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ABSTRACT 

Geologic and geophysical mapping has been so far limited to the traditional single-
method GIS-based mapping. A new approach combining integrated analysis of data 
on geology, gravity, topography and geomorphology is presented for regional 
characterization of the geophysical setting in Mongolia: the Gobi Altai Mountains, 
the Khangai Mountains and Khentii Mountains with surrounding areas. Nine new 
maps have been produced from the high-resolution datasets: GEBCO, gravity raster, 
USGS geological data and SRTM-90 DEM geomorphological grid. Methodology 
includes three tools for cartographic data visualization: i) Generic Mapping Tools 
(GMT), ii) R programming language (‘raster’ and ‘tmap’ libraries); iii) QGIS. The 
results demonstrated strong agreement between the estimated values in gravity and 
topography grids, distribution of geological units and provinces over the country and 
geomorphological landforms with respect to the mountain ranges: Altai, Khangai 
and Khentii Mountains. The highest values in the gravity anomalies correspond to 
the mountain ranges in the Altai Mountains and Khangai Mountains (<80 mGal); 
high values correspond to the Khentii Mountains (20–60 mGal). Contrariwise, the 
basins of the Uvs Nuur and Khyargas Nuur show negative values (<-80 mGal). The 
NE- to NNE-oriented faulting and rift basins are clearly visible in the geophysical 
grids and geologic maps. The geomorphometric analysis performed based on the 
SRTM-90 DEM using R scripting demonstrated (1) slope, (2) aspect, (3) hillshade 
and (4) elevation models of Mongolia supported by histograms of data distribution 
and frequency. The study contributed to the cartographic methods and regional 
geological studies of Mongolia.  
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INTRODUCTION 
Analysis of the correlations between the 
geophysical setting, topographic structure and 
subsurface geological processes is one of the 
challenging research problems in Earth sciences. 
This paper presents an integrated cartographical 
analysis of the geophysical and geological 

setting of the Mongolian region, which has 
extremely specific and diverse geographic, 
geophysical and geological setting. The study 
area belongs to the Central Asian Orogenic Fold 
Belt, one of the largest accretionary orogens on 
Earth. The tectonics of Mongolia developed 
since Precambrian and experienced extensive 
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tectonic movements up to the early Triassic 
which included episodes of continental growth 
and gradual geodynamical evolution.  
Mongolia is unique not only due to its 
geospatial location in the region of the Central 
Asia, but also the location between the oldest 
and largest tectonic structural elements of Asia. 
On the north, it crosses the Siberian platform 
which consists of the Proterozoic and 
Phanerozoic strata overlying the Archaean 
basement of the Siberian Craton. On the south, 
it borders the North China and Tarim platforms. 
The interaction of the tectonically different 
setting resulted in complex development and 
interplay of the fold belts and geologic 
complexes of different ages that occupy the 
entire region of Mongolia (Fig. 1). 
As a result of a complex tectonic history of 
Mongolia, its mountain structures are notably 
rich in ore and non-metallic minerals. Unique 
geological setting and mineral richness of the 

country has long been attracting the attention of 
researchers. As a result, regular geophysical 
surveys in Mongolia have been undertaken to 
perform systematic geological exploration 
aimed at identifying patterns of spatial 
distribution of minerals. The aim of this paper, 
contributing to the existing works, is an 
extended integrated cartographic analysis using 
scripting methods of the Generic Mapping Tools 
(GMT) toolset and R programming language 
and synthesis of various aspects of geological, 
geophysical and geomorphological setting of 
Mongolia with a regional focus on its three 
units: Gobi Altai, Khangai and Khentii 
Mountains (Fig. 1). 
The framework of this paper applied the high-
resolution datasets for geologic structural 
mapping, representation of major tectonic fold 
belts, folded regions, basins and geological 
provinces (e.g., Alashan, Altai-Sayan, 
Bogdashan, Temtsag Hailar, Tian Shan, 

Fig. 1. Topographic map of Mongolia. Mapping: GMT. Source: author. 
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Ulaanbaatar, Nyalga, Choibalsan Basin), 
mapping of geological units structurally divided 
by the age of formation, including both 
Precambrian and Phanerozoic eons, modeling 
geomorphological data by R language, and 
visualizing of a range of geophysical grid data 
(distribution of geoid and gravity field 
anomalies) for deep geophysical analysis of 
Mongolia.  
The improvements in cartographic data 
representation and visualization efficiency is a 
very important issue for the Earth sciences, 
especially geophysical and geological mapping. 
From a methodological point of view, mapping 
takes into account all aspects of data handling 
(data capture, data selection, data 
representation) and selection of methods 
(software, algorithms, functions) for preparation 
mapping layouts that effectively visualize 
geologic setting and geophysical anomalies 
with regard to the topography of the country. 
Integrated approach in Earth science signify the 
technical combination of geodata processing 
and geographic information systems (GIS) 
which includes both technical aspects of linking 
data processing with GIS, and the conceptual 
framework for linking technical issues with 
Earth sciences. Here cartographic issues present 
important contribution to geoscience as a 
supporting technological tools. Likewise, the 
conceptual framework is important because 
through technical tools cartography presents 
models of the Earth's structure and functionality 
of its elements  (Dobson, 1992a, 1993). 
Besides technical issues of the cartographic data 
representation and mapping, regional 
geophysical aspects related to gravity and geoid 
of the terrain, geologic maps reflecting the 
tectonic processes, lithological and stratigraphic 
setting and early geologic evolution of the 
region are equally important for complex 
mapping of the region. In Mongolia, the 
variability of the topographic relief, geophysical 
anomalies, lithological setting and terrain 
surface varies over the country in W-E direction 
reflecting complex geologic formation and 
development, as well as tectonic processes that 
sculptured current geomorphology of the 
country. 
To undertake complex thematic mapping of 

Mongolia, advanced cartographic methods of 
data representation and visualization are 
required. Methodological applications of GIS 
were under investigation both in pure 
cartographic research focused on technical 
issues of geoinformatics and data representation 
(Elidrissi et al. 2020; Gauger et al. 2007; Le 
Fillâtre et al. 2021; Araújo et al. 2019; 
Lemenkova, 2021, Höhle, 2021) and from the 
geological point of view (Gohl et al. 2006a, 
2006b; Holguín and Sternberg, 2018; Graf et al. 
2018). Difficulties in selecting suitable and 
optimal software for geologic mapping are 
caused both by the technical approaches of GIS 
(console- or menu-based) and by specific file 
format requirements (e.g., the QGIS reads the 
ArcGIS native .shp format, while GMT better 
operates with raster files, R 'raster' package 
enables direct SRTM file capture). Therefore, 
selecting GIS software and methods of geologic 
and geophysical mapping remains a challenge. 
Methods and tools for geomatic data analysis in 
geologic studies are diverse. Most of the GIS 
examples present methods of cartographic data 
visualization, cross-sectioning, plotting 
lithological stratigraphic columns, mapping, 
widely used in Earth sciences (Suetova et al. 
2005), but others include statistical analysis, 3D 
modeling, environmental assessment 
(Lemenkova, 2020a; Klaučo et al. 2013, 2017), 
plotting ternary diagrams for petrochemical rock 
characteristics (Fanti et al. 2018; Lemenkova, 
2019, 2020b), remote sensing based data capture 
and analysis. 
In contrast to these and other existing GIS-based 
geological studies, this research presents an 
innovative methodology of the geophysical 
mapping of Mongolia performed using the 
combination of the three cartographic 
approaches: scripting cartographic techniques by 
the Generic Mapping Tools (GMT), traditional 
GUI based cartographic visualization by the 
QGIS, and utilizing R programming language. 
This featured the efficiency of the programming 
and scripting application in cartography, 
because the machine learning methods adapted 
to the cartographic workflow increase the speed 
and precision of the data representation and 
improve graphical aesthetics of maps through 
the machine based graphics.  
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GEOLOGICAL BACKGROUND 
Previous analysis of the geologic structure of 
Mongolia received from the existing literature 
sources shown significant variations in 
geological structure of the country varying 
spatially by the geographically distinct regions. 
Thus, the crust in southern Mongolia presents a 
part of the Central Asian Orogenic Belt, a vast 
accretionary orogen formed during opening and 
closure of the Palaeo-Asian Ocean in the late 
Proterozoic to Palaeozoic (Blight et al. 2010). 
Central Mongolian Baganuur Basin consists of 
the rift or pull-apart-basins subsided at the 
boundary between the Jurassic and the Lower 
Cretaceous in East Asia (Dill et al. 2004). 
Northern and central Mongolian coal-bearing 
basins contain mainly Jurassic sub-bituminous 
coal. Northern Mongolia is also notable for the 
North Khentii Gold belt which includes lode 
gold deposits: Gatsuurt, Sujigtei and Boroo 
(Kim et al. 2020). Eastern Mongolian province 
has Lower Cretaceous lignite (Erdenetsogt et al. 
2009). Western part of central Mongolia is 
notable for the low rank bituminous coal in 
strata formed in the Permian period. 
Current crystalline basement of Mongolia was 
formed under the impact of complex history and 
geological evolution of Paleozoic terrane 
accretion and arc magmatism of the Central 
Asian Orogenic Belt that moved in southward 
direction to the Sulinkheer suture. The 
Sulinkheer highlights the closure of the Paleo-
Asian Ocean in the late Permian to the Early 
Mesozoic (Miao et al., 2008). The tectonics of 
the Central-Eastern Mongolia was largely 
affected by the Indo-Asian collision and western 
Pacific subduction during Cenozoic. These 
processes finally resulted in present geography 
of Mongolia notable for the NE- to NNE-
oriented faults and rift basins (Li et al. 2020a, 
2020b). In general, the Central Asian Orogenic 
Belt grew southward in the Phanerozoic except 
for the Bayankhongor region in west-central 
Mongolia where the volcanic arc, accretionary 
prism, ophiolite and passive margin complexes 
accreted in NE moving off the Baydrag micro-
continent (Osozawa et al. 2008). 
The variability of the Central Asian Orogenic 
Belt can be illustrated by the Gorkhi Formation 
in the Khangai–Khentei belt which consists of 

the following stratigraphic elements: sandstone 
shale, alternating sandstone, shale of turbidite 
affinity, chert with intrusion of siliceous shale, 
basalt, limestone, clast-bearing mudstone 
(Kurihara et al. 2009). Remarkable geologic 
units of the Upper Mesozoic and Cenozoic 
stratigraphic sequences are presented by the 
actively evolving intra-continental Dzereg Basin 
located in the Altai, western Mongolia. The 
Dzereg Basin is sandwiched between the two 
ranges, marking the termination zones of the 
two regional-scale strike-slip fault systems 
(Howard et al. 2003).  
The geologic complexity of Mongolia largely 
resulted from the spatial variability of its 
tectonic evolution. For instance, the SE region 
of Mongolia (Gobi Desert) has been affected by 
the six major periods of deformation in the 
Paleozoic basement rocks and Mesozoic-
Cenozoic basin of the East Gobi Basin, as 
defined by Heumann et al. (2018). The 
subduction and closure of the Mongolia-
Okhotsk ocean marked the key event in Jurassic 
tectonics in Mongolia (Genyao et al. 2013). As a 
result, the basin evolution is roughly divided 
into the two main spatio-temporal marks with 
respect to the orogeny and collapse of the 
orogenic belt in Mongolia: i) the region to the 
north of the ocean was presented by the Early–
Middle Jurassic basins developed from the back-
arc extension; ii) the region to the south of the 
ocean was marked by the fossil sutures related 
to the subduction-related orogenesis.  
The southern Central Asian Orogenic Belt in 
SW Mongolia has a basin and range topography 
with Neoproterozoic and Palaeozoic units 
exposed at NW–SE directed ranges along major 
faults and with inter-montane basins filled by 
the Mesozoic and Cenozoic sediments (Hanžl et 
al. 2020). The Tugrug basin in the Gobi-Altai 
region of western Mongolia includes Mesozoic 
basins, normal faults, extensional growth strata, 
and partially inverted grabens (Johnson et al. 
2015). The overall subsurface structure of the 
East Gobi basin reflects the Jurassic–Cretaceous 
intracontinental rift evolution through deposition 
of distinct stratigraphic sequences. Three major 
NE-SW-oriented fault zones divide the basin of 
Gobi into the following areas: i) North 
Zuunbayan strike-slip fault zone; ii) Unegt 
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subbasin; iii) Zuunbayan subbasin (Johnson, 
2004). The volcanic rocks of Mesozoic-
Cenozoic age are distributed over Mongolia. 
Mesozoic volcanism in Mongolia is mainly 
emplaced during the late Jurassic-early 
Cretaceous. Late Cretaceous volcanism is 
mainly concentrated in East and South 
Mongolia.  
The continental deposits of the Mesozoic Era 
(Triassic (T), Jurassic (J), Cretaceous (C)) are 
widespread in Mongolia. The spatial difference 
in the distribution of these rocks can be 
illustrated by the dominating sedimentary 
complexes in the west and volcanic rocks in the 
east of the country. The Lower Triassic marine 
clastic rocks are recorded only in the NE of the 
country (Khentii Mountains). In contrast, the 
youngest rock complexes are presented by the 
Neogene (N) and Quaternary (Q) by the basalts 
and loose sediments (clay, sand, gravel).  

 
METHODS AND MATERIALS  

In this article, an integrated method combining 
several technical cartographic tools is proposed 
for complex geological, topographic and 
geophysical mapping of Mongolia. The 
integration of multi-source data for the analysis 
of geological data in context of regional 
topography and detecting relationships with 
satellite gravimetric data reflecting the deep 
geodynamic setting is an effective and practical 
technical tool for regional geomorphological 
and geophysical mapping. This includes 
including data capture, conversion, processing, 
representation and comprehensive geologic 
visualization for regional interpretation. 
Complex multi-source data analysis presents the 
basis for assessment of the effects of the 
geological and topographic factors on the 
variations in the geophysical phenomena, such 
as Earth’s gravity. Specifically, the gravitational 
effect of an Earth approximating ellipsoid is 
reflected in the satellite altimetry measurements, 
which well correlate with gravity anomalies 
caused by the deficit of the topographic masses 
in the depressions and the increase of the land 
masses in the mountain areas. The examples of 
such integrated approaches exist (Badarch et al. 
2002; Badarch and Tomurtogoo, 2001; Yu et al. 
2019).  

Following the proposed approaches, this study 
adopts several datasets and technical tools for 
integrated mapping of Mongolia. Specifically, 
the GMT scripting toolset was used for 
topographic and geophysical mapping, Quantum 
GIS for geological mapping and libraries of R 
programming language for geomorphometric 
algorithm of terrain data modeling. The details 
of the techniques are explained in the respective 
sections below with examples of codes and 
scripts provided.  
The procedure of computing the 
geomorphological models consisted of two 
steps: (i) data capture and processing by the R 
library using embedded algorithms for slope, 
aspect, elevation and hill shade modeling (based 
on topographic DEM of Mongolia) from the 
heights grid; and (ii) visual representation of the 
geomorphometric parameters of Mongolia with 
statistical histograms of frequency of data 
distribution for the region of the study area by 
appying the ‘tmap’ library (map are shown in 
Fig. 6-9). 
 

Data 
For topographic mapping (Fig. 1), this research 
used dataset from the General Bathymetric 
Chart of the Oceans (GEBCO) in which 
topographic and bathymetric coverage of the 
Earth is estimated using international 
cooperation by remote sensing measurements 
which resulted in high-resolution (15 arc-
second, ca. 450 km) global grid (Schenke, 
2016). To extract values for Mongolia from 
GEBCO, the ‘clip’ module of GMT was applied 
and used by the coordinates. The gravity grid 
has been mapped based on satellite derived data 
(Sandwell et al. 2014). The accuracy of the 
SRTM data is 90 m, while the accuracy of the 
GEBCO is 15 arc second. 
The Faye's gravity anomaly presents the free-air 
anomaly adjusted by the terrain correction. 
Computing the Faye's anomaly grid is necessary 
for modeling gravity anomaly data since it 
relates to the topographically corrected gravity 
anomalies restored by the Bouguer effect. 
Hence, the topography corrected anomaly with 
the considered effect of a Bouguer slab 
computed the Faye's anomaly. 
The geological analysis of data derived from the 
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USGS Geological Survey shows that the region 
of Mongolia includes all age complexes of 
rocks. The ages of the outcrops include the 
range starting from the Precambrian units until 
the Quaternary constituting the geological 
structure of the country. The oldest complexes 
are common in all fold systems of Mongolia and 
are presented by the late Caledonian orogeny 
from the Ordovician to Early Devonian episodic 
phases of mountain building, and the Hercynian 
orogeny from the Late Paleozoic. 
The oldest complexes are represented by altered 
metamorphic rocks presented in two major 
complexes of Mongolia: i) dominating gneiss, 
marbles and amphibolite metamorphic rocks; 
and ii) dominating carbonate and quartzites. 
Comparing spatial differences in the geology of 
Mongolia, the ancient rock complexes are 
mostly distributed in the western half of the 
country, while Quaternary sediments mostly 

dominate in the east. 
The Gobi Desert, located in the southern region 
of the country, is presented by the zone of the 
South Mongolian Hercynides, eugeosyncline 
complexes of the Silurian (S) and Devonian (D) 
and Carboniferous (C) age are developed. These 
complexes are marked by the very thick deposits 
of sediment from the former marine zone of the 
Paleozoic in which the products of volcanic 
activity are associated with clastic sediments. 
These include the greenstone volcanics of 
various composits, jasper, schist and greywacke 
formations. 
The Khangai and Khentii Mountains, located in 
the Central and NE regions of Mongolia are 
formed by the structures composed of 
geosyncline Devonian and Carboniferous 
siliceous terrigenous and shale complexes. The 
Paleozoic orogenic marine and continental 
formations of the Hercynides are represented by 

Methodological step Example of the technical GMT code command and brief       
explanation 

 Module 

The topographic GEBCO grid (Fig. 1) 
was visualized. It is referred to raster 
data type. Here, the study area of 
Mongolia has been excluded from the 
global grid. 

‘gmt grdcut GEBCO_2019.nc -R87.5/120/41.5/52.5 -
Gmn_relief.nc’. Here -R means coordinates in WESN           
convention (87.5°/120°/41.5°/52.5°). 

grdcut 

The data inspection was performed to 
analyze the extend of the topographic 
heights (minimum-maximum). 

‘gdalinfo -stats mn_relief.nc’. The received information 
(Minimum=-155.000, Maximum=4848.000, Mean=1319.129, 
StdDev=571.535) was used for preparing color table palette. 
The same was repeated for the gravity grid: ‘gdalinfo -stats 
mn_grav.nc’. 

GDAL utility 
gdalinfo 

The area was selected (clipped) from 
the neighboring territories. 

‘gmt psclip -R87.5/120/41.5/52.5 -JM6.5i Mongolia.txt -O -K 
>> $ps’. Here the ‘Mongolia.txt’ file signifies the borders of the 
country from the Digital Chart of the World (DCW) layer of the 
Mongolian map. The ‘-JM6.5i’ means the Mercator projection 
and 6.5 inches of the map dimension. 

psclip 

The insert map was added in right 
lower corner (Fig. 1). 

‘gmt psbasemap -R -J -O -K -DjBR+w3.0c+o-0.2c/-0.2c+stmp 
>> $ps’. The ‘-R -J’ means the previously defined map         
projection and extent (here: -R87.5/120/41.5/52.5 -JM6.5i). 

psbasemap 

The file conversion was performed for 
the gravity grids of Mongolia (Fig. 4 
and 5). 

‘gmt img2grd grav_27.1.img -R87.5/120/41.5/52.5 -Ggrav.grd -
T1 -I1 -E -S0.1 -V’. 

img2grd 

The study area was trimmed. ‘gmt grdcut grav.grd -R87.5/120/41.5/52.5 -Gmn_grav.nc’. grdcut 

The files were visualized on a screen 
of the scripting toolset. 

‘gmt grdimage mn_grav.nc -Cpauline.cpt -R87.5/120/41.5/52.5 -
JM6.5i -I+a15+ne0.75 -t100 -Xc -P -K > $ps’ 

grdimage 

Necessary cartographic elements were 
added by the additional functions and 
modules of GMT. 

‘gmt psscale -Dg87.2/39.6+w16.5c/0.15i+h+o0.3/0i+ml+e -R -J 
-Cpauline.cpt -Bg20f2a20+l"Colormap: 'jet' <...>)"  -I0.2 -
By+lm -O -K >> $ps’. Here, given the example of the placed 
legend. 

psscale 

Table 1. Methodological workflow in GMT  
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a variety of clastic and volcanic rocks of the 
Upper Carboniferous and Permian episodes. 
 

Mapping by QGIS  
In this research section, the QuantumGIS 
(QGIS.org, 2021) was used for mapping Fig. 2 
and 3. Here the geologic data (units and 
provinces) on Mongolia have been visualized by 
using the USGS vector input data in the ArcGIS 
shape format (.shp) and the key categorical 
values on units and provinces were mapped by 
the Layout Manager using attributes values of 
the key columns of the geological data. The 
outputs are presented in Fig. 2 and 3. 
 

Mapping by GMT  
The topographic and geophysical mapping and 
analysis was carried out using the Generic 
Mapping Tools (GMT) cartographic scripting 
toolset manufactured by Wessel et al. (2019). 
Each line of the code performed using specific 
modules of GMT produces an element plotted 
on the map: colored cover image, placed and 
adjusted legend, text annotations, modeled 
isolines and contours, riverine network, etc. To 
map the topographic and geophysical maps of 
Mongolia using the proposed GMT 
methodology in modular console-based 
structure, separate modules of GMT have been 
used in this analysis for stepwise cartographic 
visualization and data representation, explained 
in details in Table 1 below.  
Similar logic as demonstrated in the Table 1 has 

been applied for mapping Fig. 1, 4 and 5 for 
topographic and geophysical data of Mongolia. 
 

Mapping by R  
Programming by Python and R is the most 
common approach used in data sciences 
(Casanova-Arenillas et al. 2020; Gao et al. 
2021). However, the application of R 
programming (R Core Team, 2020) as applied 
scripting is possible for geomorphologic data 
visualization using special cartographic R 
packages: ‘tmap’ (Tennekes, 2012) and 
‘raster’ (Hijmans and van Etten, 2012). The data 
representation has been performed using 
RStudio environment (RStudio Team, 2017). 
The analysis of the geodata by R is summarized 
and presented in Table 2 with some technical 
methodological comments and explanations. 
The method has been developed using a 
combination of the two libraries of R, the ‘tmap’ 
and the ‘raster’. The method consists in the semi
-automatic geomorphometric model and data 
extraction from SRTM-90 DEM, which is based 
on the two main processes: i) modeling slope, 
raster, elevation and hillshade by 'raster' 
package; ii) cartographic adjustments by ‘tmap’ 
package.  
After the models were received, the models 
were visualized using cartographic package 
‘tmap’ which consists of the combination of 
codes and functions. That means, every 
cartographic element has been defined using the 
functionality of the package. The general 

Methodological step Technical R code command and comment  Function 

The data have been captured. alt = getData("alt", country = "Mongolia", path = tempdir()) getData 

Modeling of slope and aspect has 
been performed by embedded algo-
rithm. 

slope = terrain(alt, opt = "slope"). Here the algorithms was    
repeated for the aspect with replaced word ‘aspect’. 

terrain 

The hill shade was modeled hill = hillShade(slope, aspect, angle = 40, direction = 270). hillShade 

Selecting plotting mode. Before the processing, the plotting mode was set up: tmap_mode
("plot"). 

mode 

Examining color palette The color palette was explored using the following function: 
tmaptools::palette_explorer(). 

tmaptools 

Plotting graticule on the maps ‘tm_graticules(ticks = T, lines = T, labels.rot = c(15, 15), col = 
"azure3", lwd = 1, labels.size = 1.0). 

tm_graticules 

Plotting compass on the maps tm_compass(type = "radar", position=c("right", "top"), size = 
8.0) 

tm_compass 

Table 2. Methodological workflow in R language  
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scheme of coding consists in the following 
structure: map1 <- tmap_style("beaver") + 
tm_shape(slope, name = "Slope", title = 
"Slope") +  tm_raster() + tm_scale_bar().  
Each function was then adjusted using its 
special syntax which is filled in the brackets. 
The same procedure has been repeated for the 
Fig. 6-9. The resulting outputs are presented in 
the respective maps showing SRTM-90 DEM 
based geomorphometric modeling (slope, 
aspect, elevation and hillshade) of the 
topographic terrain relief of Mongolia.  
 

RESULTS 
Fig. 1 shows the relief of Mongolia which 
presents a plateau with elevated plain at an 
altitude of 571-1320 m above sea level 
according to the GEBCO grid. The inspection of 
the grid gives the following results of the 
topography of Mongolia: data range from 

minimum of -155.0 m to a maximum of 4848.0 
m with mean at 1319.129 m and standard 
deviation (StdDev) at 571.535 m. The 
topography presents a slightly dissected, 
partially flat surface terrain, separated from the 
adjacent regions.  
Fig. 2 illustrates the disposition of the general 
geologic provinces of Mongolia. The Mongol-
Okhotsk Fold Belt (dark blue color in Fig. 2) has 
a dominating place in the geology of Mongolia 
controlling its evolution. The Mongol-Okhotsk 
Fold Belt was formed in the Late Proterozoic 
period (Riphean-Vend) and then continued 
developing in the Paleozoic. The Mongol-
Okhotsk Fold Belt presents a collision nappe-
fold geologic structure, complicated by the 
intercontinental rifts.  
Another notable structure is presented by the 
Altay–Sayan Fold Belt (cyan color in Fig. 2) 
extending in the south-western region of the 

Fig. 2. Geologic provinces of Mongolia. Data: USGS geological survey. Mapping: QGIS. Source: author.  
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country. The Alashan-Yinshan fold and thrust 
belt is located in the south of the country 
stretching further to northern China to Yinshan 
Da and Xiao Hingganling Uplift in the south-
east of the country which corresponds to the 
Lesser Khingan mountain range in the NE 
section of the Heilongjiang province, NE China. 
The variability of the geologic provinces, their 
complex disposition and overlapping reflect the 
geologic evolution of Mongolia. 
Fig. 3 shows the geologic units of Mongolia 

where the complexity and a variety of various 
units and outcrops are visible. Among others, 
the units include the following most important 
geological structures in Mongolia: Ordovician 
Cambrian (CmO), Carboniferous (C), Cambrian 
(Cm), Devonian (D), Jurassic (J),  Jurassic 
Cretaceous (JK), Cretaceous (K), Triassic (Tr), 
Tertiary (T), Quaternary (Q), Permian (P), 
Paleozoic (PZ). The variability of geometry in 
the outcrops as well as folds and faults within 
the region of Mongolia and the distribution of 

Fig. 3. Geologic units of Mongolia. Data: USGS geological survey. The geological map covers the whole area of 
Mongolia and encompasses the landscapes within the Central Asian fold belt, formed by a complex mixture of all age 
complexes of rocks, from the Precambrian undifferentiated up to Cenozoic blocks formed the geological structure of 
Mongolia. The modern geologic units have following major elements: 1) Paleozoic highlands form elevated blocks 
represented by lower (Cambrian, Cm) in south-west and central Mongolia, Ordovician (O), Silurian (S), Devonian 
and Carboniferous (D, C), Permian (P); 2) Mesozoic hill areas of country in the north (M) with the differentiated 
Triassic (Tr) and Jurassic (J) outcrops in rugged, dissected landscapes and Cretaceous (K); 3) The eastern area of 
Gobi Desert is characterized by the Cenozoic (Paleogene, Pg) complexes which are present along much of the eastern 
region. (3) Extensive highland areas infilled with late Paleozoic (Carboniferous and Permian, CP) sediments include 
the Khentii Mountains (orange colors). The Devonian (D) complexes are notable in the west of the country in the 
Altai Mountains (ocher color). W, SW and central regions are presented by Quaternary (Q) basalt fields forming 
gently rolling surfaces. Mapping: QGIS. Source: author.  
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various units showing sediments of different 
ages suggest that the initially formed basin have 
been transpressionally developed by faulting.  
Fig. 4 demonstrates the free-air gravity anomaly 
of Mongolia in Faye’s reduction. The terrain 
corrections for gravity data were included in the 
original dataset by the altimetry data from 
DEM. These consider the gravitational effect of 
the topography above m.s.l. near the estimating 
point. The terrain corrections are calculated in 
the free-air anomalies to obtain the 
topographically corrected anomaly data in the 
original dataset. The gravity grid has been 
mapped based on satellite derived marine 
gravity anomaly grid (Sandwell et al. 2014)  and 
presents the high-resolution (1 arc-minute) data 
on gravity. According to the received results, 
the data range shows the following statistics: 
minimum =-233.017 mGal, maximum = 

392.418 mGal, mean = -16.450 mGal, StdDev = 
41.153 mGal.  
 

CONCLUSIONS 
The area of the modern glacier in Mt. 
Tsambagarav in the Mongolian Altai Mountain 
Range in western Mongolia is reviewed in 1977, 
1991, 2002 and 2017 using NDSI, NDPCSI and 
Landsat data. During the last 40 years the Mt. 
Tsambagarav has lost about ~52% of its modern 
glacier. The continuous trend in decrease of the 
modern glacier in Mt. Tsambagarav over the last 
seven decades coincided with those resulted 
from high mountains in the Mongolian Altai, 
which may have been related to impact of global 
warming. For further estimation of the impact of 
climate change on the modern glaciers, detailed 
field survey and geochronological analysis are 
required to check the spatial analysis presented 

Fig. 4. Free-air gravity anomaly (Faye’s corrections) over the region of Mongolia (41.5°N to 52.5°N to 87.5°E to 
120°E) demonstrates the strength of the Earth’s gravity minus the gravitational effect of an Earth approximating 
ellipsoid and the effect of topography relative to the topographic elevations at each pixel of the grid according to the 
resolution (1 arc-minute grid, based on the EGM-2008 dataset). Mapping: GMT. Source: author.  
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in this study. Such work allows us to gain the 
complete understanding of response of the 
modern glacier in the high mountains of 
Mongolia to the climate and other controlling 
drivers. 
Hence, the highest values are recorded in the 
mountain uplifts and elevated surfaces of the 
Altay Mts and Hangayn Mts (over +80 mGal, 
red colors, Fig. 4). The gravity in the areas of 
Khentii Mts shown the extent between +20 to 
+60 mGal (dark yellow to orange colors in Fig. 
4). In contrast, the Uvs Nuur Lake Basin in the 
NW of the country demonstrates notable 
negative values (below -80 mGal, dark blue 
color in Fig. 4). Likewise, free-air gravity over 
the Khyargas Nuur Lake Basin shows values 
between -80 to -60 mGal (blue color, Fig. 4).  
Fig. 5 presents the model of the vertical free-air 
gravity anomaly of Mongolia. Compared to the 
free-air gravity in Faye’s reduction, the vertical 
correction of the gravity measurements gives the 
wider data range as follows: Minimum=-

275.589 mGal/m, Maximum=490.174 mGal/m, 
Mean=-0.314 mGal/m, StdDev=39.126 mGal/m. 
Vertical correction of the gravity grid presents a 
high-pass filtered version of gravity that shows 
more detailed variations in the data due to the 
amended algorithms of the geophysical data 
representation. Vertical gravity anomaly presents 
the computed normal gradient of gravity which 
shows the rate of variations in gravity along 
with change of heights, as in free air.  
Thus, vertical gradient of gravity anomaly 
shows the difference between the actual and 
normal gravity at the same point. Similar to the 
Faye’s gravity, it demonstrates the lower values 
in the major river valleys of Mongolia (Selenge, 
Kherlen, Tes and Onon) and topographic 
depressions while higher in the mountain ranges 
(over 400 mGal). In this way, the link between 
the vertical gradient of gravity anomaly and 
curvature of the geoid, is related to the vertical 
gradient of gravity anomaly which shows the 
discrepancy between the mean curvatures of 

Fig. 5. Vertical free-air gravity anomaly of Mongolia. Mapping: GMT. Source: author.  
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geoid and quasi-geoid. 
Fig. 6 displays the elevation model based on 
SRTM-90 DEM of Mongolia showing the 
diverse relief of the country. The extend of the 
topography shows strongly asymmetric 
dimensions being roughly twice as long in WE 
direction (ca. 2400 km) compared to the SN 
(ca.1260 km). A number of mountain ranges 

and ridges rise above the plateau with the 
highest (Mongolian Altai), extending in the W 
and SW of the country for a distance of ca. 900 
km. The Mongolian Altai continues further in 
the lower separated ridges of the Gobi Altai. 
The most flat areas are colored grey and can be 
visible in the NE and E of the country. While 
visualizing the detailed qualitative slope models, 

Fig. 6. Elevation model based on SRTM-90 DEM of Mongolia. Mapping: R. Source: author.  

Fig. 7. Geomorphometric model of slope of Mongolia. Mapping: R. Source: author.  
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it should be noted that even small variations in 
relief may result in strong changes of 
hydrological and soil properties which shows 
the importance of the analysis of the terrain 
dissection for geological and environmental 
analysis. Therefore, the classification of the 
slopes in Mongolia has been made for 17 
classes. 
Fig. 8 presents the results of the 
geomorphometric modeling of aspect of the 
surface terrain of Mongolia. Specifically, it 
shows the compass orientation divided generally 
for WEST convention (W-E-S-N) and then 
subdivided into the SW-SE-NW-NE (Fig. 8).  
The aspect map shows the automatically 
measured eight disposition of the aspect derived 
as the relative factor from the DEM relief, and 
the elevation–relief ratio from the elevation 
terrain map of Mongolia, to delimit land surface 
regions according to their compass orientation. 
The presented model (Fig. 8) shows a 
consequent multivariate classification of the 
slopes made by computer-based algorithm of 
'raster' package of R that considers coordinates 
of each measured point and heights in meters. 
Fig. 9 depicts the geomorphometric model of 
the hillshade over Mongolia. In addition to 
considered curvature, slope and aspect of the 
previously calculated maps (Fig. 7 and 8), this 

model applied the cartographic effects of the 
artificial light sources that creates an effective 
visualization of the terrain of Mongolia that may 
be applied for further data representation and 
geomorphological analysis.  
Thus, the conceptual hillshade classes implicitly 
reference the slope gradient and relative aspect 
position of the surface terrain resulting in 
mapped topographic sequence originally derived 
from the SRTM-90 DEM of Mongolia.   
 

DISCUSSION 
Based on the integrated data analysis using the 
advanced cartographic solutions of GMT, R and 
QGIS and high-resolution datasets, a correlation 
between the topographic, geological and 
geophysical setting in Mongolia has been 
identified. The highest values in the free-air 
gravity in Faye’s reduction on Mongolia 
correspond to the mountain ranges that occurred 
in the region of Altai Mountains and Khangai 
Mountains (<80 mGal) and high values 
correspond to the Khentii Mountains (20 to 60 
mGal). On the contrary, the basins of the Uvs 
Nuur and Khyargas Nuur demonstrate negative 
values (-80 mGal and below). The NE- to NNE-
oriented faulting and rift basins are clearly 
visible both in the geophysical grids and on the 
geologic maps.  

Fig. 8. Geomorphometric model of aspect of Mongolia. Mapping: R. Source: author.  
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The geomorphometric analysis performed based 
on the SRTM-90 DEM of Mongolia using R 
scripting demonstrated (1) slope, (2) aspect and 
(3) hillshade and (4) elevation models of 
Mongolia supported by the histograms of data 
distribution and frequency. Good agreement 
between the estimated geomorphological 
landforms distribution over the country and the 
presented geophysical, geologic and 
topographic maps suggests that the complex 
data analysis using thematic data on geology, 
topography, geomorphometry and gravity can be 
used as an indicator in geophysical analysis for 
estimation of the gravity anomalies distribution 
over the country that depend on the rock mass 
density, geologic and tectonic setting of the 
region and ultimately reflected in the current 
topographic shape of the relief. 
 

CONCLUSION 
Nowadays, adopting automatization in mapping 
and cartographic data representation algorithms 
such as machine based vectorization and 
digitizing, automatic cross-sectioning, computer
-based classification and other methods have 
become the most advanced and effective 
approaches to data modeling and visualization 
(Roberts and Cunningham, 2008; Schenke and 
Lemenkova, 2008). The importance of the 

cartographic data representation is well 
formulated (Dobson, 1992b) as a concept of 
spatial logic which focuses on morphology, 
spatial distribution, and association of earth 
processes by visualizing the relations between 
the geological and geographical phenomena. 
Moreover, using comprehensive geologic data  
available today, the contemporary knowledge 
about individual Earth processes can be refined 
and detailed through the synthesis and 
processing of geo-information by spatial 
visualization. 
In this article, an example of such automated 
machine-based cartographic approach was 
demonstrated with a case study of geologic-
geophysical studies of Mongolia. The paper 
presented plotted series of the thematic maps 
using both scripting console-based mapping and 
traditional GIS-based mapping. The proposed 
cartographic method is based on the 
combination of QGIS, 'raster' and 'tmap' 
packages of R language and GMT scripting 
toolset for thematic mapping of Mongolia. 
The methodology was applied to GEBCO 
topographic data, gravity grids derived from the 
CryoSat-2 and Jason-1 satellite measurements as 
raster grids, USGS geological data, DEM SRTM
-90 geomorphological data in the three test 
approaches for the topographic, geophysical, 

Fig. 9. Geomorphometric model of hillshade of Mongolia. Mapping: R. Source: author.   
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geological and geomorphometric mapping of 
Mongolia, respectively. The main geological 
settings of Mongolia, including all the four 
types (geologic, geophysical, topographic and 
geomorphometric), were successfully extracted 
from the processed raster grids and auxiliary 
vector data (DCW clip area) and visualized on 
the maps. The results are presenting a series of 
the nine (9) new maps, made the first time for 
Mongolia using integrated machine learning 
cartographic approach of GMT, R and QGIS. 
The applicability of the presented integrated 
multi-tool mapping achieved through the 
application of three methodologically different 
software resulted in the compatible map series 
in terms of projection, visualization and map 
extent which enabled to perform evaluation and 
overlay of the maps. The maps have been 
composed in GMT, R and QGIS using identical 
or similar cartographic layout composition and 
orientation to achieve cartographic agreement 
and edited using similar formatting, 
cartographic attributes and graphical elements 
topology. As a note for the future research, main 
difficulties that can be encountered in the 
application of the proposed methodology, may 
consist in the syntax of GMT or R, as well as 
some issues of data collection, conversion and 
processing by the three programs. As an advice 
for further development of this or similar work, 
the next steps may include other datasets 
available from the fieldwork and applying 
lithological data for regional analysis of 
Mongolia.  
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