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Executive summary
More than 250 rock samples were taken from about 125 representative outcrops in the study area
covering all key lithologies from the basement to the cap rock. Additionally, 64 plugs were drilled
from core samples of the geothermal wells of the Los Humeros geothermal field. The field campaigns
showed the geological complexeity of both reservoirs. Detailed outcrop analysis is paramount to
characterize and discover heterogeneities within the geological units.
From this sample set, about 1700 plugs have been analysed for petro- and thermophysical properties
at ambient conditions. An extensive data base was set up including data from all project partners
involved in Task 6.1.
Based on macroscopic, thin section and chemical analysis, the samples were classified into
lithostratigraphic units with distinct properties. Given the large number of samples and sampling
locations our results reflect the spatial and internal heterogeneity of the outcrop and reservoir rock
properties. Detailed statistical and geostatistical analysis allows for stochastic analysis of the dataset.
Our results thus form the basis for the statistical parameterization of numerical TH(M) models created
in WP6 and can also be used for the interpretation of geophysical surveys of WP5.
As addition to the analysis of properties at ambient conditions, selected samples were tested after high
temperature treatment. The effect of temperature on porosity and, consequently, on P- and S-wave
velocity becomes if heating exceeds 400°C. For these treated samples ydraulic conductivity changes
from less that 10-8 to 10-6m s-1 after heating. This underlines that properties at reservoir conditions
might be very different compared to outcrop analogue samples or properties determined at ambient
conditions.
Shallow geophysical field surveys were useful in order to understand the technical characteristics of
the outcropping rock mass in the geothermal area compared to small scale rock samples. Traditional
and “no-contact” measurement methods produced data usually well-fitting to each other which allows
the estimation of mechanical and hydrogeological properties. The results of the applied physical and
geophysical methods match very well. Geoelectric surveys, even if qualitative, couples very well to
direct observation and can be used when field observation is not possible. Fault damage zones of
about 30 – 40 m width around significant faults were observed where rock permeability is several
orders of magnitude higher than rock permeability of undamaged rock sections. Dykes intruded into
the basement rocks can be probably targeted as possible path ways for geothermal fluids due to the
strong mechanical difference between the more “fragile” vulcanic intrusion and the more “plastic”
limestones or marbles of the basement.
Borehole, outcrop and laboratory samples show an evolving sequence of fluid-rock alteration.
Patterns are consistent with a model of; early, very high temperature fluids forming anhydrous
secondary phases, followed by progressively cooler fluids forming more hydrous ones. Fracturecontrolled fluid movement dominates in the basement carbonate; whereas both fracture and matrix
flow occur in the currently-exploited andesite-hosted geothermal reservoir. Significant amounts of
acidity, silica, calcium and magnesium were mobilised. This lead to heterogeneous distribution of
both secondary porosity and secondary minerals - though fractures are eventually sealed, the wallrock
appears weakened. Secondary mineral compositions are consistent with a possible boiling zone in the
shallower parts of the andesitic reservoir. Implications: fracture wallrock may be weakened, allowing
refracturing and hence a focus for long-term fluid flow; Si and Ca metasomatism along fractures;
secondary Ca-Si minerals lining fractures may lower fluid-rock reaction and help migration of acidity.
Magneto-telluric data show highly conductive laterally extended structures in the subsurface of the
Los Humeros caldera, indicated by resistivities of about 1 – 10 Wm at about 1500 – 2000 m.b.s.l..
Taking into account the fact that Los Humeros is considered to be a partially saturated reservoir with
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high proportion of vapor phases, there are two tentative explanations, yet. In case of a gas saturated
formation, the highly conductive zones would indicate a strong ore mineralization and an electron
conductance mechansim, as measurements on dry, ore-bearing skarn samples have shown similar
resistivity values. In case of brine saturation and electrolytic conductance, resistivities of 17 Wm were
measured for a limestone sample, saturated with a 0.1 M NaCl solution at 406 °C. Regarding the acid
nature of the natural formation fluids even lower resistivities are expected. Thus, the existence of
supercritical aqueous fluids in the underground is also a plausible explanation for the observed MT
anomaly.
Regarding the thermophysical liquid phase properties of the fluids at Los Humeros it is implied that
these very closely match with pure water properties at given pressure and temperature conditions,
provided that the fluid state is subcritical. Consequently, the respective IAPWS formulations for
ordinary water substance could then be reliably used in reservoir models or for reservoir and plant
engineering purposes in WPs 7 and 8.
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1 Introduction
1.1

Motivation (Leandra Weydt, TUDA)

The GEMex project (EU-H2020, GA Nr. 727550) is a joint effort of a European consortium with a
corresponding consortium from Mexico and focuses on the exploration and development of deep
unconventional systems like enhanced geothermal systems (EGS) and super hot geothermal systems
(SHGS). New exploitation approaches and technologies are being developed on two sites, the
Acoculco (AC) and Los Humeros (LH) caldera complexes, both located in the north eastern part of
the Tans-Mexican Volcanic Belt (TMVB).
The project comprises a multidisciplinary approach based on three milestones which are 1) resource
assessment, 2) reservoir characterization and 3) concepts for site development (Jolie et al., 2018).
The first milestone focuses on comprehensive understanding of structural-controlled permeability and
the fluid flow in the reservoir. The distribution of fractures as well as kinematic indicators on fault
surfaces at outcrops in the Acoculco and Los Humeros areas has been investigated in several field
trips. Hydrological and geochemical data from natural springs and wells were used to identify the
main recharge areas of geothermal fluids and their physic-chemical evolution. Furthermore,
comprehensive soil-gas studies (e.g. CO2 flux) and airborne thermal imaging were conducted to
identify permeable parts of faults and fractures. The second milestone includes several geophysical
surveys (e.g. 42 seismic stations, seismic and gravity measurements, magnetolluric and transient
electromagnetics) to characterize active faults, discontinuities of the shallow crust and fluid dynamics
and to identify deep structures in both geothermal systems. Outcrop analogue studies were conducted
to investigate fracture patterns, geometry and dimensions (e.g. shallow geophysical measurements,
hyperspectral scanning), as well as to characterize the key lithologies regarding thermo- and
petrophysical rock properties and mineralogy at different scales (outcrop, rock sample, thin section).
The resulting data and models of all work groups will be combined in integrated reservoir models at a
local, regional and superregional scale. The last milestone includes the investigation of transferable
concepts for developing EGS and utilization of superhot geothermal systems (SGHS) as well as
suitable materials which can resist high temperatures and corrosive fluids in the reservoir. Potential
drill pathways and well design will be investigated along with a comprehensive risk assessment and
management. Environmental, social and economic impacts are being assessed to provide prevention
strategies and practices during planning, developing and operation of EGS and SHGS resources.
On the European side eight work packages were created covering the before mentioned sub goals of
the project. Furthermore, the individual work packages were split up into more specialized subgroups
called ‘tasks’. Almost equal work group distributions were made on the Mexican side. The work
presented in this report belongs to Work Package 6 (WP6) and to milestone 2 “reservoir
characterization”.
In WP6 Task 1, the EGS reservoir in Acoculco and the SHGS reservoir in Los Humeros were
characterised with respect to rock and fluid properties and their variation with temperature and
pressure. These are required, on the one hand, for setting up and parameterising discretised structural
models used in static and dynamic numerical simulations of fluid flow, heat transport, and phase
behaviour before and during geothermal exploitation. On the other hand, rock and fluid properties and
their variation with temperature and pressure are required for interpreting geophysical seismic and
electromagnetic measurements on the surface.
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Physical properties of reservoir rock samples and outcrop analogues were analysed using
petrophysical and geomechanical laboratory tests at simulated in situ p/T conditions, such as, thermal
and electrical conductivities, P- and S-wave velocities. These parameters for different rock types in
the Acoculco and Los Humeros reservoirs are relatively poorly known, despite valuable achievements
in earlier projects. Results obtained are used for (i) deriving a catalogue of parameters for processing
of geophysical data and (ii) interpreting the subsurface models based on geophysical surface
measurements in terms of geothermal reservoir parameters.
Permeability were measured on rock samples at in situ p/T conditions and characterized based on
mineralogical, petrographic, and microstructural studies on the one hand, and on derived correlations
between permeability and rock (micro-) structure, on the other hand. Last but not least, water-rock
interaction experiments were performed at in situ p/T conditions which will allow estimating the
variation of porosity and permeability with time in an operated reservoir caused by associated
pressure and temperature transients.
All this forms the base for setting up and parameterising discretised structural models for the EGS
reservoir in Acoculco and the SHGS reservoir in Los Humeros and associated static and dynamic
numerical simulations of fluid flow, heat transport, and phase behaviour before and during geothermal
exploitation.
Figure 1.1-1 shows the involved project partners on the European and Mexican side.

Figure 1.1-1: Participants involved in the work of WP6 Task 1.
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1.2 Geological setting (Leandra Weydt, TUDA)
The Acoculco and Los Humeros caldera complexes are located in the north eastern part of the TransMexican Volcanic Belt (TMVB), 125 and 180 km east of Mexico City, respectively. The E-W
trending TMVB is a ~ 1000 km long arc which is directly linked to the subduction of the Rivera and
Cocos plates beneath the North American plate along the Middle-American Trench (LópezHernández et al., 2009, Avellán et al., 2018). It reaches from the Pacific Ocean to the Gulf of Mexico
in Southern Mexico.

Figure 1.2-1: Geodynamic setting of the Los Humeros and Acoculco caldera complexes (figure from Jana Perizonius
modified from Avellán et al., 2017 in prep.). The Acoculco and Los Humeros caldera complexes are marked with a
yellow star.

The Acoculco caldera complex has an 18 x 16 km asymmetric structure (Avellán et al., 2018).
Previous studies describe the Acoculco caldera as lying within the older and larger Tulancingo caldera
(~3.0 to 2.7 Ma) and that both calderas form the so called Tulancingo-Acoculco caldera complex
(López-Hernández et al., 2009, Pfeiffer et al., 2014). These studies also say that the Pliocene and
Pleistocene calcalkaline volcanic rocks of the Acoculco caldera complex (ACC) resulted from three
main volcanic periods in the area. The first and second periods were related to the collapse of the
Tulancingo caldera (3.0-2.7 Ma) and the Acoculco caldera (1.7-0.24 Ma) producing mainly dacitic to
rhyodacitic lavas and rhyolitic domes and andesitic ignimbrites, respectively. A third episode (1.8 –
0.2 Ma) was related to monogenetic volcanism without a caldera collapse (López-Hernández et al.,
2009). However, in the most recent study performed by Avellán et al. (2018), no evidence for the
existence of the larger Tulancingo caldera could be found. According to this study, the Acoculco
caldera is defined by the “Atotonilco scarp to the north, the Manzanito fault to the southwest and the
venting sites” to the east and south, which results in a more asymetric rhombohedral to sub-circular
geometry (than proposed by López-Hernández et al., 2009). The NE- and NW-striking normal fault
systems intersect each other and create an orthogonal arrangement of grabens, half-grabens and
horsts. The Acoculco caldera is located on the NE-SW Rosario-Acoculco horst and sits on Cretaceous
limestones. The Miocene volcanic rocks (predominantly andesitic and dacitic lava domes) in the study
area were related to early stages of the TMVB, while the magmatic activity of the Acoculco caldera
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began with the emplacement of the Acoculco ignimbrite (~2.7 Ma), followed by several Early- (~2.7
– 2.0 Ma) and Late-post caldera (~2.0 – 1.0 Ma) volcanic events producing basaltic to trachyandesitic
lava flows and rhyolitic lava domes, respectively. The Extra-caldera volcanism comprises several
andesitic and basaltic lavas and scoria cones and is related to the volcanism of the Apan-Tezontepec
Volcanic Field.
The younger Los Humeros caldera comprises Pleistocene to Holocene basaltic andesite-rhyolite
volcanic rocks and has a 21 x 15 km irregularly circular shape (Carrasco-Núñez et al., 2018). The
oldest volcanic activity in this area is represented by a thick sequence of hornblende andesites, dacites
and basaltic lava flows (10.5 Ma, Cuyoaco + Alseseca andesites), Toba Humeros vitric tuffs and
Teziutlán augite andesites (5-1.55 Ma; Norini et al. 2015 and references herein). These andesites form
the geothermal reservoir in the subsurface of the Los Humeros geothermal system (Carrasco-Núñez et
al., 2018). The emplacement of the Los Humeros caldera is associated with two main caldera-forming
eruptions, multiple voluminous plinian eruptions, as well as alternating episodes of dacitic and
rhyodacitic dome-forming eruptions (Carrasco-Núñez et al., 2017a). The Los Humeros caldera
collapse is associated with the emplacement of the high-silica rhyolite Xáltipan ignimbrite at ~160 ka
(Carrasco-Núñez et al., 2017b). A second caldera forming eruption occurred at ~69 ka and is related
to the Zaragoza ignimbrite emplacement forming the Los Potreros caldera within the Los Humeros
caldera. Together with Tuffs, ash fall deposits and diverse pyroclastic flows, the ignimbrites form the
cap rock of the reservoir. Overlying this are Holocene to recent basalt lava flows.
The volcanic rocks of the Acoculco and Los Humeros geothermal fields are emplaced on intensively
folded Mesozoic sedimentary rocks belonging to the Sierra Madre Oriental (López-Hernández et al.,
2009) comprising Jurassic sandstones, shales and hydrocarbon-rich limestones and dolomites overlain
by Cretaceous limestones and shales. Granitic and syenitic plutons of Tertiary age and basaltic dykes
intruded into the sedimentary sequences and led to local metamorphism of marble, hornfels and skarn
(Ferriz and Mahood, 1984).

1.3 Field work, sample distribution and classification (Leandra Weydt,
TUDA)
1.3.1

Field work and sample distribution

The main objective of Task 6.1 is to characterize the two reservoirs in Acoculco and Los Humeros
with respect to their rock and fluid properties and their variation with temperature and pressure. At
early exploration stages or in cases where detailed information about the subsurface geology is not
available, outcrop analogue studies offer a cost-effective opportunity to investigate and correlate (e.g.
facies, diagenetic processes or petrophysical properties from outcrops to the subsurface). The key
lithologies and their properties were analysed on different scales: 1. macroscale (outcrops), 2.
mesoscale (rock samples), and 3. microscale (thin section and chemical analysis).
In order to achieve the goals of Task 6.1, several joint field trips with the Mexican partners were
conducted. Whenever possible, Work Packages 4 and 6 joined forces to enhance the comparability of
results, and maximise effective collaboration and teamwork. Rock samples were taken within the
Acoculco and Los Humeros calderas and in the surrounding areas. Furthermore, particular attention
was paid to the exhumed systems Zacatlán/San Miguel Tenango (east of Acoculco) and Las Minas
(east of Los Humeros), where all units from the cap rock to the basement are exposed. These so called
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‘fossil systems’ serve as proxies for the active geothermal fields and help us understand the fluid flow
and mineralization processes in the presently active geothermal reservoirs.

Figure 1.3-1: Geological map of the Acoculco and Los Humeros caldera including the sampling points within WP6
(SGM, 2002a and b).

In total five field trips with different objectives were conducted on the European side:
1) The first field trip in January 2017 was led by Domenico Liotta (Uni Bari, WP4) together with
Eduardo Gonzalez and his team (Geominco, UNAM) and focused on the exhumed systems in Las
Minas and Zacatlán/San Miguel Tenango. 24 rock samples covering different rock types were
collected by Baptiste Lepillier (TU Delft). The samples were distributed between RWTH Aachen,
GFZ, Unito and TUDA for non-destructive measurements and were sent back afterwards to TU
Delft to perform destructive rock mechanical tests.
2) The second field trip in March 2017 was led by Stephan Dübner (RWTH Aachen) and Abel
Hernandez Ochoa (INEEL) in order to collect samples predominantly for the hydraulic fracturing
experiments in Task 6.4. Four large blocks were extracted from a marble quarry called ‘Pueblo
Nuevo Quarry’ and a granite outcrop in Las Minas. Furthermore, 10 smaller samples for standard
petrophysical measurements were acquired during the trip. Unfortunately, the halves of the
smaller samples broke or were lost during shipment to Europe. After the fracturing experiments
were conducted, the remaining material of the blocks was sent to TU Delft for rock mechanical
tests.
3) The third field trip conducted between May and June 2017 was organized by Kristian Bär
(TUDA) and included several partners: Gianluca Norini (CNR), Chris Rochelle (BGS), Eduardo
Gonzalez and Daniel Gonzalez (Geominco, UNAM), Jose Luis Macías Vázquez and Denis
Avellán (UNAM), Leandra Weydt (TUDA) and the CFE team at the CFE camp in Los Humeros.
The aim of this field trip was to collect all key units from the basement to the caprock of both
geothermal fields in order to acquire a representative sample set for petrophysical
characteriaztion. In total 89 samples (more than 1100 kg) were collected by the TUDA team in
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and around both caldera complexes as well as from the exhumed system in Las Minas.
Additionally, BGS sampled 26 samples (around 30 kg) of relatively pristine material for lab
experiments (granite, limestones, andesites and ignimbrites) as well as metamorphic and altered
rock samples from Las Minas for detailed mineralogical studies to better understand reactions
associated with high temperature fluids entering rocks. Furthermore, CFE provided access to their
core storage at the CFE camp. The core material was photographed and catalogued, which formed
the basis for further investigations. More than 40 % of the TUDA sample material was shared
with RWTH Aachen, BGS, GFZ, Unito and CNR (WP4).
4) Field trip number four was conducted in January until February 2018 and led by Leandra Weydt
(TUDA) and Domenico Liotta (Uni Bari, WP4). The field trip was supported by the Mexican
partners Geovanny Hernández (UNAM), Victor Hugo (UMNSH) and Antonio Pola (UNAM) and
their teams. This field trip included the highest numbers of participants from several institutions:
Christopher Rochelle (BGS), Baptiste Lepillier (TU Delft), Walter Wheeler, Anita Torabi, Tobias
Kurz, Benjamin Dalva, Eivind Bastesen (UniResearch), Jerzy Nawrocki, Krystian Wójcik (PGI)
and Jana Perizonius, Maximilian Bech and Thomas Kramer (three Master candidates from
TUDA). This field trip was intended to complement the sample set collected in May 2017 for a
better understanding of formation heterogeneity and distribution. In total, 148 samples were
collected by the TUDA team around the Los Humeros caldera, as well as from the exhumed
systems at Las Minas and Zacatlán. To reduce transport costs, the samples were drilled at the CFE
camp in Los Humeros. In total 613 plugs were drilled from the outcrop samples. Additionally,
CFE permitted extensive sampling of the drill cores of the Los Humeros geothermal field. The
samples were collected based on their lithology and the existence of previous investigations
published by Contreras et al. (1990), Arellano et al. (2003), Garcia-Guíterrez and Contreras
(2007), Izquierdo et al. (2011), Carrasco-Nunez et al. (2017a). 64 plugs were drilled from 35
different core sections covering 14 wells of the Los Humeros geothermal field. Complementary to
the sampling of TUDA, Baptiste Lepillier collected eleven samples (marble, limestone and skarn)
from Las Minas for rock mechanical tests in addition to his fracture pattern analysis. Likewise,
BGS collected 37 samples predominantly covering marbles, limestones, granites and their
metamorphic byproducts. Specifically-targeted were samples showing evidence for igneousderived, silica-rich fluids interacting with carbonate-rich rocks outside of the mineralized skarn
zone. Complementary to the sampling on the European side, the team around Antonio Pola
collected limestone samples on the same outcrops as TUDA in the Zacatlán/San Miguel Tenango
area for petrophysical and rock mechanical investigations and for ‘benchmarking’ of the lab
devices.
5) The last field trip in March 2018 led by Cesare Comina and Giuseppe Mandrone (UniTo) together
with Mexican partners was organized to perform shallow geophysical surveys including electric
tomography, ultrasonic wave velocity measurements and thermal imaging in the outcrops. Three
representative outcrops at Las Minas as well as at Acoculco were selected, respectively. The aim
was to characterize the variations of rock mechanical behaviour around brittle deformation zones
from the intact rock to the damage zone, and to the shear zone. This approach provides a detailed
geomechanical description of the transition zones in close proximity to main fault zones and is
linked with the hyperspectral scanning carried out by WP4. The results will be correlated with
data from laboratory measurements measured on samples taken directly along the shallow
geophysical experiments. Additionally, Unito received 10 cylindrical samples taken by the
Mexican partners from a marble quarry at Las Minas for high temperature destructive tests.
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As well as the above joint European/Mexican trips, during spring/summer 2017 Antonio Pola and his
team (UNAM) conducted detailed studies on outcrops of late post-caldera units (Perdernal rhyolitic
domes and dacitic lavas) within the Acoculco caldera. The aim was to identify the degree of
hydrothermal alteration and how this might affect the petrophysical parameters and rock mechanical
behavior.
A sample catalogue was set up and continuously updated during the project including all relevant
information about the samples, outcrops, planned measurements, sample distribution between the
partners and suggested model units. The rock samples were classified after Norini et al. (2015) and
Avellán et al. (2018) into 1) Post-caldera volcanism, 2) Caldera volcanism, 3) Pre-caldera volcanism
and 4) Basement and Intrusive rocks. These classifications were also used as a reference for WP3.

1.3.2

Sample classification

Within Task 3.1, four model units were defined for the regional structural model of the Los Humeros
caldera (Calgagno et al., 2018): G4 Basement, G3 Pre-caldera, G2 Caldera and G1 Post-caldera. For
the local model within the Los Humeros caldera, nine local units ranging from “U9 Basement” to “U1
Undefined pyroclastics” were defined (Figure 1.3-2).

Figure 1.3-2: Overview of the regional and local model units of the Los Humeros model created within Task 3.1
(Calgagno et al., 2018).

Subsequently, the local model units were revised (Table 1.3-1): U7 (Intermediate pre-caldera unit)
and U6 (Upper pre-caldera unit) where merged to U6 and a new unit U7 predominantly comprising
‘tuffs’ as an intermediate layer between the Teziutlán and Alseseca andesite units, was introduced.
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Table 1.3-1: Revised local model units for Los Humeros.

Unit

Name

U1
U2
U3
U4
U5
U6
U7
U8
U9

UndefindedCald
PostCald
LPCald (Los Potreros caldera)
InterCald
LHCald (Los Humeros caldera)
Pirox_Andesite (pyroxene bearing andesites)
Tuffs
Horn_Andesite (hornblende bearing andesites)
Basement

For the 3D geological model of Acoculco, five regional units were used. Within this preliminary
model all volcanic deposits were summarized into one unit “AC5-Volcanics”, whereas the basement
rocks were split into four separate units as shown in Table 1.3-2.

Table 1.3-2: Regional model units of the 3D geological model of Acoculco.

Unit

Name

AC5
AC4
AC3
AC2
AC1

Volcanics
Limestones
Skarns
Granites
Basement

In total, 81 and samples have been collected in the Acoculco area and classified according to the
model units. Five small altered samples with unknown mineral composition were taken by BGS for
detailed mineralogical analyses and could not be classified so far. Likewise, 265 samples have been
taken in the Los Humeros area. The eigth undefined samples represent altered and metamorphic
samples with unknown composition or where a clear correlation with the aforementioned stratigraphic
units was not possible. However, 20 unspecified lava/dyke samples taken in the Cuyoaco area were
identified as andesitic/dacitic lavas (via XRF analysis) and thus could be referred to the Pre-caldera
volcanism and most likely belong to the Cuyoaco lavas.
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Figure 1.3-3: List of Task 6.1 samples collected in the Acoculco area and in the exhumed system of Zacatlán.
Stratigraphic classification after Avellán et al. (2018).

Figure 1.3-4: List of Task 6.1 samples collected in the Los Humeros area and in the exhumed system of Las Minas.
Stratigraphic classification after Norini et al. (2015) and Carrasco-Núñez et al. (2018). Around 20 andesitic dyke
samples were related to the Pre-caldera volcanism and most likely belong to the Cuyoaco lavas.
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1.3.3

Further procedure and measurement process

More than 250 rock samples were taken for rock property measurements from about 125
representative outcrops in the study area covering all key lithologies from the basement to the
caprock. The samples were shipped to Europe and subsequently distributed between the partners to
determine as many parameters as possible on the same sample set. An added benefit of this approach
was the opportunity to validate different measurement methods (benchmarking). Plugs with diameters
ranging from 25 to 64 mm were drilled from the outcrop samples. However, the CFE reservoir
samples were drilled only with a 40 mm drill bit.
Starting with non-destructive measurements, the samples were analysed for density, porosity,
permeability as well as thermal conductivity, thermal diffusivity, specific heat capacity, sonic wave
velocity, electrical conductivity and magnetic susceptibility. Whenever possible, all parameters were
measured on each plug or rock sample for direct correlation. Non-destructive petrophysical
measurements were conducted by GFZ, UniTo, RWTH Aachen and TUDA.
Complementary thin section analysis combined with XRD and XRF measurements provide
information about the mineral assemblage, geochemistry, the intensity of hydrothermal alteration and
fluid rock interactions. XRD and XRF analysis were run on the CFE reservoir samples and on several
outcrop samples (predominantly andesites and basalts) taken by the TUDA team. The sample material
was ground using a tungsten-carbide cell at TUDA. XRF and XRD analysis were conducted at TU
Delft, GFZ, UniTo and TUDA. Detailed thin section analysis was performed by BGS on a few
selected CFE reservoir samples and on specific outcrop samples taken in Las Minas. The results are
described in detail in section 4.6.
Destructive geomechanical tests like uniaxial, Brazilian, Chevron bend and triaxial tests were
conducted after the non-destructive petrophysical measurements to evaluate possible stimulation of
the basement. These tests were carried out at TU Delft and TUDA (see attached report in Appendix
B).
Cyclical heating experiments were conducted at UniTo in order to analyse the impact of temperature
at reservoir conditions on the mechanical behavior of the basement rocks. During these tests,
representative samples were treated at temperatures ranging from 105 to 600 °C. Non-destructive
petrophysical measurements and destructive uniaxial tests were carried out before and after each
heating cycle. Thin section analyses allowed the identification of temperature-induced changes on the
microscale. Furthermore, thermotriaxial tests and thermal conductivity measurements with
temperatures of up to 200 °C are intended to transfer the rock. The results are displayed in chapter
4.3.5.
Detailed descriptions of the methods used and the testing devices are included in chapter 3 for each
project partner.
High p/T-experiments were carried out at BGS to investigate hydrothermal driven geochemical
changes which could be occurring within the reservoir and to quantify the extent of the consequent
dissolution/precipitation reactions. A series of sealed cells have been designed where andesitic
material is being reacted with synthetic Los Humeros reservoir water at temperatures of 200 – 300 °C
and pressures of 200 – 300 bar. In particular two types of experiments will be investigated: Closed
system batch experiments with a focus on the reaction of andesitic reservoir rocks with hot synthetic
geothermal water and open system experiments to investigate the geochemical consequences of a
fluid equilibrated with one rock type migrating into another rock type (e.g. simulating processes that
could happen when deeply sourced, hot, acidic, Ca-rich water travels up fractures and into the
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andesites of the geothermal reservoir). The overall objective of the experiments is to simulate
reactions occurring within the reservoir zone and to compare the experimental reaction products with
what is seen in the borehole core samples. The results are shown in chapter 4.6.
These experiments were complemented by long term flow through experiments conducted at GFZ for
each key unit (limestone, andesite, granite, basalt). The experiments were run under simulated in-situ
conditions (up to supercritical conditions) to study the impact of fluid-rock interactions on
permeability, electrical conductivity and on fluid chemistry. The results are presented in chapter 4.4.
Beside the extensive geological investigations, thermophysical properties of the reservoir fluids are
important key parameters to enhance reservoir understanding and modelling hot geothermal systems
with supercritical fluid conditions. Chemical data of fluid samples taken from wells at the Los
Humeros geothermal field during previous studies (Tello, 2005; Bernard et al., 2011; Elders et al.,
2014) were combined with ongoing thermophysical fluid measurements to quantify the reservoir fluid
properties. The aim is to evaluate a possible impact of dissolved substances (e.g. silica and dissolved
borate salts) on the thermophysical properties of the fluids and the physo-chemical processes that
occur on the micro scale. The results are presented in chapter 4.5.
Detailed descriptions of the used methods and testing devices are included in chapter 3 for each
project partner.
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2 Material
2.1 Samples of Los Humeros Geothermal Field and Outcrop Analogues
(Leandra Weydt, TUDA)
2.1.1

Outcrop analogue samples

Over the last few decades the Los Humeros caldera complex has been the focus of several research
projects regarding geothermal exploration and exploitation. However, relatively little is known about
the petro- and thermophysical rock properties in the study area. Other than the recent update of the
geological map of the Los Humeros area performed by Carrasco-Núñez et al. (2017a), almost all
previous studies focused on the caldera complex itself. GEMex aims to create a regional geological
model of the Los Humeros caldera, which will be the first time that the surrounding area of the
caldera will be taken into account in a 3D model. As a consequence, further data are needed for
processing and interpreting the geophysical data of WP5 and for parameterizing the geological models
which have been created in Task 6.3 and Task 6.4.
The objective was to characterize all key units from the basement to the caprock and to identify their
heterogeneity and lateral extend. Within the study area, more than 200 samples were collected for
petrophysical measurments, and included those: within the caldera complex, in the surrounding area,
and also in the exhumed system of Las Minas (Figure 2.1-1). The samples were associated to different
units as described in Carrasco-Núñez et al. (2017a) with the help of; the Mexican partners, chemical
analysis, or dating techniques (carried out by PIG, WP4).
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Figure 2.1-1: Sampling points within the Los Humeros caldera and surrounding area. Geological map taken from
Carrasco-Núñez et al. (2018).

The samples taken within the Los Humeros caldera comprise ash fall deposits, ignimbrites and very
young hydrothermally altered basaltic lavas. These samples belong to the Post-caldera volcanism
group as described by Norini et al. (2015). The samples of the ash fall deposits collected in the
western part of the caldera complex comprise a very fine grained white, yellow to red matrix. This
outcrop could be part of the fall out deposits of the Xoxoctic member as described by Carrasco-Núñez
et al. (2018). The ignimbrite samples were collected next to the ash fall deposits (close to well H64).
They consist of a beige, fine grained and soft matrix with brown, grey to black phenocrysts (mostly
pumice and lithic clasts, sometimes welded, up to 4 cm long). XRF analysis revealed a dacitic
composition. These samples were named “Inner Caldera ignimbrites” within this report, but most
likely they belong to the Llano ignimbrite (~20 ka, Norini et al., 2015) or Llano tuff (>28 ka,
Carrasco-Núñez et al., 2018). However, according to Carrasco-Núñez et al. (2017a) this unit has
rather an andesitic composition. The hydrothermally altered basalt samples have been taken close to
the Los Humeros village and are undated so far. It can be assumed that these lava flows represent the
most recent volcanic activities within the Los Humeros caldera.
The caldera forming Xaltipán ignimbrite crops out north-west of the Los Humeros caldera close to the
village Zaragoza and to a lesser amount north-east and south of the Los Humeros caldera. Further
(altered) outcrops were also found close to Cuyoaco (west of the LH caldera). Almost all collected
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samples of this unit have a homogenous, rather aphyric pink to red porous matrix with a few grey
pumice clasts. XRF analyses of samples taken from different outcrops spread over the study area
reveal a (consistent) high-silica rhyolitic composition. According to Carrasco-Núñez et al. (2017a) the
pumice clasts of this unit contain plagioclase, pyroxene, biotite and sometimes hornblende.
Unfortunately, it was not possible to collect fresh sample material from the rhyolitic domes (Postcaldera volcanism) north of the Los Humeros caldera or from the Zaragoza ignimbrite and rhyolitic
lavas referred to the Caldera and Pre-caldera stage.
The Pre-caldera volcanism group within the study area comprises Pliocene andesitic lava flows and
olivine bearing basalts (~1.46 – 2.61 Ma) and Miocene dacitic and andesitic lava flows (~10.5 Ma;
Carrasco-Núñez et al., 2017a).
The Pliocene andesites are named Teziutlán andesite. Even though exposures of the pre-caldera
volcanism a scarce, outcrops can be found northeast and north of the LH caldera, within and in the
surrounding area of Teziutlán as well as on the eastside of the LH caldera close to Libertad.
Additionally, one exposure is located southwest of the LH caldera close to the highway. The collected
rock samples of the Teziutlán andesite unit comprise massive dark to light grey, porphyric lavas
containing plagioclase and to a minor content pyroxene phenocryts. Chemical composition varies
from basaltic andesite, basaltic trachyandesite to andesite. The outcrops northeast of the LH caldera
exposure massive, nonporous, light grey and porphyritic andesites with large phenocrysts
(plagioclase, up to 1 cm long). The outcrops within and in the surrounding area of Teziutlán comprise
rather porous, dark grey, porphyritic basaltic andesite and basaltic trachyandesite lavas. These
samples were classified as “Teziutlán andesite (porous)”. The outcrops east of the LH caldera close to
Libertad as well as the outcrop west of the LH caldera comprise medium grey, massive, porphyritic
basaltic andesite and andesite lavas. Compared to the outcrop northeast of the LH caldera, the
phenocrysts are much smaller (1-5 mm) or in some cases the samples have rather an aphanetic texture.
Except for the outcrops on the eastside, the analyzed samples do not contain cracks or fractures and
have an overall fresh and unaltered appearance. The outcrops on the eastside contain fine cracks
partially filled with greenish secondary minerals.
The Miocene lavas are associated with the Cerro Grande volcanic complex and can be correlated with
the Cuyoaco andesite and the hornblende bearing Alseseca andesite (Carrasco-Núñez et al., 2017a).
Outcrops of the Cuyoaco andesite are located next to the village Cuyoaco on the western side of the
Los Humeros caldera. Samples taken from this outcrop have a light grey and brownish (slightly
violet) fine grained matrix and comprise plagioclase, (elongated) pyroxene and olivine. Further
northwards, the outcrops exposure light grey to beige, nonporous porphyritic lavas. XRF analyses
revealed a dacitic composition for all aforementioned samples. Therefore, the Cuyoaco andesite unit
within this report is named as “Cuyoaco andesite/Dacite” in the following figures.
The road to Las Minas east of the Los Humeros caldera descends about 800 meters, and road cuts
expose almost all units from the basement to the caprock of the “fossil” geothermal system. Within
WP4 a new geological map and stratigraphic profile have been created (Figure 2.1-2). Furthermore,
selected rock samples of specific units (such as the andesites and ignimbrites in the upper part) were
dated by the PGI team. Whenever possible, samples from the same outcrops were also taken for
petrophysical measurements.

17

Figure 2.1-2: Updated geological map and stratigraphic profile of the Las Minas area created by WP4 (sketch from
Oliviera et al., 2018). The red stars mark the units where rock samples have been collected for rock property
measurements.

The uppermost andesite ‘And2’ or ‘andesite superior’ was dated at ~1.17 – 1.48 Ma years and can be
seen as equivalent to the Teziutlán andesite. The collected samples comprise beige to grey, nonporous
rather microcrystalline andesite lavas. These units were followed transitionally by an ignimbrite unit
Ig1 or Toba ignimbrite (according to the Mexican colleagues), which was dated at ~1.39 Ma years.
Samples collected from this unit are dark brown, massive, nonporous and comprise beige, brown,
grey and blackish phenocrysts (1 to 4 cm long). The XRF analysis revealed a dacitic composition.
This unit was followed by a second andesite named And1, which comprises dark grey, nonporous,
porphyritic andesite lavas. According to the Mexican colleagues these lavas belong to the hornblende
bearing Alseseca andesite as described above.
The basement predominantly comprises intensively folded Cretaceous limestones and shales as well
as Jurassic sandstones, shales and hydrocarbon-rich limestones and dolomites belonging to the Sierra
Madre Oriental (Lopez-Hernandez et al., 2009). The Cretaceous limestones are exposed almost
everywhere in the extra-caldera region and comprise mostly nonporous, light grey mudstones (bed
thickness 40 cm to more than 1 m) with intercalated chert and marl layers (both up to 30 cm thick) or
chert nodules. According to Carrasco-Núñez et al. (2017a) and references therein, these samples
correspond to the Tamaulipas Inferior and Superior Formation that laterally shift to the reef facies of
the Orizaba Formation. The latter is overlain by several argillaceous formations in a transitional
manner. Limestones of Jurassic age were only found northeast of the Los Humeros caldera
comprising a light grey mudstone with a bed thickness of about 30 cm. According to López-Ramos
(1979) these samples might belong to the Pimienta Formation. As most of the carbonate outcrops
were used as quarries, it was not possible to take oriented samples.
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Granitic and syenitic plutons of Tertiary age and basaltic dykes intruded into the sedimentary
sequences (Ferriz and Mahood, 1984). The intrusive rocks are exposed around the Los Humeros
caldera (at a greater distance) in road cuts or valleys. Except for the outcrop south of the Los Humeros
caldera close to the village Tepeyahualco, all outcrops showed a strong hydrothermal overprint.
Aphanetic basaltic dykes have been discovered in two Cretaceous limestone outcrops west of the Los
Humeros caldera. In the valley west of Cuyoaco, several andesitic to dacitic dykes have been found
intruding the Cretaceous limestones (crosscutting the strata or following fault zones). Most likely, the
dykes can be correlated to the Cerro Grande volcanism or to the dacitic/andesitic Miocene lavas as
described above.
The road cuts to Las Minas and the ore mines and quarries in the surrounding area of Tatatila and Las
Minas offer a great possibility to study the different lithologies of the basement and metamorphic
processes caused by intruded granitic and granodioritic plutons and dykes. Several fresh granitic and
granodioritic samples, basaltic dykes, Cretaceous limestones as well as skarns, marbles and quartz
have been collected from contact and fracture zones in this area. The metamorphic skarns reveal a
highly variable geochemistry caused by the complex hydrochemistry of the fluids and processes
during metamorphism in the contact zones as well as whether the former protolith was a carbonate
(exoskarn) or igneous rock (endoskarn).

2.1.2

CFE reservoir samples

Up to now, 65 wells have been drilled in the Los Humeros geothermal field, of which 29 wells were
cored. Although the Los Humeros caldera complex has been the focus of several studies since
exploration started in the 1980’s, only a few investigations have been carried out on the reservoir core
samples.
An extensive study including petrophysical and rock mechanical parameters (well H2 up to H29)
were conducted by Contreras et al. (1990). However, this study provides no information about the
lithology and rock description for individual samples. Later on, this study was followed by GarcíaGutiérrez and Contreras (2007) applying a line-source technique to measure thermal conductivity and
thermal diffusivity on 15 core samples. Stratigraphic descriptions, general rock descriptions and the
first conceptual models of the Los Humeros geothermal reservoir were provided in Cedillo (2000),
García-Gutiérrez et al. (2002), Martínez-Serrano et al. (2002) and Arellano et al. (2003, Figure 2.1-3).
Detailed investigations on individual samples with respect to silicification processes within the
reservoir were carried out by Izquierdo et al. (2011). Based on chemical analysis and detailed
descriptions of cutting material taken from 9 wells, Carrasco-Núñez et al. (2017b) revised the
lithostratigraphic profiles and defined main groups related to the Post-caldera-, Caldera- and Precaldera volcanism as well as to the Pre-volcanic basement. Carrasco-Núñez et al. (2017b) subdivided
the Pre-caldera group into a) basal hornblende-bearing andesite and basalt which correlate with rocks
from the Cerro Grande volcanism (located west of the caldera with a very restricted distribution at the
bottom of a few wells), b) pyroxene-bearing porphyritic andesite representing the main part of the
geothermal reservoir and c) rhyolites, dacites and andesites (with a restricted distribution).
Furthermore, the Caldera group was divided into; a) a basal unit comprising alternating rhyolitic tuffs
and andesitic lava flows, b) pyroclastic deposits that correlate with the Xaltipán ignimbrite formation,
and c) pyroclastic deposits belonging to the Faby tuff and Zaragoza ignimbrite. The volcanic
successions show a highly irregular distribution within the caldera, which makes it difficult to
correlate between individual wells. Simple correlation models using horizontal continuous layers
can’t be applied.
19

Figure 2.1-3: Conceptual cross section of the central part of the Los Humeros caldera with interpolated isotherms
(sketch from Perizonius (2018) modified from Arellano et al., 2003). The coloring represents the four main units of
the 3D geological model: Post-caldera group (light beige), Caldera group (beige), Pre-caldera group (red) and the
Basement (green and violet).

In order to complement and update previous studies, 64 samples were drilled from 35 core sections
covering 14 wells (H13 until H40) of the Los Humeros geothermal field as shown in Table 2.1-1. The
aim of this study is to combine petrophysical properties with petrological and chemical data, to
integrate data from previous studies and to compare the reservoir samples with the (unaltered) outcrop
samples in the study area. Based on previous studies (as described earlier), lithostratigraphic profiles
from CFE and macroscopic description in combination with XRF and XRD analysis, the samples
were classified into five main rock classes: andesite, ignimbrite, tuff, basalt and marble.
The collected rock samples predominantly represent microcrsitalline to porphyritic basaltic andesites
and andesites. Furthermore, two Tuff samples (core H20-4 and H26-1), two marble samples (H13-3
and H15-4), three ignimbrite samples (H26-4, H18-3 and H18-1) and one altered basalt sample (H231) were collected.
Table 2.1-1: Overview of the collected CFE reservoir samples

Number

Sample Name

Core Name

Geothermal
reservoir

Diameter
[mm]

Depth [m]
bgl
from

Depth [m]
bgl
to

1

H13-1-x-C1

H13-1

LH

40

1200

1203

2

H13-3-x-C1

H13-3

LH

40

1414

1417

3

H13-3-x-C2

H13-3

LH

40

1414

1417

4

H15-1-4B-C1

H15-1

LH

40

1250

1253

5

H15-1-7D-C1

H15-1

LH

40

1250

1253

6

H15-4-x-C1

H15-4

LH

40

1970

1973

7

H18-1-8-C1

H18-1

LH

40

796

799

8

H18-1-8-C2

H18-1

LH

40

796

799

9

H18-3-8-C1

H18-3

LH

40

1750

1753

20

10

H18-3-8-C2

H18-3

LH

1750

1753

2900

2903

LH

40
crumbled
pieces
40

11

H18-4-x

H18-4

LH

12

H19-1-8-C1

H19-1

981

984

13

H19-1-8-C2

H19-1

LH

40

981

984

14

H19-2-2-C1

H19-2

LH

40

1300

1303

15

H19-3-A(1)-C1

H19-3

LH

40

1769

1773

16

H20-4-x-C1

H20-4

LH

40

1400

1403

17

H20-4-x-C2

H20-4

LH

40

1400

1403

18

H23-1-4-C1

H23-1

LH

40

673

676

19

H23-1-5b-C1

H23-1

LH

40

673

676

20

H23-2-x-C1

H23-2

LH

40

1200

1203

21

H23-2-x-C2

H23-2

LH

40

1200

1203

22

H23-3-x-C1

H23-3

LH

40

1924

1926

23

H23-3-x-C2

H23-3

LH

40

1924

1926

24

H23-4-1-C1

H23-4

LH

40

2495

2497

25

H23-4-1-C2

H23-4

LH

40

2495

2497

26

H24-1-x1-C1

H24-1

LH

40

1008

1011

27

H24-1-x2-C1

H24-1

LH

40

1008

1011

28

H24-3-7B-C1

H24-3

LH

40

2294

2300

29

H24-3-7B-C2

H24-3

LH

40

2294

2300

30

H24-4-10-C1

H24-4

LH

40

2844

2847

31

H25-3-7-C1

H25-3

LH

40

2300

2303

32

H25-3-7-C2

H25-3

LH

40

2300

2303

33

H26-1-x-C1

H26-1

LH

40

350

353

34

H26-1-x-C2

H26-1

LH

40

350

353

35

H26-2-x-C1

H26-2

LH

40

1200

1203

36

H26-2-x-C2

H26-2

LH

40

1200

1203

37

H26-3-9-C1

H-26-3

LH

40

1810

1813

38

H26-3-9-C2

H-26-3

LH

40

1810

1813

39

H26-4-16-C1

H26-4

LH

40

2000

2004

40

H26-4-16-C2

H26-4

LH

40

2000

2004

41

H27-1-16-C1

H27-1

LH

40

1110

1113

42

H27-1-16-C2

H27-1

LH

40

1110

1113

43

H27-3-12-C1

H27-3

LH

40

2048

2051

44

H27-3-1-C1

H27-3

LH

40

2048

2051

45

H28-1-14-C1

H28-1

LH

40

1250

46

H28-1-14-C2

H28-1

LH

40

1250

47

H28-2-1-C1

H28-2

LH

40

2002

2005

48

H38-1-6-C1

H38-1

LH

40

1100

1103

49

H38-1-6-C2

H38-1

LH

40

1100

1103

50

H38-2-x-C1

H38-2

LH

40

1500

1503

51

H38-2-x-C2

H38-2

LH

40

1500

1503

21

52

H38-4-25-C1

H38-4

LH

40

1950

1953

53

H38-4-25-C2

H38-4

LH

40

1950

1953

54

H39-1-16-C1

H39-1

LH

40

1200

1203

55

H39-1-9-C1

H39-1

LH

40

1200

1203

56

H39-2-11-C1

H39-2

LH

40

1650

1653

57

H39-2-11-C2

H39-2

LH

40

1650

1653

58

H39-3-x-C1

H39-3

LH

40

1800

1803

59

H39-3-x-C2

H39-3

LH

40

1800

1803

60

H39-4-5-C1

H39-4

LH

40

2100

2103

61

H39-4-5-C2

H39-4

LH

40

2100

2103

62

H40-1-16-C1new

H40-1

LH

40

1612

1615

63

H40-1-16-C2new

H40-1

LH

40

1612

1615

64

H40-1-26-C1

H40-1

LH

40

1612

1615

Figure 2.1-4: Overview of the inner part of the Los Humeros caldera. The wells where core samples have been
collected are marked in green. Geological map taken from Carrasco-Núñez et al., 2017a.
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2.2 Samples of Acoculco Geothermal Field and Outcrop Analogues
(Leandra Weydt, TUDA)
2.2.1

Outcrop analogue samples

The samples taken within the Acoculco caldera and the surrounding area comprise different
lithologies from the Post-caldera volcanism group to the Cretaceous and Jurassic carbonate basement
(Avellán et al. 2018, Figure 2.2-1). For simplification the Extra-caldera volcanism, the Late-postcaldera volcanism and Early-post-caldera volcanism as classified in Avellán et al. (2018) were
merged to the ‘Post-caldera volcanism’ group in this report. In general, the samples taken within the
Acoculco caldera complex (ACC) belong to the Post-caldera volcanism group (Avellán et al., 2018),
whereas the volcanic rocks taken east of Chignahuapan are most likely of Tertiary age and thus rather
belong to the Pre-caldera volcanism group (SGM, 2002b). An exception is the Acouclco ignimbrite,
which belongs to the caldera volcanism group. XRF analyses were used to classify the different
volcanic rock samples according to their chemical composition.
Density, porosity and permeability data of limestone, rhyolite and dacite samples were kindly
provided by Antonio Pola (UNAM) and integrated into the results.

Figure 2.2-1: Sampling points within the Acoculco caldera and surrounding area. Geological map taken from Avellán
et al. (2017 in prep.).

The samples marked as ‘rhyolite’ belong to the unit ‘Perdernal rhyolitic lava’ of Pleistocene age
(1600 ka, Avellán et al., 2018). Almost all visited outcrops of this unit showed intense hydrothermal
alteration, which led to a white-yellow, fragile and very soft rock matrix with porosities above 30 %.
Chemical analysis revealed a high silica content as well as a high amount of sulfur. Shallow wells
close to these outcrops also revealed groundwater enriched with sulfur. Only one sample belonging to
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this unit close to Alcaparosa showed a lower degree of hydrothermal alteration. The Trachyandesite
group summarizes several samples of Augila basaltic trachyandesite lava (~2440 ka), Manzanito
basaltic trachyandesite lava taken in the northern part within the ACC (both units belong to the Early
post-caldera volcanism) and one undefinded aphanetic lava sample of trachytic composition taken
from an outcrop outside of the ACC close to the village Aquixtla. The Manzanito lava has a grey
color and a porphyric texture comprising plagioclase and pyroxene phenocrysts. According to Avellán
et al. (2018) this unit directly overlies the Acoculco ignimbrite. The Augila basaltic trachyandesite
lava is dark to medium grey and has an aphanetic texture. It might contain subrounded granite and
sandstone xenoliths (Avellán et al., 2018). Likewise, the Andesite group includes samples from the
Terrerillos andesitic lava and scoria cone (Late post-caldera volcanism) taken in the center of the
ACC, but also undefined dark grey, hydrothermally altered, aphanetic andesitic samples (Tertiary age;
SGM, 2002b) also taken from an outcrop close to the village Aquixtla. The Terrerillos andesitic lava
unit consists of grey, porphyritic lava with plagioclase, olivine and pyroxene (Avellán et al., 2018).
The caldera forming Acoculco ignimbrite (~2730 ka) is exposed in the north and south western part
within the Acoculco caldera. The samples taken from this unit comprise a beige fine (ash) matrix with
phenocrysts with a length up to 5 cm. However, the rock matrix was too fine and fragile to drill
several small plugs out of it. Further pyroclastic samples (not dated so far) have been collected in the
exhumed system of Zacatlán and were used as reference samples for this rock type. Furthermore, one
undated dark grey lava sample with an aphanetic texture and basaltic composition was taken from a
road cut close to the cascadas Tuliman outside of the ACC. These lavas were emplaced directly on top
of the Cretaceous limestones and belong most likely to the Puente andesitic lava domes (Pre-caldera
volcanism).
The collected basement rocks comprise predominantly light grey Upper to Middle Cretaceous
limestones with Chert nodules and intercalated marls and shales. Only a few outcrops in the study
area expose limestones of Jurassic age, which are hard to distinguish from the Cretaceous units. In the
riverbed close to the cascadas Tuliman (east of Chignahuapan) red and beige colored Jurassic
sandstones were collected. After thin section analysis, these samples were reclassified as calcarenites.
2.2.2

CFE reservoir samples

Up to now, two exploration wells (EAC1 and EAC2) have been drilled in the Acoculco geothermal
field. Both wells were drilled vertically and within 500 m of each other along an E-W orientation
southwest of Acoculco close to the Los Azufres surface manifestation. Downhole temperature logs
encountered temperatures of appr. 300 °C at a depth of about 2 km (Canet et al., 2015). Both wells
have been the focus of several studies, e.g. López-Hernández et al. (2009), Lorenzo-Pulido et al.
(2010), Canet et al. (2010, 2015) and Viggiano-Guerra et al. (2011).
Canet et al. (2015) notes that the first well EAC1 was drilled in 1995 with a bottom hole depth at
1810m bgs (there exist inconsistency about the key data, because Lopez-Hernandez et al. (2009)
reported the drilling to a depth of 2000 m bgs in 1994). The well intersected in the upper part
(~790 m) the Acoculco ignimbrite followed by dacites, the Alcholoya ignimbrite and the Las Minas
Rhyodacite (López-Hernández et al., 2009). Underneath followed 870 m of a metamorphic succession
of skarns and marble as part of the Cretaceous Sierra Madre Oriental that are cut by aplitic dikes.
Furthermore, basaltic-andesitic dikes cut through the carbonates as well as lower units of the volcanic
sequences. The heat source for the contact metamorphism was a granitic intrusion, possibly also
related to the aplitic dyke (López-Hernández et al., 2009), covering the remaining 340 m of the well
depth
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The second well EAC2 was drilled in 2008 northeast of the Los Azufres manifestation with a depth of
1900 m bgs. Unlike the first well, EAC2 intersected ~350 m of vitric ignimbrites, andesites and
dacites followed by limestone skarn between 790 – 1660 m. Below 1660 m to the final depth
hornblende granite was found. Pulido et al. (2010) reported three distinguishable marble horizons at
790-900 m depth, the second at 1200-1290 m depth and the last one at 1600-1660 m depth. The first
two were related to the emplacement of rhyodacites and the last one to microgranitic intrusion.
Regarding the short drilling distance of both wells, the profiles were considered inconsistent. Based
on detailed investigations on cuttings, the EAC1 stratigraphic profile was revised by Eduardo
Gonzalez (UNAM, Geominco) which will be reported on the Mexican side in detail.
Six drill cores have been drilled for well EAC1 covering ignimbrite (core 1, 100 m bgs),
Rhyolite/Dacite (core 2, 300 m bgs), Riodacite (core 3, 600 m bgs), skarn (core 4, 852 m bgs), marble
(core 5, 1500 m bgs) and granite (core 6, 1815 m bgs).
Density, porosity and permeability measurements conducted on mCT-plugs (~0.5 mm in diameter and
~1 cm long) were kindly provided by Eduardo Gonzalez (UNAM, Geominco; see Table 4.2-1).
Thermal conductivity and Heat capacity data can be found in Canet et al. (2015).
The obtained samples for mCT were described as followed: The ignimbrite sample in the upper part
of the well has a grey colour and a compact matrix with a porphyric texture (quartz, plagioclase,
unindentified rock fragments). Alteration processes can be identified by several clays. The second
sample has a grey to greenish color and a porphyritic texture (plagioclase, feldspars, pyrite) and
comprises fractues sealed with quartz. The Riodacite sample has a grey to white color and shows
intense silification. It comprises phenocrysts of plagioclase and pyrite clusters. The Skarn sample has
an unequal texture and comprises predominantly mafic minerals, but also quartz. It shows a weak
reaction to hydrochloric acid. The presence of fractures was not observed. In contrast, the marble
intercept in core 5 consist of several fractures up to 1 mm wide and filled with calcite. The granite
sample, which represents the lower part of the reservoir, has a grey to green color and an equigranular
texture comprising quartz, feldspars and biotite.
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3 Methods
3.1 Petrophysical measurements at lab conditions
The following chapters include detailed descriptions of measurement methods applied by the different
partners which are involved in Task 6.1.
3.1.1

Overview TU Darmstadt (Leandra Weydt)

Institution: TU Darmstadt
Responsible person(s) for lab work: Leandra Weydt (contact person), Kristian Bär
Further involved person(s): Jana Perizonius, Thomas Kramer, Maximilian Bech, Cord Peters and
Patrick Höfler
Measurements conducted:


Non-destructive tests: Particle density, bulk density, effective porosity, intrinsic permeability,
thermal conductivity at dry and saturated conditions, thermal diffusivity at dry and saturated
conditions, P-wave velocity and S-wave velocity at dry and saturated conditions, specific heat
capacity, magnetic susceptibility



Destructive tests: Unconfined compressive strength, Young’s Modulus, Bulk Modulus, tensile
strength, friction angle, cohesion

3.1.1.1 Sample preparation
All the parameters listed previously were measured on each plug for direct correlation whenever
possible. To ensure reproducibility, the plugs were measured in oven-dry conditions (105 °C for more
than 24 h) and cooled down to room temperature in a desiccator (20 °C). A special desiccator was
used to determine water saturation of the plugs, including a pressure tank to enable vacuum pressure
of -1 bar. For the destructive measurements, the plugs were cut to a specific length and subsequently
had their ends ground plane parallel.

3.1.1.2 Particle density
Device: AccuPyc 1330 and AccuPyc 1340
Company: micromeritics Ltd., meanwhile Micromeritics Instrument Coorporation
Reference: Micromeritics (1997, 1998, 2014)
Short description: The helium gas displacement pycnometer comprises an expanding cell and a
sample cell with defined volumes (Figure 3.1-1). For determination of the particle density oven dried
samples are weighed and introduced into the sample cell. At the beginning of measurements, the
sample chamber was flooded with helium and cell pressure recorded. Subsequently the expansion
valve between the two chambers was opened and the helium expanded into the expansion cell. The
volume difference before and after expansion with reference to the known chamber volume yields the
grain volume. With help of the dry sample mass, particle density was calculated. In total, particle
density was determined with 5 to 10 measurement cycles. Measurement accuracy was 1.1%.

26

Figure 3.1-1: Functionality and components of the AccuPyc 1330 (modified from Bär, 2012).

3.1.1.3 Bulk density and effective porosity
Device: Geopyc 1360
Company: Micromeritics Ltd., meanwhile Mircomeritics Instrument Coorperation
Reference: Mircomeritics (1998)
Short description: Bulk density and effective porosity were determined using the powder
pycnometer GeoPyc 1360 from micromeritics, which also operates with a displacement method. The
powder pycnometer consists of a cylindrical glass sample cell and a plunger which seals the cell
(Figure 3.1-2).

Figure 3.1-2: GeoPyc 1360 with the glass sample chamber (left) and scheme of functionality (right) (modified from
Bär, 2012).

Instead of gas, a fine-grained material called DryFlo envelopes the sample in the sample cell while the
plunger presses into the cell at a determined force until full compaction allows no more indentation.
First, the GeoPyc determines the distance the plunger moves into the sample cell compared to a
reference measurement only with DryFlo. Afterwards the sample is introduced into the sample cell
and the described procedure is repeated. The bulk volume was calculated from the difference of the
plunger movement with and without the sample. The bulk density was calculated with the help of the
dry weight and particle density of the sample as well as the previously determined bulk volume with
and without a sample. Subsequently, porosity was calculated from the differences of bulk and particle
volume. Both parameters were determined with 5 consolidation cycles for each plug. Measurement
accuracy is 1.1%.
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3.1.1.4 Intrinsic permeability
Device: Self-constructed after Hornung and Aigner (2004)
Company: Reference: Hornung and Aigner (2004), Bär (2012)
Short description: Matrix permeability was determined with a column permeameter after Hornung
and Aigner (2004), which allows permeability measurements of entire cylindrical plug samples in a 1
MPa confined cell under steady state gas flow (Figure 3.1-3). This method is based on Darcy’s law
enhanced by factors for the compressibility and viscosity of gases (Jaritz, 1999). The plugs are
measured using at least five air pressure levels ranging from 1 to 3 bar. Measurement accuracy varies
from 5 % for highly permeable rocks (K > 10−14 m2) to 400 % for impermeable rocks (K < 10−16 m2).

Figure 3.1-3: The schematic construction of the Column permeameter after Hornung & Aigner (2004) modified from
Jaritz (1999) on the right and the Column permeameter with its components on the left (Bär, 2012).

3.1.1.5 Thermal conductivity and thermal diffusivity
Device: Thermal Conductivity Scanner
Company: Lippmann and Rauen GbR
Reference: Lippman and Rauen (2009), Popov et al. (1999, 2016)
Short description: Thermal conductivity as well as thermal diffusivity was determined
simultaneously using the Thermal Conductivity Scanner after Popov et al. (1999, 2016). The
measurements were carried out with oven dried and saturated samples. The Thermal Conductivity
Scanner provides destruction-free measurements with an optical scanning system, consisting of a heat
source and three infrared sensors, which are scanning rock samples on a mobile platform (Figure
3.1-4). The cylindrical samples were painted with black acryl paint on the planar surface to ensure
uniform reflection conditions. Both parameters were measured four to six times on each plug for
saturated and dry conditions, respectively (2 to 3 times on every planar surface including slight
turning after every measurement to account for sample anisotropy). The measurement accuracy is 3 %
(Lippman and Rauen, 2009).
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Figure 3.1-4: Scheme for thermal conductivity measurements after Popov et al. (1999, 2016), retrieved from Sass and
Götz (2012).

3.1.1.6 Specific heat capacity
Device: Heat-flux differential scanning calorimeter C80
Company: Setaram Instrumentation
Reference: Setaram Instrumentation (2009)
Short description: The heat-flux differential scanning calorimeter consists of two experimental cells:
a measurement cell and a reference cell (Setaram Instrumentation, 2009). Ground and oven dried
material of each sample was first weighted and afterwards introduced into the measurement cell, with
the identical reference cell remaining empty (Figure 3.1-5). Both measurement cells were heated at a
steady rate from 20 up to 200 °C within a period of 24 h. Specific heat capacities were derived from
the resulting temperature curves through heat flow differences (Schellschmidt, 1999). The
measurement accuracy is 1 % (Setaram Instrumentation, 2009).

Figure 3.1-5: The heat-flux differential scanning calorimeter C80 with its components on the left and the internal
structure on the right (modified from Setaram Instrumentation, 2009).
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3.1.1.7 Ultrasonic wave velocities
Device: Ultrasonic meter UKS-D
Company: Geotron-Elektronik
Reference: Geotron-Elektronik (2011)
Short description: Ultra sonic wave velocity was measured with a pulse generator UKS-D from
Geotron-Elektronik (2011) comprising point source transmitter-receiver transducers (Figure 3.1-6).
The plugs were placed between the transducers, which were adjusted on the plane surface of the plugs
using air pressure of about 2 bar. Polarized pulses at high voltage in a frequency range from 20 kHz to
1 MHz were generated and transmitted through the plugs. The combined measurement of both P-and
S-wave velocity offers the opportunity to retrieve elastic mechanical parameters like Poisson ratio,
dynamic Young’s modulus and G modulus (Mielke et al., 2017).

Figure 3.1-6: The ultrasonic generator with the oscilloscope PicoScope on the left and the transducers on the right.

3.1.1.8 Magnetic susceptibility
Device: SM30 Short pocket – size magnetic susceptibility meter
Company: ZH Instruments
Reference: ZH Instruments (2008)
Short description: For determining magnetic susceptibility a pocket size magnetic susceptibility
meter from ZH Instruments was used. The MS meter contains an oscillator with a pickup coil. The
sensor size of the device is about 45 x 45 mm. According to ZH Instruments (2008), the frequency of
the oscillator depends on the distance of the meter from the rock. The frequency change is
proportional to the magnetic susceptibility of the rock sample. An interpolation mode was used which
comprises three single measurements: first an air measurement, second a measurement direct on the
sample surface and afterwards an air measurement again in order to automatically correct the thermal
drift. The results must be multiplied by 10-3 to be in SI units. The Interpolation mode displays
readings with the resolution of 10-7 SI. To avoid errors due to volume differences, only plugs with a
diameter of 40 mm and a length between 20 and 30 mm were analysed. To ensure optimal contact of
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the sensor on the sample surface and to reduce the impact of air while measuring, only the plane
surfaces of the plugs were analysed. Every plug was analysed 10 times (five times on each head
surface).

3.1.1.9 Unconfined compressive strength (UCS)
Device: servo-controlled, 3000 kN, hydraulic uniaxial press
Company: FORM TEST Prüfsysteme
Reference: ASTM (2014), DIN 18141-1:2014-05
Short description: For the first test phase one or two plugs per sample were analysed for UCS. For
this experiment, the plugs need a ratio of length to diameter between 2 and 2.5. Plugs with a length of
~80 mm and a drilled diameter of 40 mm were used. The surfaces of the ends of the plugs had to be
plane-parallel with a maximum angular misalignment of 0.05°. After introducing the plugs into the
hydraulic press, they were loaded with a maximum of 0.5 kN per second until sample failure (Figure
3.1-7). The stress at this particular point represents the UCS which is calculated by the following
equation (DIN 18141-1:2014-05):
𝐹

𝑈𝐶𝑆 = 𝐴

(Eq. 1)

F = load [N]
A = area [mm²]
If samples were shorter and did not fulfil the required length/diameter ratio, obtained data needed to
be corrected using the following equation (DIN 18141-1:2014-05):

𝜎𝑈(2) =

8∙𝜎𝑈
𝑑
𝑙

7+2

(Eq. 2)

σU(2) = corrected UCS [MPa]
σU = measured UCS [MPa]
d = diameter [mm]
l = length [mm]
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Figure 3.1-7: Hydraulic uniaxial press for determination from FORM TEST Prüfsysteme.

3.1.1.10

Young’s Modulus, Bulk Modulus and static Possion ratio

Device: servo-controlled, 3000 kN, hydraulic uniaxial press
Company: FORM TEST Prüfsysteme
Reference: DIN 18141-1:2014-05; Mutschler (2004)
Short description: For determining the Young’s Modulus, Bulk Modulus and static Poisson ratio two
to three plugs per sample were analysed using a large hydraulic press (Figure 3.1-7). The samples
dimension were 40 mm in diameter and a length of ~80 mm. Six sensors were used, arranged in three
pairs. Three sensors for measuring the lateral extension were positioned in contact with the sample
mantle in a spacing of 120° around the center of the plug. The other three sensors, used to measure
vertical compression, were set right next to their pair sensor, but positioned against the upper plate of
the hydraulic press.
During testing it was noted that the limestones were very inhomogeneous because of fine cracks,
crosscutting calcite veins and chert lenses. For a first test phase, some modifications to the
experimental procedure from the standard specifications (DIN 18141-1, 2014, Mutschler 2004) had to
be made in order to prevent a possible damage of the sensors in case of a suspected early rock failure.
The measurement was conducted in two cycles with the first cycle reaching 30% and the second cycle
reaching 50% of the previously determined UCS from the same sample set. At the maximum value of
32

each cycle, a holding time was set, to keep the stress plateau constant for five minutes. After the end
of the holding time of the second cycle, the sensors were removed and the sample was loaded until
failure to obtain the UCS. The bulk modulus, Vstat, obtained from the Young’s modulus measurement
was calculated as the difference in stress () divided by the difference in the vertical deformation
(vert) between 20% and 30% of the first cycle (Mutschler, 2004).

Vstat =

∆σ

=

∆εvert

σ30% -σ20%
ε30% -ε20%

(Eq. 3)

The Young’s modulus, 𝐸𝑠𝑡𝑎𝑡 , was calculated as the difference in stress () divided by the difference
in the vertical deformation (vert) between 20% and 30% of the first loading cycle (Mutschler, 2004).

Estat =

∆σ
∆εvert

=

σ50% -σ30%
ε50% -ε30%

(Eq. 4)

The static Poisson ratio (stat) was calculated as follows (Mutschler, 2004):

stat =3.1.1.11

∆d⁄d
∆l⁄l

(Eq. 5)

Tensile strength

Device: servo-controlled, 3000 kN, hydraulic uniaxial press
Company: FORM TEST Prüfsysteme
Reference: Lepique (2008)
Short description:
Tensile strength of the samples was measured with the indirect tensile test or the Brazilian test also
using the hydraulic uniaxial press (Figure 3.1-7). A cylindrical shaped plug with 55 mm in diameter
and with a length of~27 mm was loaded by a linear distributed load until failure (Lepique 2008).
Using the following equation, the tensile strength was calculated:

𝜎𝑡 =

2∙𝐹
𝜋∙𝑑∙𝑙

(Eq. 6)

σt = tensile strength [N/mm² or MPa]
F = load at failure [N]
d = diameter [mm]
l = length [mm]

3.1.1.12

Friction angle and cohesion

Device: hydraulic triaxial press
Company: Wille Geotechnik
Reference: FGSV (1979)
Short description: The triaxial compression test was done using a hydraulic press (Figure 3.1-8) in
order to determine the shear parameter inner friction angle (φ), cohesion (c), shear- (τ) und normal
stress (σn). For every sample three plugs with a dimension of 55 mm in diameter and a length of 110
mm were used. Three tests with different confining (σ3) and vertical (σ1) pressures were necessary to
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calculate the before mentioned parameters. These values were transferred into a normal-shear stress
diagram to construct the Mohr-Coulomb criterion of failure. The stresses were calculated with the
angle of the failure plane (θ) in relation to σ3 according to the following equations
(Forschungsgesellschaft für Straßen- und Verkehrswesen (FGSV) 1979):
σn = 1⁄2 (σ1 + σ3) + 1⁄2 (σ1 − σ3) ∗ cos(2θ)
𝜏 = 1⁄2 (σ1 − σ3) ∗ sin(2θ)

(Eq. 7)
(Eq. 8)

σn = normal stress [MPa]
τ = shear stress [MPa]
σ1 = maximum stress in vertical direction [MPa]
σ3 = confining / minimum stress in horizontal direction [MPa]
θ = angle of failure plane to σ3 [°]
The parameter φ was taken from the inclination of the Mohr-Coulomb criterion of failure and the
cohesion from the intersection of criterion and ordinate of the diagram. Both values can be calculated
by this equation (Forschungsgesellschaft für Straßen- und Verkehrswesen (FGSV), 1979):

𝜏𝑘𝑟𝑖𝑡 = 𝑐 + σn ∗ tan(φ)

(Eq. 9)

Τ = shear stress at point of failure [MPa]
c = cohesion [MPa]
σn = normal stress [MPa]
φ = inner friction angle [°]
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Figure 3.1-8: Hydraulic triaxial press from Wille Geotechnik.

3.1.2

Overview RWTH Aachen University (Paromita Deb)

Responsible person(s) for lab work: Paromita Deb, Lothar Ahrensmeier
Conducted measurements:


Non-destructive tests: Particle density, bulk density, effective porosity, thermal conductivity
at dry and saturated conditions, P-wave velocity at dry and saturated conditions, magnetic
susceptibility at dry and saturated conditions.



All the measurements were performed under ambient pressure and temperature conditions.

3.1.2.1 Sample Preparation
The measurements were performed on two different batches of samples obtained in two different field
trips. The first group of samples contained rocks which were sampled in January 2017 by Baptiste
Lepillier (TU Delft). The samples were cored in TU Delft and then distributed amongst different
partners – RWTH, TUDA, GFZ, UNITO and BGS. The identification of the samples belonging to
different field trips can be done by checking the core nomenclature.
The second group of samples contain rocks from a field campaign performed by TU Darmstadt in
May 2017. The samples were cored and prepared in the RWTH Aachen laboratory for the
experiments. We drilled cores of diameters 64 mm and lengths as large as permitted by the sample
dimensions. The diameter to be drilled was decided as such that these cores could be later used by
TUDA for geomechanical measurements. This core is referred to as Core 1 (C1). Most of the
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measurements reported were performed using 64 mm diameter cores. In addition, we cored 30 mm
diameter plugs and we refer to them as Core 2 (C2) and Core 3 (C3). Some measurements were also
performed using these samples and reported wherever C1 was not available.
After drilling, the samples were kept in the oven for 3-4 weeks in order to completely dry them for
conducting dry measurements. Later, these samples were immersed in water for another 3-4 weeks in
order to completely saturate them for performing wet measurements.

3.1.2.2 Matrix density, Bulk density and Porosity
Matrix density, bulk density and porosity reported were measured using Archimedes’ principle on all
rocks except 05-J17-AC-EC-Cuttings and 10-J17-AC-LC. In these samples, the reported values were
measured using Accupyc equipment.
Description:
Archimedes’ method is used to compute the sample volume and hence bulk density, matrix density
and porosity of the samples. According to Archimedes’ principle, when a solid object is completely
immersed in water, the volume of the water displaced must be equal to the volume of the object.
Using this principle, dry mass, wet mass (completely saturated with water) and mass of the displaced
water (when the sample is completely immersed in water) is measured. The required parameters were
calculated using the basic definitions of density and porosity. The mass can be measured with an
accuracy of ± 0.2 g.
Measurements performed using Accupyc 1330 for matrix density and Geopyc 1360 for bulk density
and porosity are described in section 2.1.2.

3.1.2.3 Thermal conductivity
Device: Thermal Conductivity Scanner (TCS)
Company: Lippmann and Rauen GbR
Reference: Popov et al., (1997 and 1999)
Description:
Thermal conductivity is measured using the optical scanning technique which yields a continuous
profile of thermal conductivity along the core axis of the sample with a focused, mobile and
continuously operated heat source in combination with infrared temperature sensors (Figure 3.1-9).
The determination of thermal conductivity is based on the comparison of excessive temperatures of
standard samples with known thermal conductivity values with temperature of unknown samples, as a
result of heating by a moveable heat source. The reported thermal conductivity values are the
averages of each scan line. An accuracy of 3% is achievable in the measurement of thermal
conductivity.
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Figure 3.1-9: Thermal Conductivity Scanner.

3.1.2.4 P-Wave velocity and Magnetic susceptibility
Device: Multi-Sensor Core Logger
Company: Geotek
Reference: GEOTEK (2018), https://www.geotek.co.uk/wp-content/uploads/2017/06/MSCL-S.pdf
Description:
P-Wave velocity, magnetic susceptibility, bulk density and fractional porosity are measured using
Multi-sensor core logger, MSCL (GEOTEK, 2018) for each sample (Figure 3.1-10). The
measurement is performed perpendicular to the core axis.

Figure 3.1-10: Schematic of a Multi-Sensor Core Logger.

A radioactive source, Caesium-137 is used to emit narrow beam of gamma rays with energies at 0.662
MeV. At this energy range, Compton scattering is the dominant mechanism of attenuation of gamma
rays. By detecting the number of non-scattered gamma photons that pass through the core
unattenuated, electron density is computed. The instrument is calibrated routinely using aluminum
standard for both dry and saturated conditions. Porosity is calculated using the bulk density measured
and the matrix density of the sample.
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P-Wave velocity for a sample is measured using the P-Wave transducers (receiver and transmitter)
mounted on opposite faces on the center sensor stand. A short pulse is produced at the transmitter
which propagates perpendicular to the axis of the core and is detected by the receiver on the other
side. The outer diameter of the core is measured with an accuracy of 0.1mm. An absolute accuracy of
± 3 ms-1 is achievable while computing the P-Wave velocity.
The Bartington loop sensor is used for magnetic susceptibility measurements on whole cores. An
oscillator circuit in the sensor produces a low intensity alternating magnetic field (0.565 kHz). Any
material in the near vicinity of the sensor that has a magnetic susceptibility will cause a change in the
oscillator frequency. The electronics convert this pulsed frequency information into magnetic
susceptibility values.
3.1.3

Overview GFZ (Juliane Kummerow)

Institution: German Research Centre for Geosciences
Responsible person(s) for lab work: Juliane Kummerow (contact person)
Further involved person(s): --Measurements conducted:
 Non-destructive tests: Particle density, bulk density, effective porosity, intrinsic permeability,
P-wave velocity and S-wave velocity at dry and saturated conditions, electrical resistivity at
dry and saturated conditions


Destructive tests: permeability and electrical properties at simulated in-situ conditions

For petrophysical measurements at GFZ, 34 samples from different localities in Mexico were kindly
provided by TU Delft, TU Darmstadt, and Norce. All samples were collected from surface outcrops in
the Acoculco exhumed system Zacatlán, Los Humeros caldera, and the fossile Las Minas system,
which serves as proxy material for both the recent Los Humeros and Acoculco geothermal systems, as
the geological setting is similar. Predominantly, the samples represent basement units and comprise
limestones, marbles, skarns, and an argillitic limestone. The magmatic section is represented by
volcanic as well as plutonic rocks and comprise a pyroclastite, a basaltic lava, and two pre-caldera
andesites.

3.1.3.1 Sample preparation
The samples were delivered to GFZ as pre-prepared cores with different dimensions. Whenever
possible, all physical parameters listed previously were measured on each plug at dry and watersaturated conditions. For dry measurements the cores were stored in a vacuum oven at 60°C for at
least 48 hours. For water saturation the oven-dry plugs were saturated under vacuum in a desiccator.

3.1.3.2 Particle density, bulk density, and effective porosity
The porosity and density of all samples were determined using the ISRM (International Society of
Rock Mechanics) suggested triple weighing method, where the masses of the dry (mdry) and fluidsaturated sample (msat) and that of the sample immersed in the fluid (mbuoy) are determined (ISRM,
1981). The Limestones, marbles and volcanic rock samples were saturated with water. In order to
avoid dissolution, the skarns were saturated with iso-propanol and N-heptane, respectively.
The Particle density was calculated from the following relations:
𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =

𝑚𝑑𝑟𝑦 −𝑚𝑏𝑢𝑜𝑦
𝜌𝑓𝑙𝑢𝑖𝑑

(Eq. 10)
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𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =

𝑚𝑑𝑟𝑦
𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

.

(Eq. 11)

Bulk density 𝜌 and effective porosity, , were determined from:
𝑉𝑏𝑢𝑙𝑘 =

𝑚𝑠𝑎𝑡 −𝑚𝑏𝑢𝑜𝑦

(Eq. 12)

𝜌𝑓𝑙𝑢𝑖𝑑
𝑚

𝜌𝑏𝑢𝑙𝑘 = 𝑉 𝑑𝑟𝑦

(Eq. 13)

𝑏𝑢𝑙𝑘

and
𝑉𝑝𝑜𝑟𝑒 =
𝜙 [%] =

𝑚𝑠𝑎𝑡 −𝑚𝑑𝑟𝑦

(Eq. 14)

𝜌𝑓𝑙𝑢𝑖𝑑
𝑉𝑝𝑜𝑟𝑒
𝑉𝑏𝑢𝑙𝑘

∙ 100

(Eq. 15),

where Vparticle, Vbulk and Vpore are the matrix, core, and pore volume, respectively and 𝜌fluid denotes the
density of the saturating fluid. The density of the saturating fluids were determined from the buoyancy
of a calibration block in the fluids at laboratory conditions.
Usually, the measurement accuracy is better than 1.5%. However, for a few samples, the error on bulk
density and porosity increased to up to 20%, as the accuracy of measurement in low-porosity samples
depends the surface condition (smooth or irregular surface), which has, for example, an influence on
the reproducibility of the weighing of the saturated sample. Another source of error is the use of
alcohol or n-heptane, as these fluids are highly volatile. Initially, the density was determined for all
samples in 2 runs. For the samples, whose measured values diverge more than 5%, the procedure was
repeated a third time.

3.1.3.3 Intrinsic permeability
Short description: Rock permeabilities were determined at room temperature on cylindrical cores
using the steady state gas flow method in a self-constructed gas pressure vessel (Tanikawa and
Shimamoto 2009). At least five pore pressure levels, Pup, ranging from 7.5 to 35 bar were applied to
the samples at a maximum isostatic confining pressure of 8.5 MPa with argon gas as both a confining
and pore pressure medium. The corresponding gas flow rates were measured with one of four
different commercial flowmeters (MKS Instruments) that can measure flow rates in the range of 10,
100, 1000, and 10,000 cm3/min, respectively. As the gas was released from the sample to atmospheric
pressure, we assumed a constant pore pressure at the downstream side, Pdown, of 0.1 MPa. The
apparent gas permeability was calculated after Scheidegger (1974) :
𝜂𝐿𝑄∙2𝑃𝑑𝑜𝑤𝑛
2
𝑢𝑝 −𝑃𝑑𝑜𝑤𝑛 )

𝑘𝑔𝑎𝑠 = 𝐴(𝑃2

(Eq. 16)

where η is the viscosity of the pore fluid at given pressure and temperature, L is the sample length, Q
is the flow rate, and A is the cross‐sectional area of the sample. The water permeability was derived
from gas permeabilities that were Klinkenberg-corrected for the “slip flow” effect (Klinkenberg,
1941):
𝑘𝑔𝑎𝑠 = 𝑘𝑤 (1 + (𝑃

𝑏

)

𝑢𝑝 +𝑃𝑑𝑜𝑤𝑛 )/2

(Eq. 17)

where kw is the (intrinsic) water permeability and b is the Klinkenberg factor. The measurement
accuracy was better than 1.5%.
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3.1.3.4 Ultrasonic wave velocities
Short description: Ultrasonic P and S wave velocities were measured using a pulse transmission
technique on dry and water-saturated sample cores. The plugs were placed between commercial P and
S wave transducers (Panametrix, 1 MHz), respectively, which were pressed with 1.5 bar air pressure
(Geotron clamping device) on the plane parallel end faces of the samples. A Panametrix HV
Pulser/Receiver (model 5058PR) was used to send a pulse through the cores. The transmitted signal
was recorded by a digital oscilloscope (Agilent Technologies DSO6012A). The arrival times, ttotal,
of the direct waves were picked manually and corrected for the dead time, td, which arise from of the
recording device (transducer, function generator, oscilloscope). The velocity, v, of the sample with
known length, ls, was calculated from

𝑣=𝑡

𝑙𝑠

𝑡𝑜𝑡𝑎𝑙 −𝑡𝑑

(Eq. 18)

P and S wave velocities and sample density, , were used to determine shear modulus, G, dynamic
Young’s modulus, E, and Poisson ratio, µ, of dry and saturated samples:
𝐺=
𝐸=
𝜇=

𝑣𝑠2
ρ

(Eq. 19)

𝜌𝑣𝑠2 (3𝑣𝑝2 −4𝑣𝑠2 )
𝑣𝑝2 −𝑣𝑠2
𝑣𝑝2 −𝑣𝑠2
2(𝑣𝑝2 −𝑣𝑠2 )

(Eq. 20)
(Eq. 21)

Ultrasonic measurements on dry and saturated samples were repeated at least twice. The
measurements were repeated up to 5 times for samples with highly attenuated signals. P and S wave
velocities were each determined from the travel-times of the first onset of the wave and the first
extreme value. The values given in the table are therefore averaged from at least 4 individual values
up to a maximum of 10 values. The error on P wave velocities is 3% on average, whereas for S waves
velocities the average error is 8%. This is because the S signals were often heavily attenuated and
distorted.

3.1.3.5 Electric resistivity
Device: Zahner-Zennium Electrochemical Workstation
Company: Zahner-elektrik GmbH
Reference: Zahner Scientific Instruments, 2008.
Short description: The electric resistivity was determined on samples saturated with a 0.1 M NaCl
solution, an estimated concentration of geothermal reservoir fluids in the target areas (TorresAlvarado et al., 2012). Measurements on dry rocks were only possible for a few samples containing
ore minerals. The oven-dry samples were saturated under vacuum and equilibrated for about 24 h.
Then, the samples were placed in a plastic jacket. Both end faces made contacted via wet filter papers
with stainless steel disks, which act as current electrodes (Figure 3.1-11). The set-up was placed
between two clamping jaws made from plastic (Geotron clamping device), which were axially loaded
with 1.5 bar to provide a good electrical contact between electrodes and the sample surface. Two M2
screws, which were screwed into the sample jacket and fixed at the sample surface, served as potential
electrodes. The electric resistivity of the sample, , was determined with an impedance spectrometer
(Zahner-Zennium electrochemical working station), which supplied an AC voltage with an amplitude
of 200 mV. The Zahner bridge measures the impedance, Z, and phase angle, Φ, at distinct
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frequencies. The sample resistance, R, is given by
𝑅[Ω] = 𝑐𝑜𝑠𝜙 ⋅ 𝑍.

(Eq. 22)

The bulk resistivity of the sample, 𝜌b, is calculated from sample resistance, the cross-sectional area of
the sample, and the distance between the potential electrodes, lp
𝜌𝑏 [Ω𝑚] = 𝑅 ⋅

𝜋𝑟 2
𝑙𝑝

.

(Eq. 23)

The formation factor, F, of the samples was determined from linear plots of bulk conductivities versus
fluid conductivities at different brine concentrations, where F is the reciprocal of the linear fitting
lines of the data points measured at fluid salinities of 1.21 S/m, 1.77 S/m, 8.37 S/m, and 10.42 S/m.
Before the samples were saturated with a new pore fluid, they were carefully rinsed with distilled
water for at least 72 h to remove salt residues and subsequently dried in a vacuum oven at 60°C for 48
h. Due to the complex cleaning procedure, only samples with a porosity > 1 % were considered.
Other electrical parameters like cementation exponent and tortuosity were not considered here as most
of the rock samples investigated showed complex porosity, consisting of both intergranular pores with
a high aspect ratio and crack related pore networks with low aspect ratios. For this reason, it has to be
assumed that the cementation exponent, m, itself is a function of the porosity  and the standard
approach of Archie (F = 1/m) is not valid here. Also, the evaluation of the electrical tortuosity, which
is based on a simple spaghetti model, is an inappropriate approach to characterise the pore space, as
the complexity of a 3-dimensional fissured pore space cannot be reproduced adequately. The error on
measurements at dry conditions is 1.5 % on average. In contrast, at saturated conditions for porous
samples the error increases up to 12 %, if fluid evaporates or leaks from the pore space during the
measurement interval.

Figure 3.1-11: Sketch of the measuring assemblage for the determination of formation factor and surface

conductance at ambient conditions.
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3.1.4

Overview UniTo (Anna Ferrero, Federico Vagnon, Chiara Colombero, Jessica
Chicco and Sergio Vinciguerra)

3.1.4.1 Sample preparation and heating procedure (Anna Ferrero, Federico
Vagnon)
The UNITO unit analysed four groups of samples:
- One composed by 10 core samples, collected during WP4-Liotta field trip, on January 2017
(Figure 3.1-12a). In the following named as group 1;
- One composed by 10 core samples, collected during WP6-Mandrone field trip, on March 2018
(Figure 3.1-12b). In the following named as group 2;
- One composed by 8 core samples, collected during WP6-Bӓr field trip, on January 2017 (Figure
3.1-12c). They are composed by 2 core samples, collected during WP6-Weydt field trip, on
January 2018 (Figure 3.1-12d). In the following named as group 3.
Detailed information (size, rock type, sampling area etc.) for each rock group can be found in
Appendix D. In summary: Group 1, is characterized by different rock types (limestone, pyroclastic
rocks, marble, skarn and rhyolite) coming from Acoculco and Los Humeros area.
Group 2, includes only marble collected in Granados Quarry. The samples of Group 3 are limestone
rock. The location where samples were collected is reported in the field work section (Figure 3.3-1).
In order to obtain robust statistical analyses and due to the petrographical similarities between the two
geothermal fields, the samples were classified and grouped on the basis of their lithological
characteristics. In this document the samples of Group 2 and Group 3 will be named respectively
Marble and Limestone.
For each group, density, porosity, P-wave and S-wave velocity, electrical resistivity and thermal
conductivity were measured at room temperature.

Figure 3.1-12: Samples analysed by UNITO group.

Moreover, for Group 2 and Group 3 the same measurements were repeated after thermal treatment at
different target temperature. Each thermal cycle was composed of three stages (Figure 3.1-13): firstly,
the samples were heated in a furnace at a heating rate of 0.06°C/s. Secondly, once the target
temperature was reached, the specimens were held in the furnace for 24 h. Finally, in order to avoid
thermal shocks, the specimens were cooled down to room temperature in the furnace. Before and after
the thermal treatment, all mechanical and physical properties were measured and later compared.
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Figure 3.1-13: Scheme of the thermal treatment cycles followed by each sample set

3.1.4.2 Density and porosity determination (Anna Ferrero, Federico Vagnon)
Device: Caliper
Reference: ISRM. Suggested methods for determining the uniaxial compressive strength and
deformability of rock materials. 1977
Short description: The measurement of density, ρ, and porosity, n, is a good index of the degree of
damage induced in rock specimens after thermal treatment.
Since the tested specimens have a regular geometry and they are non-friable and coherent rocks,
density and porosity were determined following the “Suggested methods for porosity/density
determination using saturation and caliper techniques” of ISRM. With this aim, the bulk volume, V,
of each specimen was calculated from an average of several caliper readings along each dimension.
The specimens were then saturated by water immersion and repeated shaking (for removing trapped
air) for 24 h. The saturated-surface-dry mass, Msat, was then determined by drying the surface with a
moistened cloth, taking care to remove only surface water, and weighting the samples. The grain
mass, Ms, was evaluated after a drying process in oven, at constant temperature of 105°C for 24 h.
Porosity and density (in dry, ρdry, and saturated, ρwet, sample conditions) were obtained following:

(Eq. 24)
(Eq. 25)
(Eq. 26)

43

where Vv is the void volume:
(Eq. 27)

3.1.4.3 Ultrasonic Pulse Velocity (Federico Vagnon, Chiara Colombero)
Device: Pundit Lab
Company: Proceq
Reference: ASTM D2845-08.
Short description: UPV measurements were performed using an ultrasonic pulse generation and
acquisition system (Pundit Lab, Proceq). Two cylindrical 250-kHz point-source transmitter-receiver
(tx-rx) transducers, were used for P-wave (VP) and S-wave (VS) measurements along the axial
direction of each plug sample (Figure 3.1-14).

Figure 3.1-14: Pundit Lab and probes using for P- and S-wave measurements.

Measurements were conducted following ASTM D2845-08 standard requirements. For each sample,
20 ultrasonic traces were recorded, using a sampling frequency of 2 MHz. Manual picking of the first
arrival times was performed. Determination of the P- and S- wave ultrasonic velocity was then
straightforward as the longitudinal dimension of each sample was previously measured. The
representative velocity of each sample was chosen as the average of the 20 measurements.
From the VP/VS ratio and the determined density values, Young’s, E, and shear, G, moduli and
Poisson’s ratio, ν, were calculated for each specimen.

3.1.4.4 Electrical Resistivity measurements (Chiara Colombero)
Device: Syskal-Pro
Company: Iris Instrument
Reference: http://www.iris-instruments.com/syscal-pro.html
Short description: ER measurements were carried out with an on-purpose built measuring
quadrupole connected to a Syscal-Pro (Iris instruments) acquisition system. The instrumentation
consisted of a rubber jacket with four steel electrodes (2-mm diameter and 40-mm length), disposed at
the edges of two perpendicular diameters of the core sample at half of its longitudinal length (Figure
3.1-15a). Electrical measurements were performed with current injection between two subsequent
electrodes (A and B, in Figure 3.1-15b) and measuring the resulting electrical potential difference
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between the remaining couple of electrodes (M and N, in Figure 3.1-15b). The current and potential
electrodes were progressively reversed and rotated around the sample, for a total of 8 different
potential measurements.
The sequence was repeated three times on each sample, to obtain stable and repeatable results. From
the ratio between the measured electrical potential difference, ΔVMN, and the injected current, IAB, the
determination of the sample apparent resistivity, ρa, follows:

(Eq. 28)
where k is a geometric factor, depending on the geometry of the adopted quadrupole. A constant
diameter-normalized k value of:
(Eq. 29)
where d is the diameter of the sample, found from calibration procedure. The resulting 24 apparent
resistivity measurements for each sample were averaged.

Figure 3.1-15: Longitudinal view and (b) planar section of the electrical resistivity testing apparatus. E1 to E4: steel
electrodes. A and B: current electrodes. M and N: potential electrodes

Each sample was tested in both dry and saturated (wet) conditions. The saturated conditions were
reached leaving the sample in a saline solution (with electrical conductivity equals to 1000 μS/cm) for
24 h, with the aim of lowering the contact resistance between the electrodes and the sample surface
and allowing for more stable measurements.

3.1.4.5 Thermal Conductivity measurements (Jessica Chicco)
Device: Transient Divided Bar (TDB)
Company: DISTAV, University of Genova (Italy)
Reference: Pasquale et al., 2015
Short description: The device is designed and implemented by Pasquale et al., 2015. It consists of
two copper blocks acting as a heat sink (the upper one) and a heat source (the lower one), between
which the studied rock specimen (cylindrical shape), is interposed (Figure 3.1-16).
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Figure 3.1-16: TDB device with a stack of cylindrical elements (two copper blocks and the studied specimen in the
middle), cooled by immersion in the thermostatic bath (B) C: Tu and Tu-Tl curves recorded temperature changes
during experiments. (From Pasquale et al., 2015).

The heat flowing through the specimen is equal to the heat absorbed by the sink, so that the thermal
conductivity can be found if the temperature changes of the source and the sink are measured. After a
certain time, needful to reach the room temperature (T0) for the whole stacks of elements, the lower
copper block is cooled by immersion into a thermostatic bath at a temperature 10°-15°C lower than
T0. Then, the experiment can be started and its duration requires few minutes allowing at attain a
uniform temperature gradient (Tu-Tl)/h,
where Tu is the temperature of the upper block, Tl is the temperature of the lower block and h is the
height of the rock specimen. It bases on the Fourier’s postulate for which, the amount of heat removed
from the upper block (CuΔTu) in a given time step ΔT, is given by:

(Eq. 30)
where Cu, is the volume heat capacity (J m-3 K-1) at constant pressure; ΔTu (°C) the temperature
variation of the upper copper block during a time step dt; λ (W m-1 K-1) the thermal conductivity of
the rock sample; h (m) the height; S (m2) the cross-sectional area of the rock sample respectively; T is
temperature; u and l are suffixes that refer to upper and lower block.
Pasquale et al. (2015) stressed that the environment must also be taken into account keeping the room
temperature T0 constant, during measurements. Here, the heat from the upper to the lower copper
blocks (Qs), at constant temperatures (Tus and Tls, respectively), is equal to:

(Eq. 31)
from which, it is possible to calculate the quantity F and then the effective thermal conductivity (k)
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According to Baehr and Stephan (1998) a specific heat of 382 J Kg-1 K-1 for the blocks of copper, is
assumed. The tests were carried out at room temperature (≈ 25°C). The temperature of the
thermostatic bath was set to 10.0°C; value of F at steady-state conditions was 0.64 JK-1.

3.1.4.6 Triaxial tests (Sergio Vinciguerra)
Device: Conventional Triaxial Deformation Rig
Company: University of Portsmouth
Reference: Benson, et al. (2007)
Short description: In order to study the relationships between some of the thermo-hydro-mechanical
processes acting in geothermal reservoirs and the deformation and failure mode selected limestone
samples were tested using a conventional triaxial deformation cell, installed at the Rock Mechanics
Laboratory, University of Portsmouth (Figure 3.1-17A). For data acquisition, the protocol of Benson,
et al. (2007) was followed. The sample was positioned inside a rubber jacket in which an array of 12
1MHz single-component Piezo-Electrical Transducers (PZTs) were embedded. The jacket is placed
inside the deformation cell and the PZTs connected to high-speed digitizers (10 MHz sampling rate)
via 60dB signal preamplifiers. Once sealed, the rubber jacket separates the sample from an oil
confining medium generating confining pressure (σ2 = σ3). Axial stress, σ1, is applied via a single
piston from above. Samples were deformed at a constant strain rate of 3.6mm/hr, approximately 10 -5
s-1 strain rate (Figure 3.1-17B).
Triaxial tests have been carried out at 20-30 MPa effective pressure, equivalent of 1-1.5km of depth.
Two samples have been tested in dry conditions (Pc=20MPa; Pp=0MPa) and three tests have been
carried out in wet conditions (Pc=50MPa; Pp=20MPa). One dry test has been carried out at in-situ
temperature up to 150C in order to simulate the coupled effect of temperature and mechanical stress
and one sample has been pre-heated at 200C in order to investigate the permanent effects determined
by temperature gradients common in geothermal reservoirs. Additional shearing has been induced via
application of extra slip post failure to the tested sample.
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Figure 3.1-17: a) Schematic of the Conventional Triaxial Deformation Rig used in this study. Axial deformation is
controlled by Linear Variable Displacement Transducers, which monitor changes in sample length. A data logger
continuously monitors and save these data, as well as axial stress and confining pressures. Squares represent
positions of PZTs. b) Typical mechanical data. Rate of deformation was held constant, as differential stress increased.
Brittle failure, indicated, occurs when there is a drop in differential stress and seismic velocity, with a corresponding
increase in relative deformation.

3.2 Petrophysical measurements at high p/T conditions (Juliane
Kummerow, Siegfried Raab, GFZ)
Most of the time within the project period was spent on physical measurements of fluids and rocks at
high pressure (pconf = 31.5 MPa) and maximum temperatures of 445 °C for measurements on fluids
and 406 °C for measurements on rocks. Two different experimental arrangements were used to
investigate the electrical properties of reservoir fluids as well as the electrical and hydraulic properties
of rock samples in dependence on temperature. As both experiments resort to the same equipment for
pressure control and impedance measurements, a parallel operation of both facilities was not possible,
which limited the amount of data output considerably. In the following sections, both experimental
setups are described in detail.
3.2.1

Petrophysical measurements in dependence of temperature (destructive)

Device: self-constructed gas-pressure vessel
Reference: Kummerow and Raab, 2015
Short description: Figure 3.2-1 shows a schematic of the set-up for the simultaneous measurement of
hydraulic and electrical rock properties at high pressure and temperature conditions. Reservoir
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conditions of about 30 MPa and elevated temperatures were applied in an internally heated gaspressure vessel with argon gas as the confining pressure medium. The internal sample arrangement
consisted of a cylindrical rock core, 75 mm in length and 35 mm in diameter, which was placed
between two corundum buffers. In both buffers O-ring sealed thermocouples for temperature control,
electrodes for resistivity measurements, and fluid ports are integrated to apply the pore pressure. The
sample itself is encapsulated into a pressure-tight gold tube, which is sealed with O-rings at the “cold”
end of the buffer rods against the confining pressure medium.

Figure 3.2-1: Set-up for combined measurements of electrical and hydraulic properties of rocks at simulated in-situ
conditions, which are applied in an internally heated gas-pressure vessel.

3.2.2

Electric resistivity in dependence of temperature

For electrical measurements a four-electrode layout in a coaxial arrangement has been used to avoid
the effects of contact resistance between measuring electrodes and sample. The sample possesses a
central drill hole to include the inner current electrode, which is a Hastelloy rod 3 mm in diameter,
while the gold tube is used as outer current electrode. The voltage is detected with two additional
potential electrodes that are placed in blind holes inside the rock sample. The resistivities were
determined using a Zahner-Zennium impedance spectrometer, by supplying an AC voltage with
amplitude of 500 mV at different frequencies ranging from 10 kHz to 10 mHz. The resistivity is
calculated as per the procedure given in section 1.5. For further details of the measuring and
calibration procedure see Kummerow and Raab (2015).
Changes in the resistivity due to cooling effects during the percolation of the pore fluid were found to
be about 0.1 % for a fluid percolation of 0.05 ml/min over 9 hours. The experimental error on sample
resistivities due to variations in the set-up dimensions at elevated pressures and temperatures, cooling
effects of the flown pore fluid, and instrumental accuracy, are approximately ± 2 %.
3.2.3

Permeability in dependence of temperature

For the permeability measurements at elevated pressures and temperatures, the samples were flushed
with pore fluid at flow rates ranging between 10-5 and 10-2 ml/min. If possible, a constant flow rate
was used for several hours to ensure an equilibrated differential pressure. The differential pressure,
Δp, which builds up between up-stream and down-stream side was measured with a differential
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pressure sensor with a range of 2 MPa (resolution = 0.01 MPa). However, in two out of three
experiments, the permeability of the samples was too low to set an adequate flow rate at the injection
pump. In these cases, in order to trigger a measurable fluid flow a significantly higher pore pressure,
pup, was set on the up-stream side of the sample than at down-stream side. The fluid pressures were
monitored by high precision, deadweight calibrated absolute pressure sensors with an accuracy of ±
0.02 MPa. The flow rate was calculated from the injected fluid volume per time unit.
Rock permeabilities, k, were calculated after Darcy’s law, considering the given flow rate, Q, the fluid
viscosity at experimental conditions, (T;ppore), the measured or calculated differential pressure Δp =
pup - pdown, and the known sample geometry, G:

k ( p, T ) 

Q  (T , p pore )
p

 G,

(Eq. 32)

with

G

ls
ls

,
2
A  (rs  rh2 )

(Eq. 33)

where ls is the length of the sample and A is the effective sample cross section, that is calculated from
the sample radius rs and the radius of the central hole rh.
As fluctuations in flow rate are a potential major source of error in permeability determination, the
flow rate given by the injecting pump was crosschecked with the volume received at the down-stream
pump for a defined time interval. Differences in the flow rate were lower than 1%. Additionally, the
flow rate through the sample was corrected for the temperature difference between pump and sample
with the help of the temperature- and pressure-dependent molar volumes taken from the NIST
webbook. Due to a lack of viscosity data for salt solutions at higher temperatures, the fluid viscosity 
(T, ppore) at the pore pressure and sample temperature was taken from NIST webbook as well,
assuming that the viscosity of a 0.016 molal aqueous salt solution does not differ significantly from
those of pure water.
3.2.4

Electrical measurements on fluid in dependence of temperature

Electrical measurements on various synthetic brines were conducted in a flow-through cell, which is
shown schematically in Figure 3.2-2. The set-up consists of a commercial stainless steel high-pressure
tube of 1 m length, lined with a pipe of corundum ceramic (inner diameter = 5 mm), which was
chosen for its inert nature under the harsh experimental conditions. Two pairs of current and potential
electrodes (Pt wires, electrically insulated with corundum capillaries) are sealed symmetrically on
both ends of the ceramic liner and border a free interspace in the hot zone of the pipe, which serves as
conductivity measuring cell. Temperature control is assured by a Pt/Pt-Rh-thermocouple, which was
additionally installed in the fluid pipe, allowing direct measurements in the hot zone. Temperatures
are applied in a tube furnace of 0.8 m in length with a central zone of constant temperature of
approximately 0.25 m length, where temperatures are constant at ± 0.2 °C for below supercritical
conditions for water. Above the critical point, temperature fluctuations of up to ± 0.3 °C within
milliseconds were observed, which were possibly caused by flow perturbations.
Fluid flow was provided by a HPLC pump at the up-stream side, while a syringe pump, running in
constant pressure mode, adjusted the fluid pressure. The measuring cell was fed with fluid via the
annulus between liner and corundum capillaries. The annulus extends into the hot zone of the set-up
and was used to heat the inlet stream to the desired temperature, before it entered the measuring cell.
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The procedure of conductivity measurements is as per that described in Kummerow et al. (2018). The
measurements were performed with a 4-pol electrode arrangement to prevent polarization effects at
the electrodes. The cell constant of the set-up was experimentally determined using distilled water, tap
water, as well as 0.01 M and 0.1 M NaCl solutions at ambient conditions. No corrections were made
for the temperature influence. Thus, the difference in the thermal expansion coefficient between
ceramic and stainless steel leads to an underestimation of fl by 3 % at 400 °C assuming a hot zone
with 0.6 m in total length. These are maximum values and the accuracy is higher at lower
temperatures.

Figure 3.2-2: Set-up for measurements of electrical fluid conductivity in dependence of pressure and temperature.

3.3 Geomechanical and geophysical experiments at field scale (Cesare
Comina, Giuseppe Mandrone)
During March 2018, from 1st to 9th, field works were conducted in Acoculco and Las Minas areas
(Fig. 3.3-1), for both geomechanical and geophysical surveys at the mesoscopic scale. In particular,
were done:
- classical ISRM scanlines;
- photo acquisition for “no-contact” geomechanical surveys;
- Electrical Resistivity Tomography;
- Ultrasonic Pulse Velocity measurements;
- several samples were collected.
Field studies were conducted by renting the equipment (with two technicians) from a Mexican
company, due to impossibility to find instruments from Ge-Mex Mexican partners. UniTO got the
cooperation of two Mexican students suggested from Victor Hugo (many thanks!). Two people from
UNITO team (Giuseppe Mandrone and Cesare Comina) reached the field sites, previously selected
thanks to Domenico Liotta and Walter Wheeler descriptions and suggestions. The studied sites belong
to Acoculco and to Las Minas areas, so two base camps were used for the surveys.
In the Acoculco area (Fig. 3.3-1a), 6 sites were selected and investigated: 3 of these satisfied the
requirements for detailed surveys.
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In particular:
 at “Quarry 6” (ACQ6 in Fig. 3.3-1): 2 Electrical Resistivity Tomographies; 2 Geomechanical
surveys; 1 transient station with thermal camera; pundit measurements.
 at “El Campanario” (Cañada Los Muñecas, CLM Fig. 3.3-1) – 1 Electrical Resistivity
Tomography; Pundit measurements.
 at “Acoculco wells” (ACW Fig. 3.3-1) – 2 Electrical Resistivity Tomographies.
In the Los Humeros (Las Minas) area (Fig. 3.3-1b) 6 sites were selected and observed and 3 have the
requirements for detailed surveys. In detail:
 at “Juan Marcos” (LMJM Fig. 3.3-1) –1 electric tomography, 1 geomechanical survey, pundit
measurements
 at “Granados Quarry” (GQ Fig. 3.3-1)– 1 Electrical Resistivity Tomography; 1
geomechanical survey; block sampling
 at “Rinconada fault” (RLM Fig. 3.3-1) - 1 Electrical Resistivity Tomography; 1
geomechanical survey, Pundit measurements, transient station with thermal camera.
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a)

b)

Figure 3.3-1: a) Site locations and overview of the Acoculco area and b) Las Minas area: in blue the analysed sites
and in yellow the location of studied samples by UNITO unit.
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The different outcrops described are summarized in Table 3.3-1 and, details about different activities,
are given in Table 3.3-2.

Latitude

Longitude

Local Model
Unit

Site overview

1

Acoculco
Quarry 6
(lower)

19°56'7.04" N

98°12'8.70" W

AC5

U3

2

Acoculco
Quarry 6
(Upper)

19°56'7.04" N

98°12'8.70" W

AC5

U3

3

Acoculco
Wells
Acoculco – El
Campanario
(Cañada Los
Muñecas)
La Minas Juan Marcos
(a)
La Minas Juan Marcos
(b)
Las Minas Rinconada
Fault
Las Minas Granados
Quarry

19°55'27.48" N

98° 8'35.88" W

AC5

U3

19°57'16.94" N

98°16'33.80"
W

AC5

U3

19°43'35.23" N

97°11'18.67"
W

G3

U7

19°43'35.23" N

97°11'18.67"
W

G4

U9

19°40'18.37" N

97° 9'46.50" W

G4

U9

19°42'21.30" N

97° 6'13.11" W

G4

U9

Two-level quarry: highlyfractured andesite (upper level)
and tuffaceous sediments to
weathered lava (lower level).
Two-level quarry: highlyfractured andesite (upper level)
and tuffaceous sediments to
weathered lava (lower level).
Faulted tuff (+ lacustrine
sediments)
One to several fault strands
developed in andesitic lava.
Faulted tuff (+ lacustrine
sediments)
10 m thick andesite layer in fault
contact with Cretaceous
limestone
10 m thick andesite layer in fault
contact with Cretaceous
limestone
Fault Limestone/Limestone, some
marbleisation and skarn, crosscutting dike
Marble quarry with mafic
intrusions and minor faults

Outcrop ID

Location

Regional
Model Unit

Table 3.3-1: Outcrop locations and overview

4

5

6

7

8

Table 3.3-2: Activities and surveys in each outcrop

#

1
2
3
4
5
6
7
8

3D
Model

Geomechanical
survey

●
●
●
●
●

●
●
●
●
●
●

Electrical
Resistivity
Tomography

Ultrasonic
Pulse
Velocity

●
●
●

●
●
●
●
●
●

●
●
●*
●

Notes

* collected samples
* 2 ERT

●

54

3.3.1

Geomechanical surveys (Giuseppe Mandrone)

UniTO team did two kinds of geomechanical surveys, one “classical” and the other one “no contact”,
by using photogrammetry. Methodologies are described separately.

3.3.1.1 In situ measurements
Device: measuring tape, compass, Barton comb
Reference: ISRM 1978
Software: Dips (RocScience Inc.); Excel (Office suite)
Short description - On site geomechanical surveys were carried out measuring discontinuities
directly "in contact" with the rock outcrop. The operating methods used to measure discontinuities
and sound rock characteristics are based on the methodology proposed by the ISRM (1978), while the
techniques of analysis, processing and representation of the collected data are based on the procedures
proposed by the ISRM (1978) and by PRIEST (1993). The primary purpose is to recognize and
characterize discontinuity sets and to define geomechanical parameters associated with them.
Traditional approach expects identification of measurement stations, where characterization of
discontinuities is done following a straight line, materialized by a measuring tape, which provides a
progressive distance from a fixed point corresponding to position of single discontinuity itself. The
aim is to describe each discontinuity, to identify families with different properties and to associate
each family characteristic values of orientation, spacing, frequency, persistence, roughness, wall
strength, opening, filling and hydraulic conditions. From a general point of view, only a few outcrops
fitted classic geomechanical survey. So, often, UNITO team was forced to follow not ISRM
suggestions and to do not statistically meaningful measurements, but simply observations based on
personal experience.

3.3.1.2 No-contact surveys
Device: PENTAX WG-3 GPS
Company: Ricoh
Reference: www.ricoh-imaging.co.uk
Software: Dips (RocScience Inc.); Photoscan (Agisoft), CloudCompare
Short description- This category includes surveys where the operator does not physically measure
the object but uses so-called indirect methods, which are applied using mainly digital measurement
tools and numerical elaborations. The support on which the measurements are usually made is the
DTM, surface model represented by points of known altitude, arranged according to regular or
irregular planimetric grids. The technological development of software algorithm allows to extract
discontinuity planes directly on high resolution dense point clouds, acquired either by laser scanners
(active sensors) or by photogrammetric techniques (passive sensors).
On the DTM (or on the point cloud), if correctly geo-referenced, it is possible to carry out measures of
position, spacing and persistence of the discontinuities, using appropriate software. Usually contact
and no-contact survey are coupled, due to logistic and safety problems on one hand and to the
impossibility to measure certain parameters at distance (roughness, wall strength, filling) on the other.
Models deriving from photogrammetric surveys combine rapidity of execution and accuracy in
measurements and have the advantage to explore the entire outcrop.
55

For the Ge-Mex project, the camera used is a PENTAX WG-3 GPS equipped whit a 1/2.3" BSICMOS 16 MP sensor. It has a built-in GPS with compass and manometer. Photogrammetric survey
was done thanks to a series of overlapping images acquired with hand-held camera. Model orientation
was done using the internal GPS, and then by aligning the dense point cloud with in situ measured
planes; moreover, a centimetre tape is always leaning on the outcrop and used to scale images. Tie
point extraction, bundle block adjustment, dense image matching and 3D modelling were done using
Photoscan software. The obtained aligned and scaled point clouds were interrogated thought
CloudCompare software for measuring structural data using the Compass plugin (Figure 3.3-2).

Figure 3.3-2: Discontinuity orientation measurements in CloudCompare.

After that, orientation values were measured: data were elaborated using Dips (RocScience Inc.), and
stereo plot were produced in order to recognize different discontinuity families.
If possible, spacing values were measured for every set, while traces length values were measured
overall (Figure 3.3-3). Spacing values were measured between adjacent fractures and the values were
corrected taking into account the orientation of the measurement vector and the orientation of the
planes, like using a virtual scanline.

Figure 3.3-3: Trace highlighting for spacing and persistence measurements.
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3.3.1.3 Other activities
Understanding geomechanical features, thermo-physical patterns, and their relationship with
groundwater flow, is particularly important when facing non-homogeneous rock masses (flysches,
calcschists, or faulted hard rock lithologies). The presence of groundwater flow can significantly
improve the heat transfer mechanism, which increases the general heat budget. If the groundwater
flow is negligible, the subsurface system is heat-conduction dominated and the amount of heat stored
and removed depends only on the rate at which heat is conducted through the geological media. When
the groundwater flow is relevant, heat removal via conduction can be negligibly small because heat is
rapidly dissipated through convection or advection. A relevant advective heat transfer can be ruled by
the presence of fractures acting as secondary porosity and making the rock mass even much more
permeable than the matrix (Chicco et al., 2019).
The proposed methodology was based on:


geomechanical and photogrammetric surveys to characterize the fault and the surrounding
rock mass;



thermal conductivity measurements to define thermal properties of rocks;



time-lapse sequences of IRT thermal images in order to detect thermal transient within both
the fault zone and the low fractured mass rock sectors.

In order to understand groundwater paths, as well as its discharge and role, a complete
characterization of rock masses is essential, especially regarding the definition of orientation,
aperture, persistence, and interconnection of discontinuities. This kind of information is usually
obtained through geo-mechanical surveys. On the other hand, since water flow with a different
temperature than surrounding medium can produce a thermal anomaly, a supplemental remote survey
technique as the Infrared Thermography (IRT) coupled with Thermal Conductivity (TC) measures can
provide useful data too. For example, in Figure 3.3-4, it is shown the relationship between joint
frequency and temperature around a fault zone.

Figure 3.3-4: Comparison between the number of joints per meter and the measured temperature around a fault
zone (Chicco, 2019).
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From geomechanical characterization is possible to estimate hydraulic conductivity in jointed rock
masses, for example, after Snow (1970):
k = e3 * g * f / 12 v

(Eq. 34)

where e is the opening; g, the gravity force, f, the frequency of discontinuity, and v, the kinematic
viscosity.
This relation is reproduced in the following chart (Figure 3.3-5) where it is more easily to understand
the relationship between rock mass characterization, and hydraulic conductivity.

Figure 3.3-5: Comparison between the number of joints per meter and the measured temperature around a fault
zone (Chicco, 2019).

It is clear that this is related to surface flows, so it is difficult to reconstruct permeability for
geothermal purposes (km in depth) from this relation (discontinuities properties will change - for sure
– with regard to opening, alteration, infilling and probably also frequency and persistence). However,
it is possible to do some interesting consideration about water flow paths in jointed or heterogeneous
rock masses, coupling this relationship to observations/measurements obtained through a thermal
camera (Pappalardo, 2018; Chicco et al, 2019). Our field equipment was completed with an infrared
camera but, unfortunately, it went out of work many times during field trip, so it was possible to take
only some scattered images, interesting but not useful to more sophisticated analysis.
When possible, a series of thermal images were acquired using a FLIR E8 thermal camera (FLIR
Systems Inc,) equipped with an uncooled FPA micro bolometer sensor, with a resolution of 320 × 240
pixel, IFOV = 2.6 mrad. It can perform measurements in the thermal infrared band (between 7.5–13
µm). Thermal data and frames were imported and calibrated by using Flir Tools software (FLIR
Systems Inc, version 5.13.17214.2001).
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3.3.2

Electrical Resistivity Tomography (Cesare Comina)

Device: Syscal-Pro, Res2DInv
Company: Iris Instrument, Geotomo software
Reference: http://www.iris-instruments.com/syscal-pro.html, https://www.geotomosoft.com
Short description During March 1st to 9th, 2018 field works were conducted in the Acoculco and
Las Minas areas for shallow geophysical investigations by means of Electrical Resistivity
Tomography (ERT). The surveys where aimed in investigating the shallow evidence of geological
structures or geological contacts to be potentially interesting from the geothermal point of view.
Moreover, the surveys were intended also to provide onsite electrical resistivity values to be compared
to the laboratory analyses performed on the same geological units. The investigated sites, and location
of the ERT surveys, are reported in Figure 3.3-1b.
In the Acoculco area, 3 sites were selected:
•

Quarry 6 – 2 electrical tomographies (AC1 and AC2);

•

El Campanario – 1 electrical tomography (CAMP1);

•

CFE wells – 2 electrical tomographies (ACW1 e ACW2).

In Las Minas area, 3 sites were selected:
•

Juan Marcos – 1 electrical tomography (JM);

•

Granados Quarry - 1 electrical tomography (LMQ);

•

Rinconada fault - 1 electrical tomography (RF).

In all the sites a Syscal-Pro acquisition device was adopted with 48 measuring electrodes. Two
different acquisition sequences have been used, eventually combined in a single dataset to improve
lateral resolution and investigation depth. The first adopted acquisition sequence was based on a
Wenner-Schulumberger quadrupole configuration, involving a total of 871 potential measurements
along the section. This was aimed at increasing the penetration depth of the surveys. The second
adopted acquisition sequence was based on a Dipole-Dipole quadrupole configuration, entailing a
total of 497 potential measurements along the section. This was aimed at increasing the lateral
resolution of the surveys. Potential measurements distribution with pseudo depth along the two
acquisition sequences are reported in Figure 3.3-6.
Depending on the sites logistics two different electrodes spacing have been used (Table 3.3-3):


1m – 0.75 m spacing, for high resolution shallow investigation depth (about 10 m);



5m spacing, for lower resolution higher investigation depth (about 50 m).

Experimental data were inverted with Res2DInv (Geotomo Software) after partial filtering of
anomalous measurements (std > 5%). A very good convergence of the results has been obtained from
the inverted resistivity models with a global rms below 3% apart from few test sites that will be
commented later.
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WS - Wenner Shulumberger

a)

x

z
DD - Dipole Dipole

b)
Figure 3.3-6: Potential measurements distribution along (a) the Wenner-Schlumberger acquisition sequence and (b)
the Dipole-Dipole acquisition sequence.
Table 3.3-3: Details of the electrodes spacing adopted in each survey site.

Site

Surveys ID

Spacing

Quarry 6

AC1

1m

El Campanario

AC2
CAMP1

1m
5m

CFE Acoculco Wells

ACW1

5m

ACW2

5m

Juan Marcos
Granados Quarry

JM
LMQ

1m
1m

Rinconada Fault

RF

0.75 m

3.3.3

Ultrasonic Pulse Velocity (Cesare Comina)

Device: Pundit Lab
Company: Proceq
Reference: ASTM D2845-08.
Short description: UPV measurements were performed using an ultrasonic pulse generation and
acquisition system (Pundit Lab, Proceq). Two cylindrical 250-kHz point-source transmitter-receiver
(tx-rx) transducers were used for P-wave (VP) and S-wave (VS) measurements, along the axial
direction of each plug sample. Measurements were conducted following ASTM D2845-08 standard
requirements. For each sample, 20 ultrasonic traces were recorded, using a sampling frequency of 2
MHz. Manual picking of the first arrival times was performed (Figure 3.3-7). Determination of the Pand S- wave ultrasonic velocity was then straightforward as the longitudinal dimension of each
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sample was previously measured. The representative velocity of each sample was chosen as the
average of the 20 measurements. From the VP/VS ratio and the determined density values, Young’s
(E) and Shear (G) moduli, as well as the Poisson’s ratio (ν), were calculated for each specimen.

Figure 3.3-7: Example of recording and picking.

3.4 Measurements on fluid samples (Juliane Kummerow, GFZ)
The electrical properties of rock formations depend on a variety of physical (temperature, pressure),
chemical (mineral composition, fluid composition and phase) and structural (porosity, pore structure)
parameters. To reduce ambiguity of conductivity data the knowledge of the electrical properties of
pore fluids as function of temperature is of great importance. Thus, the electrical properties of 6
different electrolyte solutions with molalities ranging between 0.017 and 0.404 mol kg-1 were
determined from room temperature up to supercritical conditions in an externally heated tubular

flow-through
system
at
a
fluid
pressure
of
23 MPa
GEMex_FinalReport_T6.1_MaterialandMethods and Kummerow et al., 2018).

(see

The active system of Los Humeros is partitioned in a shallow reservoir, characterised by low salinity
brines with sodium chloride and sodium bicarbonate dominance, while more high salinity steam and
liquid phases with a higher sulphate content are produced from the deeper reservoir (Izquierdo et al.,
2000, Matteo Lelli, pers. comm.). Accordingly, this study comprises measurements both on diluted
solutions (c < 0.01 mol kg-1) and on solutions of slightly higher salinity (c = 0.17 – 0.1 mol kg-1).
Generally, geothermal fluids are complex systems containing more than one salt component.
Although the electrical conductivity of various single component salt solutions is studied extensively,
only limited data are available for ternary systems, containing two salt components dissolved in a
liquid phase. However, solubility data that are available for two component salt mixtures suggest that

it is misleading to predict the behaviour of the mixtures from data of the individual
components, as complex interactions – such as common ion effects, salting in/ out – may
increase or decrease the solubility of one salt in presence of the other one (Voisin et al.,
2017). Thus, as the electrolytic conductivity of the solution is a function of the dissolved ionic
species and their valences, the possibility to describe the temperature dependence of conductivity of
mixed brines by models adequately is still limited. For a start, in the framework of the GEMex project
we studied both single component solutions (0.0170 M NaCl, 0.0570 M CaCl2, 0.0385 M Na2SO4),
and complex solutions containing up to 5 different solvates and representing the chemisty of Los
Humeros fluids.
The stock solutions were prepared from high-purity salts and degassed distilled water. The complex
multi-component brines were mixed after literature data for in-situ reservoir brines (Torres-Alvarado
et al., 2012) and after unpublished information of chemistry of Los Humeros well fluids, respectively
(person. comm.). The high Boron content of Los Humeros fluids was, however, not considered in this
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study. Figure 3.4-1 displays the chemical composition and mass fractions of the studied mixed
solutions.

Figure 3.4-1: Fluid compositions of mixed brines. Fluids were prepared after unpublished data of well

fluids, analysed for Los Humeros well H59 and H23. Solution W5 was mixed after data from TorresAlvarado et al., 2012, who recalculated the reservoir fluid composition of the hottest well W5 at in-situ
conditions from well fluid composition.

3.5 Petrographic, petrologic and geochemical investigations (Alicja
Lacinska and Simon Kemp, BGS)
3.5.1

Polished thin section preparation

The samples were sliced by diamond saw, and photographed using a digital camera, before thin
section preparation. Polished thin sections for petrographical analysis were prepared from 20 to 40
mm diameter blocks cut from the sliced samples. Thin slices were sawn from the blocks, mounted on
48 x 28 mm glass microscope slides (using colourless epoxy-resin), ground, and then finished by
polishing with 0.45 µm diamond paste to produce polished thin sections 30 µm thick that could be
used for detailed petrographical analysis by optical microscopy, and backscattered scanning electron
microscopy (BSEM) with energy-dispersive X-ray microanalysis (EDXA).
3.5.2

Optical transmitted light microscopy

Each polished thin section was initially imaged at low magnification, using a HP Scanjet G4010
digital flatbed optical scanner (with both transmitted light and reflected light capability) to provide
reference images of the whole thin section area. Scanned images were recorded as standard jpeg
images, at a resolution of 600 ppi and 1200 ppi. The polished thin sections were then examined in
plane-polarised and cross-polarised transmitted light using a research-grade Zeiss Axioplan 2
polarising microscope with bespoke high-resolution digital camera facility, Zeiss AxioVision software
for basic image capture and processing and labelling of images.
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3.5.3

Scanning electron microscopy and electron probe microanalysis

Backscattered scanning electron microscopy (BSEM) was used to make high-resolution
petrographical observations of the polished sections. Image brightness in BSEM images is related to
the average atomic number of the phases observed (Goldstein et al., 1981), and this therefore allows
differentiation of the minerals observed in polished sections on the basis of the image brightness.
Prior to BSEM examination, the polished surface of the section was made electrically conductive by
coating with a thin layer of carbon (250Å thick) by vacuum evaporation of carbon.
BSEM analyses were carried out using a FEI QUANTA 600 environmental scanning electron
microscope (ESEM) fitted with an Oxford Instruments INCA Energy 450 energy-dispersive X-ray
microanalysis (EDXA) system with a 50 mm2 Peltier-cooled (liquid nitrogen free) silicon drift
detector (SSD) X-ray detector capable of operating at very high input X-ray count rates (up to ~106
counts per second). The SEM was operated in conventional high vacuum mode, with a routine
electron beam accelerating voltage of 20 kV which was reduced to between 10-20 kV where finer
resolution was required, and beam probe currents of between 1.17 and 4.5 nA, and a working distance
of 7-10 mm. During EDXA count times were typically 60 seconds per spot analysed. Mineral/phase
identification was aided by microchemical information obtained from simultaneous observation of
semi-quantitative EDXA spectra recorded from features of interest as well as fully quantitative SEMEDS analysis.
Quantitative electron probe microanalysis (EPMA) of phases observed in polished thin section was
also undertaken by SEM-EDXA. Quantitative EDXA electron probe microanalyses were performed
using a 20 kV electron beam, nominal 4.5 nA beam current at an optimised working distance of 10
mm, to give X-ray counting live-times of 30-60 seconds with dead-times of between 30 to 45%. The
EDXA system was calibrated using a range of pure metal, oxide and mineral standards, and EDXA
data were acquired, processed and interpreted using the Oxford Energy INCA Suite Version 4.15
Issue 18d+SP3 (2009) software package. This EDXA system is capable of detecting elements from
atomic number 4 (boron) to atomic number 92 (uranium), and has detection limits of the order of 0.2
to 0.5 weight % (wt %) for most common major elements. Quantitative analysis of chlorite is
presented as wt % oxide and the analyses were processed by stoichiometry based on 28 oxygens.
Quantitative analysis of olivine (in sample MPLV 931) was done in HV mode, using ca 1 nA beam
current and 60 s acquisition time. Instrument performance on the day was verified by monitoring of
beam current stability and analysis of two secondary standards: hortonolite and clinopyroxene. The
olivine crystal formula was calculated from stoichiometry using 4 oxygens.
3.5.4

X-Ray diffraction

X-Ray diffraction (XRD) analysis was performed using a PANalytical X’Pert Pro series
diffractometer equipped with an X’Celerator detector, cobalt-target tube and generator operated at 45
kV and 40 mA. Diffraction data were analysed using PANalytical X’Pert HighScore Plus version 4.7
software, coupled to the latest version of the International Centre for Diffraction Data (ICDD)
database, PDF4+.
3.5.5

Cathodoluminescence

Cathodoluminescence (CL) was carried out using a Technosyn 8200 MkII cold cathode luminoscope
attached to a Nikon optical microscope with a digital camera attachment. Thin sections were coated in
a thin layer of carbon prior to analysis using this technique. This technique is particularly useful for
revealing changes in the overall amounts of trace elements that cause or quench cathodoluminescence.
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Thus it can provide useful information on mineral zonation, and hence the presence of overgrowths,
changes in fluid composition etc.

3.6 Laboratory fluid-rock reaction experiments (Andrew Kilpatrick and
Chris Rochelle, BGS)
For the high temperatures of this study we used rocking autoclaves which are designed to work up to
600 °C. They were used in two modes:
1) Containing small welded gold capsules containing 1-2 g of granulated rock and a few drops of
liquid.
2) Containing a flexible gold or titanium bag containing 1-10 g of solid and 70-180 ml of liquid.
This is a piece of traditional hydrothermal experimental equipment (Dickson et al., 1963;
Seyfried et al., 1979).
A key aspect of this equipment is that all parts in contact with the experimental charge are made of
very low reactivity metals, and so are inert to all but the most aggressive fluids. However, as a
consequence, many parts of the equipment are delicate, and we suffered numerous experimental
failures related to either corrosion, or ease of physical damage to the flexible cells or welds.
The rocking autoclaves consist of a pressure vessel housed within a heating jacket, which rocks
through approximately ±30° of horizontal to ensure mixing between solid and solution. Pressurisation
of the vessel is carried out using argon gas.
For gold capsule experiments, capsules were loaded with 1–2 g of solid, to which around 1 ml of fluid
was added. Capsules were then sealed using a TIG welder, and weighed prior to heating and
pressurisation. The larger gold or titanium bag experiments were carried out in a similar manner, but
used a much larger fluid to rock ratio (typically around 100 ml fluid to around 5 g solid in this study),
to allow for fluid sampling during the experiments.
If a flexible bag is used, then fluid sampling can be conducted via a sample tube and valve assembly
which exits the hot part of the experiment. Sampling of the solutions involves stopping the rocking
motion of the heating jacket/autoclave assembly, attaching a syringe to the high-pressure titanium
sampling valve, and carefully bleeding out a known volume of solution (the first 1-2 ml was discarded
as this flushes out the sample tube).
It was not possible to extract all the remaining solution from inside the experimental charge at the end
of the experiment. Therefore, at the end of each experiment, the reactor was cooled and depressurised
as fast as reasonably possible, and the reacted solid and remaining liquid recovered. Doing this
quickly minimised artefacts due to experimental ‘quenching’ and precipitation, but we acknowledge
that this could not be completely avoided.
Unfortunately, there were unexpected problems with this and other equipment during the study, and
many experiments failed. Factors causing failure were associated with: high temperatures, which
produced large changes in fluid pressure; and severe corrosion at the extreme conditions. A summary
of the laboratory experiments which were completed successfully as part of this work is presented in
Table 3.6-1.
A number of the experiments used a synthetic groundwater as the fluid matrix. The composition of
this groundwater was calculated based on the average composition of samples collected from well
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H56, which was chosen as the fluid compositions from this well most closely matched the regional
average. The composition used is shown in Table 3.6-2.
Starting solids used in the experiments were of relatively fresh material and were collected from
different locations around Los Humeros or Las Minas - with the exception of the quartz used, which
was supplied commercially as a 150 – 400 µm fraction. Collected samples were chosen based on their
fresh appearance and lack of (apparent) alteration. Collected samples were prepared by crushing using
an agate mill, followed by sieving to a 125 – 250 µm fraction, which was subsequently rinsed in
acetone to remove any fine particles adhering to the grains.
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Table 3.6-1: Summary of laboratory experiments conducted.
(HTL numbers = lab identification numbers for rock samples collected in Mexico. HTL326 = combined LH8-LH-IG & LH9-LH-IG; HTL327 = combined RLM10-LH-AN &
RLM11-LH-AN; HTL328 = OLH9-LH-SH; HTL329 = combined RLM4-LH-AN & RLM5-LH-AN; HTL331 = LM3-J18-LH-LC/MA).

Experiment ID

Exp. Type

Solid 1

Solid 1
number

Solid 2

Solid 2
number

Fluid

Run temp. (°C)

Run pressure (bar)

1802

Gold Tube

Lower andesite

HTL327

-

-

Synthetic brine

200

80

1805

Gold Tube

Upper Andesite

HTL329

-

-

Synthetic brine bubbled with CO2

300

200

1806

Gold Tube

Upper Andesite

HTL329

-

-

Synthetic brine

300

200

1807

Gold Tube

Lower andesite

HTL327

-

-

Synthetic brine bubbled with CO2

300

200

1808

Gold Tube

Lower andesite

HTL327

-

-

Synthetic brine

300

200

1820

Titanium bag

Ignimbrite

HTL326

-

-

Synthetic brine

250

250

1821

Titanium bag

Shale

HTL328

Limestone

HTL331

3M NaCl w/ 0.1% HCl

300

400

1822

Gold Tube

Limestone

HTL331

Quartz

-

3M NaCl w/ 0.1% HCl

300

400

1823

Gold Tube

Limestone

HTL331

Quartz

-

3M NaCl w/ 0.1% HCl

500

500

1824

Titanium bag

Shale

HTL328

Limestone

HTL331

3M NaCl w/ 0.1% HCl

500

500

1825

Gold Tube

Shale

HTL328

Limestone

HTL331

3M NaCl w/ 0.1% HCl

500

500

1826

Gold Tube

Ignimbrite

HTL326

-

-

Synthetic brine

250

250

1827

Gold Tube

Shale

HTL328

Limestone

HTL331

3M NaCl w/ 0.1% HCl

300

400

1828

Gold Tube

Limestone

HTL331

Quartz

-

3M NaCl w/ 0.1% HCl

500

500
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Table 3.6-2: Amounts of different salts used to make up 1 litre of experimental starting solution.

Component

Concentration

NaCl

5.3 g/l

H3BO3

1.3 g/l

NaHCO3

0.3 g/l

NaSiO2

0.8 g/l

4 Results
4.1 Petrophysical properties of the Los Humeros Geothermal Field and
Outcrop Analogues (Leandra Weydt, TUDA)
4.1.1

Outcrop analogue samples

Petro- and thermophysical properties have been analysed on about 1100 plugs drilled from the Los
Humeros outcrop samples. An extensive data catalogue comprising the data from all project partners
within Task6.1 has been set up including information about the sampling location, sample dimension,
sample description and of course the analysed parameters.
The samples were classified with respect to their rock type. In a second step subunits were defined
regarding the four regional and nine local model units implemented for the Los Humeros geological
model as described above.The ignimbrites were split up in Inner Caldera ignimbrites (Post-caldera
group), Xaltipán ignimbrite (Caldera group) and Toba ignimbrite/Ig 1 (Pre-caldera group). As one
(altered) outcrop sample from the Xaltipán ignimbrite Formation showed distinct differences
compared to the remaining samples, a new subunit Xaltipán ignimbrite (altered) was defined. As
porosity is one of the key parameters, the Teziutlán andesite was separated in a rather low porous unit
and a unit comprising moderate to high porous samples called the Teziutlán andesite (porous). For
clarity reasons, the volcanic rocks and the basement rocks a presented separately.
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Figure 4.1-1: Cross plots of petrophysical properties analysed at dry conditions on outcrop samples taken within the
Los Humeros study area. For the number of analysed samples please see Table 8.5-3.

The field campaigns have shown the geological complexity of the study area. The data shows good
correlation between thermal conductivity and thermal diffusivity, and P-wave and S-wave velocity
(dry and saturated, Figure 4.1-1). Likewise, the correlation of porosity and permeability shows a
positive trend. Composition, extension and distribution of the volcanic sequences are very variable
(Figure 4.1-2). The high porous and permeable ignimbrites and ash fall deposits can be clearly
delimited from the other units. An exception forms the altered Xaltipàn ignimbrite, which rather
behave like an andesite sample. The Teziutlàn andesites show relative low thermal conductivity as
well as porosity values lower 5 %. However, permeability values range from 10 -12 to 10-18 m², most
likely caused by fine fractures and fissures. The hydrothermally altered basalt samples, the porous
Teziutlán andesite samples, the Cuyoaco andesite/Dacite samples as well as the Alseseca andesite
samples show similar features.
The data indicates that the Cretaceous units are relatively inhomogeneous throughout the study area.
The unit comprises shales and argillaceous to dolomitic limestones with metamorphic overprint.
While matrix permeability (< 10- 16 m²) and porosity (< 5%) are relatively low, thermal conductivity,
P- and S-wave velocity and density increase with increasing dolomite content and/or metamorphic
overprint. This phenomenon can be explained by increasing grain size and grain contact. The porous
Jurassic calcarenites can be easily distinguished from the other units. The Jurassic limestones as well
as the granites/granodiorites show rock properties within the range of the Cretaceous unit. The
metamorphic by products like marble, quartz and skarn show the highest variability concerning rock
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properties, which can be explained by the variable mineral composition of the samples caused by the
complex hydrochemistry of the fluids and processes during metamorphism in the contact zones as
well as whether the former protolith was a carbonate (exoskarn) or igneous rock (endoskarn). Notable
are here very high thermal conductivity values (up to 6 W m-1 K-1) as well as high magnetic
susceptibility and electric conductivity values (Figure 8.5-3). Especially the skarns can be delimited
easily from the surrounding sedimentary rocks with an average magnetic susceptibility of 144,5 10-3
SI, which is ~ 100 times higher than of the limestones and marbles. This observation could be a useful
tool for interpreting geophysical data and to identify fault zones.
The results of the petrophysical property measurements enable the classification of different
lithofacies types with distinct properties. With respect to the 3D model, it can be stated that thermal
conductivity of the volcanic rocks is relatively low. Likewise, rock permeability of the Teziutlàn
andesites, limestones and granite/granodiorites is low to very low (10−18 to 10−15 m²). This implies that
fluid flow within the reservoir is restricted to faults/fault zones.
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Figure 4.1-2: Cross plots of thermo- and petrophysical properties (dry conditions) of the Los Humeros outcrop
samples. For the number of analysed samples please see Table 8.5-3.
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Electric resistivity measurements (Juliane Kummerow, GFZ)
Electrical properties were determined at GFZ at ambient conditions on 26 rock samples, which were
kindly provided by Leandra Weydt (TU Darmstadt) and Baptiste Lepellier (TU Delft). The outcrop
samples included limestones, marbles, skarns, and volcanic rocks (pyroclastite, andestite, basalt).
Most samples are characterized by a low porosity of < 2 % and accordingly show a high electrical
resistivity (> 500 m at saturation with sodium chloride solution of 0.1 S/m). Lower resistivities (36
– 300 m) were observed for porous pyroclastites, a limestone with pronounced crack. For skarn
sample (01-BOQ-14, 01-BOQ-15, 01-BOQ-16), containing 35 – 40 % of pyrite, exceptional low
resistivities of 4 – 72 m were determined even at dry conditions, whereby the resistivities are
inversely correlated with the crack-porosity. It is assumed that pyrite forms a network along grain
boundaries and the conductivity of the rock is determined by the electron conductivity through the ore
phase. For samples with minor amount of sulphidic ore minerals the surface conductance varies
between 2 – 77 µS/cm, whereby it is positively correlated to sample porosities.
4.1.2

Reservoir samples

The collected rock samples predominantly represent microcrsitalline to porphyritic basaltic andesites
and andesites. Furthermore, two Tuff samples (core H20-4 and H26-1), two marble samples (H13-3
and H15-4), three ignimbrite samples (H26-4, H18-3 and H18-1) and one sample of altered basalt
(H23-1) were collected. The hydrothermal overprint varies from weak to strong, with the latter
dominating. This leds to high heterogeneity in terms of sample appearance, chemical composition and
rock properties. As a consequence, each collected sample has unique features and it is very difficult to
correlate between different wells. Nevertheless, macroscopic similarities with andesite units from the
outcrop samples could be identified.
The results of the XRF analysis (section 8.3) reveal a general fractionation trend within the reservoir
for the immobile elements iron, aluminium and titanium. In contrast mobile elements like calcium,
potassium, sodium or zircon show a high scattering. The data suggests that allochemical and
isochemical processes took place within the reservoir. Silicification processes have been identified on
several samples. The matrix of sample H26-4 (Izquierdo et al., 2011) and H24-4 have been
completely replaced by microcrystalline quartz (Figure 4.1-3b). To a lesser extent, the same
observation could be made on the samples H28-2 and H39-2, which shows a clearly recognizable
reaction front. Furthermore, calcite and garnet precipitation in fine cracks and fractures were observed
in the andesite sample H38-4 (Figure 4.1-3a). It indicates Ca-rich fluids and most likely a short
distance to the carbonatic basement. In comparison to the silicified samples, the rock matrix seems to
be affected only few centimeters close to the cracks. These processes are described to a further extent
in chapter 4.6.
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Figure 4.1-3: Different alteration processes were observed on the reservoir rock samples. (a) Andesite showing a
strong hydrothermal overprint in proximity of cracks and fractures, which are filled with calcite and garnet. (b)
Almost completely silicified ignimbrite sample at 2004 m bgl. (c) and (d) show altered andesite samples with a clear
reaction front.

Density, porosity and permeability data of 10 core samples from 8 different core sections was kindly
provided by Georgina Izquierdo-Montalvo (INEEL). Furthermore, the data base from Contreras et al.
(1990) was integrated into our data set. As no detailed core descriptions are provided in this study, the
studies mentioned above, plus descriptions of the CFE lithostratigraphic core profiles, were used to
correlate the rock properties with lithological units.
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Figure 4.1-4: Comparison of petrophysical rock properties analysed at dry and saturated conditions from TU
Darmstadt, INEEL and Contreras et al. (1990).

The comparison of the three data sets shows a good match of the porosity and permeability values
(Figure 4.1-4). Only the permeability values given with 1 microDarcy (< 10-18 m²) by Contreras et al.
(1990) migth result from exceeding the measurement range of the device and should be excluded. In
contrast, thermal conductivity values analysed at dry conditions from Conntreras et al. (1990) are
significant lower than the measurements from TUDA, although the saturated measurements are in the
same order of magnitude. These differences might be explained by incorrect application of the
temperature sensor of the line-source technuique on the sample material while temperature
measurements were running. However, as we were not able to clarify the reason for this difference,
thermal conductivity values from Contreras et al. (1990) were excluded from the data set.
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Figure 4.1-5: Cross plots of thermo- and petrophysical properties of the Los Humeros CFE reservoir cores analysed
at dry conditions. For the number of analysed samples please see Table 8.5-2.
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The results of the CFE reservoir samples show no significant differences between the individual rock
types (Figure 4.1-5). Exceptions form the highly porous tuff samples form the uppermost layer in well
H26-1 and the highly fractured marble samples. In general the reservoir samples show a higher
dispersion than the outcrop samples. The core samples (3 m long) at the CFE core storage showed a
high matrix variability, which can be recognized in the sample set. In most cases the plugs were
drilled from one core piece, nevertheless the plugs show wide disparity regarding rock matrix and
rock properties. This phenomenon can be observed on the altered basalt sample. Furthermore the
ignimbrite from the upper layer in well H18 differs from the ignimbrite in the deeper part of the
reservoir. Likewise, the marble sample from well H15-4 has a higher porosity and thus a lower
thermal conductivity and P-wave velocity than the samples from well H13-3.
In general the data set shows a good correlation between bulk density and porosity, thermal
conductivity and density, P-wave and S- wave velocity and thermal conductivity and thermal
diffusivity. The results show no correlation between porosity and permeability, thermal conductivity
and permeability and unexpectedly thermal conductivity and P-wave velocity.
In Figure 4.1-6 porosity and intrinsic permeability are shown with respect to depth (bgl), the intensity
of hydrothermal alteration and structural zones proposed by Norini et al. (2015).
The results indicate that permeability and porosity show no general trend with respect to reservoir
depth (please note that the drill depths of the core samples were not corrected). Low porous massive
andesite parts occur on the same depth level with porous sections. With respect to the rock properties,
welded and/or hydrothermally altered ignimbrite rather behaves like the andesite. The same applies
for the sample taken from the lower tuff layer. This explains the difficulties to relate the results of the
geophysical logs from well H42 and well H40 (described in GEMex Deliverable D6.3, Deb et al.
2019) to individual rock types. The results do not confirm the thesis of two (horizontal) andesite
layers separated by a tuff sequence as pronounced in previous studies. As stated in Carrasco- Núñez et
al. (2017b), the sample set indicates large displacement of different untis within the caldera complex.
Norini et al. (2015) defined three structural units. The first unit includes the eastern part of the
geothermal field and is described as rather flat area acting as a stable resurgent block within the
reservoir. The second structural sector includes the central and northern part and is restricted by the
main NNW-SSE fault. Sector two is characterized by pervaisive N-S striking fault plays. Most of the
production wells are located in this sector. The third sector covers the remaining western part of the
geothermal field and is described also as ‘stable’. Only a fell wells were drilled in this sector and are
mostly non-productive. However, porosity and permability measurements show no clear trend and do
not confirm the observations from Norini et al. (2015).
Based on preliminary thin section analysis, the reservoir samples were classified with respect to the
observed hydrothermal overprint. The results include only basic analysis e.g. identifying the condition
of the phenocrysts, replacement of phenocrysts or the matrix, or the occurrence of indicator minerals
for hydrothermal alteration (chlorite, epidote, and calcite). Detailed mineralogical analyses were
carried out on few CFE reservoir samples and the results are shown in chapter 4.6. A more detailed
analysis on the remaining thin sections will be carried out as well and is planned for the upcoming
months. The intensity of hydrothermal alteration was classified into five groups ragning from weak to
strong. Furthermore the silicified samples are presented separately. The cross plot indicate that the
intensity of hydrothermal alteration is independent from reservoir depth, structural sectors and
lithology. Based on the investigation of the core samples, hydrothermal alteration predominantly
seems to be restricted to small zones (2 cm to ~ 10 cm) around cracks and fractures. Exceptions form
the collected silicified samples, which indicate pervaisive matrix replacement of larger core sections.
75

With respect to the reservoir scale, hydrothermal alteration occurs dispersed within the Los Humeros
caldera in all depth levels and seems to be restricted to fractures and fault zones. It is most likely that
the so far identified fault zones do not explain these observations and that smaller fracture zones
(which have not been identified yet) are responsible for the variable hydrothermal overprint within the
reservoir. Further investigations including geophysical data might be helpful to confirm this theory.
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Figure 4.1-6: Comparison of porosity and permeability measurements on the CFE reservoir samples with respect to
depth, structural sectors (after Norini et al., 2015) and hydrothermal alteration.

77

4.2 Petrophysical properties of the Acoculco Geothermal Field and
Outcrop Analogues (Leandra Weydt, TUDA)
4.2.1

Outcrop analogue samples

Petro- and thermophysical properties were analysed on about 480 plugs. The Acoculco outcrop
samples show similar patterns than the Los Humeros outcrop samples. The data set shows a high
heterogeneity of the individual lithological units.
The data set shows a good correlation between bulk density and porosity (Figure 4.2-1). The
remaining parameters show no general trend or no correlation at all, and the Cretaceous limestones
show notably high scattering. The reason for this observation has to be clarified via thin section
analysis or repeating P-wave and/or thermal conductivity measurements.
The hydrothermally altered rhyolite samples show the highes scattering. Matrix porosity ranges
between ~ 10 up to 60 %. In this case hydrothermal alteration increased porosity and permeability
significantly. Quite unusual is the fact that thermal conductivity also increases, which is most likely
caused by the high SiO2 content of these samples due to silicification processes. Porosity and
permeability values of the andesite and trachyandesite samples show high scattering. This might be
caused due to the fact that the Miocene samples collected outside of the Acoculco caldera are mainly
nonporous and more massive than the younger samples collected within the caldera complex. With <
5 % and 10-17 m², average matrix porosity and permeability of the Cretaceous limestones, shales and
cherts is very low and can be classified as inpermeable. Likewise to Los Humeros, the Jurassic
calcarenites form the exception with average matrix porosity and permeability ~ 8 % and 10-14 m²,
respectively. The higher scattering of the Cretaceous limestones is most likely caused by fissures and
fractures.
Thermal conductivity and thermal diffusivity of the volcanic rocks is relatively low. Here, the basalt,
andesite and trachyandesite samples offer very similar results. With respect to the 3D geological
models, the can be grouped together. Similar to the samples collected in Las Minas, the chert and
limestones with metamorphic overprint show the highest thermal conductivity compared to the
remaining rest.
P-wave and S-wave velocities show high dispersion for all units. Furthermore, magnetic susceptibility
is commonly very low (<0,1 10-3 SI, see Figure 8.5-1). The sedimentary samples show (with some
outliners) predominantly slightly negative values. Likewise to Los Humeros, the andesite, basalt and
trachyandesite samples show much higher values (~5 – 8 10-3 SI)
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Figure 4.2-1: Cross plots of petrophysical properties measured on the Acoculco outcrop samples at dry conditions.
For the number of analysed samples please see Table 8.5-1.
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4.2.2

Reservoir samples

Six drill cores were drilled for well EAC1 covering ignimbrite (core 1, 100 m bgs), Rhyolite/Dacite
(core 2, 300 m bgs), Riodacite (core 3, 600 m bgs), skarn (core 4, 852 m bgs), marble (core 5, 1500 m
bgs) and granite (core 6, 1815 m bgs).
Density, porosity and permeability measurements conducted on mCT-plugs (~0.5 mm in diameter and
~1 cm long) were kindly provided by Eduardo Gonzalez (UNAM, Geominco; see Table 4.2-1).
Thermal conductivity and heat capacity data can be found in Canet et al. 2015.
The samples were described as followed: The ignimbrite sample in the upper part of the well has a
grey colour and a compact matrix with a porphyric texture (quartz, plagioclase, unindentified rock
fragments). Alteration processes were identified by the presence of several clays. The second sample
had a grey to greenish color and a porphyritic texture (plagioclase, feldspars, pyrite) and comprises
fractues sealed with quartz. The Riodacite sample has a grey to white color and shows intense
silification. It comprises phenocrysts of plagioclase and pyrite clusters. The Skarn sample has an
unequal texture and comprises predominantly mafic minerals, but also quartz. It shows a weak
reaction to hydrochloric acid. The presence of fractures was not observed. In contrast, the marble
intercept in core 5 consist of several fractures up to 1 mm wide and filled with calcite. The granite
sample, which represents the lower part of the reservoir, has a grey to green color and an equigranular
texture comprising quartz, feldspars and biotite.

Table 4.2-1: Petrophysical properties of EAC1 core samples

Parameters
Unit

ρP

ρB
-

-

ɸ

K

[g cm ³]

[g cm ³]

[%]

[m²]

Ignimbrite (core 1)

1.74 (1)

1.49 (1)

13.58 (1)

1.34E-13 (1)

Rhyolite/Dacite (core 2)

1.95 (1)

1.81 (1)

6.61 (1)

8.52E-14 (1)

Riodacite (core 3)

2.49 (1)

2.39 (1)

1.04 (1)

-

Skarn (core 4)

1.28 (1)

1.27 (1)

0.004 (1)

-

Marble (core 5)

1.69 (1)

1.64 (1)

0.055 (1)

-

Granite (core 6)

2.76 (1)

3.60 (1)

3.66 (1)

2.64E-14 (1)

arithmetic mean values in normal font, the numbers in bold represent geometric mean values, ± = standard deviation, () = number of analysed plugs
ρP = Particle density, ρB = Bulk density, ɸ = Porosity, K = Permeability

The low rock permeabilities described by López-Hernández et al. (2009) and Canet et al. (2015) are in
contrast to other geothermal fields. According to the temperature and flow measurements conducted
by López-Hernández et al., (2009) the upper 400 m of well EAC1 pose the zone of highest
permeability. Porosity and permeability values up to 15 % and > 10-13 m² of core 1 and 2 confirm
these observations (Figure 4.2-2). In contrast, the silicified Riodacite shows a very low porosity.
Porosity and permeability values of the granite sample are relatively high, which might be attributed
to micro fractures. Compared with the outcrop samples taken in Las Minas, bulk density of the marble
and skarn sample are unexpected low.
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Figure 4.2-2: Density, porosity and permeability data of the six reservoir core samples from well EAC1.

4.3 Comparison of non-destructive test results from rock samples from
Acoculco and Los Humeros area (UniTO)
Laboratory activity by UniTO team was mainly characterized by different non-destructive tests.
Depending on the availaibility of each studied sample as well as on the designed analysis to conduct,
specific specimens were analysed through specific methodologies.
Table 4.3-1 provides a detailed summary of each analysed sample with their relative field and lab
acronyms, as well as the rock name, the location and the outcrop name.
Table 4.3-1: Studied samples during the different lab activities by UniTO team, reported in the whole chapter 4.3.

Sample_Nbr
(field)
LH19-J18LH-LC-2
LH19-J18LH-LC-3
LH36-C1
LH36-C4
RLM12-C4

Lab name

Rock Name
(field)
Limestone

Outcrop name

Location

LH19-J18LH-LC-2
LH19-J18LH-LC-3
LH36-C1
LH36-C4
RLM12-C4

Los Humeros

Limestone

Los Humeros

Limestone
Limestone
Limestone

Los Humeros
Los Humeros
Los Humeros exhumed system
Las Minas
Los Humeros exhumed system
Las Minas
Los Humeros exhumed system
Las Minas
Los Humeros exhumed system
Las Minas
Los Humeros exhumed system
Las Minas
Los Humeros exhumed system
Las Minas
Los Humeros exhumed system
Las Minas
Los Humeros exhumed system

Highway 140, close to Alchichica,
road cut/quarry
Highway 140, close to Alchichica,
road cut/quarry
Tenextepec
Tenextepec
road from Perote to Las Minas

RLM12-C5

RLM12-C5

Limestone

RLM12-C6

RLM12-C6

Limestone

RLM12-C7A

RLM12-C7A

Limestone

RLM12-C8A

RLM12-C8A

Limestone

RLM12-C9A

RLM12-C9A

Limestone

RLM12-C10

RLM12-C10

Limestone

RLM12-C11A

RLM12-

Limestone

road from Perote to Las Minas
road from Perote to Las Minas
road from Perote to Las Minas
road from Perote to Las Minas
road from Perote to Las Minas
road from Perote to Las Minas
road from Perote to Las Minas
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01-AC-EC

C11A
01-AC-EC

Limestone

24-AC-RH
GQ1

SkarnHematite
Rhyolite
Marble

Las Minas
Acoculco exhumed system
Zacatlán
Acoculco exhumed system
Zacatlán
Acoculco exhumed system
Zacatlán
Acoculco exhumed system
Zacatlán
Acoculco exhumed system
Zacatlán
Acoculco exhumed system
Zacatlán
Los Humeros exhumed system
Las Minas
Los Humeros exhumed system
Las Minas
Los Humeros exhumed system
Las Minas
Acoculco
Granados Quarry

03-AC-EC

03-AC-EC

Limestone

04-AC-EC

04-AC-EC

Limestone

09-AC-LC

09-AC-LC

Limestone

11-AC-PB

11-AC-PB

12-AC-PC

12-AC-PC

PyroclasticBrechia
Pyroclastite

20-AC-MA

20-AC-MA

Marble

21-AC-SK

21-AC-SK

Skarn-endo

22-AC-HE

22-AC-HE

24-AC-RH
GQ1-M18LH-MA
GQ2-M18LH-MA
GQ3-M18LH-MA
GQ4-M18LH-MA
GQ5-M18LH-MA
GQ6-M18LH-MA
GQ7-M18LH-MA
GQ8-M18LH-MA
GQ9-M18LH-MA
GQ10-M18LH-MA

Acoculco Caldera, PUEBLA
Tatatila - Las Minas

GQ2

Marble

Granados Quarry

Tatatila - Las Minas

GQ3

Marble

Granados Quarry

Tatatila - Las Minas

GQ4

Marble

Granados Quarry

Tatatila - Las Minas

GQ5

Marble

Granados Quarry

Tatatila - Las Minas

GQ6

Marble

Granados Quarry

Tatatila - Las Minas

GQ7

Marble

Granados Quarry

Tatatila - Las Minas

GQ8

Marble

Granados Quarry

Tatatila - Las Minas

GQ9

Marble

Granados Quarry

Tatatila - Las Minas

GQ10

Marble

Granados Quarry

Tatatila - Las Minas

Zacatlán area
Zacatlán area
Zacatlán area
Zacatlán area
Zacatlán area
Zacatlán area
Las Minas, Perote
Las Minas, Perote
Las Minas, Perote
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2400

2200

2800
4.3.1

Density and Porosity determinations

Both density and porosity values, were evaluated for each studied sample from Acoculco (Figure
4.3-1) and Los Humeros (Figure 4.3-2).
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Figure 4.3-1: (a) Dry (red symbols) and wet (blue symbols) density evaluated for each sample coming from Acoculco.
(b) Porosity values for each sample coming from Acoculco. Where not visible, the dimensions of the error bars are
lower than the marker size. Specimen acronyms, are reported in Table 4.3-1.
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Figure 4.3-2: (a) Dry (red symbols) and wet (blue symbols) density evaluated for each sample coming from Los
Humeros. (b) Porosity values for each sample coming from Los Humeros. Where not visible, the dimensions of the
error bars are lower than the marker size. Specimen acronyms, are reported in Table 4.3-1.

For Group 2 and Group 3, porosity variation was evaluated as a function of the target temperature
(Figure 4.3-3) reached during thermal treatment (Vagnon et al., 2019). For each rock types, variation
in porosity was observed: in general, the dry density of the specimens remained constant for
temperature up to 400°C (with a slight increase at T = 400°C), after which it underwent a significant
decrease. The values of ρwet followed the same trend of ρdry, but showing a progressive divergence
from dry values. This behaviour appeared to be caused by the thermal expansion originated by the
84

GQ9

GQ8

26
GQ4

GQ9

25
GQ3
GQ10
GQ10

23
GQ1
GQ8

GQ8

24
GQ2
GQ9

GQ6

22
GQ7

GQ7

GQ5

21
22-AC-HE
GQ6

GQ4

20
21-AC-SK
GQ5

19
20-AC-MA
GQ4

GQ2

18
GQ3

GQ3

16
GQ1

GQ1
17
GQ2

22-AC-HE
15

14
21-AC-SK
22-AC-HE

13
20-AC-MA
21-AC-SK

12
RLM12-C11A
20-AC-MA

11
RLM12-C10

10
RLM12-C9A

RLM12-C8A9

RLM12-C7A8

RLM12-C67

RLM12-C56

RLM12-C11A

RLM12-C10

RLM12-C10
RLM12-C4
RLM12-C11A

RLM12-C9A5

RLM12-C8A
LH36-C44

GQ8

3200

GQ7

3200

GQ6

0.020
3400

GQ7

3400

Group2

Group1

GQ6

3400

Group3

GQ5

3600

GQ5

3600

RLM12-C62
LH19-J18-LH-LC-3
RLM12-C8A
RLM12-C7A
LH36-C13
RLM12-C9A

0

RLM12-C4
RLM12-C6
RLM12-C51
LH19-J18-LH-LC-2
RLM12-C7A

LH36-C4
RLM12-C5

3600

[n]
Porosity
[kg/m3]
Density

3800
0.025

LH19-J18-LH-LC-2

a)

2600
2600

3800

LH19-J18-LH-LC-3

Group2

Group1

2800
2800

3800

Density [kg/m3]

Group3

3000
3000

LH36-C1
RLM12-C4

LH19-J18-LH-LC-2
LH36-C1

LH19-J18-LH-LC-3
LH36-C4

Density [kg/m3]

3600

LH19-J18-LH-LC-3

3800
3800

Density [kg/m3]

3800

LH19-J18-LH-LC-2

3800

thermal treatment, which induces internal damage because of grain crushing and micro-crack
formation and/or propagation that cause a rock pore volume increase and a density decrease. The
presence of water is likely to act as an inhibiting factor, slightly reducing the brittle ongoing processes
and thus determining slightly higher values. This hypothesis is confirmed by analysing sample
porosity, graphed as a function of temperature (Figure 4.3-3). After the thermal cycle, there is an
increase in porosity that is moderate for temperatures up to 200°C and become more marked for
higher temperatures. In the tested temperature range (from 20 to 600°C), the porosity rises from 0.1%
to 6% for limestone rocks, and from 0.2% to 4%, with a clear exponential increase after 200°C and a
sharp increase after 400°C.
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Figure 4.3-3: Relationship between porosity of each sample, and temperature. Where not visible, the dimensions of
the error bars are lower than the marker size.

By regression analysis, we obtained two characteristic exponential relationships from our
experimental data by interpolating porosity and temperature, as follow:
(Eq. 35)
(Eq. 36)
where n is dimensionless. The goodness of these relationships is represented by the high values (0.96
and 0.93) of the coefficient of determination, R2. Comparing the two analysed rock types, limestones
were more sensitive to thermal treatment.
4.3.2

Ultrasonic Pulse Velocity (UPV) measurements

Figure 4.3-4 and Figure 4.3-5 shows the relationship between P- (a) and S-wave velocity (b) with bulk
density, for the studied rock types. Generally, laboratory samples from same rock types have a low
variation both in terms of P- and S-wave velocity (cfr. limestone and marble in Figure 4.3-5). On the
other hand, samples measured on field show a more marked heterogeneity (cf. weathered lava Figure
4.3-4).
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Figure 4.3-4: Relationship between (a) P- and (b) S-wave velocity and bulk density for rock types coming from
Acoculco.
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Figure 4.3-5: Relationship between (a) P- and (b) S-wave velocity and bulk density for rock types coming from Los
Humeros.

For what it concerns the thermally treated samples, a clear decrease in the UPV was found with
increasing target temperature, as shown in Figure 4.3-6, both for P- and S-wave measurements. The
VP/VS ratio was found to reduce with increasing temperature. Exponential relationships were fitted to
the average velocities for each rock type, following:

(Eq.37)
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(Eq. 38)
(Eq. 39)
(Eq. 40)
These results are also in good agreement with the increase in porosity observed and the damage
within the medium because of thermal cracking, which progressively slows the ultrasonic wave first
arrival time at each step of temperature.
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Figure 4.3-6: (a) Relationships between the average P- and (b) S-wave velocity of limestone (green circles) and marble
(brown circles) and the target temperature. Where not visible, the dimensions of the error bars are lower than the
marker size.

In addition, since the Vp/Vs ratio is directly related to the sample Poisson’s ratio, a clear change in the
mechanical properties of the samples is expected with increasing temperature. Particularly, lower
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Vp/Vs ratios correspond to lower Poisson's ratios. This suggests therefore an exponential lowering of
the Poisson's ratio of the material as a function of increasing temperature, mirroring the incremental
damage due to cracks formation and eventually to calcite decomposition, which provides the lowest
detected Vp/Vs ratios.
4.3.3

Electrical Resistivity (ER) measrements

Figure 4.3-7 shows the trend of apparent electrical resistivity values in dry (red symbols) and
saturated (blue symbols) conditions for each analysed sample coming from Acoculco (Figure 4.3-7a)
and Los Humeros (Figure 4.3-7b) geothermal field. The greater the divergence between dry and
saturated resistivity values, the greater is the porosity (cf. Figure 4.3-7a and Figure 4.3-1b).
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Figure 4.3-7: Apparent electrical resistivity values in dry (red symbols) and saturated (blue symbols) conditions for
samples coming from Acoculco (a) and Los Humeros (b).
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Figure 4.3-8 shows the empirical relationships between temperature and Formation Factor, F, defined
as the ratio between the wet apparent resistivity, ρa,wet, and the fluid resistivity, for the two studied
rock types:

(Eq. 41)

(Eq. 42)
A clear modification in the electrical properties was found as function of temperature. In limestone F,
moderately decreased up to 200°C; after this temperature, it significantly dropped. Conversely, in
marble rocks, there was a continuous decrease of F as temperature increased. This behaviour well
reflected the trend of porosity (cf. Figure 4.3-3): in fact, for limestone rocks, the increase in porosity
was sensibly marked between 200 and 400°C compared to marble rocks, where the porosity increased
continuously as function of temperature. Moreover, it agreed with UPV measurements. Summarizing,
the sample thermal cracking with increasing temperature generated an increase in the rock pore
volume. In wet conditions, these voids were filled by fluids (acting as an electrical conductor). In this
configuration, ρa, wet progressively reduced with increasing thermal damage, since the quantity of the
fluid within the pore volume significantly increased. The very low values of ρa,wet at 600°C were again
consistent with the decomposition processes described above, and the pervasive diffusion of fluids
within the rock matrix strongly increasing the conductivity.
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Figure 4.3-8: Relationships between Formation Factor, F, and the target temperature. Where not visible, the
dimensions of the error bars are lower than the marker size.
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Figure 4.3-9: Relationship between effective (relative humidity) porosity and saturated hydraulic conductivity for
samples grouped by vitric/crystallized, altered and micro-fractured volcanic units (Flint, 2006).

Relationship between porosity and hydraulic conductivity are proposed from soils and for some rocks:
by the way, effective porosity is not the only parameter affecting permeability, but, in a first
approximation following Figure 4.3-9by Flint et al. (2006), it is possible to assess that these rocks
cannot show values higher than 10-6 m/s, more likely less than 10-8 m/s.
Measuring permeability was not easy, but such low value does not affect meaningfully a geothermal
system from the production point of view.
4.3.4

Thermal conductivity determinations

Thermal properties measurements were conducted on specimens subjected to thermal treatment
(Section 4.3.1). Because of several micro cracks developed during treatment, as well as the decrease
of the mechanical strength during laboratory procedures aimed at obtaining cylindrical specimen to
use TDB device, thermal properties were not possible to achieve for all the available specimens. Only
a certain number of rock samples were then investigated, of which limestones from Los Humeros
(Tenextepec), Los Humeros (Las Minas), and marbles of Granados Quarry (Tatatila, Las Minas).
The main results about thermal conductivity both in dry and in wet conditions as well as temperature,
are summarized in Table 4.3-2. Each test represented an average of ten values each one over sixteen
data recorded during 300s of experiment (Figure 4.3-10).
As a general result, each test was characterized by a low standard deviation ranging from 0.173 and
0.277 (STDEV, Table 4.3-2), meaning a high reliability of the whole database.
On the whole, it can be observed a clear distinction between limestone rock samples (first four
samples in Table 4.3-2) and marble ones (the last four samples in Table 4.3-2). For the first group, a
slightly difference between thermal conductivity in dry and in wet conditions, testifying by higher
density and lower porosity values (Section 4.3.1), was observed (Figure 4.3-11). The low λd/λw ratio,
ranging from 0.96 and 1.66 %, gave further evidence as well (Table 4.3-2). On the other hand, marble
rock samples behaved differently showing lower thermal conductivities (1.494 to 1.613 W*m-1K-1)
than the limestone ones (2.181 to 2.616 W*m-1K-1). It revealed anomalous, since marbles usually get
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higher thermal conductivity (Čáchová et al., 2016; Chicco et al., 2019). Furthermore, their λ d/λw ratio
ranges from 7.83 and 10.98% (Table 4.3-2), suggesting higher porosity values than limestones.
Table 4.3-2: Bulk values of thermal conductivity both in dry (λd, W*m-1K-1), and in wet conditions (λw, W*m-1K-1).
Temperature (T, °C) and Standard Deviation (STDEV), are also reported.

λd
(W*m-1K-1)

λw
(W*m-1K-1)

λd/λw (%)

T (°C)

STDEV

LH36-C1

2.386

2.409

0.96

25.12

0.226

RLM12-C4

2.616

2.699

3.17

25.01

0.217

RLM12-C7A

2.181

2.213

1.47

23.7

0.194

RLM12-C8A

2.347

2.386

1.66

24,3

0.191

GQ1

1.494

1.611

7.83

23.68

0.244

GQ3

1.703

1.890

10.98

23.74

0.277

GQ5

1.609

1.782

10.75

22.99

0.173

GQ6
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Figure 4.3-10: Average values of thermal conductivity ((λ, W*m-1K-1), over 16 measures during 300s experiments.

92

λ d(W*m-1K-1)

λw (W*m-1K-1)

T (°C)

25.5
25

2.5

24.5
2.0

24

1.5

23.5
23

1.0

Temperature (T. °C)

22
GQ6

GQ5

GQ3

GQ1

RLM12-C8A

0.0

RLM12-C4

0.5

RLM12-C7A

22.5
LH36-C1

Thermal Conductivity (λ, W*m-1K-1)

3.0

21.5

Figure 4.3-11: Bulk thermal conductivity measurements in dry (λd, W*m-1K-1), and wet conditions (λw, W*m-1K-1), for
the investigated specimens. Temperature (T, °C), is also compared.

4.3.5

Triaxial tests

Experimental conditions for tested samples are reported in Table 4.3-3. Hereafter mechanical data are
discussed. Differential stress, i.e. the difference between applied radial and axial stresses vs. time,
strain versus time and differential stress vs. time are reported. Strain was measured as the percentage
change in the length of the sample.
Table 4.3-3: Confining pressure (Pc), Pore pressure (Pp) and temperature (T) conditions of the investigated samples

Sample Name official

PreTreatment

In-situ
Temperature

Confining
Pressure

Pore Pressure
(saturation)

LH19-J18-LH-LC-2

0

RT

30

0

RLM12-M17-C4

0

RT

50

20

RLM12-M17-C6

0

150

30

0

RLM12-M17-C5

0

RT

50

20

LH36-C4

200

RT

50

20

Notes

Additional
shearing

4.3.5.1 Sample LH19-C2
A compact phase of about 2-3 minutes was followed by an elastic phase of about 10 min Dynamic
failure of the sample begun at approximately 13 minutes with a rapid stalling of the rising differential
stress. Brittle failure and shear zone coalescence, observed as the significant drop in stress, of the
sample occurs approximately 3 minutes later (Figure 4.3-12a).
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In the lead up to dynamic failure strain increases at a constant rate. During failure, a shear zone
coalesced and sliding occurred along a newly formed fracture plane at 0.95% strain. Thus, resulting in
the characteristic rapid rise of the accumulated strain (Figure 4.3-12b).
Yield strength of the sample was approximately 260 MPa. Following a period of strain hardening
(Figure 4.3-12c), where the sample strengthens due to accumulated damage, ultimate strength of the
sample occurred at approximately 300 MPa.

Figure 4.3-12: a) Differential Stress vs. Time. b) Differential Strain vs. Time. c) Differential Stress vs. Strain

4.3.5.2 Sample RLM12-C4
During saturated tests, quantity of pore fluid is a volumetric measure of connected damage as
expanding cracks became filled with water (Figure 4.3-13a).
Despite the effective pressure was comparable (20 MPa), the increase of the confining pressure (50
MPa against 30 MPa) led to a relative increase in the strength of the sample, as compared with the
previous tests together with a comparable compact/elastic phase. A dynamic failure of the sample
beginning only at approximately 17 minutes even though effective pressure remained the same. The
period of strain hardening prior to failure was also shorter and resulted in a very low increase in the
strength of the sample (Figure 4.3-13b).
As with the prior room temperature test, dynamic failure of the sample occurred in two steps; initially
at 0.85% strain and then at 1% strain. However, post-failure deformation occurred at a greatly
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increased rate. This may be due to a reduction in the frictional strength of the fracture caused by the
presence of pore fluid (Figure 4.3-13c).
Yield and ultimate strength of the sample is approximately 360 MPa with a shortened period of strain
hardening as compared with the unsaturated sample (Figure 4.3-13d).

Figure 4.3-13: a) Pore Fluid vs. Time; b) Differential Stress vs. Time: c) Differential Strain vs. Time; d) Differential
Stress vs. Strain

4.3.5.3 Sample RLM12-C6
In-situ heating of the sample to 150C° resulted in a weakening of the microstructure and a more rapid
propagation of damage with dynamic failure occurring over a shorter time-span and with a significant
drop in differential stress at shear zone coalescence (Figure 4.3-14a).
In-situ heating of this sample results in similar post-deformation behavior as the saturated untreated
sample (Figure 4.3-14b).
Applied temperature remained relative consistent throughout the experiment, however, there is a
small drop of 1C° at sample failure. This likely due to a drop in thermal transmissivity due to the
formation of a shear zone (Figure 4.3-14c).
As with the saturated RT sample, yield strength is equivalent to ultimate strength (Figure 4.3-14d).
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Figure 4.3-14: a) Differential Stress vs. Time; b) Differential Stress Strain vs. Time; c) Temperature vs. Time; d)
Differential Stress vs. Strain

4.3.5.4 Sample RLM12-C5
Following dynamic failure, the rate of pore fluid injection was heavily reduced as damage propagation
slows (Figure 4.3-15a).
After an extended elastic phase (around 15 minutes), followed the compact phase (2 min). At dynamic
failure, the sample underwent an extended shearing phase where at constant differential stress strain
increased (Figure 4.3-15b).
Strain rate is constant before and after dynamic failure. Failure of the sample occurred at 1.05% strain
and the experiment continues to just over 3.5% accumulated strain. At 3% strain an additional
fracturing event occurred (Figure 4.3-15c).
Ultimate strength of the sample was at 400 MPa (Figure 4.3-15d).
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Figure 4.3-15: a) Pore Fluid vs. Time; b) Differential Stress vs. Time: c) Differential Stress Strain vs. Time; d)
Differential Stress vs. Strain.

4.3.5.5 Sample LH36-C4
A mechanical fault in the apparatus led to a small leak and so pore fluid data is unreliable for this test
(Figure 4.3-16a).
Pre-Treatment of the sample to 200 C° has led to more ductile deformation as compared with the
previous experiments as indicated by a smoother differential stress curve (Figure 4.3-16b). Shear zone
coalescence had more ductile rather than brittle behaviour. The characteristic jumps in strain, were
instead strongly smoothed, suggesting damage was more widespread throughout the sample rather
than localised along a single plane (Figure 4.3-16c).
This temperature range corresponded to the initial change of porosity affecting physical properties
observed for the samples thermally treated in the previous section.
Several stress drops were consistent with compaction induced by plastic deformation, occurring after
the failure of the sample (Figure 4.3-16d).
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Both saturation and temperature conditions played a role in significantly weakening rocks, thus
promoting deformation and failure at lower stresses. All samples followed a 2-stage mode of dynamic
failure, where the shear zone formed in 2 phases of initial localisation and slip before full coalescence
into a macroscopic fault. The primary effect of elevated in-situ temperatures and pore fluid is to
reduce the time between phases with a shortened period of strain hardening. However, this period is
notably extended when temperature is applied before deformation. Pre-existing defects are
significantly weaker resulting in more wide-spread damage throughout the rock and poor localisation
along a shear zone.

Figure 4.3-16: a) Pore Fluid vs. Time; b) Differential Stress vs. Time: c) Differential Stress Strain vs. Time; d)
Differential Stress vs. Strain.
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4.4 Petrophysical measurements at high p/T conditions (Juliane
Kummerow, Siegfried Raab, GFZ)
The identification of superhot or supercritical reservoirs for geothermal exploitation requires an
accurate exploration of the target area by geophysical methods. For delineation of hydrothermal
systems, particular cost-effective magneto-telluric surveys are suitable, as electrical properties are
sensitive to temperature, alteration of the rock, porosity, pore structure, fluid content and the nature of
formation fluids in terms of phase and salinity. However, the interpretation of measurements at the
earth surface with regards to material properties at depth need for combined investigations of field
surveys and downhole data. Petrophysical measurements at defined laboratory conditions can help to
develop a more detailed understanding of the underlying processes. However, due to the harsh
experimental conditions, petrophysical data on water-saturated rock samples at high pressure and
temperature (HP/HT) conditions are still limited. Glover and Vine (1992) studied the electrical
conductivity of brine-saturated granulites, gneisses, amphibolites, granites, and diorite up to 200 MPa
and 1000°C. Violay et al., 2012 and Nono et al., 2018 reported on measurements on saturated
volcanic rocks at a confining pressure of 100 MPa and temperatures up to 600 °C. However,
limestones have not been studied so far. Also, the effect of chemically dynamic conditions during
fluid flow was not considered, yet.
The physico-chemical properties of aqueous fluids possess a strong temperature dependence, and
associated with this, mineral precipitation and dissolution processes accelerate in supercritical
electrolytic solutions, that is at a fluid pressure higher than 22.12 MPa and temperatures above
374.21 °C. In flow-through experiments it was studied, how these competing processes affect the
electrical and hydraulic properties of rocks under conditions of a high-enthalpy hydrothermal
reservoir, such as the Los Humeros system. The Los Humeros system, located in the Transmexican
Volcanic Belt, is characterized by a fracture dominated carbonate basement covered by an andesitic
reservoir, where the permeability is both fracture and matrix-dominated (Lasinska and Rochelle,
2018). Accordingly, the studied rocks samples should reflect the geological situation of hydrothermal
systems in the Transmexican Volcanic Belt. Within the frame of GEMex numerous rock samples
were taken from exhumed systems in the vicinity of the active Los Humeros and Acoculco areas,
respectively. However, most of the samples, tested at GFZ, possess only a minor porosity varying
between 0.02 – 2.3 %, predominantly linked to fissures. Hence, at simulated in-situ conditions they
were either impermeable or almost impermeable. A number of time-consuming experiments had to be
stopped, as the samples could neither hydraulically nor thermally been stimulated and no
measurements on hydraulic and electrical properties were feasible. In fact, it turned out that only one
sample from Mexico was suitable for petrophysical measurements at elevated pT conditions. Sample
15-AC-LC is an argelitic limestone from the exhumed Zacatlán system, which is regarded as a proxi
for the carbonate basement. Additionally, we made use of an adequate sample from GFZ repository, a
quartz-dolerite (GG1-qzDol) from the exhumed Geitafell system on Iceland, which is regarded as
proxi for the andesitic reservoir unit.
The electrical and hydraulic bulk properties of brine saturated rock cores (l = 75 mm, d = 30 mm)
were simultaneously determined in an internally heated gas-pressure vessel for increasing temperature
levels (Tmax = 406 °C) at a confining pressure of 3.15 MPa at maximum. For permeability
measurements the sample set-up is connected to a pore pressure system, which is controlled by a
pump each on up-stream and down-stream side. After the sample was led to equilibrate to the new
temperature for at least 6 hours, a certain flow rate was adjusted and kept constant for several hours
until the differential pressure reached equilibrium. For permeabilities < 10-19 m2 (< 1 µD) it was more
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feasible to determine the flowrate, which adjusted for a given differential pressure between up-stream
side and down-stream side. The resistivity (inverse of the conductivity) was measured with a fourelectrode layout using a Zahner-Zennium impedance spectrometer. For the dolerite sample, the
impedance was recorded at every temperature level in a frequency range of 100 mHz – 10 kHz and 10
mHz – 100 kHz, respectively. Due to technical problems no frequency spectra were taken for the
limestone, and impedance was continuously logged with time at a constant frequency of 1 kHz.
Details of the measuring procedure are given in the supplementary material. When possible, fluid
samples have been taken down-stream at every temperature level. As the flow rate were very low
(down to 10-5 ml/min), temperature levels had to been kept constant for several days to weeks to take
a sufficient fluid volume for further analyses.
4.4.1

Sample material

Based on SEM and XRD analyses the mineral composition of the quartz dolerite GG1-qzDol
comprises plagioclase (44 %), augite (24 %), hornblende (14 %), chlorite (13 %), magnetite (3 %),
and quartz (2 %). The porosity of 6.0 % is predominantly associated to randomly oriented fractures
often lined with chlorite, while additional micropores were identified in chlorite aggregates (Figure
4.4-1a and b). As pore fluid we used a diluted complex brine typical for the Icelandic reservoir fluids,
which was composed of NaCl, CaCl2, and Na2SO4.

Figure 4.4-1: SEM images of the studied sample material. (a and b) quartz-dolerite (GG1-qzDol) and (c and d)
argillitic limestone (15-AC-LC). The sample porosities are crack-dominated and predominately linked to fractures
along grain boundaries (dolerite) or bedding planes (limestone). Additionally, the dolerite possesses a micro-porosity,
which is associated with chlorite aggregates (a). aug: augite, chl: chlorite, mag: magnetite, plg: plagioclase, cal:
calcite, k-fsp: K-feldspar, qz: quartz, apa: apatite.
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Sample 15-AC-LC is a limestone with intercalated sandy portions and consists of calcite (57), quartz
(28 %), K-feldspar (8%), albite (4%), and the accessory minerals vesuvianite, rutil, apatite, and pyrit.
15-AC-LC possesses only a minor initial effective porosity of 1.85%, which is exclusively linked to
open fissures along bedding planes (Figure 4.4-1c and d). For ambient conditions a permeability of
5.71 mD (5.64 x 10-15 m2) was determined. Based on modelled fluid concentration under reservoir
conditions (Torres-Alvares et al., 2001), a 0.1m NaCl solution was used as pore fluid for the
limestone.

4.4.2

Results on Rock Properties in Dependence of Temperatures

Isobaric electrical resistivities/ conductivities and permeabilities of a quartz-gabbro (GG1-qzDol)
from a fossil high-enthalpy hydrothermal reservoir of the Geitafell volcano, Iceland, as well as of a
argillitic limestone (15-AC-LC) from the exhumed Zacatlán system were determined as function of
temperature in long-term (up to 83 days) flow through experiments. The quartz-dolerite was measured
two times, whereby temperatures of 350 °C and 300 °C were applied at maximum. Both runs had to
be stopped after the set-up sustained a severe gas leakage at maximum temperature. However, the
Zacatlán sample was exposed to supercritical conditions for ~8.5 h, before the sample was cooled
down at controlled conditions. The results are plotted in Figure 4.4-2 and Figure 4.4-3and are listed in
the Appendix.

Figure 4.4-2: (a) Permeability, k, and (b) electrical conductivity, bulk, of the fluid saturated argillitic limestone (15AC-LC). The petrophysical properties were determined at various effective pressures.

Both rock samples are very sensitive to the confining pressure, what is displayed by a considerable
reduction of permeability after the effective pressure was applied (Figure 4.4-2a). This is most
probably attributed to a reduction of porosity due to sample compaction. It seems that sample
compaction is particularly effective for the parallely fissured sample 15-AC-LC, where the
permeability, k, dropped from 5.63 x 10-15 m2 at ambient conditions to 6.13 x 10- 19 m2, when a
confining pressure of 1 MPa was applied, and to 1.87 x 10-20 m2 after setting a confining pressure of
31.5 MPa. For sample 15-AC-LC up to 200 °C almost no fluid flow was possible, as the percolation
rate through the limestone was in a range of 10-5 to 10-6 ml/min, although up to 200 °C the differential
pressure between up-stream and down-stream side was increased up to 6 MPa at an minimum
effective pressure of 1 MPa to stimulate hydraulic fracturing. According to the low permeability of
the sample, measured electrical resistivities were very high (km) and electrical properties were
presumably dominated by matrix conductance instead of electrolytic conductivity. At 250 °C we
assume thermally induced re-opening of the fissures and/ or cracking of the sample, as both
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permeability, k, and the electrical conductivity, bulk, increased by 1 and 2 orders of magnitude,
respectively. More specifically, the permeability raised from 2.8 x 10-20 m2 (0.03 µD) at 200 °C to
about 2.1 x 10-19 m2 (0.22 µD) at 250 °C and 3.2 x 10-19 m2 (0.32 µD) at 406°C. The electrical
conductivity soared from 9.1 x 10-5 S/m ( 11 km) at 200 °C to 5.2 x 10- 3 S/m ( 192 m) at 250
°C, and to 1.4 x 10-2 S/m (70 m). At 406 °C and supercritical conditions, bulk equilibrated at 5.9 x
10-2 S/m (17 m). After the up-stream and down-stream sides of the sample were hydraulically
connected, variations in the pore pressure and thus the effective pressure appeared to be inversely
proportional to both k and bulk (Figure 4.4-2).
Experiments on the quartz-dolerite GG1-qzDol were run in two cycles (M1 and M2) at an effective
pressure of 2.8 MPa and 7.5-8.5 MPa, respectively. For the higher confining pressure the permeability
at 24 °C decreased by about 2 orders of magnitude compared to that at lower effective pressure
(Figure 4.4-3a). Up to 200 – 250 °C the permeabilities in both runs decrease in a power law
relationship by 75 % and 97 %, from 1.3 x 10-16 to 3.3 x 10-17 m2 (113 - 28 µD) and from 4.3 x 10-18 to
1.2 x 10-19 m2 (4.4 – 0.1 µD), respectively. However, in the first run at an applied temperature of
250 °C the permeability increased significantly. For the second experiment on the dolerite sample, the
increase in permeability occurred already at 200 °C and is steeper compared to the first run. In
contrast to the permeability reduction, with increasing effective pressure at room temperature only a
minor effect on the electrical conductivity, bulk, of the dolerite was observed in both runs. In the first
run (peff = 2.8 MPa), bulk raised from 9.7 x 10-4 S/m (1034 m) at room temperature to 5.3 x 10-3 S/m
(189 m) at 200 °C and up to

Figure 4.4-3: (a) Permeability, and (b) Electrical conductivity of the fluid saturated quartz-gabbro (black dots) and of
the pore fluid (blue dots) as function of temperature. Fluid conductivities as function of temperature was measured in
a separate flow-through cell.

6.7 x 10-3 S/m (149 m) at 350 °C. For the second run (peff = 7.5-8.5 MPa), bulk was 5.4 x 10-4 S/m
(1862 m) at room temperature, 2.8 x 10-3 S/m (363 m) at 200 °C and raised to 3.7 x 10-3 S/m
(268 m) at 350 °C. In both experiments, up to temperatures of about 150 °C bulk increased linearly
(Figure 4.4-3b), what can be written as
𝜎𝑏𝑢𝑙𝑘(𝑇) = 𝜎0 (1 + 𝛼𝑏𝑢𝑙𝑘(𝑇−𝑇0 ) ),

(Eq. 43)

with 0 is the rock conductivity at room temperature and bulk(T-T0) is the conductivity gradient for a
distinct temperature range (Revil et al., 1998; Nono et al., 2018).
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Evidence of fluid – rock interactions
Rock samples
Due to the low porosity of both samples only limited fluid – rock interactions were found in thinsections. The dolerite (GG1-qzDol) shows widespread partial dissolution of chlorides, plagioclase and
amphiboles (Figure 4.4-4), whilst no clear indications for precipitation of new mineral grains were
found.

Figure 4.4-4. SEM images of dolerite GG1-qzDol after exposure to 350 °C at maximum show a partial, but
widespread dissolution of amphiboles (A) and plagioclase and the baring of a web-like albite remnants (B). K-fsp: Kfeldspar, hbl: hornblende, act: actinolite; aug: augite, ocl: oligoclase, alb: albite, chl: chloride.

Figure 4.4-5. SEM images of sample 15-AC-LC after exposure to 406 °C. Along the main pathways, calcite was
preferentially dissolved (see solution caverns). Precipitation of calcite, quartz, and zeolite was observed exclusively in
areas of lower flow rates (for instance along the blind holes for the electrodes). Cal: calcite, qz: quartz, zeo: zeolite,
fsp: feldpsar, wol: wollastonite.
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In the argillitic limestone (15-AC-LC) predominantly calcite was partially dissolved, leaving behind a
fine web-like network of silicate remnants (Figure 4.4-5 A and B). Mineral dissolution is restricted to
the closer areas of pre-defined bedding layers, which were the main pathways for the percolating
fluid, while the main part of the rock sample seems to be unaffected. In contrast, precipitations of
calcite and quartz were found exclusively along the discontinuities between rock sample and
electrodes, where fluid flow rates were assumed to be low due to the close fitting between sample and
electrodes. Calcite formed euhedral to subhedral grains that accumulated to a porous layer of about
50 µm thickness on the original fissure surface (Figure 4.4-5C). The calcite growth is covered by a
thin rim of quartz, whereby it cannot be excluded that the quartz rim formed during quenching of the
sample at the end of the experiment. In the hydrothermally overprinted areas of the sample zeolite
species were found (Figure 4.4-5D).
Quenched fluids
To estimate the influence of fluid-rock interactions, fluid samples have been taken at every
temperature step for chemical analyses with ICP-MS and control of conductivity and pH of the
percolated fluids. ICP-MS analyses of the experiments GG1-qzDol_M2 and for 15-AC-LC the
analysis are still outstanding, that for GG1-qzDol_M1 is plotted in Figure 4.4-6b. The conductivity,
q, and pH of the quenched fluid samples were determined with commercial conductivity and pH
sensors. For experiment GG1-qzDol_M1 the conductivity of the quenched fluid samples was nearly
constant for all temperature steps (Figure 4.4-6a). There were no hints for precipitations, as all filters
and capillaries were still clean after the experiment. For experiment GG1-qzDol_M2 fluid samples
could been taken just for temperatures up to 200°C due to technical reasons, but in contrast to the first
run a slight increase in conductivity of fluid samples quenched from 150 °C and 200 °C was observed.
For experiment 15-AC-LC and subcritical conditions, q and pH values of all quenched fluid samples
vary around their initial values, indicating no significant fluid-rock interaction in that temperature
range. However, the fluid sample quenched from 406 °C (supercritical conditions) possesses a slightly
increased conductivity by about 3 %, while the pH value increases from 7.05 to 8.49 (Figure 4.4-7).

Figure 4.4-6: (a) Conductivities of the pore fluids percolated through sample GG1-qzDol at various temperatures
after quenching. (b) Si concentration in the fluids samples percolated through the quartz-gabbro at different
temperatures. Fluid samples were taken at ambient conditions. Note that for run GG1-qzDol-M1 gas leakage
occurred at 350 °C and the period of exposure time of the fluid to the rock at this temperature level was low.
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Generally, the extent of fluid-rock interactions depends on pressure, temperature, mineral
compositions, exposure time and the specific surface area. Especially due to the low permeability of
the studied rock sample, the contact area between fluid and formation is limited. Hence, the degree of
fluid and rock alteration is assumed to be low in this study. Nonetheless, for run GG1-qzDol-M1 it
was verified that the concentration of Si and Al increase significantly by an order of magnitude with
increasing temperatures, indicating a beginning mineral dissolution for temperatures of about 200 °C,
even though from resistivity measurements of experiment GG1-qzDol-M1 no clear alteration
signature can be derived. We assume that the dolerite was thermally cracked already during first run,
increasing the internal surface area accessible to the pore fluid. In experiment GG1-qzDol-M2 this
may have led to more intensive fluid-rock interactions already between 150 - 200 °C, what is
presumably the reason for the slight increase in conductivity of quenched fluid samples. For sample
15-AC-LC, no conclusion can be drawn from q on any fluid-rock interactions at subcritical
conditions. More information we expect from ICP-MS analysis, which is still not available, yet.

Figure 4.4-7: (a) Conductivities of the pore fluids percolated through sample 15-AC-LC at various temperatures after
quenching and their corresponding pH values (b).

4.5 Physical properties of the reservoir fluids (Harald Milsch, Juliane
Kummerow, GFZ)
Available chemical data (e.g., Tello, 2005; Bernard et al., 2011; Elders et al., 2014) of fluid samples
from wells at Los Humeros geothermal field were screened to evaluate potential impacts of dissolved
substances (e.g., salts) on fluid thermophysical properties.
Overall, liquid sample composition is rather variable showing aqueous mixtures of dissolved chlorite,
carbonate, and sulfate salts as well as of silica and boron. Total dissolved solid (TDS) content, in
contrast, is low and around 1 g per kg of solution on average and approximately 4 g per kg at
maximum. The latter total dissolved solids (TDS) content would correspond to an equivalent NaCl
concentration of approximately 0.07 mol/l as also reflected by the highest electrical fluid conductivity
reported
(7 mS/cm at 25 °C). Silica (SiO2) content is typically around 0.3 g per kg of solution
on average and about 1 g per kg at maximum. A striking feature of some of the fluid samples is an
unusually high boron content of up to 3.6 g per kg of solution, presumably present as dissolved borate
salts (Bernard et al., 2011).
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Regarding the thermophysical liquid phase properties of the fluids; from the low TDS content alone, it
is implied that these very closely match with pure water properties at given pressure and temperature
conditions, provided that the fluid state is subcritical. Consequently, the respective IAPWS
formulations for ordinary water substance (IAPWS R12-08, 2008; IAPWS R15-11, 2011; IAPWS R695, 2016) could then be reliably used in reservoir models or for reservoir and plant engineering
purposes. This should apply for viscosity, density, sonic velocity, thermal conductivity, and specific
heat as indicated in Figure 4.5-1 for the aqueous 0.07 M NaCl fluid equivalent mentioned before (e.g.
Hoffert et al., 2015). For viscosity, as the physical property in this list most affected by TDS content,
the departure from pure water properties should be +1.2 % at most, followed by density (+0.24 %),
sonic velocity (+0.18 %), thermal conductivity (-0.13 %), and specific heat (-0.31 %), respectively, at
25 °C reference temperature and ambient pressure. Electrical fluid conductivity, in contrast, is
significantly affected by TDS content and consequently shows variations between samples ranging
from approximately 0.1 to 7 mS/cm at 25 °C.
A potential effect of silica and dissolved borate salts on all of the thermophysical fluid properties
mentioned previously remains to be evaluated, as to date very limited information appears available
(e.g., Song et al., 2005; Metin et al., 2012; Alavia et al., 2013; Yongquan et al., 2013). Future
investigations therefore should focus on this topic to constrain whether these substances impact fluid
thermophysical properties more than to be expected from TDS content alone, e.g., by colloid
formation or some other physico-chemical process occurring at the microscale.

Figure 4.5-1: Thermophysical properties of an aqueous 0.07 M NaCl fluid equivalent for Los Humeros geothermal
field relative to pure water indicated as percent deviation at 25 °C reference temperature and ambient pressure.
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4.5.1

Physical properties of the reservoir fluids at simulated reservoir conditions
(Juliane Kummerow, GFZ)

The Los Humeros caldera is linked to a relatively shallow superhot geothermal system, in which
borehole bottom temperatures of about 300 °C were measured at a depth of 2000 m (Torres-Alvarado
et al., 2012). Considering a temperature gradient of 15 K/100 m, superhot (pfl < 22.12 MPa) or
supercritical conditions (pfl > 22.12 MPa) are expected in the Los Humeros reservoir at a depth of
about 2500 m, what could be easily accessible due to their likely relatively shallow depth for
economic utilization. Correspondingly, in this study the conductivities of 6 aqueous salt solutions
were measured up to supercritical conditions. The critical point of pure water occurs at 374.21°C and
22.12 MPa, but is shifted towards higher pressure and temperatures in the presence of solutes (e.g.
Driesner & Heinrich, 2007). Therefore, experiments were conducted at a fluid pressure of 23 MPa in a
temperature range of 22 – 446°C, and using a constant fluid flow rate of 0.02 ml/min.
The results of the conductivity measurements on fluids are shown in Figure 4.5-2. Figure 4.5-2a
displays the fluid conductivities at given temperatures, fl, normalized on their conductivity at room
temperature, 0. For a better comparability of the conductivity data of solutions with different
composition and concentrations, equivalent conductivities, eq, of the solutions were calculated
Figure 4.5-2b) from fl, under consideration of the molar concentration, ci, of the ith dissolved
component and its charge number, nie:

Λ 𝑒𝑞 = 𝜎𝑇 ⁄∑ 𝑐𝑖 ⋅ 𝑛𝑖𝑒 .

(Eq. 44)

Generally, the fluid conductivities increase with increasing temperature to a maximum, which range
in dependence of fluid concentration between 220 – 275°C and 0.78 – 0.88 g cm-3, respectively, and
decrease again at higher temperatures. At near-critical conditions the conductivity gradient becomes
very steep and the conductivities decrease by an order of magnitude in a range of  5 K around the
critical temperature. Above the critical point, fluid conductivities become temperature independent
and vary only slightly for increasing temperature (Ho et al., 2001). However, for the complex H59
and W5 solutions, as well as for the Na2SO4 solution, we observed deviations from this general
behavior as conductivities re-increase at supercritical conditions.

Figure 4.5-2: (a) Electrical conductivity, fl, of various single-component salt solutions and complex brines in
dependence of temperature. Conductivities were normalised on the particular conductivities obtained at room
temperature. Solutions H23, H59, and W5 represent Los Humeros fluid compositions. (b) Equivalent conductivities,
eq, vs. solvent density.
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At temperatures <100 °C the normalized conductivities/equivalent conductivities of all studied
solutions coincide very well, but diverge considerably at higher temperatures. The equivalent
conductivities of the Na2SO4 and CaCl2 solutions become significantly lower compared to the NaCl
data, while the synthetic Los Humeros fluid H59 shows the highest conductivities.
The influence of flow rate on the temperature dependence of electrical fluid conductivity was tested
on the diluted mixed solution H59, which was studied both under dynamic conditions with a constant
flow rate of 0.02 ml/min and under no-flow conditions at every temperature used. Fluid pressure was
kept constant at 23 MPa for both runs. Both for flow and no-flow conditions, the conductivity was
recorded continuously to determine the attainment of equilibrium state. Then, in the no-flow
experiment the fluid flow was started again to flush the measuring cell for several hours before the
new temperature was set and the flow was stopped again. From Figure 4.5-3, which compares the
results of both runs, it is clear that up to the maximum at about 300°C both curves show a high level
of conformity, but diverge significantly at higher temperatures. Below the critical point the no-flow
solution shows lower conductivities than recorded for dynamic conditions, which decreases with
temperature in a smooth manner to a minimum at 440°C, where the data of the no-flow and the
dynamic experiment fit again. Moreover, in case of no-flow conditions, the critical point is not
indicated by a steep gradient in conductivity, as it was observed for flowing solutions, and a
considerably higher conductivity arises. For supercritical temperatures at dynamic conditions, solution
H59 shows a wide range of conductivities, while the conductivities in the stagnant fluid follow a
continuous decreasing trend.

Figure 4.5-3: Electrical conductivity of the diluted complex brine H59, measured in dependence of temperature and
flow rates. yellow triangle: 0.02 ml/min, grey triangle: 0 ml/min.
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4.5.2

Quenched fluids

In each experiment, the fluids exposed to distinct temperature levels were released and collected at the
down-stream pump for further analyses. pH values and the conductivities of the quenched solutions,
q, were controlled with commercial pH and fluid conductivity sensors and plotted in Figure 4.5-4
and Figure 4.5-5. For most of the studied solutions the conductivity of the percolated fluid samples
shows no changes with regard to the initial values, as long as the solutions remained at experimental
conditions in the liquid phase (below the critical temperature). Except for the NaCl solution and the
H23 mixture, fluids quenched from supercritical conditions possess lower conductivities than the
individual initial values. For solution W5, a slight increase in q was observed for temperatures
between 200 – 365 °C, while for solution H59, q decreases between 100 – 370 °C nearly linearly by
20% in total (Figure 4.5-5 a and e). However, both complex brines H59 and W5 seem to lose a
substantial portion of their charge carriers at supercritical conditions, as in the corresponding
quenched fluids q decreases to only 18% and 16% of the initial conductivity values. This is
accompanied by significant changes in their pH values. For H59 the pH decreases by about 12% from
slightly alkaline (pH 7.85 ± 0.2) at initial conditions to neutral (pH 6.92 ± 0.2) after exposure at
supercritical conditions (Figure 4.5-5 b), whereas in solution W5 the pH increases from neutral (pH
7.04 ± 0.2) at initial conditions to slight alkaline (pH 8.11 ± 0.2) for samples quenched from
temperatures between 250 – 370°C. However, the solution becomes neutral again after exposure to
supercritical conditions (Figure 4.5-5 f). In addition, for run H59 we assume the presence of a second,
gas-like phase between 150 °C and 370 °C, which caused the fluid flow in the system to cease. Thus,
the system had to be flushed periodically at high flow rates (1 ml/min) to restart a continuous fluid
flow. At temperatures ≥ 300 °C the release of that secondary fluid phase seemed to accelerate and
both up-stream and down-stream pumps had to be separated from the system to degas them, before a
continuous liquid flow could be applied. Accordingly, fluid samples fizzed after they were released
from the down-stream pump.
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Figure 4.5-4: (a, c, e) Conductivities of the studied solutions and their related pH values (b, d, f) after quenching. The
data are plotted vs. exposure temperature.

110

Figure 4.5-5: (a, c, e). Conductivities of the studied solutions and their related pH values (b, d, f) after quenching. The
data are plotted vs. exposure temperature.
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The strongest effect of supercritical conditions on the pH value was detected for the Na2SO4 solution
(Figure 4.5-4 d), where the pH dropped by about 26 % from neutral (pH 7.38 ± 0.2) to slightly acid
(pH 5.44 ± 0.2). We assume that the low pH is not an artefact, but directly related to the supercritical
experimental conditions, as the quenched fluids contained a significant amount of brown iron oxid/
hydroxide particulates when drained form the production pump. This indicates severe corrosion of
steel components within the down-stream parts of the experimental system. The pH dropped to 3.6
after the Na2SO4 flow was substituted by the injection of deionized water.

4.6 Evidence for fluid-rock reactions (Chris Rochelle, Andrew
Kilpatrick, Alicja Lacinska and Simon Kemp, BGS)
4.6.1

Conceptual model

The wide range of observed fluid-rock reactions are presented on the simplified litho-tectonic
schematic in Figure 4.6-1 into a single model. Whilst the single model is associated with significant
simplification of the real systems, it is a useful way to represent key features and relationships of the
systems. One limitation to this is that it tends to represent the systems at a fixed point of time, and
does not capture the overprinting of different thermal regimes as the systems evolve - for example,
prograde reactions as systems warm up, and retrograde reactions (back reactions) as systems cool
down. Comments about such overprinting are included where appropriate in the following sections.
Accordingly, the Figure 4.6-1 presents the locations of potential different types of fluid-rock reactions
ordered by decreasing temperature. In the following sections, we describe the evidence for those
reactions, the impact they have had on the rock and its component minerals, and the implications for
fluid flow.

Figure 4.6-1: Simplified diagram showing the positions of different areas of fluid-rock reaction covered in this report.
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The results reported here form a summary of that undertaken during within GEMex Task 6.1, and are
expanded upon in a BGS report (Rochelle et al., 2019), which also includes additional information on
near-surface samples. To help understand reactions in the different parts of the system, the following
‘areas’ of reactions have been identified, and these are expanded upon in the following sections:
1) Thermal metamorphism of limestone to create marble. Whilst this is a process driven by igneous
intrusion rather than hydrothermal processes, it is notable as it generates phases that are
subsequently altered by hydrothermal fluids.
2) Reaction of marble with very high temperature fluids. Whilst this can lead to economic
mineralisation (e.g. magnetite and copper ores), in this report we only consider metasomatic
reactions, especially those involving silica.
3) Reaction of limestone with high temperature fluids. Again, metasomatic reactions involving silica
are important.
4) Reactions between high temperature fluids and shale within limestone.
5) Reactions between geothermal fluids and lower parts of the andesite reservoir. Fluids entering the
reservoir may be hotter, contain more calcium, silica, and acidic gases.
6) Reactions between geothermal fluids and upper parts of the andesite reservoir. Fluids may have
become less acidic through reactions with minerals and glass in the andesite. Decreasing pressure
may allow for boiling and phase separation.
7) Reactions between andesite and porewaters at elevated temperatures, and where there was a low
input of acidic gases/water from depth.
8) Reactions between geothermal fluids and the lower part of the ignimbrite caprock.
9) Reactions showing evidence at the surface. This includes the formation of scales in surface
geothermal powerplant infrastructure, and advanced argillic alteration of surface rocks.
We will concentrate our observations on the currently-exploited andesitic reservoir, plus what is
currently considered ‘basement carbonate’ (but which may in the future, be an exploitable reservoir of
superhot fluids). However, we will also briefly mention other parts of the system as that helps to
provide an overall picture of hydrothermal evolution. Note that the presence of shale within the
limestone varies regionally. Whilst it is seen in exposures close to Xalcomulco, its presence at depth
at Los Humeros and Acoculco is purely conjectural. However, it is included in this study because of
its potential to add elements such as Mg, Al and Si to hydrothermal fluids.
It is useful to note the following definitions:
-

Metasomatism: This is a metamorphic process by which the chemical composition of a rock or
rock portion is altered in a pervasive manner and which involves the introduction and/or removal
of chemical components as a result of the interaction of the rock with H2O-CO2 fluids. During
metasomatism the rock remains in a solid state. The mineral transformation takes place on the
scale of individual grains by a coupled dissolution-precipitation mechanism (Putnis and
Austrheim, 2010; Zharikov et al., 2007).

-

Skarn: This is a metasomatic rock formed close to the contact between a silicate rock (or
magmatic melt) and a carbonate rock. It consists mainly of Ca-Mg-Fe-Mn silicates, which are free
of, or poor in, water. Skarns can be metal-bearing or barren, containing high proportions of Ca-
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Mg-Al silicates. The latter phases provide information of the reactions resulting from the
infiltration of metasomatic fluid into the exo- and/or endo-zones.
The samples reported here were not sourced from the parts of the skarns with economic
mineralisation, and we do not consider the mineralisation processes that happened within the skarns.
However, we acknowledge the possibility that ascending fluids may have moved through such
mineralised skarns (possibly depositing metals, such as iron), and subsequently may have continued
their ascent into the rocks that form part of this study and contributed to the types of metasomatism
and alteration reported here.
4.6.2

Contact metamorphism with carbonate rocks

The first stage of mineralogical alteration within the systems studied was related to heating due to the
intrusion of igneous material at depth and formation of contact metamorphism aureole. The details
about the different types of intrusive bodies are beyond this study, but they are generally: 1) Larger,
acid igneous (e.g. granitic) bodies which would have been at relatively lower temperatures (e.g. c. 800
°C) and heated the surrounding rocks for a considerable time, 2) Smaller, basic bodies (e.g. basaltic
dykes) which would have been at relatively higher temperatures (e.g. c. 1200 °C) but would have
cooled far more quickly. Here, we mainly consider the impacts of the former, as represented by [1] in
Figure 4.6-1. A more detailed description of these rocks and their reactions is given in Lacinska et al.
(2019a) and only a summary is given here.
1) Impact on calcic limestone
The thermal metamorphism of limestone resulted in recrystallisation of CaCO3 and the formation of a
considerable thickness of calcic marble, some of which is of good enough quality to exploit
commercially. Although nodules of chert are common in the Cretaceous limestones near Las Minas,
they appear to be rare or absent in the underlying Jurassic limestones. The granite-limestone contacts
visited during fieldwork appeared limited to the Jurassic limestones, and no evidence of chertlimestone reaction and subsequent calc-silicate reaction were found. However, their presence cannot
be ruled out. Further discussion of the calcic marble is given in Section 4.6.3, where its reaction with
high temperature geothermal fluids is discussed.
2) Impact on dolomitic limestone
Several of the rocks analysed from Las Minas were originally dolomitic limestone. The thermal
metamorphism of these produced not just a recrystallised dolomite marble, but in places, it
transformed the dolomite to calcite (CaCO3) and periclase (MgO), resulting in a periclase marble.
Loss of CO2 (e.g. escape along fractures) would have facilitated progress of this reaction:
CaMg(CO3)2 → CaCO3 + MgO + CO2
This reaction is associated with 25% solid volume decrease. The temperature of this transformation
depends on the mole fraction of CO2 in the binary H2O-CO2 fluid phase, being higher at a higher
proportion of CO2 (Muller et al., 2009). However, the minimum temperature of transformation can be
bracketed between 605°C and 800°C (Figure 4.6-2), though could be refined with additional data on
the mole fraction of CO2 in the fluids originally present.
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Figure 4.6-2: Phase diagram for the system CaO-MgO-H2O-CO2 at 1 kbar. X(CO2) is the mole fraction of CO2 in a
binary H2O-CO2 fluid phase (from Muller et al., 2009).

The study of Mg-rich carbonates and their metasomatic reaction products is important as the system
could provide a large source of Mg for the alteration of overlying rocks, including currently-exploited
andesitic geothermal reservoirs. Progressive cooling of the rocks and influx of hydrothermal fluids led
to the alteration of periclase. Periclase is largely unstable when in contact with hydrous fluids and it
transforms into brucite (Mg(OH)2) via the following reaction:
MgO + H2O → Mg(OH)2
The formation of brucite in the marble is associated with a relatively high solids volume increase of
approximately 45%. This could lead to significant micro-fracturing of the rock, as observed in some
of the samples analysed here (see later description of a sample from Las Minas, Figure 4.6-8). The
micro-fractures in the brucite marble were also filled with brucite. Further discussion of dolomite and
brucite marbles is given in Section 4.6.4, where their reaction with high temperature geothermal fluids
is discussed.
4.6.3

Reactions in marble

A more detailed description of these rocks and their reactions is given in Lacinska et al. (2019a) and
only a summary is given here. Reactions in both calcic and dolomitic protolith are represented by
point [2] in Figure 4.6-1).
In this study, we focused on marbles that had undergone silica metasomatism, and changes in
minerals in the CaO-MgO-SiO2-H2O-(±Al2O3) system. These changes involve elements making up
the bulk of the rocks, and thus they would exert key controls (other than tectonic processes) on rock
permeability and porosity, including transport of hot fluids to shallower parts of hydrothermal
systems. We recognise however, that close to granitic igneous bodies there are locally considerable
amounts of economic mineralisation, with large parts of the marble replaced by magnetite, and a
smaller proportion of other phases such as chalcopyrite. However, the metallic mineralisation is not
described in this study.
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4.6.3.1 Reactions of calcic marble
Calcic marble appeared relatively uncommon at the analogue sites at Las Minas, and only a single
sample was found and studied, and this is described first (details in Lacinska et al., 2019a). However,
a similar sample was also found in borehole core from Los Humeros, and this is described second
(details in Lacinska & Rochelle, 2019b).
The Las Minas sample (Figure 4.6-3) appears to have experienced influx of Si, most likely from
igneous fluids (though dissolution of chert cannot be completely ruled out). There was also influx of
Mg, possibly from either an igneous source or dissolution of dolomite. Silica and Mg metasomatism
of a dominantly calcic host lead to the formation of diopside (CaMgSi2O6). Subsequently, the rock
was fractured facilitating further influx of later (water-rich) hydrothermal fluids. This led to the
‘bleaching’ of the rock along the fracture and alteration of diopside to talc. Talc is of low strength
compared to the original marble or diopside-rich rock. Its formation therefore could result in a
lowering of strength of this rock:
3CaMgSi2O6 + 6H+ => Mg3Si4O10(OH) 2 + 2SiO2 + 3Ca2+ + 2H2O
Diopside

Talc

Figure 4.6-3: Left image: Fist-sized sample of veined calcic marble. Right image: Scan of a polished thin section of the
sample (width 2.5 cm). Note the presence earlier formed diopside (Di) from the carbonate, and later formed talc
(Tlc). Calcite veining suggests that the sample may have undergone multiple fracturing events. Feo/ho represents Fe
oxide/oxyhydroxide. BGS sample number MPLV 934.

The results of silica metasomatism in calcic marble were also observed in Los Humeros borehole
core, (project sample code H 13-3-x-c1, BGS sample code MPLW 139; Lacinska et al., 2019b). The
rock analysed is a deformed calcite marble (Figure 4.6-4) with the grain size of the bulk recrystallised
calcite rarely exceeding 100 µm. The rock is cross cut by an array of narrow (<200 µm wide) and
thick (up to 4 mm wide) veins (Figure 4.6-5). The thickest veins are composed of coarse (up to 1
mm), interlocking calcite crystals. The thinner veins contain wollastonite, grossular and subordinate
diopside, apatite and pyrite, often found in the central parts and interstitially inter-grown with coarse
calcite. Wollastonite and grossular were also observed as interstitial domains within the host marble.
When associated with wollastonite, the grossular occurs as irregular patches. In places, the grossular
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seems to have been partially replaced by wollastonite, but it is unclear if this represents the overall
paragenetic sequence, or was just a local reaction.

Figure 4.6-4: Scan of polished thin section with the location of plates presented below, Wol – wollastonite, Grs –
grossular. ‘Plate 2’ is shown in details below, other Figures can be found in Lacinska et al. (2019b). Sample H 13-3-xc1, BGS code MPLW 139.

Figure 4.6-5: Backscattered scanning electron microscopy images of wollastonite-grossular coarse calcite vein, with
subordinate diopside and pyrite; Grs – grossular, Cal – calcite, Di – diopside, Wol – wollastonite. ‘Plate 2’ in Figure
4.6-4

Recrystallisation of CaCO3 along the margins of the vein suggest ingress of a fluid saturated with
CaCO3. The reactions seen in finer veins are consistent with ingress of a hotter fluid rich in silica, and
also carrying some dissolved iron, aluminium and magnesium - as indicated by the presence of pyrite,
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grossular and diopside. Precipitation of iron as pyrite suggests also that the fluid was reducing, and
contained some dissolved H2S.
Key reactions in terms of filling of the fracture space are the formation of wollastonite from dissolved
silica reacting with the marble (approximately 8% solids volume increase):
CaCO3 + SiO2 => CaSiO3 + CO2
Calcite

Wollastonite

And the formation of grossular, which would have been a sink for aluminium. This could have been
sourced from the hydrothermal fluid or from the dissolution of phases such as clays within the
limestone. In the former case, it would give rise to an approximately 13% increase in solids volume:
3CaCO3 + 3SiO2 +2Al3+ + 3H2O => Ca3Al2Si3O12 + 3CO2 + 6H+
Calcite

Grossular^

Both reactions release CO2. In an open system this would migrate as either a dissolved or free phase
and drive the reactions to produce more wollastonite and grossular.
The small amounts of diopside observed appear to be a sink for Mg. Mg might have been present in
the hydrothermal fluid, or was a small component within carbonate or clays released when the marble
wallrock dissolved, it is represented here as just the released Mg2+ ion:
2CaCO3 + 2SiO2(aq) +Mg2+ => CaMgSi2O6 + Ca2+ + 2CO2
Calcite

Diopside

This reaction produces a small decrease in solids volume of approximately 10%, but given the low
abundance of diopside in the rock, this change would be unnoticeable and would have been
compensated for by the formation of garnet and wollastonite, both present in larger quantities.
Overall therefore, the influx of hot, silica-rich fluids into fractured marble leads to the formation of
secondary phases (wollastonite and grossular garnet) that will tend to seal fractures. Maintaining
hydrothermal flow over long timescales would therefore appear to require tectonic processes to
reactivate fractures.

4.6.3.2 Reactions of dolomite marble
The presence or absence of H2O in fluids ingressing dolomitic marble under in high temperature gives
rise to two metasomatic assemblages:
1)

Initially an anhydrous system. Under high temperature conditions where silica can migrate but
H2O is limited (or absent), the ingress of these fluids into dolomite marble (dolomite protolith)
can form forsterite (±magnetite):
2CaMg(CO3)2 + SiO2 (±Fe) => 2CaCO3 + Mg2SiO4 + 2CO2 (±Fe3O4)
Dolomite

Calcite

Forsterite

(Magnetite)

This is seen in a sample from Las Minas natural analogue (described as sample ‘MPLV 931’ in
Lacinska et al., 2019a) where stringers of forsterite crystals were found intergrown with calcite
and lesser magnetite in metasomatic veins cross-cutting the host dolomitic marble (Figure 4.6-6).
This reaction is associated with a solids volume decrease of approximately 9%, which would aid
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further fluid ingress. Although we have no indication of temperatures, the reactions are consistent
with conditions prevailing prior to the onset of significant hydrothermal flux producing a
secondary, significantly hydrated mineral assemblage.
Accordingly, the forsterite reacted (back reaction) to serpentine minerals and talc, which likely
represents subsequent alteration of serpentine in a CO2-rich environment:
2Mg2SiO4 + 3H2O => Mg3Si2O5(OH)4 + Mg(OH)2
Forsterite

Serpentine

Brucite

Mg3Si2O5(OH)4 + 3CO2 => Mg3Si4O10(OH)2 + 3MgCO3 + 3H2O
Serpentine

Talc

Magnesite

The first of these 2 reactions has a potential volume increase of approximately 65% if all the
olivine was serpentinised, and the second reaction is associated with a solids volume increase of
approximately 34%. Both reactions would act to seal flow paths. The metallic mineralisation
(magnetite, + trace Bi-, Cu-, Zn-, Pb-containing phases) observed in this sample is associated
with the late lower temperature hydrothermal event. Near-surface alteration of magnetite
probably led to the rusty-colour of the veins in Figure 4.6-6 and Figure 4.6-7. Whilst talc
formation might at first appear to be a mechanism to seal routes of water ingress (due to a solids
volume increase), the extent of reaction is such that it appears to have led to microfracturing of
the rock (Figure 4.6-7), which actually aided further water ingress.

Figure 4.6-6: Metasomatic veins in dolomite. Forsterite and calcite replace original dolomite marble. Serpentine (Srp)
and talc (Tlc) formed as later stage retrograde phases.

2)

Hydrous fluids. Under high temperature conditions where, apart from silica, H2O is present in the
metasomatic fluids, the dolomitic protolith is altered to talc rather than olivine, following the
reaction inferred from the petrographical observations (see description for sample ‘MPLV 930’
in Lacinska et al., 2019):
3CaMg(CO3)2 + 6SiO2 +H2O → 3CaCO3 + Mg3Si4O10(OH)2 + 3CO2 + 2H2O
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The solids volume change associated with this reaction is an approximate 28% increase in the
volume. This is likely the reason behind the extensive set of micro-fractures observed. Both, the
micro-fracturing and the presence of talc has implications for overall physical properties of the
rock (i.e. it would very likely be weakened). If Fe was present in the fluids then magnetite
precipitation may also be expected.

Figure 4.6-7: Metasomatic veins in dolomite (dol) formed as a result of SiO2+H2O ingress.

4.6.4

Reactions in brucite marble

Whilst the formation of calcite - periclase marble from dolomitic protolith leads to a solids volume
decrease (see above), the subsequent ingress of water to form brucite from periclase leads to a 45%
solids volume increase:
MgO + H2O => Mg(OH)2
Periclase

Brucite

This solids volume increase causes fracturing around each of the reacting crystals of periclase. This is
clearly demonstrated in one of the exhumed samples from Las Minas (Figure 4.6-8):
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Figure 4.6-8: Left image: Optical photomicrograph of brucite crystals in calcite. Right image: SEM image of brucite
crystals (dark) with dolomite (grey) and fractured calcite (light).

In the vicinity of a fracture system observed in the field, the rock appears highly porous and weak
with localised harder veins containing forsterite olivine (Mg2SiO4) and a range of spinels (MgAl2O4
and minor qandilite spinel [Mg, Fe2+]2[Ti, Fe3+, Al2O4).
2MgO + SiO2 => Mg2SiO4
Periclase

Forsterite

The increased porosity adjacent to the veins is related to extensive dissolution of brucite, whilst the
presence of olivine and Mg, Al, Fe, Ti oxides is related to the movement of metasomatic fluids
carrying silica and other elements. Whether, the dissolution of brucite and precipitation of new phases
was associated with the same or two different events is difficult to establish from the samples
available.
The metasomatic veins are mineralogically zoned, with a distinct calcite vein margin and
silicate+spinel+carbonate centre. Subsequently, migration of more water (presumably at more
moderate temperatures) caused partial hydration of forsterite to serpentine-type phases:
2Mg2SiO4 + 3H2O => Mg3Si2O5(OH)4 + Mg(OH)2
Forsterite

serpentine

Brucite

This has a potential volume increase of approximately 65% if all the olivine was serpentinised, which
would act to seal the veins.
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Figure 4.6-9: Right image: Fist-sided sample with metasomatic veining. Leached brucite marble with mineralogically
zoned vein, Fo-forsterite, Srp –serpentine, Sp-spinel, cal-calcite, Dol-dolomite. Left image: scan of thin section

The presence of olivine undergoing alteration could have implications for monitoring activities at the
surface. Oelkers et al. (2018) report that if iron is present in some of the olivine, then such reactions
can lead to the formation of hydrogen or methane via the oxidation of FeII to FeIII:
Mg1.8Fe0.2SiO4 + 1.36H2O => 0.5Mg3Si2O5(OH)4 + 0.3Mg(OH)2 + 0.067Fe3O4 + 0.067H2
forsterite

serpentine

brucite

magnetite

Mg1.8Fe0.2SiO4 + 1.9CO2 + 0.2H2O => 1.8MgCO3 + 0.1Fe2O3 + SiO2 + 0.1CH4
forsterite

magnesite hematite quartz

These reactions can occur over a range of temperatures, with Sciarra et al. (2019) suggesting that they
even occur at <100°C. Interestingly, we note the presence of small amounts of methane in CO2dominated surface gas vents at Los Humeros (part of GEMex project Task 4.3, H. Taylor pers.
comm.). Whilst we have no data to directly link the observed methane release to ongoing
serpentinisation reactions at depth, there is potential (albeit speculative) for reactions such as the
above to be ongoing at Los Humeros. However, further work is needed to constrain the exact
source(s) of this methane, as a limited number of other formation mechanisms are also possible.

4.6.4.1 Summary of reactions in marble
Most of the reactions studied were driven by silica metasomatism in the carbonate rocks. Wollastonite
and grossular were found as early reaction products in more calcic samples (and where there was a
source of aluminium). Rocks rich in Mg (thermally-altered dolomite) appear common at Las Minas,
and the metasomatic reaction produced olivine (±magnetite) and diopside during the initial ingress of
fluids rich in silica (±Fe). It is likely that these reactions occurred at relatively high temperatures (c.
500-600°C). H2O was directly involved in the reactions, and it is unclear how much H 2O these fluids
contained, hydrated minerals were apparently unstable. However, notable observations are:
1) The mobility of silica. Silica moved freely through fractures in the carbonate rock, although
reactions with the wallrock could eventually fill fractures with secondary phases. Such mobility of
silica concurs with observations of silica-rich geothermal fluids in the hotter of the boreholes at
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Los Humeros (CFE data). Samples from Las Minas appear to show that early silica-rich fluids
carried more Fe. Whilst we have no direct evidence to associate this with the timing of extensive
magnetite mineralisation at depth, it is a possibility.
2) The amount of Mg present in what appears to have been often described as “marble” or
“limestone”. Although the nature of silica metasomatism in dolomitic host rock is similar to calcic
host rock, the secondary phases produced are different and Mg-, Mg+Ca silicate phases dominate.
Most Mg appears to have been sourced from the carbonate host rock, though some could have
been mobilised within the silica-rich fluids. Whilst there is no direct evidence, potentially some
could have come from shales if they were present lower in the sequence.
Subsequently, ingress of H2O-rich fluids (under lower temperature hydrothermal conditions) led to
leaching and the hydration of the initial phases, and the formation of minerals such as talc and
serpentine. If the original olivine contained traces of Fe, then formation of small amounts of gases
such as hydrogen and methane may have happened as a result of serpentinisation reactions.
4.6.5

Reactions in limestone and shale

This section is represented by points [3] and [4] in Figure 4.6-1.
Observations of rock and core samples
Exposures from around the Los Humeros and Acoculco calderas show evidence for thick sequences
of limestone, though these are poorly represented in the samples of drill core investigated. Exposures
at Las Minas and from near Xalcomulco show a greater proportion of chert within the Cretaceous
limestones compared to the Jurassic limestones. Potentially, there can be reactions around the chert
nodules if metamorphic temperatures are high enough, but none were observed during this study.
Such reactions can form a range of calcium silicate minerals, depending upon the temperature (e.g.
Hoersch, 1981).
The exposures at Xalcomulco also showed evidence for considerable amounts of shale within the
limestone, with thicknesses ranging between 5 mm and at least 20 m. Again, none of the exposures
investigated showed evidence for such reaction. Whilst we recognise that the distance between
Xalcomulco and Los Humeros allows for a different depositional environment, we cannot rule out the
potential presence of shale within the deeper limestone reservoir at Los Humeros and Acoculco. Were
they to exist, then dissolution of minerals within the shales could provide a source of aluminium and
silicon, which would likely combine with calcium from the limestone to form a range of calcium
aluminosilicates. However, we found no direct evidence for this in the limited number of borehole
samples we studied.
Only one exposure we visited near las Minas showed clear evidence of fluid flow through limestone
(‘Stop 10’, Figure 4.6-10: visited 16th January 2018, Lat: 19.665290, Long: -97.160230). Here a cliff
section exposed altered Cretaceous limestone below lahar deposits just above a stream. The limestone
showed bands with green colouration. XRD analysis (Figure 4.6-11 and Figure 4.6-12) revealed peaks
characteristic of calcite (expected), chlorite and illite. The presence of chlorite would be consistent
with both the green colouration of the limestone and alteration by at least moderately hot geothermal
fluids. There was no evidence of shale at this site, though we cannot rule out that a thin layer of it may
have reacted away. However, assuming that no shale was present or that the limestone was impure,
this green band would appear to provide evidence of hydrothermal fluid flow that carried the
necessary Al and Si for chlorite formation. The limestone also showed bands of whiter, more
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‘crumbly’ limestone. The white bands are interpreted as being leached followed by recrystalisation of
the calcium carbonate. This would be consistent with the passage of an acidic, but CaCO3-saturated,
fluid. Although individual grains of calcite increased in size and crystallinity, they were not
intergrown as in marble (the rock appearing granular and crumbly). As such, they created a very weak
zone around the original fracture. Whilst the exact timing and temperature of both types of alteration
are unclear, they are consistent with the passage of hydrothermal (i.e. 100-300°C) fluids distal from a
granite body (i.e. away from any high temperature skarn zone).

Figure 4.6-10: Part of a limestone sequence near Las Minas (‘Stop 10’) showing sub-horizontal green (upper) and
white (lower) bands that record evidence of hydrothermal fluid flow (red arrows).
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Figure 4.6-11: XRD analysis of sample from a chloritized region of ‘Stop 10’ (XRD sample id ‘MPLW104’).

Peak List

01-086-2334; Calcite

00-060-0313; Clinochlore

00-058-2017; Illite-2M2, heated (NR)

Figure 4.6-12: Typical peak positions for calcite, clinochlore and illite - minerals of relevance to the sample trace in
Figure 4.6-11.

One offcut of a sample of CFE borehole core of limestone was provided by L. Weydt, and examined
(BGS sample id. ‘MPLW 137’ – H depth 1970-1973 m). It is a foraminifera-rich limestone cross-cut
by a <0.5 cm metasomatic vein. The colour change in the limestone as observed in the polished thin
section scan (Figure 4.6-13) is probably related to grain size distribution, with the lighter (bleached
looking) zones associated with coarser, recrystallised calcite. The recrystallisation, in particular along
the vein, was probably caused by the ingress of hot fluids responsible for the formation of the
metasomatic vein itself.
The metasomatic vein is complex mineralogically and texturally, with significant amount of
secondary porosity observed in places. The minerals are intergrown, finely crystalline and possibly
locally altered; all hindering their optical properties. The phases were predominantly distinguished
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based on their crystal chemistry revealed by SEM-EDS. Accordingly, the vein is composed of
grossular-andradite garnets (Figure 4.6-14 and Figure 4.6-15). Andradite is subordinate and mainly
present on the crystal margins of grossular. Intergrown with garnets are diopside and locally epidote
(Figure 4.6-15), both in lesser quantities. Wollastonite occurs as elongate, acicular crystals normally
found at the contact between the host limestone and the metasomatic vein. Apatite and a variety of
polymetallic sulphides are scattered throughout.

Figure 4.6-13: Scan of polished thin section showing metasomatic vein cutting across limestone, Wol – wollastonite,
Grs – grossular, Di – diopside, Ep – Epidote, Cal – calcite. Plates 1 and 2 are shown below, more details in Lacinska
et al. (2019c).

Figure 4.6-14: Backscattered scanning electron microscopy images showing details of the limestone – silicate vein
contact. In this field of view, the vein is dominantly composed of grossular garnet with andradite at crystal margins;
<100 µm domains of diopside, scattered pyrites and polymetallic sulphide. Elongate, bladed crystals of wollastonite
occur at the very contact as well as in the pores between the garnet crystals. Wol – wollastonite, Grs – grossular, Adr
– andradite, Cal – calcite, Py – pyrite.

126

Figure 4.6-15: Backscattered scanning electron microscopy images showing further details of the metasomatic vein,
with grossular-andradite garnet (Grs-Adr), wollastonite (Wol), minor diopside (Di) and epidote (Ep) and trace
apatite (Ap). The representative chemistry of the garnets (points 1 and 2) and epidote (point 3) are resented in Table
4.6-1
Table 4.6-1: Representative SEM-EDS analysis of garnets, grossular (1) and andradite (2), and epidote (3)

1. Grs

2. Adr

3. Ep

Al2O3

20.99

0.35

27.04

SiO2

39.97

35.78

39.18

CaO

33.72

32.29

23.91

MnO

2.49

0.58

0.36

FeO*

3.07
30.16

8.15

99.16

98.64

Fe2O3*
Totals

100.24

per 12 oxygens

per 12.5 oxygens

Al

1.88

0.03

2.47

Si

3.04

3.04

3.04

Ca

2.75

2.94

1.99

Mn

0.16

0.04

0.02

Fe

0.2

1.93

0.48

Cation total

8.02

7.98

7.99

*Total Fe as FeO or Fe2O3 but mixtures of both are very likely in particular in garnets

That the limestone has not undergone wholescale alteration to marble suggests that it has not been
closely located to an igneous body. The reactions seen are consistent with ingress of a hotter fluid rich
in silica, and also carrying dissolved metals, including aluminium. That several metals precipitated as
sulphides suggests also that the fluid was reducing, and contained some dissolved H2S.
Key metasomatic reactions are the formation of (a) wollastonite from dissolved silica reacting with
the limestone (approximately 8% solids volume increase):
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CaCO3 + SiO2(aq) => CaSiO3 + CO2
Calcite

Wollastonite

And the formation of (b) grossular, which would have been a sink for aluminium. This could have
been sourced from the hydrothermal fluid or from the dissolution of phases such as clays within the
limestone, for which no direct evidence was found from the samples studied. In the former case it
would give rise to an approximately 13% increase in solids volume:
3CaCO3 + 3SiO2(aq) +2Al3+ + 3H2O => Ca3Al2Si3O12 + 3CO2 + 6H+
Calcite

Grossular

The formation of garnets and metallic mineralisation might have been a latter event and associated
with reactivation of the wollastonite-rich vein. This requires further investigation. Nevertheless, both
of the above reactions (a) and (b) release CO2. In an open system, this would migrate as either a
dissolved or free phase and drive the reactions to produce more wollastonite and grossular. The small
amounts of diopside appear to be a sink for Mg (which may have already been in the hydrothermal
fluid, or was a small component within carbonate or clays released when the limestone wallrock
dissolved – here represented as just the released Mg2+ ion:
2CaCO3 + 2SiO2(aq) +Mg2+ => CaMgSi2O6 + Ca2+ + 2CO2
Calcite

Diopside

This reaction produces a small decrease in solids volume of approximately 10%, but given the low
abundance of diopside in the rock, this would have been compensated for by the formation of
significantly more garnet and wollastonite. That little diopside is present concurs with a (low Mg)
limestone host rock, and possibly hints at the hydrothermal fluid not having passed through a
dolomite-rich zone nearby. This situation appears somewhat different to that at Las Minas, where Mgrich carbonates appear to dominate.
Overall therefore, influx of hot fluids into the limestone can lead to zones of bleached and
recrystalised limestone, though if hot silica-rich fluids are present it can also lead to secondary phases
(wollastonite and garnet) that will tend to seal fractures. In the case of the latter, maintaining
hydrothermal flow over long timescales would therefore appear to require tectonic processes to
reactivate fractures.
Information from laboratory experiments
Four experiments succeeded using samples of shale and limestone from the study area in combination
in order to study the possible interaction between these formations and (super)hot fluids passing
through them (see Table 3.6-1). In each of these experiments, the fluid used was 3 M NaCl, with the
addition of a very small amount of concentrated HCl (only around 0.1% by volume), in order to
mimic the acidity of the NaCl rich fluids found at depth in the region. As shown in Table 3.6-1, two of
these experiments were carried out at 300°C, and two at 500°C, one at each temperature being carried
out using a welded capsule, with low fluid to rock ratio, and one in a titanium bag at a high fluid to
rock ratio.
300°C experiments: run 1821 (Ti bag), run 1827 (Au tube)
Run 1821. Limestone fragments show evidence of dissolution and also have common but small
euhedral new calcite growths (Figure 4.6-16A). Fine carbonate precipitation also appears focussed on
shale fragments which also have surface coatings of a thin, webbed, clay-like material, common short
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fibres (< 10 µm) and scattered equant fine crystals (Figure 4.6-16B). These phases are too fine to
separately identify using compositional (EDX) information. XRD analysis has identified traces of
smectite, cristobalite and analcime which fit these three morphologies respectively.
Run 1827. Limestone grains have been partially dissolved, whilst shale fragments have been almost
completely replaced (Figure 4.6-17). There has been some calcite re-precipitation (as equant euhedral
crystals), and a common, coarsely bladed and fibrous Ca silicate locally cements grain clusters. Shale
fragments have been completely replaced by varied silicates with fibrous, blocky elongate and hairy
forms. XRD analysis has identified albite, wollastonite and pyroxene as reaction products.

Figure 4.6-16: SEM images of grain mount sample of reaction products from Run 1821. A: BSE image of a limestone
fragment showing its pitted surface after partial dissolution. The arrowed euhedral overgrowth of calcite has formed
post-dissolution. B: Secondary electron image surface of a shale fragment showing a thin coating of reaction products
including a webbed sheet-like phase, fine fibres (arrowed) and scattered equant crystals, probably smectite,
cristobalite and analcime respectively. Images taken in variable pressure mode at 20 kV accelerating voltage.

Figure 4.6-17: SEM images of grain mount sample of reaction products from Run 1827. A: BSE image of replaced
shale fragments cemented by bundles of fibrous Ca silicate (wollastonite from XRD). Equant crystal forms, some
enclosing wollastonite (below centre) are calcite. B: from the boxed area in A, showing a replaced shale fragment
comprises a mix of bladed, fibrous and blocky crystal forms. Equant euahedral crystal (left of centre) is calcite,
coarser fibres (left) are wollastonite. Images taken in variable pressure mode at 20 kV accelerating voltage.
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The reaction products from these experiments have very different outcomes, in one case showing
evidence of only minor reaction of the shale silicates (run 1821), in the other the shale is virtually
completely reacted (run 1827).
Common factors to both are the partial dissolution of the limestone fragments (Figure 4.6-16A) and
the re-precipitation of some calcite (Figure 4.6-16 and Figure 4.6-17). Where there has been more
silicate reaction, there has been more limestone dissolution and calcite re-precipitation. The newly
formed Ca carbonate is present both on the partially dissolved limestone fragments and on silicate
grains, with a marked preference for the latter. The re-precipitated carbonate locally encloses silicate
reaction products, therefore must have formed after them (Figure 4.6-17A).
Silicate alteration products are either present as thin coatings on the shale fragment surfaces, or as
pseudomorpic clusters after shale fragments. The one exception to this is the widespread development
of intergranular coarse and fibrous bundles of Ca silicate throughout the sample in run 1827 reaction
products; XRD analysis confirms that this is wollastonite (Figure 4.6-17A).
Where there has been minor silicate reaction, products are present as coatings on the shale fragments
of clay mineral (smectite identified by XRD), fine fibres of silicate (cristobalite) and crystals of
analcime. The virtually fully reacted shale fragments comprise a mix of subhedral granular, elongate
blocky and fibrous Ca-bearing aluminosilicate products (Figure 4.6-17B); whilst XRD has identified
albite, wollastonite and pyroxene as products, these do not account for the SEM-EDX identified
compositions and it is suggested zeolite phases are additional reaction products.
500°C experiments: Run 1824 (flexible titanium bag bag), Run 1825 (welded gold tube)
Run 1824. There was complete dissolution of limestone fragments and replacive alteration of shale.
Reaction products include abundant phases that contain titanium, including perovskite (CaTiO3,
XRD-identified), evidence that the Ti containment vessel has reacted. Other reaction products include
re-precipitated Ca carbonate, probable chalcedony, and several zeolites. The silicates pseudomorph
shale fragments.
Run 1825. Both shale and limestone starting materials show evidence of dissolution, more so the
limestone fragments which show common embayments (Figure 4.6-18A). Both starting materials
have also been partially covered by Ca carbonate (calcite) precipitates; some shale fragments are
almost completely covered by this phase. Shale fragments have rough surfaces defined by an
abundant coating of microcrystals with both fibrous and blocky morphologies, typically better
developed at shale fragment edge sites (Figure 4.6-18B). SEM-EDX derived compositions indicate
these are Ca and Na bearing aluminosilicates and silica-based phases. There are also widespread 15
µm diameter microcrystalline balls of analcime on all grains, but mostly on shale fragments (Figure
4.6-18). XRD has identified wollastonite and pyroxene as reaction products.
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Figure 4.6-18: SEM images, of grain mount sample of reaction products from Run 1825. A: BSE image of grain
mount. Limestone fragments are finer and deeply embayed after dissolution with local euhedral calcite overgrowths.
Shale fragments are coarser and tabular in form dotted with darker 15 µm microcrystalline analcime ‘balls’, also
partially coated by euhedral calcite. B: SE image from boxed area in A, showing a shale fragment edge site with a
coating of fibrous and blocky Ca-Na bearing aluminosilicates, most likely mixed zeolites, wollastonite and analcime.
The microcrystal structure of the analcime ‘balls’ is illustrated. Images taken in variable pressure mode at 20 kV
accelerating voltage.

Figure 4.6-19: XRD pattern for run products of Run 1825 combined with stick patterns for the identified minerals.
calcite (major), quartz (major), mica (muscovite, major), albite (minor), wollastonite (minor), pyroxene (augite,
minor) and possible chlorite (clinochlore, trace).
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The reaction products from Run 1824 include abundant phases that contain titanium, which is
evidence that the Ti containment vessel has reacted. This experiment at 500°C was our hottest
experiment where we used titanium components, and was a partial trial of the technique. However,
the increased reactivity of this metal at such a high temperature appears to have compromised the
results, and we have to conclude that the outcomes cannot be used to inform current project aims.
Run 1825 run products show evidence for significant limestone dissolution (Figure 4.6-18A) and
silicate alteration (Figure 4.6-18B). Both grain types have been partially covered by new-formed
euhedral Ca carbonate (calcite). This re-precipitated carbonate locally encloses silicate reaction
products, therefore must have formed after them, and may be an end-of-experiment quenching
product. Shale fragments have rough surfaces defined by an abundant coating of microcrystals
(fibrous and blocky), typically better developed at edge sites, of Ca-Na bearing aluminosilicates, most
likely mixed wollastonite, pyroxene (both XRD identified, Figure 4.6-19), zeolites and analcime.
There are also widespread 15 µm microcrystalline ‘balls’ of probable analcime, on all grains, but
concentrated on shale fragments (Figure 4.6-18).
Summary of experimental observations
Reacted solids from these experiments showed a high degree of reaction. There is considerable
variation in the outcomes of these runs, principally in the degree of alteration observed. Findings from
the 500°C experiment in titanium must be discounted because of the reactivity of the titanium. An
important observation is the reactivity of the shale, which underwent significant dissolution in a
relatively short timescale.
Reaction products from the other experiments included: re-precipitated calcite, wollastonite, albite,
analcime, pyroxene, smectite and zeolites. A common factor identified is the re-precipitation of
calcite and it is notable that this occurs preferentially on the shale fragments. Based on the textures
and relationships of the secondary phases, the newly formed carbonate is a late stage product.
Therefore, we cannot be certain whether this has formed through the progress of reactions during the
experiment or as an end-of-experiment quenching product.
Another common factor is the formation of zeolites. These hydrated aluminosilicates are common
metastable minerals that form as by-products of the alteration of aluminosilicate precursor minerals
and glasses, typically from the actions of alkaline solutions over a wide range of temperatures but
normally at low pressures (Bish and Ming, 2001). Their presence in relatively high temperature
experimental runs at acid to neutral pH is somewhat unexpected. However, they can precipitate
rapidly, and so it is possible that they are only metastable in these relatively short-duration
experiments, existing only due to kinetic factors. Had the experiments run for longer, it is conceivable
that they would have re-dissolved and been replaced by more stable phases. The zeolites, together
with smectite, analcime and albite, are Al-bearing minerals, so will be the mineral phases likely to
scavenge any Al released through reaction of the shale starting material. The zeolites alone in this
group contain significant Ca, so are the only phases that require some limestone dissolution to form.
In contrast, wollastonite and pyroxene contain little to no Al, but will use Ca and Si liberated from the
limestone and shale respectively.
These results are consistent with a model where hot, acidic fluids, upon entering a shale rich zone will
cause extensive metasomatism. K, Al and Si will be added to solution, though some will rapidly
reprecipitate as zeolite phases. These may not be the most thermodynamically stable phases for the
conditions, but form due to their fast precipitation kinetics. Over time, such phases may be expected
to redissolve, and be replaced by more thermodynamically stable phases. Where the hot fluid enters a
limestone rich zone, it may cause some initial dissolution, but once saturated its high temperature will
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lead to recrystalisation and secondary carbonate formation (especially if fluid-rock reactions drive an
increase in pH).
The experiments provide evidence for formation of secondary calcium silicates (principally
wollastonite), with silica originating from the shale (in these experiments) and calcium from the
limestone. This evidence is consistent with the observation of wollastonite in samples collected from
Las Minas, and borehole core (though there, Si may have been transported from depth). The
formation of wollastonite, smectite, zeolites and calcite in fractures has implications for fluid flow, in
that fracture permeability may fall as fracture apertures narrow or fibrous secondary phases impede
fluid movement.
4.6.6

Reactions in limestone and sand

These experiments were run as an addendum to the limestone and shale experiments, to illustrate
scenarios with a more simple mineralogy (quartz + feldspar + calcite). These were run at 300°C and
500°C in gold tubes (Table 3.6-1). Results reported here are from experiment Runs 1822 (300°C), and
1823, 1828 (500°C).
300°C experiment: run 1822 (welded gold tube)
Run 1822. Both of the starting grain types (limestone, quartz sand) show evidence of dissolution in
the form of embayments, pits, striations and rounded grain edges (Figure 4.6-20). Some limestone
fragments have euhedral new Ca carbonate growths (calcite, Figure 4.6-20A). No other precipitate
phases were identified.

Figure 4.6-20: SEM images, of grain mount sample of reaction products from Run 1822. A: BSE image showing a
deeply embayed limestone fragment with minor secondary calcite overgrowths (arrowed). B: BSE image showing a
quartz sand grain with extensively pitted and striated surfaces. Images taken in variable pressure mode at 20 kV
accelerating voltage.

500°C experiments: run 1823 (Au tube), run 1828 (Au tube)
Run 1823. No sand grains were observed, and the identification of only trace amounts of quartz by
XRD confirms that almost all of the grains were dissolved. Limestone fragments are deeply etched
from dissolution (Figure 4.6-21A). There is a widespread precipitate of a fibrous Ca silicate phase
(wollastonite identification confirmed by XRD), commonly present in clusters of 200-300 µm radius
partially cementing residual limestone fragments (Figure 4.6-21A), also in finer, small clusters to
single fibres on residual grain surfaces.
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Run 1828. The experimental products included a mm-scale cluster of sand and limestone grains
cemented buy a white precipitate at the quartz - limestone interface. Both quartz and limestone grains
show evidence of significant partial dissolution in the form of surface pitting and striations. The
cementing phase is a fibrous Ca silicate (Fig. JCR6B, wollastonite identification confirmed by XRD),
typically in radial clusters. Some re-precipitated Ca carbonate is present as blocky euhedral crystals.

Figure 4.6-21: SEM images, of grain mount sample of reaction products from Runs 1823 and 1828. A: BSE image of
Run 1823 products, showing a deeply etched and embayed limestone fragments cemented by abundant fibrous
wollastonite. No sand grains were observed in these products. B: BSE image of 1828 products, showing densely
packed radial clusters of wollastonite from the limestone / sand contact boundary. Images taken in variable pressure
mode at 20 kV accelerating voltage.

Summary of experimental observations
The experiment at 300°C showed evidence of dissolution but little evidence of precipitation. This is
possibly because dissolved ion concentrations had not reached concentrations high enough for new
phases to form.
The experiments at 500°C reacted faster, and show evidence of abundant new phase precipitation in
the form of fibrous wollastonite. The main difference is in the degree of reaction, with one experiment
resulting in the virtually complete reaction of the quartz (Run 1823), the other retaining significant
quartz (Run 1828). It was noted in the latter experiment that a well-formed mass of cemented grains
formed at the junction of the two starting materials, and this may have formed a physical barrier to
fluid movement/diffusion, inhibiting further reaction. If so, this is a good illustration of the
permeability blocking potential of such precipitates.
The reaction most likely occurring is that identified in the limestone – shale analogue work above:
CaCO3 + SiO2 => CaSiO3 + CO2
Calcite + quartz => Wollastonite
Compared to the limestone + shale reactions, the absence of zeolites or other mineral phases identified
in the analogue work (e.g. diopside) reflects the paucity of elements such as Al, Mg, K and Fe in the
starting materials.

134

4.6.7

Reactions in andesite

The main reservoir unit at Los Humeros is composed of two main units (see Carrasco-Núnez et al.,
2018 for more detailed information about the Los Humeros caldera). In this section we do not
specifically treat these two units as being separate in terms of composition or reaction. Rather, we
make a distinction in terms of position within the lithological sequence (i.e. depth) as this will have a
bearing in terms of temperature (and hence rate and magnitude of reaction), and pressure (and hence
potential for boiling and steam/gas separation). Consequently, we represent the main reservoir
formation by points [5], [6] and [7] in Figure 4.6-1:
-

Point [5] represents conditions where high temperature (possibly >350°C, probably CaCO3saturated, probably carrying ‘acid gases’ such as CO2 and H2S) fluids enter the base of the
andesite (lower part of the main reservoir zone). With sufficient pressure/depth there is potential
for the fluids to be single phase, with acid gases being miscible. However, if
temperatures/pressures are lower, or salinities higher, then an acidic aqueous phase will exist and
a low density phase rich in acid gases will be present once solubility in the water/brine is
exceeded.

-

Point [6] represents conditions at the top of the andesite (upper part of the main reservoir zone).
Here, the lower pressures may allow for boiling and phase separation to take place. A steam zone
may result, and acid gases released during boiling may migrate from this to later re-dissolve on
contact with undersaturated water (e.g. perched water tables), potentially leading to local areas of
acidity.

-

Point [7] represents conditions away from the main hydrothermal zone, where upflow of
hydrothermal fluid and acid gases is much reduced. Temperatures however, may still be elevated
through slow convection of fluids, increasing the rate of reaction of porewater with the rock.

To understand the extent of fluid-rock reactions, and how these impact rock permeability and
mechanical properties a detailed characterization based on mineralogical, petrographic, and
microstructural studies is required. Examination of surface exposures did not identify rock units with
clearly-attributable evidence of hydrothermal alteration at reservoir depths. As a consequence, we
concentrate on evidence from borehole core and five laboratory experiments (see Table 3.6-1).
Borehole material from both Los Humeros and Acoculco was examined, though more samples were
from the former. These were compared to the variety and magnitude of reactions seen in samples
reacted in laboratory experiments simulating in-situ conditions (though with low dissolved gas
contents). The resulting enhanced understanding of fluid-rock reaction processes will allow for more
accurate estimation of the time-dependent variation of porosity and permeability in a geothermal
reservoir undergoing pressure and temperature transients that are associated with active exploitation.

4.6.7.1 Reactions in the lower part of the main andesite-hosted geothermal
reservoir
Here, we consider two samples of borehole core from Los Humeros, each showing different features
that reflect their apparent position close to hydrothermal fluid upflow zones. We do not know for
certain the position of the samples relative to Figure 4.6-1, but the reactions observed are consistent
with what we might expect for location [5].
Sample 1: H 38-4-25-c1, (depth 1950-1953 m, BGS code = MPLW 145)
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This sample is an altered volcanic rock (possibly a quartz-bearing andesite) with matrix composed of
plagioclase, K feldspar and quartz with subordinate titanite, apatite, pyrite, Fe oxide; and scattered < 1
mm phenocrysts of partially altered amphibole and K-feldspar-plagioclase. It is inferred that the farright side of the section analysed (Figure 4.6-22) is a fragment of a fracture zone that served as
pathway for fluids carrying components that have changed the rock chemistry in and around the
fracture. A notable reaction front formed around the fracture.
The inferred fracture (right in the section) is occupied by ≤ 5 mm euhedral to subhedral crystals of
garnet (andradite composition) intergrown with elongate and blocky crystals of calcite. The garnets
are rich in < 200 µm mineral inclusions, of which pyroxene (diopside-augite composition) are
dominant with lesser amounts of calcite, chlorite, pyrite and acicular wollastonite (Figure 4.6-23 to
Figure 4.6-26). Acicular wollastonite was also observed on the crystals of garnets, intergrown with
calcite. Calcite is the latest phase in the fracture.
With increasing distance from the inferred fracture there are a series of zones with different
mineralogy:


Fracture - 0.5 cm → epidote + calcite + chlorite + garnet, with volcanic textures largely
overprinted by the alteration including significant dissolution as manifested by notable secondary
porosity and euhedral crystals of epidote (Figure 4.6-24)



0.5 – 1.5 cm → dominantly epidote-replaced volcanic rock with subordinate titanite and
amphibole. This zone contains numerous moderately porous, ≤2 mm wide epidote and
calcite+epidote (+ minor chlorite) veins.



1.5 cm – onwards → locally bleached and altered volcanic rock. The alteration encompasses
localised formation of epidote and chlorite, both partially replacing the rock matrix and the
scattered phenocrysts of amphibole and plagioclase (Figure 4.6-25).

Figure 4.6-22: Backscattered electron image and a scan (transmitted light) of the whole polished thin section with the
location of plates presented below, Grt – garnet, Ep – Epidote, Chl – chlorite, Tnt – titanite, Py – pyrite, Cal – calcite.
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Figure 4.6-23: Backscattered electron images of garnet crystals with numerous pyroxene (Px), calcite (Cal),
wollastonite (Wo), chlorite (Chl) and pyrite (Py) inclusions.

Figure 4.6-24: Backscattered electron images of epidote-garnet-chlorite-calcite rich zone. Note significant amount of
porosity (black on the BSE image) suggesting dissolution of the original rock adjacent to the fracture.
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Figure 4.6-25: Backscattered electron images showing partially altered phenocrysts of amphibole (Amp) and K
feldspar-plagioclase (Kfsp-Plg) in a matrix dominated by K feldspar-plagioclase-quartz. The alteration phases
include chlorite (mainly in Amp), epidote and titanite.

The presence of andradite garnet and calcite in the inferred fracture suggest significant influx of Ca
into the relatively low-Ca andesitic lithology. The Ca (plus associated CO2 and other acidic gases)
likely originated from underlying marble/limestone and was carried by the ascending hydrothermal
fluid. This being the case, it is probable that the sample came from a location relatively close to the
limestone/andesite contact. Interestingly, Lieber and Frenzel (2003) report the presence of green
garnet in pockets at the contact between limestone and andesite below the amethyst area of Piedra
Parada, north of Las Minas.
Dissolution of the andesite wallrock by a (presumed) acidic hydrothermal fluid would lead to leaching
of a range of elements, including Si, Al and Fe. The leaching of Fe from Fe oxide/hydroxide would
lead to the wallrock appearing bleached. The release of Si and Fe, followed by their diffusion towards
the fracture, would allow andradite garnet (Ca3Fe2Si3O12) to grow upon the reaction with the
(presumed) relatively Ca-rich hydrothermal fluid. The euhedral and coarse morphology of the garnets
and calcite suggest a relatively open fracture at the time these phases grew (though continued growth
of them would potentially seal the fracture).
Al released from aluminosilicate (e.g. plagioclase) dissolution would then be available for the
formation of epidote in either the vein, or in the wallrock. For the anorthite end-member component
of plagioclase without or in the presence of Fe to form (a) Fe-free epidote or (b) Fe-rich epidote:
(a) 3CaAl2Si2O8 + Ca2+ + 2H2O => 2Ca2Al3Si3O12(OH) + 2H+
(b) 8CaAl2Si2O8 + 8Ca2+ + 8Fe2+ + 8SiO2 + 22H2O + CO2 => 8Ca2FeAl2Si3O12(OH) + 32H+ + CH4
In the case of the latter reaction, this would result in a solids volume increase of 38%, which would
help vein sealing. Note also the potential for oxidation of FeII to FeIII to reduce CO2 to methane. This
reaction is only tentatively proposed as we have no direct evidence for CO2 reduction to methane at
Los Humeros. However, we note that some of the natural surface gas releases at Los Humeros contain
small amounts of methane (GEMex work under Task 4.3, Taylor pers. comm.).
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Sample 2: H 39-2-11-c2 (depth 2100-2103 m, BGS code = MPLW 147)
This sample from Los Humeros was extracted from core H 39-2-11-c2 and supplied by L. Weydt. It is
a partially bleached, brecciated porphyritic andesite. The bleaching ranges from extensive, adjacent to
the main fracture, to localised in the fresher part of andesite (Figure 4.6-26). Andesite in the fracture
zone is heavily brecciated, with variably altered (and possibly remobilised) rock slivers.
The rock analysed is a porhyritic andesite with < 3 mm phenocrysts and glomerocrysts (aggregates of
phenocrysts) of plagioclase randomly scattered throughout. The matrix is finely crystalline (< 50 µm
crystals) and composed of a mosaic of interlocking crystals of albitic plagioclasae and K-feldspar.
Both minerals show partial corrosion. The secondary pores are locally filled by epidote and titanite,
apatite and lesser Fe oxide and oxyhydroxide. A significant compositional difference has been
observed between the matrix from the non-bleached and the bleached zones within the generally
partially-bleached andesite (Figure 4.6-27). Accordingly, no magnetite was observed in the bleached
areas.

Figure 4.6-26: Scan of blue resin impregnated large size polished thin section. Scale bar = 1 cm. Py – pyrite; Mgt –
magnetite.
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Figure 4.6-27: Comparison between the matrix from bleached and non-bleached zones. Note that magnetite (Mgt) is
largely absent in the bleached zones.

Plagioclase phenocrysts and glomerocrysts are partially dissolved and replaced by epidote, titanite,
apatite, TiO2 and chlorite (Figure 4.6-28 and Figure 4.6-29). Magnetite, which is locally enclosed in
the plagioclase glomerocryst, is partially altered to titanite.
The central part of the fracture zone in made of variably altered brecciated slivers of andesite with
plagioclase, chlorite, epidote; euhedral < 300 µm crystals of pyrite and discrete zones of FeOx (Figure
4.6-30).
Many similar alteration features are seen in this sample compared to the previous one, but notable
differences include the more extensive bleaching and the absence of garnet. We envisage two possible
reasons for this, though without additional data, it is hard to determine the relative contributions of
each, or whether one of them was the primary control:
1) The reaction may have occurred at a lower temperature (i.e. below that of andradite stability) and
for longer. In this case, prolonged diffusion of acidity into the wallrock would facilitate a more
extensive bleached zone to develop. Minerals such as magnetite would have dissolved, and more
Fe would have been available to form other secondary phases such as pyrite and chlorite.
2) The hydrothermal fluid may have been far richer in H2S (or HS-). This would have driven pyrite
formation in the fracture as dissolved Fe diffused towards it. A similar process has been observed
at lower temperatures in sandstones containing fractures carrying acidic oilfield brines –
bleaching due to acid-driven hematite dissolution, diffusion of Fe towards fractures carrying H2Srich fluids, and pyrite precipitation in the fractures (Rushton et al., submitted).
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Figure 4.6-28: (‘plate 1’ in Figure 4.6-26). Optical (AB, DE) and corresponding scanning electron (C, F) microscopy images showing plagioclase phenocrysts and glomerocrysts in fine
matrix of plagioclase in K feldspar. The plagioclase are variably corroded and replaced by secondary phases. Plg – plagioclase, Ap – apatite, Ep – epidote, ttn – titanite, Mgt – magnetite,
Kfsp – k feldspar; ppl – plane polarised light, xpl – crossed polars.
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Figure 4.6-29 (‘plate 2’ in Figure 4.6-26). Images from the bleached andesite breccia zone with a late fracture filled with
epidote (Ep) and chlorite (Chl). Py – pyrite, Plg – plagioclase, Py – pyrite.

Figure 4.6-30: (‘plate 3’ in Figure 4.6-26). Image A – plane polarised light optical microscopy and B&C backscattered
electron images showing the centre of fracture zone with euhedral crystals of pyrite in a matrix of chlorite (Chl), plagioclase
(Plg) and epidote (Ep). The matrix is brecciated and displays variable degree of alteration. FeOx is present in discrete zones.
Pyrite normally exhibits inclusion rich core and inclusion-free rims. The inclusions are Plg, Ap, Pb-bearing phase, REEbearing phase.

4.6.7.2 Reactions in the upper part of the main andesite-hosted geothermal
reservoir
A sample of vuggy andesite from Los Humeros borehole H-48 (depth 1038 m) was studied at the request of
Elidee Juárez Hilarios from The Comisión Federal de Electricidad (CFE) because of the appearance of an
unusual brown-coloured mineral within vuggs. In broad terms, this sample is from the upper part of the
reservoir andesites, and represented by point [6] on Figure 4.6-1. A detailed description of our findings are
presented by Lacinska et al. (2019d) and only a summary is given here.
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The sample examined is a hydrothermally-altered, finely crystalline volcanic rock with partially-mineralised
vesicles. The matrix is composed of albite, chlorite, ilmenite, relics of plagioclase, Fe-oxides, traces of
apatite, possibly sphene, epidote and REE–rich particles (possibly monazite). Vesicles and cavities after
dissolved phenocrysts are variably infilled by quartz, several generations of chlorite, calcite and hematite
(the ‘brown mineral’, Figure 4.6-31). There is evidence for early precipitation of quartz and possibly Kfeldspar (adularia), but these subsequently underwent dissolution – which in the case of K-feldspar appears
to have been complete. Chlorite formed in several episodes, including massive vesicle-linings as well as
discrete radial aggregates. Some of the aggregates are characterised by partially leached (incongruent
dissolution) rims, now depleted in Fe. Later vesicle-filling phases are calcite and anhydrite/gypsum.

Figure 4.6-31: Intergrowths of calcite (darker) and hematite (lighter).

Chlorite geothermometry calculations revealed temperatures of 292-323°C using the Cathelineau (1988)
model, and 251-271°C using the Cathelineau and Nieva (1985) model. It is unclear which of these
geothermometers give the more realistic results as we did not have access to other temperature data from
borehole H-48. However, the higher temperature range may be more realistic as fluid inclusion
homogenisation temperatures of 300°C or more at approximately 1 km depth in boreholes H-41 and H-42
(Gonzales Partida, pers. comm.), which lie some 4 km SSW of borehole H-48. All three boreholes lie close
to the La Antigua Fault (Figure 1 in Pinti et al., 2017). On the opposite side of the boreholes to this fault lies
the Los Humeros fault (for H-48) and the Mastaloya Fault (for H-41 and H-42).
A preliminary paragenetic sequence was prepared (Figure 4.6-32). This sequence of alteration is broadly
consistent with that expected for increasingly hot waters reacting with volcanic rock - where hydrolysis of
glass, plagioclase and pyroxenes leads to the formation of quartz (possibly K-feldspar) and chlorite as
porewater chemistry evolves. Two different generations of chlorite follow, (associated with K-feldspar
dissolution), minor quartz precipitation, and in the most recent phase, precipitation of calcite and hematite.
That several generations of chlorite are present is suggestive of several periods of chemical change, possibly
ingress of several fluids over time, or changing temperatures. The presence of zoned (under
cathodoluminescence imaging, Figure 4.6-33) calcite later in the sequence is consistent with changing
amounts of trace metals (commonly Fe and Mn) in the calcite structure. This can occur as a consequence of
fluctuating redox conditions that change the ratio of Fe2+/Fe3+ in solution, and hence the ratio of Fe2+/Mn2+ in
the calcite. Whilst this zonation may simply reflect changing fluid composition and flux, it may also reflect
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oxidation during boiling or degassing (Yardley et al., 1991). We note that the boiling point of pure water at a
hydrostatic pressure of 1 km is approximately 310°C. This is in the middle of the chlorite geothermometer
temperatures calculated using the using the Cathelineau (1988) model for this sample.
Furthermore, boiling and degassing could explain the localised precipitation of hematite as a fibrous, latestage phase as a consequence of water oxidation (driving FeII to FeIII, and it would also facilitate calcite
precipitation. We can infer therefore, the possible presence of a (palaeo) boiling zone at 1 km depth, with the
degree of boiling at that depth possibly controlled by either variation of heat input or pressure fluctuations
due to changes in water table.

Figure 4.6-32: Preliminary paragenetic diagram based on phase relationships in a vesicle of altered andesite MPLV929.
*Quartz – this included overgrowth and late euhedral crystals (from Lacinska et al. 2019c).
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Figure 4.6-33: Optical and CL image of calcite, chlorite and hematite. Three main generations of carbonate have been
distinguished based on their CL brightness, I, II and III. It appears that hematite is, not exclusively, but predominantly
associated with calcite III. SCALE - Field of view ca 400 µm, shorter edge (from Lacinska et al. 2019c).

One additional source of information about reactions within the andesite comes from crystal mining
activities in and around the Piedra Parada area. This world famous locality produces particularly fine crystals
of quartz and amethyst. These crystals are hosted in clefts within steeply-dipping fractures lined with milky
quartz. We did not visit the exposures, and this summary is based on Lieber and Frenzel (2003), discussions
with other GEMex participants, and observations of mined samples. Fracture-controlled fluid flow appears to
have been the primary control on reactions, and has altered the andesite adjacent to the fractures. Plagioclase
phenocrysts and groundmass crystals have been altered to albite, illite and carbonates. Chlorite, carbonates,
quartz and hematite have also been found. Pyroxene is replaced by illite. Magnetite is replaced by
maghemite, martite, hematite and goethite. Epidote occurs in the groundmass. These types of reactions are
not that dissimilar to those reported in samples from Los Humeros.
Lieber and Frenzel (2003) report a temperature of 235-250°C based on chlorite geothermometry, and a
minimum temperature of formation of 150°C based in illite composition. In terms of element mobility
to/from the rock mass as a consequence of reaction; K, Ca, Mg and Fe need to be added to the rock, and Na
and Si need to be removed. It is unclear if the Si released by this alteration was redeposited in the fractures
relatively soon after mobilisation, or whether the quartz crystals grew from silica dissolved from further
away. However, evidence of hollow faces on the crystals and numerous inclusions suggests that they grew
relatively rapidly. That the crystal-containing clefts were isolated from each other by milky quartz, suggests
the originally open fractures sealed up after a period of fluid flow. Again therefore, there is a sequence of
fracturing, fluid flow transporting dissolved components, fluid-rock reaction, and precipitation leading to
sealing of flow zones.

145

4.6.7.3 Experiments simulating andesite reactions away from fluid upflow zones
Experimental simulation of andesite reactions with synthetic hydrothermal fluids proved difficult, resulting
in numerous experimental failures. This largely reflects: abrupt pressure/volume changes on passing the
critical point of water, corrosion after adding acidic gases, plus unexpected equipment failure. However, we
had more success with experiments simulating conditions where there was a lower amount of hydrothermal
fluid, and limited amounts of dissolved gas (point [7] in Figure 4.6-1). In total, five successful experiments
were carried out using andesite material collected from the study area. All five were carried out using
synthetic geothermal water, gold capsules and low fluid to rock ratios. One experiment was carried out using
a sample from the lower andesite body at 200°C. The remaining four were all carried out at 300°C, two using
material from the upper andesite, one with a CO2-enriched groundwater, one without additional CO2, and
two using material from the lower andesite, again with one having additional CO2, the other without. No
fluid samples were retrieved from these experiments (possibly due to the formation of hydrated phases
within the gold capsules), and so analysis relied on observations by SEM.
Information from laboratory experiments with lower reservoir andesite
200°C experiment: run 1802
Run 1802. There is no evidence of significant dissolution or of precipitation on grain surfaces for this
sample. There is slight surface dissolution where glass matrix is exposed at grain surfaces.
300°C experiments: Run 1807 (with some CO2), Run 1808 (without CO2)
Run 1807. Grains with a glass matrix have had some porosity created at grain margins through preferential
dissolution of the glass (Figure 4.6-34A). Quantifying intragranular dissolution porosity from the polished
thin section of reaction products shows that this dissolution porosity is 5.3% of the original grains. All grains
have thin (<5 µm) rims of fine precipitated crystals (from their SEM-EDX derived composition, most likely
the zeolite clinoptilolite). Where structure is visible in this rim, there are two layers (Figure 4.6-34B), with
the innermost denser and more granular than the outer which has a euhedral outer aspect (Figure 4.6-34C)
and some intercrystal porosity. There are rare patches of a fibrous Ca- and P-bearing precipitate (Figure
4.6-34C, possibly apatite).
Run 1808. As with Run 1807, grains with a glass matrix have had some porosity created at grain margins
through preferential dissolution of the glass (Figure 4.6-34D). Quantifying intragranular dissolution porosity
from the polished thin section of reaction products shows that this dissolution porosity is 7.4% of the original
grains. All grains have thin (<3 µm) precipitated rims (Figure 4.6-34D) of fine crystals (from their SEMEDX derived composition, most likely the zeolite clinoptilolite). These have formed a thinner layer than that
observed in Run 1807.
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Figure 4.6-34: SEM images of polished thin sections and grain mount samples of reaction products from Runs 1807 and 1808.
A: BSE image from PTS of run 1807 run products; grains that contain silicate glass matrix contain intragranular porosity
from preferential dissolution of the glass. B: BSE image from PTS of run 1807 run products showing a thin (<5 µm) rim of
precipitate with a two layer structure. EDX-derived compositions of this phase are consistent with it being a zeolite
(clinoptilolite). C: SE image of grain surface from grain mount sample of run 1807 products, showing the very finely
crystalline nature of the coating. Fine fibres at the surface here contain Ca and P. BSE image from PTS; D: BSE image from
PTS of run 1808 run products. The grain on the left has a glass matrix containing elongate crystals of plagioclase and
pyroxene. The matrix is preferentially dissolved at the grain margin. Both this grain and the adjacent plagioclase single
crystal have a thin (<3 µm) rim of precipitate. EDX-derived compositions of this phase are consistent with it being a zeolite
(clinoptilolite). Images taken in variable pressure mode at 20 kV accelerating voltage.

These experiments have resulted in the partial dissolution of the andesite silicate glass matrix in all three
experiments. In the higher temperature runs, widespread zeolite precipitation has also occurred (Figure
4.6-34). The experiment that contained some CO2 resulted in a lower amount of dissolution, but a thicker
layer of zeolite precipitation, compared to the CO2-free run. The mechanisms behind these differences are
not fully understood and would benefit from further investigation.
Zeolites are hydrated aluminosilicates that commonly form metastable by-products from the alteration of
aluminosilicate glasses, typically from the actions of alkaline solutions over a wide range of temperatures,
but normally at low pressures (Bish and Ming, 2001). Their formation here is largely consistent with this
model, where glass dissolution can generate elevated pH and over-saturated solutions that result in zeolite
precipitation. However, the zeolites may only be metastable, and formed because of their fast precipitation
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kinetics. Over longer time periods, these might re-dissolve and reprecipitate as more thermodynamically
stable silicates. We note however, for initial reaction in the short term, their formation could significantly
reduce permeability.
Information from laboratory experiments with upper reservoir andesite
300°C experiments: Run 1805 (with limited CO2), Run 1806 (without CO2)
Run 1805. Reacted grains developed a thin coating of smectitic clay (identification confirmed by XRD) with
characteristic webbed morphology (Figure 4.6-35A). This contrasts texturally with a compositionally similar
smectite clay (identified by XRD) present as a pre-test (i.e. natural) internal alteration of glassy matrix. Trace
Ca carbonate, present as pre-experiment vesicular fill, shows evidence of slight dissolution and local S-based
alteration; there are rare fine new overgrowths. Most of the clay coatings are on alkali feldspar grains and
thickest where the internal alteration clays are present.
Run 1806. Many grains have partial thin coatings (<5 microns) of smectitic clays (XRD confirmed
identification), commonly with webbed to granular forms (Figure 4.6-35B) and of varied thickness (thicker
in grain hollows). A compositionally similar clay is present as an internal alteration of glass was present in
the pre-test material (also smectite from XRD). No Ca carbonate was detected, but its scarcity in the preexperimental material means this may not be due to its dissolution.

Figure 4.6-35: SEM images of polished thin sections and grain mount samples of reaction products from Runs 1805 and 1806.
A: SE image of a grain surface from a grain mount of 1805 run products. The thin layer webbed grain coating
aluminosilicate is patchily developed. This is a common morphology for smectitic clays and XRD confirms this identification.
B: BSE image from PTS of run 1806 products, showing an angular plagioclase grain with Fe and Ti oxide inclusions. The fine
webbed porous (right of centre) to granular (lower left of centre) coating has a patchy development and distribution
throughout; its morphology and composition suggest smectitic clays and XRD confirms this identification. Images taken in
variable pressure mode at 20 kV accelerating voltage.

Summary of experimental observations
The 200°C experiment showed very limited reaction, with only some slight dissolution of the andesite
surface observed. Little variation was observed between the experiments conducted using CO2 and those
without, other than an apparent decrease in dissolution of the aluminosilicate grains in the experiments with
some CO2 present. We note however, we only had a relatively low concentration of CO2 in the experiments,
whereas potentially there could be far more in the Los Humeros system. All experiments showed some
dissolution of existing grains, particularly the glass matrix, generating increased porosity. In the experiments
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using the upper andesite material, secondary clay (smectite) precipitation was observed (Figure 4.6-35),
while in the experiments using the lower andesite material secondary precipitation consisted largely of
zeolites (Figure 4.6-34) indicating a compositional control on precipitate formation between the two andesite
formations. The upper andesite starting material already contained smectite clays and thicker secondary
development was commonly observed associated with the primary smectite, suggesting seeding may have
been a controlling factor in its formation.
These observations are consistent with a model where silicates and aluminosilicates (e.g. glassy matrix
material and feldspars) are dissolved by hot fluid, with components initially being reprecipitated as either
clays or zeolites, depending on the exact composition of the original rock. Precipitation of these phases may
occlude porosity formed as a result of dissolution, and may even act to reduce the original porosity.
However, as per comments in previous sections, the relatively short duration of laboratory tests compared to
the lifetime of natural systems favours metastable phases. Thus it is possible that clays and zeolites will
transform to more stable phases (such as quartz, chlorite, albite) over prolonged timescales. The observation
of variations in secondary precipitate phases between andesite from different source may be significant,
because the molar volume and microporosity of such phases may vary considerably, in turn leading to
varying effects within different host andesites.

4.6.7.4 Evidence for metal mobility
As a final comment on fluid-rock reactions within the reservoir zone, samples of surface precipitates from
Los Humeros borehole H-49 were studied. The inclusion of Fe-rich detrital fragments flushed from the
borehole provides some indication of conditions at the bottom of the borehole (i.e. within the andesitic
reservoir zone). The fragments appear to indicate electrochemical dissolution/precipitation at the very bottom
of the borehole. The precipitation of (iron) copper and zinc sulphides, together with metallic gold and silver,
attests to the mobility of these metals within the geothermal fluids. Whilst this gives no indication of their
concentrations in solution, it is consistent with hydrothermal fluids and epithermal mineralisation. More
detailed comments are given in Section 4.6.8 on surface observations.
Further evidence for metal mobilisation was found in the exhumed geothermal system of Las Minas (see
section 4.6.3.2). Here, Bi tellurides and trace As, Cu, Pb- containing phases were found in the metasomatic
veins in dolomitic marble. The metallic mineralisation was associated with the late, low temperature
hydrothermal alteration of a former high temperature forsterite-dominated assemblage.

4.6.7.5 Reactions in ignimbrite
That ignimbrite forms the caprock of the Los Humeros and Acoculco geothermal systems demonstrates its
generally poor bulk permeability (be that as a primary property or as a consequence of fluid-rock reaction
creating an effective seal at the base of it). As a consequence, whilst reactions may be expected at the base of
it, or along fractures cutting it, overall reaction is expected to be limited. These are represented by position
[8] on Figure 4.6-1.
One sample of Acoculco ignimbrite was extracted from the EAC-1 well, depth approximately 102 m (MPLV
938). Preliminary petrographic analysis revealed the presence of secondary carbonate minerals partially
replacing the siliceous groundmass and forming veinlet-like patches unevenly scattered throughout. There is
also evidence for the presence of clay minerals and secondary Fe oxyhydroxides but further, higher
resolution microchemical study is required to establish the degree of hydrothermal alteration in this sample.
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Two laboratory fluid-rock reaction experiments were carried out using ignimbrite samples collected from
west of Los Humeros. Both were carried out at 250°C, reacting the ignimbrite with synthetic groundwater,
one with a low fluid to rock ratio in a gold capsule, one with a high fluid to rock ratio in a titanium bag.
Information from laboratory experiments with ignimbrite
250°C experiments: Run 1820 (Ti bag), Run 1826 (Au tube)
Run 1820. Reactions are limited, and the finely textured surfaces are almost entirely dissolution textures
revealing the inner structure of radiating feldspar laths in glass matrix, showing preferential dissolution of
the glass matrix. There is possible re-deposition of granular silica at some surfaces. There are scattered
clusters of a finely fibrous (<5 µm) mineral, which is possibly zeolite (characterised as Ca-bearing, with a
low Al content).
Run 1826. Reactions are again limited, and the finely textured surfaces are again almost entirely dissolution
textures revealing the inner structure of radiating feldspar laths in glass matrix, showing preferential
dissolution of the glass matrix. There is possible re-deposition of granular silica at some surfaces.
Summary of experimental observations
The reacted solids from the high fluid to rock ratio showed minor dissolution textures, preferentially of the
silicate glass matrix, minor secondary silica precipitation and rare secondary Ca-rich zeolite. The low fluid to
rock ratio experiment showed lesser dissolution, and no clear evidence of secondary zeolite precipitation.
This evidence is consistent with a model where hot fluids entering the ignimbrite cause dissolution of the
original aluminosilicates, and precipitation of secondary zeolites or clays. Given the (likely high)
permeability of the original ignimbrite, such reaction over a large scale, could cause considerable reductions
in porosity and permeability over the long term.

4.6.8

Reactions at the near surface

Whilst the focus of this study is reservoir alteration, we also report the following observations linked to nearsurface hydrothermal alteration. These are represented by position [9] on Figure 4.6-1.
Surface alteration: Advanced argillic alteration and possible palaeo-boiling zones
Two sites within the Acoculco caldera show evidence typical of near-surface alteration of volcanic rocks.
These sites are no longer active, and are exposed in two quarries. Such surface alteration is driven by
ascending water, steam and acid gases migrating along fractures that tap the underlying andesitic reservoir
zone.
The first site (Lat: 19.903927, Long: -98.177425) is a small quarry at the edge of woodland containing a
highly altered (presumably originally volcanic-derived) rock that has undergone extensive advanced argillic
alteration. This altered rock has been cut through by a large number of fractures which are lined by a hard,
grey material, and filled by a soft white clay (Figure 4.6-36 and Figure 4.7-37).
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Figure 4.6-36 (on left) and Figure 4.6-37 (on right): Showing a small cliff of advanced argillic alteration cut through with
veins.

XRD analysis (Figures Figure 4.6-38 to Figure 4.6-41) suggests that the linings to the veins are silica
(matches the cristobalite XRD peak) and the vein fills are kaolinite. The pureness of the kaolinite vein fill
suggests that it formed in-situ rather than having been washed into the fracture from above. The observations
are consistent with the presence of a former boiling zone depositing the silica, with perhaps more moderate
conditions favouring kaolinite precipitation.
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Figure 4.6-38: XRD analysis of hard vein lining (silica).
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Peak List

04-013-2830; Kaolinite-1A

04-008-7642; Cristobalite

01-070-2517; Quartz, syn

Figure 4.6-39: Typical peak positions for several minerals of relevance to Figure 4.6-38.
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Figure 4.6-40: XRD analysis of soft vein fill.
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Peak List

01-079-6476; Kaolinite-1A

01-078-4554; Alunite

Figure 4.6-41: Typical peak positions for several minerals of relevance to Figure 4.6-40.

The second site (Lat: 19.927821, Long: -98.186089) is a larger quarry in a small hill, equally containing a
highly altered (presumably originally volcanic-derived) rock that has undergone even more extensive
advanced argillic alteration. The rock at this site appears even more altered than at the site above, and is finer
grained. In the rock faces of the quarry are numerous horizontal bands of silica (Figure 4.6-42). These are
consistent with palaeo-boiling surfaces, reflecting natural variability in the position of the water table. Such
variation in water table could create slight pressure changes at depth. For specific conditions of depth and
temperature along the boiling curve, such pressure changes could swing conditions between boiling/nonboiling, and as a consequence, drive redox changes which may be reflected in mineral zonation such as that
described in Section 4.6.7.2.
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Figure 4.6-42: Highly altered lavas showing advanced argillic alteration. In the quarry face behind the person are subhorizontal bands of silica about 5 cm thick, possibly being evidence of palaeo-boiling surfaces.

4.6.9

Precipitation and borehole scales

During field visits to the Los Humeros in May 2017, a number of samples were taken from the surface
outflow infrastructure of well H-49. These included samples of silica-rich precipitates covering cement
fragments from the bottom of the weir-box (Figure 4.6-43), samples of silica crust growing at the water/air
interface in the weir-box, and samples of silica precipitates forming on the walls of the drainage channel
some 30 m downstream from the weir-box.
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Figure 4.6-43: White silica-rich precipitate forming on the water surface, and deposited around the walls and on the base of
the steel and concrete weir-box tank in the geothermal fluid outfall stream flow from Well H-49, Los Humeros.

Full details of the silica precipitates are given in Milodowski and Rochelle (2018), but in summary the
samples consist of:


A silica deposit covering a cement block from the bottom of weir-box appeared relatively dense, most of
it white with some dark precipitate partially covering the upper surface (underwater at the bottom of the
tank in Figure 4.6-43). The bottom of sample appears to have a layer of metal corrosion products on, or
within it, possibly derived from the weir-box tank. The sample was approximately 100 x100 x 50 mm.



A silica deposit at the air/water interface at side of weir-box (edge of tank in Figure 4.6-43) appears to
have been precipitated where the hot water was evaporating, possibly enhanced by the incorporation of
thin ‘rafts’ of silica which appear to spontaneously nucleate at the water surface. Numerous insects are
seen included in this precipitate.



A spongy white silica deposit from side of drainage culvert 30 m downstream from weir-box. This
exhibited a morphology of a highly porous hemisphere about 40 mm in diameter. A cross-section
through the porous mass showed several concentric layers of a darker precipitate within it.

These samples displayed many common features, and for this summary we concentrate on information taken
from observations of the sample of silica covering cement and recovered from the bottom of the weir-box
(Figure 4.6-44).
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Figure 4.6-44: Thin section image of weir-box sample showing aggregate clasts and highly microporous cement paste matrix
covered by a layer of microporous and vuggy silica precipitate. Impregnation by blue dye epoxy-resin helps to pick out the
porosity. The silica contains occasional thin dark lamellae containing abundant fine-grained opaque sulphide and iron oxide
phases. The in-situ upper surface of the sample is to the right on this image.

The precipitate shows significant amounts of colourless dendritic silica nucleated on underside of the outer
layer of colourless laminated silica (Figure 4.6-45), and growing inwards into the void space between the
cement and the outer silica layer. Later, dark brown to semi-opaque fine-grained silica was deposited within
the void space and fills between the ‘branches’ of the dendritic silica (Figure 4.6-46). The outer surface of
the laminated silica is coated with a porous discontinuous layer of micro-colloform opaque iron oxide and
iron sulphide, which in turn is overlain by brecciated fragments of laminated silica, opaque iron oxide and
iron sulphide (Figure 4.6-47), cemented by amorphous silica.
EDXA spectra show that both the dendritic and microspheroidal silica are chemically similar; both
predominantly composed of SiO2, with minor amounts K, Na and Cl present (possibly due to the presence of
soluble salts derived from the drying out of any residual saline geothermal fluid). However, high-contrast
BSE observations show that the dendritic silica is brighter than the spheroidal silica, indicating that the
dendritic silica is denser and probably less hydrous than the spheroidal silica. In most cases, the silica
microspheres are internally structureless but may occasionally display a weakly-developed fabric of radiating
fibres or needles. Tiny (<5 µm) prismatic silica crystals are sometimes present, and they appear to have coprecipitated with the microspheres. They have a similar BSE coefficient to the globular silica and may
represent ‘proto-crystals’ of microcrystalline quartz or other silica polymorph. More rarely, tiny grains of
pyrite can be found as inclusions within the silica microspheres around which the silica has nucleated.
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Figure 4.6-45: Plane-polarised transmitted-light photomicrograph of silica precipitate. a) colourless dendritic silica; b)
colourless laminated silica; c) dark brown to semi-opaque fine-grained silica (c) was deposited within the void space and fills
between the ‘branches’ of the dendritic silica; d) layer of micro-colloform opaque iron oxide and iron sulphide; e) brecciated
fragments of laminated silica, opaque iron oxide and iron sulphide, cemented by amorphous silica.

Figure 4.6-46: BSEM photomicrograph showing microspheres of silica filing between coarser branches of dendritic silica.
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Figure 4.6-47: BSEM photomicrograph of the porous band of opaque material within the outer laminated silica layer. The
opaque material comprises largely brecciated fragments of pyrite mineralisation (py) partially altered to very fine grained
microporous colloform-banded and spongey-textured iron oxyhydroxide (Fe) containing corroded relicts of pyrite. This
fragmental material is partially cemented by fringes of silica (Si) and fine silica globules.

High-resolution BSEM observations reveal that the opaque material within the outer laminated part of the
silica precipitation is composed largely of brecciated fragments of iron oxide and pyrite. The iron oxide is
highly microporous and has a scaly, spongey, laminated or colloform fabric, and is probably a hydrous iron
oxyhydroxide such as goethite (FeO.OH) rather than hematite. The pyrite is partially oxidised and altered to
iron oxyhydroxide, and corroded and skeletal relicts of pyrite commonly occur as inclusions within many of
the iron oxyhydroxide fragments.
In addition to iron oxyhydroxide and pyrite, minor to trace amounts of other sulphide minerals are present
within this opaque band within the outer laminated silica layer, and include: galena (PbS), chalcopyrite
(CuFeS2), copper sulphide, sphalerite (ZnS), Cu-Zn sulphide, Sb-sulphide (probably stibnite, Sb2S3),
arsenopyrite (FeAsS), Ag sulphide and Ag selenide. In addition, particles of gold (Au), electrum (Au-Ag
alloy) and a gold-copper-silver alloy are common trace components. These sulphide and gold/gold-alloy
particles are typically <1 to 2 µm in size. The sulphides are generally present as angular inclusions within the
iron oxyhydroxide or intergrown with pyrite. Minor amounts of arsenic were also identified by energydispersive X-ray analysis in the sulphide minerals, particularly in chalcopyrite and stibnite. The gold and
gold-alloy grains were found as rare isolated particles in iron oxyhydroxide or silica, and as inclusions
intergrown within chalcopyrite (Figure 4.6-48). These phases were also found as much rarer trace particles
within the more silica-rich bands of the outer laminated later of the silica deposit.
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Figure 4.6-48: High-contrast BSE image showing an angular grain of chalcopyrite (cp) within a silica (si) groundmass,
containing a complex assemblage of tiny, bright angular inclusions of sphalerite (sp), native silver (Ag), native metallic Au-Ag
alloy (electrum - Au-Ag). A small cube crystal of pyrite (py) surrounded by a circular halo of tiny native silver can also be
seen included within the chalcopyrite host.

Production of geothermal reservoir waters from borehole H-49 leads to cooling and steam separation, and as
a consequence oversaturation with respect to silica, which precipitates. The process is essentially the same as
would occur if geothermal water migrated up a fast flow feature such as a fracture and caused the formation
of surface silica sinter. The fragments of iron oxyhydroxide, pyrite and associated sulphide mineralisation
probably represent detritus derived from erosion of scale deposits and steel corrosion products from the wellbore infrastructure. Electrochemically-driven corrosion of the steel well casing and slotted liner is more
likely under the more extreme conditions at the bottom of the borehole (O. Þorbjörnsson, pers. comm.). That
these fragments appear at the surface suggests that they are being flushed out of the borehole during periodic
high flow events. As such, they give some indication of conditions at the bottom of the borehole (i.e. within
the andesite reservoir). The presence of metal sulphide minerals indicates the presence of several metals in
the geothermal waters, possibly as chloride or sulphide complexes. Steel dissolution creates conditions
sufficient to initiate metal sulphide precipitation. Though there is no evidence of gold or silver in surface
rocks at Los Humeros or Acoculco, the presence of gold and silver is not unexpected in epithermal systems
(e.g. Henley et al., 1984). Indeed, significant gold (as well as copper) mineralisation was a product of laterstage hydrothermal processes at Las Minas, and is driving the renewed interest in exploiting the deposits
there. We did not assay the well precipitates as this study was not focussed on precious metal extraction.
However, the small size of the gold and silver grains and their widely-disseminated occurrence, suggests this
would present challenges for their exploitation.
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4.7 Evidences from field work (Giuseppe Mandrone, Cesare Comina and
Damiano Vacha, UniTo)
4.7.1

Acoculco Quarry 6

The site is a two-level quarry with faces reaching 5 m high, exposing highly-fractured andesite (upper level)
and tuffaceous sediments to weathered lava (lower level). Clear slip was detected on some larger fractures.
Two different portions of the quarry were surveyed: the lower part was investigated through “classical” and
“no-contact” surveys. The upper portion was investigated by using only a classical scanline. Two resistivity
sections were realized: one at the bottom of the quarry outcrop and one at the top of the quarry. Several UPV
measurements were done on the field, as well.

4.7.1.1 Geomechanical surveys
 Lower quarry
This outcrop is made of tuffaceous sediments to weathered lava, North facing, with a heterogeneous facies
and not well developed jointing or stratification (Figure 4.7-1). ISRM measurements were difficult, due to
rock mass facies very chaotic and without systematic joint systems.

Figure 4.7-1: Part of the outcrop interested from the geomechanical and geophysical studies (the Pick-up is West trending).

We tried anyway to collect some observation, and obtained results are summarized as follow (Figure 4.7-2):
- Orientation of joints vs. discontinuities plot highlights 3 main families, respectively oriented 260/70,
15/80 and 350/60;
- Spacing is very difficult to assess, because of the different joints density and orientation in many zones,
so that a statistical approach is not reasonable;
- Persistence are usually between 1 and 10 m;
- Joints are planar and with a moderately roughness (JRC about 10);
- Alteration along fractures is absent or produce a reddish colour of the faces;
- Most of the joints are open or very open, but seepage is not visible.
To improve the number of the observations, a 3D point cloud was produced using about 15 images. By nocontact manual measurements, 91 plane orientations were extracted (Figure 4.7-3, Figure 4.7-4). By plotting
dip and dip direction values on a stereonet, the main discontinuity sets were recognized (Figure 4.7-2). The
mean set planes are respectively about 70/210, 70/335 and 80/120.

160

By comparing “contact” and “no-contact” surveys, it was possible to highlight a good agreement in the
results and in particular:
- the set 70/350 was almost similar using the 2 techniques (k3);
- the 70/215 (k1) was more evident in the field, but it was also detected from photogrammetric analysis
even if a little bit turned towards S;
- the 75/215 was the same set due to polar dispersion;

Figure 4.7-2: Stereonet related to “Acoculco quarry lower” field scanline.

Figure 4.7-3: 3D model of the Acoculco quarry 6.
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Figure 4.7-4: Plane extractions in Acoculco quarry 6.

As already mentioned, the first problem with the thermal camera occurred from the beginning. Some
interesting images were captured anyway from this outcrop in the late afternoon, when the sun didn’t heat
directly the outcrop North facing. The main purpose was to highlight where water moves through this kind of
rock mass. Water movement is affecting – by the way – also heat transfer mechanism and, consequently, the
whole temperature.
In Figure 4.7-5 there are some shots of the same outcrop in RGB and infrared view. In Figure 4.7-5a it is
very clear that fractures show a cooler temperature with respect to sounding rock while, in Figure 4.7-5b is
possible to compare the behaviour of a joint, characterized by centimetre size alteration and infilling (the
sub-vertical one), with a closed joint (the sub-horizontal one). The contribution of secondary porosity is even
more clear in Figure 4.7-5c where, a very opened (about 20 cm) sub-vertical joint infilled with wet sandy
matrix shows a different temperature of more than 4°C, if compared to sound rock mass. In Figure 4.7-5d (a
picture taken from much further), it is very clear the contribution of jointing in the heat transfer mechanism;
also flow path can be easily recognized.
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a

b

c

d

Figure 4.7-5: RGB (left) and infrared (right) images of the same outcrop a) differences between joints and sounding rock b)
effect of filling and opening; c) effect of the wet sandy filling joints, on rock mass temperature.

As a matter of fact, integrating field and “no-contact” geomechanical survey analysis as well as infrared
images for this studied outcrop, made of tuffaceous sediments to weathered lava, it was possible to assess the
following properties:
- fluids flow especially along joints while, sounding rock mass, was almost free of water or water moved
very slowly in the rock mass, if compared to joints;
- 10-3 m/s was an estimation of the hydraulic conductivity of the rock mass as a whole, but the outcrop was
very heterogeneous and the average was greatly variable (even two orders of magnitude), that could
reasonable diminishing in depth;
- some single, very open, porous and infilled joints, can allow a major fluid transfer (i.e. heat) than the
remaining rock mass.
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 Upper quarry
The upper part of the Acoculco quarry is an outcrop (Figure 4.7-6) about 30 m long and 5-8 m high where, a
chaotic highly-fractured and weathered andesite, occurs.

Figure 4.7-6: Part of the outcrop interested from the geomechanical and geophysical studies: it is possible to see the 20 m tape
used for geomechanical survey.

In this case, only a traditional geomechanical survey was done, due to low convergence in photogrammetric
elaboration, and to the impossibility in realizing a solid model of the outcrop. It was possible to define the
following properties:
- orientation of joints vs. discontinuities plot (Figure 4.7-7) highlighted three main families, respectively
oriented about 130/70, 185/70 and 90/70;
- spacing was very difficult to assess because there were many zones with different joints density (from
massive to some j/m);
- persistence was usually between 1 and 10 m;
- joints were planar and with a moderately roughness (JRC about 10-14);
- alteration along fractures was slightly present, if compared to rock mass;
- most of the joints were open or very open, but seepage was not visible.
A time laps (half an hour intervals) infrared study started early in the morning but unfortunately after 2 hours
the camera went out of order. So, there were only few images (Figure 4.7-8), beside the fact that the sun
heated the outcrop, covering the differences between joints and rock mass.
With respect to the lower level quarry, consideration about water paths are more difficult to do, since the
lack of information. Anyway, it is possible to state:
- also in this case, fluids flow especially along joints while sounding rock mass seems much less permeable
that fractures;
- similar to the previous outcrop, hydraulic conductivity of the rock mass (of about 10 -3 m/s) can be
estimated as well as, also in this case, the outcrop is very heterogeneous and the average is greatly
variable (even 2 order of magnitude).
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Figure 4.7-7: Stereonet related to “Acoculco quarry upper” field scanline.

Figure 4.7-8: RGB and infrared images of the “Acoculco quarry upper” outcrop: the sun heats the outcrop covering the
differences between joints and rock mass.
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4.7.1.2 Electrical Resistivity Tomography
In this location two resistivity sections have been acquired: AC1 at the bottom of the quarry and AC2 at the
top of the quarry. A detailed view, about the location of these surveys, is reported in Figure 4.7-9.

Figure 4.7-9: Detailed view on the location of AC1 and AC2 surveys.

These surveys were intended to image eventual differences in the resistivity distribution due to the passage
from fractured to intact rocks within the outcrops, as well as to quantify these differences.
Results of the surveys are reported in Figure 4.7-10 and Figure 4.7-11with the same resistivity scale, given
the similarity of the geological environment.

Figure 4.7-10: Imaged resistivity distribution along the AC1 section compared to a picture of the outcrop (the photo is E-W
inverted to be compared with the geophysical survey).
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Along the profile AC1, it is possible to highlight the presence of a low resistivity anomaly (30-50 Ohm.m)
dipping W, within a more resistive environment (on average 180 Ohm.m). This anomaly is in relation with
the evidence of an extremely fractured and altered zone in the E side of the same profile. The imaged
resistivity anomaly could therefore suggest the dipping of this altered zones (weathered lava) within more
compact tuffaceous sediments. The second survey (AC2 profile), investigated the upper level of the quarry
where, geological observations, suggested to be locally relevant to reservoir. Along profile AC2 low
resistivity anomalies of the same order of magnitude of the previous profile are pointed out, and related to
more fractured zones within the outcrop. Particularly, the central anomaly (around 70 Ohm.m) well reflects
the shape of an altered zone in the outcrop. The lower resistivity highlighted within these anomalies, suggest
increased saturation and water circulation in the fractured zones.

Figure 4.7-11: Imaged resistivity distribution along the AC2 section compared to a picture of the outcrop (the photo is E-W
inverted to be compared with the geophysical survey).
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4.7.1.3 Ultrasonic Pulse Velocity
Some tests were conducted on rock samples collected at the outcrop or in its surroundings, using the Pundit
device. Table 4.7-1, summarizes the results of field measurements: the picking of the first arrivals was
recalculated manually. In Figure 4.7-12, there are some examples of the field measurements.
Table 4.7-1: Measurement of Vp velocities using the Pundit device.

Figure 4.7-12: Field measurements using Pundit equipment.
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4.7.2

Las Minas_Juan Marcos

The site shows a 10 m thick andesite layer, in fault contact with Cretaceous limestone. The fault was a zone
of closely spaced fractures about 2-3 m thick. The limestone was highly fractured and weathered. The
andesite layer was, away from the fault, cut by fractures every 10 meters about. It was underlined by a >4 m
thickness of probably lacustrine sediments with a baked layer at the contact. Limestone was not exposed in
the hanging wall but is outcropping some meter away.
Two different outcrops were surveyed at Juan Marcos: both (site a and b) located along a road and spaced
just a few meters each other. For both the outcrops, “classical” and “no-contact” surveys were done.

4.7.2.1 Geomechanical surveys
 Site a
This outcrop was very difficult to study since the lacustrine deposit stands at the base of the wall near the
road, while the andesite is 2-3 m higher; moreover, a shrubby vegetation complicated even more contact
field measurements. Anyway, from spot measurements, it was possible to assess:
- the orientation of the fault zone was about 70/245;
- the layering of the andesite was about 330/020 with a spacing of half a meter;
- the outcrop was aligned along a main set, oriented 80/085 and about 1 m spacing;
- a third set was oriented 85/210 and the spacing was between 1 and 3 m;
- except for the stratification, the other joints didn’t seem open.
To implement this observation, a series of images permitted to create a solid model of the outcrop (with
many empty spaces due to vegetation): 127 plane orientations were extracted throughout manual
measurements on the 3D point cloud (Figure 4.7-13 and Figure 4.7-14) Drawing dip and dip direction values
on a stereoplot the main discontinuity sets were recognized, although a wide data dispersion (Figure 4.7-15).

Figure 4.7-13: 3D model of Juan Minas - Site a.
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Figure 4.7-14: plane extraction in Juan Marcos - site a.

Figure 4.7-15: Stereoplot reporting the poles of the main discontinuity sets from “no-contact” survey

Results can be summarized as follow:
- the layering trends NNE/SSW, plunging sometimes toward E (25/282): this was in accordance with field
measurements;
- another set was trending about N/S (k2), corresponding at the 80/85 of field measurement
- the main orientation of a third identified set was 55/110, not in agreement with field measurements.
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 Site b
This survey was the result of many small outcrops (about 2 m each). The rock mass was covered by grass or
low vegetation and it was possible to assess a relatively continuity.
In the field, a scan line 20 m long, was done after ISRM ’77. Results are shown in Figure 4.7-16:
- 20/330 was the stratification (not well detected in the scanline)
- 80/080, 70/130 and 75/180 were others sets.

Figure 4.7-16: Stereoplot reporting the poles of the main discontinuity sets.

By performing manual measurements on the 3D point cloud, 157 plane orientations were extracted (Figure
4.7-17 and Figure 4.7-18). By drawing dip and dip direction values on a stereoplot, the main discontinuity
sets were recognized (Figure 4.7-19): in this case, differences between measures along the scan line and on
the solid model, were not in agreement. The mean set planes were respectively: i) 80/280 (k1) with a subhorizontal stratification, 85/190 (k2) well developed, while a concentration of value is around 40/260 and it
is difficult to couple this set to one in the field (unless a change in stratification).
Overall (apparent) spacing measurements were also performed: the values range between a minimum of 0.06
m and a maximum of 0.39 m, with a mean value of 0.15 and a median value of 0.13 (Figure 4.7-20). This
kind of measure in this geological context is very difficult and results are questionable, but this result is in
agree with field evidence.
Considering this data and field observation, stating a very low grade of opening and a spacing of about 7-8
joints per meter, it is possible to say that hydraulic conductivity of this outcrop can be estimated in about 10-5
m/s.
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Figure 4.7-17: 3D model of Juan Marcos - site b.

Figure 4.7-18: Plane extraction in Juan Marcos - site b.
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Figure 4.7-19: Stereoplot reporting the poles of the main discontinuity sets.
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Figure 4.7-20: Spacing values – Juan Marcos -site b.

4.7.2.2 Electrical Resistivity Tomography
In this location the resistivity section was acquired along a road at the bottom of the outcrop evidencing the
passage between different geological units.
This survey would point out eventual differences in the resistivity distribution, due to the passage along these
geological units, as well as to describe their continuity in the underground.
This outcrop is suggested to be very relevant at Los Humeros reservoir, except for the lacustrine sediments
which have not been reported. Obtained results at the bottom of the outcrop, are reported in Figure 4.7-21.
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The inverted electrical resistivity distribution well depicted a horizontal contact in the South portion of the
section between the andesite formation (higher resistivity) and the bottom lacustrine deposits. This contact
seems not continuous.
The bottom lacustrine deposits showed lower resistivity (around 10 Ohm.m) coherently with the increased
fine content and saturation of lacustrine formations in general. The thickness of the lacustrine deposits
involved the whole investigated depth in this location (< 6 m).
In the North portion of the section the increase in the resistivity (< 500 Ohm.m) could be related to the
contact with limestones. The fault area between the described formation appeared well defined in the
resistivity section but its shape could be partially masked by the lacustrine deposits presence.

Andesite

Limestone

Lacustrine

S

N

Figure 4.7-21: Imaged resistivity distribution along the JM section compared to a picture of the outcrop.

4.7.2.3 Ultrasonic Pulse Velocity
Some tests by using the Pundit device, had been done on pieces of rock collected at the outcrop and in its
surroundings. In Figure 4.7-22, there are some examples of the field measurements. In Table 4.7-2, there is
the summary of the results of field measurements: the picking of first arrival was recalculated manually.
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Figure 4.7-22: Field measurements using the Pundit equipment.
Table 4.7-2: Measurement of Vp velocities using the Pundit device
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4.7.3

Rinconada Fault

The site was characterized by the presence of a Limestone/Limestone fault, showing some marbleisation,
skarn, and a cross-cutting dike. Footwall fault zone was about 10 m thick. Hanging wall was highly fractured
for 30 m.

4.7.3.1 Geomechanical surveys
The site was a well exposed fault characterized by a large damage zone. Only the footwall was feasible for
geomechanical surveys while, the other part was not well exposed. Both geomechanical surveys following
ISRM procedures and “no contact” surveys were done.
From field measurements, at least 3 sets were identified (Figure 4.7-23):
- the more representative was a set oriented 75/345, almost parallel to the fault;
- a more or less perpendicular set was 80/270, while a minor one showed an orientation of about 80/265.
- Spacing increased going away from the fault (Table 4.7-3; Figure 4.7-24) - from a few centimetres even
to 1 m or more - and the same observation is valid for the persistence; usually joints are closed and no or
slightly weathered.

Figure 4.7-23: Stereoplot reporting the poles of the main discontinuity sets.
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Table 4.7-3: Rock mass characterization each 2 m along the scanline.
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Figure 4.7-24: Rock mass characterization each 2 m along the scanline (a) and geomechanical properties of the 3 rock type
identified (b).

Thanks to manual measurements on the 3D point cloud, 884 plane orientations, were extracted (Figure
4.7-25 and Figure 4.7-26) and plotted in Figure 4.7-27.
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Figure 4.7-25: 3D model of Rinconada Fault.

Figure 4.7-26: Plane extractions in Rinconada Fault.

Figure 4.7-27: Stereoplot reporting the poles of the main discontinuity sets from no-contact measurements.

Drawing dip and dip direction values on a stereoplot, the main discontinuity sets were recognized. The mean
set planes were respectively 70/355, 80/265 and 75/55 (sub-vertical), in very good agreement with field
surveys. Spacing measurements for every set were also done (Figure 4.7-28) along a virtual scan line.
Histograms for each set are shown in Figure 4.7-29. The values range as follow:
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- for k1 between a minimum of 0.01 m and a maximum of 0.45 m, with a mean value of 0.05 and a median
value of 0.02.
- for k2 between a minimum of 0.01 m and a maximum of 0.53 m, with a mean value of 0.12 and a median
value of 0.09;
- for k3 between a minimum of 0.01 m and a maximum of 0.65 m, with a mean value of 0.14 and a median
value of 0.11.
Stating a frequency of joints, a little higher than 10 per meter and an average opening of about 0.5 mm, as
well as a hydraulic conductivity of 10-5 m/s, can be estimated.

Figure 4.7-28: Spacing measurements in Rinconada fault.
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Figure 4.7-29: Spacing values (k1; k2; k3).

4.7.3.2 Electrical Resistivity Tomography
In this location the resistivity section was acquired along a road. This survey was intended to point out
eventual differences in the resistivity distribution due to the passage along a perpendicular fault zone, as well
as to image the extension of the fault zone.
Results, perpendicularly to the hanging wall of the fault, were reported in Figure 4.7-30. From the resistivity
section it is possible to highlight the presence of a highly resistive (around 3000 Ohm.m) body in the North
portion of the profile which could be correlated to the foot wall of the fault. The altered zone between the
foot wall and the hanging wall, (early portion of the profile) has a relevant extension (< 20 m) suggesting
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significant fault movements. The imaged extension of the fault zone reveals very important in understanding
the Los Humeros geological framework.

Figure 4.7-30: Imaged resistivity distribution along the rf section compared to a picture of the outcrop.

4.7.3.3 Ultrasonic Pulse Velocity
Some tests by using the Pundit device, were conducted on pieces of rock collected at the outcrop and in its
surroundings. In Figure 4.7-31, there are some examples of the field measurements. Table 4.7-4, summarizes
the obtained results: the picking of first arrivals was recalculated manually.

Figure 4.7-31: Field measurements using the Pundit equipment.
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Table 4.7-4: Measurement of Vp velocities using the Pundit device.

4.7.4

Granados Quarry

The site was a marble quarry with sub-vertical mafic intrusions and minor faults (Figure 4.7-32). Marble was
white to light grey in colour, and locally mottled; the karst was locally pervasive. There were no large-offset
faults, but there was a small dyke (20 cm) and two large dykes (2-3 m sub-vertical, 1.5 m dipping about 60
degrees), cutting the Limestones. The 1.5 m thick dyke had a poorly-investigated syn-intrusion fault-like
damage zone. The hanging wall and footwall stratigraphy were not clear. Here, were collected some rock
blocks, from which cylindrical specimens, analysed in Italy, were obtained (Figure 4.7-33).

Figure 4.7-32: Studied outcrop at the Granados quarry.

Figure 4.7-33: Some of the obtained cylindrical specimens, collected and prepared” in place” and analysed in Italy.
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4.7.4.1 Geomechanical surveys
A scanline of 20 m was analysed during field works. The stereoplot in Figure 4.7-34, shown the main results.
Most of the joints were oriented 85/160 (in the dike the orientation seemed to change towards 85/340): joints
were very persistent and the spacing, ranges from 30 to 80 cm.
Joints belonging to set oriented 80/050 and 75/195, were less abundant: in this case spacing was slightly less
than 1 m and persistence range from decimetres to meters.
Joints showed generally a slight alteration (more evident in the andesitic dike) and in most cases were open
or juxtaposed.

Figure 4.7-34: Stereoplot reporting discontinuity sets measured in the field.

Using field data, if we divide the scanline in 2 m sectors and plot these units with the numbers of the
observed joints in that interval, it is very clear the different behaviour of the two lithologies and the two
different litho-technical units (Table 4.7-5). In Table 4.7-6, it is possible to estimate other technical
parameters, by using the Hoek & Brown classification.
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Table 4.7-5: Homogeneous intervals of observation along the scan line highlighting how the number of joints and the GSI,
after Hoek & Brown, change with the lithology.

distance

Joints

GSI

Lithology

Note

0-2

2

85

marble

2-4

2

85

marble

4-6

6

75

andesite

cataclastic with clay

6-8

6

75

andesite

clay veins

8-10

9

70

andesite

cataclastic

10-12

4

80

marble

12-14

2

85

marble

14-16

2

85

marble

16-18

2

85

marble

18-20

4

85

marble

Table 4.7-6: Hoek & Brawn parameters and classifications for marble and andesite observed at Granados quarry.

Thanks to manual measurements on the 3D point cloud, 703 plane orientations were extracted (Figure 4.7-35
and Figure 4.7-36). Drawing dip and dip-direction values on a stereoplot the main discontinuity sets were
recognized (Figure 4.7-37). The mean set planes are respectively 75/185, 85/230 and 65/350 (Figure 4.7-38).
A sub-horizontal set can also be recognized (15/160): this is the only one not detected in the field.
In this case was possible to evaluate also the real spacing from “no-contact” technique that ranged as follow
(Figure 4.7-39):
- for k1 between a minimum of 0.01 m and a maximum of 0.19 m, with a mean value of 0.03 and a median
value of 0.02;
- for k2 between a minimum of 0.03 m and a maximum of 1.52 m, with a mean value of 0.44 and a median
value of 0.20;
- for k3 between a minimum of 0.01 m and a maximum of 0.22 m, with a mean value of 0.08 and a median
value of 0.07.
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Figure 4.7-35: 3D model of Granados Quarry.

Figure 4.7-36: Plane extraction-Granados Quarry.

Figure 4.7-37: Trace delineation-Granados Quarry.
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Figure 4.7-38: Stereoplot reporting the poles of the main discontinuity sets.
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Figure 4.7-39: Spacing values from no-contact technique (k1; k2; k3).

Persistence measurements were also conducted on the whole discontinuities database (Figure 4.7-40). Data
showed a minimum value of 0.05 m, a maximum value of 7.93 m, a mean value of 0.76 m and a median
value of 0.49 m: the trend followed a typical (for persistence) log-normal distribution.
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Figure 4.7-40: Persistence measurements on the whole dataset.

Moreover, a virtual scanline was materialized on the outcrop ortophoto, for measuring the number of
fractures per linear meter (J/m) (Figure 4.7-41), in the same position than the scanline used for direct
measurements. The fracture density distribution matched the outcrop lithology distribution: this value was
lower in the marble portions while, in correspondence of the andesite intrusion, it increased. This trend is
evidenced in the graph, where raw and mean value of the fracture density can be observing (Figure 4.7-42).
Moreover, these data are in perfect agreement with direct observations exposed in Table 4.7-5.

Figure 4.7-41: Virtual scanline for joint density evaluation.
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Figure 4.7-42: Joint density values (blue= raw data; red=mean value).

On this basis, hydraulic conductivity can be evaluated changing from 10-2 for the marble to 10-3 m/s for the
dike.

4.7.4.2 Electrical Resistivity Tomography
In this location the resistivity section was acquired along the quarry road at the bottom of an interesting
outcrop evidencing the passage between different geological units. This survey was intended to image
eventual differences in the resistivity distribution due to the passage along a sub-vertical mafic intrusion, as
well as to highlight possible differences in the resistivity distribution (due to the passage along these
geological units), describing their continuity in the underground. Particularly, the presence of mafic
intrusions and minor faults was interesting with respect to the Los Humeros reservoir, as well as to be poorly
investigated. In that location, some intact marble samples were collected and tested in laboratory. Results at
the bottom of the outcrop are reported in Figure 4.7-43.
From the reconstructed resistivity section, was possible to visualize a highly resistive formation (around
15000 Ohm.m) related to the presence of compact marble formations in the North-East part. This formation
was truncated by a vertical steep low resistivity (4 Ohm.m) anomaly, perfectly matching the location of the
mafic intrusion underlined in the outcrop. The clear anomaly characterized the whole investigated depth
(about 10 m).
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Figure 4.7-43: Imaged resistivity distribution along the LMQ section compared to a picture of the outcrop.4
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4.7.5

Acoculco wells

In the flat valley nearby two exploration wells, drilled years ago to investigate the geothermal field, some
outcrops were studied. They didn’t have features suitable for geomechanical surveys (both traditional than
“no-contact”).
Anyway, the situation was interesting, so that UNITO team decided to do 2 electrical tomographies using the
longest array than possible. We wanted to investigate relationship between natural gas springs (CO 2) in the
small lake, and possible geological structure at near surface depth.

4.7.5.1 Electrical Resistivity Tomography
In this location two resistivity sections were acquired along two, almost perpendicular, directions within the
valley floor. A detailed view on the location of these surveys is reported in Figure 4.7-44. These surveys
were intended to image eventual differences in the resistivity distribution, due to shallow geothermal
structures, related to water and gas resurgences inside the pond within the valley floor. Results are reported
in Figure 4.7-45 and Figure 4.7-46 with the same resistivity scale, given the similarity of the geological
environment.

Figure 4.7-44: Detailed view on the location of ACW1 and ACW2 surveys (numbers in brackets, identify the electrodes).
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Figure 4.7-45: Imaged resistivity distribution along the ACW1 section compared to a picture of the valley floor.
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Figure 4.7-46: Imaged resistivity distribution along the ACW2 section compared to a picture of the valley floor.
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Along profile ACW1 it is possible to observe two main anomalies within an almost homogeneous low
resistive environment (around 100 Ohm.m). The shallower anomaly was well related with the evidence on
the valley floor of a pond, and may suggest the depth (around 15 m) of the related deposits, as well as the
shape of the pond bottom itself. The deeper anomaly showed very low resistivity (around 10 Ohm.m) and
was located in the southern part of the section, at the limit of investigation depth. This anomaly may have
suggested the presence of a fault zone dipping North. The very low resistivity of this fault zone could be
related with highly conductive fluid circulation. The CFE well, actually drilled in this location, was placed at
about 10 m before the beginning of the profile. If the imaged fault zone was correctly depicted, its dipping
towards North could motivate the drilled well was dry and didn't intercepting significant groundwater flow.
Along profile ACW2 it is possible to observe a main very low resistivity (5 Ohm.m) anomaly in the centre of
the section. This anomaly showed almost the same order of resistivity of the fault anomaly along profile
ACW1 and could similarly be related to highly conductive fluid circulation. A further evidence corroborating
this interpretation, was the almost perfect alignment of gas resurgent points within the pond, in the centre of
the valley floor, characterized by the same anomaly. This suggests the presence along this alignment of a
weakness zone in the shallower deposits, that may convey water and gas circulation. It has to be underlined
also that the data acquired along this profile showed anomalous resistivity values which could be related to
the presence of a highly conductive environment. However, the fitting of the inverse problem (rms around
15%) was not particularly satisfactory in this location and the interpretation must be accurately investigated.
Suspect of atrophic structures below the profile were related to the presence of an evident reworking of the
shallow surface, along a read path.
4.7.6

Campanario – Cañada Los Muñecas

This site was in a narrow valley, some hundreds meter from the main plain. The bottom is covered by
alluvial deposits but above, along the slope, it was possible to identify interesting evidences of fragile
tectonic. In fact, especially the left side of the valley was made of one to several faults developed in andesitic
lava, and trending more or less E-W. Each fault strands 1 m to perhaps 5 m thick. One outcrop indicated
significant oblique slips on a sub-vertical fault. In the surroundings, there were no outcrops suitable for
geomechanical surveys, so that only geophysical surveys were done.

4.7.6.1 Electrical Resistivity Tomography
In this location the resistivity section was acquired along the valley floor. A detailed view of the location
surveys, is reported in Figure 4.7-47.
In particular, this survey wanted to investigate differences in the resistivity distribution due to the passage
along a transversal supposed fault zone, as well as to image the thickness of the shallower deposits. This
passage was evident in a nearby outcrop, and should be considered very relevant to structural relations at
reservoir depths.
Results of the conducted surveys are reported in Figure 4.7-48. From the imaged resistivity distribution, it
was possible to observe, below a shallow (6 m) high resistive dry soil coverage, a thick (15 - 20 m) layer of
low resistive (100 Ohm.m) deposits may reflecting sedimentary or fluvial deposition from the nearby river.
The lower resistivity of these last layer, suggested increased water saturation. Below this layer a lateral
anomaly is well evidenced suggesting the presence of a steep fault developed in high resistive (2200 Oh.m)
andesitic lava.
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Figure 4.7-47: Detailed view on the location of CAM1 survey.
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Figure 4.7-48: Imaged resistivity distribution along the AMP1 section compared to a picture of the outcrop.
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4.7.6.2 Ultrasonic Pulse Velocity
Some tests were conducted through the use of the Pundit device, on pieces of rock collected at the outcrop or
directly in its surroundings. In Figure 4.7-49 there are some examples of the field measurements. Table
4.7-7, summarizes the results of field measurements: the picking of first arrivals, was recalculated manually.

Figure 4.7-49: Field measurements using the Pundit equipment.
Table 4.7-7: Measurement of Vp velocities using the Pundit device.

193

5 Discussion
5.1 Statistical Assessment of thermo- and petrophysical properties analysed
at ambient conditions (Leandra Weydt, TUDA)
5.1.1

Los Humeros Geothermal Field

Petro- and thermophysical properties have been analysed on about 1100 plugs drilled from the Los Humeros
outcrop samples. The samples were classified with respect to their rock type. In a second step subunits were
defined regarding the four regional and nine local model units implemented for the Los Humeros geological
model as described above.
The parameters for each single plug were used to create cross plots (chapter 4.1 and Appendix A chapter
8.1), box plots (Appendix A chapter 8.2), cross correlations (Appendix A chapter 8.8.4) and histogram
analysis as presented in the following chapters. Cross plots represent a simple method to show the matrix
heterogeneity of a sample or of a whole lithological unit. The box plots give an overview of the parameter’s
range, which in turn is an essential input parameter for the parameterization of the 3D models. Detailed
statistical information for geostatistical modeling is attached to this report.
Mean values were calculated for each sample, which were used to perform principal component analysis
(PCA). PCA are used to structure and to display a complex data set in a simplified way. After Campbell and
Atchley (1981) a PCA can be considered as a rotation of the axes of the original coordinate system to new
axes, which are called the principal axes. The rotation is done so that the new axes coincide with directions
of maximum variation of the original observations. Afterwards, the original data points are projected onto the
new axis. Thereby the property of maximum variation of the projected points defines the first principal axis.
It can be explained as the line or direction with maximum variation of the projected values of the original
data points. A second linear axis explains the maximum proportion of the remaining variance. The PCA is a
dimension-reduction tool, which can be used to reduce a large set of data to a small set that still contains
most of the information in the original set. In this case, the observations are the parameters analysed on the
samples. Only the paramters analysed directly on the sample were used: particle density, bulk density,
porosity, permeability, thermal conductivity and thermal diffusivity (both dry and saturated), P- and S-wave
velocity (both dry and saturated) as well as magnetic susceptibility.

Figure 5.1-1: Principal component analysis of the Los Humeros outcrop samples.
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The results of the Los Humeros outcrop samples indicate a large heterogeneity of the individual lithologies
as shown in the cross plots in Figure 4.1-1 and in Figure 5.1-1. The PCA shows sufficient significance (F1
and F2 = 66,60 %). Three trends can be identified: 1) high porous, moderatly permeable volcanic rocks like
ash fall deposits, ignimbrites and porous andesites with a low density and thermal conductivity in the lower
left corner, 2) basalts, andesites, granites and limestones with a moderate thermal conductivity and density as
well as a decreasing porosity from basalt to limestone and 3) samples with a metamorphic overprint like
marble, skarn and quartz in the lower right corner, wich have a high density and thermal conductivity, but in
some cases a moderate to high porosity/permeability. The analysis also implies that (without taking
mineralogical composition into account), a nonporous andesite shares more similarities with e.g. granite than
its porous counterpart. Differences between the nonporous andesites, granites and limestones are rather
insignificant. The transitions between the lithologies are seamless. Outliners can be explained by the affect of
hydrothermal alteration, fracturing or metamorphic processes on the rock properties. With respect to the 3D
models, the results indicate that nonporous andesites, unaltered granites and limestones will show very
similar behavior. Furthermore, the skarns could be used as a useful tool in correlation with geophysical data
in order to identify fluid pathways (although they might be sealed).
For the PCA of the CFE reservoir samples the main elements obtained from XRF anaylsis were included.
The results show a higher dispersion, but still show sufficient significance (F1 and F2 = 59,06 %). The
results indicate no significant differences between the individual rock types (Figure 5.1-2). Exceptions form
the highly porous tuff samples form the uppermost layer in well H26-1 and the highly fractured marble
samples. Dominant parameters are porosity, density, thermal conductivity and P-wave velocity, but also CaO
content. The lower left corner includes rather moderate to high porous (H26-1 with porosity values above 30
%) samples with low bulk density, thermal conductivity and P-Wave velocity. The lower right corner
includes this time the fractured marble samples with moderate to high thermal conductivity and permeability
values, but low matrix porosity. The four samples in the upper left part of this corner represent samples with
a strong hydrothermal overprint. In particular, these samples experienced moderate to strong silicification.
The upper corners of Figure 5.1-2 predominantly include andesite samples with a varying hydrothermal
overprint. The samples H24-3 and H25-3 showed a strong hydrothermal overprint. As described in section
4.1.2 the lower tuff and ignimbrite samples show different properties than the upper ones. Furthermore the
lower ignimbrite and tuff samples rather behave like an andesite. These observations might explain the
difficulties in the correlation of geophysical data with distinct lithological units within the reservoir.
Unfortunately, no geophysical logs were run in wells where core samples have been taken. It is
recommended to run further geophysical logs within the study area to enable a better understanding of the
porosity distribution within the reservoir and to allow a direct correlation with lithostratigraphic units and
rock properties analysed on core samples.
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Figure 5.1-2: Principal component analysis of the CFE reservoir samples including XRF analysis and petrophysical rock
properties.

Histogram analyses were conducted in order to show the parameter’s distribution for each unit. As matrix
porosity, permeability and thermal conductivity are one of the most important parameters for the
parameterization of the numerical TH(M) model, histograms of selected lithological units are presented here.
Further plots can be seen in Appendix A section 8.6.
Porosity of the andesite outcrop samples (Figure 5.1-4) and reservoir samples (Figure 5.1-3) varies from
< 5 % up to > 25 %. Both data sets reveal a bimodal distribution. This observation is confirmed by calculated
sonic porosity values from well H42 (Deb et al. 2019, GEMex Deliverable D6.3).With respect to the 3D
geological model it is important to identify these higher porous and/or fracture zones. In contrast, the
Cretaceous limestones show an average matrix porosity < 2 %. The distribution is rather positively skewed
(Figure 5.1-6). Values above the arithmetic mean can be explained with fissures and fractures.
Intrinsic permeability measurements of the CFE reservoir samples indicate a rather normal distribution
(Figure 5.1-7). The andesite (Figure 5.1-8) and limestone outcrop samples (Figure 5.1-10), indicate trends for
a bimodal and skewed distribution, respectively. This phenomenom can also be explained by fissures and
fractures. While the CFE reservoir samples show a wide range (10-13 – 10-18 m²), matrix permeability of the
(nonporous) andesites and limestone outcrop samples is very low (<10-16 m²). As mentioned above in chapter
4, this implies that fluid flow is rather fracture controlled in the study area.
Thermal conductivity of the CFE andesite samples (Figure 5.1-11) and andesite outcrop samples (Figure
5.1-12) ranges between < 0,8 and ~2,2 W m-1 K-1 and can be rated as rather low. The distribution is rather
irregular. In contrast, thermal conductivity of the Cretaceous limestone (Figure 5.1-13) samples is right
skewed, which can be explained by increasing grain size due to metamorphic overprint and/or increasing
dolomite content.
It has to be mentioned that the data set shows a sampling bias: The CFE reservoir samples indicate a wide
range of hydrothermal processes, while the analysed outcrop samples show no or only a weak hydrothermal
overprint. Furthermore, CFE preferably tried to target the highly fractured (and thus brecciated and mostly
hydrothermally altered) zones within the reservoir. Observations from the field surveys showed that the
occurrence of the massive andesites predominate the porous sections. This is also likely caused due to fast
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weathering during rain season in the study area. However, macroscopic similarities between the CFE
andesite and andesite outcrop samples were identified. Nevertheless, it is recommended to use the rock
properties of the CFE reservoir samples to parameterize the inner part of the caldera (local model), while the
outcrop samples are rather useful to depict the formation’s heterogeneity of the surrounding area (regional
model).
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Figure 5.1-3: Distribution of porosity measurements of the CFE andesite samples.
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Figure 5.1-4: Distribution of porosity measurements of the andesite samples collected in the Los Humeros area.
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Figure 5.1-5: Distribution of porosity measurements of the andesite samples collected in the Los Humeros area.
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Figure 5.1-6: Distribution of porosity measurements of the Cretaceous limestone samples collected in the Los Humeros area.
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Figure 5.1-7: Distribution of intrinsic permeability measurements of the CFE andesite samples.
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Figure 5.1-8: Distribution of intrinsic permeability measurements of the andesite samples collected in the Los Humeros area.
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Figure 5.1-10: Distribution of intrinsic permeability measurements of the Cretaceous limestone samples collected in the Los
Humeros area.
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Figure 5.1-12: Distribution of thermal conductivity measurements (dry and saturated conditions) of the andesite samples
collected in the Los Humeros area.
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Figure 5.1-13: Distribution of thermal conductivity measurements (dry and saturated conditions) of the Cretaceous limestone
samples collected in the Los Humeros area.

5.1.2

Acoculco Geothermal Field

The Acoculco outcrop samples show similar patterns than the Los Humeros outcrop samples. Likewise to
Los Humeros, the PCA show sufficient significance (F1 and F2 = 67,94 %, Figure 5.1-14). The data set
shows a high heterogeneity of the individual lithological units. However, porosity, density, thermal
conductivity and P-wave velocity are again key parameters. As no granite/granodiorite or metamorphic
samples were collected in Acoculco, two main groups can be identified: Volcanic rocks and Cretaceous
limestones. The Jurassic calcarenites form an exception as they rather behave like ignimbrite due to the high
porosity and permeability. The Pedernal rhyolitic lavas show the highest variability due to the strong
hydrothermal overprint. The basalt, andesite and trachyandesite samples show similar behavior. With repsect
to the 3D model, it is possible to merge these units.
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Figure 5.1-14: Principal component analysis of the Acocuclo outcrop samples.

Histogramms for units with the highest number of analysed plugs are presented here. The moderate and
strongly altered Pedernal rhyolitic lavas show high scattering. Porosity significantly increases with
increasing hydrothermal overprint (Figure 5.1-5), while it is not directly corresponding for matrix
permeability (Figure 5.1-7).
The Cretaceous limestones collected in the Acoculco area schow similar features than for Los Humeros.
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Figure 5.1-17: Distribution of intrinsic permeability measurements of the Pedernal rhyolitic lava samples.
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Figure 5.1-19: Distribution of thermal conductivity measurements (dry and saturated conditions) of the Pedernal rhyolitic
lava samples collected in the inner part of the Acoulco caldera complex.
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5.2 Representative Values for the Different Model Units (Leandra Weydt,
TUDA)
5.2.1

Los Humeros Geothermal Field

The laboratory measurements serve to parameterize the 3D numerical models created within WP6. Therefore
the outcrop and reservoir samples were grouped with respect to their lithology and/or lithostratigraphic unit.
The Los Humeros outcrop samples were classified into 19 different units. With respect to the given local
model units in WP3.1 and for simplification, the Los Humeros reservoir samples were classified into five
units. Arithmetic mean values and standard deviations for up to 18 parameters (analysed at dry and saturated
conditions) were calculated and are summarized in Figure 8.5-3 for the outcrop samples and in Figure 8.5-2
for the CFE reservoir samples.
In particular, porosity, matrix thermal conductivity (dry and saturated state), intrinsic permeability and
volumetric heat capacity were used for the parameterization of the numerical 3D model within WP6.
For the numerical simulation of the software SHEMAT (Simulator for Heat and Mass Transport, based on
Clauser, 2003) was used, which includes the coupled steady state or transient equations for groundwater
flow, heat and reactive solute transport. Further details are included in the GEMex report of WP6.3 (Deb et
al., 2019).
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It is well known that the above mentioned rock properties analysed at lab conditions change with
temperature and pressure within the reservoir. Therefore, it is of great importance to know the reservoir
conditions and how the rock properties change.
The following sections provide a short overview of the processes which were executed in Task 3. As matrix
permeability values are relatively low, the intrinsic permeability from the laboratory measurements were
used directly in the model. The same applies for the porosity lab measurements and the volumetric heat
capacity.
Thermal conductivity is controlled by the chemical-mineralogical composition and texture of a rock sample
for example porosity, grade of mineral components and the grade of grain contacts (Kaltschmitt et al., 2009).
In general thermal conductivity decreases with increasing temperature (Figure 5.2-1). After Clauser (2003)
the SHEMAT software accounts for the temperature dependence of rock thennal conductivity according to
Zoth and Hänel (1988):

λ=

𝐴
(350+𝑇)

+𝐵

(Eq. 45)

with T = temperature [°C] and,
A, B = rock coefficients.
The empirical formula comprises two rock coefficients A and B, which differ for individual rock types as
shown in Table 5.2-1. Unfortunately, it is not possible to implement the laboratory measurements in this
formula.
Table 5.2-1: Constants A and B for different rock types

Rock type

A

B

Limestone

0,13

1073

Metamorphic rocks

0,75

705

Alkaline rocks

1,18

474

Acid rocks

0,64

807

Mix

0,7

770
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Figure 5.2-1: Temperature dependence of thermal conductivity for different rock types proposed by Zoth and Hänel (1988).

To transfer thermal conductivity measurements of the analysed samples from lab to reservoir conditions the
formula after Sekiguchi (1984) was used. Therefore matrix thermal conductivity after Hartmann et al. (2005)
was calculated from dry and saturated measurements at ambient conditions and insert into the following
formula:

λ=

𝑇0∗𝑇𝑚

1

1

∗ (λ0 − λm) ∗ (𝑇 − 𝑇𝑚) + λm
𝑇𝑚−𝑇0

(Eq. 46)

with λm = 1,84818 W m-1 K-1 and
Tm = 1473 K.
λm and Tm represent calibration coefficients, while λ0 and T0 are the thermal conductivity and temperature
of the laboratory measurements, respectively.
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The individual model untis of the local and regional Los Humeros model proposed by WP3 comprise
different rock types. Therefore the rock properties of individual lithostratigraphic units (Figure 8.5-2 and
Figure 8.5-3) were weighted equally. As the relative contribution is not known in detail for every model unit,
several assumptions were made. For example the basement was defined comprising 95% of limestone and
5 % of metamorphic products like chert, marble and skarn. Furthermore, porosity values from the andesite
units range from < 3% up to ~25 %. The histograms of the reservoir and outcrop samples reveal a bimodal
distribution. Additionally, petrophysical log measurements of well H-42 show an irregular response in the
andesite sections and can be related to some highly porous and/or fractured sections. The results imply that at
least 30 % of the andesite units might comprise high porous sections, while the remaining 70 % consist of
rather massive andesite with porosities lower than 5 %.
Figure 5.2-2 gives an overview of the used petro- and thermophysical properties of the local model of Los
Humeros.

Figure 5.2-2: Overview of the rock properties used for the parameterization of the local Los Humeros model (GEMex
Deliverable D6.3, Deb et al., 2019). *compiled from literature values from Rybach (1876, 1986); **values for cp and λ
compiled from Schön (2004);*** bimodal distribution of porosity assumed, values calculated using a 70% massive, 30%
porous rock mass.

The classification of the regional model units is based on the temporal evolution of the caldera complex.
Therefore the model units G1 to G4 merge several local model units containing very different lithologies and
thus rock properties. In order to weight the local units with respect to their relative contribution in the study
area, the subdivided units of 50 CFE wells (interpreted by WP3) were used to calculate the average
thickness. This procedure is described in further detail in GEMex Deliverable D6.3 (Deb et al, 2019).
The obtained weights were used to define the rock properties of the regional model units as shown in Figure
5.2-3. Except for thermal conductivity, the weighting was executed using arithmetic mean values. Under the
assumption that the Los Humeros caldera has a horizontal layered structure but a perpendicular heat flow, the
effective thermal conductivity model is not corresponding to the arithmetic mean layer thermal
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conductivities weighted by their volume fractions (Eq. 47). According to Hartmann et al., (2005) the
perpendicular heat flow can be described using the harmonic mean (example for two layers):

λa = V1 ∗ λ1 + V2 ∗ λ2
λh =

V1
λ1

+

V2
λ2

(Eq. 47)
(Eq. 48)

Figure 5.2-3: Overview of the rock properties used for the parameterization of the regional Los Humeros model (GEMex
Deliverable D6.3, Deb et al., 2019). *compiled from literature values from Rybach (1876, 1986); **values for cp compiled
from Schön 2004; *** bimodal distribution of porosity, values calculated using a 70% massive, 30% porous rock mass.

5.2.2

Acoculco Geothermal Field

Compared to the Los Humeros geothermal field, only little information is known about the deep subsurface
in the Acoculco area. Thus, only a regional model was set up for the Acoculco caldera complex comprising
five regional units. As no outcrops of the deeper basement exist in the Acocuclo area, only samples from the
model units AC05 (Volcanic rocks) and AC04 (Limestones) were collected in the field. The outcrop samples
were classified in 12 lithological units. Arithmetic mean values for thermo- and petrophyscial properties
analysed at dry and saturated conditions are shown in Figure 8.5-1.
The regional model units of the Acoculco numerical model have been parameterized in the same manner
than for Los Humeros. Figure 5.2-4 provides an overview of the calculated rock properties for the individual
units. Thermo- and petrophysical parameters from outcrop samples taken in Las Minas as well as literature
data were used to parameterize the remaining units 3 and 4 in Figure 5.2-4.
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Figure 5.2-4: Overview of the petrophysical properties used for the parameterization of the regional model units (Deb et al.,
2019).
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5.3 Discussion on Rock- and Fluidphysical Properties in Dependence of
Temperatures (Juliane Kummerow, GFZ)
The isobaric electrical resistivities and permeabilities of a quartz-gabbro (GG1-qzDol) from a fossil highenthalpy hydrothermal reservoir of the Geitafell volcano, Iceland, as well as a argillitic limestone (15-ACLC) from the exhumed Zacatlán system were measured as function of temperature in long-term (up to 93
days) flow through experiments. The quartz-dolerite was measured twice, whereby temperatures of 350°C
and 300°C were applied at maximum.
The knowledge of the temperature dependence of electrical resistivity of a fluid percolating through a rock is
a prerequisite for a reliable interpretation of the bulk resistivities measured on the rock sample. There are a
lot of datasets available for diluted binary salt solutions. However, nearly no data exist for higher
concentrations and for electrical properties of mixed brines, representing the composition of natural
geothermal fluids. Thus, in a second set of high pressure/high temperature experiments fluid resistivities
were measured up to 446 °C.
5.3.1

Discussion of petrophysical measurements at high pT conditions

The hydraulic and electrical properties of a rock dependent on porosity, pore space structure, and its
distribution in the rock. For both studied rock samples, we assume that the fluid transport is related to crackdominated pore networks. Compliant or soft pores with high aspect ratios are largely affected by increasing
effective pressure and temperature (Shapiro et al., 2015). The escalating permeabilities observed for both
rock types at temperatures of 200 – 250 °C are attributed to thermal cracking due to thermal expansion of the
rock-forming minerals and increasing thermal stress. For sample 15-AC-LC, between 250 – 406 °C the
permeability and electrical conductivity increase in a linear relation (Figure 5.3-1a), indicating that both
transport properties are linked to the same fracture network. On the other hand, this could reflect a beginning
dissolution of the limestone, what is supported by conductivity, q, and pH value of the quenched fluid
sample.
In contrast, the degeneration of the compliant crack network of the dolerite up to 200 °C seems not to affect
its electrical properties, and bulk and k are connected via a power law relationship (Figure 5.3-2a). bulk
increases with a linear conductivity gradient of 0.026 K-1 in the first run and with 0.034 K-1 in the second run
(Figure 5.3-2b). This may be due to the micropores in the chlorite aggregates, which possess higher aspect
ratios and alter only slightly with increasing pressure and temperature. Thus, here a second pore network is
available to provide charge transport through the rock matrix even at low water permeability.
Generally, the current flow in a fluid saturated rock is mainly controlled by the electrolytic conduction of the
pore fluid and by surface conduction at the interface of electrolyte and minerals [Waxman & Smits, 1968;
Revil & Glover, 1998]. Compared to that, the conductivity through rock-forming minerals can be neglected
for the studied sample materials in the given temperature range as long as no sufficient amount of ore
minerals are present in the rocks. At fluid salinities > 1 S/m (experiment 15-AC-LC), the current transport is
dominated by fluid conduction, σfl, and depends on the pore structure, which is represented by the formation
factor, F, [e.g.Nover, 2005; Einaudi et al., 2005], that arise from Archie’s relation [1942]

𝜎𝑏 =

𝜎𝑓𝑙
𝐹

.

(Eq. 49)
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For fluids with low salinity (< 1 S/m), as it was used for the percolation of the quartz dolerite, there has been
described an increasing contribution of surface conduction, σs, to the bulk conductivity of the formation, σb,
especially when clay-rich or low porosity rocks are involved [Patnode & Wyllie, 1950]

𝜎𝑏 =

𝜎𝑓𝑙
𝐹∗

+ 𝜎𝑠 .

(Eq. 50)

Surface conductance becomes the dominating mechanism for current flow in porous media saturated with

Figure 5.3-1: (a) Relationship of permeability, k, and bulk conductivity, bulk, for the limestone (15-AC-LC) and (b) for the
studied dolerite.

highly diluted fluids of a fluid conductivity of < 0.2 S/m [Waxman & Smits, 1968; Revil & Glover, 1998;
Nover, 2005]. Hence, surface conductance is assumed to contribute significantly to the bulk conductivity of
the studied dolerite. This is consistent with the conductivity gradients for the pore fluid and the bulk
conductivities Figure 5.3-2a. The apparent formation factor, F* = fl/ bulk (Figure 5.3-2b), which indicates
that the increase in sample bulk conductivities with temperature is more pronounced than the observed
conductivity increase of the pore fluid. Commonly, this extra conductance is attributed to an increase in ionic
mobility in the electrical double layer at the fluid-mineral interface [Ucok, 1979; Nono et al., 2018]. Another
mechanism, which has to be taken into account, is the effect of chemical fluid-rock interactions. In Figure
5.3-3 impedances for run GG1-qzDol-M2 at different temperatures are displayed as plot of the real part of
impedance Z’ and its imaginary part Z’’ recorded in a range of 100 mHz to 100 kHz. For temperatures
< 150 °C the semi-arcs in the low frequency range (< 1000 Hz) indicate that the impedance is dominated by
electrostatic polarization effects at fluid-mineral interfaces (Bingley et al., 2005). However, frequency
spectra, taken at a constant temperature of 300 °C in time-intervals of 24 hours and 1 hour, point to a change
in the polarization mechanism at higher temperature. Here the spectra show significant shift in the amplitude
and position of the peak phase angle, indicating a change in relaxation time, which is related to the length
scale of induced charge separation along the fluid-solid interface (Bingley et al., 2005).
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Figure 5.3-2: (a) Bulk conductivities, determined in two high pressure-high temperature runs on GG1-qzDol, normalized on
the conductivity of the pore fluid, measured at corresponding temperatures in a separate flow-through cell (see section 4.3).
The slope  represents the rate of conductivity increase for the temperature range 24 – 150 °C. (b) The corresponding
apparent formation factors determined from fluid and bulk conductivities in dependence of temperature.

Figure 5.3-3: On the left: Nyquist plot of selected frequency spectra measured at the dolerite for increasing temperatures and
a time-series record at a constant temperature of 300 °C. Frequencies ranges from 100 mHz on the right to 100 kHz on the
left. Dashed lines represent extrapolation beyond the experimental frequency range. On the right: SEM-image of the postrun sample indicates a beginning dehydration/ dissolution of amphiboles.

For sample 15-AC-LC two different conductivity mechanism can be distinguished from the trend of F*
(Figure 5.3-4). From the linear increase of formation factor up to 200 °C it is evident that at lower
temperatures the charge transport in the limestone is dominated by electrolytic conductivity through the
stagnantpore fluid, while surface conductivity is not relevant here, due to the lack of clay minerals and the
high fluid salinity of 1.06 S/m. The conduction mechanism changes after thermal cracking of the sample and
F* drops linearly, when higher flow rates could be applied. The off-set in formation factor, which was
observed for the limestone tested unde supercritical conditions, is primarily due to the drop in pore fluid
conductivity. However, as the limestone, increasing conductivities were observedbulk conductivity
continued to raise at supercritical conditions, an effect of fluid-rock interactions on bulk conductivity is
plausible for the higher temperature range. The release of free charged ions due to mineral dissolution – at
least for supercritical conditions - compensate the temperature-related negative density effect on ion
concentration per fluid volume unit. Hence, higher bulk conductivities arise than expected for electrolyte
conductance in an inert system.
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Figure 5.3-4: Formation factor in dependence of temperature, determined from bulk conductivities of sample 15-AC-LC and
the corresponding conductivities of its pore fluid.

5.3.2

Discussion on temperature dependence of electrical conductivity of binary
electrolyte solutions and mixed brines

The conductivity of electrolytic solutions in dependence of temperature is controlled by a complex
interaction of changes in the solvent viscosity, density, and dielectric permittivity of the solution (e.g. Quist
and Marshall, 1968; Ucok et al., 1979; Ho et al., 2001), as these parameters largely govern dissolution
equilibria of the dissolved ionic species and hence the concentration of free charge carriers in electrolyte
solutions. The sharp decrease in water viscosity up to 250 °C cause a rapid increase in ion mobility and
consequently an increasing fluid conductivity. Up to about 150 °C the gradient of conductivities of the
studied solutions is 0.0188 ± 0.0014 K-1 on average. Solution H59 possesses a slightly higher rate (0.0200 K1
) and was, for reasons explained below, not considered in the averaging. When at higher temperatures the
viscosity reduction subsides considerably, while concurrently the thermal expansion of the liquid reduces the
number of dissolved ions per volume unit, the effect of ion mobility is counterbalanced. Also, the dielectric
constant decreases with decreasing fluid density, promoting the recombination of oppositely charged ions
and the electrical neutralization of charge carriers. This is not necessarily accompanied by precipitation of
salt, as long as the concentration of the salts in solution do not exceed the individual solubility limits for the
given pT conditions (Figure 5.3-5b). Up to the critical point the data of all studied solutions follow the
general characteristic described above. Specific differences, such as the position of the maximum or the
extent of equivalent conductivity, appear to correlate with differences in concentration of the solutions, with
the equivalent conductivity increasing with decreasing concentration (Quist and Marshall, 1968), as the
obstruction of ion movement by Coulomb forces becomes relevant at lower concentrations (Ostwald’s
dilution law). For temperatures below 150 °C the data of the studied binary solutions and mixed brines
coincide very well, while they diverge at higher temperature. This may indicate that the influence of interionic attraction forces is – at least for the studied concentrations - less pronounced in the lower temperature
range, while it increases with increasing ion mobility. Also, for solution H23 and W5 common-ion effects,
which arise after Le Chatelier when several salts with common cations or anions are present in a system and
lead to a shift of dissolution towards the solid phase to balance the solubility equilibrium and counter the
charge, appear to be neglectable, as no indications for precipitation was found and the normalized in-situ
conductivities are almost identical with that of the 0.017 M NaCl solution for wide temperature ranges below
the critical point. One reason for this might be that the concentration of the dominant salt, NaCl, is generally
low in solution H23 and W5 and is for subcritical conditions clearly below the saturation limit (Figure 5.3-5c
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and d). The concentrations of the competing salts are 1 to 5 orders of magnitude less than that of NaCl. This
is probably too low to significantly shift solubility equilibria towards solid phases to be resolvable by means
of electrical measurements (Kummerow et al., 2018).
However, a more complex behaviour was observed for solution H59, which is nearly a 1:1 mixture of
NaCl(aq) and NaHCO3(aq), with minor amounts of Na2CO3, Na2SO4, and KCl. Though it shows the highest
equivalent conductivities in dependence of temperature, the conductivity of quenched samples decrease
continuously with increasing exposure temperature, what point to a successive depletion in charge carriers
with temperature. The depletion in charge carriers is accompanied by slightly increasing pH values, which
decrease again from pH 8.4 at 350 °C to neutral (pH 7.31) after supercritical conditions were applied. The
variety of chemical components in solution H59 provides for co-existence of a large number of different
dissolved ionic species (such as Na+, NaSO4-1, NaCO3-1, K+, KSO4-1, HCO3- 1, OH-,…). The interrelation of
their particular equilibria is complex, temperature sensitive, and regulated by common-ion effects.
Inherently, the dissociation of NaHCO3 can be described by a series of equilibria that occur:
A

B

C1

𝑁𝑎𝐻𝐶𝑂3 ⇌ 𝑁𝑎+ + 𝐻𝐶𝑂3− + 𝐻2 𝑂 ⇌ 𝑁𝑎+ + 𝐻2 𝐶𝑂3 + 𝑂𝐻 − ⇌ 𝑁𝑎+ + 𝑂𝐻 − + 𝐻2 𝑂 + (𝐶𝑂2 (𝑎𝑞)
C2

⇌ 𝐶𝑂2 (𝑠𝑐) )
All of the species are present in different amounts, when the dissociation reach the equilibrium. As no
dissociation constants are available for NaHCO3 at high temperature, the made observations can be analysed
only qualitatively here. At low temperature the first dissociation step seems to be favored, thus only minor
amounts of OH- ions are formed and the solution pH is neutral. Regarding the increasing pH and the fizzing
of quenched fluid, it is assumed that the second and third dissociation step becomes increasingly important at
temperatures between 150 °C and 374 °C. An increase of OH- ions in the solution could also explain the
significantly higher equivalent conductivities of H59, which were observed for T > 150 °C, as the ionic
conductivity of OH- (at ambient conditions) exceed that of most other ions by the 4-fold. The higher
conductivity is due to the special shifting mechanism of bonding electrons between the OH- ion and water
molecules. As this mechanism is most effective due to fast charge transport via hydrogen bonds, with
decreasing dielectric properties of water and the reorganisation of H2O clusters this effect should become
less decisive. This is probably reflected by the fact that at near-critical conditions the normalised
conductivities of H59 and that of other solutions coincide again.
A simple volumetric consideration was made to roughly estimate the amount of CO2 that could be formed
from the fluid in dissociation step C. Taking into account the concentration of NaHCO3 in the solution and
the volume of the measuring cell, at 150 °C a maximum of 0.1μl CO2 could be formed, which doubles to 0.2
μl at 350 °C. Since the hottest part of the flow-through system extends far beyond the measuring cell and is
approximately 40 cm in total, the heated fluid volume to be considered increases to at least 1.9 ml, which
grows the potential CO2 volume at a given pressure to 0.5 μl at 150 ° C and 1.1 ul at 350 °C. This is a
maximum estimation as at equilibrium CO2 partly remains dissolved in the water phase. However, due to the
dynamic nature of the experiments with a constant fluid flow, with time an increasing amount of CO 2 might
accumulate in the system. On the basis of the experimental observations, such as the stopping the fluid flow
and performance of the up-stream pump, we assume a partial exsolution of supercritical, low density CO2
from the liquid brine as temperature increases and the coexistence of two phases in the hot and pressurized
system. However, due to the limited data this needs further examination.
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Figure 5.3-5: Compilation of available experimental solubility data for various salts relevant in this study (compilation after
Voisin et al., 2017). The shaded areas highlight supercritical conditions (sc) for the individual experimental runs, whereas the
areas marked with lq indicate the studied solutions in liquid phase. The coloured solid lines represent density corrected
concentrations of the individual solutes dissolved in the solutions (a) and in the mixed brines (b – d).

The decrease in ionic concentration due to density effects in the solvent and recombination of ions is
strongest for supercritical conditions, whereby the effect increases with increasing concentration and
complexity of the solution. The conductivity gradient within a temperature range of ± 5 K around the critical
temperature is -0.328 ± 0.007 K-1, while for the CaCl2 and Na2SO4 solutions the gradient was found to be
considerably lower (-0.1 ± 0.003 K-1). In respect to available solubility data for chlorides, sulfates, and
carbonates relevant in this study (Khan and Rogak, 2004; Leusbrock et al., 2009; Voisin et al., 2017 and ref.
therein), the concentrations for particular solutes in the studied binary and mixed stock solutions are
sufficient to reach or exceed the saturation limits at supercritical conditions (Figure 5.3-5). Although, in-situ
conductivity data as well as measurements on quenched fluid samples point partially to a severe salt
precipitation, hardly any residues could be detected in the measuring cell after cooling down the system. We
assume that precipitations, such as NaCl, KCl, CaCl2, NaCO3, Na2SO4 were re-dissolved in the rinse water,
delivered during the cooling phase as it shows higher conductivities after percolation.
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Figure 5.3-6: Time-log of a flow-through experiment with 0.0385 M Na2SO4 solution at supercritical conditions. The massive
precipitation of Na2SO4 from the supercritical solution has presumably reduced the effective annulus of the flow-through setup and thus the permeability of the system. This caused a substantial increase of the system temperature.

Precipitation of electrolytes from hot water can have serious implications for the flow regime in both the
reservoir and the geothermal installations of a hydrothermal system. Fehler! Verweisquelle konnte nicht
gefunden werden. depicts a time-log for a flow-through experiment with Na2SO4 solution, approximately 1
hour after reaching supercritical conditions. The formation of Na2SO4 scalings, indicated by a drop in in-situ
fluid conductivity, has presumably reduced the effective annulus of the flow-through set-up and thus the
permeability of the system. This is displayed by decreasing flow rates. In consequence, the heat flux changes
and a substantial increase of the system temperature was observed. The slight increase in in-situ fluid
conductivity might be due to the increasing temperature. Another aspect might be a partial re-dissolution of
Na2SO4 scalings in the more or less stagnant fluid, trapped in the measuring cell. The latter is supported by a
slight re-increase of q of a quenched fluid sample.
Transferred to natural systems, the reduction of permeability of a high-enthalpy system due to massive
mineral precipitation may cause a compartmentalization of the system and development of supercritical
pockets. This reduces the heat flux, which increases the compartment temperature. In case of insufficient
pressure compensation, the compartment will consequently become over-pressurized. This mechanism was
already proposed by Lopez et al. (2009), who describe the self-sealing nature of the superhot Acoculco
geothermal reservoir.

5.3.3

Conclusions and Summary on temperature dependence of fluid- and petrophysical
properties

Electrolytes, dissolved in aqueous solutions, have the tendency to associate at near-critical temperature,
which causes a removal of free charge carriers from the solution. This behavior is intensified in the “low”
pressure range of the supercritical field and has become noticeable in a reduction of fluid conductivity by an
order of magnitude. Thus, deep resistivity surveys are regarded to provide a convenient means for detecting
supercritical roots of geothermal high-enthalpy reservoirs. Understanding the temperature dependence of
electrical conductivity of both the geological formation and its pore fluid at defined laboratory conditions is
thus of great importance for the characterization of geothermal reservoirs by means of MT surveys. In the
framework of the project GEMex at the GFZ HT/HP-experiments were performed on equivalent material of
key lithologies and brines at near- and supercritical temperatures to better understand fluid-driven processes
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in geological settings with a high heat flow. Electrical and hydraulic conductivity of a dolerite sample,
representing the reservoir unit of the Los Humeros complex, and of a limestone as proxy for the carbonate
basement have been determined for increasing temperatures. Additionally, fluid conductivities of three
binary salt solutions and three mixed brines, mimicking the composition and concentration of Los Humeros
reservoir fluids were studied up to supercritical conditions.
Precipitation-induced high conductivity contrasts between sub- and supercritical systems were observed for
dynamic, low-concentrated electrolytic systems within a very narrow temperature range of ± 5 K around the
critical temperature. However, these conductivity contrasts may be blurred at static conditions, due to
variations in dissociation rates of electrolytes, exsolution of gas-like phases, and precipitation. On the other
hand, at dynamic conditions, increased mass transport may substantially affect the solubility kinetics of
minerals. The concomitant entry of new charge carriers could also weaken the conductivity gradient.
Though, for systems characterised by fracture flow dominance overall fluid-rock interaction is generally
limited, as it was observed on field scale for the Los Humeros reservoir (Izquierdo et al., 2000) as well as in
the laboratory experiments, presented here. For steep temperature gradients, as they are given in magmaticrelated systems, the depth range covering this critical temperature interval could be resolvable and anomalies
with high resistivities,  (with  = -1), should be identifiable, given that electrolytical conductance is the
dominating contribution to bulk conductivity. In Kummerow et al. (2018) we concluded that the detectability
of supercritical roots will mainly depend on the intensity of fluid-rock interactions. Whereas low permeable
zones with less fluid–rock interactions might be characterized by a positive resistivity anomaly, highly
permeable areas with correspondingly extensive hydrothermal overprinting may be difficult to identify as
supercritical, since high electrical conductivities due to a high load of charge carriers might lead to
underestimated temperatures.
Magneto-telluric data show highly conductive laterally extended structures in the subsurface of the Los
Humeros caldera, indicated by resistivities of about 1 – 10 m at about 1500 – 2000 m.b.s.l.. Taking into
account the fact that Los Humeros is considered to be a partially saturated reservoir with high proportion of
vapor phases, there are two tentative explanations, yet. In case of a gas saturated formation, the highly
conductive zones would indicate a strong ore mineralization and an electron conductance mechansim, as
measurements on dry, ore-bearing skarn samples have shown similar resistivity values. In case of brine
saturation and electrolytic conductance, resistivities of 17 m were measured for a limestone sample,
saturated with a 0.1 M NaCl solution at 406 °C. Regarding the acid nature of the natural formation fluids
even lower resistivities are expected. Thus, the existence of supercritical aqueous fluids in the underground is
also a plausible explanation for the observed MT anomaly. However, pronounced cleavage of a rock
formation, as suspected in case of Los Humeros caldera, causes pronounced scale effects, and variations in
the fluid-rock ratio, inner surface, pressure gradients, fracture orientation with respect to the direction of
main stress, etc. may considerably affect the formation resistivities. Our experiments have shown that a
parallel arrangement of cracks is more susceptible for pressure variations than a system containing randomly
oriented cracks and the rate of charge and fluid transport is – in a crack-dominated environment - highly
dependent on crack orientation and pore pressure. However, we are aware that the limited number of
experiments performed within this project, does not permit a final interpretation of the conductivity structure
of the Los Humeros reservoir, as the obtained data represent only selective details with regard to lithological
and structural inhomogeneities. In addition, a number of partly unexpected effects have been observed that
require further investigation to clarify the underlying mechanisms.
Due to the low porosity of the studied rock samples and hence the low fluid-to-rock ration only limited fluidrock interactions were observed, whereby mineral dissolution was the dominant effect. Especially for the
studied limestone, to which supercritical conditions could be applied, the dissolution of calcite along the
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main fluid pathways provoke a positive feedback on sample permeability. In contrast, precipitations were
found exclusively in fissures of very narrow gap width, indicating that scaling kinetics, in addition to
element saturation and temperature gradients, depend on the effective hydraulic radius and mean flow
velocity of the hydrothermal fluid.

5.4 Impact of Hydrothermal Alteration and Depth and Temperature
Dependencies (Chris Rochelle, Andrew Kilpatrick, Jeremy Rushton,
Alicja Lacinska and Simon Kemp, BGS)
Within the preceding sections, we describe a range of hydrothermal processes that have had differing degrees
of impact on the rock mass. To help understand these, we have used information from the study of samples
from a range of exposures (some of which are described in more detail in work undertaken in Task 4.1 on
natural analogues, in particular Lacinska et al., 2019a), borehole samples (mainly from Los Humeros, but
also from Acoculco), and laboratory experiments. These reveal a range of changing reactions as ascending
geothermal fluids journey from the deepest roots of a geothermal system to the surface.
Hydrothermal alteration can have important consequences for geothermal exploitation. This can have both
positive and negative consequences. So for example, if hard volcanic sequences were to be pervasively
altered, it might create a softer rock mass that was easier to drill. Conversely however, the formation of fines
or fibrous secondary phases (be that within pore space or in fractures) could act to impede fluid flow and
reduce borehole productivity. The patchy nature of alteration might also cause complications, as rock
physical properties will vary over a geothermal prospect, making it difficult to create consistent models.
Hydrothermal alteration (or at least the secondary minerals formed) can also be a useful tool to describe how
a hydrothermal system has evolved over time, as the types of mineral assemblages, and compositions of
individual minerals, can record changing conditions – thus allowing for example, locations of boreholes in
the hottest parts of the system.
Natural systems are very complex, and hydrothermal processes vary both temporally and spatially. As a
consequence, many early-stage processes are overprinted by later ones, especially where the system is
actively undergoing increasing or decreasing temperatures. This can lead to challenges (and hence
uncertainties) in interpreting some of the observed reactions. Another area of potential uncertainty derives
from how fluid moves through rock. In a tectonically-active area such as Mexico, active faults offer
significant pathways for rapid fluid flow - indeed, they are prime targets for geothermal exploitation.
Relatively rapid movement of fluid equilibrated at one location to another location, allows for significant
transport of dissolved elements, and potentially considerable chemical disequilibria in the immediate vicinity
of a fault (or other fluid flow pathway such as the rubbly tops and bottoms of lava flows). However, if
elemental transport away from a fault and into a (hard) host rock is slow (e.g. diffusion-controlled), then
much of the bulk of the rock surrounding the fault will remain unaltered, and without consideration of
transport limitations would appear out of equilibrium with the fluid in the fracture. Conversely, if the rock
contains sufficient matrix permeability (e.g. coarse ash deposits), then water could move from a fault and
through the rock, introducing or removing elements given sufficient time. Matrix permeability would also
facilitate release of elements through hydration reactions, followed by the precipitation of new minerals. In
attempting to understand the direction, relative rate and magnitude of hydrothermal reactions, we have
interpreted our observations with these uncertainties in mind, and have tried to look for generic fluid-rock
reaction processes relevant to the subsurface at Los Humeros and Acoculco, rather than make a detailed
description of every sample studied.
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In Section 4.3 (and references therein), we detail some key reaction processes observed throughout the
sequence of rocks at Los Humeros and Acoculco. Here however, we just discuss the implications of these for
two parts of the reservoir systems relevant to Los Humeros and Acoculco:
1) The first is within the (deeper) carbonate basement where fracture-controlled fluid flow is dominant, and
where fluids are hotter but challenging to exploit (they are more corrosive and carry more dissolved
silica, but are a potential future exploration target).
2) The second is within the (shallower) andesitic reservoir that is currently exploited.
5.4.1

Carbonate basement

The hottest (and hence early) conditions where we observed the mineralogical and textural evidence for
fluid-rock reactions are associated with thermal metamorphism of carbonates around the igneous intrusions
(likely at up to approximately 800 °C in the case of granite, and 1200 °C for basalt). This heat dehydrated
and metamorphosed the carbonates, creating a stronger rock, marble. The marble was not necessarily pure
calcium carbonate however. Evidence from Las Minas (Lacinska et al, 2019a) reveals abundant magnesiumrich carbonate (prior to heating this would have been dolomitic limestone). Metamorphism has formed
dolomite marble, and where heating was most severe, i.e. the immediate metamorphic aureole, this has
broken down to calcite and periclase to create periclase marble. The periclase in the marble has been
subsequently hydrated during a retrograde process to brucite. The formation of periclase marble would have
released significant amount of CO2, which would have migrated away from the heat source alongside
magmatic CO2/H2O/other volatiles. We did not find evidence for the presence of Mg-rich carbonates in the
few samples of core material studied from Los Humeros or Acoculco, however we cannot rule out its
existence below the currently exploited/drilled zones. If exploitation of hot fluids within the carbonate
basement was to be undertaken, then the chemical properties of these Mg-rich carbonates need to be
considered.
Si-rich fluids moved out of the setting magma body along faults and fractures in the carbonate basement
(some of which may have been exploited by later, smaller igneous bodies). Morelli et al. (2018) suggest that
for Las Minas these early fluids were hypersaline (>60 wt% NaCl) and at 550-600°C, and were at a pressure
of 1.8kbar. This NaCl-rich fluid mixed with, and was diluted and cooled by, CO2/H2O fluids from the
metamorphosing carbonates. The migration of this fluid resulted in considerable reaction with, and
metasomatism of, the host carbonates, and the formation of skarn bodies. Some of the fluids appear to have
also carried metals such as iron, leading to skarns mineralised to economic concentrations (these are outside
the scope of this study and are not discussed further). It is evident that fracture-controlled metasomatism was
the most common replacement mechanism in the samples studied. As fluid flow was focussed along specific
fracture-controlled flow paths, individual skarn bodies are relatively limited in size, and so have a limited
probability of being intercepted by drilling. However, the high degree of reaction that formed them results in
a large change in their chemical makeup, and hence their physical properties. That fluids were focussed
along these zones, makes them potential targets for deep geothermal alteration.
Skarns formed in calcic marble contain a range of calc-silicate minerals such as wollastonite (addition of Si),
grossular-andradite garnet (addition of Si, Al, ± Fe), and locally also diopside. The formation of skarn
silicates observed in this study was typically associated with solids volume increase. In most cases, the
volume change would appear to have been sufficient to seal the fractures, thus time-limiting the extent of
fluid flow along them. An implication of a tendency for fractures to self-seal, would be that long-term fluid
flow would require periodic reactivation of these flow paths via tectonic processes (or that there is a
dissolution process ongoing that we are not accounting for). Such reactivation has been observed in places,
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and resulted in retrograde alteration of the initially hot-temperature mineral assemblages by later,
hydrothermal fluids. Accordingly, minerals such as serpentine and talc were observed as reaction products
after olivine. These hydrated minerals exhibit significantly different physical properties when compared to
their anhydrous counterparts and if present in significant amounts, they may affect the overall physical
properties of the reservoir rock. It is thus important to consider the overall evolution of the hydrothermal
system, including how later-stage hydrothermal events impact rock properties. As dissolution and
precipitation reactions are largely limited to fractures (i.e. smaller-scale heterogeneity), much of the bulk of
the carbonate rock could remain unaltered.
Initially, the reaction between fluid and rock would have been fast, but the formation of layers of Ca(Al)silicate phases on fracture walls would inhibit exchange of Si from the geothermal fluid into the host
carbonate rock, and exchange of Ca from the rock into the geothermal fluid. Such fracture linings
(armouring) would impact chemical mass transport, and facilitate the advection of Si-rich fluids to shallower
levels. For example, alteration along fractures in limestone core samples from Los Humeros (Figure 4.6-13)
reveals reactions very similar to those in (underlying) calcic marble, with wollastonite and garnet as fracturefilling reaction products. Consequently, the ‘armouring’ of fracture walls, would increase the likelihood of
finding Si-rich fluids during the exploitation of superhot systems in the carbonate basement.
That silicate minerals could continue to form as a geothermal fluid rose and was possibly diluted (i.e.
remained oversaturated rather than reaching saturation) is explained by their decreasing solubility as both
pressure and temperature decrease. This can be demonstrated by considering the SiO2 content of quartzsaturated, H2O-based fluids (a phase for which there is moderately-extensive dataset, Figure 5.4-1). The
solubility limit of SiO2 in the fluid decreases as pressure and temperature decrease, which for a rising fluid
would result in the continued precipitation of quartz in order to maintain chemical equilibrium. Many other
silicate minerals are expected to behave similarly.

Decreasing
temperature

Decreasing
pressure

Figure 5.4-1: Quartz solubility in H2O-rich fluid as a function of H2O molar volume, contoured for pressure and with
different coloured points reflecting a range of temperature regimes. Note the log axis for SiO2 concentration).

222

Although, the mechanism of metasomatic reactions in dolomitic and periclase marbles are similar to those in
calcic protolith, the resultant mineral assemblage and skarn textures appear to be notably different, at least at
the scale of the several thin sections investigated here. Mg-rich minerals such as forsterite (+secondary
serpentine), talc and subordinate spinel minerals dominate the Mg-skarns. As per the calcic skarns, these
occur along fractures, and also fill them. However, there is evidence for possible reequilibration/reorganisation of the dolomitic wall-rock along the fracture upon the ingress of hot siliceous
fluids. This led to the diffusive remobilisation of Mg from the Mg carbonate into newly forming silicate and
was probably responsible for the formation of distinctive calcite + forsterite (serpentine, talc) zoned veins,
distinguishable on a scale of several micrometres to several centimetres (Figure 4.6-9, original location of
sample shown in Figure 5.4-2). Subsequent progressive influx of hydrothermal fluids into such skarns
(Morelli et al., 2018) led to the hydration of olivine and diopside and the formation of phases such as
serpentine minerals. It also led to pervasive microfracturing of the wall-rock adjacent to the fractures due to
expansion during hydration of periclase to brucite in the marble, which ultimately also led to the dissolution
of the brucite. Microfracturing, increased fluid flow, hydration of anhydrous phases, plus dissolution, all
have implications for the physical properties of the lithologies concerned, causing an overall weakening of
the rock. At one exposure at Las Minas (Figure 5.4-2), we noted evidence for several, roughly parallel
fractures 2-5 cm wide - i.e. potentially signifying multiple fracturing events focussed in one zone. It is
tentatively suggested therefore, that hydrothermally-altered skarns in dolomite/periclase marble have the
potential to act as sites of stress relief via fracturing, and thus a focus of fluid flow. Consequently, there
could be geothermal exploitation benefits (in terms of enhanced fluid flow) in targeting skarns in
dolomite/periclase marble in the carbonate basement.

Figure 5.4-2: Exposed face of altered Mg-rich marble close to Las Minas. Note the alteration zone of crumbly rock adjacent
to the filled fracture.
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Observations of the Cretaceous limestones exposed near Xalcomulco showed numerous chert layers and thin
shale horizons. Whilst there was no evidence for these in the few samples of limestone borehole core studied,
we cannot exclude their existence at Los Humeros and Acoculco. Laboratory experiments simulating the
reaction of shale with limestone showed significant mobilisation of silica and formation of zeolites and
secondary carbonates. Whilst the phases observed may reflect minerals with short-term kinetic stability
rather than those with longer-term thermodynamic stability, it demonstrates surprisingly high silicate mineral
reactivity and that shale could provide a source of Si, Al and Mg to the rising hydrothermal fluids (chert
would also contribute Si). Potential minerals having higher temperature stability, and that might be expected
under in-situ conditions, include wollastonite, garnet and diopside.
Morelli et al. (2009) use fluid inclusion data to identify continued dilution and cooling of the deep fluids over
time and with distance from the heat source, and show evidence for 20-40 wt% NaCl and temperatures of
approximately 300-400°C. Whilst our petrographic and mineralogical analyses of samples do not directly
provide evidence on the salinity of the fluids in the carbonate basement, the fracture-focussed reactions, we
observe in limestone and marble, are consistent with the Morelli et al. (2009) model of a progressively
diluting NaCl-rich (and Si-rich) fluid. For regions showing highest heat flow (i.e. closest to a hot igneous
body), we would anticipate that drilling deeper into the carbonate basement at Los Humeros to intercept
‘superhot’ conditions (>350°C) might lead to interception of fractures lined by Ca-silicate phases and
carrying Si-rich (and possibly NaCl enriched) fluid.
It is unclear, if the differences in response to chemical alteration between calcic carbonates and their Mg-rich
counterparts result in a significant difference in their overall physical properties at a reservoir scale.
However, there is some evidence to support a tentative conclusion that these differences can have an impact
on fracturing and fluid flow. Mg-rich basement carbonates appear relatively common at Las Minas. Though
few samples of carbonates were studied from borehole core from Acoculco and Los Humeros, they were
calcic rather than dolomitic limestone. If deeper drilling into the carbonates were to reveal the presence of
Mg-rich carbonates, then account should be taken of potential differences in their properties.
5.4.2

Andesitic reservoir

Unlike the fracture-dominated permeability of the carbonate basement rocks, the andesitic reservoir
possesses both matrix permeability (especially in ash horizons), as well as fractures and permeable zones
within the rubbly tops/bottoms of lava flows. These will facilitate mixing and dilution of the (probably
magmatically-derived acid gas rich) fluids from the carbonate basement with fluids in the andesitic reservoir.
This difference in permeability will also increase contact between fluid and minerals enhancing the degree of
reaction. As a consequence, alteration of the andesites can be more pervasive (rather than limited to just
adjacent to veins as for the carbonates), and bulk rock physical properties may thus also be changed over a
larger volume.
The andesites are also of a very different chemical composition to the underlying carbonates, and the types
of fluid-mineral reactions will also change, largely due to the presence of a range of aluminosilicate minerals
such as feldspars and pyroxenes, and also volcanic glass. Not only do these provide additional elements to
incorporate into reactions, but their hydrolysis consumes acidity. The latter is important as it would turn an
acidic, corrosive deep geothermal fluid into one with a more moderate pH.
The hydration, and subsequent dissolution, of volcanically-derived material will tend to drive an increase in
solution pH, and in the absence of an acid gas input will lead to the formation of secondary minerals stable
under mildly alkaline conditions. The elevated temperatures associated with hydrothermal activity will
increase the rate of this process. Typical secondary phases include zeolites, epidote and chlorite which will
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infill both primary and secondary porosity. Whilst dissolution/corrosion of primary phases (such as
feldspars) are likely to degrade the strength of the rocks, this will be a function of the degree of dissolution
and the amount of cementation by secondary phases. In our observations of borehole core, we only very
tentatively identified a zeolite-like phase in one sample. This low abundance may be explained by the
boreholes being drilled in the active geothermal system rich in acid gases such as CO 2 and H2S which act to
lower pH, and thus destabilise zeolites. In laboratory experiments however, where amounts of gas were
lower (limited CO2, no H2S), significant amounts of zeolites were formed which coated dissolving grains
(e.g. see Section 4.6.7.3). We acknowledge however, that such secondary phases can have ‘kinetic stability’
and are only seen because of their relatively fast precipitation kinetics, and may not be a true representation
of phases stable over long timescales under reservoir conditions (i.e. have reached true thermodynamic
stability). However, we tentatively suggest that their presence may be a first order indicator of fast reactions
and regions having a generally lower acid gas content.
For much of the andesite within the volume of hydrothermal circulation, there will likely be slow advection
of geothermal fluid through the pore space. This may carry a certain amount of dissolved CO 2, which will
lower pH and facilitate mineral dissolution. For low flow conditions, much of the material liberated from the
dissolution of primary phases will reprecipitate close by. However, the exact type of secondary phases
formed will vary over time as the hydrothermal system heats up. For example, dissolution of rapidlydissolving phases such as volcanic glass could lead to initial precipitation of minerals such as quartz and Kfeldspar. The somewhat slower dissolution of minerals such as plagioclase and pyroxenes will contribute
more Si, Al, and Fe, and lead to the formation of phases such as chlorite and Fe oxides (± albite). A typical
paragenetic sequence is shown in (Figure 4.6-32), which is broadly consistent with that expected for
increasingly hot waters reacting with volcanic rock (Lacinska et al., 2019d). Lacinska et al. (2019d) report
temperatures using geothermometers based upon chlorite composition, and give ranges of 251-271 °C
(Cathelineau and Nieva (1985) and 292-323 °C (Cathelineau, 1988), with the higher values similar to
measured temperatures today (idem.). That several generations of chlorite are present in the sample studied is
suggestive of several periods of changing conditions, such as pulses of different fluids over time. The extent
of hydrothermal alteration of the andesites varied greatly between the samples studied, which will lead to
significant heterogeneity in rock properties within the reservoir.
An area where heterogeneity may be most apparent is near fractures, which will aid fluid migration from
depth (including acid gases). The presence of an acidic fluid is clearly evidenced by samples that show
bleaching adjacent to fractures. The reaction mechanism appears to be diffusion of H + ions into the rock
where they react with minerals, releasing elements and in particular reduced Fe (this process bleaches the
rock). The released Fe++ ions then ‘back diffuse’ down a concentration gradient, against the direction of the
H+ ions. Once the Fe++ ions reach the fractures, they react with H2S in the fracture fluid and precipitate as
pyrite (e.g. see Figure 4.6-26). Whilst, it is expected that this process will be more common at the base of the
andesitic reservoir where rising fluids first enter it, it is seen in samples from a range of depths, suggesting
that fractures carry at least some acidic (and H2S-rich) fluids to shallower levels. The process of leaching the
rock (other elements, as well as Fe) will likely result in overall removal of material and weakening of the
rock. This process of acidity-driven liberation of Fe adjacent to fractures, followed by its diffusion and
precipitation as pyrite, is not limited to high temperature geothermal systems. It has also been described at
much lower temperatures, where oilfield brines rich in H2S have migrated through reservoir sandstones
(Rushton et al., submitted).
Fluid migrating out of the carbonate basement will be rich in Ca (and potentially saturated with respect to
phases such as garnet and wollastonite). Upon the interaction with andesite, this will lead to calcium
metasomatism, where an original assemblage dominated by plagioclase-albite has been altered to andradite
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garnet + calcite with subordinate wollastonite and diopside (Figure 4.6-24). This secondary skarn-like
mineral assemblage is typically formed from Si-rich fluids migrating into, and reacting with, a carbonate
rock - as opposed to Ca-rich fluids moving into, and reacting with, silicate-rich rock. Only one sample of
core studied (EAC Well 1, depth approximately 850 m) showed this type of metasomatism, and though it had
undergone subsequent hydrothermal alteration, the presence of diopside was evidence of Mg migration as
well as Ca. However, it is unclear if this Mg was sourced from dissolution of minerals within the
surrounding andesite, or if it had been carried from depth and sourced from Mg-rich carbonates or shales.
We have no evidence to say whether or not bulk rock properties were improved or degraded as a result of
this secondary mineral precipitation.
Towards the top of the reservoir there was evidence for calcite precipitation late in the paragenetic sequence
(Lacinska et al., 2019d). Cathodoluminescence imaging of a calcite sample from approximately 1 km depth
(Figure 4.6-33) revealed multiple growth zones – which is consistent with fluctuating redox conditions that
change the ratio of trace elements in calcite, and potentially also other minerals. Whilst this zonation may
simply reflect slow changes in fluid composition and flux, it may also reflect oxidation during boiling or
degassing (Yardley et al, 1991). The boiling point of pure water at a hydrostatic pressure of 1 km is
approximately 310°C, which is in the middle of the chlorite geothermometer temperatures calculated using
the using the Cathelineau (1988) model for this sample. Boiling and degassing could also explain the
localised precipitation of hematite as a fibrous, late-stage phase on calcite as a consequence of water
oxidation and possible slight pH increase. A naturally-formed boiling zone would have boiling controlled by
either variation of heat input or pressure fluctuations due to changes in water table. The CO 2 and H2S
released in this process could then migrate with steam to shallower levels, and dissolve in near-surface
waters – giving rise to the observed, gas vents, acidic pools, advanced argillic alteration etc.
That the exploitation of the Los Humeros geothermal field has led to the presence of boiling and a vapour
zone within the reservoir has implications for long-term reservoir management, as ongoing exploitation
leading to a drop in reservoir pressure could accentuate calcite precipitation within upper parts of the
reservoir. If this precipitation was distributed throughout the very large volume of the reservoir rock, then the
impact on flow properties would likely be low. However, if boiling were focussed along fractures or around
production wells, then prolonged precipitation might narrow flow paths, and hence reduce the rate of
geothermal fluid flow.

5.5 Multiscale observations (UniTO)
The principal aim of the developed studies by UniTO unit was to understand the multiscale relationships
from outcrop to micro-scale in rock masses, involved in the two geothermal fields investigated in the GeMex project. This mission was conducted by a field campaign (in March 2018) and lab analysis (before and
after field surveys). Between the main goals of the Research, with no doubt, there was the understanding of
where and how fluids can pass through the geological formation, taking into account the temperature
variation typical of hydrothermal environmental as well.
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5.5.1

Lab experiences (Jessica Chicco, Federico Vagnon, Anna Ferrero, Giuseppe
Mandrone and Sergio Vinciguerra)

In this part of the study, the degradation of the mechanical parameters with respect to each step of applied
target temperature, has been analysed for limestone and marble samples, rocks belonging to the geothermal
bedrock (probably the deepest reservoir). This effect was mirrored by all the measured physical parameters.
An exponential trend was observed, driven specifically by the behaviour at temperatures above 400 °C,
where thermo-chemical reactions enhance significantly the crack damage formation and propagation
increasing the bulk porosity. The presented experiments have shown that the thermal effect is directly
correlated to porosity, which resulted to be the key parameter for analysing the incremental damage induced
by the thermal treatment (Vagnon et al., 2019). Moreover, these porosity relationships were due to the
increased crack density caused by thermal degradation induced by the heating and cooling stages.
Given that porosity is the most sensitive parameters to temperature gradient, the relationship between it and
the other physical parameters was estimated. Figure 5.5-1 and Figure 5.5-2, show the trend of P- and S-wave
velocity as a function of porosity for the analysed limestone and marble rocks. Two main remarks can be
pointed out:
- for marble rock (blue line), the drop in P- and S-wave velocity was more marked compared to limestone
rock (green line);
- the effect of temperature on porosity and, consequently, on P- and S-wave velocity became significant
after 400°C (in strong agreement with previous one).
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Figure 5.5-1: P-wave velocity versus porosity for marble (blue line) and limestone (green line) rock specimens.
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Figure 5.5-2: S-wave velocity versus porosity for marble (blue line) and limestone (green line) rock specimens.

Four relationships between P- and S-wave velocity and porosity have been derived:

(Eq. 51)

(Eq. 52)

(Eq. 53)
(Eq. 54)
The same behaviour can be found analysing Figure 5.5-3, where the trend of Formation Factor (ratio
between the wet apparent resistivity, ρa,wet, and the fluid resistivity) versus porosity has been plotted. Higher
is the temperature, higher is the thermal damage and consequently the reduction of resistivity can be
observed in both rock types. As highlighted for P- and S-wave, marble rocks present lower values of
apparent wet resistivity compared to limestone rocks. However, limestone rocks show a drastic drop in
resistivity for temperature over 400°C: this reflects a more significant thermal damage. In fact, while at
600°C marble specimens maintained their shape, two limestone samples were completely destroyed. Two
relationships between formation factor and porosity were obtained:
(Eq. 55)
(Eq. 56)
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Figure 5.5-3: Formation factor versus porosity for marble (blue line) and limestone (green line) rock specimens.

The previous equations well reflect Archie’s law (𝐹 = 𝑎𝑛−𝑚 where a is the lithology constant and m the
cementation); the new insight is represented by the variation in porosity, which not depended on natural
variability but, in this study, was induced by temperature.
The effect of primary and/or secondary porosity, reveals also important in dealing with thermal conductivity.
Figure 5.5-4 sets out the relationship between thermal conductivity in dry and in wet conditions (λd and λw
respectively, W*m-1K-1) versus porosity (n), for some of the collected samples.
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Figure 5.5-4: Thermal conductivity dry and wet (λd and λw, respectively) vs. Porosity (n), for the investigated samples. The
first four samples are limestone rock samples, the last four ones, represent marble rock specimen.

It is particularly evident that there is clear difference not only in the thermal conductivity values (higher for
limestones, lower for marbles), but also in the λd/ λw ratio. This suggests that the λd/ λw ratio is greater, the
higher porosity is. Since marble rock samples are generally known to have negligible λd/ λw ratio, suggesting
that porosity does not play an important role (Chicco et al., 2019), we could explain this anomaly as the
result of an internal damage. This could be due both by the previous thermal treatment as well as the by next
laboratory procedures, causing internal connected fractures inside which water seeps, increasing thermal
conductivity from dry to wet conditions. Differently, for limestone rock specimens, the internal damage it
might have made to a lesser extent, and possible internal fractures could be fulfilled by calcite aggregates or
some other low thermal conductivity materials (Horai; 1969; Chicco et al., 2019), conferring lower λ d/ λw
ratios and then lower porosity data. Several additional observations can be taken from the mechanical data
obtained by the triaxial tests (Table 5.5-1).
Regardless of experimental conditions (dry or wet), the limestone samples tested here follow a two-stage
pattern of deformation. This is likely driven by rock heterogeneity in the form of pre-existing cracks which
enhance initial localisation and slip before conjugate systems allow damage to propagate and link up into
major faults. Heterogeneities control significant variations in the period of strain hardening before brittle
failure are observed for the different tests. In wet conditions, pore fluid effect is particularly notable as the
effects of fluid stress corrosion leads to a far shorter period of strain hardening (on average 0.17% strain to
0.07% strain difference) as compared to the dry sample. Such an effect is also observed to occur when
sample is deformed at 150 °C when under dry conditions. These observations highlight how elevated
temperature and saturation conditions both lead to rapid coalescence of a shear zone when applied to
untreated samples regardless of the ultimate strength (point of brittle failure). However, it should be noted
that when samples are pre-treated, deformation behaves in a much more plastic manner suggesting a wider
distribution of heterogeneity throughout rather than preferred localisation along the shear zone. This is likely
due to a weakening of pre-existing defects from the thermal treatment. This is further evidenced by the
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catastrophic failure of a sample that was in the process of being pre-treated to 400 °C during preparation.
This brings to a novel result, where at low lithostatic pressure and temperatures crack damage is the main
degradation mechanism, altering the physical properties as measured at room pressure and leading to rapid
coalescence of the formed cracks as observed triaxially. The higher degradation observed in physical
properties at room pressure promote ductile mechanisms along with the presence of fluid pressure and
combined with the increasing strength at depth control the style of deformation.
Table 5.5-1: Summary of mechanical data. *Unreliable due to mechanical fault

Sample
Name

Yield
Strength
(MPa)

Maximum
Strength
(MPa)

Strain at
macroscopic
failure (%)

Maximum
pore fluid
content (ml)

Young's
modulus
(MPa)

297

Difference in
strain
between
yield and
maximum
(%)
0.17

LH19-C-2

273

0.98

0

434

RLM12-C4

365

366

0.16

1.02

32

464

RLM12-C6

297

299

0.06

0.85

0

432

RLM12-C5

402

406

0.05

1.08

47

470

LH36-C4

275

276

0.13

1.35

70*

362

5.5.2

Field observations (Giuseppe Mandrone and Cesare Comina)

Since the beginning, thanks to our Mexican and “field” WP colleagues’ information, it was clear that
discontinuities (faults and damage zone) controlled the behaviour of the geothermal fields, especially in the
calcareous reservoir.
During field trip, the attention was dedicated to find situations (outcrops) permitting to find explanation to
the problem of the fluid paths. Field geologist suggested us some (a dozen) interesting outcrops but, already
from preliminary descriptions, only a few of them suited the necessity of standard methodology for rock
mass characterization. Main problems were: the dimension and continuity of the outcrops, the meaning
respect to depth circuits, the practical accessibility at instruments in certain places.
Anyway, some consideration can be done, especially about rock mass behaviour after faulting and related
hydraulic conductivity. Interesting was to couple geomechanical surveys (both field measurements and “nocontact” photogrammetric elaboration) to geophysical lines (high resolution electrical tomographies).
In the report of each studied outcrop with enough information, hydraulic conductivity was estimated (Table
5.5-2). As a matter of fact, most depends on joint opening and infilling, parameters very difficult to
determine with precision in surface, and subjected to meaningful variation with depth. It is possible to give
some general consideration and in particular:
- Limestone ranged between 10-3 and 10-5 m/s, depending on joint density (faulting);
- Andesite showed a brittle behaviour and consequently higher values (10-3 m/s);
- Fault and the surroundings can reach also 10-2 m/s.
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Table 5.5-2: Estimated hydraulic conductivity from geomechanical surveys

Hydraulic
conductivity (m/s)

Site overview

Notes

Acoculco Quarry 6
(lower)
Acoculco Quarry 6
(upper)
La Minas - Juan
Marcos (b)
Las Minas Rinconada Fault

10-3
10-3

tuffaceous sediments to
weathered lava
highly-fractured andesite

High variability, also 2
order of magnitude
High variability, also 2
order of magnitude

10-5

Cretaceous limestone

10-2 / 10-4

Las Minas Granados Quarry

10-4/10-3

Fault Limestone/Limestone,
some marbleisation and skarn,
cross-cutting dike
Marble quarry with mafic
intrusions and minor faults

ID

Location
1
2
6
7

8

Fault zone/sounding
rock mass
Marble/andesitic dyke

Only in one site, was possible to study a well-developed discontinuity and the related damage zone: at The
Rinconda fault. In this site, it was possible to measure discontinuities on one side of the fault while, the other
part was investigated by geoelecrical survey. Results are shown in Figure 5.5-5 as follow:
- there was an evident decrease in fracturation moving away from the fault core: from more than 20 j/m
near the fault to less than 5 j/m in the sounding rock mass;
- this passage was not progressive but there was core of about 5 m of the fault characterized with more than
10 j/m, than there is a slightly deformed zone (about 5 j/m) of 6-8 m followed by a more fractured one
that pass again to a less jointed “sounding” rock mass;
- the same situation was highlighted by geoelectrics with the same order of changes;
- due to these differences, also hydraulic conductivity changed from very high in the core (about 10 -2 m/s,
the orange box in the picture) to a less permeable zone (green, 10-5) to an increase for a couple of m (blue
again) to the permeability typical for intact rock mass (usually very low, 10-6 m/s).
From a geothermal point of view, this situation depicts a damaged zone by a meaningful fault of about 30-40
m in which the permeability is definitely higher (orders of magnitude) than to rest of the rock mass.
Strong emphasis we would like to give also to the very good agreement between physical and geophysical
results: geoelectrics, even if qualitative, couples very well direct observation and can be used when field
observation is not possible.
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Figure 5.5-5: Rinconada fault and its damage fault: geomechanical, geophysical and hydrogeological sketches.

In Figure 5.5-6, for example, 3 different techniques analyse the same outcrop: the sub-vertical andesitic dike
has a brittle behaviour with respect the surrounding marbles, so that the joints density increases drastically
and also the resistivity decreases probably due to secondary porosity. As a consequence, also main dikes, can
be probably targeted as possible paths for geothermal fluids.
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Figure 5.5-6: Comparison between no-contact measurements, geomechanical scanline e geophysics at Granados quarry: the
dyke is well defined with all the techniques.

Moreover, marble samples of Group 2 were collected during March 2018 field trip at Granados Quarry. In
Figure 5.5-7, the apparent electrical resistivity values of each sample are plotted. A good correlation between
laboratory and on field measurements can be observed: in fact, the compact marble formation, had a
resistivity of about 15000 Ωm that well-matched with dry apparent resistivity value (about 10000 Ωm).
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Figure 5.5-7: Dry apparent resistivity value measured for each sample of Group 2.

Where there were only indirect observation of subsoil fluids emissions (like nearby the Acoculco wells,
Figure 5.5-8), surface geophysics is also able to give information about the origin of gas and/or brines: in
that case, gas emission alignment well fit the resistivity anomaly highlighted by electrical tomographies.
Interpretation seem sto give the idea that fluids, came thought a fault strong dipping towards SW and going
towards the pass the road came into the valley.

Figure 5.5-8: Interpretation of geothermal fluid paths by near surface geoelectrics: a SW dipping fault, seems to be the origin
of them. Blue dots are gas emission in the lake.
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6 Conclusion
6.1 Petro- and thermophysical properties analysed at ambient conditions
(Leandra Weydt and Kristian Bär, TUDA)
More than 250 rock samples were taken from about 125 representative outcrops in the study area covering all
key lithologies from the basement to the cap rock. Additionally, 64 plugs were drilled from core samples of
the Los Humeros geothermal field.
About 1700 plugs have been analysed for petro- and thermophysical properties at ambient conditions. An
extensive data base was set up including data from all project partners involved in Task 6.1.
Based on macroscopic, thin section and chemical analysis as well as dating techniques (WP4), the outcrop
samples were classified into lithostratigraphic units. With respect to the given model units provided by WP3,
19 subunits were defined for Los Humeros and 12 units for Acoculco.
Both standard statistical as well as geostatistical analyses were applied in order to assess the formation’s
heterogeneity, the relation between individual rock properties and the parameter’s distribution for each unit
within the reservoir.
The field campaigns have shown the geological complexity within the study area. Detailed outcrop analysis
is paramount to characterize and discover heterogeneities within the geological units. Composition,
extension and distribution of the volcanic sequences are very variable within both sites. The carbonate
basement is intensively folded and faulted by the Laramide orogeny. The most frequently encountered
basement facies in the study area are Middle and Upper Cretaceous units comprising 15 cm to 60 cm thick
beds of massive, mudstones with marl and chert layers (or nodules; both up to 30 cm thick) as well as grey to
greenish shales and massive grey limestones without chert (bed thickness ~ 1 m and more). Jurassic units
were found only in Zacatlán as well as north and northwest of the Los Humeros caldera comprising
calcarenites and grey hydrocarbon-rich massive limestones. Marble and skarn quarries in Las Minas indicate
complex fluid-rock reactions in the carbonate rocks, which led to a range of dissolution and precipitation
processes and fracturing. One reason for the complexity of these systems is the overprinting of initial high
temperature alteration by lower temperature alteration as the system cooled.
Hydrothermal alteration of different intensities can be observed along dykes and fault zones in the outcrops
cutting through all lithologic units.
The results of the petro- and thermophysical properties of the outcrop samples reveal high variability and a
wide parameter range for individual units. In general, matrix permeability (< 10- 16 m²) and porosity (< 5%)
of the Jurassic and Cretaceous limestones as well as the Cenozoic (non-porous) andesite units in Los
Humeros are very low, thus geothermal fluid flow movement must be fracture controlled. The same applies
for Acoculco. Exceptions form the porous Teziutlán andesite unit as well as the Jurassic calcarenites in Los
Humeros with matrix porosity and permeability values above 15 % and 10- 15 m², respectively. In contrast to
the limestones and andesite units, the Post-caldera and Caldera units in Los Humeros and Acoculco have a
generally higher matrix porosity (up to 50 %) and permeability (up to 10-13 m²). Thermal conductivity and
diffusivity of the volcanic units in both reservoirs is rather low (<0,4 – 1,7 W m-1 K-1), while thermal
conductivity of the limestones increases with decreasing clay content and increasing dolomitization and
metamorphic overprint. The metamorphic rocks like marble, quartz and skarn taken from outcrops in Las
Minas show the highest variability in rock properties, explained by their variable mineralogical composition.
This was caused by the complex metamorphic processes in the contact zones as well as the type of protolith:
carbonate (exoskarn) or igneous rock (endoskarn). The skarns can be easily delimited from the other
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sedimentary units due to high magnetic susceptibility and electric resistivity. This observation could be used
as a tool for interpreting geophysical data.
The reservoir samples provided by CFE, predominantly comprise porphyric andesites, but also tuff,
ignimbrite, basalt and marble. The samples show high matrix variability, which is reflected in the rock
property measurements. Matrix permeability and porosity varies from <10 -17 to 10-14 m² and < 3% up to >
20 %. The results show no correlation between porosity and permeability and moreover no correlation with
reservoir depth. PCA indicates no significant differences between individual rock types except for the high
porous tuff sample from the upper part of the reservoir and the high permeable marble samples.
Hydrothermal alteration of different intensities was observed on the core samples ranging from weak to
strong. XRF analyses indicate that allochemical but also rather isochemical processes may have taken place
in the reservoir. Silicification processes were observed on samples spread within the geothermal reservoir.
Calcite and garnet precipitation in the lower part of the andesitic reservoir indicate Ca2+-enriched fluids and a
short distance to the carbonate basement. In general, the intensity of hydrothermal alteration is independent
from reservoir depth, porosity and permeability and is most likely restricted to hydraulical active faults and
fracture zones within the reservoir.
In contrast to the reservoir samples the analysed outcrop samples taken in the Los Humeros area show no or
only a weak hydrothermal overprint. With repsect to the regional and local model units, it is reasonable to
use the obtained rock properties of the andesite reservoir samples to parameterize the inner part of the
caldera (the corresponding model units of the local model). For the parameterization of the regional model,
the rock property measurements obtained from the outcrop samples are suggested to depict the formation’s
heterogeneity in the surrounding area of Los Humeros.
As the local and regional model units comprise different lithologies, the rock properties of the
lithostratigraphic units were weighted with respect to their relative contribution. In order to parameterize the
numerical models created in WP6, porosity, intrinsic permeability and volumetric heat capacity obtained
from the laboratory measurements were used without pressure and temperature correction, whereas thermal
conductivity and specific heat capcity were transferred to reservoir conditions.

6.2 Rock and fluid properties in dependence of temperature (Juliane
Kummerow, GFZ)
In the framework of the project GEMex at the GFZ HT/HP-experiments were performed on rock samples
and brines at near- and supercritical temperatures to better understand fluid-driven processes in geological
settings with a high heat flow. Electrical and hydraulic conductivity of samples from fossil geothermal
reservoirs in Iceland and Mexico have been determined for increasing temperatures.
Precipitation-induced high conductivity contrasts between sub- and supercritical systems were observed for
dynamic pure electrolytic systems within a very narrow temperature range. However, these conductivity
contrasts may be blurred at static conditions, due to variations in precipitation and dissolution rates….
The investigated fluid-rock systems react sluggishly even under supercritical conditions, and no significant
contrasts in permeability and/or conductivity were observed. This is presumably due to the low fluid content,
which was 6.2 and 1.8 vol% at ambient conditions and referring to the low permeability most likely
significantly less under experimental conditions.
Are supercritical roots of high-enthalpy systems detectable with deep resistivity surveys?
•

Conductivity (resistivity) contrasts might be resolvable in areas with a steep temperature gradient,
dominated by electrolytic conductivity.
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•

Also, low-permeable systems with minor alteration might be characterized by a positive resistivity
anomaly.

•

Conductivity contrast between sub- and supercritical conditions can be blurred by changes in
lithology, by alteration or in case of stagnant fluids.

•

Highly permeable areas with extensive hydrothermal overprinting may be difficult to identify.

How do fluid-rock interactions effect porosity and permeability of high-enthalpy reservoirs?
•

The temperature of a high-enthalpy system depends on its permeability.

•

The reduction of permeability of a high-enthalpy system due to massive mineral precipitation may
cause a compartmentalization of the system and development of supercritical pockets.

•

This reduces the heat flux, which increases the compartment temperature.

•

In case of insufficient pressure compensation, the compartment will consequently become
overpressurized.

6.3 Geochemixal investigations and fluid-rock reactions (Chris Rochelle,
BGS)
Geochemical interactions can have important consequences for fluid movement within geothermal systems
and, as a consequence, production of hot fluids from geothermal boreholes. We used a combination of
detailed mineralogical studies and laboratory experiments to quantify the variety, extent, and relative rates of
mineralogical changes. Samples studied included; Los Humeros borehole core, Acoculco borehole core, and
material extracted from exhumed analogous systems exposed at Las Minas and from near Xalcomulco. The
alteration sequence is complex in places due to prograde alteration reactions being overprinted by secondary
hydrothermal reactions. The information gathered was used to elucidate reaction processes and their
implications for geothermal fluid flow. We only studied a relatively small proportion of the extensive
amounts of material extracted from the Acoculco and Los Humeros boreholes, and our conclusions are thus
tentative. However, broadly comparable alteration was found in samples from Acoculco and Los Humeros,
and this appears fit well with in a paragenetic sequence that also includes observations of alteration in
samples from Las Minas.
Key findings for the basement carbonate (potential future super-hot reservoir):
-

-

-

Extensive dolomite was found at Las Minas, though it was not observed in the (relatively few) samples
of borehole core studied from Los Humeros and Acoculco. The reactions of dolomite and Mg-rich
marble (e.g. periclase marble and brucite marble) are different to those of marble dominated by calcium
carbonate. These reactions appear to weaken marble derived from dolomite more that marble derived
from limestone.
Fluid-rock reactions are focussed along fractures (intact carbonate having limited porosity/permeability),
and are dominated by reaction with silica (silica metasomatism). Secondary minerals line fractures. If
sufficiently thick, these may ‘armour’ the fracture surfaces and impede further reaction, and allow
dissolved components (such as silica) to travel further.
Alteration phases seen in marble derived from dolomite include: olivine, periclase, calcite and pyroxenes
(during thermal metamorphism); plus brucite, wollastonite and garnet during addition of silica (during
onset of hydrothermal circulation); also serpentine and talc during continued hydration. Mineral
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-

-

precipitation appears rapid – lab experiments at 500 °C confirmed that phases such as wollastonite
needles could cement sand-sized mineral grains in just a few tens of hours.
Alteration seen in marble derived from limestone include: calcite recrystalisation (during thermal
metamorphism); plus wollastonite, garnet and diopside formation during hydration and addition of silica
(during onset of hydrothermal circulation).
Lab experiments revealed considerable potential for reactions of shale and silica. Indeed, these dissolved
faster than did the carbonate minerals. Whilst the presence of shale in limestones was not noted at Las
Minas or in borehole core at Acoculco / Los Humeros, many thin shale horizons exist near Xalcomulco.
If shale were involved in reactions we postulate that phases such as wollastonite and garnet would result.

Key findings for the andesitic reservoir (currently produced reservoir at Los Humeros):
-

-

-

Fluid-rock reactions are more distributed compared to the above, with both fracture-controlled and
matrix-controlled alteration. However, the nature and extent of reaction varies with location.
Adjacent to fractures influx of elements such as Ca from underlying formations (e.g. calcium
metasomatism) leads to wollastonite and garnet formation (again having the potential to ‘armour’
fracture surfaces and limit reaction). Bleaching of wallrock is caused by acid-driven mobilisation of iron
(possibly associated with the presence of H2S).
Within bulk andesite, initial reactions include dissolution of volcanic glass and precipitation of minerals
such as quartz and K-feldspar. Subsequently, slower dissolution of minerals such as plagioclase and
pyroxenes contributed further Si, Al, and Fe, and led to the formation of phases such as chlorite and Fe
oxides (± albite). Late-stage precipitation of calcite and hematite points to a possible subsurface
boiling/degassing zone within the shallower parts of the reservoir.
Limited chlorite geothermometry gives temperatures comparable to results from downhole
measurements and fluid inclusion analyses.

Laboratory simulations of reactions at 300-400 °C were dominated by the formation of zeolites (for which
there was little in borehole samples). Their formation appears likely driven by: a) their fast precipitation
kinetics (i.e. more thermodynamically-stable phases could for over longer timescales), b) the paucity of acid
gases (especially H2S) in the experiments, resulting in pH being elevated.

6.4 Multiscale observations (Giuseppe Mandrone, UniTO)
The UniTo – DST (Dept. of Earth Science) unit was involved in the WP 6.1. Main goals can be summarized
as follow:
- Petrophysical and geomechanical detailed studies on representative samples at room temperature;
verification of the mechanical properties of the samples subjected to cycles of heating up; measurements
of the geophysical properties of the samples in lab in comparison with measurements in the field.
- Technical field studies aimed to the characterization of the mechanical transitions throughout brittle
deformation zones, from the intact rock, to the damage zone, to the shear/slip zone; key geophysical
parameters (seismic and electrical properties) measurements; detailed geological field studies and
photogrammetry/laser scanner imaging of selected outcrops; multiscale analysis coupling these data.
Raw data from lab measurements already feed up the data base fit up by Leandra Weydt of the TU
Darmstadt team at which can be referred for detailed analytic measurements.
From a general point of view, results from lab studies highlight trend of P- and S-wave velocity as a function
of porosity (always lower than 5%, even after heating up the samples) for both limestone and marble
samples. For marble, the drop in P- and S-wave velocity is more marked compared to limestone. The effect
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of temperature on porosity and, consequently, on P- and S-wave velocity becomes significant after 400°C. It
is possible that hydraulic conductivity changes, from less that 10-8 to 10-6 m/s after heating, underlines that
these values are estimated for samples at environmental conditions and probably very different, from that it
would get km in depth.
Field surveys were useful in order to understand the technical characteristics of the rock mass outcropping in
the geothermal area, or in similar geological contexts (e.g. Las Minas). Traditional and “no-contact”
methodology produced date usually well-fitting each other, and permitting to do an estimation about
mechanical and hydrogeological properties. Moreover, it was possible to give information about fault size
and related damaged zones. Meaningful information aimed at identifying geological structures came from
geoelectrical tomography. By the way, field measurements confirm that the fluid circulation is leaded by
fragile structures where permeability is orders of magnitude higher than intact rock samples.
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8 Appendix A
8.1 Cross plots

i

Figure 8.1-1: Cross plots of thermo- and petrophysical properties of the Los Humeros outcrop samples (dry and saturated
conditions).

ii

Figure 8.1-2: Cross plots of petro- and thermophysical properties of the Los Humeros CFE reservoir cores analysed at dry
and saturated conditions.

iii

8.2 Box plots

Figure 8.2-1: Box plots of petro- and thermophysical properties of the Los Humeros CFE reservoir cores analysed at dry
conditions.

iv

Figure 8.2-2: Box plots of petro- and thermophysical properties of the Los Humeros CFE reservoir cores analysed at dry and
saturated conditions.

v

Figure 8.2-3: Petro- and thermophysical properties (dry conditions) of the Los Humeros outcrop samples classified according
their lithology.

vi

Figure 8.2-4: Petro- and thermophysical properties (dry conditions) of the vulcanites collected in the Los Humeros area.

vii

Figure 8.2-5: Petro- and thermophysical properties (dry conditions) of the Acoculco outcrop samples classified according
their lithology.

viii

8.3 TAS-Diagrams and Harker plots
Los Humreos reservoir samples:

Figure 8.3-1: TAS-Diagram of the Los Humeros CFE reservoir samples.

Figure 8.3-2: Harker plot for Aluminium- compared with Silicium-oxide.

ix

Figure 8.3-3: Comparison of silicium oxide with sodium oxide.

Figure 8.3-4: Comparison of silicium oxide with potassium oxide.

x

Figure 8.3-5: Comparison of silicium oxide with iron oxide.

Figure 8.3-6: Comparison of silicium oxide with calcium oxide.

xi

Figure 8.3-7: Comparison of silicium oxide with titanium oxide.

Outcrop samples:

Figure 8.3-8: TAS-Diagram of the Acoculco and Los Humeros outcrop samples.

xii

8.4 Cross correlations
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Figure 8.4-1: Cross correlation of the rock properties analysed on the Acoculco outcrop samples.
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Figure 8.4-2: Cross correlation of the rock properties analysed on the CFE reservoir samples.
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0,21
0,17

-0,05
0,25
0,09

-0,11
0,25
0,07

-

-

-

0,03
-0,19
0,06
0,00

-0,16
0,25
0,12
0,04

-0,16
0,27
0,11
0,08

-0,15
0,27
0,24
-0,11

-0,21
0,24
0,30
-0,68

0,07
-0,27
-0,03
0,31

-0,23
0,24
0,16
-0,52

-0,20
0,37
0,18
-0,56

-0,19
0,28
0,31
-0,36

0,08
0,03
-0,15

-

-0,15
0,26
0,25
-0,10

-

-

-

-

1,00

-0,43

-0,07

-0,34

-0,53

-

-

-

-

0,20

-0,01

0,25

0,29

0,17

-0,41

0,05

-0,51

-0,42

-0,28

-

-

-

-

0,80

sat

sat

[Ωm]

ρg

ρa

ρa

1,00

1,00

1,00
0,21
-0,17

1,00
-0,02

1,00
1,00

ρg = Pa rticl e dens i ty, ρb = Bul k dens i ty, ɸ = Poros i ty, K = Permea bi l i ty, λ = Therma l conductivi ty, α = Therma l di ffus i vi ty, VP = P-wa ve vel oci ty, VS = S-wa ve vel oci ty,
µ = Poi s s i on ra tio, Edyn = dyna mi c E-Modul us , G = G-Modul us , ρa = el ectri c res i s tivi ty, X = ma gnetic s uceptibi l i ty, cp = Speci fi c hea t ca pa ci ty, VHC = Vol umetri c hea t ca pa ci ty

Cross-corelation matrix legend:
> ± 0,90
> ± 0,75
> ± 0,50

> ± 0,25

< ± 0,25

Figure 8.4-3: Cross correlation of the rock properties analysed on the Los Humeros outcrop samples.
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8.5 Rock property data lists
Parameters

ρP

ρB

ɸ

K

Uni t

[g cm -³]

[g cm -³]

[%]

[m²]

2,61 (85)
± 0,09
2,40 (8)
± 0,02

1,94 (63)
± 0,39
2,29 (8)
± 0,06

24,24 (61)
± 15,38
4,32 (8)
± 2,26

1,31E-13/3,37E-16
(28) ± 3,48E-13

1,66 (64)
± 0,69

1,07 (61)
± 0,52

4,94E-18 (2)

-

λ

α

cp

[W m -1 K-1] [10 -6 m² s -1] [J kg -1 K-1]

dry measurements
VHC
VP

VS

χ

ρa

λ sat

[J m -3 K-1]

[m s -1]

[m s -1]

[10-3 SI]

[Ωm]

756 (3)
± 15,2

2107 (2)
± 118,5

3267 (63)
± 638

2091 (60)
± 412

2,48 (22)
± 1,93

13175 (1)

1,91 (46)
± 0,70

-

-

-

-

-

-

-

-

-

-

saturated measurements
α sat
VP sat
VS sat
ρa sat

[W m -1 K-1] [10 -6 m² s -1]

F

[m s -1]

[m s -1]

[Ωm]

[-]

1,42 (43)
± 0,36

3634 (37)
± 531

2250 (34)
± 322

111 (1)
±9

11 (1)

-

-

-

-

-

Vol ca ni c rocks
Rhyol i te
Da ci te
Acocul co i gni mbri te
Pyrocl a s tics
Ba s a l t
Tra chya ndes i te
Andes i te

2,83 (1)

0,96 (1)

52,69 (1)

-

0,24 (1)

-

2,65 (17)
± 0,06
2,81 (33)
± 0,06
2,76 (54)
± 0,13
2,55 (32)
± 010

2,30 (17)
± 0,06
2,53 (16)
± 0,11
2,58 (31)
± 0,14
2,32 (20)
± 0,18

13,34 (17)
± 1,22
9,89 (17)
± 4,47
6,61 (30)
± 6,85
8,15 (20)
± 6,89

2,44E-14/6,17E-17
(10) ± 5,27E-14
4,98E-18/3,92E-18
(16) ± 3,74E-18
7,32E-15/4,3E-17
(25) ± 1,92E-14
8,86E-16/2,1E-17
(14) ± 2,32E-15

1,66 (14)
± 0,18
1,26 (33)
± 0,19
1,30 (54)
± 0,19
1,21 (31)
± 0,33

0,92 (11)
± 0,05
0,71 (32)
± 0,14
0,74 (53)
± 0,09
0,73 (30)
± 0,14

0,70 (4)
± 0,33

-

2,12 (8)
± 0,34

6,05 (1)

-

1,69 (1)

2733 (1)

-

0,3725 (1)

-

-

-

2763 (1)

-

-

-

3755 (19)
± 702
4013 (33)
± 756
4234 (52)
± 781
3561 (31)
± 1061

2483 (11)
± 200
2477 (32)
± 518
2631 (51)
± 540
2061 (30)
± 515

3,19 (11)
± 1,00
7,80 (8)
± 8,93
7,76 (14)
± 3,49
5,06 (15)
± 2,07

1811 (2)
± 1536

2,18 (14)
± 0,32
1,54 (26)
± 0,32
1,46 (46)
± 0,18
1,49 (24)
± 0,19

1,65 (11)
± 0,08
1,26 (26)
± 0,19
1,12 (44)
± 0,19
1,03 (23)
± 0,13

3819 (17)
± 687
4437 (26)
± 679
5004 (39)
± 962
4205 (23)
± 1362

2083 (14)
± 402
2771 (25)
± 481
3049 (30)
± 543
2056 (20)
± 539

201 (4)
± 350

35 (4)
± 37

-

-

-

-

-

-

3522 (4)
± 761

2997 (4)
± 696

-

-

3076 (1)

1431 (1)

-

-

691 (1)

2336 (1)

741 (2)
± 0,93
754 (4)
± 34
694 (4)
± 14,4

2062 (2)
± 52,1
2048 (4)
± 29,4
1888 (3)
± 379

0,99 (4)
± 0,34

713 (1)

2103 (1)

4611 (4)
± 1441

2487 (4)
± 784

0,04 (4)
± 0,03

-

1,90 (3)
± 0,23

1,37 (3)
± 0,28

1,48 (1)

-

-

1411 (1)

454 (1)

-0,01 (1)

-

2,54 (1)

2,11 (1)

4,39 (9)
± 0,27
2,89 (111)
± 0,41
2,62 (17)
± 0,31

3,54 (7)
± 0,68
2,04 (98)
± 0,39
1,68 (17)
± 0,34

-

Li mes tones
2,67 (8)
2,66 (4)
± 0,02
± 0,02
2,59 (2)
2,51 (1)
Ma rl
± 0,11
2,61 (12)
2,61 (8)
Chert
± 0,03
± 0,03
2,67 (146) 2,66 (125)
Li mes tone K
± 0,03
± 0,04
2,71 (10)
2,49 (13)
Ca l ca reni te J
± 0,05
± 0,19
a ri thmetic mea n va l ues i n norma l font, the numbers

Sha l es

1,41 (6)
2,92E-17/7,87E-18 4,39 (9)
2,09 (7)
4962 (9)
2685 (10)
± 0,99
(9) ± 2,92E-17
± 0,21
± 0,51
± 415
± 280
1,20 (120) 1,32E-15/4,83E-18 2,92 (112) 1,47 (102)
796 (5)
2133 (5)
5236 (130) 2778 (124)
± 1,27
(63) ± 7,63E-15
± 0,32
± 0,33
± 49
± 208
± 1035
± 526
8,88 (12) 1,79E-14/1,22E-15 1,93 (6)
0,88 (6)
823 (2)
3831 (18)
1958 (10)
2289 (1)
± 6,75
(9) ± 4,26E-114
± 0,39
± 0,23
± 83
± 1647
± 537
i n bol d repres ent geometri c mea n va l ues , ± = s tanda rd devi a tion, () = number of a na l ys ed pl ugs

-0,01 (8)
± 0,01
0,02 (78)
± 0,18
0,02 (8)
± 0,01

19331 (4)
± 6820
-

6621 (10) 2860 (10)
± 556
± 931
6555 (132) 3112 (126) 3128 (10)
± 1287
± 759
± 355
5472 (18) 2383 (18)
± 1601
± 734

605 (7)
± 201

-

ρP = Pa rticl e dens i ty, ρB = Bul k dens i ty, ɸ = Poros i ty, K = Permea bi l i ty, λ = Therma l conductivi ty, α = Therma l di ffus i vi ty, V P = P-wa ve vel oci ty, V S = S-wa ve vel oci ty,
cp = Speci fi c hea t ca pa ci ty per s a mpl e, cp calc.= Speci fi c hea t ca pa ci ty ca l cul a ted, VHC = Vol umetri c hea t ca pa ci ty, ρ a = el ectri c res i s tivi ty, X = ma gnetic s uceptibi l i ty,

Figure 8.5-1: Summarized thermo- and petrophysical properties of outcrop samples taken in the Acoculco area.
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Parameters
Uni t
Andes i te
Igni mbri te
Tuff
Ba s a l t
Ma rbl e

ρP

ρB

ɸ

[%]
[g cm -³]
[g cm -³]
2,72 (101) 2,41 (85) 11,77 (138)
± 0,11
± 0,15
± 5,13
2,68 (15) 2,31 (14) 14,7 (24)
± 0,14
± 0,12
± 5,48
2,58 (9)
2,02 (7) 22,55 (8)
± 0,18
± 0,27
± 2,28
2,75 (5) 2,32 (20) 8,41 (8)
± 014
± 0,18
± 8,60
2,73 (5)
2,68 (3)
1,64 (3)
± 0,02
± 0,04
± 1,1

K
[m²]
1,00E-151,79E-16
(58) ± 2,41E-15
3,05E-15/5,31E-16
(8) ± 3,77E-15
9,04E-17/3,02E-17
(4) ± 9,88E-17
2,1E-14 (2)
± 7,78E-15
2,64E-14 (2)
± 2,61E-14

λ

α

[W m -1 K-1] [10 -6 m² s -1]
1,78 (73)
0,99 (73)
± 0,40
± 0,33
1,83 (9)
1,04 (9)
± 0,30
± 0,17
1,09 (6)
0,67 (6)
± 0,47
± 0,21
1,10 (3)
0,67 (3)
± 0,45
± 0,09
2,09 (4)
1,09 (4)
± 0,35
± 0,13

cp
[J kg -1 K-1]
784 (8)
± 66
770 (1)
806 (2)
±4

dry measurements
cpcalc
VHC
[J kg -1 K-1]
768 (74)
± 93
769 (9)
± 62
773 (6)
± 132
750 (3)
± 204
734 (5)
± 84

[J m -3 K-1]
1957 (7)
± 125
2078 (1)
2193 (2)
±9

VP

VS

χ

[m s -1]
3869 (70)
± 609
3606 (9)
± 310
3171 (6)
± 313
2853 (3)
± 1379
2532 (4)
± 483

[m s -1]
2126 (70)
± 326
2034 (9)
± 233
1851 (6)
± 271
1660 (3)
± 926
1454 (4)
± 219

[10-3 SI]
3,88 (52)
± 5,05
0,12 (6)
± 0,10
2,14 (4)
± 2,32
10,82 (2)
± 0,2
0,15 (4)
± 0,31

λ sat

saturated measurements
α sat
VP sat
VS sat

[W m -1 K-1] [10 -6 m² s -1]
2,01 (73)
1,41 (73)
± 0,34
± 0,27
2,29 (9)
1,46 (9)
± 0,27
± 0,45
1,67 (6)
1,13 (6)
± 0,42
± 0,36
1,48 (3)
1,12 (3)
± 0,20
± 0,56
2,79 (4)
1,88 (4)
± 0,38
± 0,37

[m s -1]
4232 (71)
± 772
3752 (9)
± 351
3337 (6)
± 544
4140 (3)
± 1102
4098 (4)
± 1136

[m s -1]
2367 (71)
± 444
2065 (9)
± 249
1937 (6)
± 359
2122 (3)
± 540
2172 (4)
± 692

a ri thmetic mea n va l ues i n norma l font, the numbers i n bol d repres ent geometri c mea n va l ues , ± = s tanda rd devi a tion, () = number of a na l ys ed pl ugs
ρP = Pa rticl e dens i ty, ρB = Bul k dens i ty, ɸ = Poros i ty, K = Permea bi l i ty, λ = Therma l conductivi ty, α = Therma l di ffus i vi ty, V P = P-wa ve vel oci ty, V S = S-wa ve vel oci ty,
cp = Speci fi c hea t ca pa ci ty per s a mpl e, cp calc.= Speci fi c hea t ca pa ci ty ca l cul a ted, VHC = Vol umetri c hea t ca pa ci ty, X = ma gnetic s uceptibi l i ty

Figure 8.5-2: Summarized thermo- and petrophysical properties of the CFE reservoir samples.
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Parameters
Uni t

ρP

ρB
-

[g cm ³]

ɸ
-

[g cm ³]

K

[%]

[m²]

13,96 (28)
± 5,34

λ
-1

α
-1

-6

dry measurements
VHC
VP

cp
-1

[W m K ] [10 m² s ]

-1

-1

-3

-1

-1

VS
-1

ρa

χ
-3

saturated measurements
α sat
VP sat
VS sat
ρa sat

λ sat
-1

-1

[W m K ] [10 -6 m² s -1]

F

[m s -1]

[m s -1]

[Ωm]

[-]

0,92 (25)
± 0,15

5479 (33)
± 881

3376 (31)
± 555

142 (1)

230 (1)

0,41 (5)
± 0,02

2222 (4)
± 272

1402 (4)
± 235

-

-

1,27 (22)
± 0,11

0,95 (20)
± 0,19

3034 (28) 1840 (26) ±
± 585
376

-

-

0,81 (18) ±
0,44

1,33 (35)
± 0,24

0,82 (32)
± 0,15

2305 (35) 1344 (32) ±
± 525
207

-

-

0,87 (1)

1,83 (6)
± 0,07

1,38 (6)
± 0,11

3936 (6)
± 793

2332 (6) ±
438

-

-

-

-

434 (1)

2400 (1)

[J kg K ]

[J m K ]

[m s ]

[m s ]

[Ωm]

[10 SI]

787 (3)
± 27

2165 (3)
± 26

3735 (32)
± 635

2184 (32)
± 358

-

1,45 (14) ±
0,57

1,33 (29)
± 0,21

1286 (4)
± 169

-

-0,003 (4)
± 0,016

1,16 (6)
± 0,22

-

0,94 (12) ±
0,53

-

Pos t-ca l dera Vol ca ni s m
Ba s a l t l a va (a l tered)

2,65 (34)
± 0,11

0,88 (29)
± 0,13

0,54 (25)
± 0,05

As h fa l l depos i ts

2,28 (28)
± 0,18
1,22 (6)
± 0,13

7,95E-14/2,32E-16
(23) ± 2,12E-13

2,34 (6)
± 0,04

48,12 (6)
± 4,27

1,27E-14/1,24E-14
(5) ± 2,79E-15

0,38 (6)
± 0,18

0,36 (5)
± 0,01

861 (1)

2327 (1)

1938 (4)
± 240

InnerCa l dera i gni mbri te

2,45 (58)
± 0,05

1,55 (20) 36,55 (21)
± 0,12
± 5,15

1,73E-14/3,41E-15
(16) ± 4,17E-14

0,63 (32)
± 0,10

0,52 (29)
± 0,03

776 (1)

2395 (1)

2268 (31)
± 264

1390 (29)
± 131

Xa l ti pá n i gni mbri te

2,45 (13)
± 0,04

1,57 (30) 36,73 (30)
± 0,20
± 8,07

2,75E-13/1,06E-13
(27) ± 3,29E-13

0,57 (43)
± 0,22

0,51 (37)
± 0,03

2082 (1)

1752 (40)
± 228

1069 (37)
± 161

Xa l ti pá n i gni mbri te (a l tered)

2,51 (9)
± 0,02

2,42 (3)
± 0,01

4,13 (3)
± 1,92

6,05E-18/5,59E-18
(3) ± 3,21E-18

1,77 (9)
± 0,14

1,10 (9)
± 0,32

707 (1)

2206 (1)

2945 (7)
± 286

1766 (7) ±
191

-

Andes i te tota l

2,70 (187)
± 0,05

2,51
(166)
± 0,17

6,89 (161)
± 6,89

8,95E-15/1,31E-15
(117) ± 2,79E-14

1,35 (152)
± 0,32

0,78 (149)
± 0,14

769 (17)
± 28

1972 (18)
± 137

3748 (176)
± 1223

2204
(173) ±
701

-

5,63 (102) 1,56 (146) 1,15 (144) 4936 (159) 2823 (35) ±
±2,92
± 0,18
± 0,19
± 1049
570

Tezi utl á n a ndes i te

2,71 (90)
± 0,05

2,65 (82)
± 0,05

2,31 (81)
± 2,51

3,67E-16/5,09E-18
(55) ± 1,38E-15

1,61 (71)
± 0,15

0,87 (69)
± 0,09

773 (10)
± 29

2033 (11)
± 91

4729 (83)
± 733

2773 (81)
± 405

-

7,01 (49)
± 3,17

1,58 (71)
± 0,09

1,24 (70)
± 0,21

5428 (77) 3282 (11) ±
± 865
474

Tezi utl á n a ndes i te (porous )

2,76 (37)
± 0,04

2,29 (37) 16,93 (37)
± 0,14
± 4,61

2,99E-14/6,23E-15
(24) ± 4,43E-14

0,89 (32)
± 0,10

0,59 (32)
± 0,07

772 (4)
± 31

1880 (4)
± 187

2863 (37)
± 826

1667 (37)
± 474

-

4,11 (25)
± 1,55

1,47 (32)
± 0,08

0,99 (32)
± 0,06

4679 (32)
± 774

-

-

Cuyoa co a ndes i te/Da ci te

2,66 (33)
± 0,02

2,39 (23) 10,55 (23)
± 0,07
± 2,57

1,32E-15/1,43E-16
(19) ± 2,52E-15

1,28 (30)
± 0,14

0,77 (30)
± 0,09

747 (2)
± 32

1807 (2)
± 14

3101 (30)
1883
± 902
(555) ± 30

-

4,23 (16)
± 2,83

1,72 (24)
± 0,20

1,13 (24)
± 0,17

3919 (24) 2572 (10) ±
± 1072
302

-

-

Al s es eca a ndes i te

2,64 (27)
± 0,01

2,58 (20) 2,635 (20)
± 0,05
± 1,823

1,74E-15/2,66E-16
(16) ± 2,52E-15

1,29 (19)
± 0,31

0,74 (18)
± 0,09

774 (1)

1994 (1)

2624 (26)
± 786

1538 (25)
± 367

-

4,99 (12)
± 1,12

1,43 (19)
± 0,29

1,11 (18)
± 0,08

4734 (26) 2641 (14) ±
± 1007
594

440 (1)

769 (1)

Toba i gni mbri te

2,55 (24)
± 0,04

2,42 (12)
± 0,03

6,48 (12)
± 1,92

2,67E-14/9,65E-17
(11) ± 5,72E-14

1,09 (24)
± 0,17

0,72 (24)
± 0,11

718 (1)

1992 (1)

3308 (24)
± 498

2029 (24)
± 361

-

5,34 (7)
± 0,19

149 (20)
± 0,21

1,16 (18)
± 0,17

4898 (20) 2995 (20) ±
± 744
178

-

-

Qua rtz vei nes

2,63 (14)
± 0,02

2,54 (13)
± 0,07

3,67 (13)
± 3,61

3,08E-15/1,31E-15
(6) ± 3,33E-15

5,09 (14)
± 0,0,56

4,36 (14)
± 0,17

764 (2)
± 11

1992 (1)

3560 (14)
± 784

2116 (14)
± 437

-

0,38 (13)
± 0,84

5,49 (14)
± 0,56

4,10 (14)
± 1,35

5380 (14)
± 1664

-

-

Ska rn

3,46 (89)
± 0,49

3,36 (77)
± 0,49

3,59 (84)
± 3,72

8,27E-16/1,55E-17
(61) ± 4,1E-15

3,37 (80)
± 0,75

2,06 (68)
± 0,71

739 (7)
± 27

1943 (7)
± 74

4467 (90)
± 1198

2593 (87)
± 667

7446 (8)
± 11291

144,5 (36)
± 236

3,54 (80)
± 0,83

2,16 (76)
± 0,62

66417 (87) 3748 (85) ±
± 1460
843

4360 (9)
± 8614

706 (5)
± 1130

Ma rbl e

2,75 (53)
± 0,11

2,69 (56)
± 0,12

1,64 (66)
± 1,84

2,89E-15/5,94E-18
(37) ± 1,35E-14

3,37 (47)
± 0,47

1,61 (43)
± 0,41

859 (2)
±2

2428 (3)
± 164

4300 (67)
± 1286

2414 (66)
± 619

15521 (16)
± 8640

0,19 (27)
± 0,60

3,79 (47)
± 0,72

3,51 (45)
± 1,26

6384 (66) 3495 (40) ± 3360 (17)
± 1370
981
± 2564

519 (14)
± 218

2,63 (2)
± 0,003
2,68 (7)
± 0,01

2,59 (2)
± 0,01
2,66 (6)
± 0,01
2,67
(146) ±
0,09

1,73 (2)
± 0,45
1,0 (6)
± 0,24

3,33E-16/1,99E-16
(2) ± 3,79E-16
1,69E-18/1,1E-18
(5) ± 1,61E-118

4,21 (2)
± 0,01
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Figure 8.5-3: Summarized thermo- and petrophysical properties of outcrop samples taken in the Los Humeros area.

xviii

8.6 Histograms
8.6.1

Los Humeros outcrop samples
3

100.00%
90.00%

Frequency total

2.5

80.00%
70.00%

2

60.00%
1.5

50.00%
40.00%

1

30.00%
20.00%

0.5

Basalt
cumulative frequency

10.00%
0

0.00%

Porosity [%]
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Figure 8.6-3: Thermal conductivity distribution analysed at dry and saturated conditions of basalt samples collected wihtin
the Los Humeros caldera.
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Figure 8.6-4: Porosity distribution of ignimbrite samples collceted in the Los Humeros area.
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Figure 8.6-5: Intrinsic permeability distribution of ignimbrite samples collceted in the Los Humeros area.
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Figure 8.6-6: Thermal conductivity distribution (dry and saturated condtions) of ignimbrite samples collceted in the Los
Humeros area.
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Figure 8.6-7: Porosity distribution of Jurassic carbonates collected in the surrounding area of Los Humeros.
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Figure 8.6-8: Intrinsic permeability distribution of Jurassic carbonates collected in the surrounding area of Los Humeros.
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Figure 8.6-10: Porosity distribution of marble samples staken from outcrops in Las Minas.
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Figure 8.6-11: Intrinsic permeability distribution of marble samples staken from outcrops in Las Minas.
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Figure 8.6-12: Thermal conductivity (dry and saturated conditions) distribution of marble samples staken from outcrops in
Las Minas.
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Figure 8.6-13: Porosity distribution of skarn samples staken from outcrops in Las Minas.
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Figure 8.6-14: Intrinsic permeability distribution of skarn samples staken from outcrops in Las Minas.
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Figure 8.6-15: Thermal conductivity (dry and saturated conditions) distribution of skarn samples staken from outcrops in
Las Minas.
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Figure 8.6-16: Porosity distribution of granite samples.
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Figure 8.6-17: Intrinsic permeability distribution of granite samples.
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Figure 8.6-18: Thermal conductivity (dry and saturated conditions) distribution of granite samples.
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Figure 8.6-19: Porosity distribution of pyroclastic rocks collected in the Acoulco area.
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Figure 8.6-20: Intrinsic permeability distribution of pyroclastic rocks collected in the Acoulco area.
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Figure 8.6-21: Thermal conductivity (dry and saturated conditions) distribution of pyroclastic rocks collected in the Acoculco
area.
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Figure 8.6-22: Porosity distribution of andesite samples collected in the Acoulco area.
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Figure 8.6-23: Intrinsic permeability distribution of andesite samples collected in the Acoulco area.
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Figure 8.6-24: Thermal conductivity (dry and saturated conditions) distribution of andesite samples taken in the Acoculco
area.
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Figure 8.6-25: Porosity distribution of trachyandesite samples collected in the Acouclco area.
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Figure 8.6-26: Intrinsic permeability distribution of trachyandesite samples collected in the Acouclco area.
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Figure 8.6-27: Thermal conductivity (dry and saturated conditions) distribution of trachyandesite samples collected in the
Acoculco area.
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Figure 8.6-28: Porosity distribution of basalt samples collected in the Acouclco area.

xxxii

6

100.00%
90.00%

Frequency toal

5

80.00%
70.00%

4

60.00%
3

50.00%
40.00%

Basalt
cumulative frequency

2

30.00%
20.00%

1

10.00%

-16.6

-16.7

-16.8

-16.9

-17

-17.1

-17.2

-17.3

-17.4

-17.5

-17.6

-17.7

-17.8

-17.9

0.00%

-18

0

Log Intrinsic permeability [m²]
Figure 8.6-29: Intrinsic permeability distribution of trachyandesite samples collected in the Acouclco area.
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Figure 8.6-30: Thermal conductivity (dry and saturated conditions) distribution of basalt samples in the Acoculco area.
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