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ABSTRACT This research describes a script-based method of Generic Mapping Tools (GMT) for
mapping the seismicity, geophysics, geology and topography of Ecuador. The advances of GMT
include the following points: (1) automation of workflow; (2) refined aesthetics of graphics;
(3) speed console-based mapping; (4) multi-format data handling; (5) advanced syntax. An
explanation of scripting with the examples of code snippets is provided. The results present six
new maps of Ecuador. The distribution of geophysical phenomena and seismicity is compared
to the terrain elevation, showing remarkable correlations with the topography and geoid. The
data demonstrated low values in the depression of the Andes, the Gulf of Guayaquil, and the
Peru-Chile Trench. The peaks in gravity are representative for the Andean topography. Local
decreases in gravity correspond to the depressions in the coastal shelf and the Gulf of Guayaquil.
The increase in seismicity is detected along the tectonically active areas. The GMT is appropriate
to the geological risk assessment of Ecuador.
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1. Introduction

For seismically active regions, such as the South American Andes, spatial varia-

tions in the earthquakes are studied through the variety of geophysical methods.

The approaches of risk assessment and seismic hazard monitoring consist of

mapping and modelling earthquakes. Important actions include the analysis of

seismic parameterse.g., earthquake sources, focal mechanisms, depth, magnitude,
repeatability, rupture velocity, generation of tsunami and volcanism (Agurto-

Detzel et al. 2019; Jiménez, Saavedra, Moreno 2021; Legrand et al. 2002; Yamanaka,

Tanioka, 2018). Other methods include detecting seismo-ionospheric anomalies

in the epicenters (Akhoondzadeh et al. 2018), geodynamical data mapping (Font

etal. 2013; Alvarez, Folguera, Gimenez 2017; Lemenkova, 2019a, 2020a), geodetic
observations of seismic episodes, interactions between the earthquakes and vol-

canoes using remote sensing radar data (Ebmeier et al. 2016).

The importance of monitoring earthquakes is caused by their direct conse-
quences on nature and man. These include affecting and changingnatural land-
scapesby landslides, mass Displacements as mentioned in geophysical studies
(Sevilla1992, Schuster et al. 1996, Lemenkova 2021e). Negative social consequences
include damaged property or losses of human lives, as a result of the earthquakes
(Cevallos-Merki, Joerin 2021). Due to the location in the tectonically active region
of Andes and complex geological setting, Ecuador is exposed to a high risk of
seismic hazards from the tectonic plate subduction as a result of the colliding
Nazca/South America plates in northern Ecuador (Vaca et al. 2018). In turn, the
tectonic activity causes repetitive moderate to large shallow crustal earthquakes
(Beauval et al. 2018). The Instituto Geofisico of the Escuela Politécnica Nacional
(IGEPN) of Ecuador performs regular and accurate seismic observations and
monitoring of the country at national level. Currently, earthquake monitoring in
Ecuador is based on seismic, volcanic, and geodetic networks with 81 seismic sta-
tions, 117 strong-motion sensors, 85 Global Positioning System (GPS) stations, and
8 first and second level volcano observatories (at least 2 independent monitoring
techniques). These institutes supply the information regarding seismicity at the
national seismic and volcanic data center, which maintains raw and processed
seismic, volcanic, and geodetic data (Alvarado et al. 2018).

The mainland territory of Ecuador (except for the Galapagos Islands), has three
clearly distinct geographic regions (Fig. 1):

1. La Costa, the coastal region located westwards of the Andes and reaching the
westernmost point of Santa Elena. This is a most fertile agricultural region
of the country, important for food production (bananas, rice, fisheries) and
notable for largely populated cities, including Guayaquil.

2. The Andes is the central part of the country, which encompasses Andean
highlands. This is a seismically active region where volcanism and repetitive
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earthquakes of various magnitude are often recorded. The capital Quito and
some other importance cities are located in the Sierra of Andes, e.g. Cuenca.

3. The Amazonia, a scarcely populated region covered by the Amazon jungle
rainforests and National Parks with existing geological exploration activities
in the forests. The rivers here form a dense tributary network of the Amazon
and include, among others, the Napo, Aguarico and Coca rivers.

The geographically distinct regions of Ecuador are formed under the strong influ-
ence of geologic setting that largely affected their formation in the geologic past
(Fig. 2). While the largest notable areas in the country are notable for Triassic
(T) outcrops, the full list of formations include the Precambrian-Devonian (AD),
Cretaceous-Tertiary volcanics (Cv), Jurassic (J), Cretaceous (K), Mesozoic-Cenozoic
intrusives (MCi), Mesozoic volcanics (Mv), Precambrian undifferentiated (pC),
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Fig. 1 - Ecuador: Topographic map. SRTM/GEBCO 15 arc second resolution terrain model grid, 2021.
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Fig. 2 - Ecuador: Geologic map (QGIS 2021)

Paleozoic (PZ), Quaternary (Q), Triassic (T) and Triassic-Jurassic (Tr]). Here the
‘no data’ areas are classified as unmapped and noted as ‘U’, while water lake areas
are colored dark blue (Fig. 2). The geology of Ecuador shows the geologic prov-
ince map of the country as an area clipped from the continent of South America.
Mapping was done using vector data from the U.S. Geological Survey (Schenk,
Viger, Anderson 1998) selected using the Digital Chart of the World (DCW) for
Ecuador.

The country can be divided into the five litho-tectonic divisions, which reflect
the fundamentally important events in the tectonic evolution of the Northern
Andes since Mesozoic, e.g. dextral transpression of the Andes. The important mile-
stones of the early geologic history in modern Ecuador are summarized as follows.
The oldest event recognized during the break-up of western Gondwana related to
the Late Triassic age is the intrusion of calc-alkaline batholiths in Jurassic followed
by the accretion of the volcano-sedimentary terrane, of oceanic or marginal basin
origin, and gneissic Chaucha-Arenillas terrane, to continental South America in
Jurassic to Early Cretaceous (Aspden, Litherland 1992).

Detailed paleogeographic evolution of the Ecuadorian foreland is based on the
multi-source data from the stratigraphic, sedimentologic and geochronological
analysis, depositional ages and sediment dispersal patterns. These data enabled
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to reconstruct the geologic history of Ecuador in the Mesozoic-Cenozoic time.
Specifically, the retroarc Amazon region of Ecuador recorded distinct events
preserved in the Mesozoic-Cenozoic sedimentary record of the Subandean Zone
and Oriente Basin. During the Early Jurassic, marine deposits of the Santiago
Formation formed a carbonate platform in eastern Ecuador. At about 180 Ma,
an eastward-prograding deltaic system transported volcaniclastic material from
the western volcanic arc. The nonmarine conditions prevailed during most of
the Jurassic, characterized by the deposition of the red beds and volcanic and
volcaniclastic deposits of the Chapiza Formation. Clastic and volcanic deposition
from ~160 to 130 Ma was coeval with regional extension (Vallejo et al. 2021).

Separated from the main region by geomorphic landforms, the Cordillera Real
and sub-Andean Zone of Ecuador are less studied with very little detailed mapping
and age control (Pratt, Duque, Ponce 2005), while this region is important for
seismic and tectonic setting of the country.

This region is composed of Triassic and Jurassic plutons emplaced into Palaeozoic
and metamorphosed volcanic rocks (Fig. 2). Regional variations in geologic his-
tory and geodynamic evolution are mirrored in the geomorphic structure of the
Earth’s landforms and inherited in local topographically irregularities (Herndndez
et al. 2020; Lemenkova 2020c, 2021b, 2021d). Thus, central and northern parts
of the Cordillera Occidental of the Andes of Ecuador comprise two terranes. The
Pallatanga terrane consists of the Cretaceous oceanic plateau suite, late Cretaceous
marine turbidites of basaltic to andesitic volcanic source, and a tectonic mélange of
late Cretaceous age. The Macuchi terrane consists of basaltic to andesitic sources,
accreted to the Pallatanga terrane during the Eocene along the Andean margin
(Hughes, Pilatasig 2002).

The Eocene and Late Cretaceous periods are notable for the sediment deposi-
tion (Alava, Jaillard 2005) with clastic deposits of the Western Cordillera. This
area experienced accretion of the oceanic terranes form Western Cordillera and
Coast of Ecuador. The mineral and petrographic content of the underlying rocks
in Ecuador were formed as a result of the tectonic evolution which evolved in
a backarc during the Ordovician and Carboniferous periods (Spikings et al. 2021).

The magmatism associated with tectonic activity and seismicity is caused by the
intrusion during the Late Oligocene-Early Miocene period. This time is important
for understanding geologic evolution of Ecuador, as the distribution of Tertiary
Ecuadorian arc magmatism was dated in Late Oligocene-Early Miocene arc and
resulted in magmatic events and eruptions (Schiitte, Chiaradia, Beate 2010).
Coastal Ecuador is made up of an oceanic igneous basement overlain by Upper
Cretaceous to Lower Paleocene (=98-60 Ma) volcanic rocks of island-arc origin.
The igneous basement, known as the Pifién Formation, dated at 123 Ma, consists
of basalts and dolerites. The basement of coastal Ecuador presents an accreted
fragment of an oceanic plateau (Reynaud et al. 1999).
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The aspects of the seismic risk are higher for the historical heritage of the
ancient pre-Columbian Inca Empire and cultural cities that should be protected,
e.g., Ingapirca, Cuenca with its architectural and archeological highlights,
the Pumapungo Archaeological Park and Ruins of Todos Los Santos, Pucara de
Rumicucho in northern Ecuador. Therefore, monitoring and modelling earthquakes
is important for earthquake risk assessment and conservation of archaeological
heritage. Spatial parameters of earthquakes include such factors as focal depth,
mechanism and the location of the event. Other aspects include tectonic activity,
strength of earthquake and attenuation of seismic waves in the Earth’s crust.

In seismology, earthquake hazard includes analysis of a danger of the earth-
quake occurrence from the physical point of view, that is, the tectonic setting,
acting stress, rheology of the focal zone and regional geologic setting. Besides,
the existing correlation between the strength properties of rocks and soils and
ground stability is reported earlier (Baykara et al. 2020; Lemenkov, Lemenkova
2021b, 2021c). The analysis of geologic data is an effective tool for assessment of
the probability of earthquakes and their effects of local geologic setting. Therefore,
a brief geologic introduction including tectonic history of Ecuador is briefly out-
lined below. At a national scale, consequences of earthquakes in Ecuador might be
serious due to specific natural and social factors. Therefore, earthquake risk should
be assessed with regard to social and physical consequences of earthquakes. Social
aspects include the evaluation of how dangerous could the earthquake be concern-
ing victims, damages and economic losses, exposure of constructions (buildings,
roads, bridges, houses), and vulnerability of people at risk. Physical aspects
include expose to earthquakes due to the regional geological and glaciological
setting, repetitive volcanic activity (Granados et al. 2021).

The existing studies on the geology of Ecuador describe in details the evolution
of the region in context of the early history of the Earth and South American con-
tinent. However, they have not so far integrated technical methods of the scripting
for cartographic visualization of seismic and geophysical datasets specifically on
Ecuador in an integrated study. At the same time, in case of earthquake risk as-
sessment, including the analysis of physical and social consequences, high-quality
mapping and analysis of seismic and topographic data is required. Thus, this study
aims to fill this gap by presenting the advanced methods of data processing, mod-
elling and visualization as a contribution to the previous works on the geology,
geophysics and seismicity of Ecuador (e.g., Lavenu, Winter, D4vila 1995; Dumont
et al. 2005; Goretti, Hutt, Hedelund 2017; Pulido, Yoshimoto, Sarabia 2020). This
study presents six new maps made using scripting toolset Generic Mapping Tools
(GMT). The maps demonstrate the seismic, geophysical and topographic settingin
Ecuador using high-resolution actual data.

Specifically, this study presentsscripting approach of cartographic mapping
using GMT. Scripting cartography is a novel method of spatial data analysis and
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visualization. It uses syntax of language with predefined commands for writing
scripts used for mapping. The reported techniques of data analysis and process-
ing by GMT exist in geological literature (Gauger et al. 2007; Lemenkova, 2020d,
2021a). This study applies these methods for thematic mapping Ecuador with
the aim to contribute to the seismic hazard risk analysis. The advantages of GMT
over conventional GIS consist in the following. The script-based mapping of GMT
utilizes the syntax of embedded language, automates workflows, and analyses
data using Geospatial Data Abstraction Library (GDAL). Thus, the GMT enables
to make maps with minimal human intervention, and maximal speed, aesthetics
and accuracy.

2. Methodology

This section is used to describe the technical details of GMT mapping, and the
results are presented in the following section where the achieved values of the
geophysical and seismic mapping are discussed with information on data distribu-
tion and comparing to the topography of Ecuador. Full scripts used for mapping
Figures 1, 3, 4, 5 and 6 by GMT are available on the GitHub: https://github.com/
paulinelemenkova/Mapping_Ecuador_GMT_Scripts Creating scripts accessible to
the researchers with similar tasks as a technical reference has an aim to facilitate
mapping workflow by repeatability of scripts and open access to the codes sup-
ported by the GitHub network. Practical approach of scripts created for integra-
tion of the GMT modules and sharing access to the codes can facilitate writing such
or similar scripts in a cartographic work as a practical reference with working
GMT syntax. In this way, developing new GMT codes and algorithms of spatial
data processing using high-resolution data would be useful for rapid cartographic
visualization and mapping in similar topographic and geophysical studies.
Fundamental cartographic theory addressed in this study using scripting tech-
niques accepts that from a practical viewpoint, conceptual mapping workflow is
important. The variety of cartographic products include a wide variety of thematic
maps that can be classified into analytical, complex and synthetic maps Berdnek
(1991). Therefore, mapping includes various approaches aimed at specific purposes,
as reflected in constant development of cartographic techniques (Berdnek 1995;
VozZenilek 1999; Konecny, VoZenilek 1999; Cesék, Sobr 2005; Jansky et al. 2005;
Robinson et al. 2017; Jenny et al. 2021). Mapping affects visual representation of
maps as a product used for spatial analysis of geographic phenomena (Z4le$dkova
1995; Siwek, Kanok 2000; Sarhadi, Soltani, Modarres 2012; Zou, Wang, Wang
2012). In this way, effective techniques of mapping helps to reveal hidden cor-
relations between spatial phenomena and to highlight variations in geographic
data (Arabameri et al. 2019; Hind 2020; Yousefi et al. 2020; Reddy et al. 2022).


https://github.com/paulinelemenkova/Mapping_Ecuador_GMT_Scripts
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The unique feature of cartography consists in its multi-disciplinary character
which makes it both a scientific discipline (as a branch of geography), and a practi-
cal technology of data processing and visualization as a special art (D’'Ignazio 2020;
Otto, Gustavsson, Geilhausen 2011). Therefore, various structural approaches of
cartographic workflow can be implemented in the process of mapping for techni-
cal optimization of process and for improving the design and aesthetics of the
final layouts (Eastman 1985; Wesson 2007; Wang, Zhu 2011; Xiao, Armstrong 2012;
Kennelly 2015; Griffin et al. 2017). In this study, the scientific content of the main
cartographic activities included the following steps:

1. Data capture through semantic web search based on the analysis of metadata
and suitability of the collected raw data as the main factors responsible for the
final quality of maps: resolution, extent, origin, reliability, actuality, data types
and formats.

2. Data management: organizing and storing in a working directory with defined
path in the GMT environment.

3. Writing scripts using GMT syntax. Here various modules of GMT were used
for cartographic data processing: format conversion, projecting, clipping, in-
terpolation, coloring, plotting, etc.

4. Cartographic implementation and adjusting scripts for data processing after
data analysis, and interpretation. This includes defining spatial extent, selecting
optimal cartographic projection, analysis of data range by GDAL for choosing
the best color palette to highlight data variation.

5. Running scripts from the GMT console for automatic mapping and visualization.

6. Analysis and classification of objects varying in values (e.g., ranging earth-
quakes by magnitude, bathymetric steps by depth intervals) and visualization
of data at pixel level by uniquely assigned to classes of object categories ex-
plained the color legends.

Key deliverables achieved in the cartographic scripting process included developed
algorithms of mapping and methods of spatial data processing, applied for both
data types (raster images and vector objects). Furthermore, the tasks of carto-
graphic design were adjusted flexibly for various maps depending on the examined
data (e.g., is it a visualization of seismicity based on tabular data from IRIS, a geoid
model, or a topographic map).

The spatial extent of the study area extends from the southern border of
Ecuador with Peru (5°S) to its northern border of Ecuador with Colombia (1.5°N),
and stretches longitudinally between the 83°W and 75°W. The elevation data range
from minimum of -5,319 m in the Peru-Chile Trench, to the maximum at 6,560 m
in the Andes.

The technical aim of the study consists in plotting of six maps using GMT
(Wessel et al. 2019) and QGIS (QGIS.org 2021) to compensate for the lack of the
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existing seismic maps of Ecuador in topographic and geophysical context using
scripting. In this way, this study presents maps of geophysical, seismic and topo-
graphic setting of Ecuador by integrating high-resolution data on seismic events
and visualizing variability of the topographic and gravimetric structures. The
data were collected from the available open sources: Earth Gravitational Model
2008 EGM-2008 (Pavlis et al. 2012) for geoid, General Bathymetric Chart of the
Oceans (GEBCO; Schenke 2016) and Shuttle Radar Topography Mission (SRTM)
for topography and coastal bathymetry (Farr et al. 2007), Scripps Institution
of Oceanography (SIO) data on gravity (Sandwell et al. 2014) and Incorporated
Research Institutions for Seismology (IRIS; Iris Transportable Array 2003) for
seismicity.

The applications of the conventional Geographic Information system (GIS)
are useful in data visualization based on the vector layers (Villacreses et al. 2017,
Bydekerke et al. 1998, Klauco et al. 2013, Lemenkova 2021c). However, they do not
allow speed and accurate data processingwhen the amount of datasets require
script-based applications and automated data processing. In contrast to the tra-
ditional GIS, GMT easily operates with spatial data formats and specifications and
enables more effective data processing. Its major technique is based on scripts that
enable to import raw datasets in various formats including IRIS seismic tables
and to compile layouts in PostScript format, flexibly transformable to the existing
graphical standard formats, such as JPG or TIFF with user-defined resolution (e.g.,
300 or 720 dpi).

The GMT embeds the variety of map symbols that can be changed and adjusted
in an automated way. For instance, the display scale and the projection are smooth-
ly adjustable in GMT using the ‘-J’ function (e.g. -JMé.5i for the 6.5-inch map in
Mercator projection). Several GMT modules were used to generate presented maps
in Figures 1, 3-6 for Ecuador. For each line of the code, the corresponding GMT
module was applied for visualization of the respective elements. The modules
grdimage, grdcontour, psscale, psbasemap, psxy, pslegend, psconvert, psxy were
considered.

In GMT, we used scripting algorithms for semi-automated mapping by several
approaches: The ‘grdcut’ module for shortening the layer to the size of the area of
interest based spatial extent. Raster layer cropping was made using the ‘grdcut’
module for clipping the data with global coverage, e.g., the country of Ecuador
selected from the global topographic grid. Thus, to visualize the topographic map
of Ecuador (Fig. 1), the data from the GEBCO grid were used in netCDF format
selected for the range of study area as follows: ‘gmt grdcut GEBCO_2019.nc
-R277/285/-5/1.5 -Gec_relief.nc’.

Script-based mapping of GMT enables to accurately visualise segments of
topographic range by adjusted coloring of the palettes that represent the major
steps in topographic elevations by 500 meters (Fig. 1). Besides, GMT enables to
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semi-automatically map the standard cartographic elements (scale, title, subti-
tles, annotations, legend, insert globe map) and adjust graphic representation of
the geographic meridians and parallels by selecting proper step for cartographic
grid and graticule ticks. The isolines were plotted using the ETOPO1 data covering
the extent of the digital map of topographic elevation and bathymetric depths
acquired from the NOAA. Generating contours for topographic maps from digital
elevation models (DEMs) is a common task in geoinformation and cartography
discussed in previous papers (Kettunen, Koski, Oksanen 2017; Raposo 2020). In
this work, contour lines were depicted using the following code: ‘gmt grdcontour
ec_reliefl.nc -R -] -C500 -W0.1p -O -K >> $ps’. The texts with corresponding cities
were then added at corresponding locations using decimal degrees of the map:
‘gmt pstext -R -J -N -O -K \ -F+f10p,0,white+jLB+a-0 >> $ps << EOF 280.22-2.18
Guayaquil EOF’. The topographic data range was inspected using GDAL as follows:
‘gdalinfo ec_relief.nc -stats’ and the following data were received: minimum =
-5,319 m, maximum = 6,560 m. These values were used for generating the color
palette according to the data extent.

The Quantum GIS (QGIS) was applied for visualization, classification and analy-
sis of geological maps using open data in vector format. We have differentiated
classes of various categories of geologic layers and types of outcrops and clipped
the area covering Ecuador from the South America overlaied the geologic layer
over the OpenStreetMap layer (OSM), Figure 2. The classes have been extracted
from the vector data of geologic provinces by the Digital Chart of the World (DCW)
layer and visualized into geologic categories using the functionality of QGIS. The
QGIS is a traditional GIS software for geoinformation and geospatial data analy-
sis and mapping. Thus, Figure 2 shows the geologic setting of the country. It was
plotted using the combination of the USGS geologic data, available for the South
America, the OSGeo OpenStreetMap basis layer and the DCW layer with country
codes enabling to clip the Ecuador from the surrounding countries. The data were
imported to the QGIS project in.shp and raster formats and visualized using the
standard GUI interface of the QGIS.

For seismic map (Fig. 3), the lines of the fracture zones were plotted using the
‘psxy’ module: ‘gmt psxy -R -] GSFML_SF_FZ_RM.gmt -Wthicker,pink -O -K >>
$ps’. The earthquakes were visualised using the code line ‘gmt psxy -R -] quakes_
EC.ngdc -Wfaint -i4,3,6,650.06 -h3 -Scc -Csteps.cpt -O -K >> $ps’. Specifically, in
this code the ‘-i4,3,6,650.06” corresponds to the number of columns showing the
coordinates, magnitude and depths of the events, and the ‘quakes_EC.ngdc’ is
the name of the table converted from the CSV format that was downloaded from
the IRIS site (Fig. 3). The colors of the earthquakes points correspond to their
magnitude as explained in the legend. The identification of the spatial extent of
topography was performed using the data range by GDAL (gdalinfo) and corre-
spondingly adjusted color palette.
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For geoid mapping (Fig. 4), the EGM-2008 data from the National Geospatial-
Intelligence Agency (NGA) EGM Development Team covering and adjacent to
Ecuador were downloaded. Because the original data were in the ADF format
(w001001.adf) the data were converted respectively using the ‘grdconvert’ GMT
module: ‘gmt grdconvert s45w90/w001001.adf geoid_01.grd’ and ‘gmt grdconvert
n0O0w90/w001001.adf geoid_02.grd’. Variations in geoid undulation were visual-
ized using ‘grdimage’ module by merging two neighbor tiles of the original grid
and automatically located by coordinates of the tile’s borders within the image
extent. The resulting data were inspected using the GDAL: ‘gdalinfo geoid_01.
grd -stats” and the following outcomes were received: minimum = -28.476,
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Fig. 4 - Ecuador: Geoid map. Data: World geoid EGM-2008 vertical datum 2.5minute resolution.

maximum = 50.095, which shows the values of geoid over the Ecuador and its
surroundings. The cartographic grid was visualized using module ‘pshasemap’
for a regular grid and annotations for readability of map, extracted geoid tiles
from the EGM-2008 colored using the ‘wysiwyg’ color palette. The analysis of data
shows higher values over the region of the Andes (bright magenta colors in Fig. 4)
with the lower values over the water areas of the Pacific Ocean.

Satellite-derived data acquisition provided large resolution images of gravity
acquired from satellite altimetry Cryo-Sat-2 and Jason-1 (Sandwell et al. 2014).
These data were used for gravimetric mapping (Fig. 5 and 6). Figures 5 and 6
show mapped free-air gravity raster grids available online from the UC San Diego,
Scripps Institution of Oceanography (SIO). The advantages of the remote sensing
(RS) data in mapping consists in high reliability of the data sources, since satellites
operate autonomously and provide data as parallel flight stripes along the route
of the satellite. As a result, the survey results in a global coverage of the Earth’s
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gravimetry with certain overlaps (side and forward stripes, depending on technical
characteristics of the satellites). These data were used to identify and visualise the
anomalies and the variations in the Earth’s gravity in acceleration (mGal), along
with vertical gravity data (Figures 5 and 6).

For mapping the two grids the following GMT modules were applied: gmtset,
gmtdefaults, img2grd, makecpt, grdimage, psscale, grdcontour, psbasemap, gmt-
logo, psconvert, pscoast. The grid was first clipped for the region of study area as
follows: ‘gmt img2grd grav_27.1.img -R277/285/-5/1.5 -Ggrav_EC.grd -T1 -11 -E
-50.1-V'. Here the ‘img2grd’ module of GMT performs the conversion of raster data
in IMG format into the GRD format and the -R277/285/-5/1.5 corresponds to the
selected study area with 0-360° convention for the western hemisphere. The data
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Fig. 5 - Ecuador: Free-air gravity anomaly map. Data source: remote sensing Earth observations of
gravity grid from CryoSat-2 and Jason-1, 1 minute resolution, Scripps Institution of Oceanography
(S10), National Oceanic and Atmospheric Administration (NOAA), National Geospatial-Intelligence
Agency (NGA).
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were inspected for the range and selected color palette was applied as follows: ‘gmt
makecpt -Crainbow -T-150/250 > colors.cpt’ (Fig. 6). The georeferencing of the raw
RS data is performed automatically based on the GPS trajectories during the flights
of the satellite. The re-projecting into specific projections is possible in GMT using
the ‘grdimage’ module. In this case, we used function ‘-JM6.51", which signifies the
Mercator projection with 6.5 inches of the geometric extent of the map.

The plausible data covering Ecuador and surrounding areas were visualized
using the adjusted color palette corresponding the data range. These data allowed
raster grid to be mapped using the following code: ‘gmt grdimage grav_EC.grd
-Ccolors.cpt -R277/285/-5/1.5 -JM6.5i -P -I+al5+ne0.75 -Xc -K > $ps’ (Figure 5). The
isolines were plotted using the ‘grdcontour’ GMT code by the following example
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(snippet for Fig. 5): ‘gmt grdcontour grav_EC.grd -R -] -C50 -A100 -Wthinner -0 -K
>> $ps’. The legends were mapped using ‘psscale’ with defined aesthetic elements
and precise location of the legend as follows: ‘gmt psscale -Dg277/-5.6+w16.5¢/0.4c
+h+00.0/0i+ml+e -R -] -Ccolors.cpt -Bg50f5a50+1"Color scale ‘Rainbow’: magenta-
blue-cyan-green-yellow-red [C=HSV -T-150/250]” -10.2 -By+]"mGal” -O -K >> $ps’.
The gravity grids (Figures 5 and 6) captured from satellite data were as a reference
dataset for geophysical modelling over Ecuador and cartographic interpretation of
the gravity anomaly fields in regional scale supported by topographic data from
the SRTM DEM for comparison (Fig. 1).

3. Results and discussion

The challenges of multi-sources data integration and mapping demonstrated in
this study respond to the needs of this multi-disciplinary project that combines
advanced technologies of cartographic scripting by GMT, conventional GIS tech-
niques by QGIS, high-resolution data and practical applications towards seismic
risk assessment in Ecuador through the visualization of earthquake locations and
magnitude. Open source high-resolution data used in this study include topo-
graphic, geologic and geophysical datasets, data on seismicity and satellite-derived
gravity grids. Here the maps are based on the publicly accessible data that can
be reused in similar studies. The country-level coverage of Ecuador is presented
in all the maps in identical cartographic projection to allow the comparison of
maps. While the major instrument of this study is the GMT, the QGIS is used as
an additional tool for comparative cartographic technologies.

Figures 1 and 2 show the main topographic and physio geographic regions of
the Ecuador and corresponding geologic map with provinces. Figure shows the
topographic values of GEBCO/SRTM by elevation steps, along with added contour
lines by based on the ETOPOL. Three distinct regions of the landscapes of Ecuador
area visualized: the Costa, the Andes and the Amazonia. The Triassic outcrops
well corresponds to the Amazonia region of Ecuador, while the Andean geology
demonstrate the complexity and mixed layers of the Cretaceous-Tertiary volcanics
(Cv), Precambrian (Pc) and Mesozoic-Cenozoic intrusives (MCi) that played the
significant role in the geologic evolution and formation of Ecuador, as mentioned
briefly in the Introduction section of this document.

Figure 3 shows the values of seismic events that were analyzed based on the
IRIS database. The table from among the 1,000 total values of events was studied.
The depth of the earthquakes ranges from 0 to 248.3 km (off the coasts of Ecuador,
30 January, 2005). The magnitude ranges from 2,9 to the maximal of 7,8 (27 km
SSE of Muisne, April 16, 2016 at depth of 20.6 km). Another notable seismic event
with magnitude over 7.0 is recorded in the 111 km ESE of Palora (magnitude = 7.5,
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depth =145 (April 16, 2016). The comparison of the seismicity map (Fig. 3) with
topographic elevations (Fig. 1) shows the three major areas of seismically active
zones in Ecuador: (1) the Andes region that well corresponds to the tectonically
active mountains; (2) the coastal submarine earthquakes that are concentrated
along the Peru-Chile Trench; (3) the easter Cordillera region that is located to the
east of Andes and overlaps the Peruvian Andes.

Figure 4 shows the intensity of geoid undulations which is visualized using the
‘wysiwyg’ color palette of GMT and controred by isolines placed every 0.5 m based
on the geopotential model of EGM-2008 data. Comparison of the geoid heights
(Fig. 4) with the high-resolution digital terrain model (GEBOC/SRTM) shows re-
markable correlations between the geodetic values and the regional topography of
Ecuador. Namely, the values of geoid are the most prominent throughout the extent
of the Andes (bright pink colors in Fig. 4) with the maximal values reaching 25.5 m,
which well corresponds to the increased gravity values and stronger land masses
in the mountains, while the lower values are mostly elongated well depicting the
Peru-Chile Trench with values from -2.0 to 8.5 (cyan colors in Fig. 4). Thus, the
gravimetric geoid determination corresponds with the gridded terrain, geometry
of the geomorphological contours (e.g. the extent of the Andes), topographic
density of landmasses with highly heterogeneities patterns and land mass deficit
in the oceanic trench and the increase of land masses in high mountain region.

Figures 5 and 6 show the values of the gravity observations and vertical gradi-
ent based on the open access geophysical data from the SIO. The data show the
remarkable correlation with the higher values in the Andes (over 200 mGal, red
areas in the Figure 5) and clearly distinct low values that correspond to the Peru-
Chile Trench and the Gulf of Guayaquil (< -100 mGal, dark blue colors in Fig. 5).
Small yet notable increase in values is visible north of the Santa Elena Peninsula
in the local mountain range that can also be compared with topographic map in
Figure 1. In the west, along the coasts of the country, the Peru-Chile Trench is
depicted in Figure 6 as the lowest values in vertical gravity that shows gradient
of variations.

4. Final conclusions

The Geographic Information Systems (GIS) have been widely used for geoscience
since about 1980s and their applications are being constantly increasing along
with rapid computerization of methods. The need for effective visualization of
datasets and availability of open source data raised the variety of GIS that has
been used in various domains of Earth sciences, such as marine geology, envi-
ronment and ecology, urban studies, geographic analysis, seismic, geological and
geophysical studies (Hoskins et al. 2021; Lemenkova 2022; Soriano et al. 2017;
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Klaudo et al. 2017; Gouvea, Nucci, Liberti 2021; Suetova, Ushakova, Lemenkova
2005; Lindh, Lemenkova 2021a, 2021b; Cabral, Neto 2020; Schenke, Lemenkova
2008). In contrast to the traditional GIS, the demonstrated the scripting approach
actively uses automatization in cartographic data processing and adjusted graphi-
cal design which resulted in effective workflow and accurate maps of seismicity,
topographic and geophysical setting of Ecuador.

A key to the automatization in production of cartographic displays is console-
based scripting which can be done using GMT. Scripting operates in an approach
similar to the programming or markup languages (Lemenkov, Lemenkova 2021a)
by using a certain syntax of the code used for generating scripts that can be run
from the console for plotting maps. Among the most reputable cartographic tools
are the GRASS GIS and the GMT (Lemenkova 2019b, 2020b). The GMT demon-
strated in this study brings evident benefits to seismic and geophysical mapping
through the automated workflow and accurate data handling. Using the case study
of Ecuador, this research presented several maps made using GMT and one map
using the QGIS and plugins for OSGeo. The results show topographic, geophysical,
seismic and geologic visualization of Ecuador. The presented series of maps dem-
onstrated correlations between the tectonic and geological phenomena reflected in
the topographic elevations of the country. Besides, the geophysical data aimed for
digital seismic monitoring of Ecuador will allow to gain new knowledge through
the analysis of maps and the reuse of maps. The provided GitHub link with open
access codes brings new opportunities to cartographers through the easy access
to shared repository with MT scripts for repeatability.

The presented series of geophysical and seismic maps of Ecuador is a set of new
six machine-based cartographic outputs. The data for seismicity are based on the
IRIS catalogue by the Bulletin of the International Seismological Centre (ISC).
The maps are totally different of the traditional handmade maps that are made
using conventional Graphical User Interface (GUI) in GIS. The presented maps of
Ecuador are made using the machine graphics of GMT scripts from the console and
computer-generated plots. As a result, the outputs present refined aesthetic maps
with optimized design approaches. In contrast to the traditional GIS, using GMT
scripting toolset enables to balance and improve usual monotonous cartographic
workload of mapping by presenting a variety of optimal decisions and refined
solutions regarding mapping process.

Scripting cartography is currently the fastest growing discipline in geoinfor-
matics. Using diversified multi-format open source data, scripting cartography
enables not only the conventional mapping but also to perform image processing
using R language for spatial data analysis. Scripting cartographic techniques dem-
onstrated in this study can be applied not only in geologic and geophysical map-
ping but also in a wide variety of Earth sciences domains, such as environmental
and ecological analysis, hydrologic riverine and lacustrine modelling, ocean and
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polar research, urban sprawl, land cover and use detection by image processing
based on the remote sensing data, to mention a few.

The main disadvantage associated with the use of traditional GIS methods con-
sists in the amount of human-operated actions of preparing various elements of
map layout. Because human-based data processing can be prone to errors, acciden-
tal mistakes and misleading visualization, using scripts is the effective alternative
in cartography to the traditional GIS. To this end, a script-based approach byGMT
is applied in this study for mapping Ecuador. Thus, the study demonstrated a series
of maps made using scripting from a console that enables to smoothly process
and integrate seismic, geophysical and topographic multi-format data. Such an
approach is especially advantageous for seismic risk mapping and hazard assess-
ment in tectonically active regions of Ecuador, because it enables rapid machine-
based mapping in real time regime.
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