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Abstract

Little is currently known about the hydrochemistry of tropical glacierized mountain watersheds, which are among the most
vulnerable systems in the world. Glacier retreat may impact their export of nutrients, with possible implications for downstream
ecosystems. Solute export depends on dynamic and heterogeneous processes within the watershed, which calls for investigations
of the different factors controlling hydrochemical variability. To examine these in a sub-humid glacierized watershed in Ecuador,
we implemented a hydrological model that incorporates reactive transport, RT-Flux-PIHM. Our results demonstrate that
calibrating the model to hydrochemical in addition to hydrological data is important for constraining groundwater fluxes,
which we found to contribute 78% of stream discharge and to include 35% of the total glacial meltwater. Stream chemistry
fluctuations are strongly controlled by varying contributions of groundwater, which contains high concentrations of reactive
ions predominantly sourced from silicate mineral dissolution. The spatial variability in these concentrations, however, is driven
more by heterogeneous evapotranspiration resulting from sharp montane vegetation gradients. With this concentrating effect,
evapotranspiration also largely determines seasonal patterns in groundwater chemistry, with highest concentrations occurring
in dry seasons, even when dissolution rates are low due to low soil moisture. While groundwater serves as a primary end-
member source of streamwater, glacier melt-dominated surface runoff acts as a second source that imposes dilution events on
an otherwise chemostatic concentration and discharge (C-Q) graph. Glacier melt overall decreases stream concentrations and

increases discharge, with the latter effect dominating such that solute exports (C*Q) increase by 23% with melt.
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Key Points:

- Model calibration to hydrochemical data improves constraints on subsurface flowpaths
and fluxes.

- Mineral dissolution controls mean solute quantities in the watershed, while evapotran-
spiration controls spatial and seasonal variability.

- Glacial meltwater enhances ion export via greater dissolution and flushing from sub-
surface.
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Abstract

Little is currently known about the hydrochemistry of tropical glacierized mountain watersheds,
which are among the most vulnerable systems in the world. Glacier retreat may impact their ex-
port of nutrients, with possible implications for downstream ecosystems. Solute export depends on
dynamic and heterogeneous processes within the watershed, which calls for investigations of the dif-
ferent factors controlling hydrochemical variability. To examine these in a sub-humid glacierized
watershed in Ecuador, we implemented a hydrological model that incorporates reactive transport,
RT-Flux-PIHM. Our results demonstrate that calibrating the model to hydrochemical in addition to
hydrological data is important for constraining groundwater fluxes, which we found to contribute 78%
of stream discharge and to include 35% of the total glacial meltwater. Stream chemistry fluctuations
are strongly controlled by varying contributions of groundwater, which contains high concentrations
of reactive ions predominantly sourced from silicate mineral dissolution. The spatial variability in
these concentrations, however, is driven more by heterogeneous evapotranspiration resulting from
sharp montane vegetation gradients. With this concentrating effect, evapotranspiration also largely
determines seasonal patterns in groundwater chemistry, with highest concentrations occurring in dry
seasons, even when dissolution rates are low due to low soil moisture. While groundwater serves as a
primary end-member source of streamwater, glacier melt-dominated surface runoff acts as a second
source that imposes dilution events on an otherwise chemostatic concentration and discharge (C-Q)
graph. Glacier melt overall decreases stream concentrations and increases discharge, with the latter
effect dominating such that solute exports (C*Q) increase by 23% with melt.

1 Introduction

Glacial meltwater in mountainous watersheds is an important source of water for communities
living below them (Messerli et al., 2004; Kaser et al., 2010). Rising temperatures due to global
warming results in increased rates of glacier retreat, raising concerns for regional water resource
availability (Mark et al., 2017; Barnett et al., 2005). Growing evidence has shown that the rate of
warming is highest in low latitudes and high altitudes. This includes tropical glacierized watersheds,
more than 99% of which reside in the Andes (Bradley, 2006; Pepin et al., 2015). Tropical glacierized
watersheds already experience year-round melt under present conditions (Kaser & Osmaston, 2002),
and thus, they are highly vulnerable to on-going climate change and can be used as an early-indicator
of climate change impacts on glacierized watersheds worldwide.

Much attention has been directed to the impact of glacier retreat in the Andes on streamflow (Barnett
et al., 2005; Ostheimer et al., 2005; Bradley, 2006; Mark & Mckenzie, 2007; IPCC, 2007; Baraer et
al., 2009; Saberi et al., 2019; Somers et al., 2019). In contrast, little attention has been paid to the
potential hydrochemical impacts of glacier retreat. This represents a critical knowledge gap, because
many tropical glacierized watersheds in the Andes likely undergo high weathering rates and serve as
important sources of solutes to the Amazon basin. The majority of Andean glacierized mountains
are located within the Andean volcanic belt (Stern, 2004) and are mainly composed of highly reactive
silicate minerals (Stallard & Edmond, 1983; Ugolini et al., 2002; Torres et al., 2015). The weath-
ering of silicate minerals increases significantly with high temperature and high moisture (Ugolini
et al., 2002; White et al., 1998), conditions commonly found in humid tropical climates. Further,
the weathering yield of minerals from combined physical and chemical processes has been noted
worldwide to be greater in glacierized watersheds compared to non-glaciated catchments (Torres
et al., 2017). While some weathered products form secondary minerals, most of them move into
streams and are transported downgradient (Milner et al., 2017). Even though Andean glacierized
mountains are located thousands of kilometers away from the Amazon river estuary and constitute
only 13% of the Amazon basin, they are believed to be the main source of solutes that support eco-
logical productivity in the basin, including sodium (Na‘t), calcium (Ca%*), and magnesium (Mg>*)
(Gibss, 1967; McClain & Naiman, 2008). However, this linkage between the Andes and Amazon
may be threatened by environmental changes, and this impact on the Amazon Basin’s ecological
productivity is not well-understood. This calls for investigations into the hydrogeochemical function
of tropical glacierized watersheds in order to understand their response to climate change and the
corresponding ecological impacts.

Controls on the hydrochemistry of glacierized mountainous watersheds have been well-studied in
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temperate climates; these include meteorological drivers, geology, topography, and land-cover over
different spatial and temporal scales (Devito et al., 2005; Williams et al., 2015; Engel et al., 2019).
Meteorological conditions in particular have been found to have a significant influence on hydro-
chemical variability by increasing melt rates in temperate conditions (Milner et al., 2017). Temper-
ature and radiation are the main driving forces for snow and ice melt (Sicart et al., 2008). Some
previous studies in temperate glacierized watersheds found that solute concentrations are lower dur-
ing high melt seasons due to the discharge of dilute meltwater into streams (Brown, 2002; Hindshaw
et al., 2011; Kumar et al., 2019; Engel et al., 2019). However, other studies found that in-stream
silica (SiO,) [Anderson et al, 2005] and other major ion concentrations (Lewis et al., 2012; Stachnik
et al., 2016) increase during high melt seasons mainly due to the increase in the hydrological connec-
tivity of the catchment, which accelerates mineral dissolution. Bedrock and surficial geology also
play an important role in controlling watershed hydrochemistry, both directly through geochemical
input or immobilization of solutes (Tranter et al., 1996; Katsuyama et al., 2010) as well as indirectly
through their physical influence on flow pathways (Farvolden, 1963; McGuire et al., 2005; Tetzlaff
et al., 2009; Maher, 2011; Benettin et al., 2015).

Compared to temperate mountainous watersheds (Collins, 1999; Feng et al., 2012; Milner et al.,
2009; Brighenti et al., 2019), relatively little is known about the factors controlling stream chem-
istry in tropical glacierized mountainous systems. Hydrochemical observations have mostly been
used only as conservative tracers to determine relative meltwater contributions to stream discharge
(Mark & Mckenzie, 2007; Baraer et al., 2009, 2015; Wilson et al., 2016; Minaya, 2016; Saberi et
al., 2019). However, some recent studies have revealed dynamic and complex hydrochemical pro-
cesses. Fortner et al. (2011) showed that glacier retreat in the Peruvian Cordillera Blanca is exposing
sulfide-rich rock outcrops, leading to impaired water quality in streams. A set of hydrochemical stud-
ies spanning the Andes to Amazon transition included non-glacierized watersheds in the Peruvian
Andes and showed that spatial heterogeneity among sub-catchments control temporal variations in
stream discharge chemistry through dilution or weathering effects (Torres et al., 2015, 2017; Baronas
et al., 2017). Together, these initial hydrochemical investigations in the tropical Andes point to the
importance of understanding the role of spatiotemporal variability in driving the export of solutes.
Regardless of climate, many hydrochemical studies rely on stream concentration and discharge (C-
Q) relationship analysis (Godsey et al., 2009). An advantage to this approach is its relative ease of
implementation with a single surficial measurement point at the stream outlet. C-Q relationship anal-
ysis serves as an indirect way of inferring processes within the watershed that give rise to observed
changes in concentration and discharge. However, because of the lack of explicit, fine-scale process
examination in C-Q analysis, uncertainties persist when evaluating the individual roles of different
hydrological and hydrochemical processes (Li et al., 2017). In particular, limitations in C-Q analysis
for evaluating groundwater processes present a major weakness in many snow and ice-covered moun-
tainous watersheds, because various hydrological studies have shown that in addition to melt runoff,
groundwater can also contribute significantly to streamflow (Huth et al., 2004; Hood et al., 2006;
Tague et al., 2008; Baraer et al., 2015; Andermann et al., 2012; Pohl et al., 2015; Engel et al., 2016;
Harrington et al., 2018; Saberi et al., 2019; Somers et al., 2019). Some studies in non-glacierized
tropical Andean watersheds have tackled the challenge of spatially lumped C-Q analysis by eval-
uating the sub-catchment C-Q relationships to show that varying sub-tributary discharge controls
conditions at the outlet (Torres et al., 2015; Baronas et al., 2017). This approach nonetheless only
looks explicitly at surface processes at different sub-catchments and can only offer indirect evidence
for subsurface weathering and geochemical reactions (Torres et al., 2015; Baronas et al., 2017); in
fact, the authors acknowledge that quantitative assessment of fluid transit and mineral contact times
in the ground are precluded by data sparsity in the remote Andean sites (Torres et al., 2015).

A recently developed, spatially distributed and physically based model that integrates watershed hy-
drology and reactive transport, "RT-Flux-PIHM (Bao et al., 2017)", is now making it possible to di-
rectly evaluate spatiotemporal controls on the hydrochemistry within a watershed without exhaustive
measurements (Li et al., 2017; Zhi et al., 2019). Previous applications of the model at two intensive
study watersheds in the temperate U.S. (Susquehanna Shale Hills Critical Zone Observatory and
Coal Creek in Crested Butte, CO) included an explicit representation of subsurface hydrochemistry,
which led to quantitative insights into drivers of the degree of chemostasis in the watersheds. Re-
sults show strong seasonal controls through both hydrologic (effects of connectivity, solute flushing,



and subsurface flow contributions) and geochemical (effect of mineral reactivity via wetted surfaces
and dissolved organic carbon reactions) processes across the entire watershed (Li et al., 2017; Zhi
et al., 2019; Wen et al., 2020). These early applications are paving the way for new questions, such
as how other types of seasonal patterns (e.g., warmer and wetter tropical conditions with additional
snow and ice melt contributions), lithologies (e.g., silicate-dominated volcanic soils underlain by
fractured bedrock), and vegetation coverage (e.g., discrete vegetation line in high mountain water-
sheds) might support or counteract the tendency for chemostasis. In the tropical Andes, the degree of
chemostasis and corresponding variations in nutrient export have important implications for critical
downstream ecosystems as glaciers retreat.

In this study, we leverage RT-Flux-PIHM to answer two main questions in a sparsely instrumented
glacierized watershed on Volcan Chimborazo in the tropical Ecuadorian Andes: (1) What is the role
of hydrological and geochemical processes in controlling the spatiotemporal variability of concen-
trations of major ions in groundwater and streamwater? (2) What is the influence of glacial melt
on hydrochemical variability in the watershed? The answer to the first question will provide gen-
eral insights into vulnerable glacierized watersheds. Because we hypothesize that the influence of
glacial melt will depend on its interactions with hydrogeological, ecohydrological, and weathering
processes across the watershed, the answer to the first question will also help to address the second
question.

2 Study Site Description

Volcdn Chimborazo is a glacierized stratovolcano in Ecuador (Figure 1) that supplies water to
over 200,000 people (INEC, 2010). Chimborazo experiences an inner tropical climate, characterized
by minimal annual temperature variation (~2°C variability) and moderately seasonal precipitation
with generally two wetter seasons (February-May and October-November) and two drier seasons
that have less amounts of precipitation (Clapperton, 1990). Because of the Amazon Basin to the east
(Vuille & Keimig, 2004; Smith et al., 2008), more humid conditions can be found on the northeast
flank with more precipitation (2000 mm/yr) than the southwest (500 mm/yr) (Clapperton, 1990). El
Nifio and La Nifia events cause variability in temperature and precipitation, with El Nifio generally
bringing drier and hotter conditions and La Nifia wetter and cooler conditions throughout the An-
des (Vuille & Bradley, 2000; Bradley et al., 2003; Wagnon et al., 2001; Francou, 2004; Vuille &
Keimig, 2004; Smith et al., 2008). El Nifio events have been found to potentially enhance glacier
ablation (Francou, 2004; Favier, 2004; Vuille et al., 2008; Veettil et al., 2014). Within the June
2016-June 2017 time frame of this study, a strong El Nifio event brought higher temperature and
lower precipitation than normal to the watershed during November to February. Also during this
year, wet conditions were observed over June to October (2015) and March to May (2016), which
differ slightly from the general wet months noted above.

Temperatures have increased by 0.11°C /decade around Volcan Chimborazo since 1986 (Vuille et
al., 2008; La Frenierre & Mark, 2017), which has been partly responsible for a 21% reduction in
ice surface area from 1986-2013 and 180 m increase in the mean minimum elevation of clean ice
(La Frenierre & Mark, 2017). Though instrumental data are ambiguous, community members in-
dicate the local precipitation has decreased in recent decades (La Frenierre & Mark, 2017). This
study focuses on the 7.5 km? Gavilan Machay sub-catchment on the sub-humid northeast flank of
Chimborazo (Figure 1). Gavilan Machay has an altitude range of 3800 to 6400 m a.s.l and is 34%
glacierized by the Reschreiter Glacier. Water from Gavilan Machay eventually reaches the Amazon
below the confluence of Rio Maranon, the principal upper tributary of the Amazon River, via the
Rio Mocha, Rio Ambato, Rio Chambo, and Rio Pastaza. Gavilan Machay is of particular concern
because it discharges into the Rio Mocha channel immediately upstream of the Boca Toma diversion
point (3895 m a.s.1. elevation) for the largest irrigation system on Volcan Chimborazo. Saberi et al.
(2019) found that currently stream discharge from Gavilan Machay may contain up to 50% glacier
meltwater, which has future implications for the downstream irrigation system as the glaciers con-
tinue to retreat.

Paramos — the biologically rich grasslands of the tropical Andes— are the most common ecosystem
across the watershed below about 4600 m a.s.l. (Figure 2a). Ecologically, the pAramo has high plant
diversity (>5000 species), mainly consisting of tussock grasses, cushion plants, dwarf shrubs, ground
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Figure 1: Satellite image of Volcan Chimborazo with the Gavilan Machay watershed outlined in red
and its location in Ecuador shown in the inset map.

rosettes, and giant rosettes. Wet paramos are mainly composed of Andosol soils of volcanic origin
and have high porosity and water retention capacity (Podwojewski et al., 2002; Buytaert et al., 2006;
Buytaert & Beven, 2011; Minaya, 2016). The primary geology of Chimborazo consists of layered
lava and pyroclastic flows, overlaid by thick ash deposits and vitric andosol (Figure 2b) (Barba et
al., 2008; Samaniego et al., 2012). The morphology of the watershed has been influenced largely by
glacial deposits and moraines from the Last Glacial maximum (LGM: 33-14 ka), the Late Glacial
(LG: 13-15 ka), and the Neo-Glacial Period (NG: <5 ka). The presence of young volcanic fractured
bedrock along with paramo soils and glacial deposits (Barba et al., 2005; Samaniego et al., 2012)
facilitates water movement through the subsurface, which enhances both groundwater contribution
to streamflow and weathering processes that release ions into the water (Stallard & Edmond, 1983).
Previous hydrochemical observations in the Gavilan Machay watershed shows that the total dissolved
solids concentrations in springs, proxies for groundwater, and streamflow increases as the elevation
decreases (Saberi et al., 2019). This suggests that mineral reactions are releasing solutes into water
as it flows downgradient in the watershed. Based on observations, sodium, calcium, and magnesium
are the major ions present in the groundwater and surface water.

3 Geochemical Observations
3.1 Sites and Sampling Method

Three locations were selected for soil sampling along an elevation gradient (at 4510, 4240, and
3990 m a.s.l.) (Figure 2b). The highest elevation sample (S-1) was collected from moraine sediments,
while the other two (S-2 and S-3) were taken near the stream channel (Figure 2b). A 3-inch diameter
auger was used for soil profile sampling. At all sampling sites, shallow refusal was hit on buried
cobbles and a single sample was collected from 3 and 5 cm depth. Two rock samples were collected
at exposed outcrops, at 4950 m a.s.l. and 4000 m a.s.l. (R-1 and R-2, respectively, Figure 2b). The
high elevation rock sample (R-1) was collected from Guano lava flows while the low elevation rock
sample was collected from Holocene pyroclastic flow deposits (Barba et al., 2008). Details about
the water sampling (locations in figure 2a) and analysis are in Saberi et al. (2019). Samples taken at
spring sites were used to represent groundwater and will be referred to as "groundwater” to simplify
the text.
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Figure 2: (a) Land cover and locations of monitoring stations and water sampling within the Gavilan
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3.2 XRD Analysis and Results

Soil samples were air-dried and stored in resealable bags. Bulk soil and rock composition was
determined using X-ray diffraction (XRD) analysis. Aggregate soils and rock were hand-ground to a
fine powder. To separate the fine fraction from the aggregate sample, approximately 50g of each bulk
soil sample was dry-sieved by hand. Organic matter was removed from the samples by the addition
of a 3% hydrogen peroxide (H,0,) solution following Poppe et al. (2001) (USGS Open-File Report
01-041). Minerals in the bulk rock and soil samples were identified using XRD analysis. Samples
were mounted on a glass slide using a smear technique to achieve random orientation. A Rigaku
MiniFlex300 X-ray diffractometer was used to scan the samples from 5° to 65° 20 at 30 kV voltage
and 10mA current with Cr-Ka radiation. XRD patterns were analysed using the Jade software ver-
sion 7.5.



Results from the XRD analysis indicate that the Gavilan Machay watershed is predominantly com-
posed of aluminosilicate minerals including feldspar, pyroxene, and amphibole, which is consis-
tent with most andosols worldwide (Shoji et al., 1994). Although the humid conditions in Gavilan
Machay would generally be expected to promote high rates of chemical weathering, possibly produc-
ing clay minerals, the XRD results show no crystalline-clay minerals. Through grain size analysis,
however, we found 8.5% and 18% of the bulk samples collected from 0-30 cm depth at 3800 m a.s.1.
and 4500 m a.s.l., respectively, were clay- and silt-sized particles (smaller than 63 ym diameter).
These estimates are consistent with previous soil studies on Chimborazo. Podwojewski et al. (2002)
showed that shallow soil samples at 3800-4200 m a.s.l. on the drier northwestern flank of Chimb-
orazo contain an average of 8.5% clay. Bartoli et al. (2007) found a slightly higher amount of 23%
organo-mineral clay at 3800 m a.s.l. using a larger 2 mm diameter definition. It is likely the fine-
grain fraction in our samples also contains organo-mineral clays that were resistant to our hydrogen
peroxide treatment, as well as minerals with poor crystalline structure. Bartoli et al. (2007) charac-
terized the Chimborazo’s soils as aluandic andosols, which are regarded as non-allophanic andosol
predominantly composed of aluminum complexed with organic matter (Takahashi & Shoji, 2002).
The XRD analysis indicates that the bulk soil mineralogy is primarily dominated by that of the par-
ent bedrock. As shown in Table 1, soil sample S-1 resembles the nearby rock sample R-1 (see map
in Figure 2b) with three minerals in common from the feldspar and pyroxene mineral classes. Soil
sample S-2 resembles rock sample R-2 based on similar feldspar minerals and proximity; soil sample
S-3 likely originates from the R-2 rock sample, sharing minerals from both feldspar and pyroxene
classes. Minerals from the amphibole class were present only in the R-1 rock sample and not in
any soil samples, which suggests that they are relatively resistant to weathering compared to other
classes. Even though the soil and rock properties have some differences, they are comprised of sim-
ilar classes of minerals (feldspar and pyroxene) throughout the watershed. Relatively homogeneous
soil characteristics have been observed elsewhere in the paramos of the Ecuadorian Andes, probably
due to similar parent sources throughout an area (Buytaert et al., 2006). Different climatic condi-
tions, however, can result in slight differences in soil properties (Buytaert et al., 2006; Podwojewski
et al., 2002). Our findings indicate that the underlying bedrock geology is the major controller of
soil mineralogy in the watershed, suggesting that the surficial sediment and deeper bedrock aquifers
in the watershed may share similar hydrochemical signatures.

Mineral Chemical Formula R1 S-1 R-2 S-2 S-3
Albite Na(AISi;Og) VR
Anorthite Ca(Al,Si,0gq) v v 4 v
Andesine Nayg 6g5Cag 347Al} 465125408 v v
Feldspar Labradorite Nag 45Cag ssAl; sSis sOg v
Sanidine K(SizAl)Og v v
Anorthoclase (Nay 75K 5)(AlSi3Og) v oo/ /
Enstatite ferroan Mg, Feqg7Cag 351,04 v 4 v
Pyroxene Diopside Ca(Mg,Al)(Si,Al), 04 v v v
. Arfvedsonite Na;(Fe,Mg),FeSigO,,(F,0H), v
Amphibole |\ inolite  (Fe,Me,Ca,Na,Mn);(Si,ADgOpp(OH) 5 v/

Table 1: Soil Mineralogy of Volcan Chimborazo. S-1, S-2, and S-3 are soil samples. R-1 and R-2
are rock samples from outcrops in the watershed. Sample locations are shown in Figure 2.

4 Model Description
4.1 RT-Flux-PIHM

Spatially distributed watershed models can integrate surface hydrology and groundwater flow
through time and space to allow for the evaluation of their joint control on streamflow. Flux-PIHM
(Shi et al., 2013) integrates land-surface and hydrologic simulations through a combination of two
modules, the Noah land surface model (Noah-LSM) (Ek et al., 2003) and the PIHM hydrological



model (Qu & Duffy, 2007). The multicomponent reactive transport module RT is an add-on to
Flux-PIHM (Bao et al., 2017). The RT module takes calculated water fluxes and storage from Flux-
PIHM (i.e. surface runoff, channel routing, infiltration, recharge, and subsurface lateral flow) and
simulates hydrochemical processes including solute transport (advection, dispersion, and diffusion)
and chemical reactions and outputs aqueous and solid phase geochemical concentrations. In addition
to surface and subsurface water flow, evapotranspiration (ET) is simulated in the model as another
key hydrologic flux that has a non-geochemical influence on solute concentrations. RT can simulate
both equilibrium-controlled reactions including aqueous complexation, ion exchange, and surface
complexation, and kinetically controlled reactions including mineral dissolution, precipitation, and
redox reactions (Bao et al., 2017). Reactive transport is modeled in both the unsaturated and saturated
zones. It is assumed that the surface runoff water has a very short interaction time with minerals and
is not considered to undergo geochemical reactions in the RT module.

The rate of kinetically controlled mineral dissolution and precipitation is calculated using transition
state theory (Helgeson et al., 1984; Lasaga, 1984):

R, =A, K

m

(1 1AP

) ey
eq
where R, is the dissolution/precipitation rate of the mineral m (mol/s), A,, ,, is the wetted sur-
face area of the mineral m per volume of porous media (m?/m?), K, is the intrinsic rate constant
(mol/(m?/s)), TAP is the ion activity product for the reaction, and K., is the thermodynamic equi-
librium constant. The wetted surface area depends on groundwater storage through the following
equation (Clow & Mast, 2010):

Apm = AnS,, )

where A,, is the total surface area of the mineral m per volume of the porous media under the fully
saturated condition, S, is the water saturation (m3 water per m> pore space) and n is equal to 2/3
to represent the surface area to volume ratio of mineral grains (Mayer et al., 2002). The RT module
and Flux-PIHM are coupled through the minerals’ specific surface area (S.S'A) dependence on soil
moisture.

The governing equation for reactive transport of an arbitrary solute m is as follows:

N

d(S,,0;,Cp ) = Cm,j —Cp,i
ViT =j=§v:.1(AijDijT_qijcm'j)-'-Rm’i m=1,..,np 3)

where V; is the total volume of grid cell i; S, ; is the water saturation (m? water per m? pore space),
6, is the porosity (m? pore space per m? total volume); C,,,; is the aqueous concentration of species
m (mol/m3 water); N; . is the index of the neighboring elements of grid cell i, with the subscript
x is set to two for unsaturated zone fluxes (infiltration and recharge) and four for saturated zone
fluxes (recharge and lateral flow), respectively; A;; is the interface area between the grid cell i and
its neighbor cell j (m?); D;; is the dispersion/diffusion coefficient (m?/s), I ;j 1s the distance between
the center of the neighboring grid cells; g;; is the volumetric flow rate across A;; (m3/s); and np is
the total number of independent solutes.

In the model, a major assumption is that groundwater boundaries align with the surface watershed
boundary, which prevents solutes from entering the watershed via groundwater. Another simplifica-
tion is that in the model version used here, lateral “groundwater” flow represents the combination
of shallow soil water interflow and groundwater flow. Further, all groundwater is eventually routed
laterally into the stream and exits the watershed as surface discharge.

Full details about RT-Flux-PIHM can be found in Qu and Duffy (2007); Shi et al. (2013); Bao et al.
(2017).

4.2 Model Setup
4.2.1 Hydrological and Transport Processes

The model simulations using RT-Flux-PIHM version 0.10.0 alpha were applied from June 2015
- June 2016. Implementation of the Gavilan Machay model domain and hydrological processes
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follows Saberi et al’s (2019) implementation of Flux-PIHM; a brief summary is provided here. To
include ice melt in the simulation, a separate temperature-index module was added to the model.
Glacial melt was estimated under the assumption that ablation occurs over the glacierized grid cells
below the equilibrium line altitude (ELA) at 5050 m a.s.1 (La Frenierre & Mark, 2014). The PIHMgis
software (Bhatt et al., 2014) was used to discretize the domain into 188 triangular cells. Land-
cover was set as grassland at the lowest elevations to represent paramo, barren/sparsely vegetated for
the mid-altitude, and perennial ice/snow for the ice-covered areas (Figure 2a). Built-in land cover
parameters from Noah-LSM were used for each land-cover type. Leaf area index for the vegetated
parts of the watershed were from MODIS (Vermote, 2015).

In Saberi et al. (2019), soil hydraulic parameters of Flux-PIHM were calibrated to stream discharge
measurements and hydrochemical mixing model estimates of melt contributions. In this study, using
RT-Flux-PIHM, soil hydraulic parameters were directly constrained using major ion concentrations
in the stream and groundwater, in addition to stream discharge (Table 4).

4.2.2 Geochemical Processes

The RT module was implemented with equilibrium aqueous complexation reactions for major
elements (Na*, Ca2+, Mg+, chloride (CI~), and silica (SiO,)) and pH, and with kinetic mineral
reactions. Aqueous chemistry measurements were used to constrain mineral dissolution kinetic pa-
rameters. The chemical concentrations at the GW-1 and GW-2 spring (groundwater) sampling points
(Fig 2a) were used to establish two different initial groundwater geochemical conditions for the spin-
up run, one for the vegetated portion of the watershed and the other for the bare soil/ice-covered
portion of the watershed (Table 2). The model was run in a spin-up mode until species reached a
steady state such that their concentrations did not change with time. Due to the approximate na-
ture of the spin-up, averaged steady-state concentrations of groundwater in the vegetated cells and in
the bare soil/ice-covered cells were used as spatially uniform initial conditions for these respective
portions of the watershed in the final simulation. As shown in Table 2, the measured and spun-up
initial concentrations were higher at lower elevations (grassland) (Figure 2a). Although glacier melt
samples had slightly higher concentrations than precipitation samples, they were of similar orders
of magnitude that were much lower than that of the groundwater and streamwater samples. This
justified the use of the same geochemical composition for both precipitation and glacial melt in the
model in order to simplify the implementation with only one forcing condition for the two types of
inputs. Precipitation and glacier melt concentrations were assumed to be constant over space and
time.

Grassland Grassland Sparsely Vegetated Sparsely Vegetated

Precipitation Glacial Melt " L. and Ice-covered and Ice-covered
b (Observed)  (Initial Condition) (observed) (initial condition)
Elemental Species (mol/l except for pH)
pH 6.3 5.76 5.64 5.5 5.51 5.5

Na*  2.78x107> 471x107>  2.41x107% 5.1x107> 1.94x10~% 42x107
Ca’t  2.27x107 3.36x10™>  2.11x107% 2.1x107> 1.9x107% 2.11x107
Mg>t  1.43x107° 7.45x107  2.59x107% 2.5x1073 1.8x107% 1.8x107>
ClI-  3.77x107 4.12x107>  9.04x107> 6.2x107° 5.81x107 9.1x107°
Si0o, 0 0 2.54x107% 2.3x1073 2.93x107% 2.8x1073

Table 2: Initial chemical composition of groundwater, precipitation, and glacial melt in different
portions of the Gavilan Machay watershed. The same chemical composition was applied to both
bare soil and ice-covered areas. Precipitation concentrations were used for both glacial meltwater
and precipitation in the simulations.

4.2.2.1 Non-reactive Chloride Processes

Due to the absence of chloride-containing minerals in the XRD results, we used C1~ as a non-
reactive tracer, which we assume enters the watershed through wet atmospheric deposition. The
higher C1~ concentrations in the groundwater relative to precipitation and melt (Table 2) likely oc-
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curs through ET. Because this process occurs in the absence of geochemical reactions, we used CI1~
as a tracer to evaluate the hydrological processes controlling the spatiotemporal variability of hydro-
chemistry in the watershed.

4.2.2.2 Reactive Sodium, Calcium, and Magnesium Processes

In addition to atmospheric deposition and ET, concentrations of reactive ions, including Na™,
Ca”*, and Mg?*, are also influenced by mineral dissolution from soil and rock containing feldspar
and pyroxenes minerals. Albite (NaAlSi;Og) and diopside (CaMgSi,Og4) were chosen as represen-
tative model minerals from these groups, respectively, because they were prevalent across multiple
samples, and the choice of two minerals enabled us to most simply produce observed concentrations
throughout the watershed (Table 1). Other minerals containing elements with very low observed
solute concentrations (e.g., [ron (Fe) and Manganese (Mn)) were not considered in order to focus on
major elements. We represent kinetic dissolution of albite and diopside using parameters from lit-
erature with further manual adjustments to reproduce observed streamwater and groundwater solute
concentrations and stream discharge (Table 3).

Mineral Dissolution log)oKZ, log,ok? SSA(m®/g)°

-10.9 0.075

i i + + 3+ i
NaAISi; Oy, (Albite) + 4,0 + 4H' — Nat + AP* +3H,810, 276 (500 71y g (0 070

-13.2 0.086

i ionsi + 2+ 2+ i
CaMgSi,Og,) (Diopside) + 2H,0 + 4H* — Ca** + Mg** + 2H,Si0,  20.96 (:9.95--1424) (0,001 -2.3)

@ K,, from the database EQ3/6 (Wolery, 1992)

b Calibrated dissolution rate constants, which fall within the range of values presented in Brantley
et al. (2008) (shown in parentheses).

¢ Calibrated soil mineral specific surface area (SSA) values; these fall within the range of values
presented in Brantley et al. (2008) (shown in parentheses).

Table 3: Dissolution reactions and kinetic and thermodynamic parameters for minerals included in
the model. For comparison, values in parentheses are the range found in (Brantley et al., 2008).

4.3 Model Scenarios

The model was implemented for three different scenarios. In the first scenario, Na™, Ca?t, and
Mg?* were simulated as non-reactive ions along with CI~, in order to isolate the control of hydro-
logical processes. In the second scenario, mineral dissolution was included to assess the impact of
geochemical processes on the concentrations of Nat, Ca®*, and Mg?*. To evaluate the role of glacier
melt in controlling current hydrochemical conditions, we also tested a third scenario that includes
geochemical processes without glacial meltwater. In the scenarios with mineral dissolution (2 and
3), we chose Nat as the representative diagnostic solute among the three dominant ions observed in
the watershed (Na*, Ca®*, Mg2*+); simulation results of other ions were qualitatively similar to Na*
results.

4.4 Model Calibration

Continuous hourly measured stream discharge from June 2015-June 2016 and the discrete mea-
surements of Na*, Ca?*, Mg?*, and pH on June 15, 2015, June 15, 2016, and February 20, 2017
were used for the model calibration. Na* is involved in albite dissolution, and Ca>* and Mg+ par-
ticipates in diopside dissolution. To reproduce the stream discharge and major ion concentrations in
groundwater and stream water, soil hydraulic properties (for the vegetated, non-vegetated, and ice-
covered portions of the watershed), and mineral specific surface area were manually tuned. Monte
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Carlo simulations with perturbations added to the final calibrated soil hydraulic parameters (shown
in Table 4) were carried out to evaluate the sensitivity of the model performance to a range of plau-
sible soil parameters and to provide a rough representation of uncertainty associated with the final
simulations (details in the Supplementary Information, Section S-1).

KINFV KSATV KSATH . Residual _
(m/s) (m/s) (m/s) Porosity Moisture a (M/m) 5 ()
Ice-covered 1.64E-7 4.56E-8 4.56E-7 0.296 0.05 0412 1.038
sparsely 745 9 485E-8 4.85E-7 0296 005 0437 1038
Vegetated
Grassland _1.87E-7 527E-8 527E-7 0297 005 0469 1.039

Table 4: Parameters calibrated to match observed discharge and major ion concentrations in
stream water and groundwater. Parameters include hydraulic conductivities for vertical infiltration
(KINFV), vertical saturated flow (KSATV), horizontal saturated flow (KSATH), porosity, residual
soil moisture, and shape parameters (« and f) for the van Genuchten moisture retention curve:

(1=
0 = 0,,, + porosity X <1+|;w|ﬂ> ?”, with water content  and pressure head y. The compar-
ison of new versus previous soil hydraulic estimations from Saberi et al. (2019) are shown in the

Supplementary Information, Table S2.

We relied on the widely used Nash-Sutcliffe efficiency (NSE) approach (Nash & Sutcliffe, 1970)
to quantify model performance. Model results are considered satisfactory if 0<NSE<1, with NSE=1
as an indicator of a perfect match between observations and simulations (Moriasi et al., 2007). The
traditional NSE is used here, which is calculated as follows (Nash & Sutcliffe, 1970):

2
21 €

NSE=1- =511
(0, -0,

“
where, e; is the error (Observed;-Simulated;) for location and time i, » is the number of measure-

ments, O; is the measurement at location and time i, and O,,,,, is the mean of all measurements.

4.5 C-Q Power Law Model

The concentrations (C) of non-reactive and weathering-derived solutes exported from a water-
shed may depend on stream discharge (Q) (Shanley et al., 2011; R. F. Stallard & Murphy, 2014) or
remain relatively time-invariant (chemostatic) depending on the processes within the watershed con-
trolling them (Hem, 1985; Johnson et al., 1969; Godsey et al., 2014; Li et al., 2017). The relationship
between solute concentrations and stream discharge is often fit to a power law relationship (Godsey
et al., 2009):

C =aQ’ 5)
where a and b are fitted parameters. b has been found to vary from -1 to +0.4 (Godsey et al., 2009;
Herndon et al., 2015). The C-Q relationships are often considered chemostatic when b ranges be-
tween -0.2 and +0.2, while pure dilution (non-chemostatic end-member) occurs when b is equal to
-1.
To investigate the influence of glacial melt on the hydrochemistry of the watershed, we compare C-Q
power law model fit to simulation results with meltwater and without meltwater. Although C-Q anal-
ysis is typically applied to continuous measurements, here we rely on model simulations to overcome
data sparsity and to explore different scenarios.

5 Results and Discussion
5.1 Calibration Results

Calibration results for geochemical reaction parameters and soil hydraulic parameters are shown
in Tables 3 and 4, respectively. Simulated stream discharge matches observed discharge with an NSE
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coefficient of 0.87, which indicates that the model performance is satisfactory (Figure 3a). Constrain-
ing the model simulations on observed hydrochemical concentrations in addition to stream discharge
resulted in lower calibrated porosity and van Genuchten parameters than those used in Saberi et al.
(2019) (Table S2). As noted above, in Saberi et al. (2019), only discharge data were directly used
in the parameter calibration, while hydrochemical data were indirectly considered through model
constraints on estimates of melt and groundwater contributions from a mixing model. The newly
calibrated hydraulic parameters in this study resulted in lower groundwater retention and correspond-
ingly higher groundwater contribution to streamflow.

The calibrated model results further show that lateral groundwater flow, which contains both pre-
cipitation and glacial meltwater, contributes on average 78% of streamflow (Figure 3a), with sur-
face runoff contributing the remaining 22%. In comparison, Saberi et al. (2019) determined a 45%
groundwater contribution to streamflow using Flux-PIHM, which was calibrated to be consistent
with mixing model estimates of melt and groundwater contributions (Figure 4a). The hydrochemi-
cally constrained RT-Flux-PIHM model in this study and the mixing model in Saberi et al. (2019)
use the same hydrochemical observations from the Gavilan Machay watershed, but the difference in
the groundwater contribution estimates arises because the mixing model relied on few samples from
readily accessible springs in lower reaches of the watershed to represent the groundwater end-member
throughout the entire watershed. In contrast, the distributed RT-Flux-PIHM model appropriately ac-
counts for spatially variable groundwater concentrations, which differ substantially with elevation as
groundwater moves from headwater areas toward the discharge point, due to increasing contact time
with reactive minerals. Comparison of these results demonstrates the importance of hydrochemi-
cal model constraints in addition to hydrological constraints. In the RT-Flux-PIHM results, stream
discharge closely follows the temporal trends of groundwater discharge to the stream (coefficient of
correlation of 0.79), indicating that simulated stream flow is predominantly controlled by groundwa-
ter (Figure 3a). The lateral groundwater flow to the stream is further positively correlated with the
precipitation plus melt over time (coefficient of correlation of 0.65), which suggests that precipitation
and ice melt that infiltrate travel relatively fast to the stream such that their temporal variability is not
significantly dampened and lost in the subsurface (Figure 3b).

Direct model calibration to hydrochemical data not only improved the constraint on groundwater
contributions to the stream, but also on melt-groundwater interactions. The estimate of discharge
originating from meltwater that first infiltrates and travels as groundwater before flowing to streams
increased from 16% to 37% after constraining the model on hydrochemical observations (Figure 3¢
and 4b). Following Saberi et al. (2019), the percent melt contribution to the groundwater is calculated
using simulation scenarios with and without ice melt:

Groundwateryy iy ceprer; — Groundwateryy ipourceMelr)

%M elt InGroundwater = (6)

Groundwatery, iinyceMelr

where Groundwateryyiprcomerr a0d Groundwatery, ; pourcemer: 1S the lateral groundwater contri-
bution to the stream in scenarios with and without ice melt, respectively. New hydrochemically
constrained simulations show that as the temperature increases during the El Nifio event, the ice melt
contribution to the groundwater increases (Figure 3d).

Overall, this result demonstrates that incorporating hydrochemical data in the model calibration con-
strains flow pathways and impacts partitioning of both stream discharge and meltwater. Constraining
the model simulations on hydrochemical data results in higher meltwater contribution to groundwa-
ter and higher groundwater contribution to the streamflow (Figure 4).

To evaluate the role of geochemical reactions in simulating observed hydrochemical conditions, we
compared Na*, Ca®*, and Mg+ concentrations in groundwater in scenarios with and without min-
eral dissolution. The results show that without mineral dissolution, meteoric and melt inputs and
ET could account for only 14-16% of the time-average concentrations, and that mineral dissolution
was needed in the model to match observed groundwater concentration ranges at different locations
within the watershed (Figure 5).

Figure 6 shows the calibrated concentrations of all three major ions at the outlet, which match
reasonably well with measured concentrations during the 2015 and 2016 field campaigns. The cali-
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Figure 3: Temporal variability of a) simulated stream discharge, measured stream discharge, and
groundwater discharge to the stream, b) precipitation (solid line) and precipitation + ice melt (dashed
line), c) percentage of groundwater that constitute ice melt, d) average air temperature over the ab-
lation zone (glacier-covered areas below the ELA (5050 m a.s.l.)) and simulated glacier melt pro-
duction. The blue box demonstrated the time period during which an El Nifio event occured over the
watershed. The x-labels indicate the start of the corresponding month.

? (a) % (b)
/ / / / Without / / / / With

7/ 7/ hydrochemical / 7/ hydrochemical
model constraints model constraints

78%

Figure 4: Groundwater partitioning between glacier melt and precipitation inputs, and stream dis-
charge partitioning between surface runoff and groundwater. Model results for two cases are shown:
a) without directly constraining the model on hydrochemical data versus b) with direct constraints
on hydrochemical data.

bration results for the Na* concentrations along the stream sampling points SW-1, SW-2, and SW-3
(locations shown in Figure 2a) are presented in the Supplementary Information (Figure S2).
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minus one standard deviation interval from the Monte Carlo uncertainty simulations.
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Figure 6: Simulated Na*, Ca®*, and Mg?™* in the outlet (calibrated result in black lines) compared
to the measured concentrations at the SW-4 site (Figure 2a). Gray shaded areas show a plus or minus
one standard deviation interval from the Monte Carlo uncertainty simulations.

5.2 Hydrological Controls on Subsurface Chemistry

To isolate the impact of hydrological processes on the hydrochemistry of the watershed, we ex-
amined Cl~ transport and its groundwater concentration variations arising from different hydrologic
fluxes, including infiltration (diluting effect) and ET (concentrating effect). A simple mass balance
assuming steady-state helps demonstrate the relative controls of the hydrologic fluxes on groundwater
concentrations:

C, X Infiltration =Cy X (I — ET) (7a)
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I = (Precipitation + Melt) — Runof f — SurfaceEvaporation (7b)

where C), is the CI™ concentration in precipitation, C, is the average CI~ concentration in the
saturated and unsaturated zones, I is infiltration, and ET is evapotranspiration. Eq. 7a can be rear-
ranged to show the dependence of groundwater concentrations of C1~ on the ratio of ET to infiltration
(higher ratio results in higher groundwater concentration):

€= — (7c)
= C
fa-£H

The model shows that the highest ET occurs within the vegetated parts of the watershed (Figure
2 and Figure 7a), with a maximum annual average of 2.4 mm/day. High ET and relatively lower
infiltration rates in the vegetated area (Figure 7b) results in high ET to infiltration ratios (Figure 7¢),
which lead to increased C1~ concentrations in groundwater (maximum of 0.065 mM) in these regions
(Figure 7d).
Within the ice-covered area, not only is ET lower than in vegetated regions (Figure 7a), but infiltration
rate is also higher (Figure 7b) due to high glacial melt rates, which are greater than the precipitation
rate in most of the watershed. This results in very low ET to infiltration ratios (Figure 7c), thus
generating some of the lowest concentrations in the watershed (Figure 7d).

5.3 Geochemical Controls on Hydrochemistry
5.3.1 Temporal Patterns

The sources of Na*t in the model simulations include Na™ production by mineral dissolution
(R,) and Na* input from glacial melt and rainfall (R,,.). R, is the Na* production rate through
albite dissolution, which was calculated by:

Caivite, = Cauite
R - t t—1 8
p o (®)

where the increment in time is 1 day and C 4, is the concentration of albite at time 7. The Na*
input from glacial melt and rainfall (R,,,) is the product of the melt plus precipitation rate, the Nat
concentration in the precipitation, and the grid cell area. Watershed-scale values for R, and R,,, were
determined by summing over all grid cells. The Na* export rate (R,) is the product of stream dis-
charge and Na*t concentrations at the stream outlet. As can be seen in Figures 8a and b, the simulated
R, primarily follows the stream discharge pattern (correlation coefficient of 0.88), which suggests
that the discharge is the stronger driver of export rate variability over time than the concentration of
Na' at the outlet. This is because Na* concentration at the outlet is relatively constant year-round
(coefficient-of-variation of 13%) compared to the variability in discharge (coefficient-of-variation of
44%) (Figure 7c).

The low simulated variability of Na* concentrations at the outlet is largely due to groundwater-
related processes. The importance of the subsurface is evident when comparing the different Na*
input and output magnitudes. In the model, the production of Na* via mineral dissolution (average
1.68x109 mg/d) is much higher than meteoric and glacier melt inputs of Na* (average 1.8x107 mg/d),
contributing to the vast majority of Na* export at the outlet (average 3.6x108) (note that excess Na*
inputs are added to groundwater storage of Na™ over the simulation period). However, during the dry
period (November-February), even though lower groundwater storage (Figure 3b) leads to a decline
in Na* production (Figure 8b), high ET concentrates Na* in groundwater (Figure 8a and c¢). During
the wet periods (June-October and March-May), higher groundwater storage (Figure 3b) results in
higher wetted surface area of minerals, thereby supporting higher albite dissolution rates and Na*
production, which somewhat compensates for dilution by high precipitation and melt events (Figure
8b). However, overall, ET has a prevailing effect on concentrations during the wet period as well.
Na* production by albite dissolution to some degree modulates concentrations during the wet period,
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Figure 7: Time-averaged model results over each grid cell. a) ET, b) infiltration (as defined in
text), ¢) ratio of ET to infiltration, and d) C1~ concentrations averaged over saturated and unsaturated
zones. The black triangle shows the peak of Volcan Chimborazo (6280 m a.s.l.). The dashed pink
line represents the ELA at 5050 m a.s.l. The black outline indicates the glacierized grid cells below
the ELA, in which glacier melt is applied in model. The green outline identifies the vegetated part
of the watershed. The blue line shows the stream channel, and the blue star indicates the outlet.

but the concentrations in groundwater are still lower than those during the dry period due to lower
ET during the wet period (Figure 8c).

Higher simulated variability in stream chemistry (coefficient-of-variation of 13%) compared to ground-
water chemistry (coefficient-of-variation of 2%) suggests that surface water dilution via runoff contri-
bution to the stream may still have an impact (Figure 8c). However, the temporal variation of stream
chemistry is primarily controlled by the percentage groundwater contribution to the stream (correla-
tion coefficient of 0.79) (Figure 8c). As noted above (Section 5.1), lateral groundwater is positively
correlated with precipitation plus melt inputs, which together indicates that large precipitation and
melt events promote solute export via flushing of solutes stored in groundwater.

5.3.2 Spatial Patterns

Figure 9 shows the spatial distribution of simulated hydrological and geochemical variables, av-
eraged over separate wet and dry seasons, to probe different processes controlling the spatial variabil-
ity of the hydrochemistry over different hydrological conditions. Throughout the year, ET is highest
over the vegetated parts of the watershed due to plant transpiration, and soil moisture is highest in
the convergent areas and adjacent to the stream (Figure 9). The spatial pattern of Nat concentrations
in groundwater follows both ET and Na't production rates in the model, which suggests that these
two fluxes have a combined impact on the spatial variability of Na+ in groundwater. Multivariate
regression analysis showed that on average (throughout the year and over the entire watershed), 69%
of the spatial variability in groundwater concentrations can be explained by ET and 31% by produc-
tion via albite dissolution, with precipitation and melt inputs having negligible impact.
Interestingly, while correlation results show that Nat production via albite dissolution plays a sec-
ondary role in explaining the spatial variability of Nat concentrations in groundwater relative to
ET, production is in fact the predominant controller of the spatial mean concentration in the model.
Specifically, the mean groundwater Nat concentration over the watershed increases nearly six-fold
with albite dissolution in the model, from 0.03 mM to 0.17 mM. This result is not surprising consid-
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Figure 8: Temporal variability of a) stream discharge and ET, with the warm and low-precipitation
El Nifio period shaded yellow; b) Nat input by precipitation and melt events (R,,,.), Na* export rate
at the outlet (R,), and Na* production rate by albite dissolution (Rp); and c¢) Na* concentration in
groundwater (at sample site GW-2 shown in Figure 2a), Nat concentration in the outlet (sampling
site SW-4 shown in Figure 2a), and percentage of groundwater contribution to streamflow. The blue
box demonstrated the time period during which an El Nifio event occured over the watershed.

ering total watershed results in Figure 8 show that production comprises the vast majority of all mass
inputs of Na™ into the watershed. Further, when compared to ET, dissolution appears to account for
more of the overall concentration gradient with topography around the stream channel. Calibrated
simulations with mineral dissolution show a groundwater concentration gradient of 0.045 mM/km
a.s.l. for Na* from below the glacierized headwaters at 5200 m a.s.l. to below the lower stream reach
at 4100 m a.s.l. (GW-2) (Figure 3). In comparison, the model scenario without mineral dissolution
resulted in less than half the concentration gradient (0.018 mM/km a.s.l.) over the same interval,
demonstrating that alone, ET effects explain a smaller portion of the concentration changes over the
full watershed extent of the stream channel. Together, the spatial analysis shows that production via
mineral dissolution plays the major role in explaining spatial mean concentrations of reactive solutes
and concentration gradients along the full extent of the stream channel, while ET is the better pre-
dictor of finer scale spatial variability among all grid cells.

To examine the processes behind the relative contributions of ET and mineral dissolution to so-
lute concentrations across the watershed, we looked at potential interactions between ET and dissolu-
tion. For example, the apparent control of ET on the finer scale spatial variability of Na* groundwater
concentrations could in fact be driven by production, because higher ET can lead to lower flow and
longer contact times that facilitate mineral dissolution. However, a weak spatial correlation between
ET and Na™ production (correlation coefficient of 0.15) suggests that this is not a major phenomenon
in the model simulations. Instead, Na* production strongly follows soil moisture content (correla-
tion coefficient of 0.89 over space), which does lead to higher groundwater concentrations along the
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Figure 9: a) ET, b) Soil Moisture, ¢) Na* production rate, and d) Na* concentration in groundwater
averaged over three time periods (June-October, November-February, March-May).

stream and in convergent areas where soil moisture content is close to the saturation (Figure S3).
However, it appears that overall spatial variability of concentrations among all grid cells is mostly
controlled by ET via direct removal of soil moisture. Further evaluation reveals that some of the
apparent dissolution controls on large-scale Na* groundwater concentrations (spatial mean and gra-
dient over the extent of the watershed) in fact involve ET processes. This can be understood with the
following steady-state mass balance equation for reactive solutes, which is a straightforward exten-
sion of the non-reactive case for C1~ (equations 7aa and 7c¢):

c RP+CP><I 9
¢TI _ET ©a)
R
ya C,
C= (9b)
I I

where C, is the Na' concentration in groundwater, R, is the Na' production rate through albite
dissolution, Cp is the Na*t concentration in precipitation and meltwater, I is the infiltration, and ET
is evapotranspiration. From the first term on the right hand side of equation 9b, it can be seen that

with ET>0, the Na* input from dissolution (R) is amplified by a factor of 1ET when determin-
1-£L

ing the groundwater concentration. This multiplicative amplification effect likel§ explains why ET
plays such an important role in controlling the fine scale spatial variability throughout the watershed,
even though dissolution serves as the major source of solute mass over the watershed. This interac-
tion underscores the importance of representing both geochemical and hydrological processes when
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considering hydrochemical controls in a watershed. Our results also show that in heterogeneously
vegetated watersheds, such as those in high mountain environments with a discrete vegetation line,
ET variability can play a much larger role in controlling hydrochemical variability compared to sites
with relatively homogeneous land cover and ET (e.g., Li et al. (2017); Zhi et al. (2019).

Broadly throughout the watershed, high soil moisture results in high Na+ production rates during the
wet seasons, with opposite results in the dry El Nifio period (Figure 9a, b, and c). However, as noted
with the time series results for watershed-scale fluxes in Figure 8, Nat concentrations in ground-
water were on average highest during this dry period due to high ET and low contribution of dilute
precipitation and ice melt to the watershed (Figure 9a and d). Spatial results further demonstrate that
over the dry period, the heterogeneity of the soil moisture content and production increases over the
watershed, with convergent areas and stream valleys having much higher productivity relative to the
rest of the watershed.

5.4 Control of Glacier Meltwater on Nat Production and Export
5.4.1 C-Q Power Law Model

For simulations with meltwater, the relationship between stream discharge and the simulated
Na+ concentrations at the outlet is considered to be chemostatic based on a C-Q slope of -0.08 on a
log-log scale (Fig 10a). However, in Gavilan Machay, various dilution events also occur, and nearly
all of these (especially those with lowest concentrations) correspond to times of high surface runoff
contribution to discharge (Figure 10b). In particular, peak runoff contributions drive these dilution
events, which can occur any time of the year (Figure 10c). In simulations without glacier melt, peak
discharge and surface runoff contributions to discharge decrease. Overall Na* concentrations in
groundwater increase, and almost all of the strongest dilution events disappear (Figure 10d, e, and f),
making the C-Q relationship even more chemostatic (slope of -0.011 on a log-log scale) (Figure 10d).
Torres et al. (2015) also found the C-Q relationship in non-glacierized, steep Andean catchments to
be chemostatic, potentially due to higher erosion rates and correspondingly higher dissolution rates
during peak flow. Comparison of the two model scenarios suggests that glacier melt produces some
of the largest surface runoff events in Gavilan Machay. These events can produce diluting episodes in
an otherwise chemostatic environment in which precipitation events mobilize solutes from highly re-
active subsurface minerals. It can also be seen that the melt-driven dilution events can occur anytime
because of year-round ablation in the tropics (Figure 3d). This is distinct from temperate systems
where glacier melt does impose a strong seasonal control on the hydrochemistry of the watershed
(e.g. Lewis et al. (2012); Stachnik et al. (2016)).

These model results indicate that the C-Q patterns are driven by the relative control of two end-
member sources of water. Streamflow is primarily derived from two sources with distinct chemistry:
surface runoff with low Nat concentrations and groundwater lateral flow with higher Na* concen-
trations. In the with-ice meltwater scenario, melt inputs lead to times when the ratio of surface runoff
to groundwater contribution to the stream is very high, and this produces a diluting effect. A similar
behavior was observed in simulations at the Coal Creek study watershed, where the C-Q relationship
was found to depend on the switching dominance among three end-members (surface runoff, shallow
groundwater, and deep groundwater) and the distinction among their chemistries (Zhi et al., 2019).
Without ice melt, Gavilan Machay is governed by a single end-member, lateral groundwater flow,
which results in much more chemostatic conditions; this is similar to RT-Flux-PIHM findings by Li
et al. (2017) for the Shale Hills study watershed. Higher groundwater contributions to streamflow
generate steadier and higher stream concentrations, because of less dilution by surface runoff. These
findings suggest that after glaciers fully retreat, the concentrations of major ions and nutrients in the
stream may increase and stabilize, though exact changes will also depend on future precipitation and
temperature.

5.5 Glacial Meltwater Influence on Hydrogeochemical Processes

To further probe processes controlling the C-Q relationships as well as their downgradient impli-
cations, we examine catchment-scale production and export rates, and Nat concentrations in ground-
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Figure 10: The relationship between simulated streamflow and simulated Na+ concentrations at
the outlet, with ice melt (a) and without ice melt (d). The relationship between the contribution of
surface runoff to stream discharge (fraction of total discharge) and simulated Nat concentrations at
the outlet, with ice melt (b) and without ice melt (e). The contribution of surface runoff to discharge
(fraction of discharge) over time, with melt (c) and without ice melt (f). Red dots are the points at
which the Na™ concentrations in outlet are less than one standard deviation below the mean value
due to high runoff contribution to streamflow.

water and at the outlet in the scenarios with and without glacier melt (Figure 10). For Na*t, excluding
ice melt leads to a decrease in Na* input with wet deposition (defined as the combined input from
ice melt and precipitation) (Figure 11a), lower groundwater storage, lower soil water content, and
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lower Na't production rate through albite dissolution (Figure 11b). However, even though wet depo-
sition and production decrease, Nat concentrations in groundwater increases by 55% in the scenario
without glacial melt (Figure 11d), due to the 170% higher ET to infiltration ratio (Figure 11c). The
groundwater contribution to streamflow increases from 80% of the total discharge to 95% in the no
melt scenario, although the absolute value of groundwater flow into the stream decreases by 41%
without meltwater infiltration (Figure 11e). The increase in groundwater concentrations leads to
51% higher Na™ concentrations in the stream (Figure 11f), due to the dominance of groundwater
contributions to total streamflow in no-melt scenario.

Even though Nat concentrations in streamflow are higher without meltwater, this cannot offset the
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Figure 11: a) Na* input via melt and precipitation, b) Na* production rate via albite dissolution, c)
the ratio of ET over infiltration, d) Nat concentrations in groundwater, €) groundwater discharge to
the stream, f) Nat concentrations in the outlet, g) stream discharge, and h) Na* export rate (C*Q).
The blue line represents the scenario with melt and black like the scenario without glacial melt.

decrease in discharge when determining changes in export rates. Without glacier melt, time-average
stream discharge decreases by 45% compared to the scenario with melt (Fig 11g). This results in
23% lower export of Na™ in the no-melt scenario (Figure 11h). This corresponds with findings based
on a global data compilation that weathering yields are generally greater in glacierized watersheds
compared to non-glacierized due to higher discharge, while solute concentrations are lower (Torres et
al., 2017). Consistent with temporal variability findings in Section 5.3.1, the solute export rate con-
ditions under melt versus no-melt scenarios appear to be controlled primarily by stream discharge
and secondarily by groundwater contributions to streamflow.
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6 Summary and Conclusion

Our work highlights the complex hydrochemical responses of a tropical glacierized mountain-
ous watershed on Volcan Chimborazo at different temporal and spatial scales controlled by hydro-
logical and geochemical processes. Results indicate that model calibration to hydrochemical data in
addition to hydrological data provides a better constraint on subsurface flow pathways. Our newly
calibrated simulations show that total lateral groundwater flow contributed 78% of stream discharge,
and that 37% of the total glacier melt directly contributes to groundwater flow.

Due to the presence of highly reactive silicate minerals, geochemistry plays an important role in con-
trolling the hydrochemistry of the watershed. Mineral dissolution comprises most of the mass input
of reactive ions such as Nat into the watershed, while wet deposition via precipitation and melt pro-
vides orders of magnitude less. As the major source, mineral dissolution controls the spatiotemporal
mean groundwater concentration of reactive ions in the watershed, and it accounts for much of the
gradient in groundwater concentrations with topography over the extent of the stream network.
Because mineral dissolution most directly influences groundwater chemistry, hydrological processes
in the subsurface and groundwater-surface water interactions also play an important role in control-
ling the hydrochemistry of the watershed, including stream chemistry. Over the course of the year,
dissolution rates are highest during the wet seasons, when high soil moisture allows for higher wet-
ted surface area of minerals. But groundwater concentrations of reactive ions are relatively constant
throughout the year (coefficient-of-variation of 2%) due to the offset effect of ET; ET is highest in
the dry season, boosting concentrations even when production through mineral dissolution is low.
Because groundwater flow to streams comprises a large fraction of total discharge, stream water
concentrations of reactive ions are strongly controlled by groundwater contributions to the stream
(temporal correlation coefficient of 0.79). Groundwater flow is fast, such that infiltration of large
precipitation and melt events flush high solute concentrations from the subsurface into the stream.
This flushing leads to higher temporal variability in stream water concentrations than groundwater
concentrations (13% versus 2% coefficient-of-variation). This is still a much lower variability than
in stream discharge (44% coefficient-of-variation). As a result, temporal variability in the export
(concentration times discharge) of reactive ions is driven primarily by variations in discharge rather
than concentration.

Although dissolution controls bulk amounts of reactive solutes in the watershed, ET plays the major
role in determining the spatial variability in groundwater concentrations across the watershed. This
spatial control by ET is especially pronounced because of the sharp gradient in vegetation, and similar
effects may be expected in other steep, high-elevation watersheds with discrete vegetation lines. The
spatial control by ET is likely heightened by interactions between ET and production via dissolution;
the concentrating effect of ET includes a multiplicative amplification of the production rate based on
the ratio of ET to infiltration. ET also serves as the dominant factor determining seasonal variability
of groundwater concentrations; dry seasons have on average higher concentrations of reactive ions
due to concentrating effects, despite lower production rates.

Because of year-round ablation in the tropics, glacier melt does not appear to be an important sea-
sonal driver of hydrochemical variability. However, glacier melt does exert a unique influence on
the C-Q relationship in the watershed. A model scenario test that omits glacier melt inputs exhibits
strongly chemostatic behavior, consistent with past studies in non-glacierized, steep Andean water-
sheds in the tropics (Torres et al., 2015). In comparison, simulations with glacier melt have higher
peak surface runoff, and times of high surface runoftf contributions to streamflow produces strong
dilution episodes superimposed on an otherwise chemostatic C-Q graph. These C-Q patterns reflect
the relative control of two end-member sources of water contributing to the stream, dilute melt-
driven surface runoff and higher-concentration groundwater. This result is similar to the multiple
end-members noted by Zhi et al. (2019) that control the degree of chemostasis in simulations at the
Coal Creek study watershed, based on the distinction of their chemistries. Without melt, the water-
shed reverts to a mostly single-member system dominated by groundwater, which produces much
more constant concentrations over time.

Melt inputs also decrease concentrations of reactive ions in the stream due to overall dilution while
increasing discharge throughout the year. The difference in discharge dominates the difference in
concentration, leading to a higher export of reactive ions from the watershed with melt, consistent
with a global study showing higher weathering yields in glacierized watersheds compared to non-
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glacierized (Torres et al., 2017). This suggests that with the retreat of glaciers, export of reactive ions,
including nutrients, may decrease even if stream concentrations increase due to higher ET relative
to infiltration, which may have implications for downstream ecosystems. Actual changes, however,
will depend on other future changes in temperature, precipitation, and vegetative cover.
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Supplemental Materials:
Spatiotemporal Drivers of Hydrochemical Variability in a Tropical
Glacierized Watershed in the Ande

1 Uncertainty Analysis

Perturbed horizontal hydraulic conductivity (KSATH), vertical hydraulic conductivity (KSATV),
porosity, and van Genuchten water retention curve parameters were implemented in the model to pro-
duce uncertainty distributions for stream discharge, groundwater chemistry, and stream chemistry.
Initially the model was manually calibrated to obtain a narrow range of potential values for each
parameter. An upper and lower bound was assigned to each parameter to span the range of possible
values based on calibration results and values reported in literature (Table S1).

Parameter Range assigned Notes and
aramete (Literature values) References
Unconsolidated glacial
Horizontal hydraulic conductivity 1.1E-07 to 9.5E-07 and fluvial sediments
((2.5E-08 to 2.5E-06)) (Dominico and Shwartz, 1990)
Vertical hydraulic conductivity 3E-08 to 7E-07 Anisotropy=2
(5.5E-08 to 5.5E-06)
Posority O(é tlcj(;) '35)5 Unconsolidated sediments
(03-0.65) Fractured bedrock (Earle S., 2018)
Alpha 0.11t00.5 Unconsolidated sediments
(0.01 t0 0.7) (Porebska et al., 2006)
Beta 11025 Unconsolidated sediments
(10 3.6) (Porebska et al., 2006)

Table S1: Select parameters perturbed for the ensemble run, the range of values based on literature
in parentheses, and the range of values assigned.

Latin hypercube sampling method was used to randomly sample parameters from uniform dis-
tributions for each parameter, and the model was run for 20 random sets of parameters. The en-
semble of 20 model runs with perturbed soil hydraulic properties, including saturated horizontal
hydraulic conductivity (KSATH), saturated vertical hydraulic conductivity (KSATV), porosity, and
Van-Genuchten water retention curve parameters, is shown in figure S-1 in gray lines. The calibrated
simulation of stream concentrations at the outlet are represented in red lines, which match reasonably
well with measured concentrations in the stream during the 2015 and 2016 field campaigns.

Major ion concentrations also reasonably match observed concentrations at different sampling
points along the stream. The simulated Na+ concentrations at SW-1, SW-2, and SW-3 sampling
points (Figure 2a) are shown in Figure S2.
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2 Clibrated Parameters

Table S2 shows the calibrated parameters with and without hydrochemical constraints.

KINFV KSATV KSATH

(m/s) (m/s) (m/s) Porosity a (1/m) B ()
Tcecovered | 207E-7 | 1.64E-7 | 4.56E-8 5.36E8 | 6.71E-7 7.56E-7 | 0.461 0.296 | 0.863 0.412| 1.06 1.038
Sparsely |y yap g | 17427 | 4.63E-8 4.85E-8 | 463E-7 5.85E-7| 0459 0.296 | 0.585 0437 | 1.063 1.038
Vegetated

Grassland | 1.23E-7 1.87E-7 | 4.02E-8 5.27E-8 | 4.02E-7 5.27E-7|0.493 0.297 | 0.488 0.469 | 1.066 1.039

Table S2: Calibrated parameters without (Saberi et al., 2019) and with hydrochemical constraints.
Parameters include hydraulic conductivities for vertical infiltration (KINFV), vertical saturated flow
(KSATYV), horizontal saturated flow (KSATH), porosity, residual soil moisture, and shape parameters

(a-1)
1 ) ]

(a and p) for the Van Genuchten moisture retention curve: 8 = 6,,, + porosity X (W

with water content 8 and pressure head .

v

Figure S3: Percent change in the Na+ concentrations in groundwater by mineral dissolution over
the entire watershed. The black triangle shows the peak of Volcan Chimborazo (6280 m a.s.l.). The
dashed pink line represents the ELA at 5050 m a.s.1. The black outline indicates the glacierized grid
cells below the ELA, in which glacier melt is applied in model. The green outline identifies the
vegetated part of the watershed. The blue line shows the stream line and the blue star represents the
outlet. Vegetated areas are shown in Figure 2a.



