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Abstract
Nukhul Formation is one of the primary oil reservoirs in the Gulf of Suez Basin. Rabeh East is an oil producer field located 
at the southern border of the Gulf of Suez. The present work deals with the geophysical investigation of Nukhul Formation 
in Rabeh East field using seismic lines and well log data of four wells, namely RE-8, RE-22, RE-25 and Nageh-1. The inter-
preted seismic profiles display that the RE-8 Well is the only well drilled within the up-thrown side of a significant horst fault 
block bounded by two normal faults. However, the other wells penetrated the downthrown side. The qualitative interpretation 
of the well logging data for RE-8 Well delineated two intervals have good petrophysical parameters and ability to store and 
produce oil. These zones locate between depths 5411.5 and 5424 ft (zone I) and between 5451 and 5459.5 ft (zone II). The 
calculated petrophysical parameters for zone I display water saturation (22–44%), shale volume (10–23%), total porosity 
(18–23%), effective porosity (12–20%) and bulk volume of water (0.04–0.06). Zone II exhibits water saturation (13–45%), 
shale volume (10–30%), total porosity (18–24%), effective porosity (11–20%) and bulk volume of water (0.03–0.05). This 
analysis reflects excellent petrophysical characteristics for the sandstones of Nukhul Formation in Rabeh East oil field for 
producing oil if the wells drilled in a suitable structural closure.

Keywords  Geophysical evaluation · Well logging · Seismic interpretation · Nukhul Formation · Rabeh East oil field · Gulf 
of Suez Basin

Introduction

The Gulf of Suez is one of the oldest oil provinces all over 
the world. The Gulf of Suez Basin extends around 325 km 
from the north-western end of the Red Sea to the north 
direction between Sinai in the east and Eastern Desert in 
the west (Patton et al. 1994; El Nady et al. 2016) occupy-
ing an area about 19,000 km2. Its width differs from about 
50 km in the north to around 90 km in its southern end 
at the Red Sea (Bosworth and McClay 2001). The Gulf of 
Suez provenance is considered the greatest productive oil rift 
basin in Africa and the Middle East since it comprises more 
than 80 oil fields producing from the Precambrian to Qua-
ternary (Schlumberger 1995; El Nady et al. 2015; Moustafa 

and Khalil 2020; Alsharhan 2003; Radwan and Sen 2021; 
Radwan 2021a, b; Radwan et al. 2021a, b).

Several structural and sedimentological studies on the 
evolution of the Gulf of Suez rift have been done due to 
the existence of well-exposed and well-dated syn-rift strata 
in addition to the large amounts of exploration data on this 
region (Winn et al. 2001; Radwan et al. 2020, 2021c; Rad-
wan 2021b).

The structural fault blocks initiated at the rifting time rep-
resent the main hydrocarbon traps and control the petroleum 
accumulation in the Gulf of Suez oil fields (Chowdhary and 
Taha 1987; Sultan 2002).

The syn-rift Miocene sandstones hold approximately 60% 
of oil reserves in the Gulf of Suez Basin, and the residual is 
mostly present in the Nubia Formation (Peijs et al. 2012).

Nukhul Formation is considered the main heavy oil pro-
ducer from the Early Miocene at the Gulf of Suez region 
because of its highly fractured nature (Temraz and Dypvik 
2018). But it also represents high quality hydrocarbon reser-
voirs in more than fifteen oil fields at the Gulf of Suez region 
(Saoudi and Khalil 1984).
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The area of study situated between latitudes 27° 9′ 36.3″ 
N to 27° 17′ 0.7″ N and longitudes 33° 39′ 16.8″ E to 33° 
47′ 56.1″ E at the southern portion of the Gulf of Suez area 
(Fig. 1). Rabeh East field holds several drilled wells. The 
sandstones of Nubia and Matulla formations display good 
petrophysical parameters for oil production at Rabeh East 
oil field. They exhibit thick net pays, high effective porosity, 
low shale volume and low water saturation (Abd El Gawad 
et al. 2016; Sarhan and Basal 2019). Moreover, the carbon-
ate of Rudeis Formation represents one of the oil-bearing 
reservoirs in Rabeh East Field (Sarhan 2020).

As a result, the current work aims to conduct a geophysi-
cal assessment of the Nukhul Formation in order to add new 
reserves to the existing reservoirs in Rabeh East field. The 
interpretation of seismic and well log data was used to con-
duct this geophysical assessment.

Geologic setting

The Gulf of Suez provenance is a rift formed in the Early 
Miocene due to the divergent movement between the African 
plate and the Arabian plate. This movement created series 
of normal faults particularly NW–SE to NNW–SSE trend-
ing (Patton et al. 1994; Bosworth et al. 2005). These faults 
transferred to the north-west and affected the Late Mio-
cene sequence at the Nile Delta area (Sarhan et al. 2014). 
The Gulf of Suez district is complicated in its structural 
and depositional patterns due to the superimposing of the 

syn-rift faults over the pre-rift structures (Abul Karamat and 
Meshref 2002).

The faulted blocks at the Gulf of Suez rift bounded pri-
marily by NW normal faults which are connected to each 
other by NNE-, NE- and WNW-oriented faults (Abd-Allah 
et al. 2014).

The syn-rift Miocene rocks in the Gulf of Suez area 
change laterally from clastics (conglomerate and sandstone) 
to more deeper sediments (sandstone, marl, shale, limestone 
and evaporates) towards the rift axis (Bosworth and McClay 
2001). Tilting of the pre-rift blocks made the Miocene rocks 
resting on the different pre-rift units and vary in lithologies 
and thicknesses (Abd-Allah et al. 2014).

The stratigraphic section based on the mud logs of 
the examined wells in Rabeh East Field starts with the 
pre-Cretaceous Nubia Formation which overlain by the 
Cretaceous Matulla and Sudr formations. This section is 
topped by the Paleocene Esna Shale Formation and then 
the Eocene Thebes Formation. However, the Miocene rock 
units includes from base to top: Nukhul Formation, Rudeis 
Formation, Kareem Formation, Belayim Formation, South 
Gharib Formation and Zeit Formation (Fig. 2). Based on the 
available wells, Nukhul Formation is composed of mainly of 
sandstones and shale beds intercalated with limestones and 
evaporated interbeds (Fig. 3).

The lower clastic interval of the Nukhul Formation 
deposited in shallow marine conditions (Schutz 1994; Abd 
El Gawad et al. 2016) and partially filling submarine gul-
lies that transported debris from uplifted areas (Temraz 
and Dypvik 2018). However, some portions of Nukhul 
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Fig. 1   a Regional map represents the location of Rabeh East field at the southern margin of Gulf of Suez Basin. b Study area with seismic pro-
files and well locations
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Formation possibly deposited in deep marine environment 
(McClay et al. 1998).

The Early Miocene Nukhul Formation is the first syn-rift 
rock unit in the in the Gulf of Suez area (Temraz and Dypvik 
2018). Its type section located at Wadi Nukhul in the central 
eastern portion of the Gulf of Suez. It is generally composed 
essentially of conglomerates, sandstones, shale and marl, 
limestones and evaporites (Abd El Hafez et al. 2016; Temraz 
and Dypvik 2018). In outcrops at the west of the Hurghada 
area, the lowermost syn-rift conglomerates referred as the 
Abu Gerfan Formation (Bosworth and McClay 2001).

Data and methodology

The existing geophysical data in this study comprise twenty 
seismic sections covering the study area of Rabeh East 
oil field at the southern margin of the Gulf of Suez Basin 
(Fig. 1a). These seismic profiles have been tied to four wells 
drilled in the study area: Rabeh East-25 (RE-25), Rabeh 
East-22 (RE-22), Rabeh East-8 (RE-8) and Nageh-1 wells 
as shown in Fig. 1b. The wireline logs for the four wells 
are also accessible including calliper, gamma ray, sonic, 
microspherical resistivity, deep resistivity, density, neutron 

Fig. 2   Lithostratigraphic units at West Hurghada district including Rabeh East field (after Abd El Hafez et al. 2016)
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Fig. 3   Mud log displays the Nukhul Formation in RE-8 Well. Note that the red rectangles outline the most promising hydrocarbon-bearing zones 
between depths 5411.5 and 5424 ft (zone I) and between 5451 and 5459.5 ft (zone II)

Fig. 4   Petrophysical data with interpretation for the Nukhul Formation in RE-8 Well representing the highly promising characteristics for oil 
production in zone I and zone II (outlined by red rectangles)
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porosity and photoelectric logs as presented in Fig. 4 and 
Tables 1 and 2. The mud logs for the four wells are also 
available. Each mud log comprises the drilling rate and 
lithology in addition to the ditch gas analysis and the oil 
shows which are helpful in referring to the hydrocarbon-
bearing zones (Fig. 3).

The performed techniques in the current work have been 
done through mud log, seismic and well log appraisal for 
Nukhul Formation in Rabeh East field. At first, mud logs for 
the four wells have been treated qualitatively for distinguish-
ing the possible hydrocarbon-bearing zones within Nukhul 
Formation. The seismic sections have been also inspected to 
examine the locations of the four drilled wells relative to the 
interpreted normal faults affected the Rabeh East oil field. 
The well log data have been examined to calculate the most 
important petrophysical parameters for the zones of inter-
est using Techlog Software. These parameters include shale 
volume (VShale), total porosity (ΦT), effective porosity (ΦE), 
water saturation (Sw) and bulk volume of water (BVW).

Shale volume (Vsh)

The amount of shale in the inspected intervals has been 
determined based on gamma ray log as a linear response 
using the equation of Asquith and Gibson (1982):

where Vsh is the shale volume; GR is the gamma ray reading 
value; grmin is the lowest gamma ray value; and grmax is the 
maximum gamma ray value.

Total porosity (ϕT)

Total porosity indicates the total volume of voids in a rock 
even primary or secondary in source. ϕT has been calculated 
from the neutron–density logs using the following formula 
after Asquith and Gibson (1982):

where ΦT is the total porosity; ΦN is the neutron porosity; 
and ΦD is the density porosity.

The neutron porosity (ΦN) is the reading of the neutron 
log which measures the hydrogen concentration in a reser-
voir. In clean (i.e. shale-free) reservoir where the porosity 
is filled with oil or water, the neutron log measures liquid 
filled porosity (ΦN). However, the density porosity (ΦD) can 
be determined using the following formula:

where ΦD = density derived porosity; ρma = matrix density; 
ρb = formation bulk density (the log reading) which is a 
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function of matrix density, porosity and density of the fluid 
in the pores (freshwater mud, saltwater mud or hydrocar-
bons); and ρfl = fluid density.

Effective porosity (ϕe)

The effective porosity measures only the interconnected 
voids within which fluids can be transmitted (Asquith and 
Gibson 1982). It has been determined by the following 
equation:

where; ϕe is the effective porosity; ϕT is the total porosity; 
and Vsh is the shale volume.

Water saturation (Sw)

The Indonesia model (Poupon and Leveaux 1971) has 
been applied to calculate water saturation for the exam-
ined zones. This model used in case of shaly reservoir as in 
the current case since the shale volume varies between 10 
and 30%. In this model, water saturation can be calculated 
from the following equation:

where Sw is the water saturation; Vsh is the shale volume; 
ϕe is the effective porosity; Rsh is the shale resistivity; Rt is 
the deep resistivity; Rw is the connate water resistivity (set 
equals 0.019 Ω m2 /m according to Ganoub El-Wadi Petro-
leum Company); m  is the cementation exponent (set equal 
2); n  is the saturation exponent (set equal 2); and a is the 
tortuosity factor (set equal 1).

Bulk volume of water (BVW)

The bulk volume of water is an important parameter in 
evaluating the reservoir zones. BVW is the result of water 
saturation times porosity. If the calculated BVW values are 
low and constant in a specific zone, this zone is predictable 
to produce water-free hydrocarbon. It can be determined 
by applying the following equation (after Buckles 1965):

where ϕe is the effective porosity and Sw is the water 
saturation.
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Results and discussion

Mud logging analysis

The qualitative explanation of the mud logs revealed that 
only the sandstones of Nukhul Formation at RE-8 Well 
showing optimistic criteria for holding hydrocarbon. These 
positive signs include the high values of the ditch gas analy-
sis in addition to the presence of oil shows opposite two 
zones intervals located between depths 5411.5 and 5424 ft 
(zone I) and between 5451 and 5459.5 ft (zone II) as shown 
in Fig. 3.

The Nukhul sandstones of the examined zones have been 
described in the mud log report in Fig. 3 as loose, colour-
less, off-white, yellow white, moderate- to course-grained, 
occasionally very fine-grained, sub-rounded to sub-angular, 
moderately sorted with calcareous cement. All of the previ-
ous characteristics reflect the good textural maturity of the 
entire sandstones. Moreover, these sandstones show spotty 
brown oil stain with fast pale yellow stream cut (Fig. 3).

Seismic interpretation

The horizon corresponds to the top of Nukhul Formation 
in the seismic profiles and displays that RE-8 Well drilled 
within a clear horst structure bounded by two normal faults. 
The other surroundings wells (RE-22, RE-25 and Nageh-1 
wells) were drilled in the downthrown sides (i.e. lower in 
elevation than RE-8 Well) of the interpreted faults as dis-
played in Figs. 5 and 6.

Accordingly, only the suite of the wireline logs of RE-8 
Well has been quantitatively assessed comprising the cal-
culations of different petrophysical parameters essential 
for describing the hydrocarbon potentiality for expected 
reservoirs.

Geophysical log evaluation

Visual log evaluation

The visual scanning for the wireline logs of Nukhul For-
mation in RE-8 Well showing that the promising intervals 
(zone I and zone II) as shown in Fig. 4 exhibit good borehole 
condition where the density correction is zero (Track 1 in 
Fig. 4).

The two examined zones are characterized by the occur-
rence of small amount of shale which is evidenced by the 
low gamma ray curve (Track 1 in Fig. 4) with values varies 
between 32 and 50 API (Tables 1 and 2). The sonic log 
shows values ranging between 78 and 88 μs/ft (Track 2 
in Fig. 4). The deep resistivity values varies from 4 to 26 

Ωm2/m with displaying a significant separation between the 
deep resistivity and microspherical resistivity as displayed 
in Track 3 in Fig. 4. The photoelectric curve displays value 
around 2 b/e reflecting the relatively clean nature of the 
examined sandstone (Track 4 in Fig. 4), the neutron and 
density curves displaying the crossover feature reflecting the 
sandstone matric (Track 5 in Fig. 4).

Therefore, the visual examination based on well log-
ging data declared that the two zones intervals display the 
supreme positive criteria for the presence of hydrocarbon in 
RE-8 well. These optimistic criteria comprise the variation 
in the resistivity curves since the deep resistivity exceeds 
the microspherical resistivity. Also, porosity logs (i.e. den-
sity and neutron porosity) exhibit high porosity values that 
range between 18 and 24%. The neutron–density cross-plot 
of Schlumberger (1972) for zone I and zone II within Nukhul 
Formation in Rabeh East-8 Well shows clearly these high 
porosity values (Fig. 7). Moreover, both intervals have low 
shale contents since the calculated volume of shale in these 
zones varies only between 10 and 30% (Tables 1 and 2).

Figures 8, 9, 10, 11 show cross-plots that display the sig-
nificant difference between the examined zones (I and II) 
and the rest of Nukhul Formation in RE-8 Well confirming 
the special characteristics of these two intervals within the 
sandstones of Nukhul Formation.

Quantitative log evaluation

Additional mathematical calculations have been performed 
for zone I and zone II by calculating the most important 
petrophysical parameters used in evaluating hydrocarbon 
reservoirs including the effective porosity, the water satura-
tion and the bulk volume of water as displayed in Tables (1 
and 2).

In zone I, shale volume varies between 0.10 and 0.23, 
total porosity differs from 0.18 to 0.23, the effective poros-
ity fluctuates between 0.12 and 0.19, and the values of water 
saturation fluctuates between 0.21 and 0.44 (Table 1). How-
ever, in zone II, shale volume varies between 0.10 and 0.30, 
total porosity ranges among 0.18–0.24, the effective porosity 
ranges between 0.11 and 0.20, and the values of water satu-
ration fluctuates between 0.13 and 0.45 (Table 2).

Pickett plot

Pickett plot (Pickett, 1972) has also been constructed for 
the studied zones in Fig. 12. This plot displays the relation 
between the deep resistivity (Rt) on the x-axis and the effec-
tive porosity (Φe) on the y-axis on logarithmic scales. The 
all plotted points representing the examined zones are clus-
tered and located less than Sw = 50% line representing the 
hydrocarbon potentiality of both zones because the hydro-
carbon saturation expected to be more than 50%. This result 
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matches the calculated water saturation values which reflects 
the accuracy of mathematical calculations and the impor-
tance of these zones for being oil-bearing zones.

Bulk volume of water

In zone I, the bulk volume of water is between 0.04 and 0.06 
(Table 1). However, in zone II, the bulk volume of water is 
between 0.03 and 0.05 (Table 2).

The bulk volume of water at the irreducible case in sand-
stone reservoirs (i.e. expectable to yield water-free oil) 
depends on the grain size. If sand grains are moderate- to 
coarse-grained as the sand grains in the present case, the 

BVW values should vary between 0.02 and 0.035 (Asquith 
and Gibson 1982; Fertl and Vercellino 1978; Asquith 1985).

The bulk volume of water values for zone I and zone II 
within the Nukhul Formation in RE-8 Well varies between 
0.03 and 0.06 (Tables 1 and 2); therefore, it is expected 
that they will produce oil with water. The production data 
for RE-8 Well confirm this result since the yield oil from 
Nukhul sandstones in this well equals 590 barrel of oil per 
day from the total production of 655 barrel per day. Accord-
ingly, the examined sandstones produce 65 barrel of water 
per day (i.e. 655–590 barrel/day). Water cut (W.C.) is a ter-
minology that refers to the water which produces with oil in 
oil-producing reservoirs. So, the water cut in the examined 

Fig. 5   Interpreted east–west seismic cross-line No. 849 displays the 
horst structure in the study area. Note that the top of Nukhul Forma-
tion (dotted red line) exhibits a clear raised fault block bounded by 

two normal faults (solid red lines) for Rabeh East-8 Well relative to 
the surroundings wells (Rabeh East-22 Well and Nageh-1 Well)



2886	 Journal of Petroleum Exploration and Production Technology (2021) 11:2877–2890

1 3

Fig. 6   Interpreted north–south seismic in line No. 3189 displays the horst structure in the study area. Note that the top of Nukhul Formation 
(dotted red line) exhibits a clear raised fault block bounded by two normal faults (solid red lines) for Rabeh East-8 Well

Fig. 7   Neutron–density cross-plot (after Schlumberger 1972) for zone I and zoneII within Nukhul Formation in Rabeh East-8 Well
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zones equals only 9.9%, confirming that zone I and zone II 
are oil-bearing zones of high quality.

Conclusions

The detailed petrophysical analysis for the sandstones of 
Nukhul Formation in RE-8 Well at Rabeh East oil field 
revealed that the zones locate between depths 5411.5 and 
5424 ft (12.5 ft thick) and between 5451 and 5459.5 ft (8.5 

ft thick) have very good reservoir characteristics for oil 
production. These characteristics including the high total 
porosity (18–24%) and high effective porosity (11–20%) in 
addition to the low water saturation (13–45%), low shale vol-
ume (10–30%) and low bulk volume of water (0.03–0.06).

The available production data confirm the present analy-
sis reflecting the excellent petrophysical parameters for the 
sandstones of Nukhul Formation in Rabeh East oil field. But 
this depends on whether the location of the drilled well pen-
etrates a suitable structural closure (structural highs) or not.

Fig. 8   Gamma ray–photoelectric plot for Nukhul Formation in Rabeh East-8 Well. Note: Points highlighted by blue colour represent zone I and 
zone II with low gamma ray values reflecting the clean nature of their entire sandstones (i.e. low shale content)

Fig. 9   Deep resistivity–photoelectric plot for Nukhul Formation in Rabeh East-8 Well. Note: Points highlighted by blue colour represent zone I 
and zone II with high deep resistivity values reflecting the presence of hydrocarbon in these zones
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Fig. 10   Density–photoelectric plot for Nukhul Formation in Rabeh East-8 Well. Note: Points highlighted by blue colour represent zone I and 
zone II with low density values reflecting the presence of porosity and oil in these pzones

Fig. 11   Density–total porosity plot for Nukhul Formation in Rabeh East-8 Well. Note: Points highlighted by blue colour represent zone I and 
zone II with low density and high porosity values reflecting the promising nature for the examined zones
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