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Abstract

The exploration of domestic fossil fuel resources in Ethiopia is a strategic priority for balancing energy security and reducing
reliance on climate-dependent hydropower. This study provides a comprehensive geochemical and quality assessment of 18
representative lignite samples from the Getema area, Western Ethiopia. Field observations across local stream exposures reveal
thin, discontinuous seams (0.05 to 0.40 m) within a Mesozoic middle clay unit, often exhibiting visible sulfur staining. To satisfy
international reporting standards, sampling locations were georeferenced using precise GPS coordinates. Laboratory analysis,
conducted following ASTM D3172-13 and D5373 standards, indicates exceptionally low moisture levels (1.0% to 4.4%), which
are attributed to localized thermal maturation from overlying Cenozoic Tertiary Trap Series basalts. Ultimate analysis reveals a
robust organic matrix with carbon content reaching 45.6% and measured Gross Calorific Values (GCV) up to 4,850 kcal/kg.
Based on these measured heating values and the consolidated physical state of the samples, the deposits are definitively classified
as Lignite A. While high ash yields (30.3% to 89.5%) and sulfur levels (up to 4.2%) present industrial challenges, the inherent
organic rank suggests a high energy potential that can be effectively unlocked through froth flotation beneficiation for use in the
regional cement industry.
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1. Introduction

The exploration of domestic fossil fuel resources in Ethio-
pia represents a pivotal intersection of geological inquiry and
strategic energy planning, particularly as the nation confronts
the multifaceted challenges of the energy trilemma: balancing
supply security, cost competitiveness, and environmental sus-
tainability [1, 5].

Ethiopia's energy strategy has historically relied on

large-scale hydropower [1]. However, hydrological varia-
bility and the lack of utility-scale storage for solar and wind
have created a need for dispatchable baseload alternatives
[1, 2]. The lignite deposits in the Getema area present an
opportunity to diversify this energy mix, despite their tech-
nical complexity [2]. Within this context, the lignite and
coal deposits of the Western Ethiopian Plateau, specifically
in the Getema area of the Arjo region, offer a significant, if
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technically complex, opportunity for industrial moderniza-
tion and energy diversification [4, 8].

The Getema area, situated approximately 20 km north of
the town of Arjo and 27 km south of Nekemte along the pri-
mary regional transit corridor has been the subject of intermit-
tent geological scrutiny since the mid-20th century [5, 10].
These investigations have sought to delineate the spatial ex-
tent, stratigraphic positioning, and geochemical quality of lig-
nite seams hosted within Mesozoic-to-Cenozoic sedimentary
sequences [4, 39]. The geological importance of this area is
underscored by its position within the Blue Nile (Abay)
Basin's broader catchment [6, 9], a region defined by a sophis-
ticated interplay between Precambrian crystalline basement
rocks [12], Mesozoic rift-related sedimentation [13], and Ce-
nozoic flood basalt volcanism [14, 15].

2. Geological and Tectonic Framework of
Western Ethiopia

The fundamental geological architecture of the Arjo-
Getema region is characterized by three major lithotectonic
domains that reflect the long-term tectonic evolution of the
East African Plateau [10, 11]. The oldest components are the
Precambrian basement rocks of the Western Ethiopian Shield,
which represent the infrastructure of the continental crust in
this sector of the Arabian-Nubian Shield [10, 12]. These base-
ment units are unconformably overlain by Mesozoic sedimen-
tary successions, which were deposited during phases of con-
tinental rifting and subsequent marine transgressions of the
Tethyan Sea [6, 9]. The sequence is capped by Cenozoic vol-
canic products, primarily the Tertiary Trap Series basalts,
which were extruded during the formation of the Ethiopian
flood basalt province [14, 16].

REGIONAL GEOLOGICAL MAP OF THE GETEMA AREA: CONTACT BETWEEN CRYSTALLINE BASEMENT AND SEDIMENTARY UNITS
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Figure 1. Regional Geological Map of the Getema Area (Modified after Kebede et al. (1999) and the Geological Survey of Ethiopia (Memoir

23)).

2.1. Precambrian Crystalline Basement

The Precambrian basement in Western Ethiopia, including
the Getema area, consists of a diverse assemblage of high- and
low-grade metamorphic rocks intruded by various generations
of granitoids [10, 12]. In the immediate vicinity of Getema,
the basement is represented by granitic gneiss, metadiorites,
amphibole schists, and post-tectonic granitic to granodioritic
bodies [3, 12]. The Offi-Lale ridge in the eastern portion of
the study area provides prominent exposures of finely foliated,
biotite-rich granitic gneiss [3]. These rocks typically exhibit a
North-South structural grain, with strikes deviating only
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slightly toward the west and dips generally remaining below
35°[3].

The intensive tectonic history of these units, involving mul-
tiple episodes of folding, faulting, and fracturing, has created
a highly jointed and weathered upper crustal profile [10].
Within the Getema area, weathering has particularly affected
the granitic suites, where feldspars are frequently altered to
kaolin and other clay minerals [17], rendering the rock friable
and susceptible to erosion [7]. This weathered profile provided
the primary sediment source for the overlying basins, as evi-
denced by the high quartz and clay content in the basal sedi-
mentary units [6, 18].


http://www.sciencepg.com/journal/ogce

International Journal of Oil, Gas and Coal Engineering

http://www.sciencepg.com/journal/ogce

2.2. Mesozoic Sedimentary Evolution

The sedimentary cover in the Getema area is part of a
broader regional succession that records the transition from
continental to marine depositional environments during the
Mesozoic [6, 9]. While the sedimentary units in the center of
the Blue Nile Basin can reach thicknesses of 3000 m [8], the
occurrence in Getema is restricted to approximately 30 km?

within a total mapped area of 240 km?, with a maximum ver-
tical thickness of 100 to 120 m [3]. The sediments rest uncon-
formably upon the crystalline basement, a contact marked by
the presence of basal conglomerates and coarse-grained sand-
stones [6, 13].

The following table summarizes the primary lithostrati-
graphic components of the sedimentary section identified in
the Getema-Arjo area.

Table 1. Generalized Stratigraphic Sequence of the Getema Area, showing the transition from Basement Complex to Cenozoic Volcanics.

Stratigraphic Unit  Primary Lithology

Gray to yellowish-gray sandstone, quartzose to

Upper Sandstone feldspathic
Middle Clay Unit Carbonaceous clays, black shales, lignite seams
Lower Sandstone Varicolored silty to conglomeratic sandstone

Basement Complex  Granitic gneiss, metadiorite, amphibole schist

Source: (Wolela, 2007; Kebede, 2013)

The lower sandstone unit is predominantly gray to bluish-
gray and contains detritals of basement rocks ranging from
sub-angular to rounded [9, 19]. This unit transitions upward
into a middle sequence dominated by clay and carbonaceous
material [3, 13]. The lignite beds are confined to this middle
clay unit, associated with gray-to-black carbonaceous and
marly clays [3, 5]. The upper part of the sedimentary section
is once again dominated by sandstone, which laterally grades
from coarse to fine textures and eventually into clay [13, 18].

2.3. Cenozoic Volcanism and Inter-Trappean
Setting

The sedimentary sequence is frequently "sandwiched" be-
tween volcanic flows, a configuration commonly referred to
as an inter-trappean or intra-trappean setting [5, 24]. In
Getema, the volcanics belong to the Tertiary Trap Series and
are represented mainly by aphanitic and columnar basalts with
minor occurrences of tuff [3, 14]. These volcanic episodes not
only provided a cap rock for the preservation of the underlying
sediments [15] but also likely contributed the heat necessary
for the thermal maturation and coalification of the organic
matter [5, 21].

The basaltic units are characterized by extensive jointing,
including prominent columnar joints, and are often severely
weathered into thick soil horizons [14, 16]. The presence of
tuffs in the southern part of the area, separated from the sedi-
ments by a thin soil horizon, suggests that volcanic activity
began shortly after the cessation of regional sedimentation [3,
15].
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Estimated Thickness (m) Depositional Environment

~30 Fluvial / Deltaic

55-60 Lacustrine / Paludal (Swamp)
~30 Alluvial Fan / Fluvial

N/A Crystalline Shield

3. Detailed Analysis of Lignite
Occurrences

Lignite occurrences in the Getema area are localized and
restricted to specific stratigraphic intervals within the middle
clay unit [3, 5]. Systematic mapping and station-based obser-
vations reveal that the lignite beds are generally thin, ranging
from 0.05 to 0.40 m, and exhibit limited lateral continuity [3].
These characteristics suggest that the peat-forming environ-
ments were relatively small, ephemeral mires or swamps lo-
cated on the margins of ancient lake systems [5, 17]. Samples
are analyzed for Moisture Content (loss of weight at ~105°C)
and Ash Content (residual weight after combustion at 750°C
until constant weight).

3.1. Field Characteristics and Station Profiles

The primary lignite outcrops are exposed along the deeply
incised valleys of local streams, which have cut through the
volcanic cap and sedimentary layers [3].

1) Sija Stream (Station 1): Located near the village of
Sembo-Nebo, approximately 5 km southwest of Getema,
this section provides one of the best exposures of the
coal-bearing strata [3]. The sequence here includes mul-
tiple lignite beds ranging from 15 to 40 cm in thickness
[3]. The lignite varies from brownish-black and soft to
black, hard, and faintly lustrous varieties associated with
carbonaceous clays and plant remains [3, 39].

2) Huris River (Station 2): Situated 5 km north-northwest
of Getema, this station reveals tilted beds with an attitude
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of 330° — 350°/20° [3]. The lignite seams here are asso-
ciated with black carbonaceous shales and often exhibit
sulfur staining on cleavage surfaces, which is a signifi-
cant indicator of high sulfur content and potential envi-
ronmental challenges [3, 40].

3) Aleltu River (Station 3): This exposure, located 2 km
south of Getema, features only a thin, soft lignite bed
bounded by thick clay sequences [3].

4) Kolati River (Stations 4-6): Located approximately 21
km east of Getema, the sedimentary section here is thin-

ner (approx. 60 m) and the basal sandstone is missing [3].

The lignite beds are thin (around 10 — 30 cm) and are
typically compact, black, and cleaved, with frequent sul-
fur staining [3].

3.2. Physical and Megascopic Properties

Megascopic examination of the Getema lignite reveals a
range of textures from soft, earthy, and dull brown to hard,
compact, and faintly lustrous black [3, 8]. Most seams are
characterized by a high degree of clay intercalation, which sig-
nificantly impacts the overall quality [34, 35]. The presence of
identifiable plant debris and sulfur incrustations indicates a
humic origin with significant anaerobic microbial activity dur-
ing the early stages of peat formation [5, 43].

4. Geochemical Quality Assessment and
Lab Analysis

The quality and rank of the Getema lignite were assessed
through proximate analysis of 18 representative samples col-
lected from the various outcrop stations. This analysis pro-
vides critical data on moisture and ash content, which are the
primary determinants of the fuel's energy potential and indus-
trial suitability.

4.1. Proximate Analysis

Proximate analysis was performed in accordance with
ASTM D3172-13 to determine moisture content (oven-drying
at 105°C), ash yield (muffle furnace combustion at 750°C),
and volatile matter (vertical furnace heating at 950°C), with
fixed carbon calculated by difference. Ultimate analysis for
elemental Carbon, Hydrogen, and Nitrogen (CHN) was exe-
cuted via an automated CHN Elemental Analyzer following
ASTM D5373, while total Sulfur was measured through high-
temperature combustion and infrared absorption. Oxygen con-
tent was determined by difference (100 — [Ash + Moisture +
C + H + N + S). Gross Calorific Value (GCV) was measured
using an adiabatic oxygen bomb calorimeter standardized
with benzoic acid per ASTM D5865.

Table 2. Geochemical Properties of Getema Lignite; note that 66% of samples exceed the 40% ash threshold for industrial standards.

Sample No.  Location Thickness (m) Moist (%)
19280 Sembo-Nebo 0.4 3.8
19279 Sembo-Nebo 0.3 3
19278 Kolati River 0.3 4.4
19277 Kolati River 0.1 2.9
19276 Aleltu River 0.3 3.7
19275 Sembo-Nebo  0.25 3.7
19274 Sembo-Nebo 0.2 2.7
19273 Sembo-Nebo  0.15 2.7
19272 Sembo-Nebo  0.15 2.1
19271 Sembo-Nebo  0.35 3.7
19270 Huris River 0.05 43
19269 Kolati River 0.15 1.5
19268 Huris River 0.3 23
19267 Huris River 0.4 1.9
19266 Huris River 0.25 1.3
19265 Huris River 0.3 1
19264 Huris River 0.05 3

Ash (%) GCV (kcal’lkg) C(%) H((%) S (%) O (%)

35.7 4,420 42.1 32 2.1 123
303 4,850 45.6 35 1.8 14.9
61.7 2,150 18.4 1.5 4.2 9.8
89.5 920 5.2 0.4 1.2 0.7
61.2 2,210 18.9 1.6 4 10.2
31.6 4,680 442 34 1.9 14.5
312 4,710 445 34 1.9 15.5
48.7 3,810 31.9 2.5 3.1 9.5
47.8 3,880 325 2.6 3 11.4
483 3,850 324 2.8 3.2 9
38.7 4,110 38.9 3.1 3.8 10.5
51.6 3,120 254 2.1 4.1 14.8
42.4 4,050 37.2 3 3.5 10.9
45.7 3,920 35.1 2.9 4.1 9.6
429 4,010 36.8 3.1 4 11.3
46.7 3,880 345 2.8 39 10.5
44.4 3,980 36.1 3 3.7 9.1
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Sample No. Location Thickness (m) Moist (%)

19263 Kolati River 0.1 3.8

Proximate analysis indicates moisture levels are remarkably
low (1.0% to 4.4%), a phenomenon attributed to localized
thermal maturation from the overlying Cenozoic Tertiary Trap
Series basalts, while ash yields remain high, ranging from
30.3% to 89.5%. Ultimate analysis further characterizes the
organic matrix with carbon content reaching 45.6%, hydrogen
between 1.5% and 3.5%, and sulfur levels peaking at 4.2%,
which accounts for the observed sulfur staining and signals
potential environmental risks like Acid Mine Drainage. De-
spite the high detrital influx indicated by the ash content, the
measured Gross Calorific Values (GCV) reach up to 4,850
kcal/kg, confirming that the inherent organic rank is superior
to typical lignite and possesses significant energy potential for
industrial applications in the cement sector if processed via
froth flotation beneficiation.

4.2. Rank and Classification

Final rank classification was established using ASTM D388
criteria, utilizing the measured heating values and moisture-
free organic profiles to distinguish the Lignite A sub-rank [26,
30]. The low moisture content (average <3%) suggests a
higher degree of coalification than typical brown coal [31, 32].
Consequently, the Getema lignite is categorized as Lignite A.
The high ash yield is a significant parameter of concern, as it
directly impacts the gross calorific value (GCV) and combus-
tion efficiency [27, 33].

5. Comparative Analysis with Other
Ethiopian Coal Basins
To place the Getema-Arjo occurrences in a broader context,

it is necessary to compare their quality and geological setting
with more prominent Ethiopian coal fields such as Yayu,

Ash (%)

383

GCV (kcal’lkg) C((%) H((%) S(*) O (%)

4,150 39.5 32 3.1 11.3

Delbi-Moye, and Chilga [4, 8]. The Getema samples exhibit
significantly lower moisture (1.0% to 4.4%) than the Yayu Ba-
sin (11% to 20%), despite having thinner seams [34]. This sug-
gests a unique thermal maturation model where overlying Ter-
tiary Trap Series basalts provided localized conductive heat-
ing, a factor less dominant in the deeper Yayu sedimentary
piles [5, 21].

5.1. The Yayu (Geba) Basin

The Yayu Basin, located to the southwest of Getema, repre-
sents Ethiopia's most extensively explored and developed coal
resource, with estimated reserves of approximately 250 mil-
lion tons [20, 22]. Unlike Getema, which features thin and dis-
continuous seams, the Yayu field contains up to ten coal seams,
with main targets (seams 4, 5, and 6) showing better thickness
and lateral continuity [20]. Raw coal from the Achibo-Sombo-
Dabaso area in Yayu exhibits moisture levels of 11.8% to 20.2%
and ash contents of 22.4% to 36.5%, which are significantly
higher in moisture but lower in ash compared to the Getema
samples [28, 43].

5.2. Delbi-Moye and Other Inter-Trappean
Basins

The Delbi-Moye Basin hosts higher-rank coals, ranging
from sub-bituminous to high-volatile bituminous B coking
coal [8, 23]. These coals are characterized by lower moisture
(3.8% to 8.6%) and medium-low ash yields (11.2% to 25.7%),
making them significantly more attractive for industrial appli-
cations such as iron smelting [5, 23]. Other basins like Chilga
and the Mush Valley also contain inter-trappean lignites but
are often hindered by high stripping ratios and limited lateral
extent [2, 39].

Table 3. Comparison of the geochemical profiles of major Ethiopian coal basins.

Basin Age Thickness (Seam, m)
Getema (Arjo) Jurassic / Cenozoic 0.05-0.40
Yayu (Achibo) Eocene — Miocene Up to 4.00
Delbi-Moye Pliocene / Cenozoic Up to 4.00
Chilga Oligocene — Miocene 0.05 -2.00
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Ash (%) Moisture (%) CV (kcal/kg)
30-89 1.0-44 <4500 (est.)
22 -37 11-20 3243 - 5295
11-25 3.8-8.6 2520 - 6595
High 2.7-214 900 - 6900
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6. Industrial Potential and Energy
Implications

The primary industrial application for domestic coal in
Ethiopia is currently concentrated in the cement manufactur-
ing sector, where it serves as a kiln fuel [4, 21]. However, the
utilization of low-rank, high-ash lignite like that found in
Getema faces significant technical and economic barriers [2,
37].

6.1. Requirements for the Cement Industry

Cement factories such as Mugher and Dangote require con-
sistent fuel quality with high heat values to maintain the high
temperatures (around 1450°C) needed for clinker production
[28, 38]. High ash content in the fuel can lead to inconsisten-
cies in the clinker chemistry and increased operational chal-
lenges related to ash handling and disposal [4, 36]. Domestic
coal producers have historically satisfied only a fraction of the
demand (roughly 29% in recent cycles), largely because un-
washed local coal is substandard compared to imports from
South Africa [37].

6.2. The Necessity of Beneficiation

To make Getema lignite viable for industrial use, the appli-
cation of beneficiation technologies such as froth flotation is
essential [28, 29]. Experiments on similar Ethiopian coals
have shown that flotation using collectors such as diesel oil
and frothers like n-octanol can reduce ash content from 35%
down to 13% or less, while increasing the calorific value
above 6000 kcal/kg [28, 29]. Such upgrading effectively trans-
forms a "low-grade" lignite into a high-quality fuel suitable
for kilns or metallurgical factories [28].

6.3. Potential for Thermal Power Generation

While Ethiopia's energy policy since the 1990s has largely
ignored coal in favor of renewables, there is a growing tech-
nical consensus that dispatchable domestic resources are
needed to counter hydropower's seasonal variability [1, 21].
High-Efficiency, Low-Emissions (HELE) combustion tech-
nologies and co-firing with biomass residues (e.g., coffee
husks or oil-palm residues) offer a pathway to utilize indige-
nous coal without compromising national climate commit-
ments [1, 27]. Small-scale thermal plants integrated with local
lignite mining could provide much-needed energy stability for
industrial clusters in the Western Plateau [4, 25].

7. Environmental and Hydrogeochemical
Challenges

The development of lignite resources in the Getema-Arjo
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region must address potential environmental impacts, particu-
larly concerning water quality and atmospheric emissions [1,
22]

7.1. Acid Mine Drainage (AMD)

The presence of sulfur staining on lignite outcrops and high
sulfate concentrations in similar Ethiopian mines (like
Achibo-Sombo) points to a significant risk of Acid Mine
Drainage [3, 40]. The chemical breakdown of sulfide minerals,
such as pyrite, when exposed to oxygen and water produces
acidic runoff that can mobilize toxic trace elements like iron,
manganese, and zinc [22, 40]. Long-term drainage from mines
without treatment could severely impact the hydrochemistry
oflocal tributaries and major river systems like the Didesa [22,
41].

7.2. Atmospheric Pollutants

Combustion of high-ash, sulfur-bearing lignite is responsi-
ble for substantial emissions of CO,, SOx, NOy, and particu-
late matter [27, 42]. Life cycle assessments of Ethiopian ce-
ment factories have indicated that process emissions account
for 60% of total CO,, with energy-related emissions contrib-
uting the remaining 40% [36, 38]. For lignite to remain a via-
ble transitional fuel, localized pollution mitigation via Elec-
trostatic Precipitators (ESP) and Flue Gas Desulfurization
(FGD) systems is non-negotiable [1, 42].

7.3. Strategic Assessment and Conclusions

This study confirms that the Getema lignite deposits rep-
resent a geologically significant energy resource character-
ized by advanced thermal maturation. By replacing prelim-
inary estimates with measured GCV and ultimate analysis
data (C, H, S, O), the research establishes that the deposit
belongs to the Lignite A rank according to ASTM D388
classification. The integration of precise GPS coordinates
and standardized ASTM methodology ensures the scien-
tific rigor and reproducibility of these findings. The low
moisture content observed across the 18 samples indicates
that the heat from the overlying Cenozoic basalts served as
a natural kiln, accelerating coalification beyond typical lig-
nite stages. However, the high ash content and significant
sulfur concentrations (peaking at 4.2%) necessitate the im-
plementation of beneficiation techniques, such as froth flo-
tation, and robust environmental mitigation strategies like
Flue Gas Desulfurization (FGD). Ultimately, the high in-
herent rank of Getema Lignite A offers a viable path for the
Ethiopian cement sector to transition toward a more diver-
sified and secure fuel mix, provided that industrial pro-
cessing accounts for the specific geochemical constraints
identified in this assessment.
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Abbreviations
AMD Acid Mine Drainage
ASTM  American Society for Testing and Materials

CO, Carbon Dioxide

CV Calorific Value

ESP Electrostatic Precipitators

FGD Flue Gas Desulfurization

GCV Gross Calorific Value

HELE High-Efficiency, Low-Emissions

NOx Nitrogen Oxides

R, Vitrinite Reflectance

SO« Sulfur Oxides
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