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Abstract: The pore structure of rocks can affect fluid migration and the remaining hydrocarbon
distribution. To understand the impacts of the base-level cycle on the pore structure of mouth bar
sand bodies in a continental rift lacustrine basin, the pore structure of the mouth bar sand bodies in
the ZVC (ZV4 + ZV5) of the Guan195 area was studied using pressure-controlled mercury injection
(PMLI), casting sheet image and scanning electron microscopy (SEM). The results show that three
types of pores exist in ZVC, including intergranular pores, dissolution pores, and micro fractures.
The porosity is generally between 1.57% and 44.6%, with a mean value of 19.05%. The permeability is
between 0.06 um? and 3611 um?, with a mean value of 137.56 um?. The pore structure heterogeneity
of a single mouth bar sand body in the early stage of the falling period of short-term base-level is
stronger than that in the late stage. During the falling process of the middle-term base level, the pore
structure heterogeneity of a late single mouth bar sand body is weaker than that of an early single
mouth bar sand body. In the long-term base-level cycle, the pore structure heterogeneity of mouth
bar sand bodies becomes weaker with the falling of the base-level.

Keywords: base-level cycle; pore structure; mouth bar sand body; Huanghua Depression

1. Introduction

Pore structure refers to the shape, size, distribution and the connective relationship of pores and
pore throats [1,2]. Pore structure is an important factor controlling the porosity and permeability of rock,
and hence the potential of remaining oil and gas recovery [3-5]. Investigations of the factors controlling
pore structure are critical to the exploration and development of an oil field [6-10]. Many scholars
have conducted extensive research work from different perspectives, using various methods such
as rate-controlled mercury injection testing [11-13], pressure-controlled mercury injection (PMI)
testing [14-16], scanning electron microscopy (SEM) [17-21] and multiscale computed tomography
(CT) imaging technology [22-24].

The pore structure of the reservoir is not only controlled by tectonic movement and diagenesis
but also by the influence of sedimentary factors (e.g., Ju et al. [25], Tang et al. [26], Wang et al. [27],
Wang et al. [28]). The controlling effects of sedimentation on reservoir characteristics are mainly
reflected by the changes of the base level. The influence of base level cycle on the reservoir
characteristics can be divided into autocycles and allocycles [29]. Autocycles refer to the sedimentary
cycles formed by the change of the internal factors of the basin under the condition of a relatively
stable sedimentary background. Allocycles refer to the sedimentary cycles formed by the change of

Energies 2018, 11, 2617; doi:10.3390/en11102617 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-4082-7179
https://orcid.org/0000-0002-9857-5018
http://www.mdpi.com/1996-1073/11/10/2617?type=check_update&version=1
http://dx.doi.org/10.3390/en11102617
http://www.mdpi.com/journal/energies

Energies 2018, 11, 2617 2of 16

the source supply conditions, the tectonic movement of the ocean floor or eustatic sea level change.
Short-term base-level cycles (SSC) is the minimal genetic stratigraphic unit and is also the basis for
high-resolution sequence stratigraphy, which can be identified in outcrop, core and well logging curve
data [30,31]. Middle-term base-level cycles (MSC) correspond to multiple mouth bar sand bodies in
this study. Such factors as stratum erosion surface and regional deposition scour surface are taken as
the basis upon which to divide the long-term base-level cycle (LSC), which is equivalent to three order
sequence stratigraphic units [32]. Miall commented that the base level cycle process determines the
rock types, lithological characteristics, geometric shape and spatial continuity of reservoir rock, and
controls pore structure, size, arrangement, and sorting of detritus [33].

The pore structure of rock can be obtained from mercury injection testing, which is one of the
most common methods [12,34-37]. Toledo et al. [38] investigated pore-space statistics based on
capillary pressure curves. Zhao et al. [39] explored the pore structure of tight oil reservoirs using
pressure-controlled porosimetry. Xi et al. [12] studied the influence of pore size distribution on
the oiliness and the porosity and permeability of tight sandstones based on PMI. Wang et al. [5]
calculated the fractal dimension of the pore structure using the combination of PMI and rate-controlled
mercury injection.

Many studies were devoted to the controlling effect of base level cycles on macroscopic
characteristics of reservoirs [40,41]. However, very few studies have focused on the effect of base level
cycles on the pore structure of a reservoir [42]. This study took mouth bar sand bodies of Guan195
area as an example, investigated the effects of different levels of base level cycles on the pore structure.

2. Geological Setting

The Bohai Bay Basin, located in eastern China, has an area of approximately 1.7 x 10%* km?
(Figure 1a), in which there are nine first class tectonic zones (Figure 1a). The Wang guantun oilfield,
located in the Huanghua depression, is one of the most important oil-gas production areas. More than
1700 wells have been drilled in Wang guantun oilfield. Wang guantun oilfield is divided into two main
tectonic zones by Kongdong fault, and some secondary faults make the structure of the oilfield more
complicated (Figure 1b). Sediments comprise the Paleogene Kongdian (Ek), Shahejie (Es), Dongying
(Ed) formations, the Neogene Guantao (Ng), Minghuazhen (Nm) Formations, the Quaternary Pingyuan
(Q) formations (Figure 2). Oil shale of Ek2 (the second member of the Kongdian Formation) is the main
source rock and oil-gas has migrated into suitable trap locations of Ek1 along connecting faults [43,44].

The studied interval is the six segments (ZV) in Ek1 (the first member of the Kongdian Formation);
the ZV can be divided into seven layers (from ZV1 to ZV7). This research is focused on ZV4 and
ZV5, called the ZVC (Figure 2). The ZVC is 40-80 m thick and mainly includes light gray fine
sandstone, silty sandstone and mudstone (Figure 2). The reservoir sand body is mainly quartz
sandstone, and the cementation type is mainly cement and calcareous cementation. The reservoir is
characterized by high component maturity and relatively high textural maturity, and the particles
are mainly characterized by point contact and point line contact; the sediment was mainly in the
early diagenetic stage. The buried depth of the ZVC in this area and the spans of the buried
depth are small (1820 m-1900 m), so diagenesis had a limited effect on reservoir characteristics.
Therefore, the macroscopic and microscopic characteristics of the reservoir were mainly controlled by
sedimentation [45]. Sediments including delta plain subfacies, delta front subfacies and front delta
subfacies are deposited in the ZV in the study area with stronger water energy [46], where many
mouth bar sand bodies are deposited in the horizontal and vertical, and mouth bar sand bodies are of
cardinal significance for reservoir rock.
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Figure 1. (a) Location map of the study area and sub-tectonic units of the Bohaiwan Basin. (I) JiZhong
depression zone, (II) CangXian uplift zone, (III) ChengNing uplift zone, (IV) JiYang depression zone,
(V) BoZhong depression zone, (VI) XingHeng uplift zone, (VII) LinQing depression zone, (VIII) LiaoHe
uplift zone; (b) The sub-tectonic units of the study area and well locations.
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Figure 2. Stratigraphy, lithology, and thickness of Kongdian Formation in the study area (modified
from Neng et al. [44]).

3. Data and Experimental Method

The EK1 member of the Wang guantun oilfield is one of the most oil-gas production members;
there are more than 1700 wells, including vertical wells and inclined wells, have been drilled through
the member. Among the wells, there are about 220 core wells, and consequently, the data necessary
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for this research are available, such as core, wireline-log, mud logging, oil test, and mercury injection
data. Reservoir porosity and permeability of 4547 data points were collected from Dagang Oilfield,

China National Petroleum Corporation (CNPC) (Beijing, China). 744 mercury injection testing data
were tested in Research Institute of Petroleum Exploration & Development, Dagang Oilfield, CNPC.
One of the most commonly used methods to characterize pore structure characteristics is PMI
testing. To obtain multifarious microscopic parameters, mercury, a non-wetting phase fluid, is forced
into all the effective space and mercury intake volume is measured by a mercury porosimeter [47].
The pressure gradually increased to the highest value and slowly decreased thereafter, and the mercury
extruded from the samples. Thus, test curves and different characterization parameters, including
maximum pore-throat radius (Ryux), average pore-throat radius (Rgye), residual injection saturation (S;),
maximum mercury injection saturation (S;ay), sorting coefficient of pore throat, coefficient of variation
of pore throat, homogeneity coefficient, characteristic structure coefficient, lithology coefficient, etc.

were obtained according to the amount of mercury and the corresponding pressure.

4. Geological and Laboratory Modelling

4.1. Stratigraphic Correlation and Cycle Identification
According to the formation characteristics of ZVC bed of EK1 (the first member of the Kongdian
Formation), eight single layers were divided within the ZVC bed. The thickness of a single sand body
ranges from 2 to 8 m and most of them are between 3.5 m and 5 m. The thickness difference of a given
sand body in the horizontal is mainly controlled by the depositional environment and the location
of the sequence, while the thickness difference in the vertical is mainly controlled by such factors
as the expansion and contraction of the lake, provenance supply, climate, and tectonic movement.
A total of one LSC, three MSC and eight SSC were further divided within the ZVC according to the
characteristics of core, lithology and well logging curve (Figure 3). Based on those data, stratigraphic

correlation and cycle identification were carried out on the profile (Figure 4).

Form- Sequence
ation | Member| Bed [second[ third fourth | Cycle — —— —
order order order [tion | group | Laver M§ . |Depth 1201 §SC MSC LSC
v .
Z0 HST) s quencem v i 1 ssci v
— ! e — st
= ! ‘é 183
! 2 ~
Z1 8 A 4 H = SSC2 v
! = | MSCl
Sequence Il <t
= g EST| > ‘ ,/ % > ° ssc3 v
—_ N M
ZIll| o =1 ; a
Q ) \ ! ) 1 SSC4
= Ek1 = n ! o — LSCl
c g Sequence [ I’ ¥ % .
b s
= yAlll == LST { 3 ;:20 5 $SCS
= % / -
= = Sequence Ill v v :', El & T | MSC2)
= ZIV v Al S| o SSC6
[ o V| S| = 6
= g Sequence II ! 2 Q
[s+] g. A =
. © ]
'5 Z V % Sequence | ' =
Al &
) 1 ssc7
= HST v v \ o) 1
:;2 K2 L . Sequence Il )4 \ =
\ — MSC3
2 | @ N
(]
Ky lg |8]est | .
Ek2 3 ) 5 %
K2> g 2 Sequence | \\\
i |l |2 —
K, |2 |§|LsT S ssone [ 1

Figure 3. The synthetic pattern of the base-level cycle of the study area. SP, spontaneous potential
curve; GR, gamma-ray curve; RT, resistivity curve.
4.2. Sedimentary Microfacies Characteristics

The source of Wang guantun area comes mainly from two directions, the Cangxian uplift zone
and Xubhei uplift zone [48]. Sediments from the north formed fan delta deposits in the Guan195 area,
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and sediments from the southeast formed an alluvial fan deposit in the ZV bed [46]. Based on a high
resolution sequence stratigraphic framework, mouth bar, underwater distributary channel, sheet sand,
and distributary bay micro-facies were distinguished in the delta front subfacies in Guan195 area
according to the lithological characteristics, sedimentary structure and logging curve characteristics
(Table 1). Braided rever, channel bar, interchannel and alluvial plain micro-facies were distinguished in
the alluvial fan subfacies [49]. The sedimentary facies map in ZV of the Wang guantun area is shown
in Figure 5.
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Figure 4. Cycle identification and stratigraphic correlation. SP, spontaneous potential curve; RT,
resistivity curve.
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Figure 5. Sedimentary facies map in ZV of the Wang guantun area.
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Table 1. Lithological and logging curve characteristics of different micro-facies.

Micro-Facies Type Curve Model Lithological Characteristics Logging Curve Characteristics Sedimentary Structure
SP  Lith RT
Cross bedding
Mouth bar micro-faci Medi d; Fine sand Funnel shaped; Box shaped Wavy bedding
ou ar micro-racies _ edium sand; rine san unnel shaped; box shape Parallel beddlng

Lenticular bedding

RT
Graded bedding
Underwater distributary o Gravel bearing sandstone; X Wavy bedding
channel micro-facies . o Medium sand; Fine sand Bell shaped; Box shaped Parallel bedding
00 Cross-bedding
)
SP Lith RT
% . o - Parallel bedding
Sheet sand { — } Medium sand; Fine sand Finger shaped Cross-bedding
SP Lith RT
DlstFlbutarY bay Mainly mudstone Low amphfude toot‘h curve or Horizontal bedding
micro-facies straight section Wormhole

4.3. Petrophysical Properties and Pore Types

Under laboratory pressure conditions, the porosity of core samples is generally between 1.57%
and 44.6% with an average of 19.05%, 58.6% of samples are between 15% and 25% (Figure 6a).
The permeability is between 0.06 pum? and 3611 pm?, 62.2% of samples are between 0.06 pm? and
50 um?, with an average of 137.56 um? (Figure 6b).
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Figure 6. Reservoir properties of sandstones: (a) porosity distribution; (b) permeability distribution.
n is the sample quantity.

The micrographs of the casting sheet image and SEM show that the main pore types in the
ZVC sandstone reservoirs are intergranular pores, dissolution pores and micro fractures (Figure 7).
Intergranular pores are relatively large in size and mostly irregular-polygonal in shape. The size of
intergranular pores generally ranges from about 30 um to about 60 um, which is mainly controlled by
the compaction effect. Dissolution pores are mainly from feldspar and matrix dissolution, with sizes
mainly between about 5 pm and about 40 um. The size of micro fractures is approximately 5 um in
width. Different pore types have different pore structure characteristics (Figure 7).
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s GUANS1-7, 184741 m

Figure 7. Typical pore types: (a) micrograph of casting sheet image showing intergranular pores;
(b) micrograph of casting sheet image showing micro fractures; (c) micrograph of SEM showing
intergranular pores; (d) micrograph of SEM showing dissolution pores.

4.4. The Results Obtained from Pressure-Controlled Mercury Injection Testing

The mercury injection and extrusion curves of the samples change at the threshold pressure,
which is the pressure at which a wetting phase will begin to be displaced by a non-wetting phase
from a porous medium [50]. The lower the threshold pressure (Pt), the larger the pore throat size.
The intrusion and extrusion curves of typical samples can be classified into three patterns according to
curve features (Figure 8). Pattern A includes samples with minimal Pt, the widest horizontal stage, and
maximal intake of mercury, which represents a larger pore throat radius, better sorting, and less pore
throat heterogeneity (Figure 8). The mercury intrusion curves of pattern B also have a horizontal stage,
while their slopes are larger. The average Pt of pattern B is higher than that of pattern A (Figure 8).
There is no horizontal stage in the samples of pattern C, in the process of mercury intrusion, mercury
injection saturation increases with the increase of injection pressure. Although S is small, the extrusion
efficiency is poor.

Rupe Obtained from mercury intrusion saturation are mainly distributed between 0.0387 pm
and 14.75 um and the most common ones are from 9 pm to 12 pm (Figure 9a). Ry according to
mercury intrusion saturation is generally between 0.0981 um to 27.84 um (mainly 0.1 pm —10 pm)
(Figure 9b). S;4x is mainly between 60% and 90% (Figure 9c), while S, mainly ranges from 10% to 40%
(Figure 9d). This indicates that much of the mercury was constrained by the pore throat, and the larger
the discrepancy between pores and pore throats, the more residual mercury.
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Figure 8. Intrusion and extrusion curves of the Pressure mercury method and the three patterns of
intrusion and extrusion curves.

o

n=744

>
7

ISt
T

Frequency (%)

0 4 8 9 10 11 12 13 14
Average pore-throat radius ( 1 m)

n=744

Frequency (%)
oz = NN W

L
0 0 20 30 40
Residual mercury saturation (%)

45 8
0 n=744

0 0.05 0.1 0.15 0.2 025 03 0.35
Homogeneity coefficient of pore-throat

Figure 9. Illustrates the parameters derived from PMI experiments which are characterizing pore
throat distribution. The “frequency” on the y-axis represents the sample ratio of each value intervals,
n is the sample quantity. (a) Distribution of average pore-throat radius; (b) distribution of maximum
pore-throat radius; (c) distribution of maximum mercury intrusion saturation; (d) distribution of
residual mercury saturation; (e) distribution of sorting coefficient of pore-throat; (f) distribution
of coefficient of variation of pore-throat; (g) distribution of homogeneity coefficient of pore-throat;

H4 L |H|ﬂl_\|11|
1 50 60 70 80

0.4

Frequency (%)

20

= b n=744
16

14

121

10

gl

6

4

o

0 T 4D1D\D\

o

)
.

25

Frequency (%,

VOO

=

L 5

Frequency (%)

w

0 2 4 6 8 101216 2024 28

Maximum pore-throat radius (1 m)

[¢]

n=744

.0 1.151.251.351.451.551.651.751.95 2.252.45 3.0 4.0

Sorting coefficient of pore-throat

h

n=744

0.05 0.1 0.150.20.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Characteristic structure coefficient

Frequency (%)

n=744

Ll

0 3035 40 45 50 55 60 65 70 75 80 85 90 95 100

S 5 = o

s o =

Maximum mercury intrusion saturation (%)

f

n=744

w o
bl

Frequency (%)

)

0 0.1 02 03 04 06

Coeﬁicient of variation of pore-throat

=744

vy

173

Frequency (%)
— N W W

@

10 12 14 16
Lllhology coefficient

(h) distribution of characteristic structure coefficient; (i) distribution of lithology coefficient.

mﬂ. ‘ 'ﬂiﬂlioﬂllsﬂ‘zﬂi

18

oL



Energies 2018, 11, 2617 9of 16

Sorting coefficient refers to the uniformity of the pore throat radius distribution, which is
calculated by Equation (1) [51]:

sc = ASZ-Z (ri—1rm) 1)

where sc is the sorting coefficient, r; is the pore throat radius of an interval in the pore throat
radius distribution function, nm, r,, is the average pore throat radius, nm, and AS; is the saturation
corresponding to r;, %.

The more uniform the pore throat size, the better sorting, and the smaller sc. The coefficient of
variation is the ratio of sorting coefficient and the average pore throat radius, which is calculated by
Equation (2) [52]:

v = 2)

where cv is the coefficient of variation.

The better the sorting, the smaller the cv. The uniformity coefficient is used to quantify
the uniformity of the pore throat radius distribution, which is calculated by Equation (3) [53],
whose value ranges from 0 to 1, and the bigger the value, the more uniform pore-throat distribution.
The characteristic structure coefficient reflects the connectivity of throats, and the bigger the value,
the better the connectivity. The lithology coefficient is the ratio of the measured permeability and the
calculated permeability, which reflects the degree of pore throat curvature:

f: 7‘1'AS,'
i—1 @

ue = —; ®)

Y AS;
i=1

where ue is the uniformity coefficient, r; is the maximum pore throat radius, nm.

Sorting coefficients of pore throats range from 1.08 to 4.95 and display no obvious concentration
distribution (Figure 9e). Coefficients of variation of pore throats range from 0.0361 to 3.27 and the
most common ones are between 0.2 and 0.4 (Figure 9f). Uniformity coefficients of pore throats range
from 0.0067 to 0.622 (mainly 0.2-0.4) (Figure 9g). This shows that the pore-throat distribution of
the different samples is very different. Characteristic structure coefficients are mainly distributed
between 0.3 and 0.5 (Figure %h). Lithology coefficients are generally between 0.07 to 0.92 um (mainly
0.1-0.2) (Figure 9i). This finding may be a manifestation of a complex tortuous shape in the pore
throats. Overall, these relatively dispersed frequency distributions corroborate the complexity and
heterogeneity of pore throat sizes.

With lower base-levels, the above parameters exhibit different behaviors. We intend to study and
summarize these differences in order to further study the controlling effect of the base-level on the
pore structure characteristics of sandstone.

5. Discussion

5.1. Relationship between Short-Term Base-Level Cycle and Pore Structure

The change of short-term base-level controls sedimentary sequence, stratigraphic structure,
and superimposed pattern, and correspondingly controls the longitudinal variation of the physical
properties and heterogeneity of the sand body [32,33]. An analysis of the relationship between
short-term base-level cycles and pore structure of mouth bar sand bodies in the study area has shown
that the pore structure of a mouth bar sand body is changed regularly with the falling of short-term
base level.
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The three samples in Figure 10 are from the SSC3 of well Guan51-7, and they belong to the same
mouth bar sand body. The mercury intrusion curves of the three samples all display pattern B, and they
all have a wider horizontal stage because of their shallower buried depth, though the horizontal stage
of sample C is narrowest (Figure 10). The samples from late in the falling period of the SSC also have
the lower Pt and larger S;uq. This is an indication that the pore-throat distribution is better, and the
effective porosity of the samples is larger in the late stage of the falling period of short-term base-level.
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Figure 10. Intrusion and extrusion curves of PMI test of the samples in SSC3 (Well Guan51-7).

We can obtain the pore throat size distribution of samples from the test results of PMI [54].
The pore throat size distribution curves of Samples a, b and c are mainly distributed within 1.6-6.3 pum,
2.5-10 um and 4-16 pum, respectively (Figure 11), which is gradually increasing with the falling of the
short-term base level. This also shows that the pore throat size of the samples is larger in the late stage
of the falling period of short-term base-level.

40 1

Guan51-7
ad —— 1835.15m
ssc3aW b —— 183546m

(0%}
(e}
1

C —=— 1835.73m

—_
(=]

Mercury saturation ratio (%)
o
(e

0= T T T T r T — T T v —— =1
0.03 0.63 0.10.16025 04 063 1 1625 4 6.3 10 16 25 40 63 100
Pore—thtoat radious (1 m)

Figure 11. Pore throat size distributions by PMI of the samples in SSC3 (Well Guan51-7).
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Because the developmental period of SSC was shorter, the allocyclic factors, such as geological
structure and the change of lake level, were in a relatively static state, and the reduction rate of
the accommodation space was approximately equivalent to the rate of sediment supply. As the
short-term base-level fell, water energy was gradually strengthened, sediments could be fully washed;
consequently, the porosity and permeability of the mouth bar sand body gradually increased upward,
as did the radius of the pore throats, pore throat sorting, and the pore throat connectivity (Figure 12).
In conclusion, the pore structure of single mouth bar sand bodies was mainly influenced by the
autocycles and pore structure of single mouth bar sand bodies gradually become better with the falling
of short-term base-level.
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Figure 12. Pore structure of the samples in SSC3 (Well Guan51-7).

5.2. Relationship between Middle-Term Base-Level Cycle and the Pore Structure

The pore structure of the mouth bar of different SSCs in the same MSC has obvious differences.
The five samples of the Guan 51-7 well were from 2 different short-term base-level cycles (55C2, SSC3)
but were all from the same middle-term base-level cycle (MSC1). It can be seen clearly in Figure 13 that
the average width of the horizontal stage of samples is wider in SSC2 than in SSC3 and the samples in
SSC2 also have the lower Pt and larger S;qy. This indicates that the sorting of samples in SSC2 is better
than in SSC3 and the interconnected pore space of the samples in SSC2 is larger under a given injection
pressure. The two mercury curves of SSC2 belong to pattern A while the three mercury curves of SSC3
belong to pattern B, this may be an indication that the pattern of mercury curves changes from pattern
B to pattern A with the falling of middle-term base-level (Figure 13).
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Figure 13. Intrusion and extrusion curves of PMI of the samples in MSC1.
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The pore size distribution is shown in Figure 14; the pore throat radius of samples in SSC2 is
mainly distributed between 6.3 pym and 30 pm; the samples in the SSC2 range from 1.6 pm to 10 pm,
smaller than the samples in SSC2. This is an indication that the pore-throat radius of the single mouth
bar sand body is larger in the late stage of the falling period of middle-term base-level.
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Figure 14. Pore throat size distributions by PMI of the samples in MSC1.

The pore structure of multiple mouth bar sand bodies in MSC is primarily controlled by the
allocyclic factors, such as tectonic movement and lake level change. The ratio of the reduction rate
of accommodation space and the supply rate of sediment (A/S) decreased, and the water energy
increased continuously. As a result, the microscopic characteristics of mouth bar sand bodies present
regular changes (Figure 15). With the falling of middle-term base-level, the porosity and permeability
of the later single mouth bar sand body were larger, pore throat radii increased upward, pore throat
sorting became better upward, and the connectivity of the pore throat increased, under the common
influence of allocycles and autocycles. In brief, the pore throat characteristics of the later mouth bar
sand bodies were better than those of the early mouth bar sand bodies.
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Figure 15. Relationship diagram between the pore structure of mouth-bar sand bodies and MSC.
5.3. Relationship between Long-Term Base-Level Cycle and the Pore Structure

The ZVC in the study area corresponds to the falling semi-cycle of the long-term base-level cycle
(LSC1), including three middle-term base-level cycles (MSC1, MSC2, MSC3). Through comparative
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analyses, it was observed that although pore structure of single-period multi-mouth bar sand bodies
tends to be of poor quality at the bottom and good quality at the top, the regularity of pore structure in
multi-period multi-mouth bar sand bodies is not obvious. In other words, because the developmental
period of LSC is fairly long. During this period, lake level and basin basement experience a series of
rises and drops, the supply rate of sediment and the change rate of accommodation space increase
and decrease repeatedly, the transport distance of sediment experience a number of discontinuity
changes. In addition, the energy of water changes repeatedly under the influence of the allocycles,
which also leads to the poor regularity of pore throat heterogeneity. The long-term base-level is in a
downward trend, and the pore structure of multi-period multi-mouth bar sand bodies was gradually
better overall, but the regularity is not obvious (Figure 14).

5.4. Summary

According to the above analysis, the main factors controlling the different levels’ base-level cycles
are different, which leads to different degrees of control of different levels base-level cycles on pore
structure heterogeneity (Table 2). The pore structure of the sand bodies in the short-term base-level
cycles and middle-term base-level cycles exhibit obvious changes. Therefore, the research on the
pore structure of the sand bodies in short-term base-level cycles and middle-term base-level cycles
can achieve better results. In summary, in the production process of oilfields, especially in the delta
depositional environment of a continental fault depression basin, the pore structure of the sand bodies
in the late stage of the falling period of base-level cycles are better, and those sand bodies are also the
more favorable targets for production.

Table 2. Impacts of the base-level cycle on pore structure of mouth bar.

With the Falling of Base-Level

Cycles
Pore Size Pore-Throat Distribution Porosity Permeability
SSC Gradually increasing Getting more uniform Getting larger Getting larger
Pore size of the sand body . . The porosity of the sand body The permeability of the sand
MSC in the late period is larger Getting more uniform in the late period is larger body in the late period is larger

6. Conclusions

In this study, to investigate the effect of the base-level cycle on mouth bar pore structure, casting
sheet image, SEM and PMI analyses were performed on samples from the Kongdian Formation.
Several conclusions can be drawn as follows:

e  Three types of pores (intergranular pores, dissolution pores, and micro fractures) exist in the
Kongdian Formation of the Wang guantun oilfield. The pore structures of the different types
of pores are different. Intrusion and extrusion curves of PMI were divided into three patterns:
the curves of pattern A have minimum P¢, widest horizontal stages, and maximum intake
of mercury, which altogether represent larger pore throat radius, better sorting, and weaker
heterogeneity. The intrusion curves of most samples in mouth bar sand bodies belong to pattern
A or pattern B.

e  The pore structure heterogeneity in the early stage of the falling period of short-term base-level
was stronger than that in the late stage, and pore size gradually became larger with the falling
of short-term base-level; with the falling of middle-term base level, the pore size of late single
mouth bar sand bodies were larger than those of early single mouth bar sand bodies, and the
intrusion curves of samples tended to change from pattern B to pattern A; the pore size,
porosity, and permeability in mouth bar sand bodies generally became larger with the falling of
long-term base-level.

e In the oilfield production process, especially in the delta depositional environment of a continental
fault depression basin, the pore structure of the sand bodies in the late stage of the falling
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period of base-level cycles are better, and those sand bodies are also the more favorable targets
for production.
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