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ABSTRACT. The Gebel EL-Zeit area in the southwestern Gulf of Suez, Egypt, is an area with a significant hydrocar-
bon potential in sedimentary basins, so that the three-stage inversion method was proposed for the Bouguer anomalies
observed therein. Salt diapirs obscured the deep structure of the main central El-Zeit basin; hence, this method was
implemented to overcome challenges in 3D seismic modeling. Our study included direct and inverse parameterization
sequences that involved analyzing the inputs and outputs within trial-and-error initiations and inverse estimations to
assess whether and how much the constraining parameters used in the calculations could achieve the intended aim. Data
reduction, filtering, optimization, and constraint assumptions were used to determine the minimal set of density model
parameters needed to set limits on the acceptable range of density contrasts that are required to study the basement
depths, swells, troughs, faulting/folding and intra-sedimentary structures, and for direct modeling aimed at creating
a simple model to save time. The thirteen constrained wells with a total depth ranging from shallow to deep were not
involved in direct modeling but provided quality control over the graphical display of the inverse results for the entire
study area. Moreover, many parameter constraints were inverted to regulate the way the calculated data are related to
the model’s solution that allowed us to determine which inversion trial provided the best parameterization sequence
and, therefore, yielded the most appropriate solution for the depth-density model which is approximating reality with a
minimal computation error in the study area.
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METO/ bl TPEXMEPHOY UHBEPCUW IT'PABUTALIMOHHBIX JAHHBIX
ITPU OITPEAEJIEHUN TEKTOHUYECKHUX PETY/IMPYIOLINX ®PAKTOPOB HAKOIIVIEHUA
YIJIEBOJOPO/I0B B BACCEMHE 3J1b-3EWT, IOT0-3ANATHAA YACTD CY3LIKOT0 3AJIMBA, ETUTIET

A.I'M. Xaccan'?, K.C.U. dapar?, A.A.®. Aped?, A.JL. lluckapes!

! Cankr-IleTepbyprckuil rocygapctTBeHHbIN yHUBepcUuTeT, 199034, CankT-IleTepOypr, Ha6. YHUBepcuTeTcKas, 7-9,
Poccus

ZYnpaBJieHue s/lepHbIX MaTepuason, 11728, Kaup, 316 Maaay, 530, Eruner

3YVuuepcuteT AliH-1llamc, 11566, Kaup, Abaccus, Eruner

AHHOTAL M. PaiioH ['e6enb-I/1b-3€UT, pacnoJioKeHHbIN B I0ro-3anaiHoi yactu Cyaukoro 3anuBa B Erunte, 06.1a-
JlaeT 3HAYUTEbHBIM YIJIEBOJOPOJHBIM OTEHL[MAIOM U SIBJISIETCS MePCIEKTUBHBIM [l U3yYeHHsI HEeAP 0Ca/l0uHbIX Gac-
CelHOB, 3aKapTUPOBAHHBIX B ero npegeax. C nomoupio 3D celicMU4YecKoro MozieIMpOBaHUs Oblia MOJyYyeHa MOJiesb
[JIyOMHHOT'O CTPOEHUS] OCHOBHOTI'O 0Cal0YHOT0 6acceliHa JJib-3elT, 0CJI0KHEHHAs! CYIleCTBOBAHUEM COJISTHBIX IUAINHMPOB,
HCKaKAIOLIUX celicMUyecKue AaHHble, I BbIsiCHeHUs] MOPQOJIOTUH 3THUX AUANMPOB OblJ IPUMEHEH rpaBUMeTpHYe-
CKUI MeToJ, Ucciie,OBaHUM, HanboJiee 3G eKTUBHBIN NPU U3YUEHUU MO 0OHBIX CTPYKTYp. MHTepnpeTalys aHoMaaui
Byre, Ha6Jt0aeMbIX B JaHHOM paiOHe, OCYLIeCTBJIS/IACh METOJOM TPeXMePHOU HHBepcrU. IPPEKTUBHOCTD OrpaHU-
YUBAIIIKUX MOJe/Ib NapaMeTPOB, UCIOJIb3yEMBIX IPU pacyeTax, OleHeHa METOZ0M Npo6 U OLIMOOK PU COTNOCTaBJIe-
HUU Pe3yJIbTaTOB pelleHUs MPSMbIX U 06paTHBIX 3a/ja4 I'paBUMeTpHUU. [IpoBeieHa o1leHKa KOJIMYeCTBa UCII0/Ib3yeMbIX
napaMeTpoB, UX GuabTpanusa u onTuMusanus. CBeleHUs1 06 ONTHMa/JbHOM JiMana30He UCI0Jb3yeMbIX IJIOTHOCTHBIX
3HauYeHUUN HEOOXOUMBI [JIJIs1 YTOUHEHUS INIyOUHHOM CTPYKTYpPhl GyHAaMeHTa 6acceliHOB, ero MOpdOJ0TUH, CTPYKTYPbI
BIIQ/IMH, & TAK)Ke U3YYeHHs PA3/IOMOB, CKJIaJA4aTOCTH U JJIs1 CO3JaHUsl QU3UKO-Te0JIOTUYECKUX MOJesIeN UCCIeAyeMbIX
CTPYKTYp. B palioHe Hccie[oBaHUI UMeETCs TPUHAJLATh CKBOXKUH C pa3JIMYHOU IyOUMHOM 3aJI0’)KEHHU S, KOTOPbIe HC-
[10JIb30BAJIUCH J1J1s1 rpadUIECKOro KOHTPOJIS pe3y/IbTaTOB MHBEPCHUH.

KJIIOUEBBIE CJ/IOBA: Erunet; Cyaukuii 3aiuB; 6acceiiH JJib-3elTa; aHoManuu Byre; cxemMa ceKTpasbHONM MHBEPCUHU
rpaBUMETPUYECKHUX JAaHHbIX; TapaMeTpU3alys U ONTHMU3AIUs

®UHAHCHUPOBAHME: VccienoBaHue BbINOJTHEHO 3a cueT ctunenguu EGY-6958/16 B paMkax COBMECTHOH Mpo-
rpaMmbl Mexay Apabckoit Pecniy6aukoit Erumnet u Poccueit.

1. INTRODUCTION

The field sources, sedimentary basins and their anom-
alous densities therein cause the observed gravity anom-
alies - a nonlinear inverse problem for calculating the
basement’s uneven surface morphology. Many inversion
models fit gravity observations due to the non-unique-
ness of gravity anomaly modelling [Crossley et al., 2013].
An efficient Fast Fourier Transform (FFT)-derived direct
modelling approach is based on an iterative use of the sedi-
ment-basement rock density contrast and the mean base-
ment depth to solve this interpretation problem [Fan et
al,, 2021; Jessell et al., 2014]. The slab formula (g=2myApt)
predicts sediment thickness for each gravity datum using
the gravitational constant (y), density contrast (Ap), and
slab thickness (t). The slab formula modifies the starting
model when the observed-predicted data misfit is below
threshold. Many researchers modified the nonlinearity of
this technique [Silva et al., 2014] by changing the iteration
step size, using a density-depth function instead of a fixed
density, and improving the fitting function.

L. Cordell and N. Henderson separated the modelled
and expected gravity anomalies from the previous itera-
tion to alter Bott’s iterative process step size [Pham et al,,
2018].].B.C. Silva suggested speeding convergence through
separating the residual (the difference between observed

and modelled gravity) by an arbitrary, relatively large in-
herent value and verifying the model when the L2 norm of
the residual vector is less than the previous iteration [Silva
et al., 2014]. Geology and void fraction affect sediment
density. Fitting is needed for the direct computation of
the model iteration field [Silva et al., 2014]. Fourier-do-
main approaches are faster than space-domain approaches.
For example, analytical formulas for prismatic bodies with
parabolic or cubic polynomial density contrast functions
[Mallesh et al., 2019; Wu, 2019], formulas for polyhedral
bodies with a linear density contrast function [Ren et al,,
2017], and algorithms for modelling vertical variation of
density contrast with depth require an exponential or cu-
bic polynomial fitting function [Wu, 2016, 2018; Wu, Lin,
2017].

R. Jachens and G. Phelps used Bott’s technique to cal-
culate and reduce the basement density-induced gravita-
tional influence [Preston et al., 2020; Stolk et al., 2013]. The
basement gravity is mapped using Nevada isostatic resid-
ual gravity anomalies to reflect basement density changes
[Preston et al., 2020]. C. Martins rebuilt a model without
penalizing fast morphological changes and using the total
variation function corresponding to the L1 norm of the dis-
crete derivative in basement depth inversion [Dadak, 2017].
X. Feng and J. Sun devised a nonlinear inverse technique
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that minimizes an objective function using a composite
regularizing function to adjust model smoothness in the
study area [Maag, Li, 2018; Feng et al., 2018]. Edge analysis
or first-approximation models can identify unique gravity
anomalies. Basement depth measurements are controlled
geologically by ITRESC methods, which estimate a con-
stant density contrast or density depth function. We in-
tend to compare between the ITRESC results in the south-
western Gulf of Suez and in the El Zeit basin.

2. PRIOR INFORMATION AND GEOLOGICAL SETTING

The Gulf of Suez was formed by the late Oligocene and
early Miocene African and Arabian tectonic plate move-
ments [Abuzied et al., 2020; Makled et al., 2020]. Low-
angle listric normal faulting and dyke injection created the
eastward-trending half grabens along the rift fault blocks
[Bendaoud et al., 2019]. By the middle to late Miocene, the
crustal weakness caused active subsidence moving the
rift axis eastward into the asymmetric axial grabens. Esh
El-Mallaha, a structural block in the southern Gulf of Suez
intra-rift system, faulted and grew during the Pliocene
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to Pleistocene/Holocene [Van Dijk et al., 2019]. Tectonic
faults and deep sedimentary sequences generated a half-
graben in the Pre-Cretaceous central lowlands into the
present-day Gemsa-El Zeit Bay basin [Faris et al., 2015;
Radwan et al,, 2021; Youssef et al., 2016].

The oldest to youngest Gemsa-El Zeit Bay basin litho-
stratigraphic units are Nubian Sandstone, the El Mallaha
formation, the pre-rift upper Cretaceous Raha formation in
the eastern and southern parts, the pre-rift lower Eocene
Thebes formation, syn-rift lower Miocene Nukhul forma-
tion, syn-rift lower/middle Miocene Rudeis and Kareem
strata, and Sabkhas and salt marshes [Almalki, Mahmud,
2018; Elgammal, Orabi, 2019; Said, 2017; Hadada et al.,
2021; Van Dijk et al., 2019]. As seen in Fig. 1, a, Gebel El
Zeit and Esh El-Mallaha show complex basement outcrops
east and west of the Gemsa-El Zeit Bay, with a large sedi-
mentary basin in the center.

The Gemsa-El-Zeit Bay basin needs further investiga-
tions because of the lack of the drilled stratigraphic-con-
trol wells and poor seismic interpretations. Gravimetry
enhances deep potential-field survey investigations, and
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Fig. 1. The study area. (a) - surface geologic map (after [Youssef et al., 2016]); (b) - Bouguer gravity anomaly contour map; (c) - topo-

graphic contour map.

Puc. 1. Paiton uccnesnoBaHuil. (a) - reosorudeckas kapta (mo [Youssef et al., 2016]); (b) - kapTa rpaBUTaLlMOHHOM aHOMasnuu bByre;

(c¢) - Tonorpaduyeckas kapTa.
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Table 1. A priori information on the accessible and accessible actual total depths to the basement of constrained wells
Ta6.1. 1. [IpegBapuTesibHast MHPOpMaLUs 0 JOCTYIHON U 061el ITy6ruHe GyHAAMEHTA, MOJIyYeHHasl C TOMOLIbI0 6YPOBBIX CKBAXKUH

Well symbol Well Name Total Depth (m) Company Status
15t / wells with T.D rock unit [basement] and geologic age/ Pre-Cambrian
w8 C9A-1 2577 Conco Abandoned tested oil and gas
W13 QQ89-11 1129 DEOCO Abandoned
W15 Wadi Dib #1 3769 CHEV EGY Abandoned
w17 Gazwarina # 1 2162 Marathon Suspended oil
W18 QQ89-3 2908 SucCo Abandoned
W19 ERDMA-2 4051 ggggfhed [Aboud etal,
25t / wells with T.D rock unit [Nubia Sandstone (Nu)] and geologic age / Carboniferous-Jurassic
w2 Kabrite west-1 1272 Petrozeit Abandoned oil stain
w3 Gazwarina-2 1272 Marathon Abandoned oil shows
W5 Gebel El Zeit-west-1 1966 Deminex Abandoned
we Gebel El Zeit-west-2 2195 Deminex Abandoned
w11 East Ras Gemsa-4 2542 Gupco Abandoned gas shows
3st / wells with T.D rock unit [Matulla formation(Ma)] and geologic age / Upper Cretaceous
w9 Khalig El Zeit-1 2509 Devon Abandoned
W10 East Ras Gemsa-2 2538 Gupco Abandoned
Wie Zeit Bay 1 4452 CHEV EGY Abandoned
4+ / wells with T.D rock unit [Nukhul formation(Nuk)] and geologic age / Lower Miocene
wo Gebel El Zeit-2 3743 GPC Abandoned
5% / wells with T.D rock unit [Rudies formation (Ru)] and geologic age / Lower Miocene
w1 Ramadan-1 3760 GPC Abandoned oil and gas shows
W4 Gazwarina-3 951 Marathon Abandoned
w7 C9A-3 2122 Conoco Abandoned
w14 C9B-1 3183 Conoco Abandoned

Note. This information is used for the quality control of the inverse basement depth model results produced by the proposed inversion scheme for the
study area. Sources: Ministry of Petroleum and Mineral Resources (www.petroleum.gov.eg/), Carto (https://carto.com/) and IRIS21 (http://icep.or.jp/

english.html) databases.

[IpuMeyaHue. ITa HHPOPMALUS UCIIOJIB3YETCs [JIs1 KOHTPOJIS KaueCTBa pe3yJIbTaTOB 06paTHOM MoJes1n Iy6UHb! GyHAAMEHTA, OJIYYeHHBIX C 110-
MOILbIO TIpe/ilaraeMoi CXeMbl MHBEPCUH JIJIs1 HcClelyeMoro paiioHa. UcTouHMKM: MUHMCTEPCTBO HEQTH M MUHEPaAJIbHBIX pecypcoB Erunra (www.
petroleum.gov.eg/), 6a3bl fJanubix Carto (https://carto.com/) u IRIS21 (http://icep.or.jp/english.html).

the accessible stratigraphic-control wells in the El-Zeit ba-
sinal area, listed in Table 1, can indirectly help to constrain
and build the earth model during inversion trials.

3. DATA AND METHODOLOGY
3.1. Bouguer gravity data

GPC, AMOCO, GeoFisica, and Philips Petroleum have sur-
veyed Egypt and the Gulf of Suez since 1964. The Bureau
Gravimetric International (BGI) authorized the General Pe-
troleum Company of Egypt’s (GPC) ten-year (1974-1984)
gravity map of Egypt, utilizing a national base net and
international company surveys. This investigation used
a Lacoste and Worden gravimeter with a resolution of
0.01 mGal. The survey covered the NE-SW striking area
of 32x28 km?. As shown in Fig. 1, b, three intermediate-

amplitude NW-SE anomalies are long-wavelength. Gravity
lows between extended highs are predominant. Western
gravity highs are doublets, which suggest that local trans-
fer faults are crossing the Gebel Esh El-Mallaha at right
angles. As seen in Fig. 1, ¢, the study area is mountainous,
from 2.5 m high in the center plains to 450.0 m high in the
marginal uplands.

The Gebel El Zeit study region is depicted in Fig. 2,
which shows the stratigraphic succession of the southern
Gulf of Suez and the correlation between the lithological
column in three places [Afifi et al., 2016].

3.2 Inversion methodology
General outline. Inverting Bouguer anomalies to char-
acterize the Gebel El-Zeit basin geological features was

https://www.gt-crust.ru
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Fig. 2. Stratigraphic succession of the southern Gulf of Suez with depiction of the correlation between the lithological column in three
areas, including the study area of Gebel El Zeit (after [Afifi et al,, 2016]).

Puc. 2. Crpaturpaduyeckasi Noc/ae0BaTeNbHOCTD AJ1s1 10XKHOH yacTu Cy3IKOTo 3a/1MBa € U306paKeHUEM KOPPeJISIIIUY MeXAY JIUTO-
JIOTUYECKOU KOJIOHKOH B TpeX 06/1aCTsX, BKJI0Yas uccaeyeMblit pailoH ['e6enb-anb-3eiT (no [Afifi et al., 2016]).

done using the Oldenburg and other inversion methods
[Oldenburg, 1974; Florio, 2018, 2020; Li, Oldenburg, 1998],
incorporated within the proposed three-stage inversion
scheme. In order to develop this scheme, we used the most
popular extension for subroutine sequential 3D spectral
layered-earth inversion modeling (GM-SYS 3D modeling)
in Oasis Montaj (Geosoft Inc., Toronto, ON, Canada). The
schematic stages involved hypothetical scenarios and six
optimization strategies to produce optimal model solu-
tions, three for direct modeling and three for inverse mod-
eling. Putting indirect constraints on the inversion out-
comes within the data analysis and matching the 3D inverse
modeling results with the study-area subsurface geological
stratigraphy, structures and stratigraphical-control wells
accurately modeled the targets. In addition, the scheme in-
volved simple direct modeling to reduce time. Fig. 3 depicts
the parameterization flowchart for the proposed schem-
atic direct and inverse modeling processes and their three
stages. Table 2 provide an exhaustive list of the parameter-
ization abbreviations used in our study.

Schematic stages of inversion. The first stage involves
the implementation of three optimization strategies: the
first one for direct depth modeling based on the uncon-
strained initial direct constant mean depth surface within
the 3D depth model guess trials; the second for direct den-
sity modeling that includes the initial direct density con-

straint assumptions of the 3D homogenous two-layered
density model guess trials; and the third for depth inverse
modeling estimates that combines the first two for invert-
ing the most appropriate solution for the Oldenburg in-
verse model.

At the second stage, there were implemented three
further optimization strategies: the first one for direct
depth modeling that involves direct-constrained variable
depth surfaces in 3D depth model guess trials with dif-
ferent depth calculation errors; the second for direct den-
sity modeling that provides a homogeneous two-layered
density model by constraining the density contrast guess
trials of the initial 3D constant mean density contrast inter-
face; and the third for density inverse modeling estimates
that combines the first two for inverting possible solutions
of the basement complex lateral density distribution.

At the third and final stage, there are proposed three
optimization strategies: the first one for the direct depth
modeling that involves an unconstrained version of the sec-
ond-stage direct variable depth constraint assumptions de-
rived from the trials of inverted 3D possible depth models
with varying depth calculation errors, the second for the
direct density modeling that includes the constrained ver-
sion of the second-stage 3D inverted lateral density contrast
assuming possible solutions which yielded the third-stage
depth optimality; and the third for depth inverse modeling

https://www.gt-crust.ru
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Fig. 3. The schematic depiction of the proposed inversion scheme shows three stages of forward and inverse modeling optimization
scenarios with transitional assumptions between stages regulating the optimization process.

Puc. 3. l'[pe;[.noxceHHaﬂ CXeMa UHBEPCUHU [Jid TpeX 3TAIIOB ONITUMU3ALUU CLleHApUeB IPAMOIo U OGpaTHOI‘O MOJEeJIMPOBAHUA C A0IY-
LIEeHUAMHU Iepexosa Mexay 3TallaMy, peryJimpyroinuMu npouecc OnTUMU3aluu.

estimates which combines the first two and in which these
density-contrast constraint versions were used to evaluate
the optimality of the hypothesized basement complex den-
sity and basement-sedimentary density contrast model so-
lutions, thus providing the most appropriate solution for
the minimally errored basement depth model.

4. RESULTS AND DISCUSSION

Optimization and constraint assumptions were used
to evaluate our three-stage inversion solution. In addition,
quality control and assurance tests were done on the en-
tire study area and in specific places using graphical sche-
matics to figure out which inversion trial produced the
optimal parameterization sequence that provided the op-
timal depth-density model therein.

4.1. Three-stage scheme quantitative analysis

The three-stage parameterization procedure encom-
passes initiating and estimating processes aimed at opti-
mizing the key parameters of depth, density, and density
contrast in the model. These parameters are illustrated
in Figs 4, 6, showcasing optimization sequences inside
graphs A-C and G-N. During the inversion run, the proce-
dure incorporates constraint parameters such as the lower
high-cut (LHC) and upper high-cut (UHC) filter limits, DC
shift, regional offset, and convergence limit. These con-
straint parameters are depicted in Fig. 5, showcasing the
optimization sequences represented in graphs D-F. The
features with an inclined square along the X-axis in each of
the graphs, A to F, highlight the optimal number of initial
guesses and inverse-estimate error trials for each stage.
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The first stage encompasses optimization sequences of
1 to 7 trials, subsequently followed by the phase con-
sisting of 8 to 13 trials and, finally, by the third phase in-
volving 9 to 19 trials. See Table 2 for compilation of ab-
breviations.

The graphical representation in Fig. 4 effectively depicts
the model errors associated with the inversion scheme. The
continuation of this representation can be seen in Fig. 7,
where the optimal initial guess for the first stage and the

inverse-estimate maps for the third stage are depicted.
These maps are a part of the three-stage scheme, includ-
ing three separate 3D models. The construction of these
models involves parameterizations of three initial approxi-
mations that maximize the recovery of inversely estimated
solutions with minimal estimation error. Fig. 7 displays
the initial Oldenburg optimal guesses of the first trial and
the inverse-estimate optimal recovery of the nineteenth
trial in our scheme. These trials are highlighted by inclined

Table 2. Abbreviations and classification of the parameters utilized in the proposed inversion scheme
Ta6mua 2. CokpalleHus U KJacCuPHUKalLKsi NapaMeTpPOB, UCI0JIb3yeMbIX B Ipe/ijlaraeMoi cxeMe UHBEPCUU

Type Parameter Parameterization meaning
RMSD, .0 The Root-Mean-Square Deviation of the Directly Initiated Depth-to-Basement
e RMSD, ... The Root-Mean-Square Deviation of the Inversely Estimated Depth-to-Basement
L3
= QE) CV-RMSD.° The Coefficient of Variation of the Root-Mean-Square Deviation of the Directly Initiated Depth-to-Basement
G
v ©
E i CV-RMSD .. The Coefficient of Variation of the Root-Mean-Square Deviation of the Inversely Estimated Depth-to-Basement
o =
P 3 The Coefficient of Variation of Root-Mean-Square Deviation of Directly Initiated Presumably Homogeneous
£ CV-RMSD h
g3 o Basement Density
o
Sl
oo The Coefficient of Variation of Root-Mean-Square Deviation of Inversely Estimated Presumably Homogeneous
=9 CV-RMSD h
B pbe Basement Density
£.8
[N
o8 The Coefficient of Variation of Root-Mean-Square Deviation of Directly Initiated Lateral-Density Distribution
s> CV-RMSD,, . ;
25 of Basement Complex
The Coefficient of Variation of Root-Mean-Square Deviation of Inversely Estimated Lateral-Density Distribution
CV-RMSD
LDDbe of Basement Complex
DTBa Actual Depth-to-Basement
e EOJ DTB, Direct Initial Depth-to-Basement
1%]
;-,g % DTBe Inversely Estimated Depth-to-Basement
FaE
_q§ ‘% g pbo Direct Initial Presumably Homogeneous Basement Density
-0 Q,
EQE pbe Inversely Estimated Presumably Homogeneous Basement Density
[T
[a =]
5 LDDb, Direct Initial Lateral-Density Distribution of the Basement Complex
LDDbe Inversely Estimated Lateral-Density Distribution of the Basement Complex
Ap(b-s)o Direct Initial Presumably Homogeneous Density Contrast of Basement-Sediment Interface
Ap(b-s)e Inversely Estimated Presumably Homogeneous Density Contrast of Basement-Sediment Interface

Ap(LDDb-s),

Density-
contrast model key
parameters

Ap(LDDb-s)e

Direct Initial Lateral-Density Contrast Distribution of the Basement-Sediment interface

Inversely Estimated Lateral-Density Contrast Distribution of the Basement-Sediment interface

DC-shift DC-shift
Reg. offset Regional offset
Cnv. limit Convergence limit.

Flt. LHC limit Lower High Cut Filter Limit.

Inversion process inner
constraint parameters

Flt. UHC limit Upper High Cut Filter Limit
da Actual Measured Data of Bouguer Anomalies
2
'% :;é % do Direct Initial Data of Bouguer Anomalies
g § % de Inversely Estimated Data of Bouguer Anomalies
Ade Estimated Data Misfit of Bouguer Anomalies
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Fig. 4. A three-stage parameterization procedure. Graphs A-C (see explanation in the text).

Puc. 4. TpexatanHas npouefypa napaMmerpusanuu. ['pa¢prku A-C (06'bsicHeHUE B TEKCTE).
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For (D) O (Filter LHC Limit)e =@=(Filter UHC Limit)e
For (F) «d=(DC shift)e &~ (Regional offsef)e
For (G) =@=(Convergence Limit)e £-Mean (Ad)e

Fig. 5. A three-stage parameterization procedure. Graphs D-F (see explanation in the text).

Puc. 5. TpexatanHas nponeaypa napameTtpusanui. 'paduku D-F (06bsicHeHUe B TEKCTE).
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Fig. 6. A three-stage parameterization procedure. Graphs G-N (see explanation in the text).

Puc. 6. TpexatanHas nponeaypa napamMmetpusanuu. 'pa¢puku G-N (06bsiCHEHUE B TEKCTE).
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squares along the X-axis of Fig. 4, A, which correspond
to the initial assumptions and inverse modeling of the
schematic first-stage ideal starting basement depth error-
guess constraint. The figure visually represents the initial
basement depth (Fig. 7, A), the direct assumption of ho-
mogenous density in the basement complex (Fig. 7, B), and
the initial guess of the basement-sediment density con-
trast interface (Fig. 7, C).

Furthermore, Fig. 7 also shows that the optimization
sequences shown in graphs B-N, which are continued in
Fig. 4, 5 and 6, provided the optimality of the model with
only a 1.63 % error in the estimates of the models solu-
tions at the nineteenth trial of the scheme (Fig. 8). This op-

33°20°

2500

(meters)

7500

WGS 84 / Egypt Red Belt

timality is represented by the third-stage optimal inverse
estimates of basement depth (see Fig. 7, A*), lateral density
distribution in the basement complex (see Fig. 7, B¥), and
the basement-sedimentary density contrast interface (see
Fig. 7, C*). Fig. 9 showing that a mean misfit of 0.00451 mGal
is most appropriate to demonstrate a relationship between
the observed and calculated Bouguer anomalies, as well as
optimal model depth, density, and density contrast solu-
tions shown in Fig. 7. This study presents empirical evi-
dence substantiating the claim that the optimal solution
achieved at the third stage outperforms the solutions found
in the first two stages. The definitions of acronyms are pro-
vided in Table 2.
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Fig. 7. Estimated 2D maps showing the first-stage optimal initial guesses and final third-stage optimal solutions for 3D depth, density,

and density contrast in the proposed three-stage inversion scheme.

Puc. 7. PacueTHbie ZD-KaprI, IMMOKa3bIBaKIHe ONITUMaJ/IbHbI€ HAa4YaJ/IbHbIe NPeAII0JI0OXKEeHUA IIepBOro 3Tala U OKOH4YaTeJIbHbIe pelle-
HHUA TpeTbero sTana AJad 3D-MOAeJlI/Ip0BaHI/Iﬂ l"JIy6I/IHbI, IIJIOTHOCTH U KOHTPACTA IJIOTHOCTHU B Hpe,ELHO)l(eHHOﬁ TpeXBTaHHOﬁ cxeMme

HWHBEPCHH.
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Fig. 8. 1.63 % of roughly precise dimension measurements for the El-Zeit basin refer to the most appropriate mean depth of the white
contour line drawn on the third stage optimal-inverse basement depth map of the proposed inversion scheme.

Puc. 8. 1.63 % npu6au3UTENbHO TOUHBIX U3MePEHUH AJis1 6acceiiHa D/1b-3eUT OTHOCSTCS K HauboJiee NOAX0AsALEeN cpeiHEN ITyOHUHEe
6es10¥1 IMHUY, HAHECEHHOU Ha KapTy MyOUH QyHAaMeHTa TPeThero aTana npejJjiaraeMoi cxeMbl HHBEPCHUU.
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Fig. 9. Linear 2D maps, as optimal data misfit results for the proposed inversion scheme.

Puc. 9. J/luHeliHble 2D-KapThl Kak ONTUMaJbHbIe PE3Y/IbTAThl UCKAXKEHUS JAHHBIX [J1s TPeJJI0KEHHON CXeMbl HHBEPCHU.

4.2. Quality control testing

Analysis frameworks for indirect constraints on
wells to find an optimal inversion technique. As demon-
strated in Figs 10, 11, we used gravitational Bouguer
anomaly inversion to analyze constrained wells in the
study area.

Figs 10, 11, indicate that the most appropriate inver-
sion trials on the three-stage inversion scheme provided
inversely computed parameters for depth, depth misfit,
density, density contrast, Bouguer anomaly, and Bouguer
anomaly misfit throughout the six constrained wells, as il-
lustrated in graphs A1-A8, B1-B4, and C1-C4, respective-
ly. First, we performed a depth correlation quality control

(A1 and A2) for the sixth optimal modeling trial on the
three-stage inversion scheme and assessed the depth mis-
fit (graphs A3-A8). These assessments show that the most
appropriate constrained density assumption improves the
optimal inverted depth model. Next, we examined the con-
strained well density and density contrast (graphs B1-B4)
to determine how the lateral distribution of basement den-
sity influences depth gain with minimal error. Finally, we
tested the Bouguer misfit as a result of anomalous correla-
tion. These Bouguer tests with a virtually minimal misfit
show that the depth-density model is optimal, and our
scheme generates appropriate depth and density for the
study area.
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Constraint well N\
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W8_TDTB
W13_TDTB
W17_TDTB
W18_TDTB
W19_TDTB
W3_TDTB

WI13_TDTB

i
n
B>

ADTB (m)

ADTB (%)

=8—Correct solution (For quality
control testing)

First stage's best possible initial
guess trial

Second stage's best possible initial
guess trial

Third stage's best possible initial
guess trial

First stage's best possible inverse
estimate solution

=@-Second stage's best possible inverse
estimate solution

=-Third stage's best possible inverse
estimate solution

=g~-Constraint sequence

Fig. 10. The data analysis, which involves a three-stage inversion scheme to identify three most appropriate solutions when the cor-

relation is made with the accessible-well quality control tests.

Red, blue and yellow sequences represent the first, second and third most appropriate solutions of a three-stage method. The desired
quality solutions are shown as green circles. Table 2 displays the list of abbreviations.

Puc. 10. AHanM3 AaHHBIX, BKJIOYAIOLUIMA TPEX3TAIHYI0 CXeMY HHBEPCHH /IS OIIpe/iesIeHUs Tpex HanboJiee MOAXOAAIMX pelleHuH

IpU KOppeadanuu HpOBepKOﬁ KOHTPOJIA Ka4eCTBa JOCTYITHBIX CKBAaXKHH.

KpaCHbIe, CHHHE U KeJITble IMHHUU — COOTBETCTBEHHO IIepBOE, BTOPOE U TPEThE HauboJiee noaxoadinye pelneHud TpexsTallHoro Mme-
ToJa. 3eJsieHble KPY>XKH — HeO6X0,C[I/IMbIe Ka4yeCTBEeHHbIe pellieHNd. B a6 2 npuBeJeH ClIUCOK COKpaLL{eHHﬁ.
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Fig. 11. Another test, which ensures the quality control of the three-stage inverse most appropriate depth model solutions using thirteen
non-accessible basement-constrained wells.

With minimal data misfit, this test successfully produced optimal basement depths (as compared to the largest depths) for almost all of
these wells in various sedimentary formations. The locations of these constrained wells are shown in the Bouguer anomaly map with
orange circles. Table 2 displays a list of abbreviations.

Puc. 11. Pe3ysbTaThl NpoBEepPKU KOHTPOJISA KaueCcTBa TPeX3TallHOM MHBEPCUOHHON MoJieNIY /151 HanboJiee ONTHMaJlbHBIX [NIyOHUH Ha
npuMepe 13 cKBaXKHH.

[Ipy MUHUMaJbHOM MCKaXK€HUHU JJAHHBIX IPOBePKa M03BOJISET MOJYYUTh NOKa3aTeJu ONTUMaJbHON IVyOUHBI 3aj7eraHus pyHAa-
MeHTa (10 CpaBHEHUIO C HAUBOIBLUIMMU [MyOHHAMU) TOYTH AJI51 BCeX CKBaXKHMH B Pa3/IMYHbBIX 0CaZ0YHBIX IIJIacTax. PacmosoxeHue

3TUX CKBXKUH Ha KapTe aHOMasIui byre 0603HayeHO OpaHKeBbIMU KpyKKaMU. Tabl. 2 coep>KUT NepedyeHb COKpaLleHUH.

In-depth analysis of indirectly constrained wells. Ac-
cording to the well data analysis illustrated in the graphs
(A2 and A4) in Fig. 10, the most appropriate sixth opti-
mal inverse trial of the mean basement depth model (high-
lighted in graph B, Fig. 4) yielded the least error in the
model calculations for the first stage of our inversion scheme
for six constrained basement wells. The basement depth
model of our schematic third stage was further optimized
with an estimated depth sequence, reducing the misfit
with the best correlation to actual depths (Fig. 10, graph
A4). This depth misfit sequence reveals the best quality
control and shows that our schematic third-stage inver-
sion optimal nineteenth depth model trial (highlighted in
graph B, Fig. 4) has minimum inaccuracy.

As shown in Fig. 10, graph A6, the most appropriate
depth misfit trial for the first and third stages of our inver-
sion scheme yielded a percentagely inversed depth misfit
sequence estimated individually for each of the six wells
based on their actual depths.

Graph A8 in Fig. 10 also displays percentage coeffi-
cients of variations for six constrained wells with optimal
depth sequence estimates, recalculated using the actual
mean basement depth. This re-estimation scenario is used

for the first-stage sixth optimal depth misfit trial and the
the third-stage nineteenth trial.

Within the six controlled wells, the third-stage optimal
nineteenth constrained mean density trial, highlighted in
graph C in Fig. 4, is distributed by lateral density sequence
as depicted in Fig. 10, graphs B1 and B2.

Fig. 10, graph C4, illustrates the data misfit for six con-
strained wells, revealing the minimal misfit sequence that
constrains the optimal basement depth. In addition, as de-
picted in Fig. 11 (graph C), this data misfit sequence yields
nearly optimal estimates of basement depths which are
larger than the actual depths to different sedimentary for-
mations exposed in the cross-sections at the locations of
the rest thirteen wells.

2D model extraction procedure for evaluation of op-
timality of 3D models. Figs 12, 13, 14, 15, 16 display the
two-dimensional gravity inversion investigation at thirteen
2D seismic line positions in the study area. This investiga-
tion is based on the two-dimensional gravity models ex-
tracted from the optimal three-dimensional gravity model
obtained for the study area by our schematic third-stage
sixth inverse optimal modeling trial. This trial has minimal
inverse modeling and data misfit errors. This data, with
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nearly zero mean misfits, reveals that the 2D extracted
models have the most appropriate depth, density, and den-
sity contrast values.

Identification of tectonic features. The basement re-
lief in this area, obscured with salt diapers in 2D seismic in-
terpretation, was identified with the help of the recovered
optimal 3D depth-density model at nine seismic lines ob-
tained from inverse analysis of the Bougeur anomalies.

Geological insights for hydrocarbon studies were gained
from analyzing the fully recovered optimal 3D residual

Bouguer image of the deep sedimentary structure above
the basement relief in the study area.

The fault planes on both sides of the study area may
represent ideal paths for hydrocarbon migration. The sed-
imentary cover thickness in the central basinal area causes
significant pressure, which may provide hydrocarbon mig-
ration along the fault planes on both sides of the study
area with a high chance of hydrocarbon sealing in the fault
traps thereon. This is due to the shallow basement com-
plex in the study area and the impermeable sedimentary

0 5000 (m)
O —
WGS B4 [ Egypt Red Belt

AAAAAL GGGt A A "
mgtmommanozmamé&hi:o:

da (mGal) s

© Constraint wells with TDTB

@ Constraint wells with TDTSF

w21 Seismic lines locations

TDTB: Total Depth-to-Basement

TDTSF: Total Depth-to-Sedimentary-Formations

Fig. 12. 3D depth-density model at nine seismic lines.

Puc. 12. [ny6uHHO-1JIOTHOCTHAsA 3D-Moziesib Ha ZIeBATH CEMCMUYECKUX TPODUIISX.
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Fig. 13. Mismatch of Bouguer anomalies and seismic lines.

Puc. 13. HecoBnazieHue anHoManui byre u ceficMuyeckux npodusen.
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Fig. 14. Correlation between the calculated and observed Bouguer anomalies at seismic line locations.
Puc. 14. Koppesisinus Mex /1y pacieTHbIMH 1 Ha6JI0JaeMbIMU aHOMa/TUSIMU Byre B MecTax pacno/ioeHHUs ceiicMUIeCKUX Mpodueil.
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Fig. 15. Basement-sediment density-contrast interface at seismic line location.

Puc. 15. U3MeHeHMe IVIOTHOCTH Ha TpaHulle paszesa GyHJaMeHT — 0Ca/IKH B MeCTax paclosIoKeHUsl CeHCMUYeCKUX npoduiel.
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Fig. 16. 2D basement complex depth-density model at seismic line location.
In addition to the possibility of obtaining basement depth and lateral density distribution for various seismic line locations it is demon-
strated the ability of the process to determine, with minimal data misfit, the optimal density contrast between basement and sediment.
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Puc. 16. KoMmnuiekcHble IJIyOMHHO-IIOTHOCTHBIE 2D-Moziein GyHAaMeHTa B MeCTax PaclosIoKeHUsl CeHCMUYeCKUX npoduiien.
B fonosiHeHMEe K BO3MOXKHOCTH MOJTy4YeHHUs INIyOUH GyH/IaMeHTa U TOPU30HTAJIBHOTO paciipe/ie/eHHs IIJIOTHOCTH /IS Pa3/IMYHBIX y4acT-
KOB KUPHOU JIMHUU (IOCTPOEHHOM 10 CECMUYECKUM JAHHBIM U pasrpaHUYUBawLed yHAaMeHT U 0Ca/IK1) II0OKa3aHa CIOCOGHOCTb
npoliecca onpesessiTb C MUHUMaJbHbIMU UCKQXKEHUSIMH ONTUMAJIbHBIHM CKAa4YOK VIOTHOCTH MeXY yH/JaMEHTOM U 0Ca/IKaMH.

strata of the lithological column. As the basement blocks
are exposed in the sedimentary section, they create many
fault traps along the fault planes, which in turn produce
small half-grabens and protracted sub-basins above the
basement complex.

According to the lithostratigraphic column, the deep
reservoir in El Zeit is made up of Nubia sandstone, which
was formed by the tectonically active regional basement
complex.

The best-estimated basement relief reveals that there
are three main basement blocks in the study area: a down-
thrown block in the middle that created the basinal struc-
ture of the graben system, similar to the El Zeit basin which
is 6453 m deep, and upthrown blocks on the western and
eastern flanks with zero depths, similar in origin to the
Gebel Zeit and Esh-Mellaha mountains.

5. CONCLUSIONS

A three-stage gravity inversion scheme was proposed
to recover optimal solutions of the basement depth-den-
sity model for the southwestern part of the Gulf of Suez in
the Gebel Zeit area. The challenge was to increase the va-
lidity of the scheme and improve the quality of the model
to obtain the optimized depth-density model solutions
that are best correlated to prior geologic information with
the minimum error estimation. The scheme relied on a
scenario without accessible wells as direct constraints in
the direct modeling but with those in analyzing the in-
verse results as indirect quality controls. The inversion
process constraint of DC shift force mean error is zero, and
zero regional offset controlled the recovery of the inverse
model with the minimal residual Bouguer gravity data mis-
fit estimates.

Three most appropriate models were evaluated from
the three stages, revealing an optimal scheme with gradu-
ally estimated error in depth-density model calculations
following this root-mean-square deviation coefficient of
variance sequence (6.4, 1.78, and 1.63 %). After analyzing
and evaluating the entire study area, the optimality was
shown for certain spots with thirteen drilled wells and
nine seismic lines. This focused analysis showed the opti-
mally recovered three-dimensional depth-density model,
best correlated with geological prior information, repre-
sented by depth misfit estimated from the actual basement
total depths of the six basement wells distributed within
the range of 1.24-8.00 % relative to the actual mean base-
ment depth of these wells.

After conducting depth inversion trials within three
stages with three different scenarios, the subsurface model
for basement depth was optimized with a minimal error
of 1.63 %. The model yields an image for the mean base-
ment depth of 3534.6 m, ranging from 0 to 6453.2 m, with

an outcropping visible on the surface. Additionally, the
basement complex lateral density model was inversely
modeled resulting in the 1.63 % depth minimal error and
imaging the prevalence of granitic basement rocks in the
study area, with density ranging from 2.6706 to 2.7558 g/cc
and a mean value of 2.6706 g/cc.

The 3D depth-density model helped to overcome the
2D seismic interpretation problem of delineating the base-
ment relief in the area obscured with salt diapers. It also
provided geological insight into the study area, revealing
the presence of graben systems and the formation of half
grabens.

Tectonically, this study aims to determine the most ac-
curate model image of the graben system for the study area.
The basement relief image shows the stratigraphic frame-
work of a graben, which is bounded by two major faults
that extend from the surface to the depth. This relief is on
average roughly 3.481 meters deep. With a mean densi-
ty contrast of 0.45 g/cc, the sedimentary section is some-
what less dense than the basement complex, which has a
mean density of 2.71 g/cc. According to this model, the El
Zeit's deep basinal area has a maximum sedimentary cover
thickness of 6453.2 meters, and its basement-sedimen-
tary interface consists of two long, deep-to-shallow nor-
mal faults covered by a thick sedimentary cover. Sediment
pressure increases throughout the basin. This enhances
the probability of hydrocarbon migration through the fault
planes and its capture in fault traps. Shallow-basement
tectonic criteria and impermeable sedimentary strata in
the lithologic column are favourable for hydrocarbon en-
trapment.

This scheme is proposed for implementation in a newly
explored region with limited prior information; it has a
high likelihood of recovering the approximately reliable
and accurate solutions for the inverse model with a mini-
mal error rate of 1.63 %. Future plans include conducting
back-stripping to obtain a comprehensive three-dimen-
sional density-depth model of the study area which en-
hances our understanding of the geological structure and
aids in identifying potential hydrocarbon traps. Additional-
ly, petroleum studies are planned to assess the presence
of hydrocarbon reservoirs in the study area, highlighting
the potential for hydrocarbon accumulation in specific
locations.
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