figure 10). The distribution of
surface-subsurface exchange fluxes also shows that infiltration remains relatively high in July of WY 17 (wet) but
becomes minimal in July of WY 18 (dry) (Figure 14). This is consistent with the conclusions in Arora et al. (2020)
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Figure 9. Simulated snow water equivalent and Ca surface concentration in May and July of 2017 and 2018. Top: wet year 2017; Bottom: dry year 2018. Concentration

units are gmol/L.
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Figure 10. Top: Fraction of new surface water (rainwater and snowmelt) in the discharge at the river outlet from April to September in the three water years, calculated
using EMMA of an auxiliary tracer with a very high concentration (10,000 z mol/L) in the rain snow and a low initial concentration (10~'% 4 mol/L) in the groundwater.
The auxiliary tracer concentrations are <10~ mol/L in most of the subsurface domain and do not contribute to EMMA calculations. Bottom: The ratio of SO, to Ca

concentrations in the discharge.

for the greater East River watershed. Overall, the evolution of ratios in Figure 10 (top) is in agreement with the
observation that stream water is dominated by shallow water under high flow conditions and by deep water under
low flow conditions (Zhi & Li, 2020).

The ratio of SO, to Ca concentrations (Figure 10, bottom) is used to evaluate the contribution of deep ground-
water and the extent of groundwater mixing under different hydrological conditions. Larger SO,/Ca ratios are
associated with baseflow and low-discharge periods (Figure 10), where the deep groundwater contribution is
larger. This is because Ca is sourced from calcite in the entire subsurface domain, while SO, comes from deep
groundwater where pyrite is present (Figure 10, bottom). Further, the deep groundwater contribution is relatively
small in the wet WY 17 compared to the dry WY 18, where shallow groundwater and streamflow make up a larger
portion of the contribution to discharge. In contrast, a greater contribution of deep groundwater is observed
during the dry WY18, with the SO,/Ca ratio starting to increase as early as late June.

Two non-reactive tracers, Tracerl and Tracer2, with the same initial and rainwater concentrations as those of
Ca and SO,, respectively, are used to evaluate the effect of the dissolution reactions and the transport processes
(Figure 11). Non-reactive tracer concentrations are high during baseflow conditions and become diluted in high
discharge conditions, hence following a trend similar to that of Ca and SO,. However, Ca concentrations are less
affected by changing hydrological conditions than those of Tracerl. That is, Tracer] concentrations are greater
than Ca concentration during baseflow and smaller during high discharge (Figure 12). This implies that calcite
dissolution increases during wet seasons, and Ca is retained during dry seasons. This is also observed in the
different water years, with differences being more significant in the average and wet years than in the dry year.
Concentrations of SO, and Tracer2 show an opposite behavior, although differences are smaller (Figure 12). This
is consistent with increased pyrite dissolution during the falling of the limb of the hydrograph when oxygen is
available at depth (see Section 5.2).
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Figure 11. Time series of simulated solute concentrations and associated tracers at the river outlet (Top: Ca and Tracerl;
Bottom: SO4 and Tracer2). The initial concentrations of Tracerl and Tracer2 are set to be the same as the initial Ca and SO4,
respectively. The first five years of the simulations are discarded as spin-up and only results from WY 16-18 are shown. To
facilitate the visualization, Tracer] and Tracer2 concentrations on 1 Oct 2015 in this figure are reset to Ca and SO4 values,
respectively. Simulated discharge is shown as a black line for reference.

5.2. Effect of Vertical Heterogeneity

The differences between water years in the contributions to discharge suggest that the vertical heterogeneity
assumed in the model in mineral composition, where pyrite is only present at depth, may also result in distinct
responses in the chemical export. Reaction rates (Figure 12) show that the model captures the timing of pyrite
dissolution as proposed by Winnick et al. (2017). Pyrite rates are relatively high in the period of the rising limb
hydrograph when rainwater infiltrates into the deep surface with dissolved oxygen that contributes to pyrite disso-
lution (Figure 12). The reaction rates are the greatest, however, in the period of falling limb hydrograph when
groundwater table decreases while infiltration continues supplying low pH, high oxygen water. In winter, pyrite
reaction rates decrease when little water infiltrates into the deep subsurface layers and increases in the period of
rising limb hydrograph when rainwater infiltrates into the deep surface with dissolved oxygen that contributes
to pyrite dissolution. Calcite reaction rates are negligible during the base flow condition when the groundwater
table is low and infiltration is low. In the May and July wet periods, calcite reaction rates are only significant
in the fully-saturated subsurface layers but remain very low in other regions because calcite reactions require the
presence of water.

To quantify the contribution of the solutes, we compute the fluxed-averaged concentrations in each period of the
hydrograph (Figure 13). The difference between Ca and SO, concentrations between wet and dry years during
the phases of baseflow, rising limb, and falling limb may be attributed to the impacts of the evolving hydrological
regime on the mineral reactions, since Ca is sourced from calcite dissolution, and SO4 is sourced from pyrite
dissolution. Compared to SO4, Ca concentration is not diluted significantly in the wet WY 17 because calcite
exists in the shallow layers, and the contribution of groundwater with higher Ca concentration from shallow
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Figure 12. Top: calcite reaction rate in the top layer of the subsurface domain. Bottom: pyrite reaction rate on the bottom layer of the subsurface domain in the wet

WY 17. The reaction rate unit is mol kg;,L o

m=2 s,

layers is more than the dry WY 18. More rapid calcite dissolution supplements Ca concentration dilution under
high flow conditions, and the shallow water dominates stream discharge and concentration in the C-Q dynamics.
SO4 concentrations increase from pyrite dissolution and are higher in the deeper groundwater where pyrite is
present. Since WY 18 is a dry year, the dilution effect driven by rainfall and infiltration is less significant than in
the normal WY16 and the wet WY 17, hence the contribution from the SO,-rich, deeper groundwater is greater.
Compared to dry WY18, the SO4 concentration in the stream is relatively low in the wet WY17 due to the
stronger dilution associated with higher infiltration. The SO, concentrations vary significantly between dry and
wet years, particularly in the rising limb when infiltration water with high O,(aq) is abundant, indicating that
pyrite reactions are enhanced in the dry year. This simulated behavior is in agreement with recent observations
in two monitored sites that indicate that stream chemistry mirrors subsurface waters, especially where there are
distinct shallow and deep end members (Stewart et al., 2021). The aggregate C-Q behaviors described by (Arora
et al., 2020) are captured by the model by resolving the spatially and temporally heterogeneous response.

5.3. Effect of Landscape Heterogeneity

Despite that permeabilities and mineral composition are horizontally homogeneous in the model, results show a
heterogeneous response for hydrology and geochemical concentrations (Figure 7), due to topographic effects and
spatially-resolved heterogeneous meteorological forcing data. Water transit times vary seasonally, that is, flow
velocity is higher in summer than winter, with flow velocity being generally greater in the wet WY 17 than the dry
WY 18 (Figure S2 in Supporting Information S1). As noted in Section 4.3, there are differences between north-
and south-facing sides of the catchment, and there are concentrations of hotspots during certain periods. The
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Figure 13. Discharge and major chemical species average concentrations in the three phases (baseflow, rising limb and
falling limb) in the three water years at the river outlet. The rising limb is defined from April 1st to the day with maximum
discharge of the water year, the falling limb is defined as the same length as rising limb after the peak discharge for consistent
comparison purposes. The baseflow period is computed from Oct 1st of the previous year to March 31st, and the rest of the
water year from the end of falling limb. The number of days for rising and falling limbs varies in each water year. There are
73 days in WY 16 (average), 82 days in WY 17 (wet), and 56 days in WY 18 (dry) for the rising or falling limb period.

difference of temperature in the meteorological forcing is likely the largest driver of the difference between north-
and south-facing slopes due to the radiations received on the two sides. The difference can be explained as the
hydrological response is dominated by the snow dynamics, and the snow dynamics are sensitive to temperature.
However, the differences are also attributable to the topographic gradients in the catchment with concentration
hotspots appearing near streams in narrow canyons (Section 4.3).

C-Q analysis shows that Ca and SO4 concentrations start to increase in July WY 17 from high (Figures 4 and 5),
consistent with the early increase in surface concentrations on the south-facing side of the catchment (Figures 8
and 7). In contrast, concentrations in July WY 18 increase somewhat earlier due to the earlier discharge peak
(Figure 4), and thus elevated concentrations appear earlier in the streams in May and become significantly higher
than in WY17 (Figure 9). Figure 14 also shows that infiltration in the south facing side decreases earlier than
on the north facing side, particularly in the dry WY 18. The hotspots of Ca concentrations appear earlier on the
south facing side, indicating that variable infiltration affects calcite reaction that contributes to Ca concentration.
However, the differences caused by landscape heterogeneity in the aggregate C-Q response are relatively small
and in fact hard to quantify, given other uncertainties in the model.

5.4. Limitations

Although simulated C-Q agrees reasonably well with observations (Figures 3-5), discrepancies exist both in
the baseflow and in peak discharge periods. This indicates that the 30-m depth of the subsurface domain may
be insufficient to capture all groundwater baseflow. Our model consistently overestimates the baseflow, which
is likely due to the limit of spatial homogenization for hydrological dynamics discussed in Wen et al. (2021).
Further, the model assumes that groundwater in the subsurface does not freeze, which leads to an overestimation
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Figure 14. Surface-subsurface exchange flux in January, May, and July of WY 17 (wet) and WY 18 (dry). Blue indicates infiltration or surface water recharging the
subsurface domain, and red indicates exfiltration of subsurface groundwater and discharge into surface water, including streams.

of groundwater discharge in winter. Field investigation suggested only the top 10 cm may freeze in winter so
the impacts of this limitation would be negligible. In late summer and early fall periods, simulated discharge
decreases earlier than in the observations and exhibits a few spikes due to monsoon-related rainfall events, indi-
cating the permeabilities of top layers need to be fine-tuned. Groundwater level measurements are not available,
which hinders the ability to contrast the results of the simulation in the subsurface against data. However, this is
often the case in mostly undisturbed, hard-to-access mountainous catchments such as Copper Creek. The 5-layer
vertical discretization may also be insufficient to best characterize groundwater level in the simulations, as well
as how the water table affects mineral reactions, particularly the pyrite reaction in the deep layers.

The geochemical model considered two reactive phases and a simplified spatial distribution based on depth
(Winnick et al., 2017). This approach was conditioned by two facts: the lack of subsurface aqueous geochemis-
try data and information about the distribution of reactive phases in the subsurface, as well as the results from
preliminary simulation, which showed that the sensitivity of model results to more complex reaction networks
did not result in differences large enough (compared to available C-Q data) that would have affected significantly
the discussion presented. In particular, we explored the effect of smectite as representative of clay minerals in the
domain. This approach, thus, has proven to be parsimonious and sufficient to capture the major solute exports
and their dynamics. We acknowledge however that this does not mean that additional reactive phases should be
neglected, rather than more complex geochemical models require additional aqueous and mineralogical data,
especially to capture minor and trace solutes. The largest discrepancy seen here has been for SO,. While Ca and
Mg concentrations behave similarly at Copper Creek and in the larger East River watershed (Dong et al., 2020),
SO, concentrations at Copper Creek are generally higher in winter, potentially due to the presence of gypsum.
The MAE for individual solutes (Table S1 in Supporting Information S1) shows that SO, has the largest error in
all cases, indicating uncertainties in the mineral composition, including the distribution of pyrite and possibly
neglecting the presence of gypsum, had the most impact on capturing geochemical exports.
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Concentration results oscillate significantly with discharge, indicating a quick response of the model to hydro-
logical inputs. This indicates that the model does not include additional processes, for example, the detailed land
surface processes such as canopy interception, which may retard water on the surface and smooth the hydrogeo-
chemical response. Improvement of process representation and fidelity in the model is very necessary to capture
the full dynamics of this watershed response; these include land-cover-based ET estimation and consideration of
seasonal and long-term vegetation dynamics as typically considered in land surface models.

Computational costs still limit certain aspects of the work, such as the use of automating ensemble simulations or
inverse modeling for parameter calibration, that would have supported increasing model complexity in this work.

6. Summary and Conclusions

An integrated hydrologic and reactive transport model was applied to evaluate the response C-Q and understand
the underlying spatial dynamics in a mountainous watershed. In the model calibration, NSE and MAE are the
metrics for evaluating discharge and concentration simulations against observations. We used both discharge and
concentration data to calibrate permeabilities in the subsurface. This highlights that performing reactive transport
simulations are essential in addition to flow simulations where water quality data are available.

Multi-year simulations enable contrasting the response in years with distinct precipitation input patterns and
totals. We observe significantly different C-Q hysteresis in relatively wet years compared to relatively dry years.
The model is able to capture this year-to-year variability, and it highlights its potential as a tool to not only
understand but also predict the impacts of climate variability on the hydrogeochemical response of mountainous
watersheds in future scenarios. Our model also quantifies the partitioning of groundwater and surface water
contributions to aggregated discharge and evaluates how changing hydrology conditions affect mineral reaction
across years. Although it does not result in a noticeable signal in the aggregated response, spatially-resolved
results show that higher soil saturation and less snowpack occurred earlier on the south-facing side than on the
north-facing side. This result of concentration hotspots earlier in the south-facing side during the falling limb
from discharging groundwater contribution.

This work demonstrates how mechanistic simulations with spatially-resolved outputs can provide quantitative
estimates of hydrological and geochemical exports in a watershed over time and space, especially C-Q dynamics.
The simulations also can help to understand heterogeneous watershed responses, particularly in ungauged water-
sheds. While recent C-Q studies indicate the importance of vertical heterogeneity over landscape heterogeneity
(Stewart et al., 2021), spatial data analyses suggest that watershed function is heterogeneously distributed over the
landscape (Wainwright et al., 2021). Simulation of future climate scenarios is beyond the scope of this work but it
is a critical direction of research in watershed science. Simulations will provide a valuable tool for understanding
the impact of climate disturbances and providing quantitative-based solutions for watershed management.

Data Availability Statement

All authors contributed to the article and approved the submitted version. Input data and output files for these
simulations are available at Xu et al. (2022) ATS (Advanced Terrestrial Simulator) integrated hydrology and
reactive transport model output in Copper Creek, Colorado. Watershed Function SFA, ESS-DIVE repository.
Dataset. doi:10.15485/1877377. The Advanced Terrestrial Simulator (Coon et al., 2019) is released under a
3-clause BSD license. Release version 1.2.0 was used to run the simulations and is archived at doi.org/10.5281/
zenodo.6679807.
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