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Abstract: Based on comprehensive analysis of core, cast thin section, logging and seismic data, the sedimentary and reservoir architec-
tures of the MB1-2 sub-member of Mishrif Formation in Halfaya Oilfield, Iraq, are studied. The MB1-2 sub-member of Mishrif Forma-
tion has three types of microfacies, lagoon, bioclastic shoal, and tidal channel, and facies architecture controlled by sequence stratigraphy.
In the 4™-order sequence, the lagoon facies aggradated vertically, and the bioclastic shoals in lenticular shape embed in the background of
lagoon, the end of the sequence is incised by the "meandering river" shape tide channel, which represents the depositional discontinuity.
Three types of reservoirs including tidal channel grainstone to packstone reservoirs, bioclastic shoal grainstone to packstone reservoirs
and dissolved lagoon wackestone reservoirs are developed. The reservoir architectures within tidal channel and bioclastic shoal are
strickly controlled by grainy facies, whereas the dissolved lagoon reservoirs controlled by both facies and dissolution are related to the
sequence boundary. The reservoir sections occur mainly in the 4th sequence highstand systems tract (HST) and are separated by barriers
formed in the transgressive systems tract (TST). Complicated facies architecture and dissolution modification resulted in strong hetero-
geneity within the reservoir, which showed the characteristics of "attic type" architecture. The results of this study can guide the devel-

opment of similar reservoirs in the Middle East.
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Introduction

The Cretaceous Mishrif Formation is a key reservoir and
pay in the Middle East"™. The development of the Halfaya,
Sigur, Majilon and other oilfields in southern Iraq shows that
the main production capacity of the Middle Cretaceous Mishrif
Formation comes from the high-energy coarse-grained bio-
clastic grainstones in the lower section of the Formation'®'%.
The reservoir pores are mainly intergranular (dissolved) pores
and intragranular (dissolved) pores. The types, features and
development characteristics of the pores are similar to those
of clastic rocks. The reservoirs have been studied in depth and
have achieved good development effect!'' . However, with
the development of the oilfield going on, the reservoirs have a
limited production potential and cannot meet the needs any-
more, and there is an urgent need to find replacement areas.
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Besides the high-energy coarse-grained bioclastic limestone
in the lower member of Mishrif Formation, the MB1-2 sub-
member of the upper member of the Mishrif Formation has a
large set of relatively low-energy fine-grained carbonate rocks
(mainly packstone or wackestone), which is characterized by
relatively weak rock structure differentiation, large thickness,
wide distribution area and high contribution ratio of re-
serves'* ™. The reservoirs contribute more than 59.74% of
the reserves in the Halfaya Oilfield, and have a great potential
in oil and gas development. With the increase of wells drilled,
problems such as low reservoir drilling rate and unknown
regularity of water injection effect come out gradually, re-
vealing strong heterogeneity of these reservoirs. Zhong et
al' and Zhao Limin et al."” pointed out that this type of
reservoir was mainly controlled by sedimentary microfacies
and karstification in early karst diagenesis. Zhong et al.l'”
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have made deep analysis on the rock microfacies of Mishrif
Formation, however, the current understandings on sedimentary
microfacies and reservoir architectures are not deep enough,
hindering well location optimization, well type optimization,
water injection design, and reservoir development effect.

The study on sedimentary and reservoir architectures start-
ed from clastic rock. Miall' defined the classification
scheme of fluvial sediment architectures with 8-level bounda-
ries, 20 lithofacies types and 9 structural units, which has been

1921 pye to strong

widely applied in clastic rock reservoirs
epigenetic reformation, carbonate rocks often have inconsis-
tent sedimentary and reservoir architectures, so the study on
sedimentary and reservoir architectures of carbonate rock is
more difficult and is still in the initial stage. Sedimentary and
reservoir architectures of carbonate oolitic shoal were studied
preliminarily by outcrop geological modeling'®* ¥ but to date,
the research on underground deposition and reservoir archi-
tecture of carbonate rock is still insufficient.

Abundant data of MB1-2 sub-member of the Mishrif For-
mation in the Halfaya Oilfield has been collected, including 6
cored wells (1 well was cored in the whole section), logging
data of more than 260 wells, and high-quality 3D seismic data,
which lay a sound basis for studying 3D sedimentary and res-
ervoir architectures. In this study, by comprehensive analysis
of core, logging, seismic and other data, the sedimentary ar-
chitectures were described in detail, and reservoir architec-
tures were worked out to provide constructive suggestions for
the optimization of reservoir development strategy. The study
results will provide important guidance for the future devel-

opment of similar reservoirs in the Middle East.
1. Geological background

The Halfaya Oilfield is located in Missan Province, South-
east of Iraq”™ ", Located in the fore deep zone of Mesopota-
mia basin tectonically, it is a northwest-southeast direction
wide and gentle long axis anticline (Fig. 1a). It is formed in
the Neogene Zagros orogeny”’ **\. The Middle Cretaceous
Mishrif Formation is the main production layer of the oilfield.

The Middle-Lower Cretaceous Sanoman-Tulonian cycle in
the Middle East start with the marl of Ahmadi Formation in
transgressive period, followed by the shelf Cretaceous sedi-
ments of Rumaila Formation, and then the carbonate sedi-
ments of Mishrif Formation in regression period. The top sur-
face of the cycle is the regional unconformity of the Middle
Cretaceous top, which is covered by the open platform car-
bonate rocks of Upper Cretaceous Khasib Formation and Ta-
numa Formation® ", The Mishrif Formation was deposited
in the Late Middle Cretaceous. The platform shoal facies of
Halfaya Oilfield is a belt striking in southeast direction at the
border of Iran and Iraq, and to the Basra area. It is connected
with the Arabian shield in the South, and is about 350-400 m
thick. It is adjacent to the sub-basin deepwater facies in the
southwest, and gradually thins to 150 m. To the northwest in
Iran was the Tethys Ocean in the depositional stage of Mishrif
Formation*?),

The Mishrif Formation is further subdivided into four mem-
bers, MA, MB1, MB2 and MC, and 15 sub-members (Fig. 1b),

constituting five third-level sequences. The top surface of
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each third-level sequence is defined by typical facies such as
tidal channel, incised valley or unconformity surface which
represents significant sea-level fall (Fig. 1b). The main pro-
duction layers of the Mishrif Formation are MB2 Member and
MBI1 Member. MB2 Member is mainly coarse-grained bio-
clastic limestone about 30 m thick, with good physical prop-
erties and high oil production''”. The MB1 Member about 100
m thick is sub-divided into MB1-1sub-member and MB1-2
sub-member. The MB1-1 sub-member about 10-20 m thick is
mainly composed of tight micrite limestone, and has hardly
any reservoir. The MB1-2 sub-member is sub-divided into
MBI1-2A, MB1-2B and MB1-2C3 sub-layer, and is composed
of fine-grained carbonate rock dominated by packstone and
wackestone (Fig. 1b), mixed with a small amount of coarse-
grained bioclastic limestone. With large reserves and strong
heterogeneity, it is the focus of this study.

2. Sedimentary architectures

According to the sedimentary characteristics of MB1-2
sub-member of Mishrif Formation, the sedimentary architec-
tures were studied in two levels: microfacies and coupling of
microfacies architectures.

2.1. Types and architectures of sedimentary microfacies

Constrained by regional geological background, based on
analysis of cores from 5 wells and 402 thin sections, com-
bined with logging and seismic response characteristics, ar-
chitectures of three microfacies identified in MB1-2 sub-

member, lagoon, bioclastic shoal and tidal channel, were
studied.

2.1.1. Lagoon microfacies

2.1.1.1. Composition of lagoon microfacies

This microfacies is dominated by wackestone, mixed with
thin layers of micrite limestone and a small amount of pack-
stone, mostly with hardground (Fig. 2). The wackestone has a
particle content of less than 50%, mainly benthic foraminifera,
with a small amount of non-fixed bivalve and rudist clastics.
This kind of rock has many bioturbated structures (Fig. 2a, 2e).
This kind of rock has apparent diagenetic differences. The
grayish patches are stronger cementation, but the dark parts
which are surrounded the grayish patches are weaker cemen-
tation. The matrix weaker in cementation has rich micropores
(Fig. 2b, 2f) and obvious oil immersion. The micrite limestone
has a small number of benthic foraminifera (Fig. 2¢c, 2d, 2g,
2h), few pores, and most cavity pores completely cemented by
calcite, and is 10-30 cm thick, accounting for less than 5%.

The hardground developed extensively, is mainly composed
of micrite limestone and a small amount of wackestone. Most
of the rocks have biological burrows in extension perpendicu-
lar to the bedding. The rock in the burrow is tightly cemented,
and the burrows in some layers show obvious dissolution (Fig.
2¢). The main body of the rock is oil-free, and only the fillings
mainly composed of fine-grained debris contain micropores
and have oil patches. The hardground layer is 30-50 cm thick

each, accounting for about 10%.

Fig. 2. Lagoon microfacies in MB1-2 sub-member of Mishrif Formation of Well M316 in Halfaya Oilfield. (a) 2935.00-2935.50 m,
wackestone, with obvious bioturbation and oil patches, core photos; (b) 2918.00-2918.50 m, wackestone, with bioturbation and irregular
pressure solution strip, core photos; (c) 2916.00-2916.50 m, hardground micrite-wackestone, grayish white, burrows in deep color due to
oil immersion, core photo; (d) 2893.00-2893.50 m, micritie-wackestone, tight, core photo; (e) 2935.12 m, wackestone, with foraminifera
and cavity pores, cast thin section; (f) 2918.16 m, wackestone, with bioclasts, and micropores in matrix, cast thin section; (g) 2916.10 m,
hardground micrite-wackestone, with biological burrows filled, strongly cemented by calcite, cast thin section; (h) 2893.11 m, micrite-
wackestone, with visible foraminifera microfossils and cavity completely filled with calcite, cast thin section.
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Fig. 3. Structural characteristics of various microfacies cycles in MB1-2 sub-member of Mishrif Formation in Halfaya Oilfield. GR—
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2.1.1.2. Internal structure and morphology of lagoon
microfacies

The lagoon microfacies is made up of high-frequency cy-
cles of micrite limestone—wackestone—hardground (Fig. 3a) of
1-4 m thick, mostly about 2 m thick, which is frequently sep-
arated by tight cemented hardground layers vertically. Core
calibration shows that the hardground layers feature slightly
low gamma value (25-28 API), high density, low neutron and
acoustic time difference, while the wackestone layers feature
gamma value of greater than 30 API, so the lagoon microfa-
cies is characterized by high sawtooth fluctuations of gamma
ray values (Fig. 3a). The hardground layers can extend several
kilometers horizontally, forming relatively stable barriers in
the lagoon microfacies.

2.1.2. Bioclastic shoal microfacies
2.1.2.1. Composition of bioclastic shoal microfacies

The bioclastic shoal microfacies contains smaller shoals in
relatively high geomorphic area under the lagoon background
and is mainly composed of packstones and grainstone. Me-
dium-high energy bioclastic shoal is mainly composed of grain-
stone, with intergranular pores, cross beddings and changes in
granularity (Fig. 4a). The medium-lower energy shoal is
dominated by packstone with benthic foraminifera and non-
fixed bivalve debris and a small amount of rudist and echino-
derms debris, and with carbonate mud filled in the intergranu-
lar pores (Fig. 4b).

2.1.2.2. Internal structure and morphology of bioclastic
shoal microfacies

The single cycle of shoal shows a reverse rthythm with the

Fig. 4. Bioclastic shoal microfacies in MB1-2 sub-member of
Mishrif Formation in Well N195 of Halfaya Oilfield. (a) 3061.00—
3061.50 m, grainstone with cross-bedding and visible grading
sequence change, core photo; (b) 3060.00-3060.50 m, packstone
with obvious grain sense, core photo; (c) 3061.11 m, grainstone
with intergranular pores, bioclasts of mainly non-fixed bivalves,
echinoderms and spherulites, cast thin section; (d) 3060.12 m,
grain dominated packstone, with intergranular pores and mold
pores, and marl filling between grains, cast thin section.

maturity of lithologic structure gradually increasing from bot-
tom to top, i.e. the particle size increases, the mud content
decreases, and the sorting becomes better. This microfacies
shows low (less than 30 API) and decreasing upward values
on gamma ray log, and funnel or box shape with upward
increase values on resistivity log (Fig. 3b).

Seismic impedance inversion reveals that the bioclastic
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shoals are lenticular and show migration and stacking charac-
teristics on the section; while they come in patches of irregu-
lar shape on the plane.

2.1.3. Tidal channel microfacies
2.1.3.1. Composition of tidal channel microfacies

Tidal channel sediments are mainly composed of bioclastic
grainstone, packstone and wackestone. The grainstone is well
sorted with visible bidirectional cross-bedding (Fig. 5a, Se),
similar to the tidal channel sediment of Feixianguan Forma-
tion in Sichuan Basin**. With intergranular pores well devel-
oped (Fig. 5b, 5f), the granular is saturated with oil from core
observation. The packstone is grain-supported; with mainly
carbonate mud filling between grains. The packstone has ir-
regular mud-rich bands from core observation, indicating that
it is still affected by current. The wackestone is rich in marl
and mud bands, and contains a small amount of bioclastic and
scattered euhedral dolomite formed during shallow burial.

According to the ratio of grainstone, tidal channel microfa-
cies can be sub-divided into grain-dominated tidal channel
sediment and mud-dominated tidal channel sediment.

2.1.3.2. Internal structure and morphology of tidal
channel microfacies

Grain-dominated channel sediments have a typical up-
ward-fining cycle characteristic, like the “binary structure” of
fluvial sediments. The lower part is composed of grainstone,
which accounts for more than half of the thickness of the tidal
channel, and with increase of mud gradually upward, the up-
per part is mainly composed of packstone (Fig. 5c, 5g) and

wackestone (Fig. 5d, 5h), which represents the cycle of de-
velopment, migration and abandonment of tidal channel. The
bottom of the cycle has obvious erosion. The tidal channel
shows bell shape with low gamma values (less than 25API) of
the lower part and gradual increase of gamma values upward.
The single stage tidal channel in MB1-2 sub-member of Well
Y161 can be 15 m thick (Fig. 3¢).

The mud-dominated tidal channel sediments are character-
ized by less particle filling and mainly mud filling. Due to
their similarities to lagoon microfacies in log features, these
sediments are difficult to identify on cores and log curves, and
need to be identified overall in combination with seismic slices.

The tidal channel microfacies can be stacked by multiple
phases of tidal channel sediments. Due to the intermittent
action of current and the trend of gradual weakening of water
energy, tidal channel sediments have frequent migration and
filling variation in space, so grainstone changes in develop-
ment ratio and occurs in different positions, possibly in the
lower part and edge of tidal channel, or overlapping in multi-
ple layers; while intermittently along the tidal channel laterally.

The tide channel is similar in shape with the river channel.
It shows a concave shape on the profile, and "meandering
river" shape on the plane, accompanied with multi-phase
migration characteristics.

2.2, Coupling of microfacies architectures

The coupling feature of microfacies architectures refer to
the spatial superimposition relationship of microfacies archi-
tecture units under constraints of different levels of bounda-
ries. It has two key elements: architecture boundary and mi-
crofacies coupling feature.

500 pm

Fig. 5. Tidal channel microfacies in MB1-2 sub-member of Mishrif Formation, Well Y161 in Halfaya Oilfield. (a) 3005-3005.5 m, grain-
stone with bi-directional cross-bedding, core photo; (b) 3004.0-3004.5 m, grainstone, with bi-direction cross-bedding, core photo; (c)
2993.0-2993.5 m, packstone with mud-rich seams, core photo, (d) 2992.0-2992.5 m, wackestone with mud-rich seams, core photo; (e)
3005.1 m, grainstone with intergranular pores and bioclastic cavity pores, cast thin section; (f) 3004.1 m, grainstone with intergranular
pores and a small number of intragranular dissolved pores, cast thin section; (g) 2993.1 m, packstone with bioclastic cavity pores, matrix
micropores, and marl partially dolomitized, cast thin section; (h) 2992.1 m, wackestone with automorphic dolomite in scattered distribu-

tion, cast thin section.
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2.2.1. The high frequency sequence stratigraphy and
architecture boundaries

There is a complete third-order sequence in MBI1-2 sub-
member, and the top and bottom sequence boundaries are all
type I boundaries. After the deposition of MB2 Member, the
study area experienced extensive exposure and dissolution,
and developed several large incised valleys as deep as 30m
(Fig. 6a) in NE direction, which means that the sea level was
at least 30 m below the top of the platform at that time. In the
early depositional stage of MB1-2 sub-member, the incised
valleys were filled with LST-TST micrite limestone, complet-
ing the level-up. In the middle-late depositional stage of
MBI1-2 sub-member, the oilfield area was relatively flat in
terrain, and the sedimentation was mainly controlled by the
rise and fall of sea level. The typical onlap above the top sur-
face of the MB1-2A sub-layer in the western part of the study
area reveals that the MB1-2A sub-layer top corresponds to a
large-scale sea level fall and constitutes the top boundary of
the third-order sequence. The third-order sequence boundary
constrains unified sedimentary system, which is equivalent to
the 8-level architecture boundary determined by Miall for
clastic rocks.

The third-order sequence of MB1-2 sub-member includes
three fourth-order sequences corresponding to MBI1-2C,
MBI1-2B and MBI1-2A sublayers (Fig. 6). The boundary of
each fourth-order sequence can be traced on seismic section,
and correlate across the oilfield. The fourth-order sequences
are at a stable thickness of about 30 m each. Core observation
and isotopic stratigraphic analysis show that the tops of

MBI1-2C and MB1-2B sublayers respectively correspond to
significant sea level fall events (Fig. 6b), and have tidal chan-
nels incising into the earlier sediments, indicating during de-
velopment of the tidal channels, the peripheral area was ex-
posed to corrosion. Hence, the tops are defined as exposure
and corrosion surfaces during sedimentary hiatus, roughly
corresponding to the level 6 architecture boundary defined by
Miall. The bottom boundary of tidal channel corresponds to
level 5 architecture boundary.

The fourth-order sequences are sub-divided into nine
fifth-order sequences, with top surfaces on the core appearing
as secondary exposure and dissolution surfaces (Fig. 6b),
which represent the top surfaces of the upward shallowing
cycles, corresponding to the level 4 architecture boundary, and
it is the same level as the scour surface of the single tidal
channel. Below the fifth-order sequence boundary is largely
bioclastic shoal, hardground or lagoon microfacies. The ar-
chitecture boundaries below level 3 can be identified on the
core, but cannot be characterized by logging and seismic data.

2.2.2. Coupling of microfacies architectures

The coupling analysis of microfacies architectures should
be carried out in the genetic unit. The fourth-order sequences
show good comparability and similarity within the area, so
they are chosen for microfacies coupling analysis.

The main body of the fourth-order sequences is composed
of overlapping lagoon microfacies and many micrite lime-
stone—wackestones—hardground cycles controlled by
fifth-order cycles. The lower part of the fourth-order sequence
(the bottom of MB1-2C sublayer and MB1-2B sublayer) is
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mainly composed of high gamma-value granular wackestones
and micrites (Fig. 6b), which represents low-energy sediment
during sea level rise in transgression period with good lateral
comparability. The HST is dominated by wackestone—hard-
ground cycle.

In the relatively open area or topographic relief area under
the lagoon background, for example, the incised valleys were
almost leveled up, but its upper edge was still characterized
by slight slope, where the water energy was high, and bioclas-
tic shoal would like to develop. Hence, wackestone—bioclastic
packstone—grainstone cycle of lagoon facies developed verti-
cally. The bioclastic shoal migrated downward to the inner
side of the incised valleys and appeared as overlapping pieces
in the lagoon background.

The tidal channel systems mainly occur below the fourth-
order sequence boundaries, and 9 tidal channel systems in 3
phases have been identified. They are in the shape of "mean-
dering river" on the plane, with distribution controlled by to-
pography. The two large tidal channels developed in the
MBI1-2C and MB1-2B sublayers in the central east of the
study area seem to be successive.

3. Reservoir architectures

Different from clastic rocks, carbonate rocks always ex-
perience epigenetic modification. Therefore, reservoir archi-
tectures of carbonate rocks are the joint effect of the microfa-
cies architecture and diagenetic modification.

3.1. Reservoir epigenetic reformation

Previous studies and core observations in this research
reveal that the interval of our interest has been reformed by
various diagenetic processes, among which cementation and
dissolution have strong impact on petrophysical properties
and development of the reservoir.

The effect of cementation on reservoir petrophysical prop-
erties and texture is mainly manifested in the formation and
development of the hardground. Thin section observation
shows that the hardgrounds are mainly composed of strongly
cemented micrite limestone or wackestone, so they have few
pores in matrix and only some pores in fillings in the vertical
burrows (Fig. 2¢). The development of hardground is closely
related to the frequent oscillation of sea level. The lagoon
microfacies is composed of many meter-scale cycles of
wackestone to hardground, which may represent the intermit-
tent effects of hydrodynamics in a semi-restricted environ-
ment. Sea level rise would connect the open water which car-
ried bioclastic debris in, and when the sea level fell, the water
body was restricted, the sedimentation rate dropped, and then
the hardground was formed.

The large-scale sea level falls at the end of the fourth-order
sequences and at the end of the fifth-level sequence of TST
led to dissolution (or early supergene karstification' '), and
the dissolution model was similar to that proposed by Zhong
et al. and Xiao et al.'*** ] The development of tidal chan-
nels at the end of the fourth-order sequence was accompanied

by widely exposure of lagoons and bioclastic shoal, so the
dissolution then was larger in scope and depth, resulting in the
development of dissolved pores in lagoon microfacies that
wasn’t originally reservoir. The influence of this dissolution
can go through the fifth level cycles vertically. For example,
the whole upper part of MB1-2B sublayer in Well M316 is
affected by the vertical dissolution, as a result, this part has a
vertical permeability higher than horizontal permeability (Fig.
7), and even the vertical blocking effect of hardground in the
lagoon microfacies is weakened. The identification signs of
dissolution section on logging curves are: gamma value
greater than 30 API, low density, and high acoustic time dif-
ference and neutron porosity (Fig. 7), which is like the fea-
tures of porous lagoon microfacies.

3.2. Types and petrophysical properties of reservoir rocks

The analysis of 402 slices and porosity and permeability
data shows that the sedimentary microfacies, rock types and
petrophysical properties of the MB1-2 sub-member in the
Halfaya Oilfield are closely correlated (Fig. 8). The reservoirs
there can be divided into three types: tidal channel grain-
stone-packstone type, bioclastic shoal grainstone-packstone
type, and lagoon wackestone dissolution modified type.

The tidal channel facies grainstone-packstone reservoirs
have largely intergranular pores, with a porosity from 15.1%
to 30.0% (on average 24.5%) and permeability of (1.63—
200.61)x10~° pum”* (on average 72.97x10° um?), making class
I high quality reservoir. The wackestone in the tidal channel
contains mainly micropores, with a porosity of 6.85% to
32.06% (on average 18.49%), permeability of (0.03—168.55)x
10~ um’® (on average 12.80x10~° um’), and mostly does not
form effective reservoir. The bioclastic shoal facies has a po-
rosity of 1.79%-35.35% (on average 18.29%) and permeabil-
ity of (0.02-243.97)x10”° um® (on average 14.39x10° pm?),
of which the upper part grainstone and packstone can form
high quality reservoir. The lagoon microfacies is composed of
wackestone and micrite. The wackestone after dissolution has
rich micropores, dissolution pores and dissolution fractures,
with a porosity up to 29.06%, on average 14.99%; and a per-
meability up to 185.43x10° um? on average 5.00x10° pm?,
can be high-quality reservoir or even high permeability layer.
Although the wackestone and micrite not subjected to dissolu-
tion can have a porosity of more than 15%, they have a per-
meability of less than 1x10~° pm’ in general, forming barrier
layers.

Different microfacies have differences in physical proper-
ties. To be specific, grainstone and packstone in tidal channel
facies can form high-quality reservoirs, while the
mud-dominated packstone and wackestone have relatively
good porosity, but much poor permeability, and act as barriers.
With a wide span of porosity and permeability, the bioclastic
beach has the best reservoir in the grainstone and packstone in
the core and upper part of the high-energy bioclastic shoal.
The lagoon facies itself is dominated by fine-grained wack-
estone and micrite with small pore throat radius and low
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Fig. 8. Distribution of physical properties of different sedimen-
tary formations in MB1-2 sub-member of Mishrif Formation in
Halfaya Oilfield.

permeability, so it does not constitute effective reservoir, but
mainly barrier layer; however, the wackestone suffered disso-
lution can form higher quality reservoir, and the wackestone
section with rich dissolution pores and dissolution fractures
can even turn out to be high permeability layer in contrast to
the lagoon microfacies suffering non/weak dissolution.

3.3. Reservoir architectures

The analysis of reservoir characteristics, genesis and
physical properties shows that the reservoirs in MB1-2 sub

member of Mishrif Formation in the study area have the dual
characteristics of facies control and diagenesis control. Under
the mutual control of sedimentation architecture and se-
quence-controlled dissolution, the reservoirs exhibit "attic
type" architecture feature in general (Fig. 9). The fourth-order
sequence cycle controls the development of reservoir and the
barrier layers. The dissolution associated with sequence
boundaries affects the development and distribution of high
permeability layers. And the high-frequency sequence cycle
controls the development of barrier layers.

In lagoon microfacies poor reservoirs with different oil
contents but poor permeability, there are some high-quality
grainstone and packstone reservoirs of tidal channel and bio-
clastic shoal microfacies, as well as some dissolved lagoon
facies reservoirs. Among them, the tidal channel and bioclas-
tic shoal grainstone and packstone reservoirs are consistent in
reservoir architecture and sedimentary architecture. Embed-
ded in the lagoon microfacies background, they are typical
facies-controlled reservoirs (Fig. 9). The lagoon microfacies
wackestone dissolution reservoirs generally occur below
fourth-order sequence boundaries, and the high-quality reser-
voirs come in layers with big variations in thickness. The dis-
solution intensity may be controlled by parent rock composi-
tion and micro-landform (Fig. 9). The dissolution may con-
nect the bioclastic shoal reservoir with lagoon reservoir, en-
larging the reservoir scale.

The lagoon microfacies wackestone and micritic limestone

- 769 —



SUN Wenju et al. / Petroleum Exploration and Development, 2020, 47(4): 762-772

Third level sequence
|Fourth level sequence

Class Il reservoir
(Lagoon facies sub-
jected to dissolution)

Class Ireservoir  Class I reservoir Class Il reservoir
(Tidal channel)  (Bioclastshoal) (Bioclast shoal)

= ]

Class 111 reservoir  Poor reservoir
(Lagoon) (Lagoon)

Barrier Hard bottom

(Lagoon)
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field.

deposited in transgression periods not subjected to dissolution
with poor physical properties, a thickness of about 10 m and
stable distribution, can form good regional barrier layers sep-
arating reservoirs in HST.

None or slightly dissolved wackestone and hardground sec-
tions form barrier layers inside the reservoir. Although the
hardground section is less than 0.5 m thick, it can extend for
tens of kilometers and significantly affect the fluid flow. At
the same time, due to the influence of extensive dissolution in
local parts, the biological burrows after dissolution may make
originally separated reservoirs connect with each other (Fig.
9).

Because of migration and multi-stage waterflow recon-
struction on the tidal channel facies, there are usually many
sets of grainstone sandwiched between wackestone layers
inside the tidal channel, leading to complex reservoir archi-
tectures. At the same time, due to the difference of microfa-
cies incised by tidal channel (Fig. 9), the reservoirs vary
greatly in architecture, for example, if tidal channel incises
lagoon facies, the grainstone in the tidal channel would form
reservoir independently; if tidal channel incises the bioclastic
shoal facies, the grainstone filling the tidal channel may piece
together with the bioclastic shoal grainstone to form a com-
posite reservoir. If the tidal channel is mainly filled with
wackestone, then it may act as a barrier to the reservoir (Fig.
9).

4. Implications to reservoirs development

The analysis of sedimentary and reservoir architectures re-
veals that the oil reservoir of the MBI1-2 sub-member in
Mishrif Formation has strong heterogeneity, vertically sepa-
rated by different sizes of barriers or interlayers, and compli-
cated microfacies and reservoir architectures laterally, which
will inevitably affect the fluid percolation features and reser-

voir development mode. The influence mainly reflects in fol-
lowing three aspects.

4.1. Separated layer water injection according to
interlayer development pattern

Examining the production data before, it is found that bar-
riers with a permeability of less than 3x10~° um® can effec-
tively isolate reservoirs. The analysis of rock types and phys-
ical property data shows that the rocks can act as barriers in
the MB1-2 sub-member of the study area are micritic lime-
stone and wackestone of lagoon facies haven’t subjected to
dissolution which have permeability 1-2 orders lower than
packstone and grainstone reservoirs. Vertical sequence analy-
sis shows that barrier layers mainly occur in the lower part of
the TST of the fourth-order sequences, especially barrier of
micritic limestone and wackestone at the bottom of the
MBI1-2C sub-layer with stable thickness and continuous dis-
tribution in the region works as a regional barrier, dividing
MB2 Member and MB1 Member into two oil pools. Wack-
estone layer at the bottom of the MB1-2B sub-layer is rela-
tively stable in most areas, separating MB1-2B sub-member
from MB1-2C sub-member (Fig. 9).

In the early stage, Mishrif Formation in Halfaya Oilfield
was developed by depletion. With the increase of production
wells, the reservoir pressure and well production have
dropped, and the oilfield is gradually turning to water injec-
tion development. As there are relatively stable barriers and
large physical property differences between reservoirs in MB1
Member, separated layer water injection is the premise to en-
sure good effect of water injection development™. The
MB1-2C sub-layer of Mishrif Formation has a relatively sta-
ble barrier at its top, so the one set injection-production well
pattern for MBI reservoir is changed to two sets injec-
tion-production well patterns.

Considering the frequent alternating thin layers of lagoon
facies and the local blocking effect of the hardgrounds, how to
improve the sweep efficiency will become the key concern.

4.2. Well pattern design and well trajectory optimization
according to microfacies coupling features

The strong spatial heterogeneity of the reservoir in MB1-2
sub-member of Mishrif Formation makes irregular well pat-
tern more suitable for the reservoir. Regular well pattern can
be adopted for dissolved lagoon wackestone reservoirs and
bioclastic shoal grain limestone-packstone reservoirs. Because
the dissolution near the fourth-order sequence boundary is
likely to connect these two kinds of reservoirs into a larger
reservoir unit. However, for the tidal channel grainstone to
packstone reservoir, if it incises lagoon facies with poor phys-
ical properties, they are often spatially independent, and the
regular well pattern cannot control the direction of tidal chan-
nel reservoir. Even if the tidal channel incises bioclastic shoal
or porous lagoon facies to form a unified reservoir unit, their
different pore structures may result in complicated internal
percolation features, and regular well pattern would lead to
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to complicated distribution of remaining oil. Therefore, it is
necessary to set up oil wells and water wells according to the
architecture of tidal channel. In view of complex reservoir
architectures, in the design of well trajectory, we should try to
improve the reservoir drilling rate and single well utilization.

4.3. Optimization of water injection strategy according to
the development of high permeability layers

Through the analysis of reservoir architectures, there are
two types of high permeability layers, i.e. sedimentary-type
and diagenetic-type, in the upper member of the Mishrif For-
mation in the study area, which have different development
patterns and different effects on water injection strategy.

The sedimentary-type high permeability layers have ab-
normally higher permeability than lagoon facies reservoirs
due to different rock types, they are mostly tidal channel and
bioclastic shoal grainstone layers with permeability 1-2 or-
ders of magnitude higher than the lagoon facies packstone or
wackestone layers, making them high permeability channels.
Although the lagoon facies wackestone with a porosity of
more than 10%, can be effective reservoir, the high perme-
ability grainstone layer will inevitably prohibit the fluid flow-
ing into the lagoon facies layer during oil and gas exploitation
or water injection. Without understanding on the tidal channel
architecture, this prohibition effect could be misinterpreted as
the effect of high permeability layer. Due to the particularity
of tidal channel architecture, a separate injection-production
system should be established for the tidal channel.

The diagenetic-type high permeability layer is mainly
formed by the exposure dissolution associated with the tidal
channel development at the end of the fourth-order sequence.
Partially dissolved wackestone with rich dissolved pores can
have abnormally high permeability, and make high permeabil-
ity layer, i.e. diagenetic-type high permeability layer. This
kind of high permeability layer has been confirmed in the well
group M325. The development of this type of high permeabil-
ity layer is controlled by the sequence boundary, so the water
injection interval chosen shouldn’t be too close to the se-
quence boundary, to avoid fast advancing of injected water
and swept volume reduction caused thereof.

In addition, the exposure dissolution may cause separation
failure of some hardground layers, and the vertical connec-
tivity is also a concern in the analysis of the effectiveness of
water injection.

5. Conclusions

The MBI1-2 sub-member of Mishrif Formation is mainly
composed of packstone or wackestone, and consists of lagoon
facies, bioclastic shoal facies and tidal channel facies. Lagoon
facies is made up of micrite limestone-wackestone—hard-
ground cycles. The bioclastic shoals appear in pieces on the
background of lagoon. Tidal channel system mainly occurs
below the fourth-order sequence boundary, and takes on
“meandering rive” shape on the plane.

Reservoir architectures are controlled by both sedimentary
facies and diagenesis. Tidal channel and bioclastic shoal
grainstone and packstone layers can be high quality reservoirs,
and have high permeability layers of sedimentation type. The
lagoon facies mainly constitute barrier layers. Lagoon facies
wackestone layer experienced dissolution can be good reser-
voir and diagenetic-type high permeability layer.

The reservoirs in the MB1-2 sub-member of Mishrif For-
mation overlap in “attic” pattern, and there are relatively sta-
ble barriers between the reservoir sections, therefore, it is
suitable to be developed by separated layer water injection.
According to the sedimentary architectures, irregular well
pattern and well trajectory should be adopted to improve the
drilling rate of the reservoir. The water injection strategy
should be optimized according to the type and distribution of
high permeability layers to improve the development effec-
tiveness.
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