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ABSTRACT

In the West Delta Deep Marine (WDDM) concession many important gas reservoirs have been
recently discovered. To improve the possibility of discovering new natural gas resources, an
integrated prediction method approach is used in this study to identify the deep-water gas
reservoirs. Post-stack seismic coloured inversion and the spectral decomposition attribute,
combined with composite logs of five wells, are used to indicate the lateral and vertical
variations of the gas channels in El Wastani Formation. Data conditioning and petrophysical
analysis are performed. Both techniques help and improve visual evidence to detect gas
channels. Coloured inverted seismic profile show relatively low impedance zones represent
the gas channels. Spectral decomposition attribute solves the problem related to thin gas-sand
layers through three different frequency magnitude values. The spatial distribution of the gas-
channels properties indicates a good calibration at the well location with the effective porosity
in the range of 15-35%. Comparing the results of the coloured seismic inversion with the
spectral decomposition attribute, the low-frequency range through the spectral decomposi-
tion analysis is consistent with the low impedance values represents the gas channels.
Furthermore, the methodology followed in the current study is advantageous to identify the
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gas reservoirs in various basins with similar geological settings.

1. Introduction

Pettingill and Weimer (2002) clarified the impor-
tance of the exploration in the deepwater for a new
hydrocarbon. The West Delta Deep Marine
(WDDM) concession 1is located in the East
Mediterranean Sea at around 50-100 km west off-
shore, Egypt, and covers 6150 km2 of the Northwest
margin of the Nile cone. The production in this area
represents around two-thirds of the gas production
in Egypt. In the Nile Delta province, approximately
88 Trillion Cubic Feet (TCF) of gas reserves have
already been discovered includes new significant
discoveries such as the Zohr field. Geological infor-
mation of the Nile delta is still insufficient and need
more exploration activities in the future because of
the limited subsurface data. Gas is originated and
trapped at stratigraphic traps extending from the
Lower Miocene to the Lower Pliocene. Multitrillion
cubic feet of new gas discoveries in the east, centre,
and west offshore Nile Delta Basin over the last few
years (Barsoum et al. 2002; Niazi and Dahi 2004).
Reilly (2016) pointed out the difficulty of the identi-
fication of deep-water reservoirs which represents
a challenge where the depositional system with
more complexity and limited exploration level.
Seismic inversion and different classes of seismic

attributes analysis are two significant techniques to
depict reservoir characteristics (Pendrel, 2006a;
Chopra and Marfurt 2007). The WDDM concession
(Figure 1) was obtained in 1995 by both BG Group
and Edison Gas.

Stratigraphic hydrocarbon reservoirs are often in
the form of sand deposits associated with channels.
Therefore, the identification of channels by using
modern techniques important to improve seismic
data imaging and interpretation. Khalid et al. (2014)
pointed out the importance of separating the gas-
saturated sand intervals from different lithologies
from the interpretation of seismic data. Khalid and
Ghazi (2013) described the complexity to distinguish
and discriminate between the payable hydrocarbon
interval from non-payable intervals by using the tradi-
tional seismic data interpretation. For this reason,
different techniques are used together to give the best
results. At the scarab field there are two main chan-
nels, were classified based on their age where channel 2
is older than channel 1. Both channels have the same
depositional environments but with different trending
directions (Figure 1).

Ozdemir (2008) explained the importance of the
coloured seismic inversion as a fast and accurate tech-
nique to convert the original reflectivity of different

CONTACT Amir Ismail @ amir_ismail@science.helwan.edu.eg @ Department of Geology, Faculty of Science, Helwan University, Cairo, Egypt

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0003-1167-0483
http://orcid.org/0000-0002-8191-9566
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/20909977.2020.1768324&domain=pdf&date_stamp=2020-05-21

460 A. ISMAIL ET AL.

572000 576000

1050000
1048000
1046000

1044000

1042000
S

Y-axi

1040000

1038000

1036000

1034000

1032000

572000 576000

580000

580000

X-axis

19000m 4

28.5 29 295 30 30.5
|

East Mediterranean Sea

31

West Delta Deep
Marine Concession

Latitude

584000

Scarab-Da

584000

315 32 325 33 335

325
32

315
=
© 305

(-30

31

285 29 295 305 315
) Longitude
0 100 200km

Figure 1. Map of Egypt show the location of West Delta Deep Marine (WDDM) concession with locations of five wells and the 2D-
seismic arbitrary line (AB) used in the study with yellow colour, modified after Ismail et al. 2020b.

seismic features, horizons, and geological structures
data into a rock and layer property based on its impe-
dance. Different rock’s elastic properties can be com-
puted through the petrophysical properties by using
saturation, porosity, and lithology logs such as gamma
ray log through the analysis. Seismic coloured inver-
sion proceeds obviously better and faster than tradi-
tional seismic inversion methods like model-based
inversion and band-limited inversion methods
(Lancaster and Whitcombe 2000b). Moreover, other
seismic inversion methods are more expensive and not
proceeded routinely by the user. Traditional seismic
inversion methods are expensive, require specialists,
and performed routinely without pursuit from the
interpreter, whereas Seismic Coloured Inversion
(SCI) is rapid and robust (Chung and Lawton 1995).
The post-stack seismic acoustic impedance inversion
is widely used to predict quantitatively and identify
qualitatively reservoirs characterisations (Gholami

2016). The coloured inversion with great importance
in the hydrocarbon exploration strategy as it is work-
ing without needing a background model and it can
discriminate between the layer boundaries of soft and
hard rock formations along fluid fill pattern of the
subsurface geology (Datta Gupta and Gupta 2017).

In the SCI method, the input seismic data with zero
phase, and use an operator (O) in the time domain to
transform seismic traces (S) into impedance (I);
(I = O*S). This operator can be used with the seismic
data through the convolution algorithm to define the
amplitude spectrum into the impedance spectrum of
subsurface different layers. This operator has a — 90°
phase (Neep 2007). Hence, the operator integrates the
reflectivity series into impedance. Pendrel, (2006b)
analysed carefully various seismic and well log spectra
to detect the coloured inversion operator that used to
transform the seismic trace to an average impe-
dance log.



The inverted seismic data is strongly based on both
user-defined bandwidth of the seismic data and the
precision computation and extraction of the initial
low-frequency impedance model (Ghosh 2000; Ten
Kroode et al. 2013). To retrieve and enhance the values
of the absolute impedance, the low frequencies values
that lost from the seismic data are often regained after
the interpolation of low-pass-filtered impedance well
log data supported by the information from both
interpreted horizons and different seismic features
(Hansen et al. 2008; Karimi et al. 2017).

Castagna et al. (2003) applied a similarity track
decomposition technique for instantaneous spectral
analysis to identify and track low-frequency shadows
at the bottom interface of hydrocarbon reservoirs. The
Spectral Decomposition (SD) approach is of great
importance in the thin hydrocarbon reservoirs identi-
fication from the seismic data (Goloshubin et al. 2014).
Rastogi (2013) extracted discrete-frequency energy
cubes by using windowed spectral analysis which can
be used to identify and interpret the reservoir’s char-
acteristics. Hardy et al. (2003) demonstrated that the
average frequency characteristics delivered from seis-
mic data are fitting firmly with shale volume in
a specific region. The 2D seismic profile can produce
helpful SD analysis using short windows for trans-
forming and displaying the frequency spectra.

Identification of the hydrocarbon-bearing reser-
voirs in the Nile Delta Basin represents a challenge
with high expected risk (Mohamed et al. 2015; El
Khadragy et al. 2017; Ismail et al. 2020a; Ismail et al.
2020b). Therefore, in this paper, we present an inte-
gration between the full stack SCI and SD attribute
combined with the wireline logs of Scarab-Dd, Scarab-
Da, Scarab-De, Scarab-2, and Scarab-1 wells are used
to reduce the exploration risk of the identification of
deep-water gas channels.

2. Geology of the area

The thickness of the Early Miocene in the west to east of
the central part, offshore, Nile delta is affected by the
extension of block faulting and the erosion of the upper
interface during the Late-Middle Miocene uplift (EGPC
1994). Source rocks are formed in the Late Mesozoic to
Early Miocene sediments (Vandré et al. 2007) and in the
Upper Cretaceous black shales that saturated with high
Total Organic Content (TOC) represent high-quality
source rocks (Abdel Aal et al. 2000).

Abdel Aal et al. (2000) described the major struc-
tural setting of the WDDM area shows that it is a fault-
bounded block with the complex interplay among
three main fault trends; the southwest-northeast
trending Rosetta fault which is the largest in the
WDDM region and it is orientated extensional to
strike-slip. Wells used in this study (Figure 1) reaches
the Upper Miocene, and for this reason, the available
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data that demostrate the geologic history for pre-
Lower Miocene based on the recent studies which
provide more information interpreted from the grav-
ity and seismic surveys about Nile Delta.

Moreover, the structural behaviour has been stu-
died by many authors (e.g. Saleh 2013; Hanafy et al.
2017). Emphasis on clear investigating the offshore
Nile Delta Basin, based on structure, hydrocarbon
potential, and stratigraphy (e.g. Wescott and Boucher
2000; Marten et al. 2004). The Neogene-Quaternary
sediments (Figure 2) are classified into three deposi-
tional cycles; a Miocene cycle is represented by Sidi
Salim, Qawasim, and Rosetta formations; a Pliocene-
Pleistocene other cycle is represented by Abu Madi,
Kafr El Sheikh, El Wastani, sand beds intercalated with
shale (Rizzini et al. 1978), and Mit Ghamr formations;
and an uppermost Holocene cycle is represented by
Bilgas Formation (Schlumberger 1984; Abu El-Ella
1990).

3. Methodology

Identification of thin gas zones and channels using 2D
post-stack seismic data analysis is very challenging in
West Delta Deep Marine (WDDM). The thickness of
sandstone reservoir intervals at different zones along
the area is close to the resolution limit of the seismic
data. In this study, the analysis was supported by
different logs of five wells (Scarab-Dd, Scarab-Da,
Scarab-De, Scarab-2, and Scarab-1). The petrophysical
analysis is performed for two wells (Scarab-Da and
Scarab-De) and proved as productive wells with
a suite of wireline logs such as Vp sonic log, resistivity,
and gamma-ray. Seismic data conditioning, Wavelet
extraction, and synthetic seismograms were extracted
to have an accurate tie and pick Bilgas/Mit Ghamr
Formation, El Wastani Formation, channels 1 and 2
and geological structures before starting the coloured
seismic inversion and spectral decomposition analysis.
The overall analysis scheme for coloured seismic
inversion analysis is summarised in (Figure 3).

3.1. Seismic to well tie

In the first step, check-shot correction and the extrac-
tion of a statistical wavelet has been done to create
synthetic seismograms using the 2D post-stack seismic
data supported by all five wells. This is used to detect
the corrected depth to TWT of all formation tops on
seismic data. The wavelet provides an optimum seis-
mic to well log tie has a characteristic phase, fre-
quency, and amplitude which represent the main
parameters through the seismic interpretation using
advanced techniques like seismic attributes and seis-
mic inversion analysis. The seismic wavelet is com-
monly obtained using statistical method (Nanda
2016). This process requires comparing the real
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Figure 2. Nile delta stratigraphic column (Younis et al. 2015).

seismic data and well-logs responses with the synthetic
trace (Figure 4). Chopra and Sharma (2016) shows
that if the calibration results provide a good matching
through the correlation with fresnel zone parameter
consideration, then the seismic can be in terms of
geology. If the calibration results were not accurate,
Therefore, the interpretation of seismic data still with
major uncertainty. The process of statistical wavelet
extraction wuses auto-correlation, and implies
a constant phase defined by the user. A zero-phase is
assumed as the seismic processing would have per-
formed that by convolving the seismic data to an
inverse filter that converts the estimated wavelet in
the data into an equivalent of zero-phase. The
extracted wavelet phase has a reversed SEG polarity
(Figure 4). The extraction of a statistical wavelet is

performed in the time window where the seismic
and synthetic reflectivity match reliably. A constant
600 ms computation window (between 1700 ms to
2300 ms), 200 ms in length with a taper of 25 ms.
Subsequently, a synthetic seismogram is created using
the same parameters (Figure 4).

3.2. Petrophysical analysis

Prediction of Gas channels is carried out by analysing
the composite logs of two wells (Scarab- Da and
Scarab-De) (Figures 5 and 6). Shale volume (V)
helps to discriminate between the reservoir and non-
reservoir rock (Schlumberger 1984). V, is calculated
from gamma ray log by the formula (Equation 1)
below (Asquith and Gibson 1982):



NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS . 463

, _ Corrected Post-stack Formation
[Welllogdata] [ check shot ] {seismicdata] [ tops ] ]
\
}
[ Wavelet
L[ Picking Horizons M avepeslsr ][ Synthetic seismograms ]
¥
Build initial model ]
!
-

[ Density initial model ][P-waveinitial model][ P-Impedance initial model ]

\

¥

(
[ Amplitude spectrum of well logs ]

\[ ;

Amplitude spectrum of seismic ]

=)

Calculate the
Operator
spectrum

Average

Impedance
spectrum

[ Final colored cross-section of the )
inverted impedance )

Figure 3. Flow chart outlining the steps of the coloured seismic post-stack inversion workflow performed in this study.
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Figure 4. An example of the well-tie of Scarab-De well. The blue seismic traces are the calculated synthetic and the red represents
the real seismic data using statistical wavelet with time response on top and the phase is constant 180 degrees for post-stack

seismic data.

GRlog — GRyin

IGgp = ——08 — ~min
Gk~ GRmax —GR,;,

(Equationl)

where Igr = gamma ray index, that can be related and
corrected to shaliness.
GRy,g = gamma ray reading of formation; GRyn
minimum gamma ray; GRpx maximum
gamma ray.

Neutron-density (porosity) logs are used to calculate
the total porosity (Schlumberger 1984), whereas the

effective porosity (PHIE) is calculated and corrected
for shale volume. Water saturation S,, is calculated to
estimate the hydrocarbon saturation of the targeted
intervals. Indonesian equation is used to calculate the
water saturation by Equation (2) (Worthington 1985):

Sw'/? (Equation2)
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where Sw = water saturation; Rt = true formation
resistivity; Vcl = shale volume; Rcl = shale resistivity;

de = effective porosity; Rw = formation water
resistivity; m = cementation exponent; a = tortuosity
factor.

3.3. Seismic interpretation

Six horizons are structurally and stratigraphically
interpreted after well to seismic tie and checkshots
correction, including seabed surface (Bilqas/Mit
Ghamr Formation), El Wastani Formation, top and
base of Channel 1, and top and base of Channel 2. All
horizons are smoothed and checked previously, the

layers between horizons are built to be consistent
with the depositional sequence (Figures 7).

3.4. Coloured inversion

The seismic coloured inversion can transform the seis-
mic data into several coloured layers based on its rock
physical properties. These properties are represented by
the density, velocity, and acoustic impedance. Various
methods of seismic inversion have been defined each
with its advantages and disadvantages. Input data
required for an inversion include time/depth-migrated
pre/post-stack data, a convenient wavelet, initial earth
models, and picked horizons in TWT (Veeken and Da
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seismic tie. The location of this traverse is shown in figure 1.

Silva 2004). The approach of using several seismic inver-
sions is either deterministic or probabilistic in nature.
The coloured inversion represents one of the best deter-
ministic methods based on a special filtering technique.
This technique provides higher detectability in impe-
dance with respect to normal post-stack seismic data
(Dai et al. 2004). In the inversion window, the amplitude
spectrum of the log is compared with that of the seismic
dataset. Thereafter, the operator is designed bringing the
seismic amplitudes corresponding to those in the wells.
This operator is posteriorly applied to the whole seismic
data (Lancaster and Whitcombe 2000a). The operator is
derived by computing the acoustic impedance and plot it
against frequency for all wells in the area (Figure 8a).
Furthermore, extract a fit regression line to the amplitude

spectrum of the AI to represent the real subsurface
impedance spectrum (Figure 8b). Computing the seismic
spectrum from the nearest seismic traces to all wells.
Consequently, both spectra used to derive the operator
spectrum which transforms the seismic spectrum into
the average impedance spectrum. Finally, the final spec-
trum is combined with a — 90° phase shift to create the
required operator in the time domain (Figure 6c). The
calculated operator in the frequency domain is repre-
sented in Figure 6(d).

A linear fit is performed as a shaping filter to calculate
an exponential function (fa) (Velzeboer 1981).
Thereafter, the filter can transform the seismic data into
an assumed acoustic impedance equivalent. The hypoth-
esis is made that the input seismic data with zero-phase.
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Quality of the correlation of the inverted results
between the P-impedance, synthetic and seismic data
using the inversion algorithm for all wells is illustrated
in Figure 9 which shows good correlation values at all
wells locations with an average value of correlation
equal (0.9875). The parameters used in coloured
inversion are as follows: Threshold for inverse = 2,
operator length = 200, and taper length = 50.

3.5. Spectral decomposition

Frequency analysis is an advanced and promising disci-
pline in geophysics and hydrocarbon exploration using
seismic data set frequency behaviour. Furthermore, the

Inverted Synthetic Correlation
Total Correlation = 0.897509

Y-Coordinate

frequency responses and their measurements are not
similar, so it is important to integrate other data such
as well-logs and extract suitable seismic attributes. Prior
to extracting the spectral decomposition attribute, the
Amplitude Spectrum is extracted for the full seismic
data in Figure 10, where the seismic data peak frequency
is about 30 Hz, and the frequency band is from 10 Hz to
90 Hz (Figure 8).

Frequency decomposition splits seismic trace
energy into spectral sub-bands. Thus, each input seis-
mic trace produces one output trace for each spectral
sub-band, and the input 2D seismic section produces
a separate 2D seismic section for each sub-band. In
other words, spectral decomposition is the conversion
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Figure 10. Amplitude spectrum and frequency analysis for the seismic traces. The blue line represents the graph average trace.

of seismic data into discrete frequencies/wavenumbers
or frequency/wavenumber bands. Spectral decompo-
sition (SD) is mostly used for layer thickness determi-
nations and identifying stratigraphic variations. It has
also helped identify the gas zones. Spectral decompo-
sition using different mathematical methods such as
Discrete Fourier transform (DFT) and Continuous
Wavelet Transform (CWT) can convert the seismic
data from the time into the frequency domain.

4. Results and discussion

Well-log interpretation is performed to evaluate the geo-
logical formation based upon its log response changes.
Then, the correlation between nearby five wells data
provides detailed information helpful for understanding
the sub-surface geology. Detection of the gas intervals by
various well-log analysis uses Resistivity (LLD), Gamma
Ray (GR), and Vp sonic logs of two wells are achieved.
Figures 5 and 6 shows that El Wastani Formation con-
tains thin intervals of clean sands with minor shale con-
tent. Generally, the petrophysical analysis of Scarab-De
well (Figure 5) shows that channel 1 is characterised by
high resistivity and porosity as well as low water satura-
tion and volume of shale values with a clear cross over in
the neutron-density logs with good separation which
may be due to the high gas content while channel 2 is
characterised by lower resistivity and porosity values in
comparison to channel 1. Moreover, the petrophysical
analysis of Scarab-Da well (Figure 6) shows that both
channels 1 and 2 are characterised by high resistivity and
porosity as well as low water saturation and volume of
shale values due to the high gas content. The selected
zones with yellow colour, illustrate increasing in the
resistivity (LLD) values and decreases in both Gamma-
ray and P-wave velocity values as a typical signature and
good sand saturated gas indicator. Gamma ray log
records about 25-60 api on average through the gas
bearing-sand zones. These sands have Rt in the range
of 50-295 Q-m and effective porosity in the range of
15-35%. Water saturation, porosity, and volume of shale

values were calculated through the Petrophysical analysis
and gave good evidence for hydrocarbon production.

Integrated analyses are of great importance to hydro-
carbon development projects (Cosentino 2001), as well
as post-stack SCI is one of the most important modern
techniques for extracting more significant information
from the seismic data. Inversion substitutes the seismic
signature by a blocky response display based on elastic
impedance layering which supports and assists the inter-
pretation to give a more significant meaning of the
geological and petrophysical boundaries in the subsur-
face. Veeken and Da Silva (2004), illustrated how seismic
inversion can enhance the resolution of the seismic data
in several cases and provide more information about the
reservoir parameters.

4.1. Coloured inversion

The coloured inversion is performed using five wells
available in the study area. We have derived the
Operator (O) using 2D post-stack seismic data and
well-log data as described in the methodology. Once
the operator is designed, it is convolved with seismic
trace to obtain the acoustic impedance. Since the well-
data extends up to TWT equal to 2800 ms from the
surface. The inversion of the seismic section shows
impedance variation with time calculated using impe-
dance model and log data from the sea-bed at 400 ms up
to 2800 ms. At the well locations, the inverted impe-
dance columns produced from seismic inversions are
used to create synthetic traces (Maurya and Singh,
2015). Figure 11 illustrates the coloured inverted seis-
mic section with relatively low impedance zones repre-
sents the gas channels in El Wastani formation with
clearly observable showing colour variation from red to
yellow colour in El Wastani formation at TWT from
1800 ms up to 2600 ms. Another relatively high impe-
dance zone that is clearly visible in magenta colour can
be related to the presence of water or abrupt change in
the sand to shale volume in El Wastani formation,
whereas the channel 2 is divided into four sub-
channel zones as shown in Figure 5.
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Figure 11. The estimated acoustic impedance seismic section using colored inversion. Gas channels are highlighted by the rectangle.

4.2. Spectral decomposition attribute

Seismic data have been changed from the time domain to
the frequency domain using the DFT algorithm, and in
turn, produced an amplitude tuning profile. The results
show that the gas channels hardly represented within the
low-frequencies range and high amplitudes. The three
frequency ranges (Figure 12a, b, and ¢) are 10 Hz in Red
colour, 35 Hz which represent the predominant fre-
quency in Green colour, and 65 Hz in Blue colour.

The vertical section shows the RGB plot of seismic
line A-B (Figure 12e) where the white arrows indicate the
hydrocarbon reservoir. The results illustrate the frequen-
cies differences with good contrasts are enhanced com-
pared to the original seismic section and it worked as
a good gas/hydrocarbon indicator where it provides

Seafloor

El Wastani Formation

Gas channels

Seafloor

Gas channels

Seafloor

El Wastani Formation

S

Gas channels

clearly the gas channels along the seismic section
(Figure 12e).

SD attribute is very helpful for solving the problem
related to thin gas-sand layers. thus, thinner beds dis-
played better with higher frequency components while
thicker beds with lower frequency through three different
frequency magnitude values with red, green, and blue
colours respectively were schemed and blended together
with the result in Figure (11e) highlighting the variation
in amplitude and frequency as variation in intensity and
colour (McArdle and Ackers 2012).

5. Conclusion

In this study, we have presented the application of SD
attributes and post-stack SCI to predict the deep-water

10HZ 65 117,
Color code

Gas channels

Figure 12. (a) Original seismic profile. (b, ¢, and d) with Red, Green and Blue values calculated by average output frequencies
where the three frequency ranges are: 65 Hz in Blue color, 35 Hz in Green color, and 10 Hz in Red color respectively. (e) Final output

with the three-color codes.



gas channels, West offshore, Nile Delta, Egypt. The main
contribution of this work is providing a more detailed
seismic reflection image through the integration of the
spectral decomposition and the colour seismic inversion
methods. According to the main aim of our work to
identify the gas zones and channels in the target TWT
zones of El Wastani Formation to separate gas from non-
gas intervals and identify the gas channels. The results
from the coloured inversion using 2D post-stack seismic
data analyses provide a mutually consistent impedance
section. The analysis estimated the low-impedance zone
within gas channels zones in (Figure 11) which confirm
the presence of sand channels and demonstrate the spa-
tial distribution of the low impedances along the sand
channel between 1800 ms and 2600 ms and provide
a high-resolution image of the subsurface compare to
the original seismic data.

Coloured seismic inversion analysis shows a good
calibration with the well-logs and provides a clear con-
trast between the gas-bearing sand and the seal rocks
based on the acoustic impedance values. Comparing
the results of the coloured seismic inversion (Figure
11) with the spectral decomposition attribute (Figure
12), the low-frequency range through the SD results
show a good matching with the low impedance values
corresponding to the gas channels and gas zones.

The quantitative interpretation approach is one of
the required interpretation processes for this kind of
challenging geological set up towards finding gas-
bearing sand. Coloured inversion is fast, cost-
effective, and a quantitative interpretation technique
and does not require any prior model.
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