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ABSTRACT

Sub- and supercritical geothermal resources offer significantly higher energy densities than conventional hydrothermal systems, primarily
due to the low viscosity and high enthalpy of supercritical fluids, which can substantially increase the thermal output per well. These
fluids may form through conductive heating and boiling of groundwater near magmatic intrusions and are chemically distinct—typically
exhibiting low concentrations of rock-forming elements and elevated levels of volatiles such as carbon, sulfur, and boron. Their chemical
signatures are governed by the solubility of salts, oxides, and aluminum silicates in high-temperature, low-density fluids (Hefmanska et
al., 2020).

Despite their potential, identifying sub- to supercritical resources remains challenging. Laboratory experiments have shown that electrical
conductivity increases from 25 °C to about 350 °C due to enhanced surface and electrolytic conduction but drops significantly under
supercritical conditions (374—600 °C) as water density and dielectric properties decrease (Nono et al., 2020). At temperatures between
500-700 °C, the conductivity of most crustal rocks approaches that of dry rocks.

At the Los Humeros geothermal field, analysis of temperature and fluid chemistry data suggests the presence of sub- to supercritical
conditions in the northern sector of the reservoir. To explore geophysical signatures associated with these conditions, we analyzed gravity
and magnetotelluric inversion results over the relevant subsurface volume. While both methods revealed anomalies consistent in scale
with the expected sub- to supercritical fluid-bearing zones, no clear correlation with the temperature and fluid chemistry indicators was
observed. However, the spatial alignment of these indicators with the direction of gravity anomalies that have been attributed to
characterize the tectonic influence on the geothermal field (Cornejo-Trivifio et al., 2024) is striking.

1. INTRODUCTION

Sub- and supercritical geothermal resources offer significantly higher energy densities compared to conventional hydrothermal systems.
Due to their low viscosity and high enthalpy, supercritical fluids can transport substantially more thermal energy, potentially increasing
the energy output per well by up to an order of magnitude. Supercritical fluids with temperatures in the range of 400-500 °C have been
reported in several active geothermal fields worldwide (Hefmanska et al., 2020). Geochemical experiments and modeling indicate that
such fluids can form through conductive heating and boiling of subcritical geothermal groundwater in the presence of a magmatic
intrusion. As such, they are characterized by low concentrations of mineral-forming elements such as Si, Na, K, Ca, Mg, and Al. These
concentrations are governed by the solubility of salts, oxides, and aluminum silicates in high-temperature (T > 400 °C), low-density
(p <300 kg/m?) fluids. In contrast, these fluids tend to exhibit elevated concentrations of volatile elements (e.g., C, S, B) of crustal and/or
mantle origin. Interestingly, the concentrations of these volatiles are often comparable to those found in subcritical geothermal fluids.

However, accurately identifying and distinguishing these high-temperature resources from conventional hydrothermal systems remains a
major exploration and characterization challenge. Joint interpretation of electrical resistivity and gravity data has become standard in
hydrothermal exploration, as each method is sensitive to different physical properties—resistivity to fluids and alteration, gravity to
density contrasts and structure. Joint inversion can reduce the inherent non-uniqueness of individual methods by enforcing structural or
petrophysical links between models. At the Sorik Marapi field (Sumatra), a 3D joint inversion of magnetotelluric and gravity data,
incorporating fault discontinuities, improved delineation of the graben structure. Gravity resolved lateral geometry, while magnetotelluric
provided depth resolution (Soyer et al., 2020). In Los Humeros (Mexico), combining gravity and surface-wave dispersion data led to
better-constrained velocity and density models than from separate inversions (Carrillo et al., 2024). Nevertheless, some studies opt for so-
called cooperative joint inversion approaches, such as cross-gradient or structure-coupled constraints, which offer a flexible alternative
(Um et al., 2023).

In the Los Humeros geothermal field, gravity data do not directly delineate the geothermal reservoir; rather, they provide a robust
framework for understanding the subsurface structure and help constrain the uncertainty of the geological model (Cornejo-Trivifio et al.,
subm.). Its 3-D resistivity model, derived from magnetotelluric data inversion, reveals a classic geothermal signature characterized by a
dome-shaped low-resistivity clay cap overlying a more resistive core (Benediktsdottir et al., 2019). The resistivity distribution shows a
strong correlation with faults and seismicity, highlighting the structurally controlled permeability of the geothermal reservoir.
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Recent laboratory experiments at temperatures ranging from 25 °C to about 350 °C, electrical conductivity increases because of both
increasing surface and electrolytic conduction (Nono et al., 2020). Under supercritical conditions, i.e. temperature from 374 °C to 600 °C,
electrical conductivity strongly decreases due to the evolution of water density and dielectric constant that affect both surface and
electrolyte conduction. Apart from amphibolite, crustal rock conductivities at temperatures between 500 °C and 700 °C lie within the
range of dry rock electrical conductivity values.

With the aim of identifying geophysical signatures associated with sub- to supercritical temperatures, this study, compares gravity and
electric resistivity of the Los Humeros geothermal field. The Los Humeros geothermal field is situated in the northeastern part of the
Trans-Mexican Volcanic Belt. Los Humeros hosts several wells with temperatures that suggest the potential presence of supercritical
fluids (Figure 1). While gravity data help delineate key structural features, electrical resistivity is used to characterize thermally relevant
zones. Our interpretations are benchmarked against temperature measurements reported by Espinosa-Paredes & Garcia-Gutierrez (2003).

2. LITHOLOGY AND THERMAL STRUCTURE OF THE LOS HUMEROS GEOTHERMAL FIELD

The Los Humeros geothermal field is characterized by Mesozoic sedimentary rocks of the Sierra Madre Oriental, locally metamorphosed
to marble, hornfels, and skarn near intrusions of syenitic to granitic plutons (Yanez-Garcia & Garcia-Duran, 1982). The overlying volcanic
succession is divided into pre-caldera, caldera, and post-caldera units. The pre-caldera group (up to about 1,500 m thick) includes basaltic
to andesitic lavas of the Teziutlan Formation (2.6-1.4 Ma), older basaltic flows, and Cuyoaco Formation lavas (8.9-10.5 Ma), along with
localized basaltic to rhyolitic lavas and domes (270-693 ka; Carrasco-Nuilez et al., 2018, 2022). The caldera group includes the Xaltipan
ignimbrite (164 ka), a thick pyroclastic unit (90-780 m) with porosity up to 70% (Cavazos-Alvarez et al., 2020), overlain by the Faby Tuff
(70 ka) and the Zaragoza ignimbrite (69 ka), which formed the nested Los Potreros caldera (Carrasco-Nuiiez et al., 2018, 2022). The post-
caldera group consists of Late Pleistocene rhyolitic to dacitic lavas and pyroclastics, followed by Holocene explosive and effusive
volcanism. Amphibole crystals occur in the hottest parts of the geothermal system, in the Colapso Central area at depths of > 1,600 m
(Martinez-Serrano, 2002).

The static formation temperatures (Figure 2a) estimated for the Los Humeros geothermal field (Espinosa-Paredes & Garcia-Gutierrez,
2003) indicate a high potential for the presence of supercritical fluids. Notably, deep wells exceeding about 2,000 m in the central to
northern sectors of the field show maximum values that surpass the critical temperature of water, suggesting favorable conditions for
supercritical geothermal resources. Note that Espinosa-Paredes & Garcia-Gutierrez (2003), applying a spherical radial flow model for
temperature correction, suggest temperatures above the critical point in nine wells (H-8, H-11, H-12, H-20, H-26-29, H-32).

Mineral-forming element concentrations in the Los Humeros fluids are low while the concentrations of gases like CO2 and H2S are high
(Hefmanska et al., 2020). Based on water isotopes (6D and 5180, Figure 2a), the source fluids are dominantly meteoric (Lelli et al., 2021).
The concentrations of boron in the fluids reach up to > 1000 ppm (Bernard et al. 2011, Figure 2b). The isotope values of the volatile
elements suggest a magmatic contribution with 811B of -0.8%o and §13C-CO2 of -3.5%o (Bernard, 2008).

The content of total dissolved solids in the Los Humeros fluids decreases with temperature (Espinosa-Paredes & Garcia-Gutierrez, 2003,
Figure 2c). These observations point to supercritical fluids formed by conductive heating and boiling of about 200-300°C subcritical
geothermal water with their concentrations controlled by the solubility of salts, oxides, and aluminum silicates in high-temperature
(400 °C) and low-density (p» of 300 kg m™) water as suggested by Hefmansk4 et al. (2020).

Based on the evaluation of corrected temperature data (T > 350 °C) and fluid chemistry, specifically boron concentrations exceeding
Caoron > 1,000 ppm, we anticipate the reasonable presence of subcritical to supercritical fluids in the central part of the study area (Figure
1). Notably, temperatures above 350 °C are typically recorded at depths around 2,200 m, whereas elevated boron concentrations at lower
temperatures are observed in wells at approximately 1,700 m depth.
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Figure 1: Distribution of wells and maximum static formation temperatures after Horner (1951) in the Los Humeros geothermal
field (Espinosa-Paredes & Garcia-Gutierrez, 2003) or with mean boron concentrations CBoron > 1,000 ppm (data from
Tello, 2005; Diez, 2015; HeFmanska et al., 2020). The black ellipsoids outline of the expected sub- to supercritical fluid
extend based on the temperatures and confirmed by high boron concentrations. The blue line shows the position of the
representative gravity and electric resistivity E-W profiles in Figure 3. Inset map shows the location of the Los Humeros
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geothermal field within the Trans-Mexican Volcanic Belt.
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Figure 2: a) Total fluid isotope (after Hinojosa 2005) determined in the Los Humeros wells in comparison to the Global Meteoric
Water Line (GMWL, after Craig 1961). b) Boron versus chloride concentrations. Orange number indicate the maximum
static formation Horner-temperature after Espinosa-Paredes & Garcia-Gutierrez (2003). ¢) Total dissolved solids
determined as a function of maximum static formation Horner-temperature after Espinosa-Paredes & Garcia-Gutierrez
(2003).

3. GEOPHYSICAL DATA OF THE LOS HUMEROS GEOTHERMAL FIELD

Gravity data were acquired at 263 stations along ten east—west profiles across the central and northern Los Humeros geothermal field
(Figure 1). Data acquisition and processing procedures are described in Cornejo-Trivifio et al. (2024).

The processed residual gravity anomaly was analyzed through both forward and inverse modeling (Cornejo-Trivifio et al., subm.),
constrained by the 3-D geological model of Calcagno et al. (2022). The structural framework was discretized into 17,388 voxels (200 x
200 x 100 m). Multiple density parameterizations were tested to refine the models. Inversion using a Markov Chain Monte Carlo stochastic
algorithm implemented in GeoModeller (Intrepid Geophysics) showed that including compaction and porosity corrections achieved the
best match with observations. The optimal inversion was obtained with a 70 % probability of density changes and a 30 % probability of
geometry changes, confirming that the initial 3-D geological model is largely consistent with the observed gravity field.

Magnetotelluric and transient electromagnetic data were collected across the Los Humeros geothermal field, consisting of 122
magnetotelluric soundings and 120 co-located TEM stations distributed throughout the area. Details of data acquisition, processing, and
static-shift correction are provided in Benediktsdottir et al. (2019).

A 3-D resistivity model of Los Humeros was developed using WSINV3DMT (Siripunvaraporn et al., 2005; Siripunvaraporn & Egbert,
2009). The inversion incorporated smoothness constraints and a prior model as regularization parameters, following a stepwise iterative
approach to progressively improve the data fit. Several starting models were evaluated, and the final model, initiated from a homogeneous
50 Qm half-space, was selected for its ability to reproduce a geologically plausible and parsimonious resistivity structure, minimizing
artifacts observed in alternative runs.

4. RESULTS AND DISCUSSION

The temperature and fluid chemistry data of the potential sub- to supercritical fluid-bearing zones is summarized in Table 1. Figure 1
shows the spatial distribution of the key wells that provide evidence for these conditions. Notably, these wells are arranged along two
distinct, approximately NE-SW trending structural corridors.

Table 1: Selected wells with maximum static formation temperatures after Horner (1951) in the Los Humeros geothermal field
(Espinosa-Paredes & Garcia-Gutierrez, 2003) and mean boron concentrations (data from Tello, 2005; Diez et al., 2015;
Heimanska et al., 2020).

Maximum Static Formation .
Well Depth (meters) Temperature (°C) Boron Concentraion (ppm)
H-4 1,855 216.5
H-8 2,300 389.4 453
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H-9 2,300 220.2

H-10 2,158 269.2

H-11 2,376 382.1 882
H-19 2,269 256.3

H-26 2,546 364.5

H-27 2,584 396.4 135
H-28 2,558 362.1 67
H-29 2,186 385.3 513
H-30 1,902 2943

H-34 1,760 234.6

H-35 1,680 293.2

H-36 1,698 3123

H-37 1,670 232.1

H-38 2,190 353.6

H-43 2,200 395 958

To identify resistivity or density anomalies potentially associated with sub- to supercritical conditions, we examine the 3-D inversions of
subsurface volume beginning at 1,200 m a.s.l. (Figure 3), which corresponds to the average depth of wells exhibiting elevated boron
concentrations of about 1,700 m. This depth interval provides a relevant reference for correlating geophysical signatures with geochemical
evidence of high-temperature fluid presence. While the density inversion primarily reflects the geological setting of the study area (Figure
3a; Cornejo-Trivifio et al., subm.), the 3D resistivity model (Benediktsdoéttir et al., 2019) reveals deep few hundreds of meter-scale
anomalies that cut across the stratigraphy and structural fabric. Beginning at depths greater than 2,200 m, the resistivity data show distinct
low-conductivity anomalies in the eastern and western parts of the study area. These are separated by a more conductive zone centrally
located, forming a prominent resistivity contrast across the field (Figure 3b).

At 1,200 m a.s.1., which corresponds to the average depth of wells with elevated boron concentrations, these anomalies span approximately
200 meters in thickness and extend 1,000 to 2,000 meters in the north—south direction (Figure 3d). Notably, within the basement rock,
where density becomes laterally homogeneous (Figure 3e), this central low-resistivity zone begins to dissipate at around 300 m a.s.l.
(Figure 3f1).
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Figure 3: Vertical profiles through a) the gravity inversion model (Cornejo-Trivifio et al., subm.) and b) the 3D electric resistivity
inversion (Benediktsdéttir et al., 2019). Blue lines represent major geological boundaries, and black lines mark the fault
traces, based on Calcagno et al. (2022). Top-view horizontal slices of c) density and (d) resistivity at 1,200 m a.s.l., and
corresponding slices at 300 m a.s.l. in e) and f), respectively.

Although the spatial resolution of both gravity and magnetotelluric inversion data could, in principle, allow for the detection of deep
anomalies, our current analysis indicates that neither method has clearly delineated the sub- to supercritical fluid zones in the Los Humeros
geothermal field. The absence of a distinct geophysical signature that correlates with the geochemical and temperature indicators suggests
that these fluids may not produce strong or coherent anomalies at the scales resolved by the current models.

However, NW-SE striking structural features, previously identified through a morpho-structural analysis and regional gravity data (Figure
4; Cornejo-Triviilo et al. 2024), are likely to play a critical role in the formation and localization of these high-temperature fluids. The
orientation of these structures is not only aligned with the zones of inferred sub- to supercritical conditions but have also been shown to
influence the geometry and development of the Los Humeros caldera itself. Their persistent structural control across geological timescales
suggests a deep-seated, tectonically driven mechanism that facilitates the ascent and accumulation of superheated fluids.

This reinforces the hypothesis that sub- to supercritical resources in Los Humeros are not simply controlled by lithological contrasts or
shallow fault systems but rather are linked to long-lived regional tectonic structures that penetrate deep into the crust. Future exploration
efforts may benefit from integrating this structural framework with high-resolution geophysical and geochemical data to more accurately
target supercritical zones.
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Figure 4: Distribution of wells and maximum static formation temperatures after Horner (1951) in the Los Humeros
geothermal field (Espinosa-Paredes & Garcia-Gutierrez, 2003) or with mean boron concentrations Cgoron
> 1,000 ppm (data from Tello, 2005; Diez et al., 2015; Hefmanska et al., 2020). The black ellipsoids outline of
the expected sub- to supercritical fluid extend based on the temperatures and confirmed by high boron
concentrations. The faults have been identified by structural and remote sensing analyses (Cornejo-Trivifio et
al., 2024).

5. CONCLUSION

Sub- and supercritical geothermal systems represent one of the most promising frontiers in geothermal energy development, offering
substantially higher energy densities than conventional hydrothermal resources. At the Los Humeros geothermal field, integrated analyses
of temperature, fluid chemistry, gravity, and magnetotelluric data point toward the possible existence of sub- to supercritical conditions
in the northern sector of the reservoir.

The spatial arrangement of wells with elevated temperatures and boron concentrations follows NE-SW trending structural corridors, and
morpho-structural analyses highlight NW-SE striking faults as possible conduits. These structures likely play a central role in the ascent
and localization of high-temperature fluids, indicating a tectonically driven system rather than one governed solely by local lithological
variations.

Despite the high resolution of both gravity and magnetotelluric inversion models, neither clearly delineates the zones of elevated
temperature and boron concentration. The lack of strong or coherent geophysical signatures at the resolved scales suggests the need for
complementary datasets or refined approaches in interpretation and modeling.

Overall, these findings highlight both the potential and the diagnostic challenges associated with recognizing supercritical resources in
active volcanic geothermal systems.
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