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Satellite gravity data can be used in this study to characterise hitherto unexplored regions and
enhance scientific understanding of the studied area. However, the geological ambiguity of the
study area makes it challenging to figure out the geological interpretation within and around
the area. Therefore, this work focused on the Garyan area in the northwest part of Libya for the
purpose of identifying geological structures. The Garyan region is a part of Jabal Nafusah (central
Jabal) due to its geographic location and the character of the escarpment. The gravity data was
analysed, designed, and developed into a geophysical model using the Oasis Montaj programme.
Several analytic techniques are applied to gravity datasets for subsurface structure investigation,
including (TDR) tilt derivative, (THG) total horizontal gradient, (PS) Power spectrum technique,
(AS) Analytical signal, and (ED) Euler deconvolution. The results identified the presence of faults
trending in different orientations (N-S, NW-SE, E-W, NNW-SSE, NE-SW), with source depths
ranging between 300 and 2300 m, which indicates a complex tectonic history in the area. Clearly,
this work will reduce the ambiguity of geological interpretations and provide better information
on the dominant trends for future exploration activities in the study region. It also detects the
contacts of density variation and estimates the depth of the gravity sources from

satellite-EIGEN-6C4 gravity data.

1. INTRODUCTION

Mapping structural features is essential to
exploring hydrocarbon, geothermal, groundwater, and
mineral resources. More so, understanding the rock
units, faults, contacts, dykes, and lineaments is
significant to the structural study (Abdulkadir et al.,
2022). Satellite gravity data analysis is constructive in
primary exploration, especially in studying geological
conditions in remote and extended areas (Kurniawan,
2012; Sadeghi et al., 2013; Zeinelabbdein et al., 2014).
The study region (Fig. 1) is in northwest Libya's Jabel
Nafusah escarpment. It's between 12.91 and
13.11 degrees east and 32.13 and 32.34 degrees north,
between the Ghadamis and Jafarah basins. Because the
study area lies between the Ghadames and
Pelagian-producing basins, it is suitable for potential
hydrocarbon accumulation. The area is also
considered to be a structurally complex region of the
fold belt of the Atlas, formed as a result of tectonic
plate collisions and subsequent folding and uplifting
of the Earth's crust (Trepil et al., 2021). Numerous
geological and geophysical investigations have been
conducted in the Garyan region and adjacent area
northwest of Libya, including gravity, magnetics, and
remote sensing data to understand the surface and

subsurface structures (Desio et al., 1963; Christie,
1966; Steckler et al., 1988; Swire and Gashgesh, 2000;
Saadi et al., 2009; Alfandi, 2012). Steckler et al.
(1988) indicated that the area of study is part of the
rift's flank, or the footwall. During rifting, such
regions frequently uplift. Alfandi (2012) reported that
the region's tectonic activity has been relatively
quiescent (Mid-Late Triassic). The major Aziziyah
fault in the north and perhaps further inland in the
south are associated with active tectonics within the
continental interior. Saadi et al. (2009) used DEM,
Landsat, geological maps, and aeromagnetic data to
constrain the geological structure in the Jafarah Plain
and around Jabel Nafusah, which includes Garyan.
Trepil et al. (2021) utilised aeromagnetic and land
gravity data to investigate the Jafarah plain and its
neighbouring Jabal Nafusah. However, numerous
geoscientific datasets are available in the region of
study that haven't been extensively analysed or
published in scientific research and are interpreted
structurally (Saadi et al., 2011). The geological
ambiguity of the study region makes it challenging to
figure out the geological structures within and around
the area. Unfortunately, our understanding of
structural development is heretofore insufficient. With
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the Oasis Montaj programme, many filters are used to
interpret gravity data. Therefore, the investigation of
geological structures provides significant insights into
the history and development of the study region and
the surrounding region, which are required for
potential hydrocarbon exploration activities (Saadi et
al., 2011). Consequently, this study utilises gravity
data to identify geological structures that exist in the
Garyan region of northwest Libya. Furthermore,
the main results are useful for identifying new features
that facilitate a deeper understanding of the geological
structures in the Garyan area.

2. GEOLOGICAL SETTING

The Garyan region is a part of the Jabel Nafusah
due to its geographical location and the escarpment's
characteristics (Fatmi et al., 1978). The Nafusah Uplift
(also called the "Nafusah Arch"), shown in Figure 1
(Abohajar et al. 2009), is a major tectonic feature that
extends from east to west and from northeast to
southwest, which is the boundary between the
Ghadames Basin in the north and the plain of Jifara
(Trepil et al., 2021). According to Abdunaser and
McCaffrey (2015), the Nafusah Arc formed a thick
succession of Paleozoic deposits as a portion of the
Ghadames basin during the lower Paleozoic.
According to Miller (1971) and Giraudi (2005), the
Nafusah Arc is among the most distinctive
morphological features in northwest Libya. Basins
within northwest Africa developed as the result of
a phanerozoic sequence of uplifts that intersected each
other in diagonal directions; furthermore, the Early
Caledonian tectonic phase revitalised what was

d geological map of the area modified after Zivanovic

previously a weak suture zone with Pan-African
origins (Klitzsch, 1970; Klitzsch and Gray, 1971).
Accordingly, it appears that this is the origin of the
common idea that uplifting is a part of the
predominantly E-W trending "Nafusah arch." Farahat
et al. (2006) concluded that large recent continental
landmasses are frequently affected by neotectonic
activity; this is typically related to mantle events
during which uplift is created through rising plumes
related to hot spots (Alfandi, 2012). According to
Goudarzi (1970), the Garyan-Yafran Arch, which is
the major structural lineament, is a large anticlinal
swell that trends northwest to southeast. In the upper
Cretaceous or lower Tertiary, the Garyan-Tarhunah
strip was uplifted, yielding an NW-SE trending
anticlinal swelling (Saadi et al., 2008). Jabal Nefusa
was considered to have been uplifted during the
Hercynian orogenesis by Burollet (1963). The uplift,
according to Lipparini (1968), was associated with
northwest-southeast faulting. In general, the Garyan
area (Anketell and Gjellali, 1991) consists of clastic
and carbonate rocks (Mesozoic deposits such as
limestone, which is combined with shale and
sandstone). VVolcanic activities that accrued during the
late Cretaceous period generated volcanic rocks that
formed and had an impact on the Upper Jurassic
deposits (Hallett and Clark-Lowes, 2017). Basalt
cones, basalt flows, and phonolite intrusions are the
three main forms of volcanic rocks in the region
(Antonovic, 1977). According to Abdunaser and
McCaffrey (2015), the tectonic movements in the
Eocene created basaltic flows within the Garyan area.
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3. MATERIALS AND METHOD
3.1. GRAVITY DATA

The EIGEN-6C4 satellite gravity dataset for the
Garyan area was provided by the ICGEM
(International Centre for Global Earth Modelling)
website. (Pal and Majumdar, 2015; Tedla et al., 2011)
reported that EIGEN-6C4 satellite gravity datasets are
particularly appropriate for studying long wavelength
characteristics that could be lost via ground gravity
measurement, and they provide global coverage that is
unaffected by the terrain’s roughness and
inaccessibility (Kumar et al., 2022). Satellite gravity
data analysis is one of the exploration methods that can
be used to outline the subsurface structures in this
study. (Kurniawan, 2012) highlights that this method
has advanced in recent years. Satellite gravity
interpretation has several applications in primary
investigation research due to its inexpensive cost and
its ability to study geological conditions in remote
and/or extended areas (Darisma et al., 2019).
Numerous scientists have applied satellite gravity
data, e.g., Trung et al. (2004) have used gravity
datasets to delineate the main tectonic elements within
the South China Sea. Also, Tedla et al. (2011) created
a map of Africa’s crustal thickness estimate using data
from a global gravity model. More so, other
researchers, such as Pal et al. (2016) and Narayan et
al. (2017), have utilised the EIGEN-6C4 and other
global combined gravity field model data for structural
mapping in the context of the 85°E Ridge and its
environs. The gravity dataset is made up of 462 gravity
data points and a grid with an interval of 0.01°x 0.01°,
approximately 1 km, the maximum resolution for the
EIGEN-6C4.

3.2. GRAVITY DATA PROCESSING

Originally, the satellite gravity dataset was
provided as the FAA (Free Air Anomaly). Thus, the
dataset should be corrected to remove the effect of
the rock mass between the measuring station and the
mean sea level. The result of performing all

appropriate corrections on the gravity dataset is the
Bouguer gravity anomaly. Further, the gravity dataset
was gridded utilising minimal curvature random
gridding to produce the Bouguer anomaly grid. The
Bouguer anomaly (Fig. 3) in gravity data, however,
includes various anomalies with a wide range of
amplitudes. The resulting Bouguer anomaly grid
provides a representation of the gravity anomalies that
are primarily associated with subsurface density
variations, while accounting for the effects of
topographic masses. This grid can be further analyzed
to identify geological structures, delineate subsurface
features, or understand the distribution of mass within
the Earth's crust. EIGEN-6C4 satellite gravity data is
processed using total horizontal gradient analysis,
power spectrum analysis, analytical signal, tilt
derivative, and Euler deconvolution. In Figure 2, we
see a simplified flowchart of the methodology.

e Total Horizontal Gradient (THG)

Using upright contacts, the THG equation (1)
indicates the boundaries of the gravity anomalies. It is
anticipated that the geologic contacts in the study
region will be more easily discernible after being
filtered using the horizontal gradient. The THG
approach (Cordell, 1979) can be used to detect density
variation contacts in gravity data.

aG\% | (96>
) = (5) +(5) (1)
Where G represents the gravity anomaly, The strength
of a horizontal gradient at the specific location (x,y) is
represented by HG(x,y). It is calculated based on the
partial derivatives (0G/0x and 0G/0y) of the gravity
anomaly towards x and y.

e Power spectrum analysis

Power spectrum analysis represents one of the
most common methods to figure out the depth of
gravity sources (Spector and Grant, 1970). The gravity
maps' power spectrum is the product of their 2D
Fourier transform and complex conjugate (Ghazala et
al., 2018). The average depth of the gravity source can
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be related to specific features in the radially averaged
power spectrum. Different frequencies in the power
spectrum may correspond to different depths of the
subsurface structures contributing to the gravity
signal. Thus, an average depth associated with the
gravity sources equation (2) is determined after using
the information derived from the 2-D radially
averaged power spectrum and possibly other data from
equation (Spector and Grant, 1970).

S
The depth (H) represents the depth of the
subsurface structure being investigated, and the slope
(S) of the log energy spectrum refers to the rate at
which the logarithm of the power values changes with
frequency.

e Analytical Signal (AS)

The analytic signal is a mathematical technique
used to enhance and analyze gravity data. It is
particularly useful in the interpretation of Bouguer
gravity anomalies, it estimated the sources are distinct
dipping contacts between vast geological sections
(El-Ata et al., 2013). Moreover, it is only moderately
sensitive to data noise and interference from adjacent
sources. The analytic signal technique assumed that
gravity contacts as causative sources. The analytical
signal method equation (3) (Nabighian, 1972),
commonly also known as the total gradient or analytic
signal amplitude, has been widely used, with
improvements and investigations conducted to
enhance its effectiveness and explore its applications
in various geological settings since its inception (Saibi
etal., 2016).

et = |52) + () + () @

Where G represents the anomalous gravity field,
(0G/0x and 0G/0y) refer to its horizontal derivatives,
and 0G/0z refers to its vertical derivative.

e Tilt angle derivative (TDR)

Miller and Singh (1994) and Verduzco et al.
(2004) proposed the analytic signal approach, which
was refined by the TDR tilt derivative method
equation (4), also known as the tilt angle method, as
a technique utilized to sharpen and enhance gravity
anomalies. It utilizes the second vertical derivative of
the anomaly to determine the tilt angle of the field. The
TRD tilt angle can be utilized for estimating the depth
and position of the anomalous sources. The method
assumes that the sources are approximated as
two-dimensional structures. The TDR is a technique
used to discriminate between gravity anomalies by
analyzing their derivatives, which are vertical and
horizontal derivatives (Ming et al., 2021). When the
TAD value is positive, it shows a positive contrast
with the underlying causative source, whereas when it
is negative, it indicates that it is outside the limits of
the source.

F. Trepil et al.

aG

TDR= tan™' { —=22—x )
2 2
5 +G)
Where the observed gravity field G is at a given
location (X, y). (6G/0x) and (0G/dy) denote the

horizontal derivative. (0G/0z) signifies the vertical
derivative of the gravity field.

e Euler deconvolution

Euler deconvolution estimates source depth and
location for various homogeneous gravity sources.
A structural index is an exponential variable that
explains the nature of the geologic bodies, as shown in
(Table 1). This technique is particularly helpful
in interpreting gravity data because it involves such
little basic knowledge about the source body's
structure (Reid et al., 1990; Thompson, 1982). The
Euler deconvolution expression in three dimensions is
as follows:

N(B —=G) = (x — x;) (Z—i) + O —¥o) (Z—i) +
+e—20(2) ®

Where G describes the gravity field generated by
causative bodies at a specific location (X, y, and z) in
terms of the coordinates of the source site
(x0,¥0, and z,), the baseline level of the field (B), and
the structural index or homogeneity degree (N).

4. RESULTS AND DISCUSSION

The Bouguer anomaly map for the region under
investigation is shown in Figure 3. The BA exhibits
amplitude anomalies ranging from -18 to 6 mGal. The
trending directions of anomalies (NW-SE, N-S, E-W,
and NNW-SSE) can be associated with various
geological structures. The high positive anomaly
values of 6 mGal found in the southwest (H3),
northeast (H1), and central parts of the study region
(H2) suggest that these areas have a stronger

Table 1 Structural index for magnetic (FitzGerald et

al., 2004).
Source Gravity
Sphere 2
Horizontal 1
Fault 0

gravitational field than the surrounding areas. Positive
anomalies indicate areas with greater gravitational
attraction, which can be associated with regions of
higher-density rocks or deeper crustal structures. This
strong positive gravity anomaly value is associated
with Cenozoic volcanic rock in the area with a high
density that formed during the Eocene. The lowest
values (-18 mGal) of BA are indicated in the study
area's central part (L1) and the southern part (L2).
These lower gravity values are most likely due to the
existence of sediments with high thicknesses in
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gravity source.

various regions. Additionally, negative anomalies
represent regions that have decreased gravitational
attraction, which could be associated with grabens that
developed in the NW-SE along marginal segments of
the Jurassic/Triassic-Jurassic uplifts.

In this study, (Fig. 4A) exhibits the energy power
spectrum of the gravity dataset, whereas (Fig. 4B)
reveals the estimated depth of the gravity sources. Two
various gravity sources are observable: the deep

source at an approximate depth of 1.65 kilometres and
a shallower source at a depth of about 0.7 kilometres
from the next equation: H = -S/4. Where H is the depth
and S is the slope of the log (energy) spectrum.

The result shows a strong positive amplitude
peak of the THG (Fig. 5) that delineates the subsurface
elements of the study region as trends NNW-SSE,
NE-SW, NW-SE, N-S, and E-W, which are referring
to the result of various tectonic movements, such as
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atectonic activity in the Caledonian and then
Hercynian, that cut Mesozoic sedimentary sequence
and are the origin of the commonly held belief that the
Nafusah uplift is a feature of a "Nafusah arch™ that
trends mostly east to west. The main fault trend is
NW-SE, which may be associated with the collision of
the African and European in the Hercynian event,
which is intersected by subordinate trending faults
E-W, which run parallel to the Jabel Nafusah. The
E-W fault trend is linked to the widely held belief that
the Jabel Nafusah uplift formed part of an essentially
E-W trending "Nafusah arch" during the early
Caledonian age, whereas the N-S trending fault
associated with structural development in the NW
African basin was periodically reactivated as
strike-slip faults that occurred in the early Caledonian
and Hercynian tectonic events, according to Klitzsch
(1970), and may be due to the similar tectonic event
that caused the Nafusah Arc. This NE-SW trend was
most probably influenced by the well-developed
NNE-SSW structures of Paleozoic rocks associated
with the Tibesti-Sirte Uplift. The NNW-SSE fault
trend is related to the reactivation of Cretaceous
lineaments in the Hun Graben in the Caledonian age.
The analytical signal technique is utilised for the
Bouguer anomaly (Fig. 6). An analytical signal map of
aregion indicates the high gravity anomalies bordered
by fault trends NE-SW, NW-SE, E-W, and N-S, which
refer to the intrusive and extrusive volcanic rocks that
occurred within this region during the upper
Cretaceous or lower Tertiary. The maxima of the AS
are used to identify the subsurface structures. The high
values that appear in the southwest and central parts of
the map are reflected in the high amplitude of the
analytic signal peaks for gravity data, showing that all

these areas contain significant variations in gravity
density that form identifiable features on this map.
Circles identify locations of the Analytic signal
maxima where gravity anomalies are most prominent.
The peaks represent areas where the strength of
the gravity field deviates significantly from the
background or regional gravity field. These peaks
serve as indicators of the boundaries or edges of
gravity sources.

The Bouguer anomaly in Oasis Montaj is utilized
to create Euler deconvolution maps. Various values
(0, 1 and 2) were set to the structural index in order to
figure out the best solutions that could be achieved.
Furthermore, structural index = 0 vyields superior
solutions compared to SI = 1 and SI = 2, since these
data are clustered in a few key locations rather than
being randomly distributed across the study region. In
addition, the solution of structural index =0 provides
the main faults superimposed on the zero contour of
TDR. The window size of 5x5 and the solution with
a structural index of 0 for a maximum depth tolerance
of 10 % indicate the best possible clustering of
source-depth solutions. A Euler deconvolution of the
Bouguer anomaly (Fig. 7) demonstrates that its depth
varies from 300 m to 2300 m with an E-W,
NNW-SSE, NE-SW, N-S, and NW-SE trend. The N-S
and NW-SE trends are commonly found along the
eastern and central parts of the study area. The
NNW-SSE trend is identified in different areas of
the region. The E-W trend is mostly located in the
southern area of the region. The fault trend that is
oriented in the NE-SW direction is observed in the
northwestern part of the area. The Euler solution map
confirmed the trend faults observed in the THG, AS,
and TDR.
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A tilt derivative is particularly advantageous
because it can reveal the zero-contour line that
appearson or near a contact between different
geological units or structures. TDR filters frequently
tend to locate anomalies over their sources. The TDR
of the Bouguer anomaly (Fig. 8) indicates fault trends
with  positive contrast. These fault trends
predominantly occur in the northwest-southeast
(NW-SE), east-west (E-W), and north-northwest-

south-southeast (NNW-SSE) directions. The TDR
map shows anomalies with magnitudes ranging from -
1.32 to 1.31 degrees. Near the edges of the source, the
TDR value is approximately zero. When the TAD
value is positive, it shows a positive contrast with the
underlying causative source, whereas when it is
negative, it indicates that it is outside the limits of the
source.
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The structural map and a rose diagram of the
Garyan region (Fig. 9) The structural map shows
different trends of faults, while the rose diagram
provides information about the orientations or trends
of these faults. The structural map depicts the
distribution and arrangement of geological structures,
including faults, within the Garyan region. The
different trend faults from the NNW-SSE, NW-SE,
N-S, NE-SW, and E-W are represented and labelled
on the structural map, indicating their locations within
the region. The rose diagram, on the other hand, is
a graphical representation used to display the
frequency or distribution of orientations or trends of
geological features such as faults. Thus, the diagram
provides a concise summary of the predominant fault
orientations within the region. The final structural map
is constructed by combining the prominent trends
identified from AS, THG, and Euler of the BA grid.
These faults represented different tectonic activities
during the Caledonian and Hercynian ages.

5. CONCLUSION

Various analytical techniques, such as total
horizontal gradient, power spectrum, analytical signal,
Euler deconvolution, and tilt derivative, are applied to
the BA dataset to identify the subsurface structure
elements of the Garyan regions of NW Libya. The
Bouguer anomaly map demonstrates that the study
region has anomaly values that range from -18 to
6 mGal. The various trends of faults were found in the
N-S, NW-SE, E-W, NNW-SSE, and NE-SW
directions, and they were assumed to be the results of
tectonic activity in the Cenozoic period and tectonic
movements of the Hercynian and Caledonian. The
Euler deconvolution of the BA grid indicated that the
source depth ranges between 300 m and 2300 m. All

these findings of faults are associated with the tectonic
features of the area. Consequently, identifying these
faults is important to reduce the ambiguity of
geological interpretations and provide more
information on the dominant trends for future
exploration activities in the study region.
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