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Abstract: Based on the detailed analysis of sedimentology, diagenesis, and petrophysics, this study
characterized the Middle-Lower Jurassic Callovian-Oxfordian carbonate reservoirs of 68 key wells
in the Amu Darya Basin and assessed the controlling factors on the quality of the target intervals.
We identified 15 types of sedimentary facies developed in seven sedimentary environments using
sedimentary facies analysis, such as evaporative platform, restricted platform, open platform, plat-
form margin, platform fore-edge upslope, platform fore-edge downslope, and basin facies. The
target intervals went through multiple diagenetic stages, including the syndiagenetic stage, early
diagenetic stage, and middle diagenetic stage, all of which had a significant impact on the reservoir
quality. Main diagenetic processes include dissolution and fracturing which improve the reservoir
quality as well as cementation, compaction, and pressure solution that reduce the reservoir quality.
By analyzing the reservoir quality, we identified nine fluid flow units and five types of reservoir
facies. Among them, the dissolved grain-dominated reservoir facies is of the highest quality and is
the best storage and flow body, while the microporous mud-dominated reservoir facies of platform
fore-edge downslope and open marine facies is of the lowest quality and could not become the flow
unit unless it was developed by fracturing.

Keywords: carbonate reservoir; reservoir quality; depositional model; diagenetic process; flow unit;
Callovian-Oxfordian Stage

1. Introduction

As the largest sedimentary basin in Central Asia [1], the Amu Darya Basin is rich in
oil and natural gas resources [2], thanks to its superior source-reservoir-cap assemblages
and reservoir forming conditions. Recently, many petroleum geologists have conducted
detailed research on the sedimentary facies and reservoir characters [3-7] of Callovian-
Oxfordian carbonate sedimentation, the identification of reservoirs of reefs and shoal facies,
and the evolution and distribution patterns [8-12] of pores and fractures using coring, well
logging, seismic data, and geological modeling.

Most of these studies focus on describing and identifying a certain aspect of sedimen-
tary facies or reservoir characteristics; the main factor affecting reservoir quality have not
yet been comprehensively investigated. As the reservoir quality in carbonate formation
is mainly controlled by comprehensive factors such as sedimentary facies characteristics
(e.g., rock structure, textures, and mineral composition), and various post-depositional
diagenesis and fracturing [13,14], the inherent geological properties of the rocks result
in the static and dynamic heterogeneity of the reservoir [15,16]. Therefore, studying the
controlling factors of sedimentation and diagenesis on reservoir quality is a substantial
step for hydrocarbon exploration and production in carbonate reservoirs.
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This study is the first to analyze the factors affecting the reservoir quality and establish
the quantitative standards of different reservoir facies based on the study of the sedimen-
tology and diagenesis of the Callovian-Oxfordian carbonate formation in the Amu Darya
Basin. The main purpose was to determine the various characteristics and controlling
factors of the Callovian-Oxfordian reservoir quality by establishing a sedimentary model
and a diagenesis model for the target area. The research results can be used to guide the
fine geological modeling, the preparation of oil and gas reservoir development plans, and
the well placement.

2. Geological Setting
2.1. Geographical Information and History of Petroleum Exploration and Production

The Amu Darya basin is located in southern Turan plate, occupying the western
part of Uzbekistan, eastern and central parts of Turkmenistan, north Afghanistan, and
north-eastern part of Iran; the total area of the basin is 437,319 km?2.

The basin’s main tectonic elements include: Central Karakum arch, North Amu Darya
Sub-basin, Bahardok monocline, Kopet Dag Foredeep, and Murgab Sub-basin (Figure 1A).
The basin’s structural style was finally shaped during the Miocene-Quaternary period. The
Alpine compression led to a reactivation of existing and formation of new regional faults.
At the post-rift stage, the basin was steadily subsiding during a very long period of time
and a thick sedimentary sequence was deposited. The most important hydrocarbon traps
formed during the period were the Callovian-Oxfordian reefs [17].

Central Iran Basin

Il Oil ficld
Il Gas field

C Resenci Source
Daryalyk-© Lol " gt | Ros | el Legend
S~-~. Daudan
‘Pepression
' Central
# Karakum Arch~
Kara Bogaz Zeagly D \gr ST ; Siltstone
Arch -~ [ 5 an 5~ " ~Uzbgkistan,
- X ‘q__‘ 5 At B vudsione
Gustydepe) B U
X (ORTH AMU- L0 SUB-BASIN s Sandstone
@ | NORTHAMU-DARYRpT & SUB-BASI feam D sand
( "‘, iy, o fhraic o} i
L e~
e . it B vimestone
AMU-DARYA BASIN \ e % =
. Espily * Gt
= horw ,-‘ E3 Man
emi e
nal
» B Anhydrite
B Volcanic
Mi B sa
 Afghan T ik O o
Tajik - Qe M. Conglomerate
Basin 60, &
= §'
70 : E Coal
Ma
] E‘ >
100 km
B Gas & condensate field Amu-Darya Basin Limit E==] international boundary 2
[m] City = Study area [E=] Sub-basins of Amu-Darya =] Province boundary

Figure 1. (A) Map of the Amu Darya Basin and adjacent areas, the study area is indicated by red
shade; (B) Stratigraphic column and major petroleum system of the basin.

The basement of the Amu Darya Basin is composed of Paleozoic igneous rocks and
metamorphic rocks with widely varying burial depths. The Permian, Triassic continen-
tal facies, and Lower Jurassic marine-continental alternating facies coal-bearing clastic
rock formation is well developed above the basement. The middle-upper Jurassic and
Cretaceous formations are marine carbonate rock and evaporite formations, with highly
favorable source-reservoir-cap assemblages and hydrocarbon migration or accumulation
conditions (Figure 1B).

Sedimentary cover overlying the “Hercynian” basement of the Turan plate comprises
three major mega sequences: the Permian-Lower Triassic “Transitional Complex” probably
deposited in a back arc environment during the closure of the Paleotethys ocean; the
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Upper Triassic-Oligocene “Platform Complex” formed on a Tethyan passive margin; the
uppermost Oligocene-Quaternary molasse deposited during the Alpine compressional
phase caused by the collision of the Arabian and Indian plates with the Eurasian continent
(“the Himalayan Orogeny”). The Himalayan Orogeny is responsible for the formation of the
majority of structures in which the present-day hydrocarbon accumulations are trapped.

The exploration and development of the Amu Darya Basin has gone through three
stages: (D Regional reconnaissance and pre-exploration stage (1929-1964): two sets of
main gas-bearing strata, namely, the post-salt Cretaceous sandstone and the sub-salt
lower Jurassic carbonate rock, were determined; @ Shallow exploration and develop-
ment stage (1965-1996): the main discovered gas reservoirs were in the post-salt Creta-
ceous and the shallow sub-salt Jurassic structural traps; (3) Deep exploration and develop-
ment stage (1997-present): the main discovered gas reservoirs were in the deep sub-salt
carbonate rocks.

2.2. Major Geological Characteristics of Petroleum System

The basin’s two main source rocks are Lower-Middle Jurassic shales and coals with
humic organic matter, and Callovian-Oxfordian deep-water marine black shales with
sapropelic kerogen. Both source rocks are in the gas-generation window over much of the
Amu Darya Basin [1].

Proven hydrocarbon reservoirs occur in the Lower-Middle Jurassic (clastics), Upper
Jurassic (mainly carbonates), Cretaceous (mainly clastics), and Paleocene (carbonates).
Callovian-Oxfordian carbonates including reefal ones, and the Hauterivian Shatlyk sand-
stones are the most important reservoirs in the basin.

The Gaurdak salt (Kimmeridgian-Tithonian) is the most important regional seal,
providing a caprock for Callovian-Oxfordian carbonates.

2.3. Location of Study Area and Main Target Strata

The study area (the right bank of Amu Darya) is located near the border of Turk-
menistan and Uzbekistan in the northeast of the Amu Darya Basin (Figure 1A). The total
area of the study area is 14,314 km?. The main target strata for exploration and development
are the Middle and Upper Jurassic carbonate rocks. The Amu Darya Right Bank shows
a structural pattern of being higher in the east, west, north, and lower in the middle and
south; the faults in the west of the study area are mainly NW-striking slip faults, while those
in the east are mainly reverse faults (Figure 2A). Being the main oil and gas production
strata, the Callovian—-Oxfordian is dominated by thick marine reef limestone, grainstone,
and tight limestone interbedded with thin mudstone, with a thickness is 300-450 m. The
sub-salt carbonate rocks are classified as Callovian XVI, XVa2, XVz, and Xval intervals, and
Oxfordian XVhp, XVm, XVp, and Xvac (Figure 2B). Hereinto, the Xvac is interbedded with
light gray limestone and gray white anhydrite; the XVp is massive limestone; the XVm
is mainly reef limestone and bioclastic limestone mixed with micrite; the upper part of
the XVhp is dark gray argillaceous limestone, and the lower part Is brownish-gray tight
limestone; the xVal is gray limestone with relatively developed organisms and a slightly
coarser texture; the XVz is mainly dark gray tight limestone; the xVa2 is gray limestone with
crystal powder; the XVI layer is tight bedded limestone. The main production intervals of
natural gas are XVp, XVm, XVhp, xVal, and so on. The reservoir rocks are mostly reef and
shoal facies limestone in the sedimentary facies belts such as platform fore-edge upslope,
platform margins, and open platforms. Furthermore, the tectonic fractures of different
scales in the study area greatly enhanced the accumulation, migration, and flow capacity of
oil and gas.
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Figure 2. (A) Structure map (carbonate top) of the study area. (B) Target intervals and the log
characteristics of Callovian—Oxfordian.

3. Data and Methods

In this study, the 600 m coring data and thin sections analysis data of 68 wells in the
Callovian-Oxfordian formation were used, mainly including the porosity and permeability
analysis data of 65 wells (13,450 samples), core photos of 62 wells, thin sections of 19 wells,
and scanning electron microscope data of 13 wells. Thin sections of 15 wells (594 samples)
were stained to accurately identify pore types and diagenetic process.

3.1. Petrography

The Dunham classification system [18] as modified by Embry and Klovan [19] was
mainly used for sedimentary facies analysis, with reference made to the carbonate sedi-
mentary facies description method proposed by Fliigel in 2010 [20]. The vertical division
of sedimentary facies and stratigraphic correlation were mainly based on core data and
petrophysical logging (mainly using natural gamma-ray GR, sonic differential time DT and
density logging RHOB).

3.2. Reservoir Quality

The flow unit method was used to quantitatively evaluate the reservoir quality using
the flow unit index. The flow unit method was proposed by Amaefule et al. [21] by
correcting the equation proposed by Kozeny [22] and Carman [23], and flow zone indicator
(FZI) values were used to define different flow units [15,24-26]. The input data include
porosity (¢,) and permeability (K) measured on core plugs [27].

In this study, the porosity and permeability obtained by testing 13,450 core plug
samples in the target intervals are used to evaluate reservoir quality, whereas density
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(RHOB), sonic (DT), and resistivity (LLD and LLS) logs are mainly used to evaluate reservoir
quality in uncored intervals.

[k b, 1
0.0314 36_(1—d>e)(r><sg>< =) (1)

The left-hand side of the equation is the reservoir quality index RQI (um), defined
as follows:

RQI = 0.0314\/k/ &, ()

where @, is the effective porosity and k is the permeability.
The normalized porosity or pore-matrix ratio (PMR) is defined as follows:

¢
PMR = 3
- ©
FZI (um) is the flow zone indicator, defined as follows:
1
FZl=(——) 4)
T X Sg X \/Fs

By combining Equations (2)—(4), Equation (1) can be transformed into the following:
RQI = PMR x FZI 5)

Taking the logarithm on both sides of Equation (5) gives:
logRQI = logPMR + logFZ1 (6)

4. Results
4.1. Facies Analysis

Since diagenetic events and reservoir quality are mainly controlled by depositional
attributes, the sedimentary facies must first be investigated in details. Based on the core
and thin sections, 15 sedimentary facies (F1-F15) were deposited in seven facies belts
(FB1-FB1), such as evaporative platform, restricted platform, open platform, platform
margin, platform fore-edge upslope, platform fore-edge downslope, and basin facies in the
Oxford period are identified based on rock texture, grain types, sorting and comparative
analysis with the standard facies models. See Table 1 and Figure 3 for sedimentary facies
characteristics and representative photomicrographs of depositional facies. To provide
a basis for our ongoing discussion on reservoir quality, only the facies belts are briefly
described in this paper.

Table 1. Facies characteristics of the Callovian-Oxfordian stage.

Facies Belts Facies . . Energy
Name Code Name Code Main Lithology Texture Sorting Level
Sabkha F1 Gypsum Mudstone - Low
Evaporative FBI - .
platform Evaporation 0 Gypsum-bearing Mudstone B Low
lagoon limestone

Tidal flat E3 Algal limestone Mud/packstone Poor Low

Restricted Restricted Micrite .
platform FB2 platform shoal F4 oolitic limestone Pack/Wackstone Well High

Lagoon F5 Bioclastic micrite Wack/packstone Poor Low
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Table 1. Cont.

Facies Belts Facies sy . Energy
Name Code Name Code Main Lithology Texture Sorting Level
Open . o . .
IOP;en B3 platform shoal F6 Bioclastic limestone Grain/packstone Well High
atform
P Inter-shoal F7 Bioclastic micrite Wack/packstone Poor Low
Pla.tform F8 Biosparitic calcirudite Grainstone Well High
platform margin shoal
Margin FB . Reef . ioh
Organic reef F9 (Bioclastic) limestone Grainstone Poor Hig]
Shoal F10 Bioclastic limestone Grainstone Medium High
Platform (upslope)
fore-edge upslope FB5 Bioherm F11 Micritic grainstone Grain/packstone Poor High
Mud (upslope) F12 Micrite Wack/mudstone Poor Low
Lime-mud F13 Micrite boundstone Wack/packstone Poor Low
Platform fore-edge FB6 mound
downslope Mud
F14 Micrite Wack/mudstone Poor Low
(downslope)
Basin FB7 Basin mud F15 Argillaceous Mudstone Poor Very low

limestone mudstone

Figure 3. Photomicrographs of 15 facies identified in the Callovian-Oxfordian stage.
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(1) Evaporative platform: The evaporative platform facies belt is formed under arid
and hot climate conditions, including Sabkha facies (F1) dominated by gypsum and evapo-
rative lagoon facies (F2) dominated by micrite and gypsum interlayer. The evaporation
lagoon facies is mainly at the top of Callovian-Oxfordian strata (Figure 3).

(2) Restricted platform: The restricted platform facies belt has three sedimentary
facies: tidal flat (F3), restricted platform shoal (F4), and lagoon (F5). The main lithology
of tidal flat facies is algal limestone, with occasional dolomite; the main lithology of shoal
facies is micrite oolitic limestone and calcarenite; the main lithology of lagoon facies is
bioclastic micrite (Figure 3).

(3) Open platform: The open platform is composed of open platform shoal (F6) and
inter-shoal (F7) facies. The main lithology of the open platform shoal facies is bioclastic
limestone while the main lithology of the inter-shoal facies is bioclastic micrite (Figure 3).

(4) Platform margin: The platform margin facies is a transition zone between deep
water deposits and shallow water deposits, which is the sedimentary environment with the
strongest hydrodynamic force and can be classified into two sedimentary facies: platform
margin shoal (F8) and organic reef (F9). The main lithology of the shoal facies at the platform
margin consists of well-sorted bioclastic limestone, calcarenite, and oolitic limestone. The
reef facies is distributed in groups and belts along the platform margin and intergrow
vertically with bioclastic shoals. Its main lithology is rudist skeleton reef limestone and
boundstone, with a small amount of coral reef limestone. The biological framework is
mainly composed of rudist, coral, moss, and algae (Figure 3).

(5) Platform fore-edge upslope: The platform fore-edge upslope facies belt is divided
into three sections: the shoal (F10), the bioherm (F11), and the mud facies of the platform
fore-edge upslope (F12). The lithology of the shoal is dominated by calcarenite and bio-
clastic limestone. They consist of intraclasts or spherulites, and so on. The bioclasts are
dominated by bivalves, followed by echinoderms, foraminifera, Crinoidea, and algae. The
lithology of bioherm facies is mainly micritic grainstone composed of bioclasts, spherulites,
clotted limestones, and algal nodules. The mud facies of the platform fore-edge upslope is
mostly microcrystalline limestone, with a few foraminifera and pleopods (Figure 3).

(6) Platform fore-edge downslope: The platform fore-edge downslope facies belt
is classified as lime-mud mound (F13) and mud (F14) facies. The lime-mud mound is
only found in the middle and lower parts of the platform foreslope and is composed of
wackestone, and a small amount of packstone. It is composed of very pure fine-grained lime-
mud or lime-mud with spherulites and bioclasts, and the bioclasts are mainly rinoideaa,
brachiopods, gastropods, etc. The mud facies of platform fore-edge downslope are dark
thin-layer bioclastic microcrystalline limestone and spherulitic microcrystalline limestone
deposited in deep water and a low-energy environment (Figure 3).

(7) Basin: Two types of basin facies are developed in the study area (F15): One is a
deep Callovian sea basin beneath the platform foreslope with a deep and low-energy water
body. Its main lithology consists of thin-layer dark microcrystalline limestone and marl
rich in organic matter and argillaceous lamination, with a trace of bivalve and siliceous
sponge spicules. The other type is the silled bay basin (deep lagoon), which was directly
transformed from the early basin due to strong limitation of seawater circulation caused by
a large-scale decline in sea level at the end of the Oxford period. The sediments contain
few biological fossils, and the main lithology is mudstone with a high GR (Gamma-Ray)
log response (Figure 3).

4.2. Diagenesis

Petrographic studies of core samples, core plugs and thin sections reveal that different
sedimentary facies of the Callovian-Oxfordian strata have been subjected to complex and
strong diagenetic processes, including cementation, mechanical compaction, chemical com-
paction (pressure solution), dissolution, fracturing, silicification, anhydrification, filling,
dolomitization, and recrystallization. The first five were the most common (Figure 4). Con-
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sidering the diagenetic process controls on reservoir quality (i.e., porosity and permeability),
these five main diagenetic processes can be classified into two categories:

Figure 4. Photomicrographs of diagenetic features of the Callovian-Oxfordian stage. ((A—C) refer
to cementation, where I is isopachous calcite cementation, II is equigranular calcite cementation,
III is medium-coarse calcite filling, and IV is intergrowth calcite filling; (D) is the fracture formed
by mechanical compaction; (E) is the stylolite formed by chemical compaction; (F) indicates mold
pores, intragranular dissolution pores, and intergranular dissolution pores formed by dissolution;
(G) refers to intergranular and intragranular dissolution pore; (H) refers to the shear fracture formed
by fracturing).

4.2.1. Reservoir Quality Reducing Diagenetic Processes

(1) Cementation

Cementation mainly occurs in a high-energy reef and shoal facies limestone where var-
ious primary pores form, and the cement is predominantly calcite. Based on the distribution
patterns of cement, four-stage cementation can be identified in the Callovian-Oxfordian
Stage [5,7]. Stage I: Quasi-syngenetic comb-shell-shaped calcite (0.05-0.15 mm) covered
particles with a uniform thickness (of 0.05-0.15 mm) or growing along the pore wall of
a biological reef skeleton pore (Figure 4A). Stage II: In the early stage of diagenesis, the
equigranular (0.05-0.1 mm) sparry calcite filled in the pores between reef skeletons or bio-
clastic grains, growing along the pore edges, or forming a second-generation cement texture
with the asaphopsoides isopachous calcite cement in Stage I (Figure 4A); Stage III: Medium-
coarse grained (0.3-2.0 mm) equigranular sparry calcite filled in primary pores from late
early diagenetic stage to early mid-diagenetic stage (Figure 4B). Stage IV: Intergrowth cal-
cite filled in the remaining pores in the late mid-diagenetic stage (Figure 4C). Although the
cementation process in the four stages significantly reduced the primary porosity and dete-
riorated the reservoir quality, the high-energy reef and shoal facies medium-thick calcite
cementation process provided a rigid framework, thus reducing the impact of compaction
on the quality of such reservoirs.

(2) Compaction

Mechanical compaction and chemical compaction are common in the studied intervals.
Mechanical compaction mainly occurs in reef limestone and shoal facies grainstone, which
leads to deformation, directional alignment, and fracturing of fine bioclasts (Figure 4D), and
has little impact on the primary pore and reservoir quality of loose, porous reef limestone,
and shoal facies grainstone. Chemical compaction (pressure solution) mainly occurs in the
sedimentary facies with high mud content, forming stylolites (Figure 4E). Since the soluble
components are dissolved and migrated during chemical compaction (pressure solution)
and most of them enter the pores in the form of cement, the stylolites are filled with residual
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clay or organic matters from pressure solution and closed. As a result, chemical compaction
(pressure solution) is highly destructive to the reservoir quality.

4.2.2. Reservoir Quality Enhancing Diagenetic Processes

(1) Dissolution

Dissolution includes freshwater leaching and dissolution during the syngenetic sedi-
mentary period and burial dissolution during the middle and late diagenetic periods [4].
The platform reef shoal of the highstand system tract was intermittently exposed to the
atmospheric environment and was selectively dissolved (the bioclastic skeleton and bio-
clasts, such as rudist, coral, foraminifera, bryozoa, and rhodophyta were preferentially
dissolved) under the influence of freshwater leaching resulting in abundant intergranular
dissolution pores, intragranular dissolution pores, and mold pores were developed in the
grain-dominated shoal and reef facies (Figure 4F,G). The burial dissolution was mainly
caused by the organic acid generated in the hydrocarbon generation process that dissolved
the carbonate rock, thus further enlarging the pores [28]. Although the dissolved mold or
dissolved pores were partially filled with later calcite cement, these two types of dissolution
significantly improved the reservoir quality.

(2) Fracturing

Fracturing is very common in the Callovian—Oxfordian formation, and the tectonic
fractures formed are often partially filled with calcite and carbonized asphalt (Figure 4H).
Microfractures are important for linking up pores and cavities in the reservoir and improv-
ing its performance; additionally, the tectonic fractures are prone to dissolution, which is
very conducive to the formation of secondary dissolution pores and dissolution fractures
and greatly improve the reservoir quality.

4.3. Reservoir Quality

Generally, the quality and heterogeneity of carbonate reservoirs are affected by geolog-
ical contexts such as sedimentation, diagenesis, and porosity characteristics, which affect
the FZI value. Consequently, the reservoir quality can be quantitatively evaluated using
the FZI method [29-32].

4.3.1. Flow Unit

Ideally, on a log-log crossplot of reservoir quality index (RQI) versus normalized
porosity (PMR), sample points with similar FZI values should be plotted on the same
straight line with a slope of 1, while sample points with different FZI values should be
plotted on another parallel straight line. Samples on the same straight line constitute an
independent flow unit due to similar pore throat properties. When PMR = 1, the intercept
of each straight line represents the average FZI value of a flow unit [15,24].

The flow units of the Callovian-Oxfordian formation were identified using the data
from 68 key wells. Figure 5 is the porosity—permeability crossplot of the identified nine
flow units (FUs) and the RQI of different flow units as a function of PMR are shown in
Figure 6. As shown in Figure 5 and the statistical parameters of different flow units (Table 2),
the average porosity gradually decreases with the increase in the number of identified FUs;
the average permeability gradually increases as the number of identified FUs increases,
and the FZI gradually increases. Consequently, as the number of identified FUs increases,
the storage capacity of the interval gradually decreases, whereas the flow capacity and
reservoir quality improve. Furthermore, by classifying FUs in key wells, the longitudinal
distribution of different reservoir qualities can be better evaluated.
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Figure 5. Porosity —permeability cross plots of different flow units.
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Figure 6. RQI-PMR cross plots of different flow units.

Table 2. Statistics of Parameters of Different Flow Units of the Callovian-Oxfordian stage.

FUs
(Flow Unit)

jaul}

Fu3

Fu4

FUs

FU6
FU7

FuUg

FUs
(Flow Unif)

FU1 FU2 FU3 FU4 FU5 FU6 FU7 FUS FU9
Porosit Min 23 12 07 0.4 0.2 0.1 0.1 0.00 0.00

"(rgs)‘ y Max 20.3 24.0 307 26.6 249 205 14.2 78 0.8

° Mean 73 6.4 6.6 6.1 43 2.4 16 14 05

P bilit Min 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001
erme% ity Max 0.103 0.925 18.469 162.00 769.80 41895 88013 78743 74058

(mD) Mean 0.004 0.026 0.406 4330 18528 44772 11820  296.04  662.93

Reservi it Ind Min 0.002 0.002 0.003 0.005 0.01 0.011 0.023 0.050 0.073
eser"lor(gS%‘ y mndex Max 0.022 0.066 0.260 0.819 1.970 4.610 9.170 10750  17.720
Mean 0.005 0.014 0.039 0.113 0.222 0.392 0.800 2.020 4.680

Flow Zone Indicat Min 0.029 0.090 0.282 0.892 2.819 8.927 28210  89.407 28347
ow OIIQ’EI“ teator Max 0.089 0.282 0.891 2.818 8.912 28128 88967 278354 23815
(FZD) Mean 0.066 0.193 0.526 1.644 5.073 16168 48338  143.885 68595




Energies 2022, 15, 6923

11 of 20

4.3.2. Pore Types

The results of petrographic studies of cores and thin sections, as well as scanning
electron microscopy (SEM) analysis, show that different pore types exist in the Callovian-
Oxfordian formation (Figure 7), which can be classified into three types based on genesis:

Figure 7. Photomicrographs and SEM images of various pore types of the Callovian-Oxfordian
stage (A-L). They include interparticle (IP), intraskeletal (IS), coelomopore (CL), shadow pore (SP),
bioboring pore (BP), intercrystalline (IC), intragranular dissolved pore (IRD), intergranular dissolved
pore (IED), intracrystal solution pore (ICS), modic (MO), fracture (FR), and stylolite (ST) pore type.

(1) Primary pore types

Primary pores refer to the pores formed during sedimentation, the primary pores in
the studied formaton include interparticle pores, intraskeletal pores, coelomopore, shadow
pores, bioboring pores, and intercrystalline pores (Figure 7A-F). An interparticle pore is the
dominant pore type of packstone-grainstone of shoal facies (Figure 7A), which are mainly
the pore spaces between beach facies bioclasts, pelletoids, and oolities. In terms of strata,
interparticle pores are the dominant pore type of XVm and XVal layers. The intraskeletal
and coelomopore pores are mainly developed in the biohermal facies (XVm) limestone in
the platform margin facies belt, with a few intercrystalline pores, which is a pore type in
the dolomitized packstone-grainstone main facies belt (Figure 7F), and is mainly developed
in the Xvac layer and exposed environments such as the top of Sabkha and shoal facies;
bioboring pores and shelter pores are less visible in the target interval.
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(2) Secondary pore types

Secondary pores refer to the pores formed after sediment deposition. The target stratum
mainly includes intragranular dissolved pores, intergranular dissolved pores, intracrystal
dissolution pores, mold pores, fractures, stylolites, and vugs (Figure 7G-L). Due to atmospheric
freshwater dissolution, various dissolution pores were formed and mainly distributed in reef
limestone, calcarenite, calcirudite, bioclastic limestone, and other grainstones in the reef (shoal)
facies; burial dissolution shaped the vugs which are distributed along the fractures, mainly
near the fracture zone; bioboring pores were usually filled and then dissolved (Figure 7E).
Additionally, tectonic fractures of different scales (Figure 7K) are common in the outcrops,
cores, and thin sections. Tectonic fractures greatly improved the reservoir quality (especially,
the permeability of the mud dominated facies belt).

®)

Micropores

Petrographic and SEM analysis indicate that there are micropores (including round,
subrounded, oblique to rhombic micrite interparticle pores in limestones) and micro molds
in micrites are only visible under the microscope in low-energy, mud-dominated facies
belts (e.g., mud facies on the platform fore-edge downslope) of the Callovian-Oxfordian
stage (Figure 7I). Such micropores can only be identified by SEM images, not in the routine
petrological studies.

5. Discussion
5.1. Sedimentary Model

The recognition of sedimentary facies helps to construct the sedimentary environment
of the target intervals and to exhibit a sedimentary model. The sedimentary model helps
guide the deployment of well locations during the early stages of oil and gas exploration
and development, and to establish a more accurate fine geological model (especially
the sedimentary facies model) during the middle and later stages to guide the efficient
development of oil and gas reservoirs.

Through the analysis of sedimentary facies of Callovian-Oxfordian formation, 7 sedi-
mentary facies belts and 15 sedimentary facies are identified; the conceptual sedimentary
model is depicted in Figure 8. A relatively similar model was proposed in the Zagros area
and other surrounding areas in the Middle East [33-35], which indicate a slightly sloping
depositional setting and proposed a carbonate ramp conceptual model.

e
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Figure 8. Conceptual depositional model presented for the Callovian-Oxfordian stage in the Amu
Darya Basin.
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The area under study in the Callovian period is a carbonate gentle slope sedimentary
system composed of an inner ramp, mid ramp, outer ramp, and basin facies belts. The
inner ramp is composed of an internal closed inner ramp (Sabkha, tidal flat, and lagoon)
and an external restricted inner ramp (shoal and restricted subtidal zone). The shoal at
the high point of the ancient landform serves as the barrier between the inner and the
outer zones. The water body of the inner ramp exposed above the sea level is blocked
and highly evaporative with gypsum-bearing micrite deposited. The restricted inner ramp
has a shallow water body, with poor circulation, and is dominated by micrite deposits.
The mid ramp is divided into two zones: an inner zone (open subtidal zone) and an outer
zone (shoal and reef flat). The water body in the inner zone has low-energy but good
circulation, with prosperous organisms and low-energy bioclastic shoals deposited. The
water body in the outer zone is highly energetic, with high-energy shoals or reef-shoal
complexes developed. The outer ramp is divided into two zones: an inner zone and an
outer zone. The inner zone is located above the lowest storm surface and is dominated by
storm action induced packstone deposition. The outer zone is in a low-energy environment,
with wackstone and lime-mud mounds developed. The basin facies is located below the
lowest storm surface, with marlstone, calcareous mudstone, and mudstone deposited.

In the early Oxfordian period, under regional transgression, the outer zone of the
mid ramp and outer ramp in the Callovian period were gradually submerged, and the
inner ramp—mid ramp gradually developed into an edged shelf-type carbonate platform
(this model is similar to Wilson’s platform model). The evaporative platform facies belt is
located in the supratidal low-energy zone, which is often exposed above the sea surface
and has poor water circulation. It can be classified into two sedimentary facies: Sabkha
and evaporative lagoon. The restricted platform facies zone is located in the intertidal-
subtidal low-energy zone, with tidal flat facies, low-energy shoal facies, and lagoon facies
developed. The water body in the open platform facies belt has good circulation, with
the intra-platform bioclastic shoals and inter-shoal facies developed. The platform margin
facies zone is located in the subtidal high-energy zone, with reef facies and high-energy
bioclastic shoal facies developed. The upslope of platform front is located below the
wave base, with point reefs developed locally. The reef shoals and the inter-reef shoals
sedimentary landform are quite different. The downslope of platform front and the basin
facies have quiet water bodies and are characterized by low-energy micrite, wackstone,
and mudstone deposition.

5.2. Diagenesis History

By establishing and interpreting the diagenetic sequence based on the petrographic
characteristics of diagenesis and its relationship, the main diagenesis process of the
Callovian-Oxfordian stage can be summarized as follows (Figure 9):

(1) Syngenetic diagenensis: In the sedimentary environment of biological reef and shoal
facies with high-energy, the porosity was reduced and the reservoir performance dete-
riorated due to edged asaphopsoides isopachous calcite cementation and equigranular
calcite cementation. The main pore types at this stage are the remaining primary pores
like interparticle pores, intraskeletal and coelomopore pores.

(2) Early diagenesis: This stage is characterized by diagenetic processes such as mechan-
ical compaction and chemical compaction (pressure solution), equigranular calcite
cementation, and intergrowth calcite cementation. The reservoir is dominated by the
remaining primary pores, as the number of primary pores was severely reduced.

(3) Early middle diagenesis: At this stage, intergrowth calcite cementation occurred, and
chemical compaction was further strengthened, but local strong diagenetic fracturing
and dissolution improved the reservoir quality. The reservoir space is still dominated
by remaining primary pores, with a few secondary pores.

(4) Late middle diagenesis: The main diageneses are dissolution and fracturing, as
well as secondary pores such as intergranular dissolution pores and intragranular
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dissolution pores, mold pores, intercrystalline dissolution pores, vugs, and fractures
were widely developed.

Diagenetic stage

Syngenetic diagenesis

Early diagenesis

Early middle diagenesis |Late middle diagenesis

Diagenetic environments

Surface

Shallow buried

Medium-deep buried

Diagenetic
processes

Isopachous calcite cementation

Equigranular calcite cementation

Intergrowth calcite cementation

Physical compaction

Chemical compaction
Dissolution

Fracturing

Prosity enhancement —

Prosity reduction s |

Figure 9. Paragenetic sequence of diagenetic processes in the Callovian-Oxfordian stage in the
studied area. Effects of diagenetic processes on porosity are shown as blue (for porosity reducing),
red (porosity enhancing reducing).

These results have been similarly reported in previous studies. As Lee et al. [36] noted,
the mechanical compaction can reduce porosities to 30% in carbonates, which occurred the
depth shallower than 750 m and before major chemical compaction. Tavakoli et al. [37,38]
pointed out the diagenetic heterogeneity and explained the similar influence on reservoir
performance in different sedimentary environments.

5.3. Controlling Factors of the Reservoir Quality

Using a comprehensive analysis of petrographic and petrophysical data, we evaluated
the quality of the Callovian-Oxfordian reservoir on the Right Bank of Amu Darya. To
establish a reliable relationship between physical property analysis data (porosity and
permeability) and lithofacies data, five reservoir types (RF1-RF5) were identified based
on facies characteristics (such as rock texture), dominant diagenesis, and pore types; the
distribution and average values for porosity, permeability, RQI, porosity to matrix ratio
(PMR), and FZI of different reservoir facies (RFs) were recorded (Figure 10, Table 3).
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Figure 10. Porosity —Permeability cross plots of reservoir facies of the Callovian—Oxfordian stage.
As depicted in Figure 10 and Table 3, From RF1 to RF4, the average porosity, perme-

ability, and RQI gradually decrease, indicating that the reservoir storage capacity and flow
capacity gradually decrease, and the reservoir quality gradually deteriorates. An exception
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occurs in the statistical values of RF5, wherein its porosity and PMR are lower than those
of RF1, RF2, RF3, and RF4, indicating that RF5 has a low storage capacity (even no storage
capacity at all), whereas its permeability and RQI are higher than those of RF2, RF3, and
RF4. This indicates that its flow capacity is higher than those of the three reservoir facies.
Based on the statistics presented above, we analyzed the sedimentological character-
istics of different reservoir facies (RF1-RF5) of the Callovian-Oxfordian formation, their
corresponding relation with FUs, and their distribution characteristics (Figures 11 and 12).

Table 3. Statistical parameters calculated for reservoir facies (RFS) of the Callovian—Oxfordian stage.

RF1 RF2 RF3 RF4 RF5
Porosity Min 29 29 3.0 0.0 0.0
s Max 25.0 19.7 11.8 32 28
Mean 143 12 59 13 11
permeabiliy Min 1.900 0.004 0.004 0.0001 0.009
i Max 2701400 3200 0.170 0121 3985800
Mean 22500 0.500 0.016 0.006 1.820
Reservor quality Min 0.007 0.007 0.002 0.002 0.064
o Max 0.235 0.235 0.070 0.535 17.719
Mean 0.483 0.078 0.017 0.024 0.363
ST T B
(PMR) Mean 0.127 0.103 0.064 0.014 0.016
How some indicator Min 0.164 0.038 0.028 0.070 2.200
e Max 343.653 7.542 2010 2303910 2381515
Mean 4535 0.864 0.282 2.556 26.837
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Figure 11. Correlation between different parameters including depositional, diagenetic, porosity,
permeability, and flow units in the Callovian-Oxfordian stage of well S1.
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Figure 12. Correlation between different parameters including depositional, diagenetic, porosity,
permeability, and flow units in the Callovian-Oxfordian stage of well C1.

5.3.1. Dissolved Grain-Dominated Reservoir Facies—RF1

This reservoir facies (RF1) is mainly distributed in the high-energy shoal and biohermal
facies in the inner ramp and mid ramp facies belts, and the main lithology is grainstone or
packstone with bioclasts, oolites, and so on. Since this reservoir facies is usually developed
near the sequence boundary and has undergone strong dissolution, it has pore types such
as intragranular dissolution pores, intergranular dissolution pores, and mold pores formed
by atmospheric dissolution (Figure 11). According to the statistical results of FZI, porosity,
and permeability (Table 3, Figures 10 and 11), RF1 mainly corresponds to three flow units,
namely, FU4, FU5, and FU6, with a high storage capacity and flow capacity, an average
porosity of 14.3% and an average permeability of 22.5 mD. This kind of reservoir facies is
mainly distributed in the XVm layer of the Callovian-Oxfordian formation, which has a
thickness of about 30 m in general. When it is at the platform margin, the thickness can
reach 70-80 m (Figure 11), followed by XVp and XVal layers, with a thickness of 5-8 m. RF1
mainly distributed in the western part of the study area and has good lateral continuity. The
reservoir facies is characterized by good connectivity, abundant reserves, high single-well
and stable production.
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5.3.2. Compacted /Cemented Grain-Dominated Reservoir Facies—RF2

The reservoir facies (RF2) is mainly composed of packstone and grainstone deposited
on a restricted platform, open platform, and platform fore-edge upslope. Generally, it is
far away from the sequence boundary and has been subjected to strong cementation and
mechanical compaction, with weak dissolution. The remaining interparticle pores are the
most common pore type. Although the reservoir facies is dominated by grainstone with
high primary porosity, the pore throat radius is small and the permeability is low due
to strong mechanical compaction. In addition, as the calcite cement plays an important
blocking role in the pore space and pore throat size, the quality of the RF2 reservoir
is lower than that of RF1 (Table 3), which is characterized by a medium FZI, porosity,
and permeability (Table 3 and Figure 10). The average porosity is 11.2%, the average
permeability is 0.5 mD and is mainly composed of flow units FU3 and FU4. Generally, RF2
has a higher storage capacity, but its flow capacity is lower than that of RF1. It is mainly
distributed in XVp and XVhp layers with a small thickness and sporadic distribution. For
example, the RF2 thickness of Well S1 is 5.4 m (Figure 11) and that of Well C1 is 12.4 m
(Figure 12). RF2 mainly distributed in the western part of the study area, it has poor lateral
continuity and planar distribution.

5.3.3. Packstone/Wackstone Dominated Reservoir Facies—RF3

The reservoir facies (RF3) mainly consists of bioherm (F11), mud mound (F13), and
inter-shoal (F7) facies of open platform deposited in the upslope and downslope of the
platform front-edge. Since the reservoir facies is less affected by the dissolution of atmo-
spheric fresh water, only a few dissolution pores are developed. Although the occasionally
developed mold pores increased porosity, they had little impact on permeability since most
of the mold pores are isolated pores, leaving the porosity and permeability of packstone
and wackstone relatively low (the average porosity is 5.9%, and the average permeability
is 0.016 mD). The RF3 mostly associated with FU2 and FU3 (Tables 2 and 3). In the open
platform or platform margin facies belt, the thickness of a single layer of the RF3 is small,
usually 3-5 m (Figure 11); in the slope facies at platform front-edge, the thickness of a single
layer of the RF3 is relatively large, usually 20-50 m (Figure 12). RF3 mainly distributed in
the middle part of the study area and it has poor lateral continuity.

5.3.4. Microporous Mudstone-Dominated Reservoir Facies—RF4

The reservoir facies (RF4) is widely distributed, especially in the central and eastern
part of the basin, including mudstone-dominated sedimentary facies in the inner ramp, mid
ramp, and outer ramp, and are mainly distributed in the F12-F15 facies, and the XVhp, XVz,
and XVIlayers. It is difficult to observe the macropore type of these facies on cores and only
a few micropores are visible by microscopic or SEM image. Additionally, due to diagenetic
processes such as fine-grained dolomitization and anhydrite cementation, the porosity and
permeability of these mud-dominated facies are usually further reduced, making it difficult
to significantly improve the reservoir quality even if there is dissolution. Consequently,
the RF4 is characterized by low porosity (average porosity of 1.3%) and low permeability
(average permeability of 0.006 mD) and has the lowest reservoir quality and poor lateral
continuity. The thickness of a single layer is generally 2-3 m and is mainly composed of
flow units FU1 and FU2 (Figures 10-12). Due to the poor storage and flow capacity, the
RF4 is mainly an interlayer that blocks the fluid flow in the Callovian-Oxfordian stage.

5.3.5. Fracturing Mudstone-Dominated Reservoir Facies—RF5

RF5 is mainly developed in sedimentary facies belts with high mud content and
low-energy environments, such as slope mud (F12) on platform fore-edge upslope and
slope mud (F14) on platform fore-edge upslope. The main lithology is mudstone. The
most prominent characteristic of RF5 is that the permeability of rocks is significantly
increased due to the fracturing in the late middle diagenetic stages (Figure 9), thus greatly
enhancing the flow capacity of the reservoir. The average porosity is 1.1% and the average
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permeability is 1.82 mD. It is mainly distributed in the XVhp, Z, and XVI layers of the
Callovian-Oxford formation. When compaction and cementation dominate and there is no
fracturing, the RF5 corresponds to flow unit FU1 with a low reservoir quality, and is mainly
an interlayer; when both fracturing and dissolution occur, RF5 corresponds to FU2; when
many open microfractures are developed, the permeability of this RF is greatly improved,
and the corresponding FUs are FU8 and FU9, which mainly form flow channels for fluid
(Figures 11 and 12). RF5 mainly distributed in the fracture development area, especially in
the eastern part of the study area which is strongly affected by tectonic movement. The
lateral continuity mainly depends on the development of natural fractures.

6. Conclusions

Through a comprehensive evaluation of sedimentary facies, diagenesis, and reservoir
quality of the Callovian-Oxfordian formation of the Middle and Lower Jurassic series on
the right bank of the Amu Darya River, the following main conclusions are drawn:

(1) Through facies analysis, we believe that the Callovian period is a gentle slope carbon-
ate platform sedimentary model, which mainly includes four sedimentary facies belts,
namely, the inner ramp, mid ramp, outer ramp, and basin. The Oxfordian period is
an edged shelf-type carbonate platform sedimentary model, which mainly includes
15 sedimentary facies deposited in seven sedimentary facies belts, namely, the evapora-
tive platform, restricted platform, open platform, platform margin, platform fore-edge
upslope, platform fore-edge downslope, and basin facies.

(2) The diagenesis fields of carbonate rocks in the Callovian-Oxfordian stage include
atmospheric freshwater, shallow burial, and medium-deep burial environments. The
main diagenetic processes include four-stage cementation, mechanical compaction,
chemical compaction (pressure solution), dissolution, and fracturing, among which
the dissolution and fracturing are the main processes that improve reservoir quality.

(3) The main primary and secondary pore types in the target formation were identified;
nine FUs were determined using the flow unit index method; five reservoir facies, as
well as their reservoir quality and variation characteristics, were identified according
to rock texture and flow characteristics, diagenesis, and pore types.

(4) The reservoir quality evaluation revealed that the reservoir facies with the highest
reservoir quality is RF1, which is the highest storage capacity and has strong flow
capacity. Its corresponding flow units are FU4, FU5, and FU6. The reservoir facies
with the second highest reservoir quality is RF2, and its corresponding flow units are
FU3 and FU4, which are less distributed in the target intervals. RF4 has the lowest
reservoir quality, and its corresponding flow units are FU1 and FU2, which mainly
form an interlayer that blocks the fluid flow. Despite its very low storage capacity,
RF5 serves mainly as a flow channel for the fluid in the Callovian-Oxfordian Stage
due to the development of micro-fractures.
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