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ABSTRACT: Facies identification is a fundamental issue on evaluation and prediction for siliciclastic sediments. The purpose of
this paper is to identify sedimentary-diagenetic facies and investigate the influence of sedimentary-diagenetic facies on reservoir
quality in coarse-grained deposits from the Eocene Es4 interval, Dongying Depression, Bohai Bay Basin. Based on detailed core
observation, thin section petrography combined with conventional wireline logs and core measurement analysis, 12 types of sed-
imentary-diagenetic facies were divided according to their lithofacies, diagenetic products and related contributions to reservoir
quality. The identification and spatial distribution of these sedimentary-diagenetic facies can be determined based on the Bayes dis-
criminant analysis and related cross-plot analysis. The variations of porosity and permeability with burial depth were precisely
determined with +2% for porosity and +1 x 10~ um” for permeability. The spatial distribution of reservoir porosity and permeability can
be predicted quantitatively: high zones of porosity and permeability mainly distributed in the central sections of thick-bedded sandbody, rang-
ing from 6% to greater than 12% for reservoir porosity and from 1 x 10~ pm” to greater than 6 x 10~ um’; relatively low zones of porosity
(less than 6%) and permeability (less than 1 x 10~ um*) mainly occur in the bottom and the margin of the thick-bedded sandbody.
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1. INTRODUCTION

Facies identification exerts a significant influence on oil
exploration and development and is also the basis of reservoir
quality evaluation (Li and Anderson-Sprecher, 2006; He et al.,
2016; Cui et al., 2017). Identification of facies involves with two
important aspects: lithofacies and diagenetic facies identification.
Lithofacies refers to initial rock or rock association deposited
under certain sedimentary environments and significantly affects
original reservoir quality and architecture (Bjerlykke, 2014; He
etal, 2016; Lai et al., 2017). Diagenetic facies, mainly inherited
by initial lithofacies, is associated with types and degree of

*Corresponding author:

Yanzhong Wang

School of Geosciences, China University of Petroleum, Qingdao 266580,
China

Tel: +86-18253266698, E-mail: wangyanzhong1980@163.com

©The Association of Korean Geoscience Societies and Springer 2019

diagenetic products exerted by mechanical compaction, mineral
cementation and dissolution, and can greatly influences the
evolution of reservoir quality (Zou et al., 2008; Lai et al., 2016;
Cui et al, 2017). As the identification of facies is critically
constrained by limited amounts of core and outcrop data,
therefore, wireline logs are the alternative options which are
widely used to determine the lithofacies and diagenetic facies of
various depositional systems based on their specific log responses
(Xuetal.,2009; Ozkan et al., 2011; Cui et al., 2017). The present-
day statistical methods of facies identification associated with
conventional wireline logs mainly consist of discriminant analysis,
clustering analysis, cross plotting, fuzzy diagnosis, and Artificial
Neural Network (ANN) (Li and Anderson-Sprecher, 2006; He
et al, 2016; Cui et al, 2017). However, these identification
methods related to wireline logging in different depositional
environments are only focused on lithofacies or diagenetic facies
separately in previous studies (e.g., Ozkan et al., 2011; Lai et al.,
2016; Cai et al., 2017). Actually, the wireline log responses of
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different reservoir architectures in burial environment are
influenced by combined effects of initial lithofacies and later
diagenetic facies, especially for the coarse-grained sediments in
deep burial environment. In this study, we propose “sedimentary-
diagenetic facies” concept which integrates lithofacies and
associated diagenetic facies together in specific burial environment.
The evaluation of reservoir quality associated with lack of core
and outcrop data can be directly determined by continuous
identification of sedimentary-diagenetic facies based on conventional
wireline logs. The integrated identification of sedimentary-
diagenetic facies can greatly enhance predictive models of
reservoirs and has potential application for various deposition
systems in similar sedimentary-tectonic settings.

This study focuses on coarse-grained sediments deposited in
a sublacustrine-fan setting in the Eocene Es4 interval at burial
depths of 2500-4000 m in the Dongying Depression, Bohai Bay
Basin in eastern China (Fig. 1a). Lithofacies of the Es4 interval
varies greatly and mainly includes coarse-grained conglomerates,
pebbly sandstones, sandstones, and lacustrine mudstones (Ma
et al, 2017). Diagentic products in the Eocene Es4 interval
mainly consist of strong mechanical compaction, precipitation
of predominated carbonate minerals and other minor phases of
authigenic quartz and clay minerals (Wang et al., 2014; Ma et al.,
2016). In this study, we established a new concept model
“sedimentary-diagenetic facies” for facies identification based
on conventional wireline logs and evaluated related reservoir
quality of sublacustrine fan in the Eocene Es4 interval in the
Dongying Depression. Thus, the objectives of this study are to:
(1) illustrate the features of lithofacies and corresponding diagenetic
facies and summary the characteristics of sedimentary-diagenetic
facies based on core observation and thin section petrography;
(2) identify sedimentary-diagenetic facies based on conventional
wireline logs; and (3) determine the influence of sedimentary-
diagenetic facies on reservoir quality and evaluate the distribution
of high-quality reservoir.

2. GEOLOGICAL SETTING

The Dongying Depression is a sub-tectonic unit and is located
at southern part of Jiyang Subbasin, Bohai Bay Basin. The
Dongying Depression, covering an area of 5850 km’, is bounded
to the east by the Qingtuozi Uplift, to the south by the Luxi Uplift
and Guangrao Uplift, to the west by the Qingcheng Uplift, and
to the north by the Chenjiazhuang and Qingtuozi Uplift (Fig.
1b). The Minfeng Sag is located in the northeastern part of the
Dongying Depression and the northern margin of the sag is
confined by the Chennan Boundary Fault (Fig. 1¢; Jiang et al.,
2013).

Sedimentary sequences in the Dongying Depression, in ascending
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order, consist of the Paleogene Kongdian (Ek), Shahejie (Es),
and Dongying (Ed) formations, the Neogene Guantao (Ng) and
Minghuazhen (Nm) formations, and the Quaternary Pingyuan
(Qp) Formation (Ma et al., 2017). The Eocene Es4 interval in
the Dongying Depression is mainly characterized by dark
lacustrine source rocks, calcareous mudstones interbedded with
multi-stage, sublacustrine-fan, sandy conglomerates, pebbly
sandstones and sandstones (Ma et al,, 2017). During the deposition
of the Es4 interval, terrigenous siliciclastic sediments were
transported into the lake by gravity flows during duration of
seasonal floods and large-scale sediments of sublacustrine fans
were formed close to the footwall of the Chennan Boundary
Fault and interfingered with more distal deep-lake mudstones.

3. SAMPLES AND METHODS
3.1. Well Logs

Based on log response characteristics of lithofacies from 15
boreholes, 5 sensitive log curves were selected for facies identification
and include bulk density (DEN), compensated neutron log
(CNL), sonic transit time (AC), natural gamma ray (GR), deep
lateral log (RLLD) (Table 1). The matching of core with log
curve was accomplished by correlating the CNL curve with core
plug porosity. In addition, siliciclastic rocks in the Eocene Es4
interval are mainly derived from Archaean granitic gneiss which
are enriched in alkali feldspar and mica minerals (Li and Zhou,
2008; Lu, 2010), therefore, the coarse-grained rocks (e.g.,
conglomerate, pebbly sandstone, sandstone) have higher contents
of potassium than fine-grained rocks (e.g., mudstones, shales).
This results in highest values of GR curve in coarse-grained
rocks and lowest values of GR in fine-grained rocks (Table 1). In
addition, the Bayes discriminant analysis of combined wireline
logs was conducted by using the Statistical Product and Service
Solutions (SPSS) software.

3.2. Rock Petrography

18 boreholes were observed and described in detail to
determine rock lithologies, sedimentary structures and sediment
body thicknesses. 95 representative core samples from 15 boreholes
were thin sectioned, impregnated with red epoxy resin under
vacuum and stained with alizarin red-S and potassium ferricyanide
(Dickson, 1965), and then examined using a standard petrographic
microscope. 400 point counts per thin section were conducted
in order to determine compositions of detrital grains, authigenic
minerals, intergranular volume and total porosities. 40 gold-
coated sample chips were examined using a JSM-5500LV scanning
electron microscope (SEM) to investigate authigenic minerals and
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Fig. 1. (a) Locality map of subbasins of the Bohai Bay Basin, eastern China; (b) Distribution of main sags and uplifts and major faults and loca-
tion of section A-A’; (c) Cross section A—A’ showing major stratigraphic units and major tectonic features within the Dongying Depression.
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Table 1. Sensitive analysis of wireline logs for facies identification in the Eocene Es4 interval

Wireline log Mudstone Sandstone Pebbly sandstone Conglomerate
GR (APD) Relatively low value Relatively high value Relatively high value High value
70-125 100-140 102-165 104-176
High value Medium-low value Medium-low value Low value
AC (ps/ft)
62-90 60-86 58-84 54-72
5 Medium-low value Medium-low value Medium-low value High value
DEN (g/cm’)
2.3-2.64 2.48-2.66 2.48-2.66 2.48-2.66
High value Medium-low value Medium-low value Low value
CNL (%)
6.0-26.0 5.0-22.0 5.0-14.0 2.0-10.0
RD (Q.m) Relatively low value Relatively low value Relatively high value Relatively high value
.m
5-45 10-50 10-65 10-75
pore types under an acceleration voltage of 20 kV using abeam 4, RESULTS

current of 1.0-1.5 nA.
3.3. Core Porosity and Permeability

A total of 505 cylindrical core samples (diameter = 25 mm,
length = 30-40 mm) from 16 boreholes were selected to determine
core porosity and permeability at the Exploration and Development
Research Institute of the Sinopec Zhongyuan Oilfield Company.
The gas expansion method was used for determining porosity
and helium was used as the measuring medium. Permeability
was measured in a gas-autoclave using the pressure-transient
technique (Rahman and McCann, 2012) and nitrogen was used
as the permeating medium.

4.1. Rock Petrology

Based on point count data, most sandstones in the Es4 interval
are coarse-grained and moderately to poorly sorted lithic arkoses
and feldspathic litharenites based on ternary plot of Folk (1974),
with the average compositions of framework grains being
Q30F39R3;. Diagenetic products in Es4 interval include strong
compaction, predominant carbonate minerals, subordinate quartz
cements and minor authigenic clay minerals (Fig. 2). Thin section

and SEM images show that pervasive dissolution of minerals occurred
in most samples in Es4 interval, which were predominated by feldspar
dissolution and minor carbonate mineral dissolution (Fig. 2).

Fig. 2. Types and characteristics of diagenetic facies in the Eocene Es4 interval. (a) Strong compaction-weak cementation-weak dissolution
diagenetic facies, Well Yan227, 3759.4 m; (b) Strong compaction-medium cementation-weak dissolution diagenetic facies, Well Yan23,
3674.95 m; (c) Medium compaction-weak cementation-strong dissolution diagenetic facies, Well Yong921, 2798.49 m; (d) Medium compac-
tion-weak cementation-strong dissolution diagenetic facies, Well Yong92, 2971.92 m; (¢) Medium compaction-weak cementation-medium
dissolution diagenetic facies, Well Yan22-22, 3431.5 m; (f) Medium compaction-strong cementation-weak dissolution diagenetic facies, Well

Yan22-22, 3350.25 m.

https://doi.org/10.1007/s12303-018-0058-4
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4.2. Sedimentary Lithofacies pebbly sandstone (Fig. 3d), sandstone (Fig. 3e) and mudstone
(Fig. 3f).
Based on detailed core observation and description, 6 types of
lithofacies are identified based on their sedimentary structures, 4.3. Diagenetic Facies
sedimentary textures and bed thicknesses (Table 2), and includes
matrix-supported conglomerate (Fig. 3a), grain-supported Currently, quantitative classification methods of diagenetic
conglomerate (Fig. 3b), pebble-dominated sandstone (Fig. 3c), facies are widely used to determine different types and degrees

Table 2. Description of different lithofacies in the Eocene Es4 interval

Lithofacies Sedimentary structure Sedimentary texture Bed thickness ~ Rock color Subfacies
Matrix-supported Angular and subangular pebbles, poor sorted, coarse
1 PP Massive bedding gravel predomominated and content of mud matrix =~ 2.5-30m  Light gray-gray Inner fan
conglomerate more than 20%

Grain-supported . . Subangular and sub-rounded pebbles, pebbles diame- .
conglomerate Massive bedding ter mostly more than 10mm, sand matrix, poor sorted 05-30m  Lightgray-gray Inner fan

Subangular and sub-rounded pebbles, pebbles diame-
ter mostly between 2~10 mm, pebbles content between ~ 0.2-5m  Light gray-gray Middle fan
25~50%, grain-supported, relatively poor sorted

Massive or normal Subangular and sub-rounded pebbles, pebbles content
Pebbly sandstone raded beddin. between 10~25%, pebbles diameter mostly between ~ 0.15-4.5m  Light gray-gray Middle fan
& J 2~10 mm, relatively well sorted, grain-supported

Pebble-dominated =~ Massive or normal
sandstone graded bedding

Sandstone Massive, normal graded Pebbles content less than 10%, relatively well sorted 005-2m  Licht erav—ora Middle fan/
or parallel bedding  and rounded, mostly medium- to coarse-grained sand SN ErAY=EYY  Outer fan

Mudstone Massive or horizontally  Extremely fine-grained and contain calcareousor 15 35 1 Dark gray-black Middle fan/
bedding pyrite concretions Outer fan

Fig. 3. Lithofacies types of coarse-grained sediments in the Eocene Es4 interval. (a) Matrix-supported conglomerate, Well Yan227, 3752.2 m;
(b) Grain-supported conglomerate, Well Yan22-22, 3396.8 m; (c) Pebbly-dominated sandstone, Well Yong928, 3756.1 m; (d) Pebbly sandstone,
Well Yan22-22, 3388.4 m; (e) Sandstone, Well Yong921, 2687.67 m; (f) Mudstone, Well Yan222, 4074.18 m.

https://doi.org/10.1007/s12303-018-0058-4
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of diagenetic products in order to evaluate diagenetic effects on
reservoir quality based on compaction rate (a), cementation rate
(B) and dissolution rate (y) (Liu et al., 2002; Zhang et al., 2009;
Fu et al,, 2013; Lai et al.,, 2015; Liu et al., 2015; Lai et al., 2016).
These parameters can be expressed as below equations:

a= (Vpria.mry = Veementation + Vdissolution)/ Vpria.mry x 100%), (1)
B = Vcementation/ (Vcementation + Vintergra.nular) X 100%): (2)
Y = Vaissolution/ Vpresent x 100%. (3)

Voprimary Tefers to primary pore volume; Veementation refers to
pore volume of total cements; Vi oiution refers to dissolution of
total minerals; Viytergranular refers to intergranular pore volume;
Vi
However, this classification method of diagenetic facies has

several limitations: (1) the calculation equations for compaction

resent Fefers to total present pore volume.

rate, cementation rate and dissolution rate have different
denominators which indicates these parameters do not have
uniform standards and this will lead to unexpected discrepancy
classification of diagenetic facies with the present reservoirs; (2)
In some cases, there are no corresponding relationships between
these parameters and their contributions to reservoir quality.
For one case, if the reservoir was intensively compacted with
very minor intergranular pores and these intergranular pores
were totally filled with cements, then the intensively compacted
reservoir would be classified as intensively cemented reservoir
based on Equation (2). For another case, if the primary pores of
the reservoir were completely destroyed by extensive compaction
or cementation in the deep burial environment and only very
minor dissolution pores occurred, then the extensive compacted
or cemented reservoir would be wrongly classified as extensive
dissolution reservoir based on Equation (3) (y calculated as 100%).

The current classification method of diagenetic facies was not
applicable for different types of reservoirs and will result in
improper reservoir assessments. Therefore, we establish three new
parameters (Peompaction> Peementation @14 Pissolution) t0 quantitatively
identify diagenetic facies and relate their corresponding contributions
to the total reservoir quality. These parameters can be expressed

as below equations:
Pcompaction = Pprimary + Pdissolution ~ % cementation — Ppresent! (4)
P ementation = tWo-dimension (2-D) cementation pore area x T,
5)
Pissolution = 2-D dissolution pore area x T. (6)

Peompaction Tefers to porosity loss related to mechanical
compaction; Peenation refers to porosity loss related to mineral
cementation; Pgouon refers to porosity increase related to

mineral dissolution; P refers to total primary porosity;

primary
P resent refers to present reservoir porosity. In addition, the two-

dimension (2-D) cementation area includes the area which fills

https://doi.org/10.1007/s12303-018-0058-4
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Table 3. Classification standard for diagenetic facies related to
mechanical compaction, cementation and dissolution in the Eocene
Es4 interval

InteHSity Pcompaction (%) Pcememation (%) Pdissolution (%)
Strong >20 >20 >10

Medium 10-20 10-20 4-10
Weak <10 <10 <4

Peompaction Tefers to porosity loss related to mechanical compaction;
P ementation Tefers to porosity loss related to mineral cementation; Pyissopution
refers to porosity increase related to mineral dissolution.

early-formed dissolution pores but does not contain the area
that replaces particles.

T refers to the relationship between 2-D pore area and three-
dimension (3-D) pore volume and can be expressed as below
based on previous study in the Dongying Depression (Wang et
al,, 2013):

Y = 2.5203 x X7, (7)

Y refers to 3-D pore volume; X refers to 2-D pore area.

The primary porosity (Ppimary) for different lithofacies can be
estimated based on their corresponding sorting coefficient (So)
in the previous studies in the Dongying Depression (Wang et
al,, 2013).

The siliciclastic reservoirs in the Eocene Es4 interval are
buried from 2500 m to 4000 m and mainly experienced moderate
to intensive compaction, multi-stage cementations and dissolutions.
Based on the new classification method of diagenetic facies in
this study, the resulting diagenetic facies can be determined
according to classification standard (Table 3) and divided into five
types including (Table 4): (1) strong compaction-weak cementation-
weak dissolution diagenetic facies (Fig. 2a); (2) strong compaction-
medium cementation-weak dissolution diagenetic facies (Fig.
2b); (3) medium compaction-weak cementation-strong dissolution
diagenetic facies (Figs. 2c and d); (4) medium compaction-weak
cementation-medium dissolution diagenetic facies (Fig. 2e); (5)
medium compaction-strong cementation-weak dissolution
diagenetic facies (Fig. 2f).

4.4. Types of Sedimentary-Diagenetic Facies

Based on detailed observations of cores and thin sections, not
every lithofacies could produce various types of diagenetic
facies during progressive burial. With initially bad sorting and
immature compositions of framework grains, both matrix-
supported conglomerate and grain-supported conglomerate
lithofacies in the inner fan subfacies experienced strong compaction
with extremely weak chemical diagenesis and only strong
compaction-weak cementation-weak dissolution diagenetic facies
developed for both lithofacies (Table 4). Pebbly-dominated
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sandstones, pebbly sandstones and sandstones in the middle fan
and outer fan subfacies have relatively well-sorted textures and
mature compositions of framework grains (Table 2), and undergone
different types and intensities of chemical diagenesis during
progressive burial. This could result in strong compaction-weak
cementation-weak dissolution diagenetic facies, medium
compaction-strong cementation-weak dissolution diagenetic
facies and medium compaction-weak cementation-strong
dissolution diagenetic facies (Table 4). Compared with coarse-
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grained lithofacies, mudstones, the extremely fine-grained
lithofacies, has unique sedimentary structures and textures, and
therefore, are regarded as individual sedimentary-diagenetic
facies. Therefore, twelve types of sedimentary-diagenetic facies
are identified in the Eocene Es4 interval and include (Table 5):
(1) strong compaction-medium cementation-weak dissolution
matrix-supported conglomerate facies (Type 1); (2) strong compaction-
medium cementation-weak dissolution grain-supported conglomerate
facies (Type 2); (3) strong compaction-medium cementation-

Table 4. Classification results of diagenetic facies in the Eocene Es4 interval

Well DePth (m) Pprimary (%) Pcompaction (%) Pcementation (%) Pdissolution (%) Ppresent (%) Diagenetic facies
Yan22 3239.1 37 20.89 10.5 35 9.11 Strong compaction-medium
cementation-weak dissolution
Yan22-22 34315 39.2 19.69 9.8 55 1521 Medium compaction-weak
cementation-medium dissolution
Yan22-22 34443 422 17.68 23 45 6.72 Medium compaction-strong
cementation-weak dissolution
Yan22-22 34994 39.2 1231 25 3 4.89 Medium compaction-strong
cementation-weak dissolution
Yan22-22 35081 392 11.55 265 12 2.35 Medium compaction-strong
cementation-weak dissolution
Yan22-22  3689.5 37 31.02 45 35 498 Strong compaction-weak
cementation-weak dissolution
Yan23 3672.85 37 21.33 13.1 35 6.07 Strong compaction-medium
cementation-weak dissolution
Yan23  3674.95 37 21.27 14.2 38 533 Strong compaction-medium
cementation-weak dissolution
Yan222 407448 392 25.49 108 0.8 371 Strong compaction-medium
cementation-weak dissolution
Yan222 419185 392 292 75 0 25 Strong compaction-weak
cementation-weak dissolution
Yan227 331341 32 24.18 65 0 132 Strong compaction-weak
cementation-weak dissolution
Yan227 374155 37 14.93 20.6 0 147 Medium compaction-strong
cementation-weak dissolution
Yan227 37594 37 2 45 0 6.5 Strong compaction-weak
cementation-weak dissolution
YX21 3039.9 39.2 19.64 72 45 16.86 Medium compaction-weak
cementation-medium dissolution
YX21 3053.65 422 17.68 7.5 6.5 23.52 Medium compaction- weak
cementation- medium dissolution
YX21 3137.7 422 18.08 8.5 112 26.82 Medium compaction-weak
cementation-strong dissolution
YX223 37387 35 218 95 0 37 Strong compaction-weak
cementation-weak dissolution
Strong compaction-weak
Yong920 3585.2 35 221 7 0 59 cementation-weak dissolution
Yongo28  3907.3 39.2 3113 55 1.1 3.67 Strong compaction-weak
cementation-weak dissolution
Yong930  3994.8 35 20.69 11.5 0 2.81 Strong compaction-medium
cementation-weak dissolution
F8 4055.75 35 26.01 5.1 0 3.89 Strong compaction-weak
cementation-weak dissolution
FS1 3917 35 24.98 72 0 2.82 Strong compaction-weak
cementation-weak dissolution
FS10 3915.35 392 2257 13.9 0 2.73 Strong compaction-medium

cementation-weak dissolution

https://doi.org/10.1007/s12303-018-0058-4
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Table 5. Types and characteristics of sedimentary-diagenetic facies in the Eocene Es4 interval

Lithofacies (—) Matrix-supported Grain-supported Pebbly-dominated ~ Pebbly Sandstone  Mudstone
onglomerate conglomerate sandstone sandstone
Diagenetic facies Sedimentary-diagenetic facies
Strong compaction-medium
cementation-weak dissolution Typel Type2 Type3 B - -
Strong compaction-weak
cementation-weak dissolution B B B Type 6 Type? -
Medium compaction-strong
cementation-weak dissolution - B Typed Type7 Type 10 -
Medium compaction-weak _ _ Type 5 _ _ _
cementation-medium dissolution P
Medium compaction-weak B _ _ Type 8 Type 11 _

cementation-strong dissolution

Type 1 = strong compaction-medium cementation-weak dissolution

matrix-supported conglomerate facies; Type 2 = strong compaction-

medium cementation-weak dissolution grain-supported conglomerate facies; Type 3 = strong compaction-medium cementation-weak dissolu-
tion pebbly-dominated sandstone facies; Type 4 = medium compaction-strong cementation-weak dissolution pebbly-dominated sandstone
facies; Type 5 = medium compaction-weak cementation-medium dissolution pebbly-dominated sandstone facies; Type 6 = strong compaction-
weak cementation-weak dissolution pebbly sandstone facies; Type 7 = medium compaction-strong cementation-weak dissolution pebbly sand-
stone facies; Type 8 = medium compaction-weak cementation-strong dissolution pebbly sandstone facies; Type 9 = strong compaction-weak
cementation-weak dissolution sandstone facies; Type 10 = medium compaction-strong cementation-weak dissolution sandstone facies; Type 11
= medium compaction-weak cementation-strong dissolution sandstone facies; Type 12 = mudstone facies.

weak dissolution pebbly-dominated sandstone facies (Type 3); (4)
medium compaction-strong cementation-weak dissolution
pebbly-dominated sandstone facies (Type 4); (5) medium
compaction-weak cementation-medium dissolution pebbly-
dominated sandstone facies (Type 5); (6) strong compaction-weak
cementation-weak dissolution pebbly sandstone facies (Type 6); (7)
medium compaction-strong cementation-weak dissolution pebbly
sandstone facies (Type 7); (8) medium compaction-weak cementation-
strong dissolution pebbly sandstone facies (Type 8); (9) strong
compaction-weak cementation-weak dissolution sandstone facies
(Type 9); (10) medium compaction-strong cementation-weak
dissolution sandstone facies (Type 10); (11) medium compaction-
weak cementation-strong dissolution sandstone facies (Type
11); (12) mudstone facies (Type 12).

4.5. Reservoir Porosity and Permeability

Cross-plot of plug porosity and plug permeability of the Es4
reservoirs shows that reservoir porosity ranges from 1.0% to
21.2%, with an average of 9.3%, and reservoir permeability
ranges from 0.003 x 10~ um’ to 489.56 x 10~ um’” with an average
0f 18.07 x 10~ um” (Fig. 4). The Es4 reservoirs show a relatively
good correlation between porosity and permeability (Fig. 4).

5. DISCUSSION AND IMPLICATIONS

5.1. Wireline Log Identification of Sedimentary-Dia-
genetic Facies

As described above, the current identification methods of

https://doi.org/10.1007/s12303-018-0058-4
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Fig. 4. Cross-plot of plug porosity versus plug permeability in the
Eocene Es4 interval, showing a relatively good correlation between
porosity and permeability (R? = 0.71).

sedimentary lithofacies or diagenetic facies associated with
wireline logs mainly consist of discriminant analysis (include Bayes
and Fisher discriminant analysis), clustering analysis, cross
plotting, fuzzy diagnosis, and Artificial Neural Network (Li and
Anderson-Sprecher, 2006; He et al, 2016; Cui et al., 2017).
However, a single facies identification method associated with
wireline logs might result in some uncertainties or even errors,
especially for the complex reservoirs in the deep burial environment
(e.g., Li and Anderson-Sprecher, 2006). Based on log responses
of each sedimentary-diagenetic facies in the Eocene Es4 interval
(Fig. 5; Table 6), relatively significant differences occur among
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Fig. 5. Wireline log response of different sedimentary-diagenetic facies in the Eocene interval. Type 1 = strong compaction-medium cemen-
tation-weak dissolution matrix-supported conglomerate facies; Type 2 = strong compaction-medium cementation-weak dissolution grain-
supported conglomerate facies; Type 3 = strong compaction-medium cementation-weak dissolution pebbly-dominated sandstone facies;
Type 4 = medium compaction-strong cementation-weak dissolution pebbly-dominated sandstone facies; Type 5 = medium compaction-
weak cementation-medium dissolution pebbly-dominated sandstone facies; Type 6 = strong compaction-weak cementation-weak dissolu-
tion pebbly sandstone facies; Type 7 = medium compaction-strong cementation-weak dissolution pebbly sandstone facies; Type 8 = medium
compaction-weak cementation-strong dissolution pebbly sandstone facies; Type 9 = strong compaction-weak cementation-weak dissolution
sandstone facies; Type 10 = medium compaction-strong cementation-weak dissolution sandstone facies; Type 11 = medium compaction-
weak cementation-strong dissolution sandstone facies; Type 12 = mudstone facies.
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Fig. 5. (continued).
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Table 6. Wireline log data of different sedimentary-diagenetic facies in the Eocene Es4 interval

501

Sedimentary-diagenetic

facies DEN (g/cm™) AC (ps/ft) CNL (%) GR (API) RD ((»m)

T High value Low value Low value High value High value
ypel (2.57-2.68) (55.6-61.1) (1.33-7.22) (1434-171.2) (57.9-94.7)
Type 2. High value Low value Low value Medium to high value High value

YP (2.60-2.68) (55.8-63.4) (8.42-12.62) (108.8-119.8) (41.8-85.6)

Type 3 Medium to high value Low to medium value Low value Medium to high value Medium value

P (2.48-2.65) (58.0-72.7) (3.39-8.55) (112.7-128.6) (41.9-60.7)
Type 4 Medium to high value Low to medium value Low value Medium to high value Medium value

P (2.55-2.60) (59.2-73.4) (5.58-11.30) (109.1-122.2) (26.8-42.2)
Tye 5 Medium value Medium value Medium value Medium to high value Low to medium value

P (2.44-2.52) (67.8-80.4) (10.53-15.88) (102.3-136.2) (11.9-38.4)
Tye 6 Medium to high value Low value Low value Medium to high value Medium value

P (2.54-2.65) (57.6-62.2) (5.31-7.27) (114.8-139.6) (28.7-48.4)
Tyve 7 Medium-high Medium-low Medium Medium Medium-low

P (2.45-2.55) (63.9-78.6) (8.92-11.40) (113.2-130.5) (20.7-31.7)
Tve 8 Low to medium value Medium value Medium to high value Low to medium value Low value

P (2.23-2.48) (74.8-90.4) (14.14-35.84) (80.6-115.3) (5.1-16.9)

Type 9 Medium value Low value Medium value Low to medium value Medium to high value

P (2.54-2.68) (55.3-62.9) (7.89-12.29) (83.8-108.4) (31.1-69.2)
Tyoe 10 Medium value Medium to high value Medium to high value Low value Low to medium value
P (2.45-2.61) (78.3-89.1) (18.13-25.50) (82.5-103.1) (16.8-30.9)
Type 11 Low to medium value High value High value Low value Low value

P (2.21-2.51) (79.9-94.8) (18.44-29.80) (84.9-99.3) (10.1-19.6)
Tvoe 12 Low value High value High value Low value Low value

YP (2.33-2.45) (95.1-113.9) (27.76-40.56) (69.9-85.7) (2.4-3.9)

these facies and it allows us to conduct log identification of
sedimentary-diagenetic facies based on conventional wireline
logs. In this study, the workflow to identify sedimentary-diagenetic
facies involves the following aspects: (1) determine the real
types of sedimentary-diagenetic facies based on core and thin
section petrography; (2) collect corresponding log data of the
specific sedimentary-diagenetic facies; (3) accomplish Bayes
discriminant analysis of combined wireline logs by SPSS software
to identify sedimentary-diagenetic facies; (4) compare the
predicted sedimentary-diagenetic types with the real results and
conduct cross-plot analysis of log data to improve the accuracy
of the predicted identification results.

5.1.1. Bayes discriminant analysis (BDA)

Wireline log data (including DEN, AC, CNL, GR and RLLD
data) from twelve sedimentary-diagenetic facies were collected
and these log data from different facies can be relatively well
separated by two typical Bayes discriminant functions. Subsequently,
the corresponding Bayes discriminant functions of these twelve
facies were obtained by the SPSS software and expressed as below:

Type 1: Y1 = 24.99*AC - 3.33*CNL + 2114.5*DEN

+5.01*GR + 0.59*RLLD - 3892.11, (8)
Type 2: Y2 = 24.93*AC - 3.30*CNL + 2096.9*DEN
+4.51*GR + 0.5*RLLD - 3770.11, 9)

Type 3: Y3 = 25.62*AC - 3.90*CNL + 2096.3* DEN

+4.47*GR + 0.31*RLLD - 3793.72, (10)
Type 4: Y4 = 25.75%AC - 3.94*CNL + 2090.2*DEN
+4.49*GR + 0.51*RLLD - 3796.91, (11)
Type 5: Y5 = 25.95%AC — 3.89*CNL + 2083.8*DEN
+4.50*GR + 0.26*RLLD - 3786.90, (12)
Type 6: Y6 = 24.99* AC — 3.57*CNL + 2087.3*DEN
+4.68*GR + 0.31*RLLD - 3757.23, (13)
Type 7: Y7 = 25.47*AC - 3.80*CNL + 2072.8*DEN
+4.53*GR + 0.23*RLLD - 3729.59, (14)
Type 8: Y8 = 25.94* AC — 3.83*CNL + 2028.8*DEN
+4.15*GR + 0.18*RLLD - 3614.84, (15)
Type 9: Y9 = 24.70*AC - 3.46*CNL + 2063.6*DEN
+4.22*GR + 0.48*RLLD - 3636.19, (16)
Type 10: Y10 = 27.2*AC — 4.02*CNL + 2143.7*DEN
+4.28*GR + 0.30*RLLD - 4011.67, (17)
Type 11: Y11 = 26.9*AC — 4.07*CNL + 2067.6*DEN
+4.14*GR + 0.22*RLLD - 3782.10, (18)
Type 12: Y12 = 28.3*AC — 4.22*CNL + 2168.2*DEN
+4.30*GR + 0.21*RLLD - 4167.99. (19)

The sedimentary-diagenetic facies can be identified based on
the principle of the maximum posterior probability of the Bayes
discriminant analysis (BDA). The discriminant accuracy of these
twelve types of sedimentary-diagenetic facies is summarized in

https://doi.org/10.1007/s12303-018-0058-4
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Table 7. Discriminant probabilities of the 12 types of sedimentary-diagenetic facies in the Eocene Es4 interval

Real type BDA predicted type
Typel Type2 Type3 Type4 Type5 Type6 Type7 Type8 Type9 Typel0 Typell Typel2  Total
Type 1 100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 2 0.0 85 0.0 0.0 0.0 15 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 3 0.0 0.0 119 17.6 17.6 52.9 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 4 0.0 37.5 0.0 62.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 5 0.0 0.0 0.0 0.0 83.3 0.0 16.7 0.0 0.0 0.0 0.0 0.0 100
Type 6 0.0 6.7 0.0 0.0 0.0 93.3 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 7 0.0 0.0 0.0 0.0 23.1 0.0 76.9 0.0 0.0 0.0 0.0 0.0 100
Type 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 0.0 100
Type 9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 100
Type 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 100
Type 11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.1 0.0 14.3 78.6 0.0 100
Type 12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 100

Table 7. The results show that the average discriminant accuracy
of all the 12 types is 82.6% (Table 7). However, some predicted
sedimentary-diagenetic facies have relatively low discriminant
accuracies and need to be addressed to improve their predicted
accuracy.

5.1.2. Cross plot analysis (CPA)

After wireline log identification of BDA, cross plot analysis
(CPA) of wireline logs were another alternative option to identify
the specific sedimentary-diagenetic facies that have relatively
low discriminant accuracies.

BDA results indicate that the probability for distinguishing
the Type 3 as Type 4, Type 5, Type 6 is 17.6%, 17.6%, 52.9%,
respectively, and as Type 3 itself is 11.9% (Table 7). The
probability for distinguishing the Type 4 as Type 4 itself and
Type 2 is 62.5% and 37.5%, respectively (Table 7). The
probability for distinguishing the Type 7 as Type 7 itself and
Type 5 is 76.9% and 23.1%, respectively (Table 7). The
probability for distinguishing the Type 11 as Type 8, Type 10
is 7.1%, 14.3%, and as Type 11 itself is 78.6%.

Cross-plots of AC versus GR, AC versus CNL, GR versus RD
are successively used to identify Type 6, Type 2, Type 3 and Type
4 facies, respectively (Figs. 6a—c). In addition, the value range of
wireline logs (AC, CNL, GR and RD) can be used to distinguish
Type 2, Type 3, Type 4 and Type 6 facies (Table 8). Cross-plots
of CNL versus DEN, AC versus CNL are successively used to
identify Type 4, Type 5 and Type 7 facies, respectively (Figs. 6d
and e). Moreover, the value range of wireline logs (DEN, CNL,
AC) can be also used to distinguish Type 4, Type 5 and Type 7
facies (Table 8). Cross-plots of CNL versus RD are used to
identify Type 10 and Type 11 facies (Fig. 6f). The value range of
wireline logs (CNL, RD) can be used to distinguish Type 10
and Type 11 facies (Table 8).

https://doi.org/10.1007/s12303-018-0058-4

Compare the predicted discriminant results with the real types
(Table 9), the total accuracy improves significantly and ranges
from 82.4% to 100% with an average of 94.7% based on back
evaluation of the database through the Bayes discriminant and
the cross-plots analysis.

5.2. Reservoir Porosity and Permeability of Sedi-
mentary-Diagenetic Facies

As discussed above, the reservoir quality is largely controlled
by both sedimentary lithofacies and diagenetic facies, therefore,
the reservoir porosity and permeability can be precisely confined
and predicted by specific sedimentary-diagenetic facies (e.g.,
Lai et al,, 2018). Cross-plots of reservoir quality versus burial
depth for 11 sedimentary-diagenetic facies indicate that the
variation range of reservoir porosity and permeability of specific
sedimentary-diagenetic facies is relatively narrow, with +2% for
porosity and +1 x 10~ um? for permeability (Fig. 7).

The reservoir porosity and permeability for compaction-
dominant facies (Type 1, 2, 3, 6, 9; Fig. 7) show a progressively
decrease trend with burial depth as a result of increase compaction
with depth. The reservoir porosity and permeability for cementation-
dominant facies (Type 4, 7, 10; Fig. 7) show a relatively steady
tread with burial depth due to extensive cementation occurring
prior to significant compaction. The reservoir porosity and
permeability for dissolution-dominant facies (Type 8, 11; Fig. 7)
show a gradually decreasing trend with depth due to compaction
but also show some increase with depth due to strong dissolution.
Based on the variation of reservoir porosity and permeability of
sedimentary-diagenetic facies with depth, the vertical evolution
of reservoir quality with depth in the Eocene Es4 interval can be
precisely predicted.
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Fig. 6. (a—c): Cross-plot discriminant analysis of Type 2, Type 3, Type 4 and Type 6 facies; (d and e): Cross-plot discriminant analysis of Type
4, Type 5 and Type 7 facies; (f) Cross-plot discriminant analysis of Type 10 and Type 11 facies.

Table 8. Log data range of different types of facies in the Eocene Es4 interval

Facies types AC (us/tt) CNL (%) GR (API) RD (Q.m) DEN (g/cm’)
Type 2 55.8~63.4 8.42~12.62 108.8~119.8 41.8~85.6 -
Type 3 58.0~72.7 3.39~8.55 112.7~128.6 41.9~60.7 -
Type 4 59.2~73.4 5.58~11.30 109.1~122.2 26.8~42.2 2.55~2.60
Type 6 57.6~62.2 5.31~7.27 114.8~139.6 28.7~48.4 -
Type 5 67.8~80.4 10.53~15.88 - - 2.44~2.52
Type 7 63.9~78.6 8.82~11.40 - - 2.45~2.55
Type 10 - 18.13~25.50 - 16.8~30.9 -
Type 11 - 18.44~29.80 - 10.1~16.8 -

5.3. Distribution of Reservoir Porosity and Permeability

Based on wireline log identification of sedimentary-diagenetic
facies, the sedimentary-diagenetic facies of single borehole can
be predicted. Some thin-bedded facies are integrated and
combined into thick-bedded, predominant facies types (Fig. 8).
Cross-section of sedimentary-diagenetic facies in the Eocene
Es4 interval shows that dissolution-dominant facies (Type 5, 8,
11; Fig. 8) are mainly developed in the central sections of thick-
bedded sandbody, compaction-dominant facies (Type 3, 6; Fig.

8) mainly developed in the bottom of thick-bedded sandbody,
and cementation-dominant facies (Type 4, 7, 10; Fig. 8) mainly
developed in the margin of thick-bedded sandbody which are
adjacent to mudstones.

Using the cross-plots of reservoir porosity and permeability
versus burial depth of the sedimentary-diagenetic facies (Fig. 7),
the distribution of reservoir porosity and permeability can be
quantitatively predicted (Figs. 9 and 10) based on the distribution
of sedimentary-diagenetic facies (Fig. 8). The results show that
high zones of porosity and permeability mainly distributed in

https://doi.org/10.1007/s12303-018-0058-4
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Table 9. The total predicted accuracy for 12 types of sedimentary-diagenetic facies after Bayes discriminant and cross-plot analysis

Predicted discriminant type

Real type

Typel Type2 Type3 Type4 Type5 Type6 Type7 Type8 Type9 Typel0 Typell Typel2  Total
Type 1 100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 2 0.0 95 0.0 0.0 0.0 5 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 3 0.0 0.0 824 5.8 0.0 11.8 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 4 0.0 12,5 0.0 87.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 5 0.0 0.0 0.0 0.0 94.4 0.0 5.6 0.0 0.0 0.0 0.0 0.0 100
Type 6 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 0.0 0.0 0.0 100
Type 7 0.0 0.0 0.0 0.0 7.7 0.0 92.3 0.0 0.0 0.0 0.0 0.0 100
Type 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 0.0 100
Type 9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 100
Type 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 100
Type 11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.3 85.7 0.0 100
Type 12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 100
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the central sections of thick-bedded sandbody, ranging from 6%
to greater than 12% for reservoir porosity and from 1 x 10~ um’
to greater than 6 x 10~ um® (Figs. 9 and 10). Relatively low
zones of porosity (less than 6%) and permeability (less than 1 x
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10~ um?) mainly occur in the bottom and the margin of the
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thick-bedded sandbody (Figs. 9 and 10).

Identification of sedimentary-diagenetic facies associated with
conventional wireline logs has important implications for reservoir
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Fig. 8. Cross section showing distribution of sedimentary-diagenetic facies in the Eocene Es4 interval.

quality and wide applications for exploration and development
of siliciclastic reservoirs: (1) conventional wireline logs have lower
cost than core data to determine depositional and diagenetic
information; (2) reservoir porosity and permeability can be more

precisely controlled by the sedimentary-diagenetic facies than
separate sedimentary lithofacies or diagenetic facies; (3) the spatial
distribution of sedimentary-diagenetic facies and related reservoir
porosity and permeability can be predicted quantitatively.

https://doi.org/10.1007/s12303-018-0058-4
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6. CONCLUSIONS

A new facies identification method associated with sedimentary-
diagenetic facies is proposed in the Eocene Es4 coarse-grained
deposits in the Dongying Depression, Bohai Bay Basin, China.
12 types of sedimentary-diagenetic facies are identified based
on core observation, thin section petrography and conventional
wireline logs in the Eocene Es4 sandstones. The corresponding
reservoir porosity and permeability of these 12 facies with burial
depth were determined with the value range of +2% for porosity
and +1 x 107 um’ for permeability. The spatial distribution of
sedimentary-diagenetic facies and related reservoir porosity
and permeability can be predicted quantitatively in the Eocene
Es4 interval: high zones of porosity and permeability mainly
distributed in the central sections of thick-bedded sandbody,
with value range from 6% to greater than 12% for reservoir
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porosity and from 1 x 10~ um” to greater than 6 x 10~ pm?® for
reservoir permeability; relatively low zones of porosity (less than
6%) and permeability (less than 1 x 107> um?) mainly occur in
the bottom and the margin of the thick-bedded sandbody.
Identification of sedimentary-diagenetic facies associated with
conventional wireline logs has important implications for reservoir
quality and wide applications for exploration and development
of siliciclastic reservoirs.
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