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Abstract

Mountain ranges cover approximately 24% of the Earth's land mass. These environments have a
special relevance in terms of global water supply. However, historically mountain groundwater
processes have been generally overlooked or poorly understood, especially in the Andes cordillera.
With this in mind, this work aimed to study hydrological processes in four Andean, semi-arid
headwater river basins. Along with monthly stable isotope data collection, we carried out a synoptic
surface water sampling program in each river on four specific dates for *H analysis. The latter
indicated water of similar age in the rivers of three sub-basins (Derecho, Cochiguaz, Incaguaz), but
much older in the fourth (Toro). We assessed different possible explanations for these differences
such as effects of past mining activities (El Indio mine), physiographic factors, and snow

accumulation and glacier related factors, but none of these were satisfactory. Instead, our findings
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point to the activation of faults in response to seismic activity, which induces pumping of fluids
(water) from deeper zones, facilitating exfiltration processes in the Toro River sub-basin. This
explains the presence of surface waters older than those associated with current meteoric processes.
Such geological process should be assessed and eventually accounted for when studying mountain
hydrogeological processes, especially in high fractured areas with direct or indirect evidence of

geothermal activity.
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1. INTRODUCTION

Mountain ranges cover approximately 24% of the Earth's land mass. Since they tend to receive more
precipitation than lowland areas, they have a special relevance in terms of global water availability
(Sommers and McKenzie, 2020). Indeed, it is estimated that glaciers and seasonal snow pack
existing in these settings represent the source of freshwater for more than one-sixth of the world's
population (Carroll et al., 2018; Bartnett et al., 2020; Viviroli et al., 2020). Furthermore, the
hydrology of mountain areas is important for maintaining local ecosystems (Nauditt et al., 2017),
and it is estimated that mountain regions host ca. 50% of the world's biodiversity hotspots
(Immerzeel et al., 2020). Finally, the effects of climate change, in particular the rise in temperatures,
will be especially important and even amplified in mountainous areas (Vuille et al., 2015; Mayta
and Maldonado, 2022). Consequently, studies that address hydrological aspects in these settings
have great relevance.

Historically, the main focus in mountain hydrology research has been on glaciers and
snowpack (i.e., cryosphere landscape features) while mountain groundwater processes have been
generally overlooked or poorly understood (Sommers and McKenzie, 2020 and references within).
One reason is because the hydrogeological component was traditionally assumed to be of little
importance due to the steep slopes and usually limited soil development in such environments.
However, recent studies have highlighted the importance of groundwater storage and discharge in
mountain watersheds, particularly their relevance in modulating streamflow during water-scarce
periods (e.g., Jodar et al., 2017; Carroll et al., 2018; Guo et al., 2022). Only a few studies on such
issues have been developed in the Andean range (Sommers and McKenzie, 2020; Ruiz Pereira et
al., 2023). Chile is no exception to the described situation, where the headwaters of many rivers are
often poorly monitored (Nauditt et al., 2017). This has resulted in a lack of studies and knowledge
of the functioning of hydrological systems in Chilean semi-arid Andean catchments (Navarro et al.,
2023).

In this scientific brief, we set out to characterize hydrological processes of four sub-basins
of the Elqui River Basin, a semi-arid Andean catchment in North-Central Chile. Our objectives were
to employ an isotope approach to: characterize the age of waters in the rivers; explain the
hydrological behavior of the sub-basins using a two-year data set; and explore possible reasons for
differences among the four sub-basins. We provide a detailed analysis and discussion of plausible

explanations and propose a mechanism that explains the observed behavior.
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2. AREA OF STUDY

We considered four sub-basins in this study: Derecho, Cochiguaz, Incaguaz, Toro. This study area

is in the headwaters of the Elqui River Basin, which includes medium and high mountain zones (Fig.

).

[Figure 1 here]
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Figure 1. A: Study area with the Derecho, Cochiguaz, Incaguaz and Toro sub-basins; B: Simplified
lithology, IR: Igneous rocks; MR: Metamorphic rocks; VR: Volcanic-sedimentary rocks; QS:
Quaternary alluvial, glacial, and fluvioglacial sediments; HA: Hydrothermal alteration zones (after

Mpodozis and Cornejo (1986), Nasi et al. (1986)).

Climate of the study area is cold mountain steppe (Romero et al., 1988), and cold tundra at
the highest elevations, i.e., above 6,000 masl (Sarricolea et al., 2017), characterized by strong winds,
high solar radiation and high precipitation (relative to downstream areas along an E-W transect).
Annual precipitation, mainly in the form of snow and concentrated (ca. 90%) in the austral winter
(Navarro et al., 2023), has a marked orographic dependence, attaining a long-term average of about

300 mm (Favier et al., 2009). Finally, it is important to mention that the area of study, as well as a
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large part of the country, has had an extended period of water scarcity (low precipitation) for more

than 15 years (Vega-Briones et al. 2023), as shown in Figure 2.

[Figure 2 here]
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Figure 2. Precipitation amounts measured at the Pisco Elqui weather station, associated with the
different events occurring between 2010 and 2023 (CEAZA-MET network, data available at

https://www.ceazamet.cl/index.php?pag=mod _estacion&e cod=8&p cod=ceazamet).

A brief description of specific characteristics of the four sub-basins is as follows:

Derecho River. Despite some minor agricultural activity in the lower parts, most of this sub-basin
(ca. 93% of the area, about 315 km?) was declared a "Nature Sanctuary" in 2015, privately owned
by the Comunidad Agricola Estancia Estero Derecho, with official governmental protection status
as Category VI according to the IUCN (i.e., sustainable use of natural resources)
(https://www.esteroderecho.cl/). A series of “bofedales” (Andean wetlands) in the upper part of the
watershed (along the main course of the river) may have some control on the local water balance
(Valois et al., 2021).

Cochiguaz. Along with the Derecho River, but with a greater historical flow, the Cochiguaz River
is the main tributary of the Claro River, which has special importance in terms of water quality in
the Elqui basin by allowing dilution of metallic contents and reduction of the electrical conductivity
of the other main tributary of the upper Elqui, the Turbio River (Oyarzin et al., 2013). As of
December 2021, ca. 73% of the area of this sub-basin (i.e., ca. 493 km?) was declared a "Sanctuary

of Nature of the Cochiguaz River".
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Incaguaz. Similarly SE-NW oriented as the Derecho and Cochiguaz sub-basins, this area highlights
an important geochemical anomaly in river sediments (Cu, Zn, Co, and Y), an indirect indication of
a likely low-sulfur mineralization type in the area (Oyarzun et al., 2022).

Toro. The headwaters of this sub-basin include the El Indio district, a volcanic-rock belt that extends
through ca. 50 km?, with intense fracturing and argillic, advanced argillic, and sericitic alteration
(Jannas et al., 1999). The El Indio district has several high-sulfidation epithermal deposits (Au-Ag-
Cu-As). In particular, the El Indio mine was exploited between 1975 and 2002 attaining worldwide
relevance for very high gold grades (over 200 g t'! in the direct export ore) (Oyarzin et al., 2022).
It comprised a surface operation (a pit of approximately 15 ha) and multiple levels of underground
workings (between 4,050 and 3,820 masl) (Fig. 3). The galleries extended for more than 100 km,
from where about 10°® m? of rock were removed. As part of the closure plan of the mine, a tailings
dam (Pastos Largos; maximum capacity of 3.3 10° m?, covering an area of about 7 ha) was used as
a settling facility to control total concentrations of Cu, Zn, and As in surface waters (Barrick, 2004;

Oyarzun et al. 2006; Barrick, 2019).

[Figure 3 here]
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Figure 3. A: Schematic representation of El Indio mine workings (surface and underground); B:

Google earth image with the Pastos Largos dam.
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3. METHODOLOGY

3.1. Water sampling

Data collection included environmental isotope data from precipitation and surface water. We
obtained a local meteoric water line (LML) based on precipitation samples from collectors installed
at three locations in the basin: Vicufia (630 masl), Pisco Elqui (1,240 masl), and Juntas (2,090 masl),
presented in Fig. 1. We collected these samples through the winter of 2022 (n=8) and the winter of
2023 (n=2). To minimize possible evaporation effects, we followed the design proposed by Groning
et al. (2012) for the construction of the collectors. Samples were obtained after each event (not
allowing more than two weeks between the precipitation event and sample collection) for H and
1830 analysis. We collected four additional precipitation samples (1 L) in the months of June and
August 2022, that were later analyzed for *H.

We manually collected stream water samples from August 2021 to August 2023 (monthly
frequency) at the outlet of the Derecho, Cochiguaz, Incaguaz, and Toro sub-basins (Fig. 1), in clean
60-mL HDPE bottles with no-headspace lids to avoid evaporation or fractionation. In August and
December 2021 and 2022, and January 2024, we took additional samples from each river (same
location as '*O and ?H samples) for °H analysis.

The *H and '80 analyses were carried out at the Isotope Laboratory at Andrés Bello
University (Chile) using Off-axis Integrated Cavity Output Spectroscopy (Maruyama et al., 2013)
with a Los Gatos Instrument model TLWIA-45EP, with an accuracy of 0.8%o for §°H and 0.1%o for
5'80. The *H analyses were performed at GNS (New Zealand) by electrolytic enrichment and liquid
scintillation counting using Quantulus low-level counters (Morgenstern and Taylor, 2009), with a
detection limit of approximately 0.025 tritium units (TU). The complete dataset is provided in

Supplementary material (SM1).

3.2. Analysis

Regarding stable isotopes, we developed the 8'%0 vs. §*H diagram and Local Meteoric Water Line
(LML). We calculated the deuterium excess (d-excess) of each monthly surface water sample (Eq.
1) as an indicator of evaporation effects on a water sample (Moran et al., 2024).

d-excess = 8°H -85'%0 (1)
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We calculated the monthly line-conditioned excess (Ic-excess) using Eq. 2 as an estimation
of the difference between the isotopic signal of each river with respect to its presumed origin (local
precipitation) (Landwehr and Coplen, 2006).

lc-excess = 8*H -ad'%0 -b (2)
where a and b are the slope and the intercept of the LML.

With respect to tritium data, we initially considered the approach of Michel et al. (2015). It
proposes that under steady-state conditions, the ratio of *H in precipitation (Cp) to that in surface
water (Cs) is of the order of one when runoff rapidly moves through the watershed. This ratio
increases (C,/Cs > 1) as water is retained in the watershed on time scales that are relatively long
(with respect to the half-life of *H). In a complementary and more quantitatively approach, we
determined the percent of modern water (MW(%)) in the monthly streamflow samples (Eq. 3),
following Moran et al. (2024)

MW (%) = (*H in sample/°H in modern precipitation)*100 3)

3. RESULTS AND DISCUSSION

3.1. Stable isotopes

The dual '*O vs. ?H diagram (Fig. 4) shows an increasing trend with elevation for each sub-basin,
1.e., increasing from Derecho to Cochiguaz, then to Incaguaz, and finally to Toro. Figure 4 also
includes the LML, i.e., 8°H = 8.28'80 + 13.1, which was almost the same as that previously
identified by Cuevas (2018) from five precipitation collectors in the upper Elqui (three of them
coincidental with our study area). Importantly, some stream samples of Derecho, Cochiguaz, and to
a lesser extent of Incaguaz coincide with the LML, whereas this is not the case for stream samples

of Toro.

[Figure 4 here]
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Figure 4. §'%0 vs. 8’H diagram with the local meteoric water line (LML, §°H = 8.28'%0 + 13.1) for
surface water samples (closed circles) collected in the Derecho (blue), Cochiguaz (green), Incaguaz

(orange) and Toro (red) sub-basins, and median values for each basin (open squares).

We observe that the horizontal displacement (§'%0 axis) of the median isotopic signature
values from the LML is clearly greatest for the Toro basin. In the Toro, this horizontal displacement
is -5%o, whereas in Incaguaz, Cochiguaz and Derecho the displacement is 2.8, 1.9, and 2.4%.,
respectively. A shift in the horizontal axis (i.e., enriched 30 waters) points to the effect of high
temperature water-rock interactions (Jasechko, 2019; Daniele et al. 2020; McIntosh and Ferguson,
2021). Thus, such interactions can be inferred in the Toro sub-basin, but not in the other three sub-
basins. Also, it is reasonable to expect that the effect of evaporation, which should be of greater
importance in the Toro basin because of the Pastos Largos dam, is added to the influence of
geothermal water-rock interaction on the horizontal displacement. This is corroborated by the d-
excess values for Derecho, Cochiguaz, and Incaguaz that were rather similar to each other, and
greater than those observed in the Toro (Fig. 5), which points towards a greater influence of
evaporation in the latter. Also, although all values are positive, they are closer to zero in the Toro
basin. According to Moran et al. (2024), increasing negative values in d-excess can be associated
with evaporation. Likewise, an isotopic exchange with minerals at high temperature conditions
translates into negative d-excess values (Mclntosh and Ferguson, 2021), a process that would be
potentially more important in the Toro sub-basin (i.e., lower d-excess values), consistent with what

was presented above.
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Figure 5. Boxplot of d-excess values for the Derecho, Cochiguaz, Incaguaz and Toro sub-basins.

Differences between Toro and the other three sub-basins is complemented by consideration

of lc-excess values (Fig. 6).
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Figure 6. Temporal evolution of lc-excess in surface waters of the four sub-basins.

Since the four sub-basins are located close to each other (the linear distance between the

outlets of the Derecho and Toro river basins, the farthest ones, is less than 50 km), it is reasonable
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to assume that the waters of the four rivers derive from precipitation events of common origin that
fall more or less simultaneously in this mountainous area, in general. Therefore, it would be expected
for them to exhibit a rather similar lc-excess. While Ic-values tend to be similar for Derecho,
Cochiguaz, and to some extent Incaguaz, this was not the case for Toro. Thus, our data support the
presence of older waters in the Toro River sub-basin not directly associated with recent precipitation

(e.g., that of 2022 and 2023 used in our study).

3.2. Tritium

Values of *H in precipitation varied from 1.8 to 6.5 (Figure 7) with an average of 4.2. These are
consistent with those reported for Andean areas in North-Central Chile. For comparison, Moran et
al. (2024) found >H activities in modern precipitation to be about 3.2+/-0.5 TU in the Chilean
Altiplano region. For the Guanaco glacier in the Atacama Region, ca. 75 km to the north of our
study area, Kinnard et al. (2020) reported values on the order of 4.69+/-0.38 TU for surface snow
(i.e., recent precipitation). Ruiz Pereira et al. (2023) indicated values of 4.51 and 8.21 TU for snow

samples in the "Monos de Agua" catchment in Central Andes, ca. 500 km to the south of upper

Elqui.
[Figure 7 here]
10.0 4 —&—Derecho —@—Cochiguaz
] Incaguaz —e—Toro
o O Vicufia O Pisco Elqui
] Juntas
=) ] O
‘EF 1.0
0-1 T T T T 1
2021-07 2022-01 2022-07 2023-01 2023-07 2024-01

Date
Figure 7. Temporal evolution of *H in the Derecho, Cochiguaz, Incaguaz and Toro rivers (closed
circles) for the sampling campaigns (the Incaguaz sample for August 2022 was lost by the

laboratory) and precipitation *H values (open squares).
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Regarding *H values of the four rivers, two interesting aspects stand out (Fig. 7): (1) in the
sampling of December 2022, there was an increase in the *H levels, especially noticeable in the Toro
(which, however, still exhibited lower *H values than those of the other three rivers). However, this
increase is transitory and was not observed in the final sampling of January 2024 when values were
like those identified prior to December 2022; (2) the Toro River showed consistently lower values
than those of the other three sub-basins, which in turn tend to be generally like each other.

On the first observation, we interpret the generalized increase in the *H values in the
December 2022 sampling by a greater contribution, in general, of surface runoff associated with
winter precipitation (especially snowmelt) of that year, which, although low, was the greatest of the
last three winters (Fig. 2). Thus, a greater component of young water (i.e., more related to recent
precipitation) is present in the runoff of this period.

Regarding the second observation, we can infer that waters of the Derecho, Cochiguaz and
Incaguaz rivers have similar ages being younger than those of the Toro River. Based on an
approximate average value for Cp on the order of 4.0, it is possible to obtain ratio values (averaged
C,/Cs) on the order of 2.9 to 3.1 for the Derecho, Cochiguaz and Incaguaz rivers, and 9.1 for the
Toro River. Therefore, considering the half-life (ti») of 12.43 years for tritium and under the
principle that water with low trittum activity relates to longer transit times than water with high
trittum (Stewart and Morgenstern, 2016), a rather important old component exists in surface flow in
the sub-basins of the Derecho, Cochiguaz and Incaguaz rivers (i.e., water that is not coming from
the precipitation/snowmelt of the same season). However, this situation highly increases in the case
of the Toro River. Quantitatively speaking, the percentages of modern water (%MW) were between
30 and 60% in surface streamflow of Derecho, Cochiguaz and Incaguaz, whereas these are
significantly lower in the case of Toro (Fig. 8 A). We also note that the idea of greater influence of
evaporation processes in the case of the Toro sub-basin, when compared to the other three, is

reinforced, given the location of the data points on the right of the diagram.

[Figure 8 here]
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Figure 8. A: Processes controlling water distinctions based on *H, '*0 and ?H (based on a scheme
presented in Moran et al., 2024). The inset shows that points further to the right had greater influence
of evaporation. B: Ratio of surface discharge (Qi) of August and December 2021 and 2022 to the
highest surface discharge of these four campaigns (Qmax) for each sub-basin, with respect to the %
of modern water recorded (the sampling of January 2024 is not included given the lack of stable

isotope data for that date).

Finally, for the four sampling events with simultaneous availability of ?H, *H, and 'O data
(i.e., August and December 2021 and 2022), we observed a higher discharge in 2022 with the
maximum flow occurring in December of that year in all cases. This is a direct consequence of the
higher precipitation of the winter period of 2022, as already mentioned, which is consistent with the
greater percentage of modern water in surface runoff (Fig. 8B). We note an apparent direct
relationship between the increase in flow and a greater %MW between the four sampling campaigns

considered.

3.3. Possible explanations for the observed hydrological dynamics in the Toro River

Having identified that the Toro River presents an unexpected different hydrological dynamic
causing older surface water compared to that of the Derecho, Cochiguaz, and Incaguaz rivers, the
question arises as to the reason for this situation. We present and assess four potential explanations
as follows.

Possible effect of the El Indio mine works: One explanation might be related to both the underground

works of the El Indio mine and the Pastos Largos dam and how they may have affected the

13
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hydrological behavior of the area, explaining the older waters in the Toro River. However, while
there seems to be an effect of Pastos Largos on the stable isotopic composition of the Toro River (as
already described), it does not explain the differences in water age (which could be related to longer
residence times) between sub-basins. Indeed, assuming steady state conditions, we performed a
simple calculation of residence time (RT) (Eq. 4)
RT = storage volume/flow rate (4)

Considering a storage volume of approximately 4 10° m® and a flow rate of about 0.35 m¥/s (i.e.,
average of the Toro River between July 1, 2021 and September 30, 2023), the use of Eq. 4 yields a
water residence time of less than a year. This rules out the possibility that the storage volumes
associated with the partially inundated gallery system and the Pastos Largos dam explain the
observed hydrological behavior.

Physiographic traits: There may be potential hydrologic effects of physiographic factors such as
slope and slope exposure of the sub-basins on the amount of precipitation or solar radiation received
and, in turn, on snow accumulation and melt, evapotranspiration, infiltration, groundwater recharge
and surface water flow (Sommers and McKenzie, 2020). The Toro River sub-basin has a NE-SW
orientation that is different from the SE-N'W orientation for the other three sub-basins (Fig. 1) and
the Toro has somewhat higher altitudes (Table 1). However, no major differences in terms of
distributions of elevation, slope, or slope exposure exist. There are also no major differences in terms
of surface area, a factor that has been suggested as important for the contribution of groundwater to
surface water in high mountains (Sommers and McKenzie, 2020). Physiographic traits, therefore,

do not provide a plausible explanation of the different hydrological behavior identified.

[Table 1 here]
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348  Table 1. Physiographic characterization and glacier cover in the sub-basins under study (glacier data

349  taken from DGA, 2022).

Sub-basin
Derecho Cochiguaz Incaguaz Toro
Total Area (km?) 338.2 675.2 477.9 467.2
Elevation min (masl) 1650 1347 1642 2103
Elevation max (masl) 5547 5276 5280 6112
Area (%) by elevation range (masl) 3,000-3,500 17 17 18 15
3,500-4,000 43 36 33 24
4,000-4,500 18 21 31 33
Slope (°) 0-22 36 32 30 50
22-45 59 63 66 49
45-70 4 4 3 1
>70 1 1 1 1
Exposure North 29 24 26 18
East 27 22 30 25
South 21 23 18 24
West 23 31 26 33
CHE 24.8 24.8 24.6 24 .4
N° Glacierets 2 9 1 11
Glacieret area (km?) 0.035 0.11 0.04 0.18
N° Rock glaciers 43 53 48 6
Rock glaciers area (km?) 5.35 7.93 4.56 0.51

350  CHE: coefficient of homogeneity of exposure (CHE), calculated as the fourth root of the product of

351 the areas (as a percentage) of each exposure class (Barrera et al., 2020)

352

353 Snow and glacier accumulation and melt: Uneven spatial and temporal distributions of glaciers and

354  snow cover could influence surface flows (e.g., Ayala et al., 2023). Regarding snow, a direct analysis

355 of the temporal distribution of accumulated snow for the period 2021-2023 (presented, for

356  comparison purposes, as a percentage of the area of each sub-basin covered by snow), revealed no

357  differences between sub-basins (Fig. 9). In addition, practically the entire snow cover melts during

358 the spring, so we cannot associate the presence of old water in surface streams with snowmelt

359  accumulated at the surface from previous years.

360
361  [Figure 9 here]
362
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Figure 9. Time evolution of fractional of snow cover area (fSCA) and snow line elevation (SLE) for
the Derecho, Cochiguaz, Incaguaz, and Toro sub-basins.

In some areas it is possible to find examples of the effects of uneven distributions of glaciers
on the hydrological behavior in rivers downstream (Ohlanders et al., 2013; Sommers and McKenzie,
2020). With respect to debris-free (or white) glaciers, Yanez et al. (2023) stated that their presence
in the Elqui basin as a whole is very limited. Most of the ice volume is in the Tapado Glacier, which
is in the La Laguna sub-basin, next to the Toro sub-basin but outside of the current study area. Thus,
we consider the effect of white glaciers on the hydrological behavior of the Toro River negligible
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compared to the other three sub-basin. While there are also glacierets, i.e., very small glaciers of
less than 0.25 km? (Cogley et al., 2011), in total they cover a very small area, so they are unlikely
to be influential at the catchment scale as well. We also note that it is possible to find rock glaciers
in the four sub-basins (Table 1), but the assessment of their hydrological contribution remains very
difficult and uncertain (Schaffer et al., 2019). In any case, if we assume that rock glaciers have the
capability to store water over decades to centuries (Schaffer et al., 2019), this effect should be of
lower importance at the Toro sub-basin, where the area of rock glaciers is the smallest of the four
sub-basins. Thus, factors associated with snow accumulation or the presence of glaciers (or
glacierets) also do not provide a plausible explanation for the different hydrological dynamic
exhibited by the Toro sub-basin.

Geological control: A final analysis relates to geology, an important factor in the comprehension of
the hydro(geo)logical dynamics in mountain settings. Whereas in the sub-basins of Derecho,
Cochiguaz and Incaguaz rivers the geology is mostly intrusive igneous rocks (ca. 62% of the surface
area) and areas of fluvio-glacial sedimentary deposits (ca. 19-23%), in the Toro sub-basin volcanic
and pyroclastic rocks dominate the geology (Mpodozis and Cornejo, 1986; Nasi et al., 1986). The
latter are affected by pervasive hydrothermal alteration and intense faulting, in which the Bafios del
Toro high-angle reverse fault (Deyell et al., 2004) stands out (Fig. 1). The Bafos del Toro thermal-
spring is related to this fault, and its waters were described by Strauch et al. (2006) as a probable
mixture of deep circulating fluids and meteoric waters. Likewise, Benavente et al. (2016) described
the relation between meteoric waters and its circulation through deep regional structures associated
to the San Ramon-Pocuro fault zone to the presence of thermal springs in central Chile, some 500
km to the south of the study area of the current work.

With this in mind, we postulate that the Toro sub-basin, unlike the other three, exhibits an
important process of exfiltration, i.e., groundwater discharging to surface water (Sommers and
McKenzie, 2020), favored by a greater presence of lineaments and structural features, especially the
high-angle Bafios del Toro reverse fault, acting as preferential pathways for ascending groundwater
flow. This exfiltration provides a very plausible explanation for the older water observed in the Toro
River. This is consistent with the study of Marti et al. (2023), for the Clarillo River basin, an
ungauged catchment with an area of 130 km? located some 500 km south of our study area (33°50'S).
These authors indicated a major increase (ca. 50%) in streamflow over just a 1 km distance, which
they explain as the consequence of an important contribution to baseflow from groundwater

exfiltration, related to a regional N-S fault and secondary E-W local faults that are thought to export
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groundwater from a neighboring subcatchment up to the resurgence area. Taucare et al. (2020) also
described groundwater outflows from NW-SE fractures associated with the Pocuro fault zone in
pre-mountain areas (i.e., western Andean front form the principal cordillera) in the Aconcagua basin
at 32°50'S.

An exfiltration process can be enhanced by strong fracturing as it is the case in the study area
(e.g., Oyarzun et al. 2007); faulting processes destroy the integrity of the rock mass allowing an
increase in rock permeability (e.g., Tripp and Vearncombe, 2004; Faulkner et al., 2010; Zhang et al.
2021). However, as noted by Keegan-Treolar et al. (2022), while springs and faults have been
studied separately, their interrelation and effects on hydrogeological processes has received less
attention. Indeed, the nature and cause of this type of exfiltration process is not generally addressed
in the literature related to hydrogeological/hydrological, high-altitude mountain belts (Sommers and
McKenzie, 2020). In addition, minor attention has been paid in the past to the transport mechanism
required to move ascending fluids along fault zones (e.g., Sibson et al. 1975). In this regard, the
consideration of knowledge from other disciplines (e.g., structural geology, petroleum, mining)
could favor the understanding of fault properties and their hydrological relevance (Keegan-Treolar
et al. (2022). Some answers regarding the many factors that may be playing a role in the study area
can be provided by the pioneering work on faults and fluids developed by R. Sibson between the
1970's and 1980's (e.g., Sibson et al., 1975; Sibson, 1987; Sibson et al., 1988) that changed the
perception of how deep-seated waters moved upwards along faults in relation to seismic activity.
What is proposed in the referred literature relates to the activation of faults in response to seismic
activity, which induces the pumping of fluids (here water) from deeper zones to the surface with

older ages associated with current meteoric processes (Fig. 10).

[Figure 10 here]
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A feasible type-scenario for the mixing of deep-older and shallow-younger underground waters
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Figure 10. Schematic (not to scale) depicting the main structural and hydrological elements that
would account for the ascent of deep, older (and hotter) waters. Partially based on Sibson et al.

(1988); Sibson (1990); and Deyell et al. (2004).

In simple terms, the fault is sealed by an impermeable barrier while fluid pressure rises in
the lower region until a seismic rupture occurs at the base of the barrier. After the seal has been
breached, fluids can rise freely along the fault and there deep, older fluids ascend and eventually
mix with younger fluid of more recent meteoric origin. In this regard, high-angle reverse faults, such
as that of the Bafios del Toro, can act as valves, resulting in cyclic fluctuations of fluid pressure from
supralithostatic to hydrostatic values (Sibson et al. 1988). Seismic fault failure results in structural
permeability within the rupture zone, allowing the fast ascent of the geo-pressured waters at depth,
which in turn is followed by self-sealing of the ruptured fault zone, the re-accumulation of fluid
pressure, and eventually the repetition of the cycle (Sibson et al. 1988).

While it has been recognized that earthquakes can have a significant effect on fault-
controlled spring systems, the review of Keegan-Treolar et al. (2022) shows that these impacts are
rarely considered in many cases. Regarding our work, although it is not possible to directly evaluate
the proposed mechanism based on the data collected during the two years of surface water sampling,
historical information can be considered as an indirect way to assess the validity of this explanation.

This 1s addressed as follows.
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It is well-known that the study area, and Chile in general, is subject to permanent seismic
activity. In particular, on September 16, 2015, the Coquimbo region experienced a major earthquake
of 8.3 degrees on the Richter scale, which had several aftershocks, including a major one of 6.9
(degrees on the Richter scale) on November 11, 2015. Oyarzun et al. (2019) described the effect of
these earthquake events on the emptying of a rather small aquifer in a fractured rock massif near the
Elqui coastal area. Here, considering the same events but focusing in the current study area, it is of
particular interest that the Sept 16, 2015 event was followed by a period of approximately two weeks
(zone "A" in Fig. 11) of unusually increased discharge in the Toro River (reversing an ongoing
downward trend), which was not observed in the Derecho and Cochiguaz rivers. Coinciding with

the increase in flow there was a transient increase in water temperature as well.

[Figure 11 here]
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Figure 11. Variation in relative discharge (Qi/Q., with Q; being the average discharge of day “i” and
Qo the average discharge of September 1, 2015) of Toro, Derecho and Cochiguaz rivers (closed
circles), and water temperature (open circles) of the Toro river (after DGA data taken from
https://snia.mop.gob.cl/dgasat/pages/dgasat param/dgasat param.jsp?param=1). Vertical red lines
show the date of occurrence of the 8.3 and 6.9 (Richter degrees) seismic events; A and B denotes

ca. two-weeks periods after those events.

Following the major aftershock on November 11, 2015, another period of approximately two
weeks (zone "B" in Fig. 9) showed the same increase of flow and temperature in the Toro River.
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Although in this case an increase in surface discharge was also observed in the Derecho and
Cohiguaz rivers, that increase was much smaller compared to that observed in the Toro River, and
likely was mainly related to the onset of the late-spring/summer snow melting in Derecho and
Cochiguaz sub-basins.

In summary, it is reasonable in the Toro case, that an exfiltration mechanism allows the
ascent of deeper and older groundwater, effectively explaining the situation clearly noticed with the
3H analyses and supported by the 2H, '30 data. In other words, the presence of older waters, and
therefore a particular and different hydrological dynamic, with respect to the other sub-basins
studied. Our data analyses provide indirect, supporting evidence for the rise of deep waters affected
by the waning magmatic activity that still exists in the Toro sub-basin, the latter as inferred from the
presence of the Bafios del Toro thermal-spring and other thermal-springs elsewhere (Maksaev et al.,
1984). There is evidence (indirect but consistent) of the effect of seismic activity on fault behavior

and its effects on the differential hydrological dynamic of the Toro River.

4. CONCLUSIONS

Based on the use of environmental tracers (°*H, '*0, ?H), we observed different hydrological behavior
in the Toro River sub-basin compared to three nearby ones (Derecho, Cochiguaz, and Incaguaz
rivers sub-basins). We evaluated possible explanations for this outcome.

Although we initially thought that the facilities of an important mining site, currently in the
closure stage (in particular the volume associated with underground works and a tailings dam used
as a sedimentation pond), could have played a role in the hydrological behavior observed, a simple
residence time calculation ruled out this possibility. We also could not attribute the presence of older
waters in Toro to specific different physiographic features in that basin (compared to the other three),
or to differences in seasonal distributions of snow and glaciers. Our analysis instead pointed towards
the role of geological features of the Toro River sub-basin, integrating concepts associated with the
ascent of fluids in fault zones, to obtain a feasible explanation of the observed hydrological dynamic.
We postulate that the hydrological behavior in the Toro sub-basin is related to the activation of faults
in response to seismic activity. Water from deeper zones is pumped upward causing the presence of
water at the surface that is older than those associated with current meteoric processes. We explain
the proposed occurrence of this fault-induced water flow process by indirect information associated

with a major seismic event that occurred in 2015, as well as the description of a similar situations in
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nearby basins in the central zone of Chile. These findings support the notion that geological
processes, such as earthquake induced fault activities, should be assessed, and eventually accounted
for when studying mountain hydrogeological processes, especially in high fractured areas and with

direct or indirect evidence of geothermal activity.
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Supplementary Material.

Raw Isotopic data

N° Date Sub-basin 580 &°H 3H
(%o) (%) (TY)

1 2021-08-12 Derecho -13.7 -99.3 1.292

2 2021-09-09 Derecho -13.6 -98.7

3 2021-10-20 Derecho -13.3 -98.1

4 2021-11-17 Derecho -13.2 -97.8

5 2021-12-15 Derecho -13.3 -97.7 1.139

6 2022-01-17 Derecho -13.1 -96.8

7 2022-01-31 Derecho -13.0 -96.9

8 2022-03-15 Derecho -13.3 -97.4

9 2022-04-21 Derecho -13.0 -97.4

10 2022-05-24 Derecho -13.5 -98.6

11 2022-06-16 Derecho -13.2 -99.3

12 2022-07-12 Derecho -13.6 -99.9

13 2022-08-18 Derecho -13.5 -99.9 1.329

14 2022-09-21 Derecho -13.3 -99.2

15 2022-10-20 Derecho -13.2 -99.0

16 2022-12-08 Derecho -13.0 -96.8 1.519

17 2022-12-27 Derecho -13.0 -95.4

18 2023-01-24 Derecho -13.2 -97.0

19 2023-03-07 Derecho -13.0 -97.0

20 2023-04-13 Derecho -13.1 -97.9

21 2023-05-11 Derecho -13.2 -98.8

22 2023-06-21 Derecho -13.4 -99.6

23 2023-07-26 Derecho -13.2 -98.8

24 2023-08-31 Derecho -13.2 -98.3

25 2024-01-09 Derecho 1.102
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N° Date Sub-basin 8180 &2H 3H
(%o) (%) (TY)

1 2021-08-12 Cochiguaz -14.2 -103.3 1.357

2 2021-09-09 Cochiguaz -14.0 -102.3

3 2021-10-20 Cochiguaz -13.6 -100.9

4 2021-11-17 Cochiguaz -13.5 -100.2

5 2021-12-15 Cochiguaz -13.5 -100.0 1.152

6 2022-01-17 Cochiguaz -13.4 -99.0

7 2022-01-31 Cochiguaz -13.4 -99.5

8 2022-03-15 Cochiguaz -13.6 -100.0

9 2022-04-21 Cochiguaz -13.6 -100.7

10 2022-05-24 Cochiguaz -13.8 -101.8

11 2022-06-16 Cochiguaz -13.9 -102.8

12 2022-07-12 Cochiguaz -14.3 -104.8

13 2022-08-18 Cochiguaz -14.0 -103.5 1.479

14 2022-09-21 Cochiguaz -13.8 -102.7

15 2022-10-20 Cochiguaz -14.0 -103.9

16 2022-12-08 Cochiguaz -13.6 -101.8 1.712

17 2022-12-27 Cochiguaz -13.4 -101.4

18 2023-01-24 Cochiguaz -14.0 -102.1

19 2023-03-07 Cochiguaz -13.8 -101.8

20 2023-04-13 Cochiguaz -13.9 -102.7

21 2023-05-11 Cochiguaz -14.1 -103.9

22 2023-06-21 Cochiguaz -13.9 -104.3

23 2023-07-26 Cochiguaz -14.1 -104.0

24 2023-08-31 Cochiguaz -13.8 -102.7

25 2024-01-09 Cochiguaz 1.167
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N° Date Sub-basin 8180 &2H 3H
(%o) (%o) (TU)

1 2021-08-12 Incaguaz -14.8 -111.1 1.199

2 2021-09-09 Incaguaz -14.7 -110.8

3 2021-10-20 Incaguaz -14.5 -109.9

4 2021-11-17 Incaguaz -14.3 -108.6

5 2021-12-15 Incaguaz -14.4 -109.0 1.099

6 2022-01-17 Incaguaz -14.3 -107.7

7 2022-01-31 Incaguaz -14.3 -108.4

8 2022-03-15 Incaguaz -14.6 -109.1

9 2022-04-21 Incaguaz -14.6 -110.0

10 2022-05-24 Incaguaz -14.8 -111.6

11 2022-06-16 Incaguaz -15.1 -112.5

12 2022-07-12 Incaguaz -15.3 -112.9

13 2022-08-18 Incaguaz -15.1 -113.2 2.073

14 2022-09-21 Incaguaz -14.9 -112.2

15 2022-10-20 Incaguaz -14.7 -111.9

16 2022-12-08 Incaguaz -15.1 -114.2

17 2022-12-27 Incaguaz -15.0 -112.4

18 2023-01-24 Incaguaz -14.4 -110.0

19 2023-03-07 Incaguaz -14.5 -109.6

20 2023-04-13 Incaguaz -14.6 -111.0

21 2023-05-11 Incaguaz -15.0 -112.4

22 2023-06-21 Incaguaz -15.1 -113.4

23 2023-07-26 Incaguaz -14.9 -112.2

24 2023-08-31 Incaguaz -14.9 -112.2

25 2024-01-09 Incaguaz 1.076
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N° Date Sub-basin 580 &°H 3H
(%o) (%o) (TU)

1 2021-08-12 Toro -14.9 -115.0 0.316

2 2021-09-09 Toro -14.9 -114.7

3 2021-10-20 Toro -14.6 -113.2

4 2021-11-17 Toro -14.6 -113.1

5 2021-12-15 Toro -14.8 -114.1 0.354

6 2022-01-17 Toro -14.7 -112.6

7 2022-01-31 Toro -14.8 -113.3

8 2022-03-15 Toro -14.8 -114.2

9 2022-04-21 Toro -14.9 -114.3

10 2022-05-24 Toro -15.2 -115.6

11 2022-06-16 Toro -15.3 -116.2

12 2022-07-12 Toro -15.3 -116.2

13 2022-08-18 Toro -15.3 -117.5 0.446

14 2022-09-21 Toro -15.1 -116.2

15 2022-10-20 Toro -14.9 -115.4

16 2022-12-08 Toro -14.8 -113.8 1.154

17 2022-12-27 Toro -14.9 -113.8

18 2023-01-24 Toro -14.8 -113.8

19 2023-03-07 Toro -14.8 -113.7

20 2023-04-13 Toro -14.8 -114.7

21 2023-05-11 Toro -15.0 -115.9

22 2023-06-21 Toro -15.6 -117.1

23 2023-07-26 Toro -14.8 -115.8

24 2023-08-31 Toro -14.8 -114.9

25 2024-01-09 Toro 0.327
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