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ARTICLE INFO ABSTRACT
Keywords: Fresh water supply is critical along the Andes, where drought conditions over the past decade are
High Andes projected to persist. At high Andean headwater catchments, frozen ground conditions are
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Cryophilic bacteria

assumed to modulate groundwater flow paths and their hydrological signals at different time-
scales. However, knowledge of hydrological connections in subtropical Andean catchments is still
very sparse. This study assessed hydrological connections and their impacts on groundwater
contribution to baseflow in a headwater proglacial aquifer located in central Chile at 33° S and
3600 m a.s.l. We collected and analyzed snow, glacial stream, and groundwater spring water
samples between 2019 and 2021. We combined of water isotope and metagenomic proxies with
the hydraulic parameterization of the catchment to deliver mean transit time distributions
through the proglacial aquifer. The new hydrological insights for the region include the finding
that groundwater spring signals delivered sub-decadal transit times, implying likely origins from
glacial or interstitial ice. Additionally, the stable isotope signature showed that groundwater
consistently differs from snow and surface runoff. The 16S rRNA metabarcoding analyses
demonstrated the presence of psychrophilic microorganisms in groundwater springs, supporting
the idea of a late warm-season activation of interstitial ice due to thawing events associated with a
differential relative-abundance of specific cryophilic bacteria. Finally, our results suggest hy-
drological connections and dampening timeframes between glaciers, proglacial areas, and
groundwater springs, most likely from thawing sources.

1. Introduction

Millions of people depend on freshwater provided by the mountain cryosphere along the Andean mountain range (Barnett et al.,
2005; DeSA, 2013). The Andes mountains between 30° and 38° S have had a declining precipitation trend between 1960 and 2016
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Fig. 1. Location of “Monos de Agua” catchment in the Central Andes. In (a), an Hycon aerial image (1955) with local inserts in red and green
squares (Landsat 8, 2017). In (a), (1) is an outwash plain at 2700 m a.s.l., (2) are ground surface thermal loggers at 3200-3600 m a.s.l., (3—5) are
“Monos de Agua” (local name “Leén Negro”), “Alto del Plomo” and “Juncal Norte” glaciers. (b) is the green insert in (a), showing groundwater
spring sampling locations. In (c), permafrost probability (Obu et al., 2019) is shown for the equivalent area of study and contour lines every 300 m.
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(Boisier et al., 2018; Cordero et al., 2019) and expect further snowpack loss of up to 75-85% by the year 2100 (Bozkurt et al., 2018), as
well as increasing glacier and permafrost retreat (Baraer et al., 2012). In mountainous permafrost regions like the Andes, climate
feedbacks between land and the atmosphere (Obu, 2021) affect the magnitudes of groundwater recharge (Green et al., 2011; Kuchment
et al., 2000), summertime discharge (Gascoin et al., 2011) and ultimately its contribution to streamflow (Evans et al., 2015).

In proglacial aquifers, groundwater is actively recharged by glacier meltwater and local precipitation (O Dochartaigh et al., 2019)
and buffers river baseflow during the dry season (Mackay et al., 2020). For coarse-sediment alpine aquifers, there is first a fast
discharge recession after the recharge season (e.g., snowmelt) or rainfall events, followed by a slow recession that sustains discharge
over a long period (Hayashi, 2020). For instance, post-freshet baseflow (groundwater) ranges between 32% and 52% at glacierized
headwater catchments (Liu et al., 2004; Baraer et al., 2009; Rodriguez et al., 2014; Evans et al., 2015). Such mountainous areas are
often dominated by sedimentary disturbance regimes indirectly conditioned by glacial influence (Slaymaker, 2009), implying that
coarse-grained features may buffer snowmelt transmission (Kurylyk and Hayashi, 2017) and constitute conduits for groundwater
(Somers and McKenzie, 2020). Consequently, groundwater recharge via coarse slope deposits and moraines can be ultimately delayed
by finer sediments and discharge to valley springs (Glas et al., 2018).

In mountainous periglacial environments, the thawing of ground ice acting as a thermal aquitard affects ground hydraulic
transmissivity and may deliver distinctive signatures in water content which could differ from that of precipitation and seasonal
surface water sources. Thus, permafrost degradation (e.g., due to climate change) influences surface and subsurface hydrologic
conditions (Kurylyk et al., 2014), water quality (Szopinska et al., 2016; Toohey et al., 2016) and further determine the hydrologic
behavior and water contribution of melting ground ice (Arenson et al., 2022).

Under the RCP8.5 scenario, groundwater recharge at 33° S is mainly due to snowmelt, while at 27° S, it is expected to be more
driven by evapotranspiration (Wu et al., 2020). Hence, snowmelt partitioning between surface runoff and groundwater flow (soil
ice-saturation inversely proportional to effective permeability) could increase storage in a thickening active-layer (Evans and Ge,
2017). Additionally, under slower snowmelt rates (due to season contraction), hydrological connectivity may not exceed necessary
wetness thresholds (Musselman et al., 2017), leading to reduced streamflow, increasing dry season water stresses (Evans et al., 2018)
that could generate less streamflow as infiltration fills previously depleted parts of the system (Alvarez-Garreton et al., 2021).

Hence, assessing changes in groundwater recharge sources and rates is critical for understanding the vulnerability of the cryolithic
water environment to a changing climate upon permafrost degradation (Hiyama et al., 2013). For example, in permafrost degrading
areas, baseflow would increase due to higher transmissivity, recharge, and storage, while in warmer areas under permafrost condi-
tions, baseflow increases due to more increased regional (horizontal and vertical) connectivity (rerouting) (Evans et al., 2020).

This study focuses on the in-situ characterization of a mountain cryosphere system in a warming, semi-arid region under current
ice-front retreat and an ongoing precipitation decline. We investigate whether the seasonal signature from groundwater springs can be
associated with thawing sources and multiannual storage at proglacial aquifers, delivering insights on hydrological connections
therein. We assessed a proglacial aquifer under permafrost conditions within the Aconcagua catchment in Central Chile at 33°S,
expecting isotopic signals to drift from late spring to early autumn as snowmelt influence fades out.

The novelty and representativity of the current work are bound to deliver insight into hydrological connections present in mountain
(paraglacial) environments where non-glacial processes are directly conditioned by glaciation (Slaymaker, 2009) and under perma-
frost conditions. Such settings represent current-day landscapes at the Aconcagua basin and other glacierized catchments in permafrost
regions like the Himalayas, the Alps, and even Svalbard, where proglacial aquifer buffering processes are still difficult to assess.

2. Methods

We propose a methodological strategy using different proxies to understand the timeframes and connections involved in
groundwater storage. The strategy takes advantage of the complementarity of hydrochemical and biological proxies to establish
hydrological interpretations. We utilized anthropogenic gases, water isotope enrichment (deuterium and 180)), and decay (tritium), as
they have been used for decades to analyze snow runoff in mountain (Dincer et al., 1970) and lowland permafrost environments (Burn
and Michel, 1988). To further differentiate groundwater sources, we looked at microbial composition (Bochet et al., 2020; Ramirez
et al., 2020) found in alpine environments (Frey et al., 2016), presenting unique niche-dependent sequences of Proteobacteria (Sajjad
et al., 2021). Consequently, we considered that water samples from point locations (streams and springs) could be differentiated by
biological (representative of niche conditions) and different isotopic/gas signatures to the current atmospheric background (snow)
between seasons.

2.1. Study site

Between 32°40°— 32°56°S, the Aconcagua river runs westwards starting from headwater catchments between 3000 and 5100 m a.s.
1. In 2018 and 2019, the Chilean Public Works Ministry passed decrees to officially declare the Aconcagua basin a water-scarce region,
as it faces a sustained regional glacier shrinkage of over 30% of its total surface (Fig. 1) between 1955 and 2016 (Bodin et al., 2010;
Monnier and Kinnard, 2017). Therein, the “Juncal River” sub-basin has an area of 342 km?, and is located 75 km northeast of Santiago
de Chile, with a mean air temperature between 1979 and 2016 of — 3.1 °C at 3600 m a.s.l. (Boisier et al., 2018) and median annual
precipitation of 581 mm (Alvarez-Garreton et al., 2018). The catchment’s dominant input (>50% of peak) during melt season
(mid-October until April) is glacial melt rather than snowmelt, the latter being the dominant input only during spring (mid-October to
mid-November) (Ohlanders et al., 2013). More recently, streamflow contribution for the Aconcagua upper sub-basin ranges between
18% and 34% of glacial melt input and 20% on average for groundwater and periglacial sources (Crespo et al., 2020a, 2020b).
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Fig. 1 shows a 1955 aerial photograph of the “Juncal River” sub-basin with the specific headwater catchment of study Monos de
Agua (MA) in the red frame insert. The area lies within “Juncal Andean Park,” a private biodiversity conservation project that re-
generated the valley after cattle-raising and mining activities. This catchment has had a consistent ice-retreat above 3600 m a.s.l. and
sediment resettling as in most paraglacial environments (Ruiz Pereira and Veettil, 2019).

Rodriguez et al. (2016) described the eastern (highest) part of the “Juncal River” sub-basin as having mainly limestone and
calcareous sandstone coexisting with igneous formations. Gypsum can be found in the northeast of the sub-basin, still, the local li-
thology is mostly volcano-sedimentary strata in the central and western parts (dacitic, pyroclastic, and basaltic rocks). Quaternary
sequences consist of alluvial, colluvial, and in a lesser proportion fluvio-glacial deposits (Bown et al., 2008). Lithological details are in
Additional Fig. 1.

In general, favorable conditions for permafrost occurrence within the Aconcagua basin are above 4000-4200 m (Gruber, 2012;
Saito et al., 2016) with a fringe level between 3600-3900 m a.s.l. (Bartsch et al., 2016). Other mapping products locate mid and
high-probability for permafrost above 3400 m and 4200 m a.s.l. (Obu et al., 2019; Ruiz Pereira et al., 2021; Tapia Baldis and
Trombotto Liaudat, 2019).

Groundwater spring sampling was performed at two specific locations. For the fieldwork period between 2019 and 2020, out of
three groundwater springs at 3600 m a.s.l. (Fig. 1b) one was always inactive when visited during fieldwork. Spring-1 was always found
active during our fieldwork between November-April (from springtime to summer), and Spring-2 was active only from February-April
(summer). Fieldwork during austral Autumn/Winter after April was impossible due to Park permits and the closing of roads due to
Snow.

2.2. System conceptualization

We estimated the time the water travels within the subsurface as a proxy for storage time, flow pathway heterogeneity, and hy-
drological source within the catchment (McDonnell et al., 2010). We investigated whether groundwater spring samples contained a
biological signature (16S rRNA metabarcoding) associated with thawing sources (a cryotic microenvironment).

The system assumption considered a steady-state influx of multiyear, multi-entry points for surface infiltrations from an upper
reservoir (roughly analogous to the vadose zone) with either a surface runoff outflux (stream) or seasonal quickflow from a lower
reservoir (saturated zone) to groundwater springs (Fig. 2). The recharge considers infiltration of glacial/snow water (above 3600 m a.
s.1.) and discharge from snowmelt, glacial melt, or interstitial water from permafrost thaw through groundwater springs at ~3600 m a.
s.l. Groundwater spring streamflow measurements between 2019 and 2020 included cross-sections at the closest flat surface from the
ground outflow by float method.

We account for soil responsiveness (Hrachowitz et al., 2009) from either aquitards (transmissivity lag) or aquicludes (impervious
barrier) as discontinuous layers supporting perched groundwater (Hayashi, 2020) coupled with multi-entry proglacial (ice-cored)
moraines (Langston et al., 2011). We consider that sources feeding groundwater springs could contain a thawing fraction (6) from
multiannual storage and are significantly distinct from surface water isotope and genetic makeup composition.
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Fig. 2. Conceptual hydrological flow and transport model for the study catchment. The flowchart shows the assumed hydrological flow paths within
the catchment. Precipitation is f3; the surface signal is y with a complementary previously-stored fractional (1-y), and the multiannual subsurface
signal is 6. Hollow arrows represent conceptual processes and filled arrows represent methodological processes in this study. The (1) polygons
represent samples for water isotope analyses and (2) the hydraulic parameterization.
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By using a linear steady-state mixing approach, we differentiated isotope background concentrations as snow precipitation signals
() from surface (y) fractions flowing through reservoirs in the catchment (Fig. 2). We followed a simple conceptualization by (Rose,
2007), where fractions (y) of the total volume of the groundwater reservoir are released to base flow while the remaining fractions (1-
y) thoroughly mix with new inputs from the upper precipitation mixing reservoir.

Water isotope analysis requires controlling atmospheric precipitation background levels for the Andes (Houston, 2007) and
considering that different transit time estimations are produced from equivalent >H concentrations due to radioactive decay (Stewart
et al., 2010). Since the catchment is under mountain permafrost conditions (heterogeneous distribution) and there might be mean
transit times of less than a year (Cochand et al., 2020), we associated an expression integrating (isotope) tracer values and the range of
system response (flow regime) by combining hydraulic properties, tracer inputs, and outputs through a “lumped parameter” approach
(Maloszewski and Zuber, 1996; Stewart et al., 2017).

2.3. Transit times

2.3.1. Hydraulic transit time estimation

The interpretation of a lower reservoir connected to groundwater springs required exploring flow model assumptions (Matoszewski
and Zuber, 1982) under limited steady-state interpretation for confinement and unaltered traveling tracer concentrations (Leray et al.,
2012). For example, turnover time (t;) (McGuire and McDonnell, 2006) corresponds to a time magnitude (hydraulic residence time)
estimated by assuming different spatial combinations of the system’s state and integrating them with hydraulic properties determined
from field samples:

(€Y

n._effective porosity.

k_mean hydraulic conductivity.
Al_distance from recharge to discharge.
Ah_height difference of the hydraulic head.

In terms of aquifer geometry, flow path length and height variation reflect the hydraulic driving forces of catchment-scale
transport, e.g., Darcy’s law (McGuire et al., 2005) and soil-type constraints (Rodgers et al., 2005). For example, sedimentary aqui-
fers can take a wide range of hydraulic conductivity k values (1 x 107%to 1 x 1072 m/s) (Sakata and Tkeda, 2013) as unconsolidated
deposits (gravel, sands) can present effective porosity n, ranging between 0.25 and 0.5 (Yu et al., 2015).

Therefore, hydraulic coefficients (Additional Table 1 and 2) considered lithological samples and hydraulic property values from
literature (Domenico and Schwartz, 1998; Heath, 2004; Morris and Johnson, 1967). Additionally, considering paraglacial conditions
(current sedimentary reworking due to ice-retreat), quaternary deposits (Additional Figs. 1 and 2) are assumed to have an approximate
alluvium thickness between 1 and 11 m, with a median of seven meters (Mashburn et al., 2003).

The hydraulic conductivities and porosities in Eq. 1 considered values starting from semipervious to impervious sedimentary rock
(k =10"° t010° m/s) (Bear, 1972), as well as the possible ranges for hydraulic head (Ah between 90 and 900 m) based on local
topography and path length (Al between 1.5 and 3.0 km). We considered for each parameter (hydraulic head, length, porosity, and
conductivity) (Additional Table 1 and 2 and Additional Figs. 1 and 2) a hundred linearly spaced values, which resulted in a solution
space with over 10® data points.

2.3.2. Water transit time analysis
Catchments receive tracer inputs (120, 2H, ®H, CFCs) and transport them through diverse flow paths, resulting in a distribution of
transit times at sampling zones. The differentiation of hydrological fractions by hydrochemical analysis obeys two main criteria:

(i) Origin within the hydrological cycle (snow, glacier, frozen ground).
(ii) Reservoir location.

Limitations of using water stable isotopes for groundwater dating include that they are indicative of turnover-times only under five
years (McGuire et al., 2005; Stewart et al., 2010) as detectible variation in 180 is smaller than the measurement error (Stewart et al.,
2021).

As an unstable hydrogen isotope, tritium has the advantage of being subjected to radioactive decay, a temporal difference easily
calculated using regional calibration curves, especially in the Southern Hemisphere (Cauquoin et al., 2015), where the anthropogenic
bomb peak did not exert such ambiguity as in Canada, Russia and China (Gibson et al., 2016; Makarov, 2016; Yi et al., 2018).
Additionally, its short half-life of 12.3 years makes it appropriate for young and very young groundwater (Newman et al., 2010).

This study measured stable and unstable water isotope concentrations from snow composite, surface glacial stream, and
groundwater springs. The sampling occurred between 3550 and 3590 m a.s.l. and between September-November 2018 (Austral
Spring) and April 2020 (Austral winter).

Water samples were analyzed from specific locations:
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(a) Snow composite: background signal.
(b) Glacial stream: surface water mix with multiannual storage signal.
(c) Groundwater spring: subsurface water mix with multiannual storage signal.

Water isotope concentrations can be the input for calibrating the transit time distribution by fitting to measured tracer (sampling)
output concentration (Maloszewski and Zuber, 1996). We chose to parametrize all inputs and outputs using a “lumped parameter”
approach, which estimates a system’s dynamic (specifically, piston to exponential system response ratio) and describes integrated
tracer transport through a catchment by discretizing physical constraints.

The lumped parameter may be explained by the following convolution integral (Dincer et al., 1970);

Cour = /oo Cin (t - T)e“g(‘r)d‘r (2)
0

This expression has C,,(7), Cin(7) system output and input (recharge) concentrations, t as calendar time, 7 the transit time in system,
A the radioactive >H decay constant and g(7) the system response function from assumed model.

We assumed a proglacial aquifer system consisting of quaternary coarse sedimentary areas with internal thickness-dependent
structures affecting groundwater flow. We looked for the lowest number of fitting parameters for the number of sampling sites
(Maloszewski and Zuber, 1993) and evaluated the system’s flow model and response type values, g(z), as shown in Egs. 3 and 4:

g(r) =0 3)

1
m 177
Jort < 7,,( n)

g(7) = (£> (_+]> )

Tm

1
>1,(1——
Sort > 7, ( n)

7,, represents the Mean Transit Time (MTT), 7 the entry time of tracer (Chattarjee et al., 2019) and n as the ratio of the piston to
exponential flow (EPM) aquifer area ranging from (+1) to (+6). The EPM is the ratio of the piston to exponential flow aquifer area, and
the piston flow component can represent young groundwater that traveled vertically within the recharge zone.

The mean transit time (residence time) is integrated throughout different flow regime assumptions in Eq. 2.

Values considered the lowest measured tritium uncertainty and a more comprehensive range considering two half-lives from the
snow background level. The value range for as 7, inputs considered up to 60 years following other methodologies using tritium
(Hiyama et al., 2013; Kralik, 2015).

The complex distribution of catchment flow paths is represented by a distribution of transit times describing tracer transport
through the catchment. The assumption is that an annual hydrological flush promotes seasonal and multiannual isotopic stability for a
steady-state isotope balance model (Gibson et al., 2015) and no concentration gradient throughout the catchment, or at least from the
lower reservoir to the sampling output. For example, average groundwater residence time estimates between 14 and 18 years have
been associated with aquifers accounting for 10-20 m thick regolith, 20-30% regolith/bedrock porosity, and hydraulic conductivity
between 1.0e-08-1.2e-05 m/s (Rose, 2007).

In the present case, we estimated time-related distributions from water isotope measurements (?H and 80, and 3H). Water stable
isotopes were measured in the Stable Isotope Laboratory of the Andres Bello University (Vina del Mar, Chile). Tritium measurements
were performed at GNS Science (New Zealand, 2019) and Isotoptech Zrt. (Hungary, 2020-2021) by electrolytic enrichment and later
measured by scintillation detectors with a resolution of 0.02 TU.

Surface snow samples as background tritium values were normalized (Eq. 5) to their field sampling time (Vi et al., 2018) as is a
standard procedure (Houston, 2007). In the Southern Hemisphere, the tritium peak due to atomic energy testing is neglected and
assumed stabilized (Cauquoin et al., 2015). Residence time distributions using tritium values considered a range using both the un-
certainty (0.02 TU) and two half-lives from the snow background level (0.02-18 TU).

Nr = Ni * ¢ 7/1793 5)
Ni = Initial Tritium Concentration of given waterbody.

Nr = Residual Tritium concentration after time-defined radioactive decay.

2.4. Seasonal thaw

In addition to point source differentiation, seasonal differences are also expected. An isotopic separation between river water and
precipitation (A180) will depend on elevation and Mean Annual Air Temperature (MAAT) to account for stable isotope enrichment
from thawing events.
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The estimation reflects runoff augmentation by water sources such as permafrost thaw or glacial melt with A'®0 > 0. For example,
in Yukon (Canada), (Gibson et al., 2020) screened stable isotopes throughout areas under permafrost and found enrichment in streams
from thawing grounds.

2.5. Open or closed groundwater system

Groundwater springs may constitute outputs from a closed system, for example, the thawing of interstitial ice or a rock glacier, but
also a mixed recharge from snow, ground ice, and glacial water. Human emitted gas (CFC’s and SF6’s) concentrations aid the
interpretation of surface/subsurface connection. CFC and SF6 concentrations in groundwater spring samples were measured at GNS
Science in New Zealand by gas chromatography method with electron capture. Uncertainty for CFC and SFe was 1.2% and 3%,
respectively.

If the system is closed, the gas concentrations will be theoretically higher than current atmospheric levels. Still, if the system is
partially open, levels will be equivalent to the current atmospheric ones.

2.6. Environmental genetic analyses

In this study, we utilized a biological proxy to understand the hydrological origin and connectivity of groundwater springs in
paraglacial environments (at least two kilometers away from glacier termini). The diversity and composition of the prokaryotic
community were analyzed from two spring sources where water was collected in April 2019. A hundred liters of water from each
Spring-1 and Spring-2 (Fig. 1) were pumped through a 50 um polyester net to exclude large organisms and particles and transported in
darkness to the Microbial Ecology of Extreme systems laboratory (Pontificia Universidad Catdlica de Chile, Santiago, Chile). In the
laboratory, samples were subjected to serial filtration using a peristaltic pump (6-600 rpm; pressure up to 2 bar) through 3 um pol-
ycarbonate filters and 0.22 pm Sterivex filters (Millipore). Filters were maintained at — 80 °C until nucleic acids extraction. DNA
extraction used both filter fractions using a commercial DNeasy PowerSoil (Qiagen) kit.

DNA quantification was performed using a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, USA). Quality assessment utilized
spectrophotometry (A260/A280 ratio) and integrity by standard agarose gel electrophoresis. Subsequently, PCR amplifications and
mass sequencing of the 16S rRNA genes used primers 515 f and 926r to amplify the V4-V5 region (~376 bp) (Parada et al., 2016)
(Illumina MiSeq platform; Argonne National Laboratory, Illinois, USA).

Raw sequences of the 16S rRNA gene were imported to the QIIME2 platform (v2019.7) (Bokulich et al., 2018; Bolyen et al., 2019;
Caporaso et al., 2010) and demultiplexed (q2-demux plugin). Then, the paired-end sequences were trimmed and merged using DADA2
(Callahan et al., 2016) to obtain the Amplicon Sequencing Variants (ASVs).

ASVs taxonomy was assigned with the q2-feature-classifier (classify-consensus-vsearch) (Rognes et al., 2016) using the SILVA132
database (Quast et al., 2012). ASVs classified as “Mitochondria”, or “Chloroplast” were filtered out for the analysis of the Bacteria and
Archaea community. Sequences from 3 and 0.2 um fractions were mixed for each source (JS1 and JS2).

Finally, to remove singletons and rare taxa, ASVs were filtered by frequency (ASVs with >2 counts) and by taxonomy (Phyla with
>2 ASVs) in the R package phyloseq (McMurdie and Holmes, 2013; Team, 2020). Alpha diversity analysis was performed on the clean
reads with phyloseq and Vegan packages (Oksanen et al., 2019), considering observed diversity from Shannon and Simpson indexes
(Wagner et al., 2018).

3. Results
3.1. Flow system characterization from water sample analyses

We considered that at least 15% of the “Monos de Agua” catchment area is currently under permafrost conditions (Fig. 1-c) pre-
dominantly above 4200 m a.s.l. (Ruiz Pereira et al., 2021), with negative mean annual ground surface temperatures below — 2 °C.
Between 3900 and 4200 m a.s.l., permafrost exists intermittently on shaded south-facing slopes.

The seasonal comparison between December and April 2019 shows similar deuterium levels for both sources in December but very
different in April samples (Additional Table 3). The 20 concentration also changed significantly, with differences between sources
diverging from December to April. Additionally, the average A'®0 between surface sources (springs and stream) and snow increased by
28% towards the end of the warm season of 2019 (Additional Table 7).

Comparing the 2019 and 2020 warm seasons, the isotopic signal (D and '°0) for groundwater springs and glacial stream showed

Table 1

Water isotope analyses for groundwater springs and surface streams at 3600 m a.s.l. Measurements from late summer (April-May) 2019-2021.
Site ID 3D %o VSMOW +0.8 + 580 %o VSMOW +0.1 + D-excess + Tritium (TU) +
Snow -129.52 37.85 -17.04 4.89 6.81 1.31 6.39 2.66
Spring 1 -135.27 7.09 -18.25 0.77 10.76 1.42 2.12 0.56
Spring 2 -137.02 8.18 -18.47 0.89 10.71 1.28 2.63 0.15
Stream -141.93 6.07 -19.18 0.62 11.49 1.69 2.08 0.77
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distinct concentrations for hydrological sources (Table 1 & Additional Fig. 3a). The stable isotope levels measured for Spring 1 and the
glacial stream showed an enriched signal.

The tritium values for the snow composite (September-November 2018 and April 2020) were 6.39 + 2.66 TU, which we considered
the background. The average tritium for groundwater springs (Spring 1 and 2) sampled in April 2019-2020 was 2.38 + 0.44 TU, while
the glacial stream was 2.13 & 1.04 TU (Table 1 and Additional Fig. 3c). Between 2019 and 2021, the multiannual tritium signal for
Spring 2 changed by 10%, while Spring 1 up to 60% (Additional Table 3).

The water isotope concentration ratios (Table 1 & Additional Table 3) showed that groundwater springs and stream samples are
significantly lighter than the snow background in tritium but only showed a tendency in stable isotope levels. Even though results
indicate Spring 2 as a more differentiated source in late austral summer (April), the overall difference between groundwater springs
and the stream samples is not statistically conclusive.

3.2. Metagenomic analysis

The prokaryotic 16S rRNA gene sequence taxonomic composition evidenced the presence and abundance of psychrophiles (low
temperature adapted) obtained from groundwater spring samples. The estimated diversity values for (50 nm - 0.2 ym size fraction)
prokaryotic communities were similar between springs for ASVs and Shannon index. However, differences in the presence and relative
abundance of some populations between springs (Fig. 3) are shown in Additional Table 5.

The taxonomic identity (Fig. 3a) showed the highest relative abundance for phylum Proteobacteria mainly represented by Beta-
proteobacteriales, seconded by phyla Bacteroidetes, with Flavobacteriales dominating the phylum. Fig. 3b shows genera representing
> 1% of prokaryotic (Bacteria and Archaea) communities per spring. Minor and rare genera in Fig. 3¢ show the 30 most abundant
< 1%.

Venn plots show shared and unique taxa (represented by ASVs) for springs at phylum (Fig. 3d), genera > 1% (Fig. 3e), and genera
< 1% or “uncultured taxa” (Fig. 3f) levels. At the phylum level, there were 522 shared ASVs, but only 66 ASVs assigned to the > 1%
genera communities.

The most abundant and exclusive Spring-1 ASVs from > 1% genera were Thalassospira (2.9%), Flavobacterium (1.9%) and
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Halomonas (1.5%). For Spring-2 they were Flavobacterium (1.3%) and Polaromonas (2.6%). The most abundant ASVs in common for
both springs were from genera representing > 1%, affiliated to Gallionella, Sideroxydans, Thiobacillus, Flavobacterium, Rhodoferax, and
Polaromonas. Each of these ASVs was similarly abundant for both springs (representing 1-5% of the community), but the ASVs assigned
to Polaromonas and Rhodoferax were substantially more abundant in Spring-2 (Fig. 3b). The high number of unique ASVs observed
between springs denotes the differences in bacterial community composition.

Polaromonas is a known psychrophile. Some species of Rhodoferax could also be considered “psychrotolerant” and grow near 0 °C
like R. antarcticus, recovered from glacial habitats (Madigan et al., 2000), or R. ferrireducens isolated from anaerobic subsurface aquifer
sediments (Finneran et al., 2003). The other shared genera (Thiobacillus, Gallionella, Syderoxidans) are (chemolithotrophic) nitrifying
Betaproteobacteriales commonly associated with iron oxidation and found in dark and iced environments, likely as primary producers,
fixing carbon and weathering minerals, thus explaining how a such microbial ecosystem can be sustained in ice (Toubes-Rodrigo et al.,
2017).

Additionally, other nitrifiers and Fe redox bacterial genera were present within the “minor and rare” (<1%) group. Spring-1
differed by showing a higher relative abundance of Bacteroidetes (Flavobacteriales and Sphingobacteriales orders) and twice as
many Cyanobacteria (Fig. 3a,b).

The dominant bacterial members of Spring-2 (Polaromonas and Rhodoferax), together with other taxa also shared with Spring-1, are
associated with a biogeochemical role in C cycling as primary producers, mainly as nitrifiers in N cycling in this environment.

3.3. Transit time analysis

Isotope-derived transit time (3H/ 18O/D) estimation (Additional Table 3) resulted in 4.77 + 2.05 years. The “lumped parameter”
approach had a system response (G(t)) with a n ratio (EPM) value (4.17 + 1.17). The convolution outputs in Fig. 4 show a predominant
peak around five years of mean transit time with only tritium outputs spanning longer than a decade, which is consistent with the
‘truncation’ hypothesis (Stewart et al., 2021).
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Fig. 4. Convolution integral with rows for tritium, deuterium, and 180, The “Flow model” column shows the Exponential to Piston Flow ratio (n)
and residence time shows all transit time outputs.
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This range of transit time values does fall within the hydraulic turnover time estimation from Eq. 1 was 13.67 £ 20.09 years
(Additional Fig. 4), especially with the longer tails of tritium outputs beyond a decade.

3.4. Interstitial water volume under cryogenic conditions

The volume associated with thawing outflowing at groundwater springs between 2019 and 2020 considered streamflow mea-
surements, apparent transmissivity, and porosity data from field samples and literature (Additional Table 1 and 2). The streamflow was
measured at 0.14 + 0.02 m>/s for Spring-1 and 0.14 & 0.01 m>/s for Spring-2.

The total possible volume of groundwater stored in the aquifer was calculated using a conservative estimate (O Dochartaigh et al.,
2019) of average aquifer porosity (Additional Figs. 1 and 2) above 3600 m a.s.l and corresponded to 2.52 km® (Additional Fig. 2).
Consequently, considering a mean spring streamflow of 0.141 m%/s, the estimated annual volume per a minimal ninety-day thawing
season is at least 0.004 km® assuming the average travel time of around four years with no additional recharge. Therefore, Spring 2
accounts for approximately 0.004 km?, associated with warm season thawing groundwater and representing less than a 0.2% of the
total vadose volume.

4. Discussion

We estimated timescales for groundwater flow dampening at a proglacial foreland under permafrost conditions, implying recharge
from glacial melt and snow infiltration later outflowing through groundwater springs. An inferred multiannual storage indicated
glacier-permafrost connections evidenced through thawing signals during the late warm season using isotopic and biological analyses.
The evidence supports our interpretation of a dampened downstream flow signal in proglacial aquifer areas, which could alter long-
term hydrologic trends over heterogeneous landscapes (Chezik et al., 2017).

Spring-2 represented a thawing cryogenic source during the warm season. It is inactive during early austral summer from our
observations, and ground surface temperature data at that location showed negative temperatures starting in May (Ruiz Pereira et al.,
2021). Since Spring-2 had this “late warm-season activation”, we argue that the two groundwater springs should have different origins
(different reservoir, Fig. 2) and that Spring-1 is more connected to the surface and less likely related to thawing sources than Spring-2.

The anthropogenic gas levels (CFCs, SF¢) from springs resulted in equivalent to atmospheric levels for both springs (Additional
Table 4 & Additional Fig. 3b) and therefore cannot be used in the “lumped parameter” approach to estimate residence times. However,
they partially confirm that the groundwater systems are connected to the surface under a seasonal dynamic.

Groundwater springs and stream samples show stable-isotope seasonality between early and late summer 2019. This can be
explained by the loss of a snow-dominated signal from flow path convergence and a high proportion of young water (Leray et al.,
2016). For late summer sampling between 2019 and 2021, average groundwater spring tritium content of 2.38 + 0.67 TU could
constitute a mixture of only glacial melt and snow, as the glacial stream has a content of 2.08 4+ 0.77 TU and snow is higher than both.
Nevertheless, since stable isotopes in groundwater springs are lighter than in the glacial stream, a strictly seasonal (non-interannual
storage) glacial origin for groundwater springs is not supported by linear mixing. Therefore, an additional mixing input from thawing is
implied, assumed to have a different storage time and/or hydrological origin.

If groundwater springs are glacial melt flowing underground and emerging in late summer, the tritium content should not differ
from that of the glacial stream. However, if spring samples are only mixtures of snow and interstitial ice (thawing input), ice tritium
content should be higher than the current background (Cauquoin et al., 2015; Houston, 2007; Laszlo et al., 2020) to match the stable
isotope levels. In fact, tritium from Spring 2 is less depleted than the surface runoff signal (stream) (Table 1) and has a “lighter” D/'80
content, implying an intermediate mixture. Moreover, stable water isotopes from the glacial stream are equal to or more enriched than
snow precipitation (A 180 > 0), which is consistent with water balance processes modifying initial precipitation isotope signatures
(Gibson et al., 2020) and a signal of thawing environments (Wan et al., 2019; Yi et al., 2018). Therefore, the average residence time
implies that the largest outflux fraction belongs to young groundwater (Kazemi et al., 2006) with multiannual storage under
permafrost conditions. Nevertheless, residence times beyond five decades could not be derived as tritium calibration curves are un-
available beyond such timescales for ‘modern groundwater’ interpretations.

The positive A80 values represent a seasonal thawing signal consistent with (Crespo et al., 2017) and (Crespo et al., 2020a, 2020b)
in the same region (Additional Table 7). The p-excess values (Dansgaard, 1964; Zech et al., 2013) shown in Table 1 increased during
warmer summer, with both Spring-1 and 2 having virtually the same excess. These values are in concert with the increase in warm
season mentioned by Froehlich et al. (2008) and Crespo et al. (2017), which also showed low p-excess snow samples consistent with
more evaporative conditions.

Metagenomic analyses of 16S rRNA allowed identification and comparison between springs, showing differences in the presence
and abundance of both major (>1% of the total community) and minor/rare (<1%) taxa between springs, reinforcing the idea that
Spring-2 may represent a seasonal thawing niche. The finding is consistent with analyses from Alaska, where Rhodoferax ferrireducens
was abundant in permafrost (Hultman et al., 2015), the Swiss Alps, with Betaproteobacteria such as Polaromonas and Rhodoferax
associated with the permafrost layer (Frey et al., 2016) and also 15,000 year old ice cores from the Tibetan Plateau (Zhong et al., 2021).
Furthermore, in permafrost areas of the Dry Andes (27° S), Aszalos et al. (2016) and Aszalos et al. (2020), found Rhodoferax ferrir-
reducens (6500 m a.s.l), Flavobacterium and Polaromonas (5900 m a.s.l.) in cold water samples from shallow lakes.

These results imply that sequences from groundwater spring samples potentially come from a putative subsurface habitat with
freezing-thawing conditions and that groundwater spring connectivity should have a seasonal evolution, as suggested by tritium and
microbial metagenomic identity.

10



S.R. Pereira et al. Journal of Hydrology: Regional Studies 45 (2023) 101311

Transit times derived from hydraulic and isotopic analyses under a year (Cochand et al., 2020) are assumed from the “upper
reservoir” fractions, while longer tails (Fig. 4) would be associated with a “lower reservoir”. Spring-2 can ultimately be recognized as
coming from thawing frozen grounds in late-summer but representing a sub-decadal recharge, meaning it is a mix of both snow and
glacial water with multiannual storage. This interpretation resembles spring water analyses in Siberia, showing bipartite composition
containing older precipitation recharge and water partly sourced from thawing permafrost (Hiyama et al., 2013) but not a true
permafrost thawing origin modulating water input signals into discharge signals (Arenson et al., 2022).

In the future, with earlier and lesser snowmelt (Musselman et al., 2017) and increased frozen ground degradation (Evans and Ge,
2017), the hydrological connectivity could be disrupted by not exceeding necessary wetness thresholds and compromising ground-
water storage dynamic (Green et al., 2011). For example, in proglacial areas under permafrost conditions, the underestimation of river
flow can be explained by groundwater temporarily buffering glacier melt (Somers et al., 2019) but also by the neglect of groundwater
flow from ephemeral streams draining from hillslopes as well as subsurface seepage from surrounding moraine systems (O Dochartaigh
et al., 2019). These processes will affect the interannual variability of glacier meltwater (Saberi et al., 2019) and future river flow
estimations (Chezik et al., 2017), hence the need for timeframes of interannual storage in glacial forelands.

Furthermore, as connectivity changes, microbial habitats will also be affected. For example, an increasing temperature in frozen
soils could increase the relative abundance of Proteobacteria and Bacteroidetes taxa (Lulakova et al., 2019), and condition microbial
communities (Ballhausen et al., 2020). Therefore, the current genetic taxonomic configuration of such communities then constitutes a
proxy for subsurface variations as an indirect way of assessing the temporal variability of groundwater environments. Future bioin-
formatics analyses comparing ground ice microbial metagenomics should deliver more concrete ideas on what to expect from samples
belonging to seasonal thawing.

The limitations of the presented methodological strategy require a higher temporal sampling resolution necessary to surpass un-
certainties bound to interannual variations of precipitation and ground surface temperatures conditioning infiltration. Additionally,
the mixing possibilities for a proglacial aquifer system imply that the retrieved data does not allow discerning between the glacial
stream and interstitial ice in terms of their spatiotemporal origin. Glacier and ground ice background isotopic signatures are also an
ideal reference for refining results such as those obtained by the present work. Nevertheless, to avoid the complexity and costs implied
in high mountain prospection, one complementary option is particle tracking simulations to obtain residence time distribution rep-
resenting the different possibilities of groundwater storage and flow within a proglacial aquifer. This may allow the statistical dis-
cretization of groundwater sources, especially the subsurface structure, which may include transitional layers amongst frozen grounds,
also subject to inter-annual variability of surface temperatures and precipitation. Additionally, the development of environmental
tritium derived from atmospheric circulation models and ice-cores could be complementary for understanding the variation of tritium
as background beyond the scope of modern groundwater.

5. Conclusions

Our three-year analysis determined multiannual groundwater storage at a proglacial aquifer under permafrost conditions at 33° S
in the Andes mountains. During summer 2019-2021, groundwater springs at proglacial areas presented stable isotope enrichment,
depleted tritium content, and indications of thawing. One spring was activated during the late warm season only, and its microbial
metagenomic analysis by 16S metabarcoding, showed taxa common to mountain glaciers and lowland permafrost environments
(Polaromonas and Rhodoferax), indicating a thawing environment as a source sustaining such psychrophile diversity. The hydraulic and
isotope-derived transit time equations delivered distributions suggesting multiannual groundwater storage under a decade. Results
indicate that proglacial aquifer groundwater recharges from glacial meltwater, precipitation, and frozen-ground sources such as
interstitial ice. The interpretation is a sub-decadal dampening timescale of proglacial groundwater storage, which should be
considered in hydrological budgets that include paraglacial mountain areas under current ice-retreat.

The integrative methodological strategy was adequate to unveil hydrological timeframes for hydric potential in rapidly evolving
proglacial settings within water-scarce regions. Using genetic proxies improves the understanding and interpretation of water samples
by indirectly ascribing a likely origin, such as a seasonal thawing source, and represents a valuable tool to assess remote mountainous
areas for preliminary interpretations of their hydrological connections. For example, if future snowmelt partitioning extends through
newly available subsurface flow paths, and increases hydrological connectivity, then unique microbial habitats would also undergo
selective pressure and may constitute a proxy for the subsurface biochemical evolution of frozen proglacial aquifers.

Much work is still required to thoroughly assess complex mountain systems with interconnected cryosphere elements, as they often
evolve in a nonlinear fashion through different timescales. Hence, the present methodological approach would greatly benefit from
higher sampling resolution and further bioinformatic comparison with genetic results from ground and glacial ice samples but also
integrating groundwater particle tracking simulations to establish water isotope variation and transit time ranges.
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