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Abstract The studies on hydrothermal alteration-induced
effects in surface and subsurface rocks provide useful infor-
mation in the characterization and exploitation of a geother-
mal reservoir. Generally, these studies are based on tradi-
tional, and reliable methods like petrography (primary and
secondary minerals, and grade of alteration), and geochemis-
try (mobility of elements, changes in mass and concentration
of elements, and fluid inclusions). Recently, apart from these
established methods, some methods based on the geochemi-
cal (Chemical Index of Alteration, CIA; Weathering Index
of Parkar, WIP; Loss on Ignition, LOI; and Sulfur, S) and
rock magnetic properties (magnetic susceptibility, yIf; and
percentage frequency-dependent susceptibility, xfd%) are
also being applied in the identification of whether a rock is
an altered or a fresh one. The Acoculco Geothermal Field
(AGF), Mexico, is characterized by high temperature and
very low permeability, and it is considered a promissory
Enhanced Geothermal System. The following changes are
observed in the rocks as a result of an increase in hydro-
thermal alteration: (1) an increase in CIA, LOI, and S val-
ues, and a decrease in WIP; (2) an increase in quartz and
quartz polymorph minerals (silicification), and clay minerals
(argillization); and (3) decrease in yIf values. At AGF, the
most altered surface acid rocks are characterized by entirely
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quartz and its polymorphs, and clay minerals. The present
study also indicates the applicability of the binary plots of
major elements (felsic vs mafic component) and rock mag-
netic parameters (yIf vs. xfd%). The rock with yfd% value of
2-10 and yIf value < 0.5 x 107 m? kg ™! indicate the presence
of single domain and stable single domain grains, which in
turn suggests that it is an altered rock. These methods are
simple to apply, rapid, reliable, and have the potential to
become effective tools for the identification of hydrother-
mally altered rocks during the initial stage of geothermal
exploration.

Keywords Geothermal fields - Hydrothermal alteration -
Surface rocks - Magnetic susceptibility - Alteration indices

1 Introduction

In geothermal areas, hydrothermal fluids produce phys-
icochemical changes in the rocks through which they
circulate (Pirajno 2009). When the thermal fluids react
with rocks, they initiate chemical reactions and alter
primary minerals through processes of dissolution, ion
exchange, replacement, precipitation, and (or) recrystalli-
zation (Berger 1998). Temperature, pressure, the chemical
composition of the rocks and fluid, and the water—rock
ratio are some of the physicochemical parameters that
control the type and extent of hydrothermal alteration
(Stefansson and Kleine 2017). Hydrothermal alteration
is a common process in geothermal systems and can sig-
nificantly change the physicochemical properties of rocks
(Weyd et al. 2022). Identifying the distribution of hydro-
thermally altered rocks and understanding the prevailing
hydrothermal alteration processes provide information
about the size of a geothermal system and the thermal
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conditions prevailing in the region. The classification of
mineral alteration assemblages provides information on
the mechanisms and the conditions under which the alter-
ation occurred, and this information can be used in the
characterization and exploitation of a reservoir (Brown
and Ellis 1970; Brown 1978; Lagat 2009). Generally,
hydrothermal alteration at depth is studied based on tra-
ditional and well-established methods like petrography,
geochemical, mineralogical, and fluid inclusions (Lagat
2009; Franco 2016; Pereira et al. 2022). These methods
are expensive, involve laborious sample preparation meth-
odology, and need experts to carry out these laboratory
works. This suggests a need for other reliable methods
that are less expensive and easy to operate.

The rock magnetic parameters along with various
parametric ratios obtained from them are applied in the
identification of the variations in the magnetic material
concentration and grain sizes about erosion, soil forma-
tion (Maher and Taylor 1988), sediment source (Walling
et al. 1979; Geiss et al. 2008; Hatfield and Maher 2009),
pollution (Hoffmann et al. 1999), diagenesis (Roberts and
Turner 1993; Larrasoafia et al. 2007) and paleomonsoon
and paleoclimate studies (Maher et al. 1994, 2002). There
are some studies on hydrothermally induced changes in
magnetic properties of oxidized A-type granites (Nédélec
et al. 2015) and Archean granitic plutons (Lapointe et al.
1986), and identification and mapping of hydrothermal
zones during exploration and operation of porphyry Cu
deposits in Northern Chile (Riveros et al. 2014). How-
ever, the studies on the applicability of rock magnetic
parameters in the identification of hydrothermally altered
volcanic rocks and zones of hydrothermal alteration in
perspective of geothermal fields are very limited (Krafla
geothermal field, Iceland, Oliva-Urcia et al. 2011; Los
Azufres Geothermal Field, LAGF, Mexico, Pandarinath
et al. 2014, 2019). The main objective of the present work
is to carry out a multi-parametric approach to retrieve the
hydrothermal alteration record for the surface volcanic
rocks of AGF, Mexico. For this purpose, we have applied
the geochemical (binary diagram of felsic and mafic com-
ponents of major elements oxides; Chemical Alteration
Indices, CIA; Weathering Index of Parkar, WIP; Loss on
Ignition, LOI; Sulfur-content, S content), mineralogical
methods (primary and hydrothermal minerals), and the
rock magnetic parameters (x1f and xfd%) in identification
of altered rocks. Additionally, the present work may also
serve as an additional validation of the applicability of
the rock magnetic methods. As of now, these parameters
are successfully applied for liquid dominate LAGF, and
super-hot vapor dominate LHGF, and the present work is
proposed to carry out with the surface rocks of AGF, a
hot dry rock (enhanced) geothermal system.
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2 Acoculco geothermal field (AGF): the study area

Acoculco Caldera is located in the eastern part of the Trans-
Mexican Volcanic Belt and the northern part of the Puebla
state of Mexico. The study area includes a geothermal pro-
spective area, characterized by high temperature, and very
low permeability, and has been considered a promissory
site for future enhanced (engineered) geothermal system
(EGS; Loépez-Hernandez et al. 2009; Sanchez-Cérdova
et al. 2020), which is also known as a hot dry rock (HDR)
system. Lopez-Hernandez et al. (2009) have reported that
the Acoculco Caldera is 18 km in diameter and the volcanic
rocks associated with Tulancingo-Acoculco Caldera Com-
plex have been the site of three distinct hydrothermal events:
(1) The emplacement of Mid-Tertiary granitic intrusions that
metamorphosed the sedimentary rocks; (2) The formation
of the Tulancingo and Acoculco Calderas; and (3) A pos-
sible third hydrothermal event may be associated with the
recent magmatic activity within the Acoculco Caldera. They
also reported some volcanic rocks such as rhyolites, dacites,
basalts and rhyolitic ignimbrites in the Acoculco caldera
and these formations were intercalated with Apan and Teco-
mulco basalts and basaltic andesites in the surroundings of
the Tulanciongo-Acoculco caldera. However, recent studies
(Avellan et al. 2018), suggest the existence of only an asym-
metric caldera (18 X 16 km) with an intra-caldera ignimbrite,
and uplifted sediments. They have not found evidence of a
larger caldera structure (Tulancingo caldera). Avellan et al.
(2018, 2019) and Sosa-Ceballos et al. (2018) presented geo-
logic maps with 40 lithostratigraphic units of the caldera and
describe its geochemical evolution, respectively, lumped into
five successions to caldera formation: (1) Extra-caldera vol-
canism (ca. 0.90-<0.06 Ma), (2) Late post-caldera volcan-
ism (ca. 2.0-1.0 Ma), (3) Early post-caldera volcanism (ca.
2.6-2.2 Ma), (4) Caldera-forming eruption (ca. 2.7 Ma) and
(5) Pre-caldera volcanism (ca. 2.4-0.19 Ma) and one Mio-
cene unit that represents an early stage of the Trans-Mexican
Volcanic Belt (TMVB). The three major geothermal fields
(LAGF, LHGF, and AGF) are situated within the Trans-
Mexican Volcanic Belt (TMVB), a continental volcanic
arc. LHGF and AGF are in the eastern part of the TMVB,
whereas LAGF is in the center of the TMVB.

Due to the presence of surface manifestations and exten-
sive surface hydrothermal alteration, cold-acid springs,
and constant gas discharges, two exploratory wells were
drilled in the area: the well EAC-1 was drilled to a depth
of 1810 m in 1995, and the well EAC-2 was drilled to a
depth of 1900 m in 2008 (Viggiano-Guerra et al. 2011).
There are some studies on mineral alteration and fluid inclu-
sion of drill cuttings and core samples (Lépez-Hernandez
et al. 2009; Canet et al. 2010; Gonzalez-Partida et al. 2022).
These studies have shown that the hydrothermal system is
not very active at present. However, surface gas emissions,
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the high temperatures measured in well EAC-1, and the hot
springs at Chignahuapan suggest that there is a hidden active
hydrothermal system in the study area. The intense second-
ary mineral deposition in the pyroclastic deposits created
a very effective caprock that prevents the ascent of high-
temperature fluids to the surface. Among the identified min-
eral assemblages are buddingtonite and smectite in the cal-
dera sequence, and calcite marble and granitic rocks. Canet
et al. (2010) have reported two major zones of hydrother-
mal alteration at the Acoculco Caldera, the shallower zone
contained ammonium illite and the deeper zone consists
of epidote-calcite-chlorite mineral assemblages. Recently,
Séanchez-Coérdova et al. (2020) have reported the water—rock
interactions, particularly, paragenesis and elemental mass
balance in the Acoculco geothermal system. Detailed surface
rock studies were conducted in an area where two explora-
tory wells have been drilled. Mineralogical studies have
identified minerals such as kaolinitic clays, chalcedonic
quartz, and pyrite (Viggiano-Guerra et al. 2011). Canet et al.
(2015) have suggested that the silicic alteration is the most
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widespread affecting the surface rocks and indicate three
prospective areas, Alcaparrosa, Los Azufres, and Las Minas,
by the cooccurrence of acid-sulfate alteration, buddingtonite
and ammonium anomalies.

3 Collection of rock samples and analytical
methods

64 rock samples from the surface region of Acoculco cal-
dera were selected representing the entire study area (Fig. 1).
These samples were contributed by Dr. Eduardo Gonzalez-
Partida, one of the co-authors of this article, and his group.
The methodology followed for various laboratory analyses
and calculations carried out on the rock samples is men-
tioned below.

The mineralogical composition of the rock samples is
obtained by the X-ray diffractometer (XRD machine; Rigaku
model DMAX 2200) at the Instituto de Energies Renova-
bles (UNAM). The diffractometer is equipped with Cu Ka

Lithostratigrafic units
Acoculco Caldera Complex
Age [Ma] Units
@ Alluvium — pf
H
EY
£
% Lt .,.
e
9 post-caldera aE
© 3 c
o| € volcanism 3 8§
c o =
§ ,-E 2.0 -<0.016 =
3
a8 Early
E post-caldera
S _ volcanism
< 20-21
= Sediments [
" Caldera-forming.
[~
Y27 eruption ____.
§ 4 Pre- Caldera
T volcanism
k2L —
Penuela and
g Quexnol
g 12.7-10.98
€
Zacatlan
basaltic plateau _

Structures on the map
Normal fault
..... . Inferred faults
Strike-slip faults

Gl Exploratory wells

Y EAC-2

® Sample location

590000

Fig. 1 Geological map along with the locations of the surface rocks at the Acoculco Geothermal Field, Mexico. This map is taken from Avellan
et al. (2020) and modified with the tectonic features reported from Bolos et al. (2022)
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radiation (A=1.54 10\), a secondary graphite monochromator,
and a scintillation detector. The rock samples were finely
powdered and filled with the sample holders. To obtain all
the minerals in the samples, they were scanned with 40 kV
and 40 mA, from two-theta of 0°-60°. The JADE 6.5 soft-
ware, which is integrated with the XRD machine, is used
for the identification of the minerals. The rocks with the
dominant presence of primary minerals are considered fresh
rocks, whereas the secondary minerals predominate in the
altered rocks.

Geochemical analyses of 64 rock samples are carried
out at the Activation Laboratories Ltd., Ontario, Canada
(Actlabs). Major and trace elements were determined by
ICP-OES (inductively coupled plasma-optical emission
spectrometry) and ICP-Mass spectrometry (MS). The lith-
ium tetraborate fusion technique was employed for sample
dissolution. All major element oxides and some trace ele-
ments were analyzed by ICP-OES. LOI is measured by FUS-
ICP with the obtained All REEs and some trace elements
were determined by INAA (instrumental neutron activation
analysis). The surface rock samples from a geothermal area
seldom occur as fresh rock, instead, they will be intensive
to least altered. Hence, the surface rock samples collected
from the surface region of AGF cannot be classified by the
TAS diagram method, as this method is meant for the clas-
sification of fresh rocks. Due to this, we have applied the
classification method for altered rocks proposed by Verma
et al. (2017) and applied the computer program (MagClaM-
Sys_ilr). This method classifies the igneous rocks in terms
of four magma types: ultrabasic, basic, intermediate, and
acid. This multidimensional classification scheme is based
on isometric log-ratio (ilr) transformation and probability
estimates and showed correct classification with high per-
cent success rates.

The binary diagram with the total concentrations of CaO,
K,0, and Na,O (represented mainly by felsic mineral com-
ponent; feldspars) on the X-axis and FezOST, MnO, and MgO
(represented mainly by mafic minerals component; pyrox-
enes, amphiboles etc.) on the Y-axis may be used to dif-
ferentiate fresh and altered rocks (Fig. 2). The rock samples
located near to the origin of the plot may be considered as
altered to intensively altered rocks, whereas those plotted
away from the origin of the plot are relatively fresh (least
to less altered). The lower values of both the axes (near the
origin) may be interpreted as the high intensity of alteration
(Fig. 2a—c) and as the values of the axes increase (moves
away from the origin), the intensity of alteration decreases.

Pandarinath (2022) has carried out the validation and the
applicability of a total of 47 alteration indices in distinguish-
ing the fresh and altered rocks of six Mexican Geothermal
Fields. He has also identified 15 best-performer indices for
the six Mexican geothermal fields. In the present work, two
reliable alteration indices (CIA, Nesbitt and Young 1982;
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Fig.2 The binary diagram of felsic (CaO+K,0+Na,0) versus
mafic component (Fe,0;T+MnO +MgO for each type of rocks; a, b,
and c represent the acidic, intermediate, and basic rocks, respectively

and WIP, Parker 1970) were applied to identify whether
a rock is fresh or has undergone alteration. CIA presents
the degree of chemical alteration of rocks, interpreted as a
measure of the change of feldspar minerals to clay miner-
als, and its values increase in parallel with the increase in
clay minerals in the rock (Nesbitt and Young 1982). Pan-
darinath (2023) has reported a good performance by these
two indices in the identification of least to less and altered
to intensively altered and are categorized CIA of Nesbitt
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and Young (1982) and WIP of Parker (1970) in the first and
fifth places, respectively in a total of 47 chemical indices.
For fresh rocks, CIA values are < 60% whereas for altered
rocks its values are >60% (Nesbitt and Young 1982, 1984,
McLennan 1993). Similarly, for fresh rocks, WIP values
are > 60% whereas for altered rocks their values are < 60%
(Parker 1970).
The Eq. (1), for calculating CIA is mentioned below.

CIA = (

In this equation, the concentrations of the major element
oxides are in molecular proportion. Molecular proportions of
major element oxides were calculated by dividing the weight
percent of major element oxides by their molecular weight.
The CaO content should represent that incorporated in the
silicate fraction (CaO¥*) of the rocks.

Parker (1970) proposed the Index of weathering for sili-
cate rocks, where hydrolysis is the main agent of silicate
weathering. The hydrolysis process results in the physical
disaggregation of rocks and the removal of mobile elements.
In the case of WIP, its values decrease with the increasing
grade of alteration (Parker 1970; Takahashi and Shimaoka
2012). For fresh rocks, WIP values are > 60% whereas for
altered rocks are < 60%.

) x 100

Mg),
0.9
where (x), represents the atomic proportion (atomic percent-
age divided by atomic weight) of the element.
Magnetic susceptibility (1f) is measured based on the
method suggested by Dearing (1999). Small fragments of

AL,O,
x 100
Al,O, + CaO + Na,O + K,0

ey

(Na),
0.35

X)),  (Ca),
025 0.7

WIP = < )

rocks are packaged in non-magnetic cylindrical plastic bot-
tles of 10 cm®. yIf is measured at low (0.47 kHz; y,;) and
high (4.7 kHz; ) frequencies with a Bartington Suscep-
tibility Meter (Model MS2B) and a dual frequency sensor.
From these measurements, the mass-specific magnetic sus-
ceptibility (hereafter it is referred to as yIf) is obtained and
the percentage of frequency dependent magnetic suscep-
tibility (y ;4%) was calculated, using the equation (Eq. 3)
proposed by Dearing (1999).

(i — xnp) X 100

3
T 3

Xpd(%) =

4 Results

64 rock samples collected from the surface of AGF are
used in the present work. The locations of the rock sam-
ples, rock type, and other details are shown in Supplemen-
tary Table S1. To avoid the lithological influence in all
the processes, we present the results and interpretations
separately for each rock type: acid (38 samples), interme-
diate (11 samples), and basic (15 samples). It is rare to
find completely fresh surface rocks in geothermal areas
as they are subjected to less or more alteration by existing
processes in these areas. Therefore, in this article, we are
reporting as least to less altered and altered to intensively
altered rocks instead of fresh and altered rocks, respec-
tively. Table 1 presents the different methods applied in
the identification of hydrothermal alteration and the aver-
age number of rocks identified as least to less altered and
altered to intensively altered.

Table 1 Details of the methods applied in the identification of hydrothermal alteration and the average number of rocks identified as least to less
altered and altered to intensively altered in the surface rocks of Acoculco Geothermal Field, Mexico

Alteration type =~ Magma type Binary plot (Fel vs. CIA WIP LOI (wt%) Sulfur (ppm)  XIf xIf ver-

Maf) (Fig. 2a—c) (Fig. 3a—) (Fig.3d-f) (Fig.4a-d) (Fig. 5a—c) (Fig. 6a—c) sus xfd%
(Fig. 7a—c)

(a) Acid rocks

Alt-Int alt Acid 15 17 14 21 14 19 19

Least-Less alt Acid 23 21 24 17 24 19 19

(b) Intermediate rocks

Alt-Int alt Intermediate 05 05 05 06 03 02 02

Least-Less alt Intermediate 06 06 06 05 08 09 09

(¢) Basic rocks

Alt-Int alt Basic 08 08 08 08 08 03 07

Least-Less alt Basic 07 07 07 07 07 12 08

CIA: chemical index of alteration (Nesbitt and Young 1982); WIP: weathering index of Parker (Parker 1970): LOI: loss-on-ignition: ylf: mag-
netic susceptibility (measured at low frequency; xfd%: frequency dependent susceptibility (%). Alt-Int alt: altered to intensively altered; least-

less alt: least to less altered: Fel: Felsic: Naf; Mafic
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4.1 Mineral data

The XRD technique was used to analyze the mineral com-
position of all the rock samples. The primary minerals
identified in the least to less altered rocks are plagioclase,
orthoclase, microcline, sanidine, phlogopite, and quartz. In
contrast, the intensively altered rocks contain the follow-
ing secondary minerals: quartz, quartz polymorphs (cristo-
balite, tridymite, and opal), alunite, greigite, hematite, and
clay minerals halloysite, kaolinite, and dickite. Almost all
the rocks of the present study contained quartz and quartz
polymorphs minerals, with varying contents. The dominant
contents of cristobalite, quartz, and tridymite are observed
in 18, 8, and 5 out of the total 64 rocks, respectively. This
suggests that silicification is the dominant alteration pro-
cess followed by rare argillization at AGF (Supplementary
Table S2).

4.2 Geochemical data
4.2.1 Binary diagram of felsic and mafic component

Plotting of 38 acid rocks of the present study indicated their
distribution in three groups, The first group consists of six
acid rocks (AC-40, AC-68, AC-73, AC-95, AC-100, and
AC-102; Fig. 2a) that are very nearer to the origin (or almost
at the origin) of the diagram. The mineral composition of
these rocks indicates that five rocks (AC-40, AC-68, AC-73,
AC-95, AC-100) contain only quartz and quartz polymorphs
(cristobalite, and tridymite; Supplementary Table S2), and
the sixth one (AC-102) contains only clay minerals (kaolin-
ite and dickite; Supplementary Table S2). This suggests that
these six rocks have undergone an intensive alteration, with
the complete dissolution of both felsic and mafic primary
minerals and intense silicification (precipitation of quartz)
in five rocks and argillization in the sixth rock. The second
group with nine acidic rock samples (AC-54, AC-116, AC-6,
AC-59, AC-10B, AC-139, AC-8, AC-21B, and AC-52) is
located between group 1 (zone of “altered to intensively
altered”) and the third group of rocks (n=23) located far-
thest from the origin (zone of “least to less altered”) indi-
cating that rocks from the group 2 are “less to moderately
altered” (Fig. 2a).

Plotting of 11 intermediate rocks in the binary dia-
gram (Fig. 2b) resulted in two groups. Six rock samples
(AC-77, AC-108, AC-133, AC-83, AC-104, and AC-131)
were plotted away from the origin of the diagram, indicat-
ing that these rocks are “least to less altered”. To check
the reliability of this conclusion, we have plotted a fresh
trachyandesite rock (intermediate rock, CHG-11, shown
as a star symbol in Fig. 2b) from the surface of AGF
(Verma 2001), which also plotted within the group of six
rocks (Fig. 2b). This confirms that these 6 intermediates
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(andesite) rocks are least to less altered. The remaining
five intermediate rocks (AC-122, AC-23, AC-96, AC-2,
and AC-135) were plotted as a group towards the origin
of the plot, indicating that these five rock samples are
“altered to intensively altered” (Fig. 2b).

Plotting of 15 basic rocks in the binary diagram
(Fig. 2c) has resulted in two groups. Seven rocks are
“least to less altered” and eight rock samples are “altered
to intensively altered” (Fig. 2¢). To check the reliability of
this conclusion, we have plotted a fresh basalt rock (basic
rock, CHG-2, shown as a star symbol in Fig. 2c) from the
surface of AGF (Verma 2001), which also plotted within
the group of seven rocks (Fig. 2¢). This confirms that these
seven basic (basalt) rocks are least to less altered. The
remaining eight rocks were plotted as a group towards the
origin of the plot, indicating that these eight rock samples
are “least to less altered” (Fig. 2c).

4.2.2 Chemical alteration indices

Chemical alteration indices are multi-component ratios
of litho-geochemical data, which are used in estimating
the alteration intensity of the rocks (Gifkins et al. 2005).
Application of these indices is based on assumptions that
the concentration of chemical elements is controlled solely
by the degree of alteration.

CIA values of 38 acid rocks vary between 49.9 and
94.2, with 17 altered acid rocks (CIA > 60) and 21 fresh
acid rocks (CIA <60, Fig. 3a). CIA values of 11 inter-
mediate rocks vary between 46.6 and 81.5, with six
intermediate rocks being fresh (CIA < 60; Fig. 3b) and
the remaining five intermediate rocks are being altered
(CIA > 60; Fig. 3b). Finally, CIA values of 15 basic rocks
vary between 42.8 and 96.1, with seven basic rocks are
being fresh (CIA < 60) and the remaining eight basic rocks
are being altered (CIA > 60; Fig. 3c).

The application of the Weathering Index of Parker
(WIP) to 38 acidic rocks leads to a value range of 0.4 and
84.3. WIP values for 14 acid rocks indicated that these
rocks are altered (WIP < 60; Fig. 3d) and the remaining
24 acid rocks are fresh having the WIP values varying
between 60.1 and 84.3 (> 60; Fig. 3d). WIP values for
11 intermediate rocks varies between 25.5 and 77.1 with
five intermediate rocks are altered (WIP < 60; varying
between 25.5 and 57.9; Fig. 3e) and the remaining six
intermediate rocks are fresh having the WIP values vary-
ing between 69.6 and 77.1 (> 60; Fig. 3e). Finally, WIP
values for 15 basic rocks varies between 4.7 and 80.0 with
seven rocks are fresh (WIP > 60; varying between 72.3
and 80.0; Fig. 3f) and the remaining eight basic rocks are
altered having the WIP values varying between 4.7 and
40.4 (< 60; Fig. 3f).
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Fig. 3 The binary diagrams of sample numbers versus CIA (a, b, and ¢) and sample numbers versus WIP (d, e, and f) for each rock types

4.2.3 Loss-on-ignition

Loss-on-ignition (LOI) is defined as the water content of
rocks (Johnson and Maxwell 1981). However, it has been
considered unreliable that LOI represents only the H,O*
content of rocks because there are volatile components (CO,,
F, Cl, S, etc.) and oxidizable Fe in rocks other than water,
which also contribute along with H,O™ to the LOI (Lechler
and Desilets 1987). Suoeka et al. (1985) have reported that
the higher the LOI values, the more the intensity of altera-
tion. The total volatile content of the rock is determined
by ignition at 1000 °C for an hour and the resulting weight
loss is expressed as LOI, which is useful as an indicator
of alteration of volcanic rocks resulting from hydration or

calcitization of mafic minerals. In volcanic rocks, a higher
content of HyO™ results due to the hydration and clay miner-
als formation during alteration. Intense alteration conditions
favor the formation of hydrothermal clay minerals (kaolinite,
halloysite, limonite, goethite, etc.). This, in turn, increases
LOI content in the rocks because the clay minerals contain
a significant amount of H,O" in their crystals. The content
of LOI also varies by the type of the rocks and the type and
the content of clays (Jayaverdena and Izawa 1994). Altered
rocks have relatively high LOI compared to their host rocks
(MacKenzie and Craw 2007). Considering the LOI values
of 2 wt% (Le Bas et al. 1986) or 2.5 wt% (Matsuno et al.
2022) as a limit to differentiate the fresh and altered rocks
of the present study, only a few rocks are identified as fresh,
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which is not comparable to other used methods, as the num-
ber of samples is significantly different. However, when LOI
value of 3 wt% (an arbitrarily selected value) is considered
as a limit (dotted horizontal line; Fig. 4) the number of

Fig. 4 The binary diagrams
of sample numbers versus

(a)
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altered rocks are comparable to those obtained by CIA, and
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RGM-1 (rhyolite/felsic rock), AGV-1 (andesite/intermedi-
ate rock), and BCR-1 (basalt/mafic rock), hydrothermally
altered rock samples of Hikov (2002), and the rocks of the
present study are plotted in the figures (Fig. 4a—c). 17 acid
rocks of the present study are located along with RGM-1
(star symbol filled with red) in Fig. 4a, and five intermediate
rocks are located with AGV-1 (star symbol filled with blue)
in Fig. 4b, and six of the basic rocks are located with the
fresh basalt BCR-1 (star symbol filled with green) in Fig. 4c.

In the present work, the LOI content of 38 acid rocks var-
ies between 0.45 and 15.69 wt%. Considering the LOI value
of >3 wt% for altered rocks (Fig. 4b), 21 out of 38 rocks are
altered and the remaining 17 are least to less altered. All
eight hydrothermally altered rocks from Hikov (2002) are
correctly plotted above the dotted horizontal line, whereas
the fresh USGS standard reference material RGM-1 (rhyo-
lite) is appropriately located below the line (Fig. 4b). This
shows the consistency in the identification of acid rocks.

LOI content of 11 intermediate rocks of this work varies
between 0.38 and 12.81 wt%. LOI values of six intermedi-
ate rocks are of >3 wt% (intensively altered), whereas the
remaining five intermediate rocks are of <3 wt% (Fig. 4c).
The fresh USGS standard reference material AGV-1
(andesite) is appropriately located below the line (Fig. 4c).
This shows consistency in the identification of intermediate
rocks.

LOI content of 15 basic rocks of the present work varies
between 0.07 and 18.82 wt%. Eleven out of 15 basic rocks
are plotted in the zone of altered to intensively altered rocks
(Fig. 4d). In the case when LOI values of >3 wt%, 8 out
of 15 basic rocks are located in the zone of intense altera-
tion, whereas the remaining seven basic rocks are located
in the zone of least alteration when LOI values are <3 wt%
(Fig. 4d).

4.2.4 Sulfur content

Sulfur is present in the rocks as sulfides, sulfates, or a mix-
ture of the two. Alkaline rocks (Na and K enriched) usually
have higher sulfur contents. Arikawa (1987) has determined
the sulfur content in 140 samples of Japanese volcanic rocks
and reported widely scattered values of 10-5390 ppm,
with a mean value of 116 ppm. Sulfur content in inter-
mediate igneous rocks (andesitic) rocks varies from 1000
to 6700 ppm (Anderson 1974), while Moore and Fabbi
(1971) have reported the juvenile sulfur average content of
800 + 150 ppm for basalt magma (freshest). Notwithstand-
ing, extremely low values are reported in the literature for
volcanic rocks. Rhyolites have generally low values of S
content (<0.01 wt%; 100 ppm) and 300 ppm of S content
(an average) has been established for several igneous rocks,
including basalts, by Turekian and Wedepohl (1961). S value
of 62 ppm is reported for the average composition of the

upper continental crust by Rudnick and Gao (2003). Close
to our study area AGF, in LAGF, Verma et al (2018) have
reported S content values varying from 80 to 28,300 ppm
for surface rhyolite rocks. They defined the intensity of
alteration based on S content in the rocks with <150 ppm
are least to less altered, while the rocks with > 150 ppm are
considered as altered to intensively altered rocks. According
to them, the mineralogical data sustained the conclusions
based on S content. The S values in the rhyolitic rocks of the
present study are similar to an average S value (80-830 ppm)
reported for rhyolitic rocks by Naldrett et al. (1978). Con-
sidering all these cases, S value of 80 ppm is considered
as a possible limit to differentiate the least to less altered
from the altered to intensively altered rocks. S content in
three types of volcanic rocks from the present study area is
presented as follows:

S content of 38 acid rocks of this work show wide scat-
tering varies between 10 and 32,900 ppm. There are 13 out
of 38 acid rocks located in the zone of altered acid rocks
(S >80 ppm; Fig. 5a), where an S value of 80 ppm is consid-
ered as the limit to differentiate the least to less altered from
the altered to intensively altered rocks (Fig. 5a).

S content of 11 intermediate rocks of this study area
varies between 20 and 310 ppm. S value of 80 ppm is
considered as the limit between altered and fresh rocks
(Fig. 5b). Eight out of 11 intermediate rocks are plotted in
the zone of least to less altered (< 80 ppm), whereas the
remaining three intermediate rocks (AC-108, AC-135, and
AC-96) are located in the zone of more alteration (S values
are > 80 ppm; Fig. 5b).

S content of 15 basic rocks of the present work varies
between 20 and 27,000 ppm. 8 out of 15 basic rocks are
plotted in the zone of altered to intensively altered rocks,
whereas the remaining seven basic rocks are plotted in the
zone of least to less altered (Fig. 5¢).

4.3 Magnetic parameters

The magnetic susceptibility (yIf) of a rock sample is
the sum of the contributions of all rock-forming miner-
als, and its value depends on the concentration of these
magnetic minerals. In the present study area of AGF, yIf
values for the surface acid rocks (n=38), intermediate
rocks (n=11) and basic rocks (n=15) vary between 0.01
and 4.9x107% m? kg™!, 0.4 and 12.8 x 107% m? kg~!, and
0.03 and 13.9x 107® m® kg™!, respectively (Fig. 6a—c).
This shows that, in the surface rocks of AGF, yIf values
of acid rocks < intermediate rocks < basic rocks. Based on
the ylf values reported for several volcanic rocks in the
literature, yIf value of <1x 107% m® kg™! is considered a
limit in this study for altered to intensively altered rocks.
Nineteen out of 38 acid rocks (AC-1, AC-6, AC-8, AC-15,
AC-21B, AC-40, AC-52, AC-67, AC-68, AC-95, AC-98,
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Fig. 5 The binary diagrams of
sample numbers versus sulfur
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AC-100, AC-102, AC-111, AC-114, AC-116, AC-125,
AC-128, and AC-139) have yIf values <1.0x 107° m® kg ™!
(Fig. 6a) indicating that these 19 acid rocks have under-
gone an intensive alteration, whereas the remaining 19
acid rocks (AC-10A, AC-10B, AC-28, AC-33, AC-34,
AC-38, AC-44, AC-47, AC-54, AC-56, AC-59, AC-61,
AC-63, AC-69, AC-73, AC-79, AC-91, AC-118, and
AC-120) have yIf values> 1.0x 107 m?® kg~! (varies
between 2 and 5% 107% m?3 kg_l), thus considered as least
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to less altered rocks (Fig. 6a). Among the intermediate
rocks, two rocks, AC-96, and AC-135, are characterized
by <1x107% m® kg™! and considered as altered to inten-
sively altered, whereas the remaining nine rocks represent
the least to less altered (Fig. 6b). Similarly, out of a total
15 basic rocks, three rocks (AC-21A, AC-50, and AC-80
are characterized by < 1x 107 m? kg~! and these rocks
may be considered as intensively altered and the remaining
12 basic rocks are less altered (Fig. 6¢).
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The ylf values of the rock samples of the present work
are higher than the average values reported for surface rhyo-
lite (acid; 2.0 X 1070 m? kg_l), trachyandesite (intermediate;
2.2%x107% m® kg™"), and basalt (basic; 1.9x 107% m?® kg™
from LHGF, a geothermal field located in the same Mexi-
can Volcanic Belt, MVB. The yIf values of AGF are higher
than those reported for the surface from LHGF. This indi-
cates that the hydrothermal alteration conditions are more
intensive at LHGF compared to those prevailing at AGF.
This interpretation is supported by the fact that despite
both AGF and LHGF being high-temperature systems,
AGF is liquid dominant, whereas LHGF is vapor dominant.
However, the surface rocks of AGF are characterized by
much lower yIf values (higher intensity of alteration) than
those compiled and reported by Hunt et al. (1995) for the

fresh igneous rocks, fresh acid igneous rocks, and fresh
basic igneous rocks, whose yIf values vary between 1 and
100x107* m® kg=!, 0.014 and 13x107* m® kg~!, and 0.2
and 44 x 107 m3 kg~!, respectively. These results follow
the known effects of hydrothermal alteration in reducing y1f
values of fresh rocks (high yIf values) to altered rocks (low
xIf values; Lapointe et al. 1986; Ledesert et al. 1999; Pan-
darinath et al. 2014; Nédélec et al. 2015).

4.3.1 Percentage of frequency dependent susceptibility

The percentage frequency-dependent susceptibility (yxfd%)
is a measure of the occurrence of very fine magnetic
domains on the superparamagnetic (SP) to stable single
domain (SSD). It represents the concentration and magnetic
grain size and indicates the presence of ultrafine (diame-
ter <0.03 pm) superparamagnetic particles (SP), close to
the SP/SD boundary (Thompson and Oldfield 1986; Jackson
et al. 1993; Walden 1999). The literature reveals a relation
between xfd% and magnetic grain size as follows: (1) xfd%
values of <3 and <4 are dominated by frequency independ-
ent SSD and multy domain (MD) grains (Dearing et al.
1996, 1997); (2) the rocks with yfd% of <2 are dominated by
frequency-independent grains; yfd% of > 6 are dominated by
frequency-dependent grains; and yfd% of 2—6 is an interme-
diate group consisting of a mixture of frequency-dependent
and independent grains (Dearing et al. 1996, 1997); (3) the
rock samples with yfd% <2 and y1f>0.5x 107 m? kg™!
samples are mostly pollution particles and igneous rocks
containing SSD and MD ferrimagnetic grains (Dearing et al.
1996); (4) the proportions of SD (or SSD) grains are higher
in the altered rocks than in the unaltered rocks (Dearing
et al. 1996, 1997; Long et al. 2015; Nédélec et al. 2015);
and (5) as a result of hydrothermal alteration, some of the
primary MD grains of the rocks are dissolved and the crys-
tallization of secondary SD grains takes place (Long et al.
2015; Nédélec et al. 2015). Hence, hydrothermal alteration
is responsible for the dissolution of some of the primary MD
magnetites associated with the crystallization of secondary
SD grains (Dearing et al. 1996). Based on these observa-
tions it may be considered that the rock samples located in
the zone defined by yIf values of <0.5x 107® m® kg~! and
xfd% values of 2-10 in the binary diagram yIf versus yfd%
of Dearing et al. (1996) as altered rocks.

38 acid rock samples are plotted in the binary diagram y1f
versus xfd% of Dearing et al. (1996). yIf and yfd% values
of these acid rocks vary from 0.01 to 4.92x 10° m® kg™!
and from 0% to 15.46%, respectively (Fig. 7a). The rocks
in which the yIf values are <0.5x 107° m? kg~! and yfd%
values are between 2 and 10 do not contain any SP grains,
and SD and SSD grains dominate the magnetic mineral
assemblage. The rocks with the higher proportions of SD
and SSD grains are indicative of relatively more alteration
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Fig. 7 The binary diagram
xIfx 1076 m® kg~! versus yfd%
for acidic (a), intermediate (b),
and for basic rocks (c¢)
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(Dearing et al. 1996). Based on this method 19 out of 38
acid rocks (AC-1, AC-6, AC-8, AC-10B, AC-15, AC-21B,
AC-33, AC-34, AC-40, AC-52, AC-67, AC-95, AC-98,
AC-111, AC-116, AC-118, AC-120, AC-128, AC-139;
Fig. 7a), 4 out of 11 intermediate rocks (AC-2, AC-23,
AC-108, and AC-135; Fig. 7b) and 8 out of 15 basic rocks
(AC-9, AC-18, AC-21A, AC-24, AC-50, AC-72, AC-75, and
AC-80; Fig. 7c) are identified as altered rocks.

5 Discussion

Plotting of rock samples in the binary diagram of the fel-
sic component (CaO + K,0 + Na,O) vs mafic component
(Fe,0,"+MnO +MgO) indicated that 15 out of a total of 38
acid rocks (Fig. 2a), five out of 11 intermediate rock samples
(Fig. 2b) and eight out of the 15 basic rock samples (Fig. 2c)
are least to less altered. Thus, 28 out of 64 rocks in total,
are hydrothermally altered (Fig. 2a—c; Table S3). The two
alteration indices CIA (Nesbitt and Young 1982) and WIP
(Parker 1970) have provided consistent results, as both have
indicated that 5 out of 11 intermediate rocks and 8 out of 15
basic rocks are altered. However, for acid rocks (n=38), 17
are classified as altered by CIA (Fig. 3b), while 14 are indi-
cated as altered by WIP (CIA, Fig. 3b; and WIP, IFig. 3e).
In the total 64 surface rocks, 30 and 27 rocks are classified
as altered rocks by CIA and WIP indices, respectively. The
xIf values obtained for acid rocks of the present study are
(AGF; n=38; 0.01 to 4.92 x 107 m® kg~!) within the range
reported for acid igneous rocks (~0.01-10x 107% m? kg™
by Dearing (1999). The classification of volcanic rocks
based on ylf values is also supported by other techniques,
such as the data for mineral composition. It indicates that
19 acid rocks have undergone intense silicification promot-
ing the dissolution of primary minerals and precipitation of
quartz and quartz polimorphs (Table S2). This interpretation
is also supported by their mineral composition data consist-
ing of feldspars, quartz, and quartz polymorphs in these 13
rocks, only quartz and quartz polymorphs in 5 rocks (AC-
40, AC-52, AC-68, AC-95, AC-100) and the remaining one
rock (AC-102) contained only clay minerals (dickite, and
kaolinite). The mineral composition indicates that these 19
acid rocks have undergone an intense hydrothermal altera-
tion (silicification) resulting in the complete dissolution of
primary minerals and precipitation of quartz, and quartz
polymorphs (Table S2).

These values are comparable to those obtained for the
surface rhyolite rocks near the two drilled geothermal wells
of the AGF (yIf values of 0-8.5x 10 m? kg~'; Pandari-
nath 2020), and yIf values of 1.97 x 10 m? kg~! for LHGF,
Verma et al. 2018). An average ylf value of fresh andesite
rocks varies between 0 and 61 x 10 m® kg~! (Hunt et al.
1995). yIf values between 0.1 and 15.0x 107 m? kg™! for

rhyolites and around 6 500 x 1076 m® kg~! for andesites. The
x1f values obtained for 38 acidic rocks vary between 0.01
and 4.92x 107% m? kg~! with 16 out of the 38 acidic rocks
altered as they have low yIf values (<0.5x 107 m? kg™!).
From those 16, five samples show the highest hydrothermal
alteration (lowest yIf values; <0.09 x 10~® m? kg™!). Pan-
darinath et al. (2014, 2019) have successfully demonstrated
the applicability and reliability of ylf in the identification
of hydrothermally altered rocks and zones of hydrother-
mal alteration by applying them to the well rock cuttings
of two geothermal wells of Los Azufres Geothermal Field
of Mexico.

Based on the results of the magnetic properties of the
intermediate rocks, it can be established that the samples
with the greatest alteration (AC-2, AC-23, AC-96, AC-122,
and AC-135) are those with the lowest concentration of ylf,
and yfd%. Geochemical results show that there is an incom-
plete dissolution of ferromagnetic minerals and feldspars,
while quartz and some polymorphs precipitate.

In the case of basic rocks, all samples have high concen-
trations of mafic elements, except for a sample AC-80. Seven
samples show the highest concentrations of mafic and felsic
minerals, while the remaining eight samples have a gradual
decrease in the concentration of mafic minerals and a large
loss of felsic minerals.

Furthermore, the basic rock samples with the great-
est alteration according to yIf and yfd% (AC-80, AC-50,
AC-9, AC-121, AC-18, AC-24, AC-4, and AC-21A) con-
tain quartz polymorphs, halloysite, wheatleyite, hematite,
and maghemite. However, three rock samples AC-21A,
AC-50, and AC-80, are intensively altered, characterized by
high CIA values (90.8-63.9), low WIP values (15.1-40.4),
highest contents of sulfur (980-27000 ppm) and quartz,
lowest content of feldspars, and the lowest values of
xIf (0.03-0.17 x 10° m> kg~!). However, three samples
(AC-9, AC-24, and AC-121) have high CIA (75.6-96.1),
low WIP (4.7-34.8), high LOI (10.3-18.8 wt%), and
high S (40-90 wt%) but exhibit high values of the ylf
(2.7-13.7x 107 m? kg™, corresponding to fresh sam-
ples. Higher values of yIf for these rocks are explained by
the presence of magnetic minerals. In fact, hematite and
maghemite are identified by XRD and they are products of
hydrothermal alteration of magnetite, both at high and low
temperatures.

A comparison of results obtained by different methods
applied in the identification of hydrothermal alteration and
the average number of rocks identified as least to less altered
and altered to intensively altered are presented in Table 1.
Similarly, the alteration status of each rock for each method
is reported in Table S3. The interrelation between some of
the applied methods is evaluated by correlation coefficients
(significant at p-value <0.05). In the acid rocks, as follow-
ing: (1) The strong negative correlation between CIA and
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WIP values (r= —0.9) suggest the higher the CIA and the
lower will be WIP values; the increase in CIA value indi-
cate an increase in the intensity of alteration, whereas the
decrease in the WIP values imply an increase in the inten-
sity of alteration; (see the compiled data presented in the
Table 1 of Pandarinath 2022); (2) the significant positive
correlations between CIA and LOI (r=0.5, Fig. 8b), and
CIA and S (r=0.3) infers that an increase in the intensity of
alteration (increase in CIA) causes an increase in the LOI
and S contents; (3) the positive correlation between LOI and
S (r=0.6) suggest that if LOI content of the rocks increases,
the S content also increasers, and vice versa; and (4) the
negative correlation between ylf and CIA (r= —0.4) and
the positive correlation yIf and WIP (r=0.4) deduces that
the increase in the intensity of alteration (increase in CIA
and decrease in WIP) effects an increase in the dissolution
of Fe-minerals (magnetic minerals) and Fe-bearing minerals
and precipitation of quartz and feldspars, finally resulting in
to the lower yIf values.

The interrelation between some of the applied methods
for intermediate and basic rocks reveals that: (1) as in the
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case of acid rocks, there is a strong negative correlation
between CIA and WIP in intermediate rocks (r= —0.9)
and in basic rocks (r= — 1.0) suggesting that an increase in
CIA value indicate an increase in the intensity of alteration,
whereas the decrease in the WIP values imply an increase
in the intensity of alteration; (2) there is a strong positive
correlation between CIA and LOI (r=1.0; Fig. 8b) in inter-
mediate rocks and basic rocks (r=0.9) infers that an increase
in the intensity of alteration (increase in CIA) causes an
increase in the LOI content in intermediate and basic rocks.
There are no more significant correlations between the
parameters in intermediate rocks, except one more signifi-
cant correlation between ylf and S (r= —0.5) in basic rocks.
This correlation between magnetic susceptibility (yIf) and
S contents reveals that an increase in ylf causes a decrease
in S content in basic rocks. As there is no direct relation
between ylf and S, it may be considered that an increase in
the intensity of alteration causes the dissolution of magnetic
and/or Fe-bearing minerals resulting in a decrease in ylf val-
ues. An increase in the intensity of alteration may increase
in S content.

This shows that hydrothermal alteration of the rocks
results in the dissolution of magnetic minerals and lower
x1f values. An average ylIf value of fresh andesite rocks
reported in the range varies between 0 and 61 x 107° m? kg ™!
(Hunt et al. 1995). They have also reported that the mag-
netic susceptibility of rhyolite, intermediate, and basic
rocks varies between 0.1-15x 107 m? kg_l, 65.0, and
0.084-61.0x 10° m? kg™!, respectively. World average
igneous rocks contain yIf of 1.0-100.0x 10° m3 kg™!, aver-
age acidic igneous rocks contain 0.014-31x 10° m® kg~!,
and average basic igneous rocks between 0.20 and
44x107° m? kg™! (Torres-Alvarado et al. 2007). In the pre-
sent study, yIf of the total 38 acid rocks varies between 0.01
and 4.92x107% m® kg~! and is significantly lower than the
xIf of rhyolite rocks (0.1-15x 10® m® kg™!) and average
acidic igneous rocks (0.014-31x 107® m? kg™!) reported by
Hunt et al. (1995).

Low yfd% values and/or higher proportions of SD (or
young SSD) grains are characteristic of relatively more
altered rocks. Nédélec et al. (2015) have reported that
hydrothermal alteration of magnetite-bearing A-type gran-
ites has caused a decrease in magnetite contents, which in
turn resulted in a lowering of the magnetic susceptibility of
these rocks. They have also reported that the hydrothermal
alteration is responsible for the dissolution of some of the
primary MD magnetites and the crystallization of secondary
SD grains, which has resulted in higher proportions of SD
grains in the altered than in the unaltered rock samples. The
binary diagram (yIf vs. yfd%) of Dearing (1996, 1999) is
used to differentiate fresh and altered rocks (Fig. 7a—c). The
rock samples plotted in the zone represented by yfd% values
of 2-10 and y1f <0.5x 107 m? kg~! indicate that these rocks
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do not contain SP grains, and SD and SSD grains dominate
the magnetic mineral assemblage. The rocks with higher
proportions of SD and SSD grains and with xfd% values
of 2-10 and 1f <0.5x 107° m? kg™ are indicative of rela-
tively more altered (Dearing 1999). 31 out of a total 64 rock
samples of the present study are altered rocks (Fig. 7a—c).
In the present study 19 out of 38 acid rocks (Fig. 7a), 4 out
of the 11 intermediate rocks (Fig. 7b), and 8 out of 15 basic
rocks (Fig. 7c) have been plotted in the zone with yIf values
of <0.5x 107% m> kg~ and yfd% values of 2—10 (Fig. 7a—c).
As this diagram has not yet been validated, we have not pre-
sented the localization of the hydrothermally altered surface
rocks in Fig. 1. Both altered and less altered rocks are pre-
sent on or near fault zones in AGF area (Fig. 1). We suggest
that altered rocks relate to faults with a direct connection
to the deep hydrothermal system, where thermal water and
gases emanate to the surface, modifying the rocks. In the
case of unaltered rocks near or on faults, we suggest that a
self-sealing of these structures occurred as a consequence
of mineral precipitation at depth, blocking the emanation
of gases and thermal waters to the surface. Furthermore,
this interpretation is also supported by the literature (Lopez-
Hernandez and Castillo-Hernadez 1997; Lopez-Hernandez
et al. 2009; Canet et al. 2010, 2015; Bélos et al. 2022). Not-
withstanding, further application of these methods in other
locations is needed to support better such conclusions.

6 Conclusions

The study on chemical, mineralogical, and rock magnetic
parameters of the surface volcanic rocks of the Acoculco
Geothermal Field (AGF) reveals that some of the exist-
ing chemical methods (chemical alteration indices, CIA
and WIP; LOI; and S content) and newer methods (felsic
and mafic components of major elements oxides, yIf and
¥fd%) in identification of hydrothermally altered rocks from
the surface of AGF are equally effective in the identifica-
tion of hydrothermally altered rocks from the surface of
AGF. In these rocks, it is observed that yIf values of acid
rocks < intermediate rocks < basic rocks, which shows the
lithological influence on these parameters. At AGF, the most
altered surface acid rocks are characterized by entirely quartz
and its polymorphs, and clay minerals. The rock magnetic
parameters y1f and yfd% are easy to measure, cost-effective,
and have the potential to become reliable additional tools for
future exploration studies. The present study, apart from pro-
viding the multi-parametric based alteration record for the
surface region of AGF, also served in validating the applica-
tion of the magnetic properties of rocks in the identification
of the hydrothermally altered surface rocks, which can be
useful during the initial stages of geothermal exploration.
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