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IN INDENTIFYING TECTONIC FACTORS CONTROLLING HYDROCARBON ACCUMULATIONS  
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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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МЕТОДЫ ТРЕХМЕРНОЙ ИНВЕРСИИ ГРАВИТАЦИОННЫХ ДАННЫХ  
ПРИ ОПРЕДЕЛЕНИИ ТЕКТОНИЧЕСКИХ РЕГУЛИРУЮЩИХ ФАКТОРОВ НАКОПЛЕНИЯ 

УГЛЕВОДОРОДОВ В БАССЕЙНЕ ЭЛЬ-ЗЕЙТ, ЮГО-ЗАПАДНАЯ ЧАСТЬ СУЭЦКОГО ЗАЛИВА, ЕГИПЕТ
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АННОТАЦИЯ. Район Гебель-Эль-Зейт, расположенный в юго-западной части Суэцкого залива в Египте, обла-
дает значительным углеводородным потенциалом и является перспективным для изучения недр осадочных бас-
сейнов, закартированных в его пределах. С помощью 3D сейсмического моделирования была получена модель 
глубинного строения основного осадочного бассейна Эль-Зейт, осложненная существованием соляных диапиров, 
искажающих сейсмические данные. Для выяснения морфологии этих диапиров был применен гравиметриче-
ский метод исследований, наиболее эффективный при изучении подобных структур. Интерпретация аномалий 
Буге, наблюдаемых в данном районе, осуществлялась методом трехмерной инверсии. Эффективность ограни-
чивающих модель параметров, используемых при расчетах, оценена методом проб и ошибок при сопоставле-
нии результатов решения прямых и обратных задач гравиметрии. Проведена оценка количества используемых 
параметров, их фильтрация и оптимизация. Сведения об оптимальном диапазоне используемых плотностных 
значений необходимы для уточнения глубинной структуры фундамента бассейнов, его морфологии, структуры 
впадин, а также изучения разломов, складчатости и для создания физико-геологических моделей исследуемых 
структур. В районе исследований имеется тринадцать скважин с различной глубиной заложения, которые ис-
пользовались для графического контроля результатов инверсии.

КЛЮЧЕВЫЕ СЛОВА: Египет; Суэцкий залив; бассейн Эль-Зейта; аномалии Буге; схема спектральной инверсии 
гравиметрических данных; параметризация и оптимизация

ФИНАНСИРОВАНИЕ: Исследование выполнено за счет стипендии EGY-6958/16 в рамках совместной про-
граммы между Арабской Республикой Египет и Россией.

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=2πγΔρt) 
predicts sediment thickness for each gravity datum using 
the gravitational constant (γ), density contrast (Δρ), 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]. J.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  

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  

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.
Рис. 1. Район исследований. (a) – геологическая карта (по [Youssef et al., 2016]); (b) – карта гравитационной аномалии Буге; 
(c) – топографическая карта.

(a)

(b) (c)
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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 32×28 km2. 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, c, 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  

Table 1. A priori information on the accessible and accessible actual total depths to the basement of constrained wells
Табл. 1. Предварительная информация о доступной и общей глубине фундамента, полученная с помощью буровых скважин

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.
Примечание. Эта информация используется для контроля качества результатов обратной модели глубины фундамента, полученных с по-
мощью предлагаемой схемы инверсии для исследуемого района. Источники: Министерство нефти и минеральных ресурсов Египта (www.
petroleum.gov.eg/), базы данных Carto (https://carto.com/) и IRIS21 (http://icep.or.jp/english.html).

Well symbol Well Name Total Depth (m) Company Status
1st / 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 SUCO Abandoned

W19 ERDMA–2 4051 Published [Aboud et al., 
2005]

2st / 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

W6 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

W16 Zeit Bay 1 4452 CHEV EGY Abandoned

4st / wells with T.D rock unit [Nukhul formation(Nuk)] and geologic age / Lower Miocene

W0 Gebel El Zeit-2 3743 GPC Abandoned

5st / 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

https://www.gt-crust.ru
http://www.petroleum.gov.eg/
https://carto.com/
http://icep.or.jp/english.html
http://icep.or.jp/english.html
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https://carto.com/
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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]).
Рис. 2. Стратиграфическая последовательность для южной части Суэцкого залива с изображением корреляции между лито-
логической колонкой в трех областях, включая исследуемый район Гебель-эль-Зейт (по [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  
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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.
Рис. 3. Предложенная схема инверсии для трех этапов оптимизации сценариев прямого и обратного моделирования с допу-
щениями перехода между этапами, регулирующими процесс оптимизации.

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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Table 2. Abbreviations and classification of the parameters utilized in the proposed inversion scheme
Таблица 2. Сокращения и классификация параметров, используемых в предлагаемой схеме инверсии

Type Parameter Parameterization meaning

Ro
ot

-m
ea

n-
sq

ua
re

 a
nd

 co
ef

fic
ie

nt
  

of
 v

ar
ia

nc
e 

ev
al

ua
tio

n 
pa

ra
m

et
er

s

RMSDDTB0 The Root-Mean-Square Deviation of the Directly Initiated Depth-to-Basement

RMSDDTBe The Root-Mean-Square Deviation of the Inversely Estimated Depth-to-Basement

CV–RMSDDTB
0 The Coefficient of Variation of the Root-Mean-Square Deviation of the Directly Initiated Depth-to-Basement

CV–RMSDDTBe The Coefficient of Variation of the Root-Mean-Square Deviation of the Inversely Estimated Depth-to-Basement

CV–RMSDρb0
The Coefficient of Variation of Root-Mean-Square Deviation of Directly Initiated Presumably Homogeneous 
Basement Density

CV–RMSDρbe
The Coefficient of Variation of Root-Mean-Square Deviation of Inversely Estimated Presumably Homogeneous 
Basement Density

CV–RMSDLDDb0
The Coefficient of Variation of Root-Mean-Square Deviation of Directly Initiated Lateral-Density Distribution  
of Basement Complex

CV–RMSDLDDbe
The Coefficient of Variation of Root-Mean-Square Deviation of Inversely Estimated Lateral-Density Distribution  
of Basement Complex

De
pt

h,
 d

en
si

ty
, a

nd
  

de
ns

ity
 co

nt
ra

st
 m

od
el

  
ke

y 
pa

ra
m

et
er

s

DTBa Actual Depth-to-Basement

DTB₀ Direct Initial Depth-to-Basement 

DTBe Inversely Estimated Depth-to-Basement

ρb₀ Direct Initial Presumably Homogeneous Basement Density

ρbe Inversely Estimated Presumably Homogeneous Basement Density

LDDb₀ Direct Initial Lateral-Density Distribution of the Basement Complex

LDDbe Inversely Estimated Lateral-Density Distribution of the Basement Complex

De
ns

ity
- 

co
nt

ra
st

 m
od

el
 k

ey
 

pa
ra

m
et

er
s

∆ρ(b-s)₀ Direct Initial Presumably Homogeneous Density Contrast of Basement-Sediment Interface

∆ρ(b-s)e Inversely Estimated Presumably Homogeneous Density Contrast of Basement-Sediment Interface

∆ρ(LDDb-s)₀ Direct Initial Lateral-Density Contrast Distribution of the Basement-Sediment interface

∆ρ(LDDb-s)e Inversely Estimated Lateral-Density Contrast Distribution of the Basement-Sediment interface

In
ve

rs
io

n 
pr

oc
es

s i
nn

er
 

co
ns

tr
ai

nt
 p

ar
am

et
er

s DC-shift DC-shift

Reg. offset Regional offset

Cnv. limit Convergence limit.

Flt. LHC limit Lower High Cut Filter Limit.

Flt. UHC limit Upper High Cut Filter Limit

Da
ta

 a
nd

  
da

ta
 m

is
fit

  
pa

ra
m

et
er

s

da Actual Measured Data of Bouguer Anomalies

d₀ Direct Initial Data of Bouguer Anomalies

de Inversely Estimated Data of Bouguer Anomalies

∆de Estimated Data Misfit of Bouguer Anomalies

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  
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Fig. 4. A three-stage parameterization procedure. Graphs A–C (see explanation in the text).
Рис. 4. Трехэтапная процедура параметризации. Графики А–С (объяснение в тексте).

Fig. 5. A three-stage parameterization procedure. Graphs D–F (see explanation in the text).
Рис. 5. Трехэтапная процедура параметризации. Графики D–F (объяснение в тексте).
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Fig. 6. A three-stage parameterization procedure. Graphs G–N (see explanation in the text).
Рис. 6. Трехэтапная процедура параметризации. Графики G–N (объяснение в тексте).
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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.
Рис. 7. Расчетные 2D-карты, показывающие оптимальные начальные предположения первого этапа и окончательные реше-
ния третьего этапа для 3D-моделирования глубины, плотности и контраста плотности в предложенной трехэтапной схеме 
инверсии.

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-

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. 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.
Рис. 8. 1.63 % приблизительно точных измерений для бассейна Эль-Зейт относятся к наиболее подходящей средней глубине 
белой линии, нанесенной на карту глубин фундамента третьего этапа предлагаемой схемы инверсии.

Fig. 9. Linear 2D maps, as optimal data misfit results for the proposed inversion scheme.
Рис. 9. Линейные 2D-карты как оптимальные результаты искажения данных для предложенной схемы инверсии.

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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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.
Рис. 10. Анализ данных, включающий трехэтапную схему инверсии для определения трех наиболее подходящих решений 
при корреляции с проверкой контроля качества доступных скважин.
Красные, синие и желтые линии – соответственно первое, второе и третье наиболее подходящие решения трехэтапного ме-
тода. Зеленые кружки – необходимые качественные решения. В табл. 2 приведен список сокращений.
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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.
Рис. 11. Результаты проверки контроля качества трехэтапной инверсионной модели для наиболее оптимальных глубин на 
примере 13 скважин.
При минимальном искажении данных проверка позволяет получить показатели оптимальной глубины залегания фунда-
мента (по сравнению с наибольшими глубинами) почти для всех скважин в различных осадочных пластах. Расположение 
этих скважин на карте аномалий Буге обозначено оранжевыми кружками. Табл. 2 содержит перечень сокращений.

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  

Fig. 12. 3D depth-density model at nine seismic lines.
Рис. 12. Глубинно-плотностная 3D-модель на девяти сейсмических профилях.
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Fig. 13. Mismatch of Bouguer anomalies and seismic lines.
Рис. 13. Несовпадение аномалий Буге и сейсмических профилей.

Fig. 14. Correlation between the calculated and observed Bouguer anomalies at seismic line locations.
Рис. 14. Корреляция между расчетными и наблюдаемыми аномалиями Буге в местах расположения сейсмических профилей.
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Fig. 15. Basement-sediment density-contrast interface at seismic line location.
Рис. 15. Изменение плотности на границе раздела фундамент – осадки в местах расположения сейсмических профилей.

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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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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