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Abstract

The Northern Somali Basement (NSB) represents a critical segment of the East African Orogen (EAO); however, it
remains poorly mapped owing to a lack of geological investigations. This study employs an integrated approach,
combining Landsat 8 Operational Land Imager (OLI) multispectral data with systematic field investigations, to
investigate the geological and structural framework of the Milxo area in northern Somalia. Image enhancement
techniques, including principal component analysis (PCA) and specialized band ratios (Sabin’s and Kaufmann’s),
were used to delineate lithological units and hydrothermal alteration zones. The results successfully discriminated
younger granite intrusions from the surrounding Inda Ad complex metasediments, revealing that these granites occur
as several isolated, smaller outcrops rather than the two large plutonic bodies depicted in legacy maps. Structural
analysis identified a complex network of NE-SW and NW-SE trending lineaments and a major anticlinal fold,
reflecting intense deformation during the Pan-African Orogeny. Fieldwork investigations further validated these
findings, documenting phaneritic granitic textures, angular unconformities, and quartz veins. Notably, localized
copper mineralization was observed along the identified fracture systems, suggesting strong structural control over
mineral deposition. These results illustrate that combining satellite-based remote sensing with field validation offers
an effective and economical method for geological mapping and mineral exploration in under-researched areas like

Somalia.
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Introduction

Remote sensing is the process of detecting and monitoring the physical and compositional characteristics of the Earth's
surface by measuring the radiation it reflects or emits from a distance [20, 5]. When combined with geographic
information systems (GIS), it becomes a powerful approach for geological mapping and mineral exploration [13, 18,
29]. These integrated techniques allow researchers to analyze large and inaccessible areas efficiently and provide
valuable information about lithological units, structural features, and hydrothermal alteration zones. Through spectral
analysis of satellite imagery, remote sensing enables the identification of lithological boundaries and alteration
minerals associated with mineralization processes [27, 28, 31, 32]. In addition, remote sensing is widely used to

analyze vegetation patterns, lineament extraction, drainage patterns, and other essential features [12, 15].

Over the past few decades, remote sensing has gained increasing importance in mineral exploration because of its
cost-effectiveness and ability to analyze inaccessible and complex terrains [4]. Open-source multispectral satellite
imagery, such as Landsat, ASTER, and Sentinel-2, provides valuable spectral information that can identify rocks and
minerals, making it a powerful tool for regional-scale geological mapping and more importantly mineral exploration
[14, 30, 33]. In this study, we utilized the Landsat 8 Operational Land Imager (OLI) to differentiate lithological
features and create geological maps of basement complexes. Owing to its high spectral and spatial resolution, it enables
the identification of rock types, hydrothermally altered zones, and structural features, making it suitable for mapping
in areas with limited accessibility [12, 22]. Northern Somalia represents a record of Neoproterozoic tectonic evolution
associated with the Pan-African orogeny and hosts Precambrian basement complexes that are considered prospective
for mineral resources [19, 34]. These basement rocks are widely exposed along the coastal ranges known as the Golis
Mountains and are mostly composed of metasedimentary sequences with minor meta-igneous units and plutonic
complexes [19, 34]. Despite their geological significance, the basement terrains of Somalia remain poorly studied
compared with neighboring regions, such as Ethiopia and Yemen. The collapse of Somalia’s central government in
1991 led to a sustained disruption of systematic geological surveys and mineral resource evaluations. Consequently,
much of the country's geological data are based on legacy maps, which frequently lack the detail necessary for
contemporary mineral exploration. In such data-deficient contexts, remote sensing serves as an effective tool for

regional geological investigations and the preliminary identification of potential mineral zones.

However, remote sensing techniques have certain limitations, particularly in regions where bedrock is obscured by
substantial regolith, vegetation, or other surface materials [8]. Therefore, satellite-based interpretations must be
supplemented with field investigations to ensure accurate geological interpretations [9]. In this study, Landsat 8 OLI
images were combined with field data to differentiate lithological units, identify structural characteristics, and locate

hydrothermal alteration zones

The objectives of this study were to (1) evaluate the effectiveness of Landsat 8 OLI data for lithological discrimination

in the basement complexes of northern Somalia, (2) map structural features and lineaments that may control
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mineralization, and (3) validate remote sensing interpretations through field investigations to produce an updated

geological map that supports future mineral exploration in the region.

Geology of the study area

The geological evolution of northern Somalia reflects its position within the East African Orogen (EAO), a
Neoproterozoic to early Cambrian mobile belt associated with the assembly of Gondwana [11, 16]. The EAO is
commonly subdivided into two main domains: the northern Arabian-Nubian Shield and the southern Mozambique
Belt [11]. The basement of Somalia lies geographically between the juvenile terrains of the Arabian-Nubian Shield to
the north and the high-grade metamorphic rocks of the Mozambique Belt to the south, forming a transitional zone
within the East African Orogen (Fig. 1). These basement rocks are exposed in two main region: the Bur region in the
southern Somalia and the northern coastal ranges [17]. The latter known as the Northern Somali Basement (NSB).
The NSB is composed of seven major lithological units including five metasedimentary sequences and two plutonic

complexes [19].

In the study area, the stratigraphy is dominated by the Inda Ad complex, which represents part of the NSB. This
complex composed of low-to very low-grade metasedimentary rocks, mainly mudstone, siltstone, quartzites and
carbonates [17, 21, 34] (Fig. 2). The Inda Ad Complex is notably intruded by Younger Granites interpreted as post-
tectonic granitoids. Radiometric dating indicates that these granitic intrusions formed between 550 and 515 Ma,
representing late Pan-African post-tectonic granites emplaced during the transition from the Neoproterozoic to the

early Cambrian [10, 19].

The Mesozoic—Cenozoic succession begins with a several-meter-thick sandstone unit known as the Adigrat Sandstone,

which rests unconformably on the Precambrian basement in Somalia and extends regionally into Ethiopia and Eritrea

[1].

Materials and Methods

Landsat 8 Data

The study employed Landsat 8 imagery acquired by the Operational Land Imager (OLI) and Thermal Infrared Sensor
(TIRS) instruments aboard the Landsat 8 platform. The dataset (LCS8, Path 162 and Row 052) was acquired on April
4, 2022, and downloaded from the United States Geological Survey (USGS) EarthExplorer database. A flowchart of
the adopted methodology is shown in (Fig. 3).

Digital Image Pre-Processing
Before analysis, the Landsat-8 imagery underwent standard preprocessing steps to ensure accurate interpretation. This

process involved radiometric correction to reduce sensor-related noise and atmospheric correction to minimize the

effects of atmospheric scattering and absorption. The Landsat-8 OLI sensor includes 11 spectral bands covering the
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visible, near-infrared (NIR), shortwave infrared (SWIR), and thermal infrared regions. Bands 2-4 distinguish soil,
vegetation, and rock types; Band 5 (NIR) highlights drainage patterns and moisture variations; and Bands 6-7 (SWIR1

and SWIR2) are used for geological mapping, enhancing lithological and structural mapping.

Digital Image Processing

Image processing techniques are employed to transform multispectral satellite data into images that emphasize
geological features against the surrounding background. In this study, methods such as band composites, band ratios,
and principal component analysis (PCA) were applied to extract spatial and spectral information relevant to lithology,

structural features, and hydrothermally altered zones.

RGB Combination

Landsat imagery consists of separate grayscale bands that can be combined using the red, green, and blue (RGB)
channels to create multispectral color images. The selecting of any three specific band combinations enhances the
visualization of geological features, tailored to the spectral properties of minerals [25]. This study tested various RGB

combinations for targeted goals, such as RGB 7-6-5, which clearly delineates lithological units.

Band Ratio

Band ratio is a technique that involves dividing the digital values of one spectral band by another to emphasize surface
features often obscured in raw bands [12]. This enhances contrast and highlights mineral composition [6, 12]. In the
case of Landsat § data, certain minerals show unique patterns; for example, clays (illite, kaolinite, and
montmorillonite) low reflectance (absorption) in SWIR 2 (2110-2290 nm) but lower absorption in SWIR 1 (1570-
1650 nm), whereas iron oxides and sulfates reflect highly near red (640-670 nm) and weakly in blue (450-510 nm)
[12]. By applying specific band ratios, it is possible to discriminate hydrothermally altered rocks from unaltered areas.
RGB composites generated these band ratios can effectively produce colored images that assist in the identification
and differentiation of lithological units [23]. In this study, Sabin’s ratio (4/2, 6/7, 6/5) and the Kaufmann’s ratio (7/5,
5/4, 6/7) were applied (Fig. 6).

Principal Component Analysis

also known as Karhunen-Loeve analysis, is a multivariate statistical technique that transforms correlated spectral
bands into a set of uncorrelated components called principal components (PCs) [2, 23]. This process enhances and
distinguishes the spectral signatures from the background, facilitating the interpretation of multispectral imagery [30].
PCA reduces redundancy in highly correlated datasets and compresses information, allowing subtle variations in rocks,
vegetation, and altered minerals to be detected. It can be applied to all spectral bands or selectively to bands sensitive
to specific features, such as iron- or clay-bearing minerals, to effectively highlight hydrothermal alteration zones and

lithological variations [12].
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Results and Discussion

Color image composite

The application of Landsat-8 Operational Land Imager (OLI) False Color Composites (FCC) and Principal Component
Analysis (PCA) effectively delineates the complex geological framework of the study area. Various RGB band
combinations were tested to generate color composite images from the Landsat-8 OLI data. Among these, the 7-6-5
(RGB) false-color composite proved to be the most effective for lithological discrimination. This combination is
particularly adept at distinguishing lithological units, geological structures, and hydrothermal alteration zones (Fig. 5
a). These wavelengths are sensitive to mineralogical variations and moisture content, thereby enhancing the
identification of different rock types and surface materials. In this composite, granite outcrops are characterized by
dark brown tones with massive textures, whereas metasediments appear dark gray, highlighting regional structural
trends. The Meso-Cenozoic rocks exhibit mottled blue-gray hues, while conglomerate and alluvial sands are

represented by light grey to off-white spectral signatures (Fig. 5a).

PCA was applied to Landsat-8 OLI bands 2-7 to reduce spectral redundancy and enhance subtle spectral variations
among surface materials. PCA transforms the original multispectral data into a new set of uncorrelated components
that concentrate most of the spectral information into fewer bands, thereby improving the discrimination of lithological

units and geological structures [3, 26].

The RGB composite of PC7-PC6-PC5 provided the best enhancement of lithological variation within the study area
(Fig. 5b). In this composite, a sharp lithological contact were observed in all lithological units more specifically contact
between Inda Ad basement and Adigrat sandstone. This contact is marked by an abrupt in spectral tone and texture,
appearing as green line in the left corner of (Fig. 5b. The granite outcrops are highlighted in vibrant neon green to
cyan, providing a sharp contrast against the metasediments in the center of the image. Conglomerate and alluvial

deposits are isolated in bright yellow to lime-green hues (Fig. 5b.

Band Ratio Analysis

The band ratio technique was applied to Landsat 8 OLI data to enhance lithological differences and highlight potential
hydrothermal alteration zones [22, 35]. In band ratio images, brighter pixels represent higher ratio values and, therefore,
a stronger presence of the target minerals [7] (Fig. 4). The B4/B2 ratio enhances ferric iron minerals such as hematite
and limonite, which appear as bright pixels due to their high reflectance in the red band and lower reflectance in the
blue band. In the study area, the Conglomerate, Alluvial deposits, and Adigrat Sandstone exhibit relativity bright due

to ferruginous content, while the metasedimentary rocks of the Inda Ad Complex appear relatively darker (Fig. 4a).

The B6/B7 ratio is sensitive to hydroxyl-bearing minerals such, as clays. These minerals exhibit relatively high

reflectance in Band 6 and absorption in Band 7, resulting in bright pixels in the ratio image (Fig. 4b). Consequently,
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the Inda Ad Complex appears bright due to the presence of metasediments and clay-rich weathering products, whereas

granite appears darker.

The B6/BS5 ratio highlights ferrous iron minerals, this ratio appears brighter across the Inda Ad Complex, clearly
emphasizing the bedding, deformation patterns, and elongated lithological belts of the metasedimentary rocks (Fig.
4c). RGB composites derived from these ratios were used to characterize mineral alteration, specifically granitic
intrusions from the surrounding metasediments (Fig. 6). Sabin’s ratio (R: 4/2, B: 6/7, G6/5) the light pink tones in the
top-central part of the image mainly correspond to conglomerates and alluvial sand deposits (Fig. 6a). These sediments
occur primarily in valley floors and low-lying areas where erosion products from surrounding highlands accumulate.
The dark pink halos near the center of the image indicate a granitic intrusion, whereas the surrounding blue and green

tones correspond to the metasedimentary of the Inda Ad Complex (Fig. 6a). (Fig. 6a).

In addition, The Kaufmann ratio composite (R:7/5, G:5/4, B:6/7) was applied to enhance lithological discrimination.
In this composite, the Inda Ad Complex metasediments appear as dark green to brownish elongated belts (Fig. 6b).
The contact between the granite and the Inda Ad complex is distinctly delineated in this ratio composite. The

Kaufmann ratio more clearly accentuates metamorphic units and their deformation compared to Sabin's ratio (Fig. 6b).

Geology and Structure

The regional geology of the study area is dominated by Precambrian metasediments of the Inda Ad Complex, which
form the main basement unit across the region. The basement rock primarily consist of low-grade metamorphic
sediments, including mudstone, siltstone, quartzites, and carbonates, and phyllites are also observed in the Milxo

village (Fig. 2).

The basement rocks are stratigraphically overlain by sedimentary units belonging to the Ahl Madow Group, which
mainly comprises sandstones, limestones, and marlstones of Jurassic age. The sharp contact between these units can
be clearly observed in (Fig. 5b), representing an unconformity. Additional early Miocene sedimentary deposits

including conglomerates and sands are also overlie the older Inda Ad complex (Fig. 5).

Previous geological studies have mapped these granitic bodies as two separate intrusive plutons within the study area
[17 (Fig. 2). However, the integration of multispectral Landsat-8 analysis coupled with high-resolution satellite
imagery indicates that the granitic rocks occur as several isolated outcrops distributed across the central and eastern

sectors of the study area (Fig. 9).

In the Sabin’s ratio composite (RGB: 4/2, 6/7, 6/5), these granitic bodies appear as distinct spectral anomalies
contrasting with the surrounding metasedimentary rocks and sedimentary deposits (Fig. 6a). High-resolution Google
Earth imagery further supports this interpretation, showing multiple reddish patches corresponding to exposed granitic
bodies that form resistant topographic highs within the landscape (Fig. 8b-c). These observations suggest that the
granite distribution is more complex than that previously mapped, and consists of multiple separated exposures rather

than only two large plutonic bodies.
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The structural framework of the study area is strongly controlled by deformation within the Inda Ad Complex.
Multispectral band analysis highlighted a prominent large-scale anticlinal fold structure located in the eastern-central
region of the study area (Fig. 4c). The geometry of this structure indicates that significant compressional tectonic
forces significant compressional tectonic forces that affected the basement rocks prior to or during the emplacement

of the granitic intrusions.

Further structural evidence is provided by lineament extraction analysis (Fig. 7), which reveals a dense network of
fractures and faults across the study area. The highest lineament density occurs within the Inda Ad Complex and along
the margins of the younger granite bodies. The directions of lineaments are predominantly NE-SW and NW-SE,
indicating a regional stress regime responsible for brittle deformation within the basement rocks. The intersection
zones of these lineaments are particularly important because they can act as pathways for hydrothermal fluids and are
therefore favorable locations for mineralization [36]. Many of these structurally controlled zones coincide with areas

where artisanal gold mining activities occur, along with other minerals such as galena and copper.

Field observation

The remote sensing interpretations were verified through field observations, and results show a strong agreement
between the Landsat 8 based analysis and the geological conditions observed on-site. Similar integrated approaches
combining remote sensing and field validation have been widely used in mineral exploration and geological mapping
[12, 14, 24, 25]. The tectonic complexity identified through multispectral band analysis and lineament extraction was

confirmed by the presence of strongly tilted and folded rocks within the Inda Ad Complex (Fig. 8).

These structures are clearly visible in the field (Fig. 8b), where the rock layers show steep dips that match the regional
stress pattern responsible for the mainly NE-SW and NW-SE lineament trends. The lithological interpretations were
also validated, as the spectral signatures mapped as Younger Granites correspond precisely to the massive, reddish-
weathering granitic outcrops with granular textures observed on-site (Fig. 8a-d). These granitic outcrops are separated

across the area, consistent with the pattern observed in the satellite data (Fig. 9a-d).

Field observations further confirmed the stratigraphic relationships interpreted from the satellite imagery. A distinct
angular unconformity was identified where conglomerates and alluvial sands overlie the Inda Ad Complex (Fig. 8c).
Additionally, the Adigrat sandstone was observed resting unconformity above the older rocks of the Inda Ad Complex
(Fig. 8f). Field evidence also documented the presence of quartz veins and traces of copper mineralization (Fig. 8e-
g). These occurrences are typically localized along the identified fractures and structural zones, which served as crucial

pathways for mineral-bearing hydrothermal fluids to migrate and deposit minerals within the host rocks.

Conclusion
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The integration of Landsat 8 OLI remote sensing data with ficld-based investigations provided an improved
understanding of the geological and structural framework of the study area in northern Somalia. Through multispectral
analysis, including band ratios and Principal Component Analysis (PCA), to delineate lithological boundaries and
identify complex structural. The remote sensing interpretations were subsequently validated through field observations.
The results clearly distinguish Younger Granite intrusions from the surrounding metasedimentary rocks of the Inda
Ad basement rocks. Remote sensing analysis revealed that the granitic bodies occurs as several isolated outcrops
rather than as two large intrusive bodies previously mapped in earlier geological studies. Additionally, Structural
analysis also identified a major anticlinal fold and dense NE-SW and NW-SE trending lineaments, indicating strong

tectonic deformation and newly recognized structural features in the study area.

Field observations confirmed the remote sensing interpretations, including folded metasedimentary rocks, granitic
intrusions, unconformities, quartz veins, and traces of copper mineralization. These mineral occurrences along
fractures are consistent with artisanal mining activities targeting gold, galena, and copper in the area. Overall, the
integration of remote sensing and field validation provides an effective and cost-efficient approach for geological

mapping and mineral exploration in poorly studied regions such as Somalia.
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List of Figures
Fig. 1 (a) Geographical location of Somalia. b) Study area Milxo Village northern Somalia.

Fig. 2 Geological map of the study area showing Inda Ad complex, Younger Granites, and sedimentary sequences

including the Ahl Madow Group.
Fig. 3 Flowchart of the adopted methodology

Fig. 4 Band ratio grayscale images: (a) B4/B2 highlighting iron oxides; (b) B6/B7 emphasizing hydroxyl and

carbonate minerals; (c) B6/B5 enhancing ferrous minerals.

Fig. 5 RGB image combinations used for lithological interpretation: (a) 7-6—5 (RGB) false-color composite; (b)
Principal Component Analysis (PCA) image displayed using a 6—5—7 (RGB) band combination.

Fig. 6 RGB composite band ratios for hydrothermal alteration mapping: (a) Sabin’s ratio using 4/2, 6/7, 6/5 (RGB);
(b) Kaufmann ratio using 7/5, 5/4, 6/7 (RGB).

Fig. 7 Surface Lineament Map of the Study Area

Fig. 8 Geological Field Observations photos (a) Young Granite Intrusion: reddish-weathered granitic body forming
a distinct topographic high. (b) Deformation in Inda Ad Series (c) Angular Unconformity: showing a sharp contact
(yellow line) where modern conglomerate and alluvial sand deposits overlie the tilted Inda Ad basement. (d) Close-
up of Young Granite: showing the phaneritic texture of the younger granitic intrusion. (e) Localized secondary
copper mineralization (likely malachite or azurite) appearing as greenish traces within the host rock along with small
quartz veins. (f) A distinct boundary (yellow line) between the basal Adigrat Sandstone and the underlying older
Inda Ad formation. (g) Iron-stained quartz boulder indicating the presence of hydrothermal quartz veining in the

arca.

Fig. 9 Identification of granite a) landsat 8 Sabin’s ratio composite showing revised granite outcrops (yellow). (b-c)
high resolution Google Earth images showing granite outcrops as reddish weathered surfaces. (a) field photograph

of weathering granite outcrops.
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