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Abstract

Super-hot unconventional geothermal systems (> 350 °C) possess enormous potential for geothermal
power and heat generation that could be harnessed in the future. Due to their high temperature fluids,
they could provide significantly more energy per well than existing conventional wells. However, the
development of such systems is challenging and their controlling factors are not fully understood yet.
The high temperatures and often aggressive reservoir fluids have led to numerous drilling problems
and eventual abandonments of wells in the past. Overcoming these challenges requires a deeper un-
derstanding of these reservoirs and the development of innovative exploration and drilling technologies.
As part of the GEMex H2020 project, this thesis focuses on the reservoir characterization of super-hot
unconventional geothermal systems linked to volcanic settings in Mexico. Two caldera complexes lo-
cated in the northeastern Trans-Mexican Volcanic Belt, the Acoculco and Los Humeros caldera, were
selected as demonstration sites. Sound knowledge of the reservoir units, their rock properties, and
spatial heterogeneities in the subsurface is crucial for the interpretation of geophysical data as well as
the parametrization of numerical models, and thus, forms the basis for an economic reservoir assess-
ment and management. To improve the geological understanding of the caldera complexes, identify
potential reservoirs, and obtain information on the physiochemical and mechanical characteristics of
the reservoir rocks, a comprehensive outcrop analogue and wellbore core study was performed.

An innovative multi-method approach was used to create a comprehensive rock property database with
more than 31000 data entries on 34 petrophysical and mechanical rock parameters, facilitating the
application of the data for different disciplines and modeling approaches at different scales (local to
super-regional). All relevant key units from the basement to the cap rock of the geothermal fields were
characterized and distinct parameter ranges were defined for each unit. The results highlight the geo-
logical complexity of volcanic systems, which leads to high variability in rock properties that must be
individually considered for each parameter and unit in a 3D reservoir model. Using the Los Humeros
caldera as an example, a step-by-step guide for the parametrization of a 3D geothermal model was
proposed. Subsequently, processes that affect the rock parameters were investigated. Fluid flow and
fluid-rock interactions of the Los Humeros geothermal field are predominantly fracture-controlled and
have significantly altered the physiochemical rock properties and their relationships. The investigation
of alteration facies indicates that the reservoir rocks were affected by multiple hydrothermal events over
time and that the geothermal reservoir is most likely fed by multiple heat sources. A new chemical
discrimination approach was proposed for Los Humeros, which helped to relate the subsurface units to
the corresponding formations in the outcrops. Based on the new findings, recommendations for the
update of the static 3D geological model were defined.

Finally, the results of this work were used to create a local density model using gravity data obtained in
the central collapse zone of the caldera complex to better characterize the shallow structures of the
geothermal reservoir. Different parametrization approaches were tested including assumed average
densities, weighted densities and a multimodal density distribution for each model unit, respectively. By
using the multimodal density approach the misfit can be significantly reduced allowing for a more pre-
cise mapping of the different lithologies in the subsurface. The results highlight the importance of a
profound rock property characterization and the correct estimation of the properties at reservoir depth
during reservoir characterization.




Preface

During my time as a PhD candidate in the working group Geothermal Science and Technology at the
Institute of Applied Geosciences, TU Darmstadt, | was involved in three international research projects:
(1) the MalVonian project, (2) the Horizon 2020 GEMex project, and additionally, (3) the DOE EDGE
project as part of my research stay at Oregon State University, USA. All three projects focused on
improving the understanding of deep geothermal systems covering low-enthalpy to high-enthalpy geo-
thermal reservoirs in various geological settings. As important steps in geothermal reservoir character-
ization, my work predominantly comprised the petrophysical and mechanical characterization of reser-
voir rocks, geothermal assessment studies, and well data analyses resulting in several peer-reviewed
articles and conference contributions (Fig. 1; for a complete list of publications see page XXIV).

¥ LGemex

MalVonian EDGE

- Weydt and Bér et al. (2018): Outcrop

analogue study to determine reservoir
properties of the Los Humeros and
Acoculco geothermal fields, Advances in
Geosciences

Weydt and Ramirez-Guzman et al.
(2021): Perophysical and mechanical rock
property database, Earth System Science
Data

Weydt, Bér and Sass (2021):
Petrophysical reservoir characterization of
the Los Humeros and Acoculco geothermal
fields, Proceedings WGC 2020+1

Weydt and Heldmann et al. (2018): . Carbonari et al. (2021): First year

From oil field to geothermal reservoir:
assessment for geothermal utilization of
two regionally extensive Devonian
carbonate aquifers in Alberta, Canada,
Solid Earth

Weydt and Wilson et al. (2021):
Geothermal assessment of regionally
extensive Upper Devonian carbonate
aquifers in Alberta, Proceedings WGC
2020+1

Sass et al. (2021): Geothermal Reservoir
Analogues on a Continental Scale -

report of EDGE project: An International
Research Coordination Network for
Geothermal Drilling Optimization
Supported by Deep Machine Learning
and Cloud Based Data Aggregation,
Proceedings 461" Stanford Geothermal
Workshop

Rallo et al. (2022): A Probabilistic
Approach to Model and Optimize
Geothermal Drilling, Proceedings 47t
Stanford Geothermal Workshop

Western Canadian Sedimentary Basin
versus Northern Alpine Molasse Basin,
Proceedings WGC 2020+1

. Rochelle et al. (2021): Evidence for
fracture-hosted fluid-rock reactions within
geothermal reservoirs of the eastern trans-
Mexico volcanic belt, Proceedings WGC
2020+1

= Weydt, Bar and Sass (2022):
Petrophysical characterization of the Los
Humeros geothermal field, Geothermal
Energy

- Weydt and Lucci et al. (2022): The impact
of hydrothermal alteration on the physio-
chemical characteristics of reservoir rocks,
Geothermal Energy

Figure 1: Overview of the projects and the resulting peegviewed articles and conference proceedings.

The cumulative dissertation presented here focuses exclusively on my work performed within the GE-
Mex project and includes content from four peer-reviewed publications as well as conference proceed-
ings, project reports, and unpublished results. The GEMex project aims to improve the understanding
ofso-cal | ed-hosapenconventi onal geot her mal Sy strablems ar
exploration approaches and exploitation technologies that withstand high temperatures and challenging
reservoir conditions. For this purpose, the Acoculco and Los Humeros caldera complexes located in
the Trans-Mexican Volcanic Belt in Mexico were selected as demonstration sites.

The objective of this thesis is to perform an in-depth characterization of super-hot unconventional sys-
tems by applying a multi-method and multi-scale approach, which is integrated within a large-scale
research project and links different disciplines and their results. The workflow presented here focuses
on the physiochemical characterization of target units in the subsurface, recommendations for concep-
tual and computational 3D reservoir modeling, and their application in a local gravity model to improve
the geological understanding of super-hot unconventional geothermal reservoirs linked to volcanic sys-
tems.




The first chapters of this thesis introduce the reader to super-hot unconventional geothermal systems,
the GEMex project as well as the geological setting of the study area. Content from Weydt and Bar et
al. (2018), published in Advances in Geosciences, Weydt and Bar et al. (2021), Proceedings World
Geothermal Congress 2020+1, and GEMex deliverables are included in chapters 1 and 2.

Following the general introduction presented in the first chapters, chapter 3, published in Earth System
Science Data, describes the various laboratory experiments conducted within the GEMex project to
characterize all key lithologies of the Los Humeros and Acoculco geothermal fields. The chapter pre-
sents a comprehensive workflow starting with joint field work over sample identification using chemical
and petrographic analyses to petrophysical and mechanical rock characterization and the creation of
an extensive, ready-to-use relational rock property database. Unlike other databases, all data points
are comparable with each other since each parameter was determined in the same way and all param-
eters were measured on each sample. Due to the joint approach in the field, this work can be linked to
mineralogical, structural, and shallow geophysical investigations carried out in other work packages
within the GEMex project.

From here on, the thesis predominantly focuses on the Los Humeros geothermal field. However, within
the GEMex project, the methods and workflows presented in this thesis have been applied to both
caldera complexes.

Chapter 4, published in Geothermal Energy, takes a closer look at the geological units of the Los Hu-
meros caldera complex, which were sampled in outcrops during different field campaigns. This chapter
describes all steps from outcrop investigation over petrophysical measurements to statistical evaluation
of the results that are required for a profound and accurate petrophysical parametrization of a 3D res-
ervoir model. In addition, this work provides T/P- corrected reservoir properties modeled for all reservoir
units of the Los Humeros geothermal field and recommendations for future stochastic or numeric mod-
eling approaches.

Chapter 5, submitted to Geothermal Energy, includes an in-depth characterization of wellbore core
samples retrieved from the Los Humeros geothermal field. The aim was to identify the main processes
occurring within the reservoir and to quantify their impact on the chemical and petrophysical character-
istics of the reservoir rocks. For this purpose, alteration facies, mineralogical changes, and petrophysi-
cal and chemical properties (major, trace, and rare earth elements) were analyzed on the wellbore core
samples and their results were compared with data from outcropping analogues. Chemical discrimina-
tion methods were identified to relate the wellbore core samples to the units in the outcrops. The inte-
grated field-based approach enabled unraveling the complexity of geothermal reservoir rocks in active
volcanic settings and updating the conceptual geological model of the Los Humeros geothermal field.
Chapter 6 discusses the results of the previous chapters and the observed differences between outcrop
analogues and the respective subsurface units, applications and limitations of the generated database,
and the predictability of reservoir properties. Furthermore, the findings from the physiochemical inves-
tigations of the different rock units are discussed in the context of other recent studies carried out within
the GEMex project such as geophysical surveys, volcanological studies, and reservoir simulations.
Based on the previous findings, implications for an updated conceptual model of the Los Humeros field
and the respective reservoir properties are presented and implemented in a local gravity model of the
central part of the Los Humeros caldera. The latter is part of a modeling approach performed by
Cornejo-Trivifio et al. (2022, in preparation) to improve the understanding of the internal architecture of
the Los Humeros geothermal field, and to map lithological changes/alteration zones and structural feed-
ing zones.
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alteration (i to 1) as well as advanced silicification (m to p) with relicts of original phenocrysts
and secondary porosity (black patches) observed in thin sections with PPL = (b) and (f) and
XPL = (c), (d), (9), (k), and (n) as well as SEM images of selected altered andesitic lavas
displayed as (h), (1), (0), and (p). Abbreviations: Cal = calcite, Chl = chlorite, Ep = epidote,
Czo = clinozoisite, Fsp = feldspar, Kfs = K-feldspar, p = pores, Pl = plagioclase, Py = pyrite,
Qz = quartz.

Figure 41: Scans and photographs of selected samples and corresponding thin sections (PPL =
b, e, g, and XPL =i) and SEM images (c, f, k) representing (a to c) andesitic lava affected by
propylitic alteration and silicification, (d to g) high-temperature propylitic alteration in a fracture
of an andesitic lava, (h to i) skarn, and (j to k) marble. Abbreviations: Ap = apatite, Cal =
calcite, Chl = chlorite, Di = diopside, Ep = epidote, FeOX = iron oxides, Grt = garnet, Grs =
grossular garnet, Kfs = K-feldspar, Mag = magnetite, p = pores, Pl = plagioclase, Qz = quartz,
Ttn=titanite, TiOx= titanium oxide, Wol = wollastonite.

Figure 42: (a) Total alkali versus silica (TAS) diagram (Le Maitre et al., 2002) of the pre-caldera
andesite outcrop samples. Selected major-element Harker diagrams of the outcrop and
reservoir samples in (b) to (i). The pre-caldera reservoir samples were classified regarding
their degree of hydrothermal alteration observed during petrographic analyses (weak,
moderate, and strong).

Figure 43: Selected REE and trace element concentrations of the reservoir and outcrop samples
in (a) to (h). (i) Nb/La vs. Sr/Nb plot after Carrasco-Nufiez et al. (2017b). Chemical indices
such as (j) CIW, (k) CIA and (I) PIA were applied to investigate the relationship between the
intensity of alteration and the physiochemical changes of the rocks.
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Figure 44: REE/Chondrite normalized values of (a) the outcrop and (b and c) reservoir samples
after Sun and Mc Donough (1989).

Figure 45: Correlation of density, P-wave velocity, magnetic susceptibility and thermal conductivity
analyzed under dry conditions (for the number of analyzed plugs see Table 10).

Figure 46: Correlation of permeability, porosity and thermal conductivity analyzed under dry
conditions (for number of analyzed plugs see Table 10).

Figure 47: Selected rock properties of the reservoir samples plotted against reservoir depth. The
pre-caldera lavas were classified with respect to their degree of hydrothermal alteration
(weak, moderate and strong).

Figure 48: Cross plots of matrix permeability, porosity, P-wave velocity, magnetic susceptibility
and thermal conductivity analyzed on the reservoir samples with respect to their alteration
facies in (a) to (d) and the chemical index of weathering (CIW, here excluding marbles and
ignimbrites) in (e) to (h).

Figure 49: (a) Calculated concentration changes and standard deviation for major, trace, and rare
earth elements with respect to the different alteration facies. The concentration changes were
calculated using the average chemical composition of the Teziutlan andesite unit. (b) Plot
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depth vs. Eu/Eu* after Carrasco-N%f ez et al . (2017b) and pl ot

showing clearly lower Eu/Eu* ratios for the rhyolitic lavas. (d) Plot Ti/SiO2 vs. Eu/Eu* showing
different groups for rhyolites, silicified samples and the remaining lavas of the pre-caldera
group.

Figure 50: Kernel probability density functions of selected properties of the pre-caldera outcrop
samples (black line) and reservoir samples (grey dashed line; excluding marbles and
ignimbrites). N = number of analyzed plugs, vertical lines = mean value.

Figure 51: Comparison of borehole core samples of the Los Humeros geothermal field (a, c, e, h)
with rocks collected from outcrops (b, d, f, g, I, and j): (a and b) Xaltipan ignimbrite, (c and d)
pre-caldera lavas, (e and g) skarn, (h and i) marble and (j) limestone collected in close vicinity
of a dyke.

Figure 52: Selected PCAs plotting outcrop and reservoir sample data of the Xaltipan ignimbrite
(a), the pre-caldera lavas (b), limestones and marbles (c), as well as skarns (d).

Figure 53: Cross-plots of matrix porosity vs. matrix permeability in (a), and thermal conductivity
vs. P-wave velocity in (b) analyzed under dry conditions on outcrop samples collected in the
Acoculco volcanic complex (modified from Weydt and Bér et al., 2021). PCA calculated from
the arithmetic means of all analyzed plugs for the respective unit (c and d).

Figure 54: (a) Magmatic plumbing system of the LHVC derived by pressure-temperature estimates
obtained from mineral-liquid thermobarometry models (Lucci et al., 2020), (b) conceptual
model of shallow intrusions and crypto-domes in the upper part of the caldera (Urbani et al.,
2020 and 2021), and (c) shear wave and anisotropy model of the LHVC (Granados-Chavarria
et al., 2022) displaying the different magma pockets feeding the geothermal field.

Figure 55: Density maps at (a) 2000 m a.s.l., (b) at 1000 m a.s.l., and (c) at sea level of the LHVC

obtained from 3D inversionof gravity data (Cornej o, 2020) .

cm-3) with respect to the Bouguer density (2.67 g cm-3). (d) represents the approximate
locations and depths of the shallow magma pockets modeled in Deb et al. (2021).

Figure 56: Small-scale deformations and uplifted areas (a) correlate with temperature anomalies
observed during soil gas measurements (Jentsch et al., 2020) and downhole temperatures
(c; figures from Urbani et al., 2021).

Figure 57: Regional structures of the study area based on morpho-structural analyses performed
within the GEMex project (Luigi Piccardi in Cornejo-Trivifio et al., 2022) and results from fluid
and gas analyses collected from outcrops (colored circles and arrows, modified from Lelli et
al. 2020) and geothermal wells (Pinti et al., 2021; green boxes).

Figure 58: W-E corss-sections derived from geophysical surveys representing the central collapse
area of the Los Humeros geothermal field. (a) Shear velocity model (modified from Granados-
Chavarria et al., 2022), and mapped alteration facies based on MT resistivity models (b =
modified from Corbo-Camargo et al., 2020; c= modified from Arzate et al., 2018).
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Figure 59: Schematic sketches of lateral (a) and fault-controlled (b) geothermal systems (Liotta et
al., 2021). On the right the fluid flow is limited to the fault damage zone, while in lateral
reservoirs the fluids follow lateral permeable levels.

Figure 60: Geological cross-section of the Los Humeros geothermal field modified from Cedillo
(21997).

Figure 61: (a) Complete Bouguer anomaly and (b) residual anomalies of the LHGF and
surroundings displayed on a digital elevation model (15 m resolution DEM) from Cornejo-
Trivifio et al. (2022). The black crosses in the central part of the Los Potreros caldera
represent the gravity stations used in this study. The black oval in (b) shows a prominent NE-
SW low gravity anomaly, which is interrupted by a high anomaly. (c) outline of the gravity
stations and (d) local model used for the forward modeling and gravity inversion in this study.
A-AD aBd epresent the or i e-settans presantedih Cagyasa
Nufez et al. (2017b), and Norini et al. (2015), respectively.

Figure 62: Forward modeling testing different approaches: (a) to (c) assumed average density
values, (d) to (f) density optimization approach using weighted densities, and (g) to (i) multi-
modal density distribution (horizontal cell size: 100 m). Values are presented in mgal.

Figure 63: Output models after gravity inversion using (a) assumed densities without T/P-
correction, (b) the density optimization approach, and (c) the multi-modal density distribution
approach.

Figure 64: Top view of the output model of the gravity inversion using a multi-modal density
distribution (a) and the 3D density model displayed in the Oasis Montaj software after
smoothing (b). The red circles in (a) represent the sampling locations of the outcrop analogue
study and the respective sample numbers are displayed. (c) Young basaltic lavas (< 7 ka)
inside of the caldera with an approximate thickness of 47 10 m (outcrop north of Los Humeros,
samples LH12-16).

Figure 65: Density maps of the central collapse area at (a) 2700 m a.s.l., (b) 2650 m a.s.l., (c)
2600 m a.s.l., and (d) 2250 m a.s.l. showing the distribution of lavas and volcaniclastic
deposits of the post-caldera and caldera group. The grey to blue circles represent the
identified rock types as described in the lithological well profiles provided by CFE and
Carrasco-Nufiez et al. (2017b) and Cavazos-Alvarez et al. (2020).

Figure 66: Output models (here horizontal cell size: 200 m) representing (a) the 100/0-scenario
(rock density is 100% variable and the model boundaries are fixed), (b) the 80/20-scenario,
and (c) the 50/50-scenario.

Figure 67: W-S view (a) and S-E view (b) of the density model displayed in Oasis Montaj (80/20-
scenario, smoothing and linear density distribution were applied). (c) Top-view showing the
rock units with densities > 2.57 g cm-3 between 2500 and 2600 m a.s.l. (d) W-S view of high-
density areas (here a different visualization-option was used in Oasis Montaj) indicating lateral
lava flow between ~ 2000 and ~2700 m a.s.l. (e) preliminary geological interpretation of (a)
also using information retrieved from well logs (CFE data; Carrasco-Nufiez et al., 2017b;
Cavazos-Alvarez et al., 2020). Faults (black lines) were retrieved from Calcagno et al. (2019).

Figure Al: Regional geological setting with the Los Humeros Volcanic Complex in the center
(SGM, 2002). The red circles represent the sampling points of the outcrop samples
investigated in this study.

Figure A2: Photographs of selected outcrops representing (a) Holocene basaltic lava flows and
(b) ash deposits of the Xoxoctic member inside of the Los Humeros caldera, (c) unwelded
Xaltipan ignimbrite located northwest of the LHVC close to the town Temextla, (d) the
Teziutlan andesite unit located east of the LHVC, (e) the Cuyoaco andesite unit located west
of the LHVC, (f) andesitic dykes intruding into Cretaceous limestones located southwest of
the LHVC (road cut), (g) Cretaceous shales, (h) Jurassic sandstone deposits, (ii k)
Cretaceous limestones, marl and chert layers as well as chert nodules, (I) Miocene marbles,
(m) skarn deposits of the Eldorado mine, (n) quartz veins associated with skarn deposits and
(o) a granitic intrusion cut by a mafic dyke in a riverbed (Ii o represent outcrops in Las Minas).
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Figure C1: Micro-capture photographs of selected reservoir samples showing the impact of
hydrothermal alteration, brecciation, and fracturing at the cm-scale. VI

Figure C2: SEM images showing (a) amygdales filled with chlorite, epidote, and quartz, (b)
alteration rims near larger felspar phenocrysts, (c-d) epidote s. |. and quartz filling vugs (c)
and veins (d), and pervasive silicification and relicts of phenocrysts in andesitic lavas. (f)
metasomatic vein in fractured marble with wollastonite, garnet and apatite. Note the
abundance of secondary porosity (black) in (c) to (f). Abbreviations: Adr = andradite, Ap =
apaite, Cal = calcite, Ccp = chalcopyrite, Chl = chlorite, Ep = epidote, Fsp = feldspar, Grs =
grossular, Kfs = K-feldspar, p = pores, Pl = plagioclase, Py = pyrite, Qz = quartz, Wol =

wollastonite. IX
Figure C3: Cross-plots of thermal conductivity, thermal diffusivity, P-wave and S-wave velocities
analyzed under dry and saturated conditions. See legend in Figs. 45 and 46. X
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1. Introduction

The world energy demand is constantly increasing and it has never been more important to provide
baseload and environmentally friendly energy to ensure economic viability, tackle climate change, and
reduce geopolitical dependencies on fossil fuels. While renewable electricity generation in 2021 set
new records in the fastest year-to-year growth (+ 8%), particularly for electricity generated from solar
and wind power systems, much more effort is needed to reach Net Zero Emission targets by 2050 (IEA,
2021). Among renewable energy sources, only geothermal energy has the potential to contribute long-
term baseload energy to the energy mix. Geothermal energy is defined as thermal energy generated

and stored in the Earthoés crust, which is used fo

buildings (Huenges, 2010). Despite steady growth over the past decades (plus 200 MW in 2021), geo-
thermal energy only accounts for a fraction of the renewable energy capacity (< 0.1%), and the pace is
falling below the required average annual capacity expansion of 3.6 GW per year to meet the target of
330 TWhin 2030 (IEA, 2021). While countries like Turkey, Indonesia, or Kenya with abundant untapped
conventional geothermal resources are responsible for most of the current geothermal capacity growth,
geothermal energy could theoretically be used everywhere.So-c al | ed O6unconvent.
tems such as deep high-temperature hydrothermal systems or deep hot dry rock have the largest po-
tential worldwide for deep geothermal energy utilization (Huenges, 2010). According to Lu (2018), fossil
fuels could be replaced completely by exploiting the high energy reserves in the upper 10 km of the
Earthodés crust (xd@g) dhe desebopmemt gnd éxpldtation of such systems would
allow harnessing geothermal energy almost everywhere, also in areas with geological conditions that
were previously considered less favorable for geothermal energy utilization. However, the controlling
mechanisms of these deep high-temperature resources are not understood yet and comprehensive and
detailed exploration, as well as new drilling technologies are required to provide safe and scalable en-
ergy that is economically competitive compared to fossil fuels.

Accurate reservoir characterization is crucial for reservoir development, operation, and monitoring
(Aminzadeh and Dasgupta, 2013). Commonly, reservoir characterization starts with a simple concep-
tual geological model of the reservoir and the acquisition of comprehensive datasets from different
disciplines such as geophysical surveys, well logs, structural data, production data, or information on
the fluid and rock properties. The incoming data is used to derive reservoir properties such as reservoir
thickness, number of reservoir units, hydraulic and thermal properties at reservoir conditions, pressure
and fracture distribution, and subsequently, the static model is constantly updated based on the new
knowledge. The improved static model will then be used to create numerical reservoir models for the
simulation of e.g., subsurface temperature distribution, heat transport, and fluid flow, which form the
basis for advanced resource and risk assessments.

During reservoir characterization, it is crucial to depict the geological conditions in the subsurface as
accurately as possible. Especially for hydrothermal systems the economical success of geothermal
projects highly depends on the correct identification of spatial heterogeneities and petrophysical aniso-
tropies that might influence the fluid flow (Linsel et al., 2020). The current state of the reservoir is the
result of diagenetic, tectonic, hydrothermal or metamorphic processes as well as reservoir production
that alter the reservoir rocks and their properties over time and space. Therefore, the investigation of
the controlling processes within the reservoir and the identification of lithological units with similar phys-
iochemical characteristics that can depict the geological heterogeneity of the reservoir at different
scales is essential for a profound reservoir assessment and the creation of reservoir models.

Starting with comparatively shallow (< 3 km depth) and easily accessible high-temperature resources,
this thesis focuses on the reservoir characterization of super-hot unconventional geothermal systems
linked to volcanic settings in Mexico. For this purpose, the already well-developed Los Humeros
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geothermal field, and the Acoculco caldera, which is currently under exploration for geothermal energy
utilization, were selected as demonstration sites. By applying an innovative multi-scale and multi-
method approach, this work aims to improve the geological understanding of super-hot unconventional
geothermal resources and help to accelerate their development for future use.

1.1. Deep Geothermal Systems

Deep geothermal energy resources are usually classified into conventional and unconventional sys-
tems. The term O6conventional geothermal systems?®o
ring steam or hot-water-dominated hydrothermal reservoirs, which are often restricted to areas with
active volcanism or tectonic activity (Huenges, 2010). These systems are commonly characterized by
sufficiently permeable reservoir rocks, an impermeable cap rock that traps the heat, and a sufficiently
large recharge area allowing for sustainable utilization of the resource and fluids with temperatures that
can range from a few degrees above ambient temperature to greater than 375 °C. In volcanic settings,
these systems often reveal themselves on the surface through hot springs or fumaroles. The worldwide
largest and most well-explored geothermal reservoirs (Table 1) are hydrothermal systems located in
the USA (Geysers), Indonesia (Darajat), Philippines (Makban), Turkey (Kizildere), Kenya (Olkaria), New
Zealand (Wairakei), Mexico (Cerro Pietro), ltaly (Larderello), Iceland (Hellisheidi), and Japan
(Kakkonda; Huttrer, 2021).

Table 1: Top 10 countries having the most installed geothermal power generation in 2020 after Huttrer (2021)

Country MWe installed in 2020
1. USA 3,700
2. Indonesia 2,289
3. Philippines 1,918
4. Turkey 1,549
5. Kenya 1,193
6. Mexico 1,105
7. New Zealand 1,064
8. ltaly 916
9. Iceland 755
10. Japan 550

Unconventional geothermal systems include hot dry rock or enhanced geothermal systems (EGS), su-
per-hot geothermal reservoirs, and advanced geothermal systems (Huenges, 2010; Stober and Bucher,
2021; Malek et al., 2021). To exploit unconventional resources innovative tools and engineering tech-
nologies are required. EGS often comprise promising high temperatures but lack the necessary initial
rock permeability or reservoir fluids to transfer sufficient heat to the surface. Thus, reservoir stimulation
is required to enhance or connect existing fracture zones in the subsurface to enable the fluid flow.
Super-hot geothermal systems contain temperatures above 350°C, which would provide more energy
per well than common geothermal installations (AltaRock, 2022), but also require specific drilling tech-
nologies and materials that can withstand the harsh reservoir conditions and corrosion caused by ag-
gressive reservoir fluids (Stober and Bucher, 2021). In contrast, advanced geothermal systems use a




closed-loop system to circulate fluids in sealed pipes and boreholes completely relying on conductive
heat transport in the deep subsurface (Malek et al., 2021). This approach requires precise lateral drilling
to connect a horizontally arrayed series of lateral wells for the creation of the closed loop system.
Since conventional geothermal systems are restricted to a few sites worldwide, these energy resources
are limited and not scalable. Unconventional systems have the worldwide largest potential for deep
geothermal energy utilization (Huenges, 2010; AltaRock, 2022) and the development of advanced ex-
ploration, drilling, and exploitation technologies is required to make deep geothermal resources acces-
sible on a large scale and economically competitive compared to existing energy resources such as
coal and fossil fuels.

1.2. Super-Hot Unconventional Geothermal Systems

I n this thesi®tpttigeotbdemmasupgstemsd (SHGS) refer
reservoir temperatures above 350 °C as defined in the GEMex project.

I n the past, -hoedbteahmaseddpwere often used synony
and a clear temperature/pressure definition does not exist so far (Dobson et al., 2017; Kruszewski and
Wittig, 2018, HeSmansk§ et al ., 2019) .-phBefluidsrex-r i t i

ceeding the critical temperature and pressure. Beyond the critical point, the differences between the
thermodynamic properties of the liquid and the vapor phase disappear (Suarez-Arriaga, 2019; Fig. 2).
Considerable disagreement exists inthesci ent i fi ¢ community about whet
applies only to fluids with both temperature and pressure above the critical point of the fluids or also
includes fluids exceeding the critical temperature butnott he cr i ti cal pr ¢d.,2018)e ( H
For pure water, the critical properties are obtained at temperatures of > 374 °C and pressures of > 221
bar, which corresponds to a drilling depth of approximately 3500 m (Kruszewski and Wittig, 2018).
However, the critical temperature and pressure of fluids increase with salinity. For seawater with 3.5%
NaCl this point is reached at 405 °C and 302 bar, which corresponds to a drilling depth of about 5300 m.
According to Elders et al. (2014), these conditions can already be reached for saline fluids between
2300 m and 3000 m depth in low-permeable systems (a sealing horizon that allows the pressure to
exceed hydrostatic conditions is required; Dobson et al., 2017).

In contrast to subcritical fluids, supercritical fluids are characterized by a significant increase in fluid
enthalpy, but reduced fluid density, fluid viscosity, and fluid thermal conductivity (Suarez-Arriaga, 2019;
Fig. 2). Due to the high fluid enthalpies and reduced fluid viscosities, geothermal wells would have much
higher productivity and higher mass transport (higher ratio of buoyancy forces relative to viscous forces;
Elders et al., 2014), which make drilling into supercritical conditions very attractive. Assuming that a
conventional high-temperature geothermal well (200 °C) produces about 31 5 MW,, recent studies claim
that the extraction of supercritical fluids increases the productivity by a factor of ten compared to con-
ventional wells due to five times the energy content of the fluid and two times the conversion efficiency
of the thermal heat to electricity (Cladouhos et al., 2018; Fridleifsson et al., 2014a, 2014b). According
to Cladouhos et al. (2018) three very deep wells that reach supercritical conditions (~ 400 °C) could
replace 42 EGS wells (200 °C) and reduce the costs of deep geothermal projects dramatically.
Super-hot geothermal reservoirs are commonly associated with active volcanic systems with high-tem-
perature gradients and high heat flows due to shallow intrusions (Dobson et al., 2017). Thereby, super-
critical fluids are thought to be located at great depth near the brittle-ductile zone close to an intrusive
body representing the deep root of the geother mal
canic settings temperatures exceeding the critical temperature can occur at comparatively shallow
depths (< 2 km; e.g., Geysers, Los Humeros, Larderello). The worldwide largest and most efficient
geothermal fields as described above (Table 1) are super-hot geothermal systems related to magmatic
systems. However, supercritical conditions can theoretically be reached everywhere close to the brittle-




ductile zone, but require much deeper wells (AltaRock, 2022). Watanabe et al. (2017) infer that even
though permeability generally decreases with reservoir depth, sufficient permeability remains in the
brittle-ductile zone, and potentially exploitable resources could exist at 21 6 km depth in the granitic
crust reaching temperatures between 375 and 400 °C.
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Figure 2: Pressuretemperature diagram for pure water (a), and fluid properties plotted against temperature (i) modified from
Pioro (2014): dynamic viscosity vs. temperature (b), enthalpy vs. temperature, density vs. temperature (d),espfic heat vs. tem-
perature (e), and thermal conductivity vs. temperature (f).

Up to now, no geothermal power plant is producing fluids from reservoirs that exceed the respective
critical temperature and critical pressure. However, about 25 wells have been drilled in the past that
reached supercritical conditions (Kruszewski and Wittig, 2018), e.g., Reykjanes in Iceland, Geysers,
Salton Sea, and Puna, Hawaii in the USA or Los Humeros in Mexico (Fig. 3). The majority of these
wells are associated with active magmatic systems and several problems occurred during the drilling
process such as casing failure, cementing failure, handling of loss circulation zones, risks of blow-outs
and difficulties in cooling the well, damage to the wellhead assembly and drill string as well as heavy
corrosion caused by acidic fluids and silica scaling (Kruszewski and Wittig, 2018).
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Figure 3: Geothermal fields where temperatures 874 °C were recorded (Bromley et al., 2021).

To overcome these challenges and to harness these resources in the future, innovative exploration and
drilling technologies as well as a much better understanding of super-hot geothermal systems in general
are required. Therefore, several international research projects have been or are currently conducted:
IDDP (Reykjanes, Iceland), DESCRAMBLE and DEEPEGS (Larderello, Italy), Japan Beyond Brittle
Project JBBP (Kakkonda, Japan), HADES (Hotter and Deeper) and The Next Generation (Taupo vol-
canic zone, New Zealand), ENN (Longfang, China), GEMex (Acoculco and Los Humeros, Mexico), and
Newberry Deep Drilling project (Newberry, USA). Most of these projects target super-hot geothermal
systems related to active volcanic systems because supercritical conditions could be reached at a com-
paratively shallow depth to reduce drilling costs. However, projects such as DOE FORGE (Utah, USA)
and Super-hot EGS (Newberry, USA, AltaRock, 2022) focus on drilling into the brittle-ductile zone of
crystalline rocks with up to 10 km deep wells to develop technologies that could make deep geothermal
resources independent from specific geological sites (such as active volcanoes) and scalable for world-
wide implementation.

Although significant improvements have been made during the past years regarding new drilling mate-
rials and technologies that can withstand the harsh conditions at reservoir depth (Petty et al., 2020),
future research needs to focus on high-temperature cement and casing, high-temperature materials for
bits and directional control systems as well as cooling of the wellbore. The current methods rely on
cooling the wellbore drastically during drilling, which puts enormous stress on the downhole equipment
(bits, BHA), casing, connections, and particularly cement as soon as the cooling stops (several heat
cycles due to e.g., problems during drilling or when drilling is completed), which often causes stress-
induced cracks. Thus, current research is developing e.g., non-metal materials, self-healing cement,
new ultra-deep drilling technologies (plasma drilling, pressure-controlled drilling) using aerated water
or nitrogen for cooling, high-temperature mud motors with liquid nitrogen cooling, CO»-based stimula-
tion methods or high-temperature logging tools (AltaRock, 2022).




According to Petty et al. (2020), the perhaps greatest improvements are needed in reservoir creation
and management. The behavior of rock under high T/P conditions and the long-term fluid-rock interac-
tions under in-situ conditions are not well understood which in turn are essential to predict the behavior
of the reservoir formations during reservoir stimulation and operation. So far, high T/P laboratory ex-
periments are scarce (Kummerow and Raab, 2015; Wanatabe et al., 2017), time-consuming, and very
expensive. Supercritical EGS laboratories are under development in Japan and China. Furthermore,
simulating a super-hot geothermal reservoir requires advanced modeling tools, which can incorporate
the flow of single-phase, two-phase or supercritical fluids, fluid-rock interactions with gases and brines,
and conductive and convective heat transport (Bromley et al., 2021). Recent efforts focused on tackling
multiphase flow modeling and energy extraction (Feng et al., 2021), boiling and condensation above
magmatic intrusions (Scott et al., 2017), or the reinjection into supercritical geothermal systems (Parisio
et al., 2019).

1.3. Geothermal Energy Production in Mexico

Mexico hosts numerous subaerial and submarine hydrothermal systems (Prol-Ledesma and Moran-
Zeteno, 2019) predominantly related to active volcanic areas (Fig. 4). Heat flow ranges between
40 mW m2 in the southern and north-eastern coast plains and > 200 mW m2 in the central part of
Mexico within the Trans-Mexican Volcanic Belt (TMVB). Prol-Ledesma and Moran-Zeteno (2019) de-
fined eleven geothermal provinces based on the play-type concept presented in Moeck (2014). The
majority of these provinces contain convection-dominated magmatic and plutonic heat sources and to
a lesser extent hydrothermal systems associated with oil deposits.

Although Mexico consists of numerous potential areas for geothermal energy production, geothermal

energy utilization is still underdeveloped (Romo-J ones et al ., 2021). Me X i

lies about 80% on coal, oil, and gas (IEA, 2020), while geothermal power production contributes only
1.6% to the annual electricity generation. Direct uses of geothermal heat are predominantly limited to
swimming facilities and recreational purposes and make up 156.1 Wth in Mexico (Romo-Jones et al.,
2021). However, recent studies also highlight the enormous potential for geothermal heat utilization.
Iglesias et al. (2015) estimated that there are more than 900 geothermal systems in Mexico of which
50% have a temperature between 627 100 °C, 40% have temperatures between 100i 149 °C, and 5%
have temperatures above 149 °C.

Up to now, five geothermal fields with a total electrical capacity of 947.8 MW, are under operation in
Mexico (Romo-Jones et al., 2021): Cerro Pietro (Baja California), Los Azufres (Michoacan), Los Hu-
meros (Puebla), Las Tres Virgenes (Baja California Peninsula), and Domo de San Pedro (Nayarit).
Thereby, the total electricity generated in Mexico was 5.375 GWh in 2018 (Romo-Jones et al., 2019;
Table 2). Except for Domo San Pedro, all geothermal fields are owned and operated by the govern-
mental institution Comision Federal Electricidad (CFE).

Numerous sites are currently under exploration for geothermal energy production in Mexico. Within the
TMVB about 15 potential geothermal fields were identified including Acoculco and Las Derrumbadas
(Prol-Ledesma and Moran-Zeteno, 2019).
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Figure 4: Heat flow mapof Mexico including the five geothermal fields under operation (PreLedesmaand Moran-Zeteno, 2019).

Table 2: Geothermal fields in operation in Mexico in 2018 (Romdones et al., 2019)

Geothermal field Installed capacity Effective capacity Production Injection Year
(MWe) (MWe) wells wells

Cerro Prietro 570.0 570.0 142 28 1973

Los Azufres 244.0 221.0 48 6 1982

Los Humeros 119.8 94.8 28 3 1990

Las Tres Virgenes 10.0 10.0 3 1 2001

Domo de San Pedro 35.5 25.5 4 3 2015




1.3.1. The Los Humeros Geothermal Field

Exploration of the Los Humeros Volcanic Complex (LHVC; at ~ 2800 m above sea level (m a.s.l.);

Fig.5) f or geot her mal utilization started already i
1981 (Bienkowski, 2003; Pinti et al., 2017). However, geothermal energy production started in 1990

with the first 5 MW, power plant. Up to now, 65 wells have been drilled of which 28 are still productive

and three wells are used as injection wells. Today the geothermal field consists of three condensing

flash units of 26.6 MW, and eight backpressure units 5 MW, each (although 5 backpressure units are
currently out of operation; Romo-Jones et al., 2019).

Figure 5: Geothermal power plan inside of the Los Humeros caldera.

The wells produce mainly steam (5.35 million tons in 2018) with high enthalpies of > 2400 kJ kg except
for well H1 which produces water (15001 1700 kJ kg, Pinti et al., 2017). The wells produce between 6
and 56 t of steam per hour and the extracted heat ranges between 0.5 and 41 PJ (Gonzélez-Garcia et
al., 2021). The majority of the boreholes target deep Miocene to Pleistocene andesites at ~ 15001
3000 m depth where temperatures between 300 °C and 400 °C occur (Fig. 6). The most profitable areas
are in the central collapse zone (north of Los Humeros; central to the northern sector of the geothermal
field) and along the Los Humerosi Maztaloya faults (Gutiérrez-Negrin and Izquierdo-Montalvo, 2010).
Several hydrothermal manifestations like Loma Blanca can be found in this area. The most productive
wells are H9 (northwestern sector of the central collapse zone), H12 (close to the Xalapazco crater),
H6 (along the Maztaloya fault), and H7 (close to the Los Humeros fault; Fig. 7), which have a large
spatial distance to each other. According to CFE, most of the wells encountered more than one feeding
zone within the andesites (except for H9, which produces from the underlying carbonate basement;
Fig. 7).

Until recently, the conceptual geological models from Cedillo (2000) and Arellano et al. (2003) were
used for reservoir management and development. These studies assume two andesitic reservoirs (up-
per reservoir = Teziutlan augite andesites, lower reservoir = Hornblende andesite), which feature dif-
ferent reservoir properties and are separated by a thick tuff aquitard (Humeros vitric tuff, Fig. 6). The




shallower reservoir in the Teziutlan andesites (16007 1000 m a.s.l.) is considered liquid-dominated with
temperatures between 300 and 330 °C and the deeper aquifer (9001 100 m a.s.l.) is considered a two-
phase reservoir with temperatures of up to 400 °C (Portugal et al., 2002). It was assumed that the
geothermal field is fed by one large magma chamber located between 5 and 11 km depth (Verma,

1985; Verma et al., 2011) and that fluid recharge takes place within the caldera (Cedillo, 2000).
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Figure 6: Landsat image of the caldera complex (c) and closg view of the geothermal field (a). (b) shows theonceptual geolog-
ical model of the Los Humeros geothermal field after Arellano et al. (2003) used at the beginning of the GEMex project.

The geothermal field contains low-saline NaCl to H.COs-SO4 fluids, which are oversaturated with quartz
and calcite and locally contain high boron, ammonia, and arsenic concentrations (lzquierdo et al.,
2009). Furthermore, acidic fluids with low pH (2.5i 4) were identified in some deep and very hot wells
in the central collapse zone, which led to heavy corrosion and silica scaling. Attempts to neutralize the
acidic fluids with 47% NaOH were carried out (Flores-Armenta et al., 2010), but most of the deeper
production zones were plugged with cement and drilling into these super-hot and acidic zones has been
avoided since then (Gutiérrez-Negrin and Izquierdo-Montalvo, 2010).

Only a fraction (~ 16%) of the produced fluids is currently reinjected into the reservoir with an average
temperature of 90 °C (Gonzalez-Garcia et al., 2021). The exploitation of fluids over the past 30 years
caused boiling with steam condensation, production of returns from injection, interaction with deep flu-
ids, and a decrease in liquid saturation due to insufficient recharge (Arellano et al., 2015).
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1.4. GEMex Project

To utilize super-hot resources sustainably and economically in the future, comprehensive and detailed
exploration is needed to improve reservoir understanding and enable better reservoir modeling. There-
fore, the GEMex project (EU-H2020, GA Nr. 727550) focused on the development of (hot) EGS and
SHGS on two sites in the northeastern part of the Trans-Mexican Volcanic Belt (TMVB), the Acoculco
and Los Humeros caldera complexes (Puebla).

Although already exploited for over 30 years, the super-hot zones of the Los Humeros geothermal field
are untapped yet (chapter 1.3). To increase the productivity of the geothermal field and to tackle the
encountered problems caused by the challenging reservoir conditions, the Los Humeros geothermal
field was selected as a potential site for the development of an SHGS.

The Acoculco caldera complex is still under exploration and only two exploration wells have been drilled
so far. Although promising temperatures of approximately 300 °C at about 2 km depth were encoun-
tered and a well-developed fracture network was identified in the field, both wells were found dry. There-
fore, reservoir stimulation was planned to connect existing fractures and to develop an EGS.

Resource Reservoir
Assessment Characterization
* Structural-controlled * ldentification of the structure
permeability of potential superhot targets
* Regicnal and local * Reservoir characterization
resource models and conceptual models

Figure 8: Simplified workflow of the GEMex project comprising three milestones (GEMex, 2022ww.gemex-h2020.eu).

The GEMex project included an international consortium of eight Mexican and 24 European institutions
as well as CFE who granted access to the sites and operational data. A multidisciplinary approach
(Fig. 8) was applied to find new transferable exploration approaches and technologies based on three
milestones which are (1) resource assessment, (2) reservoir characterization, and (3) concepts for site
development (Jolie et al., 2018). Between 2016 and 2020 extensive geological, geochemical, geophys-
ical, and technical investigations were performed within eight work packages. The project comprised a
complex workflow for the compilation and integration of extensive data sets from different scientific
disciplines (e.g., geophysical surveys, field data, and laboratory analyses). The resulting data and mod-
els of all work groups were combined in integrated reservoir models at a local, regional and super-
regional scale (Fig. 9; Calcagno et al., 2022).
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Figure 9: Location of the study area within the TMVB and outline of the supnagional, regional, and local reservoir models created
within the GEMex project (upper figure modified from Jolie et al., 2018).

For this purpose, preliminary 3D geological models were created already at the beginning of the project
and constantly updated. Figure 10 shows the preliminary regional (56 km x 36 km x 12 km) and local
model (9.5 km x 12.5 km x 12 km) of the Los Humeros geothermal field provided by Calcagno et al.
(2018, 2020, 2022). The regional model comprises four units, which are (1) post-caldera group, (2)
caldera group, (3) pre-caldera group, and (4) pre-volcanic basement. The local model subdivides the
first three regional units and consists of nine units in total. The classification of the model units was
based on existing conceptual models (Cedillo, 2000; Arellano et al., 2003), information on the stratig-
raphy, and preliminary cross-sections (Carrasco-Nufiez et al., 2017a; Norini et al., 2015). These models
served as the starting point for the research presented in this thesis.

12



B e

S50y
6 _n-mc--u ur
PR SR o oo
L, e c: [ L
[ [
-0 3Dl

Figure 10: Preliminary 3D reservoir madels of the Los Humeros geothermal field (Calcagno et al., 2018). (a) represents the first
version of the new geological map of the Los Humeros Volcanic Complex provided by CarraNdgiez et al. (2017a) and (b) repre-

sents the reinterpreted geologicalmap ®AA £ 0 AOAAOET ¢ OEA OACEIT 1 Al -settiodsprésénted j A Q8
in CarrascaNufiez et al. (2017a) and Norini et al. (2015)respectively. The blue triangles represent the lithostratigraphic profiles
provided by CFE used to creatthe local 3D model presented in (d).

13



1.5. Objectives

Although the Los Humeros geothermal field has been under exploration for more than 40 years, many
guestions remain unsolved. The previous conceptual models (e.g., Cedillo, 2000; Arellano et al., 2003,
and Verma, 1985) which assume rather homogenous and horizontally layered reservoirs fed by one
uniform heat source, are not suitable to explain:

1 temperature anomalies (> 300 °C) at comparatively shallow depths (< 1500 m bgl) as observed
in downhole temperature profiles of some wells (Urbani et al., 2020 and 2021; Deb et al., 2021),

1 fluid temperatures of up to 33 °C in shallow groundwater wells in the Perote plain southeast of
the caldera (at about 2400 m a.s.l.; Lelli et al., 2020),

9 the variable production rates within one subsurface unit (< 6156 tons of steam per hour; Gon-
zalez-Garcia et al., 2021) and problems with the recharge of the geothermal reservoir (Arellano
et al., 2015), although the majority of the producer wells target the assumed andesitic reservoirs
(which are supposed to have sufficient permeability),

1 the hydrogeology of the study area, and the locally high B, HCI, and HF contents as well as
acidic reservoir fluids (< 4 pH) within the geothermal field (Flores-Armenta et al., 2010),

1 thevariety of alteration facies within the geothermal reservoir with occasionally low-temperature
(< 250 °C) and high-temperature alteration minerals (> 350 °C) at the same depth (Martinez-
Serrano, 2002) as well as local pervasive silicification observed in some borehole core samples
(Izquierdo et al., 2011),

1 the variety of rock formations in the post-caldera group, which features very heterogenous ba-
saltic to rhyolitic lavas (Lucci et al., 2020),

1 inconsistencies in the original lithostratigraphic profiles of the boreholes regarding lithology,
model units and their thickness.

The problems encountered during drilling and reservoir operation (Flores-Armenta et al., 2010; Arellano
et al., 2015) demonstrate that the internal geological structures and the controlling processes of the
geothermal system are not yet fully understood. To ensure successful reservoir development in the
future, the way high-temperature resources are targeted needs to be re-evaluated, particularly for the
development of super-hot to supercritical reservoirs.
Thus, this thesis focuses on the reservoir characterization of super-hot unconventional systems using
the Los Humeros and Acoculco caldera complexes as natural laboratories. Since information on the
reservoir properties of the target units were scarce or not available in the study area, this work aims to:
1 characterize all relevant key units from the cap rock to the basement regarding their mineralogy,
chemistry, petrophysical, and mechanical rock properties
1 provide high-quality input data for a wide range of applications, which is able to depict the geo-
logical heterogeneity at different scales
1 systematically investigate the hydraulic rock properties of the target units for better quantifica-
tion and possible identification of potential reservoirs and fluid pathways in the subsurface
1 identify and quantify processes that affect reservoir quality, and thus, geothermal production.

This information is crucial for the development of conceptual geological models, economic assess-
ments, the interpretation of geophysical surveys, and the parametrization of numerical THMC reservoir
models.

Due to time and budget constraints, the determination of rock properties commonly takes up only a
small part during reservoir exploration or is completely discarded, and literature values are used for the
estimation of reservoir properties. This leads to a high degree of uncertainty and is only suitable for
preliminary assessments. Literature data and small sample sets are not able to depict the geological
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heterogeneity of the study area as well as site-specific impacts on the reservoir properties caused by
diagenetic, tectonic, metamorphic, and hydrothermal processes.

Challenges for a detailed rock characterization arise from the large study area (GEMex: ~ 100 x
160 km), the number of target units to be studied, their accessibility in the field, and geological hetero-
geneity. In contrast to sedimentary basins, magmatic settings commonly feature a large number of units
with variable thickness and extension (no uniform horizontal layers), which makes the estimation of
potential geothermal reservoirs, their thickness, extension, and rock characteristics extremely difficult.
The majority of previous studies focused on a single unit, rock type, and/or a small set of parameters
only (Bar et al., 2020; Weydt and Bar et al., 2021), and thus, the application of the results for the GEMex
project was not suitable. Providing data sets that meet the requirements of various modeling ap-
proaches and geophysical surveys within a large research project leads to a high number of samples
as well as considerable organizational and technical efforts. To make the results comparable with each
other, laboratory methods and their measurement workflows need to be standardized. Furthermore,
meta data such as outcrop coordinates or sample descriptions as well as data retrieved from different
project partners need to be homogenized. Finally, the results need to be made available in a compre-
hensive but easy-to-use database.

To overcome these challenges, an innovative multi-scale and multi-method approach was developed
and applied within the GEMex project. This approach includes (Fig. 11):

1) coordinated field work i scientists from different disciplines join forces and work together in the
same outcrops to combine e.g., structural analyses with petrographic and rock property anal-
yses

2) coordination of the sampling campaign and sample distribution for various laboratory analyses
between the project partners i ensuring that all project partners work on the same sample set
in the laboratory to validate measurement results (benchmark analyses) and that they are able
to link their results with data from other disciplines

3) multi-method approach i whenever possible all rock parameters were analyzed on each sam-
ple, which allows the identification of relationships between different rock parameters and helps
to link different investigation scales (from outcrop investigation to SEM analyses)

4) coordinated data collection i creation of an extensive ready-to-use database

5) application-specific processing and provision of data i statistical evaluation and pre-processing
of the data for various geological, geophysical and modeling approaches within the project.

Based on this, the data and results from different disciplines can be integrated and interpreted to update
the preliminary static 3D model.
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2. Geological Setting

This chapter briefly describes the geological units of the basement underlying the caldera complexes,
its deformation and structural setting as well as the evolution of the Trans-Mexican Volcanic Belt. Fur-
thermore, the geological setting of the exhumed system of Las Minas will be addressed. A detailed
geological description of the Los Humeros and Acoculco calderas is presented in chapters 3 to 5, and
thus, will not be presented here.

2.1. Pre-Volcanic Basement and Structural Setting

The regional basement in the study area includes a Paleozoic to Mesozoic complex, also referred to as
Teziutlan Massif, which comprises metamorphic and intrusive rocks and is partly covered by up to 3 km
thick and highly deformed Mesozoic sediments (Yafiez and Garcia, 1982 a simplified geologic map is
shown in Fig. 12). The sedimentary succession contains Jurassic sandstones, shales, limestones and
dolostones as well as Cretaceous limestones, shales, and marls and is part of the Sierra Madre Oriental
NW-SE thrusts and fold province (Fitz-Diaz et al., 2017).
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Figure 12: Outcropping sedimentary units and intrusive bodies in the study ared@sed onLepillier, 2020; geological magpmodified

from SGM 2002a2000Db). lllustrations of the faults are retrieved from Liotta et al. (2019 for Acoculcoonly), Piccardi (2@®0) and

Lepillier et al.(2019). The dataset from Piccardi (2@0) is derived from Insar data andmorpho-structural analyses. Te regional

faults presented in Lepillier et al. (2019) are retrieved from geological maps provided by th8ervicio Geoldgico Mexicam(SGM
2002a,2000b). The white shaded sections represent areas whergualifiable information on the faults supported by field meas-
urements is currently not available.

The Jurassic sequences in the study area correspond to the Cahuasas, Tepéxic, Taman, Santiago, and
Pimienta Formations (sorted old to younger) and the Cretaceous outcrops predominantly exhume the
Orizaba, San Felipe, Agua Nueva, Tamaulipas Inferior, and Superior Formations.

The Cahuasas Formation (Early to Middle Jurassic) represents volcaniclastic continental sandstones,
conglomerates, and to a lesser extent siltstones and mudstones with a distinct red to purple and some-
times greenish-grey color (Yafiez and Garcia, 1982;0choa-Camarillo, 1999). They are commonly re-

ferred to as 6redbedsd®6 and contain no fossils. |
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the Cahuasas Formation has an average thickness of ~ 300 m and can reach a maximum thickness of
up to 1000 m (Ochoa-Camarillo, 1999). A sea-level rise caused a marine transgression in the Late
Jurassic and resulted in the deposition of calcarenites, calcareous shales and limestones (Fitz-Diaz et
al., 2012). Reactivation of normal faults resulted in horst and graben structures and the deposition of
deep- and shallow water facies (Fitz-Diaz et al., 2012). The Tepéxic (~ 15i 25 m thick), Taman (~1501
200 m thick in Hildago) and Santiago Formations (about 100 m thick in Puebla; SGM, 2022) overly the
Cahuasas Formation and predominantly comprise blackish and fossil-rich calcarenites, calcareous
shales, marls and some limestones intercalated with siltstones (Taméan Fm.; Ochoa-Camarillo, 1999).
The overlying Pimienta Formation contains blackish argillaceous limestones and black to grey dolo-
stones (Yafez and Garcia, 1982)

The Cretaceous marked the beginning of mainly carbonate sedimentation on platforms or in basins with
various extensions (Fitz-Diaz et al., 2017). The Tamaulipas Inferior constitutes of stratified, fine-grained,
grey limestones (mudstones i wackestones) with abundant irregular blackish to white chert lenses. The
formation has a thickness of 601 400 m (SGM, 2022). Likewise, the Tamaulipas Superior comprises
light grey to cream-coloured limestones (mudstones T wackestones) with stylolites and irregular chert
nodules with a thickness of 0.1 0.3 m that are parallel to the stratification. The fossil-rich limestones
(ammonites) are constituted in thick layers to banks and reach a thickness of about 2007 400 m (SGM,
2022). The Orizaba Formation is known for its abundance of fossils and even contains fragments of
mega fossils that can be identified in outcrops (Yafiez and Garcia, 1982) This unit is characterized by
dark grey, massive limestones (occasionally with chert) presented in banks with a thickness of 2i 4 m
that can be related to the reef facies and thinner layers (0.27 1.0 m) of mudstone to wackestones rep-
resenting the off-reef facies. The reef facies often contain boundstones of rudists, gastropods, sponges
and corals (Viniegra-Osario, 1965). Thickness data vary greatly and thicknesses between 300 m and
1300 m were reported in literature (SGM, 2022). The Agua Nueva Formation contains grey argillaceous
limestones (wackestone to packstone), which is presented in layers of about 0.4 m with abundant chert
bands and nodules (Yafiez and Garcia, 1982) Occasionally the limestones are intercalated with thin
grey-greenish bentonitic clays. In outcrops, the thickness was estimated as ~ 30 m in the Sierra Madre
Oriental (SGM, 2022).

According to Gutiérrez-Negrin and Izquierdo-Montalvo (2010) and references therein, fossiliferous
limestones were identified in the subsurface of the Los Humeros geothermal field (well H2, 1140i
2280 m), which were correlated to the Early Cretaceous (Tamaulipas Fm.) and Late Jurassic (Pimienta
and possibly also Taman and Santiago Fm.).

Two main tectonic events affected the pre-volcanic basement. The Late-Cretaceous to Eocene oro-
genic phase formed the Mexican fold and thrust belt, while an Eocene to Pliocene extensional tectonic
deformation resulted in the formation of scattered NE-striking normal faults (Fitz-Diaz et al., 2017). The
latter were interpreted as preferential pathways for Eocene-Oligocene intrusions preceding the onset
of the Miocene volcanism of the TMVB as well as the Pliocene to Quaternary volcanism of the caldera
complexes (Lopez-Hernandez, 1995; Norini et al., 2019).

The sedimentary basement has been intensively folded and thrust faults developed during the Oligo-
cene-Miocene (Norini et al., 2019, Fig. 13). This structural setting can be observed in outcrops showing
outcrop-scale folds interpreted as detached above km-scale thrusts with a dominant NE-directed
transport. The carbonate units predominantly display a SW-dipping attitude, while almost cylindrical
folding at different wavelengths with NWi SE trending fold axes have been recognized (Norini et al.,
2019). Intra-formational thrust faults show a NE vergence and kinematic indicators suggest that the
area deformed under a compressive stress field with dominant NEi SW trending maximum horizontal
stress.

After the collisional stage, the area underwent extension due to the back arc evolution of the volcanic
arc. In this new geodynamic setting, new structures developed, favoring flow of magmatic fluids along
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pre-existing and forming fractures. Miocene dikes intruded into the basement rocks, which predomi-
nantly strike NEi SW and are parallel to the NE-striking normal faults and the maximum horizontal
stress. In contrast, subvertical sills were mostly emplaced parallel to the SW-dipping bedding of the
carbonatic rocks (along the weak bedding interfaces of the carbonates).
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Figure 13: Tectonic and magmatic structure®f the Los Humeros Volcanic Compleiorini et al., 2019).

According to Bastesen et al. (2019) the NET SW structures, which exhibit the major control on the intru-
sions in the study area, seem to be the oldest ones. Thereby, the Ei W to ENET WSW oriented struc-
tures appear to control the emplacement of the magma at depth in the Los Humeros Volcanic Complex.
At present, these structures appear to be the most prominent lineament affecting the volcanic complex
and they seemed to serve as a conduit for lava flows that occurred up until ~ 3 ka ago (Carrasco-Nufiez
et al., 2017a). The Ni S oriented structures, which were observed within the Los Humeros caldera and
that control the main caldera rims, appear to be the most recent ones, being limited in extension within
the volcanic edifice and representing the main conduits for the fluids circulating in the Los Humeros
geothermal field.

19



2.2. Evolution of the Trans-Mexican Volcanic Belt

The Trans-Mexican Volcanic Belt (TMVB) is an active, Ei W trending ~ 1000 km long mostly calk-alka-
line arc which encompasses an area of 160,000 km? with a varying width of 90i 230 km (Ferrari et al.,
2012). The arc reaches from the Pacific Ocean to the Gulf of Mexico in Southern Mexico (Fig. 14) and
includes more than 8000 volcanic structures (Mora-Klepeis, 2021).
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Figure 14: Map of the TransMexican Volcanic Belshowing the thickness of the crustplate boundaries and the subduction rates
(Bech, 2018; modified fromFerrari et al., 2012).

The TMVB is built upon Cretaceous and Cenozoic magmatic provinces and tectonostratigraphic units
of different lithology and age (Mesozoic to Precambrian). The formation of the TMVB is directly linked
to the subduction of the Rivera and Cocos plates beneath the North American plate along the Middle-
American Trench (Lépez-Hernandez et al., 2009). Thereby, the Rivera and Cocos plates are separated
by a trench-orthogonal tear. The subduction started around 19 Ma with a propagation of the volcanic
arc from E to W (Ferrari et al., 2012). The volcanic arc is oriented oblique to the subduction trench,
caused by the difference in subduction rates of 23 mm a! in the NW to 64 mm a in the SE. Thus, the
age of subduction is older in the SE (17 Ma) than in the NW (10 Ma). The time differences in the volcanic
processes are the reasons for the distinct crustal thickness of up to 50 km in the eastern part in contrast
to the western part of the TMVB with 30 km thickness (Ferrari et al., 2012). During the prograde sub-
duction, the volcanism underwent compositional changes over time and shows significant differences
in direction and extension (Fig. 15) which can be grouped into four evolutionary stages.

The first stage (A and E in Figure 15) started about 19 Ma ago with the initial volcanism of intermediate
lavas and intrusive bodies propagating from E towards W. The first activity was located in the eastern
and central areas of the TMVB and is characterized by the emplacement of intrusive bodies with a
tonalitic composition into the basement. The intrusive bodies and their metamorphic by-products can
be observed in the exhumed systems of Las Minas and Zacatlan in the study area. Furthermore, calc-
alkaline andesitic to dacitic lavas were emplaced during this period. One example is the Cerro Grande
Volcanic Complex close to the Los Humeros Volcanic complex dating back to 10.5 Ma (Carrasco-Nufiez
et al., 2017a).
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Figure 15: Evolution of the Trans-MexicanVolcanicBelt after Ferrari et al. (2012)showing four distinct stages (AD) and respective
chemical compositions (EH).

The end of the first stage is indicated by a mafic pulse beginning in the late Miocene with an E to W
oriented movement (Gémez-Tuefia et al., 2007). The second stage includes tholeiitic to calc-alkaline
mafic lavas with an eastward migrating volcanism along with a volume decrease of effusive material
from W to E (Fig. 15B and 15F). Changes in the chemical composition are caused by differences in the
crustal thickness and composition of the basement rocks. Between 7 and 4 Ma, mafic lavas became
more sporadic and migrated to the east. During this period (stage 3) large volumes of silicic magma
were produced resulting in the eruption of rhyolitic and dacitic ignimbrites in the eastern and central
areas of the TMVB and effusive bimodal volcanism in the western parts. During the Early Pliocene
voluminous monogenetic volcanism was widespread and large stratovolcanoes and cinder cones
formed (Mora-Klepeis, 2021). The volcanism became bimodal with mafic to silicic composition.

The fourth stage (Fig. 15D and 15F) started in the Late Pliocene and represents a divers and compo-
sitionally variable volcanism with the volcanic front moving westwards reaching the recent configuration
in the Late Pleistocene (Ferrari et al., 2012). During this stage stratovolcanoes like the Cofre de Perote,
Pico de Orizaba, Colima and Popocatépetl were formed. The volcanic activity of the Acoculco and Los
Humeros volcanic complexes are associated with the stages three and four.
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2.3. The Exhumed System of Las Minas

The Las Minas valley is considered to represent the analogue of the currently exploited geothermal
reservoir in Los Humeros (Olvera-Garcia et al., 2020). It is located about 25 km east of the Los Humeros
geothermal field at the edge of the Los Humeros plateau and descends from ~ 2400 to ~ 1100 m a.s.l.,
thereby exposing all rock units from the Paleozoic to Holocene age (Kozdroj et al., 2020) in road cuts,
guarries, and mines. Within the framework of the GEMex project a new stratigraphic profile and geo-
logical map were created (Fig. 16) along with dating of the rock units, mineralogical, and structural
analyses (Kozdrgj et al., 2020). Further investigations on intrusive bodies and their associated skarn
deposits are presented in Fuentes-Guzman et al. (2020). The Tatatila-Las Minas mining district is well-
known for its ore and gold deposits found in the highly mineralized skarn bodies. Magnetite and sul-
phides that contain gold, copper or silver were explored and exploited over the past decades.

The deepest parts of the valley expose Miocene granodioritic intrusive bodies that intruded into the
carbonatic basement (mainly Cretaceous limestones in our outcrops) causing the formation of skarns,
marble and hornfels due to hydrothermalism. Four stages of magmatic activity have been identified with
ages between 24.6 Ma and ~ 19 Ma, whereby Pliocene intrusions and extrusive rocks could be corre-
lated with the volcanic evolution of the Los Humeros caldera (Fuentes-Guzman et al., 2020). Paleozoic
granitoids (~ 240 Ma) are exposed further eastward and often cannot be separated in the field from the
younger intrusions.

Skarn bodies are typically located within fault damage zones at the contact between intrusive bodies
and carbonates reaching a thickness of up to 100 m. The skarns exhibit variable appearances and
chemical compositions depending on the protolith and due to complex prograde and retrograde altera-
tion. They can be grouped into mainly pyroxene- and garnet-dominated skarns (exoskarns vs. endos-
karns; Olvera-Garcia et al., 2020). Likewise, marbles were formed due to contact metamorphism
caused by the intrusion of the granodioritic bodies. In Las Minas their composition varies from calcic to
dolomitic marble with grain sizes ranging from fine to coarse with a granoblastic texture. In some out-
crops they attain a width of up to 400 m (Fuentes-Guzman et al., 2020).

Several effusive lavas, lacustrine sediments, and pyroclastic deposits overlay the pre-volcanic base-
ment in the Las Minas area. Thereby, the andesite 1 and andesite 2 as shown in Fig. (16) correspond
to the andesitic lavas within the Los Humeros geothermal field. Several mafic to felsic dykes were
observed in outcrops in the basement and andesitic lavas. According to Fuentes-Guzman et al. (2020)
the mafic dykes are about 4 Ma old. Numerous mafic dykes have also been observed in outcrops of
Cretaceous limestones in the surrounding area of the Los Humeros Volcanic Complex (Bar and Weydt,
2019).

Particular emphasis was given to the relationship between structures and the skarn deposits since they
represent former fluid circulation in the fossil geothermal system (Liotta and Bastesen et al., 2021; Fig.
17). The structural measurements showed SWi NE and NNWi SSE striking faults. Thereby, the SWi
NE faults mainly represent normal movements and the NNW1i SSE faults are defined by right-lateral
movements. Due to their coeval activities, the NNWi SSE fault system were interpreted as a transfer
fault system, which has been active together with the SWi NE faults in the context of the regional NNWi
SSE striking extension in the study area. Dominant lateral kinematics in the NNWi SSE structures indi-
cate preferential vertical to close-to-vertical structural fluid pathways that channeled deep hypersaline
fluids with magmatic origin.
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3. Petrophysical and Mechanical Rock Property Database

This chapter is based on the article AWeydt, L. M., Ramirez-Guzman, A. A., Pola, A., Lepillier, B.,
Kummerow, J., Mandrone, G., Comina, C., Deb, P., Norini, G., Gonzalez-Partida, E., Avellan, D. R.,
Macias, J. L., Bar, K., and Sass, |.: Petrophysical and mechanical rock property database of the Los
Humeros and Acoculco geothermal fields (Mexico), Earth Syst. Sci. Data, 13, 5711598,
https://doi.org/10.5194/essd-13-571-2021, 2021.0 The abstract is not inclu
order of figures and tables may differ from the original article. If necessary, the alphabetical order of
quotations has been adapted to the content of the dissertation. Likewise, the formatting was adjusted

to fit the layout of this work.

3.1. Introduction

The knowledge of petrophysical and mechanical rock properties of the deep subsurface is essential for
reservoir exploration and assessment of the reservoir potential for a variety of industrial applications
such as petroleum reservoir engineering, geothermal heat extraction, mining or nuclear waste disposal.
The data are most commonly used for interpreting geophysical data, creating conceptual geological
models or populating numerical models (Lévy et al., 2018; Scott et al., 2019; Deb et al., 2019a, 2019b;
Arnason, 2020). Depending on the scale of investigation (e.g., local, regional or continental scale),
highly accurate spatial predictions of relevant rock properties are required to increase the success and
accuracy of reservoir operations and to reduce economic risks.

Rock formations are usually characterized by a heterogeneous internal structure, mineral composition,
and pore and fracture distribution resulting in great variability in petrophysical and mechanical proper-
ties (Schon, 2015). Thereby, tectonic events, diagenetic or metamorphic processes, and hydrothermal
alteration significantly affect the rock properties (Pola et al., 2012; Aretz et al., 2015; Weydt et al., 2018a;
Mordensky et al., 2019a; Duran et al., 2019, Heap et al., 2020a), leading to a high geological hetero-
geneity often observed within hundreds-of-meter to sub-meter scales (e.g., Canet et al., 2010). Alt-
hough most exploration methods or geological models are aligned to the reservoir scale, the controlling
factors within the reservoir need to be understood and quantified at different scales to estimate the
heterogeneity of each relevant formation and to assess the uncertainty in the input parameters for dif-
ferent modeling approaches. However, on the one hand, detailed information about rock properties for
the relevant target formations is often not available, is inconsistent or is distributed over the literature.
On the other hand, important metadata such as petrographic descriptions, details on sample locations
and applied methods for data acquisition are missing (Bar et al., 2020). Without sufficient information,
it is often not possible to evaluate and profit from existing laboratory data from specific locations or
reservoir formations for future modeling approaches or studies related to similar geological settings.
Consequently, most reservoir models are based on assumed or generalized data sets and local geo-
logical heterogeneities are often not considered (Mielke et al., 2015). While most studies focus on a
single parameter (Clauser and Huenges, 1995) or a small set of samples, extensive data sets are re-
quired, which contain data of numerous different analyses performed on each sample in order to con-
strain statistical and causal relationships between the parameters (Linsel et al., 2020).

Addressing these challenges, the GEMex project (Horizon 2020, grant agreement no. 727550) embed-
ded the petrophysical and mechanical rock characterization of the target formations in a comprehensive
workflow providing the basis for different modeling approaches, geophysical surveys, ongoing and fu-
ture volcanological studies. The GEMex project is a Europeani Mexican collaboration which aims to
develop new transferable exploration and exploitation approaches for enhanced geothermal systems
(EGSs) and super-hot unconventional geothermal systems (SHGSSs). For this purpose, the Acoculco
and Los Humeros geothermal fields have been selected as demonstration sites. Both fields are linked
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to caldera complexes located in the northeastern part of the Trans-Mexican Volcanic Belt (TMVB). Ex-
tensive geological, geochemical, geophysical and technical investigations were performed to improve
the reservoir understanding and to facilitate future drilling operations.

Up until the beginning of the project in 2016, information on rock properties of the different geological
units in the study area was scarce or not available. Previous studies focused on the investigation of
reservoir core samples of both geothermal fields (Contreras et al., 1990; Garcia-Gutiérrez and Contre-
ras, 2007; Canet et al., 2015). However, the existing data were not sufficient for the definition and
parameterization of model units within the reservoir due to the limited core material available (six pieces
for Acoculco; Canet et al., 2015) or the lack of petrographic descriptions and chemical data for individual
samples (Contreras et al., 1990).

Therefore, outcrop analog studies and reservoir core studies were performed in order to characterize
all relevant key units from the basement to the cap rock (Weydt et al., 2018b; Bar and Weydt, 2019).
Geological heterogeneities were investigated on different scales: (1) macroscale (outcrops),
(2) mesoscale (rock samples) and (3) microscale (thin-section and chemical analysis). Analog studies
of the geological units exposed in outcrops around the investigated geothermal fields offer a cost-effec-
tive opportunity to investigate and correlate facies, diagenetic and metamorphic processes, and litho-
facies-related rock properties from outcrops down to the subsurface (Howell et al., 2014). The definition
of thermo-facies units (Sass and Go6tz, 2012) and the quantification of uncertainties for each parameter
enable a reliable prediction of rock properties in the subsurface.

A comprehensive database was developed including petrophysical, thermophysical, magnetic, electric,
dynamic and static mechanical properties combined with chemical and mineralogical data. In total 34
parameters were determined on more than 2160 plugs retrieved from 306 outcrop samples from both
caldera complexes and 66 reservoir core samples of the Los Humeros geothermal field as well as 8
core samples of the Acoculco geothermal field covering volcanic, sedimentary, metamorphic and igne-
ous rocks from Jurassic to Holocene age. Here, we present the workflow and current status of the
GEMex rock property database (Weydt et al., 2020; https://doi.org/10.25534/tudatalib-201.10). These
data not only provide the basis for ongoing research in the study area but also facilitate a wide field of
applications in different disciplines, for example, a first assessment of the subsurface properties at early
exploration stages (Bar et al., 2020), different modeling approaches, geostatistical and stochastic anal-
yses, or the validation of different measurement methods.

3.2. GEMex Project Framework and Sampling

The geothermal system in Los Humeros is steam dominated and has been under production since
1990, operated by the Comisi-n Federal de El ectri
it is the third-largest geothermal field in Mexico (Romo-Jones et al., 2019) with 65 wells drilled so far,
of which 28 are productive and 5 are usedCeac®uni nj e

tered below 2 km depth in the northern partharacf t h
terized as a suitable target for the development of a SHGS within GEMex. In Acoculco two exploration
wells have been drilled so far, which hasCatadeptoount

of about 2 km (Canet vell-dewlbped fracdute hé&work exists withio thegakea, a
both wells were dry (L6pez-Hernandez et al., 2009). Thus, the GEMex project aims to develop a deep
EGS in Acoculco in order to connect the existing wells to proximal fluid-bearing fracture zones.

The project comprises a multidisciplinary approach based on three milestones which are (1) resource
assessment, (2) reservoir characterization and (3) concepts for site development (Jolie et al., 2018).
The first milestone focused on a comprehensive understanding of structurally controlled permeability
and the fluid flow in the reservoir including extensive fieldwork regarding stratigraphy and structural
geology, fracture distribution, hydrological and geochemical studies of natural springs, comprehensive
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soili gas studies (e.g., CO; flux; Jentsch et al., 2020), and airborne thermal imaging. The second mile-
stone includes several geophysical surveys (e.g., passive and active seismic, gravity and magnetotel-
luric surveys) to characterize active faults and to identify deep structures. In addition, extensive sam-
pling campaigns were conducted for petrophysical, rock mechanical, chemical and mineralogical inves-
tigations of the key lithologies in the study area. Resulting data and models of all work groups are being
combined in integrated reservoir models at a local, regional and superregional scale. The third mile-
stone includes the investigation of transferable concepts for developing EGSs and the utilization of
SGHSs; the identification of suitable materials and well designs, which can resist high temperatures
and corrosive fluids in the reservoir; and the determination of possible drill pathways along with a com-
prehensive risk assessment and management.
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Figure 18: Schematic workflow of the GEMex project using the example of the EI Dorado mine in Las Minas (d) with view on the
footwall of the present fault (photo from Maximilian Bech). The quarry exposes exoskarn in many variations. Outcrop analysis
included detailed investigation of kinemadic indicators, mineralogy (a) and the main fracture pattern (e) to create numerical fluid
flow models (f) as presented in Lepillier et al. (2019). Rock samples were taken for lab investigation (b), geochemical ahnidc t
section analysis (c) (photo from Carina Bianco). Cylindrical plugs were drilled from the outcrop samples (g) and distributed
between the partners in order to determine rock properties, dating or highT/P experiments (the experiments marked in blue are
not included in this study).

The work presented in this study is part of milestone 2 (reservoir characterization) and focuses on the
mineralogical, petrophysical and mechanical rock characterization of both geothermal systems. Several
joint field campaigns with Mexican and European partners were conducted in order to cover and sample
all relevant geological key units from the basement to the cap rock. In this context, work groups with
different areas of expertise worked together in a joint approach (Fig. 18). Thus, structural geologists
worked together with volcanologists, petrologists and petrophysicists on the same outcrops to,
e.g., combine results of fracture pattern characterization and rock property analysis obtained from the
same outcrops in a numerical fluid flow model (Lepillier et al., 2019). Likewise, samples for detailed
mineralogical investigations were collected together with samples for petrophysical experiments. Over
300 representative samples were collected from more than 140 outcrops inside the caldera complexes
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and in the surrounding area (Fig. 19). In addition to outcrop analysis in the Acoculco and Los Humeros
areas, particular attention was paid to the exhumed systems Zacatlan (east of Acoculco) and Las Minas
(east of Los Humeros), where all units from the cap rock to the basement are exposed. These so-called
Afossil systemsdo serve as proxies for the active
fluid flow and mineralization processes in the fAa
ever possible, each geological unit was sampled several times at different outcrop locations to cover
the unit's heterogeneity, and only samples with an overall fresh appearance unaffected by weathering
were considered. Hydrothermal alteration of different intensities was observed in some outcrops in
close proximity to fault zones and dikes. In these cases, hydrothermally altered samples were deliber-
ately collected to analyze the effect of these processes on the rock properties. Besides analyzing out-
crops and outcrop samples, the CFE granted extensive sampling of wellbore core material of both ge-
othermal fields at the CFE camp in Los Humeros. In total 66 samples drilled from 37 core sections
covering 16 wells drilled in Los Humeros and 8 core samples drilled from 6 core sections from well
EAC1 of the Acoculco geothermal field were obtained. All samples were directly drilled within the field
or sent as boulders to Europe or the Mexican institutes and subsequently distributed between the part-
ners. This approach ensures that further work on the project, such as long-term flow experiments
(Kummerow et al., 2020), high-T/P experiments, hydraulic fracture experiments (Deb et al., 2019¢),
detailed mineralogical analyses (thin-section and scattered electron microscope; Lacinska et al., 2020),
isotope analyses or dating (Kozdrdj et al., 2019), can be directly correlated with the results presented
in this study. Furthermore, some parameters of the same sample set were analyzed by multiple insti-
tutes to compare and validate different analytical approaches.
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Figure 19: Geological map of the Acoculco and Los Humeros region including the sampling points of the outcrop samples (SGM,
2002a and b). The faults were recently mapped and characterized by L@ et al. (2019) and Norini et al. (2019).
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3.3. Geological Setting

The Acoculco and Los Humeros caldera complexes are located in the northeastern part of the Trans-
Mexi can Vol canic Bel't (TMVB) , 125 and 18W trdnding
TMVBisaD1 000 k m lalkating arcvehichcis directly linked to the subduction of the Rivera and
Cocos plates beneath the North American Plate along the Middle America Trench (Ferrari et al., 2012;
Macias et al., 2012; Avellan et al., 2018). The volcanic complexes are located overa D50 k m
continental crust (Pérez-Campos et al., 2008) and are situatedD1 00 km nort h of t
Pico de Orizaba volcanoes, which define the most active front of the TMVB in central eastern Mexico
(Ferrari et al., 2012; Macias et al., 2012; Avellan et al., 2020).

Both volcanic complexes are emplaced on intensively folded Mesozoic sedimentary rocks (Mexican
fold-and-thrust belt; Fitz-Diaz et al., 2017) belonging to the Sierra Madre Oriental comprising Jurassic
sandstones, shales, hydrocarbon-rich limestones and dolomites overlain by Cretaceous limestones and
shales (L6épez-Hernandez et al., 2009; Fitz-Diaz et al., 2017). The regional tectonic setting is charac-
terized by Late Cretaceousi Eocene NWI SE striking thrusts and folds and subordinate NE-striking nor-
mal faults that are associated with an Eocenei Pliocene extensional deformation phase (Norini et al.,
2019). Oligocene to Miocene granitic and syenitic plutons as well as andesitic and basaltic dikes in-
truded into the sedimentary sequences, leading to local metamorphism of marble, hornfels and skarn
(Ferriz and Mahood, 1984; Fuentes-Guzman et al., 2020). The sedimentary basement is exposed east
and southeast of the Acoculco caldera close to Chignahuapan and Zacatlan as well as in the surround-
ings of the Los Humeros caldera. Furthermore, it was also cut at different depth levels in drill cores in
both geothermal fields (Lépez-Hernandez, et al., 2009; Carrasco-Nufiez et al., 2017a). The granitic
plutons are spread over the study area, and new aeromagnetic data of the Acoculco caldera constrain

east

t hi
he F

the occurrence of at least four intrusive bodies hosted in the Cretaceous limestonesat>1 km dept

Those were interpreted as a series of horizontal mafic intrusions providing the energy to maintain the
geothermal field (Avellan et al., 2020).

The Acoculco caldera compl eiculahshape (@vellanes al.k2018)ahd
predominantly comprises Pliocene to Pleistocene basaltic to rhyolitic lavas, domes, cinder cones and
ignimbrites. The caldera complex sits on an intersecting NEi SW and NWi SE fault system creating an
orthogonal arrangement of grabens, half grabens and horsts (Garcia-Palomo et al., 2002, 2018).
Thereby the regional tectonic regime strongly affected the local tectonic behavior and structural defor-
mation of the caldera (Sosa-Ceballos et al., 2018). The Acoculco caldera is located on the NEi SW
Rosario-Acoculco horst and was built on top of Cretaceous limestones and the Zacatlan basaltic plateau
(so far undated) as well as Miocene and Pliocene lavas and domes related to the regional volcanism of
the TMVB (Avellan et al., 2018, 2020). Thereby the pre-caldera lavas and scoria cones exposed north
and northeast of the Acoculco caldera complex were related to the Apan-Tezontepec Volcanic Field
(Miocene and Pliocene), whereas Miocene andesitic and dacitic lavas are exposed west of the Acoculco
caldera complex. Magmatic activity of the Acoculco caldera can be divided into five different eruptive
phases, including recent deposits and hydrothermal altered areas inside the caldera (Avellan et al.,
2018). It began with the emplacement of the Acoculco ignimbrite (D2 . 7 “Ma*Ar), followed by sev-
eralearly (D2.6i2. 1 Ma) RD0i<0.alle6 (Mea)dergovolcaic events producing basaltic
to trachyandesitic and rhyolitic lava flows restricted within the caldera and rhyolitic lava domes, scoria
cones and two ignimbrites that predominantly migrated to the caldera rim and periphery, respectively.
The extra-caldera volcanism (2.4i0. 19 Ma) <comprises sever al bas
desitic lavas and scoria cones, related to the volcanism of the Apan-Tezontepec Volcanic Field. Prod-
ucts of the extra-caldera volcanism are interbedded with the lavas of the Acoculco caldera complex. It
has to be emphasized that recent studies (Avellan et al., 2018, 2020) are not in line with previous
volcanological studies performed by Lépez-Hernandez et al. (2009). In the study conducted by Lépez-
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Hernandez et al. (2009), the authors concluded that the Acoculco caldera (1.7710 . 24 Ma) i s
the older and larger Tulancingo caldera (D3.0i2 . 7 Ma ) f o {caidad imuancingoeAcaudco cal-
dera complex and that a third volcanic episode (1.8i0 . 2 Ma) occur r e ddtomohopee
netic volcanism without a caldera collapse.

The younger Los Humeros caldera is the | axlgheskm a

irregular shape and comprises predominantly Pleistocene to Holocene basaltic andesitic to rhyolitic
volcanic rocks (Carrasco-Nufiez et al., 2018; Norini et al., 2019). The oldest volcanic activity in this area
is represented by a thick sequence of Miocene andesites, dacites and basaltic lava flows of the Cuy-
oaco and Alseseca andesite unit (D1 0. 5 Ma; YGarfli® 29823 and Pliocene to Pleistocene
basaltic to andesitic lavas belonging to the Teziutlan andesite unit (dated between 1.44 + 0.31i 2.65
+0 . 4 3 “M/Ar; Carrasco-Nuiez et al., 2017a). Miocene lavas have a cumulative thickness of up

nes

h wae

to900 m and can be related to the Cerro iGdhaMde (Cal

rasco-Nufez et al.,, 1997; Gémez-Tuena and Carrasco-Nufez, 2000), and TeziutlAn andesite lavas

have a reported t hi cknedsreandes, 1995p Bothai n1 5 30 ame( lc| mpes s i

desitic and basaltic volcanic basemento and form

the Los Humeros geothermal field (Carrasco-Nufiez et al., 2018). The beginning of the magmatic activ-
ity of the Los Humeros volcanic complex is represented by rhyolitic lavas and abundant rhyolitic domes,
mainly located at the western side of the volcanic complex (270+17and 693+ 1. 9 k a; -Niider
et al., 2018). However, the caldera collapse itself is associated with the emplacement of the high-silica
rhyolite Xaltipan ignimbrite at D1 6 0 ka wi th an est i mand e thicknessloflum®
880 m ( CGMifez et al¢2D18; Cavazos and Carrasco-Nufiez, 2020). After the emplacement of
the Xaltipan ignimbrite, which caused the characteristic trapdoor structure of the caldera, further explo-
sive events led to the deposition of thick rhyodacitic Plinian deposits called Faby Tuff (Norini et al.,
2015; Carrasco-Nufiez et al., 2017a). Afterwards, a second caldera-forming eruption occurred at
D69 ka and is related to the Zaragoza ignimbri
the Los Humeros caldera. The post-caldera stage is represented by rhyolitic and dacitic domes within

rasc

of

t e

the center ofthe caldera (44.8+1 . 7 ka) and basaltic to 40r.a0c3h ykaan)d e

caniclastic breccias and fallout deposits (7.3+0. 1 ka) with a highly variabl

tion (Carrasco-Nufiez et al., 2017a, 2018).

3.4. Workflow
After the samples were distributed between the partners, cylindrical cores with diameters ranging from
25 to 65 mm were drilled and subseque ni19)2919)donthe

required sample length, and the irregular and rough core ends were cut to be parallel. The laboratory
tests were divided into three stages: (1) general petrophysical characterization including all non-de-
structive measurements, (2) mechanical rock characterization, and (3) chemical and mineralogical char-
acterization. Non-destructive tests included particle density, bulk density, porosity, intrinsic matrix per-
meability, thermal conductivity in dry and saturated conditions, thermal diffusivity in dry and saturated
conditions, P-wave velocity and S-wave velocity in dry and saturated conditions, specific heat capacity,
magnetic susceptibility, and electric resistivity in dry and saturated conditions. Afterwards the destruc-
tive rock mechanical tests such as the Brazilian disc test, the chevron bend test, the point load test, and
uniaxial and triaxial tests were performed to determine uniaxial compressive strength, Young's modu-
lus, the Poisson ratio, tensile strength, fracture toughness, the friction angle and cohesion. Samples
that were identified as suitable for destructive tests such as uniaxial or triaxial tests were ground plane-
parallel prior to analysis. Quantitative and qualitative chemical analyses like X-ray fluorescence (XRF)
and X-ray diffraction (XRD) as well as thin-section analyses were performed for the petrological and
geochemical characterization. Figure 20 shows the schematic laboratory workflow of TU Darmstadt.
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Figure 20: Schematic work flow representing the measurement procedure at TU Darmstadt. The properties displayedarange

were determined on sample material and used to calculate those shown in red. Parameters marked with * were analyzed at dry

and saturated conditions.

3.5. Structure of the Database and Sample Classification

The database is publicly available under https://doi.org/10.25534/tudatalib-201.10 (Weydt et al., 2020)
and contains petrophysical and rock mechanical properties as well as chemical data obtained by labor-
atory experiments within the scope of the GEMex project. This database is provided in a flat file Excel
format and in CSV format to keep the handling as simple as possible. Its internal structure is based on
the PetroPhysical Property Database i P31 previously developed during the IMAGE project (Bér et al.,
2020) with some project-specific modifications. The P3 database's internal design comprises multiple
tables for petrography, stratigraphy, quality controls, chemical analyses and petrophysical properties
and follows the concept of relational database management (Codd, 1970). As the database presented
in this study is restricted to one study area, the P3 structure was simplified, and the sample's information
has been compiled in two data sheets so far. The main objective was to provide the data in a user-
friendly and well-structured form, allowing easy filtering and a transfer of data into other database
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formats like SQL (structural query language) to easily visualize it or to implement it for modeling ap-
proaches.

The first and main data sheet comprises all analyzed petrophysical parameters and sample information
(metadata) compiled during this project. Each analyzed plug was provided with a sample ID, which acts
as the primary key for all records. Sample information provided in the database is explained in the
following sub-sections.

The second data sheet includes all chemical data, retrieved from composite sample material, and does
not directly correspond to measurements on single plugs. The data are provided separately to increase
handling and readability. Here, the sample name represents the primary key which links the data to the
petrophysical measurements provided in the first table.

3.5.1. Metadata

The metadata include all additional sample information from sample ID to sample dimensions and can
be used for rapid filtering and the precise categorizing of parameters.

Each analyzed plug or sample received a unique sample ID, which is derived from the sample name
given in the field, the geothermal reservoir (LH or AC), the field trip (e.g., M17 for May 2017) and an
abbreviation for the rock type (e.g., GD for granodiorite). This classification was developed within the
project due to the high number of samples collected during different field trips. Furthermore, the sample
ID provides information about the sample preparation. In hierarchical order the sample name, core
name and plug nhame are provided. For each drilled core the sample name was complemented with C1
(i.e., core number 1), C2, C3 and so on. Whenever the core did not meet the requirements for destruc-
tive measurements (length-to-diameter ratio of 2:1 or too fragile), the core was cut into plugs. The core
name was then complemented with capital letters A, B, C, etc. representing the way the core was cut
(Fig. 21). The implementation of this hierarchical order allows for quick access of the parameters per
plug, per core or per sample. Whenever a core was not cut into several plugs, the core and plug name
are identical to avoid gaps in the database. For
drical samples after sample preparation (cutting and grinding) ready to be analyzed. For the reservoir
core samples, the existing core names were adopted. The ID begins with the well name (e.g., H23),
followed by the core number (e.g., number 2), the core section (e.g., 14, or x for undefined) and the
number of the drilled subcore (C1 or C2).
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Figure 21: Overview of the different preparation steps and sample labelling. Cores (b = various diameters, d = 40 mm in diameter)
were drilled from outcrop samples (a) andreservoir core samples (c) and subsequently cut into plugs (e) to meet the individual
requirements of the measurement devices. The plugs were labelled with capital letters.

The samples were classified regarding their rock type and stratigraphic unit based on the recently pub-
lished geological maps and volcanological studies conducted in Acoculco and Los Humeros (Avellan
et al., 2018, 2020; Carrasco-Nufez et al., 2017a, b, 2018). Rock types were predominantly determined
using macroscopic analyses complemented by thin-section analyses (whenever available). Addition-
ally, bulk chemical analyses (XRF) were used to better characterize the volcanic rocks using the TAS
classification (Le Maitre and Streckeisen, 2003). However, this classification is only applicable for un-
altered sample material. The classification of the stratigraphic unit is based on the international chronos-
tratigraphic chart of the IUGS (Cohen et al., 2013) according to international standardization. Whenever
possible the local stratigraphic unit is given. The volcanological studies are still ongoing, and the ages
of some units or areas are not yet well constrained.

Coordinates of the sampling locations are provided as latitude and longitude in decimal degrees
(WGS84) and x and y coordinates (UTM WGSB84). For the reservoir core samples, the coordinates of

the well heads are included. Al | this informat.

sents the surface evaluation of the outcrops or the evaluation at reservoir depth for the reservoir core
samples. The latter was provided in measured depth (MD) by the CFE, and the core sample material
was obtained from vertically drilled wellbores.

Furthermore, the outcrop names and field trips are documented as project internal information and
enable the placing of this work in relation to other work conducted within the study area. Samples from
six field trips are provided in the database as shown in Table 3.
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Table 3: Overview of the field campaigns and related work

Field
No. campaign Related work
Mapping, structural and mineralogical analyses in Las Minas and Acoculco (Liotta et al., 2019;
1 January 2017 Lepillier et al., 2019)
2 March 2017 Hydraulic fracture experiments on large blocks (Deb et al., 2019c)

Structural analyses in Los Humeros and Las Minas (Norini et al., 2019), samples for high tem-
perature triaxial tests (Vagnon et al., 2021; Bar and Weydt, 2019), samples for long-term flow
3 May 2017 through experiments at supercritical conditions (Kummerow et al., 2020), samples for scanning
electron microscopy, electron probe microanalysis, cathodoluminescence microscopy and high
temperature fluid-rock reaction experiments (Lacinska et al., 2020; Bar and Weydt, 2019)

4 June 2017 Petrophysical characterization and mechanical evolution of hydrothermal altered rocks

Mapping, structural and mineralogical analyses in Acoculco and Las Minas (Liotta et al., 2019,
Lepillier et al., 2019), dating (Kozdrdj et al., 2019), samples for high temperature triaxial tests
(Vagnon et al, 2021; Bar and Weydt, 2019), samples for scanning electron microscopy, electron

5 January 2018 : ; ? ; - ) A
probe microanalysis, cathodoluminescence microscopy and high temperature fluid-rock reaction
experiments (Lacinska et al., 2020; Bar and Weydt, 2019), samples for fluid inclusions (Ruggeri
et al., 2020)

Shallow geophysical surveys, determination of mechanical properties at field scale, electrical re-

6 March 2018 o
sistivity tomography (Mandrone et al., 2020)

The Al ocationo was inserted in addition to the

samples according to their sampling area, distinguishing between Acoculco, Los Humeros, and the
exhumed systems Las Minas and Zacatlani San Miguel Tenango(SMT) . The col umn
to the institution and authors that generated the data and indirectly links this to the applied methods
described in Sect. 3.5.

Based on the rock type and stratigraphic classification, the samples were related to the model units of
the regional and local geological models created within the GEMex project (Calcagno et al., 2018,
2020). The regional and local model units were defined to consider the most representative geological
formations in the study area, the scale of the model and the objective of the project (Calcagno et al.,
2018). For Los Humeros four regional and nine local model units were defined (Fig. 22). The classifi-
cation is mostly based on recent work of Carrasco-Nufez et al. (2017a, b, 2018) and Norini et al. (2015,
2019) and information about formation depth, thickness and distribution provided by the CFE strati-
graphic drilling profiles. Samples collected from basaltic and andesitic dikes as well as from intrusive
bodies in Los Humeros and Las Minas were related to the basement (G4 and U9). The classification of
the local units of the reservoir core samples represents the classification used for the latest update of
the local model of Los Humeros (Calcagno et al., 2020).
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Regional model |Local model Rock type Age (Ma)

U1 Undefined pyroclastic Tuff, pumice and some alluvium <0.003

G1 Post-caldera

Rhyodacite, andesite, basaltic andesite and olivine basalt lava flows with

U2 Post-caldera 0.003-0.050
OSECalCe intercalated pyroclastic deposits
Rhyodacitic flows and Zaragoza ignimbrite 0.069
U4 Intermediate caldera Faby tuff with andesitic-dacitic flows, rhyolitic and obsidian domes 0.07-0.074
Mainly composed of Xaltipan ignimbrite with minor andesitic and
U5 Los Humeros caldera _y_ P pan g 0.165
rhyolitic lava
Pyroxene andesites (Teziutlan andesite unit) with mafic andesites in the Al

basal part and/or dacites and rhyolites
U7 Intermediate pre-caldera Urjd‘ifferentiated Rocks.: Intercalation of rocks highly altered whose 26288
origin has not been defined so far

Hornblende andesites (Alseseca andesites and Cerro Grande volcanism)

U8 Basal pre-caldera . 8.9-10.5
and dacites
Middle Miocene granite 15.12
Cretacic limestones, shale and minor flint ~140
Jurassic limestone and shale ~190
Paleozoic granite and schist (Teziutlan Massif) >251

Figure 22: Regional and local model units of the 3D geological model of Los Humeros (slightly modified from Calcagno €2@i1.8,
2020).

For the regional model of Acoculco, five units were defined (Fig. 23). All volcanic deposits were merged
into one unit called AC5-Volcanites, whereas the basement rocks were split into four separate units:
AC4-Limestones, AC3-Skarns, AC2-Granite and AC1-Basement. The description and stratigraphic
classification is based on Lépez-Hernandez et al. (2009), Lorenzo-Pulido et al. (2010), Sosa-Ceballos
et al. (2018) and Avellan et al. (2018).

Regional model Rock type Age
Ignimbrites, dacites, rhyodacites, andesite (pre to post caldera <12.7Ma
volcanites plus extra caldera and alluvial units) )
Limestone, marbles, hornfels Cretaceous
Limestone skarns Cretaceous
Hornblende granite and microgranitic dikes Mid-Miocene
Phyllites Paleozoic

Figure 23: Regional model units of the 3D geological model of Acoculco (slightly modified from Calcagno et24118).

As the last entities belonging to the metadata, sample descriptions and dimensions for each plug are
provided. The sample description includes a brief macroscopic description and gives information about
the occurrence of fractures, joints and fissures or other remarks (e.g., chert nodules or stylolites). Fur-

thermore, the information is given as to whether t
di mensionso includes the |l ength, diameter (eamdact
shape of the plug. Pl ug shapes were inserted for
cylindrical plugo, #dAcylindrical plug with a broke
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needs to be considered when the bulk density or volume is calculated by using the sample's dimen-

sions. The exact sample dimensions provide the opportunity to analyze scale-dependent effects (Enge

et al.,, 2007). Therefore, plugs with varying diameters and lengths were drilled and analyzed. Thus,
smalkscal e samples (25 mm in diameter) for which t he
elementary volume (REV; e.g., Ringrose and Bentley, 2015) are included.

3.5.2. Rock Properties

Rock properties provided are grouped into (1) classical petrophysical parameters such as density, po-
rosity and permeability; (2) ultrasonic wave velocities; (3) thermal properties; (4) magnetic susceptibility;
(5) electric resistivity; and (6) rock mechanical parameters. The results are provided as mean values
with standard deviation (whenever possible) for each plug. For thermal conductivity and thermal diffu-
sivity the maximum and minimum values were added. In total 34 different parameters were obtained
following the recommendations of international standardization institutions and committees (e.g., ISRM,
ASTM or DIN). Columns for specific remarks were included to provide further details whenever needed.
Detailed information on methods and procedures is given in Sect. 3.6.

3.5.3. Chemical Analyses

The results of chemical analyses (XRF and XRD) are provided in the second data sheet of the database.
These data are retrieved from composite sample material, and a total of 131 samples (reservoir core
samples and outcrop samples) were analyzed. The sample name acts as the primary key and allows
for linking of chemical data with petrophysical data. Results of the XRF analyses are presented in weight
percent for the major elements and in parts per million for the trace elements. For both analyses (XRF
and XRD) the responsible institution is added to relate the data to the applied method.

3.6. Material and Methods

The following sections briefly describe the applied methods conducted by the different partners. A more
extensive description for the non-destructive measurements and the field trips can be found in project
reports on the GEMex web page (Bar and Weydt, 2019; http://www.gemex-h2020.eu, last access: 21
October 2020). Sample material from TU Delft (field trip January 2017) and TU Darmstadt (field trip
May 2017) were distributed to GFZ, RWTH Aachen and UniTO for non-destructive petrophysical meas-
urements.

3.6.1. Sample Preparation

Drill cores with diameters ranging from 25 to 65
plugs as described above. More than 2100 plugs and cores with an axial length ranging from D30 to

128 mm were prepared according t 019i2019)eThe shdrtiplags a | S
(diameter 25 to DHOBO mmm) | wegeé hpR2&dod mi n aestructiye petre-e d f
physical measurements like bulk density, porosity and permeability due to the specific sample size
requirements of the measurement devices. Remaining plugs were prepared to meet the requirements

for the different destructive rock mechanical tests, which were conducted after the petrophysical char-
acterization. For most of the rock mechanical tests a length-to-diameter ratio of 2:1 (uniaxial and triaxial

tests) or 1:2 (Brazilian test) is required. Furthermore, the plane surfaces of the plugs had to be plane-

parallel with a maximum angular misalignment of 0.05°.

To ensure reproducibility of the results, the plugs were measured inoven-dr y condi ®Cifoons
more than °€4floromo6é than 48 h) and cooled down

( 2°C). Microcracking or significant mass losses caused by mineralogical changes or the collapse of

clay minerals during heating in the oven were not observed since a majority of the outcrop samples
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contain no clays and samples affected by hydrothermal or metamorphic processes contain mineral
assemblages developed at higher temperatures.

In order to perform measurements in saturated conditions, the samples were evacuated in a desiccator
and subsequently saturated with (de-ionized) water (TU Darmstadt and GFZ) or the samples were fully
immersed in water for up to 4 weeks (RWTH Aachen and UniTO).

3.6.2. Non-destructive Tests

At TU Darmstadt, density measurements were performed in a multi-step procedure using an AccuPyc

helium pycnometer (ASTM D5550-14, 2014) and a GeoPyc powder pycnometer (Micromeritics, 1997,

1998, 2014), analyzing particle and bulk volume five times for each plug, respectively. Bulk density was

then automatically calculated by dividing the dry weight of the plug by its measured volume. Afterwards
porosities were calculated from the resulting differences in volume and represent the gas-effective po-

rosity, also known as connected porosity. The accuracy of the method is 1.1% (Micromeritics, 1998).
Porosity measurements at TU Delft and UNAM were also performed using a helium gas pycnometer
(Ultrapyc 1000 Version 2.12 and Ultrapyc 1200e gas pychometers, respectively, both Quantachrome
Corporation, USA) to determine the grain density (ASTM D5550-14, 2014), while bulk density was de-
termined using caliper techniques according to ASTM D7263-16 (2016). Every plug was measured up

to 20 times.

At GFZ and RWTH Aachen, particle density, bulk density and porosity were determined using the triple
weighing method (ISRM, 1981). This method is based on the Archimedes principle, which uses the
masses of the dry and fluid-saturated samples as well as that of the sample totally immersed in the fluid

to calculate the pore volume and the porosity. The mass was determined with an accuracy of £ 0. 2 g .
Usually, the accuracy is 1.5% or better, but this especially depends on the surface condition for low-
porosity samples. Thus, the measurements were performed up to three times per plug. A similar ap-

proach was used at UniTO by applying caliper techniques and the dry and saturated mass of each

sample for the calculation of density and porosity (ISRM, 1979). Variations in particle and bulk density
between the different methods applied on the same samples in this study range between 0.3%1 3%
(coefficient of variation) for limestones with porosities smaller than 3% and 0.5%i 3.5% for pyroclastic

rocks with porosities between 11% and 15%, verifying the different methods and sample saturation
procedures as sufficient to obtain data with the accuracy needed.

Matrix permeability was determined on cyl i ndrical plugs (diameter a
andD20 to 80 mm, respectively) with column gas pe
D4525-13e2 (2013) and ASTM D6539-13 (2013) standards at TU Darmstadt, GFZ and UNAM. The

plugs were analyzed in a confined cell at constant differential pressure under a steady-state gas flow

using at least five pore fluid pressure levels (Tanikawa and Shimamoto, 2008). Corresponding gas flow

rates were measured with different flowmeters that allow for the detection of flow rates in the range

bet ween 10 and ?!Thksaml@dmethad isivdased on Darcy's law enhanced by factors for

the compressibility and viscosity of gases in order to calculate the gas permeability (Scheidegger, 1974;

Jaritz, 1999). The water equivalent permeability was derived from the gas permeability after the Klinken-

berg correction (Klinkenberg, 1941). At TU Darmstadt the samples were analyzed with dried com-
pressed air at five pressure MPaetenfangnggpf essu
Aigner, 2004; Filomena et al., 2014). At GFZ a co
ranging between 7.5 and 35 bar were applied (oper
was determinedusing a confining pressure of 2.8 MPa and al
erated with nitrogen). Measurement accuracy of the TU Darmstadt permeameter varies from 5% for

highly permeable rocks (K > 10" * m?) to 400% for impermeable rocks (K < 10" * tm?) (Bar, 2012). The
recorded flow rates were tested for turbulent fluid flow according to Kushnir et al. (2018) prior to the
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Klinkenberg correction to ensure a laminar fluid flow. A correction after Forchheimer (1901) was not
required, since the corrected values were within the error range of the measurement device.

At TU Darmstadt, thermal conductivity and thermal diffusivity were measured simultaneously on oven-

dried and saturated plugs using a thermal conductivity scanner (Lippmann and Rauen, Germany) after

Popov et al. (1999, 2016). The device consists of a sample platform and an optical scanning system

that moves along the sample surfaces, including a heat emitter and three infrared sensors facilitating a
continuous profile. Samples are heated up by a defined heat flow, and the subsequent cooling rate is
measured by the temperature sensors. Bulk thermal conductivity and thermal diffusivity were then cal-
culated after Bar (2012) by using two reference standards. Both parameters were measured four to six

times on each plug for saturated and dry conditions, respectively (two to three times on every planar
surface including slight turning after every measurement to account for sample anisotropy). At RWTH
Aachen, the same optical scanning method was used to determine thermal conductivity along the core
axis of | arge cylindrical cores with diameters of
the samples were painted with black acrylic paint on the planar surface (TU Darmstadt) and along the

core axis (RWTH Aachen). According to Lippman and Rauen (2009), the measurement accuracy for
thermal conductivity and thermal diffusivity is 3% and 5%, respectively.

Specific heat capacity was determined at TU Darmstadt using a heat-flux differential scanning calorim-

eter (C80; Setaram Instrumentation, 2009); crushed sample material was heated at a steady rate from

20 up *CowkROBiIin a period of 24 h. Specific heat ca
ature curves through heat flow differences. The accuracy is 1% (Setaram Instrumentation, 2009). Vol-
umetric heat capacity was calculated by multiplying the specific heat capacity with the associated bulk
density of each sample. For direct comparison, specific heat capacity was calculated for each plug by
dividing thermal conductivity by the product of bulk density and thermal diffusivity (Buntebarth, 1980).
Ultrasonic wave velocity was measured along the sample axis with pulse generators (TU Darmstadt i

UKS-D including a USG-40 pulse generator and a digital PicoScope oscilloscope from Geotron-El-
ektronik, 2011; UniTO i Pundit Lab, Proceq, Switzerland according to ASTM D2845-08, 2008; GFZ i
Panametrics HV pulseri receiver model 5058PR in combination with digital oscilloscope

model DSO6012A from Agilent Technologies, USA) comprising point-source transmitteri receiver
transducers. Thereby, the transducers were pressed against the parallel surfaces of the samples using

a contact pressure of about 1 bar. nPgl aangedf poims
1 MHz for4Q heandSBanametrics as well as from 54 to
ated. The transmitted signals were recorded using digital oscilloscopes, and the arrival times of the P-

and S-waves were picked manually and corrected for the dead time, which arises from the recording

device (transducer, function generator, oscilloscope).

Bulk density and P- and S-wave velocities were used to determine dynamic elastic mechanical pa-

rameters, such as the dynamic shear modulus, Gayn; dynamic Young's modulus, Eqyn; and dynamic

Poisson ratio, €qyn, after Zoback (2011):

o _ "
(¢) -_ )
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wherej i s t he bul k'jdesteicdampresfidna wave velocity [m s'!] and 3s is the shear
wave velocity [m s'?].

Additional field measurements of P-wave velocities were performed by UniTO on irregularly shaped
outcrop samples by using the same Pundit Lab Proceq device along different directions on the sample
surfaces in order to identify anisotropy and the effect of fractures. Measurements were conducted
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following ASTM D2845-08 (2008) standard requirements. At TU Darmstadt both velocities were meas-

ured four to six times on each plug in both saturated and dry conditions. For analyzing the samples in
saturated conditions, the samples were stored in degassed and de-ionized water to avoid desaturation.

After preparing the device and measurement setup, the samples were immediately installed between

the transducers and the transmitted signals were recorded until the sample started to desaturate. The

data provided by GFZ represent average values from at least 4 to 10 individual measurements per plug

(dry and saturated conditions), and at UniTO each sample was analyzed up to 20 times in order to

depict the matrix heterogeneity of the larger cores and outcrop samples. The error in P-wave velocities

is 3% on average, whereas for S-wave velocities the average error is 8% or higher, due to the higher
attenuation and distortion of the S-wave signals.

Electric resistivity measurements were carried out on selected cylindric plugs at GFZ and UniTO and

on outcrop samples in the field. At UniTO electric resistivity measurements were performed with a pur-
pose-built square quadrupole (Syscal-Pro from lIris Instruments, France) after Clement et al. (2011).
This consists of a rubber jacket with four steel
at the edges of two perpendicular diameters of the core sample at half of its longitudinal length. Electri-

cal resistivity measurements were performed with a current injection between two subsequent elec-

trodes and detection of the resulting electric potential between the remaining pair of electrodes. Current

and potential electrodes were progressively reversed and rotated around the sample for a total of eight
different potential measurements. The sequence was repeated three times, and each sample was

tested in both dry and saturated (wet) conditions. Saturated conditions were reached by immersing the
sample in a saline solution (with electricalc onducti vity eqgdalf otro 240 KhQ @S d
scription of the measurement procedure is also included in Vagnon et al. (2019).

Electric resistivity measurements at GFZ were executed with a four-electrode layout as well using an
impedance spectrometer (Zahner Zennium electrochemical work station; Zahner Scientific Instruments,
2008), which supplied an AC vol t aghapedvdurtrent elactrodes mp | i
to the plane-parallel faces of the sample cylinders. The sample resistance was determined via detection

of the impedance and the phase angle at distinct frequencies. Subsequently, the bulk resistivity was
calculated from t he s ampl eectiorabareadfthersample,ard thd distaride | t
between the potential electrodes that were pinned to the cylinder surface of the sample plugs. The
measurements were performed on dry and on saturated samples. Oven-dry sample cores were satu-

rated under vacuum with a NaCl solution with electrical conductivity equal to 1080 O S ' *anah equili-
brated for about 24 h. Prior to the meaditngsilicoannt s
sleeve to reduce the risk of desaturation. The accuracy of measurements in dry conditions is better than

3.5%. In contrast, in saturated conditions for porous samples, the error increases to a maximum of 16%

if fluid evaporates or leaks from the pore space during the measurement interval.

The formation factor, F, of the samples was determined after Flovenz et al. (2005) from linear plots of

bulk conductivities versus fluid conductivities at different brine concentrations, where F is the reciprocal

of the linear fitting lines of the data points measured at fluid salinities varying between0.56i1 0. 42! S m
Magnetic susceptibility was analyzed using the magnetic susceptibility meter SM30 (ZH Instruments,
2008), which consists of an oscillator with a pickup coil. An interpolating mode was applied including

two air reference measurements and one measurement directly on the sample surface. The frequency
change in the oscillator is proportional to the magnetic susceptibility of the rock sample. To ensure
optimal contact of the sensor on the sample surface and to reduce the impact of air while measuring,

only the plane surfaces of the plugs were analyzed.

Furthermore, a multi-sensor core logger (MSCL) from Geotek (2000) was used for measurements of
gamma density, P-wave velocity, magnetic susceptibility and electrical resistivity at RWTH Aachen on
whole cores with a diameter of 60i6 4 mm. Mrgsity rwasxcaladilated based on attenuation of
gamma rays emitted from cesium-137, while porosity was calculated from the density measurements.
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P-wave velocity was measured using P-wave transducers (receiver and transmitter) mounted on oppo-

site faces on the center sensor stand. A short pulse is produced at the transmitter, which propagates
perpendicularly to the axis of the core and is detected by the receiver on the other side. The outer

di ameter of the core is measur ed evactutacy af 3 a chéissr ac
achievable while computing the P-wave velocity. Magnetic susceptibility was determined using a Bar-

tington loop sensor with a 5% calibration accuracy. The sensor includes an oscillator circuit that gener-

ates a low-intensity alternating magnetic fieldat0 . 565 Kk Hz .

3.6.3. Destructive Tests

Simple (non-cyclic) and cyclic uniaxial tests were performed to determine the rock's unconfined com-
pressive strength and elastic rock mechanical properties, such as the static Young's modulus, Poisson's

ratio, G modulus (also known as shear modulus) and bulk modulus. For the determination of the un-
confined compressive strength (UCS) at TU Darmst a
a |l ength of 80 mm were introduced into a hydraul
many) with acapacity of 1000 kN and a maxi mduntl dJammpledailunegThe at e
stress at this particular point represents the UCS, which was calculated according to ASTM D7012-14

(2014) and DIN 18141-1:2014-05:

Y6 Y-, @)

where F is the load at failure [N] and A is the cross-sectional area of the sample [mm?]. Whenever the
plugs were shorter than 80 mm and did not ful fild]l

function was applied as proposed by DIN 18141-1:2014-05:

\ = 5)

where Uy is the corrected UCS [MPa] and Uy the measured UCS [MPa], respectively, and d is the
sample diameter [mm], while | denotes its length [mm]. At TU Darmstadt the destructive tests using the
hydraulic uniaxial presswere per f or med #force controlledo wtth
The exceptions form very soft or fragile samples, such as ignimbrites, pumice or intensively fractured
limestones. For these samples, the loading rate was individually reduced to 0.25 or 0 tdmektN s
the test requirements and to ensure the minimal test duration (e.g., 3 mi n f or UCS and t e
For the determination of the static Young's modulus and Poisson's ratio, cyclic uniaxial tests were per-

formed on three plugs (same dimension as described above) for each sample according to DIN 18141-
1:2014-05 and Mutschler (2004). In order to record the axial displacement and lateral extension of the

plug, three vertical and three lateral displacement transducers (LVDTSs) were installed at an angle of

120° around the plug. The measurement was conducted in two cycles with the first cycle reaching 40%

and the second cycle reaching 60% of the previously determined UCS from the same sample set. For
intensively fractured limestones, the maximum load of the cycles was individually reduced to 30% and

50% of the previously determined UCS, respectively, to avoid an early rock failure and possible damage

of the sensors. According to Mutschl er imandvalde)of a h
each cycle. After the end of the holding time of the second cycle, the sensors were removed and the
sample was loaded until failure to obtain the UCS. Using the results of the first unloading cycle, the

static Young's modulus (average modulus) of each plug was calculated as the difference in stress di-

vided by the difference in the vertical deformation according to ASTM D3148-02 (2002). Likewise, the

static Poisson ratio was calculated as the ratio of lateral deformation and original diameter divided by

the ratio of vertical deformation and original plug length. Subsequently, the G modulus, G, and bulk
modulus, K, were calculated after ASTM D7012-14 (2014):
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whereEi s the Young' s 2on\Pd]aide s th¢ Pdissormmatio [i].

Furthermore, simple uniaxial tests were performed at TU Delft and UNAM to determine UCS, the static
Young's modulus and the static Poisson ratio using a uniaxial stressi strain device with a capacity of

500 and 250 kN, respectively (GDSVIS | oad frame,
30 mm in diameter and a |l ength of 75 mm drilled f
ples from Las Minas were tested with aloadi ng r at e T'otat TWDelft,5vhile plugs with a di-
mension of 53 mm in dDlaMmemer dand!l adl éngimhvot cani c
analyzed at UNAM (di spl ac e méhliocacaxiahand radiallsteids atiiNAMY 0 . (
were measured by the GDS LVDT local strain transducers, while at TU Delft axial displacement was
recorded using two LVDTs and radial displacement was recorded using a radial chain with an LVDT

sensor around the plugs. UCS, the static Poisson ratio and the static Young's modulus (TU Delft i

tangent modulus; UNAM 1 secant modulus at 50% of UCS) were calculated as described above follow-

ing the ASTM guidelines (ASTM D3148-02; 2002).

Tensile strength of the sample material was determined at TU Darmstadt and TU Delft performing the

indirect tensile test, also called the Brazilian test, according to ASTM D3967-16 (2016) and Lepique
(2008). Cylindrical plugs with diameters of 55 an
di amet er tibof R:Eweretoddedrinaa hydraulic uniaxial press by a linear distributed load until

failure (diametrical compression). Afterwards the tensile strength of the plug was calculated using the

following equation:
2

Y- (8)
wherelii s t he t ensi |'éorMdRa]Fethe ¢padhat foiluxe [N mh the diameter [mm] and | the
sample length [mm].

Fracture toughness was then calculated for granite, limestone, marble and skarn samples analyzed at

TU Delft after Guo et al. (1993). In order to obtain more precise values, further chevron bend tests were
performed on the same sample material at TU Delft. The tests were performed on cylindrical plugs with

a length of 15 mm and a di dahdedce followong thenlethadspropasedn g t
by ISRM (1988). Fracture toughness (Kic) of the sample material was determined first using a direct

loading to failure (equal to K. at Level I) and secondly using cyclic loading to calculate the correction of

fracture toughness for non-linearity (equal to Kcc at Level II).

Additionally, point load tests were performed at UNAM in order to correlate the results to the tensile and

uniaxial strength as proposed by ASTM D731-18 (2018). The tests were performed following the ISRM

325-89 (1984) and ASTM D5731-08 (2008) guidelines using a point load device from Controls
(model0550) with a maximum capacity of 100 kN. There
and |l engths ranging bet we eman2dpren® membrare duning thevtestte | a c
confine the specimen and to avoid the fragmentation due to impacts with the ground.

Triaxial compression tests were performed on oven-dry samples at TU Darmstadt using a hydraulic

triaxial press (Wille Geotechnik, Ger many) with a capacity of 500 kN
angle ({), cohesion (c), shear ((J and normal stress (U») of the sample material. Depending on the avail-
ability, three plugs (diameter of 55 tadusingldifferegtt h o
confining pressures (is)) of 10, 20 and 30 MPa, r espel(2004ahey . A
confining pressures and resulting vertical stresses (01) were transferred into a shear stress diagram to
construct the Mohri Coulomb criterion of failure to derive cohesion (intersection with the vertical axis)
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and the friction angle (the angle between the line and the horizontal axis). Whenever needed, the ver-
tical stresses from UCS tests (with (3= 0) were considered to construct an additional circle in the shear
stress diagram, thus enhancing the data evaluation.

3.6.4. Chemical Analyses

In order to perform quantitative and qualitative chemical analyses, representative composite sample
material from selected outcrop samples and the reservoir core samples was milled with a disc swing

mi | | (Siebtechni k, Germany) for 2.5 min at 1000 r
MM301, Retsch GmbH, Germany) for about 1 min at T
XRD analyses at TU Delft and GFZ were performed using a Bruker D8 Advance diffractometer (Bruker,
Karlsruhe, Germany) and the software DIFFRAC.EVA (TU Delft) and Match! (GFZ) for data evaluation.

For XRF measurements at TU Delft, a Panalytical Axios Max WDXRF spectrometer was used and data
evaluation was performed with SuperQ5.0i/Omnian software. In addition to the Omnian standards,

many NIST SRM samples and pure compounds were used for calibration. At GFZ the XRF measure-

ments were performed with a Panalytical Axios Advanced spectrometer in combination with the soft-

ware SuperQ. For the analysis three reference standards (basalt ZGI-BM, granite ZGI-GM and shale
ZGI-TB) were used. At TU Darmstadt, major and trace elements were analyzed with a Bruker

S8 TIGER 4 WDXRF spectrometer using the Quant Express method. Accuracy is < 5% for the major
elementsand<10% f or the trace el ements. The proposed |
(Na) and 1 (Rb,smpNb). Fugherg{RD analyses were performed at UniTO using a Siemens

D5000 automatic X-ray diffractometer. The qualitative interpretation of the data has been realized with

the software DIFFRACplus EVA Application 7.0.0.1 (2001), by comparing the positions and intensity of

the data with suitable databases (ICDD, previously JCPDS; ICSD; PCPDFWIN).

3.7. Status of the Database

The database presented here comprises petrophysical and mechanical rock properties of outcrop sam-
ples and reservoir core samples of two caldera complexes located in the northeastern part of the TMVB.
So far, the database comprises 31982 data entries (Table 4) as a result of 34 properties determined for
2169 plugs and rock samples (2138 cylindrical plugs and 31 uncored samples). Destructive tests were
conducted on more than 970 plugs. In addition, 133 XRF and 113 XRD analyses were performed.

In total 380 samples were analyzed covering volcanic rocks (950 plugs), sedimentary rocks (716 plugs),
igneous rocks (147 plugs) and metamorphic rocks (356 plugs). Thereof, 80 outcrop samples were col-
lected for Acoculco and 226 outcrop samples were collected for Los Humeros, resulting in 563 and
1606 analyzed plugs and samples including the reservoir core samples, respectively. The difference
between the number of collected samples for Los Humeros and Acoculco is biased due to the purposes
of the different field trips and the targets of the project. The main targets for the development of a deep
EGS in Acoculco and SHGS in Los Humeros are marbles and skarns (AC3 and AC2) and the pre-
caldera andesites and Cretaceous limestones and marbles (G3 and G4), respectively. As the basement
rocks (AC1 to AC3) are not exposed in Acoculco, the exhumed systems were used as analogs. There-
fore, the main attention was paid to Las Minas where 101 samples were collected (here associated with
Los Humeros). In Las Minas it is possible to investigate the igneous bodies and their metamorphic
products like skarn, hornfels or marble (Fuentes-Guzman et al., 2020) as well as some outcrops be-
longing to the metamorphic basement below the Cretaceous and Jurassic units.
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Figure 24: Number of collected samples (outcrop and reservoir core samples) per model unit for the regional and local models of
the Los Humeros (a) and Acoculco (b) geothermal systems.

The samples were classified regarding their model units as shown in Fig. 24. Following this approach
almost all local model units for Los Humeros were covered. For some samples a classification is not
possible at this stage of the project. Ongoing volcanological studies are underway and further dating is
planned to overcome these knowledge gaps. The outcrop samples belonging to the pre-caldera group
predominantly represent the Teziutlan andesite unit (U6) and the Cuyoaco andesite unit (U8). U5 com-
prises ignimbrites and pumice layers from the Xaltipan ignimbrite unit, while very recent basaltic lavas,
ashfall deposits and ignimbrites collected within the Los Humeros caldera are associated with the post-
caldera group (G1). The basement comprises a wide range of different rock types. G4 includes Jurassic
sandstones and limestones; Cretaceous limestones, marls and shales; and Miocene granitic and gran-
odioritic intrusive bodies and their metamorphic products marble and skarn. Regarding the regional
model of Acoculco, outcrop samples from the two upper units AC5 and AC4 were collected. The up-
permost unit comprises all volcanic deposits from the pre-caldera volcanics to the extra-caldera volcan-
ism. Among others, samples from the Acoculco ignimbrite, Terrerillos andesite lava, Manzanito ande-
site and Perdernal rhyolitic lava were collected. The unit AC4 includes Jurassic limestones and sand-
stones and Cretaceous limestones. The reservoir core samples from well EACL1 cover ignimbrite
(core 1), dacitic to rhyolitic lavas (core 2 and 3), skarn (core 4), marble (core 5) and granodiorite
(core 6).

The number of measurements for each parameter resulted from the availability of measurement devices
at the different institutes, required sample size, sample preparation and test duration as well as test
setup. While most of the non-destructive parameters were analyzed on each plug, more time-intensive
tests, such as specific heat capacity measurements or XRF and XRD analyses, were performed for
each sample only (composite sample material). Likewise, rock mechanical tests are significantly more
time-consuming as they require a specific sample size and sample preparation or in the case of triaxial
tests a minimum number of samples to evaluate the test results. Although the total number of meas-
urements significantly differs between some parameters, all parameters were analyzed on sample sets
covering all relevant lithologies in the study area.
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Table4: Number ofmeasurements for each parameter

Parameter No. of measurements
Particle density 1,878
Bulk density 1,379
Porosity 1,352
Permeability 1,052
Thermal conductivity (dry) 1,669
Thermal conductivity (sat) 1,465
Thermal diffusivity (dry) 1,617
Thermal diffusivity (sat) 1,396
Specific heat capacity 210
Specific heat capacity (calculated) 1,093
Volumetric heat capacity 210
P-wave velocity (dry) 1,819
S-wave velocity (dry) 1,753
P-wave velocity (sat) 1,416
S-wave velocity (sat) 1,375
Dynamic Young's modulus (dry) 1,752
Dynamic Young's modulus (sat) 1,375
Dynamic Poisson ratio (dry) 1,736
Dynamic Poisson ratio (sat) 1,375
Dynamic Shear modulus (dry) 1,743
Dynamic Shear modulus (sat) 1,375
Magnetic susceptibility 921
Electric resistivity (dry) 31
Electric resistivity (sat) 50
Formation factor 39
UCs 465
Static Young's modulus 242
Static Poisson ratio 243
Shear modulus 209
Bulk modulus 209
Tensile strength 407
Fracture toughness 86
Friction angle 20
Cohesion 20
Total 31,982
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3.8. Discussion
3.8.1. Data Availability and Data Application

Rock properties are commonly used for reservoir exploration, assessment and modeling. While petro-
physical, dynamic and static mechanical properties are the primarily used parameters for reservoir ex-
ploration, production and stimulation scenarios (Saller and Henderson, 1998; Rybacki et al., 2016; Gan
and Elsworth, 2016; Ghassemi, 2017; Qu et al., 2019; Scott et al., 2019; Bohnsack et al., 2020), thermal
properties are of great importance to assessing the subsurface temperature, the geothermal gradient,
heat transport and heat storage (Weides et al., 2013; Weides and Majorowicz, 2014; Ebigbo et al.,
2016; Franco and Donatini, 2017; Nurhandoko et al., 2019; Békési et al., 2020). Especially in active
high-enthalpy hydrothermal systems, electric resistivity and magnetic susceptibility data are very useful
to identify or map the cap rock and different lithologies or hydrothermally altered zones within the res-
ervoir (Oliva-Urcia, 2011; Lévy et al., 2018, 2019), whereas high-T/P and detailed mineralogical studies
help to estimate rock properties in reservoir conditions (Nono et al., 2020; Kummerow et al., 2020;
Lacinska et al., 2020).

Within the scope of the GEMex project, petrophysical and rock mechanical data were used for various
purposes. Deb et al. (2019a) used petrophysical and thermophysical properties to parameterize the
structural model of Los Humeros and Acoculco (Calcagno et al., 2018) for simulating the initial state of
the super-hot geothermal system. Several stimulation scenarios were investigated to evaluate the po-
tential of the basement rocks in Acoculco for the development of an EGS (Deb et al., 2019b). Based on
the fracture network characterization of outcrop analogs in Las Minas and petrophysical and rock me-
chanical data, Lepillier et al. (2019) created FEM models to calculate the fluid flow and heat exchange
of fracture-controlled reservoirs in marble, skarn and limestone as an equivalent to the deep subsurface
of Acoculco. Kruszewski et al. (2021) used rock mechanical parameters together with well parameters
and geophysical logs to estimate the local stress field of the Acoculco geothermal field. Current studies
focus on fracture propagation models and hydraulic fracture stimulation scenarios to estimate fracture
geometries. The results of the petrophysical properties and volcanological studies are being used to
interpret results of electric resistivity surveys (Benediktsdattir et al., 2020), local earthquake tomography
(Toledo et al., 2020a), or gravity and magnetotelluric surveys (Cornejo, 2020).

Compared to siliciclastic or carbonate basins used for oil and gas exploitation, the number of petro-
physical and mechanical rock property data for volcanic settings in the context of high-enthalpy geo-
thermal systems is less documented.

So far, geothermal exploration studies in volcanic settings have provided rock properties analyzed on
outcrop (e.g., Lenhardt and Go6tz, 2011; Pola et al., 2014; Mielke et al., 2016; Heap and Kennedy, 2016;
Navelot et al., 2018; Mordensky et al., 2019a; Eggertson et al., 2020) or reservoir core (Stimac et al.,
2004; Siratovich et al., 2014; Olavsdéttir et al., 2015; Mielke et al., 2015; Cant et al., 2018) samples.
However, this study highlights the importance of the analysis of both outcrop and reservoir core sam-
ples. The comparison of reservoir samples, exhumed systems and outcrops in the surrounding area
enables the identification of the processes that occurred within the reservoir and quantifying the impact
on the properties correctly.

The need for valuable input data for reservoir modeling and assessment has recently led to an in-
creased number of studies and publications (Bar et al., 2020). While several extensive national or global
databases have already been developed and published for geothermal well data (National Geothermal
data system NGDS, 2014; BritGeothermal, 2017; DOE Data Explorer, 2018); rock chemistry; geochro-
nology; petrology; petrophysical data such as porosity, density or magnetic susceptibility derived from
geophysical borehole data (Petlab, 2020; Sciencebase Minnesota, 2010; Georoc Mainz, 2020; Rock
Properties Database British Columbia Canada, 2018; global whole-rock geochemical database compi-
lation in Gard et al., 2019; National Geochemical Database USGS, 2014; the North American Volcanic
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and Intrusive Rock Database NAVDAT data base, 2020); lithology (the new global lithological map
database GLiM in Hartmann and Moosdorf, 2012); mineralogy (BRITROCKS project, 2020); and pe-
trography (RockViewer, 2020), a comprehensive and quality-proofed collection of laboratory rock prop-
erties has just recently been released by Bar et al. (2020; not considering fee-based and non-open-
access databases that exist for oil and gas data like the AccuMap or geoSCOUT databases; IHS Markit,
2020; GeoScout, 2020). The PetroPhysical Property Database (P°) presented in Bar et al. (2020) col-

l ected rock property data from 316 research artic
rock properties analyzed on a wide variety of lithologies worldwide. While the P® database significantly
increases the availability of standardized rock properties, it still contains a limited number of data points

or parameters for each investigated area or formation. To increase the level of detail for the GEMex
study area to the required spatial and stratigraphic coverage, the database presented in this paper
contains more than 31000 data points and 34 different parameters covering all important lithologies
from the basement to the cap rock. The high number of analyzed plugs and samples enables detailed
statistical and spatial geostatistical analyses on different scales (plug, sample, outcrop, formation or
model unit), spatial evaluation of the results in 2D or 3D, and the validation of different analytical meth-
ods. Whenever possible, all parameters were analyzed on each plug. This approach allows the identi-
fication of statistical and causal relationships between the parameters and, thus, improves the accuracy

of geostatistical predictions, which are crucial for upscaling or downscaling (see next section; Linsel et
al., 2020). The usage of plugs with different dim
alengthfromD1 2 mm t o 30 c¢m) e n adfs$caeseffects ehich reednotbe corisideset! i o
for the evaluation of dynamic mechanical properties (Bayuk and Tikhotsky, 2018). The level of detail
presented in this study has not only significantly improved the geological understanding of both geo-
thermal systems and super-hot geothermal systems in general but also helped in the better understand-

ing of the relationship between different parameters and how they are affected by different processes
(e.g., fracturing or hydrothermal alteration). The database not only provides the basis for ongoing re-
search in the study area but also facilitates various applications in comparable geological settings within

the TMVB or similar volcanic geothermal play types worldwide. Combined with other data sets (P? in

Bar et al., 2020, or Weinert et al., 2021), these data could be used to train machine learning algorithms

to develop rock property prediction tools to improve and speed up parametrization of 3D geological
models in the future.

3.8.2. Data Processing and Upscaling

The database presented in this study includes laboratory data analyzed on core and outcrop samples
(centimeter to decimeter scale defined here as mesoscale), thus representing rock matrix properties
only (with small-scale or single fractures in few samples). Oven-dried samples were analyzed under
ambient laboratory conditions (room temperature of D2 *C and at mospheric press
standardize the test procedure and to ensure the comparability of the results for the different samples
and rock types. Consequently, the data do not reflect in situ conditions such as high reservoir temper-
atures, overburden pressure, confining pressure and fluid properties at reservoir depth. Depending on
the aim and scale of future applications, the data need to be corrected for reservoir conditions and
transferred to the reservoir scale (macroscale). Hydraulic properties such as porosity and permeability
tend to decrease with increasing stress and pressure at reservoir depth by closing fractures and com-
paction of the rock mass (rock compressibility; Zimmermann et al., 1986; Moosavi et al., 2014;
Hatakeda et al., 2017; You et al., 2020), often also resulting in increased bulk density, heat conduction,
electric resistivity and wave velocities (Horai and Susaki, 1989; Clauser and Huenges, 1995; Schoén,
2015). However, the relationships between different properties related to temperature and pressure
changes are complex. At higher temperatures thermal expansion of minerals can cause microfracturing,
which again negatively affects thermal conductivity, ultrasonic wave velocities and rock strength (Heap
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et al., 2014a; Vinciguerra et al., 2005) but increases hydraulic properties. Several analytical and empir-
ical relationships and correction functions have been identified and developed in the past to transfer
hydraulic (Zimmermann et al., 1986; Li et al., 2004; Zheng et al., 2015; Heap and Kennedy, 2016),
thermal (Sass et al., 1971; Zoth and Héanel, 1988; Somerton, 1992; Vosteen and Schellschmidt, 2003;
Hartmann et al., 2005; Whittington et al., 2009; RUhaak et al., 2015; Zhao et al., 2016; Merriman et al.,
2018; Norden et al., 2020; Clauser, 2020), magnetic (Ohnaka, 1969; Ali and Potter, 2012; Zhang et al.,
2020), electric (Shankland et al., 1997; Hatakeda et al., 2017; Kummerow and Raab, 2015; Kummerow
et al., 2020; Nono et al., 2020) and mechanical (Mobarak and Somerton, 1971; Vinciguerra et al., 2005;
Siratovich et al., 2011; Heap et al., 2014a; Hassanzadegan et al., 2013; Vagnon et al., 2021) properties
from laboratory to reservoir conditions. Transferring rock properties from core sample to the reservoir
scale is challenging and has been the focus of numerous studies in the past (Christie, 1996; Farmer,
2002; Qi and Hesketh, 2005; Khajeh, 2013). Even though computer processing capacities have drasti-
cally increased over the past decades, the resolution (number of grids) and complexity of static geolog-
ical models often tend to be too high to run numerical reservoir simulations, which solve complex,
e.g., fluid or heat flow, equations. Thus, upgridding and upscaling techniques are required that retain
as much of the original structure, geometry, petrophysical characteristics and facies heterogeneity as
possible to deliver the vital information needed for reservoir assessment and operation (Walia and
Leahy, 2014). Existing upscaling approaches can be grouped into direct or two-step and local or global
upscaling methods (Wen and Gomez-Hernandez, 1996; Farmer, 2002). The most common upscaling
techniques are simple cross correlations, (power-law) averaging (arithmetic, geometric or harmonic
averaging often in combination with Monte Carlo techniques), renormalization, pressure-solver or ten-
sor methods, and pseudofunctions (Qi and Hesketh, 2005). However, particularly the first-mentioned
techniques tend to spatially smear out extremes within the reservoir, such as flow barriers or open
fractures, and thus are not very useful for complex and heterogenous reservoirs (Ding et al., 1992; Qi
and Hesketh, 2005). Geostatistical analyses and modeling using estimation algorithms (e.g., variogram
analyses and kriging techniques) or sequential simulations (e.g., Gaussian simulation) have been ap-
plied to populate numerical models in geologically complex and/or fractured reservoirs (Hartanato,
2004; Bourbiaux et al., 2005; Ebong et al., 2019). However, integrating geological information regarding
the geometry, distribution and connectivity of faults and fractures as well as linking fracture and matrix
properties and fluid flow remains challenging (multiphase and dual-porosity modeling; Bourbiaux,
2010). Since hydrothermal alteration significantly influences the matrix properties (Heap et al., 2020a),
estimating the size and spatial distribution of hydrothermal aureoles along fractures in active volcanic
settings becomes important to improving the accuracy of the reservoir model. While upscaling of hy-
draulic properties with application to oil and gas reservoirs has been intensively analyzed in the past
(Wen and Gomez-Hernandez, 1996; Farmer, 2002; Sanchez-Vila et al., 2006), relatively little work has
been done for thermal properties (Scheibe and Yabusaki, 1998; Hartmann et al., 2005; Rilhaak et al.,
2015). According to Rihaak et al. (2015) upscaling thermal conductivity can be fundamentally different
from upscaling hydraulic or other transport parameters in porous media and rocks. The authors found
that harmonic- and geometric-mean upscaled values most accurately reflect local values. Riihaak et
al. (2014) and Gu et al. (2017) recommend kriging with external drift (KED) to interpolate subsurface
temperature and thermal conductivity, respectively.
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3.8.3. Limitations with Respect to Modeling the Los Humeros and Acoculco Geother-
mal Systems

Besides the many advantages described above, a number of limiting factors have to be considered
prior to using this data set for modeling the Los Humeros and Acoculco geothermal systems. The field-
work and the results of the petrophysical measurements revealed the complexity of both geothermal
systems. Composition, lateral extension and distribution of the volcanic sequences are very variable
within the study area. Furthermore, the basement rocks showed a high geological heterogeneity com-
prising several different rock types including shales, limestones, sandstones, intrusive bodies, marble
and skarn. The definition of the preliminary model units is predominantly based on the local stratigraphy
of the study area (Calcagno et al., 2018), and some model units comprise multiple different rock types.
The results of the petro- and thermophysical properties however reveal high variability and a wide pa-
rameter range for individual units leading to high uncertainties during modeling. For this reason, the
results for each lithostratigraphic unit were weighted with respect to their relative contribution in the
study area for the population of the geological model of Los Humeros (Deb et al., 2019a), which was
mainly based on lithostratigraphic well descriptions provided by the CFE. As this is not known in detail
for every model unit, the relative contribution of each rock type was based on field observations.

The number of samples per unit strongly depended on the quality, availability and accessibility of rep-
resentative outcrops in the field or reservoir core samples in the core storage. Thus, it was not possible
to cover all local model units for Los Humeros.

Likewise, the number of measurements for each parameter was strongly affected by the availability of
measurement devices, sample preparation and test duration. Although the data for each parameter
cover all key lithologies in the study area, future work should focus on additional electric resistivity and
rock mechanical tests (fracture toughness and triaxial tests) to better support the interpretation of MT,
TEM and DC surveys or 3D geomechanical models. Furthermore, further research is needed on HTi
HP experiments reaching supercritical conditions to better evaluate the processes within the reservoir
and to transfer rock properties from laboratory to reservoir conditions of super-hot geothermal systems.
The core samples of the Los Humeros geothermal field were predominantly retrieved from the reservoir
pre-caldera andesite units. They show high matrix variability due to hydrothermal alteration of different
intensities, which caused significant differences regarding petrophysical and thermophysical properties
compared to the equivalent outcrop samples. For about one-quarter of the samples, intensive hydro-
thermal alteration prevents a clear identification of the original rock type and correlation to equivalent
units in the outcrops. This suggests that a comprehensive identification and characterization of the
hydrothermal alteration aureoles in the geothermal fields is also required for the accurate assessment
and modeling of these systems (e.g., by MT sounding or other direct or indirect analyses). Current
studies on the reservoir core samples including detailed petrographic analyses and ICP-MS measure-
ments aim to provide a better sample description and classification (Weydt et al., 2020, 2022). Only a
few reservoir core samples were available representing the overlaying cap rock (Xaltipan ignimbrite) or
the basement below. While the Xaltipan ignimbrite unit can be investigated in several outcrops around
the Los Humeros caldera, the deeper part of the basement remains mostly unknown. The high number
of collected samples in the exhumed systems and in the surrounding area of the caldera complexes
greatly depicts the heterogeneity of the basement. However, the analyses of outcrops and the few
reservoir core samples only cover the upper limited parts of the basement (approximately tens to hun-
dreds of meters). Thus, in the field it is not possible to investigate the spatial extension of the intrusive
bodies within the (meta)sedimentary basement. However, Urbani et al. (2020) concluded that the recent
uplift within the Los Proteros caldera was caused by multiple intrusive bodies at a very shallow depth
(425+170to<1 000 m) . Li kewi se, in Acoculco several
1000 m keklewpgrotnd level; Avellan et al., 2020).
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Regarding the regional model of Acoculco, only rocks of the two upper units are exposed in the field.
For the parameterization of the remaining units, the project emphasizes using the exhumed system in
Las Minas as an analog. Regarding the results of the petrophysical measurements, this concept can
be applied for almost all units. However, the sedimentary sequences reveal the highest variability com-
pared to other units comprising argillaceous mudstones to dolomitic marbles. The properties of the
limestones and marbles resemble the different facies and diagenetic or metamorphic overprint. In Las
Minas the limestones and marbles comprise dolomite, while the reservoir core samples from Los Hu-
meros and most of the limestones collected from the outcrops in the surrounding area of both systems
represent undolomitized, marine, fine-grained mudstones to wackestones. In addition, the reservoir
core samples from the upper part of the carbonatic basement show intensive fracturing and recrystalli-
zation as a result of the complex tectonic activity caused by caldera collapses, uplift and ascending
| avas. Further mor e, the term Askarno has been
without a precise description. The skarns in Las Minas commonly resemble Fe-rich ore deposits in
close proximity to intrusive bodies. In contrast the units classified as skarn within the upper parts of the
geothermal reservoirs (Lopez-Hernandez et al., 2009) formed instead due to intensive metasomatic
processes caused by Ca-rich fluids migrating into the overlaying lavas. Once more, the physical prop-
erties reflect the different mineralogical composition of both skarn types.

3.9. Conclusions

Within the scope of the GEMex project, an extensive rock property database was created comprising
more than 31000 data entries covering a great variety of different rock types and lithologies of Jurassic
to Holocene age. The database includes petrophysical, thermophysical, magnetic, electric, and dy-
namic and static mechanical properties complemented by the results of XRF and XRD analyses. In
total 34 properties were determined on 2169 plugs retrieved from more than 300 outcrop samples col-
lected from the Acoculco and Los Humeros caldera complexes, 66 reservoir core samples drilled from
37 core sections from 16 wells of the Los Humeros geothermal field, and 8 core samples drilled from 6
core sections obtained from well EAC1 of the Acoculco geothermal field. The database was created in
a simple and transparent format including comprehensive metainformation to facilitate application in
various geoscientific disciplines worldwide.
The compiled data set allows for the
T prediction of rock properties of target formations in the subsurface at early exploration stages
or in the case of low data density,
1 assessment of the reservoir potential and estimation of economic risks and uncertainties,
1 population of 3D geological models (numeric thermo-hydraulici mechanicali chemical (THMC)
models),
{1 statistical evaluation to identify relationships between the properties and trends required for up-
scaling approaches, and
7 validation of different analytical methods.
The data and workflow presented here will improve the planning and execution of future research pro-
jects. Outcrop analyses and the characterization of petrophysical and mechanical properties of outcrop
and reservoir core samples are paramount for profound reservoir characterization and should in general
be considered in future geoscientific studies to a greater extent to enable a more precise prediction of
reservoir properties. Hereby, an integration of shallow geophysical and classical (e.g., scan-line) or
state-of-the-art (lidar) fracture network characterization methods has great potential to further enhance
3D reservoir characterization.
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The current structure of the database allows for easy modification and extension. It is planned to create
an outcrop catalogue of all field campaigns conducted within GEMex and to improve it by adding the
results of ongoing ICP-MS and detailed petrographic analyses.
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4. Petrophysical Characterization of the Los Humeros Geothermal Field 1
From Outcrop to Parametrization of a 3D Geological Model

This chapter is based on the article fAWeydt, L. M

of the Los Humeros geothermal field (Mexico): From outcrop to parametrization of a 3D geological

model , Geot her mal Ener gy, Thd dbstracbig mtdn2lied,and4h@ alghgnu-,
meric order of figures and tables may differ from the original article. If necessary, the alphabetical order

of quotations has been adapted to the content of the dissertation. Likewise, the formatting was adjusted

to fit the layout of this work.

4.1. Introduction

Super-hot geot her mal systems (> 350 AC, SHGS) ar
and have recently been of high interest in the industry and scientific community (Reinsch et al., 2017).
An important threshold is achieved when reservoir fluids reach supercritical conditions and recent stud-
ies have proven that the extraction of supercritical fluids increases the productivity by a factor of ten
compared to conventional wells, including fossil fuels (Cladouhos et al., 2018; Fridleifsson et al.,
2014a, b). However, the majority of previous deep and high-temperature drilling projects encountered
several problems like corrosion and scaling due to aggressive reservoir fluids, unsuccessful cementing
operations as well as damage of the casing material or surface equipment, which often led to well failure
and abandonment (Reinsch et al., 2017). To exploit these super-hot reservoirs and to be able to handle
the challenging conditions in the reservoir, comprehensive and detailed exploration is needed to en-
hance the reservoir understanding and modeling (Reinsch et al., 2017; Jolie et al., 2018).

The majority of high-t e mper at ure geot her mal resources at
linked to volcanic settings, which often exhibit a complex structural architecture and geological evolu-
tion, resulting in various rock types with highly variable mineralogical and hydromechanical character-
istics (Pola et al., 2012; Heap and Violay, 2021). Furthermore, hydrothermal alteration, diagenetic and
metamorphic processes significantly change the properties of the rocks (Frolova et al., 2014; Aretz et
al., 2016; Mielke et al., 2015; Villeneuve et al., 2019). The prediction of the thermo-hydro-mechanical
behavior of the target formations in the reservoir is challenging, which in turn is crucial to build concep-
tual geological models, to interpret geophysical data and to parameterize 3D numerical reservoir mod-
els. Comprehensive datasets are often scarce or focus on a limited number of parameters only and
thus, subsurface models are commonly populated with generalized or assumed values resulting in high
uncertainties (Béar et al., 2020). Since diagenetic, hydrothermal or metamorphic processes can enhance
or decrease hydraulic, mechanical or thermal properties (Mielke et al., 2015; Wyering et al., 2014;
Weydt et al., 2018a, 2021a; Durén et al., 2019; Heap et al., 2020a, 2021), the controlling factors need
to be understood and considered during reservoir assessment also from an economical perspective.
The GEMex project (Horizon 2020; GA Nr. 727550) aims to develop new transferable exploration and
exploitation approaches for enhanced (EGS) and super-hot unconventional geothermal systems
(SHGS). For this purpose, the Los Humeros Volcanic Complex (LHVC) has been selected as demon-
stration site, which is the third largest active caldera in the Trans-Mexican Volcanic Belt (TMVB) hosting
a hydrothermal system that reaches temperatures above 380 °C below 2 km depth (Pinti et al., 2017).
The conventional hydrothermal reservoir of Los Humeros has been exploited and operated by the
Comision Federal Electricidad (CFE) since 1990 (Romo-Jones et al., 2020) and 65 wells have been
drilled so far. However, a sustainable utilization of these super-hot sections in the reservoir has not yet
been realized. Various geological, geochemical, geophysical, as well as hydrological studies have been
performed in the past and conceptual geological models were built and regularly updated (Cedillo, 1999,
2000; Arellano et al., 2003). Nevertheless, recent studies revealed a much higher complexity of the
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reservoir than previously expected (Lucci et al., 2020; Carrasco-Nufiez et al., 2021) and the under-
standing of the internal structure of the reservoir is still limited.

Within the framework of the GEMex project, which aims to build integrated reservoir models at a local,
regional and supra-regional scale, preliminary 3D geological models were created (Calcagno et al.,
2020) that served as the basis for the evaluation and incorporation of results from combined geological,
geophysical and technical investigations (Jolie et al., 2018). Besides the latest update of the geological
map (Carrasco-Nufez et al., 2017a), this was the first time that the regional geological formations were
considered during exploration. However, until the beginning of the project, information on the different
geological units and their physicochemical properties were not available. To overcome the lack of suit-
able data that meet the spatial coverage and resolution required within the project, a comprehensive
outcrop analogue study was performed (Weydt et al., 2018b, 2021a). Therefore, all relevant key units
from the cap rock to the basement were characterized regarding their mineralogy, geochemistry, petro-
physical and mechanical properties on different scales: (1) macroscale (outcrops), (2) mesoscale (rock
samples), and (3) microscale (thin section and chemical analyses). The investigation of outcrop ana-
logues represents a cost-effective opportunity to investigate and correlate, e.g., facies, geologic heter-
ogeneities, hydrothermal processes and petrophysical properties from outcrops to the subsurface and
to create a representative dataset sufficient for various modeling approaches (Sass and Goétz, 2012).
In total, 226 outcrop samples were collected from more than 200 outcrops in the inside of the caldera,
the surrounding area and in the exhumed fossil system in Las Minas, which is located east of the LHVC.
The samples were analyzed for particle and bulk density, porosity, permeability, thermal conductivity,
thermal diffusivity, P-wave and S-wave velocity as well as magnetic susceptibility. Whenever possible,
each parameter was analyzed on each plug allowing for the identification of statistical and causal rela-
tionships between the parameters. This approach improves the accuracy of geostatistical predictions
that are needed for upscaling or downscaling techniques or stochastic approaches. Complementary X-
ray fluorescence measurements were conducted to obtain information on the bulk chemistry and to
classify the samples into lithological units. New geochronological information obtained during the pro-
ject were used to assign the samples to different stratigraphic units. Thin section and X-ray diffraction
measurements were used to quantify the mineralogical composition as well as possible hydrothermal,
metamorphic or diagenetic processes and their impact on the rock properties. Afterwards, the rock
properties were statistically analyzed to define lithostratigraphic units with similar petrophysical charac-
teristics and to investigate their variability and probability.

Here, we present a comprehensive dataset of laboratory-measured rock properties and a stepwise
workflow for the prediction of in situ reservoir properties that provides the basis for a more precise
resource and risk assessment of the Los Humeros geothermal field and geologically similar super-hot
geothermal systems related to volcanic settings worldwide.

4.2. Geological Setting

The LHVC is located about 185 km east of Mexico City and predominantly comprises Pleistocene to
Holocene basaltic to rhyolitic volcanic rocks (Norini et al., 2019; Carrasco-Nufiez et al., 2018). With a
21 T 15 km irregular shape, it is the |-Mexigan¥dl-
canic Belt (TMVB), which is a Ei W trending about 1000 km long and up to 300 km wide Neogene calc-
alkaline volcanic arc (Lépez-Hernandez et al., 2009; Fig. 25). The TMVB is commonly associated to
the subduction of the Rivera and Cocos plates beneath the North American plate along the Middle-
American Trench (Ferrari et al., 2012). The caldera structure developed in the Serdan-Oriental basin,
which is a closed basin at the Mexican high plateau characterized by bimodal, mainly monogenetic
volcanic structures of basaltic to rhyolitic composition (e.g., rhyolitic domes, scoria cones, lava fields,
maars and tuff-rings) and older felsic domes (Yafiez and Garcia, 1982; Carrasco-Nufiez et al., 2021).
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The basin is filled with Quaternary sediments, pyroclastic and volcanoclastic deposits and is limited to
the east by large andesitic stratovolcanoes and dome complexes of the Cofre de Perote-Citlaltépetl
volcanic chain and to the west by Miocene andesitic lavas of the Tlaxco-Cerro Grande range (Carrasco-
Nufiez et al., 2017a).
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Figure 25: Geological map of the LHVC slightly modified from Carrasé¢difiez et al. (2017a). The reghoints mark the sampling
locations of the outcrop samples. Inset map showing the location of the LHVC and extension of the TMVB in Mexico

Based on new stratigraphic and geochronological data, the different geological units in the study area
can be classified into: (1) post-caldera volcanism; (2) caldera volcanism; (3) pre-caldera volcanism and
the (4) pre-volcanic basement (Carrasco-Nufez et al., 2017a and 2018; Figs. 25, 26).
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Figure 26: Stratigraphy of the Los Humeros Vaanic Complex in(a) and a simplified stratigraphic profile in (b) based on Willcox
(2011), CarrascoNufiez et al. (2012, 2017a, 2017b, 2018), Olves@arcia et al. (2020), and Calcagno et al. (2020). The color scheme
is based on CarrascdNufiez et al. (20173 The estimated thickness or occurrence of the individual units might vary throughout
the study area (not all units of the LHVC have been dated or described in detail yet and geological studies are ongoing)

The pre-volcanic basement group comprises the Paleozoic crystalline basement in the eastern TMVB,
which is exposed in the Teziutlan Massif and patrtially covered by up to 3000 m thick, intensively folded
and thrusted Mesozoic sedimentary rocks belonging to the Sierra Madre Oriental (Lépez-Hernandez et
al., 2009). The Teziutlan Massif consists of green schists, granites and granodiorites dated at 2461
131 Ma representing the stratigraphically oldest units exposed in the study area (Carrasco-Nufiez et
al., 2018). The Mesozoic sedimentary successions include sandstones, shales, hydrocarbon-rich lime-
stones and dolomites of Jurassic age, which are overlain by Cretaceous limestones, marls and shales.
The basement was deformed by the Late Cretaceousi Eocene compressive Laramide Orogeny result-
ing in NWi SE striking thrusts and folds and subordinate NE-striking normal faults that are associated
to an Eocenei Pliocene extensional tectonic deformation phase (Norini et al., 2019; Fitz-Diaz et al.,
2017; Lépez-Hernandez et al., 1995). Oligocene to Miocene granitic and syenitic plutons as well as
basaltic to andesitic dykes intruded into the sedimentary basement causing local metamorphism of
marble, hornfels and skarn (Ferriz and Mahood, 1984). Thereby, Eocenei Pliocene extensional struc-
tures acted as preferential pathways for Eoceneil Oligocene magmatic intrusions preceding the onset
of the subsequent volcanism in the study area (Norini et al., 2019; Lopez-Hernandez et al., 1995).
Metamorphic rocks are exposed in the exhumed system of Las Minas east of the LHVC, which is con-
sidered as an analogue to the deeper reservoir rocks of the Los Humeros geothermal field (Olvera-
Garcia et al., 2020).

The precal dera volcanism in the study area is repre:
Yafiez and Garcia, 1 9 8 2) and Pliocene to Pleistocene | avas
Carrasco-Nufez et al., 2017a) of the Cuyoaco and Alseseca as well as Teziutlan andesite units, re-
spectively. The Cuyoaco and Alseseca lavas mainly comprise andesitic and dacitic lava flows with a
cumulative thickness of 8001 900 m, which can be correlated to the Cerro Grande volcanic complex
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