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Integrated mapping is essential in geological studies to assess risks of earthquake hazards. Cartographic tech-
nigues have become a commonplace approach to visualizing data in the continuous geologic and geophysical
fields. However, traditional GIS mapping is a manual process with a time-consuming workflow that can lead to
mistakes and misinterpretation of data. This study applied two mapping approaches to address this problem:
Generic Mapping Tools (GMT) used for automated cartographic workflow employing scripts and QGIS used for
traditional geologic mapping. The study area includes Ethiopia, notable for its complex geologic setting. The
study aimed to analyse the relationships between the geophysical, geological, topographic and seismic setting
of the country by presenting six new thematic maps:

1 topography based on the GEBCO/SRTM15+ high-resolution grid;

2 geological units with consistent lithology and age from the USGS database;

3 geological provinces with major Amhara Plateau and Somali Province using USGS data;

4 geoid based on the Earth Gravitational Model 2008 (EGM-2008) grid;

5 free-air gravity anomaly model using satellite-based remote sensing data;

6 seismicity showing earthquakes and volcanos from 05/03/1990 to 27/11/2020.

The comparison of the topography, seismicity, geophysics and surface geology of the Afar Depression and the
Great Rift Valley was based partly on extant literature on the geologic setting of Ethiopia which primarily focus-
es upon discussing tectonic processes that took place in the East African Rift System in the past. The current
study contributes to the previous research and increases cartographic data on the geology and geophysics of

Ethiopia. The outcomes can be implemented in similar regional projects in Ethiopia for geophysical and geo-
logical monitoring.
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Introduction

Geological and geophysical processes affect regional
seismicity and geomorphologic structure. However,
the geodynamic behaviour of the Earth makes these
processes more sophisticated. For instance, gravity
couples to thermally induced density contrast in the
mantle of the Earth which results in increased stress.
In turn, imposed stress and consequent deformation
of solid rock affect rock rheology. Visualizing complex
geologic phenomena requires advanced methods of
cartographic visualization, such as integrated mapping.
Integrated mapping is crucial to geological mapping
in the following aspects. First, it enables visualization
of the multi-source datasets (geologic, geophysical,
topographic and seismic data from different origins).
Second, it allows processing data from various open
repositories linking maps from a thematic series into
a geographic entity across the study area. Data with
various origin and resolution (GEBCO, EGM-2008, geo-
logical vector layers, geophysical raster layers) can be
mapped using various cartographic techniques (Bal-
estro & Piana, 2007; Lemenkova, 2020a, 2020b; Karam
et al., 2011; Suetova et al., 2005; Schenke & Lemenko-
va, 2008; Gauger et al., 2007; Pulsifer et al., 2008; Lindh
& Lemenkova, 2021).

For applications of the integrated mapping, each da-
taset (geophysical, topographic, geologic, tectonic) is
generalized for use at a particular extent and spatial
scales. For instance, clipping the area, set up of coor-
dinate projection and resolution of the graphics (300
or 600 dpi in TIFF or other formats). The solution of
complex data processing by a multi-tool cartograph-
ic approach combines various software and transfer
data to different tools for an optimized workflow. Such
a decision promises tighter integration of the geolog-
ic, geophysical and topographic data, better processed
using a format-specific software where ArcGIS-native
.shp files are processed by the QGIS, while .ngdc for-
mat of earthquakes tabular data is processed in a Ge-
neric Mapping Tool (GMT). Since each cartographic tool
has a specific layout design, this necessarily requires
its adjustment in a map series. It can be an identical
coordinate extent or a projection defined for all the
maps. Nevertheless, the integration of various tools for
complex mapping presents a new cartographic func-
tionality aimed to improve the existing GIS approaches
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through more flexible mapping techniques (Desalegn &
Mulu, 2021; Bagyaraj et al., 2019; Klauco et al., 20133,
2013b; Ahmad et al., 2020).

This study demonstrated the implementation of such
an integrated mapping which applies both traditional
GIS and scripting GMT techniques. lts advantage con-
sists in flexibility of the workflow for geologic mapping
of Ethiopia. This research aims to assess the variations
in geophysical, seismic, and geologic parameters and
analyses the correlation between these phenomena
with the country’s topography. It was achieved through
the integrated cartographic approach which combined
GMT scripting methods and QGIS for modeling and
visualization of the high-resolution data. Using both
methods, this paper provides examples of integrated
data processing, visualization and mapping for two dif-
ferent modes: (1) GMT used to plot geophysical, seismic
and topographic data; (2) QGIS used for assessment of
geologic setting using USGS datasets, and descriptive
geologic analysis from published literature. This result-
ed in a series of new maps of Ethiopia, which can help
better understand this region’s complex relationships
of geologic, topographic, and geophysical settings. The
advantage of the traditional GIS is that it is easy to use
and does not require advanced programming knowl-
edge necessary to write scripts. However, in contrast to
the traditional GIS, GMT is a tool that saves time when
plotting geospatial data, helping to ensure reproducibil-
ity of maps for cartographic analyses, while tradition-
al mapping is a time-consuming routine that cannot
be easily reproduced. By saving time of data analysis
through automation, GMT provides a more systemat-
ic and fast mapping workflow, minimizing the risk of
cartographic errors. Thus, it constitutes an advanced
tool that can be incorporated into geologic studies with
mapping needs.

Materials and methods

Study area

Ethiopia (33°E-48°E, 3°N-15°N) is known above
all for its contrasting topography (Fig. 1) shaped by
complex geologic processes and tectonic influence of
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active East African Rift continental rift zone. The ge-
ology of Ethiopia was outlined previously in studies
on tectonics, petrology, geochemistry and volcanism
(Gass, 1970; Hutchinson & Engels, 1970; George et al.,
1998; Hagos et al., 2016; Hunt et al., 2020; Bosworth,
1992, 1994). The most prominent geologic objects of
the country include the Ethiopian Highlands and the
Afar Depression presenting a notable, morphological-
ly contrasting part of its topography.

Fig. 1. Topographic map of the study area. Mapping: GMT
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The formation of the Afar Triple Junction dates back
to the Early Miocene (23-25 M). At the same time, the
individualization of spreading axes where new oceanic
crust is generated is recent, i.e., less than 1.3 M. (Bar-
beri & Varet, 1978). Major geologic forces of its for-
mation include the complex tectonic-rift interactions.
Specifically, it concerns the convergence between the
Nubian, Somalian and Arabian Plates along the Zagros
fold and thrust belt, and the uplift of the Afar Dome
(Corti et al., 2015). The combination of these forces in-
creased by rising mantle plume resulted in a break up
of the Arabian—Nubian Shield (Beyene & Abdelsalam,
2005). As a result, the Afar Depression presents a junc-
tion area of the three large tectonic structures: the Red
Sea, Gulf of Aden, and East African Rift System (Tazieff
& Varet, 1971). The triple-spreading ridges of the Red
Sea and the Gulf of Aden show up on land and connect
with the East African Rift near Lake Abbe (Fig. 7).

2022/78/1

The Afar Triangle is the only place on Earth where an
oceanic rift develops within a continent. It presents an
active tectonic area where the crust is slowly drifting
apart, which results in a recurring sequence of repet-
itive earthquakes with long deep fissures in the ter-
rain, and the valley floor sinking in the Afar Depression
(Wright et al., 2006). The new igneous crust under Afar
has been generated during the early development of
the Red Sea basin at magmatic rift zones (Mohr, 1989).
The evolution and nature of the faulting, analysis of
the distribution and ages of volcanoes (Barberi et al.,
1972), comparison of seismic and gravity data indicate
that the eastern rift lies along a zone of the progres-
sive crustal thinning with local crustal disruption (Bak-
er et al,, 1972). As a result, thinned continental crust
is absent beneath the Afar Depression except for the
Danakil Block.

As a result of unique tectonic processes, the Afar De-
pression is notable for active tectonic elements, such
as spreading segments, volcanoes crossing regional
faults with transverse structures, numerous NNW-ori-
ented normal faults, and multiple geothermal sites
(Varet & Gardo, 2020; Varet, 2020). Two essential ac-
tive volcanic chains include Erta’Ale Range and Alayta
Range (Barberi et al,, 1970). Afar's dynamic seismic
events were recorded in late 2005 when 15 earth-
quakes greater than M5 and a small volcanic explosive
eruption occurred within the Afar Rift at the Dabbahu
volcano and Erta Ale volcanoes (Ayele et al., 2007).

Data and software

The study uses General Bathymetric Chart of the
Oceans (GEBCO) data as a basis for topographic map-
ping (Fig. 7). GEBCO has been developed and main-
tained by the International Committee as an initiative
for precise topographic mapping of the Earth with un-
precedentedly high resolution (Schenke, 2016; GEBCO
Compilation Group 2020). Complex aspects of bathy-
metric mapping by GEBCO are discussed regarding
its quality, spatial resolution and precision compared
with other topographic grids, e.g. ETOPO1 (Lemenko-
va, 2020c, 2020d, 2020e).

The geoid visualization (Fig. 4) is based on the Earth
Gravitational Model 2008 (EGM2008) dataset (Pav-
lis et al., 2012). The geologic data (Figs. 2 and 3) are
retrieved from the USGS (Pollastro et al., 1999). The
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marine free-air gravity grid was based on satellite re-
mote sensing data (Sandwell & Smith, 1997; Sandwell
et al., 2014). Two leading software tools have been
used for cartographic visualization and data process-
ing: 1) Generic Mapping Tools (GMT) scripting toolset
version 6.1.1. (Wessel et al. 2019); and 2) QGIS version
3.16 (QGIS.org, 2021).

Cartographic visualization

The GMT-based mapping (Figs. 1, 4, 5, and é) was per-
formed using the scripting approach. The GMT-based
maps were compiled using a combination of GMT
modules used to plot every cartographic element
by the lines of code. For example, the topograph-
ic mapping (Fig. 1) utilised ‘grdimage’ module in the
following code: ‘gmt grdimage et_relief.nc -Cpauline.
cpt -R33/48/3/15 -IMb.5i -l+a15+ne0.75 -t60 -Xc -P -K
> $ps’. The study area was then clipped using the
‘psclip” GMT module in the following code: ‘gmt
psclip -R33/48/3/15 -JMé.5i Ethiopia.txt -0 -K >> $ps’.
The color palette was selected as ‘world’ and applied the
following code with the *-T-3481/4326" showing actu-
al elevation range: ‘gmt makecpt -Cworld.cpt -V -T-
3481/4326 > pauline.cpt’.

The visualization of the geoid (Fig. 4) was carried out
using the two files in the original adf format, a raster
data format that stores spatial data as a binary grid of
rows and columns of cells that comprise together the
total grid. These files were converted to the GMT format
using the code ‘gmt grdconvert n00e00/w001001.adf
geoid_lQ.grd’" and ‘gmt grdconvert n00e45/w001001.
adf geoid_IR.grd'. Afterwards, the images were inspect-
ed using gdal ‘gdalinfo geoid_IR.grd -stats’ to check
the data range. The color palette was generated using
the expression ‘gmt makecpt -Chaxby -T-50/10/1 >
colors.cpt’. The coloring was applied using the follow-
ing scheme: ‘gmt grdimage geoid_IR.grd -Ccolors.cpt
-R33/48/3/15 -JMb.5i -P - Xc -K > $ps’.

Because the initial map has not supplied with con-
tours and could therefore not be readily analyzed,
plotting isolines for a better reading of values was
performed using the code ‘gmt grdcontour geoid_
IR.grd -R -J -C1 -A1+f9p,25,black -Wthinner,dimgray
-0 -K >> $ps’. Adding cartographic legend was done
by the code ‘gmt psscale -Dg33.0/2+w16.0c/0.15i+
h+00.3/0i+ml -R -J -Ccolors.cpt -Bgbflal0+l"Color
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scale: haxby for geoid and gravity [R=-107/23/1,
C=RGBJ" -10.2 -By+lm -0 -K >> $ps’. The initial file gen-
erated by GMT was in a PostScript format. Therefore,
to put the file into a known acceptable format, it was
converted using the code ‘gmt psconvert Geoid_ET.ps
-A0.5¢c -E720 -Tj -Z".

Mapping gravity (Fig. 5) was performed us-
ing the code ‘gmt grdimage et_grav.nc -Ccolors.
cpt -R33/48/3/15 -JM6.5i -1+a15+ne0.75 -Xc -K > $ps’.
The geological lines and points in the map of seismicity
(Fig. 6) were added using the ‘psxy’ module: ‘gmt psxy
-R -J volcanoes.gmt -St0.4c -Gred -Wthinnest -0 -K
>> $ps’. The earthquakes were added using the code
‘gmt psxy -R -J quakes_ET.ngdc -Wfaint -i4,3,6,6s0.1
-h3 -Scc -Csteps.cpt -0 -K >> $ps’, where the
-i4,3,6,6s0.1" flag generates the points of the earth-
quakes using the table values of earthquake magni-
tude, depth and coordinates.

Several variables related to the tectonic setting of
Ethiopia were visualized by GMT, for instance, tecton-
ic plates boundaries were added using the following
code ‘gmt psxy -R -J TP_Arabian.txt -L - Wthicker,pur-
ple -0 -K >> $ps’. The ridges were added using the
code: ‘gmt psxy -R -J ridge.gmt -Sf0.5¢/0.15¢c+l+t -W
thin,red -Gyellow -0 -K >> $ps’. The geologic mapping
(Figs. 2 and 3) were performed using QGIS software.
The geologic units (Fig. 2) and provinces (Fig. 3) were
visualized using standard cartographic tools: Layer
Managements and Layout Manager. The background
map is presented by the OpenStreetMap layer con-
nected via the Web/QuickMapServices plugin of QGIS.

Results and discussion

Topographic mapping

A complex and highly contrasting relief of Ethiopia
formed due to the geologic evolution, and tectonic pro-
cesses present the topographic heterogeneity. Thus,
according to the GEBCO/SRTM15+ remote sensing data
inspected by GDAL, the country's topography varies
from =3.481 km (Gulf of Aden) to 4.326 km in the Ethio-
pian Highlands. The most critical factors that sculptured
such a diverse modern topographic shape of Ethiopia
include the formation of the East African Rift and the
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Afar Triple Junction, as well as the opening of the Red
Sea as a result of the lithospheric plate movements,
volcanic activity, and rifting (Bosworth, 2015; Chorow-
icz, 2005). Besides, tectonic and climate processes also
largely control sedimentation patterns and surface ge-
ology, as discussed in previous papers (Cerling & Pow-
ers, 1977; Gohl et al,, 2006a, 2006b; Ali Kassim et al,,
2002). In turn, the topographic variability of the country
creates excellent conditions for the formation of diverse
local habitats providing environmental conditions for a
variety of species during climate extremes. The topo-
graphic map of Ethiopia (Fig. 1) was visualized both for
the geological comparison (Figs. 2 and 3) and for the
interpretation of the geophysical setting (Figs. 4, 5, and
6) based on its present geomorphological features.

Fig. 2. Geologic units in Ethiopia. Mapping: QGIS

Source: author

the Afar Depression, which corresponds to the previous
findings (Kalb, 1978) and shows remains of the volcanic
features preserved on the Somali Plateau and the area
east of the Great Rift Valley (compare Figs. 1 and 2). The

2022/78/1

Geologic mapping

The geological structure of Ethiopia (Fig. 2) has been
strongly affected by rifting and volcanic processes,
as shown in Fig. 6, reflected in the geomorphologi-
cal structure and topography of the country. The most
prominent geologic units include the outcrops and
facies of the Cretaceous Jurassic (KJ), Jurassic (J),
and Cretaceous (K), among others. The Quaternary
(Q), Quaternary eolian/aeolian (Qe), and Tertiary in-
trusives (Ti) environments are primarily found in the
Afar (Fig. 2). Other significant outcrops include the ba-
saltic rocks of early Tertiary (T), corresponding to the
Somali Plateau and Ogaden Desert in NE Ethiopia.

The volcanic activity of the Quaternary age occurred
in the eastern part of the country (Fig. 2), including

— 1N Legend

Basemap: OSM
Hillshade: GEBCO
Geologic Units
Data: USGS

EH

tectonic evolution of the rift valley has about east-west di-
rection, as also reported in previous studies (Le Pichon &
Francheteau, 1978). The Tertiary intrusives (Ti) and flood
basalts with basaltic and felsic volcanic rocks are the
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dominating geologic units in the country’s west, covering
a significant part of the Ethiopian Highlands (Fig. 2). The
Precambrian and Cambrian undifferentiated units (pCm)
are found in the southern regions of the country (Fig. 2).
The geologic provinces (Fig. 3) show the general divi-
sion of the country into two large units: the Amhara Pla-
teau (slate blue colour) and the Somali Plateau (bisque

Fig. 3. Geologic provinces in Ethiopia. Mapping: QGIS
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colour). The latest one is a part of the Ethiopian Plateau,
composed of the Simien Mountains National Park, Lake
Tana with Blue Nile outflows, and Omo and Mago Nation-
al Parks in the south of the country. The Gambela Nation-
al Park is predominantly located in the Sud province. The
small northern region includes the South Red Sea Shield
province boarding the Danakil Depression.

Geologic provinces in Ethiopia and surroundings
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Compared with the previous geologic maps of Ethiopia
(Kazmin 1972, 1975; Kazmin & Berhe, 1981; WoldeGa-
briel et al., 1990; Yirgu et al., 2006; Salvini et al., 2012),
this study presents the updated maps based on the de-
tailed vector data received from the USGS using QGIS.
The proposed geological maps visualized a sequence of
unites (Fig. 2) and provinces Fig. 3), as well as volcanic
activities and earthquakes using recent data from the
IRIS dataset (Fig. 6). The undulations of the geoid (Fig. 4)
and free-air gravity anomalies (Fig. 5) demonstrate

intensive gravity variations. The comparison of these
maps reveals that the geological and geophysical set-
ting of the area, in general, follows the topography that
reasonably represents the rift structural pattern, direct-
ed approximately North-East to South-West. Moreo-
ver, current maps well match the existing cartographic
works in previous studies. However, this research pro-
vides more details on Ethiopia’'s geological and geo-
physical features due to the high-resolution data and
advanced methods of mapping.
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Geophysical mapping

The geophysical fields are represented on the geoid (Fig.
4) and free-air gravity anomalies in Faye's reduction (Fig.
5). The analysis of variations in free-air gravity anoma-
lies over Ethiopia (Fig. 5) shows that the character of
upliftis similar to the topographic highs observed on the
topographic map (Fig. 7). For instance, the isolines of

Fig. 4. Geoid gravitational model of Ethiopia. Mapping: GMT
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Faye's gravity well correlate with the topographic con-
tours (Figs. 1 and 5). Hence, the geophysical mapping
(Figs. 4 and 5) presents the analysis of the correlation
between the modeled geoid and free-air gravity anom-
aly fields, with geologic, topographic, and seismic data
of Ethiopia and major geomorphological areas, such as
the Afar Depression and Ethiopian Highlands.

Geoid gravitational model of Ethiopia
World geoid image EGM2008 vertical datum 2.5 min resolution

42°E 44°E

14°N

12°N

10°N

8°N

6°N

4°N

50 -40 -30
Ema 2021 Jan 21 16:02:08

Source: author

el ¢
e | 7
3

THE GENERIC

PPING TOOLS 0 100 200

-10 0 10

Mercator projection. Scale: km




Environmental Research, Engineering and Management

The visualization of the free-air gravity anomalies in
Faye's reduction revealed an increase in values above 50
mGal (Fig. 5), with a maximum of ca. 100 mGal in the
highest peaks of the Ethiopian Highlands. This well cor-
responds to the topographic extent of the Ethiopian High-
lands. On the contrary, the lowest values, that is, below
-50 mGal, are typical for river valleys visible in the south
and on the inter-mountainous valleys of the Ethiopian
Highlands (compare Fig. 1 with Fig. 5). The analysis of
the free-air gravity anomalies suggests that the litho-
sphere beneath the Afar and Danakil depressions (which
corresponds to the areas with 0 to —25 mGal) is reduced
in density resulting in lower recorded values of gravity.
These results support previously published reports on
gravity fields in East Africa (Allan, 1970; Browne & Fair-
head, 1983) and contribute through the updated mapping
using modern tools and data.

Fig. 5. Free-air gravity anomalies over Ethiopia. Mapping: GMT
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The geoid visualized using EGM-2008 (Fig. 4) shows a
distinct trend-oriented in NW-SE direction. This well cor-
responds to the general oblique orientation of the Great
Rift Valley in Ethiopia (Mohr, 1962; Mohr & Gouin, 1976;
Abebe et al., 2005; Corti, 2008). The values here generally
decrease to the SE (=33 m) and reach the maximal NW
(=1 m) in the Ethiopian Highlands. However, the general
importance of geoid is negative, which might be, among
others, the impact of the Indian geopotential height
anomalies, which are the largest world’s negative geoid
values. In general, the geoid heights in Ethiopia tend
to increase to the inner NW regions of the country and
lower values in the SE and the Somali Plateau.

Gravity and seismic maps covering Ethiopia and sur-
rounding water areas (the Red Sea and the Gulf of Aden)
remain an essential issue in the context of geophysical

Free-air gravity anomaly for Ethiopia
Global satellite derived gravity grid (CryoSat-2 and Jason-1).
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research of Africa. The main mapping challenges as-
sociated with visualizing Ethiopia include detailed and
automated mapping using high-resolution data and
scripting techniques for a rapid workflow. New technol-
ogies of GMT used for plotting maps in Figs. 1, 4, 5, and
6 demonstrated effective solutions to finding new map
styles and improving the topographic and geophysical
content. The location of this region explains the need for
detailed geophysical maps of Ethiopia in the tectonically
active zone of the Great Rift Valley with recorded seis-
micity and volcanism.

Mapping seismicity

Map of seismicity (Fig. 6) details the distribution of volca-
noes and earthquakes over Ethiopia and their magnitude
according to the IRIS (Incorporated Research Institutions
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for Seismology) dataset. The map analysis shows that
volcanoes are mainly distributed along the Great Rift Val-
ley. Besides, the seismicity is the highest in the Afar Triple
Junction region, which continues to the east in the Gulf of
Aden (Fig. 6). Comparing the distribution of earthquakes
and volcanoes of Ethiopia (Fig. 6) to the topographic and
geophysical maps (Fig. 1 to Fig. 5) reveals correlations
between the extent of the Great Rift Valley, the Afar Trian-
gle, and the volcanoes located in this area. Besides, the
distribution of the volcanism in the current map (Fig. 6)
corresponds to the previous studies on the volcano-tec-
tonic setting of Ethiopia and the Great Rift Valley (Civetta
et al, 1975; Hart et al., 1989; Chernet et al., 1998; Hunt
et al., 2020; Rouwet et al,, 2021). The comparison of the
distribution of earthquakes (Fig. 6) to the geoid model
(Fig. 4) reveals that the Great Rift Valley, notable for the

Fig. 6. Seismicity in Ethiopia: distribution of earthquakes and volcanoes. Mapping: GMT

Seismicity in Ethiopia: earthquake magnitudes (2007 to 2020)
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volcanic activity (Fig. é), clearly divides the two regions:
the one with higher values of gravity (values over -10
m) and lower values (values below —10 m), respectively.
The earthquakes are associated with continental rifting,
particularly in seismically active regions like the Ethio-
pian Great Rift Valley. Therefore, mapping earthquakes
and active volcanism contribute to assessing the risk of
seismic hazards in Africa.

Conclusions

Ethiopia is one of the most important geological regions
of Africa. It has contrasting topography, extreme climate
variability, and high seismicity, making it a geographi-
cally unique and distinct region. Besides, it is one of the
most tectonically complex regions in the world due to the
unique structure of the Afar Triple Junction and the Great
Rift Valley. Several thematic geospatial datasets and two
distinct cartographic approaches (GIS and GMT mapping)
were linked to show the correlations between Ethiopia’s
topography, geophysical, seismic, and geologic settings
to map such a complex region.

New topographic, geologic, geophysical, and seismic
maps represent a helpful research tool for further ge-
ologic and geophysical investigation and comparative
analysis concerning the topographic characteristics of
Ethiopia. The presented maps were evaluated using
comparative analysis to propose an investigation into
the geographic setting of Ethiopia, based on the rela-
tionship between geology and the geophysical vari-
ables (e.g., geoid and gravity anomalies). Using these
maps, this paper evaluated and visualized topographic,
geoid, and gravity models to compare topography and
seismicity. The location of volcanoes and earthquakes
is associated with the Great Rift Valley and the Afar

References

Abebe T., Manetti P, Bonini M., Corti G., Innocenti F. and Maz-
zarini F., Pécskay Z. (2005). Geological Map (Scale 1:200,000)
of the Northern Main Ethiopian Rift and lts Implications for the
Volcano-Tectonic Evolution of the Rift. Edition: Maps and Charts,
MCHO094. Publisher: The Geological Society of America. https://
doi.org/10.1130/MCH094

Ahmad |, Dar MA,, Teka A.H., Teshome M., Andualem T.G.,
Teshome A. and Shafi T. (2020) GIS and fuzzy logic tech-

2022/78/1

Depression, the most seismically active areas of the
country. Accurate mapping enabled substantial correla-
tions between these parameters in a series of themat-
ic maps. The results demonstrated that the seismicity
of the country is sensitive to the distribution of the rift
zones and tectonic lineaments and corresponds well
to the fault lines and topographic lowlands in the Afar
Depression and the Great Rift Valley. The geoid undula-
tions and free-air gravity anomaly patterns across the
country were mapped, examined, and discussed for the
associated geologic setting and topographic context of
the relief in various parts of Ethiopia.

Despite widely used GIS in geosciences (Coltorti et al.,
2009; Poppe et al., 2013; Klauco et al., 2014; 2017; Le-
menkova et al., 2012, Lemenkova, 2021; Sembroni et
al.,, 2017), the application of GMT scripting in mapping
continues to grow due to the advantages of the automa-
tization in cartography achieved through coding (Gauger
et al., 2007; Lemenkova, 20193, 2019b, 2019¢). The sig-
nificant advantage of scripting consists in the increased
precision, speed, and quality of data processing and vis-
ualization (Brus, 2019; Lemenkov & Lemenkova, 2021;
Becker, 2005; Lemenkova, 2019d, 2020f; Pignalberi,
2021). This study presented the example of integrated
mapping, a topic of increasing importance to geophysi-
cal studies and seismic hazard risk assessment in such
geologically complex regions as Ethiopia. Using the
presented maps, future studies could then focus on ge-
omorphological mapping in such a way as to continue
the thematic investigations of East Africa. The reported
data can also be considered for use in other regions of
Africa, which would bring benefits to geophysical and
geologic explorations. The presented methods of GMT
and QGIS can be repeated in similar studies that include
cartographic visualization of geospatial datasets.

niques-based demarcation of groundwater potential zones: A
case study from Jemma River basin, Ethiopia. Journal of Af-
rican Earth Sciences, 169: 103860. https://doi.org/10.1016/].
jafrearsci.2020.103860

Ali Kassim M., Carmignani L., Conti P. and Fantozzi PL. (2002)
Geology of the Mesozoic-Tertiary sedimentary basins in south-
western Somalia. Journal of African Earth Sciences, 34: 3-20.
https://doi.org/10.1016/50899-5362(01)00102-6



Environmental Research, Engineering and Management

Allan T.D. (1970) Magnetic and gravity fields over the Red Sea.
Philosophical Transactions of the Royal Society, 267: 153-180.
https://doi.org/10.1098/rsta.1970.0030

Ayele A., Jacques E., Kassim M., Kidane T., Omar A, Tait S,
Nercessian A., de Chabalier J.-B. and King G. (2007) The vol-
cano-seismic crisis in Afar, Ethiopia, starting September 2005.
Earth and Planetary Science Letters, 255(1-2): 177-187. https://
doi.org/10.1016/}.epsl.2006.12.014

Bagyaraj M., Mengistie A.T., Gnanachandrasamy G., Gemechu
B. (2019) Data of remote sensing and GIS - to demarcate the po-
tential sector of groundwater in Debre Berhan, Amhara region,
Ethiopia. Data in Brief, 26: 104542. https://doi.org/10.1016/j.
dib.2019.104542

Baker B.H., Mohr PA. and Williams L.A.J. (1972) Geology of the
eastern rift system of Africa. Special Papers - Geological Soci-
ety of America, 136: 1-67. https://doi.org/10.1130/SPE136-p]1

Balestro G. and Piana F. (2007) The representation of knowl-
edge and uncertainty in databases of GIS geological maps. Ital-
ian Journal of Geosciences, 126(3): 487-495.

Barberi F, Borsi S., Ferrara G., Marinelli G. and Varet J. (1970)
A discussion on the structure and evolution of the Red Sea and
the nature of the Red Sea, Gulf of Aden and Ethiopia rift junc-
tion - Relations between tectonics and magmatology in the
Northern Danakil Depression (Ethiopia). Philosophical Trans-
actions of the Royal Society of London Series A, 267: 293-311.
https://doi.org/10.1098/rsta.1970.0037

Barberi F., Tazieff H. and Varet J. 1972. Volcanism in the Afar
Depression: Its Tectonic and Magmatic Significance, Editor(s):
Girdler, R.W. Developments in Geotectonics, Elsevier, 7: 19-29.
https://doi.org/10.1016/B978-0-444-41087-0.50007-5

Barberi F. and Varet J. (1978) The Afar Rift Junction. In: Neu-
mann ER., Ramberg |.B. (eds) Petrology and Geochemistry of
Continental Rifts. NATO Advanced Study Institutes Series (Se-
ries C - Mathematical and Physical Sciences), 36. Springer, Dor-
drecht. https://doi.org/10.1007/978-94-009-9803-2_6

Becker N.C. (2005) Painting by numbers: A GMT primer for
merging swath-mapping sonar data of different types and reso-
lutions. Computers and Geosciences, 31(8): 1075-1077. https://
doi.org/10.1016/j.cage0.2005.02.016 h

Beyene A. and Abdelsalam M.G. (2005) Tectonics of the Afar
Depression: A review and synthesis. Journal of African Earth
Sciences, 41(1-2): 41-59. https://doi.org/10.1016/].jafrears-
€i.2005.03.003

Bosworth W. (1992) Integration of East African Paleostress and
Present-Day Stress Data: Implications for Continental Stress
Field Dynamics. Journal of Geophysical Research Atmospheres,
97(B8): 11851-11865. https://doi.org/10.1029/90JB02568

2022/78/1

Bosworth W. (1994) A model for the three-dimensional evolu-
tion of continental rift basins, north-east Africa. Geol. Rundsch.,
83: 671-688. https://doi.org/10.1007/BF00251067

Bosworth W. (2015) Geological Evolution of the Red Sea:
Historical Background, Review, and Synthesis. https://doi.
org/10.1007/978-3-662-45201-1_3 In: N.MA. Rasul and
I.C.F. Stewart (eds.), The Red Sea. Springer Earth System
Sciences. Springer-Verlag Berlin Heidelberg. https://doi.
org/10.1007/978-3-662-45201-1_3

Browne S.E. and Fairhead J.D. (1983) Gravity study of the Cen-
tral African Rift System: a model of continental disruption, 1,
The Ngaoundere and Abu Gabra Rifts, Tectonophysics, 94: 187-
203. https://doi.org/10.1016/B978-0-444-42198-2.50018-3

Brus D.J. (2019) Sampling for digital soil mapping: A tutorial
supported by R scripts. Geoderma, 338: 464-480. https://doi.
org/10.1016/j.geoderma.2018.07.036

Cerling T.E. and Powers D.W. (1977) Paleorifting between the
Gregory and Ethiopian Rifts. Geology, 5: 441-444. https://doi.or
g/10.1130/0091-7613(1977)5<441:PBTGAE>2.0.C0O;2

Chernet T., Hart WK., Aronson J.L. and Walter R.C. (1998). New
age constraints on the timing of volcanism and tectonism in
the northern Main Ethiopian Rift-southern Afar transition zone
(Ethiopia). Journal of Volcanology and Geothermal Research,
80, 267-280. https://doi.org/10.1016/50377-0273(97)00035-8

Civetta L., de Fino M., Gasparini P, Ghiara M. R., La Volpe L. and
Lirer L. (1975) Structural Meaning of East-Central Afar Volca-
nism (Ethiopia, T.F.A.L). The Journal of Geology, 83(3): 363-373.
https://doi.org/10.1086/628098

Chorowicz J. (2005) The East African rift system. Journal of Afri-
can Earth Sciences, 43(1-3): 379-410. https://doi.org/10.1016/].
jafrearsci.2005.07.019

Coltorti M., Pieruccini P, Berakhi 0., Dramis F. and Asrat A.
(2009) The Geomorphological Map of Mt. Amba Aradam South-
ern Slope (Tigray, Ethiopia), Journal of Maps, 5:1, 56-65. https://
doi.org/10.4113/jom.2009.1043

Corti G. (2008). Control of rift obliquity on the evolution and seg-
mentation of the main Ethiopian rift. Nature Geoscience 1, 258-
262. https://doi.org/10.1038/ngeo160

Corti G., Bastow I.D., Keir D., Pagli C. and Baker E. (2015) Rift-Re-
lated Morphology of the Afar Depression. In: Billi P. (eds). Land-
scapes and Landforms of Ethiopia. World Geomorphological
Landscapes. Springer, Dordrecht. https://doi.org/10.1007/978-
94-017-8026-1_15

Desalegn H., Mulu A. (2021) Flood vulnerability assessment us-
ing GIS at Fetam watershed, upper Abbay basin, Ethiopia. Heliy-
on, 7(1): e05865. https://doi.org/10.1016/j.heliyon.2020.e05865



Environmental Research, Engineering and Management

Gass |.G. (1970) The evolution of volcanism in the junction area
of the Red Sea, Gulf of Aden and Ethiopian rifts. Philosophical
Transactions of the Royal Society of London, A 267: 369-382.
https://doi.org/10.1098/rsta.1970.0042

Gauger S., Kuhn G., Gohl K., Feigl T., Lemenkova P. and Hillen-
brand C. (2007) Swath-bathymetric mapping. Reports on Polar
and Marine Research, 557: 38-45. https://doi.org/10.6084/m9.
figshare.7439231

GEBCO Compilation Group (2020) GEBCO 2020 Grid. https://doi.
org/10.5285/a29c5465-b138-234d-e053-6c86abc040b9

Gohl K., Eagles G., Udintsev G., Larter R.D., Uenzelmann-Ne-
ben G., Schenke H.-W., Lemenkova P, Grobys J., Parsiegla N.,
Schlueter P, Deen T., Kuhn G. and Hillenbrand C.-D. (2006a)
Tectonic and sedimentary processes of the West Antarctic
margin of the Amundsen Sea embayment and Pinelsland Bay.
2nd SCAR Open Science Meeting, 12-14 Jul, Hobart, Australia.
https://doi.org/10.6084/m?9.figshare.7435484

Gohl K., Uenzelmann-Neben G., Eagles G., Fahl A, Feigl T.,
Grobys J., Just J., Leinweber V., Lensch N., Mayr C., Parsieg-
la N., Rackebrandt N., Schliter P, Suckro S., Zimmermann
K., Gauger S., Bohlmann H., Netzeband G. and Lemenkova P.
(2006b) Crustal and Sedimentary Structures and Geodynamic
Evolution of the West Antarctic Continental Margin and Pine Is-
land Bay. Expeditionsprogramm Nr. 75 ANT XXIII/4 ANT XXIIl/5:
11-12. https://doi.org/10.13140/RG.2.2.16473.36961

George R., Rogers N. and Kelley S. (1998) Earliest magma-
tism in Ethiopia: evidence for two mantle plumes in one
flood basalt province. Geology, 26: 923-926. https://doi.
org/10.1130/0091-7613(1998)026<0923:EMIEEF>2.3.CO;2

Hagos M., Koeberl C. and van Wyk de Vries B. (2016) The
Quaternary volcanic rocks of the northern Afar Depression
(northern Ethiopia): Perspectives on petrology, geochemistry,
and tectonics. Journal of African Earth Sciences, 117: 29-47.
https://doi.org/10.1016/j.jafrearsci.2015.11.022

Hart W.K., WoldeGabriel G., Walter R.C. and Mertzman S. (1989).
Basaltic volcanism in Ethiopia: Constraints on continental rift-
ing and mantle interactions. Journal Geophysical Research, 94,
7731-7748. https://doi.org/10.1029/JB094iB06p07731

Hunt J.A,, Mather T.A. and Pyle D.M. (2020) Morphological com-
parison of distributed volcanic fields in the Main Ethiopian Rift
using high-resolution digital elevation models. Journal of Vol-
canology and Geothermal Research, 393: 106732. https://doi.
org/10.1016/j.jvolgeores.2019.106732

Hutchinson R.W. and Engels G.G. (1970) Tectonic significance of
regional geology and evaporite lithofacies in northeastern Ethi-
opia. Philosophical Transactions of the Royal Society of London.
Series A, Mathematical and Physical Sciences, 267: 313-329.
https://doi.org/10.1098/rsta.1970.0038

2022/78/1

Karam R., Favetta F, Kilany R. and Laurini R. (2011) Location and
Cartographic Integration for Multi-Providers Location Based Ser-
vices. In: Ruas A. (eds) Advances in Cartography and GlScience, 1.
Lecture Notes in Geoinformation and Cartography. Springer, Ber-
lin, Heidelberg. https://doi.org/10.1007/978-3-642-19143-5_21

Kazmin V. (1972). Geological map of Ethiopia. Addis Abeba:
Ethiopian Government, Ministry of Mines, Geological Survey of
Ethiopia.

Kazmin V. (1975). Explanation of the geological map of Ethiopia.
Addis Abeba: Geological Survey of Ethiopia.

Kazmin V. and Berhe S. M. (1981). Geological map of the Ethiopian
Rift. Addis Abeba: Ethiopian Government, Ministry of Mine, Energy
and Water Resource, and Ethiopian Institute of Geological Surveys.

Klauco M., Gregorova B., Stankov U., Markovi¢ V. and Lemenko-
va P. (2013a) Determination of ecological significance based on
geostatistical assessment: a case study from the Slovak Natura
2000 protected area. Open Geosciences, 5(1): 28-42. https://doi.
org/10.2478/s13533-012-0120-0

Klauco M., Gregorova B., Stankov U., Markovic V. and Lemenko-
va P. (2013b) Interpretation of Landscape Values, Typology and
Quality Using Methods of Spatial Metrics for Ecological Planning.
Environmental and Climate Technologies, October 14, 2013.
Riga, Latvia. https://doi.org/10.13140/RG.2.2.23026.96963

Klauco M., Gregorova B., Stankov U., Markovi¢ V. and Lemen-
kova P. (2014) Landscape metrics as indicator for ecological
significance: assessment of Sitno Natura 2000 sites, Slovakia,
Ecology and Environmental Protection. In: Proc. Ecology and
Environmental Protection, March 19-20, 2014, Minsk, Belarus,
85-90. https://doi.org/10.6084/m9.figshare.7434200

Klauco M., Gregorova B., Koleda P, Stankov U., Markovi¢ V. and
Lemenkova P. (2017) Land planning as a support for sustain-
able development based on tourism: A case study of Slovak Ru-
ral Region. Environmental Engineering and Management Jour-
nal, 2(16): 449-458. https://doi.org/10.30638/eem;.2017.045

Le Pichon X. and Francheteau, J. (1978). A plate-tectonic anal-
ysis of the Red Sea-Gulf of Aden area. Tectonophysics, 46, 369-
406. https://doi.org/10.1016/0040-1951(78)90214-7

Lemenkov V. and Lemenkova P. (2021). Using TeX Markup
Language for 3D and 2D Geological Plotting. Foundations of
Computing and Decision Sciences 46(3): 43-69. https://doi.
org/10.2478/fcds-2021-0004

Lemenkova P, Promper C. and Glade T. (2012) Economic As-
sessment of Landslide Risk for the Waidhofen a.d. Ybbs Region,
Alpine Foreland, Lower Austria. In: Eberhardt E., Froese C,
Turner AK. and Leroueil S. (Eds.). Protecting Society through
Improved Understanding. 11th International Symposium on
Landslides and the 2nd North American Symposium on Land-



Environmental Research, Engineering and Management

slides and Engineered Slopes (NASL), June 2-8, 2012. Canada,
Banff, 279-285. https://doi.org/10.6084/m9.figshare.7434230

Lemenkova P. (2019a) Topographic surface modelling using
raster grid datasets by GMT: example of the Kuril-Kamchatka
Trench, Pacific Ocean. Reports on Geodesy and Geoinformatics,
108: 9-22. https://doi.org/10.2478/rgg-2019-0008

Lemenkova P. (2019b) GMT Based Comparative Analysis
and Geomorphological Mapping of the Kermadec and Tonga
Trenches, Southwest Pacific Ocean. Geographia Technica, 14(2):
39-48. https://doi.org/10.21163/GT_2019.142.04

Lemenkova P. (2019¢c) Geomorphological modelling and map-
ping of the Peru-Chile Trench by GMT. Polish Cartographical Re-
view, 51(4): 181-194. https://doi.org/10.2478/pcr-2019-0015

Lemenkova P. (2019d) Statistical Analysis of the Mariana
Trench Geomorphology Using R Programming Language. Ge-
odesy and Cartography, 45(2): 57-84. https://doi.org/10.3846/
gac.2019.3785

Lemenkova P. (2020a) Integration of geospatial data for map-
ping variation of sediment thickness in the North Sea. Scientific
Annals of the Danube Delta Institute, 25: 129-138. https://doi.
org/10.7427/DD1.25.14

Lemenkova P. (2020b) Geomorphology of the Puerto Rico
Trench and Cayman Trough in the Context of the Geolog-
ical Evolution of the Caribbean Sea. Annales Universitatis
Mariae Curie-Sklodowska, sectio B - Geographia, Geolo-
gia, Mineralogia et Petrographia, 75: 115-141. https://doi.
0rg/10.17951/b.2020.75.115-141

Lemenkova P. (2020c) GEBCO and ETOPO1 gridded data-
sets for GMT based cartographic mapping of Hikurangi, Puy-
segur and Hjort Trenches, New Zealand. Acta Universitatis
Lodziensis. Folia Geographica Physica, 19: 7-18. https://doi.
org/10.18778/1427-9711.19.01

Lemenkova P. (2020d) GEBCO Gridded Bathymetric Datasets
for Mapping Japan Trench Geomorphology by Means of GMT
Scripting Toolset. Geodesy and Cartography, 46(3), 98-112.
https://doi.org/10.3846/gac.2020.11524

Lemenkova P. (2020e) NOAA Marine Geophysical Data and a
GEBCO Grid for the Topographical Analysis of Japanese Archi-
pelago by Means of GRASS GIS and GDAL Library. Geomat-
ics and Environmental Engineering, 14(4): 25-45. https://doi.
org/10.7494/geom.2020.14.4.25

Lemenkova P. (2020f) The geomorphology of the Makran
Trench in the context of the geological and geophysical settings
of the Arabian Sea. Geology, Geophysics and Environment,
46(3): 205-222. https://doi.org/10.7494/geol.2020.46.3.205

Lemenkova P. (2021) SAGA GIS for Computing Multispec-
tral Vegetation Indices by Landsat TM for Mapping Vegetation

2022/78/1

Greenness. Contemporary Agriculture 70 (1-2): 67-75. https://
doi.org/10.2478/contagri-2021-0011

Lindh P. and Lemenkova P. (2021). Evaluation of Different Bind-
er Combinations of Cement, Slag and CKD for S/S Treatment of
TBT Contaminated Sediments. Acta Mechanica et Automatica,
15(4), 236-248. https://doi.org/10.2478/ama-2021-0030

Kalb J.E. (1978) Miocene to Pleistocene deposits in the Afar
depression, Ethiopia. SINET: Ethiopian Journal of Science, 1:
87-98.

Mohr P. (1962). The Ethiopian Rift system. Bulletin of the Geo-
physical Observatory Addis Abeba, 5, 33-62.

Mohr P. and Gouin P. (1976). Ethiopian Rift System. In: Geody-
namics: Progress and Prospects, C.L. Drake (Ed.). https://doi.
org/10.1029/SP005p0081

Mohr P. (1989) Nature of the crust under Afar: new igneous, not
stretched continental. Tectonophysics, 167(1): 1-11. https://doi.
org/10.1016/0040-1951(89)90290-4

Pavlis N.K., Holmes S., Kenyon S.C. and Factor J.K. (2012) The
development and evaluation of the Earth Gravitational Mod-
el 2008 (EGM2008). Journal of Geophysical Research, 117:
B04406. https://doi.org/10.1029/2011JB008916

Pignalberi A. (2021) TITIPy: A Python tool for the calculation and
mapping of topside ionosphere turbulence indices. Computers
and Geosciences, 148: 104675. https://doi.org/10.1016/j.ca-
ge0.2020.104675

Pollastro R.M., Karshbaum A.S. and Viger R.J. (1999) Maps
showing geology, oil and gas fields and geologic provinces of
the Arabian Peninsula. U.S. Geological Survey Open-File Re-
port, 97-470-B: 14. https://doi.org/10.3133/0fr97470B

Poppe L., Frankl A., Poesen J., Admasu T., Dessie M., Adgo E.,
Deckers J. and Nyssen J. (2013) Geomorphology of the Lake
Tana basin, Ethiopia, Journal of Maps, 9:3, 431-437. https://doi.
org/10.1080/17445647.2013.801000

Pulsifer P.L., Hayes A, Fiset J.P, Taylor D.R.F. (2008) An Open
Source Development Framework in Support of Cartographic
Integration. In: Peterson M.P. (eds) International Perspectives
on Maps and the Internet. Lecture Notes in Geoinformation
and Cartography. Springer, Berlin, Heidelberg. https://doi.
org/10.1007/978-3-540-72029-4_12

QGIS.org (2021) QGIS Geographic Information System. QGIS
Association. http://www.qgis.org

Rouwet D., Németh K., Tamburello G., Calabrese S. and Issa
(2021) Volcanic Lakes in Africa: The VOLADA_Africa 2.0 Data-
base, and Implications for Volcanic Hazard. Frontiers in Earth
Science 9:717798. https://doi.org/10.3389/feart.2021.717798

Salvini R., Riccucci S. and Francioni M. (2012). Topographic and
geological mapping in the prehistoric area of Melka Kunture



Environmental Research, Engineering and Management

(Ethiopia), Journal of Maps, 8(2): 169-175. https://doi.org/10.1
080/17445647.2012.680779

Sandwell D.T. and Smith W.H.F. (1997) Marine gravity anomaly
from Geosat and ERS 1 4satellite altimetry. Journal of Geophysical
Research 102: 10039-10054. https://doi.org/10.1029/96JB03223

Sandwell D.T., Muller R.D. Smith W.H.F. Garcia E. and Francis R.
(2014) New global marine gravity model from CryoSat-2 and
Jason-1 reveals buried tectonic structure. Science, 7346 (6205):
65-67. https://doi.org/10.1126/science.1258213

Schenke H.W. and Lemenkova P. (2008) Zur Frage der Meeres-
boden-Kartographie: Die Nutzung von AutoTrace Digitizer fur
die Vektorisierung der Bathymetrischen Daten in der Petscho-
ra-See. Hydrographische Nachrichten, 81: 16-21.

Schenke H. (2016) General Bathymetric Chart of the Oceans
(GEBCO). In: Harff J., Meschede M., Petersen S., Thiede J.
(eds) Encyclopedia of Marine Geosciences. Encyclopedia
of Earth Sciences Series. Springer, Dordrecht. https://doi.
org/10.1007/978-94-007-6238-1_63

Sembroni A, Molin P, Dramis F. and Abebe B. (2017) Geology
of the Tekeze River basin (Northern Ethiopia), Journal of Maps,
13(2): 621-631, https://doi.org/10.1080/17445647.2017.1351907

Suetova I.A,, Ushakova L.A. and Lemenkova P. (2005) Geoinfor-
mation mapping of the Barents and Pechora Seas. Geography
and Natural Resources, 4: 138-142. https://doi.org/10.6084/
m?9.figshare.7435535

Tazieff H. and Varet J. (1971) Tectonic Significance of the Afar
(or Danakil) Depression. Nature, 235(5334): 144-147. https://
doi.org/10.1038/235144a0

2022/78/1

Varet J. and Gardo I.A. (2020) Another geothermal site in
North-Eastern Afar: Harak (Bidu woreda, Afar regional state,
Ethiopia), that marks the southernmost extension of the Da-
nakil Sea 110m bsl. Proceedings, 8th African Rift Geothermal
Conference Nairobi, Kenya: 2-8 November 2020, 1-13.

Varet J. (2020) Geothermal for Peace: Exploration and devel-
opment of the large Bidu-Dubbi geothermal prospect along
the border of Ethiopia (Bidu Woreda, Afar Regional State) and
Eritrea (Southern Denkhalya subregion, Southern Red Sea
Region). Proceedings, 8th African Rift Geothermal Conference
Nairobi, Kenya: 2-8 November 2020, 1-13.

Wessel P, Luis J.F, Uieda L., Scharroo R., Wobbe F, Smith
W.H.F. and Tian D. (2019) The Generic Mapping Tools version
6. Geochemistry, Geophysics, Geosystems, 20: 5556-5564.
https://doi.org/10.1029/2019GC008515

WoldeGabriel G., Aronson J. L. and Walter R. C. (1990) Geology,
geochronology, and rift basin development in the central sector of
the Main Ethiopian Rift. Geological Society of America Bulletin, 102,
439-458. https://doi.org/10.1130/0016-7606(1990)102<0439:G-
GARBD>2.3.C0;2

Wright T., Ebinger C., Biggs J., Ayele A, Yirgu G., Keir D. and
Stork A. (2006) Magma-maintained rift segmentation at con-
tinental rupture in the 2005 Afar dyking episode. Nature 442:
291-294. https://doi.org/10.1038/nature04978

Yirgu G., Ebinger C. J. and Maguire, P. K. H. (2006) The Afar Vol-
canic Province within the East African Rift System. Geological
Society of London Special Publications, 259 (1): 1-6. London,
UK: Geological Society of London. http://dx.doi.org/10.1144/
GSL.SP2006.259.01.01

This article is an Open Access article distributed under the terms and conditions of the Creative
Commons Attribution 4.0 (CC BY 4.0) License (http://creativecommons.org/licenses/by/4.0/ ).



