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ABSTRACT

Geophysical data from open sources are widely used as support of integrated analysis in regional geologic studies in
seismically active areas, such as Mexico. High seismicity with repetitive earthquakes occurs in areas of the subduction
zones formed during the tectonic evolution and correlates with geophysical anomalous fields. This paper investigates the
correspondence between the geophysical, topographic and seismic setting of Mexico using Generic Mapping Tools
(GMT) scripting toolset for data processing. The approach for automated mapping using GMT console and shell scripts
is presented as an advanced cartographic method aimed to get insights into in the geology and geophysics of Mexico. The
data were obtained from open source high-resolution datasets: GEBCO, EGM-2008, satellite-derived gravity, EMAG2
magnetic anomaly and IRIS seismic database. The correspondence between the geological and geophysical data of
Mexico has been verified through the comparison between the thematic maps, regional distribution of gravity anomalies
and locations of earthquakes. Seven new maps are performed on geologic, geophysical, topographic and seismic data.
Seismic mapping is presented for the period of 2007-2021 demonstrating events with magnitude from 1.5 to 7.2. The
impact of tectonic processes that formed Middle American Trench and active Trans-Mexican Volcanic Belt on high
regional seismicity with intensive earthquakes is explored. The study finds that GMT is an effective tool for high-quality
mapping and cartographic analysis. The IRIS data can be used for geologic analysis of Mexico.

Keywords: Cartography, Geophysics, Earthquakes, Geology, Central America.

RESUMO

Dados geofisicos de fontes abertas sdo amplamente usados como suporte de analise integrada em estudos geoldgicos
regionais em areas sismicamente ativas, como o México. Alta sismicidade com terremotos repetitivos ocorre em areas
das zonas de subduccao formadas durante a evolugdo tectonica e se correlaciona com campos andmalos geofisicos. Este
artigo investiga a correspondéncia entre o cenario geofisico, topografico e sismico do México usando o conjunto de
ferramentas de script Generic Mapping Tools (GMT) para processamento de dados. A abordagem para mapeamento
automatizado usando o GMT e scripts de shell é apresentada como um método cartografico avancado com o objetivo de
obter insights sobre a geologia e a geofisica do México. Os dados foram obtidos de conjuntos de dados de alta resolucao
de codigo aberto: GEBCO, EGM-2008, gravidade derivada de satélite, anomalia magnética EMAG2 e banco de dados
sismico IRIS. A correspondéncia entre os dados geolégicos e geofisicos do México foi verificada através da comparagéo
entre 0s mapas tematicos, distribuicdo regional de anomalias gravitacionais e localizacdes de terremotos. Sete novos
mapas sdo realizados em dados geoldgicos, geofisicos, topograficos e sismicos. O mapeamento sismico é apresentado
para o periodo de 2007-2021 demonstrando eventos com magnitude de 1,5 a 7,2. O impacto dos processos tectonicos que
formaram a trincheira da América Central e o cinturdo vulcanico transmexicano ativo na alta sismicidade regional com
terremotos intensos é explorado. O estudo concluiu que o0 GMT é uma ferramenta eficaz para mapeamento e analise
cartografica de alta qualidade. Os dados IRIS podem ser usados para analises geoldgicas do México.

Palavras-chave: Cartografia, Geofisica, Terremotos, Geologia, América Central.
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1. INTRODUCTION

The application of the advanced cartographic scripting methods of GMT enables to achieve
twofold cartographic goals: 1) accurate representation of the numerical values of the spatial data
(SCHENKE; LEMENKOVA, 2008; LEMENKOVA, 2020d); 2) aesthetics and vision beauty of
maps, which was an object of studies itself (TAYLOR, 1985; LERNER et al., 1994; LAVIE et al.,
2011; SUETOVA et al., 2005b). Hence, using scripting methods of GMT in cartographic
visualization is an approach that considers the questions of design in data visualization, quantitative
and qualitative analysis of thematic data (geology, geophysics, seismicity), cartographic projection
of spatial data, as well as technical aspects of data visualisation.

The integration of a multi-disciplinary approaches of the GMT-based mapping enabled to
identify and highlight correlations between the depicted geographic objects more effectively than in
GI1S-based mapping using Graphical User Interface (GUI) that mostly uses the pre-defined standards
of data visualization and lacks operative scripting. Scripting approach aims to automate the workflow
in cartographic modelling and mapping through the machine-based data processing that operates with
data and performs mapping using a special syntax of the embedded language similar to the
programming (LEMENKOV; LEMENKOVA, 2021b) but applied for cartography.

The goal of this paper is to present an integrated study on geologic, topographic and
geophysical setting Mexico using open source data. The data have been visualized using GMT and
QGIS, used for data visualization to map the correlations between the geospatial variables and
seismicity of the country. Then, the IRIS dataset on earthquakes in Mexico is applied and integrated
to the GMT to visualize the distribution of major seismic areas in the country caused by the tectonic
activity of the subducting lithosphere plates.

The relevance of this research is explained by its actuality and innovativeness. Currently
there are no integrated studies on geology and seismicity of Mexico using GMT and IRIS dataset
with explanations of GMT codes aimed at earthquake monitoring of the country in the context of its
geologic and topographic setting. This explains a need for new methods in thematic mapping of
Mexico based on the open source datasets and novel scripting techniques that would be adapted to
the rich and complex geologic setting of Mexico.

The key issues of the present research include the technical use of GMT for quantitative
visualization of geological and seismic variables and geophysical grids. For instance, monitoring
magnitude and distribution and depth of earthquakes can be effectively used for seismological studies
through analysis of visualised IRIS dataset. The advantages of scripting cartography for geological
studies of Mexico are demonstrated and a series of new maps are presented that can be reused in
relevant studies on the geology and geophysics of Mexico.

2. GEOLOGIC SETTING OF MEXICO

Rich geologic setting of Mexico, its structure and tectonic evolution strongly affected its
current topography and formation of landscapes. Major geological features of the country are shown
in Figure 1. Hence, geological processes in the subduction zone are the major factors that determine
landscapes responding to either tectonic or climatic changes through time (GODINEZ-TAMAY et
al., 2020; CASTILLO, 2021; KUHN et al., 2006; LEMENKOVA, 2021a; CASTILLO et al., 2014).
The geomorphological responses may also include, for instance river incision, increased channel
steepness in the hydrological network, changes in basin relief, etc. More details regarding the geologic
evolution of Mexico region is reported in the relevant works (e.g. SOLARI et al., 2013; ARCE et al.,
2019, 2020; AGUIRRE-DIAZ; LOPEZ-MARTINEZ, 2009).

Earthquakes are the main geological disasters that occur in Mexico due to its location in the
tectonic plate subduction. The country is situated on the North American tectonic plate, however, the
complex interaction pattern with other several plates significantly affect its tectonic setting
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(ORTEGA-GUTIERREZ; GOMEZ-TUENA, 2018). Thus, the Pacific Plate slides along the North
American Plate (NAP) in NW direction while the Cocos plate subducts under NAP (CALO, 2021).
The NAP experiences the oblique collision and underthrusting with the Caribbean Plate
(RODRIGUEZ-ZURRUNERO et al., 2019; LEMENKOVA, 2020a; SPIKINGS et al., 2015).

Additionally, two minor plates, the Rivera and the Orozco, subducting under the NAP,
contribute to the tectonic complexity of the region causing high geological variability, instability and
seismicity in the region (Figure 1). The Rivera Plate subducts under the NAP (RODRIGUEZ-
PEREZ; RAMON ZUNIGA, 2018), and the Orozco Fracture Zone (OFZ) separates segments of the
Cocos Plate that differ in age and continues the Middle America Trench (BLATTER,
HAMMERSLEY, 2010; LEMENKOVA, 2019a).

Figure 1: Geologic map of Mexico. Mapping: QGIS. Vector data: Padilla y Sanchez et al., 2013
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Such tectonic complexity and associated interrelated fault segments and lineaments create
important regional potential seismic sources and favourable locations for possible earthquakes in
Mexico (GOMEZ-VASCONCELOS et al., 2021; JIMENEZ, 2018). Therefore, due to the location in
region of high tectonic activity briefly described above, Mexico is a country of special geologic
vulnerability, exposed to seismic risks and prone to the repetitive earthquakes. For instance, recent
Tehuantepec earthquake (Mw = 8.2, September 7, 2017) caused the following consequences:

The [...] effects of the [...] Tehuantepec earthquake (Mw = 8.2), in cities and towns
of the Mexican states of Chiapas and Oaxaca in a [...] 250 km from the epicenter [...]
resulted in the death of 96 people and more than 110,000 houses damaged, where
more than 41,000 were considered total losses (collapse, beyond repair or tagged for
demolition (GODINEZ-DOMINGUEZ et al., 2021, p. 1).
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Another recent intense earthquakes in Mexico (September 19, 2017), with high magnitude
(8.2 Mw) caused significant damages in housing which especially affected the soft-story buildings
that are subject to strong motions (JARA et al., 2020). It caused damage of 600 buildings and more
than 1000 buildings classified in different risk levels. Losses and damages of engineering geological
hazards, as well as their social and commercial consequences, are widely discussed in the existing
literature (TENA-COLUNGA, 2021; SANTOS-REYES; GOUZEVA, 2020; MONTGOMERY et
al., 2020; LEMENKOV; LEMENKOVA, 202la; MAYA-MONDRAGON et al, 2019;
ABELDANO ZUNIGA et al., 2019; LINDH; LEMENKOVA, 2021a, 2021b).

Active volcanism and faulting in the Trans-Mexican Volcanic Belt presents another
consequence of tectonic and geologic processes in the region. The Trans-Mexican Volcanic Belt is a
major volcanic arc which crosses Mexico from the Pacific Coast to the Gulf of México in an almost
latitudinal direction and cause deformation events in the country (ALANIZ-ALVAREZ; NIETO-
SAMANIEGO, 2007). Furthermore, the geologic activity of the country is well expressed in its
geomorphology which is expressed by the orogen as a continuation of the North American
Cordilleran orogenic system. The Mexican orogen is extending for ca. 2000 km from NW-SE in
general direction with local variations and having distinct spatial structure consisting of three parts:

The Mexican orogen consists of (1) a western hinterland of accreted oceanic basinal
rocks and magmatic arc rocks [...] the Guerrero volcanic superterrane, (2) a foreland
orogenic wedge [...] the Mexican fold and thrust belt (MFTB), [...] Upper Jurassic-
Lower Cretaceous carbonate rocks and Upper Cretaceous foreland-basin strata, and
(3) [...] Late Cretaceous to Eocene foreland basins that lie northeast and east of the
MFTB. The Mexican orogen encompasses the entire country, spanning several
physiographic provinces (FITZ-DIAZ et al., 2018, p. 1).

Early geologic history of Mexico includes ‘11 deep orogenic systems composed altogether
of more than 20 individual metamorphic complexes that span in age from the Paleoproterozoic
(Statherian) to the middle Permian’ (ORTEGA-GUTIERREZ et al., 2018; SPIKINGS et al., 2015).
More specifically, performed geologic investigations in Mexico revealed the following aspects in
crustal evolution:

Aspects for the tectonic history of the Earth, which includes the assembly and
disruption of the three supercontinents [...] in Proterozoic-Paleozoic times. Major
processes of modern plate tectonics that represent collisional, accretionary, and slab-
related orogenic events involving continents and microcontinents, as well as island
arcs and oceanic basins, marked the geologic architecture of the Mexican pre-
Mesozoic basement (ORTEGA-GUTIERREZ et al., 2018, p. 1).

Other evidence of the early geologic history in Mexican region dated Proterozoic to lower
Palaeozoic time is exposed in southern Mexico (ANGELES-MORENO et al., 2012) as a series of the
metamorphic sequences providing an important geological record for Rodinia and NW Gondwana
supercontinents, according to the performed modelling and simulating reconstructions (KEPPIE et
al., 2011).

As aresult of the long Earth’s evolution in modern Mexico, orogen mountainous relief now
extends over the major areas of the country which presents characteristic topographic features of
elevated, active, continental margins formed as a result of the geologic history and tectonic activity
(ALANIZ-ALVAREZ et al., 1994). It is also reflected in patterns of the tectono-stratigraphic terranes
and distribution of mineral resource over Mexico (CAMPA; CONEY, 1983), as well as regional
volcanic stratigraphy of the Trans-Mexican Volcanic Belt which extends in central-southern Mexico
(AGUIRRE-DIAZ, 1996; FERRARI et al., 2012).

The most notable geomorphological features of Mexico (Figure 2) include the following
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mountain ranges: 1) Sierra Madre Oriental, which records the Jurassic opening of the Gulf of México
and formation of the Late Cretaceous-Eocene Mexican Fold and Thrust Belt, which hosts large oil
and gas reserves; 2) Sierra Madre Occidental, which continue the Rocky Mountains, has the oldest
rocks in the country and one of the most active silicic volcanic provinces; 3) the Trans-Mexican
Volcanic Belt (Sierra Nevada); 4) Sierra Madre del Sur, which records the formation and breakup of
the supercontinents, the Rodinia and Pangea (MORA-KLEPEIS, 2021).

3. DATA AND METHODS
3.1. Data

We extracted topographic data from the General Bathymetric Chart of the Oceans (GEBCO)
that covers both the terrestrial and the marine regions of the Earth with unprecedentedly high
resolution of 15 arc second (SCHENKE, 2016; GEBCO COMPILATION GROUP, 2020). The
reliability, quality and precision of GEBCO grid resulted in its applicability for topographic mapping
as well reflected and discussed in cartographic works (HELFFRICH, 1996; CORTINA et al., 2019;
LEMENKOVA, 2020b, 2020c; MCMICHAEL-PHILLIPS, 2021). GEBCO dataset was successfully
applied for cartographic modelling and visualization both on oceanic and terrestrial areas which is
gained by smooth integration of the SRTM.

The seismic data showing earthquakes in Mexico from the monitor seismological stations
for the period 2007-2021 has been used from the Incorporated Research Institutions for Seismology
(IRIS) program (BUTLER et al., 2004; ASTER et al., 2005). The IRIS incorporates data from world
seismic stations for geophysical monitoring and risk assessment (https://www.iris.edu/ha/). The IRIS
provides a wide variety of seismic data from the thousands of seismic stations. These include time
series data, continuous seismic recordings forming the archives of IRIS. Such archives include with
metadata on seismograms including information on waveforms and events in a catalog. They also
include source parameters from seismic catalogs and seismograms including old scanned images.
This enables to get a higher-level view of the earthquakes and assess the seismicity. Thus, IRIS is a
useful and reliable source of seismic information on earthquakes. The open source set of IRIS data
include waveforms time, location with coordinates, depth, and magnitude of earthquakes. The IRIS
data was used from the catalog and extracted as information for mapping Figure 3. The example of
the information obtained from IRIS is presented in Table 1.

The Earth Magnetic Anomaly grid with 2-minute resolution was computed using NOAA
dataset (MEYER et al., 2017). The geophysical grids on gravity data for Mexico were extracted from
the repositories of the UC San Diego, Scripps Institution of Oceanography (S10), U.S. that includes
the free-air gravity and vertical gravity grids with 1-arc minute resolution based on the remote sensing
observations of the CryoSat and Jason-1 satellite missions (SANDWELL et al., 2014). The geoid
model was plotted based on the Earth Gravitational Model EGM-2008 with resolution of 2.5 arc
minutes (PAVLIS et al., 2012).

3.2. Methods

Main software tool used in present study for implementation of mapping is the Generic
Mapping Tools (GMT) version 6.1.1, the advanced cartographic toolset that operates mapping from
the console-based command line (WESSEL et al., 2019). Visualizing of spatial distribution of
earthquake events, topographic and geophysical data for Mexico was performed combining and
adjusting GMT-based scripting techniques (GAUGER, 2007; LEMENKOVA, 2019b, 2019c).

In contrast to the traditional GIS used in mapping (CASTILLO-RODRIGUEZ et al. 2010;
GARCIA-SORIANO et al., 2020; MOREHART, 2012; KLAUCO et al., 2013, 2017; LOZANO-
GARCIA et al., 2020), the GMT is based on the scripting approach, that is, preparing map using bash
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script (for instance, using the Xcode or Atom environments) that can be run from a GMT console,

which is a terminal emulator, that is, a text-only computer interface.

Cartographic visualization controls the way spatial data are presented, and the colour palettes
can correctly represent and highlight the correlations between the variables and geophysical
phenomena. Therefore, colour tables were carefully selected for mapping in this study. The graphical
colour palette for Figure 2 has been adopted from existing works (THYNG et al., 2016), and other
have been used from the predefined colour tables of GMT: ‘jet’, 'wysiwyg', 'haxby', and 'hsv' by h5utils

package of S.G. Johnson (https://github.com/NanoComp/h5utils).

Figure 2: Topographic map of Mexico. Mapping: Generic Mapping Tools
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Source: Prepared by the author (2021). Fonte: Elaborado pelo autor (2021).

The technical examples of the GMT code are presented below for reference with the most

essential snippets of the GMT script (here codes are shown for Figure 2):

« Mapping topographic map in Figure 2 (visualization of GEBCO): “gmt grdimage
mx_relief.nc -Cpauline.cpt -R240/275/14/33 -JM6i -P -1+al15+ne0.75 -t50 -Xc -K > $ps”
= Mapping seismicity in Figure 3: “gmt psxy -R -J quakes_MX.ngdc -Wfaint -i4,3,6,6s0.05 -

h3 -Scc -Csteps.cpt -O -K >> $ps”

- Mapping magnetic anomalies in Figure 4: “gmt grdcut EMAG2_V2.grd -R240/275/14/33 -
Gmx_mag.nc” and GDAL “gdalinfo mx_mag.nc -stats” for obtaining statistics.

« Mapping geoid in Figure 5: converting grid to the GMT format: “gmt grdconvert
n00w90/w001001.adf geoid 02.grd” followed by the visualization: “gmt grdimage
geoid_02.grd -Ccolors.cpt -R240/275/14/33 -JM6.5i -P -Xc -1+al5+ne0.75 -K > $ps”
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Mapping free-air gravity in Figure 6 (here generating isolines): “gmt grdcontour
grav_MX.grd -R -J -C100 -A200 -Wthinner -O -K >> $ps” for plotting lines by 100 mGal.

Mapping vertical gravity gradient in Figure 7 (here converting the IMG to GRD format):
“gmt img2grd curv_27.1.img -R240/275/14/33 -Ggrav_MX_v.grd -T1-11-E -S0.1 -V”. In total over
20 various GMT modules have been used using the demonstrated principle of console-based coding
for cartographic visualization. This results in significant automatization of the scripts and their re-use
for similar machine-based mapping purposes via the GitHub.

4. RESULTS
4.1. GEBCO-based topographic mapping of Mexico

The importance of using topographic information within the context of this work is explained
by the need to analyse terrain elevation for evaluating the effects of regional variations in heights on
seismicity pattern (mountainous regions or coastal areas). Specific problem that are assessed using
topographic maps include regional and local aspects of seismic variability in geological setting,
geomorphology and geoid heights as variables for integrated mapping. Therefore, plotting
topographic map aims to demonstrate the variability of terrain in Mexico for data comparison with
geology and seismicity using advanced cartographic technologies of GMT.

Topographic map of Mexico with surrounding coastal areas is shown on Figure 2. From
GDAL inspection of the GEBCO dataset the following terrain range has been estimated for the
topography of Mexico: Minimum=-7321, Maximum=3,235, Mean=-4267, StdDev=1333. The
topography is varied and includes a range of landscapes such as coastal lowlands and plains,
highlands, and mountain ranges in the Sierra Madre Oriental, Sierra Madre Occidental, Trans-
Mexican Volcanic Belt (Sierra Nevada) and Sierra Madre del Sur, as shown in Figure 2. The
topographic variability of Mexico creates favourable conditions for different climate zones varying
across the country accordingly. Besides, Mexico is notable for unique geomorphological landforms.

4.2. Quantitative analysis of seismicity in Mexico

The importance of using seismological data in the context of the present work consists in the
novel insights that IRIS brings into seismic analysis. Integrated analysis of earthquakes compared
with topography and tectonic setting of the country reveals correlations of the seismically active zones
with subduction of the tectonic plates. Moreover, seismicity reflects geologic processes and tectonic
settings of the country, which is visible using comparative analysis of maps presented by the advanced
cartographic tools. Therefore, the presented maps are useful for seismologists. The use of GMT in
seismology reflects the development of data size from medium-scale to big data because seismic data
are collected continuously. Big data cannot be processed manually and requires scripting methods of
GMT. The balance here is between rapidly developed cartographic methods and the increasing
amount of seismic data provided by IRIS.

The most significant earthquakes in Mexico (Figure 3) are located in the Trans-Mexican
Volcanic Belt in south-central Mexico, where a series of earthquakes with magnitude from 1.5t0 7.2
are analysed based on the IRIS database system for the period of 2007 to 2021. The earthquake with
the lowest magnitude of 1.5 was detected 12 km S of Smiley, Texas on depth 10 km. Based on the
spatial analysis and correlation of earthquake distribution with geologic, geophysical and topographic
setting of Mexico, following major sources of earthquakes have been identified:

i) earthquakes located along the Middle American Trench marking the subducting zone of
the Cocos Plate under the North American Plate;

i) a notable belt of earthquakes located along the active Trans-Mexican Volcanic Belt;
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i) earthquakes situated along the borders of the subducting tectonic plates — Cocos, Orozco
and Rivera plates;
Iv) earthquakes situated in the Gulf of California marking the tectonic fracture zones.

Figure 3: Seismicity map of Mexico. Mapping: Generic Mapping Tools
Seismicity in Mexico: IRIS database (2007-2021)
DEM: SRTM/GEBCO, 15 arc sec grid. Earthquakes: IRIS Seismic Event Database
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Other notable seismic active areas are visible along the tectonic plate borders, especially
those separating the Rivera Plate from the Pacific Plate with almost rectangular borders (Figure 3)
generated by tectonic activity and slab movements. Comparison of the location of seismic events with
active volcanic chain of the Trans-Mexican Volcanic Belt shows that vulnerable and prone to
earthquakes regions in Mexico are located near volcanic active zones with complex geology.

Table 1: Earthquakes in Mexico with the highest magnitude (>6.0) according to IRIS (2007-2021)

(yyyl)?r?:ren dd) (U.:_né) Lat (N) Lon (W) Depth ('\'\//II%\% Region in Mexico
20140418  14:27:24 17°23'49"  100°58'20" 24 7.2 33km ESE of Petatlan
20170919  18:14:38 18°32'60" 98°29'19" 48 7.1 1km E of Ayutla
20120412  07:15:48 28°41'45" 113°6'14" 13 7 Baja California
20090803  17:59:56 29°2'20"  112°54'11" 10 6.9 Sonora
20150913  08:14:08 24°54'46"  109°37'22" 10 6.7 95km SW of Topolobampo
20101021  17:53:13 24°41'45" 109°9'22" 13 6.7 Gulf of California
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(yyy?r?]trfq dd) (U;né) Lat (N) Lon (W) Depth (':\/I/I%% Region in Mexico
20160121  18:06:57 18°49'26" 106°56'1" 10 6.6 215km SW of Tomatlan
20131019  17:54:54  26°5'28.6"  110°19'15" 9.5 6.6 99km SW of Etchoropo
20110407  13:11:22 17°12'29" 94°20'16"  166.2 6.6  Veracruz
20120411 22:55:10 18°13'44"  102°41'20" 20 6.5 Michoacan
20111211  01:47:25 17°59'10" 99°47'20" 59 6.5 Guerrero
20140508  17:00:14 17°14'6"  100°44'46" 17.1 6.4 6km WSW of Tecpan de Galeana
20090924  07:16:20 18°49'44"  107°20'20" 13 6.4 off the coast of Jalisco
20080924  02:33:05 17°36'43"  105°29'49" 12 6.4 off the coast of Colima
20180119  16:17:44 26°41'10"  111°4'42.6" 10 6.3 78km NNE of Loreto
20160607  10:51:37 18°21'49"  105°1023" 10 6.3 106km SSW of San Patricio
20140729  10:46:14 17°40'54" 95°39'12" 107 6.3 24km SE of Playa Vicente
20120925  23:45:24 24°39'58"  110°10'23" 10 6.3 Baja California Sur
20111101  12:32:00 19°49'52"  109°12'18" 10 6.3 Revilla Gigedo Islands
20150222  14:23:12 18°40'36"  106°50'53" 5 6.2 218km SW of Tomatlan
20140906  19:22:59 18°45'10" -107.0488 17 6.2 229km SW of Tomatlan
20140531  11:53:46 18°47'15" 107°2'56" 5 6.2 265km WSW of Tomatlan
20130821  12:38:29 16°52'42" 99°29'53" 21 6.2 18km WNW of San Marcos
20100824  02:11:59 18°47'42"  107°11'35" 10 6.2 off the coast of Jalisco
20090803  18:40:50 29°18'36"  113°43'41" 10 6.2 Baja California
20200522  08:46:06 22°24'54" 108°7'39" 10 6.1 176km ESE of San Jose del Cabo
20141008  02:40:53 23°50'39"  108°19'52" 10 6.1 111km WSW of El Dorado
20121115  09:20:21 18°20'46"  100°22'55" 53 6.1 Guerrero
20070901  19:14:22 24°54'7"  109°41'20" 9 6.1 Gulf of California
20140510 07:36:01 17°13'9"  100°48'44" 23 6 14km WSW of Tecpan de Galeana
20130422  01:16:32 18°4'52"  102°10'55" 30 6 20km NNW of La Union
20120412  07:06:00 28°50'13" 113°1'37" 9 6 Baja California
20110726  17:44:20 25°6'4"  109°31'30" 12 6 Gulf of California
20090703 11:00:14 25°7'52"  109°45'14" 10 6 Gulf of California

Source: IRIS (2021). Fonte: IRIS (2021).
4.3. Geoid fields

The geoid shows a model of global mean sea level used to evaluate precisely terrain heights.
Variations of the geoid show different gravity fields that well reflect geophysical setting of the Earth.
In this study the geoid raster grid is based on the National geopotential model of the Earth’s gravity
fields (EGM-2008) selected and clipped for the region of Mexico. The EGM-2008 is set up as a 2.5-
minute grid of xyz values in the tide-free system (PAVLIS et al., 2012).

This is an updated and improved version of the initial geoid global grid of EGM96
Geopotential Model which had a 15-minute resolution. The geoid undulations corresponds to the
ideal mean-earth ellipsoid model of the Earth with undulations referenced to the World Geodetic
System 1984 (WGS 84). The correlation between the WGS 84 and gravity in the geoid consists in the
numeric constant parameters used to model reference ellipsoid of the Earth (HOFMANN-
WELLENHOF et al., 1993) and gravity models. Quantitative interpretation of the geophysical field
anomalies in geoid (Figure 4) has been performed using GDAL library embedded in GMT.

The extreme values of the geoid undulations are associated with the anomalous gravity
values that change due to the land mass deficit, since the Earth's mass is generally unevenly
distributed. The generalized isolines of geoid (in meters) are plotted and modelled on the basis of the
EMG2008 with interval of 1 m (Figure 4). The general increase of the geoid values is notable from
NW (Pacific Ocean, dark blue colours in Figure 4, minimal value = -47 m) in SE direction towards
Guatemala and southern Mexico: maximal value=10 m, bright red colours in Figure 4. In terms of
geological interpretation, this means that the gravity values are higher in the southern Mexico. That
is, higher values of geoid indicate on stronger gravity field as a result of the mountainous region on
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the south of the country. In contrast, the geoid heights are lower in the regions of the deep ocean (the
lowest values that correspond to the dark blue colour in Figure 4) and in the lowlands (light green to
aquamarine colours in Figure 4). The geoid shows higher values in the mountain regions because
mountains have more mass than lowlands, valleys or oceanic crust, Therefore, the pull of gravity is
regionally stronger near mountains which can be seen in Figure 4.

Figure 4: Geoid model of Mexico. Mapping: Generic Mapping Tools
Geoid model (EGM-2008) of Mexico
World geoid image EGM2008 vertical datum 2.5 min resolution
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4.4. Magnetic anomalous fields

The importance of mapping the magnetic anomalous fields in the content of this research
consists in linking the geology and tectonics of Mexico and surrounding oceanic region. Complex
geologic past of Mexico involved processes of formation of the oceanic crust in the coasts of the
Pacific Ocean that in turn reflected in current seismicity of the subduction zone. Namely, the source
of the magnetic anomalies is magnetization carried by titanomagnetite minerals in igneous rocks,
such as basalt and gabbros. These minerals are magnetized during formation of the ocean crust at the
ocean ridges in the geological past. Along with upward rising and cooling of magma on the surface,
the rock gets magnetization directed of the field of movement of magma. The distribution of the
magnetic anomalies visualized on the map (Figure 5) can be used for the analysis of these geologic
processes in the past.

The magnetic data (Figure 5) were applied from the Earth Magnetic Anomaly Grid with 2-
arc minute resolution, (EMAGZ2) in GMT Grid format from the NOAA repository (MAUS et al.,
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2009; EMAG2, 2009). The EMAG2 project integrates all satellite, ship, and airborne magnetic
measurements for a dataset with global coverage thus presenting a big data approach in geophysical
mapping (Figure 5).

Figure 5: Magnetic anomaly grid for Mexico. Mapping: Generic Mapping Tools
Earth Magnetic Anomaly Grid (2-arc-minute resolution) for Mexico
Magnetic anomaly grid EMAG2 compiled from satellite, ship and airborne magnetic measurements
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The mapped magnetic anomaly over Mexico (Figure 5) has been compared with the geoid
and topographic maps (Figures 1 and 3) to find regional correlations between the data. A visual
analysis indicates the negative magnetic values (between -100 to -200 nanoTesla) in the region of
Mississippi river (dark blue colours in Figure 5), while the complex topography of Mexico within
orogenic belts of Sierra Madre Oriental and Sierra Madre Occidental in the central part of the country
mostly have positive values (yellow to red colours in Figure 5 that correspond to values 50 to 200
nanoTesla). The Trans-Mexican Volcanic Belt (Sierra Nevada) are marked with moderate magnetic
anomalies (values of -50 to 10 nT, cyan to aquamarine colours in Figure 5).

The cartographic visualization of EMAG?2 in Figure 5 shows a complex mosaic variation in
the magnetic anomaly values over Mexico with certain homogeneous areas in central Mexico and
highly heterogeneous pattern of magnetic anomalies over the Pacific Ocean seafloor and in the
mountainous regions of the orogenic belts of Mexico and the Trans-Mexican Volcanic Belt (Sierra
Nevada), Figure 5. A certain correlation exists between the magnetic field map based on EMAG?2 in
Figure 5, the topographic map in Figure 2 and free-air gravity map showing geophysical variations
in Figure 6, which proves the effects of the geophysical setting on the topographic relief and
geomorphological landforms in Mexico. The correlation between topography, magnetic anomaly, and
gravimetric anomaly found in the distribution of values as indicated on the variations of fields. Thus
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it shows the degree to which the geophysical variables change in values in accordance with one
another and to the topographic and geologic data.

4.5. Free-air gravity anomalous grids

The map of free-air gravity anomaly of Mexico shows measured gravity anomaly in Faye’s
reduction after the correction on the elevation heights in the point of measurements. In geophysics,
the altimetry corrections for gravity data include the information on derived from topographic data.
This map shows the gravitational effect of the topography above mean sea level near the measurement
point. The reduction of Faye does corrections by adjusting measurements of gravity to those that
could have been measured at a reference level, that is, mean sea level or the geoid.

Figure 6: Free-air gravity anomaly map. Mapping: Generic Mapping Tools
Free-air gravity anomaly for Mexico
Global gravity grid from CryoSat-2 and Jason-1, 1 min resolution, SIO, NOAA, NGA.
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The map showing free-air gravity anomaly in mGal (Figure 6) demonstrates a well
correspondence with regional topography and geoid variations over Mexico. Specifically, the varied
pattern the geophysical isolines presented over the Mexican orogen (Figure 6) well correlates with
the geomorphology of the country showing higher values (120 up to 150 mGal) in the mountains. On
the contrary, lower values of gravity (Figure 6) can be noted over the deepest seafloor areas in the
Middle American Trench and the Cayman Trough in the Caribbean Sea (blue areas with values of
gravity below -140 mGal in Figure 6). The most of the seafloor over the Pacific Ocean corresponds
to the values -40 to -20 (cyan colours in Figure 6), that is, moderate to low values. It is worth noting
that the topography of the Baja California and the adjacent Gulf of California are particularly well
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correlating with GEBCO grid. Hence, the relief of the country can be well followed using the
comparison of the topographic and geophysical patterns over Mexico.

4.6. Vertical gravity gradient

Vertical gravity anomaly is the computed normal gradient of gravity showing variations in
gravity along with change of heights in free air (Figure 7). It shows the difference between the actual
and normal gravity at the same point. Thus, the correspondence between vertical gradient of gravity
anomaly and curvature of geoid consists in the discrepancy between the mean curvatures of geoid
and quasi-geoid. Vertical correction of the gravity shows a high-pass filtered version of gravity that
normally presents more detailed fluctuations in data.

Figure 7: Vertical gravity gradient for Mexico. Mapping: Generic Mapping Tools
Vertical gravity gradient for Mexico
Global gravity grid from CryoSat-2 and Jason-1, 1 min resolution, SIO, NOAA, NGA.
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The obtained vertical gravitational gradient is based on the satellite derived gravity
computations and showed the characteristics of gradient (i.e. changes and variations in values) as
computed using methods developed to examine vector and variability in geophysical anomalies. As
can be noted (Figure 7) in general, the analysis of the vertical gradient grid indicates a significant
difference in gravity values in the Mexican orogen while more homogeneous values (blue to cyan
colours in Figure 7 which corresponds to the values of ca. -10 to 10).

The comparison of data covering regions of the Pacific oceanic seafloor and the Caribbean
Sea with terrestrial areas of Sierra Madre Occidental and Sierra Madre Oriental as well as the Trans-
Mexican Volcanic Belt shows the significant difference and well correlates with the Figure 6 of free-
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air gravity of Mexico. The lowest values (dark blue colours in Figure 7) are dominating mostly over
the deep-sea trenches — the Middle American Trench and the Cayman Trough, as well as the Gulf of
California where the gravity anomalies change rapidly comparing with the adjacent terrestrial regions.

5. DISCUSSION

In this study we aimed at geospatial data handling for mapping geological and geophysical
setting of Mexico using information derived from the open source data. This study includes an
interdisciplinary context by linking the open geospatial data from a number of disciplines and science
clusters. Specifically, we used data and methods from several domains and disciplines: 1) computer
science (algorithms of GMT bash scripting for data processing from the console); 2) geospatial
engineering (processing of raster, vector and tabular data in various formats), 3) cartography and GIS
(mapping, design and visualization); 4) geology, environment and Earth (analysis and interpretation
of several geological and geophysical datasets using new seven maps); 5) seismicity of Central
America with a case of Mexico (mapped earthquakes with magnitudes and locations); 6) applied
geophysics and geology (data analysis using modelling of magnetic anomalies and geophysical
anomaly grids).

There are examples of similar integrated complex studies that include a multi-disciplinary
approach combining morphologic, stratigraphic, sedimentary, petrographic, geologic and
geochemical data for mapping and analyses of the correlations among the phenomena and
geodynamical processes of the Earth (e.g. GUILBAUD et al., 2021; GRAHAM et al., 2020; GOHL
et al., 2006; GOMEZ-TUENA et al., 2018; SUETOVA et al., 2005a; VAZQUEZ et al., 2021).

Gravity, geoid and magnetic data of the Earth present one of most powerful tools for regional
geophysical, geological and seismic studies of both lithosphere and mantle of the Earth. Integration
of such data for a project aimed at complex mapping of the seismically active zone aims to explore
seismic risks and possibility of earthquake distribution over Mexico. The integration of such multi-
source data enables to perform the long-term seismological prognosis and evaluation of risks in the
southern Mexico around the Trans-Mexican Volcanic Belt through analysis of the correlation
between the topographic and geophysical data.

Besides, GMT-based mapping using geophysical, topographic and seismic data combination
assists in developing strategy for mineral exploration in selected regions of Mexico, and assists in
modelling strategic oil and gas wells and basins. Important hydrocarbon resources of Mexico are
located along the coasts of the Gulf of Mexico, several basins (Pedregosa, Sabinas, Parras, Burgos)
are located in the NE of the country, significant oil and gas reserves are situated in the Gulf of
California. Exploration of such rich resources, development, prognosis and risk assessment while
maintaining shelf exploration require detailed and accurate mapping and analysis of potential risks in
seismically active country such as Mexico.

Therefore, modelling geologic, seismic and geophysical data using integrated GMT-based
mapping by machine learning scripting methods enables to get better insights into the correlations
between the tectonic and geophysical phenomena and processes and enable to perform modelling and
prognosis tasks and seismic risk assessment.

6. CONCLUSION

The advantages of the demonstrated GMT-based mapping consists in the high level of the
machine graphics that enables to produce print-quality maps with minimized human routine in the
workflow. Therefore, the application of GMT scripting and machine learning in cartography makes
cartographic plots visually appealing which can highlight correlations between the geophysical
phenomena. Moreover, variations in depicted gravity and magnetic fields encourage further analysis
of the visualised phenomena and their comparison with topographic settings of Mexico.
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The study presented following major outcomes:

e application of the advanced cartographic scripting by GMT for integrated analysis of the
multi-source high-resolution data covering Mexico: topographic GEBCO grid, geophysical
data that include magnetic EMAG raster, geoid EMG-2008, satellite derived gravity grids,
seismological IRIS based data for 2007-2021 with data on focal depth, magnitude, time and
location of earthquakes in Mexico.

o application of the remote sensing based satellite-derived gravity data based on the missions
of the CryoSat-2 and Jason-1 helps detect tectonic structure in the terrestrial topography of
Mexico and oceanic seafloor of the Gulf of Mexico and the coastal regions of the Pacific
Ocean (e.g. rectangular contours of the Rivera and Orozco tectonic plate). Moreover, the
presented series of the thematic maps plotted in identical cartographic projections enabled to
perform comparative analysis for detecting geophysical and geodynamic setting of Mexico.

o finding and highlighting correlations between the geophysical data (gravity, geoid,
magnetism) and regional tectonic and geodynamic variations that correspond to the
topographic relief over the territory of Mexico based on the analysis of the six new maps.

GMT plots as graphic representations of the earthquakes and topographic and geophysical
variations are conventionally constructed from the scripting approach using GMT console. In this
study, we provide the GMT codes which were used to visualise the variables in geophysical input
data using a modular method when every line of code represents the variable. This approach
overcomes the time and labor-intensive disadvantages of the conventional mapping methods by GIS.
In addition, the range of geospatial datasets for mapping has been used in this study from available
open sources to visualize data controlled by geophysical and geological setting of Mexico. The
cartographic scripting toolset GMT is open-source and available for download and use.

The principle, usage and application cases of the scripts are introduced in this paper with the
examples of the cartographic workflow. The validity of the scripts and cartographic method for
geophysical and geological investigations of Mexico is demonstrated using the series of maps plotted
in identical map projection. Due to the need for geophysical exploration and seismic research, data
of earthquakes and topography of Mexico have been collected and visualised in this article. The GMT
approach together with available open geophysical data on Mexico, such as the magnetic anomalies
or gravity anomalies, can use these data to make analysis of seismicity and earthquake predictions
and correlations with regional topography more efficient, and thus improve and geophysical research
and geological exploration in Central America.
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