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Abstract

The Los Humeros Volcanic Complex has been characterized as a suitable target for
developing a super-hot geothermal system (>350 °C). For the interpretation of geo-
physical data, the development and parametrization of numerical geological models,
an extensive outcrop analogue study was performed to characterize all relevant key
units from the basement to the cap rock regarding their petrophysical properties,
mineralogy, and geochemistry. In total, 226 samples were collected and analyzed for
petrophysical and thermophysical properties as well as sonic wave velocities and mag-
netic susceptibility. An extensive rock property database was created and more than
20 lithostratigraphic units and subunits with distinct properties were defined. Thereby,
the basement rocks feature low matrix porosities (< 5%) and permeabilities (< 107" m?),
but high thermal conductivities 2-5W m~' K=') and diffusivities (<4-10° m?s~") as
well as high sonic wave velocities (> 5800 m s™1). Basaltic to dacitic lavas feature matrix
porosities and permeabilities in the range of < 2-30% and 107'8-10""* m?, respectively,
as well as intermediate to low thermal properties and sonic wave velocities. The pyro-
clastic rocks show the highest variability with respect to bulk density, matrix porosity
(~4->60%) and permeability (107'8~107'> m?), but feature overall very low thermal
conductivities (<0.5W m~" K~') and sonic wave velocities (~ 1500-2400 m s~ ).
Specific heat capacity shows comparatively small variations throughout the dataset
(~700-880 J kg~' K™'), while magnetic susceptibility varies over more than four orders
of magnitude showing formation-related trends (10°°~107" SI). By applying empirical
correction functions, this study provides a full physiochemical characterization of the
Los Humeros geothermal field and improves the understanding of the hydraulic and
thermomechanical behavior of target formations in super-hot geothermal systems
related to volcanic settings, the relationships between different rock properties, and
their probability, whose understanding is crucial for the parametrization of 3D geologi-
cal models.

Keywords: Super-hot geothermal systems, Los Humeros geothermal field, Reservoir
characterization, Petrophysical and thermophysical properties, Sonic wave velocities,
Magnetic susceptibility
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Introduction

Super-hot geothermal systems (>350 °C, SHGS) are important targets for electric
power production and have recently been of high interest in the industry and scien-
tific community (Reinsch et al. 2017). An important threshold is achieved when res-
ervoir fluids reach supercritical conditions and recent studies have proven that the
extraction of supercritical fluids increases the productivity by a factor of ten com-
pared 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 cas-
ing 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 enhance the reservoir understanding and modeling (Reinsch et al. 2017;
Jolie et al. 2018).

The majority of high-temperature geothermal resources at comparatively shallow
depths (<4 km) are linked to volcanic settings, which often exhibit a complex struc-
tural architecture and geological evolution, resulting in various rock types with highly
variable mineralogical and hydromechanical characteristics (Pola et al. 2012; Heap and
Violay 2021). Furthermore, hydrothermal alteration, diagenetic and metamorphic pro-
cesses 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 conceptual geological models, to interpret geophysical data and
to parameterize 3D numerical reservoir models. 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
(Bér 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; Durdn 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 unconven-
tional geothermal systems (SHGS). For this purpose, the Los Humeros Volcanic Complex
(LHVC) has been selected as demonstration 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 hydro-
thermal reservoir of Los Humeros has been exploited and operated by the Comision Fed-
eral 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 reservoir than previously expected (Lucci et al.
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2020; Carrasco-Nufiez et al. 2021) and the understanding 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 incorpora-
tion of results from combined geological, geophysical and technical investigations (Jolie
et al. 2018). Besides the latest update of the geological map (Carrasco-Nuiiez et al. 2017a),
this was the first time that the regional geological formations were considered during explo-
ration. 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 com-
prehensive 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, petrophysical 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 analogues represents a cost-effective
opportunity to investigate and correlate, e.g., facies, geologic heterogeneities, hydrothermal
processes and petrophysical properties from outcrops to the subsurface and to create a rep-
resentative dataset sufficient for various modeling approaches (Sass and Go6tz 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 relationships between the parame-
ters. This approach improves the accuracy of geostatistical predictions that are needed for
upscaling or downscaling techniques or stochastic approaches. Complementary X-ray fluo-
rescence measurements were conducted to obtain information on the bulk chemistry and
to classify the samples into lithological units. New geochronological information obtained
during the project were used to assign the samples to different stratigraphic units. Thin
section and X-ray diffraction measurements were used to quantify the mineralogical com-
position 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 characteristics 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.

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-
Nuiiez et al. 2018). With a 21 x 15 km irregular shape, it is the largest and easternmost
active caldera of the Trans-Mexican Volcanic Belt (TMVB), which is a E-W trending
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about 1000 km long and up to 300 km wide Neogene calc-alkaline volcanic arc (Lopez-
Herndndez et al. 2009; Fig. 1). The TMVB is commonly associated to the subduction of
the Rivera and Cocos plates beneath the North American plate along the Middle-Amer-
ican Trench (Ferrari et al. 2012). The caldera structure developed in the Serddn-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., rhy-
olitic domes, scoria cones, lava fields, maars and tuff-rings) and older felsic domes
(Yéanez and Garcia 1982; Carrasco-Nufez et al. 2021). The basin is filled with Quater-
nary 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-Nunez et al. 2017a).

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 volcan-
ism; (3) pre-caldera volcanism and the (4) pre-volcanic basement (Carrasco-Nufiez et al.
2017a and 2018; Figs. 1, 2).

The pre-volcanic basement group comprises the Paleozoic crystalline basement in the
eastern TMVB, which is exposed in the Teziutlan Massif and partially covered by up
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the TMVB in Mexico
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to 3000 m thick, intensively folded and thrusted Mesozoic sedimentary rocks belong-
ing to the Sierra Madre Oriental (Lépez-Hernéndez et al. 2009). The Teziutlan Massif
consists of green schists, granites and granodiorites dated at 246—-131 Ma representing
the stratigraphically oldest units exposed in the study area (Carrasco-Nuiiez et al. 2018).
The Mesozoic sedimentary successions include sandstones, shales, hydrocarbon-rich
limestones and dolomites of Jurassic age, which are overlain by Cretaceous limestones,
marls and shales. The basement was deformed by the Late Cretaceous—Eocene com-
pressive Laramide Orogeny resulting in NW-SE striking thrusts and folds and subor-
dinate NE-striking normal faults that are associated to an Eocene—Pliocene extensional
tectonic deformation phase (Norini et al. 2019; Fitz-Diaz et al. 2017; Lopez-Herndndez
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, Eocene—Pliocene exten-
sional structures acted as preferential pathways for Eocene—Oligocene magmatic intru-
sions preceding the onset of the subsequent volcanism in the study area (Norini et al.
2019; Lopez-Herndndez et al. 1995). Metamorphic rocks are exposed in the exhumed
system of Las Minas east of the LHVC, which is considered as an analogue to the deeper
reservoir rocks of the Los Humeros geothermal field (Olvera-Garcia et al. 2020).

The pre-caldera volcanism in the study area is represented by Late Miocene
(~10.54£0.7 Ma K/Ar; Yanez and Garcia 1982) and Pliocene to Pleistocene lavas
(1.44+0.31 and 2.65+0.43 Ma, Ar/Ar; Carrasco-Nunez et al. 2017a) of the Cuyoaco
and Alseseca as well as Teziutldn andesite units, respectively. The Cuyoaco and Alseseca
lavas mainly comprise andesitic and dacitic lava flows with a cumulative thickness of
800-900 m, which can be correlated to the Cerro Grande volcanic complex dated

a Group Stratigraphic units of the LHVC area Age® b Pyroclastics
- - - Basalts, trachytes, tuff,
Pyroclastics (undifferentiated) - trachyandesites and rhyolites
Basaltic, trachyandesitc and trachytic lava flows 2.86 ka—7.3ka — i:;g&? ignimbrite
Cuicuiltic Member 7.3ka Los Potreros rhyolitic lavas
Xalti ignimbrit
Post- San Antonio/Las Chapas trachyandesitic lava flows 8.9 ka clipanignimbrie
caldera Rhyolitic domes
group Llano tuff 28.27 ka an(}J/ lavas
Maztaloya rhyodacite <50 ka
Xoxoctic Member <50 ka*® Teziutlan andesitic lavas
Rhyolitic domes 44.8 - 50.7 ka
Zaragoza ignimbrite 69 ka -
Cuyoaco andesitic
Caldera | Faby tuff 70 ka and dacitic lavas
rou iti
group | | os Potreros rhyolitic lavas 74.2 ka Cretaceous/Jurassic
Xaltipan ignimbrite 164 ka limestones, shales
Rhyolitic lavas and domes 1565.7 — 693 ki and sandstones
Pre- o S a Mafic dykes
caldera | Teziutlan andesitic lavas 1.46 — 2.61 Ma
group Cuyoaco/Alseseca andesitic and dacitic lavas 8.9-10.5Ma Marb
arble
Granites 15.2 Ma
Skarn, Marble 12.18 - 17.8 Ma’ .
Basement | Basaltic and andesitic dykes 11.2-16.5 Ma® an
Limestone, shale and sandstone Cretaceous/Jurassic| Granodiorite/
Granit
Igneous and metamorphic basement 131 —246 Ma rente
References: a = Carrasco-Nufiez et al. (2018), b = Willcox (2011), ¢ = Fuentes-Guzman et al. (2020)
and d = Kozdrdj et al. (2020) with ¢ and d representing the Las Minas area only.
Fig. 2 Stratigraphy of the Los Humeros Volcanic Complex in a and a simplified stratigraphic profile in b
based on Willcox (2011), Carrasco-Nunez et al. (2012, 2017a, 2017b, 2018), Olvera-Garcia et al. (2020), and
Calcagno et al. (2020). The color scheme is based on Carrasco-Nufez et al. (2017a). 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)
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between 8.9 and 11 Ma (K/Ar; Carrasco-Nudez et al. 1997; Gémez-Tuena and Carrasco-
Nuiiez 2000). The fractured pre-caldera andesites form the currently exploited geo-
thermal reservoir in the subsurface of the Los Humeros geothermal field. Thereby, the
Teziutlan andesites have a reported thickness of up to 1500 m according to lithostrati-
graphic profiles the geothermal wells (Carrasco-Nuiiez et al. 2017b; Lépez-Hernandez
et al. 1995; Fig. 2).

The beginning of the magmatic activity of the LHVC is represented by the emplace-
ment of rhyolitic lavas and rhyolitic domes, which are mainly located at the western
side of the LHVC (Carrasco-Nuiiez et al. 2017a). Radiometric ages of the domes range
between 270417 and 693 +1.9 ka with occurrences at 486.542.2 and > 350 ka (Ar/Ar
and U/Th; Carrasco-Nuiiez et al. 2018; Ferriz and Mahood 1984).

The LHVC is associated with two main caldera-forming eruptions separated by large
plinian and sub-plinian eruptive phases (Norini et al. 2019; Carrasco-Nunez et al. 2021)
resulting in the outer Los Humeros caldera and the smaller inner Los Potreros cal-
dera (8 x 10 km in diameter). The Los Humeros caldera collapse is associated with the
emplacement of the high-silica rhyolite Xaltipan ignimbrite (164.0 4.2 ka, Ar/Ar and
U/Th; Carrasco-Nunez et al. 2018) with an estimated thickness of up to 880 m and a
volume of 291 km? (dense rock equivalent, Cavazos and Carrasco- Ntiez 2020). After
the emplacement of the Xaltipan ignimbrite eruption, a sequence of explosive events
(70.0£ 23 ka, Ar/Ar, Carrasco-Nuiiez et al. 2018) lead to the deposition of thick rhy-
odacitic Plinian deposits called Faby Tuff (9—16 m thick in Ferriz and Mahood 1984).
The second caldera-forming eruption is related to the deposition of the rhyodacitic to
andesitic Zaragoza ignimbrite (69+16 ka, Ar/Ar, Carrasco-Nuez et al. 2018; 2-60 m
thick, Carrasco-Nuiez et al. 2012, 2017b).

The most recent volcanic activity in the study area is represented by the post-caldera
stage, which mainly consist of lava flows, scoria deposits as well as pumice fall out depos-
its with a highly lateral and vertical distribution, as well as a variable chemical composi-
tion. The unit can be divided into a Late Pleistocene resurgence phase and a Holocene
reactivation phase (Carrasco-Nuiiez et al. 2021). The Late Pleistocene phase is character-
ized by rhyolitic and dacitic domes within the Los Humeros caldera center (44.8 1.7 ka,
U/Th; Carrasco-Nunez et al. 2018) and north of the Los Humeros caldera (55.7 4.4 ka,
Ar/Ar; Carrasco-Nuiez et al. 2018) followed by a sequence of explosive eruptions pro-
ducing dacitic pumice fall units (Xoxoctic Tuff; Ferriz and Mahood 1984), volcaniclastic
breccias and pyroclastic flow deposits (Llano Tuff,~10 m thick in Ferriz and Mahood
1984; Willcox 2011). During the Holocene alternated episodes of effusive and explosive
eruptions occurred producing basaltic to trachyandesitic lava flows (8.9+0.03 ka, C14;
Carrasco-Nufez et al. 2017a, > 30 m thick in Ferriz and Mahood 1984) and basaltic and
trachyandesitic fall out deposits (Cuicuiltic Member, 7.3 £0.1 ka, C14,~1.5-8 m thick-
ness; Ddvila-Harris and Carrasco-Nufez 2014). The thickness of the post-caldera group
ranges between 100 and 300 m in the wells (Carrasco-Nuiiez et al. 2017b; Fig. 2).

Materials and methods

Sampling campaign and sample preparation

In order to provide a reliable and sufficiently large data set for each target unit, a high
sampling rate is required allowing the determination of statistical parameters and



Weydt et al. Geothermal Energy (2022) 10:5 Page 7 of 48

probability distributions for numerical simulations (Hartmann et al. 2008). During the
field campaigns 226 representative samples with a dimension of ~ 30 x 30 x 20 cm were
collected from more than 200 outcrops inside of the caldera, in the surrounding area as
well as in the exhumed system of Las Minas. Whenever possible, each geological unit
was sampled several times at different outcrop locations to cover the unit’s heterogene-
ity. Only samples with an overall fresh appearance unaffected by weathering were con-
sidered. Hydrothermal alteration was observed in some outcrops in close proximity to
fault zones and dykes. In these cases, hydrothermally altered samples were deliberately
collected to analyze the effect of these processes on the rock properties. The samples
were directly drilled in the field or shipped as boulders to Germany. Cylindrical cores
with diameters ranging from 25 to 64 mm were drilled from the outcrop samples and
subsequently cut into plugs according to the international standard ASTM D4543 (2019)
for the required sample length whereby the irregular and rough core ends were cut to
be parallel to one another. In total 1507 plugs with an axial length ranging between ~ 25
and 128 mm were prepared from the outcrop samples. Thereby, short plugs (diameter:
25-40 mm, length: 25 to~30 mm) were predominantly used for the non-destructive
petrophysical measurements like bulk density, porosity and permeability due to the spe-
cific sample size requirements of the measurement devices. Remaining plugs were pre-
pared to meet the requirements for different destructive rock mechanical tests, which
were performed within the GEMex project (Weydt et al. 2021a). To ensure reproducibil-
ity of the results, the plugs were analyzed under oven-dried conditions (105 °C for more
than 24 h or 64 °C for 48 h) and stored in in a desiccator at room temperature (20 °C).
To perform measurements under saturated conditions, a vacuum desiccator (approx.
— 1 bar) filled with de-ionized water was used.

Laboratory measurements

Material and methods of the petrophysical and geochemical measurements are
described in detail in Weydt et al. (2021a), which also includes the raw data used in the
figures and tables presented in this study. Thus, the measurement procedures are only
mentioned briefly in the following sections. All measurements described below were
performed under ambient laboratory temperature (~ 20 °C) and pressure (~ 0.1 MPa).

Grain and bulk densities were determined in a multi-step procedure using a helium
pycnometer (AccuPyc 1330) and a powder pycnometer (GeoPyc 1360), thereby meas-
uring the particle and bulk volume five times for each plug, respectively. Subsequently,
porosity was calculated from the resulting differences in volume and represents the gas-
effective porosity. The accuracy is given as 1.1% by the manufacturer (Micromeritics
1997, 1998).

The intrinsic matrix permeability was determined after Filomena et al. (2014) based
on the principle of Klinkenberg (1941) using a column gas permeameter constructed
according to ASTM D4525 (2013). The plugs were analyzed in a confined cell (1 MPa)
with dried compressed air at five air pressure levels ranging from 1 to 3 bar. Measure-
ment accuracy varies from 5% for high permeable rocks (K>107'* m?) to 400% for low-
permeability rocks (K< 107! m?) (Bar 2012).

In order to determine bulk thermal conductivity and thermal diffusivity a thermal con-

ductivity scanner (Lippmann and Rauen TCS) was used applying the optical scanning
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method after Popov et al. (2016). Both parameters were measured four to six times on
each plug for saturated and dry conditions, respectively. Measurement accuracy is 3%
for thermal conductivity and 5% for thermal diffusivity (Lippman and Rauen 2009).

Specific heat capacity was determined using a heat-flux differential scanning calorim-
eter from Setaram Instrumentation (2009). Crushed sample material was heated at a
steady rate from 20 up to 200 °C within a period of 24 h, thereby monitoring the heat
flux in the sample chamber and an empty reference chamber. Specific heat capacities
were derived from the resulting temperature curves through heat flow differences. The
measurement accuracy is 1% (Setaram Instrumentation 2009). Subsequently, volumetric
heat capacity was calculated by multiplying the specific heat capacity with the associated
bulk density of each sample.

Compressional and shear wave velocities were measured using the Geotron USG40
(UKS-D) ultrasound generator from Geotron-Elektronik (2011) including a digital Pico-
Scope oscilloscope and mounted point-source transmitter—receiver transducers. Con-
tinuous measurements were performed with a frequency of 80 kHz to 250 kHz and
a constant contact pressure of 0.1 MPa. The arrival times of the p- and s-waves were
picked manually. Both velocities were measured four to six times on each plug under
saturated and dry conditions, respectively.

Magnetic susceptibility was analyzed with a magnetic susceptibility meter SM30 from
ZH Instruments (2008). An interpolating mode was applied including two air reference
measurements and one measurement directly on the sample surface. Each plane surface
of a plug was measured five times to account for mineralogical heterogeneities.

Geochemical analyses included powder X-ray diffractometry (XRD) and X-ray fluores-
cence spectroscopy (XRF), which were performed at three different institutes (GFZ Pots-
dam, TU Delft and TU Darmstadt). XRD measurements were performed using a Bruker
D8 Advance diffractometer and the software Diffrac.EVA (TU Delft) as well as the soft-
ware Match! (GFZ). XRF measurements were conducted to analyze the bulk composi-
tion of the rock samples using a Panalytical Axios Max WD-XRF spectrometer and the
SuperQ5.0i/Omnian software 15 (TU Delft) and a PANalytical AXIOS Advanced spec-
trometer in combination with the software Super Q (GFZ) as well as a Bruker S8Tiger
4 WD-XRF spectrometer using the Quant Express method (TU Darmstadt). Measure-
ment accuracy is < 5% for the major elements and < 10% for the trace elements. The pro-
posed limit of detection ranges between 400 ppm (Na) and < 10 ppm (e.g., Rb, Sr, Nb).

Furthermore, the samples were studied by optical microscope using thin sections and
acetate peels, which were prepared from small 20 x 40 mm blocks cut from selected out-

crop samples.

Data evaluation

Based on the results of the chemical and petrographic analyses the samples were classi-
fied into lithological units. New geochronological information provided by the project
partners (Carrasco-Nufiez et al. 2018; Kozdroj et al. 2019; Fuentes-Guzman et al. 2020)
was used to assign the samples to stratigraphic units, which allowed the definition of
lithostratigraphic units as well as the correlation with the different regional and local
model units of the preliminary 3D model of Los Humeros presented in Calcagno et al.
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(2020). The results are displayed in “Petrophysical properties—data distribution and
parameter correlations” section. Thereby, the color code is based on Carrasco-Nuiez
et al. (2017a) and SGM (2002).

To investigate the variability and distribution of the petrophysical properties, univari-
ate descriptive statistical parameters such as mean, standard deviation, median, the 25%
and the 75% quartiles and the coefficient of variance were determined, which are often
used as a direct input in design calculations or numerical models (Hartmann et al. 2008).
Scatter plots and histograms were created to allow for a quick investigation of the rela-
tionships between parameters and their probability distribution. Whenever required,
lithostratigraphic units were divided into subunits that are petrophysically similar
to increase the accuracy of predicting the unit’s properties. A more complex statisti-
cal approach is the principal component analysis (PCA; Jolliffle 2005), which was used
to visualize the whole data set and the relations between the properties as well as the
lithostratigraphic units and subunits. The classification of Bir (2012) was used to evalu-
ate the unit’s properties regarding their geothermal potential. Descriptive statistics, scat-
ter plots, normality and lognormality tests were performed using the software GraphPad
Prism Version 8.0.2, while the PCA was performed using XLSTAT-biomat-2019.3.1
(Addinsoft, Boston, Massachusetts, USA).

Results

Sample classification and descriptions

Post-caldera group

Samples belonging to the post-caldera volcanism were predominantly collected inside of
the Los Humeros caldera and comprise hydrothermally altered basaltic lavas, pyroclastic
and ash fall deposits. The pyroclastic deposits represent the geologically youngest unit in
the study area with an estimated age of < 2.8 ka (Carrasco-Nunez et al. 2018). They con-
sist of soft, fine-grained beige to brownish, porous tuff with small phenocrysts of up to
3 x5 mm in size (Fig. 3a). Outcrops are widely distributed around the caldera complex;
however, the source of these pyroclastic deposits has not been identified yet (Carrasco-
Nuiiez et al. 2017a) and thus, are referred to as “pyroclastics, undifferentiated” in this
study.

Two different basaltic lava flows were sampled within the caldera complex. The first
one represents a fractured Holocene pahoehoe lava flow north of the Los Humeros town
building a rectilinear topographic scarp in the field (Norini et al. 2019). The lavas contain
a dark grey to blackish, vesicular groundmass with a porphyritic texture (Fig. 3a) and
the irregular vesicles (<1 mm in diameter up to 5 x 10 mm) are often rimmed ore par-
tially filled with secondary clays and alteration minerals. This particular lava flow has not
been dated yet, but according to Carrasco-Nuiiez et al. (2017a) the age of these young
olivine-bearing basaltic lava flows in the study area is about 3.87£0.13 ka (unit Qb1 in
Fig. 1) representing one of the last volcanic stages related to the caldera activity. Further-
more, it overlies the Cuicuiltic Member, which has been dated at 7.3 +0.1 ka (Carrasco-
Nuiiez et al. 2017a). The second basaltic lava related to the post-caldera volcanism was
retrieved from an outcrop located east of the Los Humeros town representing the Xox-
octic member as described in Willcox (2011). The collected samples consist of a black-
ish, vesicular and fractured groundmass with a porphyritic texture. The samples show
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a weak-to-moderate hydrothermal overprint, especially along fractures, and the pores
are often partially filled with secondary clays. Further sample material collected from
the Xoxoctic member contains soft, fine-grained and well-sorted, highly porous beige to
reddish ash fall deposits.

Caldera group

Outcrop samples representing the caldera group of the LHVC include the Zaragoza and
Xaltipan ignimbrites (Fig. 3a). Samples of the Zaragoza ignimbrite were collected inside
of the caldera east of the town of Los Humeros and comprise beige, poorly sorted, lithic-
rich, fine-grained, partially welded lapilli tuff with a dacitic composition (Fig. 4a). The
samples contain numerous angular white to black lava clasts and pumice that are highly
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variable in size and occasionally flamme structures.

Pyroclastics
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Fig. 3 a Photographs of the volcanic outcrop samples representing the post-caldera, caldera and pre-caldera
group in the study area. Stratigraphic ages are retrieved from section 2. b Photographs of outcrop samples
representing the pre-caldera group and basement of the LHVC. Stratigraphic ages are retrieved from
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Fig. 3 continued

Samples of the Xéltipan ignimbrite were collected from several outcrops, quarries and
road cuts in the surrounding area of the caldera complex. The samples represent a heter-
ogenous collection of predominantly non-welded to slightly welded, matrix-supported,
massive lapilli tuff and pumice fallout deposits. XRF measurements of selected samples
reveal a rhyolitic composition (Fig. 4a). The color is highly variable and ranges from rosé
over reddish to ochre—brown-grey. Likewise, the clast load ranges from a few pum-
ice clasts to abundant lithic fragments (volcanic rock fragments, but also intrusive and
sedimentary fragments from the pre-volcanic basement). Vesicles in the pumice fallouts
vary widely in both size and shape, but are commonly elongated. In addition, one sample
of beige, massive, welded tuff was collected west of the town Cuyoaco, which has been
affected by hydrothermal alteration (argillization in form of secondary clays, occasion-
ally microcrystalline quartz in fractures; further details are presented in Cavazos-Alva-
rez et al. 2020).
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Pre-caldera group

Samples related to the pre-caldera group include the Teziutlan and Cuyoaco andesite
units (Fig. 3b) as well as scoria and fallout deposits. The latter was collected from a scoria
cinder cone located approximately 5 km west of the Los Humeros caldera, which can be
related to a sequence of basaltic and basaltic andesitic scoria cones dated at 190 420 ka
(Carrasco-Nuiiez et al. 2017a). Results of the XRF measurements of the scoriaceous lava
revealed a basaltic trachyandesitic composition (Fig. 4a). The samples consist of a red-
dish-brown color, aphanitic texture and abundant ellipsoidal vesicles (<1 mm up to 2 cm
in length). The fallout deposits represent soft ashes to ash tuff, which are reddish-brown
in color, fine-grained, well-sorted and occasionally contain small blackish to grey lava
fragments (<1 cm in length). Since this unit has not been investigated in greater detail
yet, we refer to it as scoria and fallout deposits in this study.

The Teziutldn andesite unit comprises dark grey to medium grey, basaltic andesitic to
andesitic lavas with a porphyric to glomeophyric texture. The lavas are often fractured
and predominantly massive without macroscopically visible pores. Several outcrops
located northeast of the Los Humeros caldera (east of the town Teziutlin) comprise
vesicular basaltic andesitic lavas. Phenocrysts commonly consist of plagioclase, pyrox-
ene and minor olivine, while the groundmass predominantly comprises microcrystalline
plagioclase.

Outcrops of the Miocene Cuyoaco andesite unit occur west of the Los Humeros cal-
dera close to the town Cuyoaco as well as southwest of the caldera complex. The col-
lected samples comprise grey to slightly reddish, fractured and massive andesitic to
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dacitic lavas with a porphyritic to glomeophyric texture and a microcrystalline ground-
mass that mainly comprises plagioclase. The phenocrysts predominantly consist of
plagioclase, pyroxene and minor olivine. In contrast to previous studies (Ferriz and
Mahood 1984, Carrasco-Nunez et al. 2017a), hornblende was not identified. However,
both andesite units have not been investigated in greater detail yet and further volcano-
logical studies are needed to fully understand their temporal evolution and extension.

Pre-volcanic basement

Outcrops of the pre-volcanic basement are widely distributed in proximal distance
around the Los Humeros caldera. However, metamorphic rocks like marble and skarns
are only exposed in the exhumed system of Las Minas. The Cretaceous is mainly rep-
resented by light to dark grey, fine-grained, medium to thick bedded and intensively
folded limestones (Figs. 3b, 13) often with black chert nodules (~ 5 to 20 cm thick, cm to
dm scale in length) or interbedded ochre-brownish marl and chert layers with a thick-
ness of ~5 to 25 cm. Referred from thin section analyses, the collected samples repre-
sent nonporous, open marine mudstones to wackestones. However, joints and fractures
(<1 mm to a few cm wide) are very common and often filled with calcite. Similarly, the
chert layers and nodules contain numerous fractures that are usually filled with calcite.
Furthermore, grey to greenish, fine-grained and finely laminated shales were collected
from outcrops west of the town Cuyoaco. Due to their fragile nature, only a few plugs
were suitable for petrophysical measurements. In addition, it was not possible to obtain
samples from the friable marl layers. The Cretaceous outcrops in the study area pre-
dominantly correspond to the Tamaulipas Inferior and Tamaulipas Superior Formations
and to a lesser extent to the Agua Nueva, San Felipe (Viniegra-Osario 1965; SGM 2011,
2012) and Orizaba Formation (predominantly in the Las Minas area; SGM 2007). Sam-
ples representing the Jurassic units comprise light to dark grey, thin to medium bedded,
fine-grained limestones to argillaceous limestones (Pimienta, Taman and Santiago For-
mations; SGM 2011, 2012) and reddish-beige, medium to coarse, grain-supported sand-
stones of the Cahuasas Formation or so-called red beds (Ochoa-Camarillo et al. 1999).
The limestones comprise nonporous mudstones to wackestones, which commonly con-
tain fine, calcite-filled veins (<1 mm wide). The samples of the Cahuasas Formation are
made of rather fairly sorted angular grains of quartz and feldspar, occasionally grano-
phyric grains and trace amounts of clay minerals coated by iron oxides that cause the
reddish color of the samples. Pores are generally smaller than 1 mm and fractures are
unfilled.

Outcrops of intrusive rocks are spread over the study area, but are best accessible in
the exhumed system of Las Minas (Figs. 3b, 13). The collected samples predominantly
represent granodiorites, but also have monzodioritic, dioritic to granitic compositions
(Fig. 4b). For the following evaluation, the samples are referred to as ‘granitoids’ in this
study. The samples usually contain quartz, plagioclase, K feldspar, hornblende, biotite
and pyroxenes. The majority of the collected granitoids showed a weak-to-moderate
hydrothermal overprint (greenish-greyish color and minerals such as epidote, chlorite or
sericite). Strongly altered and fractured samples often containing macroscopically visible
fracture porosity were grouped separately as ‘granitoids strongly altered’
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The intrusive bodies led to the generation of variable skarn assemblages with prograde
mineralization caused by contact metamorphism followed by retrograde mineraliza-
tion due to hydrothermal alteration along fractures and fault zones (Fuentes-Guzmdn
et al. 2020). According to Fuentes-Guzman et al. (2020) the skarns can be classified into
endoskarns with grossular-andradite, clinopyroxenes, and quartz in prograde associa-
tions, and magnetite, chalcopyrite, bornite, and native gold in retrograde associations
as well as exoskarns, which comprise wollastonite, clinopyroxenes, potassium feldspar,
quartz, epidote, and chromian muscovite. The collected samples show a high mineral-
ogical variability and span from brownish garnet-dominated, greenish-grey magnetite-
dominated to reddish hematite-dominated skarn associations. Quartz veins range from
centimeter to meter scale and occur associated with skarn bodies. They are most likely
the product of cooled down silica- and iron-rich fluids sealing existing fractures. Fur-
thermore, they consist of several generations of quartz and are intensively fractured
indicating a repeated reactivation and sealing of these fractures.

The formation of marble is caused by the contact metamorphism during Miocene as
described above (Fig. 131). The collected samples have a calcic to dolomitic composition,
vary from white to grey in color and contain a fine to coarse grain size with a grano-
blastic texture. Since the marbles are predominantly associated to skarn deposits and
intrusions along large fractures and fault zones, they often contain numerous veins and
fractures and hydrothermal minerals such as wollastonite, diopside, garnet, serpentine
and talc were identified (Rochelle et al. 2021). Several mafic dykes crosscutting the Cre-
taceous formations and intrusive bodies (Fig. 130) were observed in the outcrops. They
commonly contain a basaltic to andesitic composition (Fig. 4a), blackish to dark grey
color and predominantly have an aphanitic as well as occasionally a porphyric texture.

Petrophysical properties—data distribution and parameter correlations
The results of the petrophysical analyses are displayed in the cross-plots, histograms and
boxplots of Figs. 5, 6, 7 and 8, respectively.

Except for the pumice fallout deposits and skarns, particle density is relatively con-
stant throughout the data set and ranges between 2.64 and 2.80 g cm~> (Figs. 5e,
7a). Bulk density, porosity and permeability are highly variable ranging from 0.48 to
4.27 g cm™3, from<1 to 73% and from 1072° to 1071° m? (Figs. 5, 6, 7), respectively.
Matrix porosity and bulk density are negatively correlated, while porosity and perme-
ability show only a weak correlation (Fig. 5a). Matrix porosity of the units related to
the pre-volcanic basement is generally lower than 5%, while only the Jurassic sand-
stones exhibit porosities of about 21%. Higher porosities observed on the limestones
and metamorphic rocks are mainly caused by fractures and microfractures and their
associated mineralization products (e.g., quartz and calcite fillings), which leads to a
right skewed distribution, as is the case for the Cretaceous limestones (Fig. 61) and
skarns (Fig. 6v). Likewise, fractures increase the in general low matrix permeabili-
ties (median: 1077 to 107'® m?) about several orders of magnitudes (up to 107'® m?
for skarns). With respect to matrix porosity and permeability, the volcanic rocks can
be grouped into: (1) low-porous samples (<5%) with predominantly fracture con-
trolled permeabilities (e.g., Cuyoaco andesite); (2) samples with intermediate poros-
ity (~10-16%) and low to high permeability due to vesicular pores and occasionally
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fractures (e.g., Teziutldn andesite porous); and (3) samples with high porosities
(>20%) and permeabilities that are predominantly pore controlled (>107'* m?% ign-
imbrites, ash fall and pumice fallout deposits). Some units reveal distinct bimodal or
multimodal distributions for bulk density, porosity or permeability (Fig. 6). In order
to provide representative average values for each unit with respect to the scale of the
3D model, further subunits were defined (Figs. 7 and 8). For example, the proper-
ties of the Xaltipan ignimbrite were subdivided into Xaltipan ignimbrite (unwelded—
partially welded), Xaltipan ignimbrite (pumice) and Xaltipdn ignimbrite (altered and
welded).

Thermal conductivity and thermal diffusivity vary from 0.17£0.03 (Xdltipan ign-
imbrite pumice) to 5.25+0.61 W m~' K™! (quartz veins) and from 0.3740.02
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(pyroclastics) to 4.3041.08 10°-m? s™! (quartz veins), respectively. Thermal conduc-
tivity and thermal diffusivity of the volcanic rocks show a strong positive correlation
with matrix porosity (Fig. 5d) and to a lesser extend with p-wave (Fig. 5b) and s-wave
velocity. Furthermore, both parameters decrease with decreasing bulk density and
increasing permeability (Fig. 5¢). In contrast, the units belonging to the pre-volcanic
basement show a higher scattering while correlating thermal conductivity and dif-
fusivity with porosity, permeability or p-wave velocity. However, rock type-specific
clusters are identifiable. Furthermore, Figs. 6 and 7 imply that besides porosity, min-
eral composition and to a lesser extent microfractures play an important role. Ther-
mal conductivity analyzed under saturated conditions increased for all rock types; up
to 0.75 W m~! K™! for porous samples like the Xaltipan ignimbrite (Table 4). Ther-
mal diffusivity, however, changes for each unit differently under saturated conditions.
For marbles, saturated thermal diffusivity is almost twice as high compared to dry
conditions, while it shows reduced values for the intensively fractured quartz veins
(Table 4).

The average specific heat capacity shows only a small variation within the data set
ranging from 707 ] kg~! K~! (Xaltipan ignimbrite altered) to 833 J kg~* K~! (pyroclas-
tics, Table 6). Thus, volumetric heat capacity follows the same trends as described for
bulk density.
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The results of the ultrasonic wave measurements reveal a wide parameter range for
individual units. Thereby, the units with high porosities like ash fall deposits or sam-
ples with foliation like shales comprise lower p-wave velocities and s-wave velocities in
the range of ~ 1500 to 3000 m s~! and ~1000 to 1800 m s™*, respectively (Figs. 5 and
8). The basaltic to andesitic lavas, intrusive and metamorphic rocks show intermediate
values (p-wave: 2000-6000 m s7L; s-wave: 1000-5500 m s 1), while the Cretaceous lime-
stones exhibit the highest variability with values of up to 9300 m s™* for p-wave velocity
(Fig. 8). The correlation of the sonic wave velocities with porosity and thermal conduc-
tivity shows rock type-specific clusters, but overall, only a weak correlation (Fig. 5). Fur-
thermore, the correlation with permeability shows no trend at all. P-wave and s-wave
velocity analyzed under saturated conditions is significantly higher and increase up to
45% (pyroclastics, Table 5).

Magnetic susceptibility ranges from — 0.12-107 SI (Cretaceous limestones) to
818.5-1072 SI (skarns, Figs. 5, 6, 8) throughout the data set. Contrary to the parameters
described above, magnetic susceptibility is not affected by matrix porosity and strongly
depends on the mineralogical composition of the samples and their magnetic behav-
ior. The correlation with bulk density reveals an almost linear trend for the sedimen-
tary and metamorphic rocks, while the volcanic units show an exponential trend (Fig. 5f,
negative values are not presented in this graph). As common for sedimentary rocks, the
limestones, shales, marbles, but also the Jurassic sandstones are characterized by a dia-
magnetic to paramagnetic behavior, thus, showing slightly negative to slightly positive
magnetic susceptibilities (107> to 10~* SI). The slightly higher values and the resulting
bimodal distribution observed on the Cretaceous limestones can be attributed to frac-
ture fillings in samples collected in close proximity to dykes (Fig. 60). The basaltic to
andesitic lavas exhibit magnetic susceptibilities of about one to two orders of magni-
tudes higher compared to the sedimentary rocks, while the pyroclastic rocks show a very
variable magnetic behavior featuring slightly negative magnetic susceptibilities to posi-
tive values in the order of magnitude of 10~ SI. Hydrothermal alteration observed on
the intrusive rocks significantly reduces the magnetic susceptibility from ~5.2 to 0.036
1073 SI resulting in a bimodal distribution (Fig. 6t). Magnetic susceptibility of the skarn
samples ranges about four orders of magnitude. Thereby, the skarns that are rich in cal-
cite or garnet show slightly positive magnetic susceptibilities (10~* SI), while skarns with
magnetite reveal the highest values (107! S, Figs. 6y and 8).

A principal component analysis (PCA) was applied to assess the differences between
each unit and subunit regarding their petrophysical characteristics (Fig. 9). Thereby,
PCA in total covered 65.66% of the overall variation in the dataset, while factor F1
contributed with 52.34% to the separation of the units and subunits, whereas factor
F2 accounted for 13.32%. Overall, ~4/5 of the displayed variation among the units and
subunits can be attributed to factor F1, whereas the remaining~1/5 can be attributed
to factor F2 (Fig. 9). The variables (in this case the rock parameters) porosity, specific
heat capacity, and thermal conductivity predominantly contributed towards factor F1. In
contrast, permeability, magnetic susceptibility, and particle density mostly contributed
towards factor F2. The impact of the variable’s bulk density, thermal diffusivity, and the
sonic wave velocities is in large parts observable on axis F1, but to a lesser extent also
noticeable on axis F2. The distance of the variables from the origin of the plot indicates
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Fig. 9 Principal component analysis applied to the magnetic susceptibility, sonic wave velocities as well

as petrophysical, and thermophysical properties of the investigated lithostratigraphic units and subunits of
the LHVC. a Represents the contribution of each parameter to the overall separation between the units and
subunits as shown by factors F1 and F2. Each data point in b represents arithmetic means of all analyzed
plugs for the respective unit or subunits

their impact on the overall variance. Thus, particle density, magnetic susceptibility, per-
meability had the highest variances, whereas specific heat capacity clearly had the low-
est variance (Fig. 9a). On one hand, the parameters magnetic susceptibility and particle
density, p-wave and s-wave velocity as well as porosity and specific heat capacity each
showed a strong correlation. On the other hand, porosity and specific heat capacity are
negatively correlated with thermal conductivity, thermal diffusivity, and the sonic wave
velocities as was previously observed in the cross-plots (cf. Figure 5). In addition, it is
important to note, that permeability, magnetic susceptibility, and particle density were
mostly indifferent to the remaining seven parameters.

Based on the PCA, the units and subunits can be separated into three groups, namely
the highly porous pyroclastic rocks like the Xdltipan and Zaragoza ignimbrites, the
major cluster of rocks comprising, e.g., the Jurassic sandstones and granitoids (F1: — 2
to 2 with decreasing porosity and increasing thermal conductivity and sonic wave veloci-
ties), and metamorphic rocks like quartz and skarn (Fig. 9b), which exhibit high ther-
mal conductivities or magnetic susceptibilities. Figure 9b shows that differences within a
lithostratigraphic unit are in some cases higher than those between different units, as is
the case for the Xaltipan ignimbrite or Teziutldn andesite.

Discussion

Petrophysical characterization of the Los Humeros geothermal field

The investigation of outcrop analogues revealed the complexity and high geological vari-
ability of the key formations in the study area that are relevant for modeling the Los
Humeros geothermal field. The composition, lateral extension and distribution of the
volcanic sequences are very variable, particularly of the cap rock and post-caldera group,
but also the pre-volcanic basement showed a high geological heterogeneity consisting
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of several different rock types like limestones, shales, sandstones, mafic dykes as well as
marble, quartz and skarn that are associated with intrusive bodies.

The high geological variability of the different units is also depicted in the results of the
petrophysical measurements. The youngest volcanic sequences and the upper sections
of the cap rock consist of alternating pyroclastic deposits and basaltic to rhyodacitic
lavas showing contrasting physiochemical characteristics. Thereby, the ash fall depos-
its and ignimbrites can be characterized as highly porous (>35%) and permeable with a
very low thermal conductivity (dry conditions: <0.5 W m ™ K™!) and diffusivity (<1-10~
® m? s7!), but high heat capacity (>760-880 J kg~* K™'). Due to their weak mechanical
strength and high compressibility (Table 6), they are very sensitive to pressure changes
with increasing depth.

The post-caldera lavas, however, feature very low to intermediate porosities (<5-15%)
and matrix permeabilities (< 1071°~1071* m?). Thermal conductivity and diffusivity are
also very low to low (<1.5 W m~! K~ and < 1-107° m? s 71, respectively), but bulk density
and sonic wave velocities are significantly higher compared to the pyroclastic rocks.

The Xéltipan ignimbrite represents the thickest section of the cap rock and in con-
trast to the aforementioned units has a much larger lateral extension (~50 km in both
directions from the Los Humeros caldera). From a petrophysical perspective, this unit
shows the highest variability and widest parameter range and can be grouped into a non-
welded to partially welded facies, a highly welded facies and pumice fall outs. The sam-
ples collected in this study predominantly represent the non-welded to partially welded
facies and pumice fall outs that show high to very high porosities (> 35—>60%) and high
permeabilities (107> m?). With only one sample location, the welded facies are somehow
underrepresented, due to the limited number of outcrops in the sampling area. Further-
more, a revised petrographic description and map of the Xaltipan ignimbrite was just
recently published (Cavazos-Alavarez et al. 2019, 2020) and the extension of this unit
was significantly smaller in previous studies (Ferriz and Mahood 1984; Willcox 2011;
both do not include the welded facies). The welded and hydrothermally altered samples
collected in this study are characterized by a very low matrix porosity (~4%) and per-
meability (6-107!® m?) as well as intermediate thermal properties (1.8 W m~! K™! and
1.4-107° m? s7'). According to Cavazos-Alavarez et al. (2020) the transition from non-
welded over partially welded to highly welded is gradual from top to base and matrix
porosity and permeability range from 52 to 4% and 2-107'* to 2-107'® m? (n=9), respec-
tively, which is well in line with the results presented here. In previous conceptual geo-
thermal models, the Xaltipan ignimbrite was described as a texturally homogenous and
low permeable unit with a uniform lateral extension that act as an aquitard in the geo-
thermal system (Cedillo 1999, 2000). However, the recent petrographic and petrophysi-
cal investigations identified distinct lateral and vertical heterogeneities (this study and
Cavazos-Alavarez et al. 2020).

The lavas belonging to the pre-caldera group feature properties in a similar range than
the lavas of the post-caldera group. Thereby, the laterally and vertically most exten-
sive and thus most important unit is the Teziutlan andesite, which hosts the currently
exploited geothermal reservoir in the Los Humeros geothermal field. Regarding its spa-
tial extension, the Teziutlin andesites predominantly consist of fractured and massive
low porous and low permeable lavas and to a lesser extent of vesicular lavas. Thereby, the
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ratio of massive versus porous lavas is similar than observed in the geothermal reservoir
(Lorenzo-Pulido et al. 2008, Deb et al. 2019) suggesting that fluid flow in the pre-caldera
group is predominantly fracture controlled.

Except for the Jurassic sandstones, the investigated units belonging to the basement
are characterized by a very low matrix porosity (<4%) and permeability (10~'® m?). Frac-
tures are abundant and higher porosities observed for example in limestones are associ-
ated with fractures and fracture filling minerals. The weak correlation between matrix
porosity and permeability indicates that fluid flow is predominantly fault controlled in
the study area, which has been confirmed by Lelli et al. (2020). Likewise, hydrothermal
alteration observed in outcrops is predominantly restricted to fractures and fault zones
(Weydt et al. 2021a). Alteration observed in granitic samples increased matrix porosity
and permeability, but reduced the thermal properties, sonic wave velocities and mag-
netic susceptibility. Thermal conductivity and thermal diffusivity of the basement rocks
can be classified as intermediate to high and are significantly higher than observed for
the overlying volcanic sequences, while the results for specific heat capacity show a
similar range. However, limestones and marbles make up the largest proportion of the
basement and revealed significantly higher specific heat capacities compared to the mag-
matic and metamorphic rocks. Likewise, the limestones show the highest sonic wave
velocities. The wide parameter range observed on the sonic wave velocities might be the
result of mineralogical differences between the outcrops, the abundance of microfrac-
tures and the sample size. In general, small samples (30 mm length) contain less microf-
ractures and thus, tend to have higher sonic velocities than larger ones (125 mm length).
However, more detailed investigations would be required to provide a final conclusion.

Figures 7, 8, 9 show that the low-porous andesites, carbonates and intrusive rocks fea-
ture bulk densities, porosities, permeabilities and p-wave velocities in a similar range,
making the interpretation of geophysical surveys at greater depth increasingly difficult.
However, the results of the magnetic susceptibility measurements are highly variable
throughout the dataset showing formation-related trends, which might be helpful to
identify skarn bodies and intrusions in the basement as well as alteration zones or highly
porous layers in the volcanic successions. Magnetic susceptibility measurements are very
sensitive to mineralogical changes even on a cm-scale and thus, have been frequently
used in mapping, mineral exploration (Hrouda et al. 2009, Baroomand et al. 2015), to
solve geotechnical problems (von Dobeneck et al. 2021) or to investigate hydrothermal
alteration in geothermal reservoirs (Oliva-Urcia et al. 2011).

The comparison with literature data (Table 1) underlines the importance of a detailed
petrophysical characterization for each case study in order to avoid under- or overesti-
mation of thermal, storage and fluid flow properties or mechanical behavior.

Particularly, the petrophysical properties of volcanic rocks are highly variable and are
mostly controlled by matrix porosity and secondly by the occurrence of microfractures
(Mielke et al. 2015; Navelot et al. 2018; Heap et al. 2020b). Notable are also the drastic
decrease of matrix porosity with increased welding observed in ignimbrites from Central
Mexico (Lenhardt and Goétz 2015). However, the decrease of matrix permeability with
increasing welding observed on samples of the Xdltipan ignimbrite is even two orders of
magnitude higher. Similar to observations presented in Heap and Kennedy (2016), the
porosity—permeability relationships of the volcanic rocks cannot be described with one
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linear trend. This becomes important when upscaling the parameters to reservoir scale.
For example, Farqhuarson et al. (2015) defined a critical porosity threshold beneath
which the fluid flow is predominantly restricted to small microcracks. With higher vesic-
ular porosity (>14—16%) the fluid flow is mainly pore controlled. In general, the inves-
tigated rock types of the pre-volcanic basement exhibit data for most parameters in a
similar range compared with literature (Table 1). However, especially mineralogical dif-
ferences can impact bulk density and thermal conductivity (Weinert et al. 2021; Weydt
et al. 2018a). For example, thermal conductivity of marble, limestone and dolomite pre-
sented in Mielke et al. (2017) are significantly lower compared to the results in this study
or Weydt et al. (2018a). While the assumption of rock properties based on literature data
might be sufficient for preliminary assessments and numerical models, it cannot account
for site-specific depositional environments in sedimentary rocks (Sass and Gotz 2012,
Aretz et al. 2016), diagenesis (Homuth et al. 2015; Weydt et al. 2018a), hydrothermal and
metamorphic overprints (Mielke et al. 2016; Heap et al. 2020a) and their impact on the
rock properties.

The here presented rock properties are well in line with data obtained on the few avail-
able wellbore core samples of the Los Humeros geothermal field (Weydt et al. 2021a).
For example, particle density, bulk density, matrix porosity as well as magnetic suscepti-
bility of the marble wellbore core samples (n=3) representing the upper section of the
carbonatic basement in the geothermal reservoir are in the same range compared to
the marbles retrieved from outcrops in Las Minas. However, the wellbore core samples
exhibit increased matrix permeabilities (107** m?) and reduced sonic wave velocities

1 s-wave velocity =~ 1500 m s~!) due to numerous frac-

(p-wave velocity =~2600 m s~
tures. Likewise, wellbore core samples retrieved from the andesitic units were affected
by fracturing, brecciation and hydrothermal alteration of different intensities resulting
in increased hydraulic properties, but reduced bulk densities and sonic wave velocities.
Thereby, hydrothermal alteration is commonly restricted to fractures and the alteration
intensity often varies on the cm-scale.

The majority of the wellbore core samples were retrieved in close proximity to fault
zones. Depending on the scale, accuracy and future application, the observed differences
in the physiochemical behavior of the reservoir formations need to be considered during
parametrization of a reservoir model. For local, small-scaled reservoir models (e.g., drill
path or fault zones) with a high resolution (grid size) the usage of the wellbore core data
would be favorable, whereas for large-scaled regional models with a large grid size the
usage of this data would significantly overestimate, e.g., matrix porosity and permeabil-
ity and probably lead to false interpretations and numerical calculations.

Variability and probability density

Deterministic approaches in numerical 3D models are not suitable to capture the intrin-
sic variability of a rock mass since they commonly assign a single mean value only
(Heidarzadeh 2021). In order to deal with the heterogenous nature of rock formations,
probability methods are common tools to express and address their variability and
uncertainty. Probability density functions (pdfs) are commonly used in stochastic assess-
ments and determined using the mean value and standard deviation of a parameter.
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Thereby, pdfs represent the likeliness of each parameter value in the unit and provide
a quantitative description of the state of knowledge and uncertainty of our data (the
higher and narrower the peaks, the higher the probability; Takahashi 2000). With the
help of the previously determined relationships between rock properties pdfs are often
used to model other properties and to quantify their uncertainty (Scott et al. 2019).

In order to directly compare the variability and probability distribution of the different
lithostratigraphic units, pdfs were calculated (Fig. 10). Since it was not possible to inves-
tigate each unit to the same extent due to the complex geological setting and the result-
ing sample availability, Monte Carlo simulations of the parameters with 1000 random
iterations were run using Microsoft Excel 2019. Pdfs were calculated by fitting a normal
or beta distribution depending on the outcome of normality and lognormality tests. The
majority of the investigated parameters can be depicted with a normal distribution. In
a few cases, the data showed a non-normal distribution, e.g., for matrix porosity of the
Cretaceous limestones, skarns or granitoids. In these cases, a beta distribution repre-
sented the best fit. Figure 10 shows that the probability not only differs between the dif-
ferent units, but also between the parameters within a unit. For example, the pdfs of bulk
density and porosity of the Cretaceous limestones show a high and narrow peak (Fig. 10a
and b) and thus, high probability. However, the pdfs of the same unit for thermal con-
ductivity and p-wave velocity show a much broader shape compared to the remaining
units suggesting a much higher uncertainty. Likewise, a high variability and uncertainty
needs to be considered for the porosity and bulk density of the Xéltipan ignimbrite in
future modeling applications. In some cases, the pdfs of different units overlap, e.g., the
pdfs of bulk density or p-wave velocity of the Teziutldn andesites and granitoids.

The normal distribution is commonly chosen for simplification reasons or in cases
with limited information (Adams 2005, Takahashi 2000). However, the results indicate
that the data distribution cannot be generalized for a parameter or a reservoir unit and
should be tested prior modeling whenever frequency distributions of input parameters
are available to avoid parameter overestimations or underestimations. Likewise, uncer-
tainty should be addressed for each unit and parameter. Stochastic approaches are com-
monly used for geotechnical assessments (Sari 2009; Contreras et al. 2018; Heidarzadeh
et al. 2021), processing of geophysical data and modeling (Scott et al. 2019) to address
the natural variability of the reservoir formations and geological features as well as to
overcome the problem with limited available in situ data. However, it has to be empha-
sized that the pdfs are biased by the quality of input data. Although more advanced tech-
niques like the Markov Chain Monte Carlo method or Bayesian approach (Contreras
et al. 2018) try to overcome lacking information in the input data, the lithological het-
erogeneities need to be addressed properly during field work and laboratory analyses
before modeling.

Prediction of reservoir properties

The petrophysical data presented in this study were determined under standardized
laboratory conditions to ensure the reproducibility of the measurements and the com-
parability between the samples and different rock types. Consequently, the data do not
reflect in situ conditions such as high fluid and reservoir temperatures, high overbur-
den stress or fluid composition at reservoir depth. Hydraulic properties such as porosity
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and permeability are sensitive to pressure changes, particularly for soft volcanic rocks.
They tend to decrease with increasing pressure at reservoir depth due to consolidation
of the rock mass and by closing of fractures (Zimmermann et al. 1986; Jiang et al. 2010;
Ashena et al. 2020). The decrease in porosity and the closure of fractures often results in
increased bulk density, thermal conductivity, electric resistivity and sonic wave velocities
(Clauser and Huenges 1995; Schon 2015). However, with increasing temperature ther-
mal expansion of minerals can cause micro-fracturing, which increases matrix porosity
and permeability, but might in turn reduce thermal conductivity, sonic wave velocities
or rock strength (Heap et al. 2014a; Vinciguerra et al. 2005). Several physical models,
empiric or semi-empiric equations have been developed in the past to predict reservoir
conditions (Weydt et al. 2021a). To account for temperature- and pressure-dependent
changes on the properties, the measured data were transferred to reservoir condi-
tions using the temperature data of well H8 as an example of the central part of the Los
Humeros geothermal field with temperatures of ~ 300 °C at 2 km depth. The thickness of
the reservoir units was estimated based on lithostratigraphic well logs and their inter-
pretation used in the preliminary 3D geological model of the Los Humeros geothermal
field presented in Calcagno et al. (2020). In this paper, the authors defined four units for
the regional 3D model and nine units for the local 3D model of the Los Humeros geo-
thermal field (Table 2). Changes in porosity with reservoir depth were determined after
Ashena et al. (2020) based on Athy’s law (Athy 1930) by calculating the rock compress-

ibility for each individual unit:
¢ = doe 7%, )

where ¢, is the initial porosity at zero overburden pressure, cfis the formation compac-
tion or compressibility calculated for each individual unit and z is the reservoir depth.
Subsequently, changes in matrix permeability were calculated based on the changes in
porosity after Wang et al. (2016) using the Carman—Kozeny equation as shown in Eq. 2:
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where K, is the initial matrix permeability at ambient pressure and temperature. To
account for mineralogical changes with temperature, thermal expansion coefficients for
the different rock types and their change with temperature were retrieved from Heard
and Page (1982) and Konietzky and Wang (2019) and integrated into the porosity equa-
tion after Wang et al. (2016).

Available chemical data of reservoir fluids from previous studies (e.g., Tello 2005; Ber-
nard et al. 2011) indicated that total dissolved solid (TDS) contents are low at around
1 g kg™! of solution on average and at about 4 g kg~! at maximum. Given the low TDS
contents of the majority of the reservoir fluids, it can be implied that their liquid phase
properties will closely match those of pure water properties at given pressure and tem-
perature conditions (IAPWS R15-11 2011; IAPWS R6-95 2016; Zarrouk and Watson
2010; assuming that the fluid state is subcritical), which were used to account for sat-
urated conditions at depth by applying the arithmetic-mean model. For example, bulk
density of the reservoir formations was calculated as follows:

pB=¢ - pF+ (1 —¢) - pP. 3)

with pB=bulk density at reservoir depth, pF={fluid density for the respective tempera-
ture and pressure conditions, pP= particle density of the rock matrix, and ¢ = porosity
at reservoir depth. Then, the overburden pressure was obtained by simple gravitational
modeling using the previously calculated in situ bulk density and formation thickness
multiplied by gravity acceleration. The effect of temperature on specific heat capacity
was determined according to Vosteen and Schellschmidt (2003) who provide empirical
temperature-correction functions for magmatic, metamorphic and sedimentary rocks.
Likewise, thermal conductivity of the majority of rock types was corrected for reservoir
temperature after Vosteen and Schellschmidt (2003). The exception forms the highly
porous volcanic rocks, such as ignimbrites with very low thermal conductivities, which
were corrected on the basis of laboratory experiments presented in Chen et al. (2021).
Pressure corrections of the resulting thermal conductivities were applied after Abdula-
gatov et al. (2006), Abdulagatova et al. (2009). To adapt thermal diffusivity to reservoir
conditions, temperature-correction functions after Durham et al. (1987) for volcanic
rocks and Vosteen and Schellschmidt (2003) for the remaining rock types were applied.
Pressure has only a minor effect on thermal diffusivity of rocks (<0.05-0.1-10"° mm s~*
for a pressure change of 50 MPa in gabbros, granites and basalts; Durham et al. 1987)
and laboratory experiments are scarce. Therefore, the influence of pressure on ther-
mal diffusivity was neglected in this study. Temperature and pressure dependencies
of p-wave and s-wave velocities were calculated after experimental data from Qi et al.
(2020; carbonates), Vinciguerra et al. (2005, tuff), Hughes and Maurette (1957) and Birch
(1961; magmatic and intrusive rocks). Additional information is presented in Appendix
B.

The effect of pressure or temperature on selected hydraulic, thermal and dynamic
mechanical properties is shown in Fig. 11. Matrix porosity decreases exponentially
with increasing depth for the highly porous ignimbrites and fall out deposits, which
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Fig. 11 Depth correction of porosity a and matrix permeability b, temperature correction of specific heat
capacity, thermal conductivity, thermal diffusivity and p-wave velocity (c, d, f, g) as well as pressure correction
of thermal conductivity and p-wave velocity in e and h

also contain the highest calculated rock matrix compressibility (~10~* PSI). Already at
about 1000 m depth, the porosity of the Xaltipan ignimbrite pumice layers would be
halved, while the porosity of the Zaragoza ignimbrite would be reduced by about 5%
(Fig. 11a). The large changes in porosity of the ignimbrites and ash fall deposits is com-
monly the result of inelastic compaction due to cataclastic pore collapse, which can
occur at very low threshold pressures (Heap et al. 2014b; Vinciguerra et al. 2006), and
thus, affect the rock properties already at relatively shallow reservoir depth. Reported
UCS values for the X4ltipan ignimbrite range between 2 and 6 MPa for pumice fallouts
and ~ 10-45 MPa for the non-welded to partially welded facies (Weydt et al. 2021a). The
porous Teziutlan andesite lavas, basalts and Jurassic sandstones show a steady, but small
decrease in porosity with depth. In contrast, the porosity of the low-porous sedimentary,
intrusive and metamorphic rocks remains almost constant. The comparatively small
porosity reductions in the units with very low-to-intermediate porosity are predomi-

nantly caused by the closure of microfractures (elastic compaction, Zimmermann et al.

Page 28 of 48



Weydt et al. Geothermal Energy (2022) 10:5 Page 29 of 48

1986). As previously described, detailed investigations of the different lithofacies in the
field in combination with laboratory experiments are necessary to accurately estimate
matrix porosity and fluid properties at reservoir depth.

Since the change in matrix permeability was calculated after Wang et al. (2016) using
the results of the matrix porosity, the same trends can be observed (Fig. 11b). The influ-
ence of thermal expansion on matrix porosity and permeability is very small (predomi-
nantly < 1% until 350 °C) and thus, might be neglectable for the selected temperature and
depth range.

Specific heat capacity significantly increases by about ~25-30% (Fig. 11c) with reser-
voir temperature based on the empirical equations presented in Vosteen and Schells-
chmidt (2003). Thermal conductivity and thermal diffusivity of the metamorphic,
intrusive and carbonatic rocks decrease up to 45% (skarns, marble and limestones)
until 400 °C. However, the increase in pressure, and thus the closure of fractures and
the reduction in matrix porosity have the opposite effect on thermal conductivity. Pres-
sure and temperature changes of the p-wave velocities determined after Qi et al. (2020)
and Hughes and Maurette (1957) are presented in Fig. 11g and h. Thereby, the increas-
ing effect of pressure on the sonic wave velocities predominates the decreasing effect of
temperature and thus, the effect of thermal expansion and microcracking.

Table 2 comprises the rock properties at saturated conditions transferred to reser-
voir pressure and temperature (here <3 km depth) for the individual lithostratigraphic
units which were classified into local model units after Calcagno et al. (2020). The deter-
mined overburden pressure reaches~74 MPa at 3 km depth. The formation thickness
represents the average thickness of the individual units within the geothermal reservoir
based on lithostratigraphic well logs and their interpretation presented in Calcagno
et al. (2020). However, the well logs do not always provide detailed thickness estima-
tions for each lithology and rather provide classifications of lithostratigraphic groups
that are composed of different rock types. Therefore, the assigned properties for the
model units in part represent weighted averages reflecting the estimated contributions
of the different rock types within each unit. For example, the alternating lavas and pyro-
clastic deposits of unit 2 (Table 2) were estimated containing 60% basaltic to andesitic
lavas, 20% dacites to rhyolitic lavas and 20% tuff. Furthermore, the units 3 and 4 were
estimated containing about 50% pyroclastic deposits and 50% lavas each and the pre-
caldera andesitic lavas were estimated containing about 30% porous and 70% massive
lavas based on the results of the only available sonic log (Lorenzo-Pulido et al. 2008; Deb
et al. 2019). For the parametrization of the Xaltipan ignimbrite, a gradual transition with
reservoir depth from unwelded over partially welded to welded was assumed based on
petrographic descriptions presented in Cavazos-Alavarez et al. (2020). The carbonatic
basement predominantly consists of recrystallized limestones within the Los Humeros
geothermal field and a percentage of 10% intrusive rocks and 10% skarns were assumed
based on the outcrop investigations and preliminary results of the geophysical surveys.
The results presented in Table 2 reveal a highly variable change of the average rock
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properties with increasing reservoir depth. Especially the thermal properties are very
sensitive to changes in porosity, due to the different thermal properties of water com-
pared to the rock matrix (Zarrouk and Watson 2010) as well as the decreasing volume of
fluid with decreasing porosity.

The effects of reservoir temperature and pressure are often only partially considered
(Deb et al. 2019) or completely neglected (Cornejo et al. 2020; Kruszewski et al. 2020;
Gonzalez-Garcia et al. 2020) during reservoir modeling leading to oversimplified predic-
tions of the reservoir behavior (Norden et al. 2020). For example, the application of cor-
rection functions for thermal conductivity without applying a pressure correction leads
to significantly underestimated thermal conductivities (Norden et al. 2020). Commonly,
the thermomechanical behavior of the reservoir formations and their complex interplay
with fluid properties, stress, overburden pressure and reservoir temperature are com-
monly solved numerically. The usage of empirical and analytical equations already pro-
vides a good prediction of the rock properties at reservoir depth, particularly in cases
without geophysical well log data. However, since they are commonly based on labora-
tory experiments performed on sample sets collected from different study areas, they
are not able to represent the site-specific fracture pattern, microstructural variability,
mineralogy, as well as hydrothermal, diagenetic or metamorphic overprints. Addition-
ally, the majority of high T/P experiments presented in the literature focus on rock
types with low to intermediate porosity (e.g., granites, limestones or sandstones). The
response to pressure changes of high-porosity rocks can be however fundamentally dif-
ferent compared to low-porous rocks (inelastic vs. elastic compaction; Vinciguerra et al.
2006; Heap et al. 2014b). Up to now, high T/P laboratory tests considering pyroclastic
rocks are scarce, particularly for thermal properties, and therefore their behavior under
high T/P is not fully understood yet. Thus, for a more precise reservoir property predic-
tion further high T/P experiments would be required for each target unit.

Data application and limitations with respect to modeling the Los Humeros geothermal
field

In a previous attempt, a preliminary structural-geological model of Los Humeros was
created (Calcagno et al. 2020) and used for simulating the initial state of the super-hot
geothermal system (Deb et al. 2019). Due to lack of data at this stage of the project, the
classification of the model units was based on the local stratigraphy as presented in
Fig. 2 and the parametrization was performed mainly using assumed average values for
each unit. However, some of these model units comprise multiple different rock types,
which leads to a wide parameter range and high uncertainty during modeling. Based on
the presented findings, the following updates are suggested.

The pre-volcanic basement revealed the highest geological heterogeneity and thus,
the highest parameter range, e.g., for thermal conductivity. The recharge and fluid flow
of the Los Humeros geothermal field are controlled by fault zones and fractures in the
carbonatic basement and subsequently in the andesitic reservoir (Lelli et al. 2020).
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Furthermore, the heat flow is controlled by shallow intrusions that are nested in the car-
bonates (Lucci et al. 2020) and potentially even in the upper section of the andesitic unit
(Urbani et al. 2020). The intrusions in the carbonates led to the formation of skarn and
marble bodies, which attain up to 100 m in width for skarns (Olvera-Garcia et al. 2020)
and between 300 and 400 m in width for marble (Fuentes-Guzman et al. 2020) in the
exhumed system of Las Minas. With their high thermal conductivities and abundant
fractures, they act as heat conduits in the subsurface. To improve the accuracy of a 3D
geothermal model, these rather ‘vertical features’ should be implemented as additional
model units in the pre-volcanic basement unit.

While in previous studies the Cuyoaco andesite unit has been assumed to have a
thickness of several hundreds of meters in the reservoir (Cedillo 1999; Calcagno et al.
2020), recent petrographic investigations concluded that this unit might have a very lim-
ited extension in the subsurface of the Los Humeros geothermal field (Carrasco-Nuiez
et al. 2017a). However, due to the hydrothermal overprint observed on the wellbore core
samples, a clear correlation with the outcropping units or between wells remains chal-
lenging. Since the Cuyoaco and Teziutlan andesites exhibit very similar physiochemical
characteristics, it seems plausible to merge both pre-caldera andesites in one model unit
instead of using stratigraphic ages to define differences.

The Xaltipan ignimbrite represents the cap rock of the Los Humeros geothermal
field and resembles the most heterogenous lithostratigraphic unit considering its vari-
able thickness (70-880 m) and petrophysical properties (Figs. 8, 9, 10, 11). Furthermore,
especially the basal section of the Xéltipan ignimbrite within the Los Humeros geother-
mal field were affected by fracturing, brecciation and occasionally by hydrothermal alter-
ation due to the caldera collapse events and volcanic activities during the post-caldera
phase (Cavazos-Alavarez et al. 2020; Urbani et al. 2020; Weydt et al. 2021b). In previous
studies, the Xdltipan ignimbrite was described as a nonpermeable, rather homogeneous
layer (Cedillo 1999), however, the results of the petrographic (Cavazos-Alavarez et al.
2020) and petrophysical characterization have shown that a much higher heterogene-
ity and thus, uncertainty need to be considered. The remaining units of the caldera and
post-caldera group have a thickness of a few meters to tens of meters only. Up to now
accurate information about their thickness and lateral distribution are not available for
the Los Humeros geothermal field and thus, it is not possible to define further units that
exhibit petrophysically similar properties. The interpretation of geophysical data is still
ongoing and might provide new insights for an updated 3D geological model of Los
Humeros.

The investigation of outcrop analogues and their petrophysical characterization sig-
nificantly improved the geological understanding of the LHVC and forms the basis
for the interpretation of geophysical surveys (e.g., electric resistivity, gravimetric and
magnetotelluric surveys; Benediktsdéttir et al. 2020, Cornejo et al. 2020), economical
assessments (e.g., productivity index and Heat-in-Place calculations; Gonzalez-Garcia
et al. 2020), the estimation of the local stress field (Kruzewski et al. 2020), an accurate



Weydt et al. Geothermal Energy (2022) 10:5 Page 32 of 48

assessment of the heat transport and heat storage in the reservoir as well as a precise
parametrization of numerical reservoir models to simulate, e.g., reservoir temperature
(Deb et al. 2019) or production and stimulation scenarios (Hofmann et al. 2021).
However, despite the high number of analyzed samples, it was not possible to cover
all units to the same extent in the study area. The number of samples per unit strongly
depended on the availability and accessibility of representative outcrops in the field that
allowed to gain a representative overview of the unit’s heterogeneity and to collect large
boulders for the petrophysical characterization. In addition, the number of samples per
unit was influenced by the project goals, which targeted the currently exploited hydro-
thermal reservoir (pre-caldera units) and the potential supercritical reservoir (pre-vol-
canic basement). Thus, a further criterion was the importance of a unit with respect to a
3D geological model considering the thickness and extension in the study area.
Furthermore, the here presented data set comprises matrix properties only and
does not account for fracture properties, which can vary over several orders of mag-
nitude for different scales. For example, matrix permeabilities commonly underesti-
mate the equivalent permeability at reservoir scale since they do not depict fracture
networks and their permeabilities (Heap and Kennedy 2016; Farquharson and Wads-
worth 2018). Depending on the aim and scale of future applications, the data need to
be individually processed, which is also called upscaling. Various different approaches
have been developed in the past to tackle the problem of retaining as much infor-
mation of the original structure, facies heterogeneities, geometry, petrophysical and
hydraulic properties on reservoir scale (Farmer 2002; Qi and Hesketh 2005; Rithaak
et al. 2015; Chen et al. 2018, Ringrose and Bentley 2021). The simplest and fastest
techniques are cross-correlations or (power law) averaging (calculating the arith-
metic, harmonic or geometric mean value of a respective volume; weighted sum of
an independent property), which is often applied in combination with stochastic
techniques, e.g., the Monte Carlo method (Qi and Hesketh 2005). More advanced
approaches such as variogram analysis, Kriging or Gaussian simulations are often
used to populate numerical models of geologically complex and/or fractured reser-
voirs (Bourbiaux et al. 2005; Ebong et al. 2019). Furthermore, Discrete Fracture Net-
works or dual porosity/permeability models allow to explicitly represent fractures and
their geometries in reservoir simulations (Ringrose and Bentley 2021). In conclusion,
numerous upscaling techniques exist, which need to be chosen carefully for each

parameter considering the geological setting, rock type and application.

Conclusions

This study provides an assessment of petrophysical, thermophysical, dynamic
mechanical as well as magnetic rock properties for the Los Humeros Volcanic Com-
plex which hosts a currently exploited high-temperature (> 350 °C) geothermal reser-
voir. For a reliable reservoir characterization, 226 samples were collected from more
than 200 outcrops in the inside of the Los Humeros caldera, the surrounding area
of the volcanic complex and the nearby exhumed system of Las Minas to investigate
and cover the heterogeneity of all key formations from the basement to the cap rock
that are relevant for regional and local 3D numerical geothermal models of the Los
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Humeros geothermal field. Based on chemical and petrographic analyses as well as
new information on dating, the samples were assigned to lithostratigraphic units.
About 1500 plugs were petrophysically analyzed resulting in an extensive rock prop-
erty database covering sedimentary, magmatic and metamorphic rocks from Jurassic
to Holocene age. The distribution and variability of the petrophysical properties as
well as the relationship between the parameters were statistically investigated and dis-
played for each lithostratigraphic unit. For a more reliable reservoir characterization,
the rock properties were transferred to reservoir conditions of the Los Humeros geo-
thermal field of up to 3 km depth using empiric and analytical correction functions.

The study highlights the geological complexity of the study area which is also
depicted in the petrophysical properties:

+ More than 20 lithostratigraphic units and subunits were defined that exhibit dis-
tinct properties. The basement and andesitic reservoir predominantly comprise
low-to-very low matrix porosities and permeabilities as well as intermediate-to-
high densities, thermal properties and sonic wave velocities.

+ The weak correlation between matrix porosity and permeability suggests that fluid
flow in the study area is predominantly controlled by faults.

+ The high variability of thermal conductivity and diffusivity observed on the base-
ment rocks should be considered in future thermal models, whereby intrusions
and their associated metamorphic rocks might act as heat conduits.

+ The cap rock and the overlying younger volcanic sequences show the highest vari-
ability with respect to matrix porosity and bulk density, but feature overall low-to-
intermediate thermal conductivities and sonic wave velocities.

« Specific heat capacity shows comparatively small variations throughout the dataset.
In contrast, magnetic susceptibility varies over more than four orders of magnitude
showing formation-related trends that could be helpful for the interpretation of geo-
physical surveys.

+ Rock properties are sensitive to pressure and temperature changes with increasing
reservoir depth. Particularly, matrix porosity and permeability of the pyroclastic
rocks significantly decrease with reservoir depth due to their high rock compressibil-
ity. The effects of pressure and temperature on the thermal and mechanical proper-
ties are complex and often counteract each other. Thus, correction functions for both
parameters should be considered in numerical simulations to depict the rock proper-
ties at reservoir depth as accurate as possible.

+ Furthermore, the probability density distribution should be assessed for each param-
eter and unit individually during stochastic modeling.

The dataset provided in this study improves the understanding of the Los Humeros
Volcanic Complex and super-hot geothermal systems in general, and underlines the
importance of outcrop analogue studies and the assessment of petrophysical properties
during reservoir exploration for the development of conceptual geological models, the
interpretation of geophysical data or the parametrization of 3D numerical geothermal
models. Beyond the scope of the GEMex project, the level of detail presented in this
study facilitates various applications in comparable geological settings within the TMVB



Weydt et al. Geothermal Energy (2022) 10:5

or similar volcanic geothermal play types worldwide. Since extensive field campaigns
and laboratory measurements are time consuming and often exceed project budgets, our
study improves the prediction of rock properties in the subsurface at early exploration
stages or in case of low data densities and thus, could be used to improve and speed-up
reservoir simulation of future projects.

Appendix A petrophysical database
See Figs. 12, 13 and Tables 3, 4, 5 and 6.
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m R . 2R e [ | o]
Fig. 13 Photographs of selected outcrops representing a Holocene basaltic lava flows and b ash deposits
of the Xoxoctic member inside of the Los Humeros caldera, ¢ unwelded Xaltipan ignimbrite located
northwest of the LHVC close to the town Temextla, d the Teziutldn 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, ik Cretaceous
limestones, marl and chert layers as well as chert nodules, | 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 (I-o represent outcrops in Las Minas)
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Table 3 Petrophysical and hydraulic properties of the LHVC

Unit

Pp
[gecm™3)

Ps
[gecm™]

¢
[%]

K

[m?]

Post-caldera group
Pyroclastics,
undifferentiated

Basalts

Ash fall deposits

Caldera group
Zaragoza
ignimbrite

Xaltipan
ignimbrite total

Xaltipan ig.
(unaltered)

Xaltipan ig.
(pumice)

Xaltipan ig.
(altered, welded)

Pre-caldera group

Cinder cones total

Scoria

Fallout deposits

Teziutldn andesite
unit total

Teziutldn and.
(nonporous)

Teziutldn and.
(porous)

Cuyoaco andesite
unit

Basement
Limestone

Cretaceous

Chert nodules

Shales
Cretaceous

Limestone Jurassic

2.51/2.52 (6) £0.03
Q1:247,Q3:253
CV:1.15%

2.65/2.67 (40)£0.10
Q1:262,Q3:272
CV:3.9%

2.36/2.36 (6) £0.04
Q1:231Q3:238
CV:1.78%

248/2.44 (34)£0.11
Q1:242,Q3: 250
CV:4.33%

228/2.41 (120)+0.34
Q1:2.25,Q3: 249
CV:15.02%

240/2.43 (93)%+0.10
Q1:236,03:249
CV:4.25%

1.51/1.50 (18)£0.15
Q1:1.40,Q3:1.61
CV:9.86%

2.52/2.52 (9)£0.03
Q1:249,Q3:253
CV:1.03%

2.80/2.81 (15)%0.05
Q1:277,Q3:283
CV:1.64%

2.82/2.83 (11)%0.03
Q1:278,Q3:2.84
CV:1.11%

2.75/2.75 (4 £0.04
Q1:271,Q3:279

2.72/2.72 (142) +0.06
Q1:2.69,Q3:2.74
CV:2.07%

2.71/2.71 (105) £0.05
Q1:267,Q3:273
CV: 1.96%

2.76/2.75 (37)£0.04
Q1:2.74,Q3:2.77
CV:1.53%

2.64/2.65 (50)%0.02
Q1:2.64,Q3:2.67
CV:0.87%

2.67/2.68 (352) £0.05
Q1:2.65,03:2.70
CV:1.78%

2.63/2.65 (19)£0.03
Q1:262,Q3:26
CV:1.02%

2.68/2.68 (7)£0.01
Q1:2.68,03:2.69
CV:0.20%

2.64/2.66 (39)+0.05
Q1:2.62,03:2.68
CV: 1.98%

1.48/1.48 (6) £0.03
Q1:145,Q3: 151
CV:232%

2.28/2.33(28)+0.18
Q1:2.14,Q3: 242
CV:8.01%

1.23/1.19 (6)£0.13
Q1:1.17,Q3:1.27
CV:10.81%

1.60/1.56 (23)+0.18
Q1:148,Q3:1.58
CV:11.40%

1.40/1.33 (64) 044
Q1:1.24,Q3:1.72
CV:31.01%

1.47/1.34 (53)+0.23
Q1:1.28,Q3:1.72
CV:15.71%

0.56/0.56 (8) £ 0.06
Q1:0.51,Q3:0.59
CV:9.92%

242/2.42 (3)£0.01
Q1:241,Q3:243

1.82/1.98 (7)£0.32
Q1:1.60,Q3:2.03
CV:17.72%

2.00/1.98 (5)£0.06
Q1:1.95,Q3:205
CV:2.85%

139(2)£030

2.53/2.60 (131)%0.19
Q1:239,03:2.68
CV:7.44%

2.63/2.65 (94)+0.10
Q1:259,03:2.69
CV:3.89%

230/2.35(37)£0.15
Q1:2.17,Q3:2.39
CV:6.31%

2.55/2.61(32)+0.10
Q1:2.50,Q3:2.62
CV:3.75%

2.66/2.68 (232)£0.10
Q1:2.63,03:2.70
CV:3.61%

2.63/2.63 (15)+0.04
Q1:2.60,03:2.65
CV:1.42%

2.66/2.66 (6)+0.01
Q1:2.66,03:2.67
CV:0.39%

2.63/2.61 (30)+£0.04
Q1:2.59,03:2.68
CV: 1.69%

41.1/41.0 (6)£1.3
Q1:39.8,Q3:424
CV:3.24%

14.0/12.3 (28)£54
Q1:105,Q3:175
CV:38.65%

48.1/49.8 (6) £ 4.7
Q1:46.1,Q3:506
CV:9.82%

36.3/37.1 (23)£45
Q1:34.8,03:39.8
CV:1232%

40.9/42.9 (64) =145
Q1:31.0,Q3:50.1
CV:35.46%

39.5/38.4 (53)£9.5
Q1:31.0,Q3:47.7
CV:23.92%

63.5/61.6 (8) £6.9
Q1:57.8,Q3: 706
CV:10.87%

41/45(3)+19
Q1:2.1,Q3:59

355/30.1 (7)£11.0
Q1:283,03:424
CV:31.1%

29.7/29.9 (5)+2.2
Q1:277%,Q3:315
CV:7.54%

500(2)£108

6.9/2.7 (126)%+73
Q1:15,Q3:134
CV: 106.26%

2.7/2.1(89)+25
Q1:1.1,Q3:29
CV:92.58%

16.9/14.7 37)+46
Q1:134,Q3:21.3
CV:27.21%

40/1.4 (32)£4.1
Q1:09,Q3:6.6
CV:100.81%

2.1/0.8 (201)£3.0
Q1:05,Q3:26
CV:141.52%

0.8/0.8 (14)£0.6
Q1:02,Q3:1.2
CV:74.50%

13/1.1(6)+0.7
Q1:08,Q03:1.7
CV:56.95%

1.8/1.1(29)+ 1.6
Q1:08,Q3:26
CV:88.61%

24E-13/2.3E-13 (4) £ 4.7E-14
Q1:2.1E-13,Q3: 2.9E-13
CV:19.03%

6.7E-14/2.5E-17 (27)£ 1.9E-13
Q1:5.8E-18,Q3: 84E-15
CV:291.46%

1.3E-14/1.1E-14 (5) £ 2.7E-15
Q1:1.1E-14,Q3: 1.5E-14
CV: 21.80%

4.7E-14/8.8E-15 (19) £ 88E-14
Q1:1.7E-15,Q3: 2.3E-14
CV:188.13%

25E-13/1.7E-13 (59) £ 2.6E-13
Q1:33E-14,Q3:4.1E-13
CV:103.68%

2.8E-13/1.7E-13 (50) £ 2.7E-13
Q1:3.9E-14,Q3: 5.2E-13
CV:96.38%

1.6E-13/1.3E-13 (6) £ 1.8E-13
Q1:1.7E-15,Q3: 3.1E-13
CV:111.85%

6.0E-18/4.3E-18 (3) £3.2E-18

39E-13/2.3E-14 (5) £ 5.8E-13
Q1:55E-16,Q3:9.7E-13
CV: 147.54%

79E-15/1.1E-15 (3) £ 1.3E-14

9.7E-13 (2) £ 4.8E-13

1.0E-14/4.6E-17 (92) 3. 0E-14
Q1:2E-18,Q3: 2.9E-15
CV:299.72%

3.1E-15/4.3E-18 (68) £ 2.0E-14
Q1:1.7E-18,Q3: 8.2E-17
CV:627.69%

30E-14/9.5E-15 (24) £44E-14
Q1:7.2E-16,Q3:5.2E-14
CV: 147.99%

4.0E-15/5.1E-18 (26) £ 1.6E-14
Q1:24E-18,Q3: 79E-16
CV:407.02%

53E-16/3.2E-18 (179)+44E-15
Q1:1.1E-18,Q3: 6.9E-18
CV:825.21%

54E-17/2.8E-18 (13) £ 1.6E-16
Q1:2E-18,Q3: 9.5E-18
CV:303.80%

1.7E-18/7.2E-19 (5) £ 1.6E-18
Q1:4.6E-19,Q3:34E-18
CV:94.83%

1.5E-15/2.1E-18 (24) £ 5.7E-15
Q1:8.1E-19,Q3:9.2E-18
CV: 388.40%




Weydt et al. Geothermal Energy (2022) 10:5 Page 37 of 48

Table 3 (continued)

Unit Pp Pg ) K
[gem™3] [gcm~3] [%] [m?]
Sandstone 2.64/2.65 (7)+£0.02 2.07/2.08 (6) £ 0.08 20.5/20.4 (6)+1.8 8.1E-13/3.2E-14 (/)£ 2.0E-12
Jurassic Q1:2.64,03: 2,66 Q1:2.02,Q3:2.13 Q1:19.3,Q3:21.8 Q1:1.8E-16,Q3: 2.7E-13
CV:0.63% CV:3.77% CV:8.74% CV: 243.80%
Basaltic— 2.66/2.65 (26) £0.19 2.68/2.57 (22)£0.21 1.6/1.0 22)£ 2.1 56E-18/3.7E-18 (16) +4.5E-18
andesitic dykes Q1:2.58,Q3:2.95 Q1:2.56,03:2.93 Q1:0.7,Q3: 20 Q1:2.3E-18,Q3:8.8E-18
CV:6.85% CV:7.73% CV:128.04% CV:79.44%
Marble 2.72/2.71 (69)£0.10 2.70/2.69 (69)£0.11 1.5/0.8 (79)£1.7 2.5E-15/2.5E-18 (48)+ 1.2E-14
Q1:2.69,03:2.85 Q1:2.63,03:2.80 Q1:0.5,03:1.8 Q1:1.1E-18,Q3: 6E-18
CV:3.59% CV: 4.06% CV:117.27% CV: 467.41%
Quartz veins 2.63/2.64 (20)£0.03 2.53/2.57 (19)£0.09 3.5/2.8(19)£3.0 1.5E-14/4.5E-15 (10)£2.2E-14
Q1:2.62,03:2.69 Q1:2.51,Q3:2.58 Q1:1.5,03:43 Q1:2.5E-16,Q3: 2.7E-14
CV:1.10% CV:3.64% CV: 85.60% CV:151.63%
Skarn 3.19/3.32(142)£ 051 3.23/3.26 (111)£049  3.7/2.4(115)£39 8.4E-13/9E-18 (90) £ 8.0E-12
Q1:2.73,03:3.69 Q1:2.71,Q3:3.57 Q1:0.8,Q3:4.5 Q1:2.5E-18,Q3:4E-17
CV:15.53% CV:15.14% CV:103.87% CV:948.01%
Granitoids total 2.64/2.65 (124)+0.12 251/2.52(73)£0.18 6.0/3.6 (76)+4.8 26E-16/7.9E-18 (53) £ 14E-15
Q1:2.61,Q03: 267 Q1:2.35,Q3: 263 Q1:1.6,Q3:10.7 Q1:2.7E-18,Q3: 58E-17
CV:4.39% CV:6.99% CV: 80.26% CV: 539.26%
Granitoids (weak- 2.65/2.65 (80) £0.12 2.56/2.59 (52)+0.18 1.8/1.6 (40)£1.2 40E-17/3.5E-18 (28) £ 1.2E-16
moderate Q1:2.63,03:2.68 Q1:2.36,Q3: 2.65 Q1:0.9,Q3: 25 Q1:1.2E-18,Q3: 7.7E-18
alteration) CV:4.53% CV:691% CV: 65.85% CV:300.54%
Granitoids 2.60/2.62 (30)£0.04 2.38/2.37 (21)£0.07 9.7/9.7 21)£28 29E-17/2.6E-17 (14) £ 2.5E-17
(strong Q1:2.60,Q3:2.64 Q1:2.36,03:242 Q1:84,03:109 Q1:4.5E-18,Q3: 4.9E-17
alteration) CV: 1.50% CV:2.77% CV: 28.68% CV:87.14%

Arithmetic mean values in normal font, the numbers in bold represent the median, & = standard deviation, ()=number of
analyzed plugs, Q1: 25% quartile, Q3: 75% quartile, pp = particle density, pg = bulk density, ¢ = porosity, K= permeability

Table 4 Thermal properties of the LHVC

Unit Adry A sat adry asat
Wm~'K™] Wm~'K™] [10°m?s7] [10°m?s7"]
Post-caldera group
Pyroclastics, undif-  0.48/0.50 (4) £ 0.04 1.00/1.01 (4) £0.05 0.37/0.37 (4)£0.02 0.89/0.89 (4) £0.05
ferentiated Q1:044,Q3:051 Q1:0.95,Q3:1.03 Q1:0.35,Q3:0.39 Q1:0.85,Q3:0.94
Basalts 0.90/0.92 (33)£0.12 1.33/1.32(33)£0.20 0.54/0.54 (29) £0.05 0.88/0.85 (29)%0.17
Q1:0.81,0Q3:0.98 Q1:1.19,Q3:1.36 Q1:0.51,Q3:0.57 Q1:0.78,Q3:0.96
CV:13.77% CV: 14.94% CV:8.94% CV:19.13%
Ash fall deposits 0.39/0.32 (6)+0.18 1.16/1.09 (6) £ 0.21 0.37/0.37 (5)£0.01 0.41/0.40 (5)+0.02
Q1:0.58,Q3: 044 Q1:1.04,Q3:1.22 Q1:0.36,Q3:0.38 Q1:0.39,03: 044
CV:47.40% CV:1861% CV:5.97%
Caldera group
Zaragoza 0.64/0.64 (34) £0.09 1.31/1.28 (26)£0.18 0.52/0.51 (32) £0.04 0.95/0.91 (24)£0.20
ignimbrite Q1:0.58,03:0.70 Q1:1.19,03:1.39 Q1:0.50,Q3:0.55 Q1:0.77,Q3:1.12
CV: 14.10% CV:13.88% CV:7.24% CV:21.57%
Xaltipan 0.51/0.40 (120) £0.41 1.19/1.26 (84) £0.34 0.48/0.47 (117)£022  0.76/0.66 (81)+0.23
ignimbrite total Q1:0.30,03:0.54 Q1:0.99,Q3: 1.40 Q1:0.34,Q3:0.50 Q1:0.60, Q3:0.90
CV:79.40% CV: 28.56% CV:46.12% CV:30.53%
Xaltipan ig. (unal-  0.44/0.41 (98) +£0.18 1.19/1.24 (73)£0.25 0.43/0.48 (90)£0.10 0.71/0.66 (70) £0.15
tered) Q1:0.33,03:0.53 Q1:1.01,Q3:1.39 Q1:0.33,03:0.50 Q1:0.60, Q3:0.87
CV:40.30% CV:21.04% CV:22.58% CV:21.21%
Xaltipan ig. 0.17/0.18 (13)£0.03 0.47/0.45 (5)+0.06 0.39/0.42 (18) £0.09 0.63/0.64 (5)+0.11
(pumice) Q1:0.15,Q3:0.19 Q1:043,03:0.52 Q1:0.30,Q3: 046 Q1:0.55,Q3:0.71
CV:15.99% CV:13.80% CV:23.29% CV:17.24%
Xaltipan ig. 1.78/1.75 (9)+0.14 1.83/1.82 (6)+£0.07 1.10/1.27 (9)+0.32 1.39/1.39 (6) £0.11
(altered, welded)  Q1:1.69,Q3:1.94 Q1:1.77,Q3:1.91 Q1:0.79,Q3: 1.40 Q1:0.64,Q3:1.51
CV:7.88% CV:3.64% CV:29.14% CV:8.08%
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Table 4 (continued)

Unit Adry A sat adry asat
Wm™'K™] Wm™'K™] [10°m?s7"] [10°m2s7"]

Pre-caldera group

Cinder cones total

Scoria

Fallout deposits

Teziutlan andesite
unit total

Teziutlan and.
(nonporous)

Teziutlan and.
(porous)

Cuyoaco andesite
unit

Basement

Limestone
Cretaceous

Chert nodules

Shales Cretaceous

Limestone Jurassic

Sandstone Jurassic

Basaltic-andesitic

dykes

Marble

Quartz veins

Skarn

Granitoids total

Granitoids (weak—
moderate altera-
tion)

Granitoids (strong
alteration)

0.91/0.86 (15)+0.37
Q1:0.70,Q3:1.23
CV:41.10%

1.07/1.06 (11)£0.28
Q1:0.84,Q3:1.26
CV:26.35%

0.48/0.46 (4)£0.22
Q1:0.29,Q3:0.68

1.32/1.35(112)£0.32
Q1:0.99,Q3: 161
CV:24.09%

1.49/1.56 (80)£0.18
Q1:1.32,03:1.64
CV:12.36%

0.89/0.90 (32)£0.10
Q1:0.82,03:097
CV:11.52%

1.46/1.47 (47)£0.26
Q1:1.24,Q3:1.73
CV:17.90%

2.74/2.73 (327)£0.55
Q1:2.44,Q3:2.93
CV:20.11%

3.26/2.90 (16)%1.04
Q1:267,Q03:4.27
CV:31.81%

2.18/2.12(7)£0.30
Q1:192,Q3:2.27
CV:13.60%

2.66/2.68 (38)+£0.23
Q1:248,Q3:2.84
CV:8.65%

1.38/1.38 (6) £0.16
Q1:1.28,Q3:1.53
CV:11.29%

1.71/1.70 (22)£0.32
Q1:147,03:1.99
CV: 18.90%

3.10/3.22 (65) £ 0.60
Q1:2.51,Q3:3.64
CV:19.29%

5.25/5.21 (20)£0.61
Q1:4.77,Q3:5.80
CV:11.65%

323/3.42(127)%0.77
Q1:262,03:3.82
CV:23.71%

2.00/1.97 (121)£050
Q1:1.68,03:2.28
CV:25.19%

2.13/2.06 (81)%+0.39
Q1:1.84,Q3:2.28
CV:18.43%

1.90/1.64 (30) £0.62
Q1:143,Q3:2.50
CV:32.71%

1.62/1.63 (11)£0.09
Q1:1.53,Q3:1.70
CV:5.77%

1.62/1.63 (11)£0.09
Q1:153,Q3:1.70
CV:5.77%

1.50/1.52(112)£0.12
Q1:143,03:1.58
CV:7.67%

1.52/1.54 (80)£0.13
Q1:1.43,Q3:1.60
CV:8.26%

147/1.48 (32) £0.08
Q1:1.43,Q3:1.54
CV:5.14%

1.67/1.63 (38)£0.21
Q1:152,Q3:1.75
CV:12.64%

3.03/2.93 (272)+£0.58
Q1:264,Q3:3.34
CV:19.23%

4.11/3.27 (17)£1.57
Q1:291,03:573
CV:38.19%

2.29/2.13 (7)£0.39
Q1:2.09,03:2.26
CV:17.25%

2.76/2.66 (36)+0.32
Q1:249,03:3.08
CV:11.76%

2.28/2.29 (6)+0.12
Q1:2.20,03:2.39
CV:5.21%

1.86/1.65 (26)+0.57
Q1:1.53,03:1.99
CV:30.51%

3.52/3.42 (65)£0.77
Q1:2.78,Q3:445
CV:21.85%

5.85/5.78 (20)+0.79
Q1:5.20,03:649
CV: 13.44%

344/3.48 (126)+£093
Q1:2.87,Q3:4.11
CV:2691%

235/2.24(102)£0.59
Q1:1.95,Q3:257
CV:2531%

231/2.27 (68)+0.41
Q1:2.06,03:241
CV:17.93%

2.58/2.73 (26)£0.92
Q1:1.78,Q3:3.28
CV:35.60%

0.57/0.61 (15)+0.15
Q1:0.38,Q3:0.64
CV:26.81%

0.65/0.64 (11)+0.08
Q1:0.60,Q3:0.66
CV:12.95%

0.36/0.36 (4)£0.02
Q1:0.34,Q3:038

0.82/0.86 (110)£0.15
Q1:0.73,Q3:091
CV:1833%

0.83/0.86 (80)%0.10
Q1:0.77,Q3:0.89
CV:1231%

0.81/0.74 (30)£0.24
Q1:0.58,Q3:1.03
CV:29.58%

0.84/0.86 (48)+0.10
Q1:0.78,03:092
CV:11.95%

145/1.35(324)+046
Q1:1.21,03: 154
CV:31.57%

1.54/1.23 (17)£0.52
Q1:1.13,Q3:2.13
CV:33.75%

1.80/1.80 (6) £0.09
Q1:1.73,Q3:1.87
CV:4.75%

1.60/1.50 (36) £0.34
Q1:1.28,Q3:1.95
CV:21.41%

0.88/0.88 (6) £0.05
Q1:0.84,03:092
CV:5.36%

0.88/0.89 (20)+0.11
Q1:0.79,Q3:097
CV:1257%

1.52/1.37 (62) £ 0.60
Q1:1.15,03:1.64
CV:39.66%

430/3.92(19)+1.08
Q1:341,Q3:536
CV:25.19%

1.81/1.55 (123)£0.63
Q1:1.32,Q3:2.27
CV:34.17%

1.09/1.08 (120)£0.26
Q1:0.95,Q3:1.18
CV:2391%

1.14/1.11 (77)£0.21
Q1:1.03,Q3:1.20
CV:30.15%

1.07/1.00 (33)£0.32
Q1:091,Q3:1.18
CV:30.15%

0.74/0.76 (11)£0.09
Q1:0.64,Q3:0.83
CV:12.21%

0.74/0.76 (11)£0.09
Q1:0.64,Q3:0.83
CV:1221%

1.10/1.09 (110)£0.16
Q1:099,03:1.18
CV: 14.82%

1.14/1.14 (78)£0.17
Q1:1.06,0Q3:1.23
CV:1527%

1.00/1.00 (32) £0.06
Q1:0.95,Q3: 1.04
CV:5.70%

1.38/1.38 (38) £0.18
Q1:1.26,03:1.48
CV:12.98%

1.72/1.56 (264) +0.59
Q1:132,Q3:193
CV:34.52%

1.91/1.80 (17)£0.83
Q1:1.21,03:232
CV:43.68%

1.64/1.65 (6) =0.06
Q1:1.60,Q3:1.69
CV:3.52%

1.95/1.69 (30)+0.75
Q1:144,Q3: 250
CV: 38.66%

1.89/1.77 (6) £ 041
Q1:1.61,Q3:2.17
CV:21.58%

1.12/0.91 (24) £0.39
Q1:0.83,Q3: 148
CV:34.78%

3.01/2.75 (61)£1.39
Q1:1.85,Q3:3.99
CV:46.19%

3.95/3.50 (20)+ 131
Q1:292,03:5.18
CV:33.16%

2.25/2.27 (117)£0.78
Q1:1.63,03:2.69
CV: 34.58%

1.61/1.40 (102)+0.79
Q1:1.08,Q3:1.73
CV:49.28%

1.69/1.54 (62) £0.68
Q1:1.30,Q3:1.81
CV:40.15%

1.65/1.26 (30)+1.03
Q1:1.08,Q3:152
CV:62.35%

Arithmetic mean values in normal font, the numbers in bold represent the median, = = standard deviation, () = number of
analyzed plugs, Q1: 25% quartile, Q3: 75% quartile, A =thermal conductivity, a =thermal diffusivity, dry or sat=analyzed
under dry or saturated conditions
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Table 5 Compressional and shear wave velocities of the LHVC

Unit

Vp dry

ms™

Vp sat

ms™

Vg dry

ms™

V, sat

[ms™

Post-caldera group
Pyroclastics,
undifferentiated

Basalts

Ash fall deposits
Caldera group

Zaragoza ignimbrite

Xéltipan ignimbrite
total

Xéltipan ig. (unal-
tered)

Xaltipan ig.
(pumice)

Xaltipan ig.
(altered, welded)

Pre-caldera group

Cinder cones total

Scoria

Fallout deposits

Teziutldn andesite
unit total

Teziutlan and.
(nonporous)

Teziutlan and.
(porous)

Cuyoaco andesite
unit

Basement
Limestone

Cretaceous

Chert nodules

Shales Cretaceous

Limestone Jurassic

1615/1605 (4) £85
Q1:1539,Q3: 1701
CV:5.25%

3770/3674 (38) 689
Q1:3177,Q3:4325
CV:18.29%

1938/1886 (4) £ 240
Q1:1740,Q3: 2190

2311/2356 (34) £ 306
Q1:2108,Q3: 2485
CV:13.26%

1945/1756 (117)+613
Q1:1432,Q3: 2391
CV:3151%

1773/1628 (92) 525
Q1:1382,Q3: 2134
CV: 29.60%

2437/2466 (18) £482
Q1:2012,Q3:2934
CV:19.76%

2945/3004 (7) 286
Q1:2883,03:3214
CV:9.72%

3260/3649 (15)4 1089
Q1:1673,Q3:3979
CV:33.40%

3880/3880 (11)4270
Q1: 3640, Q3: 4090
CV:6.95%

1556/1532 (4) £ 88
Q1:1487,Q3: 1648
CV:5.66%

3787/3879 (138)1 1204
Q1:2828,Q3:4706
CV:31.80%

4125/4384 (101)£ 1145
Q1:3417,Q3:4981
CV:27.75%

2863/2972 (37) £826
Q1:2056, Q3: 3667
CV: 28.86%

4142/4029 (48) £1039
Q1:3253,Q3:5027
CV:25.08%

5310/5298 (380)+ 1223
Q1:4459,Q3:6118
CV:23.03%

5806/5813 (18)+828
Q1:5348,Q3: 6339
CV:14.25%

2826/2469 (7)+ 1015
Q1:2104,Q3: 3551
CV:35.92%

5057/4834 (38)+872
Q1:4384,Q3: 5800
CV:17.23%

2637/2633 (4) £ 145
Q1:2506,Q3: 2771

5521/5573 (36) 866
Q1:5046, Q3: 6009
CV: 15.69%

2222/2219 (4)+273
Q1:1962, Q3: 2485

3119/3002 (31) =642
Q1:2708,Q3:3271
CV:20.58%

2461/2295 (81) £ 742
Q1:2055,Q3:2726
CV:30.14%

2371/2256 (68) =616
Q1:2071,Q3: 2685
CV: 25.98%

2080/2047 (7)+372
Q1:1742,Q3: 2517
CV:17.86%

3936/3959 (6) 794
Q1:3325,Q3: 4697
CV:20.16%

4195/4351 (13)£ 1057
Q1: 4045, Q3: 4996
CV:25.18%

4584/4444 (11)£510
Q1:4068,0Q3:5198
CV:11.12%

2058 (2)

5341/5425 (117)+1022
Q1:4708,Q3:6219
CV:19.13%

5476/5556 (89) % 1050
Q1:4729, Q3: 6404
CV:19.17%

4908/5196 (28) £799
Q1:4362,Q3: 5545
CV:16.28%

5280/4893 (37)+ 1314
Q1:4114,Q3: 6559
CV:24.89%

7175/7171 (275) £ 1446
Q1:6311,Q3: 8230
CV:20.16%

8142/8251 (15)1+1148
Q1:7248,Q3:9172
CV: 14.10%

3573/3210 (7)£ 1190
Q1:2534,Q3:4162
CV:3331%

6358/6360 (34) = 1156
Q1:5734,Q3: 7308
CV:18.19%

946/925 (4) £ 66
Q1:897,Q3:1016

2216/2183 (36) +385
Q1:1919,Q3: 2541
CV:17.36%

1286/1312 (4)£170
Q1:1115,Q3: 1432

1414/1433 (32)£ 153
Q1:1289,Q3:1478
CV:10.85%

1194/1075 (114)£379
Q1:886,0Q3: 1472
CV:31.75%

1088/985 (89) +334
Q1:850,Q3: 1343
CV:30.64%

1490/1523 (18) 283
Q1:1245,Q3:1735
CV:18.96%

1766/1784 (7) £ 191
Q1:1720,Q3: 1887
CV:10.82%

1946/2261 (15)£616
Q1:1094, Q3: 2361
CV:31.65%

2297/2289 (11)+ 151
Q1:2126,Q3: 2445
CV:6.58%

984/975 (4) £ 96
Q1:897,Q3:1079

2200/2286 (132) £683
Q1: 1666, Q3: 2738
CV:31.04%

2407/2561 (95)+639
Q1:1969, Q3: 2850
CV:26.55%

1667/1762 (37) £ 474
Q1:1211,Q3: 2106
CV: 28.44%

2457/2377 (48)+602
Q1:1984, Q3: 2906
CV:24.48%

3118/3058 (368) + 731
Q1:2615,Q3:3535
CV: 23.44%

3532/3588 (18) 639
Q1:3048,Q3:3889
CV:18.10%

1467/1365 (6) £322
Q1:1258,Q3: 1624
CV:21.97%

3057/2953 (36) 638
Q1:2583,0Q3:3329
CV:20.88%

1040/1036 (4) £ 125
Q1:926,03: 1158

3362/3276 (34) £ 554
Q1:2924,Q3:3890
CV:16.47%

1402/1348 (4) £ 235
Q1:1218,Q3: 1639

1881/1777 (29) £ 390
Q1:1642,Q3: 1964
CV:20.75%

1458/1378 (78) 416
Q1:1215,Q3: 1686
CV:28.52%

1479/1380 (71) £ 425
Q1:1239,Q3:1710
CV:28.72%

1247/1210 (7) £ 239
Q1:982,Q3: 1468
CV:19,16%

2332/2343 (6)+438
Q1:1919,Q3: 2796
CV:18.79%

2664/2792 (13) £ 666
Q1:2478,03:3189
CV:24.99%

2907/2852 (11)%330
Q1:2590, Q3:3202
CV:11.35%

1326 (2)

3168/3213 (114)£619
Q1:2758,0Q3:3730
CV:19.53%

3259/3285 (86) +622
Q1:2842,03:3764
CV: 19.08%

2889/3009 (28) £523
Q1:2513,Q3: 3394
CV:18.23%

3083/2972 (37)+775
Q1:2413,Q3: 3806
CV:25.13%

4271/4317 (272)+835
Q1:3824,0Q3:4856
CV:19.54%

4763/4849 (15)+£718
Q1:4092,Q3: 5361
CV:15.07%

1973/2058 (6) £404
Q1:1529,Q3:2322
CV:20.45%

3779/3760 (32) £ 742
Q1:3218,Q3: 4490
CV:19.64%
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Unit Vp dry Vp sat Vg dry V, sat
[ms™] [ms™] [ms™] ms™]
Sandstone Jurassic ~ 2300/1959 (7)+1048  3119/3150 (6) 401 1380/1200 (7) £417 1828/1850 (6) £ 245

Q1:1758,Q3: 2084

Q1:2778,Q3: 3472

Q1:1178,Q3: 1366

CV:45.56% CV:12.85% CV:30.20%
Basaltic-andesitic 4538/4461 (24)£999  5842/5938 (20)833  2692/2702 (24) £ 542
dykes Q1:3975,Q3:5150 Q1:5559,0Q3:6031 Q1:2493,Q3: 3004
CV:22.02% CV:14.25% CV:20.13%
Marble 4028/3697 (85) £ 1268 6698/6581 (67)+1690  2262/2141 (84) £628

Q1:3031,Q3:5078

CV:31.48%

Quartz veins

3588/3683 (20) £752
Q1:3143,03:4222

Q1:5304, Q3: 7964
CV:25.22%

Q1:4186,Q3:6377

5481/5598 (20) £ 1658

Q1:1749,Q3: 2760
CV:27.74%

2120/2081 (20)£418
Q1:1864, Q3: 2522

CV:20.96% CV:30.26% CV:19.74%
Skarn 4627/4570 (146)£ 1123  6326/6297 (133)£ 1372 2704/2639 (141) 656
Q1:3779,Q3:5319 Q1:5661,Q3: 7130 Q1:2189,Q3: 3208
CV:24.28% CV:21.69% CQV:24.27%
Granitoids total 3920/3815 (124)+ 1172 5122/5176 (107)+ 1482  2382/2303 (122)+732
Q1:2986,Q3:4719 Q1:3918,Q3:6034 Q1:1806, Q3: 2765
CV:29.91% CV:28.93% CV:30.74%
Granitoids (weak-  4352/4302 (80)£ 1115 5714/5653 (66) £ 1407  2659/2556 (79) £ 700
moderate Q1:3495,Q3:5158 Q1: 4860, Q3: 6424 Q1:2195,Q3:3173
alteration) CV:25.61% CV:24.63% CV:26.32%
Granitoids (strong  3360/3279 (31)£684  4514/4723 (31)£970  2025/1957 (31)£414
alteration) Q1:2954,Q3:3728 Q1:3771,Q3: 5284 Q1:1771,Q3: 2300
CV:20.36% CV:21.49% CV:20.46%

Q1:1648, Q3: 2044
CV:13.37%

3557/3553 (20) 4508
Q1:3363,Q3: 3668
CV:14.28%

3864/3826 (66) % 1069
Q1:2971,Q3:4761
CV:27.66%

3181/3378 (20) 857
Q1:2477,Q3:371
CV:26.94%

3742/3752 (130) 815
Q1:3328,Q3:4261
CV:21.78%

3052/3094 (105) +939
Q1:2375,Q3:3593
CV:30.78%

3420/3415 (64) 1882
Q1:2905, Q3:3908
CV: 25.80%

2737/2806 (31) £608
Q1:2305,Q3:3192
CV:22.20%

Arithmetic mean values in normal font, the numbers in bold represent the median, & = standard deviation, () = number of
analyzed plugs, Q1: 25% quartile, Q3: 75% quartile, V, = p-wave velocity, Vs = s-wave velocity, dry or sat=analyzed under

dry or saturated conditions

Table 6 Rock compressibility, magnetic susceptibility, specific and volumetric heat capacity of the

LHVC
Unit B X cp VHC
[PSI] [1073si] Dkg KM Pm3K"
Post-caldera group
Pyroclastics, 3.3E-04 3.977/3.758 (3) £0.448 883 (1) 1306 (1)
undifferentiated
Basalts 1.3E-05 1.356/1.357 (18)+£0.534 753/758 (5) £51 1698/1663 (5) 198
Q1:0.997,Q3:1.586 Q1:701,Q3: 801 Q1:1612,Q3: 1802
CV:39.39% CV: 6.74% CV:5.77%
Ash fall deposits 42E-04  —0.004/—0.009 (4)+0.016 862 (1) 1034 (1)
Q1:-0.014,Q3:0.013
Caldera group
Zaragoza ignimbrite 14E-04 1.098/0.842 (15)+0.586 766/776 (3) £ 21 1248/1164 (3) £ 176
Q1:0.630,Q3: 1.555
CV:53.34%
Xaltipan ignimbrite total ~ 2.6E-04 ~ 0.441/0.310 (50) £0.431 762/750 (7)£38 992/931 (9) £ 348
Q1:0.095,Q3:0.778 Q1:740,Q3: 803 Q1:842,Q3: 1151
CV:97.72% CV:4.95% CV:35.07%
Xéltipan ig. (unaltered) ~ 2.9E-04 0495/0.325 (41) £ 0.446 767/763 (4)+28 975/931 (7) £ 147
Q1:0.089, Q3:0.963 Q1:742,Q3: 796 Q1:842,Q3: 1044
CV:90.14% CV:15.03%
Xaltipan ig. (pumice) 6.3E-04  0.115/0.117 (8) 0.032 778 (2)£50 408 (1)
Q1:0.086,Q3:0.131
CV:2791%
Xéltipan ig. (altered, 6.2E-06  0.874(1) 707 (1) 1697 (1)
welded)
Pre-caldera group
Cinder cones total 5.8E-05 0.773/0.644 (7) £ 0330 747/761 (3)£32 1349/1520 (3) £ 312

Q1:0.618,Q3:1.008
CV:42.61%
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Unit B X cp VHC
[PSI] [1073sli Dkg 'K Dm3K"
Scoria 3.1E-05  0.598/0.639 (5)£0.090 765 (2)+6 1530 (2)+ 14
Q1:0.528, Q3:0.647
CV:15.02%
Fallout deposits 53E-04  1.211(2)£0.287 710 (1) 989 (1)
Teziutldn andesite unit 57E-06  6.092/5.697 (80) £ 2.852 765/766 (15) £40 1963/2044 (15)+ 148
total Q1:4.081,Q3:7.822 Q1:751,Q3:784 Q1:1844,Q3: 2058
CV:46.82% CV:5.25% CV:7.52%
Teziutldn and. 1.8E-06  6.995/6.524 (55)+2.859 762/765 (10) £46 2035/2044 (11)+92
(nonporous) Q1:5.322,Q3:8.223 Q1:744,0Q3:786 Q1:1991,Q3: 2078
CV:40.88% CV: 6.09% CV:4.52%
Teziutlén and. (porous) ~ 2.7E-05 4.105/4.111 (25) £ 1.551 772/774 (5)£27 1767/1761 (4) £59
Q1:2.767,Q3:5.243 Q1:749,Q3: 794 Q1:1714,Q3: 1826
CV:37.78% CV:3.34%
Cuyoaco andesite unit 29E-06  2.367/2.471 (23)+1.269 752/744 (7) £ 26 1941/1924 (7) £ 127
Q1:0.956, Q3: 2.961 Q1:728,Q3: 766 Q1:1817,Q3:2002
CV:53.63% CV:351% CV:6.53%
Basement
Limestone Cretaceous 8.6E-07  0.162/— 0.004 (193)£0.634 807/814 (32)£31 2159/2162 (32)+ 127
Q1: —0.026,Q3:0.021 Q1:785,Q3: 825 Q1:2095, Q3: 2246
CV:391.76% CV:3.79% CV:5.87%
Chert nodules 30E-07 —0.029/—0.032 814 (2)+30 2157 (2)+138
(15)£0.012
Q1:—0.033,Q3:-0.0267
CV:40.95%
Shales Cretaceous 1.6E-06 0.056/0.051 (7)£0.010 780 (1) 2068 (1)
Q1:0.049,Q3:0.058
CV:17.59%
Limestone Jurassic 8.7E-07 0.038/0.001 (25)£0.115 829/823 (6) 40 2171/2155 (5)+108
Q1: —0.003,Q3:0.019 Q1:809, Q3: 847 Q1:2080,Q3: 2271
CV:306.01% CV:4.77% CV:4.98%
Sandstone Jurassic 6.0E-05 0.067/0.006 (6) +0.157 739 (1) 1524 (1)
Q1: —0.014,03:0.125
CV: 232.56%
Basaltic-andesitic dykes ~ 9.1E-07 11.270/4.199 (14) £ 12410 757 (2)£55 2088 (2)£312
Q1:2.909,Q3: 26,52
CV:110.05%
Marble 9.8E-07 0.124/— 0.027 (41)£0498  853/836 (9) £45 2318/2269 (9) +123
Q1: —0.034,Q3:0.008 Q1:825,Q3:859 Q1:2208, Q3: 2435
CV: 402.46% CV:5.25% CV:5.32%
Quartz veins 3.3E-06 0.349/0.136 (19)£0.713 760/763 (4)£13 1941/1937 (4) £ 51
Q1:0.052,Q3:0.350 Q1:746,Q3:771 Q1:1895,Q3: 1991
CV:204.11% Vi 1.75%
Skarn 1.6E-06  94.120/3.920 (62) £190.800 742/740 (11)£26 2399/2477 (12)+333
Q1:1.756,Q3: 102.800 Q1:746,Q3: 763 Q1:2028,Q3: 2629
CV:202.72% CV:351% CV: 13.89%
Granitoids total 5.1E-06  4.363/3.331 (60) £ 4.457 775/787 (15)£54 1901/1920 (26) £ 123
Q1:0.301,Q3:6.402 Q1:749,Q3: 809 Q1:1798,Q3: 1979
CV:102.15% CV:6.91% CV: 6.48%
Granitoids (weak— 1.2E-06  5.206/3.573 (38) :£4.878 769/779 (12) £57 1956/1972 9) £ 174
moderate alteration) Q1:1.738,Q3:6.795 Q1:733,Q3:793 Q1:1811,Q3: 2065
V:93.70% CV:739% CV: 8.90%
Granitoids (strong 1.2E-05 0.036/0.026 (12) +0.048 795/809 (3)+38 1931/1948 (4) =100
alteration) Q1: —0.0068, Q3:0.085 Q1:1828,Q3:2016
CV: 135.70%

Arithmetic mean values in normal font, the numbers in bold represent the median, = = standard deviation, () =number of
analyzed plugs, Q1: 25% quartile, Q3: 75% quartile, 8 =compressibility, cp = specific heat capacity, VHC = volumetric heat
capacity, X=magnetic susceptibility

Appendix B Additional information on data processing

Table 7 provides an overview of the empirical relationships that were applied for the

temperature and pressure correction of thermal conductivity, thermal diffusivity, specific
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heat capacity and sonic wave velocities. These relationships are based on laboratory
experiments of the respective parameter at elevated temperature and/or pressure condi-
tions. Here we present the correction function for thermal conductivity of sedimentary
rocks as an example to explain the procedure. The effect of temperature on thermal con-
ductivity was calculated using the following equations:

2(0) = 0.54 - A(25) + %\/ 1.16 - (A(25)) — 0.39 - A(25), (4)
B 2(0)
D = 559 1T (0.0034 — 0.0039//.(0)) ®)

where A (0) is the normalized thermal conductivity at 0 °C, A (25) is the measured ther-
mal conductivity at 25 °C, and X (7) is the thermal conductivity at temperature 7 in
°C. Abdulagatova et al. (2009) fitted their experimental data to the following empirical

equations:
Py
(T, P) =)o €Xp <—P> + AP =0.1,T), (6)
doo(T) = ag + a1 T + ay T?, 7)
Jo( =01, T) = (C+DT)™, (8)

where the values of parameters a,=1.7358 x 1072, a,;=1.0272 x 1073, a,=— 8.1x 1077,
C=0.30532, D=0.2302 x 1073, P,=atmospheric pressure and P= pressure at reservoir
depth. Based on the results presented in Abdulagatova et al. (2009), the following equa-
tion was derived to calculate the effect of pressure on thermal conductivity:

M(P) = (—1E — 10) - P* + (1E — 07) - P> — (4E — 05) - P>+ 0.0074 - P + /. 9)

Table 7 Empirical relationships used for temperature and pressure correction of thermal properties
and sonic wave velocities

Parameter Type of correction References Rock type

Thermal conductivity =~ Temperature Vosteen and Schellschmidt  Sedimentary, magmatic and
(2003) metamorphic rocks
Chenetal. (2021) Volcanic rocks

Pressure Abdulagatov et al. (2006), Sandstone, limestone, intru-

Abdulagatova et al. (2009) sive rocks

Thermal diffusivity Temperature Vosteen and Schellschmidt  Sedimentary, magmatic and
(2003) metamorphic rocks
Durham et al. (1987) Volcanic rocks

Specific heat capacity Temperature Vosteen and Schellschmidt  Sedimentary, magmatic and
(2003) metamorphic rocks

Sonic wave velocities  Temperature and pressure Qi et al. (2020) Carbonates

Hughes and Maurette (1957) Magmatic and intrusive rocks
and Birch (1961)

Vinciguerra et al. (2005) Tuff
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where A(P) is the thermal conductivity at reservoir pressure, A =thermal conductivity at
laboratory conditions and P is the respective pressure at reservoir depth.
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