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Abstract
Facies of rifting basins reflect different depositional environments from deep to shallow conditions. The present study focuses 
on subsurface facies characterization and source rock assessment of Kareem and Rudeis rocks in six wells lying in the cen-
tral Gulf of Suez. The distribution of the lithologic patterns delineated through several constructed facies maps. Porosity 
cross-plots of Kareem and Rudeis formations to determine the rock minerals and porosity attitudes. Rock–Eval pyrolysis 
was applied to determine the kerogen type, organic matter richness, percentage, and maturation of the source rocks. The 
greater depth of the two formations was reflected in the western parts while their stratigraphic thickness increases toward 
the east and the north directions, with decreasing thickness towards the west direction due to an underlain basin structure 
of the pre-Miocene. Isolith maps show three deep marine lithologies for the two formations with the anhydrite as a fourth 
shallow marine lithology in the Kareem Formation only. These lithofacies reflect the turnover from the deep to the shallow 
depositional environment. The facies change from a main shaly limestone in the Rudeis Formation to calcareous shale in 
the Kareem formation, indicating transmutation from the lower Miocene deep to the middle Miocene shallow marine envi-
ronments. The cross-plots reflected the existence of limestone, shale, and anhydrite. Geochemically, both formations are 
marginally good source rock with a marginally good generation of mixed type II/III and type III. Accordingly, Rudeis and 
Kareem formations could be good reservoirs rather than being potential source rocks in the central Gulf of Suez.

Keywords Miocene rocks · Source rock · Geochemical analysis · Rudeis and Kareem formations · Cross-plot

Introduction

The Lithofacies analysis explains the relationship between 
the sedimentary grains and the depositional environment 
conditions as well as the organofacies relevance to the 
amount and kind of organic materials in the depositional 
environment. Consequently, the non-marine source of 
hydrocarbon is completely different from that of deltaic 
and marine sources whether shale or carbonate source rock, 
and this is proved by several parameters that geochemically 

illustrated. The successions of the Miocene in the central 
Gulf of Suez are shallow to open marine environments 
affected mainly by the structure framework developed 
through the Early-Middle Miocene time (Lashin and El 
Naby 2014). Organic-rich source rocks and good quality 
reservoir rocks found in the lower-middle Miocene sedi-
ments of Gharandal Group (Nukhul, Rudeis, and Kareem 
formations). These sediments are superimposed by the Ras 
Malaab Group (Belayim, South Gharib, Zeit formations) 
which, comprises mostly of evaporite, salt, and anhydrite 
deposits formed during the Middle-Upper Miocene and 
provide excellent regional cap rocks for Miocene reservoirs 
rocks from syn-rift periods (El Khadragy et al. 2016).

The organic abundance, kerogen category, and thermal 
progress in the Gulf of Suez were investigated to ascer-
tain the probabilities of hydrocarbon generation by various 
authors, such as Mohamed et al. (2013) and Hadad et al. 
(2021). Five potential horizons of source rock through the 
Late Cretaceous–Miocene successions suggested by El 
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Diasty and Peters (2014) based on Rock–Eval data and total 
organic carbon (TOC). The objectives of our work accom-
plished the following: (1) integrate the lithostratigraphic pat-
terns by constructing isopach, depth, isolith, and lithofacies 
stratigraphic maps; (2) evaluate mineralogy, rock matrix, 
and porosity using binary and tri-porosity (M–N) cross-plot 
of the Rudeis and Kareem formations at the well R-5A; this 
is accomplished using neutron, sonic, and density logs as 
they are immediately affected by the matrix composition; 
and (3) use the obtainable geochemical data to define the 
kind of carbon-based matter, the organic enrichment, and 
establishing the thermal maturity of the source rocks.

Geologic setting

The Gulf of Suez rift basin has very substantial geologic 
characteristics due to its structural implication, Sedimento-
logical environments, and hydrocarbon potentialities. The 
diversity of structural implications reflected the rift tecton-
ics and lead to the establishment of the Gulf of Suez and 
the Red Sea (Shazly et al. 2013). According to geophysical 
and geological evidence, the central part of the Gulf of Suez 
exhibits many elongated, narrow depositional troughs. It is 

cut by a complex system of faults that range from N-S to 
NNE-SSW, as well as E-W trending normal faults along the 
rift boundaries and within the rift basin and NE trending 
strike-slip faults that transverse the Gulf basin. The study 
area lies between longitudes 33° 00 and 33° 18′ E and lati-
tudes 28° 40′ and 28° 50′ N (Fig. 1). The Ramadan oil field 
is significant in the Gulf of Suez. It covers about 2850 acres 
(11.5  km2) in the offshore, middle province of the Gulf of 
Suez basin, 174 km southeast from Suez City (El Shazly and 
Garossino 1991).

 Three major tectonic rifting episodes caused the genera-
tion of a thick sedimentary succession in the Gulf of Suez 
rifting basin, which spans from the Paleozoic to the Ceno-
zoic. These rifting episodes reflected three lithostratigraphic 
mega-sequences: a pre-rift (Paleozoic–Eocene) sequence, 
a syn-rift (Oligocene–Miocene) sequence, and a post-rift 
(Pliocene–Holocene) sequence (El-Ghali et al. 2013). The 
reservoirs of the Gulf of Suez span from Cambrian Nubian 
sandstone to the Miocene formations, with an individual 
field, reserve up to 1 million barrels from some oil/gas 
fields in the Gulf of Suez (Fig. 2). These successions vary 
in thickness, hydrocarbon potential, lithology, areal spread-
ing, and sedimentation environment. The pre-Miocene 
sediments comprise Paleozoic to Lower Cretaceous Nubian 

Fig. 1  Location map of the studied area, central Gulf of Suez, Egypt
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sandstones capped by upper Cretaceous to Eocene carbon-
ates and minor clastics. It is considered a petroleum-rich 
source rock due to the existence of the organic matter in 
carbonate and clastics sedimentary rocks. The carboniferous 
Ataqa group (Abu Durba and Rod El Hamal formations) 
consider good sources furnish the uppermost hydrocarbon 
reservoirs. The two major lithologic units represented in the 
overlying Miocene sediments are clastic sequences overlain 
by a series of evaporites where many reservoirs are consider-
able in the pre-Miocene sediments. The majority of the oil 
in the Gulf of Suez comes from the Miocene clastics unit 
which provides both source rocks and pays horizons, while 
the middle of Miocene evaporites deposits ensure a respect-
able seal for the traps developed through rifting juncture 
(Radwan 2020). Several potential source rocks are alter-
nating from upper Cretaceous to Miocene (El Diasty et al. 
2014). Numerous source rock suggestions fit the complex 
geological setting of the Gulf of Suez rift region, in which 
sediments are subjected to diverse geological circumstances 
which affected depositional environments through facies and 
lithology variations, propagation in the deepness of bury-
ing, and the organic matter richness. The Gulf of Suez is 
segregated with two accommodation zones (Zaafarana and 
Morgan accommodation zones) into three massive hydro-
carbon territories with the alternating polarity of strata dip 
direction. The three territories arranged from north to south 
are Darag, Belayim, and Zeit territories. The central one 
(Belayim territory) where the area of study lies, is the most 
productive hydrocarbon province in Egypt (Fig. 3). It pro-
vides a promising future oil exploration in this region (Van 
Dijk et al. 2020). 

Hughes et al. (1992) categorized the Rudeis Formation to 
differentiated lower and upper sedimentation behavior, with 
a borderline that coincides with the mid-Clysmic tectonic 
event, which is frequently visible in borehole gamma-ray 
logs. Moreover, the Mheiherrat, the Hawara, the Asl, and 
the Mreir are another Members segmentation of the Rudeis 
formation ranked by Schütz (1994). Its thickness and com-
position are variable due to sedimentation processes in a 
rapidly subsiding fault-controlled basin, as a clear thickness 
variation of the Rudeis Formation is reflected through the 
wells understudy. It consists mainly of sandy shales and 
calcareous shales with Globigerina shales and marls occur-
ring choppy (Nabawy et al. 2019). Containing deep-water 
foraminifera and Globigerina marls and shales of the basinal 
facies, the Rudeis Formation reflects an open marine deposi-
tional environment as it is considered the richest oil source 
rocks, deposited under the most favorable structural condi-
tions (Makky et al. 2010 and Sallama et al. 2019).

The Kareem Formation is segmented by EGPC (1964) 
into Markha Member (Rahmi Member) and the overlying 
Shagar Member. Furthermore, the foraminifera biostrati-
graphically dates the Kareem Formation as a Middle 

Miocene age. The Shagar Member is represented by fos-
siliferous shales, marls, limestone intercalations, and minor 
sandstone. Through the beginning of Langhian time, a 
regional marine regression along the Gulf of Suez lead to the 
deposition of a thin anhydrite bed at the Rahmi member with 
an oscillating presence due to lateral facies changes (Radwan 
and Sen 2020). The Kareem and the Rudeis formations were 
recorded on the rift shoulders and north in the current gulf’s 
tip. It is also worth mentioning that the two formations show 
excellent sand reservoirs with porosities ranging from 11 to 
24%, showing or even producing oil from many fields. As 
reservoirs, The Rudeis and Kareem formations limestone 
and sandstone reserve about 20% and 23%, respectively, of 
production potential in the Gulf of Suez.

Materials and methods

The thickness changes and depth distribution for different 
successions and facies have a main role in petroleum source 
rock and reservoir rock assessment. The wells data used in 
this study are the composites and normal electric logs of 
gamma-ray, sonic, deep resistivity logs for the Rudeis and 
the Kareem formations in four wells (R-34, R-17A, R-5A, 
R-30), with the neutron and density logs, run in R-5A 
well only. The geochemical report of the Rudeis and the 
Kareem formations in WFB-1 and GS197-2 wells for the 
geochemical analysis for the sediments of the two forma-
tions as source rocks in these wells. Through our work on 
the lower-middle Miocene sediments in the north of Rama-
dan oil field, the Rudeis and the Kareem formations were 
lithologically and geochemically analyzed using these data. 
Correlation cross section (chart), relief maps, isopach maps, 
isolith maps, and lithofacies maps made for the studied rock 
units, using the technique of Krumbein and Sloss (1963). A 
directed NW–SE stratigraphic correlation chart reflecting 
the differences in the formations depths, thickness, and the 
laterally changed facies either by sedimentation or struc-
tural effect also illustrates the increasing and decreasing in 
certain types of rocks like shales, limestone, and sandstone 
percent’s which in turn leads to clear identification for the 
different depositional environments of the source and reser-
voir rocks. The stratigraphic correlation chart helps in locat-
ing the proposed structural lineaments and features positions 
and attitudes like faults and folds. It will lead to constructing 
the structural setting of the area under study that affects the 
syn-rift sedimentation circumstances which guided us to the 
correct interpretations for the depth change behavior through 
the relief map, the thickness propagation through the isopach 
maps, and the presences of the different facies and litholo-
gies in the under investigation through the isolith and facies 
maps (Table 1).
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Using thin sections, we can directly differentiate between 
all lithologies as a reservoir evaluation substantial step (Dott 
1964). Moreover, we can use well logging relations and 
cross-plots indirectly as a lithology determination method. 
Applying porosity logs data, the binary and tri-porosity 
(M–N) cross-plots for the two formations in the R-5A well 
were accomplished using Schlumberger charts (2009) for 
rock type and mineral composition identification. The differ-
ent rock minerals can be distinguished using the three poros-
ity logs (neutron, density, and sonic) cross-plotted with each 
other as it is influenced by matrix components. It is easy to 
limit the porosity and assess the matrix characteristics of 
the Formation encountered from the reading of two or three 
porosity logs.

Furthermore, all ninety cutting samples of the previously 
mentioned formations in WFB-1 and GS197-2 wells sched-
uled the highest and lowest values for every 10 consecu-
tive samples (Table 2). This work focuses on quantitative 
and qualitative analyses, as the interpretation of the source 
rock. Quantitative analysis determines the total organic car-
bon (TOC). Qualitative analysis identifies the nature of the 
organic matter from Rock–Eval pyrolysis and the percent-
ages of organic matter present in the kerogen of the source 
rocks (Rudeis and Kareem formations). The stage of matura-
tion of organic matter is detected by the calculated vitrinite 
reflectance (R0%) as it is the most commonly used method 
(Waples 1985), and Rock–Eval pyrolysis data as Tmax 
and production index (PI) for Lower Miocene rock units 
occurred in the area around the studied wells, at the central 
part of the Gulf of Suez.

Thirty-one samples represented the Rudeis Formation, 
which consists of shale, sandstone, and trace limestone 
were analyzed from the GS197-2 well (Table 3). Fifty-nine 
samples were analyzed from the Rudeis and Kareem forma-
tions from the WFB-1 well composed of 33 samples for 
the Rudeis Formation and 26 samples for Kareem Forma-
tion, which consists of shale, sandstone, and subordinate 
limestone (Table 4). The results are represented by various 

parameters such as total organic carbon (TOC %) describes 
the quantity of organic carbon in a rock sample and includes 
both kerogen and bitumen (Hunt 1996). Using LECO 
SC-632, the crushed rock samples geochemically analyzed 
to determine TOC content. About 0.2 g of the sample is 
carefully weighed and placed in a ceramic crucible and then 
treated with 10% concentrated hydrochloric acid to remove 
carbonates, washed with distilled water more times, dried, 
combusted with pure oxygen in a LECO SC-632 carbon 
analyzer at about 1450 centigrade. Carbon dioxide  (CO2) 
created by the combustion of organic matter in the sam-
ple is quantitatively measured utilizing an infrared detector. 
The pyrolysis analyses have been achieved by applying the 
Rock–Eval Pyrolysis technique (Espitalié et al. 1977) for the 
samples that have a TOC % more than 0.5. Pyrolysis results 
were represented by different parameters such as the con-
tents of volatile hydrocarbons  (S1 peak) liberated at tempera-
tures less than 300 °C and pyrolytic hydrocarbons  (S2 peak) 
liberated throughout the temperature-programmed pyrolysis 
at temperatures ranging from 300 to 600 °C (Espitalié et al. 
1985). The  S1 and  S2 peaks are articulated in milligrams of 
hydrocarbons per gram of rock (mg/g) and  S3 peak symbol-
izes the amount of  CO2 created by pyrolysis of the organic 
matter and is uttered in  CO2 in mg/rock in g (mg/g). All 
these parameters are applied in the current investigation to 
calculate the hydrogen index (HI = mg HC/g TOC) and oxy-
gen index (OI = mg  CO2/g TOC); generating potential (GP) 
is the summation of  S1 and  S2, and type of hydrocarbons 
products (QI =  S2/S3) (Behar et al. 2001; Carvajal-Ortiz and 
Gentzis 2015).

Results and discussion

Miocene facies (lower‑middle)

The syn rifting sediments characterized by different thick-
nesses for the same horizon as the sedimentary succession of 

Table 1  Thicknesses and ratios for the facies of Rudeis and Kareem formations

Well name Formation Depth (ft) Total 
thickness 
(ft)

Shale 
thickness 
(ft)

Limestone 
thickness 
(ft)

Marl 
thickness 
(ft)

Sand 
thickness 
(ft)

Anhydrite 
thickness 
(ft)

Clastic ratio Sand/shale ratio

R-34 Kareem  − 7064 493 180 115 170 0 28 2.45 0
R-17A  − 7134 430 145 110 135 0 40 1.87 0
R-5A  − 7411 379 200 144 0 5 30 1.18 0.03
R-30  − 7198 362 114 224 0 0 24 0.46 0
R-34 Rudeis  − 7557 1796 491 910 395 0 0 0.97 0
R-17A  − 7564 2020 785 680 555 0 0 1.97 0
R-5A  − 7790 1638 500 725 413 0 0 1.26 0
R-30  − 7560 1858 820 1038 0 0 0 0.79 0
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the rift basins represent a rapidly changed sedimentation rate 
affected by the structural deformation, which affects the sed-
imentation process. A stratigraphic correlation cross section 
(chart) was constructed using four of the studied wells (R-34, 
R-17A, R-5A, R-30 wells) directed NW–SE to explain the 
depth, thickness, and sedimentological environments of the 
Miocene successions. It reflects the presence of the Rudeis 
and the Kareem formations in the study area without any 
missing with slightly different depth and thickness. It shows 
that the Miocene shale and marle represent a perfect example 
of the source rock rich in organic matter as the Rudeis Glo-
bigerina marls and shales. The fossils were recorded as many 
different species at different depths (Fig. 4). It shows differ-
ent sediments in the same capricious depositional environ-
ments where the Rudeis sediments are latterly changed from 
manly fossiliferous limestone in the northwestern parts (R1-
34 well) to mainly globigerina marle and shales as reflected 
from the electric logs (gamma-ray log) which reflected high 
shale content in the southeastern parts. This indicated deeper 
sedimentation water in the southern parts than the northern 
parts for Rudeis Formation. On the other hand, the lower 
part of Kareem formation reflected a shallow (lagoon) envi-
ronment due to the major regional marine regression along 
the Gulf of Suez which resulted in the deposition of a thin 
anhydrite layer at the Rahmi member. This thin anhydrite 
bed is well represented through the understudy wells on the 
section nearly with the same thickness (Fig. 4). Fossiliferous 
shales, marls, and intermittent limestone thin beds represent 
the Shagar Member. The Kareem formation has more shale 
southward the same as the Rudeis Formation which reflects 
deep water of deposition in well R5-30 with an oscillating 
presence because of the laterally changed facies (Radwan 
and Sen 2020).

The deepness and surfaces distribution of the Miocene 
sedimentary formations are reflected through structure 
contour maps or depth maps (relief maps) as the depth of 
organic matter burial is an important agent for Creating a 
suitable thermal and non-oxygen (anoxic) environment 
for oil maturation and generation. The relief maps of the 
Rudeis and the Kareem formations show an increased depth 
in the western parts of the study area around the R-5A well 
where it recorded a maximum depth of 7411 ft. for Rudeis 
Formation and 7790 ft. for Kareem formation, respectively 
(Fig. 5a, b). This means a suitable thermal and non-oxygen 
environment for oil maturation and generation in western 
parts of the investigated area. The depth decreases towards 
the northern, eastern, and southeastern parts of the study 
area where it recoded a minimum depth of 7557 ft. for the 
Rudeis Formation and 7064 ft. with respect to the Kareem 
Formation of the R-34 well. This reflects a sedimentary 
basin with a western thicker interval (basin depocenter) and 
northern, northwestern, and western thinner low dip gradi-
ent platform margin for the Rudeis formation which inverted Ta
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slightly into high dip gradient for the Kareem Formation. 
The Rudeis Formation isopach map shows an increasing 
thickness toward the eastern part of the study area, where 
it reaches the maximum thickness of 2020 ft. at the south-
eastern part around the R-17 well. It decreases towards the 
west reaching the minimum thickness of 1638 ft. in the R-5A 
well (Fig. 6a). The isopach map of the Kareem Formation 
shows an increased thickness towards the northern part of 
the study area, recording the maximum thickness of 493 
ft. in the R-34 well. The thickness decreases towards the 
south reaching a minimum thickness of about 362 ft. in the 
R-30 well (Fig. 6b). The largest volume of the source rock is 
indicated the volume of kerogen able to produce oil and gas.

Shale isolith map of the Rudeis Formation illustrates 
that the shale thickness decreases towards the northwest 
direction as it reaches the minimum value of 491 ft. in the 
R-34 well compared to a gradual increase to maxima of ca. 
870 ft. towards the R-30 well (Fig. 7a). The marl isolith 
map illustrates that the marl thickness decreases towards 
the south as it reaches a minimum value of 40 ft. within 
the R-30 well. The thickness increases towards the north-
east with a maximum value of 555 ft. in the R-17A well 
(Fig. 7b). The limestone isolith map illustrates that the 
limestone thickness decreases towards the northeast until it 
reaches a minimum value of 680 ft. around the R-17A well 
(Fig. 7c). It increases towards the south, reaching a maxi-
mum value of 1038 ft. around the R-30 well. The anhydrite 

Table 3  Results of TOC and Rock–Eval pyrolysis of Rudeis Formation in GS197-2 well, Central Gulf of Suez, Egypt

TOC, total organic carbon, wt. %;  S1, free hydrocarbons content, mg HC/g rock;  S2, remaining hydrocarbons generative potential, mg HC/g 
rock;  S3, carbon dioxide yield, mg  CO2/g rock; HI, hydrogen index =  S2 × 100/TOC, mg HC/TOC; OI, oxygen index =  S3 × 100/ TOC, mg 
 CO2/g TOC;  Tmax = temperature at maximum of  S2 peak; PI, production index =  S1/(S1 +  S2); calculated Ro = vitrinite reflectance measure-
ment = ((0.018 ×  Tmax) − 7.16)

Well Fm. name Depth (ft) TOC wt% S1 (mg/g) S2 (mg/g) S3 (mg/g) Tmax HI OI QI PI GP RO

GS197-2 well Rudeis Fm 799 1.04 0.32 2.21 2.67 431 213 257 0.8 0.1 2.5 0.6
804 1.23 0.21 1.71 2.51 431 139 204 0.7 0.1 1.9 0.6
809 1.01 0.25 2.43 2.02 433 241 200 1.2 0.1 2.7 0.6
813 0.86 0.18 1.36 2.16 428 158 251 0.6 0.1 1.5 0.5
818 0.91 0.16 1.51 1.91 430 166 210 0.8 0.1 1.7 0.5
823 0.92 0.15 1.05 3.41 431 114 371 0.3 0.1 1.2 0.6
827 0.92 0.28 1.72 2.2 430 187 239 0.8 0.1 2 0.6
832 0.8 0.29 1.56 2.39 430 195 299 0.7 0.2 1.9 0.6
837 0.88 0.18 1.28 3 428 146 341 0.4 0.1 1.5 0.5
841 0.98 0.26 2.22 2.42 430 227 247 0.9 0.1 2.5 0.6
846 0.96 0.2 2.07 2.23 432 216 232 0.9 0.1 2.3 0.6
850 0.91 0.2 1.71 2.7 429 188 297 0.6 0.1 1.9 0.6
855 1 0.24 1.92 2.41 431 192 241 0.8 0.1 2.2 0.6
860 0.81 0.2 1.2 3.19 431 148 394 0.4 0.1 1.4 0.6
864 1.06 0.25 1.8 3.08 432 170 291 0.6 0.1 2 0.6
869 0.98 0.28 2.29 2.06 433 234 210 1.1 0.1 2.6 0.6
874 1.01 0.2 1.79 2.45 434 177 243 0.7 0.1 2 0.7
878 0.97 0.33 2.36 2.16 431 243 223 1.1 0.1 2.7 0.6
883 0.83 0.27 2.11 1.96 429 254 236 1.1 0.1 2.4 0.6
888 1 0.36 3.03 1.93 432 303 193 1.6 0.1 3.4 0.6
892 0.98 0.26 2.57 1.66 432 262 169 1.5 0.1 2.8 0.6
897 0.84 0.28 1.93 2.33 429 230 277 0.8 0.1 2.2 0.6
902 1.08 0.28 2.74 1.84 432 254 170 1.5 0.1 3 0.6
906 1 0.28 2.08 2.15 434 208 215 1 0.1 2.4 0.7
911 1.2 0.28 2.4 2.47 432 200 206 1 0.1 2.7 0.6
916 0.94 0.22 1.65 3.5 433 176 372 0.5 0.1 1.9 0.6
920 1.17 0.41 3.2 2.2 433 274 188 1.5 0.1 3.6 0.6
925 1.01 0.37 1.96 3.63 432 194 359 0.5 0.2 2.3 0.6
930 0.85 0.23 1.87 2.66 435 220 313 0.7 0.1 2.1 0.7
934 0.67 0.33 1.05 3.14 427 157 469 0.3 0.2 1.4 0.5
939 0.42 0.27 0.56 3.18 419 133 757 0.2 0.3 0.8 0.4
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Table 4  Results of TOC and Rock–Eval pyrolysis of Kareem and Rudeis formations in WFB-1 well, Central Gulf of Suez, Egypt

Well Fm. name Depth (ft) TOC (wt%) S1 (mg/g) S2 (mg/g) S3 (mg/g) Tmax HI OI QI PI GP RO

WFB-1 well Kareem Fm 708 1.01 0.22 3.2 1.65 425 317 163 1.9 0.1 3.4 0.4
711 1.12 0.24 3.05 1.74 427 272 155 1.8 0.1 3.3 0.5
714 1.19 0.23 3.16 1.39 426 266 117 2.3 0.1 3.4 0.5
717 0.93 0.23 2.43 1.97 425 261 212 1.2 0.1 2.7 0.5
719 0.8 0.17 2.04 2.17 427 255 271 0.9 0.1 2.2 0.5
722 0.95 0.17 2.4 1.62 430 253 171 1.5 0.1 2.6 0.6
725 1.01 0.21 2.92 2.01 426 289 199 1.5 0.1 3.1 0.5
728 1.1 0.23 3.64 1.83 428 331 166 2 0.1 3.9 0.5
731 1.08 0.16 2.85 1.9 431 264 176 1.5 0.1 3 0.6
733 1.08 0.24 3.7 1.88 427 343 174 2 0.1 3.9 0.5
736 0.96 0.22 2.78 2.19 429 290 228 1.3 0.1 3 0.6
739 0.97 0.2 2.07 2.45 426 213 253 0.8 0.1 2.3 0.5
742 0.83 0.24 1.68 2.53 427 202 305 0.7 0.1 1.9 0.5
745 0.64 0.19 1.6 1.41 429 250 220 1.1 0.1 1.8 0.5
747 0.97 0.17 1.86 1.5 432 192 155 1.2 0.1 2 0.6
750 1.03 0.18 2.23 2.13 427 217 207 1 0.1 2.4 0.5
753 0.8 0.2 2.35 2.6 426 294 325 0.9 0.1 2.6 0.5
756 1.13 0.2 3.74 1.7 427 331 150 2.2 0.1 3.9 0.5
758 0.5 0.21 1.52 1.07 425 304 214 1.4 0.1 1.7 0.5
761 0.48 0.18 0.93 0.92 428 194 192 1 0.2 1.1 0.5
764 0.82 0.18 1.92 1.94 428 234 237 1 0.1 2.1 0.5
767 0.89 0.16 2.16 1.65 428 243 185 1.3 0.1 2.3 0.5
770 0.81 0.2 1.95 1.72 430 241 212 1.1 0.1 2.2 0.6
772 0.99 0.28 2.69 1.85 425 272 187 1.5 0.1 3 0.5
775 0.52 0.21 0.77 1.08 422 148 208 0.7 0.2 1 0.4
778 0.44 0.35 1.28 1.18 421 291 268 1.1 0.2 1.6 0.4

Rudeis Fm 781 0.88 0.16 2.2 1.39 431 250 158 1.6 0.1 2.4 0.6
784 0.86 0.16 1.97 1.72 431 229 200 1.1 0.1 2.1 0.6
786 0.82 0.18 2.08 1.76 431 254 215 1.2 0.1 2.3 0.6
789 0.57 0.22 1.52 1.94 430 267 340 0.8 0.1 1.7 0.6
791 0.5 0.14 1.14 1.07 421 228 214 1.1 0.1 1.3 0.4
794 1.21 0.18 2.74 1.85 431 226 153 1.5 0.1 2.9 0.6
798 1.04 0.2 3.16 1.84 431 304 177 1.7 0.1 3.4 0.6
800 0.39 0.29 2.97 1.93 430 762 495 1.5 0.1 3.3 0.6
803 0.77 0.17 1.64 1.68 430 213 218 1 0.1 1.8 0.6
806 0.43 0.27 1.28 1.87 427 298 435 0.7 0.2 1.6 0.5
809 0.73 0.2 1.75 1.68 430 240 230 1 0.1 2 0.6
811 0.67 0.17 1.32 1.78 429 197 266 0.7 0.1 1.5 0.6
814 0.68 0.18 1.16 1.86 429 171 274 0.6 0.1 1.3 0.6
817 0.68 0.21 1.37 1.77 427 202 260 0.8 0.1 1.6 0.5
822 0.91 0.3 2.05 2.88 427 225 317 0.7 0.1 2.4 0.5
825 1.09 0.32 1.6 2.08 429 147 191 0.8 0.2 1.9 0.6
828 0.92 0.2 1.45 1.31 430 158 142 1.1 0.1 1.7 0.6
830 0.7 0.28 1.04 1.28 428 149 183 0.8 0.2 1.3 0.5
833 0.72 0.32 1.58 1.72 429 219 239 0.9 0.2 1.9 0.6
836 0.57 0.22 0.84 1.1 427 147 193 0.8 0.2 1.1 0.5
839 0.56 0.22 0.82 1.13 426 146 202 0.7 0.2 1 0.5
842 0.66 0.22 0.95 0.7 427 144 106 1.4 0.2 1.2 0.5
845 0.32 0.14 0.26 0.66 425 81 206 0.4 0.4 0.4 0.5
848 0.35 0.21 0.63 0.41 421 180 117 1.5 0.3 0.8 0.4
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isolith map of the Kareem Formation (Fig. 8a) illustrates 
that the anhydrite thickness decreases in the direction of 
the south and southwest, recording 24 ft. in the R-30 well. 
It increases towards the east with a maximum value of 40 ft. 
around the R-17A well. The limestone isolith map (Fig. 8b) 
illustrates that the limestone thickness decreases towards 
the east as it reaches a minimum value of 110 ft. in the 
R-17A well. The thickness increases towards the south and 
reaches a maximum thickness of 224 ft. in the R-30 well. 
The marl isolith map (Fig. 8c) shows that the marl thickness 
decreases towards the south and southwest as it vanishes in 
the R-5Aand R-30 wells. It increases towards the north and 
northeast and reaches a maximum value of 170 ft. in the 
R-34 well. The shale isolith map of the Kareem Formation 
(Fig. 8d) illustrates that shale thickness decreases towards 
the south and southeast until it reaches a minimum value of 
114 ft. at the R-30 well. It increases towards the north and 
northwest with a maximum value of 200 ft. in the R-5A well 
(Radwan 2020). Through Fig. 9a, the lithofacies distribution 
map of the Rudeis Formation reveals that the sediments are 
composed chiefly of shaley limestone and calcareous shale 
displaying deep marine circumstances (Lashin and El-Naby 
2014). The lithofacies distribution map of the Kareem For-
mation shows that the sediments are mainly composed of 
limestone and shaly limestone, indicating shallow to deep 
marine sedimentations settings as shown in (Fig. 9b).

Matrix analysis

Cross-plots are a convenient way to demonstrate how vari-
ous combinations of logs respond to lithology and poros-
ity, where the facies maps introduce a detailed lithological 
study (El Khadragy et al. 2016). The matrix composition 
has a direct effect on the neutron, sonic, and density logs. 
In our work, we applied the binary and tri-porosity cross-
plots of the Rudeis and Kareem reservoir data in the R-5A 
well using logs data and Schlumberger charts (Schlumberger 
2009). The relation between density-neutron logs is affected 
by sandstone, dolomite, and limestone as reservoirs when 

they cross-plotted with each other, besides shale and evapo-
rates. All neutron involvement is limestone apparent poros-
ity. Shale impact can be noticed on the cross-plot, where the 
shale impacts are concentrated in the southeast quadrant of 
the cross-plot (Poupon and Leveaux 1971). The effect of the 
light hydrocarbons and gas through the zone of investigation 
make porosity of the density log expand and porosity from 
the neutron log to decrease, where northwest shifted data 
from the limestone line but is still parallel to the porosity 
lines. The neutron-density cross-plots in Rudeis and Kareem 
formations reflect the existence of limestone, sand, and shale 
with different proportions.

Figure 10a represents the cross-plot that shows the rela-
tionship between neutron and density for the Rudeis For-
mation, revealing that most of the plotted points are con-
centrated around the limestone reflecting a porosity ranging 
from 7 to 23% and some points are indicating the shale. 
This may signify the existence of shale and limestone matrix 
lithologies. There is no influence of gas effect. Figure 10b 
elucidates limestone facies and points located on shale for 
the Kareem Formation, with porosity of more than 20%. 
This may indicate the existence of shale, limestone matrix 
lithologies (Al Muhaidib et al. 2012). Shale influence can 
be remarked on the plot, where the shale influences tend to 
be in the southeast quadrant. The observation of the effect 
of gas where some points have moved upwards. Salt and 
anhydrite are represented with zero-porosity points in the 
southwest quadrant of the cross plot.

Sonic-neutron plots differentiate limestone, quartz, and 
dolomite. Saleh et al. (2021) represented that the sonic log 
responds to primary porosity and largely ignores vuggy 
porosity and fractures; the influence of secondary poros-
ity is shown on the cross-plot. Involving the sonic log, sec-
ondary porosity will displace the points from the correct 
lithology line and indicate something less than the total 
porosity (Jafri et al. 2016). The sonic-neutron cross-plot in 
lower Miocene sediments reflects the existence of limestone, 
shale, and sandstone with different proportions (Fig. 11a, 
b). The majority of the readings are limestone and some 

Table 4  (continued)

Well Fm. name Depth (ft) TOC (wt%) S1 (mg/g) S2 (mg/g) S3 (mg/g) Tmax HI OI QI PI GP RO

851 0.48 0.21 0.57 0.58 428 119 121 1 0.3 0.8 0.5
864 0.33 0.16 0.4 0.93 425 121 282 0.4 0.3 0.6 0.5
878 0.49 0.29 0.77 0.71 425 157 145 1.1 0.3 1.1 0.5
881 0.51 0.27 0.93 0.8 426 182 157 1.2 0.2 1.2 0.5
884 0.33 0.16 0.58 0.19 431 176 58 3.1 0.2 0.7 0.6
890 0.36 0.23 0.57 0.32 428 158 89 1.8 0.3 0.8 0.5
892 0.34 0.2 0.45 0.36 429 132 106 1.3 0.3 0.7 0.6
903 0.34 0.35 0.69 0.38 433 203 112 1.8 0.3 1 0.6
906 0.37 0.13 0.07 0.41 433 19 111 0.2 0.7 0.2 0.6
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Fig. 2  Generalized stratigraphic column of the central Gulf of Suez (El Diasty et al. 2019)
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points reveal sandstone and shale with the existence of 
anhydrite. Cross-plots of sonic-density are advantageous 
for causal evaporite minerals such as anhydrite, gypsum, 
and salt. Several log data points show it is corresponding to 
various mixtures of anhydrite, salt, and dolomite. The sonic-
density cross-plot implies the existence of shale, anhydrite, 
and limestone with diverse proportions (Fig. 12a, b). Most 
points are concentrated around the limestone while some 
points are presented around sandstone and shale.

The M–N cross-plot is an old but effective technique 
for determining lithology. The (M–N) cross plot or three-
dimensional (3-D) cross-plot often called litho-porosity 
cross-plot and is used to identify mineral types in the 
matrix. The three porosity logs readings were combined 
to yield M and N parameters, which are independent of 

porosity. M and N are computed by the following formula: 
M = ((Δtf − Δt)/(ρb − ρf)) × 0.01, where Δtf is the transit 
time of the saturation fluid, ρb is the density log read-
ing, and ρf is the fluid density; N = (ΦNf − ΦN)/(ρb − ρf), 
where ΦNf is the hydrogen index of the fluid and ΦN 
the neutron log reading. For saline mud, Δtf = 184 µs/
ft, ρf = 1.1 gm/cc and ΦNf = 100% (Burke et al. 1969). 
Figure 13a and b show the mineralogical composition 
of the Rudeis and Kareem reservoirs. Utmost the points 
fill in between calcite, quartz, and anhydrite. This may 
indicate the presence of mixed lithologies. The Kareem 
Formation is syn-rifting sediments that reflect fluctuat-
ing of some readings up signifying, a secondary porosity 
manifestation. The last distorted points are strewed and 
shifted downwards as a result of the shale effects. Also, 

Fig. 3  Generalized Gulf of 
Suez massive tectonic provinces 
(modified after Moustafa, 1976)
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Fig. 4  Lithostratigraphic correlation cross section of the Miocene succession of Ramadan oil field using electric logs

Fig. 5  Relief maps of a Rudeis Formation and b Kareem Formation
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the influence of gas shows in shifting a few points to the 
upright corner of the diagram.

Source rock characteristics

TOC results for the Rudeis and Kareem formations in the 
WFB-1 and GS197-2 wells vary from poor to good organic 
content. The Rudeis Formation reflected a poor to good 
organic matter potential where the TOC content ranged from 
0.33 to 1.21 wt.% in the WFB-1 well and 0.42 to 1.23wt. 
% in the GS197-2 well (Fig. 14a, b). The Kareem Forma-
tion also reflected the same rating in the WFB-1 well, with 
TOC content ranging from 0.44 to 1.19 wt. % (Fig. 14a). 
According to Peters and Cassa (1994), Rock–Eval pyrolysis 
data results of  S1 values reflected that the Rudeis Forma-
tion samples at the WFB-1 and GS197-2 wells have free 
hydrocarbon  S1 values ranging from 0.13 to 0.35 mg/g and 
0.15 to 0.41 mg/g, respectively. It shows indigenous hydro-
carbon present (Fig. 15a, b). The Kareem Formation in the 
WFB-1 well has  S1 values ranging from 0.16 to 0.35 mg/g, 
which reflect indigenous hydrocarbon presence (Fig. 15a). 
The presentation of  S2 values for Rudeis Formation at the 
WFB-1 and GS197-2 wells is shown in Fig. 16a, b where the 
 S2 values range from 0.07 to 3.16 mg/g and 0.56 to 3.2 mg/g, 
respectively. It shows type III gas-prone and mixed type II/
III oil–gas-prone. The  S2 values of the Kareem Formation 
in well WFB-1 range from 0.77 to 3.74 mg/g, which reflects 

a mixed type II/III oil–gas prone, and type III gas-prone 
(Fig. 16a). Hunt (1996) ranked hydrocarbon quality index as 
(QI) between 2 and 5 for oil/gas-prone, > 5 for oil-prone, and 
is < 2 for gas-prone organic matter (Gogoi et al. 2008). The 
quality index of hydrocarbons (QI) for the Rudeis Formation 
ranged from 0.2 to 3.1 in the WFB-1 well and from 0.2 to 
1.6 in the GS197-2 well, respectively (Fig. 17a, b), indicat-
ing mainly gas-prone organic matter. The QI for the Kareem 
Formation fluctuates from 0.7 to 2.3, which indicates mainly 
gas (Fig. 17a).

The HI and OI values for Rudeis Formation at the 
WFB-1 well range from 19 to 762 mg HC/g TOC and 
58 to 495  mg HC/g  CO2, respectively. It ranges from 
169 to 757 mg HC/g TOC and 114 to 303 mg HC/g  CO2, 
respectively, at the GS197-2 well, indicating type III gas-
prone and mixed type II/III kerogen (Fig. 18a, b). For the 
Kareem Formation at WFB-1 well, the HI and OI values 
range from 148 to 343 mg HC/g TOC and 117 to 325 mg 
HC/g  CO2, respectively (Fig. 18a). This denotes a potential 
source rock for generating type III and mixed type II/III 
kerogen (Jackson et al. 1985). The relationship between 
TOC % and HI for Rudeis and Kareem formations at 
the WFB-1 wells indicates that the oil potential of these 
formations is a fair source rock (Fig. 19a). The relation-
ship between TOC % and HI for the Rudeis Formation 
at the GS197-2 well (Fig. 19b) indicates that gas and /
or oil source and gas pron. The pyrolysis  Tmax values of 

(a) (b)

Fig. 6  Isopach maps of a Rudeis Formation and b Kareem Formation
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Fig. 7  Isolith maps of Rudeis Formation. a Shale isolith. b Marl isolith. c Limestone isolith
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Fig. 8  Isolith maps of Kareem Formation. a Anhydrite isolith. b Limestone isolith. c Marl isolith. d Shale isolith
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Fig. 9  Lithofacies maps of a Rudeis Formation and b Kareem Formation

(a) (b)

Fig. 10  Neutron–density cross-plot of a Rudeis Formation and b Kareem Formation in R-5A well
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the investigated samples in the Rudeis Formation at the 
WFB-1 and GS197-2 wells range from 421 to 433 °C and 
419 to 435 °C; respectively. This indicates that the inves-
tigated source rocks are (immature biogenic and immature 
oil) mixed type II/III and type III (Fig. 20a, b). Figure 20a 
shows the  Tmax values of Kareem Formation which, range 
from 421 to 432  °C reflecting immature biogenic and 
immature oil mixed type II/III and type III (Carvajal-Ortiz 
and Gentzis 2015).

Kerogen’s thermal maturity is predominantly based on 
the vitrinite reflectance (Ro %),  Tmax values, and PI. The 
PI of the Rudeis Formation at the WFB-1 and GS197-2 
wells ranges from 0.1 to 0.7and 0.1 to 0.3, respectively. It 
fluctuates from 0 to 0.2 for Kareem Formation at WFB-1 
well, as the relationship between the PI and  Tmax reveals 
an immature to marginally mature source rock (Fig. 21a, 
b). Figure 22a and b show the relationship between the cal-
culated Ro% and HI for the Kareem and Rudeis formations 
at the WFB-1 and GS197-2 wells which indicates mixed 
type II/III and type III gas-prone source rocks. Tables 2, 
3, and 4 reflect that the generation potential of the Rudeis 
and Kareem formations (GP) ranges from 0.2 to 3.4 mg 
HC/g and 0.8 to 3.6 mg HC/g rock, respectively. These 

data reveal that the organic richness of these formations 
fluctuates from non-source to poor generation potential. 
The generation potential of the Kareem Formation fluctu-
ates from 1.0 to 3.9 mg HC/g rock. These data expose that 
the organic richness of the Kareem Formation varies from 
poor to moderate GP.

Conclusions

The stratigraphic chart reflects a deeper sedimentation 
water in the southern parts for the Rudeis Formation and 
lagoonal lower part of Kareem formation reflecting a shal-
low environment due to the major regional marine regres-
sion along the Gulf of Suez that resulted in the deposition 
of a thin anhydrite layer at the Rahmi member. The Kareem 
formation has more shale southward the same as the Rudeis 
Formation. The relief maps of the Rudeis and the Kareem 
formations show an increased depth in the western parts, 
which, reflect a suitable environment for oil maturation, 
and generation in these parts of the investigated area. This 
reflects a sedimentary basin with a western depocenter 
and northern, northwestern, and western low dip gradient 

(a) (b)

Fig. 11  Neutron–sonic cross-plot of a Rudeis Formation and b Kareem formation in R-5A well

634   Page 16 of 22 Arab J Geosci (2022) 15: 634



1 3

(a) (b)

Fig. 12  Sonic–density cross-plot of a Rudeis Formation and b Kareem Formation in R-5A well

(a) (b)

Fig. 13  M–N cross-plot of a Rudeis Formation and b Kareem Formation in R-5A well
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platform margin for the Rudeis formation, which inverted 
slightly into a high dip gradient for the Kareem Forma-
tion. The Rudeis Formation thickness increases towards 
the east and decreases towards the west. The thickness of 
the Kareem Formation expands towards the north, while 

it diminishes towards the southern parts of the investiga-
tion area.

Lithofacies map shows that the sediments consist of 
shaley limestone and calcareous shale facies, indicat-
ing a shallow to deep marine depositional environment. 

Fig. 14  Cross-plot of variations 
of TOC content with depth in a 
Rudeis and Kareem formations 
in WFB-1 well and b Rudeis 
Formation in GS197-2 well, 
Central Gulf of Suez, Egypt

(a) (b)

Fig. 15  Cross-plot of Rock–
Eval  S1 versus TOC (wt %) of a 
Kareem and Rudeis formations 
in WFB-1well and b Rudeis 
Formation in GS197-2 well, 
Central Gulf of Suez, Egypt

(a) (b)

Fig. 16  Cross-plot of Rock–
Eval  S2 versus TOC (wt %) of a 
Kareem and Rudeis formations 
in WFB-1 well and b Rudeis 
Formation in GS197-2 well, 
Central Gulf of Suez, Egypt

(a) (b)
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The binary porosity cross plot and tri-porosity cross plot 
(M–N) of Rudeis and Kareem reservoir data in R-5A well 
indicate the presence of limestone, shale, sand, and anhy-
drite with different proportions with porosity fluctuat-
ing from 7 to 25%. The Kareem Formation is immature 

and has a non-source to poor generating capability for 
both oil and gas. The Rudeis Formation in the WFB-1 
and GS197-2 wells is immature with few samples that are 
mature having non-source to poor generating capability 
for both oil and gas. The Kareem Formation in the WFB-1 

Fig. 17  Cross-plot of quality 
index  (S2/S3) versus depth for a 
Kareem and Rudeis formations 
in WFB-1 well and b Rudeis 
Formation in GS197-2 well, 
Central Gulf of Suez, Egypt

(a) (b)

Fig. 18  Cross-plot of OI versus 
HI (Espitalié et al. 1985) for 
different kerogen types in a 
Kareem and Rudeis formations 
in WFB-1 well and b Rudeis 
Formation in GS197-2 well, 
Central Gulf of Suez, Egypt (a) (b)

Fig. 19   Source rock charac-
terization based on HI and 
TOC (Jackson et al. 1985) for a 
Kareem and Rudeis formations 
in WFB-1 well and b Rudeis 
Formation in GS197-2 well, 
Central Gulf of Suez, Egypt

(a) (b)
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well is immature to marginally mature source rock, which 
has non-source to poor generating capability for both oil 
and gas. It lies within the early generation window of oil. 
The subsurface and source rock characterization results 
of the investigated succession reflected that the lower 

Miocene sediments north of the Ramadan oil field are 
non-source to poor source rocks.
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