
Open Access. © 2018 M. Jawad Munawar et al., published by De Gruyter. This work is licensed under the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 License

Open Geosci. 2018; 10:87–112

Research Article

Muhammad Jawad Munawar, Chengyan Lin*, Dong Chunmei, Xianguo Zhang, Haiyan Zhao,
Shuming Xiao, Tahir Azeem, Muhammad Aleem Zahid, and Cunfei Ma

Architecture and reservoir quality of
low-permeable Eocene lacustrine turbidite
sandstone from the Dongying Depression, East
China
https://doi.org/10.1515/geo-2018-0008
Received Jan 26, 2018; accepted Mar 13, 2018

Abstract: The architecture and quality of lacustrine tur-
bidites that act as petroleum reservoirs are less well docu-
mented. Reservoir architecture andmultiscale heterogene-
ity in turbidites represent serious challenges to produc-
tion performance. Additionally, establishing a hierarchy
profile to delineate heterogeneity is a challenging task in
lacustrine turbidite deposits. Here, we report on the tur-
bidites in the middle third member of the Eocene Shahe-
jie Formation (Es3), which was deposited during exten-
sive Middle to Late Eocene rifting in the Dongying Depres-
sion. Seismic records, wireline log responses, and core ob-
servations were integrated to describe the reservoir het-
erogeneity by delineating the architectural elements, se-
quence stratigraphic framework and lithofacies assem-
blage. A petrographic approach was adopted to constrain
microscopic heterogeneity using an optical microscope,
routine core analyses andX-ray diffraction (XRD) analyses.
The Es3m member is interpreted as a sequence set com-
posed of four composite sequences: CS1, CS2, CS3 and
CS4. A total of forty-five sequences were identified within
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these four composite sequences. Sand bodies were mainly
deposited as channels, levees, overbank splays, lobes
and lobe fringes. The combination of fining-upward and
coarsening-upward lithofacies patterns in the architec-
tural elements produces highly complex composite flow
units. Microscopic heterogeneity is produced by diage-
netic alteration processes (i.e., feldspar dissolution, au-
thigenic clay formation and quartz cementation). The
widespread kaolinization of feldspar and mobilization of
materials enhanced the quality of the reservoir by produc-
ing secondary enlarged pores. In contrast, the formation
of pore-filling authigenic illite and illite/smectite clays re-
duced its permeability. Recovery rates are higher in the ax-
ial areas and smaller in themarginal areas of architectural
elements. This study represents a significant insight into
the reservoir architecture and heterogeneity of lacustrine
turbidites, and the understanding of compartmentaliza-
tion and distribution of high-quality sand reservoirs can
be applied to improve primary and secondary production
in these fields.

Keywords: Deep water; Architectural Elements; Lacus-
trine Turbidite; Sequence Stratigraphy; Reservoir Quality;
Turbidite Lithofacies; Dongying Depression

1 Introduction
Deep-water turbidite sandstones are commonly regarded
to be good petroleum reservoirs [4, 7, 23, 43, 44, 57, 70,
71]. Understanding the heterogeneity in these reservoirs
is crucial for petroleum exploration and production [4,
43, 44, 82]. Heterogeneity occurs across different scales
and is influenced by both depositional and diagenetic pro-
cesses [46, 53, 88, 89]. To understand reservoir hetero-
geneity, it is necessary to comprehensively characterize
the reservoir in order to observe the processes and factors
that influence reservoir producibility. Reservoir architec-
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Figure 1: (A) Index map showing Bohai Bay Basin and its subtectonic units; (I) Jiyang subbasin, (II) Huanghua subbasin, (III) Bozhong sub-
basin, (IV) Zhezhong subbasin, (V) Liaohe subbasin (VI) Dongpu subbasin; (B) structural map showing study area in Dongying Depression
(C) Cross-section through Dongying Depression showing key stratigraphic intervals and tectonic features. Note: Location of cross-section is
marked by Q-Q/ in “B”. (modified from [25].

ture exerts a major control on primary and secondary pro-
duction. The concept of elements was first introduced by
Mutti and Normark [50] for a deep-water turbidite system.
In turbidite systems, the elements represent only large-
scale features, such as channels, lobes and overbank de-
posits. The architectural elements can be identified based
on facies assemblage and depositional geometry. [48] pro-
posed two interrelated ideas to understand architectural
complexities in fluvial systems. The first concept was re-
lated to lithofacies assemblages over a wide range of phys-
ical scales (i.e., from ripple laminations to an entire de-

positional system). The second concept addresses archi-
tectural elements, which are sets of lithologies that are
characterized by their geometries, scales and depositional
processes. [48] observed some similarities in fluvial de-
posits and coarse-grained submarine-fan deposits, partic-
ularly the channel fills. He suggested that it is possible to
establish an architectural hierarchy in turbidite environ-
ments. [14] took up these ideas and provided numerous il-
lustrations of modern and ancient deep-marine channel
systems.
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Table 1: Recognition criteria of architectural elements from log motifs.

Architectural
elements

Lithology and Log Motifs SP log
shape

Lobe Massive sandstone with interbedded siltstone, high amplitude funnel shape SP curve,
thickness 1.5-6m

Lobe Fringe Siltstone, silty mudstone, low amplitude funnel-shaped SP curve, thickness 0.5-2m

Channel Massive sandstone and sandstone with large clasts, High amplitude serrated bell
shaped SP curve, thickness 2 m-6 m,

Levee Siltstone and silty mudstone, low amplitude serrated bell-shaped SP curve bell-shaped,
thick 0.5 m-2 m

Overbank
Splay

Thin massive sandstone to fine silty mudstone, potential curve high to low amplitude
funnel-shaped SP curve, thickness 0.5 m-3 m

Figure 2: Generalized map of architectural elements of Es3m interval. Map is showing locations of well cross-sections and seismic-sections
used in this paper. B-B’, C-C’ (Figure 9) and F-F’ (Figure 13) are well cross-sections; while E-E’ is seismic-section (Figure 11). This depositional
model is based on spatial and temporal information inferred and gathered from different data sets of study area.
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Reservoir architecture exerts a primary control on the
primary and secondary production. Four main types of
heterogeneity occur in petroleum reservoirs, namely, mi-
croscopic, mesoscopic, macroscopic and megascopic het-
erogeneities [82]. Understanding the reservoir heterogene-
ity depends on characterization of the architectural el-
ements, which is a key to improving primary and sec-
ondary production. In this study, we examined the middle
third member of the Eocene Shahejie Formation (Es3m),
which is a major reservoir interval in its basin. The Es3m
sandstones were deposited as turbidites in a lacustrine
basin [31]. We studied their lithofacies assemblages, reser-
voir architecture and petrographic characteristics to dis-
tinguish potentially high-quality reservoir units that may
yield primary and enhanced secondary production.

2 Geological setting
The Bohai Bay Basin is considered one of the most sig-
nificant oil-producing provinces in East China. The Jiyang
Subbasin is one of the six major subbasins within the Bo-
hai Bay Basin [26, 36]. The Dongying Depression is lo-
cated in the southeastern region of the Jiyang Subbasin
(Figure 1). The Dongying Depression contains a complete
petroleum system with a source, seals and reservoirs [54,
90]. Figure 2 shows the depositional pattern and distribu-
tion of the channel, lobe and overbank elements in the
study area. The evolutionary history of the system indi-
cates that it is an asymmetrical complex rift basin that
developed from the Late Jurassic through the Early Ceno-
zoic [30, 86]. The Dongying Depression is a typical half-
graben faulted basin that is surrounded by uplifts on four
sides. The anticline belt in this extensional system is due
to roll-over folding [22]. The depositional history of the
depression has mainly been influenced by the growth of
normal faults, which extend into the basement and repre-
sent primary controls on the distribution of Cenozoic sedi-
ments [22, 25, 37]. The multiple uplifts provided multiple
provenances for the sediments in the basin [37]. There-
fore, large amounts of detrital material were transported
into the basin and formed sedimentary facies of deltas
and turbidite fans [12, 31, 37]. The deposition of turbidite
sandstones occurred largely along an E–W axis and on the
southern slope of the basin [12]. However, small-scale fan
deltas and alluvial fans were deposited in lakeshore and
shallow lake environments on the northern slope [31, 37].
Several authors have provided detailed descriptions of the
Paleogene stratigraphy [26, 92] in the Jiyang Subbasin.
In this subbasin, the Paleogene succession is more than

7000 m thick, and the Neogene succession is 1000-2000
m thick. The entire Cenozoic succession is dominated by
non-marine sandstones andmudrockswithminor carbon-
ates and evaporites. The objective of this study, the Es3
member, ranges in thickness from 700 to 1,200 m and
generally contains lacustrine oil shale that accumulated
rapidly, as well as dark gray mudstones, calcareous mud-
stones and sandstones [34] (Figure 3).

3 Materials & methods
A total of fifty-eight wells with wireline logs and six wells
with cores were analyzed in this study. Core logging was
used to identify sedimentary structures and define sedi-
mentary facies. Core observations were calibrated to wire-
line logs; similarly, wireline logs were correlated with seis-
mic data to enable the mapping of architectural elements
and sequence boundaries. Architectural elements were
first identified in individual wells based on geomorphic
and geometrical features and on depositional processes
inferred from sedimentary structures in well cores. These
elements were then mapped and correlated in uncored
wells based on their corresponding log motifs (Table 1).
Cross-sections oriented parallel and perpendicular to the
depositional dip and plan-view architectural maps were
constructed in order to determine the distribution patterns
of the architectural elements. A hierarchy scheme pro-
posed by Sprague et al. [77] was adopted to establish the
physical stratigraphy. Individual sequences are identified
as LST sandstone capped by HST or TST hemiplegic mud-
stone. Sequences are bundled into composite sequences
and composite sequences are bundled into composite se-
quence sets based on the physical thickness of the se-
quence boundary (mudstone) dividing these units. The
sequence boundary identification criterion is taken from
Sprague et al. [77].

An optical polarizingmicroscope (ZEISS AXIO, Imager
A2m) in transmission mode was used to document the
whole-rock mineralogy, diagenetic relationships, poros-
ity characteristics and clay occurrences in the pores of
these samples [6, 28, 65]. Thin sections of all samples were
prepared by saturating and impregnating them with blue
epoxy resin. The same thin sections were analyzed using a
scanning electronmicroscope (SEM). APhilips-FEIQuanta
200 SEM at the Shingli Oil field research labs in Dongy-
ing was used in this study. Small unpolished rock sam-
ple fragments were mounted on a stage in the vacuum
chamber of the SEM, and a voltage of 20 kV was used
for SEM imaging. The X-ray diffraction (XRD) analysis of
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Figure 3: Generalized stratigraphic chart showing Cenozoic-Quaternary sequence with tectonic evolution and petroleum play in the Dongy-
ing Depression, Bohai, Bay Basin, East China. (modified from [25]).

minerals was performed using a D500 X-ray diffractome-
ter with Ni-filtered Cu-Ka radiation to qualitatively deter-
mine the whole-rock mineralogy and the clay mineralogi-
cal content. These samples were prepared and analyzed in
thepetrographic laboratories at the School ofGeosciences,
China University of Petroleum (East China).

4 Results

4.1 Lithofacies

Middleton and Hampton [52] suggested that sedimentary
structures can be used to define their depositional pro-
cesses but cannot be used to infer their transport mech-
anisms. Transport processes can be inferred once a depo-
sitional mechanism is established. We thus characterized
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the depositional mechanism of each facies. Three poten-
tial depositional processes are interpreted in these sam-
ples: (1) debris flows; (2) turbidity currents; and (3) coge-
netic flows.

4.1.1 Lithofacies 1 (Massive sandstones)

Massive sandstones occur in very thick beds and repre-
sent themost abundant lithofacies in the study area. These
units comprise structureless light gray sandandaremostly
oil-stained, with no evident sedimentary structures (Fig-
ure 4A, B). The sandstone ismoderately towell sorted, and
its grain size ranges from fine to medium sand. The thick-
nesses of the beds range from 10 cm to 100 cm. These sand-
stones mostly grade upwards into parallel or convolute
laminated facies. Massive sandstone facies exhibit sharp,
loaded or erosional bases. Water-escape structures (Fig-
ure 5) are recognizable in some of these sandstones. These
dewatered sandstones are injected into overlying and un-
derlying facies.

These structureless sandstones are considered to rep-
resent the Ta division of a Bouma sequence. They mostly
occur in the axial areas of channels, lobes, overbank
splays, and occasionally thin sheet sands [29, 43, 57].
Shanmugam [70] suggested a debris flow mechanism for
these structureless sandstone deposits. The presence of
dewatered sandstone and associated sand injections indi-
cates that these sandstones were depositedwith excess in-
tergranular water. Therefore, they are interpreted to repre-
sent the products of high- and low-density turbidity cur-
rents [16, 27].

4.1.2 Lithofacies 2 (Mudclast-rich, muddy sandstone)

This lithofacies comprises light gray to gray fine-grained
muddy sandstone or mudclast-rich siltstone. These facies
contain large (1-5 cm)mudclasts that float within amuddy-
silty matrix (Figure 4D, E). Small quantities of very coarse-
grained sand are also present in association with mud-
clasts that havebeen incorporatedby injection (Figure 4E).
As they are larger than the core diameter, these clasts ex-
tend beyond the dimensions of the drill core. If original
lamination is present, it is sometimes folded around the
clasts (Figure 6), and the edges of the clasts are abraded
by matrix sand. The thicknesses of the beds range from 5
cm to 1 m.

Most of the contorted facies mainly occur in chan-
nels and comprise slumps and debris flows [43]. The pres-
ence of floating clasts and the fact that the major axes

of these clasts are oriented in the flow direction are in-
dicative of a sheared debris flow [70]. The ubiquity of the
large clasts and the injection of coarse-grained sand into
the muddy-silty matrix by folding are also indicative of
a debris flow [17]. Soft-sediment deformation features oc-
cur and were caused by the fluidization of the sediments,
which may have been caused by seismic activity. These fa-
cies are thus interpreted to have been deposited by debris
flows.

4.1.3 Lithofacies 3 (Carbonaceous clast-rich sandstone)

This unit comprises light gray argillaceous fine-grained
sandstone with floating dark gray to black carbonaceous
debris clasts that are 1-2 cm in diameter (Figure 4C, 6).
These rocks appear to be cleaner and contain less mud
than lithofacies 2. These rocks also exhibit much less
chaotic fabrics due to their much lower quantities of mud-
clasts. Usually, this facies co-exists with and overlies the
mudclast-rich facies; it also sometimes gradesupward into
massive sandstone.

Carbonaceous debris is an indicator of a fluvio-deltaic
sediment source. Carbonaceous material can be trans-
ported to the upper slope by shelf floods [67]. In chan-
nel complexes, extensive mudclasts occur at the bases of
channels and are overlain by sandy beds and carbona-
ceous material. The proportions of mudclasts decrease to-
wards the top [27, 43]. These facies are thus interpreted to
represent the depositional product of channelized turbid-
ity currents.

4.1.4 Lithofacies 4 (Laminated fine-grained sandstone
or siltstone)

In this lithofacies, fine-grained sandstones and siltstones
are laminated with dark gray or reddish mud layers (Fig-
ure 6). Usually, the sand laminae have erosive bases that
cut into the underlying mud laminae. Convolute lamina-
tion also occurs with folded and inclined imbricated lami-
nae formingduplex-like structures (Figure 4G,H). The con-
torted units are bounded by horizontal, undeformed and
parallel laminae. Sometimes these convolute laminae are
found within the substrate. The thicknesses of these beds
range from a few cm to 1-2 m. The thicknesses of individual
mud laminae range from 1 mm to 1 cm.

The parallel laminated units are considered to repre-
sent the Tb division of a Bouma sequence, whereas the
convolute bedding is interpreted to represent the Tc divi-
sion of a Bouma sequence. Shanmugam [71] suggested a
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Figure 4: Figure shows different lithofacies with their diagnostic features. (A) and (B) are massive sandstone facies (lithofacies 1); (C) Car-
bonaceous clast rich sandstone (lithofacies 3) grading into massive sandstone (lithofacies 1); (D) and (E) showing large clasts are floating
in muddy sandy matrix, clasts are abraded by surrounding sandy matrix (Black arrows) (lithofacies 2); (F) \Showing parallel lamination,
where fine sandstone or siltstone is laminated with gray mud (lithofacies 4); while in the middle is massive dark gray to black hemiplegic
mudstone; (G) and (H) inclined imbricated laminae forming duplex-like structures.
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Figure 5: Core log from Well H152 showing sand injections and water escape structure in lithofacies 1. Note; Dewatered sandstone, shows
water escape structure with wispy dark layers.
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Figure 6: Core log from Well H146 showing mudclast in lithofacies 2, carbonaceous clast in lithofacies 3 and lamination and slump folding
in lithofacies 4.
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bottom-current reworking origin for the parallel lamina-
tion. Based on a coherent structure model, Allen [1] pro-
posed that parallel laminations are developed fromupper-
stage plane beds by turbulent currents. Eggenhuisen [17]
also inferred these facies to be upper-stage plane bed lami-
nations. Convolute laminae developeddue to the disaggre-
gation of aggrading beds caused by dewatering and shear
by the overriding flow [17]. These facies are interpreted to
be the product of low-density turbidites [27, 27]

4.1.5 Lithofacies 5 (Hemipelagic mudstone)

Two types of hemipelagic mudstone occur in the study
area: (1) reddishmudstone and (2) dark gray to blackmud-
stone. The reddishmudstone occurs as thin laminae (1 cm)
in thin-bedded turbidites (Figure 6), and the dark gray to
black mudstone occurs as thin laminae (<1 cm) (Figure 7)
and thick beds that can reach thicknesses of up to 10 m.
Thin laminaeof hemipelagic siltstone sometimes occur be-
tween these beds. Thick beds of hemipelagic mudstone
can be correlated betweenwells and can also be traced us-
ing seismic data.

Hemipelagic mud is considered to represent the Te di-
vision of a Bouma sequence. The reddish mudstone con-
tains hematite, which formed under oxic seafloor condi-
tions [85]. In contrast, the dark gray mudstone formed
under anoxic seafloor conditions. Both of these are inter-
preted to reflect the hemipelagic settling of mud and silt.

4.2 Architectural elements

The architectural elements in this region exhibit defi-
nite lateral and vertical arrangements of lithofacies, ge-
ometries and geomorphologies. The stratigraphic relation-
ships between architectural elements indicate that the
sediments of Es3m were deposited in a complex system of
channels, levees, overbank splays, lobes and lobe fringes.

4.2.1 Channels

Channels are only present in the lower part of the Es3m
sequence. They are 2 m to 6 m thick and 380 m to 1200 m
wide. Most of them have erosive bases and contain litho-
facies 1 and lithofacies 2, which features large mudclasts
floating in a finer sand matrix (Figure 8A, C). The entrain-
ment of such large particles indicates the flow strength of
these channels. Basically, these channels are composed
of discrete amalgamated units that are separated by thin

erosive surfaces. Debris flow processes are interpreted to
be dominant at the channel base and eroded the chan-
nel bases and sidewalls. Generally, clast-rich debris flow
facies containing intervals of massive coarse sand are
present at the bottom and are overlain by laminated fa-
cies. At the top, these elements are preserved by a rela-
tively horizontalmud layer exhibiting an overall fining up-
ward trend.

4.2.2 Levees

Levees are composed of fine-grained lithofacies 4 and
flank both sides of the channels. They represent the
wedge-shaped elevated margins of the channels, with
thicknesses ranging from 0.5 m to 2 m. They are thicker
near the channel margins and laterally thin outward (Fig-
ure 8A, C). They are typically composed of thin-bedded
laminated siltstone. These siltstones represent the upper
parts of turbidity flows, which are not totally confined by
the channels. Low-density flows usually feed fine-grained
sediments to overbank areas. The upper parts of turbidity
flows can be interpreted as low-density turbidity flows, as
reflected by the nature of the traction and suspension of
their depositional mechanism.

4.2.3 Overbank splays

Overbank splays are present where levee banks are
breached. These deposits dominantly comprise lithofacies
2 and range in thickness from 0.5m to 3m. Overbank splay
sediments aremostly deposited in a contrastingmanner as
levees; as the thickness of a levee decreases moving away
from the channel margins, the thickness of the splay in-
creases. Splays are present where a channel bifurcates or
changes its angle. When a flow passes through the splay,
its velocity suddenly decreases and its sediment load is de-
posited rapidly. This rapid deposition results in a bifurcat-
ing channel pattern.

4.2.4 Lobes

Lobes are thick stacked lenticular bodies that are superim-
posed on the channel complexes in the study area. They
record maximum thicknesses of 6 m near their axes and
minimum thicknesses of 1.5 m near their margins. Gen-
erally, lobes are composed of lithofacies 1, lithofacies 3
and lithofacies 4 at their bases and exhibit an overall
coarsening-upward trend. Moving outward towards the
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Figure 7: Core log from Well H152 showing mudclast in lithofacies 1 and dark grey hemiplegic mudstone in lithofacies 5.
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Figure 8: (A) depositional model of channel; (B) depositional model of lobe; (C) representation of channel from well correlation; (D) repre-
sentation of Lobe.

lobe fringes, the proportion of framework grains decreases
and that of the fine-grained matrix increases. Lobes do
not exhibit erosive bases due to the low velocity of the
flowduring deposition. They are interpreted to occur at the
mouths of channels where the channel is no longer con-
fined by a levee. At this stage, the flow spreads out, the
velocity rapidly decreases, and thick lobe-shaped bodies
of sediment are deposited.

4.2.5 Lobe Fringes

Lobe fringes comprise thin deposits of graded lithofacies
2. These lobe fringes are typically 0.5 m to 3 m thick, and
they are characterized by thin separations of fine siltstone.
Lobe fringes continually shift during the development of
lobes, thus causing fine siltstone to be variably distributed
within the lobe body (Figure 8B, D).

4.3 Architectural hierarchy

Individual elements, such as channel elements, lobe el-
ements, levees and overbank splays, are bounded by
hemipelagic siltstone or mud. These are equivalent to the
fourth-order surfaces of Miall. Their top surfaces are de-
finedby relatively horizontal hemipelagicmudbeds,while
their bases represent concave-up in channel elements.

These surfaces can be identified in cores with meter-scale
mud beds and relatively low gamma ray (GR) values (Fig-
ure 9A, B, C).

The channel and lobe elements are bounded by sur-
faces that are equivalent to thefifth-order surfaces ofMiall.
The top bounding surfaces are mostly flat, whereas their
basal surfaces are slightly concave upward. These units
are marked by high-frequency changes in deposition and
erosion. These surfaces are characterized by a relatively
thick layer of hemipelagic mud with low GR values and
high AC log motifs (Figure 9A, B, C). In seismic profiles,
these surfaces develop a weak impedance contrast that is
recognizable by its weak reflectance (Figure 10).

Channel and lobe complexes represent short-term sea
level changes and tectonic activities. They are equiva-
lent to the “third-order” turbidite stage of Mutti and Nor-
mark [56]. Thick beds of hemipelagic mud reflect a very
low to absent sand supply to deep-water settings [19, 77].
These hemipelagic intervals can be used to map these
surfaces and determine the number of cycles in basinal
studies. Seismic sedimentology is a promising frontier and
have great potential in reservoir deposition research [93,
94]. The bounding surfaces can be recognized in seismic
profiles based on their strong reflectance (Figure 10), and
they can be mapped throughout well-sparse areas.

Individual depositional systems, which are com-
posed of multiple composite channel/lobe complexes are
bounded by thick hemipelagic mudstones that represent
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Figure 9: An illustration of channel and lobe elements; (A) bigger channel elements; (B) smaller channel elements; (C) lobe elements. Note;
interpretation is made with the help of core lithology and log motifs.

long-term breaks in sedimentation. These units are equiv-
alent to the “second-order” depositional stage ofMutti and
Normark [56]. The target stratigraphic interval in the study
area is bounded by these surfaces at both its top and bot-
tom (Figure 10). These surfaces exhibit a regional extent
and are well documented throughout the basin.

4.4 Sequence stratigraphy

The highly organized nature of turbidite deposits reflects
their controls over the development of stratal architecture
through a set of well-governed laws [19]. The relative posi-
tion of the shoreline to the shelf edge, which is controlled
by the physiography and accommodation of the shelf, is
key. The feeder system dynamically controls the amount
and grain size of the sediments that are delivered to deep-
water settings [11, 79]. The controlling factors in lacustrine
basins are different, as continuous rifting controls the ac-
commodation and slope angle. Due to the smaller size
of the lacustrine basin and its intensive degree of exten-

sion, frequent sequence cycles developed in Es3m. Thus,
a scheme similar to that of Sprague et al. [77] is adopted
here to depict the sequence stratigraphic framework of
Es3m in the study area. A sequence hierarchy is devel-
oped based on the interpretations of the main facies types
and their lateral and vertical distributions. A sequence (S)
comprises a sand-rich lowstand that is capped by trans-
gressive and highstand hemipelagic mudstones. System-
atically stacked sequences form composite sequences (CS)
that can be further grouped into composite sequence sets
(CSS); refer to Sprague et al. [77] for further details. Se-
quences exhibit predictable stacking patterns and can be
stacked into composite sequences that comprise a low-
stand sequence set and a transgressive and highstand se-
quence set. A total of forty-five sequences comprising four
composite sequences are identified in one composite se-
quence set. Starting from the bottom and moving towards
the top, the four composite sequences are CS4, CS3, CS2
and CS1 (Figure 11).

CS1 is mainly composed of channels and splays that
mostly comprise massive sand facies. The channel sand
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Figure 10: Seismic-section through the study area showing recognition of 4th, 5th, 6th and 7th order surfaces from seismic profile. Location
of this section C-C’ can be seen in figure 2.

bodies exhibit good connectivity. These sequences are
stacked in a progradational pattern, in which lowstand
channels prograde basinward over highstand and trans-
gressive hemipelagic mudstones and siltstones. From CS1
to CS2, the channel switches to sequences of thick lobes.
In CS2, sequences are also stacked in a progradational
pattern, where lowstand lobe sands step basinward over
highstand and transgressive hemipelagic mudstones and
siltstones. CS3 is dominated by thin lobe fringe bodies,
where sequences are stacked in retrogradational patterns
in which lowstand lobe fringe sands step backwards to-
wards land and highstand and transgressive mudstones
and siltstones onlap onto lobe facies. CS4 is also retrogra-
dational and is dominated by lobes and lobe fringes. In
this composite sequence, lobes grade to lobe fringes later-
ally basinward. CS1 and CS2 reflect high-energy proximal
settings, whereas CS3 and CS4 are relatively distal.

The systematic development of turbidite sequences
can be related to changes in sea level [59]. Based on
the thicknesses of regionally mappable hemipelagic mud-
stone, a hierarchy can be established from deep-water sys-
tems [5, 29, 32, 63, 64]. The Es3m turbidites developed
while intense extension occurred in a nearly E–W-trending
rift basin. Channels developed on the slopes during the
cutting stage, and mixed clastic flows in the channels
eroded the substrate; in contrast, stacked lobes that record
no significant evidence of erosion represent the fill stage

(Figure 11). Extensive channel complexes developed in se-
quence four. Variations in the flow and/or sediment loads
of the channels changed their paths and patterns. Over-
all, the channels in the study area largely record evidence
of lateral accretion and bifurcation. The plan-view map
shows that the channels originated from the eastern sideof
the study area (Figure 12D), while the shifting locations of
lobes indicate thepresence ofmultiple feeders (Figure 12A,
B, C). Typically, lobes developed during later sequences;
for example, the lobes in sequence 2 are progradational,
whereas those in sequences 3 and 4 are retrogradational.

4.5 Reservoir Quality

4.5.1 Mineralogy

Rock composition represents a critical parameter that can
be used to understand reservoir producibility and water
flooding, as it can provide valuable insights into thewetta-
bility and saturation of the reservoir [75]. The sandstones
in this study are generally lithic arkose but range in com-
position from arkose to feldspathic litharenite. The aver-
age composition of the framework grains is Q45F34L21.
As a major constituent mineral, quartz represents 35%
to 55% of the framework grains. Feldspar is the second
most abundant mineral and ranges in abundance from
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Figure 11: NW-NE cross-section covering study area passing through six wells: Channel developed in CS1 by prograding pattern; thick lobes
developed in CS2 by prograding pattern while thin lobes and lobe fringes developed in CS3 and CS4 by retrograding pattern. (See location
of cross-section F-F’ in Figure 2).
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Figure 12:Map showing architectural elements mapped in plain view representing end stage of each composite sequences (A) CS4, shows
retrogradational pattern of architectural elements; (B) CS3, also shows retrogradational pattern; (C) CS2, shows progradational pattern of
architectural elements; (D) CS1, shows progradational pattern. Maps are based on inferred information from spatial and temporal refer-
ences gathered from multiple data sets of study area.

Figure 13: (A) Trinary diagram showing framework grain composition of ES3m turbidite sandstone from the study area. Diagram refers to
sandstone classification standard of Folk et al. [20]; (B) Relative weight percent of different clay mineral found in ES3m sandstone by XRD
analysis, kaolinite weighs major part of clay fraction; (C) Graph showing negative relation between bulk clay content and kaolinite content;
(D) Negative relation between kaolinite content and illite content.
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Figure 14: Thin-section photographs showing petrographic features of different architectural elements (A) Channel axis, High intergranular
porosity, dissolved feldspar grain; (B) Levee or relative low intergranular porosity; quartz cement is prominent; (C) Lobe Axis, smaller grain
size, relatively higher lithic content and less intergranular porosity; (D) Lobe Fringe, higher clay matrix, smaller grain size, very less poros-
ity; (E) Authigenic kaolinite in dissolved Feldspar grain (Orthoclase); (F) Platy crystal structure in kaolinite and fibrous structure in illite-
smectite mix layer. F.D-Dissoluted Feldspar, M-Mud intraclasts, Mx- Matrix, Q-Quartz, Qo-Quartz overgrowth, K-Kaolinite; I/S- illite/smectite
mixed layer.
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Figure 15: Plot showing overall relationship between porosity and
permeability in the study area.

26% to 41%,whereas the fraction of lithic fragments varies
from 10% to 24%. The relative fractions of quartz, feldspar
and lithic fragments are shown on a ternary diagram (Fig-
ure 13A). The lithic fragments are mostly of metamorphic
in origin, with very few sedimentary and igneous clasts.
Generally, the grain size varies from fine sand to coarse
sand. These sandstones are usually poorly to moderately
sorted. Their high clay matrix contents and mudclast con-
tents result in their poor sorting. The results of XRD anal-
yses indicate that their bulk clay contents range from 6-
26%; the most abundant clays are kaolinite and illite, al-
though chlorite and illite-smectite mixed layers are also
present in smaller fractions. Figure 13B shows the rela-
tive proportions of these clay minerals. Kaolinite is gen-
erally authigenic and is produced by feldspar alteration.
Kaolinite content exhibits a negative correlation with to-
tal clay content; with increasing total clay, the kaolinite
content decreases (and vice versa). Kaolinite also exhibits
a negative correlation with illite (Figure 13C, D). These
relations indicate that feldspar transformed into kaolin-
ite and that kaolinite transformed into illite. Quartz is
mostly monocrystalline, with euhedral edges produced by
the formation of quartz overgrowths in channel elements
with moderate sorting and relatively large grain sizes (Fig-
ure 14A, B). In contrast, lobe elements exhibit finer grain
sizes, poor sorting, higher matrix contents and a higher
fraction of lithic grains (Figure 14C, D). The dissolution
of feldspar is vertically associated with the bed center
and spatially associated with the axial areas of channels
and lobes. The dissolution of feldspar generated kaolinite,
which is present in dissolved pore spaces (Figure 14A, E,
F).

4.5.2 Porosity and permeability

The porosity and permeability of the Es3m sandstones and
siltstonesweremeasured using routine core analysis. A to-
tal of 301 core analysis data points were collected from 9

different wells in the study area (Figure 15). The porosity
in Es3m has an average value of 18%, a minimum value
of 6.3% and a maximum value of 31.7%. The permeability
ranges from 0.032 mD to 992 mD, with an average perme-
ability of 35.83 mD. Primary porosity in the form of intra-
granular pores is dominant in the Es3m sandstone. How-
ever, dissolved and altered feldspar grains can host con-
siderable amounts of secondary porosity (representing 20-
50% of the total porosity).

The percolation of meteoric water through pores is re-
sponsible for the dissolution of the feldspar. The forma-
tion of authigenic kaolinite and illite in secondary pores
is due to the release of Al3+ and SiO2 from the leached
feldspar [89]. The secondary porosity can reach up to 2%
in thin sections. The results of the petrographic analysis
of sandstone indicate that increased lithic fragments and
clay and silt contents are present in the distal areas of the
fan. This led to the poor sorting and lower permeability ob-
served in the study area. Porosity and permeability show
good overall relationships in the study area (Figure 15).
However, regions of scatter or disruption of their relation-
ships correspond to distal fan areas where considerable
microporosity can exist in matrix clay and cement. Due to
the small sizes and large pore throat radii of these microp-
ores, their permeability is low.

5 Discussion
Reservoirs have four scales of heterogeneity [46]: 1. mi-
croscopic heterogeneity at the pore and throat scale (µm);
2. mesoscopic heterogeneity corresponding to ripple- and
cross lamination-scale variability (cm to m); 3. macro-
scopic heterogeneity reflecting the depositional pattern of
lithofacies and subsequent changes after burial (1-100 m);
and 4. megascopic heterogeneity corresponding to depo-
sitional system-scale variations (1000 m).

Macroscopic heterogeneity is the product of primar-
ily depositional and subsequent diagenetic patterns. Dia-
genetic calcareous dissolution, accretionary surfaces and
small-scale hemipelagic mud capping are responsible for
this heterogeneity.

Massive sandstones and clean sand facies were de-
posited near the channel and lobe axis where turbidity
currents were strong, whereas laminated sandstones and
siltstones were deposited off-axis, where the currents were
weak and dilute [27, 41, 43, 60]. The distributions of fa-
cies in channels and lobes do not simply radiate outwards.
Massive sands always alternate with clayey deposits off-
axis and in turbidite systems. High-energy turbidite flows
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Figure 16: (A) Relationship between median grain size and Porosity; (B) Relationship between median grain size and permeability. Higher
Median Grain sizes correspond to higher porosity and permeability in cleaner sandstones while silty, clayed, cemented and laminated
sandstones exhibit less porosity and permeability.

Figure 17:Wireline log (GR and SP), median grain size analyses, routine core analyses and microphotographs from well W152 showing char-
acteristic porosity and grain distribution in vertical profile of lobe. Grain size and porosity increases toward the top of lobe; (Numbers in GR
column indicate the depth location of photo microphotographs).

in axial areas maintain a coarser sand supply, produc-
ing massive and ripple-laminated facies. Coarser grains in
well-sorted facies produce larger pores and throats that ul-
timately result in higher degrees of porosity and perme-
ability (Figure 16A, B).

The overall architecture depends upon the stacking
patterns of macroforms, minor elements and their under-
lying relief [60]. Analyses of thin sections and coreporosity
andpermeability show that the axial areas of channels and
lobes are highly porous and exhibit the higher permeabil-
ity associated with coarser sandstones (Figure 17). The in-

ternal architectural style resulting from a stacking pattern
plays a vital role in defining the petrophysical properties
of a system. In this system, the progradation of lobes and
lateral accretion in channels resulted in the development
of coarsening-upward and fining-upward grain size trends
(Figure 17). In contrast, splays and distal fan facies display
aggradation and exhibit finer grain size fractions with no
significant grading. These textural tends are also reflected
in their porosity and permeability (Figure 17). This con-
trasting behavior between different elements produces a
composite vertical flow profile.
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Figure 18: Showing relationship between relative fraction of different clay minerals and core porosity (A) increasing porosity with increasing
kaolinite content; (B) increasing permeability with increasing kaolinite content. While porosity and permeability decreases with increasing
illite and chlorite content.

Figure 19: A comparison of poro-perm with clay mineralogy reflects higher content of kaolinite corresponds to higher poro-perm. (A) In
well 140, higher content of kaolinite in CS2 corresponds to higher poro-perm; (B) In well 152, higher content of kaolinite in CS2 and CS1
reflected again in higher poro-perm; (C) In Multiple wells, higher content of kaolinite corresponds to higher poro-perm.
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Figure 20: A graphical representation of estimated reserves, recovery rate and remaining oil fractions. (A) estimated oil reserves; (B) Recov-
ery percentage in four composites sequence sets. Map showing remaining oil percentage in (C) CS1 and (D) CS2.

On the microscopic scale, Yuan et al. [89] suggested
that most likely the internal source for quartz cements
in these sandstones is minimal pressure dissolution of
feldspars. This dissolution of feldspar produces authigenic
clay and quartz cement. This process not only produces
secondary microporosity but also destroys primary inter-
granular pore spaces. This phenomenon produces narrow
and occluded pore throats and ultimately reduces perme-
ability. The thicknesses of sandstone beds and their dis-
tances from capping mud layers are also factors control-
ling the pore space and permeability of reservoirs [89].
Secondary porosity associated with feldspar and primary
intergranular porosity tend to decrease towards bed mar-
gins. In contrast, carbonate cementation tends to increase
towards bed margins. Authigenic clays and quartz ce-
ment associated with feldspar dissolution tend to occur
in the central portions of beds. Microscopic heterogene-
ity is formed by the combined effects of sedimentary tex-
tures and diagenesis. Inherent intergranular pore space
and post-burial alteration processes (i.e., cementation,
dissolution, and compaction) define the ultimate quality
of the reservoir. The dissolution of feldspar grains creates
secondary porosity composed of micropores with narrow
throats. On the other hand, authigenic clays and quartz
cement can occlude intergranular spaces, thereby reduc-
ing the overall permeability of the reservoir. Clay is an im-

portant component that controls the recovery of the reser-
voir [68, 78]. The volume of secondary and enhanced pro-
duction is somewhat proportional to the clay content [80].
Production is also directly proportional to the total clay
content [81]. The clay location is also a significant aspect,
as grain-rimming and pore-filling clays can drastically in-
crease or decrease the reservoir quality. Previous stud-
ies [75, 80, 81] used kaolinite to predict the production and
recovery of reservoirs. We determined that higher porosi-
ties and permeabilities in the Es3m sandstone are related
to higher kaolinite contents (Figure 18A, B). In the context
of its sequence stratigraphy, CS2 has the highest kaolinite
contents, whereas CS1 and CS3 have lower kaolinite con-
tents (Figure 19A, C). Routine core analyses (Figure 19A, C)
show that the overall porosity and permeability are higher
in CS2 than they are in the study area.

Well H142 has a high kaolinite content in CS2, which
corresponds to its highporosity andpermeability, andwell
H142 exhibits higher porosity and permeability in CS1 than
in CS4 due to its higher kaolinite content (Figure 19B).
The estimated geological reserves in CS2 are quite high,
i.e., approximately 200 million tons (Figure 20A). The re-
covery percent is also higher in CS2 (Figure 20B, D) than
in CS1, which shows a lower recovery percentage (Fig-
ure 20C). The remaining oil fractions are lower in the ax-
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ial areas of architectural elements, while marginal areas
exhibit higher oil fractions (Figure 20C, D).

6 Conclusions
It is necessary to identify the role that reservoir architec-
ture plays in controlling primary, secondary and enhanced
production. Previous studies performed in this study area
did not address reservoir architecture; therefore, it was dif-
ficult to recognize reservoir flow units and their controls
on flow. In this study, we identified the reservoir architec-
ture based on the analysis of drill cores, wireline logs and
seismic profiles. Five lithofacies were defined according to
their deep-water processes and depositional mechanisms.
A hierarchy of sequence boundaries was established, and
the distribution of architectural elements within these hi-
erarchy levels was also described. The following conclu-
sions can be made from this study:

Massive sandstone facies mainly represent axial ar-
eas, while laminated facies represent the marginal areas
of lobes and channels, which exhibit high intergranular
porosity and good reservoir characteristics. Lobe fringe
and channel overbank areas are mainly composed of
argillaceous siltstone or fine sandstone with poor reser-
voir characteristics. High reservoir compartmentalization
is formed by transgressive or highstand siltstones or mud-
stones (SB). These siltstones have low permeability and
thus limit fluid flow, especially during secondary produc-
tion. Sandstone-mudstone interfaces also represent local
sites for carbonate cementation. On the other hand, the
microporosity that forms in illite, smectite and chlorite
generates a pronounced resistance to the permeability of
petroleum in the Es3m reservoir. However, higher porosi-
ties and permeabilities are associated with higher kaoli-
nite contents. Extensive kaolinization occurs in CS2 and
CS1. Lobes in CS2 and channels in CS1 exhibit good reser-
voir characteristics and considerable connectivity. The
channel sand bodies are continuous and have higher re-
covery rates in axial areas. The lobe sand bodies are small
in size and are mostly discontinuous; thus, their recovery
rates are lower. Due to the higher degrees of heterogeneity
observed at themargins of architectural elements, their re-
maining oil fractions are also high.
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