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T Geosciences Department, There are two low-enthalpy geothermal systems along the eastern border of the

College of Science, United Arab United Arab Emirates: Ain Khatt (Khatt City, Ras Al Khaimah Emirate) and Green Mubaz-

Emirates University, Al-Ain, UAR zarah-Ain Faidha (GMAF) (Al-Ain City, Abu Dhabi Emirate). The hot springs are likely
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3 Geothermal Laboratory, to be meteoric waters fed through deep-seated faults that intersect the geothermal

Southern Methodist University, reservoirs at 2.6-3.8 km depth. Gravity and magnetic data were analyzed by gradient
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(horizontal derivative “HD", and improved normalized horizontal tilt angle “INH"), and
separately 3D modeled to image the subsurface structure of the two UAE geothermal
systems. Bouguer anomalies in GMAF and Ain Khatt range from — 14.2 to 8.09 mGal
and —169.3 to — 122.2 m@Gal, respectively. Magnetic intensities in GMAF and Ain
Khatt vary from 39,327 to 44,718 nT and 43,650 to 44,653 nT, respectively. The UAE hot
springs (GMAF and Ain Khatt) are located in mainly high HD and INH regions, which
reflect significant discontinuities in the basement rock, such as faults or lithologi-

cal contacts. A joint inversion of magnetic and gravity data, through Artificial Neural
Network (ANN) modeling, was performed to explore and interpret the 3D density and
magnetic susceptibility variations. Results show that the hot springs in both geother-
mal systems are associated with intersecting geological contacts and fault zones. The
Green-Mubazzarah—Ain Faidha hot springs may be connected at depth.

Highlights
a. Faults are conduit-like for geothermal fields.

b. Flow paths of rising hot waters are mapped.
c. Hot springs are structurally controlled.
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Introduction

The United Arab Emirates (UAE) is located at the eastern end of the Arabian Peninsula.
Water sources in the UAE are mainly groundwater, including sediment aquifers and frac-
tured bedrock aquifers. Some groundwater sources are geothermal especially those asso-
ciated with deep fracture systems (Saibi et al. 2021b). These hot springs occurrences are
found in several places in the Emirates including Abu Dhabi (The Green Mubazzarah—Ain
Faidha) and Ras Al Khaimah Emirate (Ain Khatt) (Saibi et al. 2021c, 2021d). In the Abu
Dhabi Emirate, just south of the city of Al Ain lies a limestone mount known as Mount
(Jabal) Hafit. The Hafit mountain is a tourist attraction for its scenery and hot springs
occurrences, especially in the locality of Green Mubazzarah. The geothermal manifesta-
tions at Green Mubazzarah are located in the foothills of Mount Hafit. Hafit mountain is
the dominant bedrock exposure in the Al Ain region, and is divided by the UAE-Oman
international border. The Green Mubazzarah hot springs flow into small streams to form
a warm lake. The main utilization of these thermal springs is for recreational bathing and
fish farming. The previous geophysical studies of the Al Ain area are regional and focused
on the study of the structural evolution of Mount Hafit (Ali et al. 2009; Woodward 1994; El-
Mahmoudi and Gabr 2006; Saibi et al., 2017, 2019a, b, 2021d; Saibi, 2018).

Saibi et al. (2021d) performed a magnetotelluric survey which discovered a geothermal
reservoir beneath Green Mubazzarah (Al-Ain) in Mesozoic basement and overlying Ter-
tiary carbonates with depths ranging from 1 to 4 km. This study confirms the existence of
E-W striking steeply dipping normal faults that may connect Green Mubazzarah and the
Ain Faidha hot springs. Saibi (2018), Saibi et al. 2019b) developed 3D magnetic models at
UAE geothermal fields and revealed structure control on hot water flow patterns.

Potential fields (gravity and magnetic) are non-destructive geophysical methods which
help to delineate and investigate the subsurface structures such as basement rocks, faults/
contacts and geological features (intrusions, dykes). The cost efficiency and simplicity of
acquisition for potential fields methods make them highly affordable and practical, and
their application has proved successful in solving geotechnical challenges (Butler 1984;
Pringle et al. 2012), structural interpretations (Searle and Ali 2009; Saibi et al. 2019a, b) and
other geothermal investigations (Hunt et al. 2009; Abdel Zaher et al. 2018a, b; Bilim et al.
2017; Gailler et al. 2014).

The aim of this study is to complement the previous works on the geothermal activity
in the UAE and delineate the subsurface structures of these geothermal fields, in order to
identify the 3D-geometry of the hot springs systems. Here, we present the results of mag-
netic and gravity acquired data, and apply corrections to the observed potential field data,
after which we apply the potential field data derivative (horizontal derivative and improved
normalized horizontal tilt angle). 3D inversion and Artificial Neural Network (ANN) meth-
ods were applied to the potential field data in order to retrieve the 3D distribution of the
density and magnetic susceptibility for the studied areas, and correlate the similarities
between the gravity and the magnetic results. The results of this paper help to highlight
the subsurface structure of two geothermal areas: (1) the Green Mubazzarah—Ain Faidha
(GMATF) hot springs, located near Al-Ain city, Abu Dhabi Emirate, and (2) the Ain Khatt
(AK) hot springs, located in Khatt village, Ras Al Khaimah (RAK) Emirate (Fig. 1).
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Fig. 1 Geological map of the UAE showing the locations of the studied geothermal fields, together with the
gravity and magnetic survey locations. Green-Mubazzarah—Ain Faidha hot springs are in Al-Ain city and Ain
Khatt in Khatt city

Geological settings

The first study area includes Green Mubazzarah and Ain Faidha, two hot springs
located south of Al Ain (Fig. 1), near the northern terminus of the western flank of the
Mount Hafit. Mount Hafit is the main geologic feature in this area. It is an anticline
that extends for 30 km in a NN'W-SSE direction, and is approximately 4.5 km wide.
The stratigraphic sequence exposed in Mount Hafit is represented by a thick accumu-
lation of limestones and marl, ranging in age from early Eocene to Miocene. The fold-
ing at Hafit dates to the Oligocene (Zagros orogeny) (Stampfli and Borel 2002; Agard
et al. 2011; Jolivet and Faccenna 2000). This area is affected by two dominant fracture
systems, an E-W system (Sirat et al. 2007; Zaineldeen and Fowler 2014) followed by
younger fractures with N-S to NNE-SSW orientations (Zaineldeen and Fowler 2014).

The discharge temperature of hot waters from Green-Mubazzarah—Ain Faidha
(GM-AF) springs at the surface ranges from 32 °C to 49 °C. The waters are sodium
chloride water type (Saibi et al. 2021a). Saibi et al. (2021a) calculated the temperature
of the deep geothermal fluid beneath GM—AF to be around 151 °C.

Ain Khatt (AK), the second study area, is located in the northern part of the UAE,
in a mountain village located southeast of Ras Al Khaimah (RAK) city, adjacent to the
ophiolitic Hajar Mountains (Fig. 1). The chemistry of the spring waters is Na—Ca—Cl
water type (Saibi et al. 2021a). The discharge temperature at these springs is 39 °C.
Saibi et al. (2021a) calculated the temperature of the geothermal reservoir beneath
AK to be around 112 °C.

Ain Khatt springs are dominated by N-S trending mountain ridges. The Hajar
Mountains are the highest parts of the UAE, with peaks reaching above 2000 m ASL.
The Hajar Mountains were formed by the same two events responsible for the forma-
tion of Mount Hafit (Searle et al. 1983; Searle 1988). As a result of the complex tec-
tonic history, the present Hajar Mountains consist of number of tectono-stratigraphic
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units (Breton et al. 2004). There is a Palaeozoic—Mesozoic (pre-Permian to Cre-
taceous) carbonate shelf sequence, which is overthrusted by oceanic sediments
(Hawasina Nappes) and oceanic crust (Semail Ophiolite). The Musandam Mountains,
which extend northeast of the Hajar Mountains, are mainly composed of the Pal-
aeozoic—Mesozoic carbonates. The Hawasina nappes and the Semail Ophiolite were
emplaced during the late Cretaceous (Glennie et al. 1974). The modern topography
developed during the later Zagros orogenic event (Breesch et al. 2009).

The UAE-Oman mountain range has influenced the climatic conditions and drainage
patterns in the UAE. In the Pleistocene, alluvial sediments accumulated in the wadis at
the base of the Musandam Mountains (Al-Farraj and Harvey 2000). Wadis of various
sizes dissect the limestone mountain ranges. The study area is dominated by carbonate
rocks of Permian to Cretaceous age (Rus El Jibal, Elphinstone, Musandam and Thamama
Groups) (Hudson and Chatton 1959; Hudson 1960). Figure 2 shows the lithostrati-
graphic column of the Northern Emirates in UAE after Abdelghany (2006).

Methodology and results

Potential field surveys (Green-Mubazzarah-Ain Faidha, Al-Ain city, Abu Dhabi Emirate)
Magnetic and Gravity surveys were carried out at the Green-Mubazzarah—Ain Faidha
geothermal manifestations and in the surrounding areas during 2017 (Fig. 3a).

The gravity surveys were acquired using a Scintrex CG-6 Autograv microgravity meter.
The gravity surveys included 273 gravity stations with spacing ranging from 500 m to
4000 m, depending on accessibility. The observed gravity was corrected for tides, tilts,
drift, topography, and temperature (Appendix). Figure 4 shows the Bouguer anomaly
map for the Al-Ain study area. A residual Bouguer anomaly map was created by using
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Fig. 2 Lithostratigraphic chart of the Northern Emirates (Abdelghany 2006)
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Fig. 4 Complete Bouguer anomalies (CBA) of GM-AF. The circle symbols show the locations of the gravity
data points

the third-order polynomial technique (Fig. 5). The HD and INH techniques were also
applied to the Bouguer anomaly data to delineate the subsurface structures (Figs. 6 and
7, respectively).

The magnetic data were acquired using a Geometrics G-856 AX Proton magnetom-
eter. The total number of magnetic stations is 603 stations with a spacing interval rang-
ing from 10 to 1500 m, depending on accessibility, which was sometimes limited due
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to the presence of sand dunes or zone restrictions (private and military). The observed
magnetic data have been corrected for the temporal variations of the magnetic field. In
the processing, we calculated the base drift and diurnal change rate then subtracted the
diurnal correction from the observed magnetic reading. The result is the study region
total magnetic intensity (TMI) map (Fig. 8).

The residual magnetic field map is calculated by subtraction of the regional com-
ponent (i.e., IGRF) from the RTP magnetic anomaly data (Fig. 9). The HD and INH
techniques are applied to the magnetic data to delineate the subsurface structures
(Figs. 10 and 11), respectively.

All applied corrections and methods are presented in the Appendix.

Potential field data (Ain Khatt, Khatt city, RAK Emirate)
The gravity survey was acquired during 2017 using the Scintrex CG-6 Autograv
microgravity meter (see Fig. 3b). The gravity survey included 65 gravity stations that
concentrated on the area of interest. The observed gravity data were corrected follow-
ing the same procedure as described for Al-Ain geothermal system. Figure 12 shows
the Bouguer anomaly map for the Ain Khatt area. A residual Bouguer anomaly map
was created using the third-order polynomial technique (Fig. 13). The HD and INH
techniques were also applied to the Bouguer anomaly data to delineate the subsurface
structures (Figs. 14 and 15, respectively).

The magnetic survey was acquired during the same period and the total number of
magnetic stations is 109 with a spacing interval ranging from 0.5 km to 1.5 km, taken
in accessible locations (see Fig. 3b). The magnetic data were corrected following the
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Fig. 9 Residual magnetic map of GM—AF. The triangle symbols show the locations of the magnetic data
points
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same procedure as described for Al-Ain geothermal system. The TMI map is shown
in Fig. 16. The residual magnetic map is presented in Fig. 17. The HD and INH tech-
niques again were applied to the magnetic data to delineate the subsurface structures
(Figs. 18 and 19, respectively).

Three-dimensional gravity and magnetic inversion and Neural Network modeling

For a better understanding of the subsurface structure of the geothermal fields at Al-
Ain and Ain-Khatt, we assessed the 3D subsurface structure using inversion for both
gravity and magnetic data. Inversion is calculated using the gravity and magnetic inver-
sion toolkit of the Petrel software (Petrel 2022). Gravity inversion estimates the three-
dimensional density contrast distribution of the subsurface, allowing the delineation
of the subsurface structural features, while the magnetic data inversion underlines the
magnetic susceptibility of the hydrothermal activity. Interpretation of these two physical
parameters helps to draft an initial 3D structural subsurface model of the geothermal
fields.

The inversion technique, applied to develop the 3D models of magnetic susceptibil-
ity and density contrast, was published by Priezzhev (2005, 2010), Kobrunov and Var-
folomeev (1981), and Kobrunov (2007). The inversion method begins with the creation
of a 2D grid model (surface) of the potential field data. The model is the basis of the
3D spatial distribution of the magnetic susceptibility and density characteristics in the
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wavenumber domain. 3D wavenumber domain inversion is much like 3D convolution
in having a single unique solution. For details about the mathematics of the method, see
Priezzhev and Pfutzner (2011). Measured gravity and magnetic data are interpolated
into surfaces and used separately for 3D inversion down to 2000 m depth for Green-
Mubazzarah—Ain Faidha, and 1200 m depth for Ain Khatt with a vertical sampling
interval of 5 m. Inversion results of both gravity and magnetic data are illustrated as
transverse sections crossing the main hot springs areas at both Al-Ain and Ain Khatt
(Fig. 20) (Additional file 1).

In Al-Ain city, a transverse vertical section crossing both Ain Faidha and Green-
Mubazzarah hot springs shows the geological substructure beneath the geothermal
fields. The density distribution (Fig. 20a) shows a remarkable low-density contrast (blue
color) occurring as an undulating structure down to 750 m, apparently connecting Ain
Faidha to Green-Mubazzarah. This low-density anomaly is interpreted as a local high
fracture density zone shaped by brittle structures visible at the surface. Similarly, the
magnetic susceptibility inversion along the same section (Fig. 20b) shows a high suscep-
tibility zone (green color) coinciding with the main zone of oscillating of the water table,
and in this zone, permeability controlled iron hydroxide alterations can produce similar
undulating high and low magnetic susceptibility patterns. These inversion results sug-
gest that the hot springs at Ain Faidha are fed by the same thermal water conduits that
like closer to Mount Hafit. The Ain Khatt hot spring density distribution beneath AK1
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and AK2 (Fig. 20c) shows extensive density contrasts near the surface, shaping a struc-
ture similar to the one observed in Al-Ain city hot-springs, while the magnetic intensity
inversion (Fig. 20d) highlights a less prominent water upflow zone from depth.

It is possible to retrieve the subsurface structural model from both gravity and
magnetic inversion results simultaneously. For this purpose, we used a trained esti-
mation neural network-based model that extracts the common geometrical features
from both gravity and magnetic results. Artificial Neural Networks (ANN) are pow-
erful interpretation tools for data classification and clustering that can be applied
for a variety of geological interpretations. Classification guides the computation of
discrete data, and both supervised and unsupervised training data can be applied.
It will estimate the probability of the input instead of estimating the class that each
point is assigned to. The highest probability class is assigned to that point. Regu-
larities and trends are identified by the classification method using input data. The
method makes modifications based on neural network function. The method opti-
mizes and organizes the output, and the self-organizing process determines the
parameters. A characteristic feature of a neural network is that it learns by exam-
ple. Therefore, we must provide the network with a training set of both gravity and
magnetic data. We trained an unsupervised ANN classification to subdivide the
common structural geological features from the magnetic susceptibility and density
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distribution from 300 iterations. Three independent trainings and classifications
were performed, from which we estimated the average structural mean in order to
avoid any deficiency of the physical interpretation. The averaged structural model
estimations for both Green-Mubazzarah and Ain Khatt are summarized in Fig. 21.
Plotting of the error function against iterations (Fig. 21a and c) shows that the algo-
rithm reaches its best misfit at around the 280th epoch, where it stabilizes at its best
value. Average models from 3 classifications, and a cross-section are illustrated for
Green-Mubazzarah—Ain Faidha geothermal field (Fig. 21b) and Ain Khatt (Fig. 21d).

Discussion

The Bouguer gravity values in GMAF and AK show ranges from — 14.2 to 8.09 mGal
and —169.3 to —122.2 mGal, respectively (Figs. 4 and 12). The TMI values for the
geothermal fields GMAF and AK vary from 39,327 to 44,718 nT and 43,650 to 44,653
nT, respectively (Figs. 8 and 16). The GMAF hot springs (MUB1, MUB2, MUB3 in
Fig. 8) are located at boundaries between high and low magnetic domains, except
for the Ain Faidha hot spring, which is located in a high magnetic region (AF in
Fig. 8). Ain Khatt hot springs (Ain Khatt 1 and Ain Khatt 2) are located in intermedi-
ate and low magnetic regions (Fig. 16). In the HD maps from Bouguer and TMI data
in GMATF, the hot springs (AF, MUB1, MUB2, MUB3) are located in high HD value
regions (Figs. 6 and 10). On the other hand, the INH maps calculated from gravity
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and magnetic data from GMAF show that Al-Ain hot springs are located at high INH
values (Figs. 7 and 11).

In the HD maps from Bouguer and TMI data from Ain Khatt, the hot springs
(Ain Khatt 1 and Ain Khatt 2) are located in high HD value regions (Figs. 14 and
18) except Ain Khatt 1 in HD calculated from magnetic data, is located at low HD
region (Fig. 18). For the INH maps calculated from gravity and magnetic data from
Ain Khatt geothermal field, the Ain Khatt hot springs are located at high INH values
or near high INH values (Figs. 15 and 19). In general, the UAE hot springs emerge at
points along or near geological contacts.

The inversion results, prepared from potential field data, showed that the hot
springs emerging at GMAF and AK are structurally controlled by vertical contacts/
faults with depths ranging from 200 m below sea level (BSL) at AK to 2000 m BSL at
GMAE.

The low-enthalpy geothermal systems hosting the Al-Ain and RAK hot springs are
themselves enclosed in areas bordering large tectonic structures. The Al-Ain geothermal
area lies at the edge of the Mount Hafit anticline, while the RAK geothermal area near
Khatt City, RAK, lies near the Semail Thrust at the foothills of the Hajar Mountains.
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Fig. 19 INH map of the magnetic map of AK. The maxima of the INH values represent the locations of
contacts/faults

Within these respective geothermal areas, the locations of hot springs emanations
appears to be controlled by fracture systems (primary, e.g., lithological contacts, and
secondary, e.g., faults). The anomalous geothermal aspects of the studied areas are
probably a result of advection of hot groundwater within zones of higher than normal
fracture intensity, and with deep fracture penetration. The high fracture density in the
core of the Mount Hafit anticline has been reported by Zaineldeen and Fowler (2014).
In the core of the mountain, fossil groundwater circulation systems are represented
by calcite veins linked to karstic dissolution features. It is likely that the focus of hot
springs activities has migrated with time along a major E-W fracture dissecting the
anticline, so that now the springs emerge on the western limb of the anticline.

Precise control of the location of the springs at the surface is difficult to determine.
However, the U-shaped magnetic anomaly may reflect intersecting zones of limonitized
fault marginal zones controlled by subtle permeability variations along E-W fault planes
which dip to the north or south steeply. Progressive water table seasonal and secular
variations of the walls of the conduits for the hot springs would produce a complex pat-
tern of limonite alteration of fault margins.

AK geothermal area lies west of the Musandam Mountains, locally consisting of

steeply dipping Thammama and Musandam Group limestones. These are overlain by

Page 16 of 25
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Fig. 20 Potential field inversion results at Al-Ain and Ain Khatt hydrothermal locations. Dashed yellow lines
are interpreted faults. a Density contrast section of Green-Mubazzarah-Ain Faidha hot springs in Al-Ain city. b
Magnetic susceptibility section of Green-Mubazzarah-Ain Faidha hot springs in Al-Ain city. ¢ Density contrast
section of Ain Khatt hot spring in RAK. d Magnetic susceptibility section of Ain Khatt hot spring in RAK
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Fig. 21 Neural Network classification results. a ANN relative error function from 3 estimations at
Green-Mubazzarah—Ain Faidha hot spring in Al-Ain city. b ANN structural modeling of Green-Mubazzarah—
Ain Faidha hot spring in Al-Ain city, ¢ ANN relative error function from 3 estimations of Ain Khatt hot spring in
RAK, d ANN structural modeling of Ain Khatt hot spring in RAK

Miocene alluvial fan conglomerates that are known to be important aquifers. The AK1

and AK2 springs lie along a NNE-trending line that parallels deep strike-slip faults in

the mountains to the east. The probability is that the springs are controlled by these
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NNE-trending faults. The area is presently covered by thick Holocene alluvium obscur-
ing bedrock structures.

Conclusion

Dense gravity and magnetic observations were carried out at and around the main
geothermal fields in UAE, Green-Mubazzarah—Ain Faidha in Al-Ain city and Ain
Khatt in Khatt city to highlight the 2D and 3D subsurface structure, using HD, INH
and 3D inversion techniques. The 2D analysis (HD and INH) of gravity and magnetic
data showed that the hot springs lie close to geophysically interpreted faults. This can
explain the reason of geothermal discharge being located in these areas. The 3D joint
gravity and magnetic inversion results showed that the depth extension of such inter-
preted faults reaches around 2 km or greater. The 3D gravity—magnetic ANN joint
inversion assisted in imaging the 3D shape bodies of high density and high magnetic
susceptibility beneath the Green-Mubazzarah—Ain Faidha hot springs, which resem-
ble elongated lobes developed along fault planes and at fault intersections. Previous
geological studies demonstrated the existence of E-W and NNW-SSE faults and
highly fractured zones in this area that can act as conduits for hot waters.

Appendix

Magnetic method

The geomagnetic field of the Earth is complex with changes in time, space, direction, and
intensity. The geomagnetic field at the surface of the Earth is considered to result from
two processes. The first is from the Earth’s interior (internal magnetic field), and the sec-
ond from beyond the Earth (external magnetic field) (Le Mouél 1969).

The main or dipole field (which constitutes 99% of the measured field at the surface
represents the internal field. Its origin is due to complex deep-seated magneto-fluid
dynamic processes and the crustal field generated by magnetized rocks. The external
field is generated by electric currents in the ionosphere and in the magnetosphere.

The magnetic field measured at the surface (T, is the sum of three components:

B,: The main or regular magnetic field, which corresponds to large wavelength anoma-
lies (over thousands of kilometers) with intensity of several thousand nT.

B,: A magnetic anomaly field that corresponds to short wavelength magnetic anom-
alies (over a few thousands of meters) and generally with maximum amplitude of the
order of hundreds nT.

B,: Transient or temporary field, with much lower and variable intensity with the time.
It originates mainly from external sources.

In a surface magnetic survey, only the magnetic anomaly field is of practical interest,
and can be obtained according to the following equation:

[Bal = [Tobs| — 1Bul + |DB¢l.

Elements of the geomagnetic field

The Earth’s magnetic field is a vector quantity, B with properties of direction and inten-
sity. In the spherical coordinate system, the components of the field (B,, B,, and B,,) are
given by complex relationships.
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The full determination of the magnetic field at a point in space necessitates measure-
ment of three independent elements that can be chosen from among the seven following
(Fig. 22):

1. The North component X = — B,

2. The East component Y= B,

3. The vertical component Z=—B..

4. The declination D: angle between the Magnetic Meridian and the Geographic
Meridian, is positive or "East” when the magnetic meridian is to the East of the Geo-
graphic Meridian, and is given by one of the following formulae:

D = arctan(Y /X) or D = arcsin(Y /H).

5. The inclination /, angle between the field vector and the horizontal plane, is positive
when the field vector points towards the center of the earth (Northern Hemisphere). It is
expressed by:

I = arctan(Z/H).

6. The total F (or sometimes 7) is the intensity of the magnetic field. It is given by the
following formula:

F=VX2+Y2422

The intensity of the horizontal component H is expressed by the Cartesian compo-
nents X and Y (North and East, respectively) and is given by the following formula:

H=+VX2+Y2
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International magnetic reference field formula (IGRF)
The mathematical representation models of the geomagnetic field was adopted accord-
ing to an internationally agreed protocol under the auspices of the International Asso-
ciation of Geomagnetism and Astronomy (IAGA), which is a branch of the International
Union of Geodesy and Geophysics (IUGG). These models known as the IGRF (Interna-
tional Geomagnetic Reference Field) are models of global reference, calculated every 5
years. The models are rounded off to the tenth of a degree for the geomagnetic field and
to the eighth of a degree for the temporal variations, which correspond to a certain time.
These IGRFs, based on different models, are constructed from data available at a given
time then extended by a model of secular variation at the time of the reference model.
Due to the fact that it is impossible to predict exactly the variations in the time of the
magnetic field, certain discrepancies are noted between the true geomagnetic field and
the IGRF model. In the long term, it is possible to correct and improve the former IGRF
with the input of data, including satellite collected data.

Variations of the magnetic field (B,)

When field measurements are being taken at a fixed location, it will be noticed that these
measurements vary on the time scale of milliseconds to millions of years. Changes in
short periods are essentially caused by electric currents in the ionosphere. These tem-
poral variations are known as the diurnal variations. The variations in the long periods
have their origin in the Earth’s nucleus and are called secular variations. These are often
represented on maps indicating the rate of change in nT/year for the intensity of the
magnetic field, and in degree/year for the inclination or the magnetic declination.

Magnetic field of the crust (T,,,,)

The spectral analysis of the energy allows the separation of the main field (which is a
complex magnetic fluid dynamic phenomena associated with the liquid outer core) from
the crustal field, which is associated with the magnet rocks of the Earth’s crust.

Tobs
Tanom

f) : Tan()m

Tubx Tunum‘

Fig. 23 Vector representation of the magnetic anomaly field. The T, is the vector sum of the T, (regional

field) and the anomalous field (T, P is the unit vector of the regional field vector
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Total magnetic field anomalies (T,,,om)
The modern precession magnetometer (proton magnetometer) is used to measure the
total magnetic field strength. Total field magnetic anomalies are obtained by subtraction
of a regional component (for example the IGRF) from the measured field.

Referring to the anomalous field (magnetic anomalies) due to a certain source, as
this quantity can be represented by the following relationship (Fig. 23):

Tanom’
Tanom = obs — Thor-

The intensity of the magnetic anomaly field is very small compared to that of the nor-
mal field (| Thor| > | Tanom|)- This condition is usually true for crustal anomalies.

The magnetic survey of the study area was acquired using a Geometrics G-856 AX
Proton magnetometer. The total number of magnetic stations is 603 with a spacing
interval ranging from 10 to 1500 m depending on the accessibility, which was sometimes
limited due to the presence of sand dunes or zone restrictions (private and military).

Reduction to magnetic pole technique

Reduction to the pole (RTP) is a correction that must be applied to the magnetic data
before interpretation. If a body is located at the Earth’s magnetic poles, it would be geo-
physically characterized by a magnetic high situated directly above the body. If the body lies
anywhere else, the Earth’s field produces a magnetic high to the South of a magnetic body
in the northern hemisphere, and to the north of a body located in the southern hemisphere.
This technique was first developed by Baranov (1957), to correct the position of the mag-
netic anomalies. The requisite mathematical equations, together with the coefficient of RTP
in space domain, have been provided by Baranov and Naudy (1964) and Baranov (1975).
The calculations for the RTP are carried out on the total field intensity magnetic data in the
space domain by convolving the gridded data with a set of coefficients, the space domain
operator has magnetic inclination of 37.90° (the inclination of the study area), and 1.79°
declination angle. Equation for the reduction process (Sudhir 1988) is:

/ 1 dp
§=-nTO - 5 / / T, 0)2() L d,
e p

where following Baranov’s notation:

Q3(w) =2 Z (—n)’lk(/< + w)coskw,

=1

g’ =total magnetic field at point o, reduced to the pole; = Sin I, I being the inclination
of the observed magnetic field; T (p,w) =total field at the magnetic observation point
(p,w) (polar coordinates) with reference to the calculation point at the origin where the
observed field is T (O), and

n = (I-sin(I))/cos(l).
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Residual magnetic anomaly (least square polynomial technique)

The RTP magnetic map includes both regional and residual components. The regional
anomalies mask some of the residual anomalies. Therefore, it is necessary to treat each
anomaly in a separate map. The magnetic anomalies are separated into regional and resid-
ual components, using different techniques. The least square polynomial technique: Net-
tleton 1976; discussed in this method, consists of subtracting a polynomial surface that
approximates the regional component. Agocs (1951) represented the regional field by a uni-
form plane surface, whereas Fajklewicz (1959) approximated the regional field be a second
order polynomial and concluded that using higher order polynomials might result in the
inclusion of part of the residual field in the regional picture. The regional component can be
represented by each of the following polynomial surfaces (orders 1 to 3):

1 n

Z1 (x,y) = Z Z an—ssx"°y"  plane surface,

n=0 s=0

2 n
Za(x,y) = E E an—ssx"*y’s  second-order surface,
n=0 s=0

3 n
Z3(x,y) = Z Zan_mx”_sys third-order surface,
n=0 s=0

are % (P+1) (P+2) coefficients; P=1, 2 or 3 is

the order of the two-dimensional polynomials, x and y are the coordinates.

where Z is the regional component, a

n-s,8

Also, the residual component can be separated by subtracting the previously obtained
IGRF from the RTP map.

The improved normalized horizontal tilt angle (INH)

The improved normalized horizontal tilt angle (INH) method helps in locating geologi-
cal boundaries and magnetic/gravity source edges. The equation is given Li et al. (2014):

. aP\* [oP\* P
INH = tan — | +| = a+|—
ox ay 0z

where P is the potential field (gravity field and magnetic field) and a is a positive constant

’

value and is decided by the interpreter.
Horizontal derivative (HD)
The HD was developed by Cordell and Grauch (1985), where:
/ 2 2
HD= (%) + (%) , and P is the potential field (gravity field and magnetic field).

Gravity corrections and Bouguer anomaly
Bouguer anomaly at each station is given by:
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&=Gus—y+F—=2nGpH + Tcp = Ggps — v + (B —2nGp)H + T¢p.

gis Bouguer anomaly, G, is absolute gravity at the station, y is normal gravity, F=fH is

abs
free-air correction, 27GpH is Bouguer correction, T,p is terrain correction.

Gravity terrain correction

Terrain correction considers topography up to 60 km from each station. The effect of ter-
rain is greater at closer area. Therefore, we use more precise terrain model at closer area.
For terrain correction up to 20 m from the station, the correction is calculated assuming
that terrain around the gravity station is two dimensional. For terrain correction from
20 m to 60 km from the station, the correction is calculated based on Hammer method
using DEM (SRTM). We have used a computer code developed by Komazawa (1988) for
gravity terrain corrections. More details about gravity corrections can be found at Saibi
et al. (2019a, b).
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