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Abstract

The Aguas de Vichy thermal spring, identified by the Colombian Geological Service (SGC)
and located in Santander, Colombia, represents a significant but underexplored geothermal
resource. This study presents the first geophysical imaging of the system, integrating
Electrical Resistivity Tomography (ERT), Induced Polarization (IP), and Time-Domain
Electromagnetics (TDEM) to characterize its structure. Existing geochemical analyses reveal
high salinity and elevated temperatures, indicative of energy potential and an advection-
dominated thermal regime. The geological context is marked by north—south and northeast—
southwest fault systems intersecting Cretaceous and Precambrian rocks, overlain by a
Quaternary aquifer.

Four ERT profiles and two TDEM soundings were acquired to characterize the geothermal
system at Aguas de Vichy. ERT 1 and 2, crossing the main fault, revealed strong lateral
resistivity contrasts (near o to > 1500 Q-m) associated with clays, groundwater, and thermal
anomalies, while the third ERT, located away from the fault, showed a predominantly
resistive background suggesting limited geothermal influence. Complementary TDEM
soundings extended the investigation to ~100m depth, identifying a low-resistivity anomaly

interpreted as a geothermal reservoir and suggesting a fault-aligned hot-water plume feeding
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the aquifer.

These findings support a convective flow driven by vertical fluid ascent along the fault
zone in addition to the previous advection-based hypothesis. The integrated geophysical
dataset highlights the complexity and geothermal potential of the system, providing critical

insights for future exploration and contributing to Colombia’s energy transition roadmap.

1 Introduction

Geothermal systems are commonly classified based on reservoir temperature into high (>180 °C),
medium (100—180 °C), and low (<100 °C) enthalpy categories (Pesce and Miranda, 2003).
While high-enthalpy systems are generally linked to active volcanic zones and used for power
generation, low- and medium-enthalpy systems can also support thermal applications and
electricity production through binary cycle technologies (Chandrasekharam and Bundschuh,
2008). Additionally, geothermal systems are categorized as convection- or conduction-dominated:
convection-dominated systems involve heat transfer via fluid circulation driven by temperature
gradients, often forming buoyant hydrothermal cells around heat sources (Yan et al., 2023;
Redouane et al., 2022), whereas conduction-dominated systems rely on gradual heat diffusion
through rock (International Geothermal Association (IGA), 2014). A subtype of convection-
dominated systems are advective systems, where heat is transported by lateral or upward
fluid flow along fault-permeable pathways driven mainly by hydraulic gradients rather than
buoyancy (Hochstein et al., 2013; Christiansen et al., 2024).

A functioning geothermal system typically comprises four essential elements: (1) a heat
source, which may be magmatic, mantle-derived, or related to deep crustal processes; (2) a
permeable geological structure that controls the migration pathway of heat and fluids, such as
faults, fractures, or porous layers; (3) a reservoir or storage unit capable of holding thermal fluids,
often consisting of permeable sedimentary or volcanic formations; and (4) sufficient potential for
economic recovery of the heat, either through direct use or electricity generation (International
Geothermal Association (IGA), 2014). Geophysical methods are instrumental in detecting
and delineating these components and enabling the development of conceptual models of the
geothermal system.

Resistivity-based geophysical methods such as Electrical Resistivity Tomography (ERT)
and Vertical Electrical Sounding (VES) have played a central role in characterizing geothermal
systems since the mid-20th century (Zohdy et al., 1974). These techniques are sensitive to

subsurface temperature, fluids, and structures, and are often integrated with other methods like
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magnetotellurics (MT) and seismic imaging to build accurate geothermal models (Kana et al.,
2015; Spichak and Manzella, 2009).

Globally, convection-dominated systems have been widely studied. In Hammam Sayala,
Tunisia, ERT was used to construct a 2D geothermal model (Chabaane et al., 2017). In Langfang,
China, a multi-method approach revealed geothermal fluid pathways and fault structures (Tian
etal., 2022). Studies in Mexico’s Los Humeros and Acoculco (Romo-Jones et al., 2021), Iceland’s
Krafla field (Arnason et al., 2000), and New Zealand’s Wairakei-Tauhara (Hunt et al., 2009)
further highlight the global emphasis on understanding convective heat transport.

In contrast, conduction-dominated systems, often located in sedimentary basins, are gaining
attention through innovative applications. These include reusing abandoned hydrocarbon wells
in China (Bu et al., 2012) and exploring onshore geothermal potential in Uruguay (Morales
et al., 2021). In Colombia, the Llanos Basin has become a key focus. An operational example is
Parex Resources’ project in Campo La Rumba (Casanare), which utilizes high-temperature water
co-produced during oil extraction to generate 35 kW, supplying 117 households El Nuevo Oriente
(2024). Ecopetrol’s pilot project in Chichimene (Meta) is designed for 2 MW generation, enough
for over 6,000 homes (Jorquera, 2021). These initiatives reflect the growing interest in leveraging
conduction-dominated geothermal resources in oil-producing regions (Lopez-Ramos et al., 2022).
Colombia’s geothermal exploration dates back to 1968, beginning with ENEL'’s studies in the
Nevado del Ruiz volcanic complex (Bona and Coviello, 2016). Later, the Colombian Geological
Service (SGC) and other entities expanded efforts to regions such as Tufino—Chiles—Cerro
Negro (Mejia et al., 2014; Salazar et al., 2017). Most identified geothermal prospects are
convection-dominated (Alfaro et al., 2020), including areas like Paipa (Gonzalez-Idarraga,
2020) and Azufral (Murcia, 2020).

Initial estimates placed Colombia’s hydrothermal potential between 700 and 1370 MWe
(Gawell et al., 1999), increasing up to 2210 MWe with improved drilling and permeability
techniques. By 2020, the SGC estimated 1170 MWe from only convective systems with surface
manifesta- tions (Alfaro et al., 2020). Santander alone contributes 210 kWe to this estimate,
with 80 kWe linked to the Aguas de Vichy hot springs, initially classified as advection-
dominated (Alfaro, 2017) and significantly influenced by deep infiltration from a saline source,
featuring saline waters at 100 °C (Alfaro et al., 2020).

In this study, we present the first geophysical imaging of the Aguas de Vichy geothermal
system. Using resistive methods, we investigate subsurface conditions to delineate the

distribution of geothermal fluids in the shallow aquifer, to test the hypothesis of this being a
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convective geothermal system associated with a major fault. Understanding these dynamics will

delineate the geological features to consider for a proper geothermal play definition.

2 Aguas de Vichy Thermal Springs

The municipality of San Andrés is situated at 6°49’N latitude and 72°51°'W longitude, at an
altitude of 1,617 meters above sea level. The region has an average temperature of 19°C and is
located 104 kilometers away from Bucaramanga. The municipality covers an area of 278 km?.
Within the municipality, a thermal spring emerges along the banks of the Guaca River, three
kilometers south of the town center via the road to Molagavita and Malaga. To reach the spring,
one must walk approximately 500 meters west from the road to the river channel. This thermal
spring is named Aguas de Vichy (Alfaro and Ortiz, 2011) (Figure 1).

The area is notably affected by intense faulting and folding, predominantly oriented N-S and
NE-SW. A covered fault at the spring emergence point, mapped with a NNW-SSE orientation,
juxtaposes Paleozoic units with Cretaceous units (Ward et al., 1977). Another structural feature,
the Baraya fault, is located two kilometers east of the spring. This N-S trending normal fault
with right-lateral movement juxtaposes sedimentary rocks from the Paleozoic, Jurassic, and
Cretaceous periods.

The geological units outcropping range from the Ordovician (pre-Devonian) to the Quaternary.
Generally, there are intrusive igneous rocks from the Jurassic (Santa Barbara quartz monzonite)
that intrude older metamorphic rocks such as the Bucaramanga Gneiss and the Silgara Formation,
which constitute the crystalline basement of the area. Above the basement, a series of sedimentary
units are deposited, ranging from the Devonian to the Quaternary. These sequences have different
contact relationships with each other and are also affected by significant structural control,
evidence of the complex geological history of the area (Figure 1).

The thermal waters in San Andrés are classified as sodium chloride type, enriched with
notable levels of bicarbonates and calcium (Table 1). Taking into account the elevated levels
of total dissolved solids and the specific ionic composition, it is hypothesized that these waters
are significantly influenced by deep infiltration from a saline source (Alfaro and Ortiz, 2011),

dominated by an advection (Alfaro, 2017).



This manuscript is a non peer-reviewed preprint and its content may vary in subsequent
versions until journal acceptance.

?& 1
J

¥

|

1'-._“ : 3

w
L

>
1
aﬁ
N

[ Alluvial deposit (Qal)

[ Colluvium, slope, landslides (Qd)

[] Aguardiente Formation (K1a)

[ Simiti Formation (K1s)

[] Tablazo Formation (K1t)

[ Paja Formation (K1p)

[E2] Capacho Formation (Kic)

[E5] Rosablanca Formation (K1r)

2] Tambor Formation (K1ta)

[ Girén Formation (J3g)

[ Jordan Formation (J1J2§)

[] Bocas Formation (J1b)

[] La Corcova Quartzomonzonite (Jcl)

7] Santa Barbara Quartzomonzonite (Jcs)

[ Floresta Formation (S4D1f)

[ Silgara Formation (OS1s)

Structures

=+ Inferred Fault

« « + Covered Fault

= Defined Fault

-- Foa =

=== Photogeologic lineament
Rivers and Streams
Aguas de Vichy

.. -
——————

-

N\

X

A

Bl

7

K/
e
]

e

N

200
1
=
>
Nt
)

Surveys

— ERT 1 TOEM 1
——ERT2 o TDEM2 =
——ERT3

—ERT4

Figure 1: Location of the Aguas de Vichy thermal springs, geological map and location of the
ERT surveys. Modified from (Ward et al., 1977) and (Alfaro and Ortiz, 2011).

The quaternary deposit was classified as an alluvial deposit (Alfaro and Ortiz, 2011), though
it has not been extensively studied further. Alluvial deposits are typically found in ravines,
streams, and broad topographic surfaces, often forming well-developed terraces, particularly
along the margins of river valleys. They result from the transport and deposition of material by
water. These deposits are composed of clays, sands, granules, pebbles, cobbles, and blocks with
shapes that vary from angular to rounded; they may also exhibit complex lateral facies variations
(Miall, 2014). The Aguas de Vichy thermal springs are probably influenced by multiple water
sources, these may include geothermal fluids that rise through convection, meteoric waters, and
surface waters from the river and streams that recharge the aquifer. Then, the water flow within
the aquifer may be influenced by lateral connectivy and heterogeneity of the alluvial deposit,

rather than solely by a saline or geothermal source.

Table 1: Geochemical values corresponding to Aguas de Vichy (Alfaro and Ortiz, 2011).

Code | Location Name | Total Alkalinity (mg CaCO3/L) | Total Dissolved Solids (mg/L) | Na | K | Mg | Ca | Mn | Fe
SANoO1 Vichy Waters 720 360.2 58.5 | 20.2 | 218.5| 6 | 0.08 | 0.42

Theoretical estimates for the geothermal reservoir associated with the Aguas de Vichy
thermal springs suggest promising potential, based on a volumetric model by Alfaro et al. (2020).
Assuming a reservoir temperature of 100 °C—classifying it as medium-enthalpy— and a surface
temperature of 31 °C, the model yields a mean electric potential of 0.08 MWe, with a 90%

confidence interval ranging from 0.03 to 0.13 MWe (Table 2). The simulation assumes a 30-year
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project life and a recovery factor of 0.10. It is important to note that the model uses generalized
assumptions—such as reservoir areas between 1 and 3 km?, thicknesses from 1 to 2.5 km, and a
uniform porosity of 0.11—without incorporating detailed geological data from the site. While
the results are subject to considerable uncertainty, they highlight the potential viability of the

system and justify further exploration.

Table 2: Estimated electric potential from volumetric model (Alfaro et al., 2020).

Parameter Minimum Expected Maximum
Deposit area (km?) 1.0 2.0 3.0
Deposit thickness (km) 1.0 1.5 2.5
Reservoir temperature (°C) 31 100 100
Porosity 0.10 0.11 0.15
Recovery factor 0.05 0.10 0.25

Electric Potential (MWe) Mean: 0.08 (90% CI: 0.03—0.13)
Stored Heat Energy (EJ) Mean: 0.61 (90% CI: 0.31—0.90)

3 Method

To investigate the Aguas de Vichy geothermal system, we employed an integrated geophysical
approach combining Electrical Resistivity Tomography (ERT), Induced Polarization (IP), and
Transient Electromagnetic Soundings (TDEM). These methods were selected for their
complementary sensitivity to subsurface properties relevant to geothermal exploration,
including fluid salinity, temperature, clay content, and structural discontinuities.

ERT was used as the primary imaging tool, given its ability to resolve resistivity contrasts
associated with thermal plumes, aquifer heterogeneity, and fault zones. Because temperature and
salinity significantly affect subsurface conductivity (Hermans et al., 2012; Revil et al., 1998; McIn-
nis et al., 2013), and electrical resistivity typically decreases with increasing temperature (Revil
et al., 1998; Llera et al., 1990), saline thermal fluids are expected to exhibit lower resistivity than
surrounding Quaternary deposits and fresher groundwater. ERT therefore provides an effective
means to delineate geothermal fluid migration and identify plume pathways (Hermans et al.,
2012). IP measurements were acquired along selected ERT profiles to enhance the discrimination
of clay-rich confining units and improve the interpretation of fluid-saturated zones.

TDEM soundings were included to extend the depth of investigation beyond the limits of ERT,

enabling the detection of deeper conductive anomalies potentially associated with a geothermal
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reservoir. Together, these methods allow us to evaluate both the shallow aquifer and the deeper
structures suspected to control heat and fluid transport.

The survey design consisted of several ERT-IP transects oriented across the inferred fault
zone, with electrode arrays optimized to detect lateral and vertical resistivity variations. TDEM
stations were positioned along and between ERT lines (Figure 1) to ensure spatial correlation
and depth continuity. This configuration was chosen to test the hypothesis that the main fault
acts as a vertical conduit facilitating the ascent of geothermal fluids from depth to the surface.

To support the field interpretation, we developed a synthetic resistivity model
representing the expected geological framework. The model consisted of a low-to-medium
resistivity aquifer overlying a fault zone, bringing into contact the high-resistivity Floresta
Formation and the medium-to-high resistivity Tambor Formation. This conceptual model

informed the inversion setup and provided a reference for interpreting anomalous zones in

the field data.

3.1 Synthetic Model

The synthetic model was executed to understand how resistivity inversion would appear under the
hypothesized subsurface conditions. PyGIMLi (Riicker et al., 2017), which offers comprehensive
computational tools to simulate complex subsurface resistivities, was employed to this end.
Initially, we established a 2D geometric model representing the Floresta formation, the Tambor
formation, the aquifer/deposit, and the fault, assigning specific resistivity values to each. The
resistivity values were estimated based on the studies of Garcia-Arias et al. (Garcia-Arias et al.,
2024) and Saad et al. (Saad et al., 2012). We set up an electrical resistivity tomography (ERT)
measurement scheme using 64 electrodes evenly spaced along a line extending from o to 170
units, and used a computational mesh to define the spatial domain. To model the injection
of geothermal fluid into the aquifer, an injection point was established at the fault and the
intersection of the quaternary deposit.

Here, we simulated the geothermal fluid as a diffusive substance with a peak
concentration value of 100% at the injection point, applying a diffusion coefficient to represent
the spread of the fluid. Boundary conditions included zero concentration (Dirichlet condition)
at the external boundary and consistent fluid influx (Neumann condition) at the injection
point.

After solving the diffusion equation, we refined the visualization by interpolating the

concentration values to the mesh cell centers and reducing any negative concentration values
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to zero to ensure physical precision. Considering the property of interest is resistivity, a linear
inverse relationship between resistivity and concentration of the difussive fluid was established
across the aquifer. This relationship ranged from a minimum to a maximum resistivity value,
effectively linking concentration with the electrical properties of the geological medium: higher

concentrations of the difussive fluid correspond to lower resistivity and vice versa (Figure 2a and

2b).

—40 T - T - . T T - T . T = \ T - — 1
0 25 50 75 100 125 150 175 200
0.1 0.56 3.16 17.78 100

Concentration of Geothermal Fluid (%)

1.04 5.94 33.85
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Figure 2: Overview of the subsurface modeling: (a) Structure of the isolated diffusive fluid
(geothermal plume) as a function of its concentration, (b) Synthetic subsurface resistivity including
the geothermal plume

Upon completion of the synthetic model, we proceeded to simulate the Electrical
Resistivity Tomography (ERT) data, utilizing the calculated resistivity distribution as the
model parameter.

To achieve the highest level of detail possible, we decided to use the multiple-gradient
array for the simulation, because of its proven high resolution and robustness against noise,
as substantiated by the findings of (Dahlin and Zhou, 2006). The efficacy of this array
configuration lies in its rapid data acquisition and enhanced data density, essential for
intricate subsurface delineation. Moreover, its ability to attenuate noise impacts renders it

highly suitable for simulating realistic environmental conditions, thereby bolstering the
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reliability of the data (Dahlin and Zhou, 2004). To mirror actual field scenarios, we
introduced a noise level of 3% alongside an absolute noise factor of 1 x 10—6. For consistency
and repeatability of the stochastic elements within the model, a fixed random seed (1337) was
employed. The inversion of the simulated ERT data was executed using Res2Dinv software
(Loke, 2010), and the results, presented in Figure 3, corroborate the detectability of the
hypothetical geothermal plume as a discernible low resistivity anomaly. Additionally, these
results delineate the fault through a pronounced resistivity gradient and define the aquifer’s

lower boundary with remarkable clarity.
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Figure 3: Inverted section of the synthetic model using Res2Dinv, the modelled geothermal
plume can be seen as a low resistivity anomaly, while the fault appears as a high gradient of
resistivity at the left.

3.2 Electrical Resistivity Tomographies and Induced Polarization
3.2.1  ERT and IP data acquisition

We employed the ZZ-Universal-96 acquisition system (ZZ Resistivity Imaging Ltd.) to conduct
four Electrical Resistivity Tomography (ERT) surveys near the mapped fault zone. Three of these
transects were acquired early in the campaign, with two complemented by Induced Polarization
(IP) measurements to enhance subsurface discrimination. Given the fluvial-alluvial nature of
the study area, known for its lateral facies variations (Miall, 2014), high-resolution imaging was
essential.

To maximize data density, we used the proprietary ZZ array, which performs full-channel
measurements: for every current injection (AB), the system records potentials at all remaining
electrodes. This significantly improves resolution compared to conventional arrays. However, a
small portion of the channels presented damage and were excluded from acquisition and inversion.
ERT transects 1 and 2 intersected the fault zone on the alluvial terrace near the Guaca river,
where the phreatic surface was expected to correlate with river elevation. ERT 3 was located
within the Quaternary deposits, further from the fault, to evaluate the lateral continuity of the
geothermal system. A fourth profile (ERT 4) was acquired near the Aguas de Vichy springs,
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using a curved geometry adapted to the topography and a conventional Schlumberger
array (Figures 1 and 4), helping to assess the resistivity distribution around the spring
emergence and explore potential fluid continuity toward the southern margin. A summary of

the ERT-IP acquisition parameters is provided in Table 3.

Table 3: Summary of the four ERT surveys, detailing parameters, settings, and geographic
coordinates (MAGNA Bogot4). The orientation of all the surveys is SW-NE, and the ZZ array

was used.

. Unused Start End
Survey Channels Spacing (m) Length (m) electrodes ERT 1IP Coordinate  Coordinate Array
1244020.64
ERT 1 64 3 189 37 32’ 4% | Yes | No 11?43823'42 I;:T N, 77 array
57, 56, 59 35560.4 1135645.85 E
1243131.04
35, 37, 38,
1242977.403 N, N,
ERT 2 6 2. 157. 0, 57, 58, Yes | Yes 77 arra
4 5 575 40,57, 5 1135976.464 E | 1135988.524 y
59, 63 E
1244708.85
ERT 3 32 5 155 N/A Yes | Yes ﬁggﬁgi‘zg I;:I N, 7Z array
’ 1135453.98 E
1242138.76
ERT 4 32 7 217 N/A Yes | Yes 1242210.81 N, N, Schlumberger
1136320.87 E
1136496.20 E

3.2.2 ERT and IP Preprocessing and Inversion

Following acquisition, a quality control phase was conducted to remove unreliable data based on
the quality factor (Q), which quantifies the level of electrical noise. Data points with Q values
above 30 were discarded, following manufacturer recommendations. Additional filters removed
negative and extreme apparent resistivity values exceeding the 9gth percentile. Data were
formatted for inversion in Res2Dinv (Loke, 2010), and topography was incorporated via separate
elevation files. IP data (ERT 2 and 3) followed the same preprocessing workflow.

Inversion parameters were chosen to balance model stability and flexibility. A damping
factor of 0.15 (minimum 0.03) was used, with local optimization enabled to refine resistivity
contrasts. The convergence criteria were set at 2.0% RMS change and 0.5% minimum line
search change. Seven iterations were performed with robust data constraints (cutoff 0.05) and
topographic correction via the FEM method. The extended model option was deactivated to
avoid extrapolation beyond the electrode array.

Figure 5 shows the distribution of resistivity and chargeability data points across the model
space. IP data had lower density but were concentrated in the upper portion of the array,

consistent with expectations for shallow chargeable materials.
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Figure 4: W-E topographic profiles for the ERT surveys, showing (a) ERT 1, (b) ERT 2, (c)
ERT 3, and (d) ERT 4 locations, with an additional (c) detailed view of the ERT 2 study area.
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Figure 5: (a) Distribution of resistivity data points across ERT 2; (b) Chargeability data point
density.

Post-inversion, error filtering was applied by excluding data points with errors exceeding
100%, and by iteratively removing outliers from the calculated vs. measured resistivity scatter

plots. This process was repeated until achieving an optimal fit with minimal mean absolute error
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(MAE) variation (Figure 6).
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Figure 6: Left: Histogram of error percentages for ERT 2; Right: Scatter plot of calculated vs.
measured apparent resistivity after filtering.

3.3 Time-domain Electromagnetic Soundings (TDEM)
3.3.1 TDEM data acquisition

To extend the depth of investigation beyond the sensitivity limits of ERT, two 1D TDEM
soundings were conducted at the locations of ERT 1 and ERT 4 (Figure 1). These soundings
aimed to confirm the vertical continuity of low-resistivity anomalies and to identify deeper
conductive features (>30 m) potentially associated with a geothermal reservoir. A square
transmitter loop (40 x 40 m) was energized with a 12 V source, regulated by a resistor, and
configured with a dual-moment setup (high: 700/5 us, low: 125/3 ps). Measurements included 10
and 15 cycles, with 54 stacks and a repetition frequency of 240 Hz, with an average transmitted
current of 1.02 A.

TDEM is particularly effective for imaging deep conductive structures, such as clay-rich layers
or saline fluid accumulations, and is less sensitive to surface heterogeneities or electrode contact
resistance. Integrating the TDEM results with ERT and IP profiles enhanced the structural and

hydrogeological interpretation of the geothermal system.

3.3.2 TDEM Processing and Inversion
TDEM data were processed and inverted using Aarhus SPIA (Auken et al., 2015), which performs

12
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1D laterally constrained inversion (LCI) based on a horizontally layered Earth assumption. The
soundings were jointly inverted with spatial regularization to enhance lateral coherence across the
profile. Inversion parameters incorporated instrument characteristics and topographic corrections.
The dataset used for inversion was acquired exclusively with the Small_Coil_RC-5 antenna,
selected for its high resolution and sensitivity to conductivity variations within about 150
meters of depth. This configuration was particularly suited to delineating shallow-to-intermediate
geothermal features and hydrogeological contrasts with enhanced vertical detail. Model evaluation

focused on convergence stability, data misfit, and the depth of investigation.

Stacked dB/di Data

AR [VIAT2]
i
F
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Figure 7: Log-log plot of measured vs. modeled dB/dt response for TDEM 1. Data residual:
2.07.

4 Results and Discussion

ERT and IP surveys were conducted on the aquifer associated with the Aguas de Vichy thermal
springs. Through this process, we successfully generated five geo-electrical profiles of the
subsurface, comprising three resistivity profiles and two chargeability profiles. Our results provide
information on the physical properties of the subsurface. This allowed us to confirm the
presence of the previously inferred fault, detect thermal water plumes associated with the fault
and the base of the aquifer. To ensure visual consistency when comparing the results of the
three ERT surveys, we standardized the color scale across all surveys using the same color

scale. Specifically, the
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lower limit of the color scale was set to match the lowest resistivity value observed among the
three surveys. The interpretation of our results is based on direct and indirect measurements of

subsurface materials from different authors (Table 4).

Table 4: Resistivity and Chargeability values for different materials.

Material Resistivity Chargeability | References
(ohm.m) (msec)

(Telford et al., 1990),
Groundwater 10 — 150 <1 (Sabnavis and Patangay, 2006),
(Akhtar et al., 2021)
(Chabaane et al., 2017),
(Hermans et al., 2012)
(McCarter, 1984),

Clay 5—160 15—90 (Sill and Klein, 1981),

(Suryadi et al., 2019)

(Telford et al., 1990),

Sand 40 — 1500 2—-12 (Abd Malik et al., 2022),
(Sabnavis and Patangay, 2006)
(Telford et al., 1990),
(Sabnavis and Patangay, 2006)
(Telford et al., 1990),
Sandstone 8-4x103 3-12 (Abd Malik et al., 2022),
(Sabnavis and Patangay, 2006)

Hot saline water | 0.2 -5 <1

Alluvium 10 — 800 1—4

The ERT 1 resistivity profile (Figure 8) displays resistivity values ranging from 2.82 Q- m
to over 2000 Q - m. The lowest resistivities are interpreted as zones affected by thermal fluids,
including both geothermal and mixed waters. It’s important to note that this profile features a
pronounced thermal water plume on its southwestern side, sharply delineated by a steep resistivity
contrast, interpreted as a fault zone acting as a preferential conduit for geothermal fluid migration.
This fault likely plays a dual role: as a structural control and a thermal driver, facilitating vertical
ascent of deep fluids by convective mechanisms driven by density and temperature differences
(Zongjun et al., 2014).

The ERT 1 profile closely resembles the synthetic model presented in Figure 3, particularly
in the identification of a rising thermal plume and a fault that favors fluid migration. Granular
patterns appear in both synthetic and ERT inversions. In the synthetic case, they can be
attributed to meshing and regularization, given their simplicity and low contrast, while the field
sections display higher-amplitude, spatially coherent and more complex contrasts, suggesting

the presence of subsurface heterogeneity within the alluvial deposit of the study area.

This is consistent with the variability expected in fluvial settings (Miall, 2014) and with local

descriptions of intercalated sand, gravel, and clay that produce zones of contrasting
14
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permeability (Rios et al., 2002).
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Figure 8: Inverted resistivity profile for ERT 1, highlighting the fault trace, the main geothermal
plume, the aquifer base, the TDEM-1 location and the lateral heterogeneity of the subsurface.

Such heterogeneity directly conditions the movement of the thermal plume. As a result, the
fluvial depositional setting leads to an irregular distribution of thermal waters, unlike the more
uniform behavior reproduced in the synthetic model. There is also a high-resistivity anomaly
above the main geothermal plume, which may correspond to sandy, low-permeability facies acting
as a cap or baffle. This feature likely influences the apparent resolution of the plume in the
inverted resistivity sections by partially shielding or distorting its geometry.

The TDEM-1 sounding, located at the central portion of the ERT 1 profile, supports this
interpretation by extending the depth of investigation beyond the ERT’s 30 m range. The upper
layers of the TDEM model (0—14.8 m) show resistivity values ranging from 22.9 to 101 Q- m,
consistent with the resistivity values resolved in the ERT for that portion of the heterogeneous,
alluvial deposit. Notably, the third layer (14.8—27.8 m, 149 Q- m) likely corresponds to the
transition between the alluvial aquifer and the underlying Cretaceous bedrock, as suggested by
both methods (Figure 9)

Below this contact, the TDEM model reveals a distinct low-resistivity zone (6.45 2 - m between
47-75 m depth), which is not resolved in the ERT profile. This deeper conductor is interpreted
as a geothermal reservoir or zone of fluid accumulation, reinforcing the idea of vertical fluid
migration through the fault and permeable zones, and subsequent lateral dispersion within the
aquifer and stratigraphic permeable units in contact with the fault.

The phreatic level of the aquifer is inferred to be situated just above most of the low-
resistivity zones associated with thermal water. This level aligns with the topographic

elevation of the Guaca River, which is slightly above 1500 meters above sea level (MASL), as
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Figure 9: Inverted 1D resistivity model from TDEM-1 sounding, revealing the aquifer base and
deeper conductive horizons interpreted as a geothermal reservoir, within a Cretaceous sedimentary
context.

illustrated in Figure 4a. It is important to mention that the phreatic level may be more complex
and irregular due to the complexity of the subsurface; however, we have provided a simplified
representation. Above this phreatic level, zones of low to moderate resistivity are observed,
suggesting the presence of a clay layer that may locally confine the aquifer, this clay layer may be
laterally discontinuous as there are resistivity variations. The base of the aquifer, as well as the
underlying Cretaceous rocks and the Floresta Formation, are also discernible in the resistivity
profile.

Given that low resistivity anomalies are consistently distributed throughout the resistivity
profile, it can be suggested that the aquifer, despite its lateral facies variations, has significant
continuity. This continuity facilitates the movement of geothermal fluid through it, which
indicates a lateral flow within the aquifer towards the thermal springs. The identified thermal
plume suggest that the geothermal fluid not only moves laterally, but it ascend through the main
fault due to heating in deep and convection.

The inverted resistivity section of ERT 2 (Figure 10a) reveals subsurface features consistent
with those observed in ERT 1. The resistivity profile displays irregularly distributed, prominent
low-resistivity zones throughout the aquifer, indicative of the presence of geothermal fluids,
fresh water mix, and saturated clays. These zones are flanked by areas of higher resistivity,

likely representing more consolidated or less saturated materials, which emphasize the lateral
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facies variations characteristic of the aquifer. The profile also delineates a pronounced resistivity
gradient towards the northeast (right side of the section), marking the fault trace. Adjacent to
this fault, the main geothermal plume is visible, suggesting the fault’s role as a primary conduit
for thermal waters infiltrating the aquifer. Both the phreatic level and the aquifer base are
visible within the section, alongside the Floresta Formation situated beneath the aquifer. A
discontinuous clay layer at the top is also identified, potentially acting to locally confine the

aquifer and, therefore, limiting its recharge through meteoric waters.
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Figure 10: Inverted ERT 2 profiles, showing resistivity (a) and IP data (b). Key features include
saturated clays, a clay layer, the main fault trace and the main geothermal plume identified.

1450;

Additionally, the IP profile acquired in the same transect of ERT 2 (Figure 10b), although
offering less coverage deeper in the section and displaying most data points near the surface
(as illustrated in Figure 5b), complements the resistivity data. It highlights regions of both
low and high chargeability. The high chargeability at the top of the IP section is associated
with polarizable materials such as clay, supporting the identification of this material within the
deposit. Meanwhile, the low chargeability zones may validate the presence of geothermal fluids
as they seem to be correlated with conductive zones, although less distinct than in the resistivity
profile due to having fewer data and different resolution.

The geophysical signatures observed in ERT 1 and ERT 2 sections support the idea that
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thermal waters are rising along the fault and spreading laterally within the aquifer, influenced by
the complex interplay of geological facies and fluid dynamics. This dynamic not only suggests the
presence of geothermal activity within the aquifer but also provides insights into the origin of the
Aguas de Vichy thermal springs. The complex interaction between the convective flow of thermal
waters through the fault and their dispersion through heterogeneous, permeable media enhances
our understanding of the geothermal system and the aquifer’s hydrogeological behavior, while
also highlighting the broader challenge of elucidating fluid flow dynamics within heterogeneous
reservoirs.

The inverted section of ERT 3 (Figure 11) differs significantly from the previous surveys by
not crossing the fault and being located topographically further from the river compared to ERT
1 and ERT 2 (Figure 4). This section predominantly displays patterns consistent with a clay
deposit rather than signs of geothermal activity. The resistivity profile (Figure 11a) exhibits
higher resistivity values which might indicate less saturated zones, while localized lower resistivity
areas suggest pockets of higher saturation or slightly different material composition, likely still

within the predominantly clay deposit.
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Figure 11: Inverted ERT 3 resistivity (a) and IP (b) profiles displaying subsurface features in
the Aguas de Vichy area. Key elements include saturated clay layers and clay deposits, with a
clear delineation of the deposit base.

The IP profile (Figure 11b) supports this interpretation by mostly showing areas of higher

chargeability, which are typical of clay-rich formations due to their ability to polarize under
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an electrical field. The absence of significant geothermal signatures and the relative consistency
across the section suggest that this area of the deposit does not contribute to the geothermal
dynamics and the fluid circulation observed in other sections.

Instead, it likely represents a more confined portion of the depositional system, less influenced
by the river than the other profiles and the fault’s fluid flow, and characterized by higher
clay content that may act as a hydraulic barrier within the aquifer. The results from ERT 3
support the interpretation that faulting plays a critical role in channeling and concentrating
geothermal fluids, indicating the presence of a convective regime. However, the absence of a
pronounced resistivity anomaly in this sector may reflect either a spatially limited extent of
the fault-controlled flow or a reduced volume of geothermal fluid insufficient to sustain lateral
migration at this distance.

The interpretation of ERT 4 reveals a stratified resistivity structure. A very resistive near-
surface layer (depth < 5 m, resistivity > 1000 Q - m) is interpreted as dry soil or anthropogenic
fill. Below this, a conductive zone (approximately 5—15 m depth) with resistivity values as low
as 10 - m corresponds to a shallow aquifer, likely containing a mixture of geothermal and fresh
water. This is followed by a moderately to high resistive layer (resistivity > 100 Q - m), extending
to the base of the ERT profile (around 40 m), which is interpreted as colluvial or transitional

material with reduced saturation or different lithology (Figure 12).
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Figure 12: 2D resistivity model obtained from ERT line 4 using a Schlumberger array configuration;
highlighting the different layers and the TDEM-2 location.

TDEM-2, located near the central portion of ERT 4, provides complementary insights by
extending the depth of investigation beyond the ERT limits. The first TDEM layer (0—14.8 m)
exhibits a relatively high resistivity of approximately 8o Q-m, which appears inconsistent with the
low-resistivity aquifer resolved in the ERT. This discrepancy is attributed to the limited vertical
resolution of TDEM in shallow sections, where thin conductive features are averaged with more

resistive materials above and below—particularly the dry superficial layer detected by the ERT.
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Therefore, the first TDEM layer likely reflects an average response encompassing both the dry fill

and the upper portion of the aquifer (Figure 13).

Model
10 }- Quaternary Alluvial deposit (Qal)
20
30
40 > Moderate to elevated resistivity layer
50
60
T [T <
= 70
a
S 80 ; i
- > Hot water accumulation/geothermal reservoir
90
100 = oosin s s e s =
110
120
130
140
10 100

Resistivity [Ohmm]

Figure 13: Inverted 1D esistivity model from TDEM-2 sounding, revealing the aquifer base and
deeper conductive horizons interpreted as a geothermal reservoir, within a sedimentary context.

Beneath this, the second TDEM layer (14.8—63.5 m) exhibits elevated resistivity (120 Q - m),

broadly matching the moderately resistive zone in the lower part of the ERT model. This layer
may represent a transitional unit separating the shallow aquifer from deeper structures—possibly
a colluvial deposit or compacted horizon. However, its precise nature remains unclear without
lithological control, and further studies are needed to confirm its role in the hydrogeological
system.

Importantly, the third TDEM layer (63.5—100.3 m) presents a marked decrease in resistivity
(20 Q-m), suggesting the presence of a deeper fluid-saturated zone not resolved by the ERT. This
anomaly is interpreted as a geothermal reservoir or hot water accumulation, supporting the
conceptual model of convective, vertical fluid migration through a fault, additional to the
advective, deep reservoir connection Alfaro (2017) proposed. Below 100 m, resistivity increases

again, possibly indicating the transition to more consolidated or less permeable bedrock.

Together, ERT 4 and TDEM-2 provide a coherent image of a shallow mixed aquifer system
underlain by a deeper low-resistivity anomaly consistent with geothermal fluid accumulation.
While the anomaly identified in ERT 4 differs from that observed in ERT 1 and 2, the combined
results of TDEM-1 and TDEM-2 suggest possible lateral continuity of the geothermal system.
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Despite the limited scope of detailed studies in the region, previous research by (Alfaro
et al., 2020) has demonstrated substantial geothermal potential. The volumetric method and
Monte Carlo simulations suggest a promising outlook for geothermal energy development, with
expected electric potential capable of meeting regional energy demands (Table 2). Despite the
promising geothermal potential and a viable reservoir temperature of 100°C, further exploration
and detailed studies are necessary to more accurately assess the geothermal capabilities of the
Aguas de Vichy springs, as the potential estimated for the thermal springs relies on standardized
and generalized parameters rather than specific properties of the geothermal reservoir.

The apparent thermal gradient (ATG) estimated from the difference between reservoir
temperature (100 °C) and spring discharge (31 °C) (Alfaro et al., 2020), divided by the depth
of the conductive anomalies imaged by TDEM (47—100 m), yielded values between ~690 and
1470 °C/km. These numbers are one to two orders of magnitude higher than the regional
conductive geothermal gradient reported for the study area (33—36 °C/km; (Mejia-Fragoso et al.,
2024)) and exceed the maximum gradients measured in volcanic systems such as Las Nereidas
(~140 °C/km; SGC data). Such values, however, should not be interpreted as true conductive
geothermal gradients (Alfaro et al., 2009).

Instead, they should be regarded as a heuristic indicator of convective upflow, where the
temperature drop occurs abruptly within the shallow aquifer and at the discharge zone. This
behavior is consistent with international studies of high-enthalpy convective fields such as
Wairakei—Tauhara (New Zealand), where reservoir intervals remain nearly isothermal and exhibit
very low apparent gradients (<10 °C/km), following boiling-point-with-depth profiles rather than
conductive trends (Scott et al., 2016; Farina et al., 2019; Qin et al., 2025). In this context, the
extremely high ATG values at Aguas de Vichy are best interpreted as indicative of buoyancy-
driven convection and rapid fluid ascent along the fault zone, rather than as conductive geothermal
gradients comparable to regional maps.

Future work should aim to investigate the heat source responsible for the thermal charac-
teristics of the waters, exploring in detail deeper geological structures that could be influencing
the thermal regime. Further detailed geophysical surveys, potentially including deeper seismic
profiling and gravimetric or magnetotelluric studies, could provide critical data to guide the ex-
ploration of boreholes, geothermal gradient wells and further surface temperature measurements.
Gamma-spectrometer measurements can offer valuable insights into the water’s radioactivity and

its potential heating through radioactive decay, and laboratory measurements of geoelectrical
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properties on rock samples from boreholes or outcrops can also be beneficial. These efforts
would not only advance our geological understanding but could also lay the groundwork for
sustainable geothermal development, contributing to regional energy security. Additionally, this
research supports the potential establishment of health and wellness centers that leverage the
unique thermal properties of the Aguas de Vichy springs, which could foster new opportunities

for regional development through tourism.

Conclusion

The integration of synthetic modeling with ERT data from transects 1, 2, and 4 enabled the
identification of a geothermal fluid plume characterized by resistivities below 10 Q - m. This
anomaly is interpreted as a thermal saline fluid migrating laterally from the vicinity of the fault
zone into the hosting aquifer and to the thermal springs. The plume displays a lateral dispersion
pattern, gradually attenuating towards the southeast, and becomes untraceable in ERT 3,
suggesting a loss of thermal signature or reduced connectivity beyond that point. The lithological
heterogeneity of the aquifer is consistent with this irregular dispersal. Furthermore, induced
polarization (IP) measurements along ERT 2 and ERT 3 revealed chargeability anomalies
associated with clay-rich layers, located both within the aquifer matrix and near its upper
boundary. These findings suggest the presence of local confining units that may influence the
flow and accumulation of geothermal fluids by restricting vertical permeability and enhancing
heat retention in certain zones.

The inclusion of TDEM soundings provided crucial depth extension beyond the resolution
of ERT. TDEM-1 revealed a deep conductive anomaly that can be interpreted as a geothermal
reservoir, reinforcing the potential role of the main fault in vertical fluid migration. TDEM-2,
acquired alongside ERT 4, highlighted a deeper low-resistivity layer beneath a transitional
resistive horizon, suggesting possible hydraulic connectivity with the reservoir at depth.

Overall, our research points to a complex geothermal system strongly influenced by local
geological and structural conditions, particularly the fault systems that appear to enhance fluid
circulation and thermal convection. The observed geothermal plume aligned with the fault trace,
combined with the deep low-resistivity anomalies identified in TDEM-1 and TDEM-2, is consistent
with the presence of upward migration of thermal fluids from depth. These results indicate that

the system may not be governed solely by deep advective flow, as previously proposed (Alfaro,
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2017), but may also involve buoyancy-driven convection across major faults. While
previous geochemical studies have proposed a saline deep infiltration as the origin of the
fluids (Alfaro and Ortiz, 2011), our findings complement this hypothesis by providing
geophysical imaging of a vertical thermal input, pointing to a more dynamic and vertically
connected geothermal regime. Finally, this study highlights the need for further exploration
and in-depth analysis of the Aguas de Vichy geothermal system, as well as other potential
sites in Santander and across Colombia. Such efforts will be essential for assessing the true
extent of geothermal resources and for their potential integration into the nation’s broader
energy strategy, supporting Colombia’s transition towards a more sustainable and diversified

energy future.
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