Doctoral thesis approved in fulfillment of the requirements
for the degree of Doctor rerum naturalium (Dr. rer. nat.)
at the

Department of Material and Earth Sciences,

Technische Universitat Darmstadt

Submitted by
Leandra Maren Weydt, M.Sc.
born on 14. August, 1990 in Oberhausen, Germany

Supervisor: Prof. Dr. Ingo Sass
Co-supervisor: Prof. Dr. Domenico Liotta

Darmstadt 2022

TECHNISCHE
UNIVERSITAT
DARMSTADT




Weydt, Leandra Maren: Reservoir characterization of super-hot unconventional geothermal systems,
Mexico

Darmstadt, Technische Universitat Darmstadt
Year thesis published in TUprints: 2023

URN: urn:nbn:de:tuda-tuprints-230768

Date of viva voce: 18.11.2022

Published under CC BY-SA 4.0 International
https://creativecommons.org/licenses/




Submitted on; 31.08.2022
Date of viva voce: 18.11.2022

Board of examiners

Head: Prof. Dr. Andreas Henk
First assessor: Prof. Dr. Ingo Sass
Second assessor:  Prof. Dr. Domenico Liotta
Examiner: Prof. Dr. David Bruhn
Examiner: Prof. Dr. Moritz Bigalke

Technical University of Darmstadt
Institute of Applied Geosciences
Schnittspahnstral3e 9

64287 Darmstadt

Germany




Declaration

| hereby declare that this presented dissertation is based on original research, and is the result of my
own work. | certify that this dissertation contains no material which has been accepted for the award of
any other degree in my name, at any university or other tertiary institution and, to the best of my
knowledge and belief, contains no material previously published or written by another person, except

where due reference has been made in the text.

Name Location and Date




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).

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 (Izquierdo 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 (Gonzéalez-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).







































































































































































































































































































































































































































































































































































































