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Abstract: Globally, deep-water reservoir systems are comprised of a variety of traps. Lateral and
downdip trapping features include sand pinch-outs, truncation against salt or shale diapirs, and
monoclinal dip or faulting with any combination of trapping designs; the potential for massive
hydrocarbon accumulations exists, representing significant exploration prospects across the planet.
However, deep-water turbidites and submarine fans are two different types of traps, which are
developed along the upslope and the basin floor fans. Among these two traps, the basin floor fans are
the most prolific traps as they are not influenced by sea-level rise, which distorts the seismic signals,
and hence provides ambiguous seismic signatures to predict them as hydrocarbon-bearing zones
for future explorations. Therefore, the deep-water channel-levee sand systems and basin floor fans
sandstone define economically viable stratigraphic plays. The subsurface variability is significant,
and hence, characterizing the thick (porous) channelized-basin floor fans reservoir is a challenge for
the exploitation of hydrocarbons. This study aims to develop seismic-based attributes and wedge
modeling tools to accurately resolve and characterize the porous and gas-bearing reservoirs using
high-resolution seismic-based profiles, in SW Pakistan. The reflection strength slices better delineate
the geomorphology of sand-filled channelized-basin floor fans as compared to the instant frequency
magnitudes. This stratigraphic prospect has an area of 1180 km2. The sweetness magnitudes predict
the thickness of channelized-basin floor fans as 33 m, faults, and porous lithofacies that complete a
vital petroleum system. The wedge modeling also acts as a direct hydrocarbon indicator (DHI) and,
hence, should be incorporated into conventional stratigraphic exploration schemes for de-risking
stratigraphic prospects. The wedge model resolves a 26-m thick hydrocarbon-bearing channelized-
basin floor fans lens with a lateral distribution of ~64 km. Therefore, this wedge model provides
~75% correlation of the thickness of the LSL as measured by sweetness magnitudes. The thickness of
shale that serves as the top seal is 930 m, the lateral mud-filled canyons are 1190 m, and the thick
bottom seal is ~10 m, which provides evidence for the presence of a vibrant petroleum play. Hence,
their reveals bright opportunities to exploit the economically vibrant stratigraphic scheme inside the
OIB and other similar global depositional systems.
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1. Introduction

Deep-marine systems are one of the hot topics in the stratigraphic exploration of
hydrocarbon-bearing plays [1–4]. Sub-marines have an explicit focus on oil and gas prac-
tices, and as a result, they are active organic complex pools in deep-offshore environments.
The relevant geometrical aspects, as well as associated interior lithology and thickness, in
addition to porosity, contribute significantly to promote characterization within pool com-
plexity and non-uniformity. The qualitative studies on these gigantic pools have proven
that they have higher quality, i.e., the highest porosity, permeability, and net-to-gross
(N/G), of deep-marine sand fills, which remain among the finest of the numerous clastic
surroundings that embrace basins. Moreover, under promising circumstances, deep-marine
coarse-grained sand-filled pools might remain ponded despite being steeply hooked on
identically thick, sand-rich interims. The characterization of these reservoirs by numerous
wells can be extraordinarily expensive. However, it can be inferred from the basin descrip-
tion that the channel-levee system and basin floor fans are compartmentalized inside the
highly variable mud-filled lithology that makes an excellent stratigraphic trap [1,3,5]. These
inferences can be successfully achieved by using seismic-based attributes and wedge mod-
eling techniques. For instance, fuzzy logic can enhance the characterization of diversified
lateral systems and their fluid dynamics, since the fluids are diverse and inconsistent due
to the geometrical configurations of the reservoir traps. Therefore, the application of these
tools may help to visualize in a more quantitative-based attribute analysis of the energy
resources [6–9].

Previously, in the offshore Indus Basin (OIB), the reservoir characterization was based
on structural and lithological aspects [10,11]. However, until now, there has been no evi-
dence of stratigraphic exploitation of oil and gas reservoirs. In comparison to the techniques
stated above, the current study takes a novel strategy and uses seismic-based characteristics
and wedge modeling tools to focus on the reservoir stratigraphy of the channel-levee
system and basin floor fan pools inside the OIB. These properties have demonstrated
their effectiveness in the delineation of bright clastic and carbonate stratigraphic plays,
combined with wedge modeling [12–17]. These properties can be broadly divided into
two categories: geometrical and physical [16,18–20]. Reservoir architecture is the only
thing the geometrical features can define. However, physical characteristics determine the
real lithology, the reservoir geometry (faults and fractures) that separates the active litho-
fluids including oil and gas, and consequently the entire stratigraphic play [13,15,16,19–21].
Thus, the methods used for characterizing these channelized levee structures besides basin
floor fan stratigraphic systems are physical properties, particularly amplitude-based ones
such as seismic-based amplitude, immediate frequency, envelope strength, and sweetness
magnitudes. The current study’s objective is to use high-resolution seismic-based profiles
to assess the channelized-basin floor fan reservoirs in the OIB, SW Pakistan, in terms of
lithology, thickness, and possible porosity impacts.

2. Geological Backgrounds and Petroleum Traits

The Indus River is approximately 2900 km long and moves approximately 1200 km
before cutting through the grasslands and setting off to the highlands within the entire
drainage region of 966,000 km2. This watercourse obligates the development of the OIB,
which stands as the subsequent biggest solitary system around the globe, the Bengal deltaic
system (Figure 1a).

This system has been a principal intended objective of exploration recently; at the
present time, the main assortment that includes carbonates and clastic groups is revealed
offshore universally (Figure 1a). A variety of boreholes have been drilled inside the study
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region of Pakistan beneath water complexities, at a depth of two hundred meters. Presently,
the Miocene sands, besides the epoch carbonate extent, are considered because of the
chief pools (Figure 1b). The northern tip of the Indian plate remained among the chief
sedimentary inflows from the Indus, providing evidence of the age of these facies [22]. The
foundation chart within the studied zone, displaying the seismic-based data set including
the high-resolution seismic profiles (AA′, BB′, and CC′) and the well used in the present
study are illustrated in Figure 1c.
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Figure 1. (a) Geographical configuration of the offshore Indus Basin (OIB), showing the research
area (black box), besides its position, relatively near the Indian deep-sea residues discovered at the
cutting-edge of the lowermost right zone (modified after [23]), (b) Comprehensive stratigraphic
system within the research area, showing the disseminating pools, (c) The foundation chart within
the studied zone, which shows the seismic-based and wells catalog used in this study.
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For deep-water basins, the most probable source breaks are at the cutting-edge of the
Miocene, besides Paleocene-Eocene breaks. Reasonable-quality source rocks of the early
Miocene age remained contemporary on the shelf, covering a 300-m unit with a normal
total organic carbon (TOC) of 2%. Minor quantities of gas were verified under sandstone
above this break, emphasizing the occurrence of a thermogenic gas kitchen towards the
south underneath the external shelf beside the superior slope. This kitchen might determine
the forecast lengthways of the rollover development on the upper slope [22]. Paleocene-
to-Eocene carbonates have prospective source shales inside the petroleum system. The
focal point of the present study is the portrayal of Miocene sands that fuse the different
potential stratigraphically trapped depositional plays among the oil- and gas-bearing
channelized-basin floor fans (Figure 2).
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deposits were deposited and delineated using post-stack seismic-based attributes and 
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Figure 2. Synthetic seismograms generated at Well A along with panels (a) Time-Depth (T/D) s/m,
(b) Acoustic impedance log generated at Well A, (c) reflection coefficients, (d) Seismically extracted
wavelet inside the research zone (3.6 to 4.2 s), where the basin floor fans are analyzed, (e) Gamma-ray
log (orange curve) showing the trend of sea-level fall (red arrow) and subsequent rise (green arrows),
and (f) Seismic-based traces along dip-line A–A′.

The seal might be interpretable in a couple of zones from erosional channels and
mud volcanoes (Figure 3a–c). The occurrence of low stand system tracts (LST) can be seen
within the research zone, which caused the deposition of basin floor fans throughout a
rapidly falling sea with a negligible increase. This phenomenon is confirmed via onlaps
(yellow arrows) (Figure 3c). The focus of exploration is the LST, where these stratigraphic
deposits were deposited and delineated using post-stack seismic-based attributes and
wedge modeling.
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(b), and (c) that are analyzed in terms of stratigraphic reservoir characterization of basin floor fans 
in Figures 4–7, respectively, along A–A’, showing the interpreted reservoir sandstone (RS) within a 
channelized-basin floor fan, the channel and point bars (red arrows), onlapping (yellow arrows) (c), 
shakeout zone (orange arrows) (a), channelized-basin floor fan lens (white arrows) (a), erosional 
zone (blue arrows), and levees (green arrows) (a). 

Figure 3. Seismic-based amplitude sections along the deep-water reservoir system (red block)
(a–c) that are analyzed in terms of stratigraphic reservoir characterization of basin floor fans in
Figures 4–7, respectively, along A–A′, showing the interpreted reservoir sandstone (RS) within a
channelized-basin floor fan, the channel and point bars (red arrows), onlapping (yellow arrows)
(c), shakeout zone (orange arrows) (a), channelized-basin floor fan lens (white arrows) (a), erosional
zone (blue arrows), and levees (green arrows) (a).
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3. Materials and Methods
3.1. Database

In Pakistan’s Sukkur district, south of the OIB, the Arabian Sea is present. Three high-
resolution profiles are included in the seismic-based data set (Figure 1c), including the dip-
strike lines (Table 1). The current survey contains a total area of 8970 km2 inside the study
zone. This survey is aimed at exploration, besides portraying the channel-levee system and
basin floor fan systems. The data were composed on an illustration interval of 4000 micros
by excellence treatment (Table 2). The amplitude is preserved, and the quality is excellent
(Table 3). As a result, the clear analytical conclusion provides trustworthy evidence. The
velocity fluctuated between 4362 m/s and 3161 m/s, with an interim value of 1700 m/s,
also used for the development of synthetic seismograms (Figure 2). Once the seismic-based
features and their interpretation have been processed, this velocity is used to determine the
overall thickness of reservoir sandstone (Table 4). Between 15 and 6 m are the highest and
lowest limits of seismic-based resolution. 12 m is the average tuning thickness.

Table 1. Seismically summaries performed aimed at a valuation of channel-levee pools.

S. No Seismic Profile Orientation/Nature Length (km)

1. Z108-019 (A–A′) SW-NE Striking 79

2. Z109-020 (B–B′) NW-SE Dipping 115

3. Z204-010 (C–C′) NW-SE Dipping 114

Table 2. Comprehensive seismic-based acquirement constraints of the OIB, SW Pakistan.

S. No Total Exploration Pakistan Indus Offshore Blocks G and H

1. Recorded By Fugro Geoteam November–December 2000

2. Reel: 10sfmig2 Dataset: Final Filtered and Scaled Migration

3. Vessel: R/V Geo Baltic; Shooting Direction 127 Degrees

4. Data Traces/Record: 480; Auxiliary Traces/Record: 0 Cdp Fold: 80

5. Sample Int: 2 Ms; Samples/Trace: 2561

6. Recording Format: Seg-D 8015; Format This Reel: Seg-Y

7. Recording Filter: 4 Hz (18 Db/Oct)–206 Hz (266 Db/Oct)

8. Source: Airgun Array; Sp Interval: 37.5 M

9. Near Offset: 143 M; Cable Length: 6000 M; Group Int: 12.5 M

10. Traces Sorted by Cdp

Table 3. Comprehensive seismic-based processing constraints of the OIB, SW Pakistan.

S. No Physical Parameterization

1. Veritas Dgc Ltd., December 2000–June 2001

2. Reformat From Seg-D and Edit

3. Dephase And Anti-Alias Filter, Resample to 4 Ms

4. 6 Hz 18 dB/Oct Low Cut Filter; 2 d Navigation Assignment

5. Back Out Dephase Filter; Reapply Zero Phasing Filter With Receiver Ghost

6. Spherical Divergence Correction—T in Water Layer V Squared T In Data

7. Create 240-Fold Supergather; Nmo Correct with Multiple Velocity Function

8. 500 ms Agc; Radon Demultiple—Transform −1800 To + 300 Notch −200 To + 30
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Table 3. Cont.

S. No Physical Parameterization

9. Applied from 1.8 Times the Water Bottom; 500 ms Agc Removed

10. Every Other Cdp Dropped to Give 12.5 m Cdp Spacing

11. 500 ms Agc; Radon Demultiple—Transform −1800 To + 300 Notch −200 To + 300

12. 500 ms Agc Removed; Multiple Velocity Nmo Removed

13. Nmo Correct with Initial Picked Velocities

14. Stretch Mute; 6hz Low Cut Filter

15. 2 ddmo—Fk Algorithm

16. Pre-Stack Time Migration Using a Single Minimum Vz Velocity Function

17. Initial Picked Nmo Removed

18. Nmo Correction with Picked Post Pstm Velocities Inner and Outer Trace Mute

19. 2 d Stack Conventional Stack to 1 Sec Below Reef Time Weighted Median Stack

20. Diffract Using a Single Minimum Vz Velocity Function

21. 2 d Omega-X Migration Using 97.5% Smoothed Velocities

22. Time Variant Filtering 2 Second Balance Gates Overlapped By 50%

23. Sp 101 at Cdp 480, 6 Cdps per Shot Shotpoints Annotated at Cdp Position

Table 4. Computation of petrophysical attributes within sand-filled channel.

S. No Seismic Attributes Reservoir Velocity [V] [m/s] Time Window [T] [s] Thickness [m] = V × T

1. Seismic amplitude Channelized-BFF 1700 4.157–4.166 = 0.009 15

2. Instantaneous
frequency Channelized-BFF 1700 4.153–4.165 = 0.012 21

3. Envelope strength Channelized-BFF 1700 4.149–4.171 = 0.022 38

4. Sweetness Channelized-BFF 1700 4.150–4.168 = 0.018 33

The current survey contains a total area of 8970 km2 inside the study zone. This survey
is aimed at exploration, besides portraying the channel-levee system and basin floor fan
systems. The data were composed on an illustration interval of 4000 micros by excellence
treatment (Table 2).

3.2. Computations of Seismic-Based Attributes and Their Applications in Stratigraphic
Reservoir Characterization

To obtain strong geographical proof after seismic-based statistics aimed at refining
the geophysical parameters, a combined seismic-based follow-up analysis was required.
Complex seismic-based follow-up is occasionally used to assess seismic characteristics [17].
The seismic features include topographical information such as tremor investigation flag-
ging [24], immediate seismic-based pile evidence characteristics [25], and thinly-distributed
strata inside exploration zones [26]. Several aspects of the portrayal of the repository were
determined using a variety of seismic-based attributes that were grounded in reality [27].

The fitness of amplitude-derived qualities for the stratigraphic supply portrayal of
clastic in addition to carbonate supplies has been confirmed [16,19,20]. In the current
analyses, three well-known post-stack seismic-based properties are taken into consideration
as a framework for inferring lithological fluctuations, thickness, and porosity angles inside
the profound water-filled channel-levee system, as well as the basin floor fans. These
properties include seismic-based instant frequency, envelope strength, sweetness, and
instant phase (Figures 3–5).



Water 2023, 15, 2543 11 of 23

3.3. Instant Phase

The instant phase characteristic is derived through Equation (1):

Φ (t) = arc tan (H (t)/T (t)) (1)

where the seismic-based trace T (t) and the situation Hilbert transform H (t) are connected
to the envelope E (t) by the phase Φ (t) through Equations (2) and (3):

T (t) = E (t) cos (Φ (t)) (2)

H (t) = E (t) sin (Φ (t)) (3)

Instant phase remains restrained at cutting-edge degrees (−π, π). It is independent of
amplitude-based attributes and exhibits continuousness and measure cutoff. It displays a
sheet that is glowing [18]. Lateral phase prospect must not alter the cutting-edge standard;
variations in container ascent here remain a preference problem, or else there is uncertainty
about the coating variants crosswise owing to “sink-holes” or additional factors.

The finest pointer of adjacent continuousness also indicates the phase constituent of
the wave propagation. Its container is not counted toward calculating the phase speed,
consuming no amplitude evidence, and henceforth, the entire mechanical pattern container
remains understood [18]. It is useful for demonstrating endurance, order limitations,
comprehensive imagining of bedding outlines, and cutting-edge calculation of instant
occurrence, besides quickening. Particularly once the practical cutting-edge combination
is achieved by the instant frequency, it can be performed by way of a DHI [16] in terms
of applied cutting-edge current event learning aimed at relating the impenetrable and
absorbent channelized-basin floor fans through the phase reverse (Figure 5e).

3.4. Computation of Instant Frequency

Instant frequency characterizes the mean amplitude of the wavelet. Instant frequency
(F (t)) stays the time imitative of the phase, i.e., the degree (dt) of variation of the phase
(Φ (t)), is also assumed via Equation (4):

F (t) = d (Φ (t))/dt) (4)

The immediate frequency can be used to indicate bedding breadth in addition to litho-
logical constraints. That is consistent with the seismic-based wavelet’s normal frequency
(centroid) of the amplitude band. The limits of truncated impedance thin beds are indicated
by seismic-based charisma relations. For instance, using low-frequency variance sideways
and phase reversal, it can function as a direct hydrocarbon indicator (DHI) [19]. The un-
consolidated sandstone occasionally protrudes towards the oil and gas content of the holes,
emphasizing this effect. Lower frequency region pointers, muddled image region pointers,
and bed thickness pointers are all equally affected by breakage region pointers. Lower fre-
quencies designate sandstone-rich bedding in addition to sand-shale points, while higher
frequencies denote sharp borders or thin shales. According to the readings currently available,
this tool is directed at the exploratory demarcation of parallels alongside the nearby thick
sandstone beds secreting the basin floor fans (Figures 4b and 5b).
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3.5. Computation of Envelope Strength

To characterize the hydrocarbon reservoir, the envelope strength is an effective tool
based on a physical attribute, including the presentation of the AI distinction and therefore
the influence of a seismic-based event (Figures 4c and 5c) [18].

The envelope strength (E) is designed after the composite trace-based attribute, as
shown by Equation (5):

E (t) =
√

T2 (t) + H2 (t) (5)

where T (t) is the seismic trace, H (t) is Hilbert’s transform of T (t), and H (t) is a 900-phase
shift of T (t).

The envelope strength stands for the envelope of the amplitude of seismic-based
traces. It requires a low-frequency advent besides solitary progressive magnitudes. It
regularly highlights the chief seismic-based landscapes. The envelope characterizes the
instantaneous strength of the signal and how it compares to the reflectivity constants in
terms of its degree [18].

It has various applications in stratigraphic reservoir characterization, which include
the identification of “sweet spots” related to gas accumulation, the delineation of seismic-
based stratigraphic surfaces, the elaboration of tuning effects due to intercalations of
sand-shale and carbonates-shale groups and their accumulation within the heterogeneous
reservoirs, the chief fluctuations in depositional backgrounds, the reconnaissance delin-
eation of porous and productive lithology, and as a sand-shale discriminator [16,17]. This
tool designates the group rather than the phase component of the seismic-based wave
propagation. Therefore, the tuning effect due to shale distribution within the clastic and
carbonate reservoirs can be distinguished, which can cause ambiguity in the prediction of
porous sandstone. High values are inferred from the porous sandstone or carbonate reser-
voirs. On the contrary, the low values are interpreted as the massive shale distribution [18]
(Figures 4c and 5c).
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Figure 5. Processing of seismic-based attributes magnitudes along the deep-marine channel system
(a) Seismic-based amplitude, (b) Instant frequency, (c) Envelope amplitude, (d) Sweetness, and
(e). Instant phase, showing the distribution of sandstone inside channel sandstone, point bars (red
arrows), and shale-filled levees (green arrows) along with the marked fault system (white-dashed
lines). Sweetness, being a hybrid attribute, provides better illumination of potential lithologies,
faults, and true thickness of the channelized-basin floor fans compared to the other conventional
seismic-based attributes.

3.6. Sweetness Computation

Equation (6) shows the computation of sweetness magnitude, which was derived
by dividing the reflection strength (or envelope strength) by the square root of instant
frequency [28].

Sweetness = envelope strength/[square root (instant frequency)] (6)

High values are established for porous and thick clastic facies, while lower magnitudes
are inferred from the non-porous and seal facies (Figure 5d).

4. Results and Discussion
4.1. Seismic-Based Amplitude Standardization and Sedimentary Characteristics of Deep-Water
Basin Floor Fans

The development of synthetic seismograms is a valid criterion for achieving accurate
subsurface seismic-based data interpretations [16]. The purpose of this forward model is to
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delineate the exact location marking the reservoir and the non-reservoir (seal or cap) zone
with less risk than is usually involved in oil and gas exploitation. This approach can lead to
the successful exploitation of oil and gas reservoirs. Therefore, a forward model is developed
to achieve seismic-based data interpretation standards (SDIS) by convolving the reflectivity
series with the extracted wavelet (Figure 2). This model also shows that the sandstone was
deposited during sea-level fall inside the low-stand system (LST) (red arrows) that is sealed
by the transgressive clastics (green arrows) that form economically viable oil and gas shows
(Figure 2). The acoustic impedance (AI) of sandstone is low compared to that of shales.
Therefore, the reservoir sandstone (RS) strait is interpreted based on this model, as marked on
the trough throughout the seismic-based profile, i.e., A–A′, B–B′, and C–C′ (Figure 3a–c). The
channel-levee system is best exposed on A–A′, as compared to B–B′ and C–C′, respectively
(Figure 3). The channel-levee system (red and green arrows) is seen throughout the A–A′

profile (Figure 3). The basin floor fans have a time window of 3.6 to 4.2 s (Figure 3). The whole
study is focused on the lenticular sandstone lens (LSL), which remained detectable along
the marked RS formation (Figures 4–7). The onlapping (yellow arrows) is seen on the A–A′,
which provides solid evidence of a rapidly falling sea and subsequent substantial coarser
grains of sedimentary facies. Moreover, the reflection continuity is uniform, which validates
the presence of porous pools inside the deep-water settings (red block).

A submarine fan (SF) is generally associated with the erosion of canyons into slopes
and shelves. The mud-filled high amplitude canyons (orange arrows) erode the sediments
that are subsequently filled inside the deep-water pools. The thickness of shale that serves
as the top seal is 930 m, the lateral mud-filled canyons are 1190 m, and the thick bottom seal
is ~10 m, which hence provides evidence for the presence of a vibrant petroleum play. Since
the seismic-based amplitude is classified as a broadband attribute, that has shown some
tuning effects for quantitative stratigraphic analyses [19]. Moreover, the basin deposits are
more pronounced as compared to the channel-levee system. Therefore, the seismic-based
attribute processing is focused on characterizing the stratigraphy of sand-filled basin floor
fans to delineate their accurate lateral and vertical distribution (Figures 4–6).
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Figure 6. Response of seismic-based attributes against the thickness of reservoir sandstone
channelized-basin floor fans. Envelope strength shows higher thickness of basin floor fans as
compared to the sweetness. However, the hybrid characteristic of sweetness magnitudes provides a
true thickness prediction and accuracy in the characterization of basin floor fans.
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4.2. Detection and Characterization of Deep-Water Stratigraphic Prospects

It is important to make a distinction between channelized and non-channelized am-
plitudes to avoid a false interpretation of seismic-based amplitudes. The non-channelized
sub-marine fans, or basin floor fans, are developed on the distal side of a channel-levee
system. Generally, the flow is detached from the basin floor, which results in poor geomor-
phology and lower energy magnitude as it moves from the proximal to the middle and
lower segments, where the channels are less likely to appear and hence are less favorable
for hydrocarbon exploitation [29]. However, the channelized basin floor fans that are
developed on the proximal side of a channel-levee system inside the basin show excellent
reservoir connectivity and flow, resulting in the development of excellent geomorpho-
logical features. Moreover, they experience high N/G, porosity, thickness, and higher
energy assembly due to their association with river delta systems, and hence they serve
as fruitful locations for the successful exploitation of stratigraphic pools. These potential
stratigraphic traps decrease gradually in sandstone content, with 90% sandstone in the
proximal areas [29,30]. These observations can be assessed on the seismic section (Figure 3a)
and the horizontal attribute-based mapping (Figure 4). An excellent imaging of the channel-
levee system is seen, and hence, these basin floor fans are interpreted as channelized basin
floor fans. Figure 4a–c shows the delineation of laterally disseminated basin floor fans by
seismic-based amplitude, instantaneous frequency, and envelope strength, respectively.

An NNE-SW-oriented channelized-basin floor fan geomorphic feature (red boundary) is
seen on the seismic-based amplitude. This stratigraphic prospect has an area of 1180 km2. The
least bright negative amplitudes (red arrows with the least AI) near Well A are interpreted as
channel sandstone. This basin floor fans reservoir bed shale-outs (higher AI) in the eastern
margins (green arrows) and hence validates the SDIS (Figure 2). The instant frequency shows
the thick sandstone (red arrows) exactly as it is delineated by the seismic-based amplitude
attribute. The envelope strength facilitates true thick reservoir distribution and images of
the true geomorphology of basin floor fans (red boundary). The vertical slices of seismic-
based attributes correlate with the vertical distribution and provide physical characterization
(lithology prediction, thickness, and porousness) of basin floor fan stratigraphy (Figure 5).

4.3. Seismic-Based Attributes Analyses for Quantitative Reservoir Stratigraphy and Lithological
and Thickness Analysis

Figure 5a–e shows the processing of seismic-based attributes for the channelized-basin
floor fans. The SDIS validates the trough amplitudes as the sandstone body, and hence, the
basin floor fan is a sand-filled reservoir. A lenticular sandstone lens (LSL) (red arrows),
point bars (red arrows), levees (green arrows), and faults (white dashed lines) are seen in the
seismic-based amplitude slice (Figure 5a). These faults are interpreted as the perpendicular
normal system [31], which provides vertical migration paths for reservoir facies that are
trapped in the LSL. The instantaneous frequency shows the low-frequency anomaly (red
arrows) along this LSL, and hence, it is inferred to be the hydrocarbon-bearing LSL [16,18]
(Figure 5b).

The envelope strength is a proven tool for the illumination of productive reservoir
zones by eliminating the shale effects, and hence, it interprets the true reservoir lithology
(red arrows) and the non-reservoir levees (green arrows) (Figure 5c). Sweetness has proven
its applicability in the accurate demarcation of stratigraphic prospecting pools [16,19]. The
sweetness slice shows high-magnitude waves inside the reservoir LSL (red arrows) that
shake out (green arrows) into the NE parts of the reservoir (Figure 5d). Moreover, the
faults are far better illustrated by sweetness as compared to previous attributes having
three faults. The instant phase also confirms the presence of a stratigraphic prospect
(red arrows), where a strong phase reversal (white arrows) is observed along the LSL.
The thickness analyses can also be seen in the bar graph (Figure 6), which confirms the
sweetness’s accuracy in the prediction of thickness by the combination of instant frequency
and envelope strength. The seismic-based amplitude shows a 15-m thickness for this LSL
(Table 4). The instant frequency shows 21 m of thickness, the envelope strength shows
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38 m of thickness, and sweetness shows 33 m of thickness, with a lateral distribution of
15 km that is observed along this LSL. Since sweetness is the combination of envelope
strength and instant frequency (Equation (6)), it is a hybrid attribute. Therefore, it predicts
the true thickness, whereas the envelope strength shows some tuning effects. And the
shale effects were not able to be eliminated only via the tool, i.e., envelope strength. The
wedge model for the identified LSL is developed to corroborate the accuracy of sweetness
application in forecasting true lithology and thickness, and hence, porous hydrocarbon
resources (Figure 7).
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Figure 7. Schematic steps applied for developing deep-water channelized-basin floor fans strati-
graphic system (a) Original density prototypical, (b) Original velocity prototypical, (c) Zero-phase
seismic-based wavelet withdrawal at Well A, and (d) Resultant acoustic impedance profile developed
after convolution of initial models (a) and (b) with zero-phase wavelet (c). The total thickness of
sand-filled channelized-basin floor fans is 26 m, which is embedded from the top and bottom by
massive shales and developing a vibrant stratigraphic play.

4.4. Static Wedge Modeling and Implications for Oil and Gas Exploitation and Implications of
Basin Floor Fans

Static wedge modeling is a robust tool for discrimination of reservoirs (clastic and
carbonate) and non-reservoirs (seal and cap), and hence, a proven direct hydrocarbon indicator
(DHI) [16,19,32]. Figure 7a,b show the initial density and velocity models (IDM and IVM).
These IDM and IVM are collectively convolved with the seismically extracted zero-phase
wavelet (Figure 7c), and that resulted in an excellent reflection-based impedance model for
channelized basin floor fans (Figure 7d). This wedge model shows the lowest impedance LSL
that is embedded in the top and bottom seals and confirms the future hydrocarbon-bearing
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prospect. The thickness of LSL is 26 m with a lateral distribution of ~64 km, while the thickness
predicted by sweetness is 33 m. Therefore, this wedge model provides ~75% correlation of the
thickness of the LSL, as measured by sweetness magnitudes.

The practical implication of stratigraphic explorations in that basin is the proven
oil and gas plays [1,3,5]. These implications are accurately resolved by the sweetness
(Figures 5d and 6) and wedge modeling tools (Figure 7). Therefore, the wedge model,
together with the sweetness magnitudes, provide solid validations for a stratigraphic play.

5. Comparative Analysis of Geophysical Tools

Our results provide the transparency that the deep-water depositional systems can
be characterized using seismic-based attributes and seismic-based forward modeling tech-
niques within the OIB, in SW Pakistan. The processing of post-stack seismic-based attributes
was a better approach for analyzing the lithology and thicknesses of reservoirs and, hence,
provided additional information without logging the data.

Various geophysical and geological techniques have been industrialized and are aimed
at the characterization of stratigraphic plays, i.e., geochemical section analyses, seismic-based
inversion, and so on. We used seismic-based attributes to unravel the reflectivity response
in terms of seismic-based statistical inferences aimed at deep-water clastics. Compound
attribute-based analytical approaches, such as those provided via quantitative-based visu-
alization, complement the robust amplitude lengthwise of the basin floor fan bed event,
which has established its applicability towards recognizing upcoming predictions. The con-
sequences of the immediate features elect that those seismic-based features examined can
remain performed aimed at the description of assembly and stratigraphy [13,33–35]. Preceding
interpretations display approximately the same class of structural and petrophysical examina-
tion [22]. However, to place the suite of exploration, production, and development wells, there
is a multitude of essential steps towards reassessing the OIB in terms of stratigraphy using
advanced seismic-based technology such as the one applied in the present case study. The
conventional seismic-based attributes, such as seismic-based amplitude, instant frequency, and
envelope strength, predict the true lithology and some traces of faults (Figure 5a–c). However,
the sweetness magnitude is the proven tool for achieving complete reservoir characterization
goals, i.e., predicting the accurate lithology, thickness, discrimination of reservoir fluids, de-
tection of faults, and hence, the complete petroleum system’s elements [16]. Therefore, we
predicted the true lithologies (shale and sandstone), faults, and accurate thickness (Figure 5d)
(Table 3). Moreover, wedge modeling has proven its validity in the delineation of conventional
and unconventional (clastics and carbonates) stratigraphic plays inside the Indus Basin of
Pakistan [16,19,20]. Moreover, when the zero-phased wavelet is extracted from the same
seismic-based line passing through the well, it can provide accuracy in the delineation of thin
bedding. This will image the real-time sedimentary sequences with real-time traces, which
were removed and convolved with the density and velocity modeling to invert the internal
stratigraphy (Figure 7). This is because the conventional synthetic seismogram may skip the
real-time traces of the reservoir because of the unavailability of the vertical seismic-based
profile (VSP), or check shot survey in the public domain. The band-limited seismic-based am-
plitude is never a consistent device aimed at predicting and characterizing these stratigraphic
reservoirs. Additionally, this approach will provide better seismic-to-well tie ads compared
to the conventional synthetic forward modeling as performed in Figure 2. Therefore, in the
present case study, it is evident that this wedge modeling tool as per routine proved that the
channelized-basin floor sandstones are bounded by top and bottom by massive shales and
hence develop into a vital stratigraphic play (Figure 7). Moreover, the thickness predicted by
the wedge model is 26 m, which is very close to the sweetness magnitude, i.e., 33 m. Therefore,
the 75% correlation of thickness prediction by these two tools (Figures 5d and 7). Therefore,
the sweetness attribute can be used as an independent true lithology and thickness prediction
in amplitude-based seismic-based attribute classification. Hence, it provides solid proof for the
exploitation of channelized-basin floor fans’ stratigraphic plays for future field development
that are yet to be stratigraphically explored.
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Future Stratigraphic Implications

Converging towards an event per Deng et al. [17], reflection strength aimed at the iden-
tification of lithology; nonetheless, this tool failed in the present study (Figure 5c) and was
found to be limited in accurately obtaining the true thickness of the channelized basin floor
fans. However, being a hybrid attribute, sweetness provides better thickness prediction
and discriminates the true composition of sandstone and shale, which usually occurs due
to the tuning effects of band-limited seismic-based amplitude data (Figure 5a–c) and cannot
be detected using the band-limited seismic-based amplitude data [16] (Figure 5d). The pur-
pose of incorporating Figure 7 is just to provide evidence that, as we know, providing some
pieces of evidence makes the explorations a logical progression. Therefore, to compare
the results of real-time processing of seismic-based attributes with wedge modeling is to
confirm that the lithology is bounded by top and bottom shale, which are two vital aspects
for basin floor fans to become vibrant stratigraphic plays; also, to contrast the thickness as
determined by real-time seismic attribute processing with the wedge modeling prediction
of lithology and thickness restrictions. Therefore, these were two objectives that the wedge
modeling incorporated. It is evident that the results predicted by sweetness in terms of
lithology and thickness are correlated with a 75% correlation, which is good for signa-
tures in a seismic-to-well tie approach as compared to conventional synthetic seismogram
generation (Figure 2) and conventional amplitude mapping without being processed via
post-stack attributes. Because in conventional synthetic seismogram generation (SDIS), a
single trace is obtained after convolving the reflectivity with the wavelet extraction, a well
location is determined. But, in the wedge modeling, a complete seismic-based section in the
form of inverted reflection-based acoustic impedance is obtained (Figure 7). This inverted
section can better explain the internal stratigraphy as compared to a single seismic-to-well
tie approach (SDIS) (Figure 2). The wedge modeling also acts as a direct hydrocarbon
indicator (DHI) and, hence, should be incorporated into conventional stratigraphic explo-
ration schemes for de-risking the stratigraphic prospects [16]. Moreover, this scheme of
stratigraphic exploration can be used as an analog globally in the Karoo Basin, South Africa,
where the detailed seismic-based geomorphology of the potential stratigraphic plays within
basin floor fans exists in an enormous domain [30].

Therefore, we suggest that the sweetness and wedge modeling tools can be used to
achieve the practical implications of the deep-water depositional systems of these strati-
graphic plays, i.e., channelized-basin floor fans are compartmentalized inside the highly
variable mud-filled lithologies that make excellent stratigraphic traps [1,3,5]. Therefore,
there is an urgent need to re-evaluate the zone by designing new 3D ventures. 3D seismic-
based data will not only provide a more accurate stratigraphic resolution as compared
to the present case study, i.e., 33 m (Figure 5), but has also become helpful in the overall
depositional model, and hence, better production can be achieved from this extensively
under-explored OIB in terms of stratigraphic plays. Also, the oil and gas groups are in-
terested in the east-west fluctuations of reservoir facies inside the oil and gas basins of
Pakistan [16]. Therefore, the presented workflow may be helpful in future strategic decision-
making for extracting more hydrocarbons with fewer risks than are usually involved in
structurally trapped reservoirs.

6. Conclusions

• This work uses high-resolution seismic-based profiles to describe the channelized-
basin floor fan reservoirs in the OIB, SW Pakistan, in terms of lithology, thickness, and
perhaps porosity impacts.

• The execution of seismic-based attributes and wedge modeling tools remain devel-
oped for resolving and characterization of porous and gas-bearing pools by the high-
resolution seismic-based sketches confidential to the OIB, SW Pakistan.

• The seismic-based amplitude and envelope strength slices better delineate the geo-
morphology of sand-filled channelized-basin floor fans as compared to the instant
frequency magnitudes.
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• The sweetness magnitudes predict the thickness of channelized-basin floor fans as
33 m, faults, and porous litho-facies that complete a vital petroleum system. However,
these porous lithofacies were unable to discriminate between the reservoir and non-
reservoir due to loss of tuning effects of bandlimited seismic attributes.

• The solo applications of seismic attributes, such as sweetness, remained limited in
deciphering the tuning effects of the shale intercalations into the reservoir formation.
That is why the accuracy of this attribute was limited in deciphering the lateral and
vertical extents of this basin floor fan facies. Additionally, thin-bedded reservoirs are very
sensitive to the thin-bed wedge modelling tools, such as the simulation performed in this
research work. However, wedge modelling resolves a hydrocarbon-bearing channelized-
basin floor fans LSL of 26 m thickness with a lateral distribution of ~64 km. There were
clear indicators of the shale intercalations of ~7 m thickness, which were poorly resolved,
in the sweetness attribute mapping. Therefore, static reservoir simulations could be
the ultimate choice in delineating the reservoir and non-reservoir facies within these
basin floor fans and to discriminate the domain of channelized segments of the basin
floor fans, which were very attractive targets for exploration of the primary stratigraphic
traps. Additionally, the channelized BFF have been the most attractive targets in the
stratigraphic exploration due to the high sinuosity of the meandering channel belts, which
are considered as the primary stratigraphic traps; all the domain conditions prevailed
for the development of the pure stratigraphic traps, i.e., the resolvable segments of the
top and lateral seals, which were accurately predicted by the static reservoir simulations
compared to the sweetness and the other remaining bandlimited seismic amplitude-
based attributes. Consequently, this research affirms the bright opportunities to exploit
the economically-vibrant stratigraphic schemes in the Offshore Basins besides worldwide
deep-water structures.
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