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 23 

Abstract  24 

Mountain water resources are considered to be the world’s water towers. Still, despite their 25 

importance for downstream societies and ecosystems and their vulnerability to climate change, they 26 

remain poorly understood – It is the case in particular of mountain groundwater systems. Their 27 

complexity makes them difficult to conceptualize, while their remoteness makes them difficult to 28 

study, both observationally and instrumentally. Understanding mountain hydrogeological systems is 29 

mostly limited by the lack of characterization of the subsurface geologic framework and by the limited 30 

understanding of the role of geological structures on groundwater flow and on surface water-31 

groundwater interaction. Removing methodological barriers is therefore a necessary step for 32 

improving the understanding of mountain hydrogeological systems. 33 

To tackle this problem, we develop a comprehensive multi-disciplinary approach to gain insights into 34 

the hydrogeological role of geological structures in ungauged mountain catchments. The methodology 35 

consists of several complementary methods: (1) geological mapping at multiple scales; (2) a 36 

geophysical study including on-ground Electrical Resistivity Tomography (ERT) and, gravimetry 37 

transects, and a UAV-based magnetic survey; (3) hydraulic data, including a 9 km long transect of 38 

streamflow measurements in the recession period, the long-term Normalized Difference Vegetation 39 

Index (NDVI), and varied hydric markers (e.g., a thermal spring and a puddle). The methodology is 40 

tested in the Parque Nacional del Río Clarillo, an ungauged catchment in the Andes Mountains (≈ 130 41 

km2) that is illustrative of the complexity of mountain hydrosystems featuring fault zones, weathered 42 

zones, intrusive rocks, and volcano-sedimentary successions.  43 

An increase of approximately 50% in the streamflow is observed over a short distance of 1 km. Such a 44 

localized and significant increase in the baseflow is not related to any superficial supply and can only 45 

be explained by groundwater exfiltration. Based on the multiscale geological mapping and geophysical 46 
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survey, a regional N-S fault and a secondary set of E-W local faults are identified in the vicinity of the 47 

resurgence area, which conjointly are likely to export groundwater from a neighbouring subcatchment 48 

up to the resurgence area. Downstream of the resurgence area, no significant change in the baseflow 49 

is observed, corresponding to the presence of an impermeable granitic pluton identified by the 50 

geological and geophysical mapping. Finally, a fractured zone in the Andean foothills is identified in 51 

the volcanic unit, which coincides with a perennial thermal spring, indicating upwelling flow and 52 

hydrogeological connectivity between the mountain block and the alluvial basin. 53 

The results strongly support the ability of the proposed methodology to identify geological structures 54 

that substantially impact the evolution of the baseflow through the catchment. The complementary 55 

multi-disciplinary methods are used innovatively to infer the link between geological and 56 

hydrogeological structures. The methodology does not aim to fully characterize the geological 57 

framework of the catchment but pragmatically focuses on hydrogeologically pertinent structures that 58 

may impact baseflow and consequently catchment management. 59 

 60 

Keywords: Structural geology, UAV-based magnetic, hydrogeophysics, fault zone, mountain aquifer, 61 

groundwater-surface water interaction 62 

 63 

1. Introduction 64 

Interest in mountain catchments has been growing recently (Markovich et al., 2019 and references 65 

within). Mountains serve as water reservoirs for downstream alluvial basins due to the heavy 66 

precipitation they receive (Immerzeel et al., 2020; Somers and McKenzie, 2020). More than half of 67 

humanity depends on mountain hydrosystems for their water supply (Grêt-Regamey et al., 2012). 68 

Snow- and glacier-dominated hydrosystems supply more than one-sixth of the world’s population 69 



Unravelling geological controls on groundwater flow and surface water-groundwater interaction in mountain systems: a multi-disciplinary 

approach  

4/42 

 

(Barnett et al., 2005). Human dependence on these systems is all the more critical as they are 70 

particularly vulnerable to climate change (Beniston, 2003; Huss et al., 2017; Viviroli et al., 2011). 71 

Understanding the functioning of mountain blocks and their hydraulic connectivity with anthropized 72 

basins downstream is thus critical for water resource management (Kamenik et al., 2001; McDonnell, 73 

2003; Soulsby et al., 2007), as well as for society’s resilience to climate change (Hayashi, 2020; Viviroli 74 

et al., 2020). Furthermore, mountain catchments constitute preserved spaces and biosphere reserves, 75 

in some cases harbouring endemic or native species (Clarke et al., 2008; Freeman et al., 2007; Meyer 76 

et al., 2007) and providing various ecosystem services (Egan and Price, 2017). 77 

However, despite their importance, mountain hydrogeological systems remain poorly understood 78 

(Bishop et al., 2008) owing to their inherent complexity stemming from significant topographic, 79 

climatic, and geological gradients. In particular, the interplay of geology, geomorphology, and climate 80 

on groundwater flow and related variables is barely understood (Condon and Maxwell, 2015; Gleeson 81 

and Manning, 2008; Winter, 2001): for example, groundwater-flow scale, depth, distribution 82 

(Markovich et al., 2019; Roques et al., 2014), and recharge (McCord et al., 1997; Nicolas et al., 2019; 83 

Sanford, 2002; White and Burbey, 2007), groundwater-surface water interaction (Brunner et al., 2009; 84 

Fleckenstein et al., 2010), groundwater timescales (Jasechko et al., 2016), and river ecology and 85 

biogeochemistry (Kolbe et al., 2016; Weyer et al., 2014). The geological heterogeneity of mountain 86 

blocks related to multiscale fracturing, lithological discontinuities, weathering, etc., is likely to 87 

substantially control groundwater flow as significant gradients of the hydraulic conductivity induce 88 

flow anisotropy (Leray et al., 2013, 2012), flow channelling, intercatchment flow (Fan, 2019), and 89 

possibly groundwater exfiltration (Bense et al., 2013; Caine et al., 1996; Scibek et al., 2016).  90 

Although studies indicate that geological structures substantially impact groundwater-surface water 91 

interaction (Schaller and Fan, 2009) and stream flowrate and regime, most studies have focused on 92 

the role of climate and geomorphology (Condon and Maxwell, 2015; Cuthbert et al., 2019; Gleeson 93 

and Manning, 2008; Welch and Allen, 2012). The geological complexity of hydrogeological systems 94 
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strongly impedes the generalization of in situ observations and site-specific results and accordingly 95 

limits the development of unified hydrogeological frameworks (Markovich et al., 2019; Wilson and 96 

Guan, 2004). Worse, mountain hydrogeological systems remain mainly uncharacterized as their steep 97 

topographic gradients and remoteness strongly limit access and site instrumentation. The scientific 98 

bottleneck regarding the understanding of the hydrogeological functioning of mountain groundwater 99 

systems is therefore above all a methodological gap, the filling of which requires the improved 100 

characterization of their subsurface geologic framework (Bense et al., 2013; Markovich et al., 2019).  101 

Groundwater flow paths and origins in mountain catchments have traditionally been inferred using 102 

hydrogeochemistry, water stable isotopes, and environmental tracers such as noble gases and 103 

anthropogenic tracers (Alvarez-Campos et al., 2022; Baraer et al., 2015; Hilberg, 2016; Jung et al., 2021; 104 

Ma et al., 2018; Manning and Solomon, 2005). As they directly derive from flow processes, these 105 

methods can theoretically compensate for the lack of direct observations of hydraulic conductivity and 106 

hydraulic gradients from standard hydraulic methods (boreholes, pumping tests) (Ginn et al., 2009). 107 

However, because of water mixing processes, they constitute integrative methods that remain poorly 108 

effective to differentiate between hydrogeological models at the local scale (Troldborg et al., 2007) 109 

and to identify hydrogeologically pertinent structures in complex systems (Leray et al., 2012). Hence, 110 

in the absence of end-member waters with significantly different chemical signatures, the 111 

deconvolution of tracers and hydrogeochemical data is extremely challenging. 112 

 Water balance analysis is a straightforward method that has been mainly used for the estimation of 113 

water balance components and for closing the water balance (Andermann et al., 2012; Cochand et al., 114 

2019; Hood and Hayashi, 2015; McClymont et al., 2010). However, closing the water balance may be 115 

strongly impaired in small ungauged catchments where the large amount of data required is not 116 

satisfied as ground data are rarely available and remote sensing data are often too coarse (Acharya et 117 

al., 2021; Hobouchian et al., 2017; Longuevergne et al., 2010; Zambrano-Bigiarini et al., 2017). Besides, 118 

addressing the role of geological structures on groundwater flow and surface water-groundwater 119 
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interaction implicitly requires the selection of characterization methods that are able to image 120 

geological discontinuities, that is, those with a relatively fine resolution (tens of meters). In this 121 

context, geophysics has emerged as a non-destructive method to survey the subsurface at various 122 

scales and depths and in some occasions hydrogeological processes (Binley et al., 2015; Robinson et 123 

al., 2008). Electrical Resistivity Tomography (ERT) has been widely used (Samouelian et al., 2005) for 124 

soil moisture studies (Araya Vargas et al., 2021), the identification of groundwater aquifer geometry, 125 

and the study of geological structures (Ball et al., 2010; Martos-Rosillo et al., 2019; Robert et al., 2011). 126 

ERT cross-sections can be aligned to reveal resistivity contrasts resulting from geological structures 127 

and to construct a 3D representation based on previous geological knowledge (Figueroa et al., 2021). 128 

Gravity surveys can be performed at different spatial scales, from local to regional, and can identify 129 

tiny changes in gravity to obtain structural information (Telford et al., 1990). Gravity surveys are 130 

generally used to delineate the basement depth of sedimentary basins (Abbott and Louie, 2000; 131 

Figueroa et al., 2021; Murty and Raghavan, 2002; Yáñez et al., 2015); however, they can also be used 132 

to identify geological contacts and discontinuities that do not outcrop (Ruelleu et al., 2010). While they 133 

can be used to image geological structures, the abovementioned methods and many more geophysical 134 

methods are unable to image hydrogeological features without an additional hydraulic-based 135 

constraint such as groundwater level, water resurgences, etc. Besides, ground geophysical surveys of 136 

mountain catchments are limited by their remoteness, which has raised interest in the use of aerial 137 

surveys. So far, aerial geophysical surveys have been conducted by helicopter or airplane for large-138 

scale studies (>1,000 km2) focusing on major regional geological structures (Dumont et al., 2021; 139 

Hussien et al., 2017; Lopez Loera et al., 2015; Reeves, 2005; Vittecoq et al., 2019). Yet, the recent 140 

emergence of drones (UAV) has offered a potential means to explore the subsurface framework at 141 

much smaller scales and more systematically, thanks to their smaller clearance distances (less than 50 142 

m) and closer profiles.  143 
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Hydrogeology is fundamentally at the cross-roads of various disciplines and multidisciplinary 144 

approaches have naturally shown their value for characterizing, understanding and managing 145 

groundwater as the joint use of various methods makes it possible to more widely cover the 146 

parameters space (Kreamer et al., 2021). Regarding mountain catchments, studies based on various 147 

methods became essential to develop a more in-depth knowledge of hydrogeological systems and to 148 

propose new conceptual models of their hydrogeological functioning (Christensen et al., 2020; 149 

Manning et al., 2021; Markovich et al., 2021; Ruiz-Pereira et al., 2023; Somers et al., 2016). However, 150 

the choice of data that are informative and complementary enough and the interaction between 151 

disciplines that may not share the same approaches and perceptions are in itself challenging. The main 152 

objective of this study is to develop a novel multi-disciplinary approach to assess the hydrogeological 153 

role of geological features at the catchment scale in ungauged mountain catchments. To do so, we 154 

perform a thorough geological characterization through a multiscale geological mapping and ground 155 

and aerial geophysical instrumentation to accurately outline both the surface and the subsurface 156 

geological framework. To clearly establish the impact of geological features and heterogeneity on 157 

hydrogeological structures, hydrogeological information is retrieved from various sources and various 158 

data types, including spatially-distributed baseflow measurements, the Normalized Difference 159 

Vegetation Index (NDVI), and a thermal spring location and temperature. The multidisciplinary 160 

methodology is designed to get a comprehensive understanding of the system and establish a causal 161 

link between geological and hydrogeological features which cannot be achieved by each of the 162 

methods separately. The scope of this study is functional and pragmatical aiming to identify the key 163 

geological structures for groundwater flow but not the entire geological framework and focusing on a 164 

key hydrological variable which is the streamflow. 165 

In the following section, we present the application of the methodology to the Parque Nacional del Río 166 

Clarillo, an ungauged mountain catchment in Chile whose large geological heterogeneity is illustrative 167 

of both the scientific and methodological challenges to the analysis of mountain groundwater systems. 168 
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After presenting the results in section 3, we discuss the capacity of various hydrogeological conceptual 169 

models to explain the observed streamflow variations and hydric singularities as well as the 170 

differentiating aspects and novelty of the proposed approach. 171 

2. Study site and methodology 172 

2.1. Study site 173 

2.1.1. Climatic context  174 

The Parque Nacional del Río Clarillo is an ungauged catchment with an area of 130 km² located 35 km 175 

southeast of Santiago (-33.72°, -70.49°, Figure 1 a and b). Situated in a semi-arid climate, the park is 176 

suffering from the uninterrupted drought that has been affecting Central Chile since 2010 and had led 177 

to a decrease in precipitation of about 30% in this region (Garreaud et al., 2020). Though presenting 178 

significant interannual variability, the average annual precipitation downstream of the park historically 179 

amounted to approximately 700 mm during the period 1990-2010(DMC, 2023). However, since the 180 

beginning of the drought, it very often does not exceed 300 mm and reached 400 mm on very few 181 

occasions (DMC, 2023). Accordingly, observations by park rangers and technical studies (Niemeyer, 182 

2002) point at a severe reduction of the Río Clarillo baseflow of close to 75%. Still, these observations 183 

should be interpreted with caution as they remain very sparse. The Río Clarillo regime is pluvionival 184 

with streamflow maintained by snowmelt in the upper part of the catchment. While snowmelt 185 

historically lasted up to the end of March, the past few years have shown an earlier melting, which 186 

rarely persists after January according to observations by park ranger. 187 

2.1.2. Geological context 188 

The present-day configuration of the Andes of Central Chile is marked by the development of two 189 

margin-parallel ranges, the Coastal Cordillera to the west and the Principal Cordillera to the east, 190 

separated by the Central Depression alluvial plain. The study area is located on the western margin of 191 
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the Principal Cordillera (Figure 1a), and is uplifted by more than 2,000 m over the Central Depression 192 

by the cumulative displacement of the west-vergent San Ramón-Pocuro Fault System (SRPFS)(Armijo 193 

et al., 2010; Rauld, 2002).  194 

The geology of the Río Clarillo catchment records the evolution of the western margin of the Eocene-195 

Miocene Abanico Basin (Figure 1c). This includes the volcanic and sedimentary rocks of the extensional 196 

phase of the Abanico Basin, the Abanico Formation (Oligocene-Miocene), and the volcanic rocks that 197 

represent the tectonic inversion of the basin, that is, the Miocene Farellones Formation (Charrier et 198 

al., 2002). These stratified units are intruded by granitic rocks of the La Obra pluton (c.a. 21 Ma), (Figure 199 

1c). However, at the scale of this work, there is no consensus on whether the rock bodies outcropping 200 

in the Río Clarillo catchment should be assigned to these formal units (Fock, 2005; Piquer et al., 2021, 201 

2017; Thiele, 1980). 202 

At the regional scale, the Abanico Formation shows intense deformation of tight west-vergent folds in 203 

the westernmost outcrops that gradually decreases towards the east to wide and open folds. The 204 

Farellones Formation lies unconformably over the tight folds affecting the Abanico Formation in the 205 

westernmost outcrops, showing less intense folding, and becomes gradually parallel to the underlying 206 

Abanico formation towards the east (Charrier et al., 2002; Fock, 2005).  207 

Scarce Pliocene to Holocene alluvial and fluvial deposits are preserved in the main fluvial valley and in 208 

tributary ravines. From the mouth of the Río Clarillo valley, alluvial deposits show a strong increase in 209 

thickness towards the Central Depression, reaching a thickness of up to 500 m (González et al., 2018; 210 

Yáñez et al., 2015). 211 

2.2. Geological methodology 212 

The geological survey consisted of a regional geological mapping (1:100,000 scale) of the whole Río 213 

Clarillo catchment (Figure 1c), refining the previous geological maps in the area. To assess controls on 214 

primary permeability, since there is no consensus on the assignment of these rock units to the formal 215 



Unravelling geological controls on groundwater flow and surface water-groundwater interaction in mountain systems: a multi-disciplinary 

approach  

10/42 

 

lithostratigraphic units in the area (Fock, 2005; Piquer et al., 2021; Thiele, 1980), strictly lithological 216 

units were defined and mapped. As for the controls on structural features on secondary permeability, 217 

faults, folds, and fracture zones were surveyed at a finer scale, focusing on fracture systems along the 218 

riverbed and on hilltops where rock outcrops are observed. 219 

2.3. Geophysical methods 220 

The geophysical study involves the joint use of a UAV-based aeromagnetic system (with only limited 221 

previous applications in the Andes (Sanhueza et al., 2022; Yáñez et al., 2020)) and on-ground transect 222 

data obtained from ERT and gravimetry. As shown in Figure 1c, transect (A-A’) and the drone coverage 223 

are oriented east-west to perpendicularly intersect the main structures present in the study site as the 224 

SRFPS is N-S oriented (see section 2.1.2 for a description of the geological context). As shown in Figure 225 

1c, a second roughly E-W transect (B-B’) is also performed. This transect is located 10 km northeast of 226 

the Río Clarillo catchment, in the Río Coipo valley, and was performed to gain insights on the geological 227 

structures on the eastern flank of the La Obra pluton, where the rough topography prevents the use 228 

of ground-based geophysical methods along the primary transect A-A’. Furthermore, having two 229 

parallel profiles allows a 3D view of the geology to be obtained (N-S along strike variations). We use 230 

the same methodological approach in both transects. The results of this second transect are presented 231 

in the supplementary material; nevertheless, their contribution to our geological interpretation of the 232 

study area is included in the discussion.  233 

2.3.1. Electrical Resistivity 234 

Electrical Resistivity Tomography is an exploration method that measures the subsurface distribution 235 

of electrical resistivity with high resolution (Dahlin, 2001). It can be used to detect water-saturated 236 

areas and the depth of the contact between the sediment surface layer and the basement unit, as well 237 

as to identify fracture and fault zones in the basement unit, which show lower resistivity compared to 238 
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the surrounding unfractured rock. As the ERT method has optimal definition in the shallow subsurface, 239 

it is limited to depths of around 250-300 m, depending on the dipole separation. 240 

Data were acquired using an ABEM Terrameter LS2 (Guideline Geo, Stockholm, Sweden). The 241 

measurement protocol involved a Dipole-Dipole array with 48 electrodes and a 20 m inter-electrode 242 

spacing. Each profile was 1 km long with an investigation depth of about 250-350 m. The Dipole-Dipole 243 

array was chosen for its particularly good definition of the vertical structures typically present in faults 244 

and geological layers (Loke, 2004; Samouelian et al., 2005). 245 

The Río Clarillo and Río Coipo transects are respectively composed of six and seven profiles (the former 246 

having fewer profiles due to field conditions). Both profiles present a 500 m overlap between each 247 

profile to obtain a better characterization of the structures. The apparent resistivity datasets obtained 248 

in the field for each profile were inverted separately to obtain 2D resistivity cross-sections. The data 249 

were inverted using the ZonRes2D software (Kaminsky, 2010). Each profile was then “stitched” to the 250 

adjacent one to obtain the full transect using the stitching tool in the Oasis Montaj software (Seequent, 251 

Christchurch, New Zealand). This stitching method is necessary to obtain the full-length transect 252 

without noticeable edge effects at the extremes of the profiles. 253 

2.3.2. Gravimetry 254 

Gravimetry measures the gravity field caused by differences in mass distribution below the surface. 255 

Variations in the residual gravity anomaly i.e. the difference between properly corrected gravity 256 

observations and the regional field (see a description of this process later in this section) can be 257 

indirectly associated with the subsurface density distribution, which can in turn be used to infer 258 

geological information along the measured profile. We used a CG-5 Autograv relative gravimeter 259 

(Scintrex, Concord, ON, Canada) with a resolution of 5 μGal and a Trimble R4 GNSS (Trimble, 260 

Westminster, CO, USA) receiver that gives the position and altitude with a precision of less than 30 cm. 261 

The Río Clarillo transect (A-A’) has 56 gravimetric stations spaced ≈50 m apart along a 2.5 km long 262 
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profile (Figure 1c). The Río Coipo transect (B-B’) presents 72 gravimetric stations spaced ≈100 m apart 263 

along a 7 km long profile (Figure 1c). 264 

Gravity data were corrected using standard procedures (Telford et al., 1990): (1) The tidal correction 265 

is computed by the instrument during all the measurements and the drift correction is estimated as a 266 

linear function during the day with measurements at the base station at the beginning and end of the 267 

day; (2) The latitude correction was computed using the WGS84 reference ellipsoid; (3) The absolute 268 

gravity value was obtained using the base station at the Department of Geophysics of the University 269 

of Chile (Universidad de Chile) (Gravity DGF: 979,416.07 [mGal]); (4) The Free-air and Bouguer 270 

corrections were computed using the altitude obtained from the differential GNSS and assuming a 271 

mean subsurface density of 2.67 g/cm^3; and (5) The Terrain correction was calculated with a high-272 

resolution digital terrain model with a 5 m resolution (AW3D Standard product, acquired from NTT 273 

DATA Corporation). Finally, the regional effect was removed to obtain the residual anomaly along the 274 

profile due to the effect of the low-density bodies under the Principal Cordillera at deeper crustal 275 

levels: for this purpose, the Bouguer anomaly of Santiago obtained by Yáñez et al. (2015) was removed 276 

from our data. Then, the result was processed using the rock measurement performed at a point of 277 

zero-anomaly as a constraint. After correcting the gravity observations, we obtained a residual gravity 278 

anomaly suitable for geologically constrained gravity modelling. The modelling process consisted of a 279 

forward modelling using the ModelVision software (Encom), with the model output being compared 280 

to the residual gravity anomaly.  281 

2.3.3. UAV-based magnetic survey  282 

In the magnetic method, the magnetic properties of rocks are measured using a magnetometer. It 283 

provides a valuable tool to map geology and structural networks if they involve magnetic contrasts. 284 

The operational simplicity of total field magnetometers, in which the magnetic field is recorded almost 285 

instantaneously regardless of the sensor or platform orientation, make them very suitable for use in 286 

mobile platforms, such as airplanes, ships, or UAVs. We used a Bartington MAG03 fluxgate 287 
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magnetometer (Bartington Instruments, Oxon, United Kingdom) with three orthogonal components 288 

mounted on a UAV system. We surveyed one block (see spatial distribution in Figure 1c, purple 289 

polygon). The polygon is 6,600 m long and 1,800 m wide, covering large parts of the reserve and both 290 

side contacts of the intrusive unit. Lines were flown in the N-S direction with a line separation of 200 291 

m and a flight altitude of 50-80 m above terrain level. The location was recorded with a standard GPS 292 

with an accuracy of 5m. 293 

The following corrections were applied to the raw magnetic field observations: (1) removal of diurnal 294 

variations; (2) removal of the Earth’s magnetic field (IGRF, International Geomagnetic Reference Field); 295 

and (3) recovery of the total magnetic field from the three-component fluxgate magnetometer (for 296 

details see Sanhueza et al., (2022)). After data correction, we obtained a residual magnetic field 297 

dominated by magnetic sources in the shallow crust. The data were then reduced to the magnetic pole 298 

(RTP), an approach which aims to centre anomalies over their source (Blakely, 1995). The magnetic 299 

data were then interpreted qualitatively by comparing the RTP map with geological, hydraulic, and 300 

additional geophysical information. 301 

2.4. Streamflow measurements, remote sensing data, and hydric markers 302 

The streamflow rate was measured from the outlet of the national park up to the confluence of the 303 

two main tributaries of the Río Clarillo, 9 km further upstream (Figure 1b). The measurements were 304 

carried out at least every kilometre and when possible at smaller intervals in the sectors of interest, 305 

that is, where the flow exhibited significant variation. Data were acquired with an Acoustic Doppler 306 

Velocimeter (FlowTracker, SonTek). Three campaigns were completed during the 2019 recession 307 

period (austral autumn) to better evidence the contribution of groundwater to the baseflow. The first 308 

and third campaigns are complete campaign from the outlet P0 to the confluence P8 while the second 309 

campaign is simply a small-scale campaign between points P4 and P5. If the streamflow measurements 310 

can be quantitatively compared between each campaign, the three campaigns exhibit similar trends 311 
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and features and can serve as cross-validation. Some data points are missing due to technical, logistical 312 

or staff complications on site (e.g., point P5 during the third campaign). We also considered different 313 

types of soft hydric data (i.e., qualitative data), which are essential in ungauged catchments (Seibert 314 

and McDonnell, 2015). The soft data were mainly obtained from the knowledge of the nearby 315 

community of Pirque, the testimony of park rangers, and the authors’ observations during field 316 

campaigns. 317 

To complement the streamflow analysis and to obtain a long-term assessment of the streamflow 318 

dynamics and the persistence of possible resurgence zones, we analysed NDVI time series. The NDVI 319 

measures the difference between infrared and red light to quantify vegetation presence and density 320 

using reflectance bands. It is the most common index used in remote sensing to understand drought 321 

processes (Gu et al., 2008, 2007), related plant water stress (Ballester et al., 2019; Katsoulas et al., 322 

2016), and to evaluate groundwater fluctuation and vegetation cover (Pan et al., 2008; Seeyan et al., 323 

2014). The NDVI was obtained from the MODIS/MCD43A4 product (Schaaf and Wang, 2015) through 324 

the Google Earth Engine (Gorelick et al., 2017) from 24 Feb 2000 to 31 Dec 2019, that is, covering the 325 

drought period and the previous decade. 326 

2.5. Conceptual hydrogeological models  327 

We develop various conceptual hydrogeological models and discuss hypotheses in relation to the 328 

streamflow evolution through the catchment. As argued later in section 3.4, the groundwater-surface 329 

water interaction is highly likely to be related to geological discontinuities. Geological controls on 330 

groundwater-surface water interaction are further reinforced by a parallel sensitivity study (not shown 331 

here) of baseflow evolution through the catchment to varying uniform recharge rates on 332 

homogeneous numerical models in which topography-driven groundwater flows do not reproduce the 333 

streamflow measurements carried out in our catchment. Therefore, the conceptual models differ 334 

mostly in terms of the drainage surfaces and geological structures involved in the groundwater-surface 335 
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water interaction. The conceptual models are presented in detail in section 4.1 following the joint 336 

interpretation of data presented in section 3.4. 337 

To offer a more quantitative point of view, the proposed conceptual models can be segregated by 338 

simple mass balance. Assuming steady-state conditions with no storage in the soil nor in the aquifer, 339 

a relatively low direct runoff coefficient considering the forest cover and relatively constant baseflow 340 

over the year, the effective precipitation in each catchment (defined as total rainfall minus actual 341 

evapotranspiration) can be directly compared to the baseflow per drainage area, i.e., what goes in 342 

goes out. A mean yearly value for effective precipitation is estimated from ground-based 343 

meteorological data for the period 1985-2013, as acquired by the park administration in the vicinity of 344 

the catchment outlet P0 (Figure 1). The estimated effective precipitation over the catchment in this 345 

period is close to 120 mm.  346 

3. Results 347 

We successively present the results of the geological mapping for hydrogeological considerations, the 348 

geophysical results, and the results related to streamflow measurements and remote sensing analysis.  349 

3.1. Geology 350 

Strictly based on lithological characteristics (Figure 1c), four rock units were defined and mapped in 351 

the studied area, some of which were recognized in more than one stratigraphic position. The first is 352 

an “Andesitic unit” composed mainly of andesitic lava flows and hypabysal porphyritic intrusives, with 353 

minor andesitic tuffs and sandstones. This unit was recognized west of the newly identified Papagayo 354 

fault presented in the next paragraph and at the base and in the middle of this fault hanging wall. The 355 

second is a “Sedimentary unit”, which is a sandstone-dominated unit that also includes conglomerate, 356 

lithic tuff, and andesite intercalations and crops out discreetly in the footwall of the Papagayo fault - 357 

extensively in the middle section of its hanging wall and as a small wedge within its upper section. The 358 
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third is a stratified “Dacitic unit”, which is composed of brightly coloured dacitic lavas and tuffs 359 

recognized in the upper section of the Papagayo fault hanging wall. The fourth unit is a “Granitic unit” 360 

composed of monzogranites, syenogranites, and granodiorites, which outcrops in the western flank of 361 

the Principal Cordillera, intruding the stratified volcanic and sedimentary rocks.  362 

The structural features of the study area allow the recognition of two distinct structural domains. The 363 

first is a western domain limited by the main trace of the west-vergent San Ramón fault and a newly 364 

identified N-S reverse fault, which here is called the Papagayo fault (Figure 1c). This domain shows 365 

tight short-wavelength (2-4 km) folds and minor inverse faults, generating highly dipping strata. The 366 

second domain is located to the east of the Papagayo fault and shows low dips on the flanks of long-367 

wavelength (6-8 km) folds. However, 2 km east of the Papagayo fault, a west-vergent anticline is 368 

recognized in the hilltops affecting the andesitic and sedimentary units. Directly beneath the anticline, 369 

faulting and fracturing is recognized affecting the granitic rocks outcropping along the riverbanks. A 370 

detailed structural survey in this area showed a zone with a high fracture density with vertical and 371 

closely spaced NS- and EW- striking sets and minor inclined NW- and NE-striking sets (criss-crossed 372 

zone in Figure 1c). 373 

3.2. Geophysical study 374 

Figure 2 presents the magnetic field reduced to the magnetic pole. The advantage of this 375 

representation is that it tends to show a direct correlation between the magnetic anomaly and the 376 

causative magnetic source (i.e., a positive correlation when the magnetic source is more magnetic than 377 

the surroundings, and a negative correlation for the opposite case). On this map, we identify four 378 

zones, mainly oriented north-south. Going from west to east, the first 2,000 m of the profile (zone 1) 379 

presents a strong positive magnetic anomaly that is relatively homogenous in the NS direction. Inside 380 

this zone, a short-wavelength (less than 200 m) but persistent negative anomaly is observed at 381 

longitude 361,000E. Secondly, in zone 2, between 362,000E and 364,000E, we observe a negative 382 
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anomaly with its larger amplitude in the northern half, and tapering off southward. This broad negative 383 

domain is followed to the east by another negative domain (zone 3) of the same length and signal 384 

amplitude (-60 to -80 nT) but decreasing southward and westward. The limit between zone 2 and zone 385 

3 is a fairly linear positive NS anomaly around 364,000E. Finally, zone 4 extends east of 366,000E, and 386 

is characterized by a broad positive anomaly that seems to extend beyond the study area.  387 

In agreement with the geological map, the mineralogical composition of geological units and 388 

susceptibility samples taken from outcrops (Table 1), the magnetic sources associated with zones 1 389 

and 4 represent volcano-sedimentary units, with mid-to-high contents of ferromagnetic minerals. In 390 

contrast, the negative magnetic anomaly of zones 2 and 3 can be associated with the intrusive body 391 

mapped in the geology. This intrusive has a consistently more felsic mineralogy and low magnetic 392 

susceptibility with a clear negative contrast compared with the volcanic units in the flanking domains 393 

(Table 1). The sharp transition between magnetic zones 3 and 4 can be associated with the mapped 394 

contact between the intrusive unit and the volcanic unit at the eastern border of the intrusion. 395 

Meanwhile, at the western limit of the study area, we can identify a similarly sharp transition between 396 

zones 1 and 2, in good agreement with the contact between the intrusive and volcanic rocks. We 397 

postulate that the positive anomaly at 364,000 E (which separates zones 2 and 3) represents a fault 398 

that provided room for the emplacement of more mafic magmatism (the andesites of the flanking 399 

zones 1 and 4) and/or a path for hydrothermal circulation and secondary magnetic enhancement due 400 

to contact metamorphism. This anomaly is hence associated to the newly identified Papagayo fault 401 

which appears to be a large-scale regional fault according to the gravimetric survey carried out in the 402 

Río Coipo catchment. Looking at the path of the river entering zone 2 going west, we see a change in 403 

direction from E-W to S-N, which may be another sign of the influence of this fault on the river network. 404 

Finally, in zone 1, the relative negative anomaly at 361,000E may be related to a demagnetization of 405 

the volcanic rocks caused by the hydrothermal fluid circulation at the piedmont fault zone.  406 
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The Río Clarillo ERT profile (Figure 3) can be separated into two well-defined zones, identified as zones 407 

1 and 2 on the aeromagnetic map. Zone 1 is defined at distances of between 0-1,300 m along the 408 

profile, where the environment is much more conductive than the other part of the profile (100-500 409 

ohm.m versus more than 1,000 ohm.m eastward). In this zone there are some small-wavelength 410 

heterogeneities (100-200 m) that are relatively positive and tabular (along-profile distances of 200-411 

400 m and 800-1,000 m) and a shallow sub-horizontal negative anomaly (along-profile distance of 100-412 

500 m). Magnetic zone 2 is partially represented between 1,300 – 3,600 m on the ERT profile. It 413 

contains a shallow (~ 50 m depth), almost continuous and relatively conductive layer (<300 ohm-m) 414 

above a resistant body (> 1,000 ohm-m). 415 

The geological interpretation is based on the locations of the two aeromagnetic zones. The higher 416 

resolution of the ERT profile compared to the magnetic data suggest the presence of a shallow layer 417 

of sediments overlying the volcanic and intrusive units. Zone 1 evidences a more conductive layer 418 

which likely represents the alluvions that cover the volcanoclastic rocks of the western flank of the 419 

study area. The magnetic signal in this zone cannot be used to discriminate this sedimentary unit, 420 

probably due to its low magnetic content. The vertical conductive structure between 400-500 m and 421 

the horizontal thin layer between 0-400 m are likely to be associated with the location of the thermal 422 

spring, as this really low resistivity can be associated with saturated sediments. Zone 2, between 423 

distances of 1,300 and 3,600 m the eastern portion of the ERT profile, occurs within the granitic 424 

intrusion and is covered by a thin layer of alluvial material. The high and rather homogeneous 425 

resistivity underneath the thin conductive cover suggests that this intrusive is a relatively 426 

homogeneous unit that is probably cut by structures at distances of 2,000 m and 2,800 m along the 427 

ERT profile. Even though no regional large-scale structures are defined in this area, Piquer et al. (2021) 428 

observed and mapped secondary structures inside the granitic intrusion at similar locations, which 429 

supports our working hypothesis on the discontinuity of the granitic body. These results indicate that 430 
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these heterogeneities represent faults or fold axes in the geology associated with the domain of high 431 

electrical resistivity. 432 

The gravity anomaly along the Río Clarillo valley transect (Figure 4 upper panel) shows two distinctive 433 

sectors, a western sector characterized by a relative negative anomaly (-5 mGal) between distances of 434 

0-500 m along the profile. To the east is a wide zone with a relatively steep gradient (2 mGal/km) 435 

between distances of 500-1,500 m along the profile. The remainder of the profile, between distances 436 

of 1,500-3,500 m, shows a relatively flat gravimetric response at -2.5 mGal. The proposed density 437 

model considers a background density of 2.67 gr/cc, as well as the structures and layers defined at the 438 

subsurface by ERT and magnetic interpretations. Densities for intrusive and volcanic rocks are based 439 

on in-situ rock sample measurements (Table 1), while sediment density is obtained from Yáñez et al. 440 

(2015).  441 

As shown in Figure 4 upper panel, the model response is in good agreement with observations, and is 442 

thus a plausible solution that is consistent with geological observations. Low density and thick 443 

sedimentary cover above the volcanic basement explain the lower gravity of the western side. The 444 

thickness of the sedimentary unit decreases eastward in line with the decrease of the amplitude in the 445 

negative gravity signal. This sedimentary body represents the alluvial fan at the piedmont. Considering 446 

the interpretation of the ERT profile, the low-resistivity zone at a distance of around 500 m is here 447 

represented as a fractured area in the volcanic unit and a low-density area in the sediment layer (1.85 448 

gr/cc). As seen on the ERT profile as a low-resistivity zone (below 50 ohm.m), this low-density zone 449 

extends between distances of 0 and 400 m, in the sediment layer, and probably represents a clay-450 

dominated body associated with the thermal spring zone recognized in the area. Towards the east 451 

(zone 2), an almost flat signal is modelled as the gravimetric response of the more felsic intrusive body 452 

(2.63 gr/cc) covered by a relatively thin layer of sediments. In this zone, the sediment cover is 453 

approximately 50 m, which agrees well with the ERT transect, which shows a covering of intermediate-454 

resistivity material of a similar thickness. At the contact between the two zones, at a distance of around 455 
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1,300 m, there is a small decrease in the gravity anomaly. This negative anomaly is associated with a 456 

low-density fractured zone. This contact zone is associated with the fractures induced by the intrusive 457 

emplacement. The fracture zone identified at a distance of 500 m could favour groundwater 458 

exfiltration, creating a preferential upwelling flow, according to the location of the thermal spring over 459 

this fault. The proximity of the two fracture zones (which are located at along-profile distances of 500 460 

m and 1,300 m) and their similar vertical structure indicate that a joint fault system may be connected 461 

at depth and act as listric faults. 462 

3.3. Streamflow measurements and remote sensing analysis 463 

Streamflow measurements acquired during the 2019 recession are displayed with regards to drainage 464 

(or upslope) area (Figure 5). A few interesting features are observed. First, we observe a significant 465 

increase of the streamflow at point P1 (grey triangles in Figure 5). However, this increase is not 466 

systematically observed within the same recession period (orange squares in Figure 5). Second, and 467 

most notably, it exhibits a significant increase of approximately 50% within a 1km distance (between 468 

P5 and P4-P3). We interpret this variation as groundwater exfiltration as there is no significant increase 469 

of the drainage area and there is no affluent observed in the area or a superficial supply of any type 470 

(snowmelt, water bodies). Groundwater exfiltration has been observed in the Carrizal area (Figure 1c) 471 

by park rangers, who have noted that “water is usually seen disappearing in the river” while they are 472 

going back up the Río Clarillo which is consistent with the lower streamflow rate from P4 to P5. 473 

Additionally, some hydric features are observed downstream of point P5, such as a permanent puddle 474 

about 50 m uphill and a curtain of dripping water on the east at the riverbank. 475 

The persistency of the groundwater exfiltration is confirmed by the difference in NDVI between the 476 

Carrizal area and the entire national park. The Carrizal area is displayed here as a strip 1,000 m in length 477 

and 500 m in width along the east side of the river where geological and hydric features have been 478 

observed. Over the period 2000-2019, the mean NDVI in the Carrizal area was 0.57, while it was 0.36 479 
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in the entire national park. The difference in NDVI between the Carrizal area and the entire national 480 

park is almost systematically positive (Figure 6), indicating that the Carrizal area has denser vegetation 481 

due to a higher water availability. In conclusion, both qualitative observations and quantitative data 482 

indicate that the groundwater exfiltration between P5 and P4 has persisted for at least the last two 483 

decades. 484 

3.4.  Joint interpretation of geophysical and geological results and hydraulic 485 

markers 486 

The interpretation of the magnetic map allows us to describe four north-south zones. The ERT and the 487 

gravity transects overlap zones 1 and 2 and indicate a similar spatial extent of these zones, which 488 

reinforces our results and interpretations. Moreover, the thermal spring is identified using each of the 489 

geophysical methods, indicating a relationship between this feature and the presence of a fault inside 490 

the volcanic unit. The temperature of the thermal spring is about 23°C. As the geothermal gradient is 491 

about 3°C/100 m in this region (Muñoz and Hamza, 1993; Valdenegro et al., 2019), it is possible to 492 

approximate at first order that this thermal source is fed along a 300 m deep structure at least, which 493 

is supported by the ERT interpretation and the gravity modelling. Both methods indicate that the 494 

thermal spring is likely associated to upwelling flow along a fault or fractures zone as seen on other 495 

locations along the Andes in Central Chile (Figueroa et al., 2021). Our second hydraulic indicator is the 496 

increase of baseflow that was measured between points 5 and 4. This area was only monitored with a 497 

UAV-based magnetic study. The contact between the volcanic unit at the eastern end of the reserve 498 

and the intrusive unit might be of significance for the increase of the river baseflow. Nevertheless, the 499 

location of the increase in the river flow is not exactly located over the contact defined on the 500 

aeromagnetic map (Figure 2). According to the geological map, the resurgence area close to the 501 

contact, presents a pattern of local east-west fractures (criss-crossed zone in Figure 1c). As seen at the 502 
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western edge of the contact between the intrusive unit and the volcanic unit (Figure 4), a highly 503 

damaged zone engenders the structural control of water flows. 504 

 505 

4. Discussion 506 

Based on the various observations described in the previous section, we first discuss the capacity of 507 

various conceptual hydrogeological models to explain the observed streamflow variations and hydric 508 

singularities. We then discuss the differentiating aspects and novelty of the proposed multi-disciplinary 509 

approach for characterizing groundwater flow patterns in mountain catchments and for identifying 510 

structural controls on groundwater flow patterns and surface water–groundwater interaction. 511 

4.1. Conceptual hydrogeological models 512 

We propose three different conceptual models based on the observed geological features. First, 513 

groundwater exfiltration between P5 and P4-P3 could simply originate from the local drainage of 514 

lateral hillslopes in the Carrizal area, which are partly composed of alluvial deposits (Model 1 of Table 515 

2, Figure 7). However, the Carrizal area offers a very small drainage area (3 km2 from P4 to P5 and 9 516 

km2 from P3 to P5), which we argue is likely insufficient to explain the full extent of the resurgence. 517 

Second, as the exfiltration occurs in the vicinity of the contact between the intrusive and volcanic units, 518 

it could be related to a reduction of the groundwater seepage area, that is, a reduction of the active 519 

depth of the system due to a much less permeable underlying unit outcropping (Model 2 of Table 2, 520 

Figure 7), consistent with the results from section 3.2. In that case, the drainage area could be the 521 

entire catchment area upstream of point P5, which is close to 100 km2. Finally, as shown on the 522 

geological map (Figure 1c) and described in section 3.1, the Carrizal area shows a large number of 523 

heterogeneities inside the intrusive unit. It is described as highly fractured in relation to a local E-W 524 

steeply dipping fault zone (criss-crossed zone in Figure 1c) and close to the N-S major Papagayo fault 525 
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This local fault zone and the associated water resurgence may be a local effect of the E-W faults and 526 

the fracture network in this area with no influence of regional structures. Still, it is likely that the 527 

principal N-S structure is directly related to these E-W faults forming a fault network with secondary 528 

structures perpendicular to the major one. Supporting evidence for this last model is provided by the 529 

very low streamflow from the nearest downstream tributary, Los Bueyes (green catchment in Figure 530 

7), with no significant streamflow increase measured at P2. The catchment contributing to this 531 

tributary is directly stroke by the N-S fault identified by both the geological mapping and UAV-based 532 

magnetic results. This N-S structure likely exports groundwater of the contributing subcatchment to 533 

the identified resurgence area (Model 3 of Table 2, Figure 7).  534 

As presented in Table 2 and above, each conceptual model corresponds to significantly different 535 

drainage areas. Model 2 can be discarded as the estimated flow from simple mass balance (as 536 

presented in section 2.5) is seven times larger than the resurgence flow. In model 1 and model 3, the 537 

estimated flow is 0.22 and 0.90 times the resurgence flow, respectively. Thus, model 3 is the most 538 

likely scenario considering the drainage area of each sub catchment. Hypothetically, a combination of 539 

models 1 and 3 might as well explain the resurgence processes considering the uncertainty in the 540 

simple hydrological balance presented in section 2.5. 541 

4.2. Differentiating aspects and novelty of the approach 542 

This work presents a methodology to identify structural controls on groundwater flow patterns and 543 

surface water–groundwater interaction. The scope of the methodology is above all functional in the 544 

sense that it aims to identify the key geological structures for groundwater flow but in no way to 545 

characterize the entire geological framework. This functional scope necessarily impacts the scale of 546 

the study which is neither at the fault scale (for example, there is no topological analysis of the faults 547 

zone), nor at the catchment scale as the elementary bulk unit. This functional scope besides impacts 548 

the methodological choices made, following the informational content of well-known data and 549 
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technics. As the current approach aims at linking geological structures to hydrogeological structures, 550 

it is inevitable to acquire hydraulic-related data. For that aspect, widely-used methods based on 551 

dissolved elements (environmental tracers, water isotopes, hydrogeochemistry) are directly related to 552 

transport processes and hence to groundwater flow and hydraulic gradient. However, their inability to 553 

clearly identify local scale processes mainly due to mixing, limits their use when addressing problems 554 

related to groundwater flow architecture as it is the case here. On the contrary, baseflow 555 

measurement is an easily accessible data that can be related to local flow processes as the resolution 556 

of spatially-distributed measurements can be arbitrary fixed. Beyond this consideration, streamflow is 557 

a variable of interest in various disciplines including hydroecology. In that sense, the comprehensive 558 

methodology proposed here could be easily extended to hydroecology or hydrobiology. 559 

The novelty of the proposed methodology lies mainly in the innovative implementation of classical 560 

methods from various disciplines that are conjointly designed and iteratively carried out. The 561 

geological study has been indeed conducted at multiple scales: at a traditional main scale (1:100,000) 562 

and at a finer scale to incorporate some elements (e.g., the N-E secondary fracture zone) that would 563 

confirm hydraulic observations. It results in a hybrid geological map partly fed by hydrogeological 564 

considerations. Regarding geophysical surveys, they significantly compliment the multiscale geological 565 

mapping. The inclusion of a second geophysical transect in the north of the study area (transect B-B’ n 566 

Figure 1c) confirms the general N-S orientation and regional scale of some structures (results 567 

presented in supplementary material). Meanwhile, the UAV-based magnetic study, performed here at 568 

high-resolution in comparison to previous studies, does not only provide valuable information in 569 

remote areas but also constitutes a unifying method allowing the creation of a coherent geological 570 

model thanks to its fast and large covering.  571 

Finally, while spatially-distributed streamflow campaigns are not commonly used in hydrology, they 572 

have shown here to be valuable to identify and confirm critical features of the baseflow evolution 573 

within the catchment. If spatially-distributed flow measurements may seem tedious, low-cost 574 
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instrumentation and recently-developed optical methods could allow a systematization of 575 

measurements. 576 

5. Conclusions 577 

We propose a comprehensive methodology to unravel geological controls on groundwater flow and 578 

surface water-groundwater interaction in mountain catchments. Geological mapping, on-ground and 579 

aerial geophysics, and hydraulic data are acquired to simultaneously image geological structures and 580 

their hydrogeological manifestations. 581 

Using the novel methodology, we identify peculiar hydric behaviours in an ungauged Andean 582 

catchment, including a significant and localized groundwater exfiltration that seems to be imported 583 

from a neighbouring subcatchment and related to the presence of a regional N-S fault and a secondary 584 

set of E-W local faults.  585 

The novelty of the methodology mainly lies in the innovative implementation of classical methods: 586 

multi-scale geological mapping, spatially distributed streamflow measurements, high-resolution aerial 587 

geophysics. This novel methodology is distinguished by its pragmatism in that it focuses on the 588 

geological structures that are the most significant for flow without aiming to characterize the entire 589 

geological framework.  590 

The findings have significant implications for the management and monitoring of the study site as flow 591 

singularities such as the abrupt streamflow change that may strongly affect the biogeochemical 592 

conditions in the river, like biogeochemical hotspots.  593 
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 943 

8. Tables and Illustrations 944 

 Measured density (g/cc) Measured magnetic susceptibility (SI) 

Intrusive rocks 2.64 +- 0.03 0.04 +- 0.01 

Volcanic rocks 2.73 +- 0.09 0.27 +- 0.18 

Table 1: Mean measured density (g/cc) and mean magnetic susceptibility (SI) for rock samples 945 

collected on the field (20 samples) 946 

 947 

 948 
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Model Main process Surface 

drained (km2) 

Main geological structures involved 

1 
Local drainage from lateral 

hillslope 
3-9 Alluvial deposits 

2 

Upstream groundwater 

exfiltration deriving from 

groundwater seepage area 

reduction 

97 Pluton-volcanic rocks contact 

3 
Water export from Los Bueyes 

catchment 
12 

Papagayo N-S regional fault, including 

secondary E-W local fault system 

Table 2: Summary of possible conceptual models associated with their main process and the geological 949 

structure involved. Contribution surface values corresponds to Figure 7 area. 950 

 951 
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 952 

Figure 1: a) Satellite view of the Santiago area, the white rectangle outlines the study area. b) 953 

Topographic map overlaid with the Parque Nacional del Río Clarillo catchment limits, the drainage 954 

system and the streamflow measurement points (numbered in increasing order from P0 to P8 going 955 

upstream) c) geological map of the study area overlaid with the ERT profile (blue lines), the gravimetric 956 

profile (red triangles), the area covered by the aeromagnetic flights (areas delimited by purple line) 957 

and the river flow measurements (white dots surrounded by black). A 23°C perennial thermal spring 958 

located at the exit of the Parque Nacional del Río Clarillo is indicated with a red dot.  959 

 960 
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 961 

Figure 2: Aeromagnetic anomaly map (reduced to the pole) for the Río Clarillo area (Figure 1, purple 962 

rectangle). Dashed lines represent the limit between magnetic zones. 963 

 964 

 965 

Figure 3: Electrical resistivity model for the Río Clarillo transect (A-A’, Figure 1). Projections of the 966 

hydraulic markers on the profile (red dot for the thermal spring and white dots for the river flow 967 

measurements) as well as the magnetic zones limits (Figure 2) presented over the transect. 968 
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 969 

Figure 4: Representation of the gravity study for the Río Clarillo transect (A-A’, Figure 1) and the 970 

associated interpretation derived from geophysical and geological constraints. Top: The black line with 971 

crosses represents the data (each cross is one data point), the blue line represents the fit of the model 972 

described above. Bottom: Model representing the gravity data based on density variations. For a better 973 

understanding, it includes projections of the hydraulic markers on the profile (red dot for the thermal 974 

spring and white dots for the river flow measurements) as well as the magnetic zones limits (Figure 2) 975 

presented above the transect. 976 
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 977 

Figure 5: Streamflow rate during the 2019 recession period (austral autumn) as a function of drainage 978 

area. P0 point corresponds to the outlet of the Parque Nacional del Río Clarillo catchment (i.e., 979 

downstream at the Andes piedmont) while P8 corresponds to the confluence of the two main 980 

affluents, approximately 9 km upstream. Orange square corresponds to March 2019 campaign, blue 981 

circle corresponds to April 2019 resampling campaign and grey triangle corresponds to the June 2019 982 

campaign. 983 
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 984 

Figure 6: Difference between the mean NDVI of the Carrizal area and the mean NDVI of the entire 985 

National Park for the period 2000-2019, included. 986 
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 987 

Figure 7: Representation of the Parque Nacional Río Clarillo catchment with river network (blue lines) 988 

and river flow measurements (black-circled white dots). Numbers 1 to 3 correspond to the possible 989 

drainage areas contributing to the resurgence between points P4 and P5, based on the three models 990 

mentioned in sections 2.5 and 4.1. Grey area within the catchment is not part of any of the proposed 991 

models. 992 


