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GEOPHYSICAL-STRUCTURAL FRAMEWORK IN A MINERALIZED REGION OF
NORTHWESTERNMOST CAMAQUA BASIN, SOUTHERN BRAZIL

Henrique Garcia Pereiral”, Francisco José Fonseca Ferreira?, César Augusto Moreira? and Vinicius Antunes Ferreira
da Silva*

Received: July 28, 2020; accepted: January 1, 2021; published online: April 1, 2021

RESUMEN

Los mapas magnéticos y gravimétricos (aéreos y/o terrestres) suministran informacién
importante sobre la distribuciéon espacial de las fuentes del sustrato geoldgico, las cuales
normalmente tienen propiedades fisicas y geometrias diferentes. Estas fuentes también pueden
estar localizadas a distintas profundidades, complicando la identificacién de las correspondientes
estructuras geoldgicas. Técnicas de filtrado y de realce de anomalias potenciales, pueden ser
utilizadas para realzar ciertas caracteristicas de interés (como el centro y el borde de las fuentes),
para remover aquellas caracteristicas asociadas a ruidos, para separar las anomalias de las fuentes
superficiales y profundas, asi como estimar sus profundidades. En este trabajo se analizan los
resultados de la utilizacién de técnicas de realce y estimacion de profundidad de las fuentes con
datos geofisicos aéreos y terrestres potenciales, con el objetivo de delinear una imagen estructural
del subsuelo en un irea con dos ocurrencias de cobre en el limite noroeste, entre las rocas del
Escudo Sul-Riograndense y la Cuenca del Camaqua. Los resultados confirman estructuras que
han sido reconocidas previamente y revelan otras estructuras geoldgicas que integran una malla
estructural interconectada, cuya profundidad, estimada por las soluciones de Euler, alcanzan los
170 m. Esta configuracién sugiere una probable conexién entre las mineralizaciones de cobre
observadas en los afloramientos, separados por un intervalo de 2,300 m.

PALABRAS CLAVE: Magnetometria, Gravimetria, Lineamientos, Escudo Sul-Riograndense, Ocurtencias de
Mineralizaciones de Cobre.

ABSTRACT

Airborne and ground magnetic and gravimetric maps provide important information about the
spatial distribution of causative sources in the geological substrate. These sources normally have
different physical properties and geometric shapes and are located at different depths, making
it difficult to identify the geological features that correspond to the sources. Filtering and
enhancement techniques can be used to highlight features in potential field anomalies (such as
center and edges of sources). Also, these techniques remove associated noise, isolate shallow from
deep sources, and estimate depths. We applied enhancement and depth estimation techniques

*Corresponding anthor: ique_garcia@hotmail.com 2 Laboratory for Research in Applied Geophysics, Department of Geology,
Federal University of Parand, Parand, Brazil.
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in airborne and ground potential field data to delineate a subsurface structural framework of two
copper occurrences (Victor Teixeira and Capao Grande) in the northwestern border of Camaqua
Basin with the Sul-Riograndense Shield. Our results confirmed previously recognized structures
and revealed an interconnected structural framework, which has an estimated depth of 170 m
by Euler solutions. This configuration suggests a possible connection between the two
mineralization outcrops, which are separated by a distance of 2,300 m.

KEY WORDS: Magnetometry, Gravimetry, Lineaments, Sul-Riograndense Shield, Cuptiferous Mineralizations.

INTRODUCTION

Geophysics has been applied in numerous studies to establish geological and tectonic
compartmentalization in the last decades, as well as distinguishing lithotypes and identifying
structures and lineaments, especially in inaccessible areas (Hallinan ez @/, 1993; Fernandes e7 al.,
1995; Nogueira ez al., 2004; Carvalho ez al.,, 2006; Barbuena ¢z al., 2013; Ramos et al., 2014; Castro
and Ferreira, 2015; Gastal ez al, 2015; Kosaroglu ef al,, 2016; Campos et al., 2017; Araffa et al.,
2018; Weithermann e# al., 2018; Osinowo and Abdulmumin, 2019; Alatorre-Zamora ez al., 2020).

In most of these works, the qualitative geological-structural interpretation is usually facilitated
when enhancement methods are applied. These emphasize certain characteristics of the
geophysical data (primarily those related to potential fields). Several anomaly enhancement
methods based mainly on the relationships between the derivatives of the magnetic and
gravimetric fields have been published: vertical derivative (GZ — Evjen, 19306), analytic signal
amplitude (ASA — Nabighian, 1972; Roest ¢z al., 1992), total horizontal gradient (THDR - Cordell
and Grauch, 1985), tilt angle (TDR - Miller and Singh, 1994), total horizontal gradient of the tilt
angle (TDR_THDR - Verduzco e al., 2004), horizontal tilt angle (TDX - Cooper and Cowan,
2000), Theta Map (THETA - Wijns e7 /., 2005) and tilt angle of the horizontal gradient (TAHG
- Ferreira ez al., 2013). There are also quantitative methods used to estimate the depth and width
of causative sources, such as Euler deconvolution (Thompson, 1982) and the Signum transform
(de Souza and Ferreira, 2012, 2013, 2015; Oliveira ¢z al., 2015, 2017).

The purpose of this paper is to present the application of qualitative and quantitative analyses of
aitborne and ground potential data to infer the structural mapping of subsurface and the
configuration of cupriferous mineralizations. Although the Victor Teixeira and Capao Grande
occurrences have already been the subject of geophysical studies (Moreira and Ilha, 2011; Pereira
et al., 2016; Cortes et al., 20106; Pereira et al., 2017; Cortes et al., 2019; Bitencourt ef al., 2020), this
is the first study to our knowledge where a geophysical-structural framework is presented for
the region.

STUDY AREA AND GEOLOGICAL SETTING

The study area is located on the northwestern limit of the Cagapava do Sul municipality, Rio
Grande do Sul state central region, Brazil (Figure 1a). The mining activity has great importance
in the region of Cagapava do Sul due to numerous prospects, occurrences, and recognized
polymetallic deposits. For example, the exploration of copper and gold that dates to the
beginning of the 20th century (Ronchi and Lobato, 2000).

The geological regional context of the area is demarcated by a portion of contact between the
Sul-Riograndense Shield and the Camaqua Basin (Figure 1b). The Sul-Riograndense Shield
comprises the southern segment of the Mantiqueira Province, which encompasses 65,000 km?
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of the south-central Rio Grande do Sul state. This shield is characterized by a wide spectrum of
Precambrian igneous and metamorphic rocks, whose genesis is related to crust formation
processes that occutred during the Trans-Amazonian/Ebutian (Paleoproterozoic, 2.5 to 2.0 Ga)
and Brasiliano/Pan-African (Neoproterozoic, 900-540 Ma) orogenic cycles (Almeida ez al., 1981;
Soliani Jr, 1986; Brito Neves and Cordani, 1991; Babinski e a/, 1996; Hartmann ez a/., 2000).
Regional structures of NE-SW, NW-SE, and N-S trending separated this shield in the
Taquarembd, Sio Gabriel, Santana da Boa Vista, and Pelotas domains (Borba ez a/., 2006; CPRM,
2007; Borba et al., 2008).

South America

Aerogeophysical project area

-28° Municipality ogqapava do Sul
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Fetgrighvars
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Figure 1. Location map indicating the main access roads (a) and the geological regional map of the study area (b)
based on Almeida ef a/. (2005) and Botrba ez al. (20006).

The Camaqua Basin, which has the Sul-Riograndense Shield as basement, is composed of
sedimentary and volcanogenic sequences (dated from 620 to 450 Ma) and has 10,000 m of
thickness in an area of approximately 32,000 km” in the main trend, i.e. N30E (Almeida e 4/,
1981; De Ros e al, 1994; Fragoso-Cesar ez al., 2000; Paim ez al, 2000; Teixeira ez al., 2004,
Almeida et al, 2010). These sequences do not show significant features of regional
metamorphism and are delimited by high-angle major faults with NNE-SSW direction and
basement highs, such as Cagapava do Sul to the west, and Serra das Encantadas to the east
(Almeida ez al., 2009).

According to Paim ez a/. (2000), Janikian e# a/. (2003), CPRM, (2007) and Almeida ez a/. (2010),
the Camaqua Basin filling sequence can be subdivided into five main groups: Marica
(fluvial sandstones and marine fine-grained sandstones), Bom Jardim (lacustrine
sandstones; conglomerates, rhythmites, and mudstones; intermediate, basic and acid
volcanic and volcanoclastic rocks), Cerro do Bugio (volcanoclastic rocks and acidic
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volcanic), Santa Barbara (alluvial sandstones, conglomerates, and rhythmites), and Guaritas
(alluvial sandstones and conglomerates; acolian sandstones). These groups are separated
by angular unconformity and are also subdivided into formations, dominantly limited by
unconformities.

Locally, the geological context in the study area (Figure 2a) is composed of outcropped rocks
from the Vacacai Metamorphic Complex (Sul-Riograndense Shield), the Passo da Promessa and
Arroio América Formations (Marica Group) and the Acampamento Velho Formation (Cerro do
Bugio Group). Also, the area presents the Victor Teixeira and Capao Grande cupriferous
occurrences and E-W, NE-SW and NW-SE trending faults.

245000 246000 247000

Capip Grande

6631000
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N
~

6630000
0000€99
6630000
0000€99

|
I
I
|
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/

Vietor Teixeira
/L

6629000
0006299
6629000
0006299

]
245000 246000 247006
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[ Contacts == G -
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Municipal roads

Figure 2. Geological local map of study area (a) based on CPRM (1995) and the configuration of potential field data
profiles (b). Note that the ground gravimetric lines are situated over the ground magnetic ones.

The Vacacai Metamorphic Complex (750 Ma) is constituted by a wide association of volcanic,
volcanoclastic, and sedimentary rocks, which were metamorphosed primarily by younger post-
tectonic Brazilian granitic intrusions into greenschist facies, phyllites, quartzites, marbles,
hornblende schists, and chloritic schists, as well as magnesian sequences (Machado ez a/., 1990;
CPRM, 2000). The complex has four main deformation phases recognized by regional structures.
The first three phases generated coaxial faults and folds with NE-SW oriented axes which plunge
50° to the northwest. The first two events are expressed in a tangential movement while the
third is characterized by shear. The last phase of deformation resulted in faults and folds with
axes oriented to NW-SE and E-W, which were produced by a strong reorientation in the stress
system (Koppe, 1990; CPRM, 1995; Remus ¢7 a/., 1999).

104



H. Garia et al., Geophysical-Structural Framework in a Mineralized Region of Northwesternmost Camaqua Basin, Sounthern Brazil

In this unit, fine-grained yellowish-cream-gray quartzites with foliated texture were identified.
These rocks are highly fractured and fracture-filled with quartz veins (Figure 3a). Also,
subordinate metapelites outcropped in the area (Figure 3b). Both quartzites and metapelites
denote low-grade metamorphism features.

Figure 3. Main lithotypes found in the study area: (a) quartzites; (b) metapelites; (c) conglomeratic sandstones; (d)
intercalations of sandstones and pelites; (e) trough cross-stratification; (f) rhyolites; (g) outcrop of Victor Teixeira
copper occurrence; (h) malachite in Victor Teixeira; (i) outcrop of Capao Grande copper occurrence; and (j) azurite
and malachite in Capao Grande.

The Passo da Promessa Formation corresponds to the bottom unit of the Marica Group,
dominated by cross-stratified sandstones and subordinate conglomerate lenses, interpreted as
deposits of river plains of braided channels. The Arroio América Formation is the top unit of
the Marica Group and includes sandstones and conglomeratic facies generated in system of river
plains of braided channels, associated with distal portions of alluvial fans. These formations were
affected by a compressive tectonic event originating folds with low and high angle faults
generating drags and interstrata displacements, and small sheath folds along low-angle fault
planes leading to the interpretation of layer duplication (Pelosi and Fragoso-Cesar, 2003).
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The Passo da Promessa Formation unit presents medium to coarse-grained reddish-brown and
yellowish-white sandstones, often conglomeratic, pootly sorted, angular to subangular grains,
often with rounded quartz pebbles, granites, and metamorphic rocks (Figure 3c). There are also
sandstones intercalated with thin layers of pelites (Figure 3d) and trough cross-stratification of
metric to decametric thickness is common (Figure 3e).

The Acampamento Velho Formation is the top unit of the Cerro do Bugio Group and represents
the record of sodium alkaline affinity volcanism related to a post-orogenic extensional tectonic
environment of approximately 700 m thick (Sommer e a/, 1999; Janikian ez al, 2005). This
explosive-effusive volcanism is predominantly acid and formed in a subaerial environment
associated with lavas and dikes of basic composition (Sommer ez al, 2011; Matté ef al., 2012).
Outcrops of elongated tabular grayish-brown rhyolites oriented in the NE direction, which were
described in the Acampamento Velho Formation (Figure 3f), were frequently observed in the
sandstones of the Passo da Promessa Formation, near the Victor Teixeira occurrence (see Figure
2a). The rhyolites emplaced the weakened contact zone between the basement and the Camaqua
Basin during the post-orogenic magmatic events (Borba ez al, 2007).

The Victor Teixeira cupriferous occurrence, hosted at the Metamorphic Complex Vacacai (see
Figure 2a), is characterized by an outcrop in the NE-SW direction that presents 5 m length and
2 m width (Figure 3g). Chlorite-quartz-sericite schists and sericite-chlorite-quartz schists with
gray to greenish-gray colors constitute the outcropping rocks. In addition, small impregnations
of malachite [Cux(CO3)(OH)2] were observed in fractures and in the interfoliar spaces (Figure
3h).

The Capao Grande occurrence is present in the Passo da Promessa Formation, the bottom unit
of the Marica Group in the Camaqua Basin (see Figure 2a). This mineralization is characterized
by an outcrop in the NE-SW direction, showing 19 m in length and 10 m in width (Figure 3i),
composed of intensely fractured medium-grained and reddish-brown arkosic sandstones. These
sandstones host azurite [Cu3(CO3)2(OH),| and malachite [Cux(CO3)(OH).|, which mainly fill
fractures (Figure 3j).

The literature on the origin of several prospects, occurrences and deposits of metallic minerals
(Au, Ag, Cu, Pb and Zn) present and the Camaqua Basin shows contrasting interpretations due
to the variety of models proposed. The most recent explanation for their origin is that they are
associated with a magmatic-tectonic system developed in the post-collisional period of the Dom
Feliciano Belt, at the end of the Brasiliano Cycle. The plutono-volcanic events recorded in the
basin would have acted as thermal sources in the generation of epithermal systems. In addition,
these events may be responsible for the circulation of paleofluids and for the remobilization of
metals from country rocks and their later concentration (Remus ez a/, 2000; Mexias ez al., 2007,
Toniolo et al.,, 2007; Fontana, 2016).

The structural control of those important concentrations of metallic minerals is intrinsically
associated with the tectonic episodes of generation and deformation of the Camaqua Basin over
the Sul-Riograndense Shield. According to Almeida ez a/. (2010), two paleostress fields, related
to forming tectonic events, and three later ones were recognized, which were associated with
deforming tectonic events. The two first fields were associated with ENE-trending distension
and ENE-trending compression while the others were related to NW-oriented distension, NW-
oriented compression, and NE-oriented distension. Also, the first paleostress corresponds to
the N20-30E trend Irapua Fault (Ribeiro ez al, 1966) while the second is associated with the
N50-60W oriented Cerro da Vigia Fault (Ribeiro, 1970).
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MATERIAL AND METHODS

The airborne magnetic data used in the present research was acquired and processed by Lasa
Prospec¢oes S/A for the Geological Survey of Brazil (CPRM, 2010). The Aerogeophysical Rio
Grande do Sul Project covered an area of approximately 75,600.00 km* and its survey lines were
spaced 500 m (north-south oriented) while its control lines have a spacing of 10 km. The average
nominal ground clearance was 100 m. The magnetic field was acquired using a Scintrex CS-2
cesium magnetometer that uses a GPS navigation system with 12-channel receivers and a
TRIMBLE AgGPS 132 differential correction model. The along-line sample interval was 0.1 s,
which represented a spatial sampling of approximately 6 m.

The limits of the Aerogeophysical Rio Grande do Sul Project is illustrated in Figure 1a and the
flight-lines used in the 16 km® of study are shown in Figure 2b. The length of each of the seven
lines was 3,200 m.

The ground magnetic data consisted of 1,258 measurements acquired in a parallel and
perpendicular arrangement to the cupriferous occurrences of Victor Teixeira and Capao Grande
(Figure 2b). These profiles were collected using a sampling interval of 25 m and they present
different lengths, e.g. 400 m, 800 m, and 2,925 m. Two GSM-19 (GEM SYSTEMS) proton
precession magnetometers were used for the ground survey where one of them acted as a base
station to assess the daily magnetic variation. In addition, the readings were defined according
to the magnetic datum (22,475 nT) obtained from the National Oceanic and Atmospheric
Administration (NOAA) for the center of the study area.

The acquisition of ground gravimetric data was restricted to two smaller areas around the copper
occurrences and along a NE-SW profile that connects them (Figure 2b). Gravity acceleration
measurements were spaced 25 m in the profiles that crosscut the mineralized outcrops and 50
m along the others. A total of 441 stations were acquired using a Scintrex Autograv CG-5
gravimeter.

The procedure adopted in obtaining the gravimetric data was to use a known base station to
start the survey, then proceeding to the stations scheduled and at the end of day measuring at
the initial base station. The Autograv CG5 gravimeter was configured so that measurements
were sampled at both the base station and stations of interest after a 90 s cycle of continuous
readings.

The Main Church of Cagapava do Sul was used as a reference base station. This station, which
is a member of the Fundamental Gravity Network of Brazil, has the following properties:
absolute gravity of 979,274.670 mGal, altitude of 444.895 m, and UTM coordinates of
260,050.493 X and 6,621,240.062 Y.

The georeferencing of gravimetric stations was performed using two GPS/GLONASS/SBAS
L1/1.2 receivers, ProMark 700 models, from Spectra Precision. These models were developed
for use in Real-time Kinematic Network (RTK) and present Global Satellite Navigation System
(GNSS) with 200 channels achieving horizontal and vertical accuracies of 10 mm and 20 mm,
respectively.

The Geological Survey of Brazil made the data of the Rio Grande do Sul Shield aerogeophysical
project (CPRM, 2010) available in the ASCII format (.xyz). In addition, the survey data already
includes routine magnetic corrections (parallax error; removal of diurnal variations; leveling and
microleveling of profiles, and subtraction of the International Geomagnetic Reference Field -
IGRF). Therefore, the processing carried out included clipping the area of interest and to grid
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its database in the dimensions 125 m x 125 m (equivalent to 1/4 of the spacing between flight
lines), using the bidirectional interpolation method (Reeves, 2005; Isles and Rankin, 2013).

Regarding the ground magnetic data processing, after removal of spurious data, the magnetic
tield was corrected for diurnal variations and the IGRF was subtracted (Luiz and Silva, 1995;
Milsom, 2003; Dentith and Mudge, 2014). In addition, the diurnal correction calculation was
performed in the GEMLink software and the IGRF subtraction (according to the World
Magnetic Model corrected in 2018) using the Oasis Montaj program.

The ground gravimetric data were also reduced according to standard procedures in the
literature, such as instrumental drift, tidal effects, latitude, altitude, and terrain corrections, as
well as the calculation of the free-air and Bouguer anomalies (Telford e al, 1990; Kearey et al.,
2002; Lowrie, 2007; Hinze e al, 2013). The free-air and Bouguer anomalies were defined
according to the latitude equation of Heiskanen and Moritz (1967) and an average crustal density
of 2.67 g/cm’. The terrain correction was developed based on the correlation of altimetric data
from local stations and the digital elevation model derived from the Shuttle Radar Topography
Mission (SRTM) data. This correlation was based on the methods described by Kane (1962) and
Nagy (1960) using the Gravity extension from the Oasis Montaj software.

The last stage of ground geophysical data processing was to generate magnetic and gravimetric
maps using the minimum curvature interpolation (Briggs, 1974) in a regular mesh of 37.5 m (1/4
of the average spacing between acquisition lines).

For the stage of anomalies enhancement, qualitative and quantitative analyses were performed
for all the previous corrected data. The qualitative analysis was based on enhancement
techniques, such as the TDR (Miller and Singh, 1994) and THETA (Wijns e a/, 2005), to
evaluate the study area’s structural framework. These techniques were applied directly in the
reduced-to-the-pole magnetic field airborne data while the ground magnetic and ground
Bouguer data were upward continued to improve the signal/noise ratio.

The quantitative analysis involved the Euler deconvolution (for the airborne and ground data)
and the radially averaged power spectrum (for the ground data) to estimate the depths of the
causative sources and delineate the structural framework. Also, the power spectrum assisted in
defining the values used for the upward continuation of the ground magnetic (40 m upward
continued) and gravimetric (50 m upward continued) data.

The reduction-to-the-pole is a filter commonly used to minimize the dipolar effect of the
geomagnetic field. This technique transforms the anomaly into the shape it would have if it were
on the magnetic pole, i.e. inclination (I) = 90°; declination (D) = 0° (Baranov, 1957; Baranov
and Naudy, 1964). Although the reduction-to-the-pole considers only the induced
magnetization, it allows the anomalies to be positioned as close as possible to the causative
sources by means of the following expression (Grant and Dodds, 1972; MacLeod e7 a/., 1993a,
1993b; Li, 2008):

[sin()—icos(I)cos(D—6)]? 1
sinZ(Ia)+cos?(Ia) cos2(D-8)][sin2(I)+cos?(I) cos?(D—-6)] ( )

RTP(6) =;

where I is the geomagnetic inclination, D is the geomagnetic declination, 0 is the direction of the
wavenumber, and Ia is the amplitude correction inclination, or pseudo-inclination, which is the
complementary angle of the geomagnetic inclination.
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MacLeod e al. (1993a, 1993b) introduced pseudo-inclination to obtain more stable responses at
low magnetic inclinations (case of the study area). This parameter also suppresses amplitude and
power in the direction of the inclination (Li, 2008).

The values used in the reduction to pole, according to Eq. 1, of the airborne magnetic survey
were D = -13.47°, 1 = -36.60° and Ia = -53.40° while the parameters for the ground magnetic
survey were D = -14.99°, I = -38.79° and Ia = -51.21°. Those parameters were adopted
according to the acquisition of survey data average date, which were June 22, 2010, and
December 17, 2017, for the airborne and ground magnetic surveys, respectively.

The TDR is defined as the arctangent of the ratio between the vertical derivative (Gz) and the
total horizontal derivative (THDR):

TDR(9) = tan! (Tgfm) @)

This enhancement technique responds equally well to shallow and deep sources and can provide

information about their horizontal extensions, due to its property of being positive above the
sources, reaching zero values close to the edges and negative outside them (Miller and Singh,
1994). The TDR also provides estimates on the dip and the magnetic susceptibility contrast of
the causative sources (Thurston and Smith, 1997; Salem e¢# a/., 2007; Fairhead ez al., 2008).

The THETA is considered as the quotient between THDR and the analytic signal amplitude
(ASA):
€)

This filter is commonly used to outline contacts and it has the property of locating anomalies
directly over their causative sources. Even though it was initially developed for regions with low
magnetic latitudes, the THETA may be applied to reduced-to-pole data (Wijns ez a/., 2005).

THETA(O) = cos™? (ﬂ)

ASA

The upward continuation (UW) simulates the acquisition of data at heights higher the level at
which the data were measured, that is, further from the sources. This filter minimizes ot removes
the high-frequency and noise signals and it does not produce edge effects. The UW is often used
to compare magnetic and gravimetric data acquired at different altitudes (Jacobsen, 1987
Milligan and Gunn, 1997).

The Euler deconvolution is a quantitative technique applied in a set of potential anomalies that
allows estimating the location and depth of causative sources based on data scanning through
moving windows (Thompson, 1982; Blakely, 1995). These estimates, called solutions, are
calculated based on the inversion of the Euler’s homogeneity equation, which relates the
magnetic and gravimetric fields and their horizontal and vertical derivatives alongside the
location of the sources through the degree of homogeneity, interpreted as structural index:

= x0) e+ = ¥0) 3 (2 = 20) 57 = 1.(B — M) @

where Xg, Yo, Zo are the magnetic source positions, x, y, z are the positions of the detected total
tield M, B is the regional value of the total magnetic field, and 1 is the degree of homogeneity
or structural index.

The structural index (SI) may be defined as the rate of change of the potential field’s strength
compared to the distance between the source and the detector for a given model geometry. The
interpreter should always choose the index based on prior geological knowledge where features
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receive a corresponding structural index based on their generic geometric shape (Table 1). The
degree of Eulet's solutions concentration is acceptable when the solutions atre aligned on 2D
models, or superimposed on 3D models (Reid ¢ a/, 1990).

Table 1. Structural index (SI) values for magnetic and gravimetric models (Reid ez 2/ 1990).

Magnetic Bodies Structural Index Gravimetric Bodies Structural Index
Contact/Step 0 Step/Sill/Dike 0
Sill/Dike 1 Cylinder/Pipe 1
Cylinder/Pipe 2 Sphere 2
Sphere 3

The radially averaged power spectrum is another quantitative method to estimate the depth of
potential field anomalies in the frequency domain, enabling the spectrum to delimit the deep,
intermediate, shallow, and noise sources, which is used to perform the regional-residual
separation. In addition, the power spectrum expresses the energy corresponding to the
wavenumber and direction in the form of a two-dimensional graph, whose x-axis represents the
wavenumber and y-axis the power spectrum energy logarithm, that is log E(r), which is
equivalent to 41tr. Depth to a set of statistical sources is given by the following equation (Spector
and Grant, 1970; Cowan and Cowan, 1993):

h = —s/4m )

where h is the depth to the top of the sources and s is the slope of one portion of the power
spectrum.

RESULTS AND DISCUSSIONS

The results generated from the airborne and ground geophysical data are illustrated (Figures 4,
5 and 7) in pseudo-colored contour maps alongside the geological map of Figure 2a. The total-
tield anomaly (TFA) map (Figure 4a), shows values varying between -5 nT and 10.5 nT in both
Vacacai Metamorphic Complex and Camaqua Basin. Only Acampamento Velho Formation’s
tuffs and rhyolites have a predominance of negative values, around -3 nT. The faults were
characterized by anomalies of high magnetic intensity (above 1 nT) while the cupriferous
occurrences were located at the edges of positive anomalies INE-SW trend in the Victor Teixeira
and NW-SE direction in Capao Grande).

A successful application of the RTP to the TFA (RTP-TFA) map can be seen in Figure 4b,
where the total-field dipolar anomalies become monopolar and the RTP-TFA maximum values
are higher than those of the TFA map. The basement metavolcanoclastic rocks are characterized
mainly by high amplitudes (between 1 nT and 16 nT) while the volcano-sedimentary rocks of
Camaqua Basin have low to intermediate values (from -9 nT to -0.90 nT), which are in good
agreement with their lithotypes. There are also positive anomalies in the basin, above 0.30 nT,
in the NE-SW (delimiting the tuffs) and NW-SE to E-W directions (parallel to the geological
regional faults). The domain of intermediate magnetic field (around -0.90 nT) is associated with
the cupriferous occurrences.
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Figure 4. Airborne magnetic maps: (a) TFA; (b) RTP-TFA; (c) TDR of the data in (b); (d) THETA of the data in
(b); (e) magnetic lineaments interpreted (gray lines); (f) Euler solutions. Dashed lines represent the contacts between
the lithotypes while solid lines are faults (i.e, limits and structures of Figure 2a).

Figures 4c and 4d show the results of TDR and THETA enhancement techniques. These filters
were used to delineate structural lineaments in the study area since they demonstrated greater
coherence with the prior geological information in comparison to the results obtained from
previous methods cited in the Introduction section. Moreover, both TDR and THETA equalize
the amplitudes and locate the maxima over the center of the magnetic sources.
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Regarding the magnetic-structural framework of the study area (Figure 4e), the
metavolcanoclastic sequence of the Vacacai Metamorphic Complex exhibits lineaments in the
NE-SW and E-W directions. Moreover, the main geological structure of this complex, an E-W
fault, showed a good magnetic response. Immediately to the south, another E-W magnetic
structure, that crosses the region, was delineated. Magnetic lineaments with NW-SE and NE-
SW direction predominate in the volcano-sedimentary sequences of the Camaqua Basin. The
larger NW-SE geological fault is parallel to a magnetic lineament. The magnetic lineaments
suggest that the Capao Grande copper occurrence (located at the north in the basin) is controlled
by an NW-SE oriented structure while the Victor Teixeira occurrence (located at the
southwestern rim of the basin) is associated with a NE-SW oriented lineament.

Figure 4f shows the Euler solutions, generated from the RTP-TFA data (Figure 4b). The
parameters used for the solutions were: structural index (SI) equal to 0 (Contact/Step - Table 1),
depth tolerance of 25 %; window size of 1,000 m, and flight height of 113 m (average value for
the study area). The solutions were mostly located in the E-W, NE-SW, and NW-SE directions,
thus in good agreement with the interpreted lineaments. The maximum and minimum depths
observed were 570 m and 1 m, respectively. Most of the magnetic lineaments are situated at
depths between 78 m and 156 m. Larger depths (between 235 m and 313 m) were observed
mainly in the acidic tuffs of the Acampamento Velho Formation.

Figure 5a shows the RTP-TFA map of the ground magnetic data of the study area. The
metavolcanoclastic rocks of the Vacacai Metamorphic Complex are characterized mainly by
high-intensity anomalies (above 36 nT), with Victor Teixeira occurrence located on the edge of
one of those. From this occurrence towards the central region of the map, the contact with the
Passo da Promessa Formation sandstones is practically outlined by low magnetic intensities
(about -10 nT). This signature continues northward to the E-W regional geologic fault, where
the magnetic field increases in the Capao Grande occurrence direction. RTP-TFA values
increase as they approach the Arroio América Formation.

The RTP-TFA map upward continued to 40 m can be seen in Figure 5b, in which a smoother
pattern of anomalies is observed. The height of upward continuation, 40 m, was set according
to the Radially Power Averaged Spectrum (Figure 6a) analysis, which was generated from the
data RTP-TFA map of ground magnetic data (Figure 5a). In addition to the values attributed to
shallow and noise sources, deep sources (> 200 m depth) and intermediate sources (between
200 m and 100 m) were also interpreted.

The TDR (Figure 5¢) and THETA (Figure 5d) enhancement techniques from the RTP-TFA 40
m upward continued map enabled a satisfactory qualitative interpretation of the ground
magnetic-structural framework (Figure 5e), where interconnected NW-SE, NE-SW, and E-W
oriented structures can be seen. In this framework, NW-SE trend lineaments are more abundant,
although NE-SW trend lineaments are longer. Observed NE-SW oriented lineaments may be
associated with the contact between the Vacacai Metamorphic Complex and the Camaqua Basin,
south of the E-W central geologic fault. Intersections between NE-SW and NW-SE structures
are recurrent in those geological units and are also observed in the Victor Teixeira and Capao
Grande copper occurrences.
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Figure 5. Ground magnetic maps: (a) RTP-TFA; (b) RTP-TFA upward continued (UW) to 40 m; (c) TDR of the
data in (b); (d) THETA of the data in (b); (¢) magnetic lineaments interpreted (gray lines); (f) Euler solutions. Dashed
lines represent the contacts between the lithotypes while solid lines are faults (i.e, limits and structures of Figure
2a).

Euler solutions (Figure 5f) show good agreement with the interpreted lineaments. The depths
were situated between 22 m and 250 m and were determined based on the following parameters:
structural index (SI) equal to zero (Contact/Step); depth tolerance of 15%; window size of 300
m and distance between the sensor and the ground surface of 1.8 m. The lineaments were
characterized by depths varying between 55 m and 88 m.
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Figure 6. Radially averaged power spectrum: (a) ground magnetic data; (b) ground gravimetric data.

Ground Bouguer gravity anomalies of the study area ranged from 6.16 mGal to 14.58 mGal
(Figure 7a). The southwestern area (Victor Teixeira occurrence) presents the lowest values
(between 6.16 mGal and 9.21 mGal). In the central region, a strong E-W oriented anomaly (14.58
mGal) stands out. Positive anomalies of similar intensity predominate (10.09 mGal to 14.58
mGal) near the Capao Grande mineralization.

The attenuation of the signal without significant loss of geological information is evident in
Figure 7b, which illustrates the ground Bouguer anomaly map upward continued to 50 m. The
TDR (Figure c) and THETA (Figure 7d) enhancement techniques were applied to this map to
outline the gravimetric-structural framework (Figure 7e), whose qualitative interpretation of the
lineaments proved to be satisfactory with the mapped geology.

Preferential trends in the gravimetric-structural framework (Figure 7¢) are observed in the NW-
SE, E-W, and NE-SW directions. In the central area, E-W structures dominate (one of the
lineaments is consistent with a part of the geologic regional fault) while the other lineament
trends intersect near the copper occurrences.

Euler solutions (Figure 7f), based on the Bouguer anomaly data (Figure 7a), indicate depths
between 19 m and 340 m, which were determined by the following parameters: SI equals to 0
(Contact/Step); depth tolerance of 15 %; window size of 300 m and height of 17 cm (distance
between the gravimeter tripod and the surface). The solutions were consistent with the gravity
observed structures (mainly those in the NW-SE trend). The lineaments interpreted around the
copper mineralizations presented depths from 70 m to 120 m. The central E-W structures are
deeper (between 120 m and 170 m). In addition, depths greater than 170 m are indicated in the
innermost portions of the geological units and near to the contacts.
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Figure 7. Ground gravimetric maps: (a) Bouguer anomaly; (b) Bouguer anomaly upward continued to 50 m; (c)
TDR of the data in (b); (d) THETA of the data in (b); (¢) gravimetric lineaments interpreted (gray lines); (f) Euler
solutions. Dashed lines represent the contacts between the lithotypes while solid lines are faults (i.e, limits and
structures of Figure 2a).

The assimilation of results obtained in the interpretative potential field maps (Figure 4e, Figure
5e, and Figure 7e) allowed us to present the interpretation of the integrated geophysical-
structural framework of the study area (Figure 8a). Moreover, the surface structural lineaments
can be observed in Figure 8b. They were delineated according to the analysis of shaded SRTM
imagery (azimuths used: 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°) using the QGIS package.

The geophysical-structural picture of the study area (Figure 8a) reveals the interconnection of
NE-SW, NW-SE and E-W lineaments, which may indicate a likely correlation between the
copper mineralizations, as the lineaments may act as conduits for paleofluids, as well as for the
remobilization of metals in the country rock and subsequent concentration of these elements.
These processes may be related to an epithermal magmatic event associated with the post-
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collisional period of the Dom Feliciano orogenesis, which dates at the end of the Brasiliano
Cycle (Remus ¢7 al., 2000; Toniolo ef al., 2007; Mexias et al., 2007; Fontana, 2016).

The interpretation of orbital lineaments, presented in Figure 8b, also reveals a structural
framework that connects the studied cupriferous occurrences. This validates the geophysical-
structural framework results and suggests that such structures are significant in both shallow and
deep levels.

Figure 8a and b indicate that NE-SW and NW-SE lineaments predominate compared to the E-
W trend. NE-SW trends primarily are associated with geological contacts while NW-SE
lineaments often intercept them, as in the case of cupriferous occurrences. In addition, there is
a good correlation between orbital and airborne (magnetic) and ground (magnetic and
gravimetric) lineaments in the area of the occurrences, especially in NW-SE lineaments in Capao
Grande and NE-SW in Victor Teixeira. In the central study area, there was a correspondence
between orbital and geophysical lineaments in the E-W direction and the mapped geology,
corroborating the main geological E-W oriented fault and still revealing another structure parallel
to the south, which may crosscut all the geological units according to airborne magnetic data.

The main trends (NE-SW, NW-SE, and E-W) of the geophysical-structural framework and
surface structures (Figure 8a and b) reflect the tectonic history of superposition of the four main
deformation phases that affected the Vacacai Metamorphic Complex and Marica and Cerro do
Bugio Groups in the study area. The first three phases resulted in the generation of faults and
coaxial folds with NE-SW oriented axes (plunging 50° to NW) and the last deformation phase
resulted in faults and folds with NW-SE and E-W oriented axes, produced by a strong
reorientation in the stress system (Koppe, 1990; Machado ez 4/, 1990; CPRM, 1995; Remus e7 a/,
1999).

The remarkable interlacement of geophysical and orbital lineaments that characterizes the
copper occurrences (Figure 8a e b) endorses the importance of these sites as prospective guides
in mineral research campaigns in the study area. This is due to several prospects, occurrences,
and polymetallic deposits from the Sul-Riograndense Shield and Camaqua Basin being located
at the intersection of N20-30E (e.g. Irapua fault system) and N50-60W oriented regional
structures (e.g. Cerro da Vigia fault system) (Ribeiro e 2/, 1966; Ribeiro, 1970; Remus ez al., 2000;
Almeida ez al., 2010).

In summary, based on the prospective guide mentioned before, it is possible to suggest a target
area with a high potential for mineralization in the region between the copper occurrences, near
the contact between the Vacacai Metamorphic Complex and the Passo da Promessa Formation.
In addition to the intersections of NE-SW and NW-SE structures in that region, an E-W
structure crosscut all geological units. Moreover, this location stands out for its high values of
depth (around 170 m) from Euler solutions.
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Figure 8. Geophysical-structural framework of the study area (a) and orbital lineaments (b).

CONCLUSIONS

The use of airborne and ground magnetic and gravity data confirmed its potential in the
elaboration of geophysical-structural maps. These were based on the enhancements applied from
qualitative techniques of the tilt angle (TDR) and the Theta Map (THETA) over the Bouguer

anomalies and reduced-to-the-pole magnetic grids.

The solutions, which have structural index associated with geological contacts derived from the
quantitative Euler deconvolution, proved to be consistent with the lineaments interpreted by
qualitative techniques. Such solutions pointed out that most of the delineated structures extend
to at least 170 m in the subsurface.

The geophysical-structural framework obtained for the study area revealed a pattern of
interconnected joints, faults, and fractures that may result in vertical conduits that are suitable
for the circulation of mineral-rich fluids. These fluids are relevant in the formation and control
of deposits in magma-hydrothermal systems, as recognized in several occurrences of base metals
in the Sul-Riograndense Shield and in the Camaqua Basin, which supports the correlation
between the Victor Teixeira and Capao Grande mineralizations, which are separated by a
distance of 2,300 m.

The joint use of magnetic and gravity methods enabled the recognition of structural lineaments
at different depths and association with different deformation phases. Our analyses of post-
processing products suggest the prospective targets of mineral occurrences where there are
intersections of geophysical-structural lineaments. These lineaments may present high values of
depth. However, they lack detectable indicators in the surface geology.

The intersection pattern of NE-SW and NW-SE oriented geophysical-structural lineaments,
which presents in the copper outcrops and related to different depths and deformational phases,
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constitutes a prospective guide for similar places where there is a lack of surface evidence. This
prospective guide may contribute to identifying potential new targets in mineral research
campaigns, as pointed out in the central region of the study area.
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RESUMEN

Las rocas metamorficas Precambricas en la region sur del estado de Espirito Santo (sureste de
Brasil) estan interceptadas por zonas de cizallamiento ductiles y quebradizas / ductiles sobre las
cuales se establecieron pueblos como Guagui, Marechal Floriano y Domingos Martins. En los
afios de 2014 a 2010, el estado de Espirito Santo enfrenté la peor sequia de los dltimos 80 afos.
En situaciones como esa, la unica fuente de agua dulce disponible es subterranea. Por lo tanto,
el propésito de este estudio fue integrar datos de fuentes multiples para la prospeccion y gestion
de aguas subterraneas. El area de estudio comprende los sectores centrales de las zonas de
cizallamiento Guagui y Batatal. La metodologia abarca la interpretacion de pares estereoscopicos
para la identificacién de lineamientos estructurales, prospeccion geofisica (resistividad eléctrica)
y trabajos geoldgicos de campo. Los resultados se validaron tentativamente con los datos de
produccion de pozos de agua subterranea disponibles. Se estudiaron seis perfiles de resistividad
con una longitud total de 2.400 m y se describieron 15 afloramientos. Los resultados mostraron
que el marco estructural de las zonas de cizallamiento estd hecho predominantemente de
lineamientos de orientacion NW a NNW y NE a NNE. La familia de orientacion NW-NNW
esta relacionada con la tecténica fragil y la familia de orientacién NE-NNE coincide con la trama
ductil Precambrica de las rocas cristalinas del basamento. Un acuifero poroso superficial
relacionado al regolito y a depodsitos sedimentarios no consolidados recientes, con valores de
resistividad < 1.372 Ohm.m y profundidades <30 m presenta un buen potencial para el
almacenamiento de agua subterranea. Sin embargo, los resultados no son concluyentes sobre el
significado hidrogeolégico de las estructuras tectonicas para la prospeccion de aguas
subterraneas en el area de estudio.

PALABRAS CLAVE: recursos hidricos subtetrineos, tomografia eléctrica de resistividad, lineamentos estructurales,
macizo rocoso fracturado, acuifero poroso.

ABSTRACT

The Precambrian metamorphic rocks in the southern region of the Espirito Santo State
(southeastern Brazil) is intercepted by ductile and brittle/ductile shear zones over which towns
like Guagui, Marechal Floriano and Domingos Martins were established. In the years of 2014 to
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2016 the Espirito Santo State faced the worst drought in the past 80 years. In situations like that,
the only source of fresh water available is underground. Therefore, the purpose of this study was
to integrate multisource data for groundwater prospecting and management. The study area
comprises the central sectors of the Guagui and Batatal shear zones. Methodology involved the
interpretation of stereo-pairs for the identification of lineaments, electrical resistivity surveys and
geological fieldwork. The results were tentatively validated with available groundwater well
production data. Six resistivity profiles with a total length of 2,400 m were surveyed and 15
outcrops were described across these structures. Results have shown that the structural
framework of the shear zones is predominantly made of NW to NNW and NE to NNE-trending
lineaments. The former is related to brittle tectonics and the latter coincides with the ductile
Precambrian fabric of the crystalline basement rocks. A near-surface porous aquifer regarded to
the regolith and recent unconsolidated sedimentary deposits presenting resistivity values < 1,372
Ohm.m and depths < 30 m have good potential for groundwater storage. However, results are
not conclusive about the hydrogeological significance of tectonic structures for groundwater
prospection in the study area.

KEY WORDS: groundwater resoutces, electrical resistivity tomography, structural lineaments, fractured rock mass,
porous aquifer.

INTRODUCTION

In rural and urban areas three sources of fresh water resources for human consumption may be
available: (a) rivers and water reservoirs; (b) porous aquifers (i.e. soil and sedimentary units); and (c)
fractured rock aquifers (Freeze and Cherry, 1979; ANA, 2005). In regions where basement rocks
outcrop, groundwater accumulates in opened planar structural features (i.e. joints, faults, foliation,
veins, etc.), which serve as a complex conduit-barrier system.

Fractured rock aquifers are controlled by fracture properties such as aperture, spacing (or fracture
density), orientation, infillings (e.g. sand, clay, cemented, etc.), roughness (particularly for fractures with
small apertures), connectivity, state of stress and nature of host rocks (Costa, 2008; Fernandes, 2008;
Singhal and Gupta, 2010; Bense e# @/, 2013). Fracture network facilitates chemical weathering and
dissolution of host rock increasing hydraulic conductivity and groundwater storage (Hiscock, 2005;
Brassington 2007).

Unlike fractured aquifers, the literature about the hydrogeological characteristics of rock aquifers related
to Precambrian shear zones in Brazil is deficient (Neves and Morales, 2000). Shear zones ate tabular
regions of concentrated deformation across which adjacent undeformed rock units are offset (Alsop
and Holdsworth, 2004). They are linear to curvilinear structures whose length is much greater than
width. They are recognized at all scales and can be classified into brittle, ductile and brittle-ductile.
Brittle shear zones are characterized by an array of parallel to subparallel fractures and veins, formed
under fracturing, brecciation and cataclastic processes in the upper Earth’s crust (< 10 km). Ductile
shear zones are characterized by the presence of mylonitic rocks, where crystal-plastic deformation
processes take place. Typically, such processes occur in the middle to lower Earth’s crust. Brittle-ductile
shear zones comprise features from both endmembers (Hobbs ¢z 4L, 1970).

Metamorphic rocks exposed in the southern region of the state of Espirito Santo (Brazil) are cut by
the Guacuf and Batatal NE-trending shear zones (Figure 1). These outstanding structures are tens of
kilometers long and can be easily traced from remote sensing and aerogeophysical data (Silva, 2010).
From 2014 to 2016 the Espirito Santo state faced the worst drought in the last 80 years according to
government agencies, which resulted in water supply problems and economic losses. Some important
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locations lay over these features, such as the Guagui, Marechal Floriano and the tourist town of
Domingos Martins. Population of the three towns combined reach 81,000 inhabitants and land has
been extensively wused for cattle raising and coffee and eucalyptus plantations

(https:/ /cidades.ibge.gov.bt/).

In this sense, the aim of this paper is to investigate the hydrogeological significance of these shear zones
for groundwater prospecting and management. The use of remote sensing data for the analysis of
landforms associated to subsurface geophysical surveys can elucidate the hydrogeological complexity
of fractured aquifer system in regions where basement rocks outcrop (Fernandes, 2008; Singhal and
Gupta, 2010). Besides, it can assist the conservation of areas of aquifer recharge and the identification
of groundwater reservoirs (Dottridgea & Jaber, 1999; Rubin and Hubbard, 2005; Yabel e# a/, 2015;
Salles ¢z al, 2018; Sandoval & Tibujan Jr., 2019). In view of this, we integrate geophysical, remote
sensing and geological and structural data.

STUDY AREA
REGIONAL GEOLOGY AND TECTONICS

The Araguai orogen, located in southeastern Brazil, and its African counterpart, the West Congo
belt, constitute an orogenic system that developed during the Brasiliano-Pan-African orogeny
between the margins of the Sdo Francisco and Congo cratons (Alkmim ez a/., 20006). The Araguai-
West Congo orogen (A-WC orogen) was formed during the amalgamation of Western
Gondwana in Late Neoproterozoic time and split into two parts by the opening of the South
Atlantic Ocean in the Cretaceous. The Araguai orogen comprises rift-related to distal passive
margin sequences, ophiolitic remnants of the precursor Macaibas basin, Rio Doce magmatic
arc-related rocks and pre-collisional to post-collisional intrusions - G1 to G5 Supersuits
(Pedrosa-Soares et al., 2011). Paleoproteroic to Archean basement rocks include high-grade
metamorphic rocks included in the Caparad, Juiz de Fora, Ipanema, Guanhaes and Serra do
Valentim complexes. These represent reworked rocks related to the Sao Francisco Craton (Vieira
et al. 2015; Alkmim ez al. 2000).

The Guagui and Batatal NE-trending shear zones are one of the most strikingly geological
features encountered in the southern region of the Espirito Santo State and can be easily traced
from satellite images and aerogeophysical data for tens to hundreds of kilometers (Figure 1).
These geological structures were formed in the final tectonic stages of the A-WC orogen
(Pedrosa-Soares et al., 2001; Alkmim e al. 2000).

The Guagui and Batatal shear zones cross paragneisses belonging to the Parafba do Sul Complex
and pre to late-tectonic granitoids (Vieira, 1997). The Guagui Shear Zone (GSZ) is 350 km long
and 5 km wide on average and is comprised of mylonites (outer margins) and ultramylonites
(core region), showing subvertical mylonitic foliation. The GSZ is a right-lateral ductile shear
zone developed under high-grade metamorphism (Cunninghan e a/., 1998; Horn, 2007). The
Batatal Shear Zone (BSZ) is 70 km long and comprise mylonitic foliation, being interrupted to
the south by the post-collisional Iconha pluton (Féboli, 1993; Silva, 2010). According to Silva
(2010), the BSZ is a brittle-ductile shear zone originated under low to medium-grade
metamorphism.

After a long period of tectonic stability, the Araguai-West Congo orogenic belt was broke apart
due to the opening of the Atlantic Ocean in the Cretaceous. This tectonic event was responsible
for the intrusion of mafic magmatism, uplift of the Serra do Mar mountain range (to the south),
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reactivation of inherited geological structures and the development of marginal sedimentary
basins, such as the Espirito Santo and Campos basins (Almeida, 1976). The Meso-Cenozoic
brittle tectonics in the Brazilian southeastern margin was investigated by many authors
(Riccomini, 1995, Ferrari, 2001, Zalan & Oliveira, 2005, Silva & Melo, 2011). In the Espirito
Santo State, Ribeiro (2010) and Hartwig and Bozzi (2019) recognized three brittle deformation
phases responsible for landform development and deformation of the semi-consolidated
sediments of the Barreiras Formation (Miocene). Calegari ef al, (2016) recognized a NW-
trending Lineament in the Espirito Santo southeastern margin, named as the Alegre Fracture
Zone, originated in the Cambrian Period and reactivated in the Cenozoic Era. Lourenco e# al.
(2016) obtained similar results for the Piima lineament, a 70 km long and N50W-trending brittle
shear zone. Maizatto e/ al. (2009) apud Chemale Jr & Hadler (2005) based on apatite fission
tracks analysis, recognized an important tectonic event during 80-60 Ma in the south-central
Espirito Santo State, which caused a regional uplift that reached up to 3,000 m.

Few stress data are available for the southern Brazil (Lima ez al, 1997). According to the authors,
measurements obtained from breakout for 145 wells in the Campos, Santos and Espirito Santo
offshore basins are too scattered to define a regional SHum. orientation.

210[000 240l000 270l000 300'000 330'000

778?000
T
7780000

770('1000 772(:000 774?000 776?000
T T T
7720000 7740000 7760000

T
7700000

758?000

T
7680000

1 1 1 1 1
210000 240000 270000 300000 330000

Legend Symbols ooorw
. . . ) g O s
] FIuwa‘I-manne de-pOSIts-(Neogene) " Lineaments 7 T // ~ \/
[ Barreiras Formation (Miocene) % Shear zones Q) ﬁ Espirio |
[l Post-collisional igneous rocks (Cambrian) Brazil |~ # % santo State |
) # Faults Ly |
[ Mylonites - GSZ e /
_» Foliation planes » ya y
[l Orthogneisses (ca. 630 to 580 Ma) o i /
) * Localities o 7 mor
[ Paraiba do Sul Complex (619 Ma) 8 7
I tpanema Complex | Reworked Paleoproterozoic //Z ] ':)‘c"""“b
[ capara6 Complex basement rocks / (N ean

Figure 1. Regional geology of the study area based on Vieira (1997).
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SOILS AND LANDFORMS

Landforms in the study area are included in the Mantiqueira Northern Plateau geomorphological
unit (Gatto et al. 1983). They are structurally controlled by NE to NNE-trending lineaments
inherited from basement rocks as well as NW-trending lineaments. Hilly landforms with
rounded summits and gentle to steep slopes predominate. Landscape is marked by a regional
plateau around 700 m.a.s.] amid which rocky domes emerge, reaching elevations up to 1,700
m.a.s.l. These are usually associated to post-collisional igneous rocks.

Alluvium deposits are associate to the drainage system. They are made of a mixture of gravel,
sand and clay (Vieira, 1997). Soil profile can reach tens of meters in regions where elevations are
moderate to gentle and gneissic rocks occur. Soil is described as red and yellow latosols, podzols
and cambisols (Panoso e a/. 1978). Colluvium soils and talus are observed close to rock domes,
which are very common in landscape.

CLIMATE AND SURFACE HYDROLOGY

According to Koppen climate classification, Guagui town has an Aw (tropical savanna) climate
type and Domingos Martins town has a Cfa (humid subtropical) climate type (https://pt.climate-
data.org/). Guagui and Domingos Martins towns have average annual temperature around 21
degrees Celsius and average precipitation around 1,200 mm/year, with rainfalls occurting
preferentially between October and March. The driest month occur in June and the rainiest
month occur in December.

Drainage network is structurally controlled (Vieira, 1997). Itabapoana and Jucu rivers are the
regional base level in the Guagui and Domingos Martins areas, respectively. Domingos Martins
municipality has currently two small hydroelectric power stations in operation (< 30 MW) in the
Jucu river and Guagui municipality has one (55 MW) in the Itabapoana river (www.annel.gov.br).
River levels oscillate few meters along the year as a function of rainfall and seasons.

MATERIALS AND METHODS

The methodology of this work involved the integration of remote sensing, structural and
electrical resistivity data (Madrucci e al, 2005; Fernandes, 2008; Francese ef al 2009).
Cartographic data were georreferenced in ArcGIS 10.4 (ESRI, 2015) using the horizontal Datum
WGS-84 and the UTM map projection (Zone 24S). All data surveyed in this work was
overlapped and integrated in the ArcGIS software.

The first step consisted in the interpretation of aerial photographs of the extinct Brazilian Coffee
Institute — IBC (scale 1:30,000) freely available for the state of the Espirito Santo at the
GEOBASES portal (https://geobases.es.gov.br/imagens-es-ibc-gerca-1970). The ST4 WILD
Heerbruggg stereoscope was used for photogeological analysis. 11 stereo-pairs were studied and
integrated for the GSZ and 5 stereo-pairs were used for the BSZ. Photogeological interpretation
followed the procedures described in Soares and Fiori (1976) and Arcanjo (2011). The focus of
the photogeological analysis was the identification of lineaments, which represent favorable
features for groundwater storage. The term lineament used in this work followed the definition
presented by O’Leary ¢f al., (1976). Aerial photos were georeferenced based on the Divino de
Sao Lourengo and Domingos Martins topographic maps — scale 1:50,000 IBGE, 1977 and 1978)
and satellite images from GoogleEarth.
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Fieldwork included the description and classification of lithologies (Fettes & Desmons, 2014)
and description and collection of structural data (McClay, 1991). Structural data orientation was
interpreted based on Schmidt-Lambert stereograms (Hobbs ez a/. 19706). For the study of the
GSZ, eight outcrops distributed in 16 km were described along the roads ES-185 and ES-387,
between the district of Celina and the small town of Ibitirama (Figure 1). For the study of the
BSZ, 7 outcrops distributed in 9.7 km were described along the road BR-262.

The electrical resistivity method has been largely used for the survey of groundwater in fractured
aquifers (Gallas, 2003; Braga, 2016; Singh ez a/. 2019; Briski ez a/. 2020). Usually, fractures
represent permeable zones filled with water and/or soil/chemically weathered rock. Thus, they
tend to present lower values of resistivity in comparison with adjacent intact rock mass. The
electrical resistivity prospecting consisted in the use of the DC Resistivity method through the
electrical resistivity tomography technique in a Schlumberger electrode array, distributed along
six profiles with 10 meters of electrode spacing. Six resistivity profiles with a total length of 2,480
m were surveyed. A total of 385 measurements were determined for the profiles 380 m long and
527 measurements for only one profile 580 m long. The maximum investigation depth reached
up to 130 m. Geophysical survey lines were preferentially setted up in the outer margins and
inner portions of the GSZ and BSZ. They are oriented parallel and perpendicular to these

structures.

The geophysical equipment used was the Terrameter LS resistivity meter, manufactured by
ABEM Instrument (Sweden), which consists of a single automated signal transmission and
reception module, with 250 W of power, 1 pV resolution and maximum electric current of 2.5
A (ABEM 2012).

Data acquired in the field were processed in the RES2DINV computational program (Geotomo,
2003). The results comprise resistivity profiles of distance versus depth presented in logarithmic
scale in which values are interpolated and displayed in intervals of colors. This program
automatically determines a two-dimensional subsurface model, from resistivity or chargeability
data obtained in electrical profiling tests (Griffiths & Barker 1993).

The 2D model used in the program divides the pseudo-section into rectangular blocks, which
will represent the pseudo-section by adjusting the field measurements. This optimization aims
to reduce the difference between the apparent resistivity values calculated and measured in the
field by adjusting the resistivity of the block model. The difference between the values is
expressed by the root mean squared error (RMS) and its product is represented as inversion
models (Loke & Barker 1990).

In order to validate the results, an attempt was made by comparing geoelectric profiles with
groundwater well production data freely available in the CPRM-SIAGAS portal at
http://siagasweb.cprm.gov.bt/layout/visualizar_mapa.php.

RESULTS
PHOTOGEOLOGICAL ANALYSIS OF AERIAL STEREO-PAIRS

Structural lineaments interpreted from aerial stereo-pairs for the GSZ are displayed in Figure 2.
1,148 lineaments were interpreted and are distributed in 120 km®. Lengths vatied from 52 m to
3,866 m; average value equals to 386 m. NW and NE-trending lineaments predominate,
respectively. NE-trending lineaments are concentrated in the eastern and southern portions of
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the study area (Figure 2), which coincides with the main trace of the GSZ. The NW portion of
Figure 2 shows a distinct structural pattern in terms of orientation and lineament density (aerial
photos ES-23 - 4505 and ES-23 - 4500).

Structural lineaments interpreted from aerial stereo-pairs for the BSZ are displayed in Figure 3.
490 lineaments were interpreted and are distributed in 78 km® Lengths varied from 79 to 4,155
m;average value equals to 418 m. NW-trending lineaments predominate but are scattered
between N295 to N335. Structural domains are not evident.
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Figure 2. Structural map interpreted from aerial stereo-pairs for the BSZ with indication of the studied outcrops
(labeled green boxes) and resistivity profiles (labeled blue rectangles). In the lower left corner, rose diagram display
lineament orientations. Red line — roads and yellow dashed line — GSZ (after Horn, 2007).
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Figure 3. Structural map interpreted from aerial stereo-pairs for the BSZ with indication of the studied outcrops
(labeled green boxes) and resistivity profiles (labeled blue rectangles). In the lower right corner, rose diagram display
lineament orientations. Red line — road BR-262. According to Féboli (1993), the BSZ follow the Batatal river and
passes through P4 and P5 rock outcrops.

FIELD GEOLOGICAL AND STRUCTURAL DATA

Fieldwork reveled three main lithotypes for the Guagui Shear Zone. In outcrop 8 occurs
metagranites and in outcrops 1, 2 and 7, orthogneisses (Figure 2). In all the other outcrops are
exposed mylonitic rocks (3, 4, 5, 6, A03-05, A03-16, A04-308 and A04-401). Besides, in one
outcrop very close to Point 4 (UTM 24S 227154E/7713215S) a stromatic metatexite was also
described. It shows a subvertical and penetrative foliation oriented parallel to the GSZ.
Metagranites are coarse-grained and leucocratic rocks with weak foliation defined by mm-sized
biotite crystals. Orthogneisses are course to fine-grained rocks and show remarkable cm-sized
gneissic banding. Deformed mafic enclaves, few decimeters in size, and sparingly migmatized
zones are also observed. Mylonitic rocks show typical cm to mm-sized mylonitic banding and
numerous dextral kinematic indicators.

Figure 4 depicts stereograms of the planes of foliation along the cross-section studied. The
results indicate that predominates strikes ranging from NNW to NNE and moderate to steep
dip angles (45 - 64°) dipping predominantly to the east. Field observations across the GSZ
revealed slightly fractured rock masses.
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Figure 4. Stereographic projection of the planes of foliation across GSZ. Schmidt-Lambert net, lower hemisphere
(equal area). Black triangles studied outcrops (this study) and blue triangles (Hartwig & Melo, 2019). Background
image: Landsat-5 5R4G3B colored composition.

The transect course across the BSZ revealed coarse-grained garnet biotite gneiss, garnet
metagranodiorite to metatonalite and calcisilicatic rocks. Gneissic banding is made of alternating
and parallel mafic and felsic banding. Banding thickness ranges from 0.1 to 3.0 cm in hand
specimens. Mafic bands are essentially made of biotite and garnet crystals and felsic bands are
made of quartz, K-feldspar and plagioclase grains. A fine-grained banded calcisilicatic rock was
identified in outcrop 3. Deformed mafic enclaves and sinistral kinematic indicators were
observed in outcrop 6. A course-grained sillimanite-garnet gneiss was described in outcrop 7.
Garnet metagranodiorites to metatonalites were recognized in outcrops 1, 2 and 5 and show a
metamorphic foliation characterized by undulose films of biotite flakes (< 1 mm in diameter on
average).

Figure 5 depicts stereograms of foliation along the cross-section studied. NE to NNE-trending
foliation with dip angles ranging from 10 to 88° predominates. In outcrops 1, 2 and 3, a NW-
trending foliation is observed with dip angles ranging from 20 to 60°. Outcrops described across
the BSZ revealed slightly fractured rock masses.
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Figure 5. Stereographic projection of the planes of foliation across BSZ. Schmidt-Lambert net, lower hemisphere
(equal area). Blue triangles, studied outcrops. Small yellow rectangle indicates the area where groundwater wells are
distributed. Background image: Landsat-5 5R4G3B colored composition.

ELECTRICAL RESISTIVITY TOMOGRAPHY

Geophysical investigation depths ranged from 80 to 130 m for the Guagui Shear Zone (Figure
6). Resistivity profiles 1 and 3 are located in the west and east outer margins of the GSZ and
resistivity Profile 2 is located within it (Figure 2). Resistivity profiles allow interpreting two
geoelectrical layers. A supetficial one regarded as soil/recent sedimentary deposits (containing
groundwater or not) and a competent, unfractured and fresh rock mass (sound rock).

Resistivity profiles 1 and 2 show increasing values of electrical resistivity with depth ranging from
approximately 117 to 16,070 Ohm.m. Resistivity profiles 1 and 2 show a saturated and
discontinuous horizontal aquifer between elevations 710 and 660 m.a.s], exhibiting very low
electrical resistivity values (< 117 Ohm.m). Resistivity Profile 3 shows a horizontal layer of very
high electrical resistivity values (> 16,070 Ohm.m) between elevations 675 and 645 m.a.s.l,
surrounded by moderate values of resistivity (~ 1,372 Ohm.m). The distribution pattern of the
electrical resistivity isovalues under this layer may indicate the presence of a subhorizontal
fracture. Lineaments interpreted from stereo-pairs are not evident in the resistivity sections of
Figure 6 as disturbances in the distribution and magnitude of resistivity values are not
discernable.
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Figure 6. 2D eletrical resistivity imaging pseudosections for the GSZ in Ohm.m: (a) Resistivity Profile 1; (b)
Resistivity Profile 2; and (c) Resistivity Profile 3. Dashed lines refer to geological contacts and fractures interpreted
directly from resistivity sections, while continuous lines refer to lineaments based on the interpretation of stereo-
pais.

Geophysical investigation depths for the Batatal Shear Zone ranged from 75 to 85 m (Figure 7).
Resistivity profiles are oriented parallel and perpendicularly to the main structural trends.
Resistivity profiles 1 and 3 are located in the east and west outer margins of the BSZ while
resistivity Profile 2 is within it (Figure 3). Resistivity Profile 1 shows in general average values of
electrical resistivity (~ 1,372 Ohm.m) that indicate highly weathered rock masses (saprolite).
Between electrodes located from 160 to 210 m, a huge elliptical spot of very high electrical
resistivity is observed (55,000 Ohm.m) from elevations 515 to 485 m.a.s.l. Very high values of
electrical resistivity indicate sound rock. Resistivity Profile 1 also indicates an irregular shaped
layer (probably dry soil) dipping gently to the left.

Resistivity Profile 2 shows two regions of low values of electrical resistivity that indicate saturated
soil/recent sedimentary deposits, separated by a central portion of high electrical resistivity
values (> 4,096 Ohm.m). The vertical lineament interpreted from the stereo-pairs in the central
portion of the section does not produce significant changes in the distribution pattern of
resistivity isovalues.

Resistivity Profile 3 shows a superficial horizon of saprolite (1,372 Ohm.m) underlaid by sound
rock (4,696 Ohm.m). Two spots of very high electrical resistivity values are observed (> 16,070
Ohm.m) between electrodes located at 180-210 m and 300-370 m. The central portion of
resistivity Profile 3 also exhibits a distribution pattern of electrical resistivity values that suggests
the presence of subvertical geological structures.
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Figure 7. 2D eletrical resistivity imaging pseudosections for the BSZ in Ohm.m: (a) Resistivity Profile 1; (b)
Resistivity Profile 2; and (c) Resistivity Profile 3. Dashed lines refer to geological contacts and fractures interpreted
directly from resistivity sections, while continuous lines refer to lineaments based on the interpretation of stereo-
pairs.

DISCUSSIONS

The geological interpretation of remote sensed data revealed that NW and NE-trending
lineaments are the most important structures. NE-trending lineaments coincides with the
orientation of ductile structures of the Precambrian crystalline basement rocks. NW-trending
structures are associated to the opening and evolution of the South Atlantic Ocean (Calegrari ez
al., 2016; Lourenco ez al., 2016). Hartwig and Bozzi (2019) recognized more than one hundred
NW and NE-trending fractures in the semi-consolidate Miocene sediments of the Barreiras
Formation in the southern margin of the Espirito Santo State showing that both sets were
reactivated in recent times. For BSZ, the lineaments orientations are more scattered in
comparison with the GSZ (Figures 2 and 3). Remote sensed data have also shown that the GSZ
(9.5 lineaments/km?) is more structured than the BSZ, (6.3 lineaments/km?). Moreover, the
GSZ is more strongly controlled by NE-trending lineaments.

135



Geofisica Internacional (2021) 60-2, 124-139.

Geological and structural field data revealed poorly fractured rock masses. Some fractures
identified in the field are related to rock blasting and does not have hydrogeological significance.
Foliations are predominantly oriented from NNW to NE for both shear zones. The GSZ shows
a penetrative milonitic foliation while for the BSZ rocks show a weak metamorphic foliation
with significant variations in dip angles.

Geophysical surveys clearly revealed a superficial porous aquifer in both shear zones, which is
associated to low values of resistivity. Although the GSZ present numerous geological
lineaments when viewed from stereo-pairs, resistivity sections have not confirmed their
subsurface expression. One possible explanation for that may be due to their limited lengths.
The low values of resistivity that appear bellow elevation 640 m.a.s.l. in Figure 6¢ seems to be
related to exfoliation joints. These are widely regarded as forming in response to removal of
overburden, associated to landform evolution (Hartwig, 2006; Hobbs e a/ 1976, Bahat ez 4.
1999).

Abrupt changes in the orientation of the resistivity isolines indicate a fractured rock mass for the
BSZ (Figure 7c). However, these structures seem to be related to sealed (closed) fractures as
high resistivity values (> 4,696 Ohm.m) predominate elsewhere. Telford ez a/. (1990) present
examples of electrical resistivity values for common rocks and minerals. Considering geological
tieldwork data, it is possible to interpret that the distribution and magnitude patterns of resistivity
values observed in Figure 7c may be related to faciological differences in crystalline basement
rocks.

According to Costa (2008) and Fernandes (2008) not only the degree of fracturing, but also the
principal horizontal stress orientation control groundwater storage and flow in fractured
aquifers. Ribeiro (2010) studied the brittle tectonics of the Barreiras Formation in the southern
margin of the Hspirito Santo state and recognized NW-oriented sinistral strike-slip faults.
According to the author, they were originated by extensional stress-oriented NE-SW, associated
to a Quaternary E-W-trending dextral strike-slip tectonic regime. Therefore, if this state of stress
was still active, groundwater would be more likely retained in NW-trending lineaments.

Groundwater production data from tube wells is available only for the BSZ (Table 1). Ten
groundwater wells are distributed in Domingos Martins urban area (Figure 5). Well production
data is available for only five of them. Flow rates for these water wells ranged from 0.4 to 19.8
m’/h. It is worth mentioning that all groundwater wells lay over a long NW-trending lineament
(Figure 5). However, information regarding the geology crossed by these wells and filter
positions was not provided.

Figure 8 summarizes rock mass conceptual models for groundwater prospection for both the
GSZ and the BSZ. A potential superficial porous aquifer is regarded to unconsolidated
sedimentary deposits and/or soil cover (regolith). This are concentrated in the first 30 meters
below surface and is well developed in the GSZ (Figures 6a,b). Although it is easily exploited for
human consumption, it is also very vulnerable to pollution, especially from wastewater (Bertossi
et al. 2013). Poorly fractured rock masses are associated to the GSZ and fractured rock masses
were recognized for the BSZ (Figure 7¢). Nevertheless, discontinuities seem to be sealed (closed)
as high resistivity values (> 4,696 Ohm.m) predominate elsewhere.

136



M.E. Hartwig et al., Multisonrce data integration for groundwater prospecting in Precambrian shear ones, Espirito Santo State (southeastern Brazil)

Table 1. Well production data for the BSZ. Source: CPRM-SIAGAS.

Well codes Locality E (m) N (m) Fé?n\f /r;)t ¢
3100016741 Campinho- Domingo Martins 326,741.2 7,747,191.8 19.8
3100016744 Campinho-Domingos Martins 326,971.61  7,747,347.9 0.4
3100016745 Campinho-Domingos Martins 326,970.99  7,747,409.45 6
3100016746 Campinho- Domingos Martins 327,03028  7,747,287.05 2.8
3100016747 Campinho-Domingos Martins 327,001.87  7,747,225.2 3
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Figure 8. Rock mass conceptual model for groundwater prospection for the GSZ (a) and the BSZ (b).

CONCLUSIONS

The aim of this paper was to investigate the hydrogeological significance for groundwater
prospecting of two Precambrian NE-trending shear zones, located in the southern region of the
Espirito Santo State (Southeastern Brazil).

Based on the results, a porous near-surface aquifer has good potential for groundwater storage,
especially in the GSZ. The GSZ and the BSZ are intercepted by numerous lineaments
preferentially oriented to NE-NNE and NW-NNW. The former is associated to ductile
Precambrian tectonics (Araguai-West Congo Orogen) while the latter to Meso-Cenozoic brittle
tectonics. However, integrated data is not conclusive about the hydrogeological significance of
brittle and ductile discontinuities for groundwater prospection. The resistivity profiles and
available water well data did not confirm the occurrence of groundwater associated with them,
which may be due to the amount of surveyed data, state of stress, etc. Authors recommend more
investigations in the north and south sectors of the GSZ and the BSZ in order to better
understand the hydrogeological significance of these geological features.
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RESUMEN

Se aplic6 un esquema de inversion iterativo, inicialmente desarrollado por Hashida y Shimazaki
(1984) y posteriormente modificado por Joshi e# al., (2010), para estimar el factor de calidad de
onda corta tridimensional, Qs (f), del centro-sur del Golfo de California, México. Es un area de
230 x 288 km que se divide en 108 bloques rectangulares de diferentes Qs (f). Se utilizé 25
terremotos bien ubicados registrados en tres estaciones de banda ancha de la red regional
RESBAN operada por CICESE (Centro de Investigacion Cientifica y de Educacion Superior de
Ensenada, Baja California) y tres Sismoégrafos de Fondo Oceanico (OBS, por sus siglas en inglés)
de un conjunto del Experimento del Fondo Oceanico del Mar de Cortés (SCOOBA, por sus
siglas en inglés). Este conjunto de datos permitié obtener estimaciones de Qs (f) de diferentes
bloques, utilizando el algoritmo de inversién modificado. El Os (f) se obtuvo a varias frecuencias
en el rango de 0,16 ~ 8,0 Hz. Se encontré que la estructura Qs estimada se correlaciona con los
modelos geoldgicos y tectonicos de la region propuestos en estudios previos. Se obtuvo una
relacién regional dependiente de la frecuencia que utiliza todos los valores de 1944 del factor de
calidad de la onda de corte a 18 frecuencias diferentes en todos los bloques y se puede aproximar
mediante una funciéon de la forma Qs () = 20 f . Esta relacién es tipica en una region
tectonicamente activa con alta atenuacion de onda 'y es similar a las relaciones de atenuacion
reportadas por otros autores para la region del Valle Imperial, California.

PALABRAS CLAVE: (s, atenuacion, Golfo de California, Mexico, inversiéon de onda corta.

ABSTRACT

We apply an iterative inversion scheme, initially developed by Hashida and Shimazaki (1984) and
later modified by Joshi e a/, (2010), to estimate three - dimensional shear - wave quality factor,
O(}), of south-central Gulf of California, Mexico. An area of 230 km x 288 km in this region is
divided into 108 rectangular blocks of different Q,(f). We use 25 well-located earthquakes recorded
at three broadband stations of the regional network RESBAN operated by CICESE (Centro de
Investigacion Cientifica y de Edncacion Superior de Ensenada, Baja California) and three Ocean
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Bottom Seismographs (OBS) of the Sea of Cortez Ocean Bottom Array (SCOOBA) experiment. This
dataset permits us to obtain (J(f) estimates of different blocks using the modified inversion algorithm.
O\(f) is obtained at various frequencies in 0.16 ~8.0 Hz range. We found that the estimated (), structure
correlates with geological and tectonic models of the region proposed in previous studies. A regional
frequency-dependent relation using all 1944 values of shear-wave quality factor is obtained at 18
different frequencies in all blocks can be approximated by a function of the form Q,f) = 20 f'~. This
relation is typical in a tectonically active region with high S-wave attenuation and is similar to attenuation
relations reported by other authors for the Imperial Valley, California region.

Key worDs: Os, Attenuation, Gulf of California, Mexico, Shear-wave inversion.

INTRODUCTION

The Gulf of California (GoC) is obliquely rifted that connects the East Pacific rise spreading ridge in
the south with the San Andreas Fault in California. The trans-tension between the North American
and Pacific plates resulted in the generation of the large earthquakes in the GoC along with the
transform faults and the spreading ridges (Castro ¢ al., 2011b; Castro ¢ al.,, 2017b). The earthquakes in
this region follow a fairly linear trend along the southeastward direction from southern California to
the southern end of the Gulf of California, Mexico. The transform faults are associated with right lateral
strike slip faulting while normal faulting is observed near the spreading centres. The northern GoC
comprises the complex transform fault geometry and is the major reason for large (Ms > 6) earthquakes
in this region (Gofft ez al, 1987, Castro et al, 2017b). The observed mechanism of faulting in this region
is oblique -normal faulting in nature (Persaud ez al., 2003, Castro et al, 2017b). On the other hand, the
southern GoC comprise the ridge transform fault system along with the hot zones under the weak
crust is the dominant mode of rupturing to generate large (Mw: 7.0 (January 7, 1901)) earthquakes
(Pacheco and Sykes, 1992). These factors along with the oblique plate motion also resulted in the rapid
rupturing of southern region (Umhoefer 2012).

Seismic waves generated from an earthquake experienced the attenuation of wave amplitude at distant
locations from the source. The attenuation rate of seismic wave amplitude is very sensitive to the
presence of fluids in the rocks, temperature conditions, the composition of rocks and other factors,
while propagating through the earth interior. Local geology or the site condition at a location also plays
a key role during an earthquake by amplifying or attenuating the seismic waves at different sites. The
seismic attenuation is described in terms of inverse of a dimensionless parameter known as the Quality
factor (Knopoff 1964). In 1984, Hasida and Shimazaki introduced a technique to estimate the 3D (-
structure using the intensity data for Tohoku region, Japan. Later Satake and Hasida (1989) and
Nakamura and Uetake (2002) has used this method to distinguish and understand the behaviour of
low and high attenuation regions for north Island, New Zealand and Pacific sea plate, Japan. Besana ez
al, (1997) has studied the regional effects of subsurface structures like arcs, slabs and continental
material using the 3D O-structure for Philippine region. Later, Nakamura and Uetake (2002) and Joshi
et al., (2010) has modified the technique and use the acceleration data to obtain the attenuation structure
for Tohoku, Japan and Uttarakhand, India regions. Attenuation studies around the world based on ¢
"values have been used to characterize the tectonic regions e.g. stable, volcanic, and seismically active
(Joshi ez al, 2010; Castro ef al, 2008; Kumar e al, 2015). The less attenuating media in a region is
characterized by the high O value and the vice versa.

Various attempts have been made to understand the attenuation behaviour of seismic waves in GoC
and the surrounding region. For the southern region, Ortega and Gonzalez (2007) has followed the
general least square regression of strong motion data to determine the S or Lg wave attenuation for the
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La Paz—Los Cabo region, Baja California, Mexico. The obtained results were further validated, using
the coda normalization method and reported a lower attenuation for the La Paz—Los Cabo inland
region. Later, Ortega and Quintanar (2011) used the offshore earthquake data and compared the
propagation characteristics of S waves reported by Ortega and Gonzalez (2007) with the P wave
propagation characteristics following the same method. Vidales-Basurto ez a/, (2014) has conducted
the attenuation study in the south central GoC region to understand the tectonic structure of gulf
region. The results obtained based on the different source receiver distance depicts the higher body
wave attenuation along the oceanic spreading centres. Also, high attenuation is observed towards the
southern gulf region compared to the central gulf region. Later, Rodriguez- Lozoya ez al, (2017)
estimated the coda attenuation for central gulf region and observed a similar higher attenuation for the
southern sub region. Also, Castro ¢f al, (2017b) determined the body wave attenuation and source
functions for the gulf region using the foreshocks, aftershocks and the main shock (Mw= 0.6) of event
occurred on October 19, 2013, along the Farallon fault region. For central gulf region, Quintanar ez a,
(2019) have analysed the foreshocks, main shock (Mw=0.6) and aftershocks of January 4, 2006 San
Pedro Martir earthquakes. They obtained the source parameters, fault geometry and fault slip
distribution for the earthquake and later used them to study the attenuation behaviour of gulf region.
More, recently Castro et al., (2019) studied the one-dimensional variability of Qs in the southern region
of GoC at selected frequencies. They reported an increase of Os with increase of frequency but small
variation of (s has been observed with depth (5-40 km) at individual frequencies.

The present article uses the approach given by Joshi e 4/, (2010) to obtain three- dimensional
attenuation structure in a broad frequency range. We use data from 25 earthquakes recorded both
onshore and offshore by Ocean Bottom Seismographs (OBS) deployed in the study area of south-
central Gulf of California (GoC) region. This tectonically complex region comprises a system of short
spreading centres and transform faults and is considered as a high seismicity zone (Sumy ez a/, 2013).
The attenuation structure must have a strong correlation with the tectonic environment and the seismic
wave velocity (Lizarralde ef al, 2007; Luccio ez al, 2014) and for this reason, is important to evaluate the
attenuation characteristics of GoC.

TECTONIC STRUCTURE OF STUDY AREA

The Gulf of California (GoC) is relatively young, oblique rift system that formed with the cessation of
the Farallon plate subduction under the North American plate about 12 million year ago (Lonsdale,
1989). The evolution of the GoC extensional province occurred in two stages; stage-I: extension and
separation of the continents that resulting in the formation of marine basins; stage-I1: is being continued
till today is the expansion of seafloor and structure of transform faults (Stocks and Hodges 1989;
Bennett ¢ al,, 2007; Vidales-Basurto e al, 2014). The GoC is comprised a group of stepping faults,
seafloor spreading, ridges and the right lateral strike-slip transform faults which collectively form a
continental rift system. Consequently, it facilitates the Pacific Plate to move apart from the North
American plate. However, an anomalous left lateral strike slip faulting has been observed for September
1, 2007 main shock (Mw= 6.1) and its subsequent aftershocks activities in the southern gulf region
(Ortega & Quintanar, 2010). The unusual characteristics of main shock and the high rate of aftershock
(more than 800 during a period from September to December 2007) activities for a transform fault is
believed to be a combination of narrow bathymetry, growing seafloor and stress interaction along the
continental oceanic transition (COT) boundary. The major tectonic faults and the corresponding
oceanic basins in GoC is shown in Fig 1. The crust underneath the ocean basins in GoC differs in
terms of thickness, rifting style, sea floor spreading, and magmatism.
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The south central GoC has a distinct rifting style compare to the surrounding region. Lizarralde ez
al., (2007) has observed that evolution of rifting in this region is primarily controlled by the magmatic
depletion of mantle. The anomalous Guaymas basin in the central region is considered as magmatic
since the beginning of breakup (~ 6 m.a.) and possess the largest new igneous crust spread over
~280 km. The intrusive magmatism in the overlain sediments has resulted in the formation of sills
over a large distance from the spreading centre (Aragon-Arreola e al, 2005). On the other hand, the
Farallon and Pescadero segment in the south of Guyamas basin have narrow ocean basins with
nascent or no sea floor spreading (Lizarralde ez al., 2007).

DATA USED

The highly active south-central GoC was monitored by regional seismic network of NARS- Baja
(Network of Autonomously Recording Seismographs) and the Broadband Network (RESBAN)
operated by the CICESE (Avila-Barrientos and Castro, 20106). The present study also used some of the
events recorded offshore by eight Ocean bottom Seismographs (OBS’s) deployed under the Sea of
Cortez Ocean Bottom Array (SCOOBA) experiment in the Guaymas and Alarcon basins (Sumy ez 4,
2013). This oftshore network was operative only from October 2005 to October 2006. For the present
study, 25 earthquakes recorded on both onshore and offshore stations deployed in the GoC were used.
The offshore OBS’s are equipped with four components (two horizontal, one vertical and one pressure
component) to tecord the ground motion at the recording rate of 32.25 samples/s (Sumy ¢ al, 2013).
The onshore broadband system, operated by CICESE, is equipped with three-component sensors,
recording at 20 samples/s (Castro ez al, 2017b, 2018). The recording stations and the epicentral location
of the earthquakes used in this study are shown in Fig. 1. The calculated hypocentral parameters of the
selected earthquakes and the stations used are listed in Table 1.

31° TR Figure 1. Map showing the location
P e g of recording stations (green
30°F : : & triangles) and epicentres (circles) of

the ecarthquakes selected. The
purple, brown, sea green and the red
circle are different magnitude bins
and has been scaled as per the

29°

Bl : magnitude of earthquakes. The
3 ) el location of faults is taken from
:'E 27 S S e e A Aragon-Atrreola ¢t al, (2005) and
5 Dorsey e al, (2013). DB= Delfin

Basin, BTF= Canal de Ballenas
Transform Fault, YB= Yaqui Basin,
250 X : . 3<Mw<4 GI= Guaymas fault, GB=

. 4<Mw<5 Guaymas Basin, CF= 'Carmen
\ ¢ - Fault, CB= Carmen Basin, FF=
24° 3 * 5<Mw<6 Fanllon Fault, FB= Farallon basin,
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Fourier amplitude spectra of S-wave windows from 98 records have been used as an input in the
inversion. The spectral input files consist of 18 discrete values of S-wave spectral amplitudes that range
from 0.16 Hz to 7.94 Hz. Fig. 2 shows a sample of the amplitude spectra of a few stations along with
the epicentral distance (ED). The earthquakes selected were relocated by Castro e7 al., (2011) using
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records from the regional stations of the NARS-Baja (Trampert ¢ a/, 2013) and RESBAN (Castro e#
al, 2018b) arrays. Some of the events were located by Sumy ¢ @/, (2013) using OBS’s. Fig. 3 represents
the magnitude hypocentral distance plot for selected events. The records were corrected for instrument
response and they were baseline corrected. The S-wave windows length used to calculate the fourier
amplitudes amplitudes varies between 2 s for local hypecentral distance to 75 s for regional distance.
The time window starts a few seconds before the first S-wave arrival and ends before the surface waves
arrive. The spectral records were smoothed choosing 20 equidistant frequencies, between 0.16 and 7.94
Hz, on alogarithmic scale and averaging the amplitudes using a variable frequency band of + 25% over
the central frequencies chosen (Castro ez al, 2017a).

The site response functions determined by Vidales-Basurto ef @/, (2014) and Avila-Barrientos and
Castro (2016) for both the NARS-Baja and the RESBAN broadband stations were used to correct the
spectral amplitudes for site effects.
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Figure 2. Amplitude spectra of S-phase recorded at stations GUYB, NE76 and NE77 from the following
earthquakes: (2) 12/03/2003 (M,=6.3) (b) 30/07/2006 (M=5.9)
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A rectangular block of dimension 230 km to 288 km was selected on the basis of coverage area of
seismic network and availability of events within it. This block is divided into six sub-blocks with
individual sub-block having a rectangular area 38 km x 48 km. These blocks are further extended by
three blocks of thickness upto a depth of 12 kmj thereby dividing entire area into individual three
dimensional blocks of size 38 km x 48 km x 4 km. The location of the rectangular block is shown in
Fig. 4 along with the structural features of the study region. Inset zoom in the Fig. 4 represents the
straight-line ray path projection in sub blocks between the events and the recording stations. The
spectral amplitudes shown in Fig. 2 are from earthquake located between the first and third row of
considered rectangular block.
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Figure 4. Map with location of the study atea
and the rectangular grid (ABCD) of the
volume sampled, along with the tectonic
features in the rectangular grid (ABCD). Red
circles with white boundary indicate the
epicentres of selected earthquakes. Inset
zoom shows the projection of ray paths
between the selected events and the
recording stations in the studied area.

Table 1. Parameters of earthquake used in the present work.

I\% Yer Month Day Hour Minue Second latude  Longiude’  Depth(km)  Magnitude (M) Recording Stations

1 202 12 6 6 24 12256 263152 1107364 86 40 GUYB, NE76,NET77

2 2002 120 7 1 3 45285 260794 110633 98 41 GUYB,NE76,NET77
30202 128 17 45 17391 263141 1107159 162 35 GUYB, NE76,NE77

4 2003 1 19 16 46 30147 269204 1113973 20 40 GUYB,NE76,NET77
502003 3 12 23 41 30561 264994 1108355 20 63 GUYB,NE76,NET77

6 2003 3 13 4 B 7463 264337 1107387 83 40 GUYB,NE76,NET77
702003 3 13 14 38 2061 266403 1110145 156 41 GUYB, NE76,NE77

§ 200 3 2 17 55 41519 265048 -1108193 53 48 GUYB, NE76,NET77

9 2004 2 18 19 30 3903 26635 1110169 72 39 NE76,NET7

0 2004 8 7010 41 2442 266103 1117947 62 32 GUYB, NE76,NE77
o206 4 20 3 40 4128 28194 11221 30 40 GUYB, 101,N03, NE76,NE77
2 2006 4 23 7 50 4005 27498 11138 40 36 GUYB, 101, N03, N06, NE76,NE77
3 2006 5 115 5 1804 27311 11145 10 39 101, N03, N6, NE76, NE77
o006 5 28 14 0 5678 26948 1141 120 48 GUYB, NE76,NE77

15 2006 5 28 14 18 223 26904 1113 40 53 GUYB,NE76,NET77

16 2006 6 11 4 13633 2672 11108 50 42 101, N03, NO6, NE77

7 2006 6 16 8 46 M74 27595 11142 20 45 101, N03, N6, NE76, NE77
18 2006 7 30 1 20 569 26809 11132 194 59 GUYB,NE76,NET77

19 2006 8 72 50 5305 27503 11247 60 43 101, N03, N6, NE76, NE77
00 2006 8 8 4 29 3229 27472 11249 50 43 101, N03, N6, NE76, NE77
2 2006 8 8 21 36 38 2746l 11239 100 41 101, N03, N6, NE76, NE77
2 206 8 9 23 32 1938 27485 11247 50 43 101, N03, N6, NE76, NE77
23 206 8 11 17 55 115 26881 11134 50 42 101, N03, N06, NE76, NE77
24 206 9 12 18 56 2836 2175 11166 20 40 101, N03, N6, NE76, NE77
25 206 9 25 13 4 565 27122 11146 50 39 101, N03, N6, NE76, NE77
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METHODOLOGY

The inversion procedure used is based on the method proposed by Aki and Lee (1976). A
cartesian co-ordinate system has been used to represent the distribution of the shear wave
attenuation coefficient of the study region. The region was divided into 108 rectangular blocks
with each block having a different Q,(f) value. The corners of these rectangular blocks on the
surface of the Earth are assumed as the observation points. For an earth model having several
blocks with different shear wave attenuation coefficient values, Qs(f) for a given frequency f, the
spectral acceleration A(f) can be given by the following relation (Hashida and Shimazaki 1984):

A(f) = S().G.g,.exp X (Cpgr-Tijr) - ovvvvnennnns (1)
1

G=3

Cpqr = _T[f/qur (f)

Where S(f) denotes the source acceleration at frequency f, G represents the geometrical
spreading function and R the hypocentral distance, g, is site amplification term and T,
represents the travel time of the ray in rth block having attenuation coefficient Cpqr. The
parameter Q. (f) represents the frequency dependent quality factor in the rth rectangular block.
The subscript i, j represents the ith station and the jth event, respectively. To solve equation (1),
an initial three dimensional Qpqr,o (f) model of earth is assumed. The subscripts p, q is used to
define the blocks along the two-horizontal directions of the rectangular area as shown in Fig. 5.
The subscript r identifies the rectangular blocks in the downward direction. The initial input
model is based on the velocity and Os models (Rebollar ¢7 a/, 2001 and Paulseen and de Vos
(2017)) available for the studied region. The initial guess of source strength S (f) for inversion
has been calculated using initially assumed @ model and recorded spectral acceleration in the
following relation:

seal(f) = ATO @
ij G.ga-exp Yr(Cpgr.o-Tijr)

Where Sicjal(f) defines the calculated source strength at frequency f, Aglqter(f) is spectral

acceleration obtained after interpolation at each observation points at frequency f and Cpqr,o 1s
initially assumed attenuation in rth block. This value of spectral acceleration is calculated from
the earthquake records. Because it is nearly impossible to have a network in which the
observation points are placed at each corner of the grid at equal spacing, we are required to
calculate contours of spectral acceleration in the considered rectangular area. The amplitude
spectrum of S-phase of a particular earthquake, recorded at different station is used to prepare
the spectral acceleration contours at frequency, f, using kriging interpolation. The spectral

acceleration Ai,;l;er(f) values obtained at different observation points from the contours has

been used in the equation (2) to obtain the initial source strength Sicjal (f) at frequency f. In the
present study the input data used for inversion has been corrected for site effects, therefore the
site amplification factor g, is fixed to one. The average value of source strength Sicjal(f) calculated
at different frequencies is further used to calculate the spectral acceleration A%al (f) using
equation (1).

obs

If the observed spectral acceleration at any point is defined as Ai]- (f), then the relation between
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A%bs (f), the actual attenuation coefficient Cpqr and source strength S, (f) can be calculated using

same equation (1). By dividing observed A(i)]-bs(f) and calculated Af]-al (f) spectral acceleration,
following equation is obtained:

ASPS (D) /AP () = (So (/S (D). exp Tr(Cparo — Cpgr)-Thjr) «oevveevveenni 3)

Natural logarithms on both the sides of above equation gives the following equation:

In (AP (£)/ASH (D) = In ((So(D)/S(D)) + Tr(8Cpqr)- Tijr) + € vovvvnnnn. @)

Where 6Cpqr = C - C

pqr,o

Res;;(f) = In (A§>*(/A§ (D)

“Res;; (H)" represents the residual acceleration and is used as a known vatiable for the
inversion process. The term e stands for error in calculation.

pqr

The parameters 8Cpqr and Tjjr on the right-hand side of equation (4) can be calculated from the
initial velocity model using ray theory. For a particular earthquake, the total number of equations
corresponds to the number of observation points. In equation (4), A‘i)]-bs (f) and Af]-al (f) represents
the observed and calculated spectral acceleration, and So(f) and S€@(f) are observed and
calculated source strength, respectively. Equation (4) is inverted to get Cpqr in each block and
the ratio of observed and calculated source strength. In the inversion scheme, we incorporate a
new iteration by substituting the value of source strength obtained from the first inversion.

The process of obtaining spectral acceleration at each point in the grid is obtained directly from
an inbuilt subroutine that calculates contour values at different positions using the spectral data
of S phase from each record analysed. Fourier amplitude spectra of 98 records has been used to
obtain 18 three dimensional structures in the discrete frequency range from 0.16 Hz to 7.94 Hz.

1

Qo inlili,o 11,0 oQ&{Lz; S Quiy (Qan [Qany |Qany |Qsin [Qens S(f

QllZ,oQZIZ.o Q312,o 0*412,0 Q512r00~612,o Quz Qzlz Q312 lez QSIZ Qﬁlz

Qna,o Q213,o Q313,o Q413,c Q513v0Q613,0 Inverson 0‘113 Q213 Q313 Q413 Q513 Q613

Initial input model Inverted model

\ Check (RMSE), . /

If not minimum then

Q(f=5Q+Q,(f)

Figure 5. Schematic representation of inversion of initial Qpqr,, model used to obtain the final Qpq, model for
different rectangular blocks. The orange circles represent the spectral acceleration contours at frequency f and is
used to obtain the calculated spectral acceleration Aicjal(f). Red star and half black citcles symbolize the theoretical
position of earthquake and the observation points, respectively. Green lines depict the theoretical straight line ray
path from source to the observation points through the different Q4 model blocks in time Till.)qr.
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TESTS FOR INPUT PARAMETER

The results of the inversion depend on the quality of input data (e.g. Joshi 2007). In the present
work, the input data consists of the initial velocity model, the initial shear wave attenuation
model, hypocenters distances and distribution of the selected events and the S- wave window
chosen to calculate the spectral acceleration values. To test the sensitivity of these parameters,
various input parameter tests were performed, like the effect of the velocity model and the
resolution of the final attenuation model on the input parameters.

Bakus and Gilbert (1968) have used the resolution matrix to check the suitability of model
matrix, which can be defined for the damped least-square inversion using the following relation:

R=(GTG+AD™IGTG ... (5)

Where R represents the resolution matrix and when R equals to the unit matrix, the obtained
solution is unique. As the resolution matrix deviates from the unit matrix, the resolution
becomes poorer. Several attempts had been made to check the resolution matrix for simple
cases, and the obtained results are close to identity matrix for damped least-square inversion
method. This simple case is also used for testing the reliability of the developed algorithm for
inversion. For the actual case of acceleration data, the final model is selected based on the
minimization of root mean square errors (RMSE). The RMSE, between the observed and
calculated spectral acceleration at a particular frequency is given by the following equation:

1
RMSE, = [ XIL (AP — APD2]V2 ©)

Where Afal and A(i)bs denote the calculated and the observed spectral acceleration values at N
number of observation points. The RMSE between the observed and calculated data and model
matrix can also be computed using the equation (6). A reliable solution is obtained when all the
errors are minimized simultaneously. The final model is selected based on the minimization of
the following equation:

(RMSE)t = (Nor(RMSE) 45t + Nor(RMSE) ;04 + Nor(RMSE))/3 ...coonoeoe.. (7

Whetre Nor(RMSE) 4, and Nor(RMSE) 04 represents the normalized RMSE due to data and
model matrix. However, it is hard to minimize (RMSE)q.:, (RMSE), and (RMSE) 04
simultaneously for the same iteration, that is (RMSE)r always differs from the ideal value equal
of one. Moreover, the choice of the initial model and the number of input events also plays a
vital role to obtain the final solution.

TEST FOR VELOCITY MODEL

Results of inversion depend upon the appropriate velocity models used for the parameterization
of earth’s structure as the properties mainly change with depth due to compaction, sedimentation
and thermal changes. A numerical experiment was performed to check the distribution of shear
wave velocity (I7s) model and quality factor (0s) value for one layer, two layers and three layers
model. The initial velocity model with different Os values is shown in Table 2. The input models
are based on the velocity and Os models used by Rebollar ¢# a/, (2001) and Paulseen and de Vos
(2017) for the Gulf and Baja California region. The final model selection is based on the
minimization of (RMSE) 1. In the present work, error reduces from 252 x 10* to 134 x 10 when
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model changes from homogeneous to three layer model. Table 3 shows error estimates for
homogeneous and layered earth models. Fig. 6 shows the dependency of the final attenuation
structure on the initial velocity model and their corresponding error estimates. The three models
predict a local high Qs zone but is located more accurately for two and the three-layer models.
The 3-layer model provides more details of the Qs structure and fits the data better.

Table 2. Initial homogeneous layer, two layer and three layer earth models.

Three layer model Two layer model One layer model
Depth Velocity Qs Velocity Qs Velocity Qs
(km) (km/s) (km/s) (km/s)
0-4 2.83 40 2.83 20 3.27 50
4-8 3.18 50 3.49 65 3.27 50
8-12 3.80 90 3.49 65 3.27 50

Table 3. Estimate of (RMSE)r and its iteration for homogeneous layer, two layer and three layer earth model.

Initial earth model Minimum Number of iterations
(RMSE)t (104 corresponding to final model

Homogeneous layer 252 2

Two layer 179 3

Three layer 134 3

B =3.27 km/sec, Q=50

B =2.83 km/sec, Q=20

B =3.49 km/sec, Q=65
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Figure. 6. Dependency of final attenuation structure on the initial velocity models with different Q values. (a)
represents the initial layer model, (b) the etror corresponding to input layer model and (c) the surface layer (0-4 km)
attenuation structure contours along with the 3D projection of contour values at 1 Hz frequency.
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TEST FOR INPUT DATASETS

In this experiment, the behaviour of the number of input earthquake data on final attenuation
structure has been studied by removing some input earthquakes sequentially. The final
attenuation model obtained using the data set of ten, fifteen and twenty-five earthquakes are
shown in Fig. 7. This figure shows horizontal projections of the () estimates obtained at different
depths (0-4 km, 4-8 km and 8-12 km). Since the three data sets used for this test sample different
crustal volumes, the resulting O contours are significantly different. It is clear that the greater the
number of sources used the better is the fit and the convergence. Table 4 shows error estimate
and the number of iterations corresponding to the final solution for ten, fifteen and twenty-five
earthquakes data sets, respectively. It is observed from the inversion that the (RMSE)r decreases
with increase in input earthquake data and attenuation structure become much visible compared
to that obtained using fewer earthquakes.

Table 4: Estimate of (RMSE)r and its iteration with the number of input earthquake data.

Input number of (RMSE)r Number of
earthquakes (109 iterations
10 442 9
15 560 3
25 348 3

220
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Figure 7. Dependency of the final attenuation model on the number of input earthquake data. Final models obtained
for input data set of (a) Ten (b) Fifteen and (c) Twenty-Five earthquakes.
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RESULTS AND DISCUSSION

The geologically young and tectonically complex region of the GoC provides an opportunity to
understand the attenuation characteristics of the crust in this region. We have determined a three-
dimensional (3-D) attenuation structures for the south - central GoC region. The area of interest has
been divided into the 108, 3-D rectangular blocks of dimensions 38 km x 48 km x 4 km. The selection
of dimensions of the rectangular blocks is based on the location of recording stations and earthquake
epicentres. All stations and hypocenters of earthquakes lie within these rectangular blocks.

In the present article, the three - dimensional attenuation structure has been determined from a total
of 1944 estimates of the shear- wave quality factor at 18 discrete frequencies. The resolution matrix of
the inversion has significant importance in understanding how much information has been recovered
in individual blocks. Fig. 8 is a 2-D view of the resolution matrix for the individual blocks. Blocks with
resolution value > (.7 have been considered as well resolved, and it has been observed that almost all
the blocks in the region sampled are in general well resolved. Fig. 9 displays the source-station ray paths
and illustrates the coverage of the volume sampled, which is good at depths above 10 km.
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Figure 8. Block diagram representing the resolution matrix values obtained in individual blocks from the inversion

at (a) 0 — 4 km depth, (b) 4 — 8 km depth and (c) 8 -12 km depth, respectively. Grey color blocks are well resolved
(resolution value > 0.7) while the red blocks are pootly resolved (resolution value < 0.7).
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Figure 10. Ray-path diagram illustrating the coverage of different blocks between the events and their respective
recording stations. The events are represented by the blue dots and the station shown by the inverted black triangles.
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The inversion algorithm gives three-dimensional attenuation structure at 18 different frequencies
at which spectral input data has been used. The three-dimensional attenuation structure at 0.5
Hz, 1.0 Hz and 2.0 Hz, respectively, are shown in Fig. 10, 11 and 12. The blocks with low-
resolution values have been covered with white blocks.

Depth=0-4km __ Figure 10. Quality factor contours obtained from
the inversion at 0.5 Hz frequency for (i) 0-4 km (ii)
4-8 km (iif) 8-12 km depths. The solid line in (a)
represents the tectonic features present in the study
region. Labels Y, Y1 and Z represent the high O
patches observed at vatious depths. Blocks of
lower resolution are covered by the white
Depth=4_8 km rectangular blocks.

Do Boo

MO O ANN N0

L\
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Depth=0-4 km Figure 11. Quality factor contours as in Fig. 9 but

NG at 1.0 Hz for (i) 0-4 km (ii) 4-8 km (iii) 8-12 km
depths. The solid black line in Fig. (a) represents
the tectonic features present in the study region.
Labels X, Y and Z points out high O patches
observed at various depths. Blocks of lower
resolution are covered by the white rectangular
blocks.
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Depth=0 -4 km

Figure 12. Quality factor contours at 2.0 Hz for (i) 0-4
km (ii) 4-8 km (iif) 8-12 km depths. The solid line in (a)
represents the tectonic features present in the study
region. Labels X, Y1 and Z points out the high QO
patches observed in the studied region at various
depths. Blocks of lower resolution are covered by the
white rectangular blocks.
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The attenuation contours obtained from the inversion are useful for identifying the different patches of
low and high Q values at different depth layers. The results obtained shows low @ values along the gulf
region, particularly at shallow depths. The attenuation structure obtained is correlated with the crustal
velocity structure determined by Lizarralde ef a/, (2007) and Teske ¢ al, (2014). Fig. 13 summarizes the
crustal structure of the Guaymas basin, located in the centre of the studied region of the gulf.

For the surface layer (0-4 km), the low Q values contrast with one major patch (zone X in figures
11 and 12) of high Q value in the south-east zone of the region. The crustal structure obtained
by Aragén-Arreola ez al., (2005), Lizarralde ef al., (2007) indicates that the south-central region of
GoC, is masked by a thick layer of sill intruding the sediments deposited on the igneous layer.
Thus, resulting in the low 0 value and high attenuation in the surface layer. But the thickness of
this sediment layer decrease from ~ 3 km in the Guyamas basin to the ~1.5 km in the Carmen
basin. Thus, the presence of the igneous layer (Teske ez al.,, (2014)) in the surface layer results in
the increase of 0 (zone X) in the south-east of the studied region, as shown in Figs. 11-12 at 1.0
Hz and 2.0 Hz. This feature does not show at the lower frequency (0.5 Hz) probably due to the
small dimension of the high Q patch.

In the middle layer (4-8 km depth), two major patches (zones Y and Y1) of high Q value can be
observed close to the ridge- transform system. First, the high O patch Y at 0.5 and 1.0 Hz along
the Guyamas basin increases with frequency from 53 at 0.5 Hz to 320 and 800 at 1.0 and 2.0 Hz,
respectively. The subsurface representation of Guaymas basin shown in Fig. 13 suggest the
presence of high heat flow due to intruded sills located along the western side of the spreading
ridge. Thus, the cooler southwestern side has a higher O value compared to the hotter
northeastern side of the Guaymas Basin. The other high O patch Y1 located along the Farallon
Transform fault in a zone of high seismicity, where the rocks must be cool and rigid.

In the bottom Layer (8-12 km depth), a high O value patch (Z) is observed along with the older
and cooler continental crust. The obtained Q values in the depth range show a decreasing trend
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of O towards the spreading ridges. This 8-12 km depth zone probably has a high flow of magma
from the mantle near the ridge, as shown in Fig. 13, resulting in an increase of thermal flow in the
bottom layer. Thus, low O values and high S-wave attenuation takes place along the ridge transform
fault system.

The obtained attenuation contours correlate with the crustal model proposed by Lizarralde ez a/, (2007)
and Teske ¢ al,, (2014) and support the high attenuation of seismic energy observed along the gulf
region. Also, the decrease in seismic velocity and high heat flow beneath the thin crust correlates with
the high attenuation observed along the young plate boundary (Persaud ¢ a/, 2014; Teske ef al, 2014,
Vidales-Basurto e al, 2014; Lizarralde ez al, 2007; Hasegawa 1985). These results also indicate that the
seismic attenuation is decreasing towards the continental crust.
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Figure 13. (a) Seismic velocity and crustal model for Guaymas extensional basin region of GoC, Mexico (modified
after Lizarralde ez al., 2007). (b) schematic diagram of subsurface basement, sills, sediments and arrow represent the
liquid flow direction (modified after Teske ez al, 2014).

BOOTSTRAP TEST

In order to inspect the stability of inverted () structures, the bootstrap resampling scheme has
been adopted. For the same, the initial population of 25 earthquakes has been divided into two
subsets, with each subset having randomly selected 17 earthquakes. The inversion results for 1.0
Hz frequency are shown in Fig 14.

@)

Figure 14. Bootstrap test results for two different subsets of initial population of earthquakes for depths (i) 0-4 km
(i) 4-8 km and (iii) 8 -12 km at 1 Hz frequency. The alphabets X, Y, Y1 and Z represents the identified low
attenuation zones in different depth layers.

The comparison of bootstrap test results with Figs. 10-12, clearly reveal that for different subset
of initial population of earthquakes, we are capable of detecting the same attenuation features
on different depth layers. Thus, the resulted Q structure in this study is stable and consistent for
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different subset of original dataset. However, decreasing the number of earthquakes in bootstrap
test has lowered the resolution of individual rectangular blocks, so few major differences in the
attenuation structure has been observed in the bootstrap results.

A regional O-frequency relation for this region has been prepared by using all 1944 estimates of shear
wave quality factor at 18 different frequencies. Fig. 15 and 16 show the O-frequency relation obtained
using average values of () resulting from the inversion for each frequency. The best least square fit
gives the relation Qy(f)= 20" for this region. Fig. 15 shows data used for obtaining this relationship. It
has been observed that seismic () strongly depends on the frequency fin the view of relation O = O, f
"and increases with increase of frequency (Aki, 1980a). But this increase is not so widespread at low
frequencies in comparison to high frequencies as we move from surface to depth (Kumar ez a/, 2015).
Therefore, a relatively large error has been measured at high frequencies as shown in Fig. 15. Despite
the large variation in Q) values at high frequencies, the resulted O values are providing the significant
information for south-central GoC region.
o e

1/Q Values
5

108 |

10 L
10" 100 10°

Freq (Hz)

Figute 15. Frequency - dependent shear wave quality factor 7/Qs(f) relationship obtained from 1944 values of shear
wave quality factor at different frequencies.

The Q,-f" relation can be used to distinguish different regions into seismically active and
stable areas. The parameters (), and # represent heterogeneities and levels of tectonic
activity, respectively (Kumar ef a/, 2015). Low values of Oy < 200 indicate tectonically and
seismically active regions, high values of @, > 600 signify seismically stable regions, and
intermediate values are expected in moderately active regions (Kumar e/ a/, 2005). A
correlation between the degree of frequency dependence and the level of tectonic activity
in the area of measurement have been made by several researchers for a number of tectonic
regions (e.g., Aki, 1980a; & Van Eck, 1988). They ascertained higher # values for
tectonically active regions as compared to that of tectonically stable regions (Sharma ez a/,
2015). The obtained low Oy =20 and high exponent #=1.2 of this relation indicate that the
studied region is highly active with high attenuation. The resulted high value of n=1.2 is
an artifact and can be considered as ~1.0. Similar, higher values of exponent #, has also
observed for various highly active regions of world (Gupta e7 al., 1988, Akinci e al.,, 1994
& Vidales-Basurto ¢f al., 2014).

We compare in Fig. 16, obtained relation with regional relationships obtained by previous
studies in the GoC region using different techniques. It is seen that QJy-f” relation obtained
with the estimates of Q from the inversion matches with other relations obtained for this
region within the variability of the estimates shown in Fig. 15. The higher values of Q
reported by Vidales-Basurto ez a/, (2014) are due to differences in the crustal volume
sampled. Most of the paths sampled by them are outside the ridge zone and some includes
the continental region. The estimates of Castro ¢ a/, (2008) correspond to the Mexican
Basin and Range Provence, inside the continent. The estimates of O from the Imperial
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Valley (Singh ez al, 1982) are very similar to our estimates in south-central Gulf of
California. These two regions have some geologic features in common, like the presence of
sediments and high heat flow and explain the low values of Q) obtained.
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= - Singhetal. (1982): Q(f)=20.010
= = Castro etal. (2008): Q (f) = 84.0 f 02
" Vidales-Basurto et al. (2014): Q (f) = (59.0 £ 1.1) f (09 £0.03)
Vidales-Basurto et al. (2014): Q (f) = (48.0 + 1.1) £ (0-37 £0.07)
— Present Study: Q (f) = (20.0 £ 3.0) f (1.2 0.1)

Figure 16. Compatison of obtained Qy-f” relation with other existing relations for the south-central GoC region.

CONCLUSIONS

A frequency-dependent three-dimensional shear wave attenuation structure for the south-central
Gulf of California, Mexico has been obtained using 98 records from 25 earthquakes recorded at
six different stations. A total of shear wave attenuation structures at 18 frequencies has been
obtained in this work that permitted us to identify zones of high and low attenuation that
correlate well with geological and tectonic models of the region. The iterative inversion scheme
used in this work gives results consistent with crustal models proposed by Lizarralde ez a/., (2007)
and Teske ez al.,, (2014) for the Gulf of California region. The average shear wave quality factor
obtained from the different 108 blocks at different frequencies from inversion has been further
used to develop the regional frequency dependent shear wave quality factor of form Qs (f) = 20
/% The developed relationship has been compated with that available for this region. The
comparison establishes the reliability of obtained shear wave quality factors in different blocks.
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RESUMEN

La gravimetrfa satelital es una herramienta que aun no se aplica en profundidad para estudiar
areas relativamente extensas en los Andes de Argentina y Chile, a pesar de los esfuerzos actuales
para lograr una mejor comprension de los cambios en los glaciares y sus tendencias.

En este trabajo se analizan las variaciones de masa en los Hielos Patagénicos junto con las
tendencias de decrecimiento en la regiéon. El objetivo es demostrar la capacidad de la misién
satelital GRACE (Gravity Recovery and Climate Experiment) para detectar los cambios en el
almacenamiento de agua en 4areas glaciarias. Ademas, se monitorearon las variaciones del nivel
hidrométrico en lagos patagénicos, combinando datos de altimetria satelital y mediciones 7z situ
con los cambios de masa de agua observados.

Para ello, se utilizaron datos GRACE para estimar la tendencia de la gravedad; y fueron usadas
soluciones "mascons" de GRACE CSR RLO5 de alta resolucion, para analizar los cambios en el
almacenamiento de agua de los campos de hielo en la regién para el periodo 2002-2017.

Se utilizaron estaciones virtuales de altimetria satelital, ademds de informacion de altura
hidrométrica de estaciones localizadas en lagos de la Patagonia en Argentina y Chile, con el fin
de comparar el TWS de GRACE con el nivel de agua. Adicionalmente, se calcularon los
coeficientes de correlacién en cada estacion.

Los resultados manifiestan una disminucién significativa del almacenamiento de agua en la zona
del Campo de Hielo, y ademas muestran que los Hielos Patagénicos Sur tienen una tendencia
de derretimiento de las masas de hielo mas pronunciada que en la regiéon del norte, de
aproximadamente 6 cm/aflo.

PALABRAS CLAVE: GRACE, Patagonia, glaciares, TWS, nivel de agua, altimetria satelital

ABSTRACT

Despite present efforts to better understand glacier changes and their trends, the satellite
gravimetry is a powerful tool still not applied in-depth to study relatively large areas in the Andes

of Argentina and Chile.
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In this work, the Patagonian Icefield mass variations are analyzed together with the decrease
trends of the ice layer in the region. The purpose of this study is to demonstrate the GRACE
satellite mission (Gravity Recovery and Climate Experiment) ability to detect water storage
changes over the glaciers area. Furthermore, the variations of the hydrometric level in some
Patagonian lakes were monitored by combining satellite altimetry data and 7# sizu measurements
with the observed water mass variations.

Data retrieved from GRACE were used to estimate gravity trends; and high-resolution GRACE

CSR RLO5 mascon solutions were used to analyze the icefields water storage change in the region
under study for the 2002-2017 period.

Virtual stations from satellite altimetry obtained from a lake database and hydrometric height
data from 7z situ stations, located at Patagonian lakes in Argentina and Chile, were also used in
order to compare the TWS from GRACE to the water level of the specific lakes. Additionally,
correlation coefficients were determined at each station.

The results show a significant water storage decrease in the Icefield area, and they also
demonstrate that the ice melt in southern Patagonia (of about 6 cm/year) tends to be more
pronounced than in the northern region.

Key worps: GRACE, Patagonia, glaciers, TWS, water level, satellite altimetry.

INTRODUCTION

In response to the climate change in a global context, many glaciers are losing ice volume —and
the Patagonian region is not an exception— which contributes to sea-level rise (Falaschi e# a/,
2017; Gardner ez al., 2013; Hock ez al., 2009; Jacob et al., 2012).

The largest temperate ice masses acknowledged in the southern hemisphere are also undergoing
this melting process (Warren & Sugden,1993). Both the Northern and Southern Patagonian
Icefields (hereafter, NPI and SPI, respectively) and their outlet glaciers, have shown high
thinning rates since the second half of the 20™ century (Rignot e# al., 2003; Willis e# al., 2012a;
Willis e# al., 2012b).

The evolution of satellite gravimetric missions in the last years have introduced a new concept
in the gravitational field modeling, allowing to obtain accurate global models with a higher
resolution of the static component and in the time-dependent gravity field. In recent years,
remote sensing data (such as altimetry-based surface water levels and total water storage from
space gravimetry) have proved to be very helpful for studying the water balance at sub-basin and
basin scales (Bamber & Rivera, 2007; Pereira e al., 2014; Xavier et al., 2010).

The GRACE (Gravity Recovery and Climate Experiment) satellite gravity mission can map the
mass distribution by measuring the changes in the Earth’s gravity field. These changes can be
related to terrestrial water storage, which includes hydrological reservoir changes, snow, ice, and
glaciers, and can be expressed in terms of equivalent water height (TWS). From GRACE, it is
possible to detect these mass variations to a height of about 1 centimeter for areas ranging in
size on the order of 400 km (Wahr ez al., 2004).

There are important contributions of GRACE data in the study of ice mass losses in Greenland
(Chen J. L., 2000; Jin & Zou, 2015; Su et al., 2015; Svendsen e7 al., 2013), the Patagonian region
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(Barcaza et al., 2017; Chen et al., 2007; Ciraci et al., 2015; Falaschi ez al., 2017; Millan et al., 2019;
Richter ez al., 2019), the glaciers of the Tian Shan mountain chain (Yi ez a/, 2016), Alaska (Chen
J. L., 20006), and Antarctica (Jin ez al, 20106; Lee et al., 2012).

Satellite altimetry and GRACE mission have been used to monitor the components of the water
balance in large river basins over time scales ranging from months to decades. Space
observations allow to obtain unprecedented information in combination with terrestrial data,
providing global coverage, and continuous monitoring over time. In addition, they have the
potential to significantly improve the understanding of hydrological processes in large river
basins and their influence on climate variability.

Satellite altimetry allows the systematic monitoring of the oceans, rivers, lakes, wetlands, and
flood plains water level (Papa et al., 2008). Several satellites have been launched since the ‘90s,
like ERS-1 (1991), TOPEX/POSEIDON (1992), ERS-2 (1995), GFO (2000), Jason-1 (2001),
ENVISAT (2002), and Jason-2 (2008).

In recent decades, most Patagonian glaciers have retrogressed alarmingly fast with high decrease
rates (Rivera & Casassa, 2002). Several studies about mass losses in the Patagonian icefield have
been developed (Abdel ez al., 2019), like Rignot (2003), who estimated an ice loss of 15.0 £
0.8 km’ per year for the period 1975- 2000 (total amount in the northern and southern region).
For the petiod 1995- 2000, this research estimated losses of about 37.7 + 4.0 km’ per year, which
gives an idea of the accelerated ice melting in the last years.

The Intergovernmental Panel on Climate Change showed that since 1960 the accumulated losses
in the Patagonian glaciers were about 40 m of ice thickness (Lemke e a/., 2007).

It is difficult to obtain the estimates of the ice loss for North and South Patagonian Icefields for
several reasons, but mainly due to the lack of observations with adequate spatial and temporal
sampling. The relatively small size of the region, the gradient of the slopes, and the undefined
boundaries of the glaciers limit the utility of remote sensing techniques, such as laser or radar
altimetry and interferometric synthetic aperture radar —InSAR- (Coudrain ez a/, 2005; Braun ez
al., 2019; Papa et al., 2008).

There are multiple impacts associated with massive losses of glaciers and permanent icefields.
One of the most direct consequences is the rise of sea levels due to the incorporation of a large
amount of water from the ice melting. In addition, the loss of large ice areas implicates the loss
of the reflective surface of the Earth as well, which will increase the warming due to an increment
of the solar radiation absorbed by the Earth's surface (Gardner ¢ a/, 2013).

The objective of this work is to detect the total water storage variations (TWS) in the Patagonian
Icefield from GRACE data, together with the estimation of the decreasing trend for the NPI
and SPI regions corresponding to the 2002-2017 period. Moreover, the water level variations in
Patagonian lakes are analyzed using a combination of GRACE and satellite altimetry data with
in Sitn measurements.

STUDY AREA

The glaciers have an important role in global freshwater storage since almost 70% of the world’s
freshwater is stored in glacial ice (Chen ¢z 4L, 2007). The icefields are vast rocky areas covered by ice sheets
that comprise different geographical features, such as lakes and large mountain chains. According to
geological and glaciological studies, the icefields would be remnants of areas formed during the last
glaciation. These icefields also represent one of the main freshwater reservoirs in the world.
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The main icefields in the Patagonian region are, on one hand, the Northern Patagonian Icefield (NPI),
which is an ice mass that covers an area of 4,200 km* (Figure 1) and is entirely located in Chile. The
Arenales Hill and San Valentin Mount, both covered by glaciers, are important because of their height of
3,437 and 3,910 meters, respectively. On the other hand, the Southern Patagonian Icefield (SPI), which
is a large continental ice region located on the border between Argentina and Chile and covers an area of
13,000 km® (Figure 1). Numerous large glaciers atise from this, like the Montt, Pio X1 (the largest of South
America), Grey, Upsala, Viedma, and Perito Moreno. It is estimated that the SPI consists of 48 major
glaciers and more than 100 minor glaciers.

In the Patagonian Andes, a large lake system can be found. Among the largest lakes in this system, the
Buenos Aires/General Catrera, St. Martin/ O'Higgins, Viedma, and Argentino can be mentioned.
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Figure. 1. Northern Patagonian Icefield (NPI) and Southern Patagonian Icefield (SPI) locations (left); and a detail
of some glaciers in the region (right). The maps were generated with information from GLIMS Glacier Database
(Raup et al., 2007).

DATA
GRACE DATA

The observed gravity variations are caused by temporal mass changes. These mass variations can
be considered as concentrated in a very thin water layer on the surface, with thickness changing
in time. In fact, most of the temporal gravity variations are caused by changes in the water storage
of the hydrological reservoirs, by mass movements in the oceans, atmosphere and cryosphere,
and by the exchanges between them. The vertical extension of this layer of water is measured in
centimeters, which is much smaller than the Earth’s ratio or the hotizontal variations scales -
which are measured in kilometers- (Wahr ¢z /., 1998).

First, the GRACE Level-2 data corresponding to the period spanning from April 2002 to June
2017 were used for gravity trend analysis. Particularly, the solutions from CSR RLO06 (Center for
Space Research, University of Texas) were acquired (Bettadpur S., 2018).

Afterwards, the high-resolution GRACE CSR RL05 mascon solutions were used in this study in
order to analyze the water mass variations of the Patagonian Icefields (Save ez 4/, 2010).

A mascon solution approach consists of a mass anomalies estimation at grid locations of certain
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mass concentration. Then, these solutions provide the monthly time variations of the TWS at 1°
of spatial resolution, resampled at 0.5°. Only GRACE measurements are used to derive these
solutions, and they are not influenced by external geophysical models or data. In this approach,
the mascons are related to the range-rate or the range-acceleration data by means of a spherical
harmonic expansion, which is truncated at a finite order and degree (Save ez a/., 2016).

IN SITU MEASUREMENTS

The National Hydrological Network is the largest source of hydrological information in Argentina and
collects the basic data required for the design of projects and the national management of water resources.
It is currently operated by several national institutions and has 369 measuring points, in many of which
both hydrological and meteorological parameters are observed (SSRH, 2018).

The Basic Network of Water Information collects and processes the basic data of the quantity and quality
of water resources with a significant presence in most part of the country, and provides hydrological
information, which is available to the user through the development and implementation of the National
System of Water Information (SNIH).

In this work, three stations with 7 sitn water level measurements and daily time resolution were selected.
These stations are located at the Argentino, Rico and Buenos Aires lakes (Figure 2), and their
characteristics are shown in Table L.

‘The Buenos Alires station presented a lack of information in the period under study; however, it was still
included since it was the only one located at the NPL

SATELLITE ALTIMETRY DATA

Satellite altimetry is a technique that has great potential in hydrology, and for a lot of lakes located in
areas that are difficult to access, it is the only source of information available.

The RADAR (Radio Detection and Ranging) altimeters used in satellite missions transmit a short
microwave pulse in the nadir direction. The distance traveled by the electromagnetic pulse between the
satellite and the Earth's surface is determined by measuring the time it takes for the pulse to be reflected
back to the altimeter, assuming that the pulse propagates at the speed of light (Calmant ez a/, 2008).

Then, the height of the reflecting surface is calculated by the difference between the satellite orbit and
the altimeter range measurement. Several corrections in which time delays related to the propagation
of the pulse through the atmosphere and the ionosphere are considered, as well as also corrections for

solid tidal effects on the Earth, are after added.

Nowadays, there are several databases that allow obtaining the hydrometric heights in large basins of
the world. The satellite water level information used in this work was obtained from DAHITI
(Database for Hydrological Time Series of Inland Waters), which provides water level time series of
lakes, reservoirs, rivers, and wetlands derived from multi-mission satellite altimetry for hydrological
applications (Schwatke ¢z al., 2015). For the estimation of water heights, multi-mission altimeter data
are used, such as Topex, Jason-1, Jason-2, Jason-3, Envisat, ERS-1, ERS-2, Cryosat-2, IceSAT,
Sentinel-3A and Sentinel-3B.

In this study, two satellite altimetry virtual stations were selected from the DAHITI website,
located at the Viedma and Argentino lakes (Figure 2 and Table I).
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Table L. Virtual and terrestrial stations characteristics used in this study.

Lake | Latitude | Longitude Icefield | Source
Buenos Aires 46.5388 S 71.6097 W NPI SNIH
Rico 50.4261 S 72.7478 W SPI SNIH
Argentino 50.3200 S 72.2610 W SPI SNIH
Argentino 50.2408 S 72.3985 W SPI Virtual
Viedma 49.6155 S 725125 W SPI Virtual
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Figure 2. Virtual (green) and SNIH (red) stations at the Patagonian lakes: Buenos Aires corresponds to the NPI
region; Argentino, Viedma and Rico, to the SPI.

METHODOLOGY AND RESULTS
GRAVITY TREND AND AMPLITUDE

The changes in time of the monthly gravity fields, dg, were determined by means of a 4-
parameter trend analysis of the gravity disturbances. In order to do this, the trend and two yearly
seasonal terms were estimated in each grid point of 0.5° x 0.5° (Sandberg Sorensen & Forsberg,
2010), where the result is the gravity trend obtained at satellite altitude (500 km):

og(t) =a+b.t +c.cos(2xt) +d.sen(2xt) (1)

First, a grid for the Patagonian Icefield region was determined, considering the area between
52°- 45° south latitude, and 75°- 71° west longitude.

166



A. Pereira et al., Detection of total water mass changes in the Patagonian glaciers area by satellite gravimetry

To allow a fair comparison and limit the errors introduced to the high order coefficients, in all
cases the data was filtered by truncating the spherical harmonic expansions (Forsberg & Reeh,
20006; Sandberg Serensen & Forsberg, 2010). The calculations were essentially performed with
the geodetic software Gravsoft (T'scherning ez al., 1992).

The resulting gravity trend (in pGal per year) for the area under study, based on GRACE Level-
2 solutions, is shown in Figure 3.

In the Patagonian Icefield region, the gravity anomaly trend was negative for the entire area, with
values ranging from -0.32 to -0.20 pGal/yeat. According to Figure 3, extreme values could be
detected at the Southern Patagonian Icefield, in the proximity of the Viedma, Argentino and
Rico lakes, delimited in Figure 2 from north to south, respectively.

Argentina

-0.32 -026 -0.19 -0.13 -0.06 0.01 0.07

Figure 3. Gravity trend in nGal/year in the Patagonian Icefield for period 2002-2017 from GRACE Level-2 CSR
RLOG data (the box corresponds approximately to the Patagonian Icefield)

PATAGONIAN |CEFIELD DECREASE TREND

In order to analyze the NPI and SPI regions, time series of TWS from CSR mascon solutions
were obtained by averaging the points of the grid contained within the delimited boundary for
each region.

In Figures 4 and 5, the TWS time series for the north and south regions are presented,
respectively. Linear least squares trends of TWS were obtained for the north and south region,
resulting trends of ~ - 61.70 £ 3.8 mm/year and ~ - 57.90 £ 3.4 mm/year, respectively.

The SPI shows a more pronounced negative trend line than the NPI region, which indicates a
greater speed of level melting of ice masses towards the south (about 4 cm/year).

It should be noted that these water mass change values, interpreted as ice melting, may be
influenced by other causes that contribute to the mass variation, which is also detected by
GRACE, e.g. groundwater storage fluctuations in nearby areas.
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Figure 4. Total water storage (TWS) and trend line for ~ Figure 5. Total water storage (TWS) and trend line
NPL for SPI.

Chen ez al. (2007) carried out a study on the melting rate of the ice mass for the whole region
during the period 2002- 2006 and estimated a value of 27.9 + 11 km’/year, which is rather high
considering the small extension of the Patagonian Ice region. This estimate contributes to a sea
level rise of approximately 0.078 + 0.031 mm/year. These values obtained from GRACE are
comparable with other estimations of the melt rate obtained from topographic and cartographic
data made by Rignot ¢z a/. (2003).

In this investigation, no rate estimates were made, as there are other geophysical contributions
to GRACE observations that have an effect on the mass variations for this area specifically, such
as the postglacial rebound of the Earth's mantle due to the change in the ice load from the last
maximum glaciations up to the present day ice melting. In this sense, it is not object of the
present investigation to estimate rates of decrease; the study is then limited to the analysis of the
GRACE signals for each region, considering that the greater mass variation is due to the melting
of glaciers, but there are other contributions to that change, as mentioned above.

Chen (20006) also estimated the slope of TWS for a point located at the Pio XI glacier - one of
the largest glaciers in the southern Patagonian ice region — resulting 37.4 = 2.1 cm/year for a 5-
year period. Although the results are not similar, the TWS trend values obtained in this research
are not so distinct from each other, considering that the regions are different, as well as the
methodology used in each investigation.

TWS monthly maps were derived from GRACE CSR RL05 mascons for the period 2002 to
2017. The mean annual TWS was also obtained, taking into account the available GRACE
months (e.g. for 2017 year, the mean was obtained up to June).

Figure 6 presents the mean annual TWS maps, where the progressive decreasing of the TWS in
the NPI and SPI area from 2002 to 2017 can be observed.

COMPARISON AT PATAGONIAN LAKES

For the sake of analysis of the TWS results from GRACE in the glacier’s area, such results were
compared with hydrometric heights series and satellite altimetry data of Patagonian lakes located
in Argentina and Chile.

The in situ river gauge time series (SNIH) and the virtual stations from satellite altimetry of 30
day intervals were computed in two steps in order to make the data consistent with the TWS
data derived from GRACE. First, the missing data series were completed using moving averages;
and subsequently, the averages for 30 days intervals were obtained. The TWS temporal series
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were then interpolated to obtain the water storage at the same hydrometric station (HH) with
bilinear interpolation using the nearest neighbor method.

In Figures 7 and 8, the series of hydrometric height (from SNIH) and the virtual station (from
DAHITI) are presented respectively together with the GRACE time series. It can be observed
for all the stations that the TWS signal is decreasing in the period 2002-2017, while the water
level of the lakes shows a periodic behavior. Furthermore, the seasonal performance and the
adjusted trend line for the TWS and the water level series are presented in Figure 7 (right), where
the increasing of both variables can be perceived, starting in the summer (of southern
hemisphere) to the early autumn, in correspondence with the precipitation regime of the region.

L oe— 4
-600 -500 -400 -300 -200 -100 O 100 200
TWS(mm)

Figure. 6. Mean annual TWS maps from GRACE data showing the progressive decrease in the NPI and SPI
region detected in the period 2002-2017.
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Figure 8. Water level (virtual stations from satellite altimetry) vs. TWS for Argentino and Viedma stations.

Afterwards, the Pearson coefficient » was obtained to evaluate the correlation between the
analyzed variables.
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At this point, it is important to mention that the TWS data and the hydrometric heights represent
different magnitudes. While GRACE "sees" the total water storage as a vertical column
composed of surface water, groundwater and soil moisture integrated over a time period
(monthly), the hydrometric height represents the water level reached in a section of a lake that
can be measured on a daily basis.

The resulting Pearson coefficients for the stations at the Patagonian lakes are shown in Table II.
According to the results, the Argentino station (SNIH), located at SPI, presented the highest
correlation value (over 50%). The remaining stations located in the south, both terrestrial and
virtual, showed very low r coefficients; while the only one station at NPI -Buenos Aires-
presented a Pearson correlation value close to 0.50.

Table 2. Pearson correlation coefficient r (dimensionless) for the Patagonian lakes.

Lake Source Icefield Pearson
Buenos Aires SNIH NPI -0.48
Rico SNIH SPI -0.05
Argentino SNIH SPI -0.55
Argentino Virtual SPI 0.17
Viedma Virtual SPI 0.10

DISCUSSION AND CONCLUSIONS

At the Patagonian region, the negative trend of the detected gravity anomalies could be mainly
due to the redistribution of water, ice, and snow, and related to the climate change that is causing
regression and loss of the ice mass in most of the Patagonian glaciers.

The analysis of the Patagonian Icefield area was performed for two sub-regions, the Northern
Patagonian Icefield (NPI) and the Southern Patagonian Icefield (SPI). Then, the time series of
TWS were obtained for each region by averaging the grid points within the boundaries for the
NPI and SPI areas.

The results showed that the SPI region presents a more pronounced negative trend than the
NPI region, which indicates a greater speed of the level melting of ice masses towards the south.
Linear trends of total water storage were obtained for the north and south regions, resulting in
values of -61.70 mm/year and -57.90 mm/year, respectively. Likewise, this negative trend was
also demonstrated in the TWS maps, which showed the progressive total water storage decrease
for the period 2002-2017.

According to the study of the Patagonian lakes, the SNIH stations Buenos Aires and Argentino
presented a strong negative correlation —of about 0.5-. Meanwhile, for the rest of the stations
located at the SPI (both terrestrial and virtual) very low correlation coefficients were obtained.
The results for the SNIH stations indicate a negative association, which is revealed through the
behavior of the different TWS (decreasing) and hydrometric height (mainly seasonal) signals.

The weak correlation obtained for some stations in the Patagonian lakes may be due to the
influence of the nearby glaciers. The GRACE signal indicates a negative trend in the TWS, while
the hydrometric level signal does not detect the same decrease. This indicates that GRACE
measurements may be affected by the proximity of other zones with different hydrological
characteristics.
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It can be concluded that the use of GRACE data and satellite altimetry is feasible to detect
variations of the hydrometric levels in the Patagonian lakes only in those areas where there is no
influence of the environment. That is to say, if the surrounding area is homogeneous, then the
changes in the regional water mass may be linked to punctual variations to make valid
comparisons with local variables, as in the case of a gauge station (hydrometric heights).
Otherwise, GRACE detects the lake- glacier water storage change, but it is not comparable with
changes in the levels of the lake measured 7 situ or by satellite altimetry in the South Patagonian
region. This means that the glacier signal derived from GRACE was stronger, masking all other
signals in its neighborhood. Therefore, further investigations in this topic should be carried out.

Regarding satellite altimetry, it can be mentioned that it is useful for the comparison of GRACE
results in those places where there are no 7 situ available information. In such comparisons,
since no records were obtained in order to complement this analysis, the groundwater variations
were not taken into account.
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RESUMEN

El objetivo principal de esta investigacion es identificar las areas de unidades de rocas con
potencial acuifero en las subcuencas de la porcién oeste de la cuenca baja del rio Grijalva,
mediante la interpretacion de las respuestas magnéticas obtenidas aplicando diversos algoritmos
matematicos para la deteccion de bordes estructurales (v.e., Gradiente Horizontal, Sefial Analitica
y Derivada TILT) y la elaboraciéon de modelos 3D de la zona estudiada a base de voxels. Para ello,
se realiz6 el procesado de datos aeromagnéticos, con el propésito de resaltar e identificar las
caracteristicas geoldgicas sobresalientes en el area de estudio. Los resultados obtenidos
permitieron identificar zonas asociadas a espesores sedimentarios que, cuando se correlacionan
con los datos altimétricos, permiten inferir que la zona centro-norte alberga el area con mayor
potencial acuifero en la porcién oeste de la cuenca baja del rio Grijalva. De esta manera, se busca
contribuir al conocimiento local y propiciar la toma de decisiones en los temas geohidrolégicos,
ordenamiento territorial y politicas publicas relacionadas.

PALABRAS CLAVE: métodos potenciales, hidrogeofisica, potencial acuifero, gestiéon del agua
subterranea, cuenca Grijalva.

ABSTRACT

The main objective of this research is to identify aquifer potential areas of rock units within the
sub-basins of the western portion of the lower basin of the Grijalva River by interpreting the
magnetic responses obtained by applying various edge detection algorithms (ze., Horizontal
Gradient, Analytical Signal and TILT Derivative) and developing 3D models of the studied area
based on voxels. For this, the processing of aecromagnetic data was carried out with the purpose
of highlighting and identifying the outstanding geological characteristics. The results obtained
allowed the identification of zones associated with sedimentary thicknesses which, when
correlated with the altimetry data, allow us to infer that the north-central zone harbor the area
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with the greatest aquifer potential in the western portion of the lower basin of the Grijalva River.
Thus, it seeks to contribute local knowledge and promote decision-making in geohydrological
issues, territorial planning and related public policies.

KEy WORDs: potential methods, hydrogeophysics, aquifer potential, groundwater management,
Grijalva basin.

INTRODUCCION

Los recursos hidricos en México se caracterizan por asimetrias territoriales y temporales en la
disponibilidad natural del agua, con el agravante de que la concentracién espacial de la poblacion
y la economia se encuentran en las regiones con menor disponibilidad. A diferencia de las
regiones norte y centro, el sureste presenta el mayor escurrimiento, dotando asi a esta region de
una riqueza hidrica privilegiada. Sin embargo, en contraste con el norte y centro, esta region
posee menor poblacién y una alta marginalidad (CONAGUA, 2018).

En México, de acuerdo con CONAGUA (2018) la disponibilidad natural media anual de agua,
o agua renovable, al 2017 alcanza los 451,585 hm’/afio (incluye las importaciones y
exportaciones con paises vecinos) que, al dividirse por la poblaciéon del 2017, se tiene una
disponibilidad per capita de 3,656 m’/hab./afio. Asimismo, del total de agua disponible se
extraen 87.84 miles hm’para uso consuntivo (19.5%), donde el 61% es de fuentes superficiales
y el 39% de subterraneas, y los usos agricolas y abastecimiento publico son los principales
usuarios. Sin embargo, estas cifras no muestran la dependencia de agua subterranea en diversos
territorios que, por sus condiciones climaticas y geomorfolégicas o por las presiones
demograficas y econdmicas, ven limitados sus recursos superficiales (Pefiuela-Arévalo &
Carrillo-Rivera, 2013). Asi, Spring & Cohen (2012) indican que, como consecuencia de la
concentracion espacial del crecimiento de la poblacién, la produccion agricola e industrial, y la
distribucién natural del recurso (espacial y temporal), la disponibilidad de agua per capita es cada
vez mas limitada. Lo que, en efecto, se manifiesta en las distintas regiones donde estos factores
convergen, principalmente, centro y norte del pafs.

No obstante, de ambos recursos, superficial y subterraneo, el agua subterranea es el de menor
comprension y entendimiento en el pafs (Hatch-Kuri, 2017; Lépez-Morales, 2017). De hecho,
Penuela-Arévalo & Carrillo-Rivera (2013) consideran que el agua subterranea no solo es uno de
los elementos que mayor impacto negativo ha sufrido desde la ultima mitad del siglo XIX, sino
también que hasta ahora existe poco interés estatal en el estudio y analisis de su dinamica y
funcionamiento. En este contexto, México enfrenta una setie de desafios hidricos como la
contaminacion, el impacto del cambio climatico en el ciclo hidrolégico (Ojeda-Olivares ef al.,
2019), la escasez de agua, el fortalecimiento de la gestion del agua con la participacion de los
usuarios, promover una buena planificacion ambiental, asi como impulsar la investigacion y la
tecnologia (Cortés ez al., 2012). En particular, en esto dltimo, el uso de técnicas geofisicas puede
contribuir al conocimiento y comprension de las aguas subterraneas del pais (CONAGUA,
2007).

Los métodos geofisicos de exploracion son esenciales para inferir y estimar la distribucion de las
propiedades fisicas de los materiales del subsuelo. En particular, para este proposito existen los
métodos gravimétricos y magnéticos, conocidos como métodos potenciales. Estos se aplican
tanto en areas urbanas como rurales (Henderson, 1992; Campos-Enriquez ez al., 1997; Huizar-
Alvarez et al,, 1997; Campos-Enriquez e al, 1997; Flores-Marquez et al., 1998; Lopez-Loera,
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2014), o en sectores como la industria petrolera (Ndougsa-Mbarga ez al., 2007), la explotacién de
recursos minerales, la agricultura, geotermia, geologfa, arqueologia, forense y la hidrologfa (Silva,
1974; Allred et al., 2008; Robinson e a/. 2008; Reynolds, 2011; Alatorre-Zamora et al., 2015;
Tinivella e al., 2013; Binley et al., 2015; Romero-Ruiz ez al. 2018; Florsch ¢ al., 2019). De tal modo,
la magnetometria es considerada un método versatil y de facil operacion que puede ser aplicado a
distintos problemas de exploracion del subsuelo (Ernstson, 2006). En particular, entre otras cosas,
puede ayudar a determinar regiones con potencial acuifero por medio de la identificacién de
estructuras geolégicas que podrian estar asociadas con la permeabilidad (fracturamiento), como ha
sido reportado por Lopez-Loera (2014).

La aplicacion de los métodos geofisicos a la hidrologia no es reciente, la hidrogeofisica, como
disciplina de la geofisica para investigar procesos hidrolégicos, se ha fortalecido en los dltimos afios
debido a los avances y la disminucién de costos en la tecnologia e instrumentaciéon (Hubbard &
Rubin, 2005; Robinson ez a/., 2008). En los dltimos afios, desde la hidrogeofisica, el uso de métodos
geofisicos ha estado enfocado en investigaciones hidrogeolégicas, en el conocimiento de problemas
ambientales e infiltracién de contaminantes en el suelo, en el mapeo de las caracteristicas del
subsuelo, en la variabilidad espacial y temporal de la humedad del suelo, en el funcionamiento
biogeoquimico del sistema agua-suelo, en el estudio de procesos hidroldgicos, y en las interacciones
de las aguas subterraneas con las superficiales y costeras (Hubbard & Rubin, 2005; Vereecken ef @/,
2006; Robinson ef al., 2008; Kirsch, 2009; Binley ¢# al., 2015; Brocca e¢# al., 2017; Romero-Ruiz ¢f al.,
2018; Florsch ez al., 2019).

No obstante, si bien el uso de métodos eléctricos y electromagnéticos en la exploracion del agua
subterranea (.e., Belmonte-Jiménez ez al., 2012; Belmonte-Jiménez ez al., 2014) esta mas extendido
en relacion a los sismicos, gravimétricos y magnéticos, el costo, area de estudio y la facilidad
tecnologica y operativa, son factores a evaluar para la seleccion del método a usar (Silva, 1974;
Randall-Roberts, 2000; Ernstson, 2006; Lopez-Loera & Tristan-Gonzalez, 2013; Guevara-Mansilla
et al., 2017).

En el caso de México, destacan los estudios para el levantamiento magnético del lago Chapala,
Guadalajara (Alatorre-Zamora ef al., 2015); en la caracterizacion geoeléctrica de un sitio contaminado
por hidrocarburos en Tabasco (Shevnin ez a/., 2012); el método electromagnético para caracterizar el
acuifero de la Cuenca de México (Arango-Galvan ez al., 2016) y el acuifero del altiplano de Tula,
Tamaulipas (Guevara-Mansilla ez a/., 2017); la aplicacién de métodos magnetométricos y eléctricos
para la localizacion de agua subterranea en ambientes volcanicos aridos de San Luis Potosi (Lopez-
Loera, 2014); la potencialidad acuifera del Graben de Villa de Reyes, San Luis Potos{ (Lopez-Loera
& Tristan-Gonzalez, 2013); el estudio hidrogeoldgico de la cuenca de Villa Hidalgo, San Luis Potosi
(Pérez-Corona ez al., 2017); y el uso de sondeos eléctricos en la identificacién de pozos de infiltracion
para la mitigacion de inundaciones en El Barreal, Chihuahua (Dena e7 a/., 2013). Asimismo, destaca
el estudio de CONAGUA (2007) sobre el uso de los métodos potenciales en la prospeccion
hidrogeoldgica e ingenierfa de construccién de obras hidraulicas en México. De tal manera, existen
distintos trabajos que han utilizado los métodos geofisicos para la exploracion y entendimiento de la
dinamica y funcionamiento de las aguas subterraneas y problematicas asociadas en el pais.

Desde esta perspectiva, el objetivo principal de este manuscrito es la identificacién de zonas con
potencial acuifero en la cuenca baja del rio Grijalva mediante el analisis magnetométrico. En tal
sentido, para responder a este objetivo, el presente trabajo esta organizado de la siguiente manera.
En primer lugar, se muestra una descripcion de la zona de estudio. En segundo, se explica la
metodologia usada para identificar las areas con potencial acuifero. En tercer lugar, se presentan los
resultados y la discusion. Y finalmente, la conclusion. Sobre esta base se concluye que el estudio
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realizado puede favorecer no sélo la investigacion en estos temas, sino también la reflexion y la
toma de decisién de los distintos actores en torno a la proteccion, gestién, aprovechamiento y
planificacion de las aguas subterraneas en el pais.

AREA DE ESTUDIO

El area estudiada se encuentra dentro de la Region Hidrolégica Grijalva-Usumacinta Num. 30 (RH-
30), la cual se ubica en la latitud norte 18° 0.106” y 17° 18.122’ y longitud oeste 92° 52.205’ y 93°
34.427. El rio principal es el Rio Grijalva, o Mezcalapa, como es conocido en esta porcion de la
cuenca Grijalva (Alvarez-Soberano & Medrano-Pérez, 2020). Administrativamente, se localiza en el
sector norte del estado de Chiapas cubriendo pequefias porciones de Tabasco en su parte norte
(Figura 1a). Esta delimitada por las subcuencas Rio Viejo Mezcalapa, Rio Mezcalapa, Rio Tzimbac,
Rio Zayula, Rio Platanar, Rio Paredén, Rio Pichucalco (Figura 1b). Posee una supertficie de 381.97
km?, y alberga una poblacion de 340,160 habitantes, segin datos del afio 2015 del Instituto Nacional
de Estadistica y Geografia (INEGI). Asimismo, el area de estudio cubre en su totalidad a la
delimitacion administrativa del acuifero Reforma, y parcialmente, a los acuiferos Samaria-Cunduacan,
La Sierra, Huimanguillo, Ocozocoautla (Figura 1c).

El area de estudio se caracteriza por valores de elevacion de entre 1y 2,425 m s. n. m., aunque gran
parte de la zona puede considerarse de baja elevacion (Figura 1d). En cuanto la geomorfologia de la
zona de estudio comprende una porcién de la Planicie Costera del Golfo en su parte norte,
encontrado relieves suaves con lomerfos en cadena orientados preferencialmente en direccion
noreste-suroeste y elevaciones que alcanzan poco mas de los 300 m s. n. m. La porcion sur del area
de estudio se caracteriza por una serie de sierras y valles. Esta zona esta constituida por las
denominadas Montafias del Norte, formando una franja con orientacion este-oeste y altitudes que
tebasan los 1,500 m s. n. m. (DOF, 20/04/2015). Dentro de esta porcion, a unos 20 km al suroeste
de Pichucalco, se encuentra el volcan Chichonal y sus rocas volcanicas asociadas (Figura le)
(Plascencia ez al., 2014).
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En tanto que la geologia de la zona, al cubrir el acuifero Reforma practicamente la totalidad del
area estudiada, las caracteristicas geologicas de este acuifero pueden ser representativas para el
area estudiada. En la porcion sur del area, correspondiente al limite norte de la Sierra de Chiapas,
se encuentran aflorando rocas del Cretacico Inferior y Superior surcadas por una serie de fallas
y plegamientos, as{ como sedimentos Terciarios y rocas igneas extrusivas. Tienen amplia
distribucién las rocas calizas y les siguen lutitas y areniscas muy intemperizadas, como
consecuencia del clima calido y las altas precipitaciones de esta zona. El resto del area
corresponde a depédsitos Cuaternarios y a sedimentos miocénicos. La parte principal del acuifero
se localiza en la Planicie Costera constituida por depositos granulares finos con espesores de
alrededor de 30 m, cubriendo los sedimentos del Terciario (lutitas y areniscas) que constituyen
la Planicie Costera del Golfo. Esta zona se encuentra configurada por una terraza aluvial del
Pleistoceno, actualmente fragmentada y muy desgastada, que se eleva solo pocos metros arriba
de la llanura aluvial del Reciente (el Holoceno) e integrada por una composicion de canales de
rfos activos e inactivos, diques naturales y pantanos secundarios (Plascencia ez a/, 2014; DOF,
20/04/2015). En general, se muestra la Figura 2 una caracterizaciéon geolitolégica de mayor
detalle sobre el 4rea estudiada.
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Figura 2. Caracteristicas geolitologicas del area de estudio: a) tipologfa de rocas y b) litologia.

METODOLOGIA

Para cumplir con el objetivo propuesto para esta investigacion, se llevaron a cabo varias etapas
fundamentales (Figura 3). En primer lugar, se realiz6 una recopilaciéon de informacion
relacionada con la geologia de la zona de estudio. Posteriormente, se obtuvo la informacién
aeromagnética de las 9 cartas magnéticas a escala 1:50,000 en el Servicio Geoldgico Mexicano
(SGM) en formato PDF (Pichucalco E15-C29, Reforma E15-C19, Raudales Malpaso E15-C48,
Villahermosa E15-D11, Huimanguillo E15-C18, Rémulo Calzada E15-C38, Estacién Chontalpa
E15-C28, Ixhuatan E15-C39, Tecpatan E15-C49), a las cuales se les aplicaron tratamientos para
mejorar la calidad de las imagenes para su posterior digitalizaciéon y la delimitacion del area de
estudio en el sistema de informacién geografica AreMap.
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[ Metodologia de identificaciéon de areas con potencial acuifero ]
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Figura 3. Metodologia de identificacién de areas con potencial acuifero. Nota: Servicio Geoldgico Mexicano (SGM);
Anomalia Magnética de Campo Total (AMCT) y TILT (Derivada TILT).

Una vez concluido el proceso de digitalizacién, se continué con el preprocesado, el cual consistié
en la agrupacion de los datos correspondientes a las nueve cartas magnéticas. A continuacion, se
gener6 una matriz de datos inicial o grid (archivo GRD) que posteriormente se cargé al soffware
Oasis Montaj, generando asi el mapa de Anomalia Magnética de Campo Total (AMCT).
Consecuentemente, se aplicaron diversos filtros o algoritmos matematicos considerados en la
metodologia para el procesado de los datos, tal como se muestra en la Tabla 1. Derivado de ello,
se obtuvieron los distintos mapas correspondientes a los filtros aplicados, los cuales fueron
Anomalfa Magnética del Campo Total (AMCT), Sefal Analitica y Derivada TILT.
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Tabla 1. Algoritmos matematicos para el tratamiento de datos

Algoritmo matematico Descripcion

Técnica principalmente usada para la deteccion y delimitacion de
contactos magnéticos, permitiendo  aproximar localizaciones
horizontales de los bordes de la fuente que produce la anomalia
magnética (Roest & Pilkington, 1993; Phillips, 2000).

Gradiente Horizontal

Técnica propuesta por Nabighian (1972) y mejorada por Roest &
Pilkington (1992) que es utilizada para delinear los limites o bordes de
las fuentes magnéticas, similar al gradiente horizontal, con la diferencia
que la SA considera las variaciones verticales del campo magnético, de
esta manera siendo atil para inferir la profundidad, localizacién y
geometria de las fuentes.

Sefial Analitica

Técnica utilizada para el reconocimiento de la localizacion horizontal
y la extension de las fuentes, mediante la deteccién de los bordes de
estas. En comparacién a otros algoritmos de deteccion de bordes, esta
técnica tiene la ventaja de detectar no solo los bordes de las fuentes
someras sino también los bordes de las fuentes profundas (Miller &
Singh, 1994).

Derivada TILT

Técnica aplicada por Thompson (1982) para obtener estimaciones de
profundidad y localizacion de fuentes causantes de anomalias
Deconvolucion de Euler magnéticas, asi como inferir las tendencias estructurales de dichas
fuentes mediante la implementacion de un indice estructural
correspondiente a un tipo de estructura en particular.

RESULTADOS Y DISCUSION

En el mapa de la anomalia magnética de campo Total (AMCT) mostrado en la Figura 4a, se
observa una anomalia con comportamiento dipolar de gran longitud de onda (dimensiones
mayores) que se extiende sobre el area de estudio. La parte con valores de tendencia positiva
se ubica al norte, y la parte de valores negativos al sur. La direccién principal de las anomalias
presentes en esta configuracion es NE-SW. Segun la distribucién de subcuencas
hidrograficas en la zona, los bajos magnéticos estan enmarcados en ciertas porciones de las
subcuencas R. Zayula, R. Pichucalco, R. Tzimbac y R. Platanar, al sureste de la zona de
estudio. Cabe sefialar que esta zona esta asociada al vulcanismo reciente producido por el
volcan Chichonal, por lo que las respuestas magnéticas presentes se ven fuertemente
afectadas, debido a que las anomalias termales en profundidad afectan la magnetizaciéon de
las rocas y, por lo tanto, a las anomalias magnéticas observadas en superficie (Carrillo-de la
Cruz et al., 2020).

En la zona norte, predomina una anomalia positiva de gran longitud de onda. Esta zona coincide
con la porciéon correspondiente a la Planicie Costera del Golfo, donde encontramos los valores
altimétricos mas bajos. Superpuestas a estas dos anomalias mayores tenemos una serie de
anomalias de dimensiones menores. En la porciéon central, entre los valores positivos
mencionados anteriormente, tenemos una zona caracterizada por un fuerte gradiente con
contrastes de valores magnéticos de menor extension que guardan una direcciéon preferencial
noroeste-sureste (NE-SW). Este comportamiento magnético coincide con una zona de
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transicion entre materiales de cobertura sedimentarfa y productos volcanicos. Es en esta region

en donde la altimetria del relieve comienza a descendet.
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Figura 4. a) Configuracién de anomalfa magnética del campo total (AMCT). b) Configuracion de Sefial Analitica de
la AMCT. ¢) Configuracién de derivada TILT de la AMCT.

Asimismo, la configuracion de la senal analitica de la AMCT (Figura 4b), al igual que la derivada
TILT, es una herramienta que delimita gradientes, ayudando a establecer los limites de los
cuerpos que originan las anomalias (i.e., Pérez-Corona e7 al., 2017). De misma forma como en la
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AMCT, la direcciéon principal de las anomalias presentes en esta configuraciéon es NE-SW. El
primer alto magnético estd ubicado al norte de la zona de estudio, manteniendo el
comportamiento suave como se ha mencionado anteriormente. El bajo magnético presente al
sureste en la AMCT esta ahora representado por valores positivos intermedios. Estas dos
anomalias mayores son separadas por un #end de bajos magnéticos alienados con direccion
suroeste-noreste (NE-SW). Respecto al bajo y alto magnético de la gran anomalia dipolar
asociada al volcan Chichonal, estos se encuentran claramente definidos por la sefial analitica.

La configuracion de la derivada TILT de la AMCT, mostrada en la Figura 4c, indica una serie de
lineamientos distribuidos en toda la zona de interés, asociados con fuentes superficiales que en
un principio estaban superpuestas a las anomalias de caracter regional, por tal razén es posible
observar una mayor cantidad de fuentes magnéticas de menor tamafio. Al igual que en las
configuraciones anteriores, la direccion principal de las anomalias presentes en esta
configuracién es NE-SW. Notese que las repuestas magnéticas muestran tendencias lineales, por
lo que pueden representar caractetisticas estructurales de interés hidrico (zonas de fallas y/o
fracturas), puesto que se trata de un algoritmo matematico util para la detecciéon de contactos
entre cuerpos magnéticos, debido a su naturaleza. Respecto a la zona sur, se observan una serie
de altos magnéticos con direccion preferencial NE-SW distribuidos por toda la region, los cuales
no presentan un interés hidrico debido a que estas respuestas coinciden con la zona con relieves
mas altos que corresponden a las denominadas Montafias del Norte. Estos rasgos se mantienen
presentes hasta la parte central de la zona estudiada, punto a partir del cual la altimetria del relieve
comienza a descender. Asimismo, se muestra un alto magnético de dimensiones considerables
en la zona norte con direccion NE-SW, sobre la cual se encuentran superpuestas una serie de
anomalias de dimensiones menores. Esta zona corresponde al area de mayor interés o potencial
acuifero debido a que se encuentra en la porcién de menores valores altimétricos, estando
influenciada por los escurrimientos de agua provenientes de las partes altas en la zona estudiada.
Como se observa en la Figura 4c, la derivada TILT también enfatiza los limites del alto magnético
de la anomalia dipolar asociada con el volcan Chichonal.

Segun Padilla y Sanchez (2007), las rocas de la zona de estudio se encuentran afectada por una
serie de rasgos estructurarles (pliegues y fallas) producto de los procesos geoldgicos que
configuraron la geologfa de la zona de estudio y sus alrededores. Estos rasgos estructurales
distribuidos tienen una direccion preferencial NE-SW. Como ya me menciono, las anomalias
presentes en las 3 configuraciones mostradas en la Figura 4 presentan principalmente direcciones
NE-SW, mostrando una fuerte relacién con los rasgos estructurales propuestos por Padilla y
Sanchez (2007). En concreto, los valores de tendencia positiva distribuidos particularmente al
norte de la zona de estudio se encuentran presentes en las tres configuraciones obtenidas (Figura
4). En este sentido, el alto magnético sobresaliente en todas las configuraciones podria estar
asociado con un anticlinal.

En relacién con la construcciéon del modelo magnético en la zona estudiada, se aplico la
Deconvolucién de Euler (DE) para los indices estructurales 0.5, 1.0, 1.5, 2.0, 2.5 y 3.0 utilizado
una ventana de 9x9 datos, y asi obtener los rasgos de profundidad asociados a cambios en la
geometria de la distribucién de los materiales magnéticos que constituyen la base para la
construccion del modelo magnético (Figura 5). Todas las soluciones obtenidas con la DE fueron
integradas a una misma base de datos. Posteriormente se interpolaron estos valores utilizando el
método de vecinos cercanos en el software Voxler 4.1, esto con el objetivo de integrar la
respuesta de una fuente magnética equivalente asociada a la capa de roca magnética, que
constituye el basamento cristalino impermeable. El uso de un solo indice estructural solo
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proyecta una parte de la estructura, asi que al interpolar las soluciones se genera una imagen que
muestra la distribucién de estas fuentes magnéticas (Figura 5).

Indic:s
Estructurales

Vista en planta

Figura 5. Visualizacién 3D de las soluciones de la Deconvolucion de Euler para los indices estructurales. Nota: 0.5
(Azul marino), 1.0 (Azul celeste), 1.5 (Verde), 2.0 (Amatrillo), 2.5 (Rojo) y 3.0 (Morado). Las zonas en blanco en el
area estudiada corresponden a las porciones en donde no tienen soluciones de Euler. En la porcion inferior izquierda
se muestra la vista en planta de los resultados.

Una vez interpoladas las soluciones, se realizé un proceso de asociaciéon o conexion de fuentes
para ayudar visualmente a resaltar la presencia de materiales magnéticos asociados al basamento,
contrayendo asi un modelo tridimensional (Figura 6, 7a). En las Figuras 7b y 8a, las areas
iluminadas en color azul corresponden a zonas en donde no se encontré una fuente magnética
equivalente dentro de la dispersion en la interpolacion. Estas zonas son asociadas a espesores
de paquetes sedimentarios presentes en la zona de estudio y representan las posibles zonas con
mayor potencial para el almacenamiento de fluidos. Los colores oscuros se asocian a la
delimitacion de lo que suponemos es el basamento magnético. Cabe sefalar que estos espesores
alcanzan profundidades mayores a los 3,000 metros en esta zona. Asimismo, la Figura 8b
corresponde a la superposicion de las zonas constituidas por espesores sedimentarios junto con
los escurrimientos de las regiones topograficamente mas altas, pudiéndose apreciar una buena
correlacion entre estos dos. En este sentido, se puede observar como los escurrimientos
provenientes de las partes mas altas (sur de la zona estudiada) desembocan en las zonas de
espesor sedimentario mas profundo (centro y norte de la zona estudiada). Por tanto, se puede
inferir, con fundamento en la altimetrfa y la magnetometria, que la parte central-norte del area
estudiada alberga zonas de potencial acuifero.
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0
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Estructurales

Vista en planta

Figura 6. Visualizacién 3D del modelo del basamento obtenido a través de la interpolacion de las soluciones de
Euler. Nota: En la porcién inferior izquierda se muestra la vista en planta de los resultados.

93°40W 93°30'W 93°20'W 93°10'W 93°0'W 9340w 93°30W 93°20W 23"10W 93'OW
& 1 1 i N z z 1 N 1 1 z
°- ® &
® | a) & b) &
z F
8 2
£ =
z z
g4 g
[ =
z z
234 8
(] ]
z z
~ ~
e &
= B
5 s
. g £
T T T T ] T T T T =
93°40'W 93°30'W 93°20'W 93°10'W 93°0'W 93°40'W 93°30W 93°20'W 9310W 93°0W
Leyenda N Leyenda N
2 Area de estudio N | 2 Area de estudio [ .
0 0578 116 173 231 289
024 8 12 16 20 24 Indices estructurales 024 8 12 16 20 24 0 o'mlclffs"ﬁfw‘z,f: 28
P ™ ™™™ (Gll0MEAETS Kilometers
WGSB4 /UTM zona 15N WGSB4 S UTM zona 15N

Figura 7. a) Modelo de basamento correspondiente a la zona de estudio (obtenido al interpolar los indices
estructurales); b) Zonas de mayor espesor sedimentatio (obtenido al interpolar los indices estructurales). Nota: Las
batras de colores para a) y b) representan los valores de los indices estructurales interpolados.
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Esta zona presenta una compleja evolucién sedimentolégica y tectonica, pasando de facies
carbonatadas del Jurasico-Cretacico a secuencias siliclasticas del Terciario con una gran
aportacion de sedimentos arenosos con espesores que alcanzan hasta los 6,000 metros hacia la
zona costera y que son derivados de la erosion de las zonas continentales altas (Velazquez-
Aguirre & Ordaz-Ayala, 1993; Padilla y Sanchez, 2007). El promedio de la elevacion del nivel
estatico, con base en la red piezométrica de la Comisién Nacional del Agua (CONAGUA), es
de 12 m s. n. m. y corresponde a flujos intermedios. Interactuando con la superficie se identifican
flujos subterraneos locales en zonas focalizadas de altos topograficos que funcionan como zonas
locales de infiltraciéon. Se considera un acuifero libre de buena permeabilidad. En un registro
geofisico de un pozo en Cunduacan, Tabasco se interpreta que el acuifero presenta buenas
propiedades en una secuencia alternante de arenas, arcillas y limos, donde a partir de los 150-250
metros de profundidad registrados existen capas de arena gruesa, arcillas, y arena media con
diferentes espesores (Aurora Geofisica, 2016).
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Figura 8. a) Superposicién del modelo de basamento y las soluciones correspondientes a las zonas de mayor espesor
sedimentario; b) Superposicién de las zonas de mayor espesor sedimentario y los escurrimientos potenciales
provenientes de las partes mas altas [m].

En este contexto, la zona de estudio se encuentra ubicada principalmente en la provincia
hidrogeoloégica Sierras y Valles del Sureste, donde predominan altos niveles de precipitacién y
riqueza hidrica superficial de abundantes caudales (Grijalva y Usumacinta), siendo las zonas bajas
las receptoras de los escurrimientos superficiales y del almacenamiento subterraneo proveniente
de las zonas altas (Velazquez-Aguirre & Ordaz-Ayala,1993). A todo ello, respecto a la litologfa
mostrada previamente, el area de estudio se caracteriza por materiales permeables y de alta
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infiltracién, destacando la arenisca-lutita en la parte alta de la zona chiapaneca y una llanura de
materiales aluviales en la parte baja del estado de Tabasco.

Con base en los resultados mostrados se evidencia que el método magnetométrico identifica las
zonas potenciales acuiferas regionales, por lo que para una mejor caracterizacion de los acuiferos
se recomienda se realicen otros estudios geofisicos como gravimetria y el método transitorio
electromagnético para poder corroborar los espesores sedimentarios y el potencial hidrico en la
zona, asi como una testificacién de las zonas con notables caracteristicas de almacenamiento
para un control estratigrafico y para fines de explotacion sostenible del agua subterranea de los
acuiferos regionales de la zona.

Adicionalmente, cabe sefalar que, segin datos a febrero 2019 del Registro Publico de Derechos
de Agua (REPDA) de la CONAGUA, en la zona de estudio se tienen otorgadas 273 concesiones
de agua con un volumen total de 622 hectémetros cubicos/aflo, concentradas
fundamentalmente en la agricultura (34%), industria (41%), y tan solo un 15.4% en
abastecimiento doméstico. Asimismo, estas concesiones se encuentran ubicadas en el area
media-baja de la zona de estudio (Figura 9), por lo que los resultados de la presente investigacion
confirman la idoneidad de la metodologia usada para el andlisis de las aguas subterraneas, asi
como para la identificacién preliminar de areas y estructuras geoldgicas que podrian albergar un
potencial acuifero a nivel cuenca.
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Figura 9. Concesiones de agua en el drea de estudio (REPDA-CONAGUA) y las zonas de mayor espesor
sedimentario.

Desde esa perspectiva, y teniendo en cuenta los resultados obtenidos, el uso de la magnetometria
puede ser clave en la delineacién de los rasgos estructurales de las rocas (fallas, intrusiones o la
morfologia) que configuran a los acuiferos. No obstante, la aplicaciéon geohidrolégica de las
técnicas magnetométricas no se encuentran muy extendidas en México, fundamentalmente por
dos razones: 1) Se trata de un método auxiliar o complementario a otros mas determinativos
para la deteccion de rocas que albergan agua y 2) Por el mayor grado de difusiéon que poseen
otros métodos geofisicos, como los eléctricos, en los estudios geohidrolégicos (CONAGUA,
2007). Por tanto, mas alld de las diferencias entre los métodos geofisicos, la fortaleza de los
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métodos magnetométricos radica en que permiten analizar grandes superficies, y, por ende,
reducir el costo para el uso de sondeos eléctricos verticales (SEV’s) en dreas especificas, teniendo
asi un conocimiento previo sobre las unidades de rocas que contienen acuifero en la zona
estudiada. De tal manera, podrian utilizarse como método complementario en el analisis y
conocimiento de las aguas subterraneas.

En tal sentido, los resultados obtenidos en la presente investigaciéon puede representar una
herramienta preliminar y de bajo coste para el analisis y conocimiento de las aguas subterraneas,
asi como para la toma de decisioén en torno al ordenamiento, proteccion y manejo territorial de
areas especificas de las cuencas hidrolégicas, con la finalidad, entre otras cosas, de garantizar
eventuales o futuras fuentes para el abastecimiento de agua ante la ocurrencia de eventos
climaticos extremos y contaminacion de las actuales, respectivamente. Por tanto, los resultados
de este trabajo se enmarcan como una contribucién en esa direccion.

CONCLUSION

Los resultados muestran las caracteristicas y rasgos sobresalientes de las principales fuentes
magnéticas que fueron interpretados de las diferentes configuraciones obtenidas al aplicar a los
datos los algoritmos matematicos propuestos. Aunado a lo anterior, el analisis del modelo 3D
del basamento magnético construido, confirman que el método magnetométrico representa una
herramienta factible para la identificacién preliminar de zonas constituidas por unidades rocosas
con posible potencial acuifero, siendo este el caso para la zona considerada en esta investigacion.
En la zona de estudio cabe destacar dos puntos importantes:

1) Los resultados obtenidos por la derivada TILD muestran una serie de altos magnéticos
de distinta naturaleza, siendo los de mayor importancia aquellos distribuidos en la region
norte. Estos muestran una direccién preferencial NE-SW y rasgos estructurales de
interés hidrico observados en las anomalias positivas de menores dimensiones, los cuales
pueden representar contactos entre cuerpos magnéticos traducidos como zonas de
fallamiento y/o fracturas; y

2) Los escurrimientos provenientes de las partes mas altas, al sur de la zona estudiada,
descargan en las zonas de espesor sedimentario mas profundo, al centro y norte de la
zona estudiada, sugiriendo la presencia de zonas con potencial acuifero.

No obstante, para un mayor detalle y conocimiento de la profundidad de la zona de estudio se
requiere la aplicacién complementaria de métodos mas resolutivos que indiquen la presencia del
recurso hidrico, como los sondeos eléctricos verticales (SEV’s). Por tanto, la metodologia
aplicada podria reducir los costos asociados a la planeacion de campafias de exploracion por
métodos directos e indirectos. En tal sentido, la presente investigaciéon es un aporte al
conocimiento y comprension de las aguas subterraneas, y a su vez, una contribucién para la toma
de decisiones en los temas geohidrologicos, ordenamiento territorial, protecciéon y conservacion
del recurso agua, y las politicas publicas asociadas.
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	1916-Original paper-5308-1-10-20201211
	2011-Original paper-5310-1-10-20201211
	2025-Original paper-5336-1-10-20210113
	2026-Original paper-5313-1-10-20201211
	2037-Original paper-5373-1-10-20210323
	Vol. 60, Núm. 2
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