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Tectonic Terranes for the Arabian
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Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO), International Data Centre (IDC), Vienna, Austria, 3Depanfment of
Geology and Geophysics, College of Science, King Saud University, Riyadh, Saudi Arabia

The Arabian Shield, which contains a group of diverse terranes accreted during the Late
Proterozoic, has experienced considerable historical and recent earthquake activities.
From north to south, the Midyan terrane, Tabuk-Neom area, Hijaz terrane, Jeddah terrane,
and Asir terrane make up the western section of the Arabian shield. In order to determine
the earthquake occurrences and earthquake recurrence characteristics in the study area,
an earthquake dataset containing 2,991 seismic events recorded between 1941 and 2019
with magnitudes of 1.0 and 6.2 and depths between 0 and 50 km was examined. The data
were compiled by combining phase readings and information, such as origin times,
hypocenter parameters, and magnitudes reported by the International Seismological
Centre. The maximum likelihood method has been applied to calculate the
Gutenberg-Richter recurrence parameters (a- and b-values) and magnitudes of
completeness (Mc). The range of b-values is 0.53-1.04, which indicates that the study
region experienced different stress level accumulations that cause earthquakes with
different magnitudes. The Hijaz terrane is characterized by a high b-value (1.04 +0.34),
which indicates a relatively low stress regime that resulted from the earthquakes stress
release. The Midyan terrane is characterized by a low b-value (0.53 + 0.10), which could be
indicative of a relatively higher stress regime associated with a dominantly extensional
stress. Mc values were found to be 1.4 in Midyan and Jeddah terranes. The lower value of
Mc at Midyan terrane demonstrates appropriate station distribution and high earthquake
rates. However, at Jeddah terrane, the seismic activities are poorly detected that probably
lead to the small value of Mc. Higher Mc are evident in Hijaz terrane (Mc = 2.3) and Tabuk-
Neom (Mc=2.4), where the station distribution is very poor. The maximum expected
magnitudes (Mmax) are found to be 6.0 for Midyan terrane, 5.4 for Tabuk-Neom, 4.7 for
Hijaz terrane, 4.8 for Jeddah terrane, and 7.7 for Asir terrane. The average recurrence intervals
of earthquakes with the Mmax are ~7, ~20, ~6, ~120, and ~200 years for each seismic terrain,

Abbreviations: NRIAG, National Research Institute of Astronomy and Geophysics; CTBTO, Preparatory Commission for the
Comprehensive Nuclear-Test-Ban Treaty Organization; IDC, International Data Centre; ISC, The International Seismological
Centre; Mc, magnitudes of completeness; Mmax, the maximum expected magnitudes; G-R, the Gutenberg-Richter rela-
tionship; FMD, frequency-magnitude distributions.
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respectively. The probability of occurrence and returned periods of different magnitudes in
each region indicate that regions related to the Najd strike-slip fault system are the regions for
large probable earthquake occurrences.

Keywords: seismicity, magnitude of completeness (Mc), b-value, the International Seismological Centre (ISC),

seismic hazard, Arabian Shield

1 INTRODUCTION

The Arabian Plate, bounded by relatively active tectonic regions is
characterized by dominant earthquake activities (Girdler, 1991;
Al-Haddad et al., 1994; Ghebreab, 1998; Stern and Johnson, 2010;
Al-Amri, 2013; Youssef, 2015). The Dead Sea transform fault
bounds the Arabian Plate on the northwest and extends from

southern Turkey in the north through Syria and the Dead Sea to
the Gulf of Aqaba. A rise to the Turkish-Iranian Plateau due to
the collision between the Eurasian Plate and the Arabian Plate has
led to convergent boundaries, which border the Arabian Plate
from the east and the north, while at the west (the Red Sea) and
the south (Gulf of Aden), divergent margins originated as a result
of sea floor spreading and rifting (Figure 1).
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FIGURE 1| The Arabian Plate, showing outcrops of Neoproterozoic and older rocks in the Arabian Shield and Oman, Cenozoic basalt associated with the opening
of the Red Sea, and the plate boundaries —extensional in the south and west, convergent in the north and northeast, and transcurrent in the northwest and southeast
(https://sgs.org.sa/en/ topics/landforms-of-saudi-arabia/).
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FIGURE 2 | Geologic map of the Arabian Shield showing the major geologic terranes and their boundaries, Najd fault system, and sedimentary basins (modified
after Al-Amri et al., 2004) and the seismic activity from 1980 to 2019 using the International Seismological Centre catalog (ISC, 2021).

In the past, the Arabian shield experienced considerable
earthquake records (Ambraseys and Adams, 1988; Ambraseys
and Melville, 1988, 1989). However, it has incomplete pre-
instrumental earthquakes activities due to sparse population,
which reveal the prominent tectonic activities in the Cenozoic.
During the last century, several moderate-sized to large
earthquakes shock the area and the adjacent territories. Two
large magnitude earthquakes were recorded on January 11, 1941
and November 22, 1995 with magnitudes of MS=6.5 and
MW =7.3, respectively (Ambraseys et al., 1994; Klinger et al,
1999). The seismic sources are divided into three types including
active geological faults, area source zones, and smoothed
seismicity. The active fault is the dominant, especially when
the magnitude and focal mechanism are well recognized.

The Arabian Shield, a prehistoric land mass with a trapezoidal
shape is surrounded by Phanerozoic sediments and separated from
the Red Sea by tight coastal plain of Cenozoic sediments (Kroner,

1985). It is a stable craton, which comprises a crystalline basement,
predominantly metavolcanic, metasedimentary, and plutonic rocks of
Precambrian continental crust of about 40-45 km thick (Davidson
et al, 1994; Genna et al, 2002). Its slightly arched surface is a
peneplain sloping very gently toward the north, northeast, and east.

The accumulation of oceanic island arcs along suture zones
defined by ophiolites forms the Arabian shield (Stoeser and
Camp, 1985). The accretion produces tectonostratigraphic
terranes, which are divided by significant suture zones
oriented north and northeast, and lined by serpentinite
ultramafic rocks (tectonic slices and ophiolites) or major NW
trending faults (Figure 2). The Midyan terrane, the Tabuk-Neom
area, the Hijaz terrane, the Jeddah terrane, and the Asir terrane
formed the western half of the Arabian Shield, from north to
south (Johnson, 1998; Stern and Johnson, 2010). These terranes
are separated by major suture zones, namely, Yanbu, Bi'r Umg,
Afif, Nabitah, and Al Amar suture zones.
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FIGURE 3 | the range of 4.5-4.7 mm/year (e.g., ArRajehi et al., 2010).
Counterclockwise rotation of Arabia relative to Eurasia was reported after
Reilinger et al. (2006) in the range of 20-30 mm/year, leading to left lateral
strike slip (East Anatolian Fault) along the northern boundary of the Arabian
Plate with GPS slip rates in the range of 17-24 mm/year from east to west
Turkey. The slip rates increase eastward along the Zagros mountain belts from
18 to 25 mm/year (Walpersdorf et al., 2006).

Aldaajani et al., 2021 stated that, at the northern boundary of
the Arabian Plate, the boundary forces seem to have changed
from compression to strike-slip style, due to the oblique collision
between Anatolian and Arabian plates, which led to lateral escape
tectonics of the Anatolian Plate (Figure 3) (Reilinger et al., 2006).
This may have occurred simultaneously with the crustal
extension in the Red Sea. Following the collision of Arabia
and Eurasia and the Red Sea initiation, the strength contrast
between Afro-Arabia continent and the oceanic lithosphere of the
Mediterranean may have initiated movement along the Dead Sea
Transform soon after a dike intrusion event along the western
margin of the Arabian Plate (ArRajehi et al, 2010). This
ultimately resulted in the development of the Sinai microplate
(Beydoun, 1999).

The purpose of this study is to characterize the seismic
activities related to these main terrains in the Arabian Shield.
Furthermore, the study aims to indicate the dominant tectonic
regimes of the studied regions and identify their related faulting
types as well as characterize the earthquake rate changes and the
risk of higher magnitude earthquakes related to each terrane, and
obtain some seismicity parameters [a- and b-values and
magnitude of completeness (Mc)Jand seismic hazard
parameters (earthquake recurrence and maximum expected
magnitude) to be able to perform actions for seismic risk
reduction in the studied region.

2 TECTONIC ENVIRONMENTS

Saudi Arabia occupies the majority of the Arabian plate that was
formed between 25 and 30 million years ago. Because of rifting
along the northeastern African continent’s boundary, the Red
Sea, and the Gulf of Aden opening, the rocks that make up the
Arabian Peninsula, Jordan, Syria, Iraq, and westernmost Iran are
found to split up from the African continent. Although the plate
is a relatively new tectonic unit, it combines materials that have
formed over a long period of geologic time. These rocks comprise
a 45-km-thick layer of continental crust. Because of Mesozoic and
Cenozoic uplift, Precambrian rocks are exposed toward
southwest of the plate. In other places, the Precambrian rocks
are obscured by a low-dipping succession of Phanerozoic
deposits, which can be more than 10-km thick in the Arabian
Gulf (Johnson, 1998). Precambrian shields typically have
sufficiently thick and cold lithosphere that mantle earthquakes
could occur. Their exceedingly low strain rates, including those
within Arabia, cause mantle earthquakes to be particularly rare
beneath shields (Frohlich et al., 2015). Volcano-seismicity, with
mantle and lower-crustal earthquakes likely caused by early-stage
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pooling and mixing of asthenospheric melt at the base of or
within the lower-crust, are also rare in cratons, including Arabia,
given their low heat flow (Prieto et al., 2017).

Tectonically, the movement of the Arabian plate northeast
away from Egypt and Sudan is accompanied by compression and
strike-slip displacement along the Zagros and Bitlis zones, and by
strike-slip faulting along the Dead Sea transform. The northern
part of the Arabian plate moves northwest toward the Eurasian
plate with a rate of 20 + 3 mm/year (Johnson, 1998; Jamali et al.,
2006). The tectonic pattern of the western Arabia is congenital
from the basement tectonics of ancient Nubian-Arabian shield,
which received its main structural imprint during late
Precambrian orogenic stages. The most important tectonic
features are the NW-SE strike faults parallel to the extension
of the Red Sea, Gulf of Suez rift, Aqaba fault trend, Najd faults
system, NE-SW, and E-W (Tethyan trend) that affect the north
and the NW Red Sea region.

The Najd strike-slip fault system is the Arabian shield’s most
notable structural feature. It extends in a zone >1,200 km in
length and >300 km wide over the north-eastern Arabian Shield.
This faults trend NW-SE with strike lengths >500 km, small
sinistral displacements <25km, and cumulative displacement
across the zone >240km. The Najd system’s shear zones
separate the western and eastern geologic terranes. From the
NE coast of the Red Sea to the SE shield area, where the fault
system is hidden beneath Mesozoic sedimentary strata, at least
four major NW-SE trending left-lateral wrench zones of Najd
intersect the shield. On the Najd system, cumulative Precambrian
left-slip fault is estimated to be around 240 km (Brown, 1970).
The Arabian Shield is made up of metamorphosed rocks that are
overlain by a thick succession of Phanerozoic sedimentary rocks
to the east, north, and south, and the Red Sea to the west. The
shield’s rocks are mostly Cenozoic basaltic volcanic lava fields,
known as Harrat (an active volcanic field located along the
western edge of the Arabian Shield, east of the Red Sea rift
margin, beneath which earthquakes occurred within the
lithospheric mantle), whereas those to the west of it are
Cenozoic rocks from the Red Sea basin. The Red Sea and Gulf
of Aden basins and phanerozoic rocks are typically slightly
deformed and impacted by block faulting and open folds. The
western and southern edges of the Arabian Plate were uplifted
and partly surrounded by subaerial flood basalt during the
previous 25 million years, culminating in the development of
the Red Sea Cliff and Harrat (Davidson et al., 1994).

3 SEISMICITY OF THE ARABIAN SHIELD

The Arabian Plate has a clustered seismicity along the Dead Sea
transform fault, the Red Sea rifting, Zagros fold and thrust belt,
Makran subduction zone and Biltis thrust. Along the Red Sea
rifting, the Gulf of Aden and Gulf of Aqaba, seismic activity is
largely controlled and confined. It is concentrated near the axial
trough of the Red Sea (Al-Malki and Al-Amri, 2013).

The spreading of the Red Sea floor and volcanism are linked to
the distribution of earthquakes in the western half of the Arabian
Shield. Several moderate-sized earthquakes struck the Arabian
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2021. Normal faulting solutions (in red). Strike-slip solutions (in blue) and
thrusting solutions (in green). Size of focal sphere is proportional to
magnitude.

Peninsula’s extreme southwest. On January 11, 1941, near the
modern Saudi Arabia-Yemen border, one of the greatest
occurrences of magnitude Ms=6.5 happened. It resulted in
the deaths of several hundreds of people and the destruction
of 1,700 buildings, 300 of which were destroyed, and 400 were
severely damaged (Ambraseys et al., 1994). On January 23, 2014,
an earthquake sequence was recorded around 50 km northeast of
Jizan city, with the greatest occurrence having a local magnitude
of Ml=5.1 (El-Hadidy et al, 2015; Youssef, 2015). The
earthquake fault plane solution indicates mainly a strike-slip
northeast-southwest faulting mechanism, which, together with
the aftershock distribution, matches the known NE-SW faults.
The northwestern Arabian Shield is characterized by strong
historical earthquakes (Ambraseys and Melville, 1989; El-Isa and
Al Shanti, 1989); the largest earthquake took place in AD 1068
with an intensity ~IX. It caused nearly 20,000 deaths and huge
damages in Tabuk City, the Sinai Peninsula, and near the Dead
Sea (Ambraseys and Melville, 1989; El-Isa and Al Shanti, 1989).
Many recent moderate-to-large earthquakes are located in the
study area, including a series of earthquakes in June 2004, about
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TABLE 1 | Number of earthquakes, magnitude, and depth ranges; seismicity and seismic hazard parameters for the studied regions in the Arabian Shield.

Regions Total No. Depth Max mag a-value b-value Mc Mmax
no. of events range
of events M=>1.0 (km)
Midyan terrane 16,483 1,521 0-51 5.5 3.73 0.53 +0.10 1.4+0.35 6.0
Tabuk-NEOM 1,012 899 0-35 4.9 4.35 0.76 +0.13 2.4 +0.48 5.4
Hijaz terrane 103 55 0-59 4.2 3.88 1.04 £0.34 2.3 +0.56 4.7
Jeddah terrane 114 68 0-19 4.3 2.70 0.70 £ 0.19 1.4 +0.38 4.8
Asir terrane 716 448 0-57 6.2 3.72 0.83 +0.23 1.6 £0.44 6.7
. . . Start Reading ISF Format
60 km southwest of Tabuk. The largest earthquake in this series 3
took place on June 22, 2004 with a magmtude' of MI=5.2. On > Find Event Block { &7 } I
August 27, 2009, an earthquake with a magnitude of Ml=5.1 ¢ — Selection Order
i Isc
took place gbout 45 km north of Badr Clt‘y. On May 19, 2909, t.he Find PRIME Origin e e
area was hit by an earthquake swarm in Harrat Lunayir with R CSEM
. . . . 1 origin |
magnitudes of Ml = 5.4 for the main event, which was felt in Al ! g ';gA
Madinah (Youssef, 2015; Zahran et al., 2016). Read Event Origin Read Event Origin AFAD SB?,FC
Data from “PRIME”  Data from “Selected Institute” =y | o el
THE IPER
mMos | Nssp
4 FOCAL MECHANISM SOLUTIONS e | sesn
e Tue
Several approaches are used to understand the earthquake
phenomena. One such approach is the focal mechanism solutions . - e
Th . £ focal hani alysi Collecting Magnitude Values | ™77 |
(FMS). The main purposes of focal mechanism analysis are to for Selected Event  ---Rorser .
identify seismic faults from seismological observations and to M, Selection
. . . Calculating ave/sdev/med __Order
study the type of (,ilsplacement and the relative motion between for each Magnitude Scale M,
the different plates’ boundaries. The focal mechanism solutions, ¥ ™,
together with the distribution of seismic activity are very useful Deciding M, Magnitude '“',‘I':
indicators for the seismotectonic setting, the earthquake generating . my
. . . s Calculating M "=a-Mx + b ™M
processes, and the stress regime of a certain region. Determination of

the focal mechanism solutions provides extensive information about
the sense of fault movements and the state of stress in the
lithosphere. In this study the most recently compiled focal
mechanism dataset given for the Arabian Shield and surrounding
regions are considered. Focal mechanism data were mainly obtained
from the International Seismological Centre (ISC) catalog for the
region from 12° to 32°N latitudes and between 34° and 48°E
longitudes). The final compiled focal mechanisms catalog is
comprised of a total number of 122 solutions spanning the time
period from 1977 to 2021. These solutions, which are presented in
Figure 4, demonstrate a majority of normal faulting mechanism.
Some scarcely strike-slip and thrust faulting mechanism solutions
are also noticed. The normal mechanism with centroid depths at
12-19km, a strike-slip mechanism with centroid depths at
10-22km and a thrust mechanism with centroid depths at
10-25. The focal mechanism solutions show a dominant
extensional regime with almost horizontal NE-SW trending.

5 ANALYSIS OF SEISMICITY PARAMETERS

5.1 Gutenberg-Richter relationship

The Gutenberg-Richter (G-R) relationship is the common
recurrence relationship, which describes the seismicity of a
seismic region. Once the earthquakes take place, the

(= \yrite Event to Output

FIGURE 5 | Flowchart of the International Seismological Centre (ISC)
database processing. Ave, average (mean); Med, median; Sdev, standard
deviation. Mw is equivalent moment magnitude. See Appendix A for the
institute codes.

relationship between their frequency of occurrences and
magnitude distributions (FMD) can be given by the following
equation:

logN(M)=a-bM (1)

where the cumulative number of earthquakes N(M) is computed
for all magnitudes M and greater. The a and b parameters are the
seismicity constants that are indications for the seismic activity
level and the slope of the FMD, respectively.

The a-value is the seismic activity rate that illustrates the above
equation when it cuts across at M = 0. This variable parameter
changes with the changes of seismic activity, the time, and term of
observation, the earthquake magnitude, and the stress regime of
the region under study (Gutenberg and Richter, 1944). With the
increasing earthquake magnitudes in a region, the slope of its
frequencies is determined by the b-value. It can also present the
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proportion of the earthquake sizes in numbers. The b-value is
changing by the stress and strain distribution as well as the type of
the rock. It is close to unity for most tectonically active regions
(Schorlemmer et al, 2005). Areas with low heterogeneities
(reduced geological complexity or crack density) and low
thermal gradients are characterized by low b-values, while
high heterogeneous regions, which are characterized by low
velocity of deformation and less stress and strain, are the areas
of higher b-values (Mogi, 1962; Manakou and Tsapanos, 2000).
The correlation between b-values and the faulting mechanisms
has been inferred from some previous studies, which relates
normal faults to b-values ~1.1, strike-slip faults to b-values
~0.9, and thrust faults to b-value ~0.7 (Schorlemmer et al., 2005).

5.2 Magnitude of completeness

The magnitude of completeness (Mc) is defined as the lowest
magnitude above which most of earthquakes are detected in
space-time volume (Wiemer and Wyss, 2000; Ali and
Shanker, 2017; Hafiez and Toni, 2020; Ali and Akkoyunlu,
2022). The accurate estimation of Mc is crucial, where
increasing the values of Mc lead to take insufficient data and

decreasing the Mc values lead to take a huge number of bogus
data (Mignan and Woessner, 2012). The completeness magnitude
is a basic requirement for modeling the seismicity in a region. The
maximum curvature technique, the most reliable method to
estimate Mc, is utilized to locate the maximum curvature
point that refers to the magnitude of completeness by
computing the first derivative maximum value of the slope of
earthquake curve (Wiemer and Wyss, 2000).

There are various other methods to determine the magnitude
of completeness. Some of these methods are the Mc by b—value
stability, median-based analysis of the segment slope, and
goodness-of-fit test. Although, the maximum curvature
technique is easily applicable, Mc can be misjudged for the
gradually curved FMDs. Consequently, utilizing other methods
provide more reasonable estimates for Mc (Michael, 2014). When
using more homogeneous local dataset, the maximum curvature
technique gives more reasonable values for Mc (Mignan et al.,
2011; Hafiez and Toni, 2020). The maximum curvature method
requires less events compared with other methods, where
uncertainties are also applicable by applying the Monte Carlo
approach of the bootstrap technique (Efron, 1979). When the
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number of events is small, it leads to higher uncertainty values,
and when the sample size is large enough (>150 events), it allows
a better estimation for Mc.

5.3 Seismic hazard parameters

The assessment of the previous earthquake distribution and their
magnitudes in a seismotectonic region, as well as the calculation
of the seismicity parameters, is the main stride to estimate the
earthquake probability. The a- and b-values in the
Gutenberg-Richter FMD can be employed to foresee the
probability of future earthquakes of various magnitudes and
recurrence intervals (Mogi, 1962; Scholz, 1968).

The earthquake probability of magnitude M (in any period T)
is calculated by the Poisson model, a base model to calculate the
probabilistic seismic hazard that have been used in the maps of
the National Earthquake Hazard (Frankel, 1995), in the

California Seismic Hazard Maps (Petersen et al., 1996), and in
fault lengths and global earthquakes (Leonard et al., 2001). This
method is defined by the following equation:

P (M)=1-eN®T (2)

where P (M) is the probability that at least one earthquake will
take place within certain periods (T'), M is computed by Eq. 1.
According to the Poisson model, the recurrence interval (Q) is
given by the following equation:

Q=1/N(M) 3)

The relationship between the magnitude and reputed length
(L) is employed for computations of the maximum expected
earthquake magnitudes. The most likely magnitude for a certain
maximum rupture is estimated by (L), which is not the maximum

Frontiers in Earth Science | www.frontiersin.org

12

March 2022 | Volume 10 | Article 851737


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ali and Abdelrahman Earthquake Occurrences at Arabian Shield

A F-M Relation "Midyan Terrane" B F-M Relation "Tahuk-NEOM"
| | | | | | | | | | | | | | | | | N
] Maximum Likelihood Estimate, Uncertainties by bootstrapping [ 3 Maximum Likelihood Estimate, Uncertainties by bootstrapping
o J°°00f0ag bvalue = 053+ 0.1, avalue =373, avalue (amnual) = 217 |__ L neooobogg, bvalue =076 +-0.13, avalue =4 35, & value (amnual) = 278 ™
5 3 Magnitude of Completeness = 14 4035 E 5 3 O0ogy an? Me Magnitude of Completeness = 2.4 +/- 048 E
2 ] £ ] [
E [ g i Hag,
210 E £ = &B\B‘D\U\ E
2 = = > 3 .. [aps E
g ] Eo§ ] s Teeg, ;
= b o r 3 u e
£ ‘o L g1 4 \B‘Q\ E
5 3 E 3 3 s + .0 E
o 3 B A E o 3 & x £
= 0g B 4 5 o F
Bl ooo - g Gl oo B
0 0
10" - .. __.ponm L 10’ - i 3 AUR
| I I T I T I T | I [ I | I I I I I I
05 1 15 2 25 3 35 4 45 5 55 6 05 1 15 2 25 .3 35 4 45 5
Magnitude Magnitude
F-M Relation "Hijaz Terrane" F-M Realtion "Jeddah Terrane"
| | | | | | | | | | | | |
10’ — Maximum Likelihood Estimate, Uncertainties by bootstrapping | — 102 Maximum Likelihood Estimate, Uncertainties by bootstrapping
= b-value = 1.04 +- 034, avalue = 3.88, avalue (annual) = 259 | = b-value = 0.7 +-0.19, avalue =27, avalue (annual) = 1.28 E
I 0 ERED g gy Magnitude of Completeness = 2.3 +/- 056 E R T Dv Me M N E
] [ E - lagnitude of Completeness = 14 +-0.38 I
= Bdg . Me o ] I#
o 1 &
B oo D}ﬂ% L i [
! )

Cumulative Number
3

Ll
o
T
Cumulative Number
R
Ll

T

3
|

=
I

=
T

f
05 1 15 2 25 3 35 4 45
Magnitude

35 4 45

E F-M Relation "Asir Terrane”
3 ] | | | | |
Maximum Likelihood Estimate, Uncentainties by bootstrapping
0o0D0gE DDDDV Mc b-value = 0.83 +/- 0.23, avalue =372, avalue (annual) = 1.82
. Magnitude of Completeness = 1.6 +/- 0.44

gl
imani

|
T

Cumulative Number

RT|
mani

3
|

Magnitude

FIGURE 8 | (A-E) Frequency-magnitude relations of the studied seismic regions calculated by the maximum curvature technique. Mc is the cut-off magnitude
(squares and triangles show the cumulative earthquakes for each magnitude value, as well as the earthquake numbers, respectively).

magnitude, but rather the magnitude that could be anticipatedto ~ catalog has longer time span, the hazard parameters are well
overtake in half of the earthquakes correlated with that rupture  estimated (Rydelek and Sacks 1989; Wiemer and Wyss 2000;
length. Woessner and Wiemer, 2005; Ali, 2016).

The initial earthquake catalog in the current study is compiled
for the Arabian shield. It initially comprises 3,750 local

It is possible to use the regression models to estimate the earthquakes recorded during the period from 1941 to 2019
expected magnitude. Wells and Coppersmith (1994) used the with magnitudes range from 1 to 6.2 and focal depths range
documented and published historical and recent reports to take from 0 to 50 km. This catalog is utilized to characterize seismicity
out relations between the rupture length and average surface of the study area. It is compiled by combining phase readings and
displacement. The maximum expected magnitude (Mmax) was information retrieved from regional seismological agencies and

obtained by adding 0.5 units to the maximum observed reported by the International Seismological Centre (ISC) online
magnitude (Kijko, 2004) (Table 1). bulletin available at (http://earthquake.isc.ac.uk/). In examining

the earthquake catalog completeness, the earthquake dataset used

in the seismicity studies should use similar magnitude scales. The
6 SEISMICITY CATALOG most recorded events in the study area have been reported by ISC

in “ml” magnitude scale. Only few events are reported by other
The earthquake catalog is one of the most important outputs of  different magnitude scales, such as Md, mb, and/or Ms, which
seismology. It presents a broad dataset in earthquake events,  have been removed from our study for consistency. Therefore, a
which comprises the seismicity analysis in space-time volume, = homogenous earthquake data catalog has been prepared using
seismotectonic, and seismic hazard assessment (SHA). When the ~ only one magnitude type “ml” (Table 1).

M =5.08 + 1.16xlog (L) (4)
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The ISC bulletin is one of the main sources of data for regional
and global imaging of the Earth’s tectonics and structure, and
seismic hazard research work. The most important feature of the
ISC bulletin is that all events with sufficient data are manually
checked and relocated by experienced analysts. Therefore, the
latest earthquake information in the database is 2 years behind in
real-time. It also presents the event parameters reported by the
contributor agencies and centers. The ISC finished rebuilding the
entire database in 2020 by utilizing a new location algorithm
(Bondér and Storchak, 2011) with the akl35 seismic velocity
model (Kennett et al., 1995). Furthermore, previously unavailable
hypocenter and station phase readings from the temporary and
permanent networks are used to the rebuild bulletin (Storchak
et al., 2017; International Seismological Centre, 2021). Therefore,
the latest, most recent, and revised international dataset is used in
this study. The earthquake parameters in the bulletin are in the
TIASPEI Seismic Format (available at: http://www.isc.ac.uk/
standards/isf/). The overall data processing is given in the
flowchart in Figure 5. Because the bulletin may contain
multiple hypocenters from multiple agencies for an event, the

ISC considers that one of them is primary and assigns to it the
PRIME flag. A hypocenter determined by the ISC always has the
PRIME flag. The parameters reported by the ISC are preferred
first. If there is no information from the ISC, the availability of the
hypocenter parameters from the European-Mediterranean
Seismological Centre (EMSC or CSEM) is searched (see
Appendix A for the institute abbreviations). The priority of
both institutes is high because they use all available data in the
study area.

7 METHODS AND DATA ANALYSIS

The ZMAP software package (Wiemer, 2001) available at http://
www.earthquake.ethz.ch/ software/zmap has been utilized to
perform the statistical analyses on the compiled data set. It
includes a set of tools operated by a graphical user interface
(GUI) and intended to help scientist in their analyses of catalog
data. ZMAP is primarily a tool used to evaluate the quality of
catalogs and to address assumptions. It was first published in
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FIGURE 10 | (A-E) Depth histograms for the studied regions as represented by the color legend.
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1994 then became well known over the last few years. It includes
important features for the catalog quality assessment, such as
artifacts, completeness, and contamination of explosion as well as
interactive data exploration, stress tensor inversions, mapping
transients in seismicity (b-values and rate changes) and fractal
dimension analysis. The code of ZM AP is an open source, written
in Matlab by the Mathworks, which is a widely used software
language in the natural sciences. The ongoing renovation process
of Zmap tools, which started as simple graphical retrofits, has
evolved to leverage modern MATLAB’s new graphics system,
improved object-oriented capabilities, updated toolboxes, and has
resulted in a version of ZMAP that provides vastly improved
usability, speed, and reliability. Nearly every aspect of the ZMAP
has been modified and is now compatible with MATLAB R2018a
and later. The user interfaces have been modified to provide
consistency and a high degree of interactivity.

The statistical analyses have been performed on the whole
dataset of the Arabian Shield as a one region before subdividing
it into terranes (Figure 6). The evolutions among the levels of

seismic activities, i.e., the cumulative number of earthquakes
plotted against time, are shown in Figure 6A. This evolution
indicates the sudden increase in the cumulative seismicity
curves of the Arabian Shield in 2004 and 2018. The a- and
b- values, which may exhibit some differences based on the
tectonic characteristics of the investigation area, were calculated
for the Arbian Shield using the magnitude-frequency
relationship (Figure 6B). The obtained a- and b-values were
4.53 and 0.64, respectively. The estimated magnitude of
completeness for the whole catalog of the Arabian shield was
Mc = 2.4. The magnitude histogram (Figure 6C) shows that the
average magnitudes are between 1 and 3.4. The depth
distribution (Figure 6D) shows that the depths of the vast
majority of events in the catalog are between 0 and 15 km.
The seismic activities between 40 and50 km have also been
reported. The predominant depths are about 0-10 km. The time
histogram (Figure 6E) displays the increase of seismic activity
in 2004 and 2018-2019. There are very low activities that have
been noticed in the period between 2013 and 2017.
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In order to ensure a time-independent Poissonian
distribution of seismicity, the earthquakes that occurred in
clusters, such as foreshocks/aftershocks sequences and
swarms, are aimed to be identified and then removed from
the catalog. This process called the declustering process, in
which earthquake clusters are usually defined by their
proximity in time and space. Several approaches can be
used for the declustering process (e.g., stochastic,
deterministic = linking, and windowing methods). The
windowing methods, such as the Gardner and Knopoff
(1974) and Reasenberg (1985) are capable of identifying in
a straightforward way the foreshock/mainshock/aftershock
sequences, simply by applying the windows forward and
backward in time from the mainshock. These methods do
not distinguish between different generation of aftershocks
(i.e., first generation resulting from the mainshock and those
associated to previous aftershocks), and it is assumed that all
dependent events would occur within the window. Also, they
assumed a circular spatial window searching not full consistent
with fault extension for larger magnitude earthquakes. We
then used the most widely applied deterministic approach

(Gardner and Knopoff, 1974), which is based on a
windowing algorithm originally conceived for Southern
California, but later adopted/modified to be used across the
world (Uhrhammer, 1986; Stiphout et al., 2012). This method
takes into consideration the tectonic context and related
seismicity present in the region (active shallow, stable, and
interface/inslab subduction) in order to decluster the catalog.

The distribution of events through time and latitude showing
the foreshock, mainshock, aftershock sequences after applying
the declustering for the subduction region are presented in
Figure 7, together with window sizes (distance and time)
with respect to the magnitude used by declustering methods.
The declustering found a total of 759 (20.24%) clustered events
out of 3,750. The map window now displays the declustered
catalog containing 2,991 events as blue dots. The individual
clusters are displayed as magenta pluses (Figure 7). The
magnitude histogram of the declustered catalog is shown in
Figure 7C. It shows a noteworthy difference from the
magnitude histogram distributed by the data of the whole
catalog (Figure 6C), which highlights the importance of the
declustering process.
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FIGURE 12 | (A-E) Time-magnitude distributions for the studied regions as represented by the color legend.

8 RESULTS

The Arabian Shield has been subdivided into five regions (The
Midyan terrane, the Tabuk-Neom area, the Hijaz terrane, the
Jeddah terrane, and the Asir terrane). The purpose of this study is
to characterize the seismic activities related to these main terrains
in the Arabian Shield. Furthermore, to indicate the dominant
tectonic regimes of the studied regions and identify their related
faulting types as well as characterize the earthquake rate changes
and the risk of higher magnitude earthquakes related to each
terrane and obtain some seismicity parameters [a- and b-values
and magnitude of completeness (Mc)] and seismic hazard
parameters (earthquake recurrence and maximum expected
magnitude) to be able to perform actions for seismic risk
reduction in the studied region.

For this purpose, we estimated the parameters from the
deviation of the earthquake frequency-magnitude distribution
from the Gutenberg-Richter law in each region (Figure 8). The a-
and b-values, which may exhibit some differences based on the
tectonic characteristics of the investigation areas, were calculated
for each source region along with the magnitude-frequency
relationship (Figure 8 and Table 1). Among all the

investigated areas, the highest b-values are detected in the
Hijaz terrane (b=1.04), while the lowest b-values were
recorded in the Midyan terrane (b=0.53). A reliable estimate
of Mc is to define the point of the maximum curvature as the Mc
by computing the maximum value of the first derivative of the
frequency-magnitude curve. In practice, this matches the
magnitude bin with the highest frequency of events in the
noncumulative frequency-magnitude distribution (triangle
symbols in Figure 8). Using the maximum curvature, which
simply computes the maximum value of the first derivative of the
FMD curve, the higher Mc values of 2.3 and 2.4 are obtained at
the Hijaz terrane and Tabuk-Neom, respectively, while the lower
values of Mc are of 1.4 for Midyan and Jeddah terranes. The
obtained Mc values for all studied regions are given in Table 1.

The magnitude histograms illustrated in Figure 9 shows that
Midyan, Tabuk, and Asir Terranes have the higher seismicity at
the study area with average magnitudes of 1.0-4.1 at Midyan,
1.0-3.3 at Tabuk, and 1.0-2.2 at Asir Terranes. The depth
distributions (Figure 10) show that most earthquakes in the
catalog occurred in shallow depths. The predominant depth
ranges between 0 and 15 km. Hijaz and Jeddah Terranes show
lower depth distributions. The yearly seismic rate histograms
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FIGURE 13 | (A-E) Annual probabilities of the earthquake activities in various levels of magnitude for the studied regions as represented by the color legend.

(Figure 11) display the higher seismic activity periods in 1993,
1995, 2001-2002, 2011, and 2017-2019 (Midyan), in 2005
(Tabuk), between 2002 and 2006 (Hijaz), in 2011 and between
2019 and 2020 (Jeddah), and between 2001 and2006 and 2017
and 2020 (Asir). The Magnitude rate distribution of the
earthquakes (Figure 12) reveals an important increase in the
number of large magnitude earthquakes in the period between
1993 and2009 in Midyan terrain, in 1996 and 2004 in Tabuk. Two
events above magnitude 4.0 unlike the normal moderate activity
with magnitudes below 3.0 are recorded in Hijaz terrane. The
same for the Jeddah terrane, where most of the seismicity are
below 3.0, except in 1994, where two events with magnitudes
above 3.5 are reported. A random slight increase in magnitude is
observed at Asir terrane from time to time.

The probability of occurrence of earthquakes of various magnitudes
in certain time intervals is of the highest rate in Midyan terrane and
lowest in Jeddah terrane (Figure 13), while the returned periods were
found to be higher in Jeddah terrane and lowest in Midyan terrane
(Figure 14). The maximum expected magnitudes (Mmax) are found

to be 6.0 for Midyan terrane, 5.4 for Tabuk-Neom, 4.7 for Hijaz terrane,
4.8 for Jeddah terrane, and 7.7 for Asir terrane. The average recurrence
intervals of earthquakes with the Mmax are ~7, ~20, ~6, ~120, and
~200 years for each seismic terrane, respectively.

9 DISCUSSION AND CONCLUSION

In the context of tectonic plate movements, complex structural
patterns within the Arabian Plate related to the collision between
Arabian and Eurasian plates have been interpreted. The slowing
of the convergence or the onset of collision between Arabia and
Eurasia, as well as the change in Africa-Eurasia motion may be
reflected by a stepping of the locus of extension from the
spreading axis to off axis dikes and temporarily correlated
with the onset of volcanism within the western Arabian
margin (Aldaajani et al,, 2021).

Several geophysical studies indicate that the Arabian Shield is
an active seismic region (Al-Noury and Ali, 1986; Al-Haddad
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et al., 1994; Al-Amri, 2013; Youssef, 2015). The rapid economic
expansion in the region has resulted in industrial development
and intensive urbanization, with large engineering structures and
projects already constructed, under construction, or being
planned, such as dams for irrigation and power, desalination
plants, and nuclear power plants.

The most recently compiled focal mechanism solutions of
122 earthquakes with 3.7 < ml < 7.1 and depth ranges between
0 and 30km demonstrate a dominant normal faulting
mechanism with a minor component of strike-slip motion
and the two nodal planes trending NW-SE. This type of
mechanism presents the tectonic movement of the region
and the NW-SE trend is consistent with the common
trending faults. The dominantly extensional tectonic regime
with nearly horizontal NE-SW trending delineates the
influence of NE extension in the Red Sea. This stress system
reactivated the preexisting lineaments of the Najd fault system,
which was active during the Precambrian, and was reactivated
several times during the geological history of the region (Agar,
1987; Stern, 1994). The above results get on well with the
geological observations (Roobol, 2007) that exhibit that the
Red Sea passive margin is undergoing extension by rotational
normal faulting dipping both toward and away from the Red
Sea that cause thinning of the Arabian Shield.

In order to determine the earthquake occurrences and
earthquake recurrence characteristics in the study area, an
initial earthquake dataset containing 3,750 seismic events
recorded between 1941 and 2019 with magnitudes of 1.0 and
6.2 and depths between 0 and 50 km was examined. The statistical
analyses have been performed on the whole dataset and the
results demonstrate the sudden increase in the cumulative
seismicity curves of the Arabian Shield in 2004 and 2018. The
obtained a- and b-values were 4.53 and 0.64, respectively. The
estimated magnitude of completeness was Mc = 2.4. The average
magnitudes were estimated between 1 and 3.4. The predominant
depths are about 0-10km, and seismic activities in depths
between 40 and 50 km with exceedingly low strain rates were
also noticed. These activities could be within the lithospheric
mantle where Volcanic fields in the mantle and lower-crustal
zones are located. An increase of seismic activity in 2004 and
2018-2019 was displayed, and very low activities were noticed in
the period between2013 and 2017.

In the current study all inadequate data of the catalog, as well
as the aftershocks have been taken off, and each earthquake
cluster has been replaced by an equivalent event using the
declustering technique represented by Gardner and Knopoff
(1974). Finally, a declustered earthquake catalog includes 2,991
earthquakes has been used to characterize the seismicity of the

Frontiers in Earth Science | www.frontiersin.org

19

March 2022 | Volume 10 | Article 851737


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ali and Abdelrahman

study area. Keeping in view the prevalent tectonics and the
geological, geophysical, and seismological data, the study area
is represented by five zones (terranes) include Midyan terrane,
Tabuk-Neom, Hijaz terrane, Jeddah terrane and Asir terrane.

The distributions of spatial magnitudes along the study area
denote higher seismic activity records at the northwestern part of
Arabian Shield, especially at Midyan and Tabuk-Neom with
average magnitudes of 1.0-4.1 and 1.0-3.3, respectively, as
well as at the southeastern Saudi Arabia at Asir terrane with
an average magnitude of 1.0-2.2. Low seismic activities have been
observed at Hijaz and Jeddah terranes. The temporal migrations
of seismicity along the depth axis indicate that the seismic activity
of the study area is concentrated in the upper crust zone in a
shallow depth between 0 and 15 km.

In the current study, the maximum likelihood technique was
applied to specify the seismicity of the areas under study and to
calculate their associated seismicity parameters [Gutenberg-Richter
(GR) recurrence parameters (a- and b-values) and the Magnitudes
of completeness (Mc)]. Compared with the least-square regression
method, this method gives more reasonable results (Aki, 1965). The
ZMARP software has been used to compute Mc, a- and b-values. The
results showed that the a-values varied between 2.70 and 4.35, and
the b-values varied between 0.50 and 1.04.

The variations of the defined a- and b- values through the
study regions not only reflect the geodynamic processes such
as seafloor spreading and continental rift but also assess the
seismic hazard that threatens the megaprojects in the regions
such as the Red Sea Development and Neom. The highest
b-value was determined in the Hijaz terrane (b = 1.04), which
suggests that it is associated with a decreased risk of higher
magnitude earthquakes. The lowest b-value was estimated in
the Midyan terrane (b = 0.53) that indicates the higher risk of
larger magnitude earthquakes. Since b-value is inversely
related to stress (Woessner and Wiemer, 2005), so the
Hijaz terrane is associated with low stress regime. This
indicates the faults of this source zone are capable to
generate numerous smaller magnitude earthquakes of short
return periods, which agrees with the estimated maximum
magnitude of ml=4.7. In contrast, the Midyan terrane
indicates high stress regime that may have high hazard of
large magnitude earthquakes of large return periods, which is
confirmed by the estimated maximum magnitude of ml = 6.0.
The higher Mc values of 2.3 and 2.4 are obtained at the Hijaz
terrane and Tabuk-Neom, respectively, while the lower values
of Mc are of 1.4 for Midyan and Jeddah terranes. The lower
value of Mc at the Midyan terrane demonstrates appropriate
station distribution and high earthquake rates. However, at
the Jeddah terrane the seismic activities are poorly detected
(with only 68 events over magnitude 1.0) that probably leads
to the small value of Mc. Mc thresholds in the Hijaz terrane
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APPENDIX A

The ISC contributor institutes mentioned in this study are given
below. The ISS and GUTE catalogs are used for the events in the
period of 1900-1964.

Code Institute

ISC International Seismological Centre

ISS International Seismological Summary [for 1900-1964]

GUTE Gutenberg and Richter (1954) [for 1900-1952]

CSEM European-Mediterranean Seismological Centre - EMSC (France)
ISK B.U. Kandilli Observatory and Earthquake Research Institute (Turkey)
DDA General Directorate of Disaster Affair (Turkey), until September 2017

AFAD Disaster and Emergency Management Presidency (Turkey), since
October 2017

ATH National Observatory of Athens (Greece)
THE Dept. of Geophysics, Aristotle University of Thessaloniki (Greece)
MOS Geophysical Survey of Russian Academy of Sciences (Russia)

Earthquake Occurrences at Arabian Shield

TEH Tehran University (Iran)
TAB Tabriz Seismological Observatory (Iran)

TIF Institute of Earth Sciences/ National Seismic Monitoring Center
(Georgia)

SOF National Institute of Geophysics, Geology, and Geography (Bulgaria)

BUC National Institute for Earth Physics (Romania)

SIGU Subbotin Institute of Geophysics, National Academy of Sciences
(Ukraine)

IPER Institute of Physics of the Earth, Academy of Sciences, Moscow
(Russia)

NSSP National Survey of Seismic Protection (Armenia)

AZER Republican Seismic Survey Centre of Azerbaijan National Academy
of Sciences (Azerbaijan)

NSSC National Syrian Seismological Centre (Syria)

THR International Institute of Earthquake Engineering and Seismology
(Iran)
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In this paper, a geophysical strategy based on the recently proposed Manta-Ray Foraging
(MRF) Optimization algorithm is adapted and presented for the blind computation of depth/
shape defining parameters from magnetic anomalies due to buried geo-bodies. The model
parameters deciphered are the coefficient of amplitude (K), buried structure’s origin (xo),
the depth (z), magnetization angle (a), and a shape factor (q). After detailed and piecewise
design, the new inversion tool is originally trial-tested on anomaly data generated
synthetically. The uncorrupted version of the test data is first analyzed, then - it is
corrupted with noise varied at 5, 10, 15, and 20% corruption levels. Thereafter, it is
experimented with magnetic profiles taken from exploration fields in the United States,
Peru, and Egypt. From the evaluation of results obtained, the new procedure is observed
as exhibiting outstanding stability and flexibility especially with noisy dataset and notable
efficiency in the quantitative resolution of magnetic inversion problems. The results
obtained for the field cases are also mostly consistent especially when compared with
background results from similar studies conducted with other methods; further affirming
the new tool as reliable for the geophysical investigation of buried minerals.

Keywords: shapes, anomaly, optimization, manta ray minerals, interpretation, magnetics

INTRODUCTION

Magnetic, gravity, electromagnetic, DC resistivity and self-potential techniques have successful
applications in mineral exploration (e.g., Biswas et al., 2014; Portniaguine & Zhdanov, 2000a;
Mehanee & Zhdanov, 2004; Pellerin & Wannamaker, 2005; Essa et al., 2021; Mehanee, 2022a;
Mehanee, 2022b). Synonymous with other conventional geophysical methods, optimal
interpretations require that magnetic field data be analyzed in ways generally deemed best for
the recovery of characteristic parameters mirroring those of the features causing the anomalies (Klein
et al., 2016; Balkaya et al., 2017; Xie et al.,, 2019; Ben et al., 2021c). Generally, geologic structures are
extensively classified into four geometrical categories: spheres, thin sheets, infinitely long cylinders,
and geological contacts (Ben et al., 2021a). These simple geometric models conveniently approximate
structures that are commonly in during magnetic data interpretation. Geophysical inversion aims at
unraveling parameters characteristic of geologic structures through numerical adjustments to these
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already defined models (Essa & Elhussein, 2020; Essa et al., 2020).
The notably sought-for parameters are usually those defining
anomaly position (in space), depth, and those characterizing the
anomaly shape (Ekinci et al.,, 2021; Essa et al., 2021; Mehanee,
2022b).

A review of published literature reveals that several strategies
have been priorly employed for magnetic inversion. An adept
number of them take advantage of computational approaches
such as those consistent with classical/numerical theories. Gay
(1965) using conventional curve fitting theories developed
standard curves for common geologic structures. Abo-Ezz &
Essa (2016) introduced a linear least-squares method for the
deciphering of buried geologic bodies from magnetic anomaly
profiles. Araffa et al. (2018) employed Euler deconvolution to
delineate subsurface structural features of basement complex
from magnetic data. Ouyang & Chen (2020) iteratively
modeled magnetic anomalies using the Fourier transform
technique. Duong et al. (2021) interpreted magnetic data at
low latitude areas using Marquardt algorithm and continuous
wavelet transform. Some of other deterministic methods
experimented and reported in literature for magnetic
anomalies include fair function minimization procedures
(Asfahani & Tlas, 2012; Abbas & Fedi, 2013), simplex
algorithm (Pan et al, 2009; Abdelrahman et al, 2019),
regularized inversion and image focusing (Portniaguine &

A Novel Swarm Intelligent Approach

Zhdanov, 2000b) and Hilbert Transform (Dondurur and
Pamukcu, 2003). However, these inversion techniques
sometimes generate poor solutions mostly accrued to
causatives such as recursive noise, window size incompatibility
and the number of data points considered in the interpretation
out of the entire magnetic data profile. Furthermore, the majority
of them rely heavily on a series of initializations derived from
subjective historical geologic deductions. This pre-knowledge is
not always available and even if they are, their reputability can
sometimes be disputed.

With recent advancements in machine intelligence and with
increased efforts to address the aforementioned challenges,
interpretative heuristic methodologies are increasingly being
introduced for magnetic anomaly interpretations. Some of
these methodologies are based on; genetic algorithm, particle
swarm, differential evolution, ant colony optimization, and
genetic-price algorithm. Liu et al. (2015) optimized
interpretation  of surface and  subsurface  magnetic
measurements using ant colony optimization. Biswas &
Acharya (2016) deployed VFSA for the interpretation and
modeling of magnetic anomaly over a vertically magnetized
rod-like structure. Biswas et al. (2017) developed an approach
to the estimation model parameters from the total gradient of
magnetic data based on Very Fast simulated Annealing (VFSA).
Agarwal et al. (2018) developed a grey-wolf optimer based
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FIGURE 1 | Schematic cross-sections showing configurations of simple geometrical shaped models and their parameters; (A) Sphere (B) Horizontal cylinder (C)
Thin sheet.
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TABLE 1 | Characteristic inclination parameter for vertical, horizontal and total
magnetic field anomalies due to thin sheets and horizontal cylinders (after Gay,
1963, Gay, 1965).

Magnetic Field Inclination Parameter

Thin sheet Horizontal cylinder
Vertical +-§ +-90
Horizontal +-§-90 +-180
Total 21t-§-90 2l+-180

methodology for the inversion of magnetic datasets from surface
and airborne surveys. Ekinci et al. (2019) in their comparative
study analyzed the performance of differential evolution against
particle swarm optimization for magnetic parameterization
through direct search. Essa & Elhussein (2020) emphasized the
employment of particle swarm optimization for the inferring of
residual magnetic anomalies. Di Maio et al. (2020) introduced a
hybrid genetic-price heuristic for the inverse modeling of
magnetic anomalies due to simple geological structures.
Gobashy et al. (2020) introduced the Whale Optimization
Algorithm for the assessment of model parameters from
magnetic anomalies over mineralization structures. Balkaya &
Kaftan (2021) conducted inverse modeling of intrusive structures
using differential search algorithm. Essa et al. (2021) applied the
variance analysis method for magnetic profile interpretation.
Mehanee et al. (2021) carried out magnetic modeling using a
R-parameter imaging approach. Balkaya & Kaftan (2021)
interpreted magnetic anomalies caused by dyke-shaped bodies
using differential search algorithm. Du et al. (2021) proposed a
new method to conduct lp norm magnetic inversion of 2D data
using adaptive differential evolution technique. The most obvious
advantage of meta-heuristics techniques is that unlike their
analytical strategies, improvements in directions referencing
the feasible solution are not influenced by the gradients of the
minimized objective function (Kombe & Muguthu, 2019; Elaziz
et al., 2020; Hayyolalam & Pourhaji Kazem, 2020).

Noting the meritoriousness of the aforementioned, especially
in interpretative resolvability of buried structures, the reader
may be puzzled as to why a new optimizer-based procedure is
still developed to solve problems that previous optimizers have
already solved. A geophysical interpretation of the infamous No
Free Lunch Theorem of Optimization (Salcedo-Sanz et al., 2018;
Gharehchopogh & Gholizadeh, 2019; Gupta & Deep, 2019)
presents an appropriate response to this question. This is

A Novel Swarm Intelligent Approach

that, while the majority of the previously proposed
methodologies based on intelligent optimization algorithms
have greatly improved anomaly interpretation quality,
analytical perfection has yet to be achieved, particularly in
terms of convergence and computation complexity. The
continuous pursuit of analytical perfection necessitates the
testing of new optimizers. This is also the primary
motivation for this research. In this research paper, we
present a new interpretative methodology for describing
geophysical anomalies over different geometrically-shaped
geologic bodies. The methodology is based on the manta-ray
foraging (MRF) optimization algorithm.

The MRF algorithm-originally introduced by Zhao et al.
(2020) leverages the foraging actions of manta rays for
resolving physical optimization problems. This is accomplished
by imitating the chain, cyclone, and saumasault foraging
techniques—three of the manta ray’s most efficient foraging
strategies. Ensuing experimentations in other fields such as
pharmacy and engineering, the optimization technique was
found to outperform existing metaheuristic algorithms
especially in the aspects of computing cost, performance, and
solution accuracy (Elaziz et al., 2020; Hemeida et al., 2020; Xu
etal., 2020; Ghosh et al., 2021; Hassan et al., 2021; Houssein et al.,
2021), the method has been recommended for the resolution of
structural problems such as those in geophysics (Elaziz et al.,
2020; Xu et al., 2020; Ghosh et al., 2021; Houssein et al., 2021). It
is worthy to note the efforts of Ben et al. (2021b) with vertically
dipping dykes and Ben et al. (2021a) with gravity anomalies.
Howbeit, to the best of the authors’ knowledge, and at the time of
preparation of the initial drafting of this research paper, no study
in published literature has explicitly employed MRF algorithm for
the modeling of magnetized subsurface materials of geometric
structure. The new method presents a couple of merits. First,
unlike deterministic schemes, iterative computations are
independent of the gradient of the objective function,
technically limiting immature convergence. Also, the wild
function injected during the cyclone foraging stage of the
algorithm design allows initial models to parametrize from
anywhere within a size-independent range (as would be seen
in the examples)—reducing reliance on subjectivity. Most
importantly, the superiority of the MRF tool actually lies with
its foraging character. With MRF algorithm, the search agents are
allowed to switch intelligently and at any point between the
strategies of chain foraging and cyclone foraging. The chain
foraging behavior allows significant local search while the

TABLE 2 | Definitions of A, B and C parameters.

Parameter Sphere (total Sphere (vertical Spheres (horizontal Horizontal cylinders; Thin sheets;
mag. Field) mag. Field) mag. Field) thin sheets geological contacts
(FHD); geological (FHD) (all
contacts (SHD), fields)
(all fields)

A 3sin?a—1 2sina —CoS Ccos o o

B —3zsin(2a) —-3zcosa -3zsina 2zsina sina

C 3cos? a1 -sina 2 cosa —cos« 0
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FIGURE 2 | Anatomical structure of a conventional Manta ray.

Cephaliclobe

cyclone foraging behavior concurrently assures non-
deteororation of global search during the process; a
mutualization of the two as allowed by the new technique
ensures comparatively quality solutions through thorough
exploration of the whole domain of the geophysical problem.

The paper begins with a magnetic inversion problem layout
and a step-by-step architecture of the MRF-based inversion
technique. The approach is then trial-tested through
applications to synthetic models that have been contaminated
with varying degrees of Gaussian random noise (0, 5, 10, 20, and
20%) as well as anomalies from multiple/interfering models. The
methodology’s performance with real-world anomalies is gauged
using field profiles taken from geologically-contrast exploration
mining areas. The resultant parameter values are then compared
against drilling results and those obtained using other traditional
approaches and documented in literature. Finally, we conclude
the paper with a review of the adaptability and performance of
MREF optimization method as an inversion tool for magnetic
anomalies as well as its gains and limitations with respect to
previous techniques.

Initialize population. T and individual manta rays y*%(t) = y*+rand().(LB-UB) for i=1.2....N
and t=1
Calculate fitness for each individual and obtain 7%=
while stopping criterion is not satisfied? do
fori= 1.2.3...N do
if rand() = 0.5 then #Cyvclone Foraging
if t/T =< rand() then

. . A ey 1wy (e
y?l:l-i- 1) [_yb"ll_r_AGrnl g I 3 T,

Lol b g (0= F L3 a=n
el rand (1w g () Pledem Lyl Led—aPer) s=za T
Fowae't] il g Ll =l o g o Lo led) A

else

else #cChain Foraging
e el e (0 — v rw v d e —wFel Dy a=a
yi(e+1) = ;',-‘(t}-1-—.-.{;'.-_120;?‘,-'(:') A)+u-.(:;:‘r::t',l—_:?[t}) i=2.3..T1T
end if
Calculte fitness for ith individual fi{y*(t + 1)
if £yt + 1)) < fiy*hes) then
Fihea= ¥4(t + 1)
end if
end for
#Somersault Foroaging
fori= 1.N do
¥R+ 1) = »H)+ Porand, ().¥¥t) — rand, ().¥} (). i= 1.2, ...,N
Calculate fitness for ith individual f{y.(t + 1))
if £yt + 1)) < fiy*hex) then
Fihea= yault + 17
end if
end for
end while
return ¥ hea

FIGURE 3 | Pseudocode of the MRF algorithm.
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TABLE 3 | Estimated parameters for the example involving synthetically generated noise-free models.

Type of model Parameters True Estimated
Noise free 5% noise 10% noise 15% noise 20% noise
Sphere K (n"T.m%) 11000.000 11001.300 11615.407 11907.531 12006.877 12294.040
a® 60.000 60.000 60.983 61.217 59.745 60.022
z (m) 11.000 11.000 11.629 11.892 12.105 12.205
Xo(M) 0.000 0.000 0.001 0.001 0.000 0.000
q 2.500 2.500 2.503 2.498 2.502 2.492
Time elapsed 31s 33s 35s 35s 37s
Horizontal Cylinder K (n"T.m?) 400.000 401.021 402.573 387.476 376.085 421.741
a® 35.000 34.998 34.861 33.904 31.653 30.002
z (m) 5.000 5.000 5.388 5.142 5.271 5.300
Xo(m) 0.000 0.000 0.000 0.002 - 0.007 0.003
q 2.000 2.000 2.000 1.986 2.002 2.007
Time elapsed 30s 32s 32s 34s 36s
Thin Sheet K (nT.m) 550.000 550.000 550.041 545.703 543.681 558.039
a(0) 30.000 30.000 30.584 29.628 28.518 29.711
z (m) 9.000 9.000 8.927 8.887 8.700 8.768
Xo(m) 0.00 0.002 0.004 0.010 0.012 0.016
q 1.00 1.005 1.002 1.005 1.009 1.015
Time Elapsed 32s 34s 35s 37s 40s
METHODOLOGY AZ +B(x - %) + C(x - %)
T(x) =K (=) + XO),j=1,2,3,4,... (1)

Geophysical Inversion and the Magnetic

Anomaly Problem

In geophysical exploration, magnetic data inversion is
generally initiated by transforming so-called ill-posed
problems to optimization models constructed such that the
parameters of the model explained by observation data are
good descriptions of the subsurface anomaly (Mehanee et al,,
1998; Liu et al., 2015; Essa & Elhussein, 2020; Mbonu et al,,
2021). The process of finding a solution to an inverse problem
normally begins with the supposition of a good initial model.
This initial model commonly made from drilling data or
reports from previous geophysical expositions is
progressively smoothened in stepwise iterative runs until a
subjectively suitable fit between the measured and estimated
data is acquired. The smoothening is executed by making
meta-heuristic forward adjustments to the parameters of the
model (Gharehchopogh & Gholizadeh, 2019; Wang & Li, 2019;
Hayyolalam & Pourhaji Kazem, 2020). In this research, the
model parameters of interest are amplitude coefficient (K)
related to the composition of the body, depth (z), location of
the origin (x,), angle of magnetization (a), and a shape factor
(q) whose value is unique for each different structural shape
(Figure 1)

For this study, we employ the general formula for magnetic
anomaly profile -T (x;) over simple-geometrically shaped
structures meticulously extrapolated from the inductive
analysis of mathematical expressions for horizontal, vertical,
and total magnetic anomaly of spheres (Prakasa Rao &
Subrahmanyam, 1988), horizontal cylinders (Rao et al., 1973)
and thin sheets (Gay, 1963). The formula (Equation 1) is given as
(Mehanee et al., 2021):

o

where z is depth to the buried anomaly, K the amplitude
coefficient and, a the angle of magnetization normally in the
plane of the principle profile coinciding with the x-direction. This
is illustrated by Prakasa Rao and Subrahmanyam, 1988) for
spheres and compiled by Gay (1965) for horizontal cylinders
and thin sheets (Table 1). x, indicates the coordinate of the center
of the structure, §-the dip, I the effective inclination of the
geomagnetic field in the vertical plane normal to the body’s strike
while q is the shape factor taken as 2.5 for spheres, 2.0 for
infinitely-long horizontal cylinders, and 1.0 for thin geologic
sheets (Mehanee et al.,, 2021). FHD and SHD are the first and
second derivatives of the anomaly respectively while A, B, and C
constants are defined in Table 2;

The five controlling model parameters (K, z, a, xo, and q) are
computationally obtained by strategically introducing procedures
outlined in the succeeding section on the objective function
expressed in Equation 2 (Essa & Elhussein, 2020). Puzzling of
optimal parameters for the geophysical model of interest is
carried out such that the misfit between the true and
estimated data (calculated using the objective function -
Equation 2) is minimized (Mehanee et al., 1998; Ouadfel &
Taleb-Ahmed, 2016).

2 q
Xo) + ZZ]

Yo, (T - TS)

S 2

where T;™ and T;" are respectively the magnetic anomaly from
observed data and that estimated using the proposed
methodology.
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FIGURE 4 | Synthetically generated noisy and estimated (MFR) magnetic anomalies for a sphere model with K= 11,000 NnT.m3,z=11 m,q=2.5,a=600,x0=0 m
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Manta Ray Foraging Optimization Algorithm
The MRF optimization algorithm (which is the backbone of
our new methodology) is designed based on the foraging
strategies of marine-living Manta rays (Figure 2). The
foraging strategies include chain, cyclone, and somersault
techniques (Ghosh et al., 2021). For our geophysical case,
the iterating vectoral positions of the Manta-rays (search
agents) represents the probable positions of physical
parameters sought-for. The position of the plankton itself
(also vectoral) points to the geoscientific optimization
problem’s solution. For the chain foraging strategy, the
agents identify and frame a head-tail formation (also
referred to as foraging chain) towards a potential plankton.
As aresult, any plankton lost by one Manta-ray will not escape
the next; thereby improving the overall rate of exploitation. In
the cyclone style of foraging, the manta rays swim towards the
food in design spirals such that while maintaining its foraging
chain-line, each agent is concurrently advancing towards its
target food. Alternatively, the solution to the magnetic
problem is placed as a pivot in the summersault foraging
technique; such that the agents recurrently translate about
this pivot before moving into new positions. The result of this
is that the new positions are not purely random but rather,
circumvents of the best position found (at least up to that
point). These numerical constructs for these foraging
strategies as adapted from Zhao et al. (2020) and remodeled

for our geophysical case are described below; Chain foraging:
Equation 3

3

)i

b (07 O (T () 01 ()] 0) 1 (T () (07T ()] ) i1
T(x- = {
T(x)P @+ (T (%), 0-T (x)° 0)+w. (T (x)0, O-T (55)7 (®)) i=2.3..N

w = 2.rand (). |log(r)| (4)
where T (x;) (£) is the ith search agent’s position at a time t. rand()
—a vector randomly generated within 0 and 1; w- the coefficient of
weight, N is the maximum iterations allowed; while T(xj)fe o (6)
points to the healthiest pool of planktons representing the
optimum vectoral position of the sought geomagnetic
parameters. The exponentiation factor D represents the
dimension of the position. For the study, D = 4 since we are
dealing with four parameters Equation 4.
Cyclone foraging:

v T () o, (O+rand . (T (55, (0-T () 0+ (T (35)pg (0T ()7 (1) =L
T(x), (£+1) = {

T(x )fm (B)+rand (). (T (xl)?l ®-T(x )? (”)*!‘ . (T (X!)buesr ®-T(x )? “)) i=23,..N

(©)

where p, known as the cyclone foraging’s coefficient of weight, is
generated stochastically using Equation 6;

2¢O sin2nrand ()

u= (6)
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It is noteworthy to add that after executing Equation 5 for our
structural problem, we uncomfortably observe that the
optimizing parameters for our geophysical structure tend to
vacillate around a certain position in a loose loop-like manner.
To resolve this particularity, we force each of our agents to find
new positions far from its current best position in the search space
by randomly injecting a wild function g%, with the whole search
taken as the reference position (Ben et al, 2021b). q?m,d was
constructed numerically using Equation 7.

q,,= LBP+rand (). (UB?-LBP) (7)
as such, Equation 7 became;
D 0By (Oerand 0.0, (0T ()] (D)1 (a0, (T (3)] (1) i=1
T(x,-) (t+1) ={ b o o
i 42,4 (D+rand O.(T (%), (DT (x;); (0)1+p - (g2, (DT (%), (1) i=23,..N

(8)

This strategy that the algorithm extensively performs global
search; substantially improving general exploration. Equation 8.
Summersault foraging:

T(xj)? (t+1)= T(xj) (t)+P. (rand().T(xj)?(t)—rand()
T(x)) (1), i=12,...,N
where the term P - a constant known as the somersault factor

determines the range at which the Manta rays somersault.
Equation 9.

A Novel Swarm Intelligent Approach

Generally, the chain strategy encourages individual
positioning based on short-term historical positioning and
current global best. The cyclone foraging strategy makes each
individual update its position with respect to both its preceding
neighbor and the reference position while the summersault
foraging technique enforces thorough adaptive search.

For exhaustive details about the adoption of the MRF
algorithm for optimization scenarios, the readers are referred
to Zhao et al. (2020). In our new method, we start by initiating a
random population of Manta-rays in the search domain
(designed around the upper bound (UB) and lower bound
(LB) of our magnetic model parameters) with each agent
position in the space representing characteristic parameters of
the geologic structure. In our geophysical case, the selection of
bounds are done based on priori geological knowledge such as
information from maps, geophysical data and drilling reports. At
each iterative step, the individuals are coerced to update these
positions based on the referential position and the individual out
front. This reference position depends on t/T which decreases
from 1/T to 1 (Xu et al., 2020; Mbonu & Ben, 2021). With t/T less
than rand (), exploitation is implemented else, exploration is
performed. Based on this, our MRF optimization algorithm
allows the individuals to decide and when necessary, switch
between chain and cyclone foraging behaviors. Then through
somersault foraging, the agents adaptively update their positions
within the space and with respect to the most optimal position so
far found.
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It is noteworthy to add that these calculations and updates
explained are interactively performed step-wise until the stopping
criterion is met. After each step, the quality is assessed. This is
done by gauging the misfit between the measured and estimated
anomalies. The misfit is calculated using the root mean technique
(Abdelrahman et al., 2012; Mehanee, 2014).

Eventually, convergence is achieved and the four required
model parameters are returned. The pseudo-code for the whole
optimization process is shown in Figure 3.

Algorithm Configuration/Processing Time

The algorithm for this study is designed using the PYTHON
programming language and implemented on the virtual studio
code IDLE. The IDLE is installed on a PC operating with a
Windows 10 operating system and a core i7 processor. The
duration of the compilation process is found to depend on the
complexity of the anomaly. For simple structures, the iteration
process rounds off in 30-50 s. However, there was a 20% increase
in processing time for multi-model cases such as those in
Conclusion Section and Section 5.3. Howbeit, in all cases, the
process is found to completely round off in less than 100 s.

RESULTS AND DISCUSSION

The goal of this study is to assess the effectiveness of the MRF
optimization technique in modelling magnetic anomalies over

geometric geological structures. To monitor this performance, the
tool is tested on synthetic and then on field magnetic data.

Synthetic Examples

The proposed method is subjected to controlled experiments
using data generated synthetically for idealized spheres,
horizontal cylinders, and thin sheet models. First, analysis is
done on the synthetic anomaly constructed such that it is
noise-free; then the data is consciously corrupted with
different levels of noise and reanalyzed.

Noise-Free Models
The MFRO technique is employed to noise-free synthetic
anomalies due to geometric interpretative models consisting
of: a sphere with K = 11,000nTm’ z = 11m, q = 2.5, & =
60°, x, = 0 m, and profile length = 80 m; a horizontal cylinder with
K =400 nT m? z=5m, a=35,q=2,X, =0 m, and profile length
=120 m, and a thin sheet with K=550nT m,z=9m, a=30,q=
1, X, = 0m, and profile length = 180 m. The magnetic field
anomalies due to these models are computed using Equation 1.
The proposed methodology is initiated with 80 initial models
and broad search space. For the sphere, we set the range for K to
be from 5,000 to 300,000 nT m?, z from 3 to 15 m, a from -90° to
90°, q from 0 to 3, and x,, from-30 to 30 m. For the horizontal
cylinder model, we set K from 100 to 9,000 nT m? z from 3 to
15 m, o from -90° to 90°, q from 0 to 3, and x, from-30 to 30 m.
For the thin sheet model, we set K from 100 to 20,000 nT m, z
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from 0 to 30 m, a from -90° to 90°, q from 0 to 3, and x,, from-30
to 30 m. A total of 800 repetitive iterations are allowed for each
algorithm run. MFRO has very extensive and strong search
ability. Impressively, the best model parameters are arrived at
in under a quarter of that number of iterations.

From the result obtained (Table 3), it is observed that the
output for each of the five considered parameters (K, z, a, q, X,)
agree with those originally used to design the three models (with
very negligible errors).

Noisy Models

It is well recognized that geophysical data from real buried
anomalies are scarcely (if ever) pure. More also, due to the
heterogeneity of the earth, it is often very difficult to
understand what degree of noise is muddled up in such data.
Hence, to delineate the method’s efficiency, all the synthetic test
data were tweaked to simulate non-ideal geologic scenarios. For
this research, the non-ideal geologic scenarios are simulated by
contaminating the error-free synthetic anomalies with 5, 10, 15
and 20% white gaussian noise. The noise is generated using a
combination of the rand () function and the SCIPY library in
PYTHON. The noise percentage are computed using Equation
10 (Mehanee, 2022b).

T — Tl

x100
ITll

Percentage o f Noise = (10)
where T,, and T are vectors of the noisy and noise-free anomaly
data respectively.

The proposed methodology is once again employed for the
estimation of the model-describing parameters. For this, Equation
2 is re-adopted as the cost function and bounds consistent with the
noiseless cases are re-selected. After each iteration session, the
convergence and level of misfit are meticulously analyzed.

At the end of the optimization process, it is observed that the
algorithm estimates (Table 3; Figures 4-6) and the true parameter
values are to an appreciable level, consistent. However, it is noticed
from the results in Table 3 that the M parameter tends to exhibit
more sensitivity with increasing levels of noise. This sensitivity -
which would only have likelihood of affecting interpretation when
dealing with extremely complicated and deep-seated surface
structures is not unrelated to the fact the K is a multiplier factor
in Equation 2; it can easily be handled by flexibly narrowing ranges
for UB and LB. Also, results indicate the misfit after acceptable
convergence and the RMS error at the end of the run as marginally
upsurging with increasing levels of noise. Nevertheless, this does not
wholly affect the general inversion process as parameter results
consistently remain attractive even to 20% noise level (Table 3). It
can thus be concluded that the new methodology is inherently stable
and exhibits admirable adeptness in handling noisy anomalies.

Figures 4-6 are plots illustrating the performance of the new
technique with synthetic data generated for the three geometric
models.

Applicability in Multi-Model Cases

We now seek to assess the new procedure’s performance with
anomalies from complicated and interfering subsurface

A Novel Swarm Intelligent Approach

structures. To simulate this scenario, we once again
generate model data synthetically but, in this scenario, from
multiple source bodies (with multifarious parameters) placed
at proximity. For the sake of this example, we adopt a
horizontal cylinder model with K = 55,000 nT m?, z = 15 m,
a =25,q=2, %X, =30m, and a thin sheet model with K =
75nTm,z=9m,a=-15,q =2, X, =120 m. The profile length
is 400 m. The magnetic field anomaly generated is as shown in
Figure 7.

We then apply steps consistent with the proposed
methodology (as with those in the two preceding sections).
However, in this case, the structures are modeled together
with parameter bounds as displayed in Table 4 selected. From
results (Figure 7; Table 4), the parameters can be observed as
being well recuperated from and showing admirable consistency
with the actual field anomaly confirming the congruency of the
methodology.

Comparative Analysis of MRF Optimization

With Other Inversion Techniques

In this section, we compare the optimization performance of

MRF with those from other methods commonly used for

geophysical inversion. In our analysis, we are concerned with

the convergence rate, quality/depth of exploration, and accuracy.
For the analysis, three common inversion techniques were

selected namely; PSO, SA, and GA.

Particle Swarm Optimization

PSO originally introduced by Kennedy & Eberhart (1995) mimics
the behavior of swarms in nature. These swarms may be fish
schools or bird flocks. Members of the swarms represent
exploring search agents. The technique achieves optimization
by updating the positions and velocities of the swarm members
based on the positions and velocities of their in-swarm neighbors
their movement history. These updates are made using
Equations 11, 12;

vitt+1) = ovi(t) + ar;(p, — xi(Y) + czrz(pg - xi(t))

(11)

Xi(t + 1) = Xl(t) + Vi(t + 1) (12)

where w is the inertia constant, ¢; and ¢, are respectively cognitive
and social coefficients, pi is the personal optimum of xi, and pg is
the global best. For this study, values of 0.729, 2.041, 0.948 were
assigned for the inertia weight (w) and the cognitive and social
coefficients.

Simulated Annealing

SA is an optimization procedure the mimics the cooling of metals.
The value for the cost function corresponds to energy levels in a
melted metal while model parameters are depicted by its
molecules’ position. For any given parameter set with error &,
a new set is methodically generated using random walk. If € < &,
the new set is discarded, and another is generated. Alternatively, if
€ > g, then the set is accepted with a probability defined by
Boltzmann’s distribution (Equation 13):
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FIGURE 7 | Synthetic and predicted magnetic anomalies of multimodel example consisting of a cylinder model K = 55,000 nT.m2, z=15m, a =25, q=2.0, x0 =
30 m, and a thin sheet model with K=75nTm,z=9m, a =-15,9=2, x0 = 120 m.

f(AE) = &t (13)

where Ae = ¢ - gy, T is the temperature while k is the Boltzmann
constant. This step is repeated iteratively until an equilibrium
state is arrived at. This is a penultimate state where the new set
possesses minimum energy at fixed temperature. A
generalization of the strategy introduced by Kirkpatrick et al.
(1983) adopts a controlled cooling scheme (annealing) where

TABLE 4 | Selected ranges of model parameters and numerical results for the
synthetic multimodal anomaly example.

Model parameter Range selected Result
Anomaly 1
K (n"T.m?) 1,000-20,000 5422.422
a ) -90—90 27.910
z (m) 1-300 14.817
Xo(M) -3—-3 29.387
q 0—38 1.964
Anomaly 2
K (nT.m) 0—200 74.449
a -90—90 —14.445
z (m) 1-20 120.055
Xo(M) -3—3 8.999
q 0-3 1.017
55s
Elapsed time

the temperature is gradually (but strategically) reduced with
minimum error gauged at each temperature until it arrives at a
global minima. For this comparative study, the temperature was
reduced by multiplying the previous value by a coefficient less
than unity (0.85).

Genetic Algorithm

GA is a search heuristic inspired by the theory of natural
evolution. The algorithm reflects the process of natural
selection where the fittest individuals are selected to
reproduce for the next generation. A generational GA is
initialized by a randomly generated population (set
containing probable solutions), then the fitness (the
objective function) of each individual is evaluated. Then, a
new population is generated from the original one; this is
aided by some GA operators: selection, crossover, and
mutation. To form this new population, two solutions from
the original population are selected considering their fitness.
They are crossed over with the crossover probability to
generate two new offspring who are then mutated with a
mutation probability. The mutation guides against local
minima. After obtaining the new generation, the steps are
repeated. The algorithm terminates after reaching a finite
number of generations; and the individual with the best
fitness value returned as the solution to the problem. For
this study, a crossover probability of 0.7 and a mutation
probability of 0.1 was used for producing 800 generations.
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TABLE 5 | Parameter results from inversion of sphere model anomaly using MRF, PSO, SA and GA techniques.

True MRF
K (nT.m°) 11000.000 11001.300
a(® 60.000 60.000
z (m) 11.000 11.000
Xo (M) 0.000 0.000
q 2.500 2.500
RMS - 3.22 x 107
Elapsed Time — 30s

Procedures consistent with PSO, SA, and GA were
concurrently implemented on the synthetic sphere model
constructed in Synthetic Examples Section. More also, bounds
consistent with those used for MRF optimization were adopted.
The results obtained are shown in Table 5. From the table, it can
be observed that with an RMS of 3.22 x 10~>, MRF optimization
technique produced results of greater quality than its
comparative counterparts. Figure 8 shows the convergence
character for the four techniques after 800 iterations. From
the plots, it is observed that while all the methods achieved
minimum errors in less than 250 iterations, MRF clearly boasted
the fastest convergence. This advantage is accrued to the
somersault foraging behavior of the procedure (as earlier
explained in Manta Ray Foraging Optimization Algorithm
Section). Notably, SA and GA did not achieve convergence
even after 800 iterations. More too, from Figure 9, the MRF
presented the greater error variability compared to GA, SA, and
PSO. The superior interquartile curve indicates that the MRF
algorithm possesses greater exploration capabilities than GA,
SA, and PSO. This is expected as the MRF optimization
algorithm allows for intelligent/situational switching between
cyclone and chain foraging strategies. The chain foraging
strategy favors local search while the cyclone foraging
technique allows for extensive global exploration.

102 — —— MRF
— PSO
(N — SA
v — GA
N |
1001\
2 Rt
% |
[ad oW
5 1027 Y
- ! (1Y
b [ Y
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| | ‘\ ~.
04—\ -0
B
1
\\\_
. I I I
0 200 400 600 800
Iteration
FIGURE 8 | Comparative convergence for the MRF, PSO, GA and SA
methods.
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PSO SA GA
11035.231 11374.306 10585.321
50.783 61.621 61.218
11.032 10.532 10.824
0.000 -0.010 0.007
2.498 2.552 2.531
1.05 x 107° 5.85 x 1072 7.23 x 1072
27s 22s 41s

Case Studies
The performance of the new technique is further investigated

using three field cases.

The Pima Copper Mine Anomaly
The Pima mine is an open pit, “complex” porphyry copper
deposit located off the northeast flanks of the Sierrita
Mountains at about 30 km south of Arizona, United States. At
full production, the mine can produce up to 50,000 tons of copper
per day (Hamel, 1979; Cox et al., 2006; Biswas et al., 2017).
Stratigraphically, the mine is fixated in an east-north-eastly
striking and south-eastly dipping Paleozoic to Mesozoic
sedimentary sequence intermediately intruded by quartz
monzonite porphyry believed to be of Tertiary age (Abbas &
Fedi, 2013). These Paleozoic sediments notably observed to be
dolomites, limestones, and sandstones have historically been anti-
frigidly metamorphized into calco-silicate skarns, marble, and
quartzite and then, unconformably overlain by marginally
recrystallized and hydrothermally altered Mesozoic to Triassic
clastic (Cox et al., 2006). The intrusions have characteristically
resulted in mineralization of high grade in the Paleozoic rocks
and ore dissemination in the relatively younger Mesozoic
sediments. Structurally, the area is dominated by east-west
post-mineralization faults in the western part of the mine, and
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FIGURE 9 | Curve showing error dispersion (Inter-quartile range-IQR) for

MRF, PSO, SA and GA.
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FIGURE 10 | Magnetic anomaly profile over the Pima copper mine anomaly, Arizona using the MRF algorithm.

TABLE 6 | Numerical results for Pima copper mine Anomaly.

Model parameters Selected ranges

K (nT.m) 1,000-20,000
a ) -90—90

z (m) 0-500
Xo(m) -12-12

q 0-3

strong shearing and faulting of low angle truncating the ore body
at depth (Hamel, 1979; Barter & Kelly, 1982; Abbas & Fedi, 2013).

Figure 10 (red line with round markers) is a magnetic
anomaly profile over a buried ore body retrieved from
magnetic survey data taken across the Pima mine (Gay, 1963).
The profile was digitized with a sampling interval of 25 m. In this
research, the new method attempts at deciphering the parameters

60081.313

Result Error Time elapsed (s)

4.96 33

39.106
61.748

-8.230
0.804

characterizing the geologic feature whose structure (initially
unknown) can take any of the three studied geometric shapes.
We initialize the algorithm using bounds indicated in Table 6.
The algorithm is set to terminate after 1,000 iterations. At the end
of the MRF optimization session, the misfit was monitored using
the RMSE technique (Figure 10). The results obtained are
displayed in Table 6.

TABLE 7 | Comparative analysis of parameter results for the Pima copper mine anomaly.

Model Gay Venkata Raju Abdelrahman et al.
parameters (1963) (2003) (2003b)

K (nT.m) — - 80,550

a ) -50.00 -51.00 —

Z (m) 70.00 76.81 68.00

Xo (M) - - -

q 1.00 — —

Tarantola Mehanee et al. Drilling Present
(2005) (2021) information study
39190.00 46,424.38 - 60081.31
-44.70 -55.11 — 39.11
64.10 71.00 64 61.75
— — — -8.23
1.0 1.00 — 0.80
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FIGURE 11 | Magnetic anomaly profile over the Parniaba field anomaly using the MRF algorithm.

15

TABLE 8 | Numerical results for the Parnaiba anomaly.

Model parameters Selected ranges
K ("T.m?) -5,000-5,000
a ) —-90-90
z (m) 0-200
Xo (M) -10-10
q 0-3

Results from analysis suggest that the investigated structure’s
shape compares appositely with that of a perfect thin sheet model.
The parameters characterizing the model are estimated as K =
6,081.213 nTm, a = 39.106, x, = -8.230m and z = 61.748 m.
More also, the obtained RMSE of 2.14 indicates that the actual
and estimated data fits excellently.

Result

642.606
43.546
3.35
0.39
1.97

Time elapsed (s)

34

We now attempt to compare these results with those from
similar studies. Notably, the Pima anomaly has been widely
interpreted in literature. Initially Gay (1963) used classical
curve matching techniques to interpret the buried geologic
feature as a sheet-like structure inclined at about -50° at a
depth of 21.34m. Venkata Raju, 2003) employed a LIMAT

TABLE 9 | Comparative analysis of parameter results for the Parnaiba anomaly.

Model parameters Silva (1989) Abdelrahman et al. Abdelrahman et al. Tlas and
(2019) (2003a) Asfalhani (2011)
K ("T.m?) - -717.90 -215.60 -552.30
a ) — 33.30 52.58 46.83
z (m) 3.50 3.50 2.23 3.36
Xo (M) - - - -
q — - - 2.00

Tlas and Present study
Asfalhani (2015)

-4007.6 642.606
41.3 43.546
3.4 3.35

— 0.39
2.00 1.97
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computer program for least-squares magnetic inversion over the
Pima anomaly. After adequate smoothening of the initial solution
using Marquarst’s algorithm, he interpreted the anomaly as a thin
sheet of depth -76.81 m. Recently, the buried anomaly was
interpreted as between a thin sheet and dyke like structure
using the simplex algorithm (Tlas & Asfahani, 2015). After
calculations, Tlas & Asfahani (2015) gave the depth of the
Pima copper anomaly as 64.1m. Mehanee et al, 2021)
employed an R-Parameter imaging method to pin-point the
anomaly to a sheet-like structure buried at depth of 71 m.
Petrophysical information reports the drilling depth as 64 m
(Biswas, 2018). Considering these findings (Table 7), it can be
concluded that results from our new methodology comparably
agree acceptably with previous studies.

The Parnaiba Anomaly
In our second field case, we analyze crustal anomaly in the
Parnaiba basin.

The Parnaiba basin is a 500,000 km-square wide Paleozoic basin
structurally situated between the Sdo Francisco and Amazonian
cratons (Cordani et al, 2013; Daly et al, 2018) in north-east
Brazil and widely regarded by explorationists as one of the world’s
most promising modern onshore gas basin. Priori regional studies
report that the basin which is characterized by Neoproterozoic

structures mapped to the Brazilian Orogenic Cycle (Mckenzie &
Tribaldos, 2018) is accrued with 3-5km of sediments in the main
depo-center of its Phanerozoic-aged sedimentary rocks (Solon et al,
2018). These rocks overlie the Neoproterozoic structures of the
Brazilian Orogenic Cycle. Oregenically, the crustal masses of this
basin are convicted to be resultant from the massive splitting of the
Rodinia believed to have occurred before the development of the
trending Brazilian fold belts around 900 Ma (Cioccari & Mizusaki,
2019; Jurandyr Luciano Sanches Ross, 2020). Basement inliers were
then formed with the surrounding of these classical cratonic
fragments by Neoproterozoic fold belts during the amalgamation
process of the Gondwana supercontinent. These inliers were further
reworked thermally and contracted into cratonic nuclei during the
Brazilian orogeny. However, the inclusive geo-magmatism widely
observed in greater portions of the Parnaiba Basin has been associated
with events of distention events and faults remobilization that
followed the rupturing of the Pangea and the opening of the
Atlantic Ocean (Cioccari & Mizusaki, 2019). Macedo Filho et al.,
2019) reports that these magmatic occurrences in the basin as well as
their associated geothermal gradients may have generated the much-
acclaimed hydrocarbons in the sedimentary sequences of the
Parnaiba Basin.

Figure 11 (red line with round markers) shows the vertical
magnetic anomaly resulted from a 26 m-long profile over a
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Mesozoic diabase intruded into the Paleozoic sediment of the
Parnaiba basin. The profile was sampled at an interval of 0.5 m.
The uniqueness of this anomaly problem lies in the fact that the
oxidization of magnetite resultant from extensive weathering of the
upper part of the buried structure has led to the loss of most of its
magnetism (Silva, 1989). As a result of this geological peculiarity, we
expect the magnetic anomaly to be largely affected by random noise
at gross levels. This field case is also a test of the stability of the method
in the presence of such peculiarity.

The anomaly depth, magnetic angle, amplitude coefficient,
anomaly origin, and shape factor are estimated using MRF
algorithm are guided by UB-LB outlined in Table 8. This
magnetic anomaly is inverted with the cylinder model
considered as the priori anomaly causative.

agrees with previous reports from similar studies by Silva (1989);
Abdelrahman et al., 2019), Tlas and Asfahani, 2011), and Tlas and
Asfahani, 2015). Silva (1989) obtained a depth of 3.5m after
converting the problem from non-linear to linear using the
M-fitting technique; Abdelrahman et al.,, 2019 using the least
square minimization method reported that the cylinder is buried
at a depth of 3.5 m. On the other hand, Tlas & Asfahani (2011)
and Tlas & Asfahani (2015) estimated the depth to the center of
the cylinder as 3.36 and 3.4 m by respectively employing the
deconvolution technique and simplex algorithm. Furthermore,
the obtained values of K and RMSE confirm the algorithm’s
stability in the presence of contamination.

The results obtained using the present technique as well as

After each iterating round, the misfit between sample data and
those from the estimated parameters are calculated (Figure 11).

The obtained results are displayed in Table 8.

Comparatively, it can be observed that depth to the center of
the anomaly estimated using our new method (z = 3.355m)

those reported from the previous studies are displayed in Table 9.

The Hamrawein Field Anomaly

In our final case study, we will be analyzing a multi-model anomaly
from Hamrawein field-an Egyptian mining field situated around the
western throat of the Red Sea in North Africa. This geologic region is

Frontiers in Earth Science | www.frontiersin.org

39

March 2022 | Volume 10 | Article 849079


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ben et al.

TABLE 10 | Numerical Results for the Hamrawein field anomaly.

Model parameters Selected ranges Result
First Anomaly
K (nT.m) 100-500,000 110531.368
a ) —-90—90 65.031
z (m) 100-1,000 446.832
Xo (M) 0-15,000 2377.424
q 0-3 0.921
Second Anomaly
K (nT.m) 100-500,000 49713.438
a -90—90 57.382
z (m) 100-1,000 399.963
Xo (M) 0-15,000 13629.462
e} 0-3 0.873
Elapsed time 90s

a constituted part of the East-African rift system believed to have been
structurally architected from the anti-clockwise rotational divergence
of the Arabian plate from the African tectonic Plate with the central
Mediterranean Sea as the pole of rotation (Noweir & Fheel, 2015).
The field is petrologically dominated with volcanic rocks such as
pillow tholeiitic basalts overly genetically on layers of ultramafic and
gabbroic strata. These layers of strata are unevenly covered with
volcanic and sedimentary rocks of calco-alkaline geochemistry
(Salem et al, 2005; Smith & Salem, 2005). Figure 12 is a
geological map of Qusier area showing the Hamrawein field.
Figures 13, 14 show a 15 km magnetic anomaly profile (MN)
extracted from a magnetic map designed from an extensive high
definition aeromagnetic survey data originally carried out by Salem
etal. (1999). For this study, the profile is digitized at a 200 m interval.
From priori geologic studies, we can ascertain that the profile is
characterized by two prominent anomalies. However, the structure
or characteristics of these anomalies cannot be distinctly defined
initially and as such could be interpreted broadways as a
combination of any of the simple shapes. This situation normally
renders inherent non-uniqueness around solutions for the anomaly.
Fudging in the peculiarity of this problem and to resolve this
technical complication, we run the algorithm for all possible dual-
combinable shapes. The least RMSE error of 3.341 is achieved and
accepted for model shapes with q values of 1.032 and 0.981

A Novel Swarm Intelligent Approach

respectively which proximate synonymously with models of thin
sheet structure. Then too, our algorithm eliminants K =
115,018987 nTm, z = 49474m, a = 68276" and x, =
4571.033 m as optimal model parameters for the first buried
structure while the parameters of the second structure are
computed to be K = 61,836.497nTm, z = 458.023m, a =
51.383° and x, = 14897 m (Table 10). From Figure 14, it can
be observed that the fit between the observed and estimated
anomalies is consistently excellent.

Table 11 compares results obtained in this present study with
those obtained from similar studies reported in literature. Salem
et al., 2005) modified the enhanced local wavenumber method and
used it to interpret the two subsurface anomalies as thin sheet
structures buried at depths of 555.7 and 441.2 m respectively. Salem
et al,, 2005) did heterological computation of the anomaly using
analytic signal derivative but reported depths of 540 and 447 m
respectively. Salem (2011) on the other hand conducted his analysis
of the Hamrawein anomaly using both total gradient (TG) and local
wave number (LW) methods. The LG methodology outputted
depths of 486.5 and 4404 m while the LW method out-turned
432.6 and 422.8 m as respective depths to the two anomalies. Essa &
Elhussein, 2018 and Essa & Elhussein (2020) used particle swarm
optimization (PSO) to carry out magnetic inversion for the area.
While the former employed robust PSO for this task and reported
the subsurface structures as thin sheets with depths of 623.05 and
494.14 m, the latter who emphasized the use of the optimization
technique to infer second moving average residual magnetic
anomalies also interpreted the structures as thin sheets but
emplaced them at depths of 604 and 500m respectively.
Comparing results from this study with these previous findings,
it can be generally deduced that resolutions using this new
methodology stand in good agreement with those from previous
reports. Figure 15 shows the convergence behavior of the
investigated case studies (Pima, Parnaiba, and Hamrawein
anomalies).

Evaluation of results obtained using this new methodology has
revealed that the technique exhibits admirable stability in the
presence of noise, remarkable flexibility especially when
confronted with interfering anomalies, and great pervasiveness in
the quantitative resolution of magnetic inversion problems. The
consistency of the results obtained from the analysis of the field

TABLE 11 | Comparative analysis of results for the Hamrawein field anomaly.

Model parameters Salem et al. Salem et al. Salem (2011) Essa & Mehanee et al. Present study
(2005) (2005) Elhussein (2018) (2021)
First Anomaly
K (nT.m) - - 127595.3 507.64 102046.00 115.02
a(®) - - 57.04 70.49 68.27
z (m) 555.7 + 10 540 + 30 486.5 623.05 480.00 494.74
Xo(m) 4526.00 + 7 4530 = 10 4255.98 4550.00 4571.08
q 1.44 - 0.89 1.00 1.03
Second anomaly
K (nT.m) — — 83746.7 427.38 56549.52 61836.497
a© - - 37.21 55.04 51.383
z (m) 4412 £ 3 477 + 25 440.4 494.14 400.00 458.023
Xo (M) 14858.00 + 17 14850 + 21 14823.96 15200.00 148973.295
q 1.20 1.2 + 01 0.93 1.00 0.981
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examples when compared with background results from other
similar studies conducted with other methods further affirms the
reliability of the new methodology. While this consistency is
continuous for shape and depth parameters, Tables 6, 8, 10 show
that there are significant variations in the amplitude parameter for all
field cases. This large variation could be attributed to two main
reasons. The first, which is the mathematical role of K in the forward
model (Equation 1) has already been explained in Synthetic Examples
Section. Ambiguity makes up the second reason. The K
parameter—directly related to the magnetic susceptibility is a
physical property that points to the type of materials making up
the buried anomaly. As has been explained severally in literature
(Clark, 1996; Crowther, 2003; Marques et al., 2014; Teixeira et al,
2018; César de Mello et al., 2020), magnetic susceptibility is a very
non-unique rock property and could sometimes range up to factors
of 10* Tt i therefore not surprising to find authors reporting different
values for K. Howasmuch, it will be rather skewed to conduct
appraisal of this parameter based on these literature reports alone.
The efficiency of the new method in the estimation of K would only
be assessed without bias if the result were gauged against laboratory
findings for cores harvested from these field sites. Unfortunately, this
information is not available for any of the three field cases.
Nonetheless, the new technique still exhibited comparative edge
over other well-known and conventional techniques especially on
the grounds of convergence rate, and quality of the anomaly
parameters (depth and shape) resolved.

CONCLUSION

In this study, we have introduced and investigated the applicability
and the performance of the Manta Ray Foraging Optimization
algorithm in elucidating distinctive physical parameters of simple
geometrically shaped geologic structures (spheres, horizontal
cylinders, and thin sheets). This new inversion technique has
been demonstrated successfully on synthetically generated
magnetic anomalies corrupted with different levels of Gaussian
noise (0, 5, 10, 15, 20%), applied to cases of anomalies from
multiple and intercalating structures, and finally experimented on
heterologous field cases taken from mining sites in Brazil,
United States, and Egypt.

Generally, the test examples (real and synthetic) treated in this
research work have all affirmed the MRF-based algorithm’s
suitability for the inverse modeling of magnetic anomalies caused
by conventional geometrically shaped structures. Furthermore, the
examples enabled us in the evaluation of the new technique’s
strengths with regards to geophysical optimization and
extendedly, as compared with existing methods. First, considering
reports so far published and even that from the comparative study in
this work, it has been observed that amongst stochastic geophysical
optimization techniques, the proposed algorithm presents one of the
best convergence rates. This rate, however, has no effect on its
optimization abilities, as the misfits calculated at the culmination of
the procedure still fell within acceptable levels. Most significantly, the
method was able to address the reoccurring challenge of immature
convergence and local optima (commonly resulting in poor
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solutions) encountered by conventional intelligent methods such
as DE, PSO, GA, and ACO. This is enabled by the search agents’
propensity to transition between chain and cyclone foraging
strategies. The chain strategy contributes to the algorithm’s local
search ability, whereas the cyclone foraging behavior is significantly
dedicated to the algorithm’s global search capacity; a combination of
these two, as permitted by our new method, enables extensive
exploration of the entire problem domain and practically, greatly
improved the quality of solutions. It should however be added that
while the algorithm converge in fewer iterations, it took a longer time
to complete an iteration. This is but a limitation of this method. As a
recommendation, this temporal cost could be improved through
modifications (e.g., binary-MRF, quantum-MRF, Chaotic-MRF)
and hybridization (e.g, PSO-MRF, GA-MRF, ACO-MRF) of the
technique. Considering these gains, and the significantly lower
computational effort required to attain them (gauging the
limitation), MRF has been proven to positively outperform
conventional optimizers in the resolution of geophysical
optimization problems with respect to geometrically shaped
magnetic anomalies.

Hereto, the novel methodology can be recommended for ore/
mineral exploration as well as reconnaissance studies aimed at
efficiently resolving subsurface structures from magnetic field data.
As a recommendation for future studies, the method can be further
developed for the interpretation of other potential field data such as
resistivity and self-potential data.
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The Manta-Ray Foraging Optimization has been adapted and implemented in computing
model parameters from potential field anomalies originating from two-dimensional dipping
faults. The inversion technique was originally demonstrated on magnetic anomalies from
uncorrupted-then, corrupted synthetic datasets. Thereafter, it was experimented on
profiles taken from mining fields in the United States, and Australia. The results
obtained showed that the design procedure is admirably stable and flexible, especially
when dealing with noisy data. It is also notably efficient in the quantitative resolution of
geophysical inverse problems. The consistency in results obtained from analysis of deep-
seated and shallow field examples, even when compared against background results, is
also impressive. The new technique has also exhibited notable superiorities over other
well-known and conventional techniques, especially on the grounds of convergence rate,
cost, and quality of resolved anomaly parameters. Consequently, it is recommended for
interpretation of other structures and modeling of other geophysical data like self-potential
and resistivity data.

Keywords: manta-ray, optimization, magnetics, gravity, Fault

INTRODUCTION

In magnetics and gravity prospecting, signals of interest typically include those originating from
buried rock units, as well as those from neighboring formations. The interpretational focus, however,
is mostly on geologic structures that are of economic end-importance. Faults, ores, contacts, and
dykes are examples of such structures. Notably, attention on the interpretation of anomalies due to
faults for mineral prospecting has been appreciated among geophysicists lately. This is unrelated to
the fact that over the years—in addition to immense improvements in geophysical data interpretation
measures; faults have proven as good traps and caps over hydrocarbon pools. They have also been
known to exert a strong influence on the regional and local direction of mineralization (Li et al.,
2020).

Several techniques that ensure economically friendly and accurate acquisition and processing of
potential field data have been developed and accepted for different exploration problems. However,
for optimal interpretability and also to ensure the suitability of the acquired data for structural
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imaging of the subsurface, the data must undergo geophysical
inversion (Abo-Ezz & Essa, 2016). Geophysical inversion is a
step-by-step modeling approach that aims to unravel the features
of buried geologic structures by establishing similarities between
them and to already well-defined models (Essa & Munschy 2019).
Over the years, various inversion techniques have been designed
for the deciphering/computation of these characteristic physical
parameters. Some of these procedures are united by adept
functional exploitation of computational approaches including
Euler deconvolution (Mota et al., 2020), Werner deconvolution
(Cerovsky & Pasteka 2003), model layering (Pilkington 2006),
and parametric curves (Abdelrahman et al., 2012). Others employ
procedures consistent with fair function minimization and Depth
From Extreme Points (DEXP) (Abbas and Fedi 2013), simplex
algorithm (Pan et al, 2009), and linear least squares (Melo &
Barbosa 2018). However, experience has shown that results
obtained from these conventional inversion approaches usually
lead to the generation of large amounts of invalid solutions. The
invalid solutions are caused by many factors including noise
sensitiveness and poor window size compatibility (Li et al., 2020).
Another cause is improper filtering of noise from signals of
interest. Also, there is a characteristic over-dependence of
initializations on subjective priori geologic information which
may not be reliable or sufficiently reputable.

With recent improvements in machine intelligence, these
classical magnetic inversion methods are gradually being
substituted with more dependable, accurate, and reliable
metaheuristic techniques. Some of the intelligent techniques
employed for geophysical inversion include ant colony
optimization - ACO (Gupta et al., 2013); genetic algorithm
(Sen & Mallick 2018), particle swarm optimization- PSO (Guo
et al., 2020; Essa 2021; Essa et al., 2021); neural networks
method (Yadav et al, 2021); differential evolution-DEA
(Garabito and Cruz 2019; Ekinci Y. L. et al, 2021);
simulated annealing (Pan et al,, 2009) and genetic price
algorithm (Kaftan 2017). These intelligent algorithms,
which mostly work by the functional imitation of the
normal behavior of objects from nature; have generally
upset most of the challenges posed by the classical
algorithms. The most obvious advantage of these techniques
is that they are conditioned to be zero-ordered. This implies
that any performance enhancements made in a direction
towards feasible solutions are not related to the derivatives
of the function minimized/maximized.

The performance of the above-mentioned intelligence-based
methodologies have generally been applausive. This is especially
in terms of optimized structural resolvability and improvements
in interpretation quality. Howbeit, these methodologies are still
short of analytical perfection, particularly in terms of convergence
and computational cost (Hemeida et al., 2020; Ben et al., 2021b;
Mbonu et al., 2021; Turgut 2021). Continual pursuit of this
analytical perfection necessitates continual development and
deployment of new optimizers and hence, the motivation for
this study. In this research paper, we present a new way of
parameterizing magnetic and gravity anomalies generated by
dipping fault structures based on the Manta-Ray Foraging
Optimization (MRFO) algorithm.

Model Parameters from Geophysical Anomalies

The MRFO algorithm—a relatively recent metaheuristic
technique, leverages the bio-inspired foraging strategies of
Manta-Rays for the resolution of optimization problems
(Hemeida et al.., 2020). The MRFO approach has previously
been tested and proven to be effective with contextual and
engineering challenges such as Covid-19 thresholding,
arrhythmia classification, energy minimization, wind turbine
control,  fractional-order  proportional-integral-derivative
controller design as well as magnetic levitation system (Ekinci
et al., 2021b; Ekinci et al., 2021¢; Feng et al., 2021; Houssein et al.,
2021; Rezk et al., 2021). From the results of those applications,
MRFO optimization technique was reported as superior to
existing heuristic algorithms in several ways, such as better
accuracy, enhanced performance, and lower computational
cost. Resultantly, the scholars strongly recommended the
method for inversion situations. Up to the initial draft of this
manuscript, a total of two geophysical inversion studies using the
MRFO technique has been reported in published literature. Ben
etal. (2021b) employed the technique for the modeling of dipping
dykes; Ben et al. (2021c) interpreted gravity anomalies over
geometric geological structures such as spheres, cylinders,
sheets, and, horizontal faults using the MRFO strategy.
Barnhart and Lohman (2010), Amoruso et al. (2013), and,
Qureshi & Nalaye (1978) have however explained problems
associated with interpreting faults without regards to the angle
of dip-especially for fault structures in highly deformed regions,
e.g zones of folding. The novelty of this study lies in the
pioneering application of the MRFO algorithm to non-
horizontal fault problems. The parameters sought in this study
are those defining the character, location, and position of the
subsurface feature. The new method presents a couple of merits.
First, unlike deterministic schemes, iterative computations are
independent of the gradient of the objective function, technically
limiting immature convergence. Also, the wild function injected
during the cyclone foraging stage of the algorithm design allows
initial models to parameterize from anywhere within a size-
independent range (as would be seen in the examples)—
reducing reliance on subjectivity. Most importantly, the
superiority of the MRF tool actually lies with its foraging
character. With MRFO algorithm, the search agents are
allowed to switch intelligently and at any point between the
strategies of chain foraging and cyclone foraging. The chain
foraging behavior allows significant local search while the
cyclone foraging behavior concurrently assures
deterioration of global search during the process; a
mutualization of the two as allowed by the new technique
ensures comparatively quality solutions through a thorough
exploration of the whole domain of the geophysical problem.

The layout of the present paper is described as follows. First,
the 2-D potential field problem with respect to dipping faults is
introduced. Next, the proposed inversion methodology based on
MRFO is strategically constructed. The technique is then
experimented on synthetically constructed models corrupted
with random noise at varying levels and further, with two real
case studies. The obtained parameter values are then compared
with published results previously reported for similar anomalies
but obtained using other conventional techniques. Additionally,

non-
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FIGURE 1 | A dipping fault model.

to understand uncertainties in the obtained solutions, appraisals
are conducted using Markov Chain Monte Carlo sampling
procedure. The MCMCprocedure adopted employs the
simulated-annealing without cooling scheme. Finally, the study
concludes with a brief assessment of the applicability and
effectiveness of MRFO as a tool for inversion of gravity and
magnetic field anomalies.

METHODOLOGY

Forward Modeling Problem

Assume a standard Cartesian coordinate system whose ordinate
represents the strike of a dipping fault buried at depth z, and
whose abscissa indicates the profile direction (Figure 1). The
magnetic -T and gravity G anomalies- (collectively depicted as P
later in the paper for inclusiveness and generality) (Eq. 1 and Eq.
2); of the two-dimensional fault at any point xj can be expressed
as (Essa, 2013; Abdelrahman et al., 2019):

G(xp, A, x,,2,B) = A[n + tan(% + cotﬁ)
t

Xp— X
- tan1<u+ cotﬁ)],
Zy

L R L Ca ey
Z Z
. cosp In (% — xa)z -z )
2 (xk - xo) - th
(2)

where z, is depth to the top and z, is depth to the bottom of the
structure from the observation plane, S and A are respectively, the
dip angle, and amplitude coefficient that has a direct relationship
with thickness of fault, density contrast of the gravity anomaly
case and inclination of the geomagnetic field in the vertical plane
perpendicular to the strike of the fault.

These five controlling model parameters were determined in
this research, by constraining the cost function—obj (Eq. 3) using
the MRFO procedure. Acceptable values were determined by
lessening disparities between the calculated and actual data (Essa
et al., 2018; Ekinci et al., 2019).

1)

Model Parameters from Geophysical Anomalies

Yo (Pr - P)

objective function = 5 , (3)
where P{™ and P;° are respectively the potential field anomaly
from observed data and those estimated using the proposed

methodology.

Manta-Ray Foraging Optimization
Algorithm

Manta-Rays, one of the ocean’s biggest creatures, are commonly
found in tropical environments. As manta-rays are naturally
toothless (Figure 2), their diet is normally limited to
microscopic aquatic creatures -planktons (Alturki et al., 2020).
Due to the dependence of plankton on ebbs and tides, the
occurrence of planktons in large concentrations is often erratic
and infrequent. For that reason, finding the best strategies for
assuring consistent food availability is essential for Manta-Ray
survival (Izci et al, 2020). Interestingly, Manta-Rays have
developed and honed several clever foraging tactics that are so
effective they rarely face food scarcity. The MRFO algorithm,
which provides the basis of our new methodology, is premised on
these distinct foraging strategies, specifically the chain,
somersault, and cyclone techniques (Turgut, 2021). Herewith,
vectorial positions of each foraging Manta-ray depict probable
positions of the required potential field parameter; and that of the
planktons indicate the optimum solution to the geoscientific
problem. The accompanying sections discuss these foraging
approaches as well as the numerical constructs designed for
our novel geophysical methodology.

Chain Foraging

Manta-Rays implement the chain foraging method by first,
locating prospective plankton and then, advancing toward it
via a foraging chain (technically a head-tail formation). As a
result, the neighbor would immediately take up any plankton

Cephaliclobe

Pectoral fin

FIGURE 2 | Simplified anatomy of a Manta-Ray.

Frontiers in Earth Science | www.frontiersin.org

47

March 2022 | Volume 10 | Article 870299


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ben et al.

that is missed by one agent and improve overall opportunities
for exploitation. The denser the concentration of plankton at a
specific position, the stronger that position (Ghosh et al., 2021;
Houssein et al., 2021). To achieve this strategy a premise
equating the original best position to the current optimal
solution is employed. This comparative position was
subsequently utilized to update the location of each agent
and its immediate predecessor. For our dipping fault
problem, the strategy was implemented using Eq. 4
(Houssein et al., 2021).

P(x) =
P (x4); () + 7 (P (%4)er () = P (50); (£)) + W. (P (%) (£) = P (x0); (B)i = 1

{P(xk);.' O +r. (P, () - P(x0)! () + w.(P(x0)hy () —P(x0)l (8))i=2,3,..., T
(4)

)

w = 2.rand ().\/[log(r)|,

where P (xi) (t) is search agent’s ith position (the potential field
parameters) at t, T the maximum iteration number; w the weight
coefficient (Eq. 5); rand()-a vector randomly generated between 0
and 1 while P(xk)éest (t) the optimal geophysical parameter
position vector is technically located in the healthiest plankton
cluster.

The ith individual’s position is determined by positions
P(xk);{1 (t) of the (i-1)™ search agent and P(Xk)éest (t) of the
food (the target solution of our geophysical problem).

Cyclone Foraging
If a group of Manta-Rays, as detailed above, identify and create
a foraging chain to lucrative plankton in deep water, they will
glide towards them in spirals. The spirals are similar to the one
employed in the Water Optimization Algorithm
(Gharehchopogh & Gholizadeh 2019). For MRFO, however,
the approaching Manta-Ray swarm maintains their line while
whirling, such that while an individual follows the one in front,
it is still going towards the target food.

We use the following equations to numerically describe this
method in a form that is specific to our potential field problem
(Zhao et al., 2020).

PO (E+1) =
{ P (51t (£) + 1antd (). (P (%) o (8) = P (x1); (1)) + W . (P () (1) = P(x0); ()i = 1
P (Xk) gt () + rand (). (P ()i, (£) =P ()} (8) + W (P (Ke)pee () = P(x0); (1)i = 2,3,..., T

(6)

where w is asymptotically generated by Eq. 7 as weight coefficient
for cyclone foraging.

rand ()T’%l (7)

However, after completing this stage successfully, the
estimations for the required fault parameters failed to
converge repeatedly and instead become unstable; fluctuating
about a central position inside the search space. Convergence was
obliged by nudging each agent to new positions that differed from
their current ones but remained within the problem domain. This
was strategized by injecting a wild random function into each
structural parameter’s bound (Houssein et al., 2021; Ghosh et al.,
2021). This local strategy allowed comprehensive global search by
MRFO and significantly increased overall exploration. The

w = 2e sin2nirand (),
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numerical construct for this stage is expressed as shown in Eq.
8. It was generically implemented using Eq. 9 (Rezk et al., 2021).

q}a = LB* + rand (). (UB* - LB*), (8)

Gna (1) + rand ()., () = P (50 (1)) + . (@hga (1) =P (x0)] (D)i = 1

P(x)i (£+1) = {

where q},,; is the random function explained earlier.

Somersault Foraging

Here, the search domain is reconstructed such that our ideal
geophysical solution (promising planktons) is positioned as a
pivot. This is such that, before somersaulting off to other
locations, each of our investigative search agents revolves
around this pivot. By this, the new positions are not
completely random or stray too far, but rather circle about the
most promising found up to that time. With increasing iterations,
the algorithm is designed such that the somersaulting range is
intelligently lowered step-wise until the solutions are obtained.
This is achieved numerically using Eq. 10 (Elattar et al., 2020; Ben
et al,, 2021b; Feng et al., 2021)

P(x0)! (¢ + 1) = P(x;) (£) + Srand; ()P (x)! ()

- rand, ().P(x;); (),

i=1,2,...,N, (10)

where the term S—a constant known as the somersault factor,
determines the Manta-Ray’s somersaulting range. rand; () and
rand, () determined randomly between 0 and 1 were generated
using PYTHON’s NUMPY library.

Random initialization of the Manta-Ray’s population in the
search space (designed around the UB and LB) is the first step in
our proposed method. Each agent in the domain is made to
contain all the fault parameters required. The user-selection of
UB and LB for each structural problem is driven by historical
geology, geophysical, and petrophysical information. The bounds
do not necessarily affect the results but only prevent the agents
from completely iterating out into infinity. At each iteration step,
the agents update their current positions based on the agent
preceding them and their referential position. These positions of
reference are determined by t/T, whose value is skillfully
decreased from 1/T to 1 for exploratory and exploitative
searches (Houssein et al., 2021). Exploitation is done when t/T
is smaller than rand(); otherwise, exploration takes place. As a
result, the MRFO algorithm enables individuals to determine and,
if necessary, transpose between cyclone and chain behaviors.
These calculations and updates are carried out iteratively, step
by step, until the stopping criterion is met.

The estimated data was assessed after each step by comparing
it with the measured data using RMS error technique (Eq. 3).

The best positions representing the five required model
parameters are returned whenever convergence is achieved.
Figure 3 is a flowchart for the entire optimization procedure
discussed above.

Algorithm Configuration/Time Complexity
The algorithm used for this study was designed with PYTHON3
programming package and compiled on the VSCode developer
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Estimate Fitness Value

1

Update manta ray positions based on
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Chain Foraging

Update P(x;, A, X, 2, B)
(Equation 3)

Cyclone
Foraging

Update P(x;, A, X, 2, B)
(Equation 5)

Update P(x;,A, %02, B)
(Equation 5)

[_I

Calculate individual fitness and obtain
P(x, A, Xo,Z, B)best

Somersault Foraging

| Update P(x;, A, X, z, B) |

Stopping
criterion
satisfied?

No

| Return xj, A, Xo,z and f3 |

FIGURE 3 | Flowchart showing MRFO process for geophysical optimization.

environment. The compiling environment was installed on a
simple PC running on a core i7 processor and a Windows 10
package.

For time complexity, this factor depended-first on the
structural feature’s complexity; then on the number of
iterations allowed. Nonetheless, for all cases in this study, the
process rounded up completely in less than 50 s.

Uncertainty Analysis
Arising from the characteristic non-uniqueness, non-linearity,
and ill-posedness of geophysical inverse problems; it is

mathematically possible for various models constructed from
different sets of parameters to fit into similar observed
measurements. This situation usually raises considerable
uncertainty around ultimately estimated parameters. As a
result, uncertainty appraisal has come to be accepted as very
vital in inversion studies (Scales & Tenorio 2001).

The Bayesian approach has been reportedly employed in
parameter estimations involving considerable stochasticity. The
procedure relies on the concept of conditional probability. By
combining a priori information with the experimental data’s
likelihood, prior probability distributions for the required
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parameters could be obtained (Tarantola 2005; Biswas et al., 2017;
Yusof et al., 2018). For global optimization algorithms like SA,
PSO, and, GA, correct sampling has been achieved with the
Markov-Chain Monte Carlo algorithm (Yusof et al., 2018; Ekinci
et al, 2020). For this investigation, the Metropolis-Hasting
algorithm (M-H), a generalized Markov chain Monte Carlo
(MCMC) method (Metropolis et al., 1953; Hastings, 1970) was
used for parameter sampling. The M-H method suggests various
models based on some prior distribution. The likelihood of each
proposed model is computed by resolving the forward model
problem and then, obtaining the misfit in the data. If there is a
likelihood increase, the revised model is accepted. Nonetheless,
even if there is an observed decrease in likelihood, the proposed
model can still be accepted, although with a probability
dependent on the ratio of likelihood between the proposed
and the original model. The method, based upon simulated
annealing, allowed for the assessment of uncertainty by
providing parameter confidence intervals (Ekinci et al., 2020).

PARAMETER TUNING STUDIES

Pluralities of bio-inspired global optimization algorithms have
unique control parameters that have a big impact on the
algorithm’s convergence point. These control
features are critical for any algorithm’s overall performance.
Their selection, however, heavily depends on the problem-at-
hand’s nature (Kanimozhi & Jacob 2019; Gonzalez et al., 2021).
Resultantly and prior to conducting our inversion analysis, we
modify model parameters to establish the appropriate control
parameters for the Manta-Ray algorithm. The parameter tuning
study in our metaheuristic instance is primarily concerned with
determining the optimum population of experimenting agents
and the Somersault factor-S.

To properly guide the tuning studies, a synthetic magnetic
anomaly dataset was theoretically generated using Eq. 1 with A =
200 nT. Further, z, = 30m, z, = 10m, f = 40, x, = 10 m, and
profile length was 160 m. A synthetic gravity anomaly dataset was
also generated with A =50 mGal, z, =30 m, z, = 8 m, § = 40°,x, =
0 m, and profile length of 80 m. In both synthetic magnetic and
gravity data experiments, broad search spaces (Table 1, 2) are
adopted for the model parameters. This was to enable
investigation of S’s effect on the overall solution. The
inversion of both anomalies was then carried out using

inversion

identical approaches. Thirty independent runs in 500
optimization iterations were permitted with population
number = 150. The select population number was arrived at

by multiplying the number of unknown model parameters (5)
with total independent runs allowed (30). The magnetic and
gravitational anomaly problem was thereafter investigated
statistically utilizing the mean, standard deviation, and
minimum of the RMS. Tables 3 (magnetic data) and 4
(gravity data) show the findings obtained for various S values.
According to the tables, the best statistical results (boldface)
were obtained with an S value of 2. This means that using this
value as the S for both gravity and magnetic data would make the
whole optimization process more resilient and effective. The huge

Model Parameters from Geophysical Anomalies

TABLE 1 | Search space, actual and estimated parameters uncorrupted synthetic
gravity anomaly.

Anomaly parameters Search Space Actual (Control) Estimated
A (MmGal) 0-200 50.000 49.974
Xo (M) -20-20 0.000 0.036
Zp (M) 0-100 30.000 30.278
z (M) 0-50 8.000 7.892
B () -180-180 40.000 39.991

TABLE 2 | Bounds, actual and estimated parameters for uncorrupted synthetic
magnetic anomaly.

Anomaly parameters  Search bounds  Actual (Control) Estimated
A (nT) 0-500 200 200.031
Xo (M) -50 - 50 10 9.931

Z (M) 0-100 30 30.008
z; (M) 0-100 10 10.003
B —-180-180 40 39.997

TABLE 3 | Statistical results for RMS values obtained from parameter tuning of
MRFO for synthetic magnetic dataset.

S RMS (nT)
Minimum Mean Standard deviation

0.5 1.3869 1.7836 0.7548

1 0.5383 0.9471 0.2674

1.5 0.2536 0.4368 0.0734

2 0.0745 0.8352 2.4836 x 107°
2.5 0.1338 0.1836 5.3425 x 107°

3 0.3846 0.5358 0.2036

range in error values between the control producing the best and
those producing the worst is another notable/interesting
observation. This huge discrepancy could definitely have a
significant impact on the solution’s correctness in relation to
the optimal model parameter resolution. This so emphasizes the
critical need for parameter tuning studies during global
optimization applications.

SYNTHETIC EXAMPLES

To assess performance, we put the proposed methodology
through controlled series of tests using synthetic data
simulating an idealized dipping fault. The uncorrupted version
synthetic anomaly was examined first; then the clean anomaly
was purposefully contaminated with noise and reanalyzed.

Noiseless Anomaly

The MRFO technique was used to investigate the
uncontaminated magnetic and gravity field anomalies
synthetically generated for a dipping fault structure. The
synthetic magnetic anomaly constructed along a 160-m long

Frontiers in Earth Science | www.frontiersin.org

50

March 2022 | Volume 10 | Article 870299


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ben et al.

Model Parameters from Geophysical Anomalies

® Tiue Anomaly
—— Estimated Anomaly (MRFO)

A

ESTIMATED PARAMETERS

Gravity Anomaly (mGal)

A= 49.974 mGal
X =0.036 m

50 z.=302718m
z=7802m

RMS ERROR = 0.194 mGal B =39.9910

® True Anomaly
— Estimated Anomaly (MRFO)

200

ESTIMATED PARAMETERS

Gravity Anomaly (mGal)

A= 53.286 mGal
Xa=-0.276 m
- 2.=31.705 m
z.=8797m

RAMS ERROR = 3,385 mGal B=42642°

Distance (m)

0
Distance (m)

@ True Anomal
—— Estimated Anomaly (MRFO)
°

ESTIMATED PARAMETERS.

100 A= 55.193 mGal

Gravity Anomaly (mGal

Xo=1322m
2z =29.040m
z=9439m

RMS ERROR = 7.093 mGal f = 42.386°

Distance (m)

Sketch of the fault model.

FIGURE 4 | Actual and estimated anomalies (gravity) of a synthetic dipping fault structure with (A) 0% (B) 5% (C) 10% Gaussian noise using MRFO algorithm (D)

profile was sampled at 1 m sampling interval. Model parameters:
A =200nT,z,=30m, z;,=10m, § =40°, x, = 10 m was adopted.
The synthetic gravity anomaly was produced with A = 50 mGal,
zp =30m, z; = 8m, f = 40°, x, = 0 m along an 80 m profile. The
gravity profile was also sampled at an interval of 1 m. The
magnetic and gravity anomalies were computed with Eqs 1, 2
respectively.

The search space was populated with 150 initial models/
vectors and a broad range of parameter boundaries. For the
magnetic case, A-values were set to be in the range of 0-500 nT,
and f from -180° to 180", z, ranged from 0 to 100 m z, from 0 to
100 m while x, stretched between—50 and 50 m. On the other
hand, for the gravity anomaly, A was set to vary between 100 and
2000 mGal, 3 from —180° to 180°, z;, ranged from 0 to 100 m, z,
from 0 to 50 m, and x,, from—20 to 20 m. A total of 500 repetitive
iterations were allowed for each run. MFRO has comprehensive
and powerful search capabilities. Convergence was attained in less
than 100 steps; and good approximations of the five model
parameters (A, X,, Zy, X;) determined to be in good agreement
with their known values were obtained (Figures 4A, 5A; Table 1,
2). Furthermore, a careful evaluation of the histogram generated
after uncertainty appraisal analysis (Figures 6, 7) reveals the
estimates within highly acceptable confidence intervals.

Noisy Anomaly

To imitate non-ideal subsurface conditions, the previously
modeled synthetic dataset was contaminated with varying
degrees of Gaussian random noise (5 percent and 10
percent). Using a customized version of the SCIPY library,
the Gaussian noise generation process was automated and then

individually added data. These various amounts of noise were
added to evaluate the suggested methodology’s efficacy in the
presence of external interferences. These interferences may be
from a host material or even signals from neighboring geologic
intercalations (Balkaya & Kaftan 2021; Essa & Abo-Ezz 2021).
Eq. 11 was used for calculating the noise percentage.

h— P
P,

Noise percentage = , (11)
where P and P, respectively represent the clean and contaminated
anomalies.

With Eq. 3 used as the cost function, and parameter bounds
identical to those used in the noiseless anomaly, cases were re-
adopted; the anomalies were reanalyzed with MRFO. The misfit
and their convergence were examined after each iteration.

The MRFO algorithm-estimated model parameters were
found to be remarkably consistent (Figures 4B,C, 5B,C;
Tables 4, 5). Figures 4D, 5D show the Sketches of the fault
models. However, based on the results, A appeared to be more
sensitive to increasing noise. This sensitivity, which is likely to
alter interpretations when dealing with exceedingly sophisticated
and deep-seated problems, may be explained by the fact that A is
a multiplier factor (Eqs 1, 2). In any case, it could be easily
handled by shortening the lower-upper bound range. Further, the
results show that the after-convergence misfit and RMS error
increase somewhat with the noise level. Nonetheless, this does not
affect the inversion process because the resulted parameters
continuously remained appealing even to a 10% noise level
(Tables 5, 6). It can therefore be inferred that the new
technique is intrinsically stable and demonstrates
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FIGURE 6 | Produced histograms after uncertainty appraisal using MCMC algorithm (synthetic magnetic anomaly). Estimated values indicated on upper-left part of
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FIGURE 7 | Produced histograms after uncertainty appraisal using MCMC algorithm (synthetic gravity anomaly). Estimated values indicated on upper-left part of

TABLE 4 | Statistical results for RMS values obtained from parameter tuning of
MRFO for synthetic gravity dataset.

s RMS (mGal)
Minimum Average Standard deviation

0.5 0.4729 0.8468 0.0658

1 0.0374 0.0846 0.0173

1.5 0.0383 0.0519 0.0052

2 0.0063 0.0094 3.7841x 1078
2.5 0.0327 0.0682 7.3081 x 107°

3 0.0472 0.0773 0.0401

commendable proficiency in handling corrupt anomaly data.
Figures 6, 7 show the MCMC appraisal histogram for all
noisy cases. Careful consideration of the generated histograms
shows all estimated parameters as well-placed within excellent
probability regions affirming the effectiveness of the algorithm’s
sampling operation.

FIELD CASES

It is generally understood that the strength and credibility of any
new geophysical procedure depend on its practical applicability in
the exploration of ores and minerals. The developed MRFO

TABLE 5 | Search bound, actual and estimated parameters synthetic gravity
anomaly corrupted with random noise.

Model parameter Percentage of noise and observed

results
- 5% 10%
A (mGal) 53.286 55.193
Xo (M) -0.276 2.922
Zp, (M) 31.705 29.040
z¢ (M) 8.797 9.439
B 42.642 40.386

TABLE 6 | Search space, actual and estimated parameters for synthetic magnetic
anomaly corrupted with random noise.

Percentage of noise added and
observed results

Model parameter

- 5% 10%
AT 195.274 210.633
%o (M) 9.449 11.212
2 (M) 31.738 29.375
z (M) 10.711 9.428

B O 42.158 44.037
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FIGURE 8 | Total magnetic anomaly of Lanchlan anomaly, Australia inverted using the MRFO procedure.

algorithm is as such, experimented against two real examples. The
examples are taken from mining fields in the United States of
America and Australia. The parameters reflecting the physical
characteristics of the subsurface anomalies are estimated using
the technique, and then subsequently compared against results
from previous investigations for similar examples (published in
the literature).

Lachlan Anomaly, Australia

In the first implementation of our new methodology with real-life
anomalies, we seek at interpreting a total magnetic anomaly
observed over the Molong anticlinorium; a major structural
division of the Lachlan fold belt in New South Wales,
Australia. The Lachlan fold belt is a middle Paleozoic
accretionary orogen widely explored for its rich gold deposits.
Orogenically, the belt was massively affected by the Benambrian
Orogeny. The event is also believed to have resulted in the
development of the Wagga-Omeo zone during the Late
Ordovician to Early Silurian period. This was followed by the

Middle Devonian Tabberabberan Orogeny which brought an end
to the precratonic evolution; before it was being converted to a
neo-craton at the last stage of the Carboniferous Kanimblan
Orogeny. Structurally, the Silurian rocks which make up the belt
fold characteristically to a syncline with a slight dip in the
northwest direction (Wang et al., 2019). Figure 8 is an east-
west profile constructed from aeromagnetic data acquired over
the anticlinorium with a flight height of about 200 m across the
synclinal structure’s western limb. The anomaly, buried at depth,
was believed to be due to the abrupt thinning of the 1000 m thick
tuff of the Douro volcanic against a fault (Ekinci et al., 2020). For
this study, the 4 km long profile was digitized after every 125 m
interval.

The MRFO technique was employed for parameterizing the
subsurface structure, which is considered to be a dipping fault
based on past geologic information. The parameter ranges
indicated in Table 7 are used to initialize the algorithm, and
the maximum iterations allowed were pegged at 500. Finally,
the RMS approach is used to monitor the difference between
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TABLE 7 | Recovered parameter results and comparative analysis for Lanchlan Anomaly, Australia.

Model parameters Search Space

Estimated (MRFO)

Qureshi
& Nalaye (1978)

Ekinci et al. (2020)

A (nT) 0-1000 130.314 - -

%o (M) ~1500-1500 356.021 - -

Z (M) 1-4000 1481.308 1105 1149.84
z (m) 1-1000 483117 115 135.81
B ~180-180 59.523 49 138.27

the real and calculated data. The obtained results are displayed
in Table 7.

The inversion result shows that the target structure is fault-like
with an origin at approximately -356.021 m and an amplitude
coefficient of 130.314 nT. The fault was inclined at 59.523° and is
buried at 483.117 m to the top and 1481.308 m to the bottom of
the fault. After 150 iterations, which lasted only 120s, the
iterations converged. This demonstrates that the MRFO
algorithm performs admirably in terms of speed, complexity,
and cost. Furthermore, the 9.632 nT misfit calculated implies that
the actual and projected data fit together perfectly.

Several workers have shown interest in the Lachlan anomaly
because of its economic potential, as evidenced by relevant
literature. Qureshi & Nalaye (1978) decomposed the anomaly
into symmetric and antisymmetric parts. Thereafter, after
independently analyzing these two parts, they reported the
buried feature as a fault dipping at an angle of 49" They also
resulted 115 m as depth to the structure’s top and 1105m as
depth to its bottom. Ekinci et al. (2020) alternatively inverted the
anomaly using a fault model via differential evolution algorithm.
Their experimentation resulted 1149.84 and 13581 m as
respective depths to the fault’s bottom and top and 138.27° as
dipping angle. It must be added that Ekinci et al. (2020) designed
their forward models assuming non-coplanar relationships
between the dislocated fault slabs. More too, their dipping
angle was constructed to be strongly affected by the general
strike and regional direction of magnetization. These factors
are believed to have added up to the large dipping angle
obtained from their study. However, the B-parameter from
this study shows better favorability as it is compatible with
observed dips for other structures in the region (35°-80°) as
documented by the Geological Survey of South Wales (Qureshi &
Nalaye, 1978). Nonetheless, analysis of these reports (Table 7)
reveals that results from our new methodology still agree
impressively with findings from similar studies in literature.

Garber Oil Field Anomaly, Oklahoma

United States

Discovered in 1916, the Garber field which is situated on a
dominant regional feature is one of Oklahoma’s most
prominent hydrocarbon fields (Kirkland et al, 1995; Gouin,
1956). The field is characterized by minor faults which

dominate its surroundings and numerous anticlinal folds. In
addition to these features, it is structurally deformed by the
major Nemaha fault. In 1965, workers reported a fault
structure suspected to be deep-seated from a geophysical
contour map developed for the region (Ferris 1987). The
suspected fault is the interpretative focus of this field example.
Gravity data was digitized across a 20-km-long profile over the
fault structure. The sampling was carried out at 500 m intervals.
To decipher the parameters defining the buried dipping fault
structure, we followed the steps outlined in the proposed
methodology. First, we initialized the algorithm with
parameters based on the bounds shown in Table 7, as
consistent with the previous field example. The maximum
iteration number was then set to 500. The RMS error was
used to monitor the disparity between the digitized gravity
data and those calculated from MRFO-generated parameters
(Figure 9). Table 8 shows the results that were obtained.
According to results from the inversion process, the targeted
source can be inferred as a fault-like structure inclined at an angle
of 126.135". Its origin is at a horizontal distance of 16.924 km on
the profile. The depth to the structure’s top and bottom is
calculated to be 6.083 and 14.537km respectively. The
iterations converged after about 180 iterations, which took
about 150s, confirming the superiority of the algorithm in
cost management and time complexity. More too, it is
observed from the obtained error of 1.857 mGal that the
measured and the computed data fit excellently (Figure 9).
Table 8 shows how the results obtained using our proposed
methodology compare to those obtained using other
methodologies and published in the literature. Using the least-
squares inversion approach, Qureshi & Nalaye (1978) reported
that the anomaly is a fault; with its top at a depth of 9.25 km and
its bottom at a depth of 15.55 km. Murty et al. (2001) generalized
an interpretation technique based on angular value
decomposition. They then investigated the Garber field
anomaly using the constructed tool. From results obtained
after their analysis, they also pinpointed the anomaly to a fault
structure. However, they reported the source structure as being
relatively thinner and also as being buried at shallower top and
bottom depths of 8.86 and 15.07 km. Using a comparative
approach, Ekinci et al. (2019) recently employed the robust
PSO and DE algorithms for the intelligent investigation of the
Garber anomaly. They also confirmed that the anomaly-causing
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TABLE 8 | Comparative analysis of parameter results for Garber Oil Field Anomaly, United States

Model parameters Search Space Estimated (MRFO)

A (mGal) 0-500 241.968
Xo (km) 0-20 16.924
2 (km) 1-60 14.537
2, (km) 1-30 6.083

B O ~180-180 126.135

Qureshi & Radhakrishna et al. Ekinci et al. Ekinci et al.
Nalaye (1978) (2001) (2019)-PSO (2019)-DE
15.55 15.07 10.77 13.76
9.25 8.86 5.62 5.10
- - 108.41 141.13
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FIGURE 9 | Total gravity anomaly of Garber anomaly, Oklahoma inverted using the MRFO procedure.

structure was fault-like; howbeit, the fault was calculated as
stretching from depth 5.62-10.77 km using PSO. DE resulted
5.10 and 13.76 km for the same respectively. These results
indicate that findings obtained using our new methodology are
consistent (Table 8) with existing information about this same
anomaly, present in relevant literature.

DISCUSSION OF RESULTS

In both synthetic and actual examples, MRFO-based inversion
proved to be an accurate and dependable technique for modeling
potential field anomalies detected across geo-structures such as
dipping faults (Figures 10, 11). Furthermore, the MRFO
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algorithm’s fast convergence rate suggests that it is a better-
performing method for geophysical inversion. Surprisingly, this
speed has no effect on optimization capability because the errors
recorded at the end of the method are were still within acceptable
ranges. Notably, the algorithm appears to overcome unpopular/
recurring problems of immature convergence and local optima
that regularly limits intelligent techniques such as ACO, PSO, and
GA (Mehanee & Essa 2015; Roshan & Kumar Singh 2017; Chopard
and omassini 2018; Izci et al, 2020; Hua et al, 2021). This is
accomplished by the search agents’ capacity to intelligently switch
between chain and cyclone foraging techniques when necessary. The
chain foraging method is often responsible for improving the
algorithm’s local search; whereas the cyclone strategy is mostly
concerned with enhancing the algorithm’s global search for
solutions. By mutually combining the two-as the proposed
methodology permits, a thorough exploration of the entire
domain of the problem can be achieved. Noting these gains, as
well as the comparatively lesser computational efforts required for the
achievement of the gains, MRFO has been found to effectively
supersede all other well-known optimizers in the resolution of the
geophysical optimization problem. This is with respect to structural
anomalies due to shallow and deep-seated dipping faults.

CONCLUSION

The feasibility of adapting the MRFO technique for the
solution of geophysical inverse problems has been
investigated. The procedure was structured towards
obtaining precise estimates of five separate model
parameters describing buried dipping fault. The parameters
of interest were amplitude coefficient, origin, inclination, and
depth from the surface to the top and bottom of the structural
feature. The experimental data set consisted of synthetic
potential field data that were later polluted with 5 and 10%
random noise, as well as real profile anomalies extracted from
mining fields in Australia and the United States. The
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This study used land gravity and airborne magnetic data to investigate the depth to the
magmatic chamber and map the heat flow distribution beneath the active volcanoes of
Hawaii Island using the Curie point depth (CPD) and gravity modeling. Obtaining some of
the ground-based geophysical measurements was problematic due to accessibility
limitations; therefore, this study used available data. The CPD and magnetic data were
used to map the depth to the bottom of the magnetic layer by calculating the depth to the
Curie isotherm (540°C) beneath Hawaii Island. The spectral peak method was used to
calculate the depths to the shallow and deep magnetic sources for the entire island, and
the CPD was calculated using the centroid method. A two-dimensional density model for
two Earth layers was constructed using forward modeling of the gravity data. A large plume
of dense intrusive material was observed beneath the three adjacent volcanoes of Mauna
Loa, Mauna Kea, and Kilauea, and two small chambers were found to be located beneath
the Kohala and Hualalai volcanoes. Based on the gravity modeling results, the depth to the
magma layer varied from 0.5 to 10 km, and the heat flow was higher close to the volcanic
eruption zones. The current study is informative and cost effective for the world’s most
active volcanic areas.

Keywords: magmatic chamber, gravity inversion, Curie depth point, geothermal gradient, heat flow, Hawaii Island

INTRODUCTION

The structural complexity of volcanic islands and their difficult accessibility make geophysical
imaging problematic. Moreover, geophysical modeling generally suffers from nonuniqueness in its
solutions. This study uses two geophysical techniques to overcome these problems and reduce
modeling errors. Despite the accessibility limitations, geophysical modeling techniques of potential
data have been used extensively in different geologic settings to provide reliable results on structures
and geometries (Green, 1975; Guillen and Menichetti, 1984; Camacho et al., 1997; Li and Oldenburg,
1998; Camacho et al., 2000; Boulanger and Chouteau, 2001; Montesinos et al., 2006; Cella wt al.,
2007; Camacho et al., 2011; Marcotte et al., 2014; Barnoud et al., 2016). Figure 1 shows the location
and topography of the Hawaiian Island arch system.

Geophysical and structural measurements are used extensively to delineate the three-dimensional
(3-D) shape of granitoid plutons (Miller and Tauch, 1989; Vigneresse, 1995a, b; Eguiluz et al., 1999)
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FIGURE 1 | Topography of Hawaii Island. Mauna Loa and Mauna Kea are the highest peaks.

in different areas. Most previous studies include horizontal map
views of intrusions in their results. However, scientific studies
assume the widespread concept of the inverted teardrop when
considering pluton 3-D geometries (Vigneresse, 1995b) based on
structural extrapolations to depth. Most field-based studies use
extrapolations to depth without direct evidence to obtain a
reasonable approximation when geophysical techniques are
employed.

Aeromagnetic datasets are widely used to estimate the Curie
point depth (CPD) and assess geothermal resources (Chiozzi
et al., 2005; Trifonova et al., 2009; Hsieh et al., 2014). The CPD is
considered at the surface at a high temperature of ~540°C, as
measured in situ from holes drilled through the crust and into the
still-molten lens of tholeiitic basalt in Kilauea (Zablocki and
Tilling, 1976). The CPD surface indicates the bottom of the
magnetic layer; this is where paramagnetic minerals are
formed from ferromagnetic minerals when they reach the
Curie point temperature (Nagata, 1961) or the depth at which

nonmagnetic rocks are formed from magnetic rocks (Ravat et al.,
2007). Iron sulfides and iron-titanium oxide are the most
common ferromagnetic minerals (Rajaram, 2007).

Castro and Brown (1987) have used high-resolution sampling
of the 1950 and 1972 flows in Kilauea to identify the intraflow
variations of very young basalt flows. The paleomagnetic
directions of these samples are different from the direction of
Hawaii’s geomagnetic field. This shallow inclination anomaly was
attributed to the recording mechanism of subaerial basalts
(Castro and Brown, 1987); however, it has since been
identified as the nondipole field effect (Cox, 1975). Another
paleomagnetic study has identified the lavas in the main part
of the Pohue Bay flow and those of the Hawaiian cones to have
similar paleomagnetic properties with relatively similar ages
(Jurado-Chichay et al., 1993). That study could have identified
both younger lava flows, which later utilized the main tube, and
an earlier subset of cones, which were formed before the Pohue
Bay eruption.
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Magnetic data have been analyzed extensively to estimate both
the depth to the magnetic basement (Spector and Grant, 1970;
Hahn et al., 1976; Garcia-Abdeslem and Ness, 1994) and the
Curie isotherm (Blakely, 1988; Okubo and Matsunaga, 1994).
According to Spector and Grant (1970), the depth factor controls
the shape of the readily averaged power spectrum. Their
statement has resulted in a wide interpretation of the average
two-dimensional (2-D) power spectrum of magnetic data.
Moreover, the depth to the source can be calculated from the
slope of the log radially averaged power spectrum.

The thermal structure of the crust in different geologic
environments has been widely investigated using magnetic
data (Spector and Grant, 1970; Bhattacharyya B. K. and Leu
L.-K., 1975, 1977; Byerly and Stolt, 1977; Okubo et al., 1985;
Blakely, 1995; Tanaka et al., 1999; Chiozzi et al., 2005; Ross et al.,
2006; Trifonova et al.,, 2009; Gabriel et al., 2011, 2012; Bansal
et al,, 2013, 2016; Hsieh et al., 2014; Nwankwo and Shehu, 2015;
Nwankwo and Abayomi, 2017); the resulting geomagnetic
anomalies above the CPD have been used to delineate
magnetic structures (Bhattacharyya and Leu, 1975a, b; Byerly
and Stolt, 1977; Blakely and Hassanzadeh, 1981; Blakely, 1988;
Chiozzi et al., 2005; Trifonova et al., 2009; Hsieh et al., 2014;
Idarraga-Garcia and Vargas, 2018; Mohamed Al Deep, 2021).

Flinders et al. (2013) used land and marine gravity data and a
3-D gravity model to calculate the average densities, volumes, and
percentages of olivine in the intrusive materials and cumulate
cores below the volcanoes in Hawaii. They used an isosurface
density of 2.85g cm™ to delineate intrusive material, which
equated to over 60% of dikes with a density of 2.95g cm ™.
Furthermore, they defined cumulate cores using an isosurface
density of 3.00g cm >, which corresponded to ~35% olivine
(density: 3.2-33g cm™) in the intrusive complex (density:
2.85g cm ™).

The Hawaiian Islands were formed during the past 70 Ma as
the Pacific lithospheric plate moved north and then west relative
to a melting anomaly. This phenomenon is represented by the
hotspot hypothesis, which accounts for the formation of a
volcanic chain on the ocean floor. Wilson (1963a, c) proposed
that the islands of Hawaii were formed when the seafloor moved
over lava sources in the asthenosphere; they limited this theory to
the volcanoes and the ridge of the Hawaiian Islands.
Subsequently, Wilson’s theory was expanded by Christofferson
(1968) to include the Emperor Seamounts. Morgan (1972a, b)
suggested that the Hawaiian hotspot and others are thermal
plumes of material rising from the deep mantle. Clague and
Dalrymple (1987) tested and validated this hypothesis based on a
study of the geologic evolution of the Hawaiian-Emperor
volcanic chain. In terms of geology, tholeiitic basalts account
for >95% of the islands’ rocks (Clague and Darlrymple, 1989).

Geophysical data collected from the ground and from the
airborne were commonly employed in groundwater
investigations and subsurface geology (e.g., Meneisy and Al
Deep, 2020; Mohamed and Abu El Ella, 2021; Al Deep et al,
2021). On the other hand, Global data from the Earth
Gravitational Model and the Earth Magnetic Anomaly Grid
have been widely used for crustal studies and the depth to the
bottom of the magnetic layer (e.g., Idarraga-Garcia and Vargas,
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2018; Mohamed and Al Deep, 2021), whereas gravity data from
the Gravity Recovery and Climate Experiment mission have been
successfully applied for estimating mass transport and
distribution in the Earth’s fluid (e.g., Mohamed et al, 2017;
Mohamed, 2019; Mohamed, 2020a; Mohamed, 2020b;
Mohamed, 2020¢; Taha et al., 2021; Mohamed and Gongalves,
2021; Mohamed et al., 2021; Mohamed et al., 2022).

The current study aims to characterize the morphology of the
magmatic chamber beneath Hawaii Island using gravity and
magnetic potential fields. Delineating the geometrical border
of the magmatic chamber beneath the island of Hawaii and
estimating the CPD, geothermal gradient, and heat flow of the
area require the techniques of gravity inversion and spectral
analysis of magnetic data. Our method of estimating the CPD
to determine the maximum depth to the magnetized rocks
calculates the depth to the upper surface of the magma
chamber indirectly. Additionally, a two-layer 2-D geological
model using the contrast in density between the average
density of the solidified rocks and the magma layer is applied
using gravity modeling techniques.

GEOLOGIC SETTING OF HAWAII ISLAND

Hawaii Island comprises five major shield volcanoes (Figure 2):
Mauna Kea (MK), Kohala (Ko), Kilauea (Ki), Mauna Loa (ML),
and Hualalai (Hu) (Langenheim and Clague, 1987). Except for
some minimal erosion to the northern sides of Ko and MK, these
volcanoes have suffered little erosion (Langenheim and Clague,
1987). They progress in age from the southeast end (with its still-
active volcanoes) to the northwest end (with its volcanoes dating
from 75 to 80 Ma) (Clague and Dalrymple, 1987).

The ML volcano is the largest on Earth at 97-km long, 48-km
wide, and an estimated volume of 70-80 million km® (Robinson
and Eakins, 2006). Its shield-shaped dome rises to 4,167 m above
sea level (Figures 1, 2), and its slopes are dotted with a few cinder
cones. The caldera of Mokuaweoweo is located on the summit
(Macdonald, 1977). ML formed over a period of ~0.5 million
year. During recent years, lava younger than 1,000 year has
poured from fissures and a cone on the volcano’s floor and
rim, filling depressions and covering about 40% of its surface
area (Lockwood and Lipman, 1987). A few weak explosions have
occurred. The surface of ML originates mostly from the Holocene
(Stearns and Macdonald, 1946; Lipman and Swenson, 1984).
Stearns and Macdonald (1946) divided the volcano’s rocks into
Pliocene Ninole basalt, Pleistocene Kahuku basalt, and
Pleistocene and Holocene Kau basalt (the most recent).

At 4,205 m above sea level, MK is Hawaii’s highest volcano
(Figures 1, 2). There have been no eruptions over the past
3,600 years (Porter, 1979a). The configurations of cinder cones
indicate the location of less-defined southerly, easterly, and
westerly rifts. The volcano’s rocks were divided into two
volcanic series by Stearns and Macdonald (1946). The older
(Hamakua) series forms a major part of the mountain and
represents the shield stage and part of the post-shield stage.
The upper part of the mountain (above 3,353 m) comprises a
plateau resulting from the Laupahoehoe series filling of a caldera
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FIGURE 2 | Rock compositions of Hawaii Island and the faults in the
southern part (source: Stearns and Macdonald, 1946; Wolfe and Morris,
1996a; Wolfe et al., 1997; Kauahikaua et al., 2002; Swanson, 2005).

in the Hamakua volcanic series, which represents the rest of the
post-shield stage. Porter (1979a, 1979b) redefined the volcano’s
two rocks to include glacial deposits; additionally, they were
elevated to a group ranking of volcanic and glacial formations.

The last eruptions of the Hu volcano in 1800-1801 occurred
from five separate vents (Moore et al., 1987) (Figures 1, 2). The
volcano has an approximate diameter of 27 km and a well-defined
NW-striking rift zone; its less-well-defined N- and SE-trending
rift zones are characterized by widespread cinders and spatter
cones (Langenheim and Clague, 1987). Its subaerial surface is
represented by the Pleistocene Waawaa Trachyte Member, with
short flows of hawaiite and a few flows of alkali basalt lava (Moore
et al., 1987). According to detailed mapping and C-14 dating, the
volcano’s Holocene lava flows have been divided into four groups:
10-5, 5-3, 3-1, and <1 ka (Moore et al., 1987).

Based on K-Ar analysis, Ko is the oldest Pleistocene
(McDougall and Swanson, 1972) and longest inactive
volcano in the islands (Lipman, 1980) (Figures 1, 2). It was
formed over northwesterly and southwesterly rifts and a weak
southwesterly rift (Langenheim and Clague, 1987). Its last
eruption was ~60,000 years ago, and it is considered to be
extinct. The volcano’s rocks represent two volcanic series
(Stearns and Macdonald, 1946): the older Pololu series
(Pololu basalt) (Langenheim and Clague, 1987) of shield-
stage tholeiitic basalt and caldera-filling postshield-stage
alkalic basalt (Stearns and Macdonald, 1946) and the
younger Hawi series (Hawi Volcanics) (Langenheim and

Morphology of the Magmatic Chamber Beneath Hawaii Island

Clague, 1987) of differentiated alkalic lava of the postshield
stage (Stearns and Macdonald, 1946).

The Ki volcano has an area of 2,500 km® and rests on the
southeast slope of ML (Figures 1, 2). Lava flows from ML pass
over the slopes of Ki. The Ki volcano is the youngest in Hawaii
and remains very active (Clague and Dalrymple, 1987). Around
70% of its surface is younger than 500 years, and about 90% is
younger than 1,100 years (Holcomb, 1987). At the base of a fault
escarpment on its mobile south flank, Ki’s older rocks of Hilina
basalt are between 100 and 30 kyr old (Easton, 1987). The most
recent Puna basalts of the Pleistocene and Holocene (Easton,
1987) represent the younger rocks and are separated from the
older ones by Pahala ash.

DATA

The land and airborne potential field data used in this study are
described below.

Gravity anomaly data
Gravity measurements from the study area were collected as
datasets on the deep magmatic structures of the Hawaiian
volcanoes. A complete Bouguer anomaly map was constructed
from the corrected observed gravity data to build a realistic
model for Hawaii relative to the ground surface. The gravity
data, which were collected by Kauahikaua (2017), did not
contain base station time series records, and there was no
time channel for the data points. Therefore, it was assumed
that the instrumental drift had been completed. A free air
anomaly map was constructed, and a complete Bouguer
anomaly map was compiled for use in the gravity inversion
calculation.

The first step of the data processing involved calculating the
theoretical gravity for the study area by Eq. 1. Provided the data
projection was in the WGS84, the same datum was used.

o (1 + ay (sin ¢)2)

/ (1)
(1 + a; (sin ¢) )

The subtraction of theoretical gravity from the observed data

resulted in latitude-corrected data. The formula below (Eq. 2) was
used for the latitude correction calculations:

Gi = Gopseved — Gu (2)

where G, is the theoretical gravity, ¢ is the latitude, and a,, a,,
and a; are constants that are equal to 9780326.7714,
0.00193185138639, and —0.00669437999013, respectively.

The second step involved the calculation of the free air
anomaly (Gpay) assuming that the elevation of the ground
above or below the datum was without any representation of
the density variation. Therefore, this was excluded from this
study’s modeling. The free air correction was calculated and
subtracted from the latitude correction for the WGS84 data
using the following equations:
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dgh = - (3.083293357 + 0.004397732 * cos* ¢) * h
+7.2125%10-7 = h®
Gfair = Gn - 8gh

(©)
(4)

where 8gh is the free air correction, h is the elevation of the
gravity sensor above the datum, and ¢ is the latitude.

A simple Bouguer anomaly map was constructed by subtracting
the Bouguer correction, which replaces the air above a datum by the
mean density of land. The complete Bouguer correction calculates
the terrain correction for the gravity stations and then applies the
complete Bouguer correction to the simple Bouguer-corrected data.
The terrain correction used topography data obtained from the
Shuttle Radar Topography Mission (NASA, 2013).

The final complete Bouguer anomaly (Figure 3) was
calculated according to Eq. 5:

Gp = G — 0.0419088 % [D * Hs + (Dw — D)* Hw

+ (Di — Dw)* Hi] - G, (5)

where Gg is the complete Bouguer anomaly, D is the Bouguer
density of the Earth in that area (~2.73 gcm?), Hs is the station
elevation (meters), Dw is the Bouguer density of water
(~1.027 gem™), Hw is the water depth (meters), Di is the
Bouguer density of ice (~0.917 gcm™), Hi is the ice thickness
(meters), and G. is the correction of the Earth’s curvature.

Magnetic anomaly data

The available magnetic data for Hawaii Island comprise four
aeromagnetic datasets. The United States Geological Survey’s
Hawaii-78-Hawaii data are the only data available with complete
coverage of the island; they were collected along the north-south
lines by aircraft instruments at a height of 305 m, and magnetic field
values and locations were recorded (Godson et al., 1981). The data were
collected along longitudinal lines with a spacing of 1.6 km and include
latitude, longitude, altitude, and magnetic field values. Some variations
in magnetic measurements are caused by rocks with high
proportions of magnetic minerals; these anomalies reflect
variations in the amount/type of magnetic material and the
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shape/depth of the rock bodies. The features and patterns of the RESULTS

aeromagnetic anomalies in the Hawaii-78-Hawaii dataset were
processed to map the CPD and estimate the geothermal activity
in the active volcanic zones based on the high resolution and
consistency of the data along the flight lines.

Hildenbrand et al. (1993) used this dataset as well as other data
that were obtained along lines normal to the rifts of ML and Ki at
a flight height of 90 m (Flanigan et al., 1986). By merging the two
datasets, they produced the most comprehensive dataset for the
entire island. This is the only difference in our data reduction, as
we used aeromagnetic data that provided complete coverage
(Hawaii-78-Hawaii) of the island.

The complete dataset was gridded with 0.5-km spacing using the
minimum curvature technique, and the dataset was continued upward
to 305 m using the Geosoft 8.4 software (Geosoft Oasis Montaj, 2015).
The shifted anomalies were adjusted using a reduction-to-pole
transformation, while spectral and centroid techniques were used
to delineate the shallow and deep sources and define the CPD, which
denotes the interface between the magma layer and the overlying
magmatic layer. The terrain effect was calculated using a spectral
inversion process, which was subsequently removed to estimate the
terrain-corrected magnetic field used in the current study.

Identifying the upper surface of the

magmatic chamber from magnetic data
Calculating the CPD to determine the maximum depth to the
magnetized rocks allows the upper surface of the magma chamber
to be delineated indirectly. The rocks in Iki lava lake in Hawaii cannot
contain any magnetization above the Curie temperature (540°C)
(Zablocki and Tilling, 1976). Thus, for magnetite (the most
abundant magnetic mineral), residual magnetism appears below
the Curie point of ~540°C. In this case, the magma beneath
Hawaii Island is basic, reflecting higher temperatures of 1,100°C to
1,300°C. The CPD denotes the depth to the bottom of the magnetized
rocks, i.e., the depth to the upper surface of the magmatic chamber. As
the CPD calculation involves the power spectrum, we calculated the 2-
D radial power spectrum for the entire area to provide an overview of
the depth distribution in that vicinity.

The spectral peak and centroid methods are commonly used
spectral techniques for estimating the depth to the bottom of a
magnetic layer (Ravat et al, 2007). The spectral peak method
(Spector and Grant, 1970) was used by Shuey et al. (1977) and
Connard et al. (1983). The present study also used this method to
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allocate depth to the top of the magnetized sources along with
the centroid method (Bhattacharyya B. K. and Leu L. K., 1975,
1977; Okubo et al., 1985; Tanaka et al., 1999) to determine the
centroid of rectangular parallelepiped sources or the depth to
the centroid.

Spectral peak method (two-dimensional power
spectrum)

The Spector and Grant (1970) equation (after Blakely, 1995) was
used to estimate the depths to the bottom and top of the collective
magnetic sources from their averaged power spectra:

|F(k)|2 — 47-[2C,2n |9m|2|9f|2CM§e—2|k|Zt (1 _ e—\k|(Zb—Zt))282 (a, b)
(6)

where F is Fourier power spectrum, k is wavenumber (cycles
km™), C,, is a constant, 6, is a magnetization direction factor, 0f
is a magnetic field direction factor, M, is the magnetization, Z, is
depth to the bottom of the magnetic sources, Z; is depth to the top
of the ensemble of magnetic sources, and $%(a, b) is the horizontal
dimensions of sources factor.

Figure 4 reveals that the azimuthally averaged log power
spectrum, which was calculated using the Geosoft 8.4 software
(Geosoft Oasis Montaj, 2015), has two segments reflecting the
deeper and shallower sources of the magnetic field. The depth to

each zone was calculated from the slope of each segment of the
spectrum using Eq. 7:

h=-"

y ™)

where h is the depth, and s is the slope of the log power (energy)
spectrum.

The depth of the deeper sources with wavenumbers between
0.0 and 0.0001 cycle km™" (Figure 4) was calculated at 7.8 km
below the flight height, whereas the depth to the shallower
sources with wavenumbers between 0.0001 and 0.0007 cycle
km ™ was calculated at 1.3 km below the flight height (i.e., 305 m).

Centroid method

Bhattacharyya and Leu (1977) proposed a technique for
calculating the centroid of rectangular parallelepiped sources.
Tanaka et al. (1999) calculated the CPD map for East and
Southeast Asia by dividing the region into subregional data
over about 40,000 km®. Blakely (1988) divided the magnetic
data map over the Nevada area into subregions with
approximate areas of 14,400 km® and estimated the CPD of
the state of Nevada. The CPD in Bulgaria was calculated by
Trifonova et al. (2009) using six subregions with a 300-km edge.
Hsieh et al. (2014) divided the integrated magnetic anomaly data
of Taiwan into square subregions (250 x 250 km?) and calculated
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TABLE 1 | A sample of the calculated CPD with a 40 x 40 km? window, the estimated geothermal gradient, and heat flow. The data misfit using the RMSE is also shown.

Window No. UTM Root mean
X Y square error
(RMSE)
1 224,571.3 2,116,266 1.8
10 217,004.6 2,126,266 0.37
11 227,004.6 2,126,266 0.99
15 267,004.6 2,126,266 1.02
20 217,004.6 2,136,266 1.42
24 257,004.6 2,136,266 1.26
26 277,004.6 2,136,266 1.15
28 197,004.6 2,146,266 0.91
32 237,004.6 2,146,266 0.65
34 257,004.6 2,146,266 0.3
38 197,004.6 2,156,266 0.12
40 217,004.6 2,156,266 0.12
41 227,004.6 2,156,266 0.09
43 247,004.6 2,156,266 0.08
47 287,004.6 2,156,266 0.25
49 207,004.6 2,166,266 0.34
53 247,004.6 2,166,266 0.43
57 287,004.6 2,166,266 0.67
59 207,004.6 2,176,266 0.88
63 247,004.6 2,176,266 0.59
67 287,004.6 2,176,266 0.58
71 227,004.6 2,186,266 0.75
75 267,004.6 2,186,266 0.69
81 227,004.6 2,196,266 0.73
83 247,004.6 2,196,266 0.54
86 277,004.6 2,196,266 0.35
88 197,004.6 2,206,266 0.27
91 227,004.6 2,206,266 0.31
92 237,004.6 2,206,266 0.43
94 257,004.6 2,206,266 0.44
99 207,004.6 2,216,266 0.5
101 227,004.6 2,216,266 0.86
103 247,004.6 2,216,266 0.8
105 267,004.6 2,216,266 0.79
108 197,004.6 2,226,266 0.34
111 227,004.6 2,226,266 0.02
113 247,004.6 2,226,266 0.25

the 2-D fast Fourier transform power spectrum for each region to
estimate the CPD map. The Curie temperature depths in
northern Italy (the Alps and the Po Plain) were calculated by
Speranza et al. (2016) by creating windows with a 100-km edge
and a 50% overlap between the aeromagnetic data and data from
the Earth Magnetic Anomaly Grid two over the study area. Yang
et al. (2017) calculated the CPD of Southeast Tibet via a spectral
analysis of satellite data magnetic anomalies. Finally, Blakely
(1995) presented the power spectral density of the total
magnetic field [par (ks ky)], as follows:

¢AT(kx,ky) — ng(kx, ky) *4712C12\4|0M|2|0f|2272‘k|2' (1 _ e—zlk\(zrz,))z 8)

Equation (8) was reduced to Eq. (9). Assuming that M (x; y) is
the layer’s magnetization and a random function of x, y, this
indicates that the power-density spectra of the magnetization
oM (ky ky) is a constant. Then, the averaged power spectrum
of ¢ (|k|) can be written as:

G (|k|) = Ae?M% (1 — g M Z-2)? o)

Curie point Geothermal gradient Heat flow
depth (CPD) (°C/km) (MW/m?)
(km)

3.8 1421 355.3
4 135 337.5
3.5 154.3 385.7
8.2 65.9 164.6
2.4 225 562.5
3.9 138.5 346.2
4.8 112.5 281.3
5 108 270
1.6 337.5 843.8
3.1 174.2 435.5
5.4 100 250
2.9 186.2 465.5
0.93 581.2 1453
2.6 207.7 519.2
41 131.7 329.3
3.6 150 375
25 216 540
5.8 93.1 232.8
2.9 186.2 465.5
3.7 145.9 364.9
7 771 192.9
3.7 145.9 364.9
6.5 83.1 207.7
5.1 105.9 264.7
4.9 110.2 275.5
8 67.5 168.8
7.8 69.2 1731
5.7 94.7 236.8
4.5 120 300
5.4 100 250
5.1 105.9 264.7
4.9 110.2 275.5
7.4 73 182.4
7.7 70.1 175.3
6.3 85.7 214.3
5.1 105.9 264.7
124 43.5 108.8

where A is a constant. The depth to the top of the ensemble of
magnetic sources (Z;) was derived from the slope of the high
wavenumber segment of a radially averaged power spectrum
In (P(k)%), as follows:

In(P (k) = A - |k| Z, (10)

Additionally, the centroid depth (Z,) could be estimated from
the low wavenumber segment of the spectrum (Tanaka et al.,
1999):

In(P(k)"? [k) = B~ |k| Z, (11)

where B is a constant. Finally, Z;, could be calculated from the
following formula (Okubo et al., 1985):

Zy =270 - Z, (12)

According to Blakely (1996), the window size was
suggested to be five times that of the CPD. Therefore, the
current study applied a moving window to subset the data into
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TABLE 2 | Pillow lava layers intercalated by hyaloclastite from the Hilo borehole
and their densities [Source: (Moore, 2001)].
Lithologic zone

Depth range (m.) Density (g/cc)

Hyaloclastite Intercalated 2.3t02.7 Avg. 2.5
1% pillow lava 1,983-2,136 3.01 £ 0.10
2" pillow lava 2,234-2,470 2.67 +0.13
3d pillow lava 2,640-2,790 2.89 £ 0.17
4™ pillow lava 2,918-3,097 2.97 + 0.08

square regions with a 40-km edge and an overlap of 25% to generate
adequate wavelengths for the power spectrum calculation.

An example of the azimuthally averaged power spectrum
for some selected windows is given in Figure 5 while

Figure 6 contains a location map of each spectral
window. Figure 7 shows the estimated depth to the
bottom of the magnetized layer, which varies from 0.93 to
12.4 km below the ground surface when using a 40 x 40 km”
window. Based on the window of 40 x 40 km?, the surface of
the magmatic plume was more correlated to the distribution
of volcanoes on the surface of the island. Moreover, a large
plume was observed beneath the ML, Ki, and MK volcanoes,
underneath which uprising magma may be accumulating.
Table 1 presents the calculated CPD (using a 40 x 40 km”
window), the calculated geothermal gradient, and the heat
flow. The misfit was also calculated (Table 1) using the root
mean square errors (RMSEs) of the match between the
observed and modeled spectra.
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Morphology of the Magmatic Chamber from
the Gravity Data

To construct a more realistic model for Hawaii Island, this section
used the 2-D technique of gravity field modeling. The objective
was to propose a comprehensive density model of the crust below

the island.

Gravity inversion

The gravity data modeling was carried out along profiles
(Figure 8) on the complete Bouguer anomaly map using the
Intrepid 4.5 geophysics software (Intrepid Geophysics,
2013). This calculation method applies the algorithm
presented by Murthy and Rao (1993). Equation 13
provides the gravity anomaly Ag(0) at any point P(0) of a
2-D body of the polygonal cross section:

J 1
Ag(()) = 2Gdc Zpk[sin i ln(rk + —) — COoS ik(ek+1 - Bk)
Tk

k=1
(13)

where G is the universal gravitational constant, ry is the length of
the line from the surface to the first point (vertex), ry,; is the
length to the next point, and 6 and 0y are the angles to the body
vertices. The term ry is defined by Eq. 14:

— 2 2 — 2 2
Te = \xk + % Th = \'karl + Zin

where zj, is the depth to vertex k, and z., is the depth to the next
vertex of the assumed polygonal body.

This study constructed a 2-D density model for two Earth
layers by forward modeling the gravity data along selected profiles
(Figure 8). The two-layer model was constructed based on the
density contrast properties of these layers and the assumption
that the second layer (magma) was denser. The interface between
the two layers was assumed to comprise a sequence of polygonal
bodies, and a density contrast value of 0.22 g cc™' between the two
layers was also assumed.

Two-dimensional density models were operated along the
profiles (with 1-km line spacing) using the GRAVINV module
in the Intrepid 4.5 geophysics software (Intrepid Geophysics,

(14)
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2013). Each model contained two layers. The first (top) volcanic
layer had a density of 2.73 g cc™', which was averaged for 1,600 core
samples obtained at depths between 889 and 3,097 m below sea level
near the city of Hilo (Moore, 2001). The densities of the borehole
samples are summarized in Table 2. The second magmatic layer was
assumed to have a high density of 2.95 g cc™". As shown in Figures 9,
10, a complete two-layer solution for the gravity modeling was
provided along the north-south profiles, which were interpolated
across the island of Hawaii. Figure 9 shows the thickness of the first
layer based on the north-south parallel profiles in Figure 8, which
equals the depth of the second (magma) layer in Figure 10. Figure 10
depicts very steep vertical rising magmatic plumes, which resemble
those calculated by the magnetic method. The Z; value varied from
500 m to over 10 km. Compared with the actual volcanic activity
conditions on Hawaii Island, these calculated depths were very
reasonable. However, the edge effect meant that the outer rim of
the model could not be considered.

GEOTHERMAL GRADIENT AND HEAT
FLOW

The geothermal gradient (dt/dz) from the Earth’s surface to the

CPD was estimated using Eq. (15) (Tanaka et al., 1999):
dt/dz = 540°C/Z, (15)

The heat flow (q) was calculated using Eq. 16 (Okubo et al.,
1985):

q=h (dt/dz) = h(540°C/Zy)

This study used h = 2.5 W/m’C as the value for igneous rocks
(Springer, 1999). As can be seen in Table 1, the dt/dz varied from
43.5t0581.1 "C km ™. Figure 11 presents the estimated heat flow,
which ranges between 108.8 and 1,453 mW/m® close to the
volcanic eruption zone of ML. As geological constraints
strongly influence CPDs (Ross et al,, 2006), in the volcanic
zones, the CPDs are shallower than 10km (Obande et al,
2014). According to Table 1 and Figure 11, Hawaii Island has
high geothermal potential energy proximal to the volcanic
eruption zones with shallower CPDs as well as high
geothermal gradient and heat flows. The data in Table 1 show
window no. 213 to have the lowest heat flow, while the flow is
highest in window no. 141.

(16)

DISCUSSION AND CONCLUSION

Investigating the morphology of the magmatic chamber beneath
Hawaii Island as an example of an island arc system enhances the
current understanding of plate tectonics theory. However, the
growth and movement directions of these magmatic diapirs
require a time-lapse investigation. Herein, we utilized the
available potential data to better understand the morphology
of the magmatic chamber, estimate the CPD, and calculate the
heat flow.

This study successfully applied airborne geophysical data to
characterize the morphology of the magmatic chamber beneath
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Hawaii Island and estimate the depths to the deeper sources; these
varied from 7.8 km below the flight height to shallower sources
estimated to be 1.3 km deep. The Curie point is located from
shallow depths (<1 km) at and proximal to the ML volcano to
12 km close to the northeastern part of the MK volcano region
below the ground surface.

The results of the gravity data inversion revealed the existence of
very steep vertical rising magmatic plumes, reflecting the dense
intrusive material of basaltic and ultramafic rocks underlying the
volcanoes. The results corresponded well with those calculated
using the magnetic method. The depth to the top of the second
(magma) layer varied from 500 m to about 10 km. An inverse
relation was identified between the heat flow and the CPD,
whereby a decrease in heat flow corresponded with an increase
in the CPD. The highest value of 1,453 mW/m?> occurred at the
shallowest CPD (0.93 km) in window no. 141, while the lowest
value of 108.8 mW/m® was correlated with the highest CPD
(124 km) in window no. 213. According to Jessop et al. (1976),
these anomalous geothermal conditions are related to heat flows of
between 80 and 100 mW/m’.

The results of this study are in good agreement with the
previous 3-D gravity models used by Kauahikaua et al. (2000),

who studied the magmatic structures within basaltic
volcanoes and defined the structures related to seismic
hazards and landslides on the island of Hawaii. Their
results revealed the existence of dense cumulates and
intrusions beneath the summits of every volcano.

Information on the magmatic properties of subsurface
rocks was provided by Hildenbrand et al. (1993), who
applied the spectral depth technique to aeromagnetic data.
Two shallow magnetic zones were identified at a depth of 1 km.
Additionally, using the spectral inversion of the magnetic data,
they defined a deep magnetic horizon at 10.5km below the
flight height. The results of the current study correspond well
with those of Hildenbrand et al. (1993), as our interpretation
revealed shallow and deep magnetic sources to be located at 1.3
and 8 km below the flight height, respectively. Based on the
CPD estimations, the bottom of the magnetized layer varied
between 0.93 and 12.4 km in depth, while the gravity inversion
technique indicated a depth of 0.5-10 km below the ground
surface.

The existence of large magmatic plumes of dense cumulates
and intrusions beneath the summits of the MK, ML, and Ki
active volcanoes in this study was confirmed by the presence of
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higher-velocity regions near the active volcanoes containing
dense intrusive materials, such as olivine cumulates (Thurber,
1984; Hill and Zucca, 1987; Okubo et al., 1997). However, a 3-
D P-wave velocity model run by Park et al. (2007) for the
southeastern part of Hawaii Island produced higher crustal
seismic velocity values of 7.0-7.4 km/s. These higher values
indicate the dominance of dense olivine cumulates mixed with
extrusive and intrusive basaltic rocks in the high-velocity
regions underlying the summits and rift regions of the
active areas of Ki and ML. In the study of Park et al
(2007), the lower-velocity regions south of the Hilina and
along the Kao’iki fault zones were attributed to thick
accumulations of volcaniclastic sediments.

Using more than one geophysical dataset provides adequate
confidence in the calculated results to overcome the problem of
nonuniqueness. The calculated upper surface of the magma chamber
delineated about five diapirs, three of which (ML, MK, and Ki) were
grouped in one large plume of dense basic and ultrabasic materials.
Compared with other studies, the integrated approach presented
herein provides an in-depth understanding of the geometry of the
magmatic chamber using an indirect CPD estimation to calculate the
depth to the chamber’s upper surface. Finally, the new gravity model
for Hawaii Island, which incorporates advanced software,
corresponds well with the results of the magnetic data.

KEY POINTS

Estimates the depth to the bottom of the magnetized rocks based

on calculating the Curie point depth beneath Hawaii Island.
Characterizes the morphology of the magmatic chamber

beneath Hawaii Island using the gravity inversion technique.
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In the Middle East, water shortage is becoming more and more serious due to the
development of agriculture and industry and the increase in population. Saudi Arabia is one
of the most water-consuming countries in the Middle East, and urgent measures are
needed. Therefore, we integrated data from Gravity Recovery and Climate Experiment
(GRACE), and other relevant data to estimate changes in groundwater storage in Saudi
Arabia. The findings are as follows: 1) Average annual precipitation (AAP) was calculated to
be 76.4, 90, and 72 mm for the entire period, Period | (April 2002 to March 2006) and
Period Il (April 2006 to July 2016), respectively. 2) The average TWS variation was
estimated to be -7.94 + 0.22, —-1.39 + 1.35, and -8.38 + 0.34 mm/yr for the entire
period, Period | and Period I, respectively. 3) The average groundwater storage was
estimated to be +1.56 + 1.35 mm/yr during Period |. 4) The higher average groundwater
depletion rate was calculated to be —6.05 + 0.34 mm/yr during Period Il. 5) Both soil
texture and surface streams in the study area promote lateral flow and carry surface water
to the Arabian Gulf and the Red Sea. 6) During Period Il, average annual recharge rates
were estimated to be +9.48 + 2.37 and +4.20 + 0.15 km?® for Saudi Arabia and the Saq
aquifer, respectively. 7) This integrated approach is an informative and cost-effective
technique to assess the variability of groundwater resources in large areas more efficiently.

Keywords: Saudi Arabia, Saq aquifer, time-variable gravity, rainfall, groundwater, depletion, recharge

INTRODUCTION

Water sustainability is a critical issue globally, given its importance for humans and ecosystems
(United Nations, 2013; Bernauer and Bohmelt, 2020). Water sustainability is affected by
anthropogenic water use and climatic conditions (United Nations, 2014; Wada et al, 2010).
Globally, irrigation accounts for about 70% of water extraction and 90% of water consumption,
with heavy groundwater withdrawal in arid regions (Siebert et al., 2010; Gerten et al., 2020).
Due to hot and arid climatic conditions, the water shortage has become a severe problem in the Arab
region. Therefore, recognizing the impacts of climate change, population growth, economic development,
and land management is a key strategy for achieving water security in this region (Trondalen, 2009). In
addition, desertification is affecting the Middle East region, particularly Iraq, Syria, Jordan, and Iran.
Several methods have been applied to evaluate the hydrological behavior of aquifers using in situ
observation techniques, such as modeling and chemical methods (de Vries and Simmers, 2002;
Milewski et al., 2009; Scanlon et al., 2012). However, it is difficult to estimate the spatial and temporal
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variations of groundwater storage on a large scale using a
relatively small number of scattered point measurements in
these conventional methods. Moreover, the results of these
methods are often questionable because they require
significant efforts and resources to obtain. To solve these
problems, several studies have been conducted to analyze and
integrate the outputs of the Gravity Recovery and Climate
Experiment (GRACE) and compare them with many climate
models and in situ data (Wahr et al., 1998; Rodell and Famiglietti,
2001; Wahr et al,, 2004; Syed et al., 2008; Longuevergne et al.,
2010).

Many studies have been conducted to estimate the
hydrological components and settings of large basins and
transboundary aquifers in recent years. For example, Yeh
et al. (1998), Yeh et al. (2006), and Rodell et al. (2007)
applied GRACE, Global Land Data Assimilation System
(GLDAS) data, and in situ observations to partition the
water budget of the Mississippi River basin and obtained
reasonable results. Wang et al. (2014) compared monthly
total water storage variations obtained from GRACE with
those estimated from water budget equations for 16
Canadian basins. In addition, some studies have combined
GRACE and climate data with other relevant datasets to
estimate changes in groundwater storage and evaluate rates
of recharge, discharge, and depletion in aquifer systems in the
Arab region (Mohamed et al., 2014; Mohamed et al., 2015;
Ahmed and Abdelmohsen, 2018; Mohamed, 2019; Mohamed,
2020a; Mohamed, 2020b; Mohamed, 2020c; Mohamed, 2020d;
Mohamed et al., 2021; Mohamed and Gongalves, 2021; Taha
et al., 2021). On a continental scale, other global gravity field
datasets from the Earth Gravitational model have been used to
investigate the crustal structures (Mohamed and Al Deep,
2021). However, on a smaller scale, airborne and ground-
based geophysical data have been used for groundwater
studies, subsurface geology (Meneisy and Al Deep, 2020; Al
Deep et al.,, 2021; Mohamed and Ella, 2021), magma chamber
geometry (Mohamed et al, 2022), as well as for land
subsidence due to groundwater over-pumping (Othman,
2019; Othman and Abotalib, 2019).

The GRACE satellites provide vertically integrated terrestrial
water storage (ATWS) changes from regional to global scale.
These TWS values are expressed in terms of groundwater storage
(AGWS), surface water storage (ASWS), soil moisture storage
(ASMS), and snow water equivalent (ASWE). However, GRACE
cannot distinguish between the contributions from these
components, due to the low horizontal resolution of GRACE
data and the absence of its vertical resolution (Ahmed et al., 2016;
Mohamed et al., 2017). To overcome this weakness, outputs of
land surface models were integrated with GRACE data to
enhance the horizontal resolution of the data, and to isolate
individual components from the GRACE-derived ATWS
estimates.

Fallatah et al. (2017) calculated the Saq aquifer’s depletion
rates and found the governing factors that influence these
depletions. However, Fallatah et al. (2019) went farther and
calculated the modern recharge to the Saq aquifer, rather than
only the depletion rates.

Application of Gravity to Groundwater Storage Fluctuations

It is worth noting that the current work differs from those
previous studies, where our current study aims to 1) provide the
best estimate of the groundwater storage variability in the Saudi
Arabia region and locally for the Saq aquifer using the spherical
harmonics (SH) and mass concentration (mascon) GRACE-
derived ATWS solutions and other climate datasets; and 2)
quantify the modern recharge to the Saudi Arabia region and
to the Saq aquifer. This aquifer is one of the most important
aquifers in Saudi Arabia’s northern region. Findings were
evidenced by results of land subsidence and water quality
degradation. Conducting this study for this arid environment
is important for agricultural activities, irrigation, and
domestic use.

GEOLOGICAL AND HYDROGEOLOGICAL
SETTING

According to Tariki, (1947), Saudi Arabia is divided into two
geological zones. The western zone is represented by
Precambrian crystalline igneous and metamorphic rocks
(Figure 1), sloping southeast, east, and northeast. The
eastern zone consists of sedimentary rocks that dip
eastward and overlay crystalline basement rocks (Figure 1).
These sedimentary rocks are composed of Paleozoic,
Mesozoic, Tertiary, and Recent deposits. The sedimentary
basin can be divided into the Nejd and Hassa regions. In
the eastern part of the Nejd region, sedimentary rocks of early
Paleozoic to early Eocene are distributed, with alternating
clastic and calcareous facies. Outcrop rocks in the Hassa
region are represented by Tertiary and younger sequences,
including lower to middle Eocene and Miocene to Pliocene.
Most of the Eocene rocks are calcareous. The Miocene and
Pliocene are formed by continental deposits, with some
exceptions of intercalating marine strata.

The Arab world is one of the driest places on the planet. Due to
a lack of surface water; the region relies heavily on groundwater
supplies, and excessive water stress in the region is met with
variable degrees of aquifer depletion and mining. As a result,
numerous groundwater supplies are in the risk of depletion
(Khater, 2010).

Climate change is considered as one of the most urgent
environmental issues facing humanity. Environmental changes
are expected from accelerated global climate change, which may
affect groundwater sustainability. Several important initiatives
are underway in Arabic countries to introduce integrated water
resource management to address water scarcity (Khater, 2010). In
the Arab region, groundwater is being consumed in large
quantities due to the expansion of cultivation, urbanization,
and industrialization. Climate change will likely impact the
dynamics of groundwater availability and sustainability in the
Arab world.

Saudi Arabia has two sources of groundwater: non-renewable
groundwater comes from deep fossil aquifers, and renewable
groundwater comes from shallow aquifers. These two sources
account for 40% of Saudi Arabia’s water supply. The deep
sandstone aquifer is of sedimentary origin and stores fossil
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water (DeNicola et al., 2015). Renewable groundwater is found in
shallow and deep layers in alluvial valleys. However, the shallow
aquifers are depleted due to high water extraction compared to
recharge. Fossil groundwater is stored in six major sedimentary
paleo-aquifers located in the eastern and central parts of the
country (Figure 2). It is confined in sand and limestone
formations of a thickness of about 300 m. One of these, the
Saq aquifer (Figure 1), extends more than 1,200 km northward in
the eastern part of the country (FAO, 2008).

DATA AND METHODOLOGY

The GRACE satellite is a joint US-German mission launched in
2002 and consists of twin satellites that measure spatial and
temporal changes in the Earth’s gravitational field (Tapley et al.,
2004). Changes in the Earth’s gravity field are mainly due to
changes in water content.

Data from GRACE are processed at three different centers:
The Jet Propulsion Laboratory (JPL), the Center for Space
Research at the University of Texas at Austin (CSR-UTA), and
German Research Centre for Geosciences (GFZ). These centers
provide the monthly GRACE solutions using the RL05 spherical
harmonic (SH) data (Tapley et al., 2004) as follows: 1) Removing
the atmosphere and ocean signals. 2) The C20 from GRACE has a
large uncertainty (Cheng et al., 2011), probably due to tidal and
other aliasing, so it is replaced by the C20 obtained from satellite
laser ranging. In addition, the first-order calculated coefficients
(Swenson et al., 2008) are added. 3) Corrections for glacial
isostatic adjustments (Geruo et al., 2013). 4) Minimization of
correlation errors using a de-striping filter. 5) Minimization of
random errors using a 300-km Gaussian filter.

We rescaled the GRACE-derived ATWS time series
to minimize the effects of smoothing and truncation (Long
et al, 2015) using a scale factor of 1.26 averaged from the
NCAR-CLM4.0 model (Landerer and Swenson, 2012). As a
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FIGURE 2 | Aquifers in the Arabian Shield and their locations.
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result, the bi-monthly GRACE (CSR-SH and JPL-SH) solutions
show relatively similar results, with minor differences being
within the error range of GRACE. However, due to the
significant noise reduction in the signals (Sakumura et al,
2014), the mean of the two rescaled solutions were used in the
calculations.

The second GRACE source is the mascon solutions (release
06, version 1; CSR-M and JPL-M). These solutions provide
high spatial resolution and minimum error because they
capture all signals within the noise levels of GRACE. There
is no need for spectral de-striping or smoothing filtering for
these solutions. Moreover, these solutions do not require any
scaling factor (Luthcke et al., 2013; Save et al., 2016; Wiese
et al., 2016).

We used the monthly spherical harmonic (CSR-SH and JPL-
SH) and mascon (CSR-M and JPL-M) GRACE solutions for the
study area throughout the period. Next, we calculated the secular
trend of the ATWS data by simultaneously fitting a trend term
and a seasonal term to each TWS time series. Finally, the errors
associated with the calculated trend values were estimated.

Monthly trends of non-groundwater components, such as soil
moisture storage and surface water storage dam capacity data, are
necessary to separate the AGWS variations in the study area.
Therefore, these components must be removed from the GRACE-
derived TWS variations. Due to the lack of data from the gauge
stations in the study area, we used the land surface model (e.g.,
CLM) of GLDAS (Rodell et al., 2004), which can be downloaded
from the Goddard Earth Sciences Data and Information Services
Center (GES DISC). The CLM model of the land surface provides
both monthly SMS and SWE data. The average of the monthly
ASMS data of the LSM was used.

25°N 30°N
L
T

25°N 30°N

20°N
20°N

AAP (mm)

B ] /7] saq aquifer
15

550

FIGURE 3 | Average annual precipitation (mm) obtained from Tropical
Rainfall Measuring Mission (TRMM) data collected across the study area from
April 2002 to July 2016.

This study used annual data of surface water reservoirs of
dams constructed in Saudi Arabia. These reservoirs may affect the
water budget calculated from the GRACE signals and the AGWS
values in the target area. Therefore, the SWS trend was calculated
and removed from the ATWS trend.
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FIGURE 5 | Monthly precipitation (mm) over the Saq aquifer throughout the two periods.

In order to estimate changes in AGWS in the study area, it is
necessary to remove the non-groundwater contribution from the
changes in ATWS. The average of the non-groundwater outputs
from the GLDAS CLM model was used, and Eq. 1 was applied
(e.g., Rodell et al., 2009; Mohamed et al., 2017).

ATWS = AGWS + ASMS + ASWS + ASWE (1)

where ASMS, ASWS, and ASWE are variations in soil moisture,
surface water, and snow water equivalent, respectively. ASWE is
negligible.

Because climatic variability is thought to be one of the primary
drivers of changes in AGWS, and continuous ground-based
rainfall data are not available in the study area, monthly
rainfall data from the Tropical Rainfall Measuring Mission
(TRMM;  http://disc.sci.gsfc.nasa.gov/)  were  employed
(Kummerow, 1998; Huffman et al., 2007; Huffman et al,

2010). First, the rainfall data (April 2002 to July 2016) were
processed to create total monthly rainfall images. Second, a
monthly rainfall time series was generated by averaging the
rainfall rates of all the grid points lying within the study area.
Third, the average annual precipitation (AAP) (Figure 3) of the
study area was calculated. Finally, the TRMM data were used to
study the effect of rainfall on the changes in AGWS during the
study period in Saudi Arabia.

RESULTS AND DISCUSSION

Analysis of Rainfall Data

Figures 4, 5 depict the temporal fluctuations of the observed
mean monthly rainfall over Saudi Arabia and the Saq aquifer,
respectively. In the Middle East, two climatic periods have been
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TABLE 1 | GRACE-estimated ATWS components over Saudi Arabia.

Application of Gravity to Groundwater Storage Fluctuations

Component Units Entire time period Period | (04/2002-03/2006) Period Il (04/2006-07/2016)
GRACE total (ATWS) CSR-M mm/yr -7.43 £ 0.20 -2.83 £ 1.37 -7.19 £ 0.31
km®/yr -15.97 + 0.43 -6.08 + 2.95 -15.46 + 0.67
JPL-M mm/yr -8.80 + 0.10 -3.38 + 0.59 -8.63 + 0.13
km®/yr -18.92 + 0.21 -8.23 £ 1.27 -18.55 + 0.28
CSR-SH mm/yr —-7.58 + 0.36 +2.14 £ 2.26 -8.57 £ 0.57
km®/yr -16.29 + 0.77 +4.60 + 4.86 -18.42 + 1.23
JPL-SH mm/yr -7.95 + 0.36 -1.49 £ 2.16 -9.12 £ 0.58
km®/yr -17.09 + 0.77 -3.20 + 4.64 -19.61 + 2.41
AVG mm/yr -7.94 +0.22 -1.39 £ 1.35 -8.38 £ 0.34
kmg/yr -17.07 £ 0.92 -2.99 + 5.68 -18.01 + 0.73
ASMS mm/yr —-2.60 + 0.01 -2.95 + 0.003 —-2.46 + 0.008
km3/yr -5.59 + 0.02 -6.34 + 0.01 -5.29 + 0.02
Dams mm/yr - - +0.13 £ 0.03
km®/yr +0.28 + 0.06
AGWS mm/yr -5.33 £ 0.22 +1.56 + 1.35 -6.05 + 0.34
kms/yr -11.46 + 0.47 +3.35 £ 2.90 -13.00 + 0.73
D mm/yr - - -10.46 + 1.05
km®/yr 2248 £ 2.25
R mm/yr - - +4.41 £ 1.10
km3/yr +9.48 + 2.37
AAP mm/yr 76.4 90 72
km®/yr 164.24 193.47 154.78

CSR-M, Mascon solution from the Center for Space Research; JPL-M, Jet Propulsion Laboratory mascon solution; CSR-SH and JPL-SH, Monthly GRACE spherical harmonic solutions;
ATWS, Changes in Terrestrial Water Storage; AGWS: Changes in groundwater storage; ASMS, Variation in Soil Moisture Storage; AAP, Average Annual Precipitation; D, Artificial

withdrawal; R, Recharge.

TABLE 2 | GRACE-estimated ATWS components over the Saqg aquifer.

Component Units Entire time period Period | (04/2002-03/2006) Period Il (04/2006-07/2016)
GRACE total (ATWS) CSR-M mm/yr -11.44 + 0.20 -5.11 £ 0.12 -11.47 + 0.30
JPL-M mm/yr -11.60 £ 0.15 -2.88 + 0.04 -12.36 + 0.18
CSR-SH mm/yr -10.92 + 0.41 1.61 £0.38 -12.00 + 0.64
JPL-SH mm/yr -11.48 + 0.45 -1.51 £ 0.47 -13.19 £ 0.71
AVG mm/yr -11.36 + 0.26 -1.97 £ 0.67 -12.25 £ 0.39
ASMS mm/yr -2.41 +0.02 -3.14 £ 0.01 -2.10 £ 0.02
AGWS mm/yr -8.95 £ 0.27 +1.17 £ 0.67 -10.16 + 0.39
D mm/yr -21.39 -21.39 -21.39
km3/yr -8.00 -8.00 -8.00
R mm/yr +12.44 + 0.27 +22.56 + 0.67 +11.23 + 0.39
km®/yr +4.65 + 0.10 +8.44 + 0.65 +4.20 £ 0.15
AAP mm/yr 63.3 74.0 59.4

CSR-M, Mascon solution from the Center for Space Research; JPL-M, Jet Propulsion Laboratory mascon solution; CSR-SH and JPL-SH, Monthly GRACE spherical harmonic solutions;
ATWS, Changes in Terrestrial Water Storage; AGWS, Changes in groundwater storage; ASMS, Variation in Soil Moisture Storage; AAP, Average Annual Precipitation; D, Artificial

withdrawal; R, Recharge.

defined based on the drought that occurred in 2007 (Mohamed,
2020b). As a result, we used the AAP to determine the two
climatic periods that have dominated Saudi Arabia: Period I was
from April 2002 to March 2006, and the AAP rate was as high as
90 mm/yr (Figure 4). Period II was from April 2006 to July 2016,
after the onset of drought, and the AAP rate was as low as 72 mm/
yr (Figure 4). In Saudi Arabia, the AAP rate was 76.4 mm/yr
during the entire period (Table 1). In the southwestern
mountainous highlands, the AAP rate was as high as 550 mm/
yr (Figure 3). The Saq aquifer receives a minimum annual
precipitation rate of 63.3mm throughout the entire period
(Table 2). Period I has a slightly higher precipitation rate of

74.0 mm/yr, whereas period II has a slightly lower rate of
59.4 mm/yr (Figure 5). Figure 6 shows the temporal variation
of the SMS time series estimated from GLDAS in Saudi Arabia
that ranged between -2.95 + 0.003 mm/yr for Period I and
—2.46 * 0.008 mm/yr for Period II (Table 1). Soil moisture of
the Saq aquifer varied from —-3.14 + 0.01 mm/yr estimated for
Period I to —2.10 + 0.02 mm/yr estimated for Period II (Table 2).

Temporal Variations in ATWS

The secular trends of GRACE-derived TWS were calculated from
the monthly SH (CSR-SH and JPL-SH) and mascon (CSR-M and
JPL-M) solutions in Saudi Arabia. Their spatial distributions and
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FIGURE 6 | GLDAS-derived soil moisture (ASMS) across the whole study area throughout the investigated period.
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FIGURE 7 | Secular Color-coded GRACE-derived ATWS trend map throughout the investigated period from averaging of the monthly CSR spherical harmonic
solution (A), and JPL spherical harmonic solution (B) over the Saudi Arabia. Also showing the location of the Saq aquifer.
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average values are shown in Figures 7, 8 during the entire period.
The figures show that Saudi Arabia had a general negative
GRACE-derived TWS trend during the entire period (April
2002 to July 2016). The southern part of Saudi Arabia shows a
positive TWS rate (+4.4 mm/year; Figure 7A), while the northern
part shows a high TWS depletion rate (-18.1 mm/year;
Figure 8B). A closer look at Figures 7A,B shows that the
trend images extracted from the CSR-SH and JPL-SH
solutions are similar. The images are also identical in spatial
distribution but with small differences in magnitude. These values
indicate that the trends of TWS vary from —12.9 and —15.7 to +4.4
and +3.2 from the CRS-SH and JPL-SH solutions, respectively
throughout the entire period over the entire study area.
Figures 8A,B shows the secular trends of GRACE-estimated
TWS from the mascon solutions. Their spatial distributions show
a similar pattern to those estimated from the monthly spherical

harmonic solutions in the study area. The results show that the
TWS trends remain positive in the southeast. However, the
northeastern area shows negative TWS trends. In the northern
and central parts of Saudi Arabia, the TWS trend show highly
negative values. The CSR-M and JPL-M solutions show quite
different spatial distributions. However, their magnitudes are
somewhat similar. The TWS trends of JPL-M and CRS-M
range from -18.1 and -16.7 to +1.1 and +3.8 mm/yr,
respectively, throughout the entire period (Figure 8).

The secular trends in TWS derived from GRACE (Figure 8)
demonstrate that the Saq aquifer is experiencing a significant
negative TWS trend for the entire period. Using JPL-SH and
CRS-SH, the TWS trend shows values ranging from -13.7 and
—-12.9 mm/yr to -7.75 and —7.35 mm/yr, respectively (Figures
7A,B). The aquifer depletion appears to be localized over its
southern part. Figures 8A,B reveals that over the Saq aquifer,
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FIGURE 8 | Secular Color-coded GRACE-derived ATWS trend map throughout the entire period from averaging of the CRS mascon solution (A), and JPL mascon
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FIGURE 9 | Time series for the terrestrial water storage obtained from various GRACE sources over the Saudi Arabia.

TWS depletion values range from —16.8 and —18.1 to —7.8 and
-9.0 mm/yr, using CRS-M and JPL-M, respectively.

Figure 9 shows the temporal variation of the TWS time series
and secular trends in Saudi Arabia from different solutions (CSR-
M, JPL-M, CSR-SH, and JPL-SH). The average values of monthly
SH and mascon solutions are shown in Figure 10. Figures 9, 10
show that these solutions and their averages are in good
agreement in the study area. In addition, a good correlation
was achieved between the different data and their averages in the
study area, varying between 0.92 and 0.96 (Figure 11).

The time series of ATWS (Figure 10) for the entire period,
showing two distinct trends with different slope values, based on a
linear regression analysis of the average of all TWS solutions. The
first trend that characterizes Period I shows slightly negative
signals and is calculated to be —1.39 + 1.35 mm/yr (Figure 10;
Table 1). In contrast, the second trend that characterizes Period IT

shows highly negative signals and is calculated to be —-8.38 +
0.34 mm/yr (Figure 10; Table 1). The entire period shows
negative signals estimated to be —7.94 + 0.22 mm/yr (Table 1).
A closer inspection at Figure 12 reveals that over the Saq aquifer,
the TWS has a lower negative value of —1.97 + 0.67 mm/yr during
Period I and a higher negative value of —12.25 + 0.39 mm/yr
during Period II. The entire period shows negative signals
estimated to be —11.36 + 0.26 mm/yr (Table 2).

Temporal Variations in AGWS

The non-groundwater components, represented by ASMS, were
subtracted from the ATWS trend value to estimate AGWS
(Table 1; Figure 13). The variation in groundwater storage in
Saudi Arabia shows values ranging from —-0.43 £ 0.59 to +5.09 +
2.26 mm/yr, with an average value of +1.56 + 1.35 mm/yr for Period
L. The GRACE-estimated GWS values for the Saq aquifer vary from
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FIGURE 10 | Time series for terrestrial water storage from averaging of the monthly GRACE spherical harmonic solutions (TWS-SH) and mascon solutions (TWS-M)
and their averaging (Avg-TWS) across the Saudi Arabia.
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FIGURE 11 | Correlation coefficients (R) between ATWS data from averaging of the monthly GRACE spherical harmonic solutions and averaging of the mascon
solutions (A), monthly CSR spherical harmonic solution and monthly JPL spherical harmonic solution (B), CSR and JPL mascon solutions (C) over the Saudi Arabia
throughout the investigated period.

—-1.97 + 1.33 to +4.76 + 2.4 mm/yr, with an average value of +1.17 +  trend. As a result, the depletion rate of the aquifer is estimated to be
0.67 mm/yr throughout period I (Table 2; Figure 14). However, the ~ —6.05 + 0.34 mm/yr for Period II (Table 1). This higher depletion is
depletion in groundwater storage show higher rates ranging from  caused by a large amount of groundwater extraction for
—6.66 +0.58 to —4.72 + 0.31 mm/yr, with an average value of -5.92+  anthropogenic activity and a decrease in rainfall throughout the
0.34 mm/yr for Period II over the entire study area. The temporal ~ study area after the start of the 2007 drought. This is also supported
variations in surface water reservoirs, represented by the constructed by the GRACE-calculated GWS over the Saq aquifer, which reveals a
dams, are estimated to be +0.13 + 0.03 mm/yr (Table 1) for Period  larger depletion rate during Period II, estimated at —10.16 +
II. We also subtracted this trend from the GRACE-derived TWS 039 mm/yr (Table 2; Figure 14).
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FIGURE 12 | Time series for terrestrial water storage variation from various GRACE sources over the Saq aquifer and their averaging (Avg-TWS).
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FIGURE 13 | Time series for the averaging groundwater storage variations from the monthly spherical harmonic and Mascon solutions over the whole study area.
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Surface Water Flow
Figure 15 shows an elevation map of Saudi Arabia created from

ETOPOI1 Global Relief Model. It can be seen that there is a
difference in altitude from less than 100 m in a zone extending
parallel to the Arabian Gulf and near the Emirates to more than
2,500 m in the southern part of the mountainous area near the
Red Sea. More than half of Saudi Arabia is occupied by the
Arabian-Nubian Shield, stretching parallel to the Red Sea coastal
area. This area has highlands ranging from 500 to 2,900 m with
dissected wadis, faults, and fissures. The mountainous highlands
of southwestern Saudi Arabia receive substantial precipitation
(Figure 3), which flows into the Arabian Gulf to the east. These
streams may recharge the fractured basal aquifers in the
southwest and the unconsolidated sands of Rub’ al Khali near
the Saudi-Omani and the Saudi-UAE borders. This is evident
from the positive GRACE signals in southern Saudi Arabia.
However, small areas can be cultivated in the narrow valleys
of the fractured basement. Moreover, the sandy soil of Rub’ al

Khali cannot be cultivated because the terrain is covered with
sand sheets and dunes up to 250 m high, interspersed by plains of
gypsum and gravel. The reddish-orange color of the sand is due to
the presence of feldspar.

Sediment Thickness

We extracted sediment thickness data from NOAA National
Geophysical Data Center (Divins, 2003) and created a
sediment thickness map for Saudi Arabia (Figure 16). It
can be seen that the sediment thickness varies from 0 m in
the Red Sea Hills to about 300 m in wadis that dissected those
hills. Groundwater aquifers are present in the northern,
eastern, and southeastern parts of the study area. The
thickness of sediments in northern and eastern Saudi
Arabia varies from about 1,000 m near the Red Sea Hills to
more than 4,000 m downstream of the eastern border and
more than 6,000 m in the eastern part of Rub’ al Khali. In this
region, the aquifers are quite thick and are subject to intense
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FIGURE 14 | Time series for groundwater storage variation estimated from the different GRACE sources over the Saq aquifer and their averaging (Avg-GWS).
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FIGURE 15 | A map of the ground surface elevation based on a Digital
Elevation Model (DEM) of the entire study area. The Saq aquifer’s distribution
and the area’s stream networks are also shown.

exploitation due to low precipitation and subsequent poor
recharge. According to the soil map of the Arabian Peninsula
developed by De Pauw (2002), the shallow stony soils overlying
the western mountainous highlands may be suitable for lateral
flow rather than vertical recharge of deep aquifers.

Recharge Rate
The recharge mechanism is highly dependent on topography and
soil composition (Wehbe et al, 2018). Most of the Arabian

DEM (m) Sediment Thickness (m)
B W 77 ssasauiter — stream T =
0 2950 0 7200

Yemen

Saq aquifer

FIGURE 16 | Sediment thickness map (m) in the study area.

Peninsula is covered with thin and poorly developed soils, rich
in gypsum, lime, and salts. These soils indicate that the area is
dominantly arid, and most of the area is covered with sand dunes.
Moreover, annual precipitation is less than 100 mm/yr (Figure 3)
throughout Saudi Arabia, except for some parts of the Red Sea
highlands. These indicate that Saudi Arabia receives little
recharge over the entire area, except for a few areas with
higher precipitation rates of good conditions.

Over-exploitation and agricultural development are primarily
controlling the GWS variation during the study period in the Saq
aquifer, assuming that the aquifer receives a low rate of
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precipitation. The groundwater in the Saq aquifer flows eastward
following the slope from the low-sediment thickness area near the
Red Sea Hills (Figure 16) to the higher-sediment thickness area
near the Arabian Gulf. Natural discharge in the Arabian Gulf
could occur in inland sabkhas close to the Gulf (Sultan et al,,
2008). The unconfined zone in the recharge domains near to the
Red Sea hilly area was thought to provide modern recharge to the
Saq aquifer.
Eq. 2 was used to calculate the average recharge rate (R,)

R, = AGWS + Discharge 2)

The average groundwater extraction rate (8.00 km’/yr;
-21.39 mm/yr: Abunayyan, 2008) for each period was added
to its GWS trend to compute the annual recharge value for
the Saq aquifer (using Eq. 2). The natural discharge rate was
considered to be insignificant.

During the investigated period, the recharge rate for the Saq
aquifer was estimated to be +4.65 + 0.10km’/yr (+12.44 +
0.27 mm/yr). During periods I and II, the Saq aquifer appears
to be receiving modern recharge rates of +8.44 + 0.65 km’/yr
(+22.56 £ 0.67 mm/yr) and +4.20 + 0.15 km3/yr (+11.23 +
0.39 mm/yr), respectively (Table 2).

These recharge rates were computed using the aquifer average
discharge rate of 8.00 km®/yr (Abunayyan, 2008). Our findings
are consistent with those calculated for the Saq aquifer by Fallatah
et al. (2019), who showed that the Saq aquifer received a modern
recharge rate of +11.85 + 0.22 mm/yr (+5.21 + 0.10 km*/yr) using
GRACE data during the period of April 2002 to December 2016.

The observed TWS depletion across the whole study area and
the Saq aquifer is mostly due to increased anthropogenic activities
and groundwater extraction that cannot be compensated for by
groundwater flow and/or recharge rate.

Saudi Arabia is the world’s largest country without running
surface water and has one of the world’s highest water use rates.
Providing additional supplies of potable water for the Kingdom’s
growing population and economy has long been a national
priority for the desert kingdom. The total estimated volume of
the average annual recharge rate for the country was obtained by
adding the available groundwater withdrawal rate for Period II,
averaged for the years of 2007-2017 (- 22.48 + 2.25km’/yr;
-10.46 + 1.05 mm/yr; FAO, 2022) to the to the GRACE-derived
AGWS rate using Eq. 2. For the groundwater withdrawal values, a
ten percent error estimate was used. The average annual recharge
was estimated to be +4.41 + 1.10 mm/yr (+9.48 + 2.37 km’/yr) for
the Saudi Arabia (Table 1). However, the country is experiencing
severe water shortages, according to the scarcity index (Smakhtin,
et al., 2004), and the majority of the country’s areas have been
intensively exploited to over-exploited groundwater. The
majority of this recharge rate happens in inaccessible areas
like the unconsolidated sands of the Rub’ al Khali in southern
Saudi Arabia and narrow wadies in the basement rocks that cover
most of eastern Saudi Arabia. Saudi Arabia should build more
water desalination plants and more dams for water collection in
the wadies to meet rising demand due to the country’s growing
population. Moreover, the country should increase water transfer
efficiency and reduce waste. Furthermore, more wastewater

Application of Gravity to Groundwater Storage Fluctuations

treatment plants should be built to produce grey water, which
can be utilized to irrigate crops and be reused in industrial
processes.

Uncertainty Estimates

The uncertainty of the monthly variation of AGWS and its trend
is calculated using Eq. 3 according to independent error sources.
Finally, we applied a Student’s t-test to analyze the calculated
trend data of AGWS.

6GWS = 1/ (01ws)’ + (Gswms)’

where (0gws), (0Tws), and (osys) represent the errors associated
with GWS, TWS, and SMS, respectively. The error in AGWS was
estimated from the errors associated with TWS and SMS
using Eq. 3.

(©)

CONSEQUENCES OF HEAVY
GROUNDWATER EXTRACTION

Several locally reported data were addressed in this section to
demonstrate the effects of excessive groundwater pumping.

Land Subsidence

The Saq sandstone aquifer is widely exposed in central and
northern Saudi Arabia (Figure 1). The aquifer has a large
subsurface extension with an area of about 31 x 10*km® and
a thickness of 250-700 m (UN-ESCWA and BGR, 2013). The
main Saq aquifer accounts for 65% of the production, especially
in central Saudi Arabia. In central and northern Saudi Arabia,
groundwater levels are declining due to increased anthropogenic
activities and massive extraction of groundwater. As a result,
fractured cavities are formed underground, which are considered
to have a serious impact on the stability of the ground, such as the
occurrence of sinkholes and associated cracks and land
subsidence. Othman and Abotalib, (2019) found that intense
extraction of fossil groundwater causes land subsidence, collapse
features, and ground fracturing in central Saudi Arabia. However,
the massive extraction of groundwater cannot be balanced by the
small amount of recharge in the mountainous highlands.

Degradation of Water Quality

The concentration of different types of salts in the water
determines the water’s quality. Excessive groundwater
extraction from an aquifer can lead to water quality
degradation. As a result, it may be incompatible with a wide
range of applications. The average groundwater level in six
piezometric wells in the Saq aquifer decreased from 597 to
526 m above mean sea level between 2002 and 2013. (Al-
Naeem, 2014). The total groundwater salinity of the aquifer is
impaired in the unconfined zone due to excessive extraction,
which causes more mineralized water from lower depths to rise to
the surface (Al-Naeem, 2014). Over-irrigation and runoff losses
from irrigated regions cause saline drainage water to percolate
deeply, resulting in water quality degradation. The significant
positive correlation (R* = 0.914-0.998) between borehole depth
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and water salinity in both the confined and unconfined zones of
the Saq aquifer demonstrates that groundwater quality
deteriorates with depth because salinity is higher at deeper
depths than at shallower depths (Al-Naeem, 2014).

CONCLUSION

During the study period (April 2002 to July 2016), two different
climatic periods were recognized based on the analysis of the
rainfall in Saudi Arabia: Period I (April 2002 to March 2006) with
a higher average annual precipitation (AAP) of 90 mm/yr and
Period IT (April 2006 to July 2016) with a lower AAP of 72 mm/yr.
The integrated outputs showed that Saudi Arabia was subjected to
groundwater depletion after the drought and heavy groundwater
extraction starting in 2007. The AGWS rate was calculated to be
+1.56 + 1.35 mm/yr for Period I, while higher AGWS depletion
rate was estimated to be —6.05 + 0.34 mm/yr for Period II over the
Saudi Arabia, with an overall depletion rate of —5.33 + 0.22 mm/
yr during the entire period. The average annual recharge for the
Saudi Arabia was estimated to be +9.48 + 2.37km’® (+4.41 +
1.10 mm/yr) during Period II. The Saq aquifer was presumably
recharged at a rate of +4.65 + 0.10 km® (+12.44 + 0.27 mm/yr)
during the entire investigated period (April 2002-July 2016),
using an annual groundwater extraction rate of 8km’ from
the aquifer as a constant. However, it does not appear that
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The purpose of this study was to develop a methodology for integrated monitoring of the
rock mass state, which ensures the industrial and environmental safety of the Central
Kazakhstan region. As a result of the research, a methodology for maintaining an
integrated system of geodynamic monitoring has been developed. The results of
predicting the physical-mechanical properties and stress—strain state of the rock mass
are presented. Based on the data obtained, graphical-analytical dependences between
the most important quantitative characteristics of the rock properties in the studied
deposits are presented. The scientific novelty of the presented research lies in
determining the pattern of changes in the structural peculiarities and strength
properties of rocks with the depth of their occurrence, which makes it possible to
predict the stress—strain state of the rock mass. The authors propose a new method
for creating a geodynamic test site. The geodynamic test site created in the fields of Central
Kazakhstan is a reliable basis for the organization of long-term monitoring for the earth’s
surface deformation processes during large-scale development of the field, which
improves the productivity and accuracy of observations. The results obtained can be
used to improve the level of industrial safety at mines and minimize environmental risks
caused by the subsoil development.

Keywords: deposits, fracturing, rocks, stress-strain state, mining operations, monitoring, mass stability, deposits

INTRODUCTION

Mining of mineral resources is considered an important issue for energy-saving and resource-saving
sustainability (Golik et al., 2018). The energy sector of industry development needs more mineral
resources for energy generation that is mined out from the earth’s subsoil. At the same time, the
innovative development of mining technologies is also driven by the need for saturation of the long-
term demand for raw materials (Zhironkin and Cehldr, 2021; Zhironkin and Szurgacz, 2021).
Large-scale mining operations conducted in highly stressed hard-rock mass are characterized by
significant geomechanical and geodynamic processes associated with a change in the stress state,
deformation, and displacement of mine rocks. These processes entail not only catastrophic technical-
and-economic consequences but sometimes also lead to human losses. Technogenic earthquakes
occurred in Germany, United States, Poland, and Czech Republic (Field, 2007; Burmin and
Shumlianska, 2017; Adushkin, 2018; Gerasymenko et al., 2020; Sach et al., 2020; Amemoutou
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et al., 2021). In Russia, this problem is acute in the mines of the
Verkhnekamensk potassic salt deposits and the Khibiny apatite-
nepheline mines (Viktorov et al., 2005; Rebetskiy et al., 2017). All
this is a direct consequence of the change in the geodynamic
regime of the geological environment under the influence of
large-scale mining operations (Pavlychenko and Kovalenko,
2013; Buzylo et al, 2018). Moreover, this is convincingly
confirmed by the results of many years of scientific research
into the Zhezkazgan natural-technical system, which is formed
by mines, dressing mills with tailing dumps, and copper-smelting
plants in Karaganda, Balkhash, Zhezkazgan, and Satpayev
(Bekbergenov et al., 2020). The corresponding infrastructure in
Central Kazakhstan is a powerful subject of anthropogenic impact
on the environment, providing great opportunities for
researching a wide range of environmental problems
(Ryl'nikova et al., 2016; Mikhailova and Uzbekov, 2018a).

In recent years, objects with a complex geological structure
and a large depth of occurrence have been increasingly
included in the development and operation of ore deposits.
This requires special conditions for mining and development of
these objects. K.I. Satpayev (1962) wrote about this in his study
“Zhezkazgan copper ore region and its mineral resources”,
creating a metallogenic prediction map of Kazakhstan. And
at present, the mineral resource base of Central Kazakhstan is
expanding.

Rational development of mineral deposits presupposes the
complete extraction of reserves while performing a minimum
volume of overburden operations with geomechanical
substantiation of the required degree of the rock mass stability
(Stupnik et al., 2014; Babets et al., 2017; Abdiev et al., 2020;
Zhanakova et al., 2020; Bazaluk et al., 2021). Masloboev et al.
(2021) discussed the minimization of artificial impacts on the
environment, and new technological solutions have been
developed for mining enterprises. Waloski et al. (2021)
indicate that from the point of view of the stability of
underground structures, the most critical features of the rock
mass are rock and rock mass strength as well as discontinuity
surfaces. Moreover, the influence of cutting is considered an
important issue in mining (Lukasz, 2020). The main initial
information is the geological knowledge of the deposit
(Aitkazinova et al., 2016; Petlovanyi et al., 2019), knowledge of
the parameter values of the physical-mechanical and strength
properties of rocks (Malanchuk et al, 2021), as well as the
elements of the occurrence, structural-tectonic peculiarities of
the rock mass, and fractures in rocks (Dychkovskyi et al., 2018;
Lozynskyi et al., 2020). This makes it possible to determine the
mass stress state in the mining process.

The geomechanical processes are studied at individual mines,
and there is an experience in this direction. The dynamics of the
mining complex development in Kazakhstan and in the world
over the past century has led to a qualitatively new situation,
when the “local” geomechanical fields induced by human
technogenic activity are no longer small in comparison with
the global geodynamic processes of the Earth’s tectonic activity
(Begalinov et al.,, 2020a; Zeylik et al., 2021). Therefore, it is
necessary to consider mines and pits as unique natural
laboratories, where it is possible to study in detail the

Integrated Monitoring

relationship between geomechanical and geodynamic processes
using mining-geophysical and satellite geodetic methods.

In Kazakhstan, such studies, to a large extent, are conducted
only during the development of oil and gas resources (Karatayev
and Clarke, 2014), where both technogenic consequences and
natural geodynamic peculiarities of the region are taken into
account (Sarybayev et al,, 2015; Moldabayev et al., 2019). At the
same time, such studies on ore deposits have not been widely
developed.

During large-scale and long-term mining of ore deposits,
along with geomechanical deformation processes, geodynamic
processes also develop (Mikhailova and Uzbekov, 2018b; Ursul
and Ursul, 2018; Begalinov et al., 2020b). In this regard, the past
decade has been marked by major achievements in the field of
industrial and environmental safety, as evidenced by the
increased number of publications on this topic (Mora and
Keipi, 2006; Bondarenko et al, 2012; Oparin, 2015; Haiko
al., 2019). Special attention is paid to sustainable
development because the environment is one of the essential
state-level and international challenges (Rakhmangulov et al,
2017; Rozin, 2021).

The scope of application of modern mining requires an
advanced study and constant monitoring of geomechanical
processes occurring in the inner part of the earth, based on
monitoring the state of the open-pit slopes, which provides a
systematic approach to solving all components of the problems,
comprehensive accounting, and analysis of all natural and
technogenic factors (Dryzhenko et al., 2017; Cheskidov et al.,
2019). Surface mining, in the broadest sense of the word
monitoring, is the observation of the environment, presented
as a dynamic, constantly changing system, and which is aimed at
its control, study, prediction, and protection (Aitkazinova et al.,
2014; Kyrgizbayeva et al., 2015; Nurpeissova et al., 2020). At the
same time, sustainability of the open-pit mining and technical
system is one of its key goals in the changing conditions of the
external and internal environment (Rakhmangulov et al., 2021).

A prerequisite for the safe and environmentally sustainable
development of surface mining is the improvement of the system
for monitoring and observing the deformations of the open-pit
slopes, slopes, and dumps using the modern methods of geodesy
and high-precision deformation measurements (Malanchuk
et al, 2020; Moshynskyi et al, 2020). The stability of the
open-pit sides is characterized by the stability coefficient, the
value of which shows the relative excess in the rock mass strength
in comparison with the shearing stresses (Du and Xing, 2017). At
the stage of open-pit design, in order to determine and
substantiate the parameters of its slopes and benches, the
stability coefficient is calculated taking into account the
geological and hydrogeological conditions of the adjacent rock
mass (Bitimbaev et al., 2017; Stupnik et al., 2019; Sobko et al.,
2020). The choice of the optimal parameters of the slopes and
local benches of open pits affects the safety of mining operations
and the economic efficiency of the enterprise (Kharisov, 2018).

In general, minerals are mainly mined by the surface mining
method, which accounts for up to 75% of the extracted mineral
products from the subsoil, and this level will be maintained in the
future (Cherniaiev, 2017; Ali Elbeblawi et al., 2021). At the same

et

Frontiers in Environmental Science | www.frontiersin.org

94

April 2022 | Volume 10 | Article 852591


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Bazaluk et al.

Integrated Monitoring

of the rock mass state

1 -block 2 -block
Studying the geology and Study of physical-mechanical properties
tectonics of the area and stress-strain state of the mass

[ Determining the boundaries of the geodynamic monitoring zone }

Geodynamic monitoring of the territory —
repeated continuous integrated observations

{ GPS - observations } { Repeated leveling } {Seismological observations}

[ Methodology for conducting integrated geomonitoring }

3 -block
Geodetic observations
of the mass state

Assessment and prediction of the mass rock state
and managerial decision-making

FIGURE 1 | Scheme of an integrated methodology for conducting
geomonitoring.

time, an increase in the depth, size, and production capacity of
open pits can be traced to the tendency of their development
(Dagdelen and Traore, 2018; Whittle et al., 2018; Babets et al.,
2021). Under these conditions, the task of ensuring the stability of
the open-pit slopes becomes especially urgent (Stacey et al., 2003).
In this regard, it becomes necessary to conduct geomechanical
monitoring and improve its geodetic observation methods to
ensure the long-term stability of the open-pit slopes.

Modern methods of monitoring the geomechanical state of the
open-pit slopes are very diverse (Fleurisson, 2012). Among the
equipment most commonly used for monitoring the safety
situation in open pits are laser scanning (Rysbekov et al,
2019), electronic total stations and Global Positioning System
(GPS) technology (Kim et al., 2003), and big data (Krichevsky,
2016; Jiang et al., 2018). During geodetic monitoring of objects
located in the industrial zone of the Maykain mine in Kazakhstan,
such geodetic instruments as satellite technologies, electronic
total stations, and leveling lasers have been successfully used
(Krylova, 1978; Nurpeisova et al, 2016; Nurpeisova and
Kurmanbaev, 2016).

The technical level of traditional geodetic observations during
geomechanical monitoring does not always meet the
requirements of mining enterprises. Since this requires a lot of
working time and there is no possibility of promptly obtaining the
necessary infomation about the deformation state of the rock
mass. Therefore, the use of modern geodetic instruments in
geomonitoring, such as electronic total stations, GPS
technologies, and laser scanners, as well as the improvement
of methods of working with them, are closely related to an
increase in the level of innovative directions. All this confirms
the importance of improving the methodology for conducting
geomechanical monitoring using modern geodetic instruments as
the basis for solving a scientific-technical problem.

METHODS

Analysis of the state of the methodology for conducting geodetic
observations on the territory of the developed field is primarily
associated with the lack of effective methods for determining the

FIGURE 2 | Sampling at the Saryoba deposit: (A) cores from wells; (B)
monolithic samples.

values of deformations. This necessitates the improvement of the
methodology for geodetic observations of rock deformations
using modern instruments. Geodetic observations make it
possible to reveal the mass deformations, which is essential for
assessing the geomechanical situation in the area of field mining.
But they do not provide a complete picture of deformation
processes in the course of time. This can be performed only
when using the proposed integrated methodology for conducting
geomonitoring of the state of the near-side masses (Figure 1).

Based on the above, the purpose is set, the idea is substantiated
and the structure of the integrated monitoring conducted in
Central Kazakhstan is formulated.

According to the 1-block of the recommended methodology
(Figure 1), the engineering-geological and mining-technical
conditions of the giant Saryoba copper deposit located in
Central Kazakhstan have been studied in detail. The
parameters for studying the geology and tectonics in the area
are the numerical data of surveying the deposit. The East Saryoba
ore bodies are represented by stratified, rounded, and banded
deposits with a very variable thickness and nonuniform
distribution of wuseful components. The thickness of
commercial ore bodies ranges from 0.1 to 20 m and averages
3-8 m for the East Saryoba deposit. The reserves of B + C1 + C2
categories have been explored and approved in quantities that
make it possible to classify the ore field as a large industrial
facility.

According to the 2-block of the recommended methodology
(Figure 1), the structural peculiarities on the outcrops and the
physical-mechanical properties of the rocks in the Saryoba
deposit mass have been studied. The rock samples, including
minerals, are taken for the purpose of laboratory determination of
indicators of physical-mechanical properties that significantly
influence the displacement process. In practice, the laboratory
method is mainly used to study the physical-mechanical
properties of rocks on samples made from cores from
geological exploration wells (Figure 2A). In the presence of
mine workings (trenches, pitholes, shafts, crossdrifts, etc.),
samples are taken from rocks in the form of monoliths
(Figure 2B). The parameters for studying the
physical-mechanical properties and stress—strain state of the
rock mass are depth of rock occurrence, compression strength,
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tension strength, density, adhesion, internal friction angle, and
rock hardness according to Prof. M. M. Protodiakonov scale. It
should be noted that the main part of the East Saryoba deposit
reserves (up to 90%) is represented by flat-dipping and nearly
level bedding with a dip angle of up to 25°. The East Saryoba
deposit is mined using the pillar-and-panel system with the
division of ore bodies into panels—mining units.

To compare the results obtained at the studied object of the
Saryoba deposit with the data of other mines, a combined graph
of the relationship of rock properties is compiled. Assessment and
reliability of determining the dependencies are made according to
the formulas of mathematical statistics:

a:i\/M,MPa
n-1

(1
v=2.100 )
X
Vql0.5+ (L
m, = T+w (3)

where o is the standard; x; is the characteristic value; X is the
characteristic value arithmetic mean; n is the number of
observations; V is the coefficient of variation; mv is the
reliability of calculating the coefficient of variation.

If the condition Eq. 3 m,, < Vis satisfied, then the results can be
considered reliable and the number of initial data for determining
the statistical means is sufficient.

According to the 3-block of the recommended methodology
(Figure 1), geodetic observation of the rock mass state is
necessary. When performing geodetic observations of the mass
state and determining the mining allotment boundaries, the
spatial contours of the mineral deposit are taken into account:
position of the site for construction, as well as operation of
underground structures; boundaries of safe mining and
blasting operations; zones of protection from the harmful
effects of mining operations; zones of rock displacement;
contours of protecting pillars under natural objects, buildings
and structures; spacing out of the open-pit sides and cuts, as well
as other factors influencing the state of the subsoil and the earth’s
surface as a result of the process of geological exploration and the
subsoil use. Mining of minerals is permissible only within the
subsoil site boundaries provided for use in accordance with the
standard procedure. To date, various methods and ways of
controlling the rock mass stress—strain state have been
developed. Among the main ones are unloading VNIMI
method, core disking, etc. To determine the stress state of the
rock masses in the Karatau deposit (1995-2000), the Akbakai
deposit (2012-2015), the authors have studied the core materials
of geological exploration wells and the disking method. When
conducting the geotechnological studies of the mine rock stability
with the issuance of recommendations for managing the rock
pressure in the Akzhal mine of Nova Zinc LLP (2007-2018), a
“Seismic-acoustic method for predicting the stress—strain state of
a rock mass”, developed by the authors for determining the mass
disturbance, is used in the Saryoba deposit (2020-2021).

Integrated Monitoring

Mo

FIGURE 3 | Stresses measurement scheme: 1, strain gauge; 2, annular
slot; 3, core; 4, well.

The seismic-acoustic method for predicting the rock mass
stress—strain state includes setting a sensor of seismic-acoustic
signals emitted by natural sources in the rock mass, after which
the parameters of these signals are determined. Seismic-acoustic
signals are recorded by a sensor in wells drilled near mine
workings at different horizons. This method is characterized
by simplicity and speed of measurement with high reliability
of results. The scheme of the seismic-acoustic method
implementation for predicting the rock mass stress-strain state
is presented in Figure 3.

The stress measurement scheme works according to the
method of unloading the core at the end of the well (4). To
do this, a special disk fixed on a rod is used to grind the end of
the well and the strain gauge (1) is firmly pressed onto the end.
The cable from the strain gauge is passed into a hollow drill rod
and, with the help of a crown, is inserted into the annular slot
(2). As a result, elastic expansion of the core (3) occurs, which is
fixed by a measuring strain gauge in three directions, the results
of which are shown in Table 2. After measuring the
deformations, the core is broken off and is sent to the
laboratory in a special package to determine the elastic
characteristics of the rocks (E and y).

RESULT AND DISCUSSION

State of the Current Development of the

Problem and Formulating a Research Task
In the ore field of the Saryoba deposit, 11 ore deposits are
identified, in which 109 ore bodies are explored. The largest
deposits are confined to the Taskuduk horizon. Their strike is
north-eastern, the length is up to 3,200 m, the thickness is
from 0.5 to 17 m, and the size of the dip is up to 1,400 m
(Figure 4).

The geological structure of the area involves rocks of several
geological systems—from the pre-Cambrian rocks to the
Anthropocene. The thick (up to 3,000 m) Middle Paleozoic
stratum of terrigenous and carbonate deposits transgressively
overlies pre-Cambrian and Lower Paleozoic formations through
basal conglomerates. The Zhezkazgan formation of deposits is
assigned to the Upper Paleozoic, which includes from bottom
to top:
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QuaternarySystem
Modern sediments.Sands, cobble, sandy loam, loam

Sandstones:
1-red; 2 - gray; 3 - dark-gray

Siltstone:

Permian system 1-red; 2 - gray; 3 - dark-gray

Lower section. Zhidelisay formation
Bright-red and violet-brown siltstones, argillite s, fine-grained sandstones.

ZhezKkazgan (upper ore-bearing) formation Conglomerate
Upger subformation is the Petrovsky ore-bearing horizon
Red-brown siltstones, argillites and red-gray and greenish-gray sand Limestones

Middle subformation is the Krestovsky ore-bearing horizon

Red-brown siltstones, argillites and sandstones, gray-red and green-gray sandstones Tectonic faults
Lower subformation is the Raimundovskiy ore-bearing horizon
Boundaries:

Upper 1. formation; 2. horizon; 3. Lithological
Green-gray and red-gray sandstones,

Middle > red-brown siltstones, argillites, Inclination angles of layers
sandstones, conglomerates

Lower Trenches

Taskuduk (lower ore-bearing) formation .

Upper subformation is the Pokrovsky ore-bearing horizon ‘Wells drilled before 2010

Green-gray and brown sandstones, red siltstones and argillites

Middle subformationis the Zlatoust ore-bearing horizon
Green-gray, gray, red-gray and brown sandstones, red and green-gray
siltstones and argillites, brown limestones, limestone horizon

Wells drilled from 2010 to 2011

Surveyprofiles
Lower subformation is the Taskuduk ore-bearing horizon Latitudinal section
Green-gray, red-gray, gray and brown sandstones, red and green-gray
siltstones and argillites, brown and dark-gray limestones Projections of ore deposits to the surface
Upper Beleuta formations of the Serpukhov Stage
Greenish-gray and violet-gray sandstones, siltstones,
argillites and brownish-gray limestones

Contour of the mining allotment
at the Saryoba deposit

FIGURE 4 | Geological map of the Taskuduk horizon at the Saryoba deposit.

A) Zhezkazgan ore-bearing stratum of argillo-arenaceous = B) Zhidelisay formation, consisting of alternating layers of
deposits, subdivided into the Taskuduk and Zhezkazgan red argillites and sandstones with a total thickness of
formations with a total thickness of 650-680 m; 300 m;
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TABLE 1 | Physical-mechanical properties of rocks from the Saryoba deposit.

Integrated Monitoring

Depth of Name of Strength, MPa Density (y), Adhesion (K), Internal friction Rock hardness,
rocks occurrence, m the rock Compression, ceompr  Tension, oens g/mm?® MPa angle (p), deg. f*
51.0 Massive limestone 110 13.0 2.60 25 30 7.6
53.0 Gray sandstones 112 13.6 2.60 27 30 7.8
53.5 Siltstones 126 14.0 2.62 30.4 30 7.7
54.0 Limestones 128 14.2 2.62 36.5 30 7.9
84.0 Limestones 135 14.3 2.67 36.8 31 8.3
112.0 Sandstones 135 15.3 2.68 38.8 31 8.6
1156.6 Red limestone 137 16.8 2.65 42.7 32 8.2
1538.0 Massive limestones 139 156.5 2.71 34 32 8.2
155.0 Gray limestones 174.0 16.0 2.67 46.8 31 8.8
170.8 Massive limestone 143 16.8 2.72 34.8 31 9.0
201.0 Gray limestones 151.3 16.2 2.69 40.0 31 9.1
221.0 Limestones 158.1 16.5 2.69 42.0 32 9.1
2481 Gray-red limestones 154.5 12.3 2.70 43.5 32 9.2
258.5 Siltstones 157.6 14.0 2.70 45.0 33 9.1
260.8 Siltstones 163.1 14.5 2.71 45.2 33 9.0
265.3 Sandstones 166.1 156.2 2.71 46.0 34 9.0
310.5 Conglomerates 1731 17.2 2.72 46.0 34 9.1
315.8 Limestones 172.6 17.0 2.73 47.2 34 9.1
345.2 Siltstones 170.0 16.0 2.73 47.5 35 9.1
345.5 Limestones 171.4 16.8 2.71 47.0 35 9.2
355.0 Limestones 1721 17.0 2.72 47.5 36 9.4
355.4 Sandstones 173.5 17.2 2.72 48.5 35 9.3
4251 Red limestone 174.5 17.3 2.73 48.8 36 9.5
425.7 Massive limestones 1751 17.5 2.73 48.7 36 9.6
505.2 Gray limestones 178.0 16.4 2.73 49.2 37 9.8
505.6 Massive limestones 180.1 16.5 2.74 49.5 37 9.9
545.0 Gray limestones 171.4 16.8 2.74 49.8 38 10.0
545.5 Limestones 1751 17.0 2.74 50.0 39 10.1
550.1 Gray-red limestones 186.1 17.5 2.75 50.5 38 10.0
550.5 Massive limestones 183.4 17.2 2.75 50.0 38 10.2

*f is rock hardness according to Professor Protodiakonov scale.

C) Red stratum, overlain uniformly by the Kengir formation,
represented by interbedded layers of gray and dark gray marls
and dolomitic limestones with a total thickness of 500 m.

The first two formations are ore-bearing, and the main attention in
the area is paid to their study. Therefore, we have thoroughly studied
the Taskuduk formation, which is currently being developed.

Pre-ore and post-ore disjunctive faults are present at the Saryoba
deposit, which greatly complicates their detailed survey and
development. In the studied area, the south-western part of the
ore field (Figure 3) is complicated by high-order folds and faults,
the largest of which is the Saryoba transpressional fault of
submeridional strike. Its length is more than 10 km with a width
of 250-400 m, the main plane dips to the west at an angle of 25-30".
The Saryoba transpressional fault divides the ore field into two
almost equal parts. West Saryoba deposit is located in the western
half, and East Saryoba is located in the eastern half.

Studying the Physical-Mechanical
Properties and Stress-Strain State of the

Mass
The results of testing the physical-mechanical properties of rocks
from the Saryoba deposit are given in Table 1. It should be noted

that the table includes only data on the average values of core
samples from each horizon. Samples for studying the
physical-mechanical properties of rocks to a depth of 100 m are
taken from the outcropped benches of the open-pit sides, the rest
are taken from the cores of drilled exploration and production wells.

In the studied area, the south-western part of the ore field
(Figure 4) is complicated by high-order folds and faults, the largest
of which is the Saryoba transpressional fault of submeridional
strike. Its length is more than 10 km with a width of 250-400 m, the
main plane dips to the west at an angle of 25-30°. The Saryoba
transpressional fault divides the ore field into two almost equal
parts. The West Saryoba deposit is located in the western half, and
East Saryoba is located in the eastern half.

Analysis of the results of studying the physical-mechanical
properties of rocks makes it possible to determine graphical-
analytical dependences of changes in the strength properties of
mass rocks with the depth of their occurrence and promptly make
changes in the horizontally calculated stability of mine workings
(Figure 5).

Similar dependencies have also been obtained for a number of
fields in Kazakhstan, namely for the Akzhal field, Akbakai, and
Sayak deposits, etc. To find the general patterns of variability in the
strength and structural properties of rocks, data from a number of
deposits have also been generalized and graphical-analytical
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dependences have been determined between the average density,
adhesion, compression, hardness of rocks, and the depth of their
occurrence. The curves of changes in the properties of rocks are
drawn according to the averaged group indicators for the depth
intervals every 5 m. To compare the results obtained at the studied
object with the data of other mines, a combined graph of the
relationship of rock properties has been compiled (Figure 6).

The curves of changes in the rock properties are drawn
according to averaged indicators in a depth every 50 m.
Assessment and reliability of determining the dependencies
are made according to the formulas of mathematical
statistics. The deviation of the calculated curves from the
empirical ones ranges from 5 to 8%, and most of the curves
coincide with each other. The analysis of the data also shows
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TABLE 2 | Results of measuring the natural stresses in the Saryoba deposit.

Depth from the
daylight surface, H, m

Average stress values, MPa*

Integrated Monitoring

Sum of horizontal stresses,
(ox + 0,), MPa

Ox gy
60 5.2 3.3
60 5.0 3.2
120 7.8 4.4
120 6.3 5.7
180 9.1 6.6
180 10.5 5.1
240 121 71
240 14.0 5.1
240 13.7 5.3
300 12.2 10.4
300 14.0 9.0
300 13.8 8.8
260 8.6 6.3
280 9.0 6.5
300 10.2 7.3
460 14.8 10.4
460 171 8.6
460 18.5 7.3
500 20.1 10.1
500 20.5 10.6
500 20.7 10.7

o, = oH Ox
60 5.2
60 5.0
120 7.8
120 6.3
180 9.1
180 10.5
240 121
240 14.0
240 13.7
300 12.2
300 14.0
300 13.8
260 8.6
280 9.0
300 10.2
460 14.8
460 171
460 18.5
500 20.1
500 20.5
500 20.7

“oy is average value of the normal stress acting in the meridional direction; o, is average value of the normal stress acting in the latitudinal direction; o, is average value of the stress acting in

the vertical direction.

that the strength properties of rocks change noticeably with
the depth of their occurrence.

Based on the research performed, quantitative and qualitative
characteristics of the rock properties in a number of deposits,
including the Saryoba deposit, have been obtained. These
characteristics will be used to solve a number of technical
problems in open pits and underground mines, to assess the
stability of benches and open-pit slopes, design pillars and
limiting floor pillars, as well as to generalize the results of
instrumental observations and understand the physical nature
of the displacement process.

Studying the Physical-Mechanical
Properties and Stress-Strain State of the
Mass

The results of measuring the natural stresses in the Saryoba
deposit according to the geodetic observation (3-block) are
given in Table 2.

When analyzing Table 2 and the results of determining the
natural stresses obtained for other mines, one cannot fail to notice
the following peculiarities of the horizontal stresses distributed in
the rock mass. Firstly, the horizontal stresses exceed vertical ones in
terms of their values. Secondly, at equal depths from the daylight
surface in hard rocks, horizontal stresses have higher values than in
relatively weak rocks. Thirdly, the vertical stresses are on average
close to the value of oH, regardless of the rock strength. Thus, all
types of stresses change with depth, especially the sum of values of
horizontal stresses (o, + 0y) changes according to a certain pattern,
and this is clearly seen from Figure 7.

ox+o, MPa
00 5 10 15 20 25 30 35
g 100 h e s
S ooy =5+2.14yH, MPa
53 *s
2 200 s
o e °
£ e
3 S
8 300 e
s S
5 « Saryoba 2
o » Akzhal
& 400, Akbakai
« Tereksay
500
FIGURE 7 | Change in the sum of horizontal stresses (o, + o) with depth.

According to Figure 7, the correlation between stress and
depth is straight-line. The correlation coefficient of the
relationship is R = 0.92. Accordingly, the correlation
relationship can be determined by the following formula:

Y =a+bX (4)

where Y is the sum of principal horizontal stresses, (o,+0y); X is
the mining depth, H; a and b are parameters of equations.or

0. +0,=5+0.06-H,MPa (5)
If to focus on Formula (4), then normal stresses are also

related to the bulk density of rocks. Then, Formula (5) has the
following form:
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FIGURE 8 | Scheme of the observational network at the geodynamic test.
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FIGURE 9 | Ground-based FCS construction: 1, metal pipe; 2,

concreted lower part; 3, window for setting the device; 4 is earth surface; 5,
first metal platform; 6, station center; 7, second metal platform; 8,

sighting mark.

o +0,=>5+2.14yH, MPa (6)

where 7y is average bulk density 2.8 t/m* H is the depth of the
daylight surface, m.

The graphical-analytical dependences obtained as a result of the
performed research make it possible to give a qualitative and
quantitative assessment of changes in the properties of rocks. There
is a stable correlation between the indicators. With some known
indicators, it seems possible to determine others using graphs, thereby
opening up the possibility of predicting the properties of rocks within
the deposits. The initial data for this are the names of the rocks, their
depth of occurrence, and individual characteristics, such as the specific
density of rocks and others, the determination of which does not
require labor-intensive laboratory studies.

Based on the research performed, quantitative and qualitative
characteristics of the rock properties in a number of deposits,
including the West Saryoba deposit, have been obtained. These

characteristics will be used to solve a number of technical
problems in open pits and underground mines, in assessing
the stability of benches and open-pit sides, in calculating the
pillars and limiting floor pillars, as well as to generalize the results
of instrumental observations and understand the physical nature
of the displacement process.

According to the 3-block of the recommended methodology, to
conduct observations of the rock mass state, especially when
prospecting a giant copper field, occupying a large area and
consisting of several deposits, occurring in various deep
horizons, it is necessary to create a high-precision geodetic
substantiation. To provide a huge area, the classic option of
creating geodetic networks in the fields is rather labor-intensive.
It requires large financial costs for the organization and production
of observations. In this regard, it is proposed to replace extended
leveling lines with local geodetic constructions in the form of
profile lines and check “clusters” of geodetic and leveling stations.
The complex application of ground and space geodetic methods
allows monitoring observations to cover the entire territory of the
field, as well as to increase the efficiency of observations and reduce
capital costs for their implementation.

Thus, during large-scale and long-term field development,
along with geomechanical deformation processes, geodynamic
processes can also develop. Therefore, when mining the deep-
seated ore bodies, a geodynamic test site is created, where
repeated geodetic observations are conducted (Nurpeisova
et al., 2019; Nurpeisova et al., 2021).

Accordingly, for a differentiated study of geodynamic and
geomechanical processes of mining the fields that occupy a
large area and are intended for deep seams, it is proposed to
create cluster arms at the field, consisting of base (reference),
control (initial), and deformation geodetic and leveling stations.
All the focal stations are located in accordance with ore veins and
connected to the stations of the State Geodetic Network (Figure 8).

Instrumental observations have confirmed the labor intensity
of field work, especially the transfer of a set of instruments (the
instrument itself, a tripod, rods, etc.) from one station to another.
In this regard, in order to install instruments and increase the
speed of measuring operations, firstly, a permanent forced
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centering station (FCS) has been developed and patented, which
is arranged at the control station during geomechanical
monitoring. Then, the device is transferred to geodetic centers
for setting new instruments and signals.

A schematic representation of the ground-based FCS
construction is given in Figure 9, which shows a ground-based
permanent geodetic station of forced centering of instruments,
containing a support protruding above the ground (4) with a height
of 1.25 m and buried to a depth of 2.25 m below the depth of soil
freezing. On the upper surface, there is a center with the given
coordinates (6) for setting the device. The support is made of a
metal pipe (1) with a concreted lower part and filled with local soil
material. At the upper pipe end, there is a metal platform (5) with a
universal socket and a window for setting the device (3) and
sighting mark (8). On the side surface of the metal pipe, at a
distance of 1 m from the upper platform, a second metal platform
is set for the high-elevation reference mark (7), and the lower end
of the pipe is equipped with an anchor.

The purpose of the invention is to improve the accuracy of
centering, as well as to increase the efficiency of measurements in
the absence of a tripod at the stations of setting and observation.
The new device allows for quick and accurate centering, as well as
eliminates the need for tripods.

Thus, on the basis of the performed GPS measurements, mine
surveying services and observation stations of mines in Central
Kazakhstan have been provided with control stations, the
coordinates of which are determined with high accuracy.
Observations of the absolute deformations of the sides at the
studied objects have been conducted on the profile lines of the
observation station with devices of a new generation.

The planned coordinates and preliminary heights of these
stations have been determined by the satellite method using a
geodetic satellite receiver Leica GS16 3.75G. The final heights of the
reference marks have been determined by the method of geometric
leveling of the II class using a Trimble Dini03 digital leveling laser
and barcode rails. The coordinates of stations and reference marks
of the geodynamic test site will be presented after their adjustment
in a single system of coordinates and the Baltic height.

CONCLUSION

Based on the performed analysis in the field of studying
geomechanical and geodynamic processes, as well as means of
observing the deformations, an integrated methodology for
conducting geomonitoring with the use of modern high-
precision geodetic instruments and developed methods for
their control has been developed and substantiated. The
research results of geomechanical and geodynamic processes
will allow for the strategic and operational management of
mining operations to ensure maximum safety and economic
efficiency. The practical use of the results is possible for
Central Kazakhstan deposits. In the future, the research will be
continued to study the possibility of applying the results obtained
to other Zhilandinskaya Group deposits.

The scientific novelty of the presented research is in determining
the pattern of changes in the structural peculiarities and strength

Integrated Monitoring

properties of rocks with the depth of their occurrence, which makes
it possible to predict the stress—strain state of the rock mass.

The geological, structural, and tectonic peculiarities of a giant
copper deposit in Kazakhstan are presented. The possibility of
predicting the physical-mechanical properties and stress—strain
state of the rock mass has been substantiated. The results
obtained have been compared with the results of similar works
by other authors, and they make it possible to conclude that the
obtained regression equations are quite reliable (correlation
coefficient R = 0.92).

The modern approach to the formulation and implementation
of observations of geodynamic and geomechanical processes in
solid mineral deposits has been analyzed. A new “cluster” method
for constructing geodetic observation systems at a geodynamic
test site has been substantiated, which makes it possible to
perform monitoring control coverage of mining operations, as
well as to increase the efficiency of observations and reduce the
costs of their implementation.

In order to set high-precision electronic and laser devices during
the geomonitoring of the earth’s surface, a method has been
developed for setting permanent forced centering stations, which
make it possible to ensure the speed and accuracy of centering, as well
as to exclude the use of tripods. It is proposed to conduct surveys
using modern geodetic instruments, such as satellite technologies, and
electronic and digital geodetic instruments.
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The Late Neoproterozoic Egyptian Nubian Shield (ENS) has attracted increasing attention
since the establishment of the Egyptian Geological Survey and Mining Authority (EGSMA
(18986)), which conducted the first mapping. In the last three decades, rapid improvements
in analytical techniques, along with field-oriented studies, have made it possible for the
interpretation of the ENS as an integral part of the juvenile Arabian—-Nubian Shield (ANS) as
a portion of the East African Orogen (EAQO). However, a consistent tectonic map of the ENS
does not exist. Presentation of such a map is the main objective of the present work where
Landsat-based lithological discrimination is combined with the systematic structural
investigation and careful reassessment of previously published geological maps. Our
interpretation of this map indicates that in accordance with previous work, the basement
units of the Eastern Desert (ED) can be divided into three structural domains: Northern,
Central, and South-Eastern Desert provinces. The proposed provinces are ascribed to
three different plate tectonic far-field boundary conditions. The earliest magmatic,
metamorphic, and tectonic history was set off by the approximate north—-south
convergence of the Gabgaba-Gebeit, Jiddah-Asir terranes, and Eastern Desert-Midyan
terranes along the Yanbo-Onib-Sol-Hamid-Gerf-Allagi-Heiani  (YOSHGAH)  suture
between c. 800 and 620 Ma. The second event between c¢. 640 and 580 Ma was
correlated with the Nabitah Orogeny when the Ad Dawadimi-Ar Rayn terranes in the
eastern Arabian Shield accreted to the earlier consolidated arc terranes (Afif and Tathlith
terranes). During this period, east-west convergence between northwestern Saudi Arabia
and the Central Eastern Desert (CED) in Egypt caused a pronounced strike-slip
deformation associated with the displacement along the wider Najd Fault system. The
third orogenic phase, which was younger than c. 580 Ma, was controlled by the evolution
and retreat of the Cadomian Arc. The northern portions of the ENS and the northern
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Tectonic Map of Neoproterozoic Egypt

Arabian Shield experienced extension whereas extensive post-orogenic magmatism was
related to mantle delamination and associated crustal thinning.

Keywords: Egyptian Nubian Shield, tectonic map, structural provinces, far-field stresses, flow fields, remote sensing

INTRODUCTION

The Late Neoproterozoic Egyptian Nubian Shield (ENS), which
includes the Eastern Desert (ED) and Sinai, is a contiguous part of
the Arabian-Nubian Shield (ANS), a northern continuation of
the East African Orogen (EAO) (Figure 1). The ANS was formed
by the accretion of island arc tectonic terranes sutured along
megashear zones decorated by ophiolites. The late orogenic
evolution was characterized by transcurrent plate motion that
developed a complex pattern of post-accretional strike-slip and
extensional shear zones. The Eastern Desert (ED) is one of these
tectonic terranes that demonstrated a conspicuous window of the
Neoproterozoic tectonic, magmatic, and metamorphic evolution
of the ANS. The Late Neoproterozoic belt of the ED was
dominated by ophiolitic nappes, arc-related volcano-
sedimentary sequences, and post-amalgamation molasse
sediments, which all were accompanied by emplacement of
various magmatic suites. From the tectonic prospective, the
ED was subdivided into exhumed high-grade metamorphosed
gneiss domes (“infrastructure”) mantled by lower-grade
metamorphosed volcano-sedimentary suites (“suprastructure”).
The tectonically and magmatically related exhumation of gneissic
domes was associated with the deposition of post-amalgamation
molasse sediments. The rock classification and tectonic evolution
of the Egyptian basement in ED were strongly premised on the
infrastructural-suprastructural orogenic model (Akaad and
Noweir, 1980; El-Gaby et al., 1988; Abdel Khalek et al., 1992;
Khudeir and Asran, 1992). Ophiolitic nappes, arc-related
metavolcanics, and volcaniclastic-metasediments constituted
the suprastructural rocks (or “Tier-2” of Bennet and Mosley,
1987). These rocks were thrusted during the Neoproterozoic on
the gneisses-migmatites and their remobilized equivalents that
represented the infrastructural rocks (or Tier-1 of Bennet and
Mosley, 1987; Abdel Khalek et al., 1992). Such a two-tier model
suggested a sub-horizontal and penetrating sole thrust
(infrastructure—suprastructure transition and ED decollement
of Stern, 2017) that separated the lower and upper ED crustal
layers.

Remarkable differences in the lithology and structural
architecture of the exposed ED basement led Stern and Hedge
(1985) and El-Gaby et al. (1988) to subdivide ED into three
tectonic provinces: North Eastern Desert (NED), Central Eastern
Desert (CED), and South Eastern Desert (SED) (Figure 2A). The
NED province comprises voluminous granitic intrusions with
some exposures of island arc metavolcanics, metasediments, and
Hammamat Molasse sediments. In contrast, the CED province is
dominated by arc metavolcanics, metasediments, and ophiolitic
nappes, which were associated with some gneissic domal
structures delineated by transcurrent shear zones (Fritz et al.,
1996; Bregar et al, 2002). The SED province is generally
composed of complex areas of migmatitic gneisses, foliated

granodiorites, and high-grade schistose-metasediments (EI-
Gaby et al., 1988; Hermina et al., 1989). These provinces were
believed to be juxtaposed along major shear zones. The Qena-
Safaga shear zone separated the NED from CED, and the Idfu-
Mersa Alam shear zone separated the CED from SED.
Furthermore, the northerly dipping Nugrus-Shait shear zone
was considered to be the tectonic boundary between CED and
SED (Fowler and Osman, 2009). One of the objectives of the
present study is to expand this model and explain the lithological
and structural differences using the differences in the plate
motions of the involved plates.

The infracrustal-supracrustal orogenic model and tripartite
classification of the ED have been generally agreed upon by the
scientific community for decades. However, the studies remained
descriptive with little potential for clarifying the causes.
Structural, tectonic, and isotopic data have newly been
released in the form of comprehensive reviews focused on the
tectonic evolution of the ED (Greiling et al., 1994; Johnson et al.,
2011; Fritz et al., 2013; Stern, 2017; Hamimi et al., 2019; Hamimi
and Abd El-Wahed, 2020; El-Kalioubi et al., 2020; Fowler and
Hamimi, 2020; Stern and Ali, 2020). In addition, modern
platetectonic reconstructions (Collins et al, 2021a; Collins
et al., b) provide a far-field tectonic framework for EAO that
inspired questions on the credibility of these old basement models
and classifications. In the present study we develop a new tectonic
map of ENS that incorporates these new studies. The main
objective of the present work is the development of such a
tectonic map based on intensive field/structural work and
processing and analysis of the images of optical sensors by
remote sensing techniques (15 Landsat-8 OLI/TIRS images,
Figure 2B). We also reexamine and upgrade the previous
maps published by EGSMA, CONOCO, and other research
works and projects. ENS is a typical example of well-exposed
crystalline basement rocks suitable to apply Landsat-8 data for
geological and structural mapping. The structural succession and
distribution of the characteristic rock assemblages extracted from
this map are further used to establish a tectonic model of the ED.
The differences in structural associations within the different ED
domains are explained and the differences in the plate motions of
involved plates (“far-field stress”) and partitioned deformation
along major high strain zones (“local response”).

TECTONOSTRATIGRAPHY OF THE ENS

The ENS includes a vast tract of igneous and metamorphic rock
complexes (about 100,000 km?) exposed along the Red Sea Hills
in the ED and occupies a triangular area in Southern Sinai
(Figures 2A, B). It lies in the northwestern part of the ANS
and is composed mainly of a juvenile continental crust of the
Neoproterozoic age. The Egyptian basement complex comprises
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FIGURE 1 | Map of Northeast Africa and the Arabian Peninsula showing the distribution of juvenile Neoproterozoic crust and adjacent regions of Archean-
Mesoproterozoic crust (after Fritz et al., 2013) and Cenozoic plate boundaries, Red Sea-Gulf of Aden spreading centers, and the East African Rift system (after Johnson,
2021). CED = Central Eastern Desert; NED = North Eastern Desert; SED = South Eastern Desert; SES = South Ethiopian shield; WES = West Ethiopian shield.

several lithotectonic units; 1) Gneisses and migmatites, 2)
Ophiolites and island arc assemblages, 3) Syn-, late-to post-
tectonic granitoids, and 4) Dokhan Volcanics and Hammamat
Molasse Sediments. The Late Neoproterozoic belt of the ED is
covered in the west by Late Paleozoic-Cretaceous sediments,
collectively referred to as “Nubian Sandstone”.

Gneisses and Migmatites
The gneisses and migmatites constitute the structurally deepest

tectonic element of the Egyptian basement (infracrustal rocks or
Tier 1, Bennet and Mosley, 1987; Greiling et al., 1994). These
rocks are overthrusted by ophiolitic nappes (supracrustal rocks or
Tier 2, Bennet and Mosley, 1987; Greiling et al., 1994) along a
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Desert (SED). (B) Satellite image showing the extent of the Eastern Desert basement domains (white polygon) and Path/Raw of the fifteen Landsat-8 (OLI/TIRS) images

used in the present study.

major detachment horizon. They are regionally metamorphosed
up to the upper amphibolite facies and are mainly represented by
schists, gneisses, and migmatites (Figure 3A). Earlier, these rocks
were considered tectonic windows of “old” continental basement
(El-Gaby et al., 1984) forming uplifted regions along the ENS and
the entire ANS. The isotopic data of these gneisses rule out a pre-
Neoproterozoic formation age. U/Pb zircon ages gave 631 + 2 Ma
at Meatiq (Andersen et al, 2009); 659 + 5at Migif-Hafafit
(Lundmark et al., 2012); 631 + 6 Ma at El Shalul (Ali et al,
2012); 725 + 9 Ma at Beitan (Ali et al., 2015). These data further
indicate that a depleted mantle source was the protolith for most
of the crust of the ED (Liégeois and Stern, 2010; Augland et al.,
2012). We interpreted these rock suites as representing deep-
seated metamorphosed roots of arcs, probably delineating sites of
individual island arcs. The gneisses and migmatites form
conspicuous gneissic domes along the ED at Meatiq, Migif-
Hafafit, El Sibai, and El Shalul, where they are structurally
overlain by fold/thrust belts of supracrustal rocks. Such domes
are bound at their NE and SW margins by NW-trending left-
lateral strike-slip faults (e.g., Fritz et al., 1996) and occasionally by
NW- and SE-dipping normal faults.

Ophiolites and Island Arc Assemblage

The ED of Egypt contains many remnants of Neoproterozoic oceanic
lithosphere in form of ophiolites, obducted during the Pan-African
Orogeny (Stern, 1994; Stern et al., 2004). In most cases, the Egyptian
ophiolites are variably dismembered forming tectonic melanges.
However, local intact ophiolite sequences were documented (Wadi
Ghadir ophiolites, El Sharkawi and El Bayoumi, 1979; Gabal Gerf
ophiolites, Zimmer et al, 1995). The Egyptian ophiolites include

serpentinized ultramafics, metagabbros, and locally observed sheeted
dykes (Gerf and Sol Hamed ophiolites; Gahlan, 2006), and mafic-
metavolcanics that are sometimes pillowed and associated with
ophiolitic metasediments. At their tectonic contacts, sole thrusts,
and shear zones, the serpentinites (Figure 3B) and metavolcanic
rocks are highly deformed and transformed into sheared-serpentinites
and talc-schists, and metavolcanic-schists such as chlorite and
actinolite schists, respectively. They form imbricate fan structures,
thrust duplexes, and antiformal stacks of various scales and
concentrate within CED and SED. The majority of ophiolites
formed between 750 and 730 Ma in the Allaqi, Gerf, Ghadir, and
Fawakhir areas (Zimmer et al., 1995; Ali et al., 2010). Different models
have been proposed for the tectonic setting of the ED ophiolites. These
include the formation of ophiolitic rocks in fore-arc basins (Gahlan
et al,, 2015), back-arc basins (Abd El-Rahman et al., 2009), or along
mid-ocean ridges (El Gaby et al., 1984). Regardless of their specific
setting, the ophiolites formed during the break-up of the Rodinia
supercontinent represent the formation of individual basins within the
wider Mozambique Ocean (Collins et al., 2021b).

In the Egyptian basement complex, the island arc-related
rocks include intrusive as well as extrusive assemblages
(Bentor, 1985; Abu El-Ela, 1997). The intrusive suites are
represented by gabbro-diorites and tonalites, whereas the
extrusive assemblage comprises volcanic rocks (mainly basalts
and andesites) and volcano-sedimentary sequences. They have
strong calc-alkaline affinity and are regionally deformed and
metamorphosed up to the lower amphibolite facies. Like
ophiolites, the island arc rocks are proposed to have been
formed on the oceanic crust of the Mozambique Ocean
(Johnson et al., 2011).
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the post-amalgamation volcano sedimentary sequence of Wadi Hammamat.

FIGURE 3 | (A) Migmatitic gneisses from the Wadi Kuda (SED). (B) Massive serpentinite from the Ghadir area with propagated thrusts (white lines) and thrust-
related folds (yellow lines). Red lines define the summits of serpentinite ridges. (C) Syn-tectonic granites from the Abu Dabbab area. (D) Polymictic conglomerates from

Syn- and Late- to Post-Tectonic Granitoids
(Egyptian Granites)

The granitic intrusions of the ENS are classically divided into
“older” (gray) to “younger” (pink) granites (Akaad et al., 1979).
Most probably, they originated from single or similar magma
series that have evolved and fractionated from a mantle-derived
magma (Moussa et al, 2008). These intrusions follow a
geochemical trend producing earlier phases of calk-alkaline
granites while the later phases were represented by alkaline to
per-alkaline granites (Hussein et al., 1982; Ali et al., 2013). The
older granites (Figure 3C) represent the first type, which
comprises calc-alkaline granites that range in composition
from granodiorite, and tonalite to quartz-diorite. In contrast,
the younger granites define the second type with rock
compositions including alkali feldspar granites, granites, and
granite-adamellites (Ali et al., 2012). The third type of granites
that have compositions ranging from alkali feldspar granites up to
syenites are considered A-type granites (e.g., Moghazi, 2003).
Older granites are syn- to late-tectonic and subduction related
(Hassan and Hashad, 1990) representing a pre-collision arc-
magmatic phase (Stern, 1994). The younger pink granites and
A-type granites specify the late-orogenic to within-plate
granitoids (post-tectonic), respectively (El-Bialy and Omar, 2015.

Dokhan Volcanics and Hammamat Molasse

Sediments

During the late orogenic history of the ED (~610-590 Ma), a stage
of K-rich calc-alkaline volcanic activity evolved resulting in a
variety of volcanic rocks (Dokhan Volcanics) ranging in
composition from basic-intermediate to acidic volcanics and

related pyroclastics and tuffs (Abdel Rahman, 1996; Eliwa
et al., 2006). These volcanic rocks are abundant in the NED
and CED and rarely recorded in the SED. Dokhan Volcanics
erupted before and coeval with the deposition of the Hammamat
molasse sediments and are subjected to low-grade
metamorphism (Ressetar and Monrad, 1983; Breitkreutz et al,,
2010). The tectonic setting of the Dokhan Volcanics is debatable
and various origins were proposed covering a wide range of
tectonic regimes. These include compressional active continental
margin (El-Gaby et al, 1989; Abdel Rahman, 1996) to
intermediate (Eliwa et al., 2006) and extensional rift system
(Stern et al., 1984).

Hammamat sediments are molasse-type sediments that
evolved during the late stages of ENS evolution and the
sedimentary environment as well as their composition allows
retracing the sedimentary provenance as well as the exhumation
history of sediment delivering units. In addition, the sediments
act as a time marker for syn- and post-sedimentary tectonics
(Fowler and Osman, 2013).

The succession of the Hammamat sediments consists mainly
of greywackes and siltstones with polymictic-breccias and
conglomerates (Figure 3D) at the lower part (El-Gaby et al,
1984; Willis et al., 1988). These sediments were locally subjected
to thermal contact metamorphism due to emplacement of the
late-to post-tectonic granites (EI Gaby and Khudeir, 1988). The
petrography and sedimentology of some of these basins, such as
Wadi Hammamat, Wadi El Qash, Wadi Kareem, and Wadi
Miyah basins have been investigated by Messner (1996) and
Fritz and Messner (1999). Hammamat molasse basins are
classified according to their location and the structural setting
of each basin (Fritz and Messner, 1999; Abd El-Wahed, 2010).
These include foreland basins, characterized by thrust-related
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structures, such as Wadi Hammamat and Wadi Qash basins.
Intermontane basins, markedly developed as pull-apart basins,
like Wadi Queih and Wadi Igla basins, and intermontane basins,
deformed merely by the strike-slip and extensional shearing, such
as Wadi Kareem, Wadi Atawi and Wadi El Miyah basins. Basin
formation through general N- to NW-oriented extension was
proposed by Hassan and Hashad (1990), Abdeen and Greiling
(2005), Shalaby et al. (2006), and Abd El-Wahed (2010). This is in
accordance with strain data derived from pebbles (Fowler and
Hamimi, 2021a, b) that gave NW-SE major principal strain axes
in most of the basins.

LANDSAT-BASED LITHOLOGICAL
MAPPING

Data and Methodology

The Landsat-8 data have been widely used for geological mapping
and mineral exploration worldwide (Ali and Pour, 2014; Pour
and Hashim, 2015; Mwaniki et al., 2015; Safari et al., 2017). In the
present study, we obtained fifteen free cloud Landsat-8 level 1T
(terrain corrected) images that covered the Neoproterozoic
basement of the Eastern Desert of Egypt (Figure 2B) through
the U.S. Geological Survey Earth Resources Observation and
Science  Center  (EROS)  (http://earthexplorer.usgs.gov).
Supplementary Table S1 lists the Landsat-8 characteristics
and dataset attributes used in the present study. They were
geometrically corrected and georeferenced to the Universal
Transverse Mercator (UTM) projection (Zone 36 N), World
Geodetic System (WGS) 84 datum, and ellipsoid. The fifteen
images were processed using the ENVI 5.3 (ENVI® image
processing and analysis software, from ITT Visual Information
Solutions) and ArcGIS 10.5 (from ESRI® Environmental Systems
Research Institute) packages. One raster image mosaic was made
using the seamless mosaic module in ENVI 5.3. Masking of more
than 115,350 km® of crystalline rocks belt was applied using
shapefile in ArcGIS 10.5. Moreover, the atmospheric
correction was considered one of the essential steps in the
preprocessing phase (Lillesand et al, 2004; Chander et al,
2009; Tyagi and Bhosle, 2011; Abdelmalik, 2018). In the
present study, we used the radiometric technique introduced
in ENVI 5.3 to calibrate the Landsat-8 OLI images data for
reflectance. In addition, the Digital Elevation Model (DEM) of
the Shuttle Radar Topography Mission (SRTM) 1 arc-second
with a 30 m horizontal spatial resolution was used to extract and
visualize the structural elements through their topographical
expression using the Geographic Information System (GIS)
environment.

Remotely Sensed Data Processing

Mineralogical and chemical composition, vegetation cover and
weathering characteristics are important factors for lithological
discrimination using remote sensing data (Xiong et al., 2011). The
advances in these processing techniques have increased the
accuracy of discriminated features. Therefore, image
enhancements including color composites (true or false), band
ratioing, principal component analysis (PCA), decorrelation

Tectonic Map of Neoproterozoic Egypt

stretching, edge enhancements, and image fusion facilitated
the differentiation and characterization of various elements in
structural geology, mineralization, and rock types (Chen and
Campagna, 2009; Gupta, 2013). In ED in Egypt, several studies
have shown that appropriate image enhancements of remotely
sensed data significantly improved the lithological discrimination
and aided in field observations for lithological mapping. These
studies pointed out that Landsat-8 with (OLI) sensor is
considered one of the most effective data widely and
successfully used for lithological mapping and exploration
targets (Gabr et al., 2015; Hassan et al, 2015; Sadek et al,
2015; Asran et al., 2017; Aboelkhair et al., 2020; Hamimi
et al,, 2020). The Landsat-8 data, in combination with other
remotely sensed data (e.g., ASTER and Sentinel) have been used
to discriminate the exposed lithological units of ENS. These
include the northern (Sadek and Hassan, 2009; Mohy et al,
2017), central (Sadek et al, 2015; Khalil et al., 2017
Mohammed et al., 2019), and southern (Zoheir and Emam,
2012; Hassan and Sadek, 2017; Emam et al., 2018; Mohy et al,,
2019; Zoheir et al.,, 2019a, b) Eastern Desert of Egypt.

In the present study, several image processing techniques were
applied to the Landsat-8 satellite data to generate a modified
geological map with well-emphasized rock units and structural
regions, which were verified by field observations of the entire ED.
These techniques included color composites, band ratioing,
mineral spectral indices, and Principal Component
Analysis (PCA).

False Color Composites (FCCs)

Color composites provide color variation images with different
color tones that reflect the different spectral characteristics of the
exposed rock units, as well as outline the structural features.
Depending on the highest values of the Optimum Index Factor
(OIF) (Chavez et al., 1982), the color composite of RGB-753 was
selected in the present study (Figure 4A). This color composite
provided a good illustration of the geological and structural
features with a clear contrast of the different rock units and
obviously traced the trajectories of the major structural elements
in the Late Neoproterozoic belt in ED in Egypt. The serpentinites
exhibited a mottled dark blue color in the thrust contact with
volcaniclastic metasediments, which appeared as dull mixed dark
green, dark gray to bluish-green and brown colors. The
Hammamat molasse sediments were delineated as dark and
light patches of brown areas. The granitic rocks were clearly
outlined by brown color tones from light to dark. The image also
displayed major fault contacts and shear zones that affected the
rock units.

Principal Component Analysis (PCA)

Principal component analysis (PCA) is one of the most effective
and powerful image processing tools especially in geological
mapping, such as for lithological, mineralogical, and structural
applications. It is a multivariate statistical method for displaying
the maximum contrast from several spectral bands with just three
primary display colors (Vincent, 1997). This technique predicts
whether a target is displayed as bright or dark pixels in different
principal components based on the magnitude and sign of the
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FIGURE 4 | Lithological discrimination using Landsat-8 OLI. (A) false color composite FCC RGB-753 discriminates ophiolitic association and related rocks and
Hammamat sediments with very dark blue pixels and the syn to late and post-tectonic granitoids with light to dark brown pixels. (B) Principal component analysis in PCA
RGB (PC2, PC1, PC4) highlights the metavolcanics—-metasediments association and clearly displays the sense of shearing and dislocation. (C) PCA RGB (PC2, PC3,
PC4) promotes the ophiolitic rocks with bright green signature, metavolcanics with blue to violet pixels, Hammamat sediments with cyan color and clearly enhances

the foliation, major thrusts, and strike-slip movement. The inset image (outlined in black on the main maps) is an enlarged area for more details. The yellow boxes show
the geographic locations of the tested area in the (Supplementary Figures 1A-C) from north to south, respectively.

eigenvector loading (Jolliffe, 1986). In the present study, the
eigenvector values of the Landsat-8 image were calculated and
which displayed the highest amount of information in PC1 with
96.4 and in PC2 with 2.1. Zoheir et al. (2019a) demonstrated that
the first three PCA images (PC1, PC2, and PC3), contained the
highest topographical and spectral information and were suitable
for lithological discrimination.

The RGB color combinations of Landsat-8 PCA were tested
and adopted for mapping the lithological units and structural
identification of the current study area. The RGB color
composite of PC2, PC1l, and PC4 exhibited the ophiolitic
melange and associated rocks as grayish blue and the
metavolcanics, metasediments, Dokhan Volcanics, and
Hammamat sediments as blue tones from dark to light
(Figure 4B). The felsic rocks exhibited light violet younger
granites and lemon-yellow older granites. On the other hand,
the ophiolitic rocks (serpentines and talc carbonates) were
displayed as bright green patches in a distinct view in the
RGB color composite of PC2, PC3, and PC4 (Figure 4C).
The foliated metavolcanics and metasediments exhibited light
purple colors whereas the Dokhan Volcanics and Hammamat
sediments were displayed in cyan color. The granitoids
appeared in light violet to yellowish violet colors.

Band Ratioing and Spectral Mineral

Identification
The fact that each material displays a characteristic spectral
reflectance curve that distinguishes it from other materials was

considered the base for the identification and discrimination of the
different minerals and rocks from the remotely sensed data.
Huntington (1996) stated that the hydrous mineral phases with
OH groups (Mg-O-H, Al-O-H, Si-O-H) and COs; acid group
possess diagnostic absorption features in the short-wave
infrared region (SWIR) (2.0-2.50 um). Therefore, the spectral
signature was used to discriminate among the different minerals
and rocks from the satellite images. In the same manner, numerous
studies used band-ratio images to discriminate the different rock
units based on their specific spectral characteristics. Therefore,
band ratioing is considered one of the most important image
processing methods for lithological mapping, and many
researchers have applied the lithological and structural mapping
in the ED in Egypt (e.g., Zoheir and Emam, 2012; Hassan and
Ramadan, 2014; Hassan et al., 2015; Sadek et al., 2015; Abdelmalik
and Abd-Allah, 2018; Abdelmalik, 2019; Zoheir et al., 2019a, b).

In the present study, Landsat-8 (6/5) was applied to display the
ophiolitic and associated rocks as gray pixels, metavolcanics as light
gray pixels, and Hammamat sediments as dark pixels and felsic
rocks as bright colors (Figure 5A). Sultan et al. (1987) and Hassan
et al. (2017) used a band ratio of (6/5) as an effective mafic index to
enhance the meta-ultramafic and mafic rocks as light gray pixels.

To illustrate the detailed rock differentiation, the false color
composites of some different band ratios were used to observe
the variation in colors of the exposed rocks and facilitate their
discriminations. Two main false color composites in RGB (6/5,
6/7, 4/2 and 6/7, 6/2, 4/2) (Figures 5B, C) were selected and
processed to differentiate among the different rock units and
demarcate the structural features in the study area. Image ratios
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FIGURE 5 | Lithological discrimination using band ratios of Landsat-8 OLI data. (A) Gray-scale band ratio BR (6/5) used for mineralogical identification. Ultramafic

and mafic rocks appear as light to dark gray pixels where the felsic rocks appear as white pixels. (B) Effective band ratio RGB (6/5, 6/7, 4/2) highlights ophiolites as bright
green, metavolcanics and metasediments as reddish-yellow, Hammamat sediments, and Dokhan Volcanics as dark green and syn to late/post tectonic granitoids as
pale blue and violet signatures. (C) Band ratio RGB (6/7, 6/2, 4/2) spectrally discriminates ophiolites as blood red, metavolcanics and metasediments as greenish
orange, Hammamat sediments and Dokhan Volcanics as dark brown and syn to late/post tectonic granitoids as light cyan pixels color. The extensional faults, dyke
swarms, foliation, thrusts, and strike-slip faults are also enhanced. The inset image is an enlarged area for more details.

of (6/5, 6/7, 4/2) clearly discriminated the ophiolitic melange
rocks (massive serpentinite and talc-carbonate schist) and
gneisses with bright green and light green colors, respectively,
the metagabbro and basic metavolcanics with dark green color
and the Dokhan Volcanics with olive green colors (Figure 5B).
The granitic rocks were shown in bloody red and light purple
colors whereas the Hammamat sediments appeared in brownish
dark-green colors. In addition, the major structural features
(e.g., shear zones, thrusts, and strike-slip faults were obviously
demarcated by the variation of in the rock units’ colors. The E-W
and NW-SE strike-slip faults were clearly visible. On the other
hand, image ratios (6/7, 6/2, and 4/2) are represented as the most
powerful band ratio introduced in this study as a new band ratio for
discriminating the rock units and structural features in more detail.
The ophiolitic metaultramafics and related talc-carbonate rocks
were obviously delineated with light and red dark purple image
signatures (Figure 5C). The highly foliated gneisses and the
metagabbros appeared as light and dark green colors whereas
the metavolcanics and metasediments were displayed in orange
green color. The Dokhan Volcanics and Hammamat sediments
were shown in dark-brown tones. The vast array of granitic rocks
was displayed in light-blue and creamy colors. Moreover, the
foliation trajectories, folding, strike-slip faults, and thrusts were
delineated by various colors. The aforementioned band ratios were
more helpful and satisfactory in detailing lithological/structural
mapping of the study area.

To outline the ophiolite assemblage and related rocks, the RGB
color composite of PCA (PC2, PC3, and PC4) provided important

information about the ultramafic rocks and metavolcanics and
metasediments association. The ophiolites appeared as deep blue
intercalated with violet patches of metavolcanics and metasediments
(Figure 4C). The intense foliation in the image delineated the ductile
structures, especially in the southern part of the study area. The
developed geologic map of ophiolites and related rocks
(Supplementary Figure S1A) showed that these rocks were
mostly distributed in the central and southern parts of the
Eastern Desert. Thrust contacts, folding foliation, and strike-slip
movement could be clearly observed from the differences in the
color tones. The false color composite investigation of Landsat-8
(RGB-652) was performed to extract the felsic rocks in the study area
as dark-brown, grayish-brown, and greenish-brown color tones. The
granitic windows were well defined and separated from the
surrounding rocks (Supplementary Figure S1B). Moreover, this
composite successfully and clearly enhanced the regional foliation of
the foliated rocks such as gneisses and migmatites and outlined the
folded rocks as well as the major shear zones. This composite
demonstrated the concentration of these rocks in the north
Eastern Desert. The extensional features were enhanced by linear
structures such as dyke swarms, jointing, and major strike-slip faults.

Finally, image processing of the Landsat-8 OLI data is an effective
tool for generating a detailed lithological map, such as rock units and
structural provinces, to approximately 115,350 km® of the Late
Neoproterozoic belt in ED in Egypt. Because of the very large
mapped area, some selected large-scale areas are shown in
Supplementary Figure S2A-C to explore the power of remote
sensing in enhancing the lithological contacts. The final modified
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geological maps are shown in Figures 6A-C. The output geological ~ maps. Random stratified samples were used to determine the overall
map was verified by using intensive fieldwork, observations in many  accuracy assessment of the updated geologic map, which attained
localities in the study area, and correlation with previously published ~ approximately 96.73% accuracy.
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FIGURE 6 | (Continued). The geologic map of the Late Neoproterozoic belt of Egypt. (A) NED, (B) CED, and (C) SED. Discrimination of various lithologies and
structural provinces based on image processing of Landsat-8 OLI data and ground intensive field/structural work.

Landsat-Based Structural Mapping

The remote sensing method offers the advantage of providing
synoptic overviews of the structural features that extend over large
areas. Identification of these structures is very efficient when the
remote sensing data are integrated with computer-based GIS and
verified by fieldwork. These data can be used to detect large
geological structures such as shear and suture zones (e.g.,
Raharimahefa and Kusky, 2007, 2009). Faults can be
demarcated using the topographic features with different
orientations on DEM or by using the contrast and textural
signatures in the remote sensing data. Homogeneous and
kinematically consistent structural assemblages can then be used
to define structural provinces, that most probably experienced
similar tectonic histories. Zoheir et al. (2019a) recognized nine
structural blocks in the Eastern Desert based on the differences in
the structural trends. They inferred that the margins of these
structural blocks were mostly major faults and shear zones and
in some cases well-established or inferred suture zones.

In the present work, the interpretation of the structural
provinces were based on the visual inspection of the tonal
variation bright colors of the different rock types at band ratios
of 6/5, 6/7, and 4/2 (Figure 7A). Moreover, the topographical
expressions of the rock units, which appeared on the SRTM
DEM (with 30 m spatial resolution) (Figure 7B) could enhance
the tectonic boundaries and structural elements. The
interpreted and detected structural elements are shown in
Figure 7C. Depending on the analysis result of the
extracted and previously published structural elements, the

architecture ED in Egypt could be divided into three major
structural provinces (Figure 8). The major and minor brittle
and/or ductile structural elements in the study area could be
traced as shown in Figures 7A-C, 8. The analysis of these
images, allowed us to distinguish the Neoproterozoic ductile
and brittle structural assemblages. The traced structural
elements overlapped the false color composites of band ratio
(6/5,6/7,4/2) (Figure 7A, as an example). We emphasized that
the well-developed foliations were dominant in the
transpressional and compressional zones (ductile zone) of
CED and SED. The zones accommodated major
displacements and formed discontinuities that were
considered transitional zones similar to those in CED. The
considerable difference in the topography and foliation
trajectories in provinces with ophiolite rocks relative to the
arc metavolcanic rocks demonstrated distinctive deformation
histories. NE-, E-W- and ENE-striking foliation and related
close and overturned folds that extended for several kilometers
were observed in the study area. The major NW, N-S, NE, ENE,
E-W strike-slip faults adequately defined the differences in the
color tones and rock units movements (Figure 7A).

The ability of remote sensing to extract the detailed structural
features and kinematic indicators in the study area was investigated
by selecting some examples for reference sites in NED, CED, and
SED with small and large-scale areas. Four areas were selected to
illustrate how remote sensing enhanced the structural elements
(Figures 9A-H). Figures 9A, B shows ENE folded Hammamat
molasse sediments, which exhibited —reddish brown pixels
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intruded by granitic rocks (green pixels) and cross-cutting by the
NW-trending strike-slip faults at G. El-Uref in NED. Figures 9C, D
shows small-scale strike-slip faults that affected the sheared
metavolcanics and metasediments at Wadi El-Miyah in CED.
Figures 9E, F presents different folding styles that affected the
Hammamat molasse sediments at the Hammamat Basin (Wadi El-
Arak) and thrusted ophiolitic rocks along the Atalla shear zone in
CED. Figures 9G, H shows one of the most complex areas in the
Wadi Allaqi in the South Eastern Desert. Compressional structures
were conspicuous in this province and hydroxyl mineral zones
mimicked the intensive foliation of the sheared rocks, which
exhibited obvious ductile structures. The folded ophiolitic rocks
were noticeably distributed adjacent to the variably deformed island
arc metavolcanics and metasediments. These rocks were overthrust
NW of the area. In addition, a series of NN'W-oriented folds that are
distributed and disrupted by the NE-striking faults was well
observed and clearly traced.

THE STRUCTURAL PROVINCES OF
THE ENS

In the present study, the new tectonic map of the ENS encompasses
a mosaic of three major structural provinces, namely, from south to
north, compressional, transpressional/wrench, and extensional
(Figures 6, 8). The discrimination of these provinces is based
on the compatibility of the structural associations from the hand

specimen up to mountain scales that define the predominant
tectonic regime. We concentrate on the major tectonic features
and locate them onto a plate tectonic frame. For details, the readers
are referred to the summary papers by Fritz et al. (1996), Abdeen
and Greiling (2005), Abd El-Wahed (2007), Hamimi et al. (2019),
Mohammad et al. (2019), Fowler and Hamimi (2020) and Hamimi
and Abd El-Wahed (2020). The relative time constraints of the
tectonic regimes are derived from the relationship between the rock
formation and deformation. In the present study, we distinguish
among the following 1) pre-Hammamat structural elements
formed earlier than the sedimentation of the Hammamat
molasse sediments, which are most likely related to accretion of
the arcs and establishment of major decollement that separates
infra-from supra-structures; 2) syn-to-late-Hammamat structural
elements that evolved through the final collision and subsequent
exhumation of metamorphosed arc roots; and 3) late-tectonic
features that post-date Hammamat sedimentation and calc-
alkaline magmatism (Figures 6, 8).

Compressional Province

In the extreme southern portion of ED in Egypt, a prominent
compressional province exists to the north of the Wadi Allaqi
Shear Belt (part of the Greater YOSHGAH suture) that
juxtaposed the Gabgaba-Gebeit Terranes against the Eastern
Desert Terrane. The structures evolved as a consequence of a
NNE-SSW contractional phase at c. 750-660 Ma. This province
is characterized by WNW-ESE to W-E oriented thrust sequences,
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which are best exemplified by those recorded to the west of
Deneibet El-Koleib and near the Ungat shear zone (Figures 9G,
H) and emplacement of the Gerf ophiolitic suite. The
displacement of the thrusts towards SSW and S is responsible
for the formation of well-developed thrust-propagation folds at
Gabal Mugsim (Figure 10) and Um Shilman. The province
extends northward to the Hafafit basement dome but in the
present study, an opposite sense of thrusting is shown (top
N-NW) along NE-to-ENE-oriented thrusts. Further north, the
top N-NW thrusting is preserved in the basement domes. The
major decollement between the internal portions of these
basement domes and the low-grade metamorphosed envelope
of metavolcanics and ophiolite remnants are considered part of

this oldest compressional phase. In the current work, we believe
that although the earliest structural elements dated back to c.
750 Ma, the SED compressional phase may have continued
throughout the Late Neoproterozoic evolution in the ED. We
also believe that although the conspicuous NNW-SSE trending
Wadi Beitan major structure lies in this province, this structure
was related to an earlier convergence between E- and
W-Gondwanalands. The N-S shortening may be responsible
for the refolding of this structure around the ENE-WSW (to
E-W) direction. In this context, the remarkable transpressional
shearing along the Wadi Kharit-Wadi Hodein belt (see Figures 7,
8) can be considered as the combination of the YOSHGAH
shearing eco and the N-S contraction.
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Transpressional/Wrench Province

The transpressional province evolves between Marsa Alam in the
south and Safaga in the north. This province includes large parts
of the Najd Fault System and a transition zone that abuts the
southern compressional domain. The compressional west-east-
trending structures of the southern province are progressively
overprinted by NW-SE-trending structural elements (Figure 10).
The structures include NW-trending thrusts and folds in the
external, western portions of the orogen such as in the
Hammamat basin at the Quseir Ilatitude. The main
transcurrent belt is dominated by prominent NNE-SSW
trending sinistral strike-slip shear zones. A number of
cogenetic structural elements and rock suites evolve during
this tectonic phase. The activity of the shear zones is
associated with the coeval exhumation of metamorphic domes
as evident from the *°Ar/*’Ar cooling ages of the domes
(620-590 Ma) and the ages interpreted to represent a time of
sinistral shearing (c. 590 Ma) (Fritz et al., 1996; 2002). The large
shear belts adjacent to the Meatiq, Sibai, and Hafafit
metamorphic domes, are most prominent, as better shown in
the insets of Figures 4, 5, which show an enlargement of the
Atalla Shear Belt (Figures 11A-C). Between the segments of

NNE-trending strike-slip faults, extensional bridges exhumed the
domes through W-E trending normal faults. These extensional
faults are formed at the margins of the Hafafit, Sibai, and Meatiq
domes and indicate a significant component of the orogen
parallel NNW-SSE extension. The extensional shearing is
locally accompanied by emplacement of the syn-extensional
granitoids (e.g., Abu Ziran granitoids to the south of Meatiq:
Fritz et al., 2014) and is associated with the formation of the
Hammamat molasse basins (e.g., Fritz and Messner, 1999; Abd
El-Wahed, 2010; Fowler and Osman, 2013). Hence this structural
association is clearly assigned “syn-to-late-Hammamat
association”.

Extensional Province

North of the Qena-Safaga Shear Belt lies a large extensional
province that extends to the northern tip of ENS. This area is the
site of voluminous post-orogenic magmatism (e.g., the
voluminous granitoids of Gabal Shaeib El-Banat, Gabal Qattar,
(Figure 11D), and Gabal Gharib, which is considered the result of
mantle delamination and associated crustal thinning. Other
evidence that supports the extensional regime includes the
widespread E-W trending dyke swarms and the E- (to ENE-)
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trending tensile fractures. Voluminous emplacement of the
bimodal Dokhan Volcanics nearby the large granitoid masses
is additional evidence of a late-stage extensional regime.

DEFORMATION REGIMES AND FLOW
FIELDS

Deformation Regimes

Evidently, the deformation styles in the orogens are
determined by the relative motion of the plates and changes
in the plate motion, which are termed as “far-field boundary

conditions”. It has been shown that oblique plate convergence
has the potential to develop large strike-slip systems within the
orogen, as exemplified by the Alpine Fault of New Zealand or
the San Andreas Fault System of western North America (e.g.,
Norris et al.,, 1990; Titus et al., 2007; Mouslopoulou et al.,
2009). Orthogonal convergence is, by contrast, characterized
by an absence of large orogen-parallel faults, as seen in the
central Himalayan or South American Andean systems (Xu
et al,, 2012; Armijo et al., 2015; Li et al., 2015; Horton et al,,
2016; Hu et al., 2016). In the case of Late Neoproterozoic/Early
Cambrian deformation events in the ED of Egypt, we suggest
that three different far-field boundary conditions are
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responsible to resolve the aforementioned structural
assemblages. The earliest magmatic, metamorphic and
tectonic history was released by the c. N-S convergence
(recent coordinate system) of the Gabgaba—Gebeit,
Jiddah—Asir terranes, and the Eastern Desert—Midyan
terranes along the Allaqi-Heiani-Onib-Sol Hamid-Yanbo

(YOSHGAH) suture between c¢. 800 and 620Ma

Tectonic Map of Neoproterozoic Egypt

(Figure 12). The second event, between c. 640 and 580 Ma,
is believed to be related to the Nabitah Orogeny when the Afif-,
Ad Dawadimi-Ar Rayn terranes of Saudi Arabia accreted to the
earlier consolidated arc terranes (Afif and Tathlith terranes).
E-W shortening in southern Saudi Arabia may have correlated
with the N-S trending Hamisana Shear Belt of southern
Egypt—northern Sudan. The northwestern Saudi Arabia and
CED of Egypt simultaneously experience pronounced strike-
slip deformation associated with displacement along wider
NEFS. This shear deformation offsets parts of the YOSHGAH
suture through sinistral shear, namely the Yanbu suture
segment. The third orogenic phase, which is younger than c.
580 Ma, is interpreted to be related to the evolution and retreat
of the Cadomian Arc (Ballevre et al., 2001; Bandres et al., 2002;
Linnemann and Romer, 2002; Stern et al., 2016). The northern
portions of ED in Egypt and Saudi Arabia have experienced
extension and extensive post-orogenic magmatism.

As a working hypothesis, we suggest that the three different
far-field boundary conditions controlled, with overlap, the
structural assembly within three different domains in the ED
of Egypt. Southern domains were influenced mainly by N-S
convergence (Figure 13: far-field condition 1) and localized
effect of W-E shortening (Figure 14: far-field condition 2) as
seen in the activity within the Hamisana Shear Belt. The influence
of far-field condition 1 diminishes northward but the influence of
far-field condition 2 increases. The CED is considered a core area
where Najd Fault-related structural elements developed. The far-
field condition 3 dominates the northern segment of the ED as
evident from extensive late orogenic magmatism and extensional
fabrics (Figure 15). We relate the classical subdivision of the ED
geology into NED, CED, and SED rather to external far-field
boundary conditions than to activity of cryptic fault systems that
remain proposed but unproven.

granitic pluton (D).

FIGURE 11 | Field photographs indicating a transition from compression to extensional shearing along El Shalul Shear Zone (A), transpressive structures to the SE
of Meatiq dome and along the Atalla Shear Zone (B,C), respectively, and remarkable dyke swarms in the extensional province at Wadi El Thelma south Gabal Gattar
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FIGURE 12| Plate tectonic situation and structural provinces related to
different plate kinematics. The earliest event, convergence, and collision
between Gabgaba-Gebeit terranes and the Eastern Desert terrane along the
YOSHGAH suture released north-south compression (thick red arrow)

and related north and south directed thrusts (red double arrow) in the southern
compressional province. West—east convergence (thick black arrow)
associated with Nabitah Orogeny caused modification of suture and W-E
compression in the Hamisana Belt. In the northern portion, this motion is
partitioned into large sinistral strike-slip systems of the Najd Fault System
leading to transcurrent motion within the CED wrench province (black half
arrows). The retreat of the northern Cadomian arc enabled extension in the
northern NED extensional province (blue double arrow).

Flow Fields
Far-field boundaries are simple, and associated structural

assemblages are, however, complex. This is not only because
of the superposition of successive deformation events but because
deformation may partition into different components. The shape
changes and particle displacement fields that characterize the flow
of rock particles and thus the geometry of the structural elements
are tensor quantities (second rank tensors). The displacement
gradient tensor is related to the shapes of the initial to finite state
and from the eigen-quantities of that tensor, the strain may be
extracted. The velocity gradient tensor describes the way rock
particles flow, the orientation of flow apophyses (eigen-vectors)
provides information on the vorticity of the flow (Bobyarchik,
1986). This is expressed as a kinematic vorticity number, the
nonlinear ratio between pure and simple shear components (for
theory see Tikoff and Fossen, 1993). Conventionally velocity
fields and displacement gradient tensors are derived from
structural assemblages that are relevant to local situations. In
Egypt, these kinds of data are rare. Here we use another approach
and derive these quantities from the geometry and motion of
plates. Plate motion vectors and plate boundaries, or high-strain
deformation zones have shown to be parallel/contain the flow
apophyses. Hence, from far-field boundary conditions, the flow
fields may be derived when a homogeneous continuum is
assumed (Tikoff and Teyssier, 1994). Considering these

Tectonic Map of Neoproterozoic Egypt

assumptions, structural associations can be predicted and
compared with observed structural elements. Below we display
qualitatively the flow fields for the three different far-field
boundary conditions suggested for the Neoproterozoic ED of
Egypt.

These simple models are applicable for homogeneous
continuum and isochoric deformation. A more realistic view
has to implement concepts of displacement partitioning and
strain compatibility (e.g., Tikoff and Teyssier, 1994; Teyssier
and Tikoff, 1999; Jones et al, 2005). The concept of
deformation partitioning states that the overall, over-regional
geometry of a flow type maintains constant but may partition
regionally. As soon as the vorticity in one domain is increased, for
example through the activity of a simple shear zone, the vorticity
in adjacent domains is reduced to keep the overall flow geometry
constant. Hence, the presence or absence of a high-strain shear
zone has a strong influence on the geometry of the structural
assembly within and outside shear domains. The concept of strain
compatibility states that geometries of bodies before and after
deformation have to be compatible, common boundaries
maintain and voids have to be avoided. This implies that
deformation is not only determined by the overall induced
stress field but also by the requirement to keep structural
domains compatible. As an example, simple and pure shear
(or general shear) deformations are not compatible with
geometries. In progressive simple shear, the length of the shear
zone boundary remains constant whereas this boundary is
stretched in pure and general shear. To fulfill the requirements
of strain compatibility either a fault has to be introduced between
both domains or rock volume has to be removed or added.

YOSHGAH Suturing—First Far-Field
Conditions

Structural assemblages that are related to this event dominate the
SED. Plate motion of the Gabgaba/Gebeit terranes relative to the
Egyptian Eastern Desert terrane was largely orthogonal to the
Allaqi-Heiani suture (Hamimi et al., 2019), western segments of
the YOSHGAH suture system (Figures 12, 13). Hence minor
lateral, suture-parallel motion is predicted and plane strain
deformation is considered. The plane containing all relevant
features including flow apophyses, instantaneous stretching
axes, and strain axes is given by the plate motion vector and
the normal trend of the suture zone. Flow apophyses were drawn
parallel to the plate motion vector (eigenvector a,: flow into the
orogen) and parallel to the assumed dip of the subduction zone
(eigenvector a;: flow out of the orogen) (Figure 13A). The
subduction zone dip was taken to be 45°, which corresponds
to a general shear deformation with a kinematic vorticity number
of c. Wk = 0,7. Schematically drawn flow lines show that expected
structures include southward and upward emplacement of units
within the Eastern Desert terrane with steepening of structures
when approaching the subduction zone. This is in accordance
with structural data from the SED which overwhelmingly displays
top-to-south displacement (for a summary of data see Fowler and
Hamimi, 2020). North-south trending lineaments (Figure 8) may
represent tear faults accommodating differential shortening or
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younger faults. As seen from Figure 6C, the SED is dominated by
“Older Granites” and arc-related assemblages. Therefore, we
argue that the structural setting described affected mainly the
arc that developed in the back of the subduction zone.

The CED differs in that it contains much more ophiolitic
assemblages including mafic metavolcanics and ophiolitic
melanges. Indeed, most authors favor the existence of back-
arc and/or fore-arc basins separating older arc complexes (for
discussion, see Fowler and Hamimi, 2020). This implies at least
localized north-south extension to serve deposition of
sediments between older arc assemblages and, when flow
fields are considered, a shift in the flow apophyses. The flow
apophyses parallel to the plate motion vector remain in the
same orientation but become parallel to the extensional
direction. The other one becomes subvertical (Wk = 0), flow
is now north-south and subhorizontal fabrics
(Figure 13B). Phases of north-south convergence and

evolve

divergence may alternate before the final convergent phase
and the closure of intra-arc basins. The sense of displacement
in the CED is largely top-to-the north. It remains unclear
whether this results from southward subduction in the CED or
is the result of thrust and back thrust systems. We are
convinced, however, that these structural elements, that is,
south and north thrusting are related to the first far field
condition and are responsible for the subdivision into tier 1,
tier 2, or infra-supra-structure. Ophiolitic fragments and

melange were emplaced along flat thrusts over deeper roots
of island arcs (Figure 13D).

Nabitah Suturing—Second Far-Field
Conditions

The structures related to this event evolved in Saudi Arabia as
early as c. 680-640 Ma (Stoeser and Stacey, 1988); the major
activity in Egypt was between c. 620 and 580 Ma, that is, after
suturing of the Nabitah Suture (Collins et al, 2021a). Plate
motion instigated activity of the crustal scale NFS, clearest
seen in the CED (Figure 12). Fault activity falls into the time
interval of cooling and exhumation of rocks now exposed in the
Egyptian infrastructure domes (Fritz et al., 2002). Concomitantly,
it occurred deposition and deformation of Hammamat molasse-
type Basins (Abd El-Wahed, 2007; Fowler and Osman, 2013) and
emplacement of shear related plutons (Fritz et al., 2014). Older
structural elements, such as the infra-supra-structure tectonic
boundary were overprinted and refolded.

From the geometry of involved plates and the plate motion
vector, two domains are distinguished. Southern Egypt, to the
north of the YOSHGAH suture, experienced orthogonal W-E
convergence and shortening in the N-S-trending Hamisana Shear
Belt (Figure 12). This belt is considered to represent a pure shear-
dominated deformation zone (De Wall et al., 2001). Northern
parts of Saudi Arabia and the CED, considered here in detail,
experienced lateral displacement through oblique plate motion.
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The flow field associated with Najd shearing is 3-dimensional.
Full 3-dimensional calculation of flow fields is not only complex but
also not very descriptive. Instead, it is convenient to look for special
cases, such as transpression, lateral and vertical extrusion, or
transtension, or to display flow fields in sections parallel to
principal axes of flow (Tikoff and Fossen, 1999). Here we
examine three possible strains and displacement scenarios and
discuss the role of displacement partitioning. Flow and associated
strain geometries during wrench tectonics could be transpressional

with subtypes of simple-shear- and pure-shear-dominated
transpression, or combined transpression and lateral extrusion.
Transpression in the strict sense as originally defined by
Sanderson and Marchini (1984) can be ruled out. This is a
pseudo-3D geometry that allows length changes in vertical (z)
and shear zone perpendicular directions (y), but no change in
length parallel to the shear zone boundaries (x) as observed in
the CED (Figure 14). The diagonal term in the displacement
gradient tensor defining stretch parallel to x is 1 (Figure 14A).

Frontiers in Earth Science | www.frontiersin.org

June 2022 | Volume 10 | Article 921521


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Hamimi et al.

Tectonic Map of Neoproterozoic Egypt

D 30° 34°

al

al

Cadomian Arc ' J

1 L] 1 T /
Mediterranean

—— Dyke swarms

Fold axes trend

aZl Eastem Desert Terrane Gadomian Subduction|

Cadomian Arc

dyke swarms

Teeo ‘Cadomian Retreat

NED CED /

28°

arrow) and compression (blue arrow).

FIGURE 15 | Third far-field boundary condition is connected with the formation and retreat of the Cadomian Arc, (A) shows the flow field during initial arc formation
and (B) flow field during arc retreat and thinning of NED crust. A structural sketch with thinned crust and emplacement of dyke swarms and younger granites is shown in
(C). Locally, compressional structures evolve in domains unaffected by crustal thinning. A sketch of map scale structures is given in (D) with domains of extension (red

Depending on the amount of accumulated strain and convergence
angle of plates the long axes of the finite strain ellipsoid may be
vertical or horizontal. At small angles of plate convergence up to a =
10° and finite strain ellipse ratios up to 100 (wrench dominated
transpression) vertical foliation and horizontal lineation develops; at
higher plate convergence angles o > 20° vertical foliation and vertical
principal strain axes occur (Teyssier and Tikoff, 1999). Both
scenarios are not compatible with the situation in the CED. The
angle between the plate motion vector and the average trend of the
NEFS is 30°-40". Thus vertical stretch is expected but stretching
lineation along CED shear belts is, from field observation,
subhorizontal. Hence, a component of lateral extrusion has to be
added to fulfill the requirements of the observed vertical foliation and
horizontal lineation. For a convergence angle of 30° and an assumed
strain of R = 10 (minimum) and R = 1,000 (maximum) at least,
15-20% of lateral extrusion has to be added to reach these conditions
(see graphs in Teyssier and Tikoff, 1999). This scenario is compatible
with the structural assemblage observed in the CED as it enables
vertical foliation, horizontal lineation, and components of horizontal
and vertical flow (Figures 14B, C). In summary, the central part of
the CED containing the NFS is a belt of pure shear dominated
transpression combined with lateral extrusion.

Another important concept to explain structural associations
within oblique convergent belts is that of displacement
partitioning. Thereby, homogeneous flow patterns are
decoupled, most probably along zones of strong rheological
contrasts. Flow is no longer homogeneous, simple shear
component concentrates in distinct shear zones, and the pure
shear component in domains outside simple-shear domains. The
amount of decoupling, that is, the percentage of slip partitioned
on strike-slip faults can be quantified by comparison of structural

elements in- and outside-shear belts. In active orogens,
measurements used to quantify partitioning are the flow
apophyses derived from the plate motion vector and
instantaneous stretching axes (stress) as obtained from active
faults or borehole break-outs (Tikoff and Teyssier, 1994). This is
not applicable in ancient orogens because all other elements
except those parallel to flow apophyses change orientation
during progressive deformation and strain accumulation.

A conspicuous feature of the CED is that almost all fabric
elements are orthogonal to the Najd trend (for details see:
Hamimi and Abd El-Wahed, 2020; Fowler and Hamimi, 2020).
Fold axes trend parallel the shear zones and extensional faults occupy
high angles to shear zones (Figure 14D). This could mean almost
complete partitioning where the shear belts accommodated almost
all of the simple shear components and coaxial fabrics evolved
outside the shear domains. However, there are arguments pointing
against such a scenario. The NFS itself is much more a broad belt
with general shear deformation with much coaxial component than
a distinct simple shear zone. Shear zone boundaries are stretched and
when the extrusion component exceeds the shear component,
horizontal shear may even reverse from sinistral to dextral.
Structural elements at a high angle to the shear zones should
rotate towards the extensional flow apophyses (al). Observed
normal faults, however, that could represent extensional bridges
between branches of shear zones, such as the Nugrus—Hafafit shear
extension system, have still high angles to the shear belt. Finally, the
NES in the CED is discontinuous and is transected by thrust belts at
high angles to the shear zones. The most prominent of these belts is
the W-E-trending Mubarak Belt with steep north- and south-
dipping thrusts. In addition to these thrusts, prevalent dextral
shear was taken as an argument to interpret the Mubarak Belt as
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a conjugate shear system to the NES (Shalaby et al., 2005; Hamimi
and Abd El-Wahed, 2020). Here we offer another explanation for the
Mubarak Belt and other high-angle shortening zones within the
CED. Transpression and lateral extrusion within the CED were
inhomogeneous in space and time; the component of NNW-SSE
lateral extrusion was high but discontinuous. This is evident from the
“*Ar/*Ar hornblende cooling ages related to the shearing and
exhumation of infrastructural domes (Fritz et al., 2002). Inner
parts of the Sibai Complex exhumed and cooled below ca. 500°C
at ca. 620 Ma. The northern Meatiq and the southern Hafafit
Complexes cooled much later, at c. 580 Ma. This implies that the
Sibai was a cold and rigid block representing a back-stop at the time
when Meatiq and Hafafit complex exhumed through N-S extrusion.
The extension was blocked by the back-stop and compressional
fabric evolved next to the stiff block.

The Cadomian Arc—Third Far-Field
Conditions

From c. 590 Ma onwards northern Gondwana destabilized and
crustal fragments drifted northwards assembling with today’s
Europe. The northward motion was accomplished through
retreat of the Cadomian arc and extension in the back of the
arc. Fragments of Cadomian crust (ca. 560 Ma) and eclogite
(560-540 Ma) are now exposed in the northern Arabian
Peninsula (Stern et al., 2016) and Anatolia (Canadan et al,,
2016). In northern Saudi Arabia and northern Egypt, signs for
slab retreat and possible mantle delamination are provided from
extensive post-orogenic magmatism (younger granites) that
concentrates in the NED (Figure 6A). The principal extension
direction was approximately NW-SE based on the trend of
590-545 Ma dyke swarm trends in the NED (for a summary,
see Abdel-Karim and Azzaz, 1995; Fowler and Hamimi, 2020).
Shortly before the onset of retreat NED and CED may have
experienced north-south shortening (Figure 15). This could
explain the west-east-trending fold trends (Fowler and
Hamimi, 2020) that post-date Hammamat sedimentation.

THE PRESENT TECTONIC MAP VERSUS
THE PREVIOUS MAPS AND
CLASSIFICATIONS

Since the establishment of the Egyptian Geological Survey and
Mining Authority (EGSMA), the geological mapping was rapidly
growing over decades producing a vast literature of published and
unpublished maps covering most of (if not all) the Egyptian
territory. However, the previously constructed maps of the ENS
suffered un-unified scale and map projection. These maps
provide geological and structural data on limited and separate
areas all over the shield. In addition, there wasn’t an attempt to
produce a tectonic map expressing such a name and subdivided
the shield into tectonic provinces with an attached
comprehensive review notes on the tectonic boundaries
between the provinces. It also lacked to relate the structural
elements that occurred within them to the major tectonic

Tectonic Map of Neoproterozoic Egypt

events that deformed the ENS as a prominent part of the
entire ANS.

The present study provides the first attempt to construct a
tectonic map for the ENS in the ED utilizing the modern
techniques of remote sensing and GIS, structural investigation,
and re-evaluation of the previously published maps. The
produced images and maps (Figures 4-7 and
Supplementary Figures S1, S2) indicate that the remote
sensing/GIS is a powerful tool in mapping lithological units
of the Neoproterozoic basement complex of the ED. Also,
remote sensing has successfully extracted detailed structural
features and kinematic indicators which are reexamined in
detail for some selected reference sites in NED, CED, and SED
(Figures 9A-H). The final image processing of Landsat-8 OLI
and DEM data is a comprehensive geological map (Figures
6A-C) with detailed lithology and structural features and a
structural map (Figure 8). This figure shows the structural
architecture of the ED is divided into three major provinces
with the tectonic boundaries, major structures, and dominated
tectonic regimes.

On the new tectonic map, the Neoproterozoic belt of the ED is
subdivided into three structural provinces; Northern, Central, and
South Eastern Deserts. These provinces are interpreted in terms of
the different far-field boundary conditions between the tectonic
plates/terranes. These boundary conditions controlled the assembly
of structures within the ED structural provinces with an overlap at
their transitions. The southern domain of the ED (SED) was
influenced by the N-S convergence between Gabgaba—Gebeit,
Jiddah—Asir terranes, and the Eastern Desert—Midyan terranes
along the Yanbo-Onib-Sol-Hamid-Gerf-Allagi-Heiani
(YOSHGAH) suture (800-620 Ma). The central domain (CED) is
the core of the belt where the Najd Fault-related structural elements
developed between c. 640 and 580 Ma. It ascribed to the Nabitah
Orogeny when the Ad Dawadimi-Ar Rayn terranes (eastern Arabian
Shield) accreted to the earlier arc-related Afif and Tathlith terranes.
In the northern segment of the ED (NED), the extensive late
orogenic magmatism and extensional fabrics were dominated and
controlled by the evolution and retreat of the Cadomian Arc
(younger than 580 Ma).

The classical subdivision of the ED into NED, CED, and SED
(Stern and Hedge, 1985; EI-Gaby et al., 1988) was focusing mainly on
the differences in lithology along with the unclear structural
boundaries between the three domains. These boundaries follow
the route of the main asphaltic roads that were suspected as major
shear zones (the Qena-Safaga and Idfu-Mersa Alam shear zones)
although they apparently do not cut through the exposed lithological
units at their vicinity. The main advantage of the new tectonic map in
the present study upon such previous classification and the previously
published maps of EGSMA and CONOCO is the integration of the
deformation regimes and flow fields (Figure 12-15) in the
subdivision of the Egyptian Shield into provinces.

In general, the proposed tectonic map will open the door to a
serious challenge to modify and even discard some old models
and classifications on the ENS and help the better understanding
of the lithologic units and affected structures. It will also allow to
follow effective methods and approaches for re-evaluating the
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local structures and tectonic setting in terms of the given far-field
boundary conditions, tectonic regimes, and intraplate flow fields.

CONCLUDING REMARKS

The results obtained from the present study can be summarized
as follows:

- A new tectonic map has been developed based on intensive
field/structural work, which is integrated with processing
and analysis of the optical sensors using remote sensing
techniques, and careful re-examination of the previously
published geological maps and literature.

- ENS is subdivided into three structural provinces;
compressional-,  transpressional- and  extensional-
provinces. The proposed provinces are ascribed to three
different far-field boundary conditions.

- The first kinematic event (between c. 800 and 620 Ma) was
released by the c. N-S convergence of Gabgaba—Gebeit,
Jiddah—Asir terranes and Eastern Desert—Midyan terranes
along the YOSHGAH suture. Several lines of evidence illustrate
such convergence, the prevailing compressional regime in the
vicinity of the Allagi-Heini belt and the extreme SED in Egypt.

- The second kinematic event (between c. 640 and 580 Ma)
was released by the Nabitah Orogeny when the Ad
Dawadimi—Ar Rayan terranes of the Eastern Arabian
Shield accreted to the earlier consolidated arc terranes
(Afif and Tathlith terranes).

- W-E shortening in southern Saudi Arabia may be correlated
to the N-S trending of the Hamisana Shear Belt.

- Northwestern Saudi Arabia and the CED of Egypt suffer
from pronounced strike-slip deformation associated with
the displacement along the wider NFS.

- The third kinematic event (younger than c. 580 Ma) was
released by the evolution and retreat of the Cadomian Arc.
The main effects of this event are remarkable extension,
mantle delamination-related widespread postorogenic
magmatism, associated crustal thinning, and E-W
trending dyke swarms. It is well represented in the
northern sectors of the ENS and the Midyan terrane in
the northern Arabian Shield.

- The classical tripartite subdivision of the ED geology into
NED, CED, and SED is related to the external far-field
boundary conditions instead of the activity of cryptic fault
systems that were proposed but have not been proven.
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Saudi Arabia is seeking fresh groundwater resources to face the increase in anthropogenic
activities. The groundwater storage variations and occurrence were investigated and the
surface and subsurface structures influencing the groundwater resources in the research
area were defined using a combined study of Gravity Recovery and Climate Experiment,
aeromagnetic data, and electrical resistivity data with other relevant datasets. Results are:
The groundwater storage fluctuation is calculated at —0.34 + 0.01 mm/yr during the period
04/2002-12/2021. The area is receiving an average annual rainfall rate of 117.6 mm during
the period 2002 to 2019. Three structural trends, defined in the directions of NS, NNW,
and NNE are cutting the sedimentary cover and the basement rocks. The sedimentary
cover ranges from O to 1.2 km thick. Vertical electrical sounding results indicate three main
geoelectric layers: the surface geoelectrical layer of higher resistivity values (428-9626 Q.
m) is made up of unconsolidated Quaternary sediments; the water-bearing layer of
saturated sands with a resistivity range between 5.1 and 153 Q. m and with depths
vary from 1 to 94 m, and highly fractured basement rocks with resistivity values ranging
from 813 to 6030 Q. m. The integrated results are useful in providing a comprehensive
image of the study area’s surface and subsurface structures, as well as groundwater
potential in the southwestern part of Saudi Arabia. Our integrated approach provides a
reproducible model for assessing groundwater potential in arid and semiarid areas.

Keywords: gravity data, magnetic data, vertical electrical soundings, satellite data, structural trends, groundwater,
saudi arabia

INTRODUCTION

Saudi Arabia is the largest arid country in the Middle East, with an area of 2.24 x 10°km? in the
Arabian Peninsula. Saudi Arabia is an arid country with limited water resources. Due to the
increasing demand and unreliable sources of surface water, about 75-85% of water supplies come
from groundwater, which is essentially classified as a fossil water resource. Minor natural recharge
might occur in the mountainous areas. Therefore, investigating groundwater occurrence plays an
important role in the country.

The launch of the Gravity Recovery and Climate Experiment (GRACE) mission opened up new
possibilities for monitoring and estimating the terrestrial component of the hydrological cycle, which
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FIGURE 1 | (A) the Location map of the study area, and (B) its geology.

includes groundwater resources (Tapley et al., 2004). GRACE
anomalies in terrestrial water storage (TWS) are widely employed
in hydrological applications ranging from regional to global scales
(e.g., Wouters et al., 2014; Frappart et al,, 2019). In recent years,
several studies were carried out to assess the hydrological settings
and components of major basins and large aquifers. For instance,
GRACE and Global Land Data Assimilation System (GLDAS)
data, with other observed data were used to differentiate the
Mississippi  River basin’s water budget and came up with
respectable results (Yeh et al., 1998; Yeh et al, 2006; Rodell
et al., 2007). Furthermore, some studies in the Arab world have
combined GRACE with other relevant information to quantify
groundwater storage variability and estimate aquifer recharge and
depletion rates (Mohamed et al., 2014; Mohamed et al., 2015;
Fallatah et al., 2017; Mohamed et al., 2017; Fallatah et al., 2019;
Mohamed, 2019; Mohamed, 2020a; Mohamed, 2020b; Mohamed,
2020c; Mohamed et al., 2021; Mohamed and Gongalves, 2021;

Taha et al., 2021; Mohamed et al., 2022b). GRACE can be used to
fill the blanks in hydrologically monitoring data (Famiglietti et al.,
2011).

It offers global monthly fluctuations in terrestrial water storage
(ATWS) (Wahr et al., 2004; Syed et al., 2008). GRACE data has a
low horizontal resolution, and there is no vertical resolution for
GRACE data, which makes this use difficult (e.g., Ahmed et al.,
2016). GRACE is unable to distinguish between contributions
from TWS’s multiple compartments (for example, surface water,
groundwater, and soil moisture). The combination of land surface
model outputs with GRACE data is now allowing individual
elements from GRACE-derived TWS estimates to be extracted
and the data’s horizontal resolution to be improved.

The magnetic method has been widely applied for delineation
of the structural trends of the subsurface structures and
estimating the depth of the basement crystalline rocks in
many regions (Al-Garni, 2004a; Al-Garni, 2004b; Al-Garni
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et al,, 2005; Al-Garni et al,, 2006; Sultan et al.,, 2009; Al-Garni, ~ among the surface geophysical methods utilized in

2010). The aeromagnetic data is integrated with remote sensing
data to investigate groundwater resources (Meneisy and Al Deep,
2020; Mohamed and Ella, 2021). Bakheit et al. (2013) used
airborne magnetic data to trace and analyze structural trends
to locate the position of tectonic lines and subsurface structures.
Eldosouky et al. (2022a) used the analytical signal and the
horizontal gradient magnitude to map the structures of Gabal
Shilman area. Saada et al. (2022) have applied the regional-
residual separation, tilt derivative, and spectral analysis
techniques to better understanding the structural features for
the east of the Qattara depression area using magnetic and gravity
data. Ranganai and Ebinger (2008) assessed the regional
groundwater resources using an integrated approach of
Landsat images with aeromagnetic data at south-central
Zimbabwe Craton.

Separating the deep from the shallow sources of potential field
anomalies and recognizing their edges are crucial in geophysics
(Eldosouky, 2019; Pham et al., 2021a; Eldosouky and Mohamed,
2021; Eldosouky et al., 2022d). As a result, edge detection is an
important analysis direction in pattern recognition for mapping
structures, geologic contacts, and ore deposits (Orug, 2011;
Arisoy and Dikmen, 2013; Ibraheem et al, 2018; Eldosouky
et al,, 2020; Eldosouky and Saada, 2020; Pham et al, 2020;
Pham et al, 2021a; Saada et al, 2021a; Pham et al, 2021b;
Saada et al, 2021b; Pham et al, 2021c; Pham et al, 2021d;
Eldosouky et al., 2021; Eldosouky et al.,, 2021; Melouah et al.,
2021; Eldosouky et al., 2022a; Eldosouky et al., 2022b; Eldosouky
et al., 2022¢; Sehsah and Eldosouky, 2022).

The geoelectrical resistivity, electromagnetic, seismic
refractive, gravity, magnetic, and radioactivity techniques are

groundwater study. Overburden thickness, aquiferous zones,
bedrock architecture, and topography can all be estimated
using these methods (Adagunodo et al., 2014; Joel et al., 2016;
Adagunodo et al., 2017; Oyeyemi et al., 2017; Adagunodo et al.,
2018). The current research is based on the use of electrical
resistivity as a geophysical tool for groundwater exploration that
is considered the most promising and appropriate technology for
groundwater exploration and aids in the identification of the
appropriate place for groundwater investigation.

The electrical resistivity method was widely used for issues
associated with groundwater exploration (Mousa, 2003; Hosny
et al,, 2005; Nigm et al., 2008; Mohamaden et al., 2009) in
different media by detecting the surface effects produced by
the flow of electric current inside the earth and correlation
between the electrical properties of geological formations and
their fluid content. The aquifer material, pore space volume, fluid
quantity, and salinity level all have an impact on electrical
resistivity values. Moreover, the water-bearing formations’
geometry has been assessed. (Robain et al., 1995; Robain et al,,
1996). This electrical resistivity method was employed to identify
the saline-freshwater interface zone (Yechieli, 2000; Choudhury
et al,, 2001), water-related parameters (Kosinski and Kelly, 1981;
Frohlich and Kelly, 1988; Troisi et al., 2000) and water quantity
(Kessels et al., 1985). Furthermore, contaminated groundwater
zones influence the electrical resistivity approach (Karlik and
Kaya, 2001). The resistivity technique has been effectively utilized
to determine the formations’ thickness and groundwater
potential (Raju and Reddy, 1998) and to study the
groundwater potential and the aquifer system of fractured
hard rocks (Chandra et al,, 2012; Ologe et al., 2014; Al Deep
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et al,, 2021). It has also been combined with borehole data to  environments, geoelectrical resistivity techniques have been
estimate geohydraulic parameters from Abi’s fractured shalesand ~ widely used to delineae shallow subsurface lineamnets and
sandstone aquifers (Ebong et al, 2014). In hard rock fractures (Ebong et al., 2014; Almadani et al,, 2019) and faults
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(Suzuki et al., 2000; Fazzito et al., 2009), which are the targets of
groundwater investigation (Titus et al., 2009). Ebong et al. (2021)
have applied vertical electrical sounding (VES) and electrical
resistivity tomography techniques to evaluate the geological
features and groundwater potential of the Obudu basement
complex in southeastern Nigeria. Because of its availability,
simplicity, and developments in computer software and other
inversion approaches, VES is the most often used groundwater
prospecting technique (Kana et al., 2015).

Morsy and Othman (2021) have applied an integrated
approach of electrical resistivity and ground-penetrating radar
with topographic data to evaluate the groundwater potential
zones in the southwestern part of Makkah city. Their results
show that the groundwater accumulation is localized in faulted-
bounded depressions and wadis. Sharaf (2011) has integrated the
resistivity and seismic measurements with test holes drilled in the
As Sugah area, Makkah ditrcit. His findings demonstrate that
groundwater is found mostly in two water-bearing zones: alluvial
deposits and the Haddat Ash Sham and Ash Shumaysi
formations’ clastic sedimentary rocks. Taha et al. (2021) used
gravity and electrical resistivity data to investigate the
groundwater resources of wadi Sar in Hijaz mountains on a
regional and local scale. Their findings reveal a general downward
trend in groundwater storage variation computed at —2.00 +
0.34 mm/yr from 04/2002 to 07/2017, as well as the presence of a

water-bearing layer with low resistivity and variable thickness in
fractured basement rocks of Wadi Sar. Despite the fact that
similar studies may be conducted in various locations in Saudi
Arabia’s southwest, no previous studies using our proposed
geophysical methodologies have been conducted for the entire
study area, which is located between longitudes 41.91° and 45.61°
and latitudes 17.26° and 19.12".

Other satellite and airborne geophysical field datasets have
been utilized to explore crustal features at the continental scale
(Mohamed and Al Deep, 2021), the geometry of the magma
chamber and heat flow (Mohamed et al., 2022a), and land
subsidence caused by heavy groundwater withdrawal (Othman,
2019; Othman and Abotalib, 2019).

GRACE and GRACE Follow-On (GRACE-FO) solutions
are used in conjunction with other climatic data to track
spatial and temporal changes in water storage as a result of
climate change and/or anthropogenic activities. The study
also aims to investigate the groundwater potential of the
study area using airborne magnetic data and electrical
resistivity technique. Magnetic data was used to identify
structural features and map the depth to underlying
crystalline rocks that affect groundwater in the study area,
whereas the shallow electrical survey was carried out to
investigate the depth of the groundwater and the
subsurface geology in the study area.
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FIGURE 5 | Color-coded ATWS trend during the period 04/2002-12/
2021from averaging of the CSR-M data.

GEOLOGICAL AND HYDROGEOLOGICAL
SETTING

According to Greenwood et al. (1982), there are two primary
subdivisions of layered rocks on the southern Arabian Shield
south of latitude 22° N. An older ensimatic-arc complex and a
younger marginal-arc complex are involved. Greywacke and
mafic to intermediate volcanic rocks of the essentially
contemporaneous Baish, Bahah, and Jidah groups make up the
older arc complex. The younger arc complex is ensimatic in
nature and partly superimposed over the older arc complex. The
Halaban group, which was located to the east and northeast of the
older ensimatic-arc complex, formed part of the younger arc
group’s ensimatic portion. The Ablah, Samran, and maybe Arafat
groups reflect the superimposed parts of the younger arc
complex. The Halaban group consists of andesitic and dacitic
volcanic rocks as well as related clastic sedimentary rocks.

Based on the distribution of layered rock units of various ages
and the orientation of overlying structural features, a number of
N to NE-trending belts were delineated in the southern part of the
Arabian Shield. Major fault zones run the length of these belts,
defining their limits. The majority of these boundary faults go
north and dip severely. Folds and other lineations in and around
them frequently plunge down dip, both shallowly and steeply.
Many of these faults are folded in random locations along their
strike (Greenwood et al., 1982).

Our study region is located in the southwestern part of
Saudi Arabia (Figure 1A). Its geology is shown in Figure 1B.
The study region’s exposed basement rocks are made up of
two separate units: Khamis Mushayt Gneiss and pegmatites.
The Khamis Mushayt Gneiss rocks, which include banded
orthogneiss, migmatite with little paragneiss, and
amphibolite, are the major basement unit in the area.
There are various aplite and pegmatite dikes in this unit.
Quartz, orthoclase, plagioclase, and biotite make up the
pegmatite unit. Flat-lying Cambrian-Ordovician sandstones
and spatially variable alluvial deposits of pebbles, gravels,
sands, and clays overlay these two basement layers in some

Geophysical Application to Groundwater Investigation

locations. In the western part of the area, the old Wajid
Sandstone rocks appear. After the end of late Proterozoic
igneous activity, the Cambrian-Ordovician Wajid Sandstone
rocks were deposited.

According to field research, the majority of the aquifer in the
researched area is made up of cracked and jointed hard rocks,
which are then refilled by precipitation via infiltration. Shallow
aquifers with varied porosity and permeability are formed by
cracked and jointed hard rocks, affecting the aquifer storage
coefficient. Groundwater flow is reduced by fine sediments
deposited in joints, cracks, and faults in hard rocks, allowing
runoff loss and aquifer recharging. By digging the rocks below,
the water from these aquifers is pumped through the drilled wells
(Khan, et al., 2022).

MATERIALS AND METHODS
GRACE/FO Data

GRACE is a pair of satellites that measure changes in the Earth’s
gravitational field in both spatial and temporal variations. It was
launched in 2002 as a collaborative US-German project (Tapley
et al., 2004). Changes in water content are the primary cause of
changes in the Earth’s gravity field. There are two sources of the
GRACE/FO datasets, represented by the spherical harmonic and
mass concentration solutions (mascon). In this study, the mascon
products were used in the current study. With improved spatial
resolution and minimal inaccuracy, these mascons capture all of
the signals detected by GRACE within the GRACE noise limits.
Smoothing filtering and/or Spectral de-striping are not required
with the mascon solutions. Furthermore, there is no need for a
scaling technique for the CSR-M. CSR-M (Save et al., 2016; Save,
20205 released from the Center for Space Research; http://www2.
csr.utexas.edu/grace/), and JPL-M (Watkins et al., 2015; Wiese
etal.,, 2016, Wiese et al., 2018; Landerer et al., 2020; released from
the Jet Propulsion Laboratory; http://grace.jpl.nasa.gov), two
versions of GRACE/FO mascon solutions, are used to calculate
the ATWS that are available from april 2002 to June 2017 for
GARCE and from June 2018 to December 2021 for GRCE/FO.
Monthly gravity field fluctuations provided by the JPL-M data are
of release 06, and with 0.5 ° x 0.5 ° grids (Watkins et al., 2015;
Wiese, et al., 2016; Wiese, et al., 2018; Landerer et al., 2020). A
subset of these JPL mascons crosses coasts and includes signals
from both land and sea mass changes. As a post-processing step,
the Coastal Resolution Improvement filter was used for the entire
mascon solution to detect land and ocean mass from individual
mascons that cross coastlines (Watkins et al., 2015). Therefore,
the scaling factor must apply to the JPL-M to recover the leakage
signals. In comparison to the RLO5 version, the CSR mascon
products of release 06, and with 0.25 ° x 0.5 ° grids (Save et al.,
20165 Save 2020) use a freshly designed grid. The hexagonal tiles
that cover the shoreline in this new grid are split into two tiles
along the coast to reduce signal loss between land and sea. The
cubic-spine approach was used to interpolate the missing
monthly data. The time series and secular trends of TWS and
groundwater storage variations (GWS) were constructed using
the two potential solutions, and the TWS trend was produced.
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FIGURE 6 | ATWS from JPL-M and CSR-M mascon products across the study area, as well as their averaging (Avg-TWS) during the investigated time.

TABLE 1 | TWS components calculated by GRACE and GLDAS.

Period | (02/2004-12/2006)

Period Il (01/2007-12/2015)

Period Il (01/2016-12/2021)

Component Entire Time Period

GRAGCE total (ATWS) (cm/yr)  CSR-M -0.30 + 0.02 -0.06 + 0.13 -0.26 + 0.04 -0.90 + 0.14
JPL-M -0.38 + 0.01 -0.12 £ 0.08 -0.37 £ 0.03 -0.44 + 0.09
AVG -0.34 £ 0.0.1 -0.09 + 0.09 -0.31 £ 0.03 -0.67 + 0.09

ASMS (mm/yr) +0.08 + 0.02 +0.12 £ 0.19 +0.04 + 0.04 -0.18 £ 0.14

AGWS (cm/yr) p value -0.34 + 0.01 <0.0001 -0.10 =+ 0.08 -0.32 + 0.03 <0.0001 -0.66 + 0.09 <0.0001

AAR (mm) 117.6 124.8 97.4 161.3

Mascon products CSR-M, and JPL-M; GWS: groundwater storage change; SMS: soil moisture change; Annual Average Rainfall is abbreviated as AAR.
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FIGURE 7 | Time series and averaging of AGWS from JPL-M and CSR-M mascon products across the study area over the investigated time.

GLDAS, TRMM, and SRTM Data

GLDAS is an observational data assimilation system with satellite
and ground-based components. It produces optimal fields of land
surface states and fluxes using advanced land surface modelling

and data assimilation techniques. For soil moisture storage
(ASMS), outputs of GLDAS (Rodell et al., 2004; https://disc.
gsfc.nasa.gov/datasets) are employed. In this work, the
averaging of three GLDAS versions (CLSM, VIC and NOAH)
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FIGURE 8 | Stream networks were extracted from SRTM 90 over the
study area.

was used. To calculate the AGWS, the ASMS changes are
subtracted from the ATWS using Eq 1

ATWS= AGWS+ASMS (1)

The Tropical Rainfall Measuring Mission (TRMM; https://
disc.gsfc.nasa.gov/datasets) is a collaborative space mission
designed to monitor and analyze tropical rainfall (Kummerow,
1998). TRMM and Shuttle radar topography mission (SRTM)
data are used. The monthly TRMM data, covering the January
2002-December 2019 period with a spatial resolution of 0.25° x 0.
25°, are used to create the average annual rainfall (AAR) and to
generate the monthly rainfall time series and the AAR rate over
the study area. A Digital Elevation Model (DEM) was created
using SRTM data with a 90 m resolution that was used for the
delineation of the stream networks in the area. Landsat eight
datasets were used to extract the surface lineaments affecting
the area.

Aeromagnetic Data

The total magnetic intensity (TMI) map used in the current study
was provided from the Saudi Geological Survey. The TMI map was
subjected to different filtering techniques such as the reduction to
the pole, tilt derivative, and analytical signal. These filters were used
to enhance the image’s signal intensity, evaluate the magnetic
anomalies qualitatively, and calculate the depth to the magnetic
sources. The Geosoft program (Geosoft oasis montaje, V.8.2.4,
2015) was used to handle and analyze the aeromagnetic data.
Figure 2 shows the reduced-to-pole (RTP) magnetic map.

The RTP filter is used to eliminate the skewness of magnetic
anomalies induced by non-vertical magnetization directions. The
RTP anomalies’ maxima are directly over the causal bodies, making
explanations easier (Lu et al., 2003). The TMI data were corrected
for the RTP in this investigation using the Oasis Montaj Fourier
transformation approach (Geosoft oasis montaje, V.8.2.4, 2015).
The parameters of the International Geomagnetic Reference Field
(IGRF) are as follows: The total magnetic field intensity was
39,582 nT, and the inclination and declination were 25.5 and
1.6, respectively. These characteristics were utilized to produce
the RTP map (Figure 2) from the TMI field.

Geophysical Application to Groundwater Investigation

The magnetic anomalies’ edges and locations were sharpened
using the Tilt angle (TDR) derivative (Mushayandebvu et al.,
2001). It is applicable in mapping mineral investigations and
shallow basement structures (Geosoft oasis montaje, V.8.2.4,
2015). It was defined by Miller and Singh (1994), as the ratio
of a vertical to a combined horizontal derivative as in Eq.2:

TDR = tan' [ (3f/0z)/sqrt[ (9f/0x)" + (2f/0y)’]] ()

The potential field is represented by f, and the vertical
derivative of the field is (8f/dz). The tilt angle is positive
when above the source, at the edge where the vertical
derivative is zero and the horizontal derivative is a maximum,
and negative when beyond the source region. The tilt angle can be
used to trace the pattern of the edges because it produces a zero
value over the source edges (Miller and Singh, 1994). The tilt
amplitudes are in the range of -n/2 to +m/2.

To detect the borders of the magnetic structures, the total
horizontal derivative (THDR) technique was used extensively
(Pilkington and Keating, 2004; Cowan et al, 2005; Cooper,
2009). It calculates the potential field’s rate of change in
horizontal directions (Cordell, 1979). The faulted boundaries
may have high gradient zones, which can be identified using
horizontal derivative maps. The horizontal gradient approach
has the advantage of being less vulnerable to data noise because
it only involves the computation of the field’s two first-order
horizontal derivatives (Phillips, 1998). The horizontal gradient’s
amplitude (Cordell and Grauch, 1985) is represented as :

THDR = sqrt| (3f/9x)’ + (3f/0y)’] 3)

The horizontal derivatives of the field in the x and y directions
are (0f/0x) and (0f/dy), respectively. When applied to field
observations, TDR and THDR (Figure 3) both operate as an
automatic gain control filter.

To detect the magnetic and gravity source edges, Pham et al.
(2020) designed a new edge detection filter. The real part (R) of an
arcsine function (asin) of the ratio of the vertical gradient to the
total gradient of the amplitude of the field’s horizontal gradient is
used to create the new Enhanced Horizontal Gradient Amplitude
(EHGA) filter. They tested its usefulness in defining source edges
using synthetic and real data, and compared the results to those
produced by other methods. Edges produced by the filter are more
accurate and have a higher resolution. Eq 4 gives the EGHA edge
detector:

_ HGA,
EHGA = R|asin| k -1]+1
\/HGAi +HGA?, + HGA?
4)

Where HGA is the potential field’s entire horizontal gradient
amplitude. HGA,, HGA,, and HGA, are the x, y, and z gradients
of the HGA. K is a positive number decided by the interpreter.

Geoelectrical Data
On the local scale, the use of geophysical techniques for
groundwater investigation has increased considerably during
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FIGURE 9 | (A) Landsat images with extracted surface lineaments, and (B) a rose diagram with the major structural patterns.
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the previous decade due to the high advances and developments
in electronic technology and numerical modeling solutions
(Metwaly et al, 2009; Ndlovu et al., 2010). The electrical
resistivity is a common method for groundwater exploration
due to its low cost, simple operation, and efficiency.

Electrical resistivities of subsurface materials can be measured
using geoelectrical techniques. These measurements provide
information on underlying geoelectrical layers, structures, and
groundwater occurrence (Van Overmeeren, 1989; Dahlin et al,
1999a; Muchingami et al., 2012). Archie’s Law (Archie, 1942)
describes the occurrence of fluid in the fluid-bearing formations
and suggests that the resistance decreases with increased water
content according to an inverse power law as follows:

p, = apfe™ (5)

Where p, is the fully saturated rock’s resistivity, ps is the water
filling the pores’ resistivity, ¢ is the porosity, and a and m are
empirical parameters (Keller and Frischknecht, 1966).

The cementation exponent is defined by the m parameter,
which has values ranging from one to 5. (Glover, 2010).
Regarding the soil moisture content, Grellier et al. (2005)
demonstrated that Archie’s law can be reduced to Eq 6:

p, = apfo ™ (6)

Where 6, is the medium’s gravimetric moisture content, and a is
a quantity that includes the medium’s bulk density, as in Eq 7:
M

0=— 7

5 )

Passing an electrical current (I) between two metallic electrodes

and measuring the potential difference (V) between them is the

electrical resistivity method. The apparent resistivity is calculated
using the following equation (p,, Eq 8) (Dahlin, 2001):

p, = KAV/I (8)

K, a geometrical factor, depends only on the position of the
electrodes.
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Twelve vertical electrical resistivity soundings (VESes), with The IP2WIN (2005) application was used to process the
current electrode (AB) separation, ranging between 200 and  VESes. The experimental data curve has been divided into
500 m, were conducted along eight profiles (Figure 2) using a  smaller curves. Each one is a geoelectrical unit with a known
Schlumberger array. The apparent resistivity value depends on  resistivity 0.m) and thickness (m), and it could represent a
the geometrical configuration of the electrode array, as defined by ~ geologic layer with different physical attributes than the layers
the geometric factor. above and below it.
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FIGURE 11 | The 2D inverted magnetic models.

RESULTS

The results of the processed TRMM data are shown in Figure 4.
Analyses of the rainfall data show a general positive AAR trend
over the study area estimated at 117.6 mm/yr. The results of the
spatial distribution of the secular trend in GRACE-derived ATWS
data and the monthly ATWS time series over the study area are

shown in Figures 5, 6. Both the ATWS and AGWS from the two
mascon datasets show a negative trend estimated at —0.34 +
0.01 cm/yr over the entire period. The RTP, TDR, THDR, and
EHGA maps are shown in Figures 2, 3. These maps show that the
study area is affected by subsurface structural trends in the
directions of NS, NNW, and NNE. The ground surface relief
is forming streams (Figure 8) taking the surface water away
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FIGURE 12 | The VES inverted models.

towards the E, N, and W. The surface structures were extracted
from the Landsat images (Figure 9). Surface and subsurface main
trends in the direction of NNW are delineated from the Landsat
images (Figure 9) and the RTP map (Figure 10), respectively.
The subsurface geology is represented by two layers (Figure 11)
of different magnetic susceptibility values reflecting the top
sedimentary cover and the lower basement crystalline rocks.
The inversion of the resistivity data resulted in three
geoelectrical layers (Figure 12) with varied physical attributes.
Higher resistant unconsolidated Quaternary sediments make up
the first geolectrical layer, low resistant sands saturated with water
make up the second layer, and low to high resistant fractuted and/
or massive basement rocks make up the third one (Table 2).

DISCUSSION

In this work, we used a combined method using GRACE satellite
data with other airborne and ground-based geophysical data to
investigate the groundwater potentialities of the southwestern

part of Saudi Arabia. The monthly rainfall rate (Figure 4A) is
higher in the March to September months and lower in the
October to February months. The coastline region had a higher
AAR rate of about 300 mm, whilst the eastern parts had lower
values of up to 50 mm (Figure 4B). The AAR time series
(Figure 4C) shows a generally positive trend with the AAR of
117.6 mm throughout the period 2002-2019. The AAR rate is one
of the most important characteristics of a region’s climate, as well
as its associated ecosystem types and habitats. The amount of
rainfall a region receives has an impact on stream density, water
availability, land cover type, and agricultural output. Based on the
linear regression analysis of the AAR; three time periods are
distinguished (Figure 4C). Period I (2002-2006) shows an AAR
of 124.8 mm/yr; Period II (2007-2015) shows a minimal AAR of
97.4 mm/yr; Period III (2016-2019) shows the highest AAR of
161.3 mm/yr. Period II is consistent with the onset of the 2007
drought and the dry climatic conditions that affected the Middle
East area (Trigo et al., 2010). As a result, the region has suffered
from water scarcity and limited water resources since the
beginning of that drought (Wolf and Newton 2007; IRIN
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FIGURE 12 | (Continued).

2010; Voss et al., 2013; Mohamed, 2020b). However, the higher
AAR rate during Period III indicates that the study area is
receiving a substantial precipitation rate.

The research area had an overall negative TWS trend over the
entire period (04/2002-12/2021), as shown in Figure 5. The
southwestern part of the research area has a little positive TWS
rate (+0.08 cm/yr), but the northeastern part has a negative
TWS rate (0.5 cm/yr). Figure 6 shows the monthly time series
of TWS fluctuations from the two mascon products, as well as
their mean. Witnessing of this figure shows a general depletion
in ATWS rate estimated at —0.30 + 0.02, —0.38 + 0.01, and
-0.34 £ 0.01 cm/yr from the CSR-M, JPL-M, and their mean,
respectively during the entire period. The ATWS time series has
three trends throughout the entire study period based on the
linear regression analysis of the average (Figure 6). Period I
shows a slightly negative trend, calculated at —0.09 + 0.09 cm/yr
(Table 1). A negative TWS Atrend is estimated at —0.31 +
0.03 cm/yr for Period II, whereas Period III shows a highly
negative trend, calculated at —0.67 = 0.09 cm/yr.

The GLDAS-derived ASMS for Periods I, II, III, and the entire
period are +0.12 + 0.19, +0.04 + 0.04, —0.18 + 0.14 and +0.03 +
0.02 mm/yr, respectively assuming that large crystalline rocks occupy
the majority of the surface area. To estimate the fluctuations in the
AGWS (Figure 7), the non-groundwater component, represented by
the ASMS, was subtracted from the ATWS. During Periods I, II, III,
and the entire period, average depletion rates of —0.10 + 0.08, —0.32 +
0.03, —0.66 + 0.09 and —0.34 + 0.01 cm/yr were obtained for the
AGWS trend values, respectively. The ATWS and AGWS trends
both follow the same pattern.

Inspection of Figure 4C indicates that there is a general
increase in the AAP rate during Period III; however, the
highest AGWS depletion rate (Figure 7) is observed in that
Period. This is largely attributed to the drainage pattern and
the surface material of the study area. Inspection of Figure 8
shows the stream networks overlay the DEM. It shows higher
relief of about 2000-2900 m in the Mountainous area close to the
Red Sea coastal area. It decreases north and eastward to low values
of about 1,000 m in its eastern part. It shows a steep slope toward
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FIGURE 12 | The VES inverted models.

the west at the coastal area. Surface water that may be formed
from the substantial rainfall is being drained away from these
stream networks toward the east and north. The rest of the surface
water drains into the Red Sea’s coastline area. This may explain
the negative trend in AGWS over the study area. Moreover, the
eastern and central parts of the area are occupied by massive
crystalline rocks that help the surface water drain away north and
eastwards. Part of the surface water is drained toward the coastal
area which shows a positive TWS value (Figure 5).

Witnessing Figure 2 shows that the magnetic intensity values
vary from —1,377 to +524 nT. The lithological changes, basement
relief, and/or faulting and folding may be the cause of the
variations in the magnetic intensity values. Lower and higher
magnetic anomalies are almost arranged in N-S and NNW
directions. The enhanced edges of linear features in the TDR
map (Figure 3A) could be attributable to deep and shallow
magnetic sources (Miller and Singh, 1994). The most
important advantage of the TDR is its zero contour line that
suggests the locations of the subsurface structures caused by sharp

changes. The magnetic anomalies are practically aligned in
definite orientations, generating structural trends in the NS,
NNW, and NNE directions, as seen in the TDR map (Figure
3A) and its zero contour line. The edges of the maxima are well-
defined in the THDR map (Figure 3B), assuming that amplitude
enhancement is preserved. It calculates the potential field’s rate of
change in horizontal directions. The structural trend in the NS
direction can be detected from the magnetic anomalies that are
oriented in a slightly NS direction, according to the THDR
(Figure 3B). The EHGA map (Figure 3C) reveals that the
structural trends are almost in the NS direction, with higher
resolution and sharper responses over the edges of the study
area’s magnetic sources.

The surface geologic features (lineaments) of the study area
were mapped using Landsat eight images (Figure 9A). The
extraction of these lineaments from remote sensing data can
be done through automatic extraction (Anwar et al., 2013; Rayan,
2013). Several computer-assisted lineament extraction methods
have been proposed. The majority of the methods rely on edge
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TABLE 2 | The resistivity (Q.m) and depth (m) values for the various inverted geoelectrical layers.

Project Profile No VES Elevation (m) Layer 1 (Weathered rocks) Layer 2 (Water-Bearing Layer 3 (Hard Rocks)
Unit)

Depth (m) Rho (Q m)< Depth (m) Rho (Q m) Depth (m) Rho (Q m)<
bish-4 P1 V2 64.6 0:1 766 11:122 11-28 >122 30
bish-5 P1 V1 65 0:14 434 14121 10 >121 20
Edaby-2 P2 V7 367.5 0:4.5 2133 4.5:12.5 20 >12.5 5,627
Edaby-2 P2 V8 365.2 0:5 1955 5:15 20 >15 5,511
Race 1 P2 V4 1,101 0:25 990 25:58 9 >58 5,434
Race 4 P2 V3 525.6 0:11.5 428 11.5:23 138 23 1,388
Najran 48 P3 Vit 1812 0: 94 467 94:168 1.5 >168 6125
Najran 37 P4 V4 1,325.5 0:4 9626 4:22 163 >22 813
Najran 12 P5 V5 1,278.1 0:2 140 2:20.5 53 >20 2779
Najran 4 P6 \al 1,246 0:55 2619 5.5:27 19 >27 5,523
Najran 6 P6 V1 1,303.7 0:15 828 15:103 56 >103 4,738
Najran 10 P6 V3 1,190 0:1 1,693 1:24 69 >24 814
Najran 9 P6 V3 1,182 0:8 183 8:60 52 >60 6030
Najran 8 pP7 V3 1,262 0:18 756 18:78 36 >78 3,738
Najran 8 pP7 V5 1,271 0:37 606 37:70 16 >74 1,442
filtering. The PCI Geomatica’s LINE module is the most  susceptibility, topography, depth, and magnetization of

extensively used software for automatic lineament extraction.
The predominant trend derived from the analysis of geological
lineaments is in the NNW direction (Figure 9B). The subsurface
trends of fault lines were also analyzed using the trend analysis
technique according to their lengths, abundance, and magnitude
concerning the azimuth. The magnetic structures have a
significant relation with the intensity, direction, and geometry
of the magnetic anomaly trends (Hall, 1964). Subsurface tectonics
are delineated using magnetic trend patterns (Affleck, 1963). The
trend analysis technique was applied to delineate the subsurface
trends controlling the groundwater flow pathways in the area.
The trend analysis shows that the main structural trends are in
NNW, NNE, and NE directions (Figure 10). Minor trends are
represented in the NS direction. The lineaments could also be
interpreted as the edges of geological bodies and directions of
structures. The integration of the delineated surface and
subsurface structural trends may indicate the continuity of the
NNW trend within the basement rocks and the overlying
sedimentary deposits. This leads to a connection between the
shallow Quaternary and the deeply fractured basement rocks
aquifers that may feed the deeper aquifer. The subsurface
structural trend and related fractures, on the other hand, are
draining groundwater and recharging water away to the north,
west, and east. This causes also a depletion in the groundwater
storage of the study area, as estimated from the GRACE data at
-0.34 + 0.0l mm/yr during the period 04/2002-12/2021.
However, groundwater can be accumulated at the intersection
zones of the faults.

The underlying geology was investigated and the thickness of
the sediments overlying the crystalline basement rocks was
estimated using 2D modeling of magnetic data along profiles.
To create 2D models from magnetic data, we used the Geosoft
GM-SYS software package. We can optimize the model using the
GM-SYS inversion option. Modeling programs require adequate
initial estimations of model parameters such as body form,

suspected sources to minimise errors of non-unique solution
between observed and calculated magnetic fields. The profiles’
models are illustrated in Figure 11. The geological succession is
mostly represented by two rock types, according to these models:
(a) the upper sedimentary layer that is composed of Quaternary
and/or Paleozoic sediments, and (b) the lower Pre-Cambrian
crystalline rocks that are composed of granitic and metamorphic
rocks. A two-layer model was applied in the modeling, given that
the Quaternary cover is the non-magnetized layer, and the
basement is the magnetized layer. The magnetic susceptibility
values of 0.00001-0.0005 CGS and 0.001-0.038 CGS units were
chosen for the non-magnetized sedimentary and the more
magnetized basement rocks, respectively. The thickness of the
Quaternary sediments shows wide variations, it varies from 0 to
~1.2 km in the study area. The fewer thickness of the sedimentary
cover in that area is suggesting the presence of lower groundwater
potential in the upper sedimentary aquifer.

Three geoelectrical units (Figure 12; Table 2) of known
resistivity and thickness values are recognized, which may
reflect geologic layers of physical properties that differ from
those located above and below. The details of the geoelectrical
units are described in the following: The surface geoelectrical
layer has different resistivity and thickness values varying from
one place to another. The resistivity values of the first layer are
varying from 428 () m at V3 (Race 4) to 9626 Q) m at V4 (Najran
37), whereas the thickness values are varying from 1 m at VES V1
(bish-4) and VES Vt (Najran 10) to about 94 m at VES 3 (Najran
48). The second geoelectrical layer represents the water-bearing
unit in the study area. This layer has resistivity values varying
from 5.1 Q m at V1 (bish-4) to 153 Q m at V4 (Najran 37), and
thickness values varying from 8 m at V7 (Edaby-2) to 107 m at V1
(bish-5). The third geoelectrical layer is represented by low to
high resistant basement rocks with resitivity values varying from
20 Qm at V1 (PI1, bish-5) and 30 Qm at V2 (P1, bish-4) to
6125 O m at Vt (P3, Najran 48) and 6030 Q2 m at V3 (P6, Najran
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9). The lower resistivity values for that layer at particular VES
points could result from the presence of fractured basement rocks
saturated with water that lowers the resetivity values. In contrast,
the higher resistivity values for that layer at certain VES points
could indicate the presence of more resistant massive basement
rocks. Our current VES interpretation and results are in good
agreement with the results of resistivity data at Wadi Sar (Taha
et al., 2021), which is located in the northwestern part of the
research area. Piezometric wells should be drilled in the wadis of
the western portion of the area in the future to test and verify the
study’s findings, however, this is dependent on budget
availability.

CONCLUSION

For the study region, an integrated strategy combining gravity,
magnetic, and electrical data with other remote sensing datasets
was used. The study area is receiving an average rainfall rate of
117.6 mm/yr forming surface stream networks. Part of the surface
water is drained to the Red Sea by the streams, while the rest is
drained to the eastern and northern parts of the land. The
groundwater shows a depletion trend estimated at —0.34 +
0.01 mm/yr during the entire period 04/2002-12/2021. The
surface trends are in NNW, and the deep trends are in NS,
NNW, and NNE directions according to an examination of the
structural trends retrieved from Landsat images and magnetic
data. The thickness of the sediments varies greatly, ranging from a
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This study proposes a high-resolution processing technique for seismic data
based on the improved synchrosqueezing transform (SST). The SST rearranges
the complex spectrum of the wavelet transform along the frequency axis.
However, the energy is not concentrated in the position with the faster
frequency change rate. To overcome these problems, the proposed method
first transformed the seismic signal into an analytical one via Hilbert
transformation and then determined the phase correction value (xOf(t))
before and after the transformation. This was achieved using the
instantaneous frequency attribute (w(t)) of the analytical signal and a specific
frequency (w0) selected as the dominant frequency of the input data to adjust
the change rate of the signal frequency before the SST falls close to zero, which
can improve the time—frequency resolution after compression transformation.
The essence of this method only adjusts the phase of the signal before and after
transformation, without affecting the inverse expression of the SST. The one-
and two-dimensional model data results show that the proposed method can
better identify the time—frequency distribution characteristics of seismic signals
and improve their resolution and the focusing effect in the time—frequency
domain. The proposed method shows good prospects for application in gas
reservoir detection and identification.

KEYWORDS

improved  synchrosqueezing transform, generalized Fourier transform,
time—frequency analysis, seismic data, high resolution

Highlights

1) A new high-resolution processing technique for seismic data.

2) The improved synchrosqueezing transform based on the generalized Fourier
transform.

3) The phase correction value is calculated using the instantaneous frequency of
seismic data.

4) Both synthetic signal and actual data results show remarkable improvement.

5) The new method has a good application prospect in resource exploration.
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1 Introduction

With the deepening of exploration and development of oil
and gas fields, exploration and development are becoming
increasingly difficult. Considering that seismic signals are
typical non-stationary signals in nature, the time-frequency
analysis technology in modern signal processing can obtain
the change process of seismic signals in the time and
frequency domains at the same time and extract effective
time—frequency characteristics for lithology and fluid
interpretation. This study proposes a time-frequency analysis
method to improve the time-frequency resolution of seismic data
(Li et al., 2004; Wu and Liu, 2009; Han and Van der Baan, 2013).

At present, Fourier transform (FT) is still the most
commonly used time-frequency transform method in signal
analysis. With the gradual deepening of research on non-
stationary signals, researchers have proposed a series of signal
analysis techniques aimed at the problems existing in FT, among
which the short-time Fourier transform (STFT) (Potter and
Steinberg, 1950; Potter et al, 1966) and wavelet transform
(WT) (Morlet et al, 1982a; 1982b) are the two primary
methods (Abry et al., 1993; Sinha et al., 2005; Daubechies,
2004; Gao et al., 2006; Chen and Gao, 2007). In order to
improve the time-frequency resolution of STFT, Kodera et al.
(1976)  first proposed the
rearrangement technique and later generalized it to any

time-frequency  spectrum
bilinear time-frequency or time-scale representation by Auger
and Flandrin (1995). Since this method has no accurate inverse
transformation, mathematically, it did not receive widespread
attention in the years soon after its development. Recently, with
the increasing difficulty of exploration and development, the
time-frequency spectrum rearrangement method has attracted
extensive attention in the field of seismic exploration (Odegard
et al., 1997; Han, 2013; Shang, 2014; Kahoo and Siahkoohi, 2009;
Pedersen et al., 2003).

The synchrosqueezing transform (SST) is similar to the
time-frequency spectrum rearrangement method, which was
proposed by Daubechies et al. (2011). In essence, it
recalculates a position close to the real coordinates of the
time-frequency energy spectrum so as to rearrange the energy
according to it. In recent years, SST has been applied in the
rearrangement  of  various  original  time-frequency
representations, including the continuous wavelet transform
(CWT) (Daubechies et al., 2011), wave packet transforms
(Wang and Gao, 2017), STFT (Oberlin et al, 2014), S
transform (Huang et al., 2016), and generalized S transform
(Wang et al., 2018). In addition, some new techniques based on
the notion of the SST have been proposed, such as the high-order
synchrosqueezed transform (Liu W. et al., 2018), concentration
of frequency and time (ConceFT) (Daubechies et al, 2016),
synchroextracting transform (Yu et al, 2017), and others (Li
and Liang, 2012; Thakur et al., 2013; Liu N. et al., 2018; Xue et al.,
2019).
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Most of the abovementioned methods have been used in
seismic signal processing (Huang et al., 2016; Wang and Gao,
2017; Wang et al., 2018). In addition to this, Herrera et al. (2014)
applied the SST to time-frequency analysis of seismic signals for
the first time and compared it with CWT and complete ensemble
empirical mode decomposition (CEEMD) in detail, which
verified the superiority of this method in the time-frequency
analysis of seismic signals. Herrera et al. (2015) adopted the
technology of P- and S-wave separation based on the SST and
verified the method through an example. Siahsar et al. (2016)
developed a random noise elimination technique based on the
SST and verified the effectiveness of the algorithm through a test
case as well. The SST based on the STFT was introduced in
seismic data analysis by Wu and Zhou (2018). The method
reassigns the STFT values to different points to produce a
concentrated time-frequency map.

In these studies, Li and Liang (2012) found that the resolution of
the SST could be further improved by adding a phase factor to the
traditional SST process via the notion of the generalized Fourier
transform (GFT). For signals whose frequency content changes
rapidly with time, this method can increase the resolution in order to
identify the time-frequency distribution characteristics. Therefore,
this method may provide an opportunity for improving the
processing of seismic data through time-frequency analysis
techniques. The key to this method is obtaining the phase factor,
which is related to the instantaneous frequency of the signal. For
stationary signals, the instantaneous frequency is a constant, while
for non-stationary signals, the instantaneous frequency is a function
of time t. As a seismic wave propagates in the underground medium,
energy absorption, attenuation, and scattering occur, leading to a
complicated time-frequency relationship in seismic waves.
Therefore, accurately obtaining the instantaneous frequency of
actual seismic data is key to high-resolution processing in the
field of petroleum exploration.

In this study, we attempted to calculate the phase factor using
the instantaneous frequency of seismic data, extracted by using a
complex signal analysis technique based on the Hilbert
transform, and present a high-resolution processing technique
for seismic data based on the improved SST. In order to prove the
feasibility of this approach, synthetic 1D- and 2D-models and
actual seismic data from the Tuha Basin, in the Xinjiang
autonomous region of China, were tested as an example. This
study is divided into five sections. Section 1 contains the
introductory content; Section 2 describes the theory and
method of the improved SST; Sections 3 and 4 show the
calculation results for the method to model data and real
seismic data; and Section 5 discusses the results.

2 Materials and methods

The approach proposed in this study is to adjust the frequency
change rate of a signal by some reversible means and map it to a
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specific frequency, w0, before performing the SST. In order to
achieve the aforementioned process, it is necessary to find a
reversible transformation, which can have a certain influence on
the frequency change rate of the signal but will not affect the
accuracy of the time spectrum or the effect of the inverse
transformation. We attempted to obtain the phase factor using
the instantaneous frequency of seismic data, extracted by a complex
signal analysis technique based on the Hilbert transform. In the
following sections, we briefly describe the theory of SST and GFT
and illustrate the improved SST proposed in this study.

2.1 Brief recap of the SST and GFT

The CWT of a signal s(t) is (Daubechies and Maes, 1996)

t-b

W, (a,b) = Js(t) %y/‘(—)dt, (1)

a

where y* is the complex conjugate of the mother wavelet, and
b is a time shift factor, which is scaled by a. According to the
scaling and shifting method, the signal is analyzed at a multi-scale
by the CWT (Kahoo and Siahkoohi, 2009).

Based on Parseval’s theorem in the Fourier domain, the CWT
of a signal s(t) can be rewritten into the expression of the
frequency domain as follows:

1 " ,
Woab) =5 [SOVAY @ ewdds. Q)
In order to facilitate the derivation, the seismic signal is
assumed to be only a harmonic wave s(t) = Acos(wt). The
Fourier pair S(§) = mA[§(¢ — w) + 6 (¢ + w)] can be inserted
into Eq. 2 as follows:

A
W(@,b) = 5 VG [ 8- )+ 8¢+ )Y (ab) exp (b

= 2 \a¥" (aw) exp (ibw).
(3)

Theoretically, if the FT coefficient of the wavelet ¥* (£) is
concentrated around the central frequency & = w, then W (a, b)
will be concentrated around the scale a = wy/w. However, in
practice, the energy of the wavelet coefficients often diffuses
along the scale a direction, which generates the smearing effect in
the time-frequency representation (Daubechies et al, 2011).
Daubechies and Maes (1996) found that smearing has little
effect along the time b axis. For this reason, the instantaneous
frequency ws(a,b) can be calculated by taking the partial
derivatives for all W (a,b) # 0:

. -1 0
ws (a,b) = —=i(W(a, b)) a—th(a, b). (4)

Eq. 4 expresses the mapping between the time-scale and

time-frequency domains, ie., (b,a) — (b,w(a,b)). Every
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point (b,a) can be mapped to (b,ws(a,b)) using this
equation. If the sum of every wavelet coefficient at point
(b,a) is converted to (b,ws(a,b)), the smearing problem
can be improved. Because a and b are discrete values, we
can define a scale step (Aa)y = ax — ax-; and frequency step
(Aw)g = wg — wy_;. Therefore, the time-frequency spectrum
after SST is expressed as follows:

)

ag: |w(ak,b)—w1| <Aw/2

Ts (wlr h) = (Awyl W (ak’ b)a;yz (Aa)k> (5)

Eq. 5 is the new time-frequency representation of the
signal T,(a;,b) according to synchrosqueezing along the
frequency axis only (Li and Liang, 2012). The inverse
transformation of the SST can be obtained by integrating
both sides of Eq. 2 as follows:

1

JWS (a,b)a**da =
2m
0

j js (¥ (af) exp (ibE)a dadE
—00 0 (6)

Ty @[ LT .
- (jw (af)f)*<2ﬂl8(f) exp(zbf)df).

0

By taking C,, = f W (£) % the inverse transformation of the
SST can be obtained as follows:

s(t) = Re [c; D Ts(wl,b)Aw]. )
1

This study adopts a generalized Fourier transform to

complete the aforementioned process. The GFT of a signal

s(t) is expressed as follows (Detka and El-Jaroudi, 1996):

+00

Sg(w) = J s(t)exp (- j2m(wt + x, (£)))dt,

—00

®)

where x (t) is a real-valued function of ¢, which is used to
represent the phase change of the signal. On expanding this
equation, it can be found that the GFT of s (¢) is equivalent to the
standard FT of s (t) exp (—j2mx, (t)). Therefore, the inverse GFT
of Sg (w) is

+00

s(t) = exp(j2mxo (1)) J S (w) exp (j2nwt)dw.

—00

&)

By taking Sg(w) = §(w — wp), Eq. 9 can be rewritten as
s(t) = exp (i2m (wot + x¢ (t))). It can be found that signal s(t)
can be mapped to a specific point w, through GFT, and the
instantaneous frequency of the signal s(¢) is

N daxo (t)'

dt (10)

w(t) = wo
Eq. 10 shows that the key to mapping the instantaneous

frequency w (t) of the original signal to the specific frequency wy
is to determine the function xq (t).
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Examples of time—frequency representations of the continuous wavelet transform (CWT) and synchrosqueezing transform (SST). (A) Signal s(t)=

s;(t) +s5(t) is defined by sy(t) = 0.7cos(nt/15) for 0 <t < 600 ms and by s,(t) = cos(nt/10+2nsin(nt/150)) for 601 < t < 1,024 ms; (B) instantaneous
frequency for its two components (left), w(t) = 1/30 for 0 <t < 600 ms and w(t) = (1/10+2ncos(nt/150)*(n/150))/(2n); (C) example of a continuous
wavelet transform of s(t), with a Morlet wavelet [this is plotted with MATLAB, with the “jet” colormap; red indicates higher amplitude]; and (D)
example of the synchrosqueezing transform(SST) (this is plotted with MATLAB, with the “jet” colormap; red indicates higher amplitude)

2.2 Improved SST for seismic data

In this study, wy is the dominant frequency of input data.

Based on the aforementioned expressions, we introduced
GFT into the SST and provided the detailed derivation process.
The improved SST needs to be calculated in a complex domain.
First, the real value signal needs to be transformed into an
analytical signal using a Hilbert transform (HT):

p(t) = s() +iH (s (1)). (11)

According to Eq. 10, xo(¢) is calculated based on the
instantaneous frequency w(t) of the actual input data. The
instantaneous frequency is mathematically defined as the
(1979)
introduced a complex signal analysis technique into seismic

derivative of the signal phase. Taner et al
data processing for the first time and proposed the
instantaneous attribute with geological significance. The
instantaneous frequencies are extracted by complex signal
analysis via the Hilbert transform, which is a signal-value
function with time as the variable. The instantaneous

frequency is expressed as follows:

w —i arctan@ t=u
n_dt S(t) > - Yn>

where $(t) is the Hilbert transform result of the actual seismic

(12)

data s(t), and u,, represents the time point corresponding to the
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maximum envelope of the complex signal. Furthermore, the
following calculation was completed:

q(t) = p(t) exp ( —i2mx, (t)). (13)

Since x (t) is the function that controls the phase change of
the original signal s(t), the instantaneous frequency of the
analytical signal g(¢) does not change significantly with time
during the whole period using Eq. 13. In order to reduce the
negative frequency effect of q (t), it is necessary to perform HT on
it, as expressed using the following equation:

r(t) =q(t) +iH (q(t)). (14)

According to SST’s implementation steps, CWT of r(t) is
performed. Furthermore, the CWT coefficient of the original
signal can be obtained using the following equation:

W (a,b) = W, (a,b) exp (i2mx, (t)), (15)

where W, (a,b) is the CWT of r (). According to Eq. 4, we
can observe that w;(a,b) = w,(a,b), which means that the
instantaneous frequency of W,(a,b) obtained after the
aforementioned processing is consistent with that calculated
using the original data.

According to Eq. 14, the moduli of W, (a,b) and W, (a,b) are
equal; therefore, the aforementioned processing does not change the
energy of the original signal. Based on Eq. 14, the SST of s(t),
T (w;,b) can be obtained by processing W (a,b) in Eq. 5. This
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Results of the improved synchrosqueezing transform (SST) of s(t), shown in Panel 1. (A) Results of the improved SST for the signal (this is plotted
with MATLAB, with the “jet” colormap; red indicates higher amplitude); (B) comparison between the original signal and reconstructed signal by the
improved SST [this is plotted with MATLAB, the blue solid line represents the original signal s(t); the red asterisk represents the reconstructed signall

processing of the SST will allow the transfer of r (¢) features to their
results, and r(t) itself is obtained by HT and phase-related
processing; therefore, the transmission of the features of r (¢) can
achieve the purpose of improving the SST. In essence, the
aforementioned processing allows the adjustment of the signal
phase before and after the transformation so that it does not
affect the expression of the inverse SST. Therefore, the improved
inverse SST using the proposed method can be expressed as follows:

s(t) = Re[C:pl ZTy(wl,b)Aw]. (16)
1

3 Results
3.1 1-D synthetic data

In this section, we present how, in order to test the feasibility
of the improved method, the improved SST was performed on
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the cosine non-stationary model (Figures 2A,B) and compared it
with the CWT-based SST results (Figure 1D).

We constructed a non-stationary cosine signal. The signal
was a stable frequency cosine wave in the range of 0-600 ms and
a modulated signal whose frequency varied with the cosine wave
in the range of 600-1,000 ms. Figure 1 A displays this signal in the
time domain, and its theoretical frequency is shown in Figure 1B.
Figures 1Cand D illustrate the CWT and SST of the signal,
respectively.

It can be seen from Figures 1C,D that the energy focus of
CWT is poor and that energy cluster bonding occurs in some
places. The SST obviously has higher focusing ability and
time-frequency resolution. After further observation, it is not
difficult to recognize that the time-frequency spectrum of SST is
close to the theoretical frequency of the signal in the range of
0-560 ms. However, in the area of frequency mutation,
i.e., around 600 ms, it cannot effectively distinguish between
the two very different frequencies but shows a certain
smoothing trend. However, the CWT has a better effect at the
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Application of the synthetic seismic trace. (A) Original synthetic seismic trace with noise; the signal is composed of two 20 Hz zero-phase
Morlet wavelets, with scale = 1 at 250 and 700 ms; two 30 Hz zero-phase Morlet wavelets, with scale = 2 at 200 and 600 ms; three 50 Hz Morlet
wavelets, with phase = n/2 and scale = 2 at 150, 400, and 800 ms; and a 40 Hz Morlet wavelet, with phase = n/2 and scale = 2 at 450 ms; (B)
time—frequency spectra of synthetic seismic trace using the continuous wavelet transform (CWT); (C) time—frequency spectra of the synthetic
seismic trace using the CWT-based synchrosqueezing transform (SST); and (D) time—frequency spectra of synthetic seismic trace using our
improved SST. [(B—D) are plotted with MATLAB, with the “jet” colormap; red indicates higher amplitude].

frequency mutation, showing no smoothness and a real
frequency jump. Similarly, when the signal frequency changes
at 600-1,000 ms, the energy of SST still diverges slightly in the
scale direction.

As shown in Figure 2A, the improved SST effectively reduced
the smearing effect of energy on the time axis at the frequency
fluctuation, especially at the frequency mutation near 600 ms,
which is closer to the theoretical time spectrum than the method
in Figure 1. Figure 2B shows the waveform comparison between
the original signal and the reconstructed signal. The blue color
indicates the original waveform, and the red color indicates the
reconstructed data using the inverse transform of the improved
SST. The improved SST can reconstruct the model signal
accurately without affecting its inverse transformation effect
and thus provides a new technical method for threshold
denoising in the time-frequency domain and seismic signal
reconstruction.

The frequency component of the model is relatively simple
compared with actual data; therefore, we further tested the
improved method with irregular synthetic data, which is more
similar to the real seismic data (Figure 3A). The synthetic trace in
Figure 3A is composed of a set of Morlet wavelets with different
frequencies, amplitudes, scales, and time delays.

Figures 3B-D show the time-frequency map of CWT, SST, and
improved SST, respectively, with the same color scale. Although
CWT can recognize the signal components in different frequency
bands, the resolution of the time spectrum was obviously
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The
concentrated, and many high-frequency interference components

insufficient. distribution of energy groups was not
existed (Figure 3B). The results of SST were greatly improved from
those of CWT, and the energy distribution was clearly more
concentrated. However, it is not difficult to see that if the signal
components of two different frequencies are close in time; their time
spectra will be entangled with each other, such as at 400-600 ms, or
false frequency components will appear. For example, the wavelet
frequency of 30 Hz near 600 ms (approximately 550 ms—650 ms) in
the time domain extends to nearly 800 ms in the time-frequency
representation, and the energy is not concentrated near 600 ms
(Figure 3C). The improved SST (Figure 3D) had the best
time-frequency focusing effect and could better identify the
of the

Specifically, the two wavelets at 400 and 450 ms can be more

time-frequency  distribution  characteristics signal.
clearly identified on the time spectrum without entanglement.
The energy groups of the two sub-waves at 600 and 700 ms were
remarkably more concentrated and more easily identified in the time

spectrum.

3.2 2-D horizontal layered model

In this section, to test the lateral resolution and the sensitivity
of the proposed improved SST in detecting thin reservoirs, we
first applied the improved SST to a 2-D horizontal layered model
and compared the results to those of the CWT, CWT-based SST
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FIGURE 4

Application of the 2-D horizontal model and analysis of the instantaneous frequency used the isofrequency section. (A) Forward model with
horizontal layers. The third layer contains three gas layers with large transverse width variations. Model data are created by using the Tesseral 2-D; (B)
pre-stack time migration profile of the 2-D forward model. (C) 25 Hz-isofrequency section of the continuous wavelet transform (CWT); (D) 35 Hz-
isofrequency section of the CWT; (E) 25 Hz-isofrequency section of the CWT-based SST; (F) 35 Hz-isofrequency section of the CWT-based

SST; (G) 25 Hz-isofrequency section of the improved synchrosqueezing transform (SST) in this study; (H) 35 Hz-isofrequency section of the
improved SST (these are all plotted with MATLAB, with the “jet" colormap; red indicates higher amplitude).

TABLE 1 Geological parameters of the 2-D forward model.

Layer Velocity (m/s) Density (g/cm?) Thickness (m) Width (m)
Layer-1 1,300 1.20 200

Layer-2 1,500 1.25 200

Layer-3 1,600 1.30 10

Layer-4 1700 1.35 290

Layer-5 1800 1.40 800

Gas-1 1,400 1.20 10 600

Gas-2 1,400 1.20 10 300

Gas-3 1,400 1.20 10 200
(Daubechies et al., 2011), and improved SST methods. The model 200 m, respectively. The specific design parameters are shown in
designed in Figure 4A consisted of five horizontal layers; the third Table 1. The geological model was forward modeled with a 30 Hz
layer was a thin reservoir with a thickness of 10 m, in which, three zero-phase Ricker wavelet. Figure 4B is the pre-stack time
gas layers with large transverse width variations were developed. migration profile by forward modeling. It can be seen from
The widths of the layers from left to right were 600, 300, and the migration profile that although a depression existed in the in-
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Application of the 2-D non-horizontal model and analysis of the instantaneous frequency used the isofrequency section. (A)Forward model,
which is created by using the Tesseral 2-D; the black dotted box shows the location of the profile in Panel (B); (B) pre-stack time migration profile of
the 2-D forward model in Panel (A). (C) 25 Hz-isofrequency section of the continuous wavelet transform (CWT); (D) 35 Hz-isofrequency section of
the CWT; (E) 25 Hz-isofrequency section of the CWT-based SST; (F) 35 Hz-isofrequency section of the CWT-based SST; (G) 25 Hz-
isofrequency section of the improved synchrosqueezing transform (SST) in this study; (H) 35 Hz-isofrequency section of the improved SST (these are
all plotted with MATLAB, with the “jet” colormap; red indicates higher amplitude)

TABLE 2 Geological parameters of the fault model.

Layer Velocity (m/s) Density (g/cm?)
Layer-1 1,300 1.20
Layer-2 1,600 1.30
Layer-3 1,800 1.40
Gas 1,400 1.20

phase axis at the gas-bearing location, the presence of fluid
cannot be confirmed.

Figures 4C—H represent the single-frequency profile near
the target location extracted by applying CWT, CWT—based
SST, and improved SST to Figure 4B. They represent the
25 and 35Hz single-frequency profiles of CWT,
CWT—based SST, and improved SST, respectively. The
comparison of the three methods shows that the improved
SST has the best time-frequency resolution. The three
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methods can reflect the phenomenon of high-frequency
attenuation of gas reservoirs, but the improved SST was
more sensitive to frequency changes due to its higher
resolution. In particular, the energy group of the gas layer
in Figure 4H can hardly be seen in the 35 Hz single-frequency
profile, which is sufficient to demonstrate the feasibility of the
improved SST method in gas-bearing detection. In addition, it
was found that the energy difference between the gas reservoir
and surrounding rock in the time spectrum (Figure 4G) was
larger than that of the CWT (Figure 4A) and CWT-based SST
(Figure 4A), which is helpful for qualitative identification of

reservoir boundaries.

3.3 2D unhorizontal layered model

In order to further study the applicability of the improved
SST in irregular gas reservoir exploration, we developed a 2D
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Location of the real seismic data. (A) Location of the exploration area where data were collected (blue square). This is created by using the
Generic Mapping Tools (GMT) 4, accessed on 1 May 2022; (B) original pre-stack time migration profile of a through-well line from 3-D seismic data;
the yellow vertical line represents extracted single-channel seismic data for subsequent analysis; the green box indicates a reservoir by drilling data.

fault model as an example and compared the results to those of
the CWT, CWT-based SST, and improved SST methods. This
model shown in Figure 5A perceived a gas reservoir at a depth of
300 m. Table 2 displays the specific parameters for each layer.
This 2D unhorizontal layer geological model was also forward
modeled with a 30 Hz zero-phase Ricker wavelet. Figure 5B
displays the pre-stack time migration profile after processing
from forward modeling. It is evident that compared with the
horizontal layer model, it is more difficult to identify the gas-
bearing boundary in the migration profile of the inclined
horizon.

Figures 5C-H represent the single-frequency profile near the
target location extracted by applying CWT (Figures 5C,D),
CWT-based SST (Figures 5E,F), and improved SST (Figures
5G,H) methods to Figure 5B. They represent the 25 and
35Hz single-frequency profiles of CWT, CWT—based SST,
and improved SST, respectively. Figure 5 shows that the
improved SST can identify the boundary of the reservoir more
accurately than the other two methods (Figure 5G). CWT
displayed the lowest resolution of the three models. The
energy mass of the gas reservoir was not concentrated, and
the upper and lower boundaries of the sand body on the right
side of fault overlapped. The resolution of the time-frequency
distribution of the CWT-based SST was higher than that of
CWT, and the sand boundary on both sides of the fault could be
identified more accurately. However, it was still difficult to
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identify the gas reservoir, especially in the 25 single-frequency
profiles (Figure 5E).

4 Applications to seismic signals

We used real seismic data from the Tuha basin in Xinjiang
as an example to deeply discuss the advantages of the
improved SST in gas-bearing reservoir prediction. Due to
the influence of many factors, such as attenuation and
Earth absorption, in the propagation process of a seismic
wave, it showed a high degree of non-stationarity. In the
low-frequency profile, shadows appeared beneath the gas
the
disappeared as the frequency increased (Castagna et al,
2003; Chen et al., 2009; Shi et al., 2014). Therefore, we can
use these characteristics to detect gas reservoirs. Figure 6

reservoir, and low-frequency shadows gradually

shows a through-well line from 3-D seismic data. The
green box indicates a reservoir that has been confirmed to
be gas-bearing using drilling data. However, the sand body in
the study area changed rapidly in the transverse direction, and
a low-frequency, high-amplitude area was present under the
gas-bearing layer, namely, a “low-frequency shadow”
phenomenon (Ebrom, 2004; Liu 2004; Liu X. et al., 2018).
It was difficult to determine the boundary of the sand body
with conventional interpretation methods.
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4.1 Single trace
Figure 7A shows the interception of single-channel seismic

data of trace No. 80 in Figure 6 and the gas-bearing reservoir
near 400 ms. The time spectra of CWT, SST, and improved SST
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are shown in Figures 7B-D, respectively. It can be seen that
compared with CWT, SST had a greater improvement in the
adhesion of the energy group, but the vertical time-frequency
distribution showed a certain continuity. The improved SST
had a higher time-frequency resolution, which could not only
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with MATLAB, with the “jet” colormap; red indicates higher amplitude).

improve the problem of energy group diffusion but could also
clearly distinguish the gas reservoir from other horizons in the
longitudinal direction. The time-frequency characteristics of
the wavelet could be accurately determined, especially in the
vicinity of the 200-400 ms gas-bearing reservoir. As shown in
Figures 7B-D, the dominant frequency for the trace was
approximately 30 Hz. Figure 7E shows the comparison
the
verifying that the improved synchrosqueezing transform has

between reconstructed and original seismic data,

good reversibility.

4.2 Vertical cross section

Next, we applied the three methods to all traces and
computed the time-frequency representation of 30 Hz-signal
frequency components to qualitatively identify reservoir
boundaries in Figure 8.

It can be seen from Figure 8 that, in general, for the gas
reservoirs indicated by the white box, the SST and improved
SST had the worst and best time-frequency resolution,
respectively. This is because the continuous frequency of the
actual data varied greatly, and the original SST could not
effectively solve the energy divergence caused by the rapid
frequency change, while the improved SST had good
it. The 20, 30, and 40Hz
frequency-time-frequency  spectra  of  the
synchrosqueezing transform were further extracted and

adaptability to single-

improved

compared (Figure 9). It can be seen that, from 20 to 30 Hz,
the time-frequency energy of the reservoir, indicated by the
white box, increased with the increasing low-frequency portion.
From 30 to 40Hz, the reservoir time-frequency energy
decreased with the increase in high-frequency components.
In particular, the boundary range of the isolated gas-bearing
reservoir, indicated by the white box, could clearly be
determined from the 20-40 Hz variation characteristics.
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5 Discussion

In essence, the SST rearranges the energy of each point in the
time—frequency spectrum to a position closer to the real
time—frequency coordinate of the signal.
rearranges the complex spectrum of the WT along the
frequency axis. The model test results show that the SST can

Specifically, it

improve the focusing ability of the original WT and ensure the
reversibility of the WT, which has better prospects for application
than the time spectrum rearrangement method.

In order to solve the problem that the spectrum energy is not
concentrated at a fast frequency change rate in the SST, in this
study, we introduced a phase factor before WT using the idea of
GFT to improve the SST and enhance its applicability to the
frequency change while improving the energy focus. The key to
this method was to find x, (t) and map the frequency w (t) of the
original signal to wy by transformation (wy is here a constant
frequency with a rate of change of zero). For a signal s(¢) with a
specific expression, if wy is given, xo (¢) can be calculated by the
specific expression of s(t). However, obtaining x, (¢) is the key
problem for the unstable seismic signal s (). Olhede and Walden
(2005) only used an estimated linear function to obtain x (t) in
the improved discrete wavelet packet transform, which was
estimated on the time-frequency diagram of the original
signal after the discrete wavelet transform. In this study, we
used the instantaneous attribute of seismic signal w (t) to obtain
xo (¢) indirectly so as to achieve the purpose of improving the
SST. The application results of the model and actual seismic data
prove the feasibility of the improved method. On the basis of
retaining the inverse transformation, the improved method has
high energy focusing ability and applicability to frequency
changes.

When the seismic wave propagates in the gas zone, the high-
frequency signal attenuates, and the frequency moves toward
lower frequencies. At the same time, the low-frequency strong
amplitude area will appear below the gas zone, which is often
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called the “low-frequency shadow” phenomenon (Sheriff, 2002).
Taner et al. (1979) identified the low-frequency features under oil
and gas reservoirs through complex seismic trace analysis.
Castagna et al. (2003) adopted the matching pursuit method
to decompose signals in the time-frequency domain and used the
anomaly of different instantaneous frequency spectrum energies
to directly indicate the existence of oil and gas, that is, the direct
hydrocarbon indicator (DHI) technology. Ebrom (2004) studied
the correlation between low-frequency shadows and oil and gas
storage, and summarized the possible mechanism of low-
frequency shadows generated by pre-stack and post-stack
seismic data.

Taking Figures 7B-D as an example, the low-frequency
shadow phenomenon of the oil and gas reservoir in the target
formation was analyzed. As shown in the figure, the location of
the reservoir showed a strong energy cluster in both the high
frequency and low-frequency bands (dotted line), whereas the
low-frequency band below the reservoirs showed a strong energy
cluster, which gradually disappeared at the higher band. Due to
the insufficient resolution of CWT, the energy group of the
reservoir overlapped the low-frequency shadow below
(Figure 7B). The CWT-based SST displayed a strong energy
distribution in both low- and high-frequency bands (Figure 7C).
Compared with the other two methods, the improved
synchrosqueezing transform provides high time-frequency
resolution to identify the reservoir location more accurately.

Regarding the field data application shown in Figures 8, 9, there
was stronger energy distribution in the right part (trace No. 80-160)
of the 20-, 30- and 40-isofrequency sections than in the reservoir.
Although we have no direct data to confirm whether it is a reservoir
or not, based on the geological characteristics of the area and the
time-frequency analysis results of this study, we speculate that this
part may not be gas-bearing. From the perspective of the geological
structure, the gas-bearing layer in the study area is thin, and
transverse continuity is poor, while the strong energy mass on
the right side is obviously inconsistent with those features. In
addition, from the analysis of time-frequency distribution
characteristics, as shown in Figure 9, the gas-bearing layer has
the weakest energy in the low-frequency band (20 Hz) and
strong energy in the high-frequency band (30-40 Hz), while the
right strong energy group has strong energy in the 20-30 Hz band
and weak energy in the 40 Hz band, which is inconsistent with the
time-frequency distribution characteristics of the gas-bearing layer.
Combined with the similar phenomenon in the forward model
displayed in Figure 5, we speculate that the cause of this
phenomenon may be the physical characteristics of the fault itself.

The improved synchrosqueezing transform was applied to
the gas reservoir forward model and actual profile; the results
showed that the synchrosqueezing transform had higher time-
frequency resolution, was more sensitive to the high-frequency
attenuation phenomenon, and could describe the gas reservoir
distribution range more accurately than the conventional CWT
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method. It is, therefore, likely to be beneficial for gas detection
and the boundary identification of reservoirs in production gas
fields.
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Shear sonic log (DTS) availability is vital for litho-fluid discrimination within
reservoirs, which is critical for field development and production. For certain
reasons, most of the wells in the Lower Indus Basin (LIB) lack DTS logs, which are
modeled using conventional techniques based on empirical relations and rock
physics modeling. However, in their extensive computation, these approaches
need assumptions and multiple prerequisites, which can compromise the true
reservoir characteristics. Machine learning (ML) has recently emerged as a
robust and optimized technique for predicting precise DTS with fewer input
data sets. To predict the best DTS log that adheres to the geology, a comparison
was made between three supervised machine learning (SML) algorithms:
random forest (RF), decision tree regression (DTR), and support vector
regression (SVR). Based on qualitative statistical measures, the RF stands out
as the best algorithm, with maximum determination of correlation (R?) values of
0.68, 0.86, 0.56, and 0.71 and lower mean absolute percentage error (MAPE)
values of 4.5, 2.01, 4.79, and 4.65 between the modeled and measured DTS logs
in Kadanwari-01, -03, -10, and -11 wells, respectively. For detailed reservoir
characterization, the RF algorithm is further employed to generate elastic
attributes such as P-impedance (Zp), S-impedance (Zs), lambda-rho (Ap),
mu-rho (up), as well as petrophysical attributes such as effective porosity
(PHIE) and clay volumetric (Vcl) utilizing seismic and well data. The resultant
attributes helped to establish a petro-elastic relationship delineated at the
reservoir level. Possible gas zones were determined by zones with high PHIE
(8%—-10%) and low values of other attributes like Vcl (30%-40%), Zp
(10,400-10,800 gm/cc*m/s), and Zs (6,300-6,600 gm/cc*m/s). The
potential bodies are also validated by low Ap (27-30 GPa*g/cc) cross
ponding to higher pp (38-44 GPa*g/cc).

KEYWORDS

DTS log prediction, supervised learning, random forest, rock physics modeling,
petrophysics, reservoir characterization
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Introduction

With the advancement of computer science algorithms,
machine learning (ML) has emerged as the most recent tool

10.3389/feart.2022.919130

in geosciences due to its capacity to uncover relationships in
provided data to predict the desired output (Gupta et al., 2021).
ML has been applied in many fields of earth science, such as
geochemistry (Dornan et al., 2020), petrophysics (Song et al.,
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FIGURE 1

Location of the study area with major tectonic features in the surrounding, (modified after Saif-Ur-Rehman et al. 2016)
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FIGURE 2

(A) Steps for conventional rock physics modeling workflow, and (B) SML procedure for prediction of DTS along with other elastic, and

petrophysical attributes.
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TABLE 1 Identified litho-facies based on the petrophysical cutoff
values.

Litho-facies Cutoff values

Shale Clay volume >0.30
Wet sands Clay volume <0.30, Sw > 0.45

Gas sands Clay volume <0.30, Sw < 0.45

2020), geology (Bai and Tan, 2020), and geophysics (Chen et al.,
20205 Feng et al., 2020; Grana et al., 2020) to delineate subsurface
hydrocarbon potentials. According to Mohammed et al. (2016),
SML is a subcategory of ML that employs artificial intelligence to
train an algorithm on labeled input data to recognize patterns
and trends without the need for explicit programming (Hall,
2016). To predict the DTS curve, three of the most successful and
widely adopted SML algorithms, RF, DTR, and SVR, have been
applied in this study.

10.3389/feart.2022.919130

The petro-elastic relationship was established for detailed
reservoir characterization by modeling the important elastic (Zp,
Zs, Ap, and pp relationships) and petrophysical (PHIE and Vcl)
properties using SML algorithms, which was useful in
highlighting potential sand facies at the reservoir level.

The interpretation of elastic properties, that is, sonic (DTP),
DTS, and density (RHOB), is highly important as they are closely
related to seismically quantified reservoir properties (Munyithya
et al., 2019).

When combined with Vp, that is, the Vp/Vs ratio (Hamada,
2004), DTS is useful for identifying litho-fluid types and
differentiating wet sands from gas sands. The Ap and pup
relationship is employed for better fluid and lithology
delineation, which also highlights the gas sand zone and is
strongly dependent on precise DTS (Young and Tatham,
2007). In many situations, DTS is not calibrated or has poor
quality due to poor logging, failure of logging instruments, and
high cost (Liu et al., 2021). Previously, rock physics modeling was
used to compensate for these deficiencies by generating a set of

TABLE 2 Petrophysical and elastic properties of the reservoir utilized in PEMs.

Reservoir Avg. Avg. shale Avg. water (Sw) Pressure Temp. ('C) Salinity Gas
parameter porosity (PSI) (g/M) gravity
Values 15% 25% 42% 2,500 130 0.15 0.689
Elastic parameters Bulk modulus (GPA) Shear modulus (GPA) RHOB (g/cm?)
Quartz Clay Sw  Gas Quartz Clay Sw Gas Quartz Clay Sw Gas
Values 37 15 238 002 44 5 0 2.65 2.6 1.0 0.1
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FIGURE 3

(A) Modeled Vp and Vs logs follow the measured log trend, whereas density log shows mismatch due to poor borehole condition highlighted
through polygon, also illustrated by caliper log, and (B) QC cross plot displaying log points aligned at the central line for Vp and Vs; however, RHOB

shows deviation due to error in wellbore measurement.
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TABLE 3 Statistical description of the test data (Kadanwari-03).

Test data Mean Minimum Maximum Standard dev
GR (API) 98.15  23.87 152 25.56

DT (usec/ft) 7292 56.06 91.71 5.62

NPHI (fraction) 16.75 1.44 36.44 527

LLD 11.1 1.76 71.62 7.38

10.3389/feart.2022.919130

consistent elastic logs. In conventional seismic inversion
procedures, these modeled logs are utilized to properly
delineate the litho-facies of the reservoir, which are further
employed for petrophysical property (PHIE and Vcl)
predictions (Khan et al., 2021).

Depending upon the situation and availability of information
about reservoirs, three types of rock physics models are assumed:

theoretical, empirical, and heuristic (Avseth et al, 2010).

TABLE 4 Statistical description of the training data (average out of three wells, i.e., Kadanwari-01, -10, and -11).

Training data Mean Minimum Maximum Standard dev
GR (API) 118 50.51 185.59 22.53
DT (usec/ft) 7222 58.41 96.44 6.16
NPHI (fraction) 16.92 1.62 33.25 5.29
LLD 14.89 1.62 57.95 8.54
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FIGURE 4

Heat map depicting values for selected logs against subsurface depth demonstrates that the data set is smooth and does not carry unrealistic

values.
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However, each method incorporates some assumptions, like
theoretical models assuming that pores have a regular shape
(Jakobsen et al., 2003), in contrast to heuristic models, which
incorporate irregular pores with few real scenarios but skip
detailed rock complexities. Castagna et al. (1985) and Han
(1987) used empirical models to replicate the real cases, but
they also acted as a subset of real cases.

Azeem et al. (2019), Shakir et al. (2021), and Khan et al.
(2021) have wused conventional rock physics modeling
approaches to optimize and predict the missing logs without
implementing the advanced ML technique in LIB. In this study,
the successful execution of a novel ML approach for this basin
helped in predicting accurate DTS along with elastic and
petrophysical attributes to delineate reservoir potentials. This
approach can be applied worldwide in basins having similar

geological conditions and short comes.

Geological settings

This study was conducted in the Kadanwari Gas Field,
which lies within the Panno-Aqil graben surrounded by
Jacobabad-Khairpur and Mari-Kandhkot High, Lower
Indus Basin, Pakistan (Figure 1) (Saif-Ur-Rehman et al,
2016). The structural configuration in this area was
influenced by three tectonic events: Late Cretaceous uplift
and erosion, Late Paleocene wrench faulting, and Late Tertiary
to recent uplift (Kadri 1995; Kazmi and Jan 1997). This area
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has been separated into horst and graben structures due to the
wrench faulting. The Lower Goru Formation (LGF), which is
primarily composed of interbedded sand and shale deposits,
produces the majority of the production for the area (Ehsan
et al., 2018).

The cretaceous LGF was deposited in a shallow marine
deltaic environment, during sea-level low stand as detached
medium-to-coarse-grained sediments on the top of the distal
(shale and siltstone) sediments of the previous high stand system
tract (Berger et al., 2009). These sands exhibit characteristics
similar to those of Indian shields in the neighborhood (Ahmad
et al., 2007). The Cretaceous Sembar Formation serves as a
confirmed source rock, with interbedded LGF and Upper
Goru Formation shales serving as seal rock (Abbasi et al,
2016). Numerous large and enormous fields, including Miano,
Sawan, and Mari, have been discovered in this roughly
north-south reservoir fairway (Dar et al., 2021).

Materials and methods

This study incorporated wireline logs and well tops from four
(Kadanwari-01,
Kadanwari-11) in the 3-D seismic volume of the study area.

wells Kadanwari-03, Kadanwari-10, and

Except for a few problems, the data quality was fair for all
mandatory log curves. For example, the RHOB curve was
in Kadanwari-01 well

compromised by poor borehole

condition, that is, washout, while DTS was only recorded in
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Kadanwari-03 well. The Castagna relationship, which is an
empirical link between compressional and shear velocities, was
initially used to estimate the DTS log in wells with missing DTS
(Castagna et al., 1985).

Well log constraints such as low RHOB and missing DTS
curve have been addressed using the traditional rock physics
method, which needs comprehensive petrophysical analysis,
in situ reservoir parameters, and petro-elastic models as an
input data set (Figure 2A). ML, on the other hand, has only
used raw logs as input data from available wells, that is, GR,
DT, DTS, LLD, and NPHI, which are divided into test and
training data sets. The test data consist of log curves from the
well where the DTS must be predicted, whereas the training
data consist of log curves from wells that are involved in the
DTS prediction process. Multiple SML methods, such as RF,
DTR, and SVR, were used to train the data set (seismic and
well), with the best algorithm (based on R2 and MAPE values)
being used to derive elastic and petrophysical attributes
(Figure 2B).

Rock physics modeling

The litho-facies were identified based on petrophysical cutoff
values (Table 1), and then, a comprehensive rock physics model
was developed by utilizing petro-elastic models (PEMs). The
PEMs for shale, wet, and gas sands are generated in
HampsonRussels software, incorporating reservoir in situ
properties along with elastic constants of identified litho-facies
(Table 2) (Miraj et al., 2021).

The rock physics modeled elastic logs rectified the abnormal
values, especially in poor RHOB, which is affected by bad
borehole conditions (Figure 3A), and also predicted a reliable
DTS curve (Figure 3A). The quantitative QC plots of modeled
and measured DTP and DTS curves revealed consistent behavior
along the central line (zero-error), while the RHOB deviated as
the measured RHOB contained erroneous values (Figure 3B).

Supervised machine learning

ML has emerged as a new way to approach technical
problems, that is, unrecorded logs of wellbore or deficiencies
in measured logs, by analyzing and generating reliable logs (Liu
etal., 2021). SML is the basic technique of ML, and its algorithms
create a model to link the data (or feature) vector to a matching
label or target vector using training data when both the input and
the related label are known and provided to the algorithm
(Litjens, 2017). Log curve prediction or correction is the part
of the regression model used to forecast the continuous
numerical variables (Liu et al., 2021).

Before training with the selected model, unrealistic or incomplete
data points were eradicated from selected log curves. Outliers were
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TABLE 5 Values of R? between predicted and measured DTS curves.

Well name Random forest DTR SVR
Kadanwari-01 0.68 0.57 0.11
Kadanwari-03 0.86 0.86 0.52
Kadanwari-10 0.56 0.56 0.25
Kadanwari-11 0.71 0.69 0.49
TABLE 6 Values of MAPE between predicted and measured DTS
curves.

Well name Random forest DTR SVR
Kadanwari-01 4.57 4.96 8.33
Kadanwari-03 2.01 2.16 4.76
Kadanwari-10 4.79 5.04 7.62
Kadanwari-11 4.65 4.8 6.53

defined as data points with a value that was away from the mean of
the data by three times the standard deviation. After removing the
outliers, the statistical properties of log curves used as test and
training data sets are illustrated in Tables 3, 4.

The log curves used to predict the DTS curve are displayed in the
form of heat maps that provide the log values against subsurface
depth through various color shades (Figure 4), demonstrating that
the data are clear and smooth without any unrealistic values.

The DTS curve was only accessible in the Kadanwari-03 well; so,
it had to be predicted in other wells by establishing a relationship with
measured logs. The empirically derived DTS curve is used as training
data by following the major procedures, which involve writing
Python code, employing the most commonly used SML
algorithms such as RF, DTR, and SVR with “scikit-learn”
(Pedregosa et al, 2011), and to develop a Python framework
(Figure 2). The best algorithm for the prediction among the
applied algorithms is labeled based on R* and MAPE values.

The SVR method is used for regression analysis (Chen et al,
2020), and it estimates real values using the kernel function
(Steinwart, 2008) and predicts rock properties (Kang and Wang,
2010). An E-tube is introduced around the function that best
approximates the continuous-value function f(x) in SVR and tries
to balance model complexity and prediction error (Figure 5A) by
assessing multiple kernel functions, values for kernel option, epsilon,
and regularization. The DTR algorithm tackles regression problems
using a tree structure, with the root node representing the sample
data, interior nodes and branches displaying data attributes and
decision rules, and leaf nodes expressing the outcome (Figure 5B).
DTR has several advantages, including minimal data cleansing, non-
linear performance, and a small number of hyperparameters to tune.
The RF approach handled the over-fitting problem with decision
trees.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.919130

Ahmed et al.

RF as a combination of multiple individual decision trees
(Figure 5C) acted as an ensemble where multiple learners were
trained to solve the complex relationships by voting among a
collection (“forest”) of randomized decision trees (Breiman, 2001).
The RF algorithm offered an advantage over opaque approaches,
such as neural networks, which required a large number of
hyperparameters to be tuned. RF has had a wide range of
applications in solid earth geoscience (Bergen et al.,, 2019).

The missing DTS log was generated in the remaining wells using
the aforementioned ML algorithms. To verify the adopted approach
for DTS prediction, the predicted DTS logs (Kadanwari-01, -10, and
-11) were combined to predict the DTS in the Kadanwari-03 well
while keeping the measured DTS curve blind in Kadanwari-03 well.
Figure 8 depicts the accuracy of the prediction, that is, the modeled
log for Kadanwari-03 is in good agreement with the measured DTS,
while in other wells, the predicted DTS and empirically derived DTS
also delineate similarities in trends.

The RF algorithm, the best algorithm to predict the DTS
curve based on R> and MAPE, has been further employed to
establish the relationship between the seismic amplitude of
PSTM volume and well logs for estimating elastic and

10.3389/feart.2022.919130

petrophysical properties. For the plausible gas sand location,
the elastic properties (Zp, Zs, and A-y relation) and petrophysical
properties (PHIE and Vcl) were mapped within the reservoir,
that is, E-sands.

Results and discussion

The missing DTS log curve in Kadanwari-01, -03, -10, and
-11 wells was predicted using traditional methods such as rock
physics and by employing the algorithms of the most recent
technique of SML such as RF, DTR, and SVR. These wells
contain mandatory logs along with important information such
as formation tops, time-depth relationships, and lithological
information. For the identification of plausible sands, all wells are
utilized for petrophysical interpretation and formation evaluation.
To establish a petro-elastic relationship, rock physics bridges the gap
between elastic and petrophysical properties.

Many researchers have successfully used rock physics
techniques in the past to predict the DTS log in various fields
such as the Middle Indus Basin (Azeem et al., 2015), Barnett Shale
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FIGURE 7

Cross plot between predicted and empirically derived DTS curves in Kadanwari-10 and -11 wells depicting RF as the best algorithm for DTS

curve prediction.

Formation (Guo and Li, 2015), North Poland (Wawrzyniak-Guz,
2019), LIB (Durrani et al., 2020), Zamzama Gas Field (Khan et al.,
2021), and Mehar Block (Shakir et al., 2021) and further utilized
these techniques in improving reservoir characterization based on
seismic inversion techniques. Rock physics modeling has provided a
decent estimation of the DTS curve, which was evaluated statistically
through a QC plot, that is, prediction quality, which assesses the
quality of the match between predicted and measured logs ranging
from 0 to 1, was equal to 0.78 (Figure 3B). Another QC factor is the
normalized root mean square error (NRMSE), which deals with the
degree of difference, such as 0 for identical curves and 2 for the
greatest difference, which was equal to 0.11 (Figure 3B). The
abnormal values of RHOB (minimum of 1 gm/cc) at a depth of
3,500-3,820 m are rectified by the modeled logs that bring the
ranges to the standard of the clastic reservoir (2.3-2.6 g/cc)
(Figure 3B). Despite the reliable results of rock physics modeling,
it is highly subject to the number of interdependent procedures, and
if some error arises, it floats up to the final output. For example, the
miscalculations made in petrophysical properties are added into
petro-elastic models built for the facies and hence deteriorate the
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rock physics-modeled properties. Different procedures are
incorporated into rock physics that need experts to find the exact
reservoir properties, and it also increases the process cost.

On other hand, ML appeared to be a successful tool capable of
constructing a relationship between log curves based on their effective
features for DTS prediction to evaluate the reservoir properties. Many
researchers have recently used ML for predicting the DTS curve, that
is, Bukar et al. (2019), Anemangely et al. (2019), Miah (2021), Gamal
etal. (2022), Gupta et al. (2019), and Liu et al. (2021). Due to complex
reservoir attributes and limited data set, ML is a critical and optimized
tool in the most productive LIB for predicting the DTS curve. This
technique was developed for the first time to get maximum
information from the produced well locations with missing DTS logs.

The accuracy of the predicted DTS curve is evaluated
through R* and MAPE (Saad et al., 2018). For Kadanwari-
03 well, the only well having DTS run in its wellbore, RF proved
to be the best algorithm for prediction with high values for R*
and low values for MAPE between predicted and measured
DTS (Tables 5, 6). In the remaining wells, that is, Kadanwari-
01, -10, and -11, the missing DTS is calculated by empirical
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Comparison of trends between measured and predicted DTS curves depicts that RF is the most efficient technique.

relation and correlated with the predicted DTS log for researchers have successfully utilized the RF approach for DTS
comparison (Tables 5, 6). The SVR algorithm’s accuracy prediction, that is, Gamal et al. (2022) employed RF for
was reduced overall, even though it provided the same R* building sonic prediction models in complex lithology rocks
value in Kadanwari-03 and -10, but its values decreased in including sandstone, limestone shale, and carbonate
Kadanwari-01 and -11, that is, 0.57 and 0.69, and MAPE values formations. The RF model accuracy was checked in
were overall higher, that is, 4.96, 2.16, 5.04, and 4.8 for all wells. comparison with the DTR approach through the correlation

The DTR algorithm proved to be the least accurate in DTS coefficient (R), that is, 0.986 for RF and 0.93 for DTR, and an
prediction, with the lowest values of R?, that is, 0.11, 0.52, 0.25, average absolute percentage error (AAPE) of 1.12% for RF and
and 0.49, and highest values of MAPE, that is, 8.33, 4.76, 7.62, 1.95% for DTR between actual values and predicted model.
and 6.53 in Kadanwari-01, -03, -10, and -11, respectively. Few Gupta et al. (2019) have compared several machine learning

Frontiers in Earth Science frontiersin.org
171


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.919130

Ahmed et al.

10.3389/feart.2022.919130

S ccE?mls)) 8 B -2
8 lcc)*(mls|
§ 11845 § ((glcc)*(mis))
8 E 7230
i DNAWARI-11
1608| | g
. F 'OKADANWA 7036
9 4 P & 2 -
o ) % 2
o 2 Y X Y 4 P
=3 I=3 A A
@ 11194 S 1 ; o B A 3 > 6803
L 3 y
ek 3 o L 6648
£ 6454
10662 | S
o ] [ S —
3 — ) 3 0 1: 56781 3000 m
S 0 1:33000 2000 m T T T T T T T T T T T 6299
51900 522000 525000 10425 51900 522000 525000
° PHE | Vel
§ 0.100 § 0.590
S o
® AWARI-11 L
0.543
0.088
0.503
4 (=3
S 0.073 | 3
2 3
8 8 0.443
®
0.062 -
0.390
0.043 0.323
o
I
] g
[ — m— 8 ——r—
§ 0 1:33000 2000 m 0.035 ] ! : : ' . - ) 000200 m | 0.270
51900 522000 525000 1900 522000 50000
Hp
| Ap |F 55.0
& 420 | DNAWARI-11
& S \
8 3 53.0
o @
] 395 | ©
i 1 50.0
(=3
2 1 o
© 4 AN
g 353 & s 47.6
® Q'
1 2
1 ‘ § 44.2
) 29.5 415
(4 4
o
S 8
§ : — )
] — . . . . ; e I27-0 g- 0 1:53583 9000 ft 38.8
51900 522000 526000 & 1702000 171000 1718000 1726000
FIGURE 9

Average value maps extracted within E-sands exhibiting (A) low Zp, (B) low Zs, (C) high PHIE, and (D) low Vcl response around the producing
Kadanwari-01, while polygon indicates plausible channelized gas sands, (E) Ap, and (F) Lip supporting the presence of gas sands at the same location.

regression techniques, such as multilinear regression (MLR),
least absolute shrinkage and selection operator regression,
support vector regression, random forest (RF), gradient
boosting (GB), and alternating conditional expectations, to

Frontiers in Earth Science

predict the synthetic sonic (Vp and Vs) and mechanical
properties. Their results showed RF and GB as the best
predictors with low uncertainties in the prediction, with R*
and adjusted R* around 0.95 and RMS error around 0.18.
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The correlation between the measured and predicted DTS
curves is displayed through cross plots, that is, x-axis
(measured/empirical DTS), y-axis = predicted DTS, and
Z = depth values (3,000-3,450 m). The cross plots show
the correlation of the applied ML technique at each well
by observing the curve values along the zero-error line. This
correlation also clearly shows that the RF technique
performed efficiently and shows maximum alignment with
centerline (Figures 6, 7).

The predicted DTS curve using various techniques, such
as RF, SVM, and DTR, overlapped with the measured DTS for
Kadanwari-03 and empirically derived DTS in other wells to
evaluate the trends and curve ranges (Figure 8). In
comparison to the DTR and SVR algorithms, the RF
the
heterogeneous reservoir sands of LGF (Dar et al., 2021), as

algorithm was more accurate in dealing with
it predicted DTS curves that were more consistent with
measured curves across all wells (Figure 8).

The RF algorithm further utilizes the predicted DTS log, along
with other significant elastic logs such as DTP and RHOB, to build a
relationship with the 3-D seismic volume of the study area. This
relationship was trained to predict elastic (Zp, Zs, Ap, and pp) and
petrophysical (PHIE and Vcl) attribute volumes. The maps
generated by taking the average values within reservoir E-sands
exhibited low values of Zp (10,400-10,800 gm/cc*m/s), Zs
(6,300-6,600 gm/cc*m/s), and Vdl (30%-40%) with high PHIE
(8-10%) around the producing well, Kadanwari-01 (Figure 9).
Such a response from elastic and petrophysical properties
indicates a potential area with good sand quality (Khan et al,
2021), that is, around the producing Kadanwari-01 well and
channelized potential sands bound by the polygon (Figure 9).
Low values for Ap (27-30 GPa*g/cc) cross ponding to higher pp
(38-44 GPa*g/cc) also support the presence of gas sands around the
Kadanwari-01 well and within the polygon (Figure 9). Low values of
Ap indicate the compressibility of gas, while the rigidity of quartz is
delineated by a high up value (Young and Tatham, 2007).

Conclusion

Rock physics, a conventional but extensively used method,
and ML, a new technology that employs artificial intelligence, are
combined in this study to predict the missing DTS curve.
However, the input data set and prerequisites for both
approaches differ significantly. Rock physics, for example,
demands petrophysical logs, reservoir in situ parameters, and
petro-elastic models of the litho-facies identified in the area, all of
which add time and cost to the operation. ML, on the other hand,
is more accurate, faster, and less prone to errors, as well as able to
work with a smaller data set. Three different SML algorithms,
that is, RF, DTR, and SVR, are applied in the study, among which
RF is proved to be more accurate in dealing with heterogeneous
sand and it is further utilized for estimating elastic (Zp, Zs, Ap,
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and pp) and petrophysical (PHIE and Vcl) volumes. In the
stratigraphic slice extracted at the E-sand level, the reservoir
in the area, gas sands zones were discovered with low Zp, Zs, and
Vclin contrast to higher PHIE which is also supported by the Ay
relation with higher yl corresponding to lower Ap values.
Therefore, the ML technique will be effective in areas with
missing log curve data, particularly in the LIB, which has
older wells that lack DTS due to high drilling costs or
insufficient drilling equipment at the time of drilling.
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Studying complex pore structures and fractal characteristics of gas shale
provides significant guidance for clarifying the mechanism of shale gas
accumulation and realizing its efficient development. In this paper,
12 samples of Taiyuan Formation shale are used as the research object, and
the fractal theory is combined with mercury intrusion porosimetry and N
adsorption technology to innovatively solve the problem of splicing point
selection, which can reveal the full-scale pore size distribution of shale. The
results demonstrate that the most common types of pores in the chosen
samples are pores between or within clay minerals, micropores and
mesopores inside organic matter, and microfractures, based on scanning
electron microscopy imagery analyses. The pores of shale samples have
fractal geometries. The fractal dimension Dy; values in the mercury intrusion
porosimetry experiments range from 2.3060 to 2.6528. Two fractal dimensions,
Dn;z and Dy, may be obtained using the Frenkel-Halsey-Hill fractal method. Dy
values vary from 2.4780 to 2.6387, whereas Dy values range from 2.5239 to
2.7388. Most macropores in shale samples have a size range of about 0.2 mm,
with a wide pore size distribution, and the largest peak of the micro-mesopore
volume is generally about 50 nm. The fractal dimension correlates positively
with the corresponding pore volume, although the correlation between volume
and composition is weak. The relatively strong correlation between fractals and
the basic compositions of shale proves the fractal theory's relevance in defining
pore inhomogeneity. This study would contribute to the development of a
fractal perspective-based method for pore splicing while also expanding our
understanding of pore morphology and structure in transitional shale.
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1 Introduction

The world’s energy supply is undergoing a third significant

transition, and many nations have aggressive energy

development strategies in place to promote the quick
advancement of this transition (Zou et al., 2020). To achieve
carbon peak and neutrality goals, the focus of the energy in China
will remain on stable supply, clean and low-carbon energy, and
economic convenience in the long run while addressing the
difficulty of upgrading for high-quality development (Dai
et al,, 2021). Natural gas is an indispensable, relatively clean,
and efficient high-quality energy source for use in the process of
energy structure transformation, and its demand will continue to
Shale gas, a

unconventional gas, has emerged as one of the most essential

expand in the future. representative of
natural gas resources in the last decades. Influenced by the rapid
development of the shale gas industry in many countries (Jarvie
et al., 2007), research and exploration of shale gas in China are
also increasing.

Shale gas reservoirs are an integrated source and storage
reservoir system, which means that large amounts of natural gas
in them have a complex storage state (Curtis, 2002). Gas
enrichment is strongly influenced by the shale features,
including the content and type of organic matter (OM),
mineral composition, and pore structure parameters such as
specific surface area (SSA), pore volume (PV), and pore size
distribution (PSD). The complex characteristics of pore structure
type and evolution, which are usually dominated by nanometer-
or micron-scale pores, have an important impact on the storage
and seepage capacity of shale. The SSA, mainly attributed to
micropores and mesopores, determines the storage potential of
adsorbed gas, the PV of macropores influences the storage ability
of free gas, and the diffusion and seepage capacity of shale gas is
mainly controlled by the PSD (Li et al, 2019). Therefore, a
detailed and in-depth study of the pore feature of shale reservoirs
has important meaning for clarifying the mechanism of shale gas
accumulation and developing shale gas resources.

Scholars have put forward a host of experimental methods to
research the development characteristics of reservoir pores,
including three types of methods: microscopic imaging
methods, radiographic methods, and fluid injection methods.
Specifically, they include scanning electron microscopy (SEM)
(Jiao et al., 2014), atomic force microscopy (Chen et al., 2021a),
helium ion microscopy (Wang et al., 2020), confocal laser
scanning microscopy (Liu et al., 2020), computed tomography
(Liu et al,, 2021a), nuclear magnetic resonance (NMR) (Li et al.,
2016), small-angle scattering (Sun et al., 2020), mercury intrusion
porosimetry (MIP) (Li et al.,, 2021a), and low-temperature N,
adsorption (N, adsorption) (Hu et al, 2019). Because of the
complex pore structure of gas shale, various methods have
limitations, and it is difficult to analyze the pore structure
with a single method (Jiang et al., 2017). Therefore, scholars
usually combine techniques to study shale pores (Chen et al.,
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2021b; Wang et al, 2021; Zhang et al., 2018). Due to their
efficiency and extensive testing range, MIP and N, adsorption
are combination procedures that are frequently employed for
quantitative pore characterization. However, the selection of
splice points also has a significant impact on the collection of
the full-scale PSD.

At present, there are three main methods of pore splicing, as
follows: 1) From experience, three splicing points—25, 50, and
100 nm—are widely applied (Zhang et al., 2017; Xu et al., 2021);
2) According to the PSD image, the intersection of two curves or
the midpoint of their parallel segments is usually selected for the
splicing location (Xu et al., 2018); 3) The splicing point can be
determined from an NMR T, curve (Xiao et al.,, 2020; Zheng
etal., 2019a). The problems with these methods are also obvious:
For method 1, the splicing points are frequently chosen based on
the splicing findings of similar lithologies or study areas, making
the points chosen highly subjective. For method 2, it is very
difficult to determine the splicing point since intersections or
parallel segments often cannot be found, or there may be multiple
intersections or parallel segments. For method 3, NMR
experiments are relatively expensive, and there is no unified
understanding of the T, curve correction method, which
essentially introduces another pore size characterization method.

The fractal method is typically used to examine patterns and
characteristics that are self-similar but lack a distinctive length
(Liu et al, 2019a). The microscopic pore structure of rock
reservoirs has good statistical self-similarity and exhibits good
fractal characteristics within a certain pore size range (Clarkson
et al,, 2013), which can be quantitatively described by the fractal
dimension. N, adsorption and MIP provide fast, efficient, and
economical acquisition of fractal dimensions. A large body of
found that fractal
quantitatively characterize the non-homogeneity of reservoir

scholarly work has dimension can
pore structure, which is suitable for reservoir description and
evaluation (Jiang et al., 2016; Liu et al., 2019b; Wang & Zai, 2021).

In this study, we conducted SEM morphology observation,
MIP, and N, adsorption analysis on the Taiyuan Formation shale
collected from the Linxing area to obtain the morphological
characteristics of the pores and quantitative parameters of the
pore structure. The fractal dimensions of different pore ranges
were calculated, which can be used to characterize the pore
structure and inhomogeneity of the shale. An attempt is made
to select suitable splicing points from the fractal perspective, and
then to obtain full-scale PSD curves and PVs at each stage. Based
on this, the relationship between fractal dimension, PV, and basic
compositions of transitional shale, is discussed.

2 Geologic background
The Ordos Basin (Figure 1A) is located in the North China

Craton (Li et al., 2021b). According to the basement material
composition and structural characteristics, it can be divided into
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FIGURE 1

Geological settings of the Ordos Basin: (A) showing the location of the Ordos Basin; (B,C) showing the location of Linxing area and sampling
well; (D) stratigraphic histogram of Shihezi Formation-Benxi Formation in Linxing area, modified after Li et al. (2016).

six subsidiary parts (Figure 1B) (Li et al., 2019). The Linxing area
is located on the eastern edge of the Ordos Basin, and its structure
is relatively simple (Figures 1B,C). Controlled by the Zijinshan
magmatic rock intrusion and regional tectonic movement, the
stratigraphic trend is NE-SW, with a dip of 5°~10° to the west (Xu
et al, 2015; Shu et al., 2021). The paleogeographic evolution of
the strata in the Ordos Basin underwent a transition from sea to
land during the Late Paleozoic. In the Taiyuan stage, the study
area’s sedimentary environment is the main barrier coastal
sedimentary system (Figure 1D) (Shen et al, 2017). The
Taiyuan Formation of the Upper Carboniferous is a major
coal-bearing stratum in North China (Ju et al., 2017), mainly
comprising grayish-black shale, silty mudstone, argillaceous
siltstone, sandstone, micrite limestone, bioclastic limestone,
and coal seams.

3 Samples and experiments

A total of 12 shale samples were collected from depths of
1659-2067 m in the Taiyuan Formation, and then the samples
were crushed and divided into several parts to complete different
experimental tests. Organic geochemical and mineralogical
composition tests were used to clarify the developmental
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status of the samples. SEM was used to observe the pore
morphology of each sample to obtain a visual understanding
of the pore morphology, and MIP and N, adsorption were used
for quantitative and comprehensive analysis of the pore structure
of the samples. The pore classification system of the International
Union of Pure and Applied Chemistry (IUPAC) (Thommes
et al, 2015) is widely applicable and comparable, so this
scheme is used for the classification of pores in this paper.

3.1 Organic geochemical and mineral
composition tests

Each sample was subjected to tests on its total organic carbon
(TOC) concentration, OM type, vitrinite reflectance (R,), and
(XRD)
characteristics

whole-rock  X-ray diffraction to determine its

fundamental  geochemical and  mineral
compositions. The TOC content was determined by a carbon/
sulfur analyzer (multi EA4000, Analtik Jena, Germany).
Microfraction microscopy was used to distinguish among the
OM types, and the R, was then measured using a matching
photometer. The mineral compositions of the shale sample can
be obtained by the XRD experiment (D8 ADVANCE, Bruker,

Germany).
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TABLE 1 Sample properties for the Taiyuan shale in the Linxing area.

Sample  Well Depth (m) TOC (%)  OM Type
1 LX-1 2037.7 1.66 Il
2 LX-1 2067.5 2.14 Il
3 LX-4 1736.4 2258 11
4 LX-5 1722.6 2.20 Il
5 LX-10 1659.6 458 Il
6 LX-21 1952.1 1.87 Il
7 LX-21 1991.6 2.06 I,
8 LX-21 1993.7 159 I,
9 LX-22 1947.6 2.12 I,
10 LX-103 17145 450 I,
11 LX-103 17163 174 I
12 LX-103 17179 6.06 Il

3.2 Scanning electron microscopy
characterization

Using a scanning electron microscope (Quanta 250, FEI
company, United States), we acquired SEM images of the
microscopic pores. The SEM imaging on the fresh broken
surfaces of the samples was conducted at 25°C and 35%
relative humidity. The qualitative structural information of the
microscopic pores was obtained from the acquired SEM images,
see Section 4.2 for more detailed results.

3.3 Mercury intrusion porosimetry

The mercury intrusion analyses were done using a mercury
porosimeter (Poremaster 60GT, Quantachrome Instruments,
United States) at pressures up to 40,000 pounds per square inch
absolute (psia; approximately 275.8 MPa). Crushed shale samples
with diameters between 1 and 3 mm were prepared according to
standard operating guidelines, and all samples were dried at a
constant temperature of 100°C for 5 h before being tested for MIP.

3.4 Low-temperature N, adsorption

The low-temperature N, adsorption experiments were
performed on an automatic SSA and pore analyzer (Tristar Il
3020, Micromeritics Instruments, United States). After the
sample was pulverized to 0.25-0.425 mm diameter particles
(Chen et al, 2018), weighed 1-2 g, and placed in a desiccator
where it was dried at 100°C for 8 h. Using liquid nitrogen, we
measured a range of relative pressures (P/Py) from 0.002 to
0.995 for N, adsorption under a temperature of —195.85°C. After
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(%) Whole rock (%)
Quartz  feldspar ~ Carbonate  Pyrite  Clay
55.99 0 18.46 6.12 19.43
47.33 0 2.56 496 45.15
26.55 10.11 0 0 63.34
50.05 5.19 1.62 5.58 37.56
40.93 0 1.30 6.69 51.08
37.98 0 0 3.04 58.98
4247 527 1.54 243 4829
45.50 0 373 0 50.77
20.15 8.08 448 2.87 64.42
49.45 0 0 0 50.55
34.62 0 0 0 65.38
21.92 0 0 0 78.08

the N, adsorption tests were completed, the density function
theory (DFT) model was used for PV and PSD acquisition. With
the support of mercury intrusion data, it can be confirmed that
the samples contain a large number of macropores, so after
considering the applicability of each model, the DFT model is
most suitable for obtaining the PSD.

4 Results

4.1 Organic geochemical characteristics
and mineral composition

The
composition of each sample were tested experimentally, and
Table 1 lists the test results. The TOC content of shale
samples of Taiyuan formation in the Linxing area ranges from
1.59% to 22.58%, with a mean value of 2.77%. The OM types are
mainly typed II kerogen, and the vitrinite reflectance ranges from
1.00% to 1.34%, with a mean value of 1.23%, which is in the
middle maturity stage. According to the North American shale

basic geochemical characteristics and mineral

evaluation standard, the Taiyuan shale in the Linxing area is a
fine gas-producing source rock (Burnaman & Shelton, 2009).
Based on the XRD test results, the main mineral components in
the shale samples are clay minerals, quartz, carbonate minerals,
pyrite, and feldspar, in order of abundance.

4.2 Qualitative analysis of pore
morphology

The qualitative analysis of shale pore morphology is helpful
to determine the pore structure. Micronmeter-scale pores and
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FIGURE 2

Scanning electron microscopy (SEM) imageries of Taiyuan Formation shale: (A) sample 3, LX-4, 1736.4 m; (B) sample 9, LX-22, 1947.6 m; (C)
sample 7, LX-21, 1991.6 m; (D,E) sample4, LX-5, 1722.6 m; (F) sample 11, LX-103, 1716.3 m.

nanometer-scale pores are abundant in the SEM imageries.
According to the SEM imagery characterizations, there are
three main types of pores in the Taiyuan shale: intraparticle
(intraP) pores that are located inside mineral grains, interparticle
(interP) pores that are located between mineral grains, and
microfractures. The intraP pores located within kerogen, are
also known as OM pores.

The OM pores in the Taiyuan Formation shale have different
shapes and sizes, and exist in isolation or are connected. Pore
diameters range from a few nanometers to several hundreds of
nanometers, and pores of several microns can also be seen
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(Figures 2A,B). Typically, the interP pores are observed
around or between particles in minerals. These interP pores
are tens to hundreds of nanometers in diameter and usually have
elongated shapes or polygonal cross-sections (Figures 2C,E). Clay
minerals, pyrite framboids, and OM contain the most intraP
pores (Figures 2C,D). Microfractures in the Taiyuan Formation
shale can develop in and between particles of minerals or OM,
mainly as organic hydrocarbon-generating fractures, mineral
interlayer fractures, or mineral tension fractures caused by
temperature and pressure changes during diagenesis. The
morphologies of microcracks extend linearly or curvilinearly,
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FIGURE 3
Mercury intrusion/extrusion curves of the Taiyuan Formation shales.

and the lengths are usually several microns to tens of
micrometers (Figure 2F). The existence of microcracks
provides good channels for the communication of different

types of reservoir spaces and the seepage of gas.

4.3 Quantitative analyses of pore structure

4.3.1 Pore characterization using mercury
intrusion porosimetry measurements

For the MIP method, the form of the in-extrusion mercury
curve shows various pore space expansion and connectivity.
According to the intrusion mercury curves of the Taiyuan
Formation shales in the study area, although the cumulative
mercury intrusion differs between various shale samples, the
intrusion curve often has the same shape. All of them have a low-
pressure section (p < 0.011 MPa, corresponding to a pore size of
150 pm), with the steepest slope, suggesting the presence of
numerous macropores that are micron-sized in diameter. The
mercury intrusion rate is modest after this point and the
intrusion curve gradually flattens out.

The mercury intrusion curve of the samples could be divided
into two categories when the pressure was greater than 10 MPa,
with one category’s mercury intrusion remaining nearly constant
after 10 MPa (Figure 3A), and the other category’s mercury
intrusion gradually increasing with pressure until it reached
its maximum mercury intrusion (Figure 3B). The majority of
the Taiyuan Formation shale samples are well closed based on the
degree of closure of the intrusion and extrusion curves. Some
samples even have practically overlapping intrusion/extrusion
curves, indicating that the bulk of the samples’ pores is open or
cracked.
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Pore size distributions (PSDs) of shales estimated from
mercury intrusion porosimetry (MIP) analyses.
The pores of the Taiyuan Formation shale are widely

distributed, ranging from mesopores to micron-scale fractures
(Figure 4). Among them, samples 1, 3, 4, 5, 6, and 8, have a
bimodal distribution. consist of
meso—macropores and cracks, respectively. The right peak
area (8000-200,000 nm) is larger than the left peak area
(5-100 nm). Samples 2, 7, 9, 10, 11, and 12, have only a
single peak, indicating that the reservoir space is mainly
composed of fractures. The PV of sample 3 is significantly

The two main peaks
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Isotherms of samples (A) samples with clear inflection points; (B) samples without inflection points.

higher than that of the other samples at each stage, which may be
caused by the higher TOC content (Table 1).

4.3.2 Pore structure from N, adsorption
isotherms

The TUPAC report in 2015 divided the gas adsorption
isotherms into eight categories, adding two subclasses to
represent the characteristics of different pores in porous
2015).
characteristics of adsorption-desorption curves of the twelve

materials (Thommes et al, The morphological
shale samples are similar in general. They all show an inverse
S shape with a hysteresis loop. In the early stage of adsorption (P/
P, < 0.1), the nitrogen adsorption capacity increases slowly, the
curve is slightly convex upward, and there is an inflection point.
In the middle section of the adsorption curve (P/P, = 0.1-0.7),
the nitrogen adsorption capacity increases gently, and the
adsorption curve is almost a straight line. In the late stage of
adsorption (P/P, > 0.7), the nitrogen adsorption capacity
increases rapidly with the increase of the P/P, and the
adsorption curve is steep, but when the adsorption curve was
close to the nitrogen saturation vapor pressure the shale samples
did not reach the maximum adsorption capacity. The above
adsorption-desorption curve characteristics show that the
adsorption isotherm of the Taiyuan Formation shale samples
is similar to the type IV isotherm, but it is still not saturated at the
adsorption end-point, which is a characteristic of the type II
isotherm. This evidence indicates that the shale samples include a
substantial number of macropores that exceed the detection limit
of N, adsorption. Based on the IUPAC classifications of
hysteresis loops, the Taiyuan shale samples belong to H3
(Thommes et al., 2015). The desorption curves for samples 2,
4,6,7,8,and 11 show prominent inflection points near the P/P,
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PSDs of shales estimated from N, adsorption analyses.

of 0.5 and large hysteresis loops (Figure 5A), indicating that ink
bottle-shaped pores exist. By contrast, Figure 5B illustrates that
the desorption curves for 1, 3, 5, 9, 10, and 12 have no inflection
points. And the hysteresis lines of these samples are relatively
small, indicating the presence of conical pores. This is consistent
with what is seen in the SEM images, such as the cone-shaped
OM pores (Figure 2A) observed in sample 3.

From the PSD diagram (Figure 6), it can be seen that the pore
spaces in the shale are mainly concentrated in mesopores and
macropores. The maximum peak value of the differential PV is
usually around 50 nm, which is near the boundary between
mesopores and macropores. The PSD characteristics also show
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TABLE 2 Fractal dimension of mercury intrusion porosimetry (MIP) in
shale samples.

Sample ID p < 14.7 MPa p > 14.7 MPa

k, Dy, R’ k, Dy, R?
1 ~1.6940 23060 09445 -0.8548  3.1452  0.1196
2 ~14320 25680 09721
3 ~13472 26528 09666  -0.6305 33695  0.8535
4 ~14516 25484 09529 05413 34587  0.1189
5 -14414 25586 09797  -0.8947  3.1053  0.2459
6 -14345 25655 09448  -1.0490 29510 03718
7 -14561 25439 09778
8 ~14457 25543 09644  -1.0431 29569  0.4538
9 -14896 25104  0.9781
10 -1.5023 24977  0.9803
11 ~15013 24987  0.9666
12 -14870 25130 09713

that mesopores and macropores provide the most pore space and
are the main components of the Taiyuan Formation shale pores.
Some samples can also show higher peaks in the range of
micropores, indicating that the Taiyuan shale also contains a
certain number of micropores. Due to the limitation of N,
adsorption experiments, some micropore (<1 nm) volumes
may be neglected.

5 Discussion

5.1 Pore fractal analysis of the shale
samples

5.1.1 Pore fractal analysis using mercury
intrusion porosimetry measurements

The fractal theory had been successfully applied by many
scholars to the analysis of shale reservoirs. The MIP experiment
was mainly solved based on the Washburn formula and Menger
sponge model (Cai et al., 2011), the calculation formula can be
derived as follows:

In(dVp/dP)/InP = Dy - 4 1)

where: Dy is the shale pore fractal dimension using MIP,
dimensionless; P is the experimental pressure, MPa; and V) is
the mercury injection volume at P, mL/g.

According to the Eq. 1, the mercury intrusion data was
obtained, and then the linear fitting was performed according
to the relationship between In (dVp/dP) and InP of the shale
sample to obtain the slope (Figure 6), thereby obtaining the
fractal dimension Dy, of different shale samples, listed in Table 2.
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There were two cases for the fitting results of In(dVp/dP) and InP,
corresponding to the two PSD characteristics. There are two
stages in the relationship between In(dVp/dP) and InP in
Figure 7A, corresponding to samples with bimodal PSD,
indicating that the pore fractal dimension of the Taiyuan
shale in the Linxing area has a boundary point, and its
pressure limit is approximately 14.7 MPa; the corresponding
pore size range is approximately 100 nm. Figure 7B only
exists in the first stage, corresponding to the sample with only
a single peak. The macropore-fracture fractal dimension was
recorded as Dy, and the mesopore-macropore fractal
dimension was recorded as D,s,. D)y ranged from 2.3060 to
2.6528, with a mean value of 2.5264; D), ranged from 2.9510 to
3.4587, with a mean value of 3.1644. According to fractal theory,
the D value was only meaningful when it was between 2 and 3.
This means that D,,, was unreliable, and it could be noted that its
correlation index, R?, was also low. Research by other scholars
had shown that matrix compression may result from excessive
mercury intrusion pressure (Zhang, et al., 2019a; Zhang et al.,.
2019b). In other words, the loss of reliability for Dy, was a sign
that the pore structure is damaged.

5.1.2 Pore fractal analysis from N, adsorption
isotherms

Many methods had been used to calculate the fractal
dimension of porous materials using nitrogen adsorption data.

The more commonly wused methods included the
Frenkel-Halsey-Hill (FHH) model, the
Brunauer-Emmett-Teller (BET) model, and the

Niemark-Kiselev (NK) model. Among them, the FHH
the the
characteristics obtained are also effective (Liu et al., 2019b).

method was most widely used, and fractal

Therefore, this model was chosen to calculate the fractal
dimension of nitrogen adsorption this study. The
calculation method of the FHH model is as follows:

in

InV = (Dy -3)In[ln(Py/P)] +C (2)

where: Dy is the shale pore fractal dimension using N,
adsorption, dimensionless; P is the equilibrium pressure of the
gas, MPa; Py is the gas saturation pressure, MPa; Vis the volume
of adsorbed gas molecules at P, and C is a constant.

It can be seen from Eq. 2 that the fractal dimension Dy can be
obtained by making a relationship diagram between InV and In
[In(Py/P)] and obtaining the slope between them through the
least-squares regression. Based on the original N, adsorption
isotherm data for the shale samples, a scatter diagram (Figure 8)
can be drawn. It can be seen from the figure that the relationship
between In[In(Py/P)] and InV has two stages with a good linear
fitting relationship, and the demarcation point is at P/P, = 0.5.
The discrepancies between the scatter diagram at P/P, of
0-0.5 and 0.5-1
Intermolecular forces dominated the adsorption behavior in

indicate diverse adsorption behaviors.
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Fractal calculation results from In (dVp/dP) vs. InP reconstructed from MIP for two representative shale samples (A) sample 3; (B) sample 9.
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FIGURE 8

Scatter diagrams of InV vs. In[ln(P,/P)] for two typical shale samples, both with a demarcation point at P/Py = 0.5 (A) sample 2; (B) sample 4.

the early stage (P/P, < 0.5) of N, adsorption, while the behavior
was controlled by capillary coalescence in the later stage (P/P, >
0.5) of N, adsorption (Wang et al., 2016). So Dy; was computed
in the early stage. At lower P/P, as N, molecules were adsorbed
and arranged on the surface of the pores, monolayer adsorption
occurs, in which surface adsorption dominates. Therefore, Dy
responded to the surface roughness of the pore structure and
could be referred to as the surface fractal dimension. In contrast,
Dy has computed in the P/Py > 0.5 regions. At higher relative
pressures, pore-filling adsorption and multilayer adsorption
and N, manifested  capillary

dominated, molecules
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condensation features. Consequently, Dy, was used as the
fractal dimension of the pore structure.

Two characteristic FHH model scatter plots of InV vs. In[In(Py/
P)] from N, adsorption data for samples 2 and 3 are plotted in
Figure 8. The slopes obtained from the fits are presented in Table 3,
and it can be found that all R® values are greater than 0.99, indicating
a good correlation between the linear fits. It can be seen from Table 3
that Dy; ranges from 2.4780 to 2.6387 with a mean value of 2.5757,
and Dy, ranges from 2.5239 to 2.7388 with a mean value of 2.6487.
Dy; was smaller than Dy, for each sample. Studies conducted on
shale reservoirs in different basins had shown the same results,
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TABLE 3 Fractal dimension of N, adsorption isotherms in shale
samples.

Sample ID  P/P, < 0.5 P/Py > 0.5
ks Dy, R? ky Dy R?

1 -0.4249 2.5751 0.9993 -0.4179 2.5821 0.9965
2 —0.3805 2.6195 0.9997 -0.2947 2.7053 0.9966
3 -0.5220 2.4780 0.9934 -0.4761 2.5239 0.9978
4 -0.3976 2.6024 0.9998 -0.2946 2.7054 0.9955
5 —-0.4849 2.5151 0.9997 —0.4069 2.5931 0.9960
6 —-0.3928 2.6072 0.9998 —0.2649 2.7351 0.9932
7 -0.4277 2.5723 0.9998 —0.3140 2.6860 0.9974
8 -0.4173 2.5827 0.9998 —0.2984 2.7016 0.9965
9 —0.4366 2.5634 0.9998 —0.4237 2.5763 0.9969
10 —0.3936 2.6064 0.9995 —0.3340 2.6660 0.9985
11 -0.3613 2.6387 0.9990 -0.2612 2.7388 0.9985
12 —0.4524 2.5476 0.9999 -0.4296 2.5704 0.9944

suggesting that lower Dy; values than Dy, values might be a more
general phenomenon (Hazra et al., 2019; Jiang et al., 2016; Liu et al,,
2021b). According to the research of relevant scholars, Dy; was
positively correlated with the amount of methane gas adsorption, so
the relatively high Dy; values of the Taiyuan Formation shale
indicated that it had a higher gas adsorption potential (Yang
et al,, 2014). The higher Dy, values compared with Dy; values
might result from the enhanced accessibility of N, to porous
structures at higher relative pressures. (Hazra et al,, 2019).

5.2 The full-scale pore size distribution of
transitional shales

MIP and N, adsorption had specific pore size test ranges.
Shale samples had a wide range of pore sizes, and neither of these
two techniques alone could reliably characterize all the pores in a
shale, making it inappropriate to analyze full-scale PSDs by only
a single experiment. Therefore, in this section, it will be discussed
how to effectively couple the PSD values obtained from MIP and
N, adsorption experiments to characterize the full-scale PSD of
shales.

The core of rebuilding the full-scale PSD is to give full play to
the advantages of the two test methods, that is, to capitalize on
the most reliable parts of the two data sets. When a piece of data is
no longer reliable, it should not be present in the final result of the
full-scale PSD images. The fractal theory had been wildly used to
characterize the distribution of pores in various rocks. Therefore,
we can use fractal dimension to solve the problem of splicing
point selection. When the rock fractal dimension value loses its
physical meaning or there is no fractal dimension value, the
corresponding method can no longer effectively characterize the
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pore structure of the rock and that data should be discarded.
Through the previous calculation, we found that for the Taiyuan
shale, the D), values lose physical meaning in the part of pore size
less than 100 nm; while the Dy values are always meaningful,
thus the reasonable splicing point should be at 100 nm.

Compared our approach to the standard method 2 to further
validate its dependability. By comparing the PSD plots (Figure 9) of
the N, adsorption and MIP across the whole test range of the N,
adsorption test. Except for sample 3, the MIP generally
underestimated the PV below 100nm. The PSD curves of
samples 1, 2, 4, 5, 6, and 8 retain some morphological similarity
(peak heights change but peak positions remain similar), and there
are crossings or exhibit the same monotonicity near 100 nm,
however, this pore splicing approach fails for samples 7, 9, 10,
11, and 12. This demonstrates that the fractal theory is viable and
more extensively relevant in the problem of splicing point selection.
This shows that the fractal theory is valid and more widely applicable
in the problem of the selection of splicing points. It should be
observed that the two curves of sample 3 have multiple intersections
in the 50-100 nm pore size section, and the measured stage pore
volume increases as the intrusion pressure increases. This is similar
to the usual overestimation of mesopore and micropore volumes in
coal rocks reported by certain authors due to matrix compression
effects (Li et al., 2021a). Combined with the significantly higher TOC
of sample 3 (22.58%), it suggests that organic matter pores and
mineral pores are different when they are disrupted. OM particles
may be disrupted due to larger intrusion pressure, thus making the
internally contained closed pores disrupted and communicated.
Mineral pores, on the other hand, tend to collapse as a whole,
ie, they are supported by the clay mineral skeleton and still
maintain a certain pore morphology (Kuila & Prasad, 2013).

Figure 10 exhibits the volume differential full-scale PSD of
12 shale samples gained from the above fractal method. The
figure shows that the distributions of the studied samples range
from 1.5 nm to 200 pm, and nanoscale pores act as an important
storage space for the Taiyuan shale. The porosity values gained
from the full-scale PSD curve are significantly larger than those
obtained from the MIP or N, adsorption techniques alone, which
indicates that pores at micron and larger scales are not negligible
for shale gas reservoirs. The full-scale PSD curves exhibit a
multimodal character, and several peaks can be found,
corresponding to pore diameters of approximately 1.5nm,
25 nm, 50 nm, 10 pm, and 0.2 mm, from left to right.

The foregoing research shows that the pore structure of shale is
complicated, diversified, and has a wide range of PSD. The pore
volume distribution features of full pore size vary substantially
among different Taiyuan Formation shale samples. However, in
general, it is still characterized by macropores providing the majority
of PV, followed by mesopores, and micropores providing a small
amount of PV (Figure 11). The mean volumes of micropores,
mesopores, and macropores are 0.00045 ml/g, 0.0031 ml/g, and
0.011 ml/g, respectively. The mean percentages are 3.4%, 21.7%,
and 74.9%, respectively.
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Comparison of pore size distribution obtained from MIP and N, adsorption data (A) sample 3; (B) sample 8.
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5.3 The correlation between fractal
dimensions and the pore volume and
compositions of shales

To determine the effect of the fractal characteristics of
Taiyuan shale on pore anisotropy, it is essential to survey the
correlation between fractal dimensions, PV, and the basic
compositions of transitional shale, including TOC content,
quartz content, and clay content. A total of three effective
fractal dimensions were obtained in this study, Dy, Dyg, and
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Dy, which correspond to most of the macropores, micropores,
and mesopores, respectively.

Figure 12 illustrates the positive relationship between fractal
dimensions and related pore volume. Micropores show a clearer
correlation between Dy; and pore volume than mesopores and
macropores do (Figure 12B). In shale reservoirs, heterogeneity
and irregular pore structure are mostly caused by micropores, as
demonstrated by Yang et al. (2014), and the fractal dimension in
such shales indicates the degree of micropore development.

The growth of shale reservoir pores, particularly organic
pores, is significantly influenced by TOC, which is a
prerequisite for shale gas enrichment. The relationship
between PV and TOC at each scale reveals that macropore
volume has a positive correlation with TOC, indicating that
high TOC content positively affects macropores development;
for mesopores, there is no obvious relationship between TOC
and mesopore volume; and for micropores, there is a weak
negative relationship between the two (Figure 13A). It should
be noted that sample 3 has a substantially greater TOC than the
other samples, which may obfuscate the association between the
other samples, hence it has been omitted from the graph in
Figure 13A and Figure 14A.

The correlation analysis between the quartz content and the
PV of each scale shows that the macropore volume is negatively
correlated with the quartz content as a whole, but there is no
obvious correlation between the mesopore and micropore
volumes and the quartz content (Figure 13B). According to
the negative relationship between macropore volume and
quartz concentration, secondary quartz formed during
diagenesis may be the primary source of quartz crystals.
Because different types of clay minerals have vastly different
morphological structures and physicochemical properties that
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have different effects on pore growth in shale reservoirs, there is

no clear relationship between clay and pore volume at any scale

(Figure 13C).
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TOC shows no significant relationship with Dy, and is
negatively correlated with both Dy; and Dy, (Figure 14A). This
phenomenon contradicts the shale recorded in the Qingshankou
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Formation lacustrine shale (Wang et al, 2015), where the
relationship indicates a decrease followed by an increase, with a
minimum value of D at about 3% TOC content. Our findings varied
from previously published maritime shale gas data (Yang et al,, 2014;
Xi et al, 2018), in which D was positively linked with TOC
concentration. It is discovered that the discrepancy might be due
to differences in sedimentary facies by further analyzed related
studies. The transitional facies are the Taiyuan Formation shale’s
sedimentary facies, whereas other researchers have concentrated on
lacustrine and marine shales.

The relationship between quartz minerals and various fractal
dimensions is not the same, there is a parabolic correlation between
Dy, and Dy, and a positive correlation with Dy; (Figure 14B).
Some scholars believed that the quartz content is independent of the
fractal dimension (Xi et al.,, 2018), which contradicted the current
findings, and the varied behavior of quartz at different phases merits
further exploration. Clay minerals show a parabolic relationship
with Dy;; and Dy, and no significant correlation with Dy
(Figure 14C). The correlation analysis between clay mineral
content and fractal dimensions at different scales shows that the
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maximum non-homogeneity occurs around 50% of clay mineral
content. The correlation with the fractal dimension of the pore
surface is not strong, indicating that clay is not the main cause of
hole surface roughness

It is discovered that the connections between fractal
dimension and shale composition are typically nonlinear. This
was consistent with previous researchers’ findings that shale
reservoirs were sensitive to multiple geological variables that
interact with one another and had a complicated pore network
(Ross & Bustin, 2009). In the previous analysis, the Taiyuan
Formation and marine and lacustrine shale samples showed
different correlations in fractal and component correlations,
and even some components were close in content. This
phenomenon can be attributed to differences in depositional
environments, as we know that different depositional
environments bring about differences in OM types, sources of
quartz, types of clay minerals, and more. The difference between
Taiyuan Formation shale and marine and lacustrine shale also
indicates that the study of the sedimentary process deserves

attention.
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6 Conclusion

The scanning electron microscopy, mercury intrusion
porosimetry, and N, adsorption experiments were employed
in this work to examine the pore morphology and structure of

12 transitional shale samples. The mercury intrusion
porosimetry and N, adsorption were  applicable
complementary techniques to investigate the diverse

characteristics of shale. The optimal splicing point was
successfully chosen based on the physical meaning of
fractal dimension combined with mercury intrusion
porosimetry and N, adsorption technology, and a full-scale
pore size distribution image was obtained. Furthermore, the
relationships between the basic components of shale and the
fractal dimension have been studied. The following five

conclusions have been obtained.

(1) The scanning electron microscopy imageries provided
qualitative information on the Taiyuan shale pore size
and morphology. The pore structure and network in the
shale were very complicated. Micropores and mesopores
within organic matter, interP pores between mineral
grains, and microfractures were the most common types
of pores in the Taiyuan shale.

(2) The pore structure and size range of the Taiyuan shale was

quantitatively characterized by the mercury intrusion

porosimetry and N, adsorption experiments. According to

the mercury intrusion porosimetry analyses, unimodal and

multimodal pore size distributions can be found, with most

pores ranging in size by approximately 0.2 mm. For

micropores and mesopores, multimodal pore size
distributions were found based on the results of N,
adsorption characterization. Typically, the maximum peak
value of the differential pore volume was usually around
50 nm.

(3) The pores of the Taiyuan shale samples had fractal

geometries. The fractal dimension D,;; was determined

via the mercury intrusion porosimetry experiments, and
its value ranged from 2.3060 to 2.6528. The Taiyuan shale
had significantly different adsorption behaviors and fractal
characteristics at relative pressures <0.5 and >0.5. Two
fractal dimensions, Dy; and Dy, can be determined using
the Frenkel-Halsey-Hill model, with Dy; ranging between

2.4780 and 2.6387, and Dy, ranging between 2.5239 and

2.7388.

(4) The Taiyuan shale samples had a wide pore size distribution

and macropores were the main source of the pore volume.

The mean percentages of micropores, mesopores, and

macropores are 3.4%, 21.7%, and 74.9%, respectively.
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(5) There were various correlations between fractal dimension,
pore volume, and basic composition of shale. The correlation
between fractal dimension and corresponding pore volume
was positive, the correlation between pore volume and
component was weak, but the correlation between fractal
and component was mostly non-linear. The good correlation
between fractals reflected the validity of the fractal theory in
the characterization of pore inhomogeneity.
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Vertical velocity at hydrostatic
and anisotropic stresses

Argam Mugqtadir, Saud Al-Dughaimi, Taqgi Alzaki and
Jack Dvorkin*

College of Petroleum Engineering and Geosciences, King Fahd University of Petroleum and Minerals,
Dhahran, Saudi Arabia

Sonic and dipole wireline tools measure V, and Vs along the vertical direction.
The state of stress in the subsurface is predominantly anisotropic, while most
laboratory experiments measuring the dynamic elastic properties are
conducted under hydrostatic stress. The question we ask is whether such
laboratory experiments provide the velocities that are close to those
measured in the vertical wellbore where the stresses are anisotropic. To
address this question, we conducted ultrasonic pulse transmission
experiments on several room-dry rock samples. The comparison was made
between the P- and S-wave velocities obtained at pure hydrostatic loading
conditions and those at a smaller hydrostatic stress with added axial stress, so
that the total stress along the axis of a cylindrical plug was the same as under
pure hydrostatic loading. These differences were significant in the extreme case
of only 1 MPa hydrostatic confining stress with the axial stress increasing up to
40 MPa. However, as the hydrostatic (confining) stress increased, the
differences between the velocities along the axis of the sample became
smaller and smaller. For example, at 1 MPa confining and 30 MPa axial stress,
the relative difference in V, was about 10%, while that in Vs was about 20%.
However, at 10 MPa confining stress, these differences became about 3% and
6%, respectively, and further decreased as the confining stress increased. This
means that even at strong in-situ contrasts between the vertical and horizontal
stresses, the results of laboratory hydrostatic experiments can be used for in-
situ velocity estimates. These results also appear to be consistent with a
theoretical model that predicts the directional velocities at any triaxial stress
conditions from those measured versus hydrostatic stress.

KEYWORDS

velocity, anisotropy, stress, elastic moduli, hydrostatic

Introduction

The elastic-wave velocities in porous rocks are practically always sensitive to stress,
especially so for the samples extracted from the deep subsurface. Many laboratory tests
indicate that both the P- and S-wave velocities increase with increasing stress. The
commonly accepted reason for such behavior is the closure of compliant cracks present in
the pore space, as well as the stiffening of compliant grain contacts (e.g., Hudson, 1980;
Johnson, 1985). These subtle features may occupy only a small portion of the entire rock
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FIGURE 1
Schematic depiction of the experimental setup.

volume, yet their contribution to the compliance of rock material
is enormous. The smaller the aspect ratio of the crack the more
compliant it is (e.g., Hudson, 1980). Hence, once these cracks
close, the stiffnesses of the sample and the respective velocities
strongly increase.

Literature on stress-induced anisotropy is massive. Arguably,
the first quantitative and rigorous report on stress-related
velocity anisotropy is by Nur and Simmons (1969). The
authors show that a granite sample subject to uniaxial stress
makes the P-wave velocity highest along the direction of the
applied stress and makes this velocity substantially slower along
the direction normal to the stress. Moreover, this work, for the
first time reported the so-called S-wave splitting, meaning that
these polarized waves travel with different speeds in any
direction. S-wave splitting, also called seismic birefringence, is
the phenomenon that occurs when a polarized shear wave enters
an anisotropic medium, whereby the incident S-wave splits into
two polarized shear waves.

This work was followed by Nur’s (1971) theoretical
investigation on the effect of the directional distribution of
cracks on velocity anisotropy. These theoretical results
matched the experimental data obtained on two granite samples.

These two pioneering publication have been since followed
by an avalanche of experimental and theoretical publications. It is
simply impossible to refer to all of them here. Instead, we will
quote only selected ones.

Crampin (1985) shows that shear-wave splitting in

of
also

under a set
thus

implying the anisotropy of permeability in reservoirs.

seismographs may be interpreted,

assumptions, in terms of crack orientation,
Zamora and Poirier (1990) experimentally investigate the
P-wave velocity anisotropy, as well as S-wave splitting in
Fountainebleau sandstone in two orthogonal directions. They
also show that the crack orientation inferred from these
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the
orientations

(1985)
observed

experiments and using theory
the the

respective Scanning Electron Microscope (SEM) images. An

Crampin
qualitatively match in
experimental study by Dillen et al. (1999) explores stress-
induced velocity anisotropy due to triaxial state of stress in a
low-porosity sandstone. Once again, these authors confirm the
already known fact that anisotropic stresses result in
anisotropic speeds of wave propagation. Another elaborate
study on stress-induced velocity anisotropy using a spherical
sample is by Nadri et al. (2011). Later, Bhuiyan and Holt (2016)
presented experimental results on velocity anisotropy in dry
and saturated sand as the axial stress varied between 1 and
15 MPa.

Recent publications by Gong et al. (2018) and Ramos et al.
(2019) explore, experimentally and theoretically, the effects of
clay mineralogy and lamination, respectively, on elastic
anisotropy in shale samples. Let us also bring the reader’s
attention to a recent important publication by Barbosa et al.
(2019), where the authors estimate fracture compliance from
attenuation and velocity analysis using full-waveform
wireline data.

Because the elastic anisotropy is sometimes related to crack
orientation that, in turn, may affect the transport property
anisotropy, many attempts have been made to infer the latter
from the former. One of the most recent examples is by Falcon-
Suarez et al. (2020) whose experiments indicate that in a weakly
consolidated sandstone, the stress orientation affects the elastic
and electrical properties in a congruent way. Recent work by Cilli
and Chapman (2021) presents a fundamental theoretical analysis
linking the elastic and electrical properties of rocks with the crack
aspect ratio being a critical variable.

Earlier rigorous experimental and theoretical studies linking
the elastic to permeability anisotropy are by Rasolofosaon and
Zinszner (2002), as well as by Gueguen and Schubnel (2003).
Teng (1998) explores relations between the seismic anisotropy of
fractured formations and fluid flow. This study also provides an
extensive overview of the theories of fracture-induced elastic
anisotropy.

Needless to say that stress-induced anisotropy (and
anisotropy in general) has provided a comfortable target for
numerous, often unnecessary elaborate, theories. Once again,
we have no way of quoting all these theories here. Ciz and
Shapiro (2009) discuss the applicability of theoretically derived
stress-induced anisotropy in transversely isotropic media to
experimental data from shale samples. A series of publications
by Gurevich et al. (2011); Collet and Gurevich (2013); and
Collet et al. (2014) puts forward an elaborate analytical
apparatus for modeling elastic anisotropy resulting from
triaxial state of stress. Bandyopadhyay (2009) presented an
exhaustive theoretical study on stress-induced anisotropy
invoking third-order elasticity, as well as discussing contact-
based effective-medium models for stress-induced anisotropy
in granular materials.
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FIGURE 2

P-wave (left) and S-wave (right) waveforms in Berea sandstone at 30 MPa pure hydrostatic stress (top) and 10 MPa hydrostatic stress plus
20 MPa axial stress (bottom), equivalent to 30 MPa total axial stress. The arrows show the first arrival picks.

It is important to mention a substantial body of theoretical
work by Mark Chapman and collaborators discussing elastic and
attenuation anisotropy, as well as the effects of the pore fluid
saturation and viscosity and frequency on velocity anisotropy
(e.g., Chapman et al, 2003; Chapman, 2009; and Amalokwu
et al., 2015).

Additional references on the subject follow. Smith (1963)
reviews various theories existed at the time and compares
them to experimental data concentrating mostly on the effect
of shear wave birefringence in metals. A rigorous report
discussing the theoretical and experimental aspects of
stress-induced seismic anisotropy is by Rasolofosaon
(1998). Yin (1992) presents pioneering experimental results
on stress-induced attenuation and elastic anisotropy under
three-dimensional  polyaxial loading. Majmudar and
Behringer (2005) present an experimental study on stress-
induced anisotropy in granular materials. They address the
fundamental phenomenon of the heterogeneity of the contact
stress chains in such dry particulates under different boundary
conditions. Hu et al. (2010) report the emergence of stress-
induced anisotropy in sands due to cyclic loading and only
using numerical two-dimensional discrete element method
simulations. Johnson and Rasolofosaon (1996) discuss, in
detail, stress-induced anisotropy in rocks on the basis of
non-linear elasticity, as well as compare their theoretical
results with the existing experimental data. Kuhn et al.
(2015) employ three-dimensional discrete element method

simulations, together with the Lattice-Boltzmann method for
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simulating fluid flow to numerically explore the elastic and
permeability anisotropy in granular packs as a result of biaxial
plane-strain compression with constant mean stress. An early
experimental work on two-dimensional granular assemblies
made of plastic is by Oda et al. (1985).

We believe that the most relevant and, coincidentally, elegant
theoretical development came from Mavko et al. (1995), by far
preceding (and perhaps triggering) the avalanche of the later
theories. These authors derived a simple analytical transform to
predict stress-induced elastic anisotropy in stress-sensitive
materials just from the isotropic V, and V, measured versus
hydrostatic pressure. This is the theory we will use here to
support and explain our new experimental data.

The question that triggered the new experimental work
presented here is whether the elastic-wave velocities measured
in the laboratory under hydrostatic stress conditions are
approximately the same as the vertical velocities in the crust
where the stresses are anisotropic but the vertical stress is the
same as the hydrostatic stress in the laboratory. Perhaps the
answer is buried in the multitude of earlier experimental and
theoretical results. Yet, to the best of our knowledge, nobody
before has explicitly asked this question and provided a clear
answer.

To this end and to clearly answer the question posed, we have
conducted experiments on 6 samples, including sandstones, glass
beads, and carbonates. These experiments were done 1) at pure
hydrostatic stress and 2) at a uniaxial state of stress. In the latter
experiments, the confining hydrostatic stress was kept constant,
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FIGURE 4

Same as Figure 3, but for Red sandstone.

while the axial stress was gradually increased. The vertical

velocities were compared to

those measured at pure

hydrostatic stress matching the total axial stress.
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This comparison indicates that the answer to the posed
question is “yes, approximately.” These results are confirmed
by the Mavko et al. (1995) theory.
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Theory

The Mavko et al. (1995) theory allows for inferring the
velocities along the axial direction at anisotropic uniaxial
loading from those measured at pure hydrostatic stress. The
essence of this theory is that the part of the pore space
represented by compliant cracks is characterized by
compressional and shear compliances that are derived from
V, and V measured at hydrostatic loading.

Two important assumptions allow us to transform the

compliances under hydrostatic stress to those under uniaxial
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stress: 1) The compliant cracks that are solely responsible for
the stress dependence of the elastic-wave velocities are
planar and, hence, their normal and shear deformations
can be decoupled from each other. So is the in-plane and
out-of-plane deformation. Mathematically this means that the
crack compliance tensor is sparse. 2) For a thin crack under
any stress field, it is predominantly the normal stress
that
responsible for the crack’s closure and, hence, for the
stress-dependence of the elastic properties of the rock
containing these cracks.

component, as resolved on the crack’s face, is
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FIGURE 8
Same as Figure 3, but for carbonate CA 18-41.

These assumptions allow one to use the elastic-wave velocities
measured versus hydrostatic stress to be mapped to those at any
applied anisotropic state of stress. Hence, the only required inputs
are V, and V; obtained during hydrostatic loading.
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This theory is formulated in terms of the compliance tensor

Sij that is defined as:

55:']' = Siju (0)é0,

1
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TABLE 1 Samples used in the experiments, their porosities, mineralogies, and dimensions (length by diameter in inches).

Sample Sample type Porosity Quartz
Berea Sandstone 0.1920 0.95
Red Sandstone Sandstone 0.2103 0.90
Scioto Sandstone 0.1330 0.80
Glass Beads Granular 0.3400 0.00
CA 18-10 Carbonate 0.0931 0.00
CA 18-41 Carbonate 0.1089 0.00

where §¢;; are small increments of the stress tensor elements due
to the small increments doy; of the stress tensor o.
The change in the elastic compliance at any state of stress o is:

AS,14(0) = S0 (0) = Sy = 3 ¢ (oW (@),

q

2

where S?jkl are the compliances at the ultimate (very large) stress
at which all the compliant parts of the pores are closed, ¢@ is the

porosity of the g-th crack, and Wi(;i)l

is the g-th crack’s
compliance. This equation is general under the assumptions
of (a) elastic behavior and (b) homogeneity of the mineral matrix.

Next, all cracks having approximately the same orientation
are combined into # < g sets of cracks. The unit vector 11 for each

such set is defined as:

®3)

m = (sinfcosy, sinfsiny, cose)T,

where 6 and y are the Euler angles describing the orientation of
the normal to each of the n-th crack set and T means
transposition.

The final equation for the compliance increments versus

stress o is:
/2 m
ASua(@) = [ [Wh, (i i B gpsinbdody. (@
6=0 y=0
where WH — are the compliances determined from the

hydrostatic experiments and p; are the direction cosines
between each crack set coordinates axes and the global
coordinate axes. All theoretical equations were coded in
Matlab with the code supplied to us by the authors of the
Mavko et al. (1995) theory.

Mavko et al. (1995) illustrate the applicability of their theory
by using the Barre granite and Massillon sandstone examples.
Here we apply this theory to the new experimental data reported
in the previous sections. These theoretical computations are
based on the pure hydrostatic velocity data shown as black
circles in Figures 3-8. The resulting velocities computed at
uniaxial stress are shown in the same figures as light squares
and compared to the respective velocities measured at the same
uniaxial stress (light circles). The theory is reasonably close to the
data even in the presence of strong stress anisotropy with the
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Clay Calcite Glass Dimensions
0.05 0.00 0.00 25x15
0.10 0.00 0.00 20x 15
0.20 0.00 0.00 30x 15
0.00 0.00 1.00 20x 1.0
0.00 1.00 0.00 20x 10
0.00 1.00 0.00 20x 10

confining stress 1 MPa. As this stress increases, the match
between the theory and experiment further improves and
becomes practically perfect at high stress.

Not only does this theoretical exercise somewhat validate our
experimental data. It also presents a “yes” answer to the question
posed that motivated this work.

Samples and experiments

A total of six samples were selected for this study, three
sandstones, two carbonates, and loose glass beads. The three
sandstone samples were low-clay-content medium porosity
rocks. The glass beads used were well-sorted and had high
sphericity. The two carbonates, essentially pure calcite, had
porosity about 10%. The porosities and mineralogies of these
samples are listed in Table 1, together with the dimensions of the
samples.

The velocity —measurements
AutoLab1500 machine
Research. It is a triaxial frame used for ultrasonic, triaxial, as

were conducted in

manufactured by New England

well as permeability and resistivity tests. The ultrasonic module
contains a set of piezoelectric sensors located in the coreholders
with the frequency 750 kHz. The source sends three input
impulses: one P- and two S-waves (the latter two with the
normal to each other polarization) through the sample. The
arrivals are captured at the receiver at the base of the coreholder.

Each sample was placed in a rubber sleeve (holder) subject to
hydrostatic pressure exerted by the surrounding mineral oil.
Additional vertical axial stress was applied by a piston
through the end caps in the holder. All samples were room-
dry. The length of the sample was recorded by a pair of linear
variable differential transformers (LVDT). The schematic
depiction of the experimental setup is shown in Figure 1.

The P- and S-wave velocities were computed by dividing the
sample length by the signal arrival time (first break). The sample
length used was variable as recorded by LVDT. The latter was
picked at the first arrival as shown in Figure 2 (an example for
Berea sandstone).

The P-wave arrival was picked at the first break while the
S-wave arrivals were picked at the first trough (as shown in
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Figure 2). These picks were first determined at high stress where
the arrivals appeared very clear. Then the waveform features thus
established were tracked to the lower-stress arrivals. The errors in
velocity determination did not exceed 1%.

Each sample was subject to five separate experiments: 1) pure
hydrostatic loading from zero to 40 MPa with a 10 MPa
increment and 2) four constant confining stress stations of 1,
10, 20, and 30 MPa with the axial stress gradually increasing at
each station with a 10 MPa increment. Maximum stress never
exceeded 40 MPa. In all cases, the samples were subjected to
several loading/unloading cycles to arrive at repeatable velocity-
stress behaviors. During the final two cycles (loading and
unloading) the velocity versus stress curves were practically
the same. No hysteretic behaviors were observed.

In the case of glass beads, we were only able to obtain reliable
results with the 10 MPa difference between the hydrostatic and
axial stress. Past that stress difference, the sample simply
collapsed.

In all cases, the S-wave splitting was minimal, hence
indicating very small (practically negligible) anisotropy in the

relevant direction.

Results: Sandstones

The experimental results for Berea sandstone are shown in
Figure 3. Here, we compare V, and V; measured at pure
hydrostatic stress with those measured at the equivalent total
axial stress. The differences appear to be significant at the 1 MPa
fixed hydrostatic stress station, but become small at 10 MPa
station even where the contrast between the total axial and fixed
hydrostatic stress is as high as 30 MPa.

These velocity differences become hardly noticeable at the
20 and 30 MPa fixed hydrostatic stress stations hence proving
that even in the presence of large stress anisotropy, the vertical
velocities at pure hydrostatic stress are approximately the same as
at the equivalent total axial stress.

The same results, but for the “Red Sandstone” sample are
shown in Figure 4. The conclusion here is the same as in the case
of Berea sandstone. This conclusion also holds for Scioto
sandstone sample (Figure 5).

Results: Glass beads

Because the glass beads sample was very friable, we could
only register coherent ultrasonic signals at uniaxial loading where
the difference between the axial and confining hydrostatic stress
did not exceed 10 MPa. Past this threshold, the sample
uncontrollably deformed. Specifically, we can only compare
the velocities measured at 1) the total axial stress 20 MPa with
10 MPa confining pressure to those measured at pure hydrostatic
stress 20 MPa; 2) at the total axial stress 30 MPa with 20 MPa
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confining pressure to those measured at pure hydrostatic stress
30 MPa; and 3) at the total axial stress 40 MPa with 30 MPa
confining pressure to those measured at pure hydrostatic stress
40 MPa.

The results shown in Figure 6 indicate that the relative
difference in V, in the first case is about 3%, while that in V;
is about 6%. In the second case, these differences are even smaller,
while they are practically zero in the third case.

Results: Carbonates

The measurement results for the carbonate CA 18-10 are
shown in Figure 7. The relative velocity difference at 40 MPa total
axial stress and 1 MPa confining hydrostatic stress is about 5% in
V, and 7% in V,. However, as the confining hydrostatic stress
increases, these differences are reduced and become very small at
30 MPa confining hydrostatic stress.

Similarly, the differences between the velocities measured at
pure hydrostatic stress and those measured at the equivalent total
axial stress, the latter at anisotropic loading, appear quite small
for carbonate CA 18-41 (Figure 8). These results confirm the
conclusion derived from the experiments conducted on
sandstones and glass beads that the vertical velocities even at
significant stress anisotropy are close to those at the equivalent
hydrostatic stress.

Discussion

We show, by example, that the vertical P- and S-wave
velocities measured at uniaxial stress are close to those
measured at the same hydrostatic stress even in the presence
of very strong stress anisotropy. Predictably, this match improves
as the stress anisotropy is reduced. These velocities are practically
the same even where the axial stress exceeds the confining
hydrostatic pressure by 10 MPa and at 40 MPa total axial
stress, which amounts to 25% stress anisotropy.

The Mavko et al. (1995) theory confirms this conclusion,
albeit only for materials approximately elastically isotropic under
isotropic stress. The match between the theory and experiment is
practically perfect at high stress and deteriorates at very small
stress. One reason is the idealization present in the theoretical
assumptions. For example, some cracks may open at very high
anisotropic stress, while the theory assumes uniform crack
closure. Also, the theory assumes the initially elastically
isotropic material, while some of the samples used may be
structurally anisotropic. Finally, due to these theoretical
assumptions, the theory underestimates the data at high
anisotropic stress differences. Mavko et al. (1995) show a
similar behaviors in some of their examples.

Of course, as in any robust scientific argumentation, a
counterexample is needed to show where this conclusion is
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invalid, thus hedging the realm of its applicability. To address
this issue, additional experiments are in order, perhaps dealing
with naturally strongly anisotropic rocks, such as laminated
shale.

Another issue not covered by the present study is that of
spatial scale. Namely, how these results obtained on inch-sized
samples can be translated into the reservoir and/or basin scales.
Clearly, controlled experiments at such scales are hardly tenable.
Perhaps analytical techniques can be used to address this
question in the future.

Conclusion

We have provided clear proof that the elastic-wave velocities
measured in a vertical borehole under generally anisotropic state
of stress are very close to those measured in the laboratory at
purely hydrostatic stress equal to the vertical stress in the crust.
This proof is by example. The examples include medium-
porosity sandstones, an unconsolidated glass bead pack, and
low-to-medium porosity carbonates. An existing analytical
theory confirms this result. A practical aspect of this
conclusion is that the velocities measured on the samples
extracted from the borehole and at variable hydrostatic stress
can be used to predict and interpret the time-lapse seismic data as
the pore pressure changes during production. Another practical
implication is for seismic processing, as well as impedance
inversion. Specifically, the elastic properties measured in a
vertical borehole or obtained in hydrostatic laboratory
experiments can be used in the aforementioned procedures.
Finally, our results can be relevant in digital rock physics
experiments where a hydrostatic laboratory experiment can
serve as a calibration for digitally-derived elastic property
computations.
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Impedance inversion-based
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Engineering Division, King Abdullah University of Science and Technology (KAUST), Thuwal, Saudi
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Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy
of Sciences, Wuhan, China, °University of Chinese Academy of Sciences, Beijing, China, **School of
Resource Environment and Earth Science, Yunnan University, Kunming, China

Future gas field development and prospect assessment depend on accurate
reservoir parameter characterization. The understanding of the tight sand
distribution of the Shanxi and Taiyuan Formations within the Hangjingi area
is ambiguous due to the presence of coal and mudstone lithofacies, high
heterogeneity, and poor resolution of the seismic data. Thus, it is difficult to
determine the reservoir's thickness. To cope with this challenge, we have
employed the advanced method of constrained sparse spike inversion (CSSI)
utilizing 3D seismic and nine wells for the distinction of tight sandstone facies
from the coal and mudstone facies. Results of petrophysical analysis of studied
well 354 show that the coal and mudstone facies are dominant towards the T9c
horizon, whereas tight sandstone facies are present towards the T9d horizon.
The obtained findings show that the CSSI accurately identified the spatial
distribution of sand-ratio in the zone of interest (ZOlI) that lies between the
T9c and T9d horizons. The acoustic impedance (Al) of coal shows the lowest Al
values, whereas the tight sandstone shows the highest Al values. The tight
sandstone facies shows moderate values of Al in the range of 8.5 X 10° kg/m?s
to 1.20 x 107 kg/m?s. The impedance map of T9c suggested the presence of
coal and mud facies, whereas the T9d impedance map suggest the presence of
maximum tight sandstone facies. The sand-ratio map of T9d showed maximum
reservoir thickness that ranges from 0.65-0-95, whereas the sand-ratio value
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mostly ranges from 0O to 0.5 on the T9c map. The maximum sand-ratio values
on T9d show that the lower Shanxi Formation has good reservoir
characteristics. Whereas, due to the presence of coal and mudstone in the
Taiyuan Formation, the T9c map shows low values of sand-ratio. The maximum
sand-ratio regions within the targeted T9c-T9d layers should be exploited for

future gas explorations.

KEYWORDS

acoustic impedance inversion, sand-ratio, shanxi and taiyuan formations, tight
sandstone, reservoir characterization, Hangjingi area

1 Introduction

Tight sandstone gas is the world’s top unconventional
natural gas source and has emerged as a crucial characteristic
for natural gas production. Also, unconventional tight gas
contributes the most to China’s yearly production of natural
gas, accounting for 24.6% of total output (Dai et al., 2012). Tight
sandstone is generally defined as a reservoir with porosity of
around 12% and less than 1mD (Dai et al., 2012). Henceforth,
reservoir characterization and reservoir quality prediction are
thus being studied by a large number of geologists, geophysicists,
petrophysicist and petroleum engineers (Ehsan et al, 2018;
Abdulaziz et al., 2019; Ashraf et al., 2019; Ehsan et al., 2019;
Qiang et al., 2020; Radwan, 2020; Vo Thanh et al., 2020; Ashraf
et al., 2021; Kassem et al., 2021; Radwan, 2021; Radwan et al.,
2021; Dar et al.,, 2022; Jiang et al., 2022; Ullah et al., 2022; Vo
Thanh and Lee, 2022). The Ordos Basin has China’s biggest
yearly gas production (Duan et al., 2008; Yang et al,, 2015). The
Hangjinqgi area lies in the Ordos Basin. Pure gas exploration
began here a decade ago (Anees et al., 2022b). Hangjingi has
several wells, however, the distribution of sand-ratio in many
zones is unclear. Reliable reservoir property calculations such as
reservoir sand distribution in relation to the acoustic impedance
(AI) are crucial for production policy and decision-making
(Pendrel, 2006).

Seismic inversion calculates rock parameters for reservoir
characterization (Saussus and Sams, 2012) and identifies
reservoir parameters such as the distribution of tight sand in
relation to the mud that can be exploited for future drilling and
field development (Avadhani et al., 2006). Post-stacked seismic
data is converted to p-impedance layer data for Al inversion
(Latimer et al., 2000). The constrained sparse spike inversion
(CSSI) is an advanced approach used by geoscientists in oil and
gas (Wang and Guo, 2008). In previous studies, many authors
have utilized CSSI as an advanced and effective tool to measure
the elastic properties of gas hydrate-bearing sediments (Riedel
etal., 2010), and to estimate the coal-strata thickness (Zhu, 2011).
In a recent study, authors utilized the CSSI to evaluate the sand-
ratio of a heterogeneous reservoir for reservoir-quality estimation
(Ashraf et al., 2020). Traditional inversion methods are difficult
to use because of their dependence on the starting model. As a
result, CSSI is included in our analysis since it is independent of
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the model and relies only on the characteristics of the original
data. CSSI offers a benefit over current approaches since it can be
used to analyze whole bandwidth reflectivity (Simm et al., 2014).

The recent studies within the Shanxi and Tiayun
Formations were focused on the pore-structure features
(Wang and Guo, 2019), fractal characteristics (Gaoyuan
et al., 2021), shale gas potential within the southern region
of the Ordos Basin (Li et al., 2021; Wang et al., 2021), and
sedimentary facies modeling (Li et al., 2021; Zhang et al., 2022).
However, a comprehensive study addressing the tight
sandstone facies within the Shanxi and Taiyuan Formations
is still missing. Much attention is needed to address the accurate
tight sandstone reservoir distribution. Therefore, in this study,
we have focused on the identification of the horizontal and
vertical distribution of lithofacies by means of the Al model via
regional 3D seismic and well-log data. Also, we aim to highlight
the low-impedance sandstone reservoir zones that can be
exploited for future gas explorations.

2 Geology of the study area

The clastic rocks from the upper Paleozoic are the most
important exploration prospects for natural gas in the Hangjinqi
area. The black mudstone and coal of the tidal flat-delta-lake
facies make up the majority of the gas source rocks and are found
in the Shanxi and Taiyuan Formations (Wu et al., 2017). The cap
rocks are comprised of the upper Shihezi Formation and
Shiqgianfeng Formation, while the reservoirs are composed of
shore sand bodies, deltaic braided channels, interdistributary
channels, and channel-bar sand bodies (all of which are found
in the Shanxi and Lower Shihezi Formations). The tight
sandstones of the Lower Shihezi Formation, which include
sandy fluvial conglomerate and coarse-to-fine-grained
sandstones, are acting as the primary reservoir within the
Hangjinqi area (Zhang et al., 2009; Anees et al., 2019). Recent
studies show that the member-1 of the Lower Shihezi Formation
has good reservoir quality and has the potential to develop gas
reserves on a regional and commercial scale (Anees et al., 2022a).
In addition, the northern region of the member-2 and member-3
of the Lower Shihezi Formation also suggested good favorable

zones for gas exploration (Anees et al., 2022b).
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FIGURE 1

(A) The Ordos Basin’s primary tectonic units. The red colored text and box show the Hangjingi study area. (B) 3D seismic grid along with wells
utilized to execute the research. The P-fault is the main fault within the Hangjingi area.

The Hangjinqi lies at the Yishan ramp and Yimeng uplift

(Figure 1A). The paleo-high in the northern Ordos Basin makes
Hangjinqi ideal for hydrocarbon migration (Xue et al., 2009).
From west to east, three primary faults are dispersed throughout
the research area, with Porjianghaizi Fault (P-fault) separating
the Hangjingi area into north and south (Xu et al., 2018; Liu et al.,
2020) (Figure 1B). According to the present geomorphology, the
central region of the Ordos Basin is relatively stable and does not
contain many structures. On the other hand, the margins of the
basin have been subjected to multiple tectonic activities, which
has resulted in structural complexity (Ju et al., 2017). Since the
end of the Carboniferous era, the whole area had subsided,
marking the beginning of a period in which sedimentation
was shifting from the ocean (marine) to the land (continental)
settings (Ju et al., 2017). At the beginning of the Triassic period,
the basin began to experience an intracontinental phase, and as a
result, there were collisions that occurred between the North
China Block and the South China Block, as well as the collision
between the Qiangtang Block and the Eurasian Plate. Tectonic
forces shifted from exerting compressional to exerting
extensional stress throughout the Cenozoic epoch (Ju et al,
2017). During the Cenozoic, the Ordos Basin and North
China Block parted, creating six tectonic areas on the
Archean-Proterozoic basement. These includes Weibei uplift,
Yimeng uplift, Western thrust belt, Jinxi flexural belt, Yishan
slope, and Tianhuan depression (Yang et al., 2005).

Frontiers in Earth Science

In the current study, we focus on the geological
characteristics of the Lower Permian Shanxi (P;s) and
Carboniferous Taiyuan (Cst) Formations (Figure 2). The
Shanxi Formation further comprises of Shanxi-1 and Shanxi-2
members. The Taiyuan Formation was mostly formed in a
marine sedimentary environment, while the Shanxi Formation
was primarily deposited in a terrestrial sedimentary environment
(Xu et al., 2015).

3 Data and methods

A vast grid of 3D post-stacked seismic data that incorporates
around 1,000 km” including nine wells (J16, J32, J53, J54, 55, J69,
J74, J75, and J76) is utilized in our study to identify the tight sand
thickness of the reservoir within the Hangjinqgi area. In order to
achieve the aim of the research, several geophysical logs, such as
sonic (DT) (us/m), density (RHOB) (g/cm?), deep resistivity (LLD)
(ohm.m), shallow resistivity (LLS) (ohm.m), caliper (CAL) (in),
compensated neutron log(CNL) (dec), and gamma-ray (GR) (API),
were included (Ehsan and Gu, 2020). The study was accomplished
with the help of the Jason software package. In the first step of the
interpretation, the stratigraphic and structural interpretations were
done using seismic sections and well logs. Initially, we employed the
petrophysical analysis to interpret the lithofacies and reservoir zone.
Afterward, to create a synthetic seismogram, the seismic to well-tie
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FIGURE 2

Simplified stratigraphic diagram of the study area. The highlighted blue colored text shows the studied region.

approach was used (Ashraf et al,, 2016). The T9c and T9d layers
were identified as two distinct horizons within the Shaanxi and
Taiyuan Formations which encompass the whole zone of interest
(ZOI). The interpolation of the geological models was run along the
T9c and T9d horizons. The two targeted horizons were utilized to
help understand the extent of the reservoir facies and tight sand
thickness distribution. In the second step, the thickness of ZOI was
calculated using well-logging data on geophysical logs of the studied
well J54. In the next step, to get the average wavelet, a wavelet was
created for each well. It was integrated with a band-limited model to
improve the inverted broadband model’s resolution by extracting
average wavelet, seismic, log, and horizon data. A series of quality
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control (QC) tests followed to ensure the inversion results were
accurate. The geostatistical analysis was used to examine the
impedance maps and thickness maps in order to determine the
distribution of lithofacies.

4 Results
4.1 Petrophysical analysis

In order to examine the generalized pattern of the vertical
distribution of tight sand and coal facies, well 54 was selected as
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Well J54 interpretation shows the interpreted tight sandstone, mudstone and coal facies within the ZOI. The ZOl lies between the Shanxi and

Taiyuan Formations.

a case study to use as an example. The layer T9c lies at the bottom
of the Taiyuan Formation, whereas T9d is situated at the top of
the Shanxi (including the Shanxi-1 and Shanxi-2) Formation
which is marked by red lines in Figure 3 to show the ZOI. The
results of petrophysical analysis within the ZOI show the vertical
distribution of coal, tight sandstone and mud lithofacies. There
are three thin coal layers between 2,905-2,950 m, and a thick
zone of coal lies between 2,957-2,978 m. The coal facies shows
high resistivity values, low RHOB, high CNL, and low GR. The
minor variations in logs values are associated with the different
type of coal rank, type, gas content, and adsorption content
(Mangi et al., 2020; Mangi et al., 2022; Wood and Cai, 2022). On
the other hand, as compared to coal facies, the tight sandstone
facies shows comparatively high GR, low resistivity values, high
RHOB and low CNL. The particularly moderate values of
porosity give the indication of tight sandstone in the study
area. There are four porous zones that lie above the thick
zone of coal facies. The tight sandstone facies are mainly
present near the T9d layer. Whereas, towards the bottom of
the ZOJI, the region near the T9c layer shows the presence of
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mainly mudstone facies. The coal facies are acting as a source
rock within the study, whereas the porous tight sandstone facies
above the thick coal zone near 2950 m suggesting good porous
zones that can act as a reservoir within the Hangjinqi area.

4.2 Acoustic impedance inversion

4.2.1 Horizon interpretation

In order to make the interpretation mapping of the
horizons as smooth as possible, the smoothing technique
that is offered in the Jason software was used for the
loaded horizons. This was done in order to limit the
number of troughs and peaks in the data. The interpolation
of the geological model runs along the horizons while this
procedure creates a smoothed version of the interpolated well-
log AI over the whole survey. The interpreted T9c and T9d
horizons on the seismic section are shown in Figure 4A, while
their interpolated structural maps are shown in Figure 4B and
Figure 4C, respectively.
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(A) Interpreted horizons T9c and T9d on the seismic section. Interpolations of horizons (B) T9¢c, and (C) T9d.

4.2.2 Generating missing logs

At the beginning of the investigation, the p-impedance log
was not accessible for all of the study wells. As part of the process
of completing the inversion, an Al log is required which was
created by employing the Backus’ averaging of the DT log on the
ZOI for the successful completion of the time-to-depth
conversion. Since AI comprises RHOB and DT, therefore
corrected DT log of some wells was utilized to generate the
missing RHOB. The Jason suite has an in-built algorithm that can
generate the missing RHOB log by applying Gardner’s equation
(Eq. 1) to the data (Gardner et al., 1974).

Density = (0.23) X (p — wave velocity) 0.25 (1)

4.2.3 Wavelet estimation and synthetic
seismogram

In order to accomplish a reliable seismic inversion, an
accurate wavelet estimate is required first and foremost. The
amplitude spectrum and phase spectrum of a wavelet are the two
main components. Also, it is more challenging to define the
phase spectrum in comparison to the amplitude spectrum. Since
the phase spectrum is the primary cause of producing errors in
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the inversion, it is of the utmost importance to take into
consideration the correct phase spectrum, which ultimately
leads to the correct inversion and the right results. The
generation of synthetic seismograms for each well, which is
the critical initial stage in the process of wavelet estimate, was
completed so that the seismic and well data could be linked
(Anees et al., 2017; Abbas et al., 2019). Because high-quality good
ties are required in order to obtain the low-frequency Al trend,
the step of creating a synthetic seismogram is followed by an
iterative method for the tie process to improve the quality of
the tie.

The amplitude spectrum is derived from the seismic data by
performing an autocorrelation analysis on them. We have
employed the autocorrelation technique to remove the phase
from the seismic data by employing the temporal taper to the
autocorrelation function in order to smooth out the spectrum
(Table 1).

The seismic data was zero phase, therefore a zero phase
wavelet was developed for the research region. This was done to
ensure that there was a strong connection between the data from
the well logs and the seismic data. The wavelet extraction was
performed during the process of stretching and squeezing, and
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FIGURE 5

(A) Well editing window of well J54. The seismic data from chosen traces surrounding the well is shown on the left-hand panel. The synthetic
from the acoustic impedance and the well logs are shown in the second and third panels, respectively. The integrated sonic was used to transform
this data from depth to time from a vertical well. (B) The amplitude and phase spectrum of the average wavelet retrieved from the study wells.

the resulting extracted wavelet was updated throughout the (Figure 5A). The sensitivity of the inversion procedure was
process of tying. This iterative procedure verifies the accurate evaluated with the aid of the various wavelets that were
extraction of the wavelet and creates a reliable connection retrieved. Within the context of the seismic survey, the well
between the data from the well log and the seismic data placements and overall quality served as the primary
Frontiers in Earth Science frontiersin.org
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considerations for the extraction of the average wavelet. The
wavelet was derived from the targeted horizons of T9¢ to T9d,
which entirely enclosed the reservoir (Figure 5B). All those wells
were used to obtain the average wavelet for the available
consistent wavelets which were having the DT and RHOB
logs reaching the targeted depths of T9¢ and T9d.

4.2.4 Low-frequency model

To construct a low-frequency model, the phrases relative and
absolute Al are often used to describe AI. The computation of
relative AT does not take into account the development of a low-
frequency model, despite the fact that it is a feature of the relative
layer. The absolute AI, on the other hand, is a feature of the
absolute layer that is employed for both qualitative and
quantitative interpretations, as well as for the construction of
low-frequency models. It is possible, however, to achieve absolute
Al by using an inversion method that includes a low-frequency
component (0-15Hz) (Cooke and Cant, 2010). Sparse-spike
inversion uses a distinct inversion technique for the low-
frequency model, rather than using the inversion algorithm
itself (Cooke and Schneider, 1983).

The presence of low-frequency disturbances in the seismic
data spoils the low-frequency information, which in turn causes
the low-frequency information to be disturbed in the recorded
seismic data. The incorporation of the low-frequency model
resulted in the generation of a zero-hertz component, which
converted the relative Al values to the absolute AT values. As a
result, the detection and resolution of the tight sandstone,
mudstone, and coal facies were improved.

Ferguson and Margrave, 1996 provided the low-frequency Al
model and algorithm that was employed in our study (Ferguson
and Margrave, 1996). This model and technique are based on an
approach known as iterative forward modeling (Veeken and Da
Silva, 2004). This approach improved the low-frequency
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information by using integrated well-log data (mainly DT and
RHOB logs), an estimate of seismic wavelet, 3D seismic data
(band limited), and seismic horizons taken from the seismic
reflectivity data. To create a low-frequency model, all wells that
had logs extending to at least T9c horizon were utilized for
seismic data. Figure 6 shows the generated low-frequency model
for the Hangjingi 3D seismic survey. The overlay Al log of well
J54 show deflection towards the left side presenting low
impedance values that are associated with the coal facies. In
addition, the deflection of AI curve towards the right side shows
high AI values gives the indication of mudstone and tight
sandstone facies.

Since Al inversion was band-limited, a low-frequency model
was needed to create a broadband model. This low-frequency
model was retrieved from well-log data and incorporated into a
seismic-derived band-limited AI model. Because the distribution
of the wells within the research region is not uniform, the inverse
distance weighted and kriging interpolation approaches were not
delivering the most accurate information. The triangulation
the method  of
interpolation since it was determined to be the most

approach was selected as preferable
appropriate for the regional available data for the research.
Due to the fact that it generates an interpolation of data that
is continuous and smooth, this approach really produced the best
interpolation results over the whole of the survey. In order to lead
the interpolation between the well-logs, two different horizons
(T9c¢ and T9d) were incorporated. The low-frequency model that
was produced provided a better understanding of the lateral and
vertical variance of the facies that are present in the Taiyuan and

Shanxi Formations.
4.2.5 Constrained sparse spike inversion

After completing the computation of the wavelets and the
interpolation of the AI logs, the inversion process was completed
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(A) Inverted broadband acoustic impedance model. Zoomed image shows the presence of thin mudstone layers (B). Inverted bandlimited
acoustic impedance model. Well J54 is overlaying on the inverted models showing the vertical distribution of the p-impedance log.

by establishing additional parameters. They consist of the
selection of lambda, trend mismatch, the maximum and
lowest values of Al that the inversion is capable of achieving,
as well as the p and q parameters for reflectivity and the seismic
misfit term. The following is a description of the stages that were
carried out in the process of inversion:

a) The preliminary step was composed of editing the trends. In
most cases, the value of the p-impedance increases with the
increase in the depth of the well logs. Therefore, the trends of
all the wells using a targeted area (T9c-T9d) were edited.

b) Trace merging was carried out in order to combine two data

sets: one that had information about the low-frequency band,

and the other that contained information about the seismic
bandwidth or above. The band-pass filter was applied. The

frequency of the cut-off was determined to be between 0-50

(lowest to highest frequency) Hz.

Different QC procedures for the CSSI were carried out with

the lambda factor serving as the testing variable.

<)

After making adjustments to all of the QC parameters, CSSI
was accomplished to get the results of the inverted bandlimited
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AL In order to fill the missing element regarding the low-
frequency, a low-frequency model was included in the model.
To get the most accurate interpretation of the inversion, all of its
many components were utilized. Since the full bandwidth
contains the maximum bandwidth and the least amount of
wavelet effects, the results of the full bandwidth inversion
provided the most reliable information for interpretation. To
carry out the quantitative analysis, these results were tied directly
to the p-impedance logs of the wells. Once regions and ZOI on
the full bandwidth result were recognized, the bandlimited and
low-frequency components were further analyzed to define the
underlying coalbeds from the channel tight sandstone and
mudstone facies.

The results of the CSSI model are shown in Figure 7. After being
integrated with the low-frequency model, the CSSI approach proves
to be an efficient tool for the delineation of vertical and lateral
changes in impedances of the various lithofacies. The broadband
model that was generated displayed the maximum resolution
possible and exhibited a vibrant variation in the AIL This
variation made it possible to differentiate between the vertical
and lateral extent of the coal and the tight sandstone reservoir
facies that are present in the Hangjingi region. The low-velocity
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FIGURE 8

Impedance maps of (A) T9c horizon and (B) T9d horizon. The
highlighted well J54 is utilized in the study to assess the vertical

distribution of lithofacies.

influence of coal obscures the amplitude response of tight
sandstone. Seismic resolution is insufficient to distinguish
between coal and tight sandstone. As a result of the seismic
section’s low-velocity coalbed layer producing such a high
amplitude reflection, it creates a thick reflector. When it comes
to interpretation, the thick reflector might be deceiving. An
inversion of limited sparse spike inversion data evidently showed
the coal deposit to be distinct from mudstone and tight sandstone.
The coal bed (dark blue) is present between the T9d to T9c¢ horizons
in Taiyuan and Shanxi Formations. Furthermore, the AT broadband
model shows that various lithologies are present in between T9c-
T9d horizons which were not easily resolvable on the seismic
section. The tight sandstone (yellow-brown color) is evidently
differentiated from the coal layer (dark blue) and mudstone
(cyan-green color). The impedance value of coal is quite low as
compared to tight sandstone and mudstone facies. Whereas, the
impedance of mudstone facies is moderate to high, and tight
The
impedance of coal facies lies around 6.5 x 10°kg/m’, 85 x

sandstone  shows  moderate-to-highest — impedance.
10°kg/m’s for mudstone facies, and about 1 x 10" kg/m’s for

tight sand facies near J54 well location.
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Geoscientists often find worth in impedance sections that are
placed between wells and overlay them with logs. As a result of
the fact that impedance sections often demonstrate reservoir
connection which can be correlated with porosity and impedance
sections that are able to provide valuable information to
geological models. For this reason, overlay log was utilized in
order to validate the dependability of the inverted model. Because
the seismic has a lower vertical resolution than the well logs,
many beds that can be observed in the wells were not evident in
the seismic. In order to make a more accurate comparison
between the well logs and the inversion result, a high-cut filter
was applied to the p-impedance (AI) log and then filtered back to
the frequency of the inversion result. Following the completion of
the filtering process, the Al log was then superimposed over the
inverted Al sections.

At the J54 well site, a p-impedance log curve was
superimposed on an inverted Al absolute (broadband) model
(Figure 7A) and bandlimited model (Figure 7B). This indicates
that the coal facies exhibit the lowest impedance values that range
from 4.5 x 10°kg/m’s to 6.5 x 10°kg/m’s. Whereas, tight
sandstone facies exhibits the highest impedance values that
range from 8.5 x 10°kg/m’s to 1.20 x 107 kg/m’s at J54 well
location. However, the mudstone facies shows a moderate value
of impedance that ranges around 6.0 x 10°kg/m’s to 1.15 x
107 kg/m’s. For a conventional case, low Al is one of the key
features of good gas reservoirs. In a previous study of
conventional sand-shale reservoir, authors showed that the
high-quality gas reservoirs fall somewhere in the region of
7.5 x 10°kg/m’s to 9.9 x 10°kg/m’s, whereas the higher
values show the features of shales (Ibrahim, 2007). But, in our
case, the tight sandstone shows unconventional behavior due to
presence of coal. Since, the Al values of tight sandstone in the
ZOI is highest as compared to mudstone and coal facies,
therefore it suggests the presence of unconventional tight
sandstone facies. In many recent studies, authors have showed
that the tight sandstone within the Ordos Basin shows
unconventional pattern where coal shows lowest impedance
and tight sandstone shows highest impedance values as
compared to mudstone facies (Liu et al., 2022; Pan et al., 2022).

Furthermore, the test confirmed that the inverted AI model is
reliable and can be used for further reservoir characterization of
sand-ratio identification.

5 Discussion

5.1 Distribution of the acoustic impedance
on the targeted intervals

The AI maps of layers T9c to T9d (Taiyuan and Shanxi
Formations) were generated to interpret the coal seams and the
fluvial channel sandstone facies distribution of the targeted area. The
AI map of T9c¢ horizon shows the distribution of tight sandstone,
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TABLE 1 Selected parameters for optimum wavelet estimation within the study area.
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Sand-ratio maps of (A) T9c horizon & (B) T9d horizon. The
P-Impedance kg/m’s highlighted well J54 is utilized in the study to assess the vertical
distribution of lithofacies.
FIGURE 9

Cross-plot between the Al and sand-ratio with a good
correlation coefficient value. The relationship shows a linear
relationship with a positive slope. The nine points shows the Al and
sand-ratio values of nine studied wells that lie within the
targeted T9c-T9d horizons.

mudstone and coal seam in the Taiyuan and Lower Shanxi
Formations (Figure 8A). The AI map of T9d horizon shows the
distribution of only tight sandstone and mudstone. Since this
horizon lies at the top of the Shanxi Formation and the bottom
of the Lower Shihezi-1 Formation, the majority of the area within the
T9d map shows the distribution of the mainly reservoir tight
sandstone (Figure 8B). The sand bodies are developed and
overlapped with each other. It can also be seen from the T9d
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map that the effect of coal from the underlying Shanxi and Taiyuan
Formations is negligible on this horizon map.

5.2 Reservoir sand-ratio distribution

We exported the lithofacies and depth columns of well-logging
data of the ZOLI. It was determined how thick each lithology was by
noting the top and bottom depths of each lithology and then
calculating the thickness of each lithology. After that, the
thicknesses of the tight sandstone intervals were put together to
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get the overall thickness of the tight sand. In addition to this, the
whole thickness of the targeted formation intervals was computed.
The sand-ratio was determined by utilizing the ratio of sandstone-
thickness and formation-thickness (Ashraf et al., 2020).

After the calculation of formation thickness and cumulative
tight sandstone thickness within the ZOI, following steps were
undertaken to measure the sand-ratio.

1. Initially, horizon attribute extraction was conducted between
the T9¢ and T9d impedance map. By utilizing the horizon-to-
horizon attribute map between T9c-T9d, we noted the
impedance values at each well location.

2. By employing the formula of sand-ratio = sandstone
thickness/formation thickness, we have the calculated the
sand-ratio of each well.

3. A table was constructed using the above mentioned points for
further analysis (Table 2). After plotting the results with
p-impedances along the x-axis and sand-ratio along the
y-axis, a linear connection (trend-line) and an equation
was obtained (Figure 9). Since the tight sandstone showed
highest impedance as compare to mudstone and coal facies,
therefore a positive slope was obtained due to the
unconventional characteristics of tight sandstone in the
Hangjinqi area. The trendline with a positive slope also
suggest that the sand-ratio is increasing with increasing
p-impedance value. Cross plot of AI and sand-ratio with a
correlation coefficient showed an excellent R* = 0.91 value.

4. The acquired equation was entered into the FunctionMod
Jason program, where it was utilized to generate the
framework (statistics) by using the inverted AI model. The
final result, which was also produced, was then presented on
the map for the results (Figure 10).

y = 0.0000001459x — 0.5613587916 )

The sand-ratio map of T9c and T9d (Taiyuan and Shanxi
Formations) was generated to measure the facies distribution of
the targeted area. The sand-ratio thickness map supports the
results of the impedance maps. The results show that T9d is the
reservoir horizon that has the maximum distribution of tight
sandstone as compared to T9c. The sand-ratio distribution is less
than 25% in the majority of the area on T9c map due to the
presence of excessive mudstone and coal facies (Figure 10A),
whereas it is more than 80% in majority of the area on the T9d
map due to mainly tight sandstone facies (Figure 10B). The T9d
map gives the indication of thick braided channels and braided
bars where the tight sand facies were deposited, and mudstone
facies were deposited in the inter-distributary channels. On the
other hand, the T9c map displays multi-characteristics of
sedimentary facies distribution where coal facies were
deposited in the swamp region. The tight sand and mud facies
were deposited in the deltaic and inter-distributary channels.

Corollary, our research indicates that the T9d horizon that lies at
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the interface of Shanxi and Shihezi-1 Formations has the best
potential for exploring gas reservoirs due to the presence of
maximum sand-ratio distribution.

Conclusion

We have utilized regional 3D seismic and nine well logs by
employing the advanced CSSI to evaluate the spatial distribution
of lithofacies within the T9¢ and T9d horizons that covers the
Shanxi and Taiyuan Formations of the Hangjinqi area.

The conclusions of the study are as follows;

1. The formation evaluation of well J54 shows the vertical
distribution of lithofacies. The coal facies are composed of
thin and thick layers towards the bottom of the zone of
interest. Mudstone facies are distributed mainly in Taiyuan
Formation, whereas the tight sandstone facies are present in
the middle and top regions. The thick zone of coal is present at
2,957-2,978 m, whereas the four tight sandstone porous zones
lie between 2,905-2,950 m.

2. The CSSI provided the reliable horizontal and spatial
distribution of various lithofacies through broadband and
bandlimited Results of CSSI
supported the results of well logging which showed that

inverted models. also

the coal facies were accumulated at the bottom and
displayed low-impedance values that range between 4.5 x
10°-6.5 x 10° kg/m’s, mudstone facies had moderate Al values
of about 6.0 x 10°-1.5 x 10" kg/m’s, and reservoir tight
sandstone facies lie between 8.5 x 10°kg/m’s to 1.20 x
107 kg/m?s at J54 well location.

3. The sand-ratio and Al relationship yielded a strong association of
R? = 0.91. The sand-ratio of T9c lies between 0 and 0.5 and 0.65-
0.95 for the T9d horizon map. The T9d horizon suggested the
presence of thick fluvial braided channels and braided bars where
tight sandstone is accumulated. The mudstone facies are present
in the inter-distributary channels in the Hangjingi. The coal
facies are mostly present in the T9c map that suggest the swamp

Overall, the T9d has

characteristics and should be targeted for future gas explorations.

settings. good quality reservoir
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SINOPEC Petroleum Exploration and Production Research Institute, Beijing, China

Itis crucial for financial providers, investment groups, resource developers, and
exploration companies to rate new geothermal projects in terms of resources
and reserves. In general, the existing volumetric method is constrained by
limited information when projects are at the early stage of development. The
main objective of this study is to estimate the probabilistic potential thermal
energy of the M research area in the Maichen Sag, a geothermal prospect in
South China, through stochastic methodologies. The probabilistic assessment
methodology provides a way to embody the uncertainty and risk in geothermal
projects and to quantify the power potential in a probable range. In this study,
proxy numerical models were built by combining the Experimental Design (ED)
and Response Surface Methodology (RSM) with the Monte Carlo Simulation
technique. An improved workflow for combined ED-RSM that uses two-level
Full Factorial and Box—Behnken designs was proposed. For comparative
analysis, the typical volumetric technique was also implemented in this
study. The ED-RSM results show that the M area has P10, P50, and
P90 reserves of 57 x 10*J, 5.3 x 10*J, and 5 x 10 J, respectively, and
these numbers from the typical volumetric method are 1.5 x 10* J, 9 x 10* J,
and 5.1 x 10 J, respectively. In this study, the operability, applicability, and
accessibility of ED-RSM in the assessment of geothermal potential and its ability
to provide a reliable output are demonstrated.

KEYWORDS

south China, maichen sag, probabilistic geothermal energy assessment, experimental
design, response surface methodology, temperature field, geothermal geological
model

1 Introduction

Global energy demand has soared tremendously because of rapid industrial
advancement and human activities, at the same time, it has been found that the
available geothermal resources are adequate to meet this energy demand. At present,
80 countries have geothermal resources that are being harnessed for direct use
applications; however, currently, only 24 countries are using geothermal resources for
generating electricity (Bertani, 2012; Bertani, 2016; Lund and Boyd, 2016). Resource
evaluation, which is the first step toward improvement of the commercial development of
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geothermal resources, is the practice of characterizing a
geothermal system and estimating its potential power or
thermal energy capacity (Ciriaco et al, 2018; Ciriaco A. E.
et al,, 2020). The estimated capacity of the resource is usually
calculated by using volumetric heat storage method or numerical
models. Of these two methods, numerical modeling has been
widely used in various industries and can provide more reliable
estimates (Ciriaco A. E. et al., 2020). It can be used to simulate the
fluid flow and heat transfer of actual complex geothermal
systems, and its performance is better than that of the heat
storage method (Quinao and Zarrouk, 2018). However,
numerical modeling of geothermal systems still cannot
error-free results and cannot make

provide subjective

predictions on its modeling parameters. Therefore,
quantification of the mismatches and errors in numerical
but
challenging because these models produce deterministic
results (Santner et al, 2003; Ciriaco et al, 2018). The

quantification of uncertainty in numerical model predictions

modeling predictions is not only necessary, also

requires a series of simulation experiments. These steps
include the construction of multiple versions of the calibrated
reservoir model through reverse modeling. However, under
normal circumstances, simulation experiments require intense
labor and time (Doherty et al, 2017). The method involving
combination of Experimental design (ED) and Response surface
methodology (RSM), together denoted as ED-RSM method has
been employed to build polynomial models rather than
numerical models and several authors have verified the
techniques (Pasikki et al., 2016; Quinao and Zarrouk, 2018).
The ED-RSM method allows for the consideration of uncertainty
in numerical model predictions in a more practical manner
(Ciriaco A. E. et al., 2020).

In experimental research, ED and RSM are two separate
statistical techniques that are used to describe the
relationship between input variables and specific output
variables (Ciriaco A. E. et al., 2020). The output variable is
the parameter of interest, which is the goal or product of the
experiment. On the other hand, the input variables are
variables that affect output. ED uses the least number of
simulations to understand the impact of input variables on
output variables, while RSM optimizes output variables by
conducting sequential experiments (Ciriaco et al.,, 2018).
Notably, ED was first introduced in the 1920s mainly to
provide a method for systematic planning and research
(Box, 1979; Box et al., 1978; Myers and Montgomery,
2002). Nowadays, the ED-RSM framework has been
applied in many fields such as metallurgy, transportation,
medicine, industrial machinery, and oil and gas. However, in
the geothermal industry, only a few published studies on this
technology are available. For example, Acuna et al., 2002 and
Hoangetal. (2005) described the relationship between factors
that affected power capacity, by considering one factor at a
time and created a simple equation as a function of important

Frontiers in Earth Science

217

10.3389/feart.2022.972125

reservoir parameters, including rock permeability, boundary
conditions of aquifers, productivity (Ciriaco A. E. et al,
2020), upwelling velocity, and deep reservoir temperature.
Pasikki et al., 2016 evaluated green fields by developing a
polynomial model for calculating the average decline rate of
MWe using ED. Quinao and Zarrouk (2018) succeeded in
estimating oil reserves by adopting a stochastic method to
construct a surrogate model used in the oil industry for
estimating oil reserves and revealed that Plackett-Burman
and Full Factorial designs were sufficient to evaluate
Ngatamariki Reservoir of New Zealand. Recently, the use
of Full Factorial design and Box-Behnken design was
investigated to screen and construct a second-order
polynomial model and the ED-RSM method was applied to
the Rotorua geothermal model (Ciriaco et al., 2018). The
screening phase not only reduced the number of required
simulation runs by removing insignificant variables, but also
provided insights into the next experimental setup (Ciriaco
etal., 2018). The results also confirmed that the second-order
polynomial model is the most suitable for simulating
data. The results of the

above  show  that  Full
Plackett-Burman, and Box-Behnken designs work well for

experimental two studies

mentioned Factorial,
creating geothermal reservoir models. The polynomial
surrogate model from the ED-RSM method also provides a
way to evaluate probabilistic resources by applying the Monte
Carlo method, thus each parameter in the polynomial model
can be described by using a probability distribution (Ciriaco
A. E. et al,, 2020).

The main objective of this study was to optimize the ED-
RSM workflow to quantify uncertainty screening parameters
before constructing a proxy model. The experiment involved a
case study of a potential hydrothermal field in the Beibuwan
Basin in China. The reservoir models of this field were
the
were

conditions. Six
build the
experimental design reservoir model. These parameters

established according to natural

reservoir  parameters selected to
were horizontal (kx and ky) and vertical (kz) permeability,
porosity, volumetric specific heat, and volume of a single rock
type. For each reservoir model, two-level Full Factorial design
and Box-Behnken The

Box-Behnken design requires three levels; therefore, the

design were implemented.
final regression model was combined with the Monte Carlo
method to generate the heat storage probability distribution,
and the result was compared with the result obtained from the
traditional volumetric heat storage method (Ciriaco A. E.
et al,, 2020). These six parameters were selected based on
expert knowledge and experimental requirement. These
specific rock parameters (kx, ky, kz, porosity, volumetric
specific heat) and different lithology rock volumes exhibit a
significant impact on amount of stored geothermal energy (q).
Although other model parameters could also be included in
the survey (such as upstream location parameters and
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FIGURE 1

The ED-RSM workflow used in this study for probabilistic resource assessment by using numerical models.

reservoir model boundaries), based on experience, it was
concluded herein that these six selected parameters were
the most suitable for this study. It is strongly believed that
this new type of numerical simulation-Monte Carlo method
for probabilistic resource assessment is a useful and
convenient method. Therefore, it is very important to use
the ED-RSM framework to establish a powerful working
framework to construct polynomial models for numerical
modeling.

2 Methodology

A predictive model is a statistical model constructed from a
collection of data for a system of interest, which is then used to
predict the future behavior of the system (Ciriaco A. E. et al,,
2020). In this study, a prediction model was created to predict
the geothermal capacity of potential geothermal fields by using
detailed geological models and numerical temperature fields.
Three important components were identified to improve the
geothermal ED-RSM workflow to predict geothermal capacity:
1) experimental design, 2) model parameters and parameter
and 3) this
experimental design process, two ED methods were fully

values, modeling acceptance criteria. In
utilized, and the key influencing parameters were identified
by the two-level Full Factorial method, and then several types of
parameters exhibiting the greatest impact on the results were
selected as the basis of numerical simulation for geothermal
energy. Based on obtaining the simulation calculation results,
the second-order Fractional Factor experimental design
method, i.e., Box-Behnken method was used to establish the
proxy model. After the proxy model was established, it was
judged whether it was reasonable through a set model
acceptance standard. In case, it was unreasonable, the
simulation sets for proxy model were optimized again until
they reached the standard, and the probability distribution of
geothermal energy was calculated by using the proxy model and
via the Monte Carlo method. Use of this approach not only
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solves the problem of too many experimental parameters and
cumbersome calculations, but also retains the characteristics of
each parameter to the greatest extent. Moreover, the process of
numerical calculation using a computer system can be omitted
(Figure 1).

2.1 Experimental design

In the ED-RSM workflow, the parameters in the reservoir

model are changed simultaneously according to the
experimental design (Amudo et al., 2009). In this study,
two experimental designs, namely, Full Factor and
Fractional Factor were considered to simultaneously

evaluate the response of a given output parameter to
changes in input variables. The main advantage of Full
Factorial design is that it allows for the evaluation of all
possible parameter combinations and the collection of
every possible data point, thus providing a simple method
for selecting the best conditions. When using the Fractional
of the
and evaluate

Factorial ~design, part factorial design can

simultaneously change various factors
(Walpole et al, 2012). The two most commonly used
Fractional factorial designs are the Plackett-Burman design
and the Box-Behnken design. The Plackett-Burman design is
the most widely used in geothermal applications (Hoang et al.,
2005; Quinao and Zarrouk, 2014, 2018). However, in this
study, it was decided to perform a two-level Full Factorial
design instead of a Plackett-Burman design to obtain more
detailed factor information. Box-Behnken design is a high-
order design that can be used to estimate interaction and
quadratic effects. It is an independent quadratic design, with
each factor requiring three levels, and it can be achieved with
fewer model runs. Previous studies have shown that the fitting
of modeling results requires a second-order polynomial model
(Simpson et al., 1998), and this model has been successfully
applied in the model of the Rotorua geothermal field (Ciriaco

et al., 2018).
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TABLE 1 Input parameters applied in the experimental design model.

Parameter/Variable Unit
Permeability (x and y) 107 pm?
Permeability (z) pm?
Porosity %
Volumetric specific heat 10°J (kem?)!
Sandstone volume 10° m’
Mudstone volume 10° m’

2.2 Simulation parameters and parameter
values

The next step after selecting the most appropriate experimental
design is the determination of the parameters or factors, their values,
and their levels. The level of the factor refers to the setting of the
parameter value. Each parameter is assigned a minimum (low)
setting and a maximum (high) setting, and in a factorial design, these
settings are assigned codes of —1 and +1, respectively. This range of
values illustrates the possible uncertainty of parameters. Table 1
summarizes all the parameters and their values used in this study.
The low range and high range are initially based on expert
knowledge, and the range of consideration is very wide. The
number of factors and their levels affects the number of
simulation runs required to execute a particular design.
Box-Behnken factorial
design (Friedmann et al.,, 2003; Hoang et al., 2005; Ciriaco et al.,
2018; Fukuda et al., 2018). To evaluate the performance of the Full
Factorial design, two-level setting was carried out.

design  requires a three-level

2.3 Acceptance criteria

A residual graph was used to verify the effectiveness of the
regression model (Quinao and Zarrouk, 2014). The polynomial
model was evaluated based on the goodness of fit. The two
measures of goodness of fit are R-squared (R?) and adjusted R’.
For a given set of predictors, a higher R* value usually indicates
that the polynomial model is better able to explain the change in
response surface. However, even if the added predictor variable is
not significant, R* increases naturally with the number of
predictor variables. The adjusted R*> performs better than R*
because it adds independent variables that do not contribute
to the explanatory power of the model. Monte Carlo simulation
was performed on the final regression model. A simple triangular
distribution based on the most probable minimum and
maximum value was assigned to each important variable. A
simple triangular distribution is usually sufficient to describe
the uncertainty level of key reservoir parameters (Parini and
Riedel, 2000). Thus, 8,000 random samples were created to
generate the probability distribution of thermal energy q.
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Low (-1) Mid (0) High (+1)
0.5 1 1.5

0.05 0.1 0.15

10 15 20

2 2.5 3

400 900 1,500

3,000 2,500 1900

2.4 Thermal energy calculation

The thermal energy q stored in a reservoir can be calculated
by dividing the reservoir into n different regions of volume Vi
and temperature T;, where i = 1, 2, .., n, using the equation
(Muffler and Cataldi, 1978):

q= z:‘:lPiCiVi(Ti - Tf) (1)

where:

p;ci is the volumetric specific heat capacity of the saturated
rock, ] (*Cm?)".

V; is the volume of the i region of n numbers of lithology.
T; is the initial temperature of the ith lithology, °C, and T s
the cut-off or final abandoned reservoir temperature, “C.

This study considers the influence of porosity on the above-
mentioned equation. Therefore, the thermal energy in the rock
(qr) and in the fluid (qf) was calculated separately by introducing
porosity ¢.

According to the geological model of a geothermal reservoir
and the results of three-dimensional (3D) temperature field finite
element model, the energy calculation of the finite element grid
can be carried out by the above-mentioned method, and the
energy of partition, layering, and rock-splitting type can be
obtained. Further, the relationship among different geological
parameters can be established by the ED method introduced
herein, and an estimate of the geothermal reservoir’s energy can
be obtained quickly, and other favorable targets can be evaluated
more quickly and easily.

3 Case studies

In order to improve the existing methods of constructing
polynomial models, the ED-RSM workflow was applied to the
geothermal potential field in the Beibuwan Basin in South China.
The geothermal systems are in the South China Volcanic Zone,
and their hot geothermal fluids are used for residential and
commercial energy purposes.
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Section view and stratigraphy of the research area

3.1 Research area background

The research area, which is in the easternmost part of the
Maichen depression of the Beibuwan Basin, is an oil and gas
exploration block. The area, which spans 6,256 km?, is located in
the Leizhou Peninsula, Guangdong Province, China. The
structural location belongs to the eastern part of the Beibuwan
Basin on the continental shelf of the South China Sea (Figure 2).
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Proluvial deposit

In the Cenozoic, the Beibuwan Basin underwent extensional
faulting to form the basin; there is a double-layer structure of
a vertical superimposed Paleogene faulted (or rifted) basin and a
Neogene depression basin. In the Paleogene, extensional
structures with twisted structures mainly developed, while in
the Neogene-Quaternary period, extensional structures mainly
developed. Huge, thick Paleogene sands and mudstone strata
(Changliu Formation, Liushagang Formation, and Weizhou
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Sedimentary column of the research area.

Formation) have been deposited in the various depressions in the
Beibuwan Basin (Figure 3). Among them, the Liushagang
Formation is a set of shallow and middle-deep lacustrine
mudstone deposits. The reservoirs are mainly sandstones of
the Liushagang and Weizhou Formations, and the regional
caprock is a large set of dark mudstone and shale of the
Liushagang Formation (Figure 4). The Maichen depression
can be divided into five structural units: the southern steep
slope zone, the deep depression zone, the inner gentle slope
zone, the outer gentle slope zone, and the western depression.
Faults (mainly normal faults) are developed in the area. The
depression-controlling faults mainly have NE strike. The
boundary faults at both ends of the depression (X fault and
M2 fault) have NW strikes. The secondary faults have mostly NE
strikes in the deep part and NE strikes in the shallow part. In
general, in the Paleogene, the Beibuwan Basin experienced the
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initial fault-sag period of the Paleocene, the strong fault-sag
period of the Eocene, and the stable subsidence period of the
Oligocene. The tectonic activity indicates a weak-strong-weak
change. More importantly, the Maichen depression experienced
a strong tectonic inversion in the late period of the first stage, and
the strata suffered strong denudation.

According to the previous studies, the land heat flow value of
the South China Sea coast varies between 60 and 80 mW m™
(Zhao et al., 2019), and the heat flow value increases in the
direction of the ocean basin. The surface heat flow value of each
basin is different. The scale of the Beibuwan Basin is relatively
small. The panoramic view of the basin is near the east to the
Hainan and Leizhou areas, which are separated by the Hainan
uplift and Qiongdongnan depression. The average surface heat
flow value of the Beibuwan Basin is 61.2 mW m™ (Chen et al,,
2014). The geothermal energy in the area mainly comes from
mantle-source heat and crustal reflective elements. According to
a previous study, the temperature of the Moho in the Beibuwan
Basin varies in the range of 700-800°C, the heat flow composition
of the Beibuwan Basin is stable, and the heat flow of the crust
surface varies between 38% and 42%. This previous study used
the Mckenzie model and the Hutchison heat balance formula to
comprehensively study the heat flow history of the Beibuwan
Basin since the Cenozoic, based on measured ground
temperature data. The corresponding time of the Himalayan
movement leading to the thermal event is the period of intense
volcanic activity since the Neogene. Previous studies have shown
that the Beibuwan Basin has a relatively high current geothermal
gradient, with an average value of 3.72°C/100 m, and there is a
relatively low geothermal gradient in the Maichen Sag. In this
study, the ground temperature was obtained and calculated from
well temperature logging data in the study area. Then, a profile
diagram of the relationship between underground temperature
and depth was drawn (Figure 5); the temperature values were
obtained from both well temperature logging data and actual
measured underground temperature data. The measured data are
generally higher than the well temperature data, and the
the
temperature; however, the well temperature logging data

measured data more truly reflect underground
exhibit better continuity and can better reflect the change of
temperature with depth. In the temperature logging curve of Well
W1, there are abnormal temperature areas that are distributed in
the middle of the Liushagang Formation, and the characteristics
of the measured well temperature data are not obvious. The
temperature logging curve of Well W6 exhibits an increasing
inflection point at the depth of 2,800 m, which may be related to
the presence of the top layer containing the oil and gas reservoir.
Herein, the current ground temperature gradient was calculated
by plotting the measured ground temperature and depth profile.
According to statistics, the annual average temperature of the
surface in the Maichen depression is 22-26°C, and the average
temperature is 24°C. The average temperature gradient is 3.19°C/

100 m, which is calculated based on the reference surface.
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Temperature gradient from the measured and logging data.
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Geological model of the research area.

3.2 Geological model
The 3D information of the configuration of the underground

structure was compiled, visualized, and interpolated (Ebong
et al., 2019). The model is 18 km wide from east to west and
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20 km wide from north to south (Figure 6). The model has seven
formation layers, two sedimentary facies, and two lithological
characteristics, thus the vertical grid spacing of the 3D model
incorporates the number of layers and their respective thickness
changes. The bottom of the model extends down to the
Lithosphere-Asthenosphere Boundary (LAB) at a depth of
nearly 30 km. In the horizontal direction, the 3D structure of
each geological layer is defined with 170,392 grid nodes,
corresponding to a grid spacing of 50 m.

The lithological model of the research area was also created
by combining geostatistical and geological information
(Figure 7) (Ebong et al., 2020; Ebong et al., 2021). In the 3D
geological model, there are two sets of sandstone reservoirs in
the target layers Weizhou and Liushagang; in the southern part
of the research area, sandstone is mainly distributed locally in
the ascending plate of the fault, and the deep depression of the
settlement center at the descending plate contains some
turbidite sandstone. In the gentle slope to the north, there
are mainly deposits of river sand bodies, with obvious belt
distribution characteristics, and the other locations mainly
contain delta front mud and shallow lacustrine mudstone.
The sand body is unevenly distributed and has great
variability in lithology, porosity, and permeability. Therefore,
the thermal storage correlation coefficients related to lithology
and horizontal rock spatial structure also exhibit great
variability. In this study, the thermal conductivity (TC),
thermal diffusivity (TD), and specific heat capacity of a
single well were calculated by using logging calculation
methods and acoustic wave, neutron, density, natural
gamma, and resistivity curves (Fuchs et al., 2015). Therefore,
geostatistical method was used herein to build the geological
model based on information of rocks from various single wells.
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FIGURE 7

Lithological model of Weizhou and Liushagang layers of the research area (the yellow area is sand and the dark gray area is mudstone).

The thermal correlation coefficient can be used to form a 3D
thermal correlation coefficient attribute model, which is of great
significance for temperature calculation. The model reveals that
the TC of sandstone is higher, with an average value of 3.01 W
(m-K)™", and the average TC of the mudstone is 2.1 W (m-K) ™,
with a large spatial variation. The general rule is that the TC of
sandstone is greater; however, it is affected by different
lithofacies of sandstone, thus the TC of the sandstone also
varies in space. The general rule is that the TC of river sand
bodies is better than that of turbidite sand bodies, and the TC of
lacustrine mudstone is larger than that of delta mudstone
(Chen, 1988; Qiu et al., 2004; Guo et al., 2020).

3.3 Thermal modeling approaches

To predict the temperature distribution at depth, the steady-
state conduction heat field was calculated at the scale of the entire
lithosphere.

For purely conductive temperature calculations, it was
assumed that heat is mainly transmitted through conduction
throughout the Earth’s lithosphere. The formula of the related
equation is as follows (Sippel et al., 2013):

oT
(b) _ (b)
(pe)"=, = -V (AOVT) + )
Under the assumption of thermal equilibrium, the first term

or 0). Therefore, Eq.

on the left side of Eq. 2 can be ignored (i.e., 5; =

2 takes the simplified form of:
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Eq. 3 indicates that the calculated temperature is only
sensitive to the radiogenic heat generation (S), the bulk
thermal conductivity (/l(b)), and the boundary conditions.

To calculate the 3D heat conduction field, each unit of the 3D
geological model is provided with radiant heat generation values
and bulk (solid and fluid) thermal conductivity. The lateral
boundary conditions of the model are considered to be closed,
and a constant temperature of 24°C at the topographic surface of
the Earth is defined as the upper boundary condition. The lower
boundary condition for the purely conductive thermal modeling
corresponds to a temperature of 1,300°C at the LAB.

3.4 Results and discussion

3.4.1 Temperature simulation result

Figure 8A,B shows the temperature field distribution result
calculated by using numerical simulation under the Mid value
of the six main influencing factors (permeability (x and vy),
permeability (z), porosity, volumetric specific heat, sandstone
volume, mudstone volume) selected according to ED. The
temperature distribution results indicate that the Weizhou
and Liushagang target layers have similar overall
temperature distributions. The highest temperatures are
concentrated in the subsidence center of the descending disk
of the fault and the temperatures increase unevenly to the north.

However, the overall temperature of the ascending disk is

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.972125

Wang et al.

Temperature

['C]
W 168246

161.04

153.835
B 146629
W 139.424
W 132218
W 125013
W 117807
W 110602
W 1033%
M 96.1908

Cc

0 1250 2500
—

Thermal Energy [J]
W 4.13121e+10
3.71869e+10
3.30617e+10

W 2.89365e+10
B 2.48113e+10
B 2.06861e+10
I 1.65609e+10
I 1.24357e+10
Il 8.31045e+09
Il 4.18524e+09
Il 6.00313¢+07

0 1250 2500
—_—

FIGURE 8

D

Thermal Energy [J]

10.3389/feart.2022.972125

Temperature

[C]
W 219076

206,713

194,351
¥ 181988
W 169.626
W 157.263
W 1449
W 132538
W 120175
W 107813
W %545

0

1250 2500

B 1.03491e+11
9.31498e+10
8.2809¢+10

W 7.24682e+10

M 6.21274e+10

W 5.17866e+10

[ 4.14458e+10

M 3.1105e+10

W 2.07642e+10

I 1.04234e+10

W 8.2563e+07

0 1250 2500

im]

(A) The temperature distribution of the bottom of Weizhou Formation, (B) The temperature distribution of the bottom of Liushagang Formation,
(C) The thermal energy of the bottom of Weizhou Formation and (D) The thermal energy of the bottom of Liushagang Formation.

relatively low. Specifically, for the Weizhou group, the highest
temperature reaches 168°C and the lowest temperature is 96°C;
nonetheless, the highest temperatures exhibit a very small
distribution range, and it is difficult to use the areas with
these high temperatures as an effective thermal reservoir.
The geothermal energy in the area where the temperature is
above 130°C can be used as a geothermal resource for power
generation, but overall, there are fewer geothermal resources.
However, the overall temperature of the Liushagang group is
higher, reaching a maximum of 219°C, which is distributed in
the fault descending disk and the range of high temperature is
small. The temperature of the nearby area is above 130°C, and
the range of the temperature is wide. If Liushagang group is
used as a geothermal reservoir for power generation, significant
amount of energy can be obtained. Therefore, the Liushagang
group can be considered as the main layer for geothermal
reservoir power generation development, and the shallower
Weizhou formation can be used to provide energy for
refrigeration, heating, and other purposes. Furthermore, 3D
multi-layer well pattern development should be implemented to
obtain the maximum recovery rate.
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3.4.2 Thermal energy

Thermal energy is a vital factor in the evaluation process.
Various evaluation methods are available for exploration of
geothermal resources. So far, the main calculation methods
can be divided into two categories, namely, volumetric
method and numerical simulation method. For geothermal
projects that have not yet been developed or are in the early
stages of development, the volumetric method is the
recommended method. In contrast, numerical simulation is
more suitable for predicting sustainable production capacity
after exploration drilling. Obviously, this study is related to
long-term geothermal resource estimation for untapped
geothermal projects, thus the volumetric method is used in
thermal energy calculations. The thermal energy q generated
in the rock can be calculated by dividing the model into n
different elements of volume V; [m?®] and the temperature of
the elements T;.

Similar to the above-mentioned temperature field
calculation, the Mid values of several main parameters were
considered and the thermal energy was calculated according
to the volumetric method (Figure 8C,D). Compared with the
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Diagnostic plots for all 64 successful two-level Full Factorial design simulation runs.

TABLE 2 The p-value of parameters applied in a first-order regression model with interactions.

kx ky kz
<1 x 107" <1x 107 <1 x107*®

kx — <1x107*® <3.1x10"®

ky <1 %10 — 02812

kz <3.1x107® 0.2812 —

porosity 0.0312 0.0329 <4.1x107°

volume specific 0.0201 0.8173 0.6512

heat

lithology volume <1 x 107" <1x107® <1 x 107"

traditional simplified calculation method, by using the
calculated finite element model, all elements were assigned
with heterogeneous volumetric specific heat capacity and
temperature, which is more convincing than the results
obtained by assuming that the volumetric specific heat
capacity and temperature of each layer are homogeneous.
The calculated result shows that the total thermal energy
of the sand geothermal reservoirs is 5.6 x 10"*]. According
to the conversion standard that 1 ton of standard coal can
generate energy of 2.9 x 10'°J, the amount of geothermal
resources is equivalent to 1.9 x 10" tons of standard coal.
Taking the depth of the reservoir into consideration, herein it
was initially believed that the reservoir has a certain economic
value.

The above-mentioned results are only the numerical
simulation calculation results when each parameter takes
the Mid value. When the ED-RSM method was employed,
it was required to design experiments according to the
numerical values of different experimental designs and
corresponding simulation result was calculated. Then, the
parameters and results were analyzed by the response
surface method, which is direct correspondence analysis
and forms surrogated numerical models.
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Porosity Volume Lithology r Adjusted
heat volume R
<21x 107 0.0504 <1x 107
0.0312 0.0705 <1x 107
0.0329 09751 <1x 107
<4.1x107° 0.6512 <1x 107
— 0.4555 02311
04555 — 02411
02311 02411 —
0.9875 0.9867
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3.4.3 Two-level full factorial

Out of 64 runs, a total of five possible outliers were identified
and extracted from Regression analysis, which is indicated in
normal Q-Q plot and Box plot, and a skewed histogram plot of q
was generated from all successful runs (Figure 9). A review of the
outlier input parameters shows that the horizontal and vertical
permeability values for all failed runs were set at 10" m?, which
is the lowest meaningful value. Moreover, in all failed cases, the
lithology volume was set to a low value, while the volumetric
specific heat was set to a Mid value (Table 1). These early
indications suggest that permeability, lithology volume, and
volumetric specific heat could have a significant impact on the
resource potential of the M field (Table 2). Plots without outliers
are shown in Figure 10 (a). Regression analysis was performed
after removing the outliers from the result to construct: 1) The
first-order main effect, and 2) the first-order with interaction. A
higher R? and adjusted R* values were obtained from the latter, as
presented in Table 2. Figure 10 (a) shows the curvature that
indicates the need to build a second-order polynomial model
(Simpson, 1998). According to the results of R* and adjusted R?,
and compared with the subsequent second-order Box-Behnken
calculation results, a second-order simulation better fits the data
based on the residual plots (Figure 11).
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Diagnostic plots for the (A) two-level Full Factorial simulation without outliers and (B) Box—Behnken simulation runs.
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TABLE 3 The p-value of parameters applied in building a Box—Behnken design second-order model with interactions.

kz Porosity Volumetric heat Lithology volume R Adjusted R*
<21x 10" <14 x 107 <24 %107 <16 x 107
kz — — — —
porosity — — 0.0105 0.1322
volumetric specific heat — 0.0305 — 0.0411
lithology volume — 0.1322 0.0411 —
0.9944 0.9921
1000 triangular distribution was assigned to each parameter. The
- result of the ED-RSM method improved by two-level Factorial
and Box-Behnken designs is presented in Figure 12. Clearly, the
800 = e = M geothermal field consists of a thermal energy resource of 5 x
10" 7] (90th percentile), 5.3 x 10'*] (50th percentile), and 5.7 x
600 |- ] 10" J (10th percentile). The potential energy is also calculated by
the volumetric stored heat method (Muffler P and Caraldi R,
400 |- 1978), and the resultsare 5.1 x 10" ] (90th percentile), 9 x 10'*]
(50th percentile), and 1.5 x 10'* ] (10th percentile). By comparing
200 |7 the results obtained by the two methods, the ED-RSM results
have a significantly narrower distribution than that of the
0 4'3 5'0 5'2 5'4 5'5 5|8 volumetric method, which can be attributed to the
q constrained reservoir model.
FIGURE 12

Geothermal probabilistic resource assessment.

3.4.4 Box—Behnken

Based on the result of the two-level Full Factorial, further,
three significant parameters and kz were adopted for the
subsequent second-order model with interaction regression
11). The
Box-Behnken design second-order model with interaction is
presented in Table 3, and the R* and adjusted R* shows a
better fit than that of the two-level Full Factorial design. The
experiment exhibited a total of 29 runs and three of the results

analysis  (Figure multi-factor relationship of

were outliers [Figure 10 (b)]. Table 2 summarizes that the
lithology volume was a significant predictor and the R* and
the adjusted R* were 0.9875 and 0.9867, respectively. The results
(Table 3) from the second-order polynomial models provided a
higher R* and adjusted R* values and indicated that a second-
order model better fitted the data based on the residual plots
[Figure 11B]. A p-value of less than 0.05 indicates that the
parameter is a significant predictor of the response variable,
so the first and second order of kx, ky, kz, porosity, volumetric
specific heat, lithology volume, and their interactions turned out
to be significant predictors of q. The residuals are not distributed
normally as shown in Figure 11 (b), so a polynomial equation can
also be included in the design and a probabilistic distribution of q
was formed by using the Monte Carlo method. A simple
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4 Conclusion

The current evaluation process of a favorable target requires long-
term geological research and model establishment and calculation. In
many cases, project evaluation is faced with many uncertain parameters
and incomplete geological understanding. The commonly used Monte-
Carlo method for uncertainty evaluation often offers a wide range result,
which makes it difficult to obtain appropriate decisions. In this study,
two-level Full Factorial and Box-Behnken designs were combined to
simplify the three-level experimental design and strengthen the
two-level experimental design, then integrated with RSM, a proxy
model was built to carry out evaluation. The results are reliable and have
a narrow interval, and can provide better guidance than that of the
simple Monte—Carlo method.

The proxy polynomial model of the ED-RSM workflow was
derived from the calibrated numerical temperature field and the
geological model, a 3D geological model of M geothermal field
was established, and the 3D uneven temperature field is built
horizontally and vertically in the model. The geological model
can accurately predict the petrophysical and thermal properties
of sandstone reservoirs. The 3D temperature field model is
extremely important for characterizing geothermal reservoirs
because temperature is the primary resource of geothermal
the higher the better the
evaluation result. The establishment of the comprehensive

reservoirs; the temperature,

model provides a scientific basis for ED-RSM.
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Three-level Full Factorial design is not applicable for multi-
factor implementation in geothermal projects, because the
numerical simulation is very time-consuming. Therefore, we
are looking to combine two-level Full Factorial design and
three-level Fractional Factorial design methods. Through first-
order regression analysis, effective parameters are optimized and
the number of insignificant parameters are reduced, then the
maximum information can be obtained by the simulation of
three-level Fractional Factorial design with least work. Finally,
the improved ED-RSM method with two-stage design, which
combined two-level Full Factorial design and Box-Behnken
design, is proposed. The proposed method more quickly and
accurately provides a narrower interval of probabilistic
geothermal resource than that provided by the volumetric
method, thus it provides more valuable information. In
addition, the permeability does not much affect the thermal
energy, partially because only a conductive thermal model was
used to calculate the temperature.
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Geology and Mining Engineering, University of Ngaoundéré, Meiganga, Cameroon, °Department of
Geology and Geophysics, College of Science, King Saud University, Riyadh, Saudi Arabia, °Faculty of
Natural Sciences, Matej Bel University in Banska Bystrica, Banska Bystrica, Slovakia

The southwest part of Cameroon is composed of a range of geological
structures and sedimentary basins, whose geological history dates from the
Cretaceous, and their establishment would have originated from the opening of
the South Atlantic. Among these structures, the most important is the
Cameroon Volcanic Line, generally denoted CVL, followed by the southern
part of the Central African Shear Zone (CASZ) called the Foumban Shear Zone
(FSZ), the Ntem Complex, the Benue Trough, the northern margin of the Congo
Craton, and many others. The major structures identified in this part are formed
as a result of geodynamic activity between the Oligocene and the recent period,
to which we can add the volcanism that exists along with the continental limit.
The XGM201e_2159 model is used to highlight the geological structures of
Southwestern Cameroon. First, we separated the regional and residual
anomalies from Bouguer gravity data. Then, we used a combination of filters
to enhance the signature of the residual anomalies in Southwest Cameroon.
These filters identified various geological structures in the area. Finally, we
applied the enhanced horizontal gradient amplitude (EHGA) and multi-scale
horizontal derivative of the vertical derivative (MSHDVD) methods to reveal the
geological contacts, allowing us to establish the corresponding structural map
of the region. In addition, the results obtained in this study are the first to
precisely define the circumferential demarcation of the continental and oceanic
expansions of Mount Cameroon, while clearly illustrating the Bao, Bomana,
Tiko, and Ekona faults that extend to the Bakassi Peninsula and the Douala
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outlet. Furthermore, they highlight the strike—slip faults in the summit vicinity.
The structural map shows that most of the geological boundaries identified in
the area are trending in the NE-SW, NNE-SSW, ENE-WSW, N-S, and NW-SE

directions.

KEYWORDS

gravity, potential field data, edge detection, structural mapping, southwestern

Cameroon
1 Introduction

Located in the south-west of Cameroon, the study area
spanned between longitudes 8°00' E and 11°25' E and
latitudes 3°00" N and 7°25' N (Figure 1). It encompasses
various geological structures and sedimentary basins whose
origins remain subjects of reflection within the scientific
community. Among these structures, the most important
would be the succession of mountain ranges that form the
Cameroon Volcanic Line (CVL). The CVL owes its origin to a
large subvolcanic and volcanic sequence to which it belongs,
which in turn would originate from its presence within several
hot spots (Ngounouno et al., 2000; Ngounouno et al., 2003). This
great lineament, which extends till the West African coast, is

14°E 16°E

Lake chad
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FIGURE 1
Map location of the study area with the representation of the
Cameroon Volcanic Line.
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composed of both an oceanic and a continental part. It separates
the sedimentary Rio Del Rey Basin from that of Douala-Kribi
Campo. The mountain range that forms it is generally alkaline
and formed between the Tertiary and the recent period (Fitton,
1987). This mountain range is subject to volcanism, which
extends from the Atlantic islands of Pagulu to the interior of
the African continent (Lee et al., 1994). The islands of Bioko and
Sao Tomé et Principe constitute the marine component, while
the Manengouba, Bamboutos, Oku, and Mandara mountains
constitute the continental portion (Figure 1). This continental
part has an average crustal density of 400 kg/m?, with an average
Moho depth of about 32.5 km (Ghomsi et al., 2020; Ghomsi et al.,
2022b). In addition to the CVL, we can see other structures in this
area, including the Ntem Complex and the Mamfe Sedimentary
Basin, which is a part of the Central Cameroonian Shear Zone.

According to Ubangoh et al. (2005), the positive anomalies
seen along the CVL point are due to the presence of multiple
active volcanic craters and cones as well as a strong geothermal
gradient. Also, an analysis of the samples collected along the CVL
highlights the existence of a predominant magnetization
spectrum within it. The main lineaments of the region are
highlighted in the past research by Nzeuga et al. (2019) and
Ghomsi et al. (2022a) based on the interpretation of
aeromagnetic data. Noutchogwé et al. (2011) and Ndikum
et al., 2014; Ndikum et al, 2017 highlighted the geological
contacts of this part of Cameroon from the interpretation of
gravity data using the MSHDVD method. Koumetio et al. (2012)
applied multi-scale elevation of the maxima of the horizontal
derivative on the vertical gradient of the Bouguer anomaly,
followed by 3D modeling to highlight geological structures in
the region, visible on the signal as negative gravity anomalies. The
basement of this region is intruded by bodies of variable shapes
and sizes located at a depth varying between 1 and 10 km and a
density range from 2.57 to 2.87 g/cm’. These intrusions observed
in the crust of this region could be potential reservoirs of rare
minerals (Fosso-Téguia et al., 2020), and the crust thickness is
between 35 and 39 km (Tokam et al.,, 2010; Ghomsi et al., 2020;
Ghomsi et al., 2022b).

Considering the results of previous work in the study area
(Ghomsi et al., 2020; Ghomsi et al., 2021; Tchoukeu et al., 2021;
Ghomsi et al, 2022b), the use of the recent XGM
2019€2159 Gravity Field Model presented by Zingerle et al.
(2020) and the regional/residual separation of the Bouguer
anomaly map by using the method of Zeng et al. (2007) could
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increase anomalies.

the Additionally,
determining gravity source parameters is crucial for finding

signature  gravity
new mineral deposits and helps maximize exploratory drilling
operations (Pham et al., 2019; Pham et al., 2020a; Duong et al.,
2021; Long et al., 2021).

Gravity and magnetic data can provide vital information on
the subsurface structures (Dung and Minh, 2017; Hang et al,
2019; Eldosouky et al., 2021a; Eldosouky et al., 2021b; Oksum
2021). The determination of geological boundaries from the
interpretation of gravity data has been the subject of several
studies, and many different techniques have been introduced
(Melouah et al., 2021; Eldosouky et al., 2022a; Pham et al., 2022a;
Eldosouky et al., 2022b; Pham et al., 2022b; Eldosouky et al.,
2022¢; Ghomsi et al.,, 2022¢; Eldosouky et al., 2022d; Ghomsi
et al,, 2022d), such as, for example, the peak detection methods
(Blakely and Simpson, 1986; Hang et al., 2017; Pham et al., 2018;
Pham et al., 2021), vertical derivatives, the filters of horizontal
gradient (Cordell, 1979; Cordell and Grauch, 1985), the analytical
signal (Nabighian, 1972; Nabighian, 1984; Roest et al., 1992), tilt
angle (Miller and Singh, 1994), the horizontal gradient amplitude
of tilt angle (Verduzco et al., 2004), enhanced horizontal gradient
amplitude (Pham et al, 2020a), improved logistic function
(Pham et al, 2020b), and balanced horizontal gradient
amplitude filters (Prasad et al., 2022a; Prasad et al., 2022b).

From the Bouguer anomaly data, we shall extract anomalies
of importance in this study. Then, in order to emphasize the
various contacts, we will use the first-order derivation, the
horizontal gradient (HG), the analytical signal (AS), the tilt
angle (TDR), the horizontal gradient of the tilt angle
(HG_TDR), and the enhanced horizontal gradient amplitude
(EHGA) filters. Finally, we will compare the geological contacts
obtained on the TDR, HG_TDR, and EHGA maps with those
obtained by using the MSHDVD method to reveal a new tectono-
structural map of the region.

2 Geological setting

The geology of the southwestern part of Cameroon illustrated in
Figure 2 is very large and complex. The CVL consists of a succession
of mountains ranging in age from the Tertiary to the recent period
(Fitton and Dunlop, 1985). Among the elements that constitute it, we
can cite the Adamaoua-Yade Plateau and the Western Cameroon
Highlands, generally called the Cameroon Highlands. The highlands
of Cameroon form the androgenic plutonic complexes of the CVL
and encompass a succession of volcanoes oriented at 30°E with peaks
ranging from 900 to 1,800 m for the smallest to 3,010 m for Mount
Oku and 4,020-4,100 m for Mount Cameroon, located near the
coastal plain (Deruelle et al., 2007; Beckline et al., 2018; Wembenyui
et al,, 2020). The CVL consists of eight monogenetic volcanic fields
with an estimated total area of 17,000 km?, with individual fields
ranging in size from 700-4,000 km® (Schmidt et al., 2022). Because
the CVL is located in a unique tectonic environment at the transition
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from the oceanic to continental crust, it serves as a natural laboratory
for the study of the geochemical evolution of alkaline magmas with
varying degrees of crustal contamination and mixing. Mount
Cameroon is the only active mountain in the mountain range
that constitutes the CVL, and its last seven eruptions date from
1909, 1922, 1954, 1959, 1982, 1999, and 2000 (Geze, 1943; Fitton
et al,, 1983; Suh et al, 2003). The basanitic and alkaline basaltic
nature of its flows, adding small quantities of pyroclastic materials
and volcanic cinder cones, make it a composite volcano (Suh et al.,
2003; Yokoyama et al., 2007; Suh et al, 2008). The CVL has a
crystalline basement embedded in the mobile orogenic Ubangid belt,
bounded by the Pan-African range and located between the Saharan
Metacraton, the Congo Craton, and the West African cratons
(Meyers et al, 1998; Ghomsi et al, 2020; Ghomsi et al, 2021;
Ghomsi et al,, 2022b). Ghomsi et al. (2022a) applied the intensity
of the enhanced horizontal gradient amplitude (EHGA) on the
aeromagnetic data to highlight the major geological structures of the
CVL and their effects on the topography and the cross-correlation
analysis to highlight the principal directions of magnetization of
certain anomalies. The Central African Shear Zone (CASZ), a
component of the Pan-African Range, is a major fault belt still
active. Its nature is identical to that of its counterpart, known as the
Pernambuco lineament, located in Northeast Brazil, which would be
an extension of the CVL in South America (Torsvik et al., 2009;
Aslanian and Moulin, 2010; Moulin et al., 2010).

The Ntem Complex, part of which is in our study area,
represents the northern part of the Congo Craton. It is formed
mainly of Archean rocks, intrusive rocks, leptynites, and gneisses
(Tchameni et al., 2001). The intrusions encountered in the Ntem
Complex are mainly granites, tonalites, and syenites. The Nyong
unit is the part of the Ntem Complex which appears in our study
area. This unit consists mainly of gneisses and greenstones in the
form of a belt and represents the NW section of the Ntem
Complex (Maurizot et al., 1986; Minyem and Nedelec, 1990;
Tchameni, 1997). Basic and ultrabasic rocks and ferriferous and
barren quartzites are the constituent elements of greenstone belts.
The blastomylonitic shear zones observed irregularly on the
Nyong and Ntem units owe their origin to faulting
deformation. Neoproterozoic intrusions of nepheline syenite
in a sinistral shear zone in the Nyong unit also owe their
origin to the last magmatic episode in this one (Maurizot
et al., 1986; Nsifa, 2005).

Another part of our study area is the Benue Trough. It is a large
sedimentary basin oriented in the NE-SW direction, distributed over
a length of about 1,000 km, which extends from the Niger Delta in
Southern Nigeria to the vicinity of Lake Chad. Its origin dates from
the Cretaceous with the opening of the South Atlantic (Guiraud and
Maurin, 1992; Nouayou, 2005). The Benue Trough includes many
faults of various kinds in its upstream part, and the main ones are
oriented along the N115°E structural direction (Regnoult, 1986). It is
represented in Cameroon in the North by the Garoua Rift, also called
Yola Trough, and in the south-east region by the Mamfe Sedimentary
Basin. The volcanic massifs of Cameroon are at the origin of the
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FIGURE 2
Geology map of Southern Cameroon (after Ghomsi et al., 2022a).

interruption of the extension of the Cameroonian coastal basins of
Douala/Kribi-Campo toward the Benue Trough, and these basins
(Mamfé, Rio Del Rey, and Douala/Kribi-Campo) would have the
same geological history as this one (Nzeuga et al., 2019).

3 Data

The satellite-derived gravity data for the entire Southwest
Cameroon are derived from the XGM 2019e 2159
(eXperimental Gravity field Model 2019) (Zingerle et al,
2020), which is represented through spheroidal harmonics,
corresponding to a spatial resolution of 2’ (~4 km), and has
lesser artifacts. It is developed from altimetry, satellite-only
model GOCOO06s (Kvas et al., 2021), topography (Amante and
Eakins, 2009), and ground data. It is a static global combined
gravity field model with degree and order of 5,399. It has the long
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wave from GRACE+GOCE v5 and the short wave from land
gravity averaged at 1/15° and marine and altimetric gravity
(DTU15) provided by the National Geospatial-Intelligence
Agency (NGA). The topographic heights are calculated from
the spherical harmonic model of the topography (ETOPO1) used
up to the same maximum degree as the gravity field model.

4 Methodology

To determine the lineaments and propose a geological model
of the subsoil, highlighting the intrusions of igneous bodies in the
southwestern part of Cameroon, many filtering operations are
needed and should be applied to the gravity anomaly data. First,
we have performed the regional-residual separation from the
Bouguer anomalies using the method of Zeng et al. (2007). Then,
the filters such as the horizontal gradient, analytical signal, tilt
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angle, and enhanced horizontal gradient amplitude have been
applied to the residual anomaly data to enhance the geological
edges. Finally, we have applied the improved maximum detection
method (Pham et al, 2020c) to the multi-scale horizontal
derivative of the vertical derivative to detect the geological
contacts.

4.1 Regional/residual separation

The observed gravity anomaly is the sum of gravity effects of
density differences at various depths (Oksum et al., 2019; Pham
et al., 2022¢; Ghomsi et al., 2022d). Here, we used the method of
Zeng et al. (2007) for separating the regional anomaly resulting
from deep sources from the observed gravity. Then, the residual
anomaly generated by the shallow sources was calculated by
removing the regional anomaly from the observed anomaly. This
method calculates a series of cross-correlations between the
upward continuations at two successive heights (Zeng et al.,
2007). The height associated with the maximum deflection of
these cross-correlation values yields the optimum height for
regional/residual separation (Zeng et al., 2007).

4.2 Use of derivative filters

We consider AT as the value of the total gravimetric field
caused by a random distribution of the density sources in the soil.
When the gravity fields of several sources interfere, the
application of the derived filters is important to dissociate
them and to determine the location of the contacts at the
origin of each source (Fedi and Florio, 2001). It also has the
advantage of operating calculations at different heights via the
upward extension stable operator (Jacobsen, 1987).

The first-order horizontal and vertical derivatives can be
written as follows:

OAT ATy ;—ATiy,

o A ()

aAl _ AT;jo = ATy 5 Q)

oy 2Ay

OAT

o F' {|k|F (AT)} (3)
74

where Ax is the sampling distance along the longitudes; Ay is the
sampling distance along the latitudes; i and j represent the data
collection points of AT in x and y, respectively; F and F'
the
transform, respectively; and |k| is the radial wave number.

represent Fourier transform and inverse Fourier

We can combine these elements to calculate the horizontal
gradient (HG) (Cordell, 1979; Cordell and Grauch, 1985) and the
analytical signal (AS) (Nabighian, 1972; Nabighian, 1984; Roest
et al., 1992) as follows:
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FIGURE 3
Bouguer anomaly map of the study area with its perspective

representation, estimated on a 0.1° X 0.1° geographical grid (black
lines represent national boundaries).

AT\ [oAT\
HG= (a—x) +(W> @
oAT\® (oAT\® [oAT\
A5= (W) +<W> *(W) ®

The maximum value of the HG and AS is used to detect the
source edges (Grauch and Cordell, 1987; Phillips, 2000).
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4.3 Tilt angle

The tilt angle (TDR) is also known as a phase filter. The tilt
angle and its total horizontal gradient are recommended for the
mapping of geological structures buried in the ground at medium
depths and for the determination of ore deposits (Miller and
Singh, 1994). This filter is applied on potential data, and it is
defined as the ratio of the vertical derivative in the z-direction to
the amplitude of the horizontal gradient as follows:

OAT
0z

(327"«

TDR = tan™
aA_T)2
dy

The horizontal gradient of the tilt angle (HG_TDR) was
developed by Verduzco et al. (2004) to optimize the geological
information given by the tilt angle. It is given by

2 2
HG.TDR = OTDR N OTDR
Ox oy

7)

4.4 Enhanced horizontal gradient
amplitude

Pham et al. (2020a) proposed to use the enhanced
horizontal gradient amplitude (EHGA) filter to highlight
both the shallow and deep geological contacts responsible
for the gravity anomalies observed at the surface. It can be
given as follows:
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HG,

VHG: + HG? + HG?

EHGA = R(asin(p(

where R is the real part of the function and p is a positive
number. The EHGA ranges from—m/2 to + w2 when the peaks
are directly located over the edges, and we obtained optimal
results when using p > 2 (Pham et al., 2020a).

)7)

®)

4.5 Multi-scale horizontal derivative of the
vertical derivative

As explained previously, the upward continuation on the
data field is indicated to enhance the geological information
in the ground at greater depths. For determination of
geological contacts, the greater the extension height, the
more information is enhanced on the deep contacts.
Suppose the contact is located vertically from the source,
then the maxima of the horizontal gradient of the extended
map will make it possible to determine it, and the direction of
shift of the maxima in question defines the dip direction of
said contact (Fedi and Florio, 2001).

The following is a summary of the steps used for the
MSHDVD method:

« Computing the first-order vertical gradient of the gravity
data extended upward at different experimental altitudes,
called multi-scale vertical derivative (MSVD).

« Determining the maxima of the horizontal gradient of the
maps resulting from the MSVD method.
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o Superposing the results determined for different
continuation heights.

5 Results
5.1 Bouguer anomaly map

In this section, we outlined the Bouguer anomalies resulting from
the combination of the XGM 2019e_2159 and the ETOPO1 models
to plot the Bouguer anomaly map. A 5 min x 5 min gridded spatial
distribution of the Bouguer gravity anomaly was obtained. The total
gravity intensity (TGI) clearly showed the differences in the locations
of high and low gravimetric intensities (Figure 3). Due to the effects of
region on the distribution of gravity anomalies observed on this map,
the interpretation may contain errors, and we must first
eliminate these effects to interpret it. This will be the subject of
the next section.

Frontiers in Earth Science

5.2 Regional/residual separation

The Bouguer anomalies map (Figure 3) showed positive
long-wavelength anomalies reaching ~174 mGal at the coast
and negative anomalies in the eastern part of the study area,
reaching peaks of —130 mGal. These positive anomalies
would be the extension of the oceanic crust, which has a
high density put in place during the opening of the South
Atlantic (Torsvik et al., 2009; Lawrence et al., 2017). The
negative anomalies observed to the northeast would be the
deposits of ancient Precambrian rocks that would form the
region’s bedrock. Furthermore, the 3D Bouguer anomalies
map showed a high correlation between the regional
distribution of anomalies and the topography, thus
indicating the presence of isostatic compensation. In
addition, we observed a great correlation between the
Bouguer anomalies map and the geological map of the
study area.
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4A the
continuations to two successive heights versus the height.
Figure 4B shows the deflection C versus the height for the
Bouguer anomaly of the southwestern part of Cameroon. The

Figure shows cross-correlations  between

curve of the deflection shows a maximum at a height of 20 km
(Figure 4B). Thus, this height is regarded as the optimal height
(Figure 4B). The upward continuation of the Bouguer
anomaly data at a height of 20km yields the regional
anomaly (Figure 5A). The regional anomaly map obtained
by extension shows a large positive anomaly at the coast and a
large negative anomaly in the northwest region, separated by a
medium-density structure. These anomalies would be caused
by the effects of surface structures present in the study area.
The residual anomaly caused by localized gravity effects was
calculated by removing the regional anomaly data in
Figure 5A from the observed anomaly. The calculated
residual field anomaly map is shown in Figure 5B. The
the
distribution of gravity anomalies in the region. The positive

residual anomaly map provides precision on
anomalies observed along the coast and at the east of the
region would be the representation of the CVL. The negative
anomalies represent ancient Precambrian deposits, and mid-

density anomalies represent sedimentary deposits.
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5.3 Derivatives

To highlight the gravimetric signatures of the study area, the
first-order derivative filters were applied, as explained in Section
4. Figure 6 shows the X, Y, and Z derivatives of gravimetric data.
The X-derivative map shows that the positive anomalies observed
are oriented NE-SW and the existence of sedimentary deposits
along the coast and in the bordering part between the north-west
and the south-west of Cameroon. This information is practically
contradictory to that observed on the Y-derivative map. On the
other hand, the Z-derivative map is similar to the residual
anomaly map with positive anomalies oriented NE-SW, well
dissociated compared to those observed in this one. Furthermore,
Z-derivative presented anomalies of higher amplitudes, ranging
between —4 and 8 mGal/km, than those observed on the X- and
Y-derivatives and corroborated the existing information on the
geological map.

5.4 Gradient filters

The HG and AS were applied to the Bouguer residual map to
characterize the isolated sources since, in most cases, the filtered
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(A) Horizontal gradient and (B) analytical signal amplitude of the Bouguer residual map (black lines represent national boundaries).

anomaly is generally positive, and its maxima are located over the
source edges. The gradient maps represented in Figure 7 show that
the anomalies grouped in the Bouguer regional map are isolated, and
the gradient filters aim to center the gravity anomalies below their
geological sources. We can observe that the HG is more effective
than the AS in mapping the source edges from gravity data. Here,
Figure 7A also shows more edges than Figure 7B.

5.5 Filters based on the ratio of gradients

The TDR and HG_TDR maps of the residual data are
shown in Figures 8A, B, respectively. On the TDR map, the
observed positive anomalies well-corroborate the information
of the geological map distinguished by the Eocene,
Miopleocene, and Paleo-Neogene age sand covers that
cover the Douala and Rio Del Rey sedimentary basins.
Pham (2020) showed that the TDR filter is useful for
enhancing information on discordant signals. However, it is
not an ideal filter for edge detection because it does not

provide sharpened responses at the source edges. The
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HG_TDR map represents the same anomalies observed on
the TDR map but in the form of geological contacts existing
below them. The EHGA map (Figure 8C) isolates edges better
than TDR and HGrpg since it can extract the edges of both
shallow and deep structures.

5.6 Determination of geological contacts
using the multi-scale horizontal derivative
of the vertical derivative method

The detailed methodology used to apply this method has
been elaborated in Section 4. In order to reveal the geological
contacts between the depths of 1-5 km, first, the first-order
Z-vertical derivative was calculated on the residual map and
extended successively to depths of 1, 2, 3,4, and 5 km. Second,
we calculated the horizontal gradient amplitudes of these
vertical derivatives and used the improved maximum
detection method (Pham et al., 2020c) to determine the
source edges (Figure 9). It is noticed that there is a great
similarity between the maps in Figure 9 and those in Figure 8.
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The rose diagram of EHGA and MSHDVD lineaments
represented in Figure 10 shows the distribution and
orientations of the main faults identified in Southwestern
Cameroon. As can be seen, most of the geological
boundaries identified in the area are trending in the
NE-SW, NNE-SSW, ENE-WSW, N-S, and NW-SE
directions. Based on the information from the geological
map, these maps will be analyzed to propose a tectono-
structural map of the southwest part of Cameroon as
shown in Figure 11. This map (Figure 11) highlights the
main structures highlighted by the results of previous
studies and corroborates the information provided by the
geological map.

6 Discussion

The Bouguer anomaly map (Figure 3) highlights a large
positive anomaly at the coast and a large negative anomaly at
the northeast region of the study area. This positive anomaly
would have originated from the extension of the oceanic crust at
the level of the coast set up during the opening of the Atlantic
Ocean in the Cretaceous and corroborates the results of Guiraud
and Maurin (1992), Torsvik et al. (2009), and Lawrence et al.
(2017). The negative anomaly observed indicates the presence of
isostatic compensation as presented by Balogun (2019) and

Frontiers in Earth Science

239

would be an accumulation of syn-tectonic granite. Moreover,
we can observe an accumulation of low-intensity positive gravity
anomalies covering the upper cretaceous sandstone of the Mamfe
Basin. Thus, these observations are consistent with the existing
geological and tectonic information in the study area.

The regional map (Figure 5A) highlights all the regional effects
that interfere with the gravity signal. It is similar to the Bouguer
anomaly map but is smoother than this one. Its resemblance rate to
the Bouguer anomaly map justifies the chosen separation method
and validates the height of 20 km for upward continuation. The
residual map (Figure 5B) represents the anomaly map after removing
the regional anomaly from the Bouguer anomaly. It presents the
distribution of the different anomalies of the region more precisely.
The positive anomalies observed are all oriented along the mean
structural direction of N75° E, which is the major structural direction
of the CVL (Tokam et al, 2010; Nzeuga et al, 2017), and this
anomaly would be due to a melting point in the form of a “Y” below
the crust (Fitton, 1980). The negative gravimetric anomalies observed
in the northeast and southeast of the region would represent old syn-
tectonic granitic rocks to which are added felsic gneisses and meta-
sediments which constitute the crystalline basement (Toteu et al,
2004; Nzenti et al., 2006; Reusch et al., 2010; Anderson et al., 2014).
According to Jacobsen (1987) and Kebede et al. (2020), when the
gravity field is upward continued to a height z, it maps the sources
located at and below the depth z/2. Since the Bouguer anomalies
continuing upward to 20 km represent the regional field and were
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FIGURE 10
Rose diagram that shows the fault orientations within
Southern Cameroon.

subtracted from the Bouguer anomaly map to obtain the
corresponding residual, our results are related to the sources
located at and above 10 km.
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The first-order derivative maps (Figure 6) enhance the geological
information contained in the residual map. The Z-derivative shows
some positive anomalies that were not visible on the residual map
east of the region. The HG and AS maps (Figure 7) isolated the
different sources that were arranged as a block and placed the gravity
anomalies directly above their sources. Since the THG and AS use
the derivative amplitude to outline the edges, they cannot balance
anomalies from shallow and deep structures. In other words, these
methods cannot determine geological boundaries located at different
depths at the same time. Both methods are dominated by large-
amplitude responses from the shallow structures. In addition, for
thin or deep sources, the peaks of the AS are shifted inward from the
edges, making the structural bodies seem smaller than they are, as
reported by Pham et al. (2020a), Pham et al. (2020b).

The TDR map (Figure 8A) highlights the different
gravimetric domains, while the HGppr map (Figure 8B)
highlights the different contacts that delimit these different
domains. It should be noted that the contacts obtained from
the TDR and HGTDR are connected, complicating the geological
interpretation (Eldosouky et al., 2022¢). The EHGA filter is
effective in highlighting a wide range of density structures in
southwestern Cameroon. Since the EHGA is based on the ratio of
derivatives of the horizontal gradient, it can balance anomalies
from different structures. Thus, the use of this method brings
clearer images for all the edges of both the shallow and deep
sources. In other words, the EHGA can outline the geological
boundaries located at different depths at the same time. In
addition, the EHGA map
information in the edge maps, as reported by Pham et al.
(2020a) and Ghomsi et al. (2020). Thus, we believe that the
edges in the EHGA map are suitable for highlighting geological

can avoid bringing false

contacts as faults.

The source edges determined by the MSHDVD method
represented in Figure 9 highlight most of the contacts shown
on the EHGA map. The presence of a wide range of structures
in the MSHDVD map is also verified by the results of the
EHGA. So, we can observe in Figure 9 that these contacts
bound the anomalies. Thus, contacts that form closed
contours delineate intrusions, while those that are linear
determine the presence of structures like faults. The
combined analysis of the maps in Figures 8, 9 highlights
the geological structures in this region. We also compared
the density structures determined in Figures 8, 9 to the
geological structures in Figure 2 (Figure 11). The present
study is the first of its kind to accurately determine the
circular margin of the continental and oceanic extensions
of Mount Cameroon, while perfectly illustrating the Bao,
Bomana, Tiko, and Ekona faults, as well as highlighting the
strike-slip faults at the top as simulated by Mathieu et al.
(2011) and Kervyn et al. (2014). We can see that our results
not only highlighted some structures that already existed
according to the observations of the geological map but
also highlighted new faults.
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7 Conclusion

In this study, we separated the regional/residual anomalies
from the Bouguer anomaly data to obtain the best map of
residual anomalies for the southwestern part of Cameroon.
Then, we applied filters such as the HG, AS, TDR, HGrpr
gradient, and EHGA to the residual anomaly data to highlight
the geological source edges. Finally, we used the MSHDVD
method to highlight the same contacts. The main results of
this work show with precision the region’s major lineaments,
which in turn made it possible to highlight the CVL,
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intrusions of rocks of low densities known as syn to late
tectonic granitoid, and faults of various directions. These
results are comparable to those of the existing one and
corroborate the information that the basement of the
studied region would be made up of Precambrian volcanic
rocks with a large concentration of basalt and gneiss. The
observed geological structures show that the tectonic activity
in this region is still ongoing. The current study is the first of
its type to precisely define the circular boundary of Mount
Cameroon’s continental and oceanic expansions, while also
perfectly displaying the Bao, Bomana, Tiko, and Ekona faults
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and highlighting the strike-slip faults near the peak. However,
it would be important to delineate the depths of the structures
that form the CVL by quantitative analysis by inversion and/
or by 2D or 3D modeling. Also, the use of remote sensing data
will make it possible to highlight a structural map of the said
region precisely.
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Estimation of the gas hydrate
saturation from multichannel
seismic data on the western
continental margin of the
Chukchi Rise in the Arctic Ocean

Yeonjin Choi'?, Seung-Goo Kang'*, Young Keun Jin?,
Jong Kuk Hong?, Sung-Ryul Shin?, Sookwan Kim? and
Youngil Choi?

Division of Earth Sciences, Korea Polar Research Institute, Incheon, South Korea, ?Department of
Ocean Energy and Resource Engineering, Korea Maritime and Ocean University, Busan, South Korea,
SMarine Active Fault Research Unit, Korea Institute of Ocean Science and Technology, Busan, South
Korea

A multichannel seismic survey was conducted to investigate the geophysical
characteristics of gas hydrates along the western continental margin of the
Chukchi Rise around an ARAON mound cluster, which was first recovered in
2016. In the seismic data, gas hydrate-related bottom simulating reflection was
widely distributed along the western continental margin of the Chukchi Rise.
High-precision seismic P-wave velocity was obtained to investigate the
geophysical characteristics of the gas hydrate structures in the BSR areas.
Iterative migration velocity analysis was used to construct a detailed P-wave
velocity model from the acquired seismic data. The gas hydrate and free gas
layers have abnormally high- and low-seismic P-wave velocities; the precise
velocity model allows us to understand the detailed spatial distribution of gas
hydrate and free gas structures. The effective medium theory model enables
estimations of the gas hydrate saturation from constructed seismic P-wave
velocity model. We propose the P-wave velocity and gas hydrate saturation
models from acquired multichannel seismic data in the western continental
margin of the Chukchi Rise for the first time.

KEYWORDS

gas hydrates along the western continental margin of the chukchi rise in the arctic
ocean, bottom simulating reflections (BSRs), seismic P-wave velocity model, iterative
migration velocity analysis, estimation of gas hydrate saturation by the effective
medium theory (EMT) model, characteristic of free gas-bearing sediment
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1 Introduction

Gas hydrates are ice-like crystalline solids composed of natural
gas and water molecules under low-temperature and high-pressure
conditions, which are known as the gas hydrate stability zone
(GHSZ) (Kvenvolden, 1988; Sloan and Koh, 2008). Since gas
hydrates were first discovered in the 1970’s, they have attracted
attention as a potential energy source, a geological hazard, and a
scientific issue related to climate change It has been reported that gas
hydrates are distributed in the marine settings on the continental
shelf and continental slope areas, which satisfy the gas hydrate
stability conditions. In the Arctic regions, it is known that
permafrost is closely related to the formation and distribution of
gas hydrates. During the Pleistocene, cold temperature conditions
were maintained beneath the Arctic permafrost region, and many
gas hydrates were formed in this period (Collett et al, 2011).
Nowadays, the relic gas hydrates remain under the Arctic
permafrost regions (Kvenvolden, 1988; Kvenvolden et al., 1993;
Kvenvolden, 1994; Collett et al., 2011; Ruppel, 2014; Chadburn et al.,
2017; Kang et al., 2021b).

Geophysical techniques have been used to confirm the
occurrence of gas hydrates, including well-logging analysis,
seismic surveys, electromagnetic surveys, multibeam echo
sounders, sub-bottom profilers, and side scan sonar (Sloan and
Koh, 2008; Osadetz and Chen, 2010; Riedel et al., 2010; Té6th et al.,
2014; Lu et al, 2017; Ruppel and Kessler, 2017; Singhroha et al.,
2019; Kang et al., 2021a; Choi et al., 2021; Monteleone et al., 2022).
Among these techniques, seismic surveys are widely used to confirm
the occurrence of gas hydrates because the presence of gas hydrates
brings about bottom simulating reflections (BSRs) in seismic data
(Shipley and Houston, 1979; Yoo et al., 2013; Lu et al,, 2017). BSRs
are located in the seismic section at the base of the GHSZ, where the
physical interface between gas hydrate-bearing sediments and free
gas-saturated sediments has different seismic velocities and densities.
A BSR has a reverse polarity reflector with high amplitude and
shows a parallel trend to the seafloor topography (Yoo et al., 2013;
Lu et al, 2017). However, a BSR may not appear in seismic data if
there is an absence of free gas beneath the gas hydrate-bearing
sediments or the seismic velocity of the sediment layer is higher than
that of the gas hydrate-bearing sediments. The negative reflection
coefficient of BSRs in seismic data is occurred due to a contrast
between the upper high-velocity anomalies of gas hydrates and the
lower low-velocity anomalies of the free gas layer. The seismic
velocity is increased where gas hydrates exist in the pore space of the
sediments because the seismic velocity of the pure gas hydrate is
generally higher than that of the water-filled sediments. Conversely,
the seismic velocity of the free gas-saturated sediments is
the

considered evidence of the presence of gas hydrates and free gas.

decreased. Thus, seismic  velocity anomalies can be
The size of the anomalies in the velocity models is proportional to
the volume of gas hydrates and free gas contained within the pore
space. As a result, the velocity anomaly provides quantitative

information regarding the gas hydrate and free gas saturation in
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the pore space of the sediments (Ecker et al., 2000; Riedel et al,,
2010).

In the Arctic region, subsea permafrost-related gas hydrates are
distributed at shallow water depths because the Arctic permafrost
possesses temperature and pressure conditions in which gas
hydrates can form in a relatively shallow continental shelf
(Collett et al., 2011). Alaska/US and the Beaufort Sea continental
shelf/Canada are regions where permafrost-related gas hydrates
have been discovered (Dallimore et al., 2002; Carcione and Gei,
2004; Osadetz and Chen, 2010; Majorowicz et al., 2012; Riedel et al.,
2017). The East Siberian Arctic Shelf is reportedly an area where a
methane eruption was actively caused by permafrost and gas hydrate
dissociation (Shakhova et al., 2010; Shakhova et al., 2017; Shakhova
et al,, 2019). Many studies have been conducted in this area, with a
focus on the interaction between permafrost and gas hydrate
dissociation, changes in the seabed environment, and the
relationship to climate change (Shakhova et al., 2010; Shakhova
etal,, 2015; Shakhova et al., 2017). Additionally, various gas hydrate-
bearing venting structures on the seafloor, such as gas flares, Pingo,
and mud volcanoes, were observed in the Vestnesa Ridge in
northwest Svalbard (Hustoft et al, 2009). In this area, gas
hydrate-related studies are being conducted using state-of-the-art
geophysical exploration technology (Hustoft et al., 2009; Singhroha
et al, 2019). The seismic velocity and saturation models of the
Vestnesa Ridge were proposed based on seismic data analysis. The
distribution of gas hydrates, which were controlled by the
topography and faults, was presented for the Vestnesa Ridge
(Singhroha et al, 2019). However, the Chukchi Sea and East
Siberian Sea regions remain unknown; no published gas hydrate-
related research or information is available.

The Korea Polar Research Institute (KOPRI) has conducted
geological and geophysical explorations in the East Siberian and
Chukchi Seas continental margin regions to study changes in the
Arctic seafloor environment and seafloor resources with the
icebreaker research vessel ARAON in 2016 and 2018 (Jin and
Party, 2017, 2018; Kim et al, 2020a; Kim et al., 2020b). In the
first research cruise in 2016, mound morphologies were discovered
in the western continental margin of the Chukchi Rise, and gas
hydrate samples were obtained through gravity coring (Jin and
Party, 2017). In the second cruise in 2018, intensive gas hydrate
explorations, including sparker single channel seismic surveys, were
conducted in the surrounding area of the mound structures (Jin and
Party, 2018). As a result, a total of eight mound morphologies
(ARAON mound) were discovered in the survey area, and the gas
hydrate samples were obtained from two different mound
morphologies. Additionally, the seismic data on 15 lateral lines
were obtained, and heat flow and CTD (conductivity, temperature,
and depth) profiles were acquired from five stations over the
Chukchi Rise continental shelf area down to the continental
margin. The single channel sparker seismic data showed that
high-amplitude reflections with reversed polarity were widely
distributed from the clustered mounds toward the continental
margin and under the seafloor (Kang et al., 2021a). The depth of
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FIGURE 1
Map of the study area. (A) Bathymetric map of the Arctic Ocean. (B) is the map of the Chukchi Plateau, and the study area is located on the
western continental margin of the Chukchi Rise (black box). (C) Map of the seismic track lines in the 2018 and 2019 Arctic expeditions.

the lower boundary of the GHSZ was calculated using the characteristics of the gas hydrate structures. By applying the

geothermal  gradient and seafloor ~water temperature IMVA method, we present the geophysical model of the gas
measurements obtained during the exploration and then hydrate and free gas in the western continental margin of the
compared with the depth at which strong reflective structures Chukchi Rise. The seismic velocity model recovered the high-
with reversed polarity have appeared in seismic images (Dickens velocity and low-velocity structures near a BSR. These velocity
and Quinby-Hunt, 1994; Miles, 1995; Andreassen et al., 2006). Gas anomalies provide strong evidence that gas hydrates and free gas
hydrate-related BSRs were considered if the depth of the strong exist within the pore space of the sediments. Additionally, we
reflective structure with reversed polarity in the cross-section was the employed the effective medium theory (EMT) in the seismic
same as the calculated depth of the lower boundary of the GHSZ velocity model to derive the gas hydrate and free gas saturation
(Dickens and Quinby-Hunt, 1994; Miles, 1995; Andreassen et al., model. In this model, the spatial distribution and characteristics of
2006). This case is the first in which geophysical evidence and the gas hydrates and free gas are well represented. As a result of this
distribution information have been presented regarding the study, we presented several geophysical evidence of the presence of
occurrence of gas hydrates along the western continental margin gas hydrate in the western continental margin of the Chukchi rise.

of the Chukchi Rise (Kang et al., 2021a).

A multichannel seismic survey (MCS) was conducted during
the third expedition in 2019 to investigate the geophysical 2 GeOlOgical Setting
characteristics of gas hydrates along the western continental
margin of the Chukchi Rise around the ARAON mound Chukchi Rise is the southern part of the Chukchi Plateau, and
cluster. In the MCS data, gas hydrate-related BSRs were widely the northern part of the Chukchi Rise is the Chukchi Cap of the
distributed along the western continental margin of the Chukchi Chukchi Plateau. On the southern side, the Chukchi Rise is

Rise. The acquired MCS data were applied to the iterative directly connected to the Siberian-Chukchi continental shelf, and
migration velocity analysis (IMVA) method to construct it is connected to the Chukchi Basin to the west, as shown in
seismic P-wave velocity models to investigate the geophysical Figure 1A. The average depth of the Chukchi Rise is 0.2 km, and
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reversed reflections.

it has a relatively flat top (Kim et al., 2021). The study area is the
western continental margin of the Chukchi Rise (black box in
Figure 1B), where the water depth ranges from 0.5 km (shelf
break) to 2.5 km (Chukchi Basin). In the center of the study area,
a triangular-shaped highland, named the western spur, protrudes
20 km toward the Chukchi Basin (Kim et al,, 2021). Hegewald
and Jokat (2013) interpreted the seismic section obtained from
the Chukchi Rise to the Chukchi Basin and classified three
stratigraphic horizons (Base Tertiary, Top Oligocene, and Top
Miocene). The average thickness of the sedimentary layer of the
Chukchi Rise is 0.6 km, and it was confirmed that many normal
faults have developed from the acoustic basement to the seafloor.
Additionally, the average velocity of the upper sedimentary layer
of the acoustic basement was suggested to be 2.3 km/s based on
sonar buoy data (Hegewald and Jokat, 2013). The other study was
suggested that the P-wave velocity of the upper sedimentary layer
of the Chukchi Plateaus was 1.7 km/s and the P-wave velocity of
the lower sedimentary layer was 3.8-4.0 km/s using the wide-
angle multichannel seismic reflection survey (Kashubin et al,
2018).

3 Data

The MCS data acquired in 2019 were used to identify the
geophysical characteristics of the gas hydrates in the western
continental margin of the Chukchi Rise (Jin and Party, 2019).
The seismic source comprised two GI-gun with a total volume of
710 cubic inches, and the receiver comprised a 120-channel solid-
type streamer. The shot and group spacings were 25.0 m and
12.5m, respectively. The recording time was 7.0s, and the
sampling interval was 0.001s. Figure 1C shows the map of
survey tracks for the MCS data. Our survey area is the
western continental margin of the Chukchi Rise, as shown in
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the black box in Figure 1B. Ten survey lines (marked with the
solid black lines in Figure 1C) were acquired around the ARAON
mound cluster area (marked with the red circles in Figure 1C),
where the gas hydrate samples were recovered by gravity coring
in 2016 and 2018 (Jin and Party, 2017, 2018). The total length of
the seismic survey tracks was 617.49 km.

Figure 2 shows the seismic shot gathers extracted from the
MCS03 line containing the BSR. The seafloor reflections
appeared at 1.3-1.6 s (blue dashed line), and polarity-reversed
reflections (red dashed line), which are assumed to be a BSR, can
be found below the seafloor reflection in the presented seismic
shot-gathers.

In this study, we select two seismic tracks (MCS03 and
MCS04, marked with the solid-red lines in Figure 1C) to
construct the precise seismic P-wave velocity model by IMVA
and estimate the gas hydrate and saturation model.

4 Materials and methods

4.1 Data processing and iterative
migration velocity analysis

Seismic data processing, including the iterative migration
velocity analysis (IMVA), was performed on the raw seismic data
obtained from the above-mentioned geophysical survey. First,
the raw seismic data was needed to check the survey geometry
and add missing information or corrections (Yilmaz, 2001).
Additionally, the seismic data applied several data processing
algorithms in the prestack step, such as the Butterworth low-
frequency filtering, static correction, spherical divergence
correction, and deconvolution techniques, to improve the data
quality, certainty, and signal-to-noise (S/N) ratio. After the
prestack data processing step, the seismic data (preprocessed
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FIGURE 3
Detailed workflow of the iterative migration velocity analysis
to construct the seismic velocity model.

and CMP sorted) were applied to the first velocity analysis to
generate the initial seismic velocity model for the next IMVA step
and multiple attenuations.

We used the IMVA method to construct an accurate P-wave
velocity model to confirm the spatial distribution of the gas
hydrate and estimate the gas hydrate saturation. The IMVA
method was operated by the Iterative Velocity Analysis module
in the seismic data processing platform by
Schlumberger. the detailed IMVA
workflow. The first step of the IMVA is a Kirchhoff migration
for preprocessed seismic data (CMP sorted) based on an initial

Omega2

Figure 3 illustrates

seismic P-wave velocity model. The migrated seismic data were
applied to the inverse NMO procedure to generate a semblance
panel for the migration velocity analysis. The velocity model was
constructed by migration velocity analysis for the first iteration.
Then it was used for the initial velocity of the Kirchhoff migration
in the second iteration of the IMVA.

The final migration velocity model constructed from
sufficient iterative steps was evaluated by a quality control
procedure based on analysis of the NMO correlated gathers
and migrated seismic data. The iteration number of the
IMVA is five for each seismic track. The P-wave velocity
model from IMVA, constructed in the last iteration step, was
used to build the final migrate seismic image. The final velocity
model was converted from RMS to interval velocity using Dix’s
equation. Then, time-to-depth conversion was applied to
confirm the spatial distribution of gas hydrates at each depth
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in the survey area. In Figure 4, we present the seismic semblance
panels for IMVA with NMOed seismic data. Figure 4A shows the
seismic semblance panel and NMOed seismic data for the survey
area without BSR, which is the typical subsea sediment
environment. Figure 4B illustrates the seismic panel and
NMOed seismic data for the survey area with a BSR, where
free gas and gas hydrates exist. In the seismic semblance panels,
the solid black line represents the RMS velocity profile, and the
solid white line represents the estimated interval velocity profile.
Generally, the seismic velocity of gas hydrates is higher than that
of water-filled sediment. Therefore, the seismic velocity profile on
the seismic panel shows a trend of a rapid increase in the hydrate
layer compared to the typical sediment layer. A free gas layer
exists below the gas hydrate layer, and the seismic velocity in the
free gas layer shows a rapidly decreasing trend because the
seismic velocity of free gas is very slow. The estimated interval
(P-wave) velocity for the seafloor is 1.45 km/s; the gas hydrate
layer velocity is 1.8 km/s, and that of free gas is 0.8 km/s.

The accuracy and resolution of the velocity model derived
from a semblance-based velocity analysis are affected by several
factors, including the streamer length, stacking fold, signal-to-
noise ratio, and the main frequencies (Yilmaz, 2001). Assuming
that  the this  study is
approximately +15m/s of the RMS velocity based on the
width of the velocity semblance spectrum. This RMS velocity
error causes an error of 0.15 km/s in the interval velocity, which

velocity analysis error in

implies an inaccuracy of up to 10%, assuming a sediment velocity
of around 1.5 km/s (Hajnal and Sereda, 1981; Téth et al,, 2014).
10% in
general (Yilmaz, 2001), this study’s velocity errors are considered

Considering that an acceptable RMS velocity error is 2%-

reliable.

4.2 Estimation of the gas hydrate
saturation

In a rock physics model, there is a quantitative relationship
theory between the elastic properties (P-wave velocity, S-wave
velocity, density) and physical properties (porosity, clay volume,
lithology, fluid material within the pore, and fluid saturation) of
the rock. This method is mostly used in oil and gas reservoir
characterization for petrophysical analysis. Nevertheless, many
rock physics models, such as the weighted equation, three-phase
biot equation, EMT, and SCA-DEM model, have been used to
quantify gas hydrate resources (Lee et al., 1996; Jakobsen et al.,
20005 Lee, 2002; Chand et al., 2004). In this paper, we applied the
EMT model to estimate the gas hydrates saturation from a
seismic velocity model. The EMT model is a theoretical or
numerical theory used to analyze the properties of an effective
medium composed of several constituent materials. The EMT
model was proposed by Dvorkin et al. (1999); it is assumed to be
the unconsolidated marine sediments with high porosity
(0.36-0.4). In addition, Ecker et al. (2000) estimated the gas
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hydrate saturation by applying the EMT model to the gas
hydrate-rich sedimentary layer for the first time. Also, several
additional cases have been reported that used the EMT model to
verify the gas hydrate saturation in various regions (Ghosh et al.,
2010; Chhun et al., 2018; Pan et al.,, 2019). In this method, the
elastic modulus of the gas hydrate-bearing sediments is related to
mineralogy, effective pressure, porosity, and characteristics of the
fluid material within the pore space.

4.2.1 Effective medium theory model of water-
filled sediments without gas hydrates

In water-filled sediments, the bulk and shear moduli of the
dry frame of sediments are expressed by the Hashin-Shtrikman-
Hertz—Mindlin theory as follows:

1) @< @,
Kary = [KHM(IZ(E/;GHM i K1+_4:/G¢;M ]—l_gGHM (0
Kary = [KHM(IZ(‘L Grn K1+_4:/c(;p:,M ]I%G“M @

2) &> 2,
o= S0 o
- (1-0)/(1-¢) . (@ =)/ (1-¢,) 71—Z W

GHM+Z G+Z

Frontiers in Earth Science

250

_ Gum
6

V4

Kum +2Gym

where & is the porosity and &, is the critical porosity. The critical
porosity has a range of 0.36-0.4, according to Nur et al. (1998),
and we used a value of 0.4. Ky and Gy are calculated from
Hertz—Mindlin theory as follows:

Gn(1-2.) 17"
Kiam = [ 82 (v’ ©
5-4v [3G22(1-@.)° 17
Gum = P 7
i 10—5u[ 272 (1-v)’ @

where v is Poisson’s ratio, and # is the average number of contacts
per grain (generally 8.5). P is the effective pressure, followed by

P=(p,~p;)9D ®)

where g is gravity accretion and D is depth below the seafloor.
Finally, the bulk and shear moduli of water-filled sediment is
expressed by the Gassmann equation as follows:

OKary = (1+ $)K Ky, [K, + K

© (1-¢)Ky + ¢K - KKy, [K,
Gsut = Gdry

Ksat =K (9)

(10

where K and G; are the bulk and shear moduli of the solid phase,
respectively. The solid phase represents the minerals that
comprise the sediments. The bulk and shear moduli of the
solid phase can be calculated as follows:
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TABLE 1 Elastic modulus and density of sediment.

Material

Sediment (67.6% Quartz + 16.8% Plagioclases + 3.2% K-feldspars + 12.4% Aggregates)

Gas hydrates
Water
Methane

K, = % ZZlffKi + Z:L% (11)
-1
1 m m i
G = 2 Zi:lfiGi + Zi:lé (12)
po= D fip (13)
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the EMT model

Bulk modulus (K, Shear modulus (G, Density (p, g/cm?)

GPa) GPa)

44.76 37.10 2.650
5.60 2.40 0.767
2.58 — 1.036
0.125 — 0.250

where F; is the volume ratio of each mineral consisting of the
solid phase and K; and G; are the bulk and shear moduli of each
mineral, respectively. Substring i means the index of each
mineral, and m is the total number of minerals. K; is the
bulk modulus of the fluid phase, which means the pore-filled
material. In water-filled sediments, K is the same as K, (bulk
modulus of water).
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(A) Uninterpreted and (B) interpreted migrated seismic images obtained from the MCSO03 line.

4.2.2 Contact model

Ecker et al. (2000) introduced two different types of EMT
models based on the sediment abundance type of gas hydrates.
The contact model represents the gas hydrates that are in contact
with or surrounding the mineral grains; thus, the gas hydrates are
part of the solid phase. Therefore, the reduced porosity is
obtained as follows:

¢, = ¢Sy = D(1-S) (14)

where ¢, is the reduced porosity from gas hydrates and S, is the
gas hydrate saturation. The bulk and shear moduli of the solid
phase of the contact model is modified as follows:

KS:%[fhKh+(1—fh)KS+<IJ;—Z+1;<th>_I] (15)

GS = % [thh + (1 - fh)Gs + ({TZ + ! Z}sfh>_ :| (16)

where K and G on the right side are the elastic modulus of the
mineral material computed by Eqs 11, 12, and Kj, and Gy, are the

Frontiers in Earth Science

bulk and shear moduli of gas hydrates, respectively. Fj, is the
volume ratio of gas hydrates within the solid phase.

4.2.3 Noncontact model

The other model introduced by Ecker et al. (2000) is the
noncontact model, in which gas hydrates are floating in the pore-
filling material. Therefore, gas hydrates are not in contact with
the mineral grains, so they do not affect the solid phase. Hence,
the bulk and shear moduli of the solid phase are not changed, and
only the bulk modulus of the fluid phase is modified as follows:

-1
l_sh+s—”] (17)

Ks=
4 [Kw K,

The modified bulk modulus of the fluid phase is replaced by
K in Eq. 9.

Finally, the P-wave (V) and S-wave (V) velocities of the
saturated sediments are expressed as follows:

Kot + 4/3Gsat

V. =
? Py

(18)
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Figure 5 illustrates the workflow used to estimate the gas
hydrate saturation. This workflow is based on the methods
described in Ghosh et al. (2010). The seismic velocity model
from IMVA and the physical properties of sediment were used as
input parameters in this workflow. The physical properties of
sediments include the volume ratio, the elastic modulus of the
minerals within the sediment, and the elastic modulus of the
water, gas hydrates, and free gas. Table 1 shows the values of the
elastic modulus in this study. Due to the absence of physical
property information for the sediments in this area, the bulk and
shear moduli of the sediments were computed using constituent
mineral information from the southern margin of the Siberian-
Chukchi shelf, as investigated by Kolesnik et al. (2019).

The seismic velocity model from IMVA was split into two
zones: the background zone and the gas hydrate zone. The
background zone means the water-filled sediment, in which
pore space is filled with water without gas hydrate and free
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gas. The gas hydrate zone is the area where gas hydrates are
present. In this study, the background zone for estimating the gas
hydrate saturation in the EMT model was determined to be along
the MCS03 line between CMP#6501 and CMP#7000 (Figure 6),
and the gas hydrate zone was selected as the area where a BSR
exists (Figures 6, 7)This workflow was started to define the
velocity-depth function using linear regression from the
velocity profile extracted from the background zone. Then, the
porosity—depth function was calculated from the velocity-depth
function using the EMT model of the water-filled sediments Eqs.
1-13. In this step, several assumptions were included. First, the
background zone is fully saturated water within the pore space.
Second, the mineralogical properties were similar throughout the
study area. The porosity—depth function derived from the
background zone is also used for the gas hydrate zone in this
assumption.

In the second step, shown in the red box in Figure 5, we
calculated the seismic velocity of the gas hydrate-bearing
sediments using the EMT model of gas hydrate-bearing
sediments, which is the contact model (Eqs 14-16). The
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precalculated porosity—depth function and the physical
properties of sediments were used as input parameters. Then,
the gas hydrate saturation model can be constructed by
comparing the calculated seismic velocity with the true
velocity extracted from the gas hydrate zone. The free gas
saturation can be estimated using the same method; however,
the noncontact model (Eq. 17) is applied instead of the contact

model.

4.3 Quantified error analysis related to the
estimation of gas hydrate saturation by the
effective medium theory model

This study used the EMT model to estimate the gas hydrate
and free gas saturation from seismic velocity. This method only
used seismic P-wave velocity and assumed that the other factors
were the same in all areas. Therefore, we will obtain inaccurate
results when we use the incorrect velocity to estimate the gas
hydrate saturation. Therefore, the incorrect velocity caused
inaccuracy in the estimated gas hydrate saturation.

The quantitative error analysis was conducted using the
test

comprised of a sediments layer near the seafloor, gas hydrate,

numerical using a simple 4-layer velocity model
free gas, and an acoustic basement, as shown in Figure 8.
Figure 8A shows the 4-layer velocity profiles for the numerical
test. The solid black line represents the true velocity profile,

whereas the dashed line represents the incorrect velocity profile
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when+/-10% velocity errors occur. The Red dashed line shows a
10% higher velocity profile than the true velocity, while the blue
dashed line shows a 10% lower velocity profile than the true
velocity. Figure 8B demonstrates the porosity profile derived
when+/-10% velocity errors occur. As a result, the error in
porosity was 20% caused by the+/-10% inaccurate velocity.
Figures 8C,D represent the estimated gas hydrate and free gas
saturation profile when+/-10% velocity errors occur. The
inaccuracy of the results was 9% for gas hydrate saturation
and 20%-26% for free gas saturation, respectively. We note
that when an erroneous velocity is used, the EMT model’s
estimated gas hydrate and free gas saturations are inaccurate,
and the result of free gas saturation is more sensitive to inaccurate
velocity than the result of the gas hydrate saturation.

In our IMVA methods, we determined that the velocity
model contained a maximum of 10% of the inaccuracy of the
interval velocity (see Section 4.1). Therefore, according to the
quantified error analysis, saturation models can expect an
inaccuracy of 9% for gas hydrate saturation and 20%-26% for
free gas saturation, respectively.

5 Results
5.1 Final migrated seismic images

To identify the geophysical characteristics of the gas hydrate
along the western continental margin of the Chukchi Rise, we
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applied seismic data processing, including static and spherical
divergence correction, noise attenuation, deconvolution, IMVA,
and migration. As a result, an interpretable P-wave velocity
model and final seismic section (migrated), which confirm the
geological structures below the seafloor, were successfully
constructed from the acquired multichannel seismic data. The
migrated seismic images for seismic tracks MCS03 and MCS04,
as shown in Figures 6, 7, present the information on the sediment
and subsea geological structures and BSR, which is parallel to the
seafloor with a reversed polarity, strong amplitude, and cross-
cutting of the strata.

Figure 6 shows the migrated seismic image for the
MCS03 line, which was obtained from the southwestern
margin to the western spur through the mid-lower slope of
Chukchi  Rise.
Figure 6A is the final migrated seismic image of the
MCS03 line, and Figure 6B is the same as the final migrated
seismic image of the MCS03 line, including the descriptions and
interpretations related to gas hydrates and free gas. The migrated
seismic image describes the typical continuous BSR between
CMP#7150 and CMP#12300 (Shedd et al.,, 2012). The length
of the continuous BSR is 32.18 km horizontally, and the depth is

the western continental margin of the
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1.3 km at the mid-lower slope of the western continental margin
of the Chukchi Rise and 1.1 km at the western spur. The high-
amplitude dipping reflection is shown beneath the BSR
(Figure 6B). Similar to several previous studies, our results
also imply that free gas exists in the pore space of the
sediments (White, 1979; Lin et al., 2009; Yoo et al, 2013). At
the southwestern margin, a continuous BSR was not present, but
it showed a partial high-amplitude reflection on the migrated
seismic images, which can be considered to be a gas-charged layer
(Figure 6B).

Figure 7 shows the migrated seismic image for the
MCS04 line, which was acquired along the continental slope
of the western spur. Figure 7A is the final migrated seismic image
of the MCS04 line, and Figure 7B is the same as the final migrated
seismic image of the MCS04 line, including the descriptions and
interpretations related to gas hydrates and free gas. The
CMP#2800 on the MCS04 line intersects the CMP#11050 on
the MCS03, and the two migrated seismic images represent a
similar BSR characterization. Similar to the results of Shedd et al.
(2012), the MCS04 migration images revealed a well-developed,
continuous BSR along the slope of the western spur. The length of
the continuous BSR is 21.25 km, and it extends from the shallow
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part of the western spur to the deeper part. The shallowest water
depth that appeared in the BSR is 0.6 km, and the BSR depth is
0.78 km (Figure 7B). The deepest water depth that appeared in
the BSR is 1.25 km. Several faults developed from CMP#2000 to
CMP#3000, which are expected to play a key role in the methane
migration pathway.

The gas hydrate-related BSR at the western continental
margin of the Chukchi Rise was confirmed by migrated
seismic images. Our results imply that gas hydrates are widely
distributed throughout the study area because gas hydrate-
related BSR considers the geophysical evidence of the presence
of the gas hydrate.

5.2 P-wave velocity models constructed
by the iterative migration velocity analysis
method

We used the IMVA method to construct an interpretable
P-wave velocity model from the seismic data. A constructed
P-wave velocity model was used to understand the spatial
distribution of the gas hydrate and free gas layers near the
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BSR in each survey area. The P-wave velocity models of the
MCS03 and MCS04 lines are presented with the velocity contours
in Figures 9, 10, respectively. The P-wave velocity models
constructed by the IMVA method contain high-velocity
anomalies (1.9-2.5km/s) above the BSR and low-velocity
anomalies (1.0-1.5 km/s) below the BSR.

Figure 9 presents the images overlaid on the seismic velocity
model with the migrated seismic images for the MCS03 lines.
Figure 9A is the seismic velocity model for the entire MCS03 line.
The velocity model between CMP#6500 and CMP#7200 is
considered a background velocity zone, where the BSR did
not appear. This background velocity zone shows the linear
trend of increasing velocity with respect to depth without any
velocity anomalies (Figure 9B). Between the CMP#7700 and
CMP#9950 areas in the velocity model (Figure 9C), which
contains the continuous BSR in the migrated seismic images,
high- and low-velocity zones were constructed near the BSR. The
area between CMP#10450 and CMP#11775 in the velocity model
also contains the continuous BSR with the high- and low-velocity
zones, as shown in Figure 9D.

The low-velocity anomaly suggests the presence of free gas.
In the P-wave velocity model between CMP#7700 and
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CMP#9950, a thick low-velocity zone was identified in the mid-
lower slope, as shown in Figure 9C. The low-velocity zone has a
width of 12.5 km, a maximum thickness of 0.25km, and a
velocity range of 1.0-1.5km/s. In the P-wave velocity model
between CMP#8800 and CMP#9000, the lowest velocity below
1.0 km/s was observed, shown in Figure 9D. We note that the
highly saturated free gas-bearing sediments exist along the crest
of the western spur.

The high-velocity anomalies with a velocity range of
1.7-1.8 km/s, indicating a gas hydrate-bearing sediment zone,
appeared above the BSR in the western spur (Figure 9D). The
velocity anomalies in the western spur area are more noticeable
than those in the mid-lower slope. The highest velocity (>2.0 km/
s) and lowest velocity (<1.0 km/s) in this model are distributed
on the ridge of the western spur. Notably, the western spur
contains more gas hydrates and free gas than the mid-lower
slope. On the other hand, the thickness of the low-velocity zone
in the western spur is 0.05 km, confirming that the mid-lower
slope has a thicker low-velocity zone than the western spur.

Figure 10 presents the images overlaid on the P-wave velocity
model with the migrated seismic images for the MCS04 lines.
Figure 10A shows the entire P-wave velocity model, which covers
the slope side of the western spur, with 0.7-1.5km of water
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depth.  High-velocity —anomalies (velocity ranges are
1.75-2.25 km/s) were discovered above the BSR. The highest
velocity structures (P-wave velocity over 2.25km/s) are
distributed between CMP#2650 and CMP#3400, as shown in
Figure 10B. Low-velocity anomalies (P-wave velocity ranges
0.5-1.75km/s) were discovered from CMP#1450 to
CMP#4450 beneath the BSR. The thickness of this low-
velocity structure averages 0.125 km.

In our P-wave velocity model obtained by the IMV A method,
the high-and low-velocity anomalies caused by gas hydrate and
free gas are well represented. Because the velocity anomalies
suggest the presence of gas hydrate and free gas within the pore
space of the sediments, these results provide additional evidence
that gas hydrate exists in the study area.

5.3 Gas hydrate saturation estimated by
the Effective medium theory model

We used the EMT model to construct gas hydrate saturation
models from the seismic P-wave velocity model of the
MCS03 and MCS04 lines. The gas hydrate saturation model is
used to understand the geophysical characteristics and indirectly
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estimate the total amount of subsurface gas hydrates in the study
area. The gas hydrate saturation model is presented with the
saturation contours in Figures 11, 12.

Figure 11A represents the gas hydrate and free gas saturation
models of the MCS03 line. The saturation model shows that
10-50% of the gas hydrate is saturated above the BSR, and 1-5%
of the free gas is saturated below the BSR throughout the western
continental margin of the Chukchi Rise. In the mid-lower slope
of the Chukchi Rise, an average of 7.8% + 0.7% and a maximum
0f 25.6% * 2.3% of gas hydrates and an average of 2.7% * 0.5% of
free gas are saturated (Figure 11C). The thickness of the gas
hydrate layer is approximately 0.085 km, and the free gas layer is
approximately 0.176 km thick. In the western spur, an average of
16.9% + 1.5%, a maximum of 56.7% + 5.1% of gas hydrates, and
an average of 6.2% * 1.2% of free gas are saturated (Figure 11D).
The thicknesses of gas hydrates and free gas are 0.181 km and
0.091 km, respectively. The mid-lower slope of the Chukchi Rise
has a lower gas hydrate saturation than the western spur, but it
has a thicker free gas zone.

Figure 12A illustrates the gas hydrate and free saturation
models derived from the MCS04 line. This model shows a similar
trend to the western spur area of the MCS03 line. Above the BSR,
the gas hydrate layer is 0.155 km thick, and 10%-50% (an average
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of 23.1% + 2.1%) of the gas hydrate saturation is estimated.
Between CMP#2650 and CMP#3400, the gas hydrate is highly
saturated at 67.5% * 6.1% (Figure 12B). However, a low gas
hydrate saturation of 10%-20% is estimated in the deeper part
(CMP#4300-CMP#4500) and shallower part (CMP#1000-
CMP#1250) (Figures 12C,D). The free gas saturation is
determined to be 7.1% * 1.4% on average (Figure 12A).

The distribution and structures of the gas hydrate in the
western continental margin of the Chukchi Rise are well
represented in the saturation model obtained from the P-wave
velocity model using the EMT model. In our saturation model,
the mid-lower slope contains low-saturated gas hydrate and free
gas, whereas the western spur contains high-saturated gas
hydrate and free gas. It is inferred that the western spur and
mid-lower slope have two different environments for the
formation of gas hydrates.

6 Discussion

The BSR provides evidence of the presence of gas hydrates
and related free gas in the seismic images. Figure 13A is the
distribution map of the BSR that was confirmed by the seismic
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FIGURE 13

(A) Distribution map of the BSR in the western continental margin of the Chukchi Rise. (B)-(D) are the MCS and sparker seismic images: (B)
migrated seismic images of the MCSO3T transit line, (C) migrated seismic images of the MCSO02 line, and (D) seismic images of the ES_SP004 line

modified from Kang et al. (2021a).

images from the multichannel seismic and sparker seismic tracks
acquired in 2018 and 2019 in the western spur of the Chukchi
Rise (Jin and Party, 2018; Kang et al., 2021a). According to the
distribution map, the BSR was widely distributed around the
ARAON mound cluster, as marked by blue triangular symbols in
Figure 13A. The shallowest BSR is located in the area where the
water depth of 0.5-0.6 km corresponds to the shelf break. Most of
the BSR is observed at a water depth of 0.8-1.4 km, which is
marked with a black dashed line. The black dashed line in
Figure 13A depicts the distribution area of the BSR on the
northern slope of the western spur. Due to a lack of seismic
data, the distribution of the BSR cannot be clearly confirmed in
these areas. The deepest limit of the BSR appeared in the mid-
lower slope of the Chukchi Rise at a water depth of 1.3-1.5 km,
extending to the southern slope and the western spur ridge.
Therefore, it is presumed that the BSR is distributed in up to
1.4 km of water depth, even on the northern slope of the western
spur. Additionally, the migrated seismic images of the MCS03T
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transit line between MCS03 and MCS04 were taken from parts of
the northern slope of the western spur (Figures 13A,B),
confirming the BSR to some extent.

The BSR is not clearly confirmed in the ARAON mound
cluster area because chaotic reflections appeared beneath the
mound morphologies in the seismic images, as shown in Figures
13C,D. Figure 13C shows part of the migrated seismic images
obtained from the MCS02 line, and Figure 13D illustrates the
sparker seismic images of the ES_SP004 line. In these seismic
images, acoustic blanking and irregular strong amplitude
reflectors appear beneath the mound morphologies, and the
BSR is observed on both sides of the ARAON mound area
(Figures 13C,D). According to the analysis of the heat flow
measurement from the ARAON mound, the fluid is supplied
to the mound structure (Kim et al., 2020b). Considering the result
of Kim et al. (2020b), it is probable that the upward-moving fluid
disturbed the strata of the sedimentary layer and disrupted the
continuity of the BSR.
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In our results, the low-velocity range of 0.8-1.5km/s was
estimated on the slope side of the western spur. The previous
studies suggest that the low-velocity of the free gas-bearing
sediment is related to an overpressure environment (Tinivella,
2002; Dash et al.,, 2004; Chhun et al., 2018). Tinivella (2002) and
Dash et al. (2004) demonstrated that the seismic velocity of free gas-
bearing sediments was decreased under overpressure conditions.
Chhun et al. (2018) evaluated an abnormally high gas saturation of
20% in the Kumano basin. They interpreted that the high gas
saturation was caused by the overpressure condition based on the
permeability-porosity relationship through the laboratory test from
the core samples. Because the study area does not have borehole
samples, we cannot prove that the subsurface environment is in an
overpressure condition. However, considering the overpressure
condition makes it possible to describe the abnormally low
velocity and high free gas saturation on the western spur.

Several analyses of the gas hydrate samples obtained from the
ARAON mounds indicated that a gas hydrate of an sl structure
composed of more than 99% methane migrated from deep
sediment to the surface layer (Kim et al., 2020a; Kim et al,
2020b; Choi et al.,, 2021). Therefore, it is reasonable to assume
that the gas hydrate along the western spur and mid-lower slope
of the western continental margin of the Chukchi Rise is also
composed of pure methane originating from the deep structures.
The western spur showed a higher saturation when we compared
our saturation model in the western spur to the mid-lower slope.
This finding implies that the western spur has favorable
conditions for gas hydrate formation. Several previous studies
have shown that gas hydrate and free gas are highly saturated
along crests in ridge-type topography (Baba and Yamada, 2004;
Singhroha et al., 2019). The reason for the high saturation was the
abundance of methane supplied during gas hydrate formation
because methane prefers to migrate to the crests in ridge-shaped
topography (Singhroha et al,, 2019). Additionally, the several
faults shown in the migrated seismic images obtained from the
western spur are connected to the BSR by deep structures. These
faults may have acted as the main pathway for the upward
migration process of methane (Kim et al., 2020a).

7 Summary and conclusion

The spatial distribution and geophysical characteristics of the
gas hydrate in the western continental margin of the Chukchi Rise
were proposed by the P-wave velocity and gas hydrate saturation
models from the seismic data. An accurate seismic velocity model
was derived using IMVA to confirm the spatial distribution of gas
hydrates. The EMT model was used to estimate the gas hydrate
saturation. In the saturation model, highly saturated gas hydrates are
distributed along the ridge of the western spur region. In the western
spur, the maximum gas hydrate saturation is 56.7% + 5.1%, with an
average of 16.9% + 1.5% of gas hydrates being distributed in the area.
The free gas below the BSR has an average of 6.2% * 1.2% saturation
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in the western spur. Approximately 7.8% + 0.7% of gas hydrates and
2.7% + 0.5% of free gas exists in the mid-lower slope. The gas
hydrates and free gas are highly saturated on the western spur ridge
because the gas migrated to the top of the ridge-shaped topography.
Our result will provide the basic information to estimate the
methane flux from sediments to the ocean, verify the gas hydrate
formation environments, and analyze the behavior of Arctic gas
hydrate related to climate change.
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Compared with quartz sand, recycled aggregate sand is characterized by the
high liquefaction and shear resistance because of its irregular particle shape.
However, the interrelationship between its particle shape and shear behaviors is
seldom investigated. This paper investigates the role of the particle shape on the
shear behaviors of recycled aggregate sand by conducting a series of
monotonic and cyclic simple shear tests under undrained constant volume
conditions. The particles’ morphology parameters are assessed in terms of
sphericity, roundness and regularity with microscopic observation and image
processing. According to the experimental results, the recycled aggregate sand
with irregular shapes mobilizes greater gradients of the flow liquefaction lines
under monotonic shear conditions. The irregularity of the particle shape also
leads to greater peak shear stress and dynamic shear modulus, indicating
stronger shear and liquefaction resistances under the cyclic shearing.
Furthermore, the interrelationships between the peak shear stress, dynamic
shear modulus and particle shape of the samples are revealed and established
by well fitted functions, which could serve as references for the selection of
recycled aggregate sand and corresponding designs of the foundation.

KEYWORDS

recycled aggregate sand, particle shape, shear behavior, liquefaction resistance, simple
shear test

1 Introduction

Owing to the surge of international infrastructure construction in the last decades, the
consumption of natural sand resources has been significantly increasing. It is inevitable
that environmentally friendly, resource-rich, and sustainable recycled aggregate sand
(RA) will replace natural sand because of its abundant mining resources, including rocks,
mine tailings and industrial waste (Yang et al., 2019; Li et al., 2021; Algarni et al., 2022).

Recently, RA has received considerable attention as an emerging construction
material used in foundation backfilling. Compared with natural quartz sand (QS), RA
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has two noticeable characteristics. One characteristic is the
chemical composition. The QS is mainly composed by silica,
while the compositions of RA are various, including carbonate,
ferric oxide and aluminium oxides. Another significant
characteristic is the particle shape, which has been reported
to have a significant impact on the mechanical behaviors of
granular materials (Rui et al., 2021; Li et al., 2022; Wang et al.,
2022). Compared with QS, the particle shapes of RA are more
irregular and could vary in a wide range due to different
production process and chemical composition. In past a few
years, a number of researchers have studied the influence of
particle shape on the responses of sand by experimental and
numerical methods (Jensen et al.,, 2001; Mirghasemi et al.,
2002; Chuhan et al., 2003; Tang-Tat, 2009; Ueda et al., 2013).
Shinohara et al. (2000) pointed out that the irregular shapes
show more intense interlocking between particles and have a

10.3389/feart.2022.1041596

noticeable impact on the internal friction angle. Yang and Wei
(2012) carried out a series of undrained triaxial tests on both
angular crushed silica and rounded glass beads and found that
the increase of roundness could result in a decrease of the
critical state angle. Maeda et al. (2010) emphasized that the
shear strength, stiffness and compressibility are highly
correlated to the particle shape. These studies manifest
that there is an obvious interrelationship between the
of
especially under cyclic loading conditions (Rousé et al,
2008; Tsomokos and Georgiannou, 2010; Suh et al., 2017).
Consequently, quantifying the

particle shape and mechanical behaviors sand,

shape of sand particles

and selecting the material with suitable particles
could effectively  enhance its mechanical shear
performance in  foundation  backfilling. = However,

although there are a number of studies about the particle

FIGURE 1
Particle images of: (A) QS; (B) RASR; (C) RAB; (D) RAS; (E) RAR.
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FIGURE 2
The grading of QS and RA samples.

shape of granular materials, the particle shape of RA and its
impact on the shear behaviors have rarely been quantitatively
and systematically investigated.

Meanwhile, with the rising complexity of seismic and
traffic loadings, the risks of foundation deformation and
sand liquefaction, which could lead to various damage, such
as road collapse and pipeline leakage, kept increasing, bringing
immeasurable harm to the traffic and pedestrian. A few
researchers have conducted a series of experiments to
evaluate the mechanical characteristics of RA under cyclic
loadings and found that compared with natural sand, RA has
and  better
performance. According to Wang et al. (2018), under the

higher liquefaction resistance dynamic
cyclic loading, the majority of RA materials show less
permanent strain than that of natural sand. Arulrajah et al.
(2013) and Li et al. (2019) conducted a series of cyclic
triaxial tests to evaluate the liquefaction properties of RA
and concluded that its liquefaction and shear resistance is
higher than that of quartz sand. Otsubo et al. (2016)
suggested that using RA for backfilling could effectively

improve the shear strength and liquefaction resistance of

TABLE 1 Properties of QS and RA samples.

Materials Parent rocks
QS Quartzite

RASR Rhyolitic crystal tuff
RAB Basalt

RAS Sandstone

RAR River pebbles
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FIGURE 3
Illustration of particle shape parameters

(2021)
influence of the particle grading on the cyclic shear

the foundation. Huang et al analyzed the
characteristics of RA and found that the shear strength of
well graded RA is higher than that of poorly graded RA.
these

mechanical properties of RA from macro aspects. Factors in

However, experiments mainly investigated the
micro scale, such as the particle shape, were paid too little
attention.

Therefore, this paper aims to investigate the impact of the
particle shape on shear behaviors of RA under undrained shear
loading conditions by a series of monotonic and cyclic simple
shear tests. The particle shapes of four kinds of RA which are
crushed from different rocks were quantitatively determined
and compared with natural quartz sand (QS). Based on the
derived shape parameters, the connections between the
particle shape and variations of the slope of liquefaction
line, maximum shear stress and dynamic shear modulus
were investigated and described. It should be noted that
except for the particle shape, the shear behaviors could be
also influenced by other factors including the grading,
particle size and uniformity coefficient, which are not
within the scope of this study. Therefore, these parameters

are kept identical for the sample as control factors. The

Maximum void ratio, Minimum void ratio,

€max €min
0.79 0.52

1.023 0.606
0.992 0.589
1.016 0.585
1.09 0.636
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FIGURE 4

Binarized photos and image processing method for the

particles.

TABLE 2 Computed shape parameters of samples.

Samples  Roundness (R)

Sphericity (S)

Regularity (p)

QS 0.821
RASR 0.721
RAB 0.646
RAS 0.601
RAR 0.472

0.735
0.531
0.416
0.389
0.380

0.778
0.626
0.531
0.495
0.426

FIGURE 5
Samples prepared for monotonic and cyclic simple shear
testing.
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TABLE 3 Design of the monotonic and cyclic simple shear tests.

Test No. Test type Samples Shear strain amplitude
1 Monotonic shear QS —

2 RASR —

3 RAB —

4 RAS —

5 RAR —

6-9 Cyclic shear Qs 0.1,02, 0.3, 0.4
10-13 RASR 0.1,02, 0.3, 0.4
14-17 RAB 0.1, 0.2, 0.3, 0.4
18-21 RAS 0.1,02, 0.3, 0.4
22-25 RAR 0.1,02, 0.3, 0.4

research findings could provide theoretical supports and
reference values for the selection of RA in geotechnical
engineering and facilitate the application of RA in the
design and construction of foundations under cyclic
loading conditions, for example, the earthquake loading
condition.

2 Materials and methods
2.1 Experimental materials

Four types of RA with irregular particle shapes produced
in Zhejiang Province, China, were used in this study. Each type
of sand was crushed from different kinds of rocks, denoted as
RASR, RAB, RAS, RAR corresponding to parent rocks of
sandstone with rhyolitic crystal tuff, basalt, sandstone and
river pebble respectively. The material used in the control
group was quartz sand—Leighton Buzzard sand (fraction B), a
type of natural sand from England, whose particles are
relatively round and smooth, denoted as QS. The digital
microscope photographs of the particles for each type of
sand are presented in Figure 1. The compositions of RA
and QS were evaluated by the XRD chemical analyze. It
was found that the silicon dioxide content of QS is
approximately 94.6%, while the others’ ranges from
57.4 to 74.3%.

To evaluate the shear behavior of different samples and
examine the impact of the particle shape on their dynamic
behaviors, the particle gradations were kept consistent for the
samples of both QS and RA, as shown in Figure 2, giving the
identical mean particle diameter dso of 0.62 mm and the
coefficient of uniformity C, of 1.51. The maximum and
minimum void ratio were assessed and utilized to control
the relative density of the samples in the tests and are
presented in Table 1, following the ASTM standard D4253
(2016a) and D4254 (2016b).
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2.2 Particle shape evaluation

In the existing studies, a variety of parameters were proposed
by researchers to quantify the particle shape (Jennings et al.,
1988; Shigehisa et al., 1998; Fonseca et al., 2012; Lee et al., 2017).
In this paper, the well established parameters—sphericity (S),
roundness (R), and regularity (p) were adopted to quantitatively
represent the particle shape (Wadell, 1932; Cho et al., 2007). The
sphericity (S) could well describe the overall shape of the particle
including the length and width while the roundness (R) could
illustrate the regional shape of the principal circular surfaces. To
comprehensively quantify the particle shape, the regularity (p) is

Frontiers in Earth Science

adopted and calculated from the sphericity and roundness. The
parameters can be defined as follows:

S= M) 1)
Vmin —cir
n
R= Z,’:lrtﬁrmax—m, (2)
S+R
== 3

where r; and n. are the radius and the number of corner circles,
while 7.x-in i the maximum radius of the inscribe circle of the

particle and 7p,;,.i; is the minimum radius of the circumcircle.
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The definitions of 7}, 7max.in and 71pin_cir are illustrated in Figure 3.
More details can be found in Cho et al. (2006).

In this study, a large number of grains were picked randomly for
each type of sand to quantify the shape features. The particle
morphologies were obtained by the microscope. Captured
pictures were firstly binarized and then the shape parameters
were calculated by the MATLAB software for individual particles.
The processing procedure for the pictures are shown in Figure 4. The
particle regularity (p), which is a representative factor of sphericity
and roundness, was used to quantify the overall shape for each type
of samples. The computed average values 00066 for QS, RASR, RAB,
RAS, RAR were 0.778, 0.626, 0.531, 0.495, 0.426 respectively
(Table 2).

2.3 Experimental apparatus and methods
The
electromechanical ~ dynamic

were carried our

cyclic
(EMDCSS), which is capable of performing dynamic cyclic

simple shear tests using an

simple shear system
experiments with shear strain amplitudes from 0.005 to 10%, as
shown in Figure 5. This device allows the stress or strain to be
imposed in both the vertical direction (z-direction) and horizontal
direction (x-direction). Each sample was tested in cylindrical shape
with the diameter of 50 mm and the height of 30 mm. The pre-
weighted and oven-dried samples were confined by an impermeable
membrane and covered with low-friction stacked rings made of
polytetrafluoroethylene (PTFE), which ensures a constant cross-
sectional area for the sample. The rigidity of the stacked rings
ensures a KO consolidation of the sample before the shearing.
The initial relative density of samples was controlled according
to the weight and void ratio and set to be 46% before the shearing.
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After samples were prepared in the shear box, an axial stress o, of
50 kPa was imposed for K, consolidation, lasting for 30 min.

The samples’ height remained unchanged when the shearing
started, so the volume of the samples could be kept unchanged. It
has been proved that the shear behavior of sand samples in
constant volume is equivalent to that of those in truly undrained
conditions and it is demonstrated that the loss of axial stress is
equivalent to the increase of pore pressure (Dyvik et al., 1987).
The method is widely adopted because the saturation of samples
as well as the pore pressure sensors are not required (Mao and
Fahey, 2003; Porcino et al., 2008).

Two different types of simple shear tests were carried out in
this study. One is the monotonic simple shear test and the other
one is the cyclic simple shear test. The test conditions are
presented in Table 3. Both the monotonic and cyclic shear
tests are strain-controlled. For the monotonic simple shear
tests, the shear rate was set to be 0.05 mm/min. For the cyclic
simple shear tests, the strain-controlled symmetric sine loading
curve was applied. The loadings were imposed for 20 cycles for
each sample with the frequency of 0.1 Hz to fully record the
stress-strain relationship during the shearing. Four cyclic shear
strain amplitudes (0.1, 0.2, 0.3, and 0.4%) were exerted to the
samples in this study to investigate their cyclic shear responses.

3 Results and discussion

3.1 Results of the monotonic simple shear
tests

The results of the monotonic simple shear tests are shown in
Figure 6. It can be seen that during the constant volume
monotonic shearing, the axial stress reduces gradually,
indicating the accumulation of the pore pressure. Meanwhile,
the shear stress increases with the decreasing axial stress until it
reaches the peak value and then reduces gradually. The peak
stress ratio is determined by the ratio of the peak shear stress and
the corresponding axial stress (T,,x/0,), which is identical to the
slope of the flow liquefaction line and could reflect the stability of
sandy soils (Hill, 1958). The flow liquefaction line is presented to
demonstrate the initiation of failure as the instability is prone to
be triggered beyond the line (Yang et al., 2022). Comparing the
experimental results in Figures 6A-E, it is evident that the slope
of flow liquefaction line of QS is obviously lower than RA,
demonstrating its lower liquefaction resistance.

Combining the slope of liquefaction line and particle shape
parameter of the samples, the influence of particle shape on the
value of n¢is demonstrated in Figure 7. In general, the slope of the
flow liquefaction lines tends to decrease with the increasing
particle regularity in a nonlinear pattern, reflecting the
instability and greater liquefaction potential of rounder
particles under monotonic shear tests.
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3.2 Results of the cyclic simple shear tests

The typical stress-strain hysteresis loops obtained from the
cyclic simple shear tests with the shear strain amplitude of 0.1%
are shown in Figure 8. The shear stress of RA samples comes to a
peak value in the first few cycles then decreases gradually, while
the shear stress of QS decreases much quicker due to its rounder
particles. During the cyclic shearing, the maximum shear stress
for QS, RASR, RAB, RAS, and RAR were 2.835, 3.639, 3.724,
3.893, and 4.147kPa, corresponding to the particle regularity of
0.778, 0.626, 0.531, 0.495, and 0.426. The peak shear stress is
found to increase as the regularity of the particles decreases
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because the particle shape with greater irregularity strengthens
the inter-particle locking of the samples (Yang and Elgamal,
2002; Ueng et al., 2017).

3.2.1 Influence of the particle shape on the
maximum cyclic shear stress

From the hypothesis shear stress-strain loops, it is found that
the maximum cyclic shear stress is correlated with the particle
shape. Figures 9A-D show the peak value of shear stress against
the particle regularity under the cyclic shearing with different
shear strain amplitudes under initial normal stress of 50 kPa and
relative density of 46%. A linear relationship between the peak
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cyclic shear stress and the particle regularity could be obtained
with a given shear amplitude, which could be expressed as:

Tmax:CI'P+C2> (4)

where C; and C, are fitting parameters for the function,
depending on the initial normal stress and shear strain
amplitude. In these figures, the values of C; and C, for the
fitting lines both vary with the shear amplitudes. The values
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of C, are -3.537, -5.201, -6.472, and -7.995; the values of C,
are 5.668, 7.126, 7.801, and 9.001; corresponding to the shear
strain amplitude of 0.1, 0.2, 0.3, and 0.4%.

To further analyze the relationship, the correlation
between shear strain amplitudes and these two parameters
is presented in Figures 10A,B. The results demonstrate that as
the shear strain increases, the value of C; presents a decreasing
trend, while the value of C, shows an increasing trend in
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Definition of the dynamic shear modulus based on the
hysteretic shear stress-strain loop.

25

50
Qs

- RASR
§ RAB
< RAS
o
3 RAR
&
=2
<
[=}
=
g
L
=
(%]

0 T : T T

0 5 10 15 20
Number of cycles, N,
20
o QS

= ©  RASR
<
£ 154 4 RAB
= b4 v RAS
=
IS - © RAR
e
2
=
o
=}
g
g
L
=
[l

0 . . T T

Number of cycles, N,

FIGURE 12

25

10.3389/feart.2022.1041596

contrast. The impact of shear strain amplitude on the values of
C; and C, could be expressed as:
For value C;

C, = -14.6454, + 2.14.

®)

For value C,

C, = 10.6764, + 4.73, (6)

where A, is the shear strain amplitude. Combined Eqs 4-6, the
maximum cyclic shear stress can be defined as:

T max :F](Ay)'p'f'Fz(Ay), (7)

where the F; (A,) and F, (A,) are functions of the shear strain
amplitude.

3.2.2 Influence of the particle shape on the
dynamic shear modulus

The dynamic shear modulus is investigated in the study as it
could reflect the dynamic characteristics of granular materials
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under cyclic loadings, such as the earthquake loading (Nye and
Fox, 2007; Vieira et al., 2013; Wang et al., 2016). Based on the
hypothesis loops, the dynamic shear modulus (Gg) is defined as
(Kumar et al., 2017):

Gsecl + Gsecz
Gi=—7F7—"75

5 (®)

where the slope between the vertex of the positive half-axis and the
origin of the hysteresis curve, known as G, is used to calculate the
dynamic shear modulus of the loading portion while G, is used to
calculate the reverse-loading part, which is determined by the slope
between the vertex of the negative half-axis and the origin of the
hysteresis curve. The parameter definition of dynamic shear
modulus Gy in hypothesis curves is shown in Figure 11.

Figure 12 shows the variation of dynamic shear modulus against
the cyclic number. Different from the shear stress, the peak value of
the dynamic shear modulus is reached in the first cycle. During the
constant volume cyclic shearing, the dynamic shear modulus
generally decreases with the imposed cyclic number as the
sample contracts. The maximum dynamic shear modulus for a
given tested material reduces with the increasing shear strain
amplitude. Furthermore, as the shear strain amplitude increases,
the reduction rate of the dynamic shear modulus increases as well. It
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is obvious that the value of the dynamic shear modulus of QS is less
than that of RA in the same cycle and reduces faster as well. The
relationship between the dynamic shear modulus and the number of
cycles could be described as:

Gi=A-(N)®, ©)

where A and B are parameters associated with sample properties.
Generally, the given power function fits well with the reduction of
dynamic shear modulus under the cyclic shearing except for the
first cycle in the results of Figures 12B-D when the dramatic
reduction of the dynamic shear modulus occurs, which can be
difficult to predict. For a specific shear strain amplitude, it can be
observed that the fitted curves of the RAR, RAS, RAB, RASR and
QS are located from the top to the bottom, corresponding to the
particle regularity of 0.426, 0.495, 0.531, 0.626 and 0.778. The
results present a decreasing trend of the liquefaction resistance
among the samples, which consists with the results obtained in
Figure 7.

Figure 13 shows variations of the maximum dynamic shear
modulus with the particle regularity under different shear strain
amplitudes. For a given shear amplitude, the maximum dynamic
shear modulus decreases with the increasing particle regularity
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and a linear regression is found between them. As the shear
amplitude increases, the maximum dynamic shear modulus
generally shows a decreasing trend. It can be observed from
the fitting lines that the R are larger than 0.9 for all the samples,
which reflects the reliability of the fitting formulas. The
relationship between the maximum dynamic shear modulus
and the particle regularity could be established as:

deax =_sm'P+cm) (10)

where S, and C,, can be determined by the shear amplitude.

3.2.3 Energy dissipation

It is reported that the movement and relocation of sand
particles would consume large energy under the cyclic loading,
which is also highly related to the stability of sand (Baziar and
Jafarian, 2007; Sonmezer, 2019). Therefore, the energy
dissipation under the cyclic shearing is investigated as well. In
this paper, the energy dissipated in one cycle is calculated by the

area of the corresponding hypothesis stress-strain loop as follows
(Figueroa et al., 1994):
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oW = Z;TMTM (Vier = Vi)» (11)
where 1; and y; are the shear stress and shear strain recorded in
one cycle. To analyze the difference of cyclic shearing
resistance of sand with different particle regularity, the
energy dissipation per cycle and the cumulative energy are
calculated and presented in Figures 14A-D. The figures
illustrate that the cumulative energy grows rapidly at the

beginning of the cyclic shearing and then the increasing
rate drops gradually. In the last a few cycles, the energy
consumed in one cycle tend to reach a constant value,
resulting in the total energy to accumulate linearly and
indicating  the approaching of the liquefaction.

Furthermore, as the shear strain amplitude increased, the

energy dissipation in one cycle drops more quickly and less

cycles are required for the total energy to achieve the linear
increasing rate. In general, the particles with larger regularity
dissipate less energy under the same loading cycles, indicating

the greater instability of the corresponding material under the
cyclic shearing.
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4 Conclusion

In order to explore the influence of the particle shape on the
shear and liquefaction behaviors of recycled aggregate sand, a
series of monotonic and cyclic simple shear tests were performed
on QS and four types of RA. The shape of the particles was
quantitatively evaluated in terms of sphericity, roundness and
regularity. Then the regularity is selected as the representative
factor to reflect the particle shape of the samples. The shear
behaviors under constant volume shearing for samples with
different shape characteristics were analyzed and the key
findings are summarized as follows:

1) The particle regularity of QS is higher than that of RA,
reflecting that the particles of RA are more irregular and
angular.

2) In the monotonic simple shear tests, the shear strength and
the slope of the flow liquefaction line of RA are greater than
that of QS and the slope of the liquefaction line tends to
decrease with the increasing particle regularity, indicating the
better liquefaction resistance of RA compared with QS.
3) In the cyclic simple shear tests, the shear stress of QS
decreases more quickly compared with RA because of its
rounder and more regular particle shape. A linear correlation
between the peak shear stress and particle shape parameters
of the samples was derived under undrained cyclic shearing
with different shear amplitudes.

4) During the cyclic shearing, an exponential relation was

established to describe the variation of the dynamic shear

modulus and imposed number of cycles of different samples.

The reduction of the dynamic shear modulus is accelerated

with greater shear amplitudes. A linear relationship between

the particle regularity and the maximum dynamic shear
modulus was proposed as well.

5) The samples with irregular particles dissipate larger energy

and more cycles are required for the total energy to achieve

the linear increasing rate under the same cyclic loading
condition, indicating their need of greater energy to trigger

instability.

The shear characteristics found in this paper and the
proposed relationships between the particle shape parameters
and the flow liquefaction line, peak shear stress and dynamic
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