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a b s t r a c t

For a better understanding of the strong heterogeneities of the Mishrif Formation in the H Oilfield of
southeast Iraq, the characterization of the carbonate architectures has become one of the key research
departments of carbonate rocks. This study aims to reveal the architecture and controlling factors of the
carbonate tidal channels in the MB1-2B sub-layer of the Mishrif Formation in response to the delineation
of the tidal channels that have hydrocarbon potential. Three architectural elements and three archi-
tectural boundaries of the tidal channels were identified by interpreting the cores, well-logging, seismic,
and analytical data. The results show that: (1) the architecture characteristics of tidal channels are mainly
migrating type in the downstream zone, the side of concave bank of the tidal channels is usually filled
with relatively coarse-grained grainstone; (2) the architecture characteristics of tidal channels are mainly
swinging type in the upstream zone, showing the high porosity and permeability; (3) the architecture
characteristics of tidal channels are mainly vertical-accretion type in the mid-regions, indicating the
instantaneous current reversals and high geographical position. This analysis demonstrates that the best
reservoir quality within the tidal channels is located in the bend of the tidal channel near the inner
lagoon and open sea, it provides the geological models for later exploration and development in the
Mishrif Formation.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The carbonate reservoirs have been considered a very important
oil and gas producing formation, accounting for about 47% of the
world's total oil and gas reserves (Roehl and Choquette, 1985; Shen
et al., 2019). For about half a century, there has been an increase in
the classical achievement of carbonate facies during phases of the
study of carbonate reservoirs (Wilson, 1975; Read, 1982; Yang and
Wu, 1998; Flügel, 2004; Li et al., 2010; Xu et al., 2012; Purkis,
2019), such as Wilson (1975) summarized 24 standard facies
types and a carbonate sedimentary model consisting of 3 facies
belts and 9 subfacies based on the analysis and discussion of the
y Elsevier B.V. on behalf of KeAi Co
tide, wave, oxidation interface, salinity, water depth, water circu-
lation, and other factors in the sedimentary environments; Flügel
(2004) divided the carbonate rocks into 26 standard facies types
and 10 facies belts based on the Wilson's carbonate rimmed plat-
form model; and another practical standard facies type is the car-
bonate gentle slope model (Read, 1982). Recently, because of the
diverse reservoir space, strong heterogeneity, complex origin, and
great difficulty in reservoir characterization and prediction (Kerans,
1988; Moore, 2001; Zhao et al., 2012; L�eonide et al., 2014; Bosence
et al., 2015; Qiao et al., 2016, 2017), the tidal channels in the car-
bonate facies have become the focus of attention in the petroleum
industry (Hashemi et al., 2014; Alqubalee et al., 2022; Noureldin
et al., 2023).

The tidal channel is an erosive/constructive channel formed by
tidal processes or currents (Gr�elaud et al., 2010), and controlled by
tidal regimes on short timescales and sea level and climate changes
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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over long timescales (Ferreira et al., 2022). Understanding the high
variability of tidal channel shapes and patterns of sinuosity
(Donnici et al., 2017; Ferreira et al., 2022) has been the object of
recent studies. The primary controlling factor in tidal channel
variability is the increased accommodation during the initial stages
of transgressions (Bayet-Goll et al., 2018), the retrogradation of the
channel island-wardmargin (Wu et al., 2021), the varying hydraulic
pressure gradient between the shelf-lagoon and the adjacent ocean
basin (Harris et al., 2005), and the velocity of tidal currents (Reeder
and Rankey, 2009). There are many documented examples of
channel deposits in outcrops (e.g., Rahmani et al., 1988; Rebata
et al., 2006; Gr�elaud et al., 2006, 2010) and modern studies (e.g.,
Hubbard et al., 2011; Davis and Dalrymple, 2012; Hein et al., 2013;
Olariu et al., 2015). For example, the coarse sheets represent high
energy tidal channels (Tirsgaard, 1993); tidal channels in the to-
ward upstream networks are mainly infilled by fine-grained sedi-
ments due to decreasing energy (Hughes, 2012; Ferreira et al.,
2022); the base of the tidal channel in the shallow-water tidal
setting could be infilled by the massive grainstones (Reynaud and
James, 2012); the scour-based fining-up dolostone beds are inter-
preted as shallow channel/tidal channel fills (Seyedmehdi et al.,
2016; Pratt and Rule, 2021); the meter-scale channel form is filled
with bio-grainstone in themiddle and upper parts of the succession
(Salehi et al., 2020); and the channel within the channelized zone
possibly have mud-covered bottoms, but locally shelly lags occur
(Wu et al., 2021).

In recent years, the study of architectural elements is relatively
mature in the research of clastic reservoirs (Williams and Rust,
1969; Miall, 1977, 1985, 1988, 1992, 1993, 1996, 2014, 2022; Cant
and Walker, 1978; Bluck, 1979; Allen, 1983; Walker and Cant,
1984; Bridge, 1993, 2003; Lunt and Bridge, 2004; Bridge and Lunt,
2006; Li et al., 2015), which laid the foundation for later study of
the architecture of carbonate bodies (Jin, 2009; Chen et al., 2015;
Chang et al., 2018; Kargarpour, 2020; Zhu et al., 2021). Since the
architecture of tidal channel proposed by Tirsgaard (1993),
numerous models were established including the isolated and
downdip geometry for channel complex filled with carbonate
grainstone (Rankey, 2003), the lenticular bodies (ooidal grainstone
and ooid-intraclast packstone/grainstone) with erosional bases
(Armella et al., 2007), the laterally accreted tidal bars and forward-
accreted tidal dunes in large tidal channels (Chen et al., 2022), the
“circular” fill of the tidal channel (Olariu et al., 2015), and the
lateral/vertical accretion geometries of the tidal channels during
flooding of the carbonate platform (Gr�elaud et al., 2006, 2010).
Despite studies of internal filling and external shape, the architec-
ture classification and hierarchy of the tidal channel are still poorly
understood because of the complicated interaction between
erosional and depositional processes.

In addition, tidal channels are characterized by strong hetero-
geneity due to their mode of deposition (Noureldin et al., 2023) and
the bioturbation that has a negative impact on the reservoir quality
of tidal channels (Alqubalee et al., 2022). According to the
discrepancy between the reservoir properties and surrounding
rock, Noureldin et al. (2023) performed post-stack inversion tech-
niques to delineate the hydrocarbon-bearing tidal channel con-
tained in the carbonate reservoir; Sabouhi et al. (2023)
distinguished the position and geometry of channels by acoustic
impedance; Hashemi et al. (2014) utilized Multiple-point statistics
to simulate a channelized carbonate reservoir located southwest
Iran; and Ferreira et al. (2022) summarized the patterns of internal
reflections, terminations, and outer shapes for tidal channel base on
high amplitude, low frequency, and low lateral continuity. More-
over, delineating tidal channels in the carbonate reservoir is crucial
to diminish drilling risks, and raise the hydrocarbon potential
(Noureldin et al., 2023). Hence, the architectural characterization is
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significantly needed for the reservoirs of the tidal channel.
In the study area, the research on the reservoir architecture of

Mishrif Formation in H Oilfield is mainly based on cores, cast thin-
sections, well-logging, seismic and other data, and the reservoir
architecture of lagoon facies, bioclastic shoal facies, tidal channels,
and other facies were analyzed within the framework of fourth-
order sequence (Sun et al., 2020). Despite reservoir architectures
being constructed in the injection-production well groups, the
research mainly focuses on the description of the architecture
boundary of facies and the establishment of the reservoir archi-
tecture model in the fourth-order sequence. However, there was a
lack of in-depth analysis of the internal texture and reservoir pre-
dictions of typical architectures such as carbonate tidal channels on
a smaller scale. This paper aims to classify the carbonate tidal
channel architecture, identify the multiple-order boundaries of the
tidal channels based on cores, well-logging, and seismic data, finely
depict the external shape and internal structure of tidal channel
architectures, characterize its spatial distribution and super-
position patterns, and establish a geological model reflecting the
genesis of sedimentation, which will provide the geological basis
for the fine development of carbonate reservoirs in H Oilfield.

2. Geological settings

The H Oilfield is located in Misan Province in the southeast of
Iraq in the northeast of the Arabian Plate (Aqrawi et al., 2010; Al-
Qayim, 2010) (Fig. 1), tectonically located in the foredeep zone of
Mesopotamia Basin, is an NW-SE trending broad and gentle long
axis anticline formed in the Neogene Zagros orogeny (Dunnington,
2005). The H Oilfield, located on the border of Iran and Iraq and the
Basra area, is distributed in a strip in the southeast direction (Fig. 1).

The Mishrif reservoir has been found in most fields from central
Iraq as far north as the Hamlin Mountains and throughout south-
eastern Iraq (Dunnington, 2005). The Mishrif Formation was
developed in the Tigris River Basin through East Baghdad and
Halim in the northeast. The average thickness of the formation in
Amara, H Oilfield, and other areas is 350e400 m, while it becomes
thinner and pinches out in the west and southwest (Aqrawi, 1998).
The thickness of the formation in Well Zubair-3 is only 157 m. The
Late Albian-Early Turonian stratigraphic structure represents a
transition from the onlapmargin to the basin, with the late Rumaila
Formation moving upwards into the Mishrif Formation near the
east and north, and northeastward into the Iraqi Kurdistan region
near the southeastern Kirkuk Oilfield. Therefore, the Mishrif For-
mation became the Dokan and Balambp Formation (Aqrawi et al.,
2010). The Mishrif Formation, first described by Owen and Nasr
(1958) from southern Iraq, overlies the Rumaila Formation car-
bonates in the zone between the Iraq-Iran border and the Basra
region in southwestern Iraq, and is characterized by strong het-
erogeneity (Sadooni, 2005; Wang et al., 2016).

The Cretaceous Mishrif Formation of the H Oilfield in Iraq was
divided into 4 members (MA, MB1, MB2, and MC) and 15 sub-
members, constituting 5 third-order sequences (Sun et al., 2020).
The top surface of each third-order sequence was bounded by
typical facies types such as tidal channels, incised valleys, or un-
conformity surfaces representing sea-level fall (Sun et al., 2020).
The main production layers of the oilfield are MB2 and MB1, where
a large number of relatively low-energy fine-grained carbonate
rocks (mainly argillaceous or marlite) were developed, accounting
for 59.74% of the reserves, with significant oil and gas development
potential (Sun et al., 2020). The MB2 Member of the Mishrif For-
mation was a high-energy, coarse-grained bioclastic grain lime-
stone reservoir with a thickness of about 30 m, good physical
properties, and high production. The MB2 Member was developed
with a thick-bedded bioclastic shoal, which was mainly affected by



Fig. 1. Location of main structural areas in the study area and structural map of the top surface of MB1-2A. The main tectonic regions were modified from Aqrawi (1998); map of the
study area in southern Iraq showing the location of wells investigated, and the range of profiles and planes presented in Figs. 7 and 8.
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the dissolution of atmospheric freshwater, with the most signifi-
cant dissolution and the largest pore throats, and were the best
reservoirs in the Mishrif Formation (Yu et al., 2018). The MB1
Member of the Mishrif Formation showed a thickness of 100 m and
was divided into MB1-1 and MB1-2 sub-members, of which the
MB1-1 sub-member was mainly composed of dense micrite lime-
stone with a thickness of about 10e20 m, and no reservoir was
developed. The MB1-2 sub-member was further subdivided into
three sub-layers, namely MB1-2A, MB1-2B, and MB1-2C (Fig. 2),
which were composed of the fine-grained carbonate rocks domi-
nated by packstone and wackestone, intercalated with the coarse-
grained bioclastic limestone, with large reserves and strong reser-
voir heterogeneity (Sun et al., 2020).

The stratigraphic framework in this paper mainly adopted the
vertical and horizontal analysis and comparison of sequence
boundaries of representative wells in several oilfields in southern
Iraq by Mahdi and Aqrawi (2014). The T-R sequence division
method was employed to identify three third-order sedimentary
sequences S1, S2, and S3 (Fig. 2), as well as the fourth-order
sequence subdivided by Sun et al. (2020). A thin layer division
scheme was established (Fig. 2). The S2 and S3 were composed of
transgressive and regressive (T-R) cycles, and the regressive stage
was dominant. Transgressive cycles were interpreted as trans-
gressive system tracts (TSTs), while regressive cycles were inter-
preted as highstand system tracts (HSTs); maximum flooding
surfaces (MFS) represent transition points between transgression
and regression (Fig. 2).
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3. Methods

3.1. Datasets

Data used include more than 30 thin sections of core samples in
the Mishrif Formation fromwell-16 distributed across the northern
of the H Oilfield (Fig. 1). Some thin sections were stained with
Alizarin Red S to differentiate dolomite from calcium carbonate.
The analyzed samples were collected at 1 m depth intervals. The
definition of their grain types, depositional textures, and diagenetic
features was based on a combination of classifications and termi-
nology of Dunham (1962), and Embry and Klovan (1971),
respectively.

Petrographic observations led to the definition of facies
(described by Mahdi et al., 2013), which were based on the classi-
fication schemes of Wilson (1975) and Flügel (2004). The facies
interpretation was supported by the log interpretation and core
description. In this study, the color, grain size, texture, and sedi-
mentary structure of the core samples were depicted in detail,
which were the main components of facies description in the
Mishrif Formation. The electric log suites of gamma-ray, sonic, and
neutron logs were used to correlate facies in non-cored intervals of
the studiedwells, as each facies association has some distinctive log
signatures that can be easily tracked vertically and laterally be-
tween the wells. For instance, the sharp contacts of the gamma-ray
curves generally represent the erosive base of the channels, and the
spurs of the blocky gamma-ray curves indicate the muddy layers



Fig. 2. Stratigraphic and sequence characteristics of the studied intervals. Generalized stratigraphy, major regressive cycles, key surfaces identified, and three-order sequences of the
Mishrif Formation modified from Mahdi et al. (2013). Four-order sequences, sub-members, and sub-layers in this study were used for architectural analysis (modified from Sun
et al., 2020).
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within the grainstones.
Well correlation lines were selected to show the architecture

classification of tidal channels (Fig. 1, aea0). Five well correlation
lines and a plane of attribute inversion were selected to show the
spatial distribution characteristic of the tidal channels (Fig. 1).
Available wireline logs (Gamma-ray, Sonic, and Neutron) were used
to predict and correlate architectural surfaces in uncored intervals.

The sparse impulse impedance inversion results were used for
both the sections and planes. The method of inversion is mainly
used to extract reflection coefficients from the original seismic
traces, then let them be folded with wavelet to produce seismic
traces, and then modify the number of reflection coefficients by the
residual difference between the generated traces and the original
traces, and then produce new synthetic seismic recording traces,
and so on to stop the iteration to get the final inversion results
when the residual difference is minimized.
3.2. Hierarchy of tidal channel architectural boundaries

Although carbonate facies studies are continuing to generate
variations due to biochemical action, there are many points of
similarity in the channel between carbonate rock architecture and
clastic rock architecture.

1) Smaller elements of the channel form stacked complexes within
larger elements of the channel (Rankey, 2003), and these ele-
ments can form a hierarchy of scales (Allen, 1983), such as the
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groups of elements or complexes usually are well-defined
erosion surfaces (Miall, 1985).

2) Channel-fill complexes contain several types of elements (Miall,
1985), including the channel element, and the deposits of the
other types of elements (eg., lateral accretion deposits, overbank
fines; Chen et al., 2022) within the channel-fill complexes.

3) Provide channel models (Miall, 1985) to illustrate the geo-
morphology and channel architectures of tidal channel systems
(Tirsgaard, 1993).

Therefore, referring to the clastic rock architecture classification
(Miall, 1977, 1985, 1996), the channelized carbonate rock architec-
ture was classified as follows (Fig. 3). The 0-order boundary: sedi-
mentary lamina (sediment structure) surface; the 1st boundary:
the surface of cross-bedding sets; the 2nd boundary: the surface
between lithofacies (geological facies); the 3rd boundary: the sur-
face between lithofacies association (sedimentary sequence or
channelization); the 4th boundary: the surface between facies
(single tidal channel); the 5th boundary: facies combination
bounding surface (tidal channel complex); the 6th boundary:
subfacies bounding surface (tidal channel-delta system); the 7th
boundary: facies belt bounding surface (equivalent to the 4th-order
stratigraphic sequence). In this study, the 4th and 5th boundaries
were the main objectives to describe. For non-channelized car-
bonate rock architecture, such as the shoal, the 0-order to 3rd
boundary is similar to the channelized carbonate rock architecture.
The 4th boundary: the surface between facies (single shoal); the



Fig. 3. Carbonate rock architecture and bounding surface classification.
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5th boundary: facies combination bounding surface (shoal com-
plex); the 6th boundary: subfacies bounding surface (shoal-lagoon
system).
4. Characterization of tidal channel architectures in the
Mishrif formation

4.1. Architectural boundaries of tidal channels

The identification and division of the architectural boundaries
were carried out by lithofacies assemblages, impedance inversion,
and the variation of the logging curves. Five types of boundaries
were identified (Figs. 4 and 5): the top and bottom surfaces of the
tidal channel complex were 5th-order architecture boundaries; the
top and bottom bounding surface of a single tidal channel (single
facies) were the 4th-order architecture boundaries; the bounding
surface between lithofacies combinations (internal channelization)
was the 3rd-order architecture boundary; the bounding surface
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between the same lithofacies was the second-order architecture
boundary, and the bounding surface of laminae group was the 1st-
order architecture boundary.
4.1.1. Lithofacies and lithofacies assemblages
In the well-16, four lithofacies were identified and combined

into four lithofacies assemblages (Fig. 6). The lithofacies of the
cross-laminated grainstone consist of unidirectional or rare bidi-
rectional ripple cross-laminated in grainstone. The cores showed a
bi-directional arrangement of grayish-white grains with a slight
scouring. The bioclasts were well sorted, partly closely packed, and
dominated by echinoderms and bivalves. The lithofacies of the
cross-laminated grain-dominated packstone consist of grain-
dominated packstone with dark brown and light brown inter-
stratified, with inconsistent dip of laminae (Fig. 6). Bioclasts were
mainly echinoderms, foraminifera and bivalves, and some peloids.
The lithofacies of the structureless mud-dominated packstonewere
composed of massive mu-dominated packstone with brown-gray.



Fig. 4. Tidal channel architecture classification and logging curve response characteristics. The definition of their grain types, depositional textures, and diagenetic features was
based on a combination of classifications and terminology of Dunham (1962) and Embry and Klovan (1971), respectively.

Fig. 5. Rock characteristics of the bounding surfaces of tidal channel architecture.
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The content of the bioclastic was moderate, which was dominated
by echinoderms and bivalves, and a few foraminiferas. The lith-
ofacies of the mud drapes wackestone consist of thickly bedded
wackestone with muddy strips, showing porphyritic features on
the cores. The content of the bioclastic was low and dominated by
echinoderms and bivalves. Large numbers of micrites and dolomite
can be identified in thin sections (Fig. 6).
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The overall grain sorting was medium-good sorting, and the
biodetritus type was mainly echinoderms, foraminiferas, and bi-
valves. The structural components were mainly biodetritus and
mortar (micrite), and some intervals contained spheroid and a
small amount of dolomite. The pore type was mainly secondary
pores, including intergranular dissolution pores, intragranular
dissolution pores, moldic pores, and a small number of fractures



Fig. 6. Generalized summary of lithofacies and lithofacies assemblages identified in the deposits of the tidal channel of the MB1-2B sub-layer, Mishrif Formation, H Oilfield, Iraq.
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and intercrystalline dissolution pores. The pore size was mainly
mesopore, and some intervals were mainly micropores; the
diagenesis was mainly dissolution and cementation, and a small
amount of dolomitization, stylolite structure (filled with dolomite)
and coaxial growth edge was developed in some intervals.

In the unit of tidal channel, four lithofacies assemblages were
identified: association 1 (A1), association 2 (A2), association 3 (A3)
and association 4 (A4) (Fig. 6). Association 1 consists of cross-
laminated grain-dominated packstone, structureless mud-
dominated packstone, and mud drape wackestone from bottom
to top. Association 2 includes the cross-laminated grainstone and
cross-laminated grain-dominated packstone from bottom to top.
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Association 3 contains the cross-laminated grainstone, cross-
laminated grain-dominated packstone, and structureless mud-
dominated packstone from bottom to top. Association 4 consists
of the cross-laminated grain-dominated packstone and structure-
less mud-dominated packstone from bottom to top.

4.1.2. Architectural boundaries
4.1.2.1. The third-order architectural boundary. The bounding sur-
faces between the lithofacies associations were 3rd-order archi-
tecture boundaries, whose lithological identification marks were
gradational bounding surfaces (no erosion) between the associa-
tion 4 and association 2 (Figs. 5, 3-3 and 3-2), and the gradational
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bounding surfaces (no erosion) between the association 3 and as-
sociation 1 (Figs. 5, 3-1), The logging curve GR response charac-
teristics of this architecture bounding surfaces were successively
the bounding surfaces between the lower blocky and the upper
bell-like shape (Figs. 4, 3-1), the bounding surface between the
lower bell and the upper funnel (Figs. 4, 3-3), and the bounding
surface of the lower funnel to the upper blocky (Figs. 4, 3-2). There
were three types (four channelized bodies) of sedimentary bodies
(within the upper channel type) formed by the third and fourth or
fifth-order structural bounding surfaces: (1) association 1 (Figs. 5,
3-1 to 5-1); (2) association 2 (Figs. 5, 3-2 to 3-1, 4-1 to 3-3); and (3)
association 2, association 3 and association 4 (Figs. 5, 3-3 to 3-2).

4.1.2.2. Fourth-order architectural boundary. The top and bottom
surfaces of the single tidal channel (single facies) were 4th-order
architecture boundaries, and the lithological identification mark
was the local erosion of the channel bottom (Figs. 5, 4-1), which
reflected the beginning of channel sedimentation. The logging
curve response characteristics of the architecture boundaries are
listed as follows: the end of the blocky low-value area (8e10 g API)
in the blocky-shaped GR curve of the 4th-order architecture unit
was shown as a small mutation surface on the blocky curve (Fig. 4
and 4-1). The lithofacies evolution of the sedimentary body
composed of the 4th- and 5th-order architecture boundaries were
divided into two stages: the first stage was presumed to be an as-
sociation 2, the blocky-shaped GR logging response with a similar
logging response of channelized bodies in the interval of
3003e2996 m (Figs. 4, 5-2 to 4-1). The second stage consists of
association 2eassociation 3eassociation 2eassociation
4eassociation 2eassociation 3eassociation 1 from bottom to top.
The GR logging response characteristics were bell-shapedefunnel-
shapedebox-shapedebell-shaped (Fig. 4 and 4-1 to 5-1).

4.1.2.3. Fifth-order architectural boundary. The top and bottom
bounding surfaces of the tidal channel complex were the 5th-order
architecture boundary, and one of the lithological identification
marks was that the top of the complex was often covered by mud
drapes. It marked the bounding surface between different sedi-
mentary architectures (the beach body in the study area). The log
characteristics of the complex were (Fig. 4): GR showed super-
position between blocky and bell-like patterns (8e16 gAPI); DT was
weakly blocky-shaped (46e88 us/ft); NPHI was weakly blocky-
shaped (0.2e0.3 ft3/ft3); PERM was jagged (30e100 mD). The
lithofacies evolution of the sedimentary body from bottom to top
was listed as follows: association 2 (this interval is not cored, which
is speculative; Fig. 7)eassociation 3eassociation 2eassociation
3eassociation 2eassociation 4eassociation 2eassociation 3
eassociation 1.

4.2. Architectural elements

Tidal channel elements commonly consist of grainstone, pack-
stone, and wackestone, with a basal concave-up erosional surface.
The tidal channel elements in this paper refer to single channel
bodies bounded by 4th-order boundaries, ranging in thickness
from 8m to 24m and inwidth from 500m to 1500m. Architectural
elements were defined based on the geometry, type, and propor-
tion of sedimentary structures, and the constituent lithofacies or
lithofacies assemblages of the genetic units. Tidal channel units
were identified and arranged into three types: swinging tidal
channel element (TCHs), migrating tidal channel element (TCHm),
and vertical-accretion tidal channel element (TCHva).

4.2.1. Swinging tidal channels (TCHs)
According to the seismic wave impedance inversion profile, the
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swinging tidal channel was approximately 1500 m wide with a
maximum depth of about 24 m. It showed an asymmetric cross-
section with a margin steeper on the left than the margin on the
right (Fig. 7). The initiation of the erosion surface starts a few
decimetres below the former channel deposits (grainstone). The
swinging channels were composed of a high proportion of stacked
grainstone to grain-dominated packstone with rudist fragments,
bivalves, and echinoids.

These channelized bodies generally show the trough cross
bedded stratifications (Fig. 7) indicating a dominant current di-
rection (Gr�elaud et al., 2010). The occurrence of the mud drapes on
the upper to top of this swinging channel (Fig. 7), suggested a tidal
influence (Olariu et al., 2015). The top of this swinging channel was
overlain by a conglomerate with large fragments of corals and
rudists (Fig. 7). Four channelized bodies under 3rd-order architec-
tural surface constraints can be identified in the channel fill. This
small interbedding of the grain-dominated packstone-grainstone
may record a variation of current velocity in the channel (Tirsgaard,
1993; Reeder and Rankey, 2009). Based on previous similar studies
of tidal channels (Gr�elaud et al., 2010) suggesting this erosive
structure corresponds to a rise of relative sea level, the swinging of
channels was probably controlled by tidal currents and floods.

4.2.2. Migrating tidal channels (TCHm)
The migrating tidal channels (Fig. 7), without core evidence,

were similar to the channelized bodies of swinging tidal channels
(Figs. 4, 2997e3015 m) on the logging response characteristics.
Therefore, the migrating tidal channels may consist mainly of the
grain-dominated packstone. According to the seismic wave
impedance inversion profile, this tidal channel was formed by the
rightward offlapping lateral stack of lens-shaped channelized
bodies (Fig. 7), with a width of 700e800 m and thickness of up to
8e10 m (Fig. 7).

The geometry of the erosion surface and the relations with the
underlying deposits of the substratum were comparable to those
described previously for the swinging tidal channels. Notably, the
overall geometry of the migrating tidal channels was near-
symmetrical, which was characterized by the sigmoid body that
drapes the erosion surface. This lateral deposit transition occurs
along broad low-angle inclined stratifications suggesting a process
of lateral accretion on the margins of the channel (Gr�elaud et al.,
2010). The lateral accretion geometry of migrating tidal channels
was different from the asymmetrical of common migrating chan-
nels due to the lateral migration of superimposed, unidirectional
bedforms (Li et al., 2015; Andreucci et al., 2017). As with the pre-
vious study (Gr�elaud et al., 2010), the occurrence of these migrating
tidal channels shows the development of strong currents during
the maximum flooding period of the inner platform.

4.2.3. Vertical-accretion tidal channels (TCHva)
According to the seismic wave impedance inversion profile and

the logging interpretation (Fig. 8, eee0), the vertical-accretion tidal
channel contained mudstone and wackestone deposits more than
the two other channel types. According to the characteristics of the
logging curves, the vertical-accretion tidal channels in the vertical
direction show two phases: (1) the lower tidal channel GR shows
the bell-shaped, presumed to be association 3 and association 1;
the impedance inversion value of the upper tidal channel is higher
than that in the lower tidal channel, and the characteristics of GR in
the middle of the tidal channel are similar to the GR curve char-
acteristics of the interval of 3009e3005 m (Fig. 4), presumed to be
association 4. On the whole, this type of tidal channel was a
vertical-accretion tidal channel, without internal lateral migration
characteristics.

The relatively fine-grained deposits with muddy composition in



Fig. 7. Internal structure and external shape of the tidal channel architecture. The wave impedance inversion map of MB1-2B shows the locations of cored well-16, non-cored well-
17, and well-13. Wave impedance inversion represents the part reservoir. Sinuous planform geometries are present. The seismic profile of a-a0 , which passes through well-16, well-
17, and well-13, represents an oblique strike section across a sinuous form (tidal channel). The pentagram indicated the sampling location of core photos. Red arrows indicate the
migration direction of the tidal channel.

Z.-F. Qiao, G.-Y. Zhu, S.-L. Li et al. Petroleum Science 21 (2024) 3790e3803
this element indicate low energy of flows (Armella et al., 2007; Li
et al., 2015). Therefore, vertical-accretion tidal channels may
result in abandoned tidal channels.
5. Sedimentary models of the carbonate tidal channel

5.1. Sectional correlation of tidal channels

It can be seen from the seismic wave impedance inversion
profile that the longitudinal profile (generally inclined to the tidal
channel) and the transverse profile of the sedimentary body show
an asymmetric cross-section of “flat top and concave bottom”

(Figs. 7 and 8), and the asymmetry depended on the inclined angle.
Bending amplitude characteristics can be observed from the
seismic wave impedance inversion plan of the MB1-2B sub-layer
(Figs. 7 and 8), which may be channel deposits. Therefore, this kind
of sedimentary body is named as tidal channel facies in this study.

From the seismic attribute slice, different sections of tidal
channel architecture show different profile structures and spatial
superposition characteristics. The tidal channel architecture of the
MB1-2 sub-member showed morphological characteristics similar
to the meandering channels (Fig. 8). Thus, the tidal channels with a
certain degree of curvature present an asymmetric structure. Ac-
cording to the results of seismic attribute inversion, one side of the
gentle slope of the asymmetric tidal channel architecture is usually
filled with relatively coarse-grained grainstone (Fig. 7, aea0; Fig. 8,
3798
beb0, cec0), which is similar to the point bar deposit of a
meandering river. While the steep slope side is filled with relatively
fine-grained marl (Fig. 7, aea0; Fig. 8, beb0, cec0), similar to the mud
plug of a meandering river. When the curvature of the tidal channel
architecture is reduced, the interior of the tidal channel is of
swinging type (Fig. 7, aea0; Fig. 8, ded0), and the sediments are
mainly grain-dominated packstone.When the curvature of the tidal
channel architecture is straight, the interior of the tidal channel is
of filling type (Fig. 8, eee0), and the sediments are mainly grain
mud-dominated packstone and wackestone.

According to the inter-well correlation, the vertical thickness of
the carbonate tidal channel architecture complex (level 5) was
about 33 m, and the lateral range extended to 1.5 km, of which the
thickness of the single-stage tidal channel architecture (level 4) was
4e8 m, and the lateral extension range was about 400e1100 m.
According to the description of the boundary and internal structure
of the tidal channel architecture (third-order), the tidal channel
architecture can be further subdivided into swinging-, migration-
and filling-type. Among them, the third-order elements in the
swinging tidal channel show the characteristics of bidirectional
superimposed migration, generally with large thickness, and the
filling lithology is mainly grainstone (Figs. 7 and 8). The third-order
elements in the migrating-type tidal channel architecture are
characterized by unidirectional migration, medium thickness, and
filled with grainstone and marl (Figs. 7 and 8). The third-order
element in the filling-type tidal channel architecture is the



Fig. 8. Profile structure at different positions of tidal channel architecture. The wave impedance inversion map of MB1-2B shows the locations of cored wells and non-cored wells.
Wave impedance inversion represents the part reservoir. Sinuous planform geometries are present. The seismic profile of beb0 , cec0 , ded0 , and eee0 represents five oblique strike
sections across a sinuous form (tidal channel). Red arrows indicate the migration direction of the tidal channel.
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vertical aggradation feature, the thickness is thin, and the filling
lithology is mainly marl (Fig. 8).
5.2. Spatial distribution of tidal channels

Carbonate tidal channels and meandering rivers have similar
characteristics, but their differences are also very obvious.

1) For the tidal channel of the carbonate platform, the energy of
the ebb current increases due to the existence of the tidal range
(Armella et al., 2007), mainly erosion and bedload transport
(Ginsberg and Perillo, 1999). In the downstream zone, the tidal
channels near the open sea are sinuous, wide, and high-energy
(Ferreira et al., 2022) with coarse-grained sediments under the
joint result of the lateral erosion and downcutting. The imped-
ance inversion value and GR in the downstream zone are higher
than that in the mid-regions (Fig. 8), and the fine-grained sed-
iments within the tidal channel are characterized by the low
impedance inversion value and GR (Fig. 8, cec0, well-37),
deposited during periods of tidal channel complex abandon-
ment (Tirsgaard, 1993). Thus, the architecture characteristics are
mainly migrating tidal channels (Fig. 8), but the TCHs may occur
with the reduction of curvature in the downstream zone (Fig. 8,
ded0).

2) While the width of the tidal channel extending to the lagoon
side becomes narrow (Fig. 8), the tidal channels are mainly
infilled by fine-grained sediments due to decreasing energy
(Hughes, 2012), the architecture characteristics are mainly the
3799
vertical-accretion tidal channel in the mid-regions (Fig. 8). The
reason is that the energy of flood/ebb current is gradually
weakened due to the nearly instantaneous current reversals
(Wells et al., 1990) and high geographical position. However, the
coarse-grained sediments are still deposited in the bend of the
tidal channel (Fig. 8, beb0), supporting the cognition that the
locally shelly/intraclast lags in the channelized zone commonly
have mud-covered bottoms (Wu et al., 2021). The seismic
attribute slice shows the occurrence of the impedance inversion
high-value area with bundles and patch form, representing the
coarse-grained sediment (Fig. 8).

3) In the upstream zone, the distribution characteristics of the
impedance inversion high-value area with lobate form are
observed in the seismic attribute slice (Fig. 8), presumably that
is a flood-tidal delta in the inner lagoon (Rivers et al., 2020).
Outward from themid-regions, as relief decreases, the velocities
of the flood current are accelerated and easily deposit the
coarser-grained bioclasts (Reeder and Rankey, 2009), showing
the high-value area of the impedance inversion and GR (Fig. 7).
Simultaneously, the channel type grades into a TCHs from a
TCHm (Fig. 7), as the restrictions weaken in some outlets is
caused by carbonate islands (Reeder and Rankey, 2009), similar
to the wide erosive tidal channels explained by P�erez-L�opez
et al. (2021). Furthermore, the occurrence of the dolomites
and mud drapes at the top of the tidal channel (Figs. 5 and 6),
suggests the TCHs develop in a slack water and shallow water
stage (Reynaud and James, 2012; Seyedmehdi et al., 2016).
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Therefore, the architectural characteristics near the lagoon are
mainly swinging tidal channels.

Combined with the fine characterization of the core, logging,
and seismic data in the study area, this paper establishes the tidal
channel architecture sedimentary model of the carbonate platform
(Fig. 9). This model (Fig. 9) mainly shows the internal structure, the
plane shape of the tidal channel and its superposition relationship
with other architectures. It can be seen from the model diagram
that the tidal channel architecture shows awide and deep swinging
tidal channel, asymmetric migrating tidal channel, and narrow and
shallow vertical-accretion tidal channel. The grainstone is mainly
filled in the filling and swinging tidal channels and the migrating
tidal channels, while the marlite is mainly filled in the vertical-
accretion tidal channels and the relatively low-energy positions
of the swinging and migrating tidal channels. The swinging tidal
channel is analogous to a bioclastic Olariu, C., Steel R.J., Olariu M.I.,
(Fig. 7 in Gr�elaud et al., 2010), the fill of this channel comprises a
complex set of channelized bodies, mainly of grainstone. The
migrating tidal channel is akin to a complex of bioclastic channels
in the northwestern part of Jabal Madar by offlapping lateral stack
of channelized bodies (Fig. 9 in Gr�elaud et al., 2010), a clear erosive
margin is observed on one side. The vertical-accretion tidal chan-
nels have been observed in modern tidal channels in the estuaries
of Willapa Bay and Oggchee Estuary (Olariu et al., 2015) where
sinuosity is low and mud fill.

5.3. Development strategy of tidal channels

The diagenesis of tidal channels was dominated by dissolution,
accompanied by typical diagenetic features including suture lines,
growth margins, and mud coats (Fig. 6). Large amounts of dolomite
were developed at the top of the wackestone and packstone, with
an overall porosity of more than 20% (Fig. 4). The dissolution-
modified grained carbonate facies were dominated by
Fig. 9. Sedimentary model of carbo
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intergranular and intragranular dissolution pores, showing meso-
pores (Fig. 6). The dissolution-modified packstone facies were
dominated by intergranular solvation pores, with a few solvation
pores typical of cast pores, showing the pore sizes dominated by
smaller medium-sized pores (Fig. 6). Therefore, the grained car-
bonates were mainly developed at the sinuous part of the tidal
channels and the outlets.

Reservoirs with high permeability were formed at the upstream
and downstream parts of the tidal channels, which show the
characteristics of high porosity, and high permeability with high
degree of dissolution modification (Fig. 4). The inner channels of
MB1-2B were connected by layers with low to high permeability.
The swinging tidal channels cut shoals were connected by layers
with high permeability by the grainstone, including disconnected
interlayer. The third-order elements in the swinging-type tidal
channel architecture with no recognizable impact on seepage
(Fig. 9, aea'). The migrating tidal channels cut shoals which were
connected by high to medium permeability layers on one side with
grainstone. The most direct impact of the third-order elements in
the migrating-type tidal channel architecture is being felt in the
direction of migration, the muddy deposits in the direction of non-
migrating impede seepage of the inner channels (Fig. 9, beb' and
ded'). However, the vertical-accretion tidal channels cut shoals,
and all types of tidal channels cut lagoon deposits which were
connected by layers with low to medium permeability. Therefore,
the well-pattern of wells will give preference to areas near the
inner lagoon (i.e., the upstream zone) and open sea (i.e., the
downstream zone) for inside the tidal channel (Fig. 9), with the
sinuous part and near the side of concave bank for across the tidal
channel (Fig. 9). For development strategies, the direction of
migration of the third-order elements for the tidal channel should
be taken into account when designing the perforated interval of the
injection/oil well to improve the injection water contribution or oil
contribution.
nate tidal channel architecture.
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6. Conclusions

The MB1-2B sub-layer of the Mishrif Formation in the Late
Cretaceous contains tidal channel deposits. In the interval of cored
and non-cored, tidal channels of architectural elements, including
swinging type, migrating type, and filling type, were identified.
Architectural surface and lithofacies assemblages were recognized
and correlated based on the logging curve, the relationship be-
tween the architectural elements and the filling of lithofacies as-
semblages was predicted as follows.

(1) For swinging tidal channels, the pattern of vertical filling
includes association 2eassociation 3 þ 2 þ 4eassociation
2eassociation 3 þ 1 from bottom to top, and the GR logging
response characteristics are bell-shaped to funnel-shaped to
blocky-shaped to bell-shaped.

(2) For migrating tidal channels, the style of filling is association
2, and the GR logging response characteristic is blocky-
shaped.

(3) For vertical-accretion tidal channel, the style of filling is as-
sociation 3eassociation 4eassociation 1, and the GR logging
response characteristics are bell-shaped to blocky-shaped.

Additionally, sedimentary models of the carbonate tidal channel
were established to distinguish the swinging type in the upstream
zone, the migrating type in the downstream zone, and the vertical-
accretion type in the mid-regions for tidal channels in the car-
bonate platform. The characteristics of spatial distribution are as
follows: One side of the gentle slope (or the side of the concave
bank) of the architecture of tidal channels is usually filled with
relatively coarse-grained grainstone. When the curvature of the
tidal channel architecture was high, the interior of the tidal channel
was of the migrating type with wide and shallow; when the cur-
vature of the tidal channel architecture was reduced, the interior of
the tidal channel was of swinging type with wide and deep; when
the curvature of the tidal channel architecture was straight, the
interior of the tidal channel was of filling type with symmetrical
geometry in cross section.
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