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Gold ore identification in Santa Catarina Gabbro using electrical resistivity
tomography (ERT) and visualization of mineralization in three dimensions, Sao
Sepé, Rio Grande do Sul, Brazil

Bruno Daniel Lenhare!®, César Augusto Moreiral®, Lenon Melo Ilha?

Abstract

This work presents the geological-geophysical characterization of a probable occurrence of gold in ~ Key words: Mineral
Santa Catarina Gabbro, in Sdo Sepé region, Rio Grande do Sul state, southern Brazil. Previous works  research, Resistivity
have indicated the presence of gold in the region in current sediments geochemical prospecting  Chargeability, Electrical
campaigns and suggests that the source area would be the Santa Catarina Gabbro. To investigate tomography, Gold.
over this probable occurrence of gold, geological and structural surveys were conducted, followed

by the acquisition of geophysical information using the DC-resistivity and IP methods, with the

dipole-dipole array. The geophysical data were processed in 2D inversion and then interpolated to

allow the three-dimensional visualization of possible mineralization. Interpretations based on the

compilation of geological and geophysical data, in association with the regional structural context,

suggest that the probable mineralization were originated from the intrusion of the Sao Sepé Granite,

whose hydrothermal fluids were hosted in fractures during the tectonic events that occurred in

the region. The results obtained in this work allow to outline a feasible deposit architecture with

the geological context of the region and to assist a future drilling strategy aimed at the identified

probable targets.

Resumen

Este trabajo presenta la caracterizacion geologica-geofisica de una probable ocurrencia de oroenel  Palabras clave:

Gabro Santa Catarina, en la region de Sdo Sepé, estado de Rio Grande do Sul, sur de Brasil. Trabajos  Investigacién mineral,
anteriores han indicado la presencia de oro en la region en las actuales campafias de prospeccion  Resistividad, Cargabilidad,
geoquimica de sedimentos y sugieren que el area de origen seria el Gabro Santa Catarina. Para Tomografia eléctrica, Oro.
investigar sobre esta probable ocurrencia de oro, se realizaron estudios geoldgicos y estructurales,

seguidos de la adquisicion de informacion geofisica utilizando los métodos de resistividad DC e IP,

con el arreglo dipolo-dipolo. De estos datos se obtuvieron inversiones 2D las cuales luego fueron

interpolados para permitir la visualizacion tridimensional de la posible mineralizacion. Interpre-

taciones basadas en la recopilacion de datos geoldgicos y geofisicos, en asociacion con el contexto

estructural regional, sugieren que la probable mineralizacion se originé a partir de la intrusién

del Granito Sao Sepé, cuyos fluidos hidrotermales se alojaron en fracturas durante los eventos

tectonicos ocurridos en la region. Los resultados obtenidos en este trabajo permiten delinear una

arquitectura de yacimiento factible con el contexto geolégico de la regién y ayudar a una futura

estrategia de perforacion dirigida a los objetivos probables identificados.
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1. Introduction

The world demand for mineral resources has increased sig-
nificantly in recent years and, on the other hand, the number
of discoveries of new economically viable mineral deposits
has decreased. The discovery of new mineral deposits means
ensuring the provider of metallic and non-metallic goods to
supply the current demand (Marjoribanks, 2010; Mostafaei
& Ramazi, 2018). Giant mineral deposits have already been
discovered over the course of the 20th century and new
probable deposits are far from economic consumer centers,
in places whose complex climatic and geological conditions
require technology and large financial investments to detect
or even exploit them.

The geophysical methods applied in prospecting and
mineral research use the contrast of physical properties
between the host rock and a potentially mineralized target
and assist in the determination of new mineral deposits. DC
resistivity (DC) and induced polarization (IP) are important
survey techniques for mineral prospecting and enable fast
and low cost surveys in mineral deposit studies (Chapman
& Mortensen, 2016; Deng & Wang, 2016; Dentith & Mudge,
2014; Marjoribanks, 2010; Moon et al., 2006; Zonge et al.,
2005). The use of automated geoelectric data acquisition
systems, due to its versatility, has been widely disseminat-
ed to solve environmental, hydrological, geotechnical, and
especially mineral research, in which a greater detail of the
subsoil is sought. The low cost, high speed and wide area of
data acquisition and good response in complex and hetero-
geneous geological environments has driven the use of this
technique by several authors in the last decades and has been
successful in determining targets (Amidu & Olayinka, 2006;
Cortes et al., 2016; Dahlin & Loke, 1997; Gouet et al., 2016;
Griffiths & Barker, 1993).

Gold has high mobility in soils, especially in tropical re-
gions, as is the case in the study area. The formation of some
deposits depends on the mobility, transport, and precipitation

Dipole-dipole

of gold in regions of strong weathering. The acquisition of
geochemical data is also very important, since the high mo-
bility of gold can lead to the concentration and generation of
rich deposits (Biondi, 2015; Mann, 1984; Vasconcelos & Kyle,
1991). The association of geochemical and structural methods
can direct the geoelectrical studies in the detection or detailing
of targets and achieve the success in the investigation.

The southern center of Rio Grande do Sul state was an
important mining province in the early 20th century. The
mineralization of the Sdo Sepé region, where the present
study area is located, is associated with milky quartz lodes
intruded in basic and metabasic rocks. The main deposits of
gold were recognized in the mines of Bossoroca, Cerrito do
Ouro, Passo da Juliana, Guardinha, Lavrinha, Viiva Guerra
Durval and Estuque (Bettencourt, 1972; CPRM, 1995, 2014).

The presence of gold in the Santa Catarina Gabbro was
indicated geochemical exploration in current sediments in
recent fluvial sedimentary deposits conducted in previous
geological and metalogenetic surveys (CPRM, 1995). Similar
DC (> 5,000 Q.m) and IP (> 10mV/V) values for this type
of mineralization have been described in geophysical sur-
veys carried out in the region by some authors and served
as a basis for correlation in this work, and this shows that,
in fact, the use of electrical methods are reliable for metals
prospecting (Cortes et al., 2016; Moreira et al., 2012, 2016;
Moreira & Ilha, 2011).

2. Materials and Methods

Investigations in the study area started with detailed geo-
logical mapping and collection of structural data. Then, the
acquisition of geophysical information was carried out. The
equipment used in the geophysical survey was the Terrameter
LS resistivity meter, manufactured by ABEM Instruments
(Sweden), with a resolution of 1wV (ABEM, 2012). This equip-
ment is calibrated for resistivity measurements by periodic
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Figure 1. Scketch of the dipole-dople array used in this study that was adapted from dipole-dipole array. Adapted from Keary (2009).
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cycles of alternating and low frequency electrical current. This
procedure allows the noise filtering of the acquired signal.
Data was obtained by using the dipole-dipole arrangement
and the methods of Electroresistivity and Induced Polarization
(Dentith & Mudge, 2014). The dipole-dipole array presents
good lateral resolution and good results in the identification of
vertical structures, as it is the geological context of the study
area (Moreira et al., 2016; 2018; 2020; Cortés et al., 2019). For
the studied targets the dipole-dipole arrangement, associated
with the geological and structural surveys carried out in the
field, returned promising results with the geological reality
of the mineralized bodies.

The dipole-dipole array is the most widespread among
the several existing for the realization of electrical imaging.
It consists of an arrangement widely used in mining, un-
derground water prospecting, environmental studies and
engineering geology (Telford et al., 1990). In the dipole-dipole
array the electrodes are arranged in lines and the spacing
between the pairs of current and potential electrodes remains
fixed during data acquisition. The data acquisition consists
in obtaining several measurements, with fixed and equal
spacing of the emission dipole (AB) and of the reception
dipole (MN) (Figure 1).

During the acquisition of geophysical data, both resistivity
and chargeability the arrangement is displaced “n” times the
distance equal to the dipoles spacing. The measured value
is then represented at a point on the surface located at the
intersection of the lines that depart 45° from the center of
the dipoles, positioned at the midpoint between them. Higher
depths of investigation are achieved as the distance between
the dipoles increases but limited by an acceptable value where
that corresponds to the potential readings higher than the
noise level present at the investigated site. By repeating this
procedure, a pseudosection of apparent electrical resistivity
is generated along the survey line (Coggon, 1973).

The geophysical data collected were processed using the
software Res2Dinv (Geotomo, 2003). This software is able to
analyze large data sets and to determine, based on inversion
method, a two-dimensional model of resistivity and charge-
ability for the subsurface (Griffiths & Barker, 1993).

In the inversion process the pseudo section generated by
the acquired data is represented by a mesh of rectangular equal
area, each with its own resistivity (Milsom & Eriksen, 2011).
The smoothing inversion method, used in this work, is based on
the mathematical method of least squares, which aims to
minimize the sum of the squares of errors between the model
response and the observations. The RMS values are high,
possibly due to the large contrast of values in each section.
During the data acquisition period, which took place towards

the end of the rainy season, the contact resistance values were
low consequently. Information regarding the topography
and azimuth along each line were obtained by compass and
a digital elevation model. The distance between the lines
were determined using a measuring tape. In this way, the
data processing considered the topographic adjustment and
the inversion model.

The difference between the apparent resistivity values,
measured in the field and calculated by the resistivity adjust-
ment of the block model is expressed by the RMS error. The
final data are presented in the form of sections of resistivity
and chargeability in terms of distance versus depth, with a
logarithmic graph scale and interpolation intervals of color
values (Loke & Barker, 1996).

After the 2D inversion at each line, the generated data
were collected in a single file, later used as a database for the
generation of quasi 3D models and depth maps, using Oasis
Montaj software (Geosoft, 2010).

The interpolation of the data for 3D visualization was per-
formed using the kriging method, followed by the application
of the statistical method of minimum curvature for smoothing
the central values in relation to the extremities. The least
curvature statistical method was used to solve the kriging
border effect.

The ERT lines were set perpendicular to the main struc-
tures of the selected targets, allowing a greater contrast
between the hosting rock and the structures like fractures
and quartz veins, with emphasis on the mineralized zones.
The main foliation of the rock is millimetric, penetrative and
occurs in several directions, but there is a predominance for
NW and NE, which are the main trends for the region, ac-
cording to the literature (Biondi, 2015; CPRM, 1995; Jackson
etal., 1973).

3. Results and Discussion
3.1. Geologic and metalogenetic context

The Santa Catarina Gabbro is located at Sul-rio-grandense
Shield (SRGS), which is a geotectonic unit located in the
southern portion of the Mantiqueira Province, with predomi-
nance of metamorphic and sedimentary igneous rocks, in the
south center of the state of Rio Grande do Sul, southernmost
Brazil (Almeida et al., 1981; Hasui et al., 1975).

During the Neoproterozoic (~ 900-550 Ma) the SRGS was
an important area of crustal accretion and reworking. The
geochronological information indicates three main orogenic
events: (i) crustal accretion phase with juvenile magmatism
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Bruno Daniel Lenhare, César Augusto Moreira y Lenon Melo llha | 595

between ca. 890 and 860 Ma; (ii) continental arc magmatism
and accretion between ca. 770 and 680 Ma; (iii) collisional
metamorphism between 650 and 620 and main magmatic
phase between ca 650-550 Ma with a strong crustal anatexis
caused by injection of magmas (Fragoso Cesar, 1991; Philipp et
al., 2016). The SRGS is limited by regional NE-SW lineaments
and is divided in the terrains Taquarembd, Sao Gabriel (where
the study area is located), Tijucas, Santana da Boa Vista and
Pelotas (Andriotti, 1999; Fragoso Cesar, 1980; Fragoso Cesar
et al., 1982; Goni et al., 1962; Hartmann et al., 2000; Pertille
et al., 2015; Philipp et al., 2016).

The tectonic evolution in the SRGS indicates the closure
of ancient oceans and the metamorphism of a sedimentary
sequence (Bossoroca Metamorphic Complex) and marine
bottom magmatism (Basic Metamorphic Ultrabasic Complex).
The rocks of the Ultrabasic-Basic Metamorphic Complex show
evidence of a genesis related to the sea bottom magmatism,
possibly related to ophiolite sequences and reaction between
basaltic magmas and peridotite rocks (Biondi, 2015; Philipp
etal., 2016).

Mineralized zones are not random geological accidents and
devoid of connection with geological processes forming the
earth's crust. The gold occurrences of Santa Catarina Gabbro
probably were hosted in different portions and depths of that
body by a specific post-magmatic event that produced heat in

BRAZIL

RS

sufficient quantity to cause the mineralized solutions to flow
to the host rock, the gabbro (Hartmann et al., 2000; Koppe,
1990; Skinner, 1997).

The Basic-Ultrabasic Stratigraphic Complex is composed
of ultrabasic portions of serpentinized peridotites, pyrox-
enites, in variable proportions; and another basic portion
that includes gabbros, leucogabbros and anortosites, related
to intrusive and tectonic events dating from the Lower Pro-
terozoic (Régo, 1981).

This unit is divided into two plutonic bodies: the Pedras
Pretas Massif and the Santa Catarina Gabbro. Pedras Pretas
Massif has its geological, petrological and geochemical details
characterized in previous works (CPRM, 1995; Régo, 1981).
Santa Catarina Gabbro was originally described by early
authors and will be detailed below (Rodrigues et al., 1982).

The contact relation between the Vacacai Complex and
the rocks of the Basic-Ultrabasic Stratigraphic Complex is
controversial, since authors discuss whether the bodies are
related to the evolution of the basic-ultrabasic metamorphites
(Issler et al., 1973; Koppe et al., 1985) or if they are considered
as belonging to the transamazonic base exposed in nuclei of
dipole structures (Soliani Jr., 1986). For the Santa Catarina
Gabbro, which has a considerable extension in depth accord-
ing to the magnetometric profiles of the Camaqua Aerogeo-
physical Project (Jackson et al., 1973), there is no evidence

244800 245200

6643200

6642800

D Santa Catarina Gabbro
£

Figure 3. Localization of the study area.
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that it has been affected by the tangential deformation phases
imposed on the rocks of the Vacacai Complex.

Previous works correlate the Santa Catarina Gabbro with
the Mata Grande Gabbro, whose adopted age is 2.2 Ga (CPRM,
1995; Rodrigues et al., 1982). The relation of contact with the
Pedras Pretas Massif is not clear, mainly due to the fact that
these rocks are exposed in the form of blocks. However, in the
ultrabasic nucleus in the southeastern portion of the Pedras
Pretas Massif an intense fracturing is observed, which is the
tectonic contact with Santa Catarina Gabbro. The Santa Ca-
tarina Gabbro exposed area covers 0.8 km? with outcrops of
rounded boulders scattered across the field, whose dimensions
reach up to one meter in diameter, and in slabs in drainage
beds (Figure 4).

Due to the outcrop characteristics of this unit, it is difficult
to visualize primary magmatic structures, although a fine
irregular and discontinuous banding is observed, represented
by the concentration of mafic minerals in levels of millimeter
thickness. In the outcrops surveyed it was observed that the
gabbro is quite fractured, whose directions predominate in
the NNW direction.

Santa Catarina Gabbro mineralogy consists of plagioclase
(45 to 80%), pyroxene (5%), opaque minerals (5%), apatite
(2%), quartz (7%) and traces of alkali feldspar and zircon.
The secondary mineralogy is composed of amphibole (30 to
50%), epidote (5%), chlorite (10%), sericite, carbonates, and
secondary opaque (Régo, 1981; Rodrigues et al., 1982).

The most common texture is the cumulate, with differen-
tiated terms and unequigranular texture optic to subophic.

The structure of the rock is massive, equigranular of fine
granulation to medium and dark coloration. Therefore, the
above authors classify this unit as gabbros, diorites and quartz
diorites (subordinates).

Although the Santa Catarina Gabbro is inserted in a con-
text of a metamorphic belt, the mineralogical composition
does not indicate that the rock has been affected by regional
metamorphism and can be classified as a gabbro. The absence
of deformations suggests that Santa Catarina Gabbro is an
autochthonous body, of Transamazonian age (Sartori, 1978).
By means of these data Santa Catarina Gabbro is nowadays
understood as a tectonic window of an older basement, on
which were lodged rocks of the Metavolcanic Sedimentary Belt.

The gold mineralizations of the Sdo Sepé region are asso-
ciated with milky quartz veins deposits and are intruded in
basic and metabasic rocks that may correspond to tectonic
imbrications of the Basic-Ultrabasic Metamorphic Complex.
These deposits are recognized in the mines of Bossoroca, Cer-
rito do Ouro, Passo da Juliana, Guardinha, Lavrinha, Viava
Guerra Durval and Estuque (CPRM, 1995). It is suggested
that the metalogenesis of the Bossoroca, Cerrito do Ouro and
Passo da Juliana mines are classified as depth source orogenic
hydrothermal deposits (Groves et al., 1998; Remus, 1999).

The orogenic model was originally applied strictly to the
syntectonic deposits formed in compressional or transpres-
sional systems, that is, syn-orogenic deposits. However, the
term has been progressively expanded to include deposits that
are post-orogenic in relation to processes at their crustal depth
of formation. The orogenic hydrothermal deposits occur in
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all grades of metamorphic rocks, associated with accretion
and collisional orogenic ages ranging from the Archaean to
the Cenozoic. The hydrothermal source is derived from the
juvenile crust at about 700 Ma during the dynamothermal
regional metamorphism and TTG magmatism of the volca-
nic arc region, associated with extensional veins, from E-W
to NW-SE directions, connected to the shear zone (Groves
etal., 1998).

The petrographic analysis of the Santa Catarina Gabbro
shows that gold (Au) is not present in its mineralogical com-
position, however the geological and geochemical data show
a potential area for Au + sulfides (Régo, 1981; Rodrigues et
al., 1982). Therefore, the gold may have been leached from
the Vacacai Metamorphic Complex, during the regional meta-
morphism phase, with reconcentration along the low angle
shear zones, in the form of fractions and hydrothermal lodes.

There are no specific studies on the origin of the hy-
drothermal fluid and source of metals that originated the
auriferous mineralizations in the gabbro, however, evidence
of metamorphism in green shale facies above amphibolite as
contact metamorphism (hornblende facies) generated by the
intrusion of the S3o Sepé Granite, evidences that this was the
source of heat responsible for the concentration of ore in the
gabbro fractures (D’Avila et al., 1985).

244500

245000

Previous work on geochemical prospecting in current
sediments identified the occurrence of 48 gold pints in a
drainage that flows from Santa Catarina Gabbro (CPRM,
1995). After the publication of the results of that work, there
was no further mineral research to delimit the probable
occurrence of gold in the study site. The work of geological
mapping and acquisition of geophysical survey was carried
out to test the hypothesis that Santa Catarina Gabbro is the
source rock and that there is a probable mineral deposit there
(Figure 5).

3.2. Geological mapping and structural survey

Geological mapping and structural survey data indicated
that Santa Catarina Gabbro has a massive structure with the
presence of fractures (Figure 6). To evaluate the local struc-
tural pattern, 130 fracture measurements were taken. The
fractures are arranged in different directions, but with families
of fractures arranged according to the NNW direction. Then,
it was possible to obtain a reliable statistic of the structural
measures and to plot this information in the stereogram, using
OpenStereo software (Grohmann & Campanha, 2010) (Figure
7). These fractures may be related to a crustal relaxation phase

245500

D Santa Catarina Gabbro @  Pints of gold

Figure 5. The numbered points are the places where gold pints were found in geochemistry of current sediments and pan concentrate.
The number indicates the amount of gold pints found in each location (CPRM, 1995).
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Figure 6. A: predominant land cover in the study area (pastures); b, c and d: Santa Catarina Gabbro outcrops with presence of fractures,
with predominance of the NE-SW and NW-SE directions (the arrow direction of the card in the photo is to the north).

270 90 270 90

180 180

Figure 7. Stereogram of the main directions of the Santa Catarina Gabbro fractures.
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after the intrusion of the Cagapava and Sao Sepé granites and
probably acted as preferred paths for metasomatic liquids
of the probable mineralization. The study of the structural
arrangement for ore prospecting is fundamental for planning
the distribution of electrical tomography lines, since previous
works show that the gold mineralizations in the region are
associated with fractures (Moreira et al., 2012). From this
information, the electrical tomography lines were distributed
in a E-W direction.

3.3. Geophysical survey

The geophysical survey consisted of 5 parallel lines of
electrical tomography each with 400 meters of length spaced
100 meters and with 10 meters electrode spacing heading N90,
and 10 levels readings of electrical resistivity and chargeability
(Figure 8).

Petrography works did not detect primary gold in the
original chemical composition of the Santa Catarina Gab-
bro, therefore, the anomalies can be attributed to the strong
polarization of structures and can be interpreted as high
concentrations of metallic minerals probably distributed in

244400 244800

6642800 6643200

6642400
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fractures (D’Avila et al., 1985; Rodrigues et al., 1982).

The analysis of the resistivity models allows to discrimi-
nate areas of low resistivity (<35 Q.m) in the central domain
of the sections, possibly associated with percolation of water in
preferred flow paths. The resistivity is inversely proportional
to the salinity of water, as the dissolved salts act as a pathway
for electric current flow. In the field was recognized a high
angle foliation in the central band of electrical tomography
lines, besides fracturing in several points. Such structures can
serve as preferential percolation zones of meteoric waters,
whose interaction with amphiboles and pyroxenes results
in hydration and generation of clay minerals. This process
results in water saturated alteration zones which justifies
the characteristic of low resistivity observed in practically
all sections (Delgado-Rodriguez et al., 2014).

The 2D inversion models show that the spatial distribution
of the contrast values for the explored levels is not uniform,
with zones of low resistivity and high chargeability in the
form of rounded or elliptical pockets throughout the sections
and at various levels of depth. Specific ranges of resistivity
values (between 0.5 Q.m and 10,000 Q.m) and chargeabil-
ity (between 0.01 mV/V and 20.0 mV/V) were selected for

245600 246000

—P Tomography lines
i ! Santa Catarina Gabbro

Tmm--

Gold pints

ORDINES, SNESIANE

Figure 8. Location of the electric tomography with the direction N90°E.
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Figure 9. Inversion models for resistivity (ER).
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modeling in the form of 3D visualization model surfaces, to
evaluate the forms of zones of resistivity and chargeability
anomalies (Figures 9 and 10).

The analysis of the 2D inversion models also indicate
zones of high resistivity (> 10.000 Q.m), both in deep and
outcrop positions. In the field, gabbro boulders were ob-
served, which justifies the high resistivity and, therefore,
the regions of high resistivity located in depth should then
be analogous and represent the rocky massif (probably with
some degree of silicification and some late quartz veins).
Likewise, the inversion models for chargeability show gra-
dients that represent a possible mineralized structure, with
areas of high chargeability disposed in most extension of the
sections, with gradients higher than 20 mV/V, not necessarily
coincident with areas of low resistivity.

The mineralization was hosted in the gabbro through
several tectonic events, and the difference of chargeability
between these and the host rock were detected in the inver-
sion models. Similar values were acquired for this scenario
and served as a basis for correlation in this work (Moreira
etal.,2012).

Several evidence support the concept that Au is mobile as
dissolved or colloidal complexes in surficial environments.
Several studies have found elevated dissolved Au concentra-
tions in the vicinity of Au mineralization (Hamilton et al.,
1983; Xie et al., 1987). Therefore, according to the authors
above mentioned, near-surface chargeability anomalies may
refer to gold mineralization, which, although deep-hosted
associated with quartz veins, migrated to shallower levels
given the mobility properties of the metal.

However, these anomalies correlates with earlier works
where the authors describe the occurrence of gold pints
(between 7 and 48 pints), magnetite (80% by volume of con-
centrate) and pyrite(CPRM, 1995). Similar IP values for this
type of mineralization were described in another geophysical
survey carried out in the region by some authors and served
as a basis for correlation in this work (Moreira & Ilha, 2011).

The distorted form of field propagation of the dipole-dipole
array is effective in the detection in verticalized structures.
The size and shape analysis of the potentially mineralized
zones and the 2D inversion models were combined in 3D
visualization models, in association with the structural data
collected in the field. From the blocks with interpolated re-
sistivity surfaces, isovalues surfaces were modeled for each
block, representative of the acquisition array, which may
reveal structures and the possible mineralization architecture
(Figures 11 and 12).

After the discrimination of regions of high chargeabil-
ity and low resistivity, obtained from the interpolation of

those acquired in the pseudo-sections, the information was
correlated to stablish locations with overlapping of these
values, which may indicate the occurrence of a mineralized
zone (Figure 12).

The humid tropical climate of Brazil favors the chemical
weathering of rocks and the consequent formation of residual
soil. This weathering can reach depths of a few tens of meters
and act on the mineralized zone, as is the case of the study
area. The natural evolution of the relief, associated with the
humid climate, the formation of soil by the breakdown of
rock and mineralized zone can favor the incorporation of gold
nuggets in the soil. Erosion and surface water runoff acting
in this location can condition the transport of gold particles
to the following region’s drainages.

The information on the localization of possible gold min-
eralization from the three-dimensional visualization model,
allows to indicate on map probable occurrences on a map
that could be useful in the stage of establishing strategies
for a future drilling campaign. The following mineraliza-
tion localization map integrate geoelectric, geological and
structural information for Santa Catarina Gabbro, described
along this work and it can lead to the localization of the main
occurrences of gold in the region. (Figure 13).

Conclusions

Previous work on geochemical prospecting in stream
sediments found an attractive amount of gold pints, which
lead to suggest that Santa Catarina Gabbro could be the
source rock for gold mineralization (Rodrigues et al., 1982).
This work gathered geological, structural, and geophysical
information that aimed to test this hypothesis.

Geological reconnaissance in the Santa Catarina Gabbro
area allowed the description of a basic rock whose structure
is relatively simple, composed of fractures in some preferred
directions. The gabbro petrography analyses indicated the
absence of gold in its composition; therefore, the ore possibly
is hosted in fractures, or possible quartz veins that are further
introduced in the rock.

The geophysical information associated to the data collect-
ed in the geological reconnaissance, allowed the imaging of
structures contrasting with the physical parameters, closely
related to the tectonic elements of a deposit. It also allowed
the delimitation of a possible sulphide mineralization in
depth and marginal silicification zones, characterized by low
resistivity and high chargeability anomalies. These results
are consistent with those described in works reported in the
academic journals.
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Figure 11. a) 3D visualization (upper panel of resistivity distribution), and bodies with resistivities > 10,000 Ohm.m. b) Chargeabil-
ity distribution (upper panel), and isosurface with a chargeability of 29 mV/V (lower panel).

Figure 12. a) 3D view where high resitivity (> 10,000 Ohm.m) and high chargeability (>20 mV/V), b) Rotated 3D view shown in a).
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Figure 13. Position of the shallow high chargeability area (10m deep) in the study area.

The humid tropical climate of Brazil favors the chemical
weathering of rocks and the consequent formation of residual
soil. This weathering can reach depths of a few tens of meters
and act on the mineralized zone, as is the case of the study
area. The natural evolution of the relief, associated with the
humid climate, the formation of soil by the breakdown of
rock and mineralized zone can favor the incorporation of gold
nuggets in the soil. Erosion and surface water runoff acting
in this location can condition the carriage of gold particles
to the region's drainages.

The analysis and interpretation of the results were based
on the regional geological evolution, structural context and
metalogenesis of the deposits, which resemble the occurrenc-
es of Bossoroca and Cerrito do Ouro, which are deactivated
mines, but which explored deposits of hydrothermal origin.
The occurrence of sulfide mineralization with associated
gold comes from hydrothermal fluids from the intrusion of
the Sdo Sepé Granite. This regional metallogenetic context
gave rise to small volume bodies, but with great potential for
high levels of gold.

From the analysis and interpretation of 2D inversion
models and 3D visualization acquired in the geophysical
survey, it is understood that the dipole-dipole arrangement is

suitable for this study, as it presents good resolution of rock
structures, such as fractures.

The results allowed the three-dimensional determination
of the morphology of the possible sulphide mineralizations,
through the integration of geoelectric and structural data.
However, the confirmation of the targets requires research
work with the use of direct investigation methods, such as,
for example, drilling campaigns and collection of samples and
further geochemical analysis. The information obtained in
this work reveals that the probable mineralizations present a
structural control, whose disposition in depth is conditioned
by fractures attitudes.

These results make possible to outline a strategy for a
drilling campaign directed at the targets identified, with
reduction of uncertainties, which is decisive in terms of an
adequate quantification of reserves and economic feasibili-
ty of mineral occurrences and are incentives for the use of
geoelectrical methods.
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Analysis and Interpretation of Regional Gravity Data in the Swayze greenstone

belt of the Superior Province, Canada

Satizabal, D.1*@, Nitescu, B.1

Abstract

The Swayze greenstone belt (SGB) is an Archean granitoid-greenstone terrain located in the central
part of the Superior Province in Canada. The main objective of this project consisted in doing an
analysis and modelling of public regional gravity data of the Swayze greenstone belt with the aim
of examining the geometry and depth extent of the geological bodies that occur in the area of this
greenstone belt. Gravity data from the Geophysical Data Repository of Natural Resources Canada
was used to obtain forward 2.75D gravity models along three profiles, two transversal and one
longitudinal to the geological structures of the Swayze greenstone belt. Gravity forward modelling
along these profiles was performed using different constraints such as mapped geological contacts
at the surface and petrophysical data of different type of rocks of the Abitibi greenstone belt. The
models provide an attempt to characterize the geometry and depth extent of the geological units
composing the SGB, using regional gravity data.

Resumen

El cinturdn de rocas verdes Swayze (Swayze greenstone belt - SGB) es un terreno compuesto de
granitoides y rocas verdes del Arcaico ubicado en la parte central de la Provincia Superior de Ca-
nada. El objetivo principal de este proyecto consistid en realizar un andlisis y modelado de datos
gravitacionales regionales publicos del cinturén de rocas verdes Swayze con el objetivo de examinar
la geometria y extension en profundidad de los cuerpos geolégicos que ocurren en el area estu-
diada. Se utilizaron datos de gravedad del Repositorio de Datos Geofisicos de Recursos Naturales
de Canad4 para obtener modelos de gravedad 2,75D a lo largo de tres perfiles, dos transversales
y uno longitudinal a las estructuras geoldgicas del cintur6n de rocas verdes Swayze. El modelado
de gravedad a lo largo de estos perfiles se llevd a cabo utilizando diferentes restricciones, como los
contactos geologicos cartografiados en la superficie y los datos petrofisicos de diferentes tipos de
rocas del cinturén de rocas Abitibi. Los modelos proporcionan una aproximacion de caracterizar
la geometria y la extension en profundidad de las unidades geoldgicas que componen el SGB,
utilizando datos gravimétricos regionales.
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Introduction

The Swayze greenstone belt (SGB) is located in the west-
ern Abitibi subprovince of the Superior Province in Ontario,
Canada (Figure 1). It is an Archean-age greenstone belt com-
posed of metavolcanic, metasedimentary and metaplutonic
rock types (Heather et al., 1995). The SGB was a focus area of
the Metal Earth project of the MERC (Mineral Exploration
Research Centre, Laurentian University, Sudbury), which
involved crustal-scale geophysical investigations of the Swayze
greenstone belt area with reflection seismic, magnetotelluric
and gravity surveys. Geological mapping was also done along
the geophysical transects, to provide an up-to-date base for the
interpretation of the geophysical data (Haugaard et al., 2017).

The current project is focused on the analysis and model-
ling of public regional gravity data of the SGB that is openly
available for the area of study with the purpose of contributing
to the geological comprehension of the main characteristics
of the upper crust in this area. Thus, the depth and geometry
of the different bodies that form the subsurface structure of
the SGB were investigated using gravity modelling.

Bouguer Anomaly data was downloaded from the Geo-
science Data Repository for Geophysical Data of Natural
Resources Canada (http://gdr.agg.nrcan.gc.ca/gdrda
dap/search-eng.php). Three 2.75D forward gravity models
are presented for selected profiles, which were obtained with
the GM-SYS extension of the Geosoft Oasis montaj software.

Forward gravity modelling was done by taking into account
certain constraints, such as the density contrast of the different
type of rocks that crop out in the Swayze area and the mapped
geological contacts at the surface. The gravity models obtained
in this study are compared with other known gravity models
of Archean greenstone belts from Canada, with the purpose of
correlating the resulting geometry and depth extents as well
as identifying if the presented models resemble the general
characteristics of other Archean greenstone belts.

Regional Geology

The Swayze greenstone belt (SGB) is located in the West-
ern part of the Abitibi subprovince of the Superior Province
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Figure 1. Sketch map of the central Superior Province showing the location of the Swayze greenstone belt (SGB). KSZ - Kapuskasing
Structural Zone. The map is based on data downloaded from the ArcGIS website (https://www.arcgis.com/home/item.htm-
1?2id=d87347457bc84e5c985db9e904b66b10) and from the Mineral Exploration Research Centre (MERC) website (https://merc.

laurentian.ca/research/metal-earth/superior-compilation).
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in Ontario, Canada. It is described as a Neo-Archean gran-
itoid-greenstone terrain developed between 2.8 and 2.6 Ga
(Jackson & Fyon, 1991). It is bounded by the (a) Kapuskasing
structural zone to the west, the (b) Kenogamissi batholith
complex to the east, the (c) Nat River granitoid complex to
the north and the (d) Ramsey-Algoma granitoid complex to
the south (Heather, 2001). The SGB consists of intrusive and
extrusive rocks of ultramafic to felsic composition (Figure 2),
as well as both chemical and clastic metasedimentary rocks,
most of which underwent metamorphism of greenschist
to sub-greenschist facies, and amphibolite facies along the
boundaries of the belt with large granitoid complexes (Hastie
et al., 2020). Despite the SGB having similar geology and
greenstone stratigraphy as others greenstone belts of the
Abitibi subprovince, the SGB has been considered an area
with less (significant) mineral potential (Cheraghi et al., 2019).

The SGB is connected with the southern Abitibi belt by
thin slivers of volcanic-sedimentary rocks associated with the
Porcupine-Destor deformation zone (PDDZ) and the Ridout
deformation zone (RDZ) in the northern and in the southern
margins, respectively, of the Kenogamissi granitoid com-
plex (van Breemen et al., 2006). The Kenogamissi batholith
complex and the Ramsey-Algoma granitoid complex mainly
comprise felsic to intermediate intrusive rocks.

There are two main folds in the SGB: the Brett Lake
Syncline and the Woman River Anticline which are labeled
in Figure 2 and in Figure 3 with the letters BL and WR,
respectively. The SGB is divided in six supracrustal groups
from the oldest to the youngest: Chester, Marion, Biscotasing,
Trailbreaker, Swayze and Ridout groups (Heather, 2001). For
the purpose of gravity modelling in this project, this package
of supracrustal groups was considered as a mafic metavolcanic
body, given the fact that this rock type is dominant.

It is important to highlight that there is a lack of previous
academic or exploration studies of the SGB in comparison
with the Abitibi greenstone belt (Maepa & Smith, 2020). Geo-
logical work done on the SGB comprises: (1) detailed mapping
of the SGB performed by Heather (2001), (2) mapping and
data compilation by Ayer et al. (2002) and (3) remapping
by Haugaard et al. (2017). Geophysical work, such as mag-
netotelluric resistivity sections, seismic surveys, including
high-resolution seismic imaging and gravity surveys, was
previously done, along some profiles across the SGB (Cher-
aghi et al., 2019).

Gravity Data

In 2017, the SGB was an area of study of the Metal Earth
project carried out by the MERC with the purpose of refining
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the geological knowledge of the Abitibi greenstone belt. To
accomplish this task, the Metal Earth studies investigated
the crust of the Swayze area along transects perpendicular
to the strike of major structures and units, using reflection
seismic, magnetotelluric and gravity surveys (Haugaard et
al., 2017). Nevertheless, these data are not publicly available
for free use. Instead, the gravity data used in this project was
downloaded directly from the Geoscience Data Repository
for Geophysical Data of the Natural Resources Canada. For
the downloaded gravity dataset, the original coordinates in
the geographic coordinate system were converted to NAD83
UTM Zone 17. The Bouguer Anomaly dataset (Figure 3)
was downloaded from the Geoscience Data Repository as a
grid with a 2-km grid-cell size that extends between 47.5° to
48.27° N and -81.9° to -83° W, which corresponds to the area
underlain by the Swayze greenstone belt and its surroundings.

Qualitative Analysis

The Bouguer gravity anomalies correspond to lateral
variations in density and mass in the upper mantle and the
crust that reflect differences in composition and thickness of
geological bodies. High-frequency anomalies are caused by
near-surface bodies of rocks that have significantly different
densities. Longer wavelength anomalies are generally associat-
ed with variations in crustal thickness or deeper intra-crustal
mass anomalies.

In the area of this study, the values of the Bouguer
Anomaly range from -16,9 to -77 mGal (Figure 3). In the area
labelled Al in Figure 3 exists a symmetry with respect to the
fold axis of the Brett Lake Syncline (BL). This also occurs in
the area A2 with respect to the fold axis of the Woman River
Anticline (WR). Despite their symmetry, these areas do not
show significant changes in the value of the Bouguer anom-
aly away from the fold axes. On the other hand, the areas A3
(Kenogamissi granitoid complex), A4 (Biggs Pluton) and A5
(Nat River granitoid complex) are characterized by the lowest
values of the anomaly, which indicates that the rocks underly-
ing these areas are less dense than their surroundings. These
areas correspond to granitic plutons that are less dense than
the volcanic rocks they surround. There are also other small
intrusions throughout the SGB but those do not represent
significant gravity lows in the values of the Bouguer Anomaly.

Modelling

In order to study and understand the Bouguer anomalies
caused by density contrasts between bodies underneath the
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Geological Map of the Swayze Greenstone Belt
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Figure 2. Geological map of the Swayze greenstone belt. Coordinate System NAD-83/ UTM Zone 17 N. The black solid lines indicate
the traces of the profiles (transects) along which 2.75D forward modelling was conducted. BL and WR correspond to the Brett Lake
and the Woman River folds, which are discussed in the text. In dark blue dashed lines are shown the axes of the different folds in
the Swayze area. Al to A5 indicate the different areas discussed in the Qualitative Analysis section. The digital geological dataset
was downloaded in ArcGIS format from the website of the Mlmstry of Northern Developrnent and Mines of Ontario: (http://www.
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traces of the profiles (transects) along which 2.75D forward modelling was conducted, in order to study the depth and geometry of
the geologic bodies and structures of the area. In grey thin lines are represented the geological contacts that occur in the Swayze area
(see also the Geological Map in Figure 2). The thick dark blue dashed lines indicate fold axes in the Swayze greenstone belt area. BL
and WR correspond to the Brett Lake and the Woman River folds, which are discussed in the text. A1 to A5 indicate the different areas
discussed in the Qualitative Analysis section. The Bouguer Anomaly grid file was downloaded from the Geoscience Data Repository

of Natural Resources Canada.

surface, a quantitative model can be constructed to fit a cer-
tain set of gravity observations, by changing, for instance,
the geometry and depth extent of the model bodies. For the
modelling of the selected transects (see Figures 2 and 3), the
contacts between the main geological units (mafic metavol-
canic rocks and granitoid plutons), the main fold location
and their type as well as the densities of the types of rocks
cropping at the surface were taken into account and were used
as constraints. The density values of the geological units in

the area of study were based on a generalized density table
of the Abitibi greenstone belt published by Eshaghi et al.
(2019). Horizontal extents of the geological bodies that extend
beyond the ends of the profile were also considered, in order
to model these rock bodies and resolve the calculated gravity.
Furthermore, for the rock bodies intersected by the profiles,
variable extents perpendicular to the strike of the transects
were considered, which created 2.75D gravity models.

The density contrasts of the modelled geological bodies



612 | Geofisica Internacional (2023): 62-4

Table 1. Density values (g/cm?) used in the forward models.

Type of Rock Density
Mafic metavolcanic bodies 2.89g/cm’
Granitoid plutons 2.66g/cm’
Crustal back-ground 2.72 g/cm®

were considered relative to an average upper crustal density
in the Superior Province of 2.72 g/cm?, based on previous
studies (e.g. Nitescu et al., 2006; Maleki et al., 2021). Three
gravity models were obtained with the Oasis montaj GM-SYS
tool along the profiles shown in Figures 2 and 3.

For the three models, the geologic bodies were grouped
into two categories with different density values, as well as
density contrasts, relative to the upper crustal back-ground:
mafic metavolcanic bodies, p=2.89g/cm* and a density contrast
of +0.17g/cm’ relative to the crustal background; granitoid
plutons, with p=2.88 g/cm’ and a density contrast of -0.06g/
cm?® relative to the crustal background. The density values
used in the forward models are also summarized in Table 1.

Model A

This model corresponds to a profile that is perpendicular
to the general direction of the main fold axes of the SGB, such
as the Brett Lake Syncline and the Woman River Anticline,
in a north-south direction in the eastern part of the Swazye
greenstone belt and covers a distance of approximately 81 km.

In Figure 4, it is observed that the highest peak of the Bou-
guer anomaly is located mainly on the axis of the Brett Lake
Syncline. The lowest values of the Bouguer anomaly along the
profile correspond to the Nat River granitoid complex north
of the Swayze greenstone belt. The deepest parts of the model
of the greenstone belt occurs where the Brett Lake Syncline
and Woman River Anticline are located, between kilometers
45 and 55, in two roots with observed depths of 4 and 5 km,
respectively. On the other hand, in the northern part of the
profile, outcropping mafic volcanic rocks appear to extend
to a depth of less than 1 km.

Model B

This model corresponds to a profile that is perpendicular

to the general direction of the Brett Lake Syncline and Woman
River Anticline in a north-south direction in the western part
of the Swayze greenstone belt. It covers a distance of approx-
imately 46 km. The model (Figure 5) indicates that along this
profile the greenstone belt body reaches its deepest part (12
km depth) in the northern half of the profile (at kilometer
17), where the highest values of the Bouguer anomaly are
observed. The lowest values of the Bouguer Anomaly cor-
respond to the Biggs Pluton at the north end of the profile,
which has a modelled depth of 8 km.

The Brett Lake Syncline and the Woman River Anticline
present modelled depths of 4 to 5 km in the interval between
kilometers 21 and 31 of the profile.

Model C

This model corresponds to a profile that follows the general
direction of the Brett Lake Syncline in a west-east direction
of the Swayze area. It covers a distance of approximately 75
km. It is observed in the Figure 6 that the highest value of the
Bouguer Anomaly occurs at kilometer 41 of the profile, where
the model of the greenstone belt body reaches its deepest part
of about 7 km depth. The thickness of the mafic metavolcanic
unit remains constant between the western end of the profile
and the kilometer 32 along the profile, with a model depth
of approximately 2 km.

Discussion

In the area of study, the lowest values of the Bouguer
Anomaly correspond to intrusive granitoid bodies that typi-
cally have lower densities than the rocks surrounding them.
The highest values of the Bouguer Anomaly correlate with
metavolcanic rocks, which have undergone deformation
processes often related to high strain zones, resulting in
various folds with an axial plane in the west-east direction.
With regards to the depth of the structures, it is observed
that the Brett Lake Synclinal extends in depth between 2 to
7 km, whereas the Woman River Anticline extends in depth
between 3 to 5 km.

The depth and geometry of the geological units of the
SGB are comparable with those of other Archean greenstone
belts such as the models presented by Peschler et al. (2004)
of the Abitibi greenstone belt, which typically are part of the
dome-and-keel structural patterns of the Archean terrains.
Dome-and-keel provinces consist of synclinal keels composed
of greenstone rocks that are surrounded by ellipsoidal and
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of the Geosoft — Oasis montaj software.

ovoid-shaped domes composed of gneiss, granitoid, and
migmatite (Kearey et al., 2009). The Archean greenstone
belts are a fundamental part of this unique structural style
consisting of alternating granitoid-cored domes and volcanic
dominated keels, where the synclinal keels are cut by major
transcurrent shear zones (Thurston, 2015). The greenstone
successions feature mafic to felsic volcanic cycles of mixed
tholeiitic and calc-alkalic compositions, commonly with
overlying sedimentary rocks, typically in contact with younger
intrusive granitic rocks (Goodwin, 1981).

Various previous studies presented gravity models of
Archean greenstone belts in the Superior Province with
the aim of defining their depth and geometry. Nitescu et
al. (2006) presented models of Archean greenstone belts in
the western part of the Superior Province that indicate syn-
form-shaped, ca. 3-km-thick bodies of metavolcanic rocks,

surrounded by thick intrusive bodies of 9 to 10 km. Thomas
et al. (1986) indicated that greenstone belts are restricted to
the uppermost 10 km of the crust and that many greenstone
belts have a basin-shaped form with some having deep keels.
Gupta et al. (1982) applied different constraints in models
of the Uchi subprovince greenstone belts, in which suggest
vertical extents between 4 and 9 km for the greenstone bodies.
Gorman et al. (1978) presented an Archean greenstone belt
model that in cross-section resembles the shape of an inverted
mushroom. Grant et al. (1965) presented a gravity model of
the Red Lake greenstone belt, which extends to a depth of 8
km and is basin-shaped, being underlain by granitic batholiths
and gneiss. Peschler et al. (2004) presented different models
of the Abitibi greenstone belt where the plutons have depth
extents between 1 to 4 km and tabular shapes, whereas the
greenstones bodies form keels with depths extents up to
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Figure 5. Gravity model along Transect B: Mafic Metavolcanic, p=2.89 g/cm’ ; Pluton, p=2.66 g/cm?; Crust, p=2.72 g/cm’. The black
vertical lines shown at the top of the model panel indicate the locations of the different fold axes crossed by the transect. The red
vertical line represents the crossing location between Transect B and Transect C. WR-Woman River Anticline, BL-Brett Lake Syncline,
BC-Crossing between Transect A and Transect C. The RMS error was of 0.548. The model was obtained with the GM-SYS Extension

of the Geosoft — Oasis montaj software.

8 to 10 km. Maleki et al. (2021) presented various detailed
models of the Chibougamau area in the Abitibi greenstone
belt, based on gravity, magnetic and seismic data, where the
mafic metavolcanic rocks have a vertical extent of 3 to 7 km
and the plutons have depth extents to 9 km.

In general terms, the vertical extents of the geological units
observed in the models of this project fit the range found for
the Archean greenstone belts in the Superior Province. In
terms of the shape of the SGB gravity models, they indicate
synclinal keel shapes with steeply dipping volcanic sequences,
surrounded by granitoid domes, typical of the dome-and-keel
structural style.

Even though the calculated model error is less than 1%
for each of the profiles analyzed in this study, the obtained
models are not a complete answer on the geometry details and
true depth extents of the geological units of the SGB. In order

to have a better understanding of their geometry and depth,
incorporation of magnetic and seismic data could constrain
better the geophysical models. Moreover, a denser network of
gravity data stations and an improved density database from
available drill-core in the area of the SGB would provide better
constraints on gravity models. Despite the limited constraints
and simplifying assumptions used in this study, its results
present an attempt to characterize the geometry and depth
of the different geological bodies composing the SGB from
public gravity data through forward modelling.

Conclusions

The gravity models obtained in this study lead to a general
perspective of the geometry and depth extent of the geolog-
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ical units that form the SGB. The metavolcanic rocks under
the Brett Lake Syncline appear to extend in depth between 2
to 7 km, whereas under the Woman River Anticline appear
to extend in depth between 2 to 6 km. The deepest parts of
the SGB are located in its central-southern area, extending
down to modelled depths of 12 km. The gravity models of
surrounding intrusive bodies have depth extents between
1 and 8 km. The geometry of the SGB and the surrounding
and intruding tonalite-granodiorite plutons form a typical
Archean keel-and-dome pattern.
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Structural Traits of Cuitzeo Lake, Central Mexico, and Areas of Geothermal Potential

Elizabeth Rivera-Calderéon'® and Roman Alvarez?

Abstract

Cuitzeo Lake, in the central part of the Trans Mexican Volcanic Belt, is in an extensional region associ-  Key words: Cuitzeo Lake,
ated with the Cuitzeo graben, where magmatic ascent appears to provide the heat sources for the surface, =~ Bouguer anomaly, Geothermal
geothermal manifestations. A profuse distribution of andesitic rocks is observed throughout the study area  exploration, San Angustin del
of 50x50 km? Gravity and magnetic field 3D inversions are calculated to obtain density and magnetic =~ Maiz, 3D inversions, Satellite-
susceptibility distributions to 7000 m depth, from which we analyze N-S and E-W cross-sections and ~ derived gravity.

obtain density and magnetic susceptibility geosurfaces that help characterize anomaly areas of interest.

We use satellite-derived gravity and magnetic data in our evaluation, owing to their high-resolution

characteristics and uniform coverage of the study area. Analysis initiates with the San Agustin del Maiz

region (SAM), exhibiting surface geothermal manifestations, to characterize its density and susceptibility

characteristics, then the analysis is extended to the whole study area. Several outcropping, low magnetic

susceptibility regions, like the one associated with SAM, are suggested as potential geothermal targets.

Density geosurfaces point to two volumes where magmatic material may intrude, coinciding with active

geologic faults. The analysis presented here can be extended to neighboring regions in the Cuitzeo Lake

area and may constitute a fast, unexpensive exploration methodology in similar geothermal districts.

Resumen

El Lago de Cuitzeo se encuentra en la parte central del Cinturén Volcanico Trans Mexicano, en una  Palabras clave: Lago de
region de extension asociada al graben de Cuitzeo, en donde el ascenso magmatico parece proporcio-  Cuitzeo, Anomalia de Bouguer,
nar las fuentes de calor que alimentan a las manifestaciones geotérmicas superficiales. Se observauna  Exploracion geotérmica, San
distribucién profusa de andesitas a través del drea de estudio de 50 x 50 km? Se calculan inversiones ~ Agustin del Maiz, Inversiones
3D de los campos de gravedad y magnético para obtener distribuciones de densidad y susceptibilidad 3D Qravedad medida con
magnética hasta 7000 m de profundidad, de las cuales obtenemos y analizamos secciones N-S y E-W, ~ satélite.

obteniendo también geo-superficies que ayudan a caracterizar las dreas de anomalia de interés. Utiliza-

mos datos derivados de observaciones satelitales de gravedad y magnetismo debido a sus caracteristicas

de alta resolucion y cobertura uniforme del 4rea de estudio. El anélisis se inicia con la region de San

Agustin del Maiz (SAM), que exhibe manifestaciones geotérmicas superficiales, para caracterizar sus

propiedades de densidad y susceptibilidad, y después el andlisis se extiende a toda el drea de estudio.

Varios sitios en donde afloran regiones de baja susceptibilidad magnética, como en 46 el caso de SAM,

se sugieren como blancos potenciales de exploracidn geotérmica. Dos geo-superficies de densidad

apuntan a dos volimenes en donde material magmaético puede estar emplazado, coincidiendo con la

presencia de fallas geoldgicas activas. El andlisis presentado aqui puede extenderse a regiones vecinas

al Lago de Cuitzeo, y pueden constituir una metodologia de exploracion rdpida y econdmica en distritos

geotérmicos similares.

Received: March 12, 2023; Accepted: July 19, 2023; Published on-line: October 1, 2023.

Editorial responsibility: Dr. Marco Antonio Pérez-Flores

* Corresponding author: Roman Alvarez, roman.alvarez@iimas.unam.mx

" Escuela Nacional de Estudios Superiores-Unidad Morelia, Universidad Nacional Auténoma de México, Antigua Carretera a Patzcuaro 8701, C.P.
58190, Morelia, Michoacén, Mexico. ecalderonzr@comunidad.unam.mx

2 Instituto de Investigaciones en Matematicas Aplicadas y en Sistemas, Universidad Nacional Auténoma de México, Ciudad Universitaria, México DF,
04510, Mexico.

Elizabeth Rivera-Calderén, Roman Alvarez-Bejar

https://doi.org/10.22201/igeof.2954436xe.2023.62.4.1586



https://orcid.org/0009-0004-0399-3615
https://orcid.org/0000-0002-2606-0904
mailto:roman.alvarez%40iimas.unam.mx?subject=
mailto:ecalderonzr%40comunidad.unam.mx?subject=

618 | Geofisica Internacional (2023) 62-4

Introduction

The geologic structure of Cuitzeo Lake is in the central
part of Mexico (Figure 1), in the Trans Mexican Volcanic Belt
(TMVB, Ferrari et al., 2012) within the volcanic zone known
as the Michoacan-Guanajuato Volcanic Field (Ferrari, 2000;
Gomez-Vasconcelos et al., 2015, 2020). Recent studies of the
Cuitzeo Lake region have focused on the geothermal potential
of this area (Gémez-Vasconcelos et al., 2021a; Pola et al., 2016;
Trujillo-Hernandez, 2017). Several geophysical studies reported
anomalous behavior probably associated with magmatic ascent,
related to the geothermal sources (Guevara-Alday, 2015). These
sources are, in turn, related to the extensional phenomena
associated with the Cuitzeo Lake graben (Israde-Alcantara
& Garduiio-Monroy, 1999; Gardufio-Monroy et al., 2009).
Olvera-Garcia et al., (2020) established that this deep-seated
geothermal system is buried under late Miocene-Holocene
lacustrine sediments filling an extensional tectonic depression.
Here, we focus on 2D and 3D, regional, gravity and magnetic
field interpretations in this area, to highlight the main structural
traits of the region to a depth of 7 km. Particular attention is
given to areas with geothermal potential.

Regional geology
An extensional tectonic regime, with NNW orientation,

originated the basin of Cuitzeo Lake in this volcanic region

108°0'0"W

102°0'0"W

(G6émez-Vasconcelos et al., 2021a; Gomez-Tuena et al., 2007).
Volcanic activity in the basin has been continuous since the Early
Miocene to the Present; there are more than 50 volcanic chim-
neys, with associated structures such as scoria cones, lava domes,
small shield volcanoes, and fissure lava flows (Israde-Alcantara
& Garduiio-Monroy, 1999; Gardufio-Monroy et al., 2009; Pola
et al., 2016; Trujillo-Hernandez, 2017; Gémez-Vasconcelos et
al., 2020, 2021a;). The mountain landscape is conformed by
ignimbrites, lava flows, pyroclastic and volcanoclastic depos-
its (Pola et al., 2016), overlying a granitic basement (Trujil-
lo-Hernandez, 2017). Figure 2 shows the topography of the area,
with Cuitzeo Lake exhibiting the lowest, regional elevations.

Tectonic activity in the central sector of the TMVB is indicat-
ed by widespread seismicity and earthquakes (M < 5) with focal
mechanisms ranging from transcurrent to normal (Quintanar et
al., 2004; Quintanar et al., 2018; Suarez et al., 2019).

The geologic map appears in Figure 3. This map represents
the main regional geological units, the dominant geological
faults are represented by the black lines. The main rock units
are basalts, andesites, tuffs and ignimbrites that belong to the
Sierra de Mil Cumbres and some from the Caldera de Atécuaro
(Gardufio-Monroy et al., 2009). The topography of the area is
conditioned by the structures of the Morelia-Acambay Fault
System (Gardufio-Monroy et al., 2009; Gémez-Vasconcelos et
al., 2020; Israde-Alcantara & Garduio-Monroy, 1999) and the
inferred Tzitzio-Valle de Santiago Fault. The semigraben and
the graben of Cuitzeo can be observed in the central zone. The
Morelia Acambay Fault System conditions the blocks of the
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North American Plate.
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Figure 1. Location of Cuitzeo Lake (red ellipse) in the Central Sector (CS) of the Trans Mexican Volcanic Belt (TMVB, light brown).
Parallel, dashed lines limit the sectors of the TMVB. CZ, Cuitzeo Lake. WS, Western Sector. ES, Eastern Sector (based on Correa-Goémez,
2019) . Tep, Tepic. Gdl, Guadalajara. Mor, Morelia. Qro, Querétaro. CDMX, Mexico City. Pue, Puebla.



Elizabeth Rivera-Calderéon and Roman Alvarez | 619

101°20'0"W 101°0'0"W 296000

N s
alM?‘ya"

Cuitzeo Lake
i A~ustif1
LS 7

AP 1
,.quto del!Poryenir,

W

2206000
2206000

z
o
N
N
wn
g

o

19°52'40"N

i Elevation
- High : 3328 m

- Low: 1473 m
@ Vvillages

19°42'20"N

244000 101°20'0"W 210‘000 101°0'0"W 296000

i ita- Coordinate System: WGS 1984 UTM Zone 14N
Service Layer Credits: INEGI Projection: Transverse Mercator

Datum: WGS 1984
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Figure 3. Regional, geologic map of the Morelia-Cuitzeo Lake region showing the Cuitzeo half-graben and graben, separated by the
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Cuitzeo graben, mainly conformed by normal and listric faults.
In addition, they are the main zones of geothermal fluid ascent as
in the case of SAM in the area of Cuitzeo Lake (Garduiio-Mon-
roy et al., 2009; Israde-Alcantara & Gardufio-Monroy, 1999;
Olvera-Garcia et al., 2020).

Data acquisition

Gravity and magnetic data were obtained in the study area;
magnetic data correspond to the North America Magnetic Field
data set (NAMAG, 2002); they were reduced to the pole accord-
ing to the standard procedure (Baranod & Naudy, 1964). The
Bouguer gravity anomaly (simple) data were obtained from the
EIGEN 6C4 satellite-derived data set of the International Cen-
tre for Global Earth Models (ICGEM, Barthelmes and Kohler,
2016), with a node separation of .01°. For the topography we
used the Digital Elevation Model (DEM) of ASTER (https://
gdex.cr.usgs.gov/gdex/) with a 30 m resolution. Bouguer anom-
aly (BA) was obtained by the classical gravity anomaly minus
the attraction of the Bouguer plate, calculated by the spherical
approximation of the classical gravity anomaly minus 2nGpH,
where the topographic heights H(A,) are calculated from the
spherical harmonic model of topography (ETOPO1) used up to
the same maximum degree as the gravity field model, with p =
2670 kg/m?, and a resolution of 0.01°.

Figure 4 shows the magnetic map of the study area and
Figure 5 shows the map corresponding to the gravity distribu-
tion. After the inversion process one obtains a distribution of
magnetic susceptibilities in the case of the magnetic data, and a
density distribution in the case of gravity data (Ellis ez al., 2012;
MacLeod and Ellis, 2013). Various examples of 3D inversions
are available (e.g., Alvarez & Yutsis, 2015; Alvarez & Yutsis,
2017; Guevara et al 2021; Camacho and Alvarez, 2021; Alvarez
and Camacho, 2023).

The 3D inversion

We used the method described by Macleod and Ellis (2013)
based on the theoretical considerations of Ellis ef al. (2012)
to perform the 3D inversions presented here. The code runs
in the Oasis Montaj program of Geosoft, where a 3D mesh of
parallelepipeds is established in the region to be inverted. The
program uses a Cartesian Cut Cell algorithm (CCC) to repre-
sent geologic volumes whose values are modified to reach the
observed gravity/magnetic response. An Iterative Reweighting
Inversion algorithm (IRI, Ingram et al., 2003) is used to match
the observed results with the calculated ones within established

error limits; in the present cases is 5% of the standard deviation.
It is expressed as the measure of errors between paired obser-
vations; in this case the gravity or magnetic field observed and
the corresponding calculated field:

ZLJ Yi—=X; |/n :Z,il|ei |/n

with

e =y —x|
where y; is the prediction and x; is the true value.

The inversion results are provided as densities in g/cm?
when making a gravity inversion, and magnetic susceptibility
(ST units) when performing a magnetic inversion. The depth of
the inverted volume is proportional to the size of the volume
selected for the calculation. Typically, areas of 50 x 50 km?* will
attain depths of 5-6 km and greater depths can be obtained at the
expense of the resolution. When referring to resolution we must
bear in mind that there is the high-resolution of the data used
to obtain the Bouguer anomaly in Figure 5a, in the gravity data
case, and there is the resolution of the model proper. Models
may have different dimensions and different resolutions; in this
study we used models of dimensions in the X-Y plane of 1000 m,
which we call the model resolution. To optimize computation,
a subset of the high-resolution gravity data set is used, selected
according to the model resolution, to perform the inversion.
Figures 6a and 6b show the inverted volumes of the magnetic and
the gravity inversions used in here; the latter shows the gravity
station distribution used for that inversion.

Results
1) San Agustin del Maiz 1000m

We analyze first the region of San Agustin del Maiz (SAM),
for its geothermal relevance. Olvera-Garcia et al., (2020) de-
scribed its geothermal manifestations as distributed in an area
characterized by fluvio-lacustrine sediments unconformably
resting on volcanic rocks. They attribute the rising of geothermal
fluids to permeable rock volumes located at the intersection of
geologic fault systems where normal faults interact with transfer
faults that together create rock zones of high permeability. High
permeability usually implies high porosity and, consequently,
low density values; density is one of the two variables that we
use in our analysis, the other being the magnetic susceptibility.
In the maps of Figures 4 and 5 two, perpendicular yellow lines
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indicate where magnetic susceptibility cross-sections are obtained from such an inversion. SAM, Location of San Agustin del Maiz at the
intersection of the two, perpendicular, yellow lines. b) Magnetic map reduced to the pole (Baranod and Naudy, 1964), superposed to the
geologic map in Figure 3. Parameter values of the magnetic field: Inclination 47.60°, Declination 7.47°.
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show the location of two cross- sections that intersect in the
vicinity of SAM; the N-S and E-W cross-sections appear in
Figures 7 and 8, respectively. In each instance the density section
(in g/cm®) appears above, and the magnetic susceptibility (in SI
units +0.032 SI.) appears below.

In Figure 7, the density cross-section shows an important
low-density region centered at -3000 m extending to the N, with
a minimum at -2000 m under the location of SAM, suggesting
that the low-density region feeds the geothermal manifestations
in SAM. The presence of thermal springs and siliceous sinter
deposits west of SAM (Olvera-Garcia et al., 2020) tend to con-
firm our observations. We consider the association of low-den-
sity regions with high temperatures as favorable to geothermal
sources, since it may contain fluids at high temperatures that
decrease magnetic susceptibility, and low-density, porous ma-
terials allowing fluid circulation. Continuing northwards, there
is a considerable block of high-density material. The magnetic
susceptibility cross-section shows a chanel of low-susceptibility,
rising from the bottom of the model (-5000 m) that emerges at
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the location of SAM (thin, red line).

The boundary between the regions of high- and low-suscep-
tibility regions is conspicuosly associated with the normal fault
through SAM, reported by Olvera-Garcia et al (2020); the region
of minimum susceptibility extends down to -5000 m showing
some obliquity and confirming that these are deep-seated faults.
Given the associated thermal manifestations in the surface, we
conclude that the low-susceptibility of this region arises from
materials subject to high temperatures, probably reaching close
to the temperature of the Curie isotherm (Ravat, 2000). The
simultaneous presence of the low-density material, as shown
by the density cross-section, and the outcropping region of
low-susceptibility, suggest that the surface geothermal manifes-
tations are fed from a deep source, extending below -5000 m.
A bifurcation to the N, of the low-susceptibility conduit is
observed starting at -3000 m, which also reaches close to the
surface; this region also appears of geothermal potential and
should be further analyzed by other means. A good portion of
the high-density region is also occupied by high-susceptibility
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geologic formations; the joint effect of high density and high
susceptibility suggests the presence of cold, volcanic materials
emplaced significant time ago.

The density low observed in the southern portion of Figure
7, appears to extend westward in Figure 8, constituting a major
anomaly in that region. The low-susceptibility region associated
with the location of SAM (thin, red line) also appears bifurcated
in this cross-section, hinting there is a circular distribution of
low-susceptibility materials on the surface. The two density
maxima correspond to two high-susceptibility regions. At the
esatern end of the line, there is a similar distribution of low-den-
sity materials, with a shallow, central, high-susceptibility region,
which is occupied by a density section, transitional between
high- and medium-density.
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We conclude that the density and magnetic susceptibility
signatures around SAM are consistent with a region of high
temperature of, at least 7km depth and 20km in length in the
N-S direction, and 15km in the E-W direction. With the help
of X-ray analysis (DRX) Trujillo-Hernandez, (2017) concludes
that the abundant concentration of hydrothermally altered
minerals, as well as the geologic evidence showing a high-de-
gree of fracturing, mainly on the basaltic andesite lava flows,
suggest that the chemical components travelled large distances,
closing that the transport of hydrothermal fluids occurs mainly
by infiltration.

With the experience gained analyzing the responses of the
SAM region containing geothermal manifestations, we proceed
to the analysis of L1-L5 cross-sections.
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Figure 9. L-1, N-S cross-sections obtained from the 3D inversion of the gravity (above) and magnetic data. See Figures 4 and 5 for the
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2) The N-S Lines

Here we analyze the group of three N-S lines labeled L.1-L3
in Figure 4.

L1 is the westernmost line, oriented N-S. The density
cross-section exhibits a large negative anomaly well constrained
by two high-density regions with vertical boundaries F1, F2; it
resembles a graben structure, but lacks an extended graben axis.
The lowest density values are close to the 5 km depth, probably
linked to the corresponding anomalies in the N-S and E-W
cross-sections of SAM (Figures 7 and 8). The central portion
of the magnetic susceptibility cross-section shows structural
characteristics similar to those of the central anomaly of the
density cross-section; that is, it has the same width and depth.
The bounding limits F1 and F2 are followed by a low and a high
susceptibility region, respectively. From these observations we
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conclude that the central region of this cross-section is a major
anomaly of geothermal potential.

L-2 presents structural characteristics like those observed
along L1. There is a main low-density region, not centered but
slightly displaced to the N, also bounded by two high-density
regions, whose boundaries also reach to the bottom of the
cross-section. Given the density similarities between L.1 and
L2, and their proximity, one would tend to connect the main
low-density anomalies; however, from Figure 5a one can see
that they are separated by a region of high gravity values, which
prevents such a connection. The corresponding region in the
magnetic susceptibility cross-section, exhibits a bifurcation
of the low-susceptibility region, similar to the one displayed
in Figure 7, that surfaces at the F2 boundary, indicating that it
also may represent the source of a potential geothermal area. Of
particular interest is noting that this isolated anomaly is crossed

20550000
2060000N
20650000
2070000N
2075000N

2000
oH
-
=
2
20007
-4000H
-20000 -15000 -10000 -5000 o 5000 10000 15000 20000
om3
rd 1 4 ri
= = = = = = = = = =
o [=] (=] (=] [=] (=] (=1 o (=] (=1
= g =] c o =] c a =1 =
g 2 5 g g 2 g g g 2
=] Q (=] o o (=] [=3 f=} (=] o
v} & L] [x] & 2] ] o [x] o
-
F1 F3
2000 I
0
~
-
bl
=

-2000

-4000

-20000 -15000 -10000 5000

0 5000 10000 15000 20000
SI-G.ON 0008 0003 0001 0000 0000 0001 0002 0005 0018

Figure 10. L-2, N-S cross-sections obtained from the 3D inversion of the gravity (above) and magnetic data. See Figures 4 and 5 for the
location of the cross-sections. The horizontal scales are matched. F1 and F2 represent boundaries between contrasting properties in the

cross-sections. Gravity scale +2.67 g/cm?, magnetic scale +0.032 SI.



by the Tzitzio-Valle de Santiago fault (see Figure 3), which may
have facilitated the intrusion of a heat source at depth.

According to Trujillo-Hernandez (2017) this fault, that cuts
through Cuitzeo Lake, is the most important NNW-SSE con-
struct, defined as an old, buried fold-fault structure, responding
to the present stress regime as a right-lateral fault. This system
is presently active, cutting from old Early Miocene formations
to Recent soils and volcanoclastic formations.

This line samples the Cuitzeo graben (Figure 5b) from S to
N. It presents a different behavior from those observed at L1
and L2, since the low-susceptibility region at the center of the
section corresponds with a high-density region in the density
section, flanked by low-density areas which, in turn, correspond
to two high-susceptibility regions.

w
2035000N
20400008
20450008
2050000N

Elizabeth Rivera-Calderéon and Roman Alvarez | 627

3) The E-W cross-sections

Lines 4 and 5 in Figure 4 are the two E-W cross-sections that
appear in Figures 12 and 13, respectively.

L4 crosses the study area from W to E (Figure 4). Regions of
low and high density alternate in the cross section, corresponding
to the low and high values of the BA; the density cross-section
shows that transitions from low- to high-density regions reach
vertically the full depth of the inversion (from +2000 m to
-5000m), suggesting a tectonic control of the distribution of
geologic materials. The magnetic susceptibilty cross-section
shows that the portion corresponding to the high-density section
has low-susceptibility regions similar to those observed in SAM
(Figure 7), also divided by a small, high-susceptibility region,
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Figure 11. L3 N-S cross-sections obtained from the 3D inversion of the gravity (above) and magnetic data. See Figures 4 and 5 for the
location of the cross-sections. The horizontal scales are matched. Gravity scale +2.67 g/cm?, magnetic scale +0.032 SI.
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suggesting that this anomaly distribution occupies a considerabe
area of this region. Close to the end of the line (88000E or 100°-
53’) in the N side, a negative low-susceptibility region with deep
roots reaches the surface; it corresponds to a medium-density
region, which could also be considered a potential exploration
target for geothermal objectives, since it appears close to the
south fault of the Santa Ana Maya horst (Figure 5).

L5 samples the S portion of the study area from W to E. The
pattern observed in L4 regarding the vertical boundaries between
high- and low-density regions is observed in two thirds of the
length of LS5, noticing a considerable departure from this behavior
in the N portion of this section, where low density distributions
predominate. There, the minimum of the low-density portion
is located at -4000 m depth; this anomaly outcrops almost di-
rectly above this minimum. At the E end of L5 there is another
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outcropping region of low density, except it has density values
like those observed at the anomaly located at -4000 m, making
it another potential target for geothermal evaluation.

The magnetic susceptibility cross-section shows a low-sus-
ceptibility region well constrained by high-susceptibility regions,
extending from the surface to -5000 m depth, corresponding
with the high-density region. At the E end of the line, there is
a good match of shallow, low-susceptibility regions with the
low-density regions reported above as potential geothermal
targets, reinforcing such a statement.

4) Geosurfaces

A geosurface is obtained from an inverted volume, as the
region in which the volume has a constant value, in g/cm? if the
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Figure 12. L4 in Figure 4, showing the cross-sections of density and magnetic susceptibility along the E-W direction; the horizontal scales
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inverted volume is a density distribution, and in SI units if it is
a distribution of magnetic susceptibilities. Geosurfaces comple-
ment observations made with the cross-sections.

A set of calculated density geosurfaces is in Figure 14; they
range from 2.76 to 2.46 g/cm?; in the calculation, the whole
inverted volume is scanned to determine where those density
values are located and, then plotted. The blue surfaces are close
to the vertical and, in the present case, extend from the surface
to the bottom of the inverted volume, or about 7km in depth.
We searched for lower densities, down to 2.46 g/cm?, finding
only two locations in which they are present; they are labeled as
Al and A2 in Figure 14. Al is located close to the geothermal
manifestations in SAM, and we submit that this is most likely
the heat source feeding these geothermal manifestations. In A2
the green surface is cut to allow looking at the orange surface;
below it, we could not locate a magenta surface. A2 is traversed
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by the Tzitzio-Valle de Santiago fault (Figure 5) and we propose
that it should be considered a geothermal exploration target, for
its similarity with Al. The geothermal fluids can pass through
the impervious cover owing to the persistent tectonic activity
maintaining the permeability.

In Figure 14 there are four geosurfaces of different colors,
corresponding to four density values. The geosurfaces in blue
call the attention, since they start at the surface and end at the
bottom (7 km) of the inverted volume, following vertical, or close
to vertical inclinations; furthermore, they are thin, and cross the
study area in various directions, restraining the regions of high
gravity values, as seen in Figure 15, where we have superposed
the geosurfaces to the BA map. We interpret them as vertical,
boundary, or transitional regions, between high- and low-den-
sity regions, yielding the observed responses. Portions of these
boundary surfaces are also present in the cross-sections presented
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Figure 14. 3D display of geosurfaces for various densities (g/cm®): blue (2.76), green (2.66), orange (2.56), magenta (2.46). North is to the
left; this view allows to appreciate how low-density varies with depth in anomaly Al; the green geosurface, in anomaly A2, is clipped to
allow viewing the orange surface, no magenta surface is present. The brown, dashed line crossing the figure from N to S is the trace of the
Titzio-Valle de Santiago fault. The red line is the outline of Cuitzeo Lake.

above; in some places they may be identified with faults bounding
the low-density regions.

If we consider the superposition of the inverted results over the
Bouguer anomaly map, in Figure 15, we note 1) that the surface
geothermal manifestations of SAM are located over one of these
blue geosurfaces, and ii) that they are quite close to the anomalous
density region A1, shown in section in Figure 14. Since there
are only two anomalies with low-density characteristics in the
inverted 3D region, Al and A2, we infer that they are potential
heat sources for geothermal fluids. The proximity of anomaly Al
to SAM, also illustrated in the density cross-section of Figure 6,
tends to validate our inference. Although there appear to be no
surface, geothermal manifestations in the region of anomaly A2,
it should be considered a potential exploration target; the center
of the anomaly is located 11 km E of Cuitzeo del Porvenir town,
over the Tzitzio-Valle de Santiago fault (see Figure 3).

Figure 16 shows the vertical superposition of density geosur-
faces, with some transparency, and susceptibility prisms of values
between 0.042 and 0.012 SI. We observe two branches (NW and
SE) and a central channel between them, oriented SW-NE; the
latter shows a minor presence of prisms with such values. At
present we cannot offer a hypothesis about the reason for this
peculiar susceptibility distribution. The NW branch exhibits

concentrations of these prisms in the rim of Al (at SAM) and
in the location of A2 (see Figure 15), allowing the association
of these susceptibility concentrations with such anomalous
regions. The largest concentration of prisms in the SE branch
may be associated with the eastern portion of L4 (Figure 12).

5) 2D model

To complement these results and discussion, we calculated
several 2D models to ascertain the regional structural charac-
teristics of the area; an example appears in Figure 17 displaying
the resulting model along L.1. It shows that andesitic formations
dominate the region and comprise the high-density regions,
whilst the central portion contains conglomerates and sediments
of approximately 500 m depth, overlaying a volcanic formation.
The deepest layer is the granitic basement. Andesites appear to be
the geologic formations sealing the geothermal fluids heated by
intrusions. Tectonic movements and geologic faults must create
the paths through which these fluids reach the surface at several
locations. In particular for this model, the SW-NE fault system
identified in Figure 3 intersecting Cuitzeo Lake, with one of its
components going through SAM region, appears to be the one
controlling fluid migration.
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as the joint occurrence of heated regions, fluid sources, and confining geologic structures.



Conceptual model

A conceptual model is shown in Figure 18, of an intrusive
body causing the materials and fault distribution in the model
of Figure 17, particularly the downward displacement of the
region corresponding to Cuitzeo Lake. This intrusive is also
the heat source for the geothermal manifestations. Motion
along geologic faults would assist the flow of geothermal fluids
reaching the surface.

Conclusions

The 3D inversion of gravity and magnetic data provided
volume distributions of density and magnetic susceptibility that
reproduced the observed fields within 5 percent of the respective
standard deviations. From these results, we extracted cross-sec-
tions and geosurfaces that allowed the location of regions of
potential geothermal interest. Analysis of two perpendicular
cross-sections at a location with surficial geothermal manifes-
tations (SAM) provided criteria that were used to analyze the
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whole inverted volume. We established that vertical boundar-
ies between neighboring density and magnetic susceptibility
regions, often extended throughout the entire thickness of the
cross-sections (7 km), suggesting that such boundaries may be
associated with deep geologic faults. We propose that the SW-NE
trending fault system in Figure 3, is responsible for geothermal
fluid migration in the SAM region. With these results, however,
we cannot establish a uniform criterium, such as the association
of low-density regions with regions of low susceptibility, to
establish the existence of geothermal sources. We found zones
in which, in addition to the above combination, regions of high
density and low magnetic susceptibility, or high density and high
susceptibility, may also represent potential geothermal targets in
the surveyed region. More research is needed in this direction
to characterize regions of geothermal potential. Concurrence
of other geologic and geophysical methods will help refine the
location of geothermal targets.

We conclude that the detection of geothermal exploration
targets, using gravity and magnetic fields, is viable when adequate
data sets are used; however, we recognize that, given the nature
of the potential fields, results should be taken only as indications
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Figure 18. Conceptual model of the geothermal system feeding San Agustin del Maiz, in Cuitzeo Lake. The intrusive body heats the
geothermal anomaly; its emplacement induces motion along the fault system, which in turn generates small magnitude earthquakes. Units
described as sediments, andesite, and granite are only indicative of the type of rocks located in those regions. The gray region represents

basement rocks containing an igneous intrusion I.
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of the existence of such regions. Additional exploration methods
should complement the results presented in this contribution.
The advantage of using Potential Methods in exploration geo-
physics is that data is often available free, and large areas can be
explored with limited resources before more costly methods can
be applied. Data resolution should also be of primary concern
when using this methodology; higher-resolution data sets will
allow for a finer location of potential targets.
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