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Abstract: It is beneficial in terms of the theoretical significance and application prospects to define
the structure and reservoir development model of the lower Paleozoic unconformity in the Jiyang
Depression of Bohai Bay Basin, China, for oil and gas exploration of unconformity in carbonate
strata. Geological and geochemical evidence shows that a regional unconformity formed during the
Huaiyuan Movement in the lower Paleozoic strata of the Jiyang Depression. Along the top of the
regional unconformity between the Yeli Liangjiashan Formation and Fengshan Formation, various
types of karst breccia have developed, showing prominent characteristics of development and vertical
karst zonation. The paleokarst zone can be divided into the vadose zone and the underflow zone,
and there are apparent differences between the two zones in terms of the mode of karst activity
and type of reservoir space. Primitive sedimentary microfacies, dolomitization, and supergene
karstification controlled the reservoirs of the Fengshan Formation and Yeli-Liangjiashan Formation.
There are significant differences in the original physical properties due to the differences in the
original sedimentary microfacies. The pore development of granular dolomite of high-energy beach
facies has the best reservoir performance. In the later period, the superposition of dolomitization and
supergene karstification resulted in apparent differences in karst development mode, development
intensity, reservoir type, and reservoir physical properties. Among them, the granular dolomite
reservoir has the best physical properties and has developed a cavity-type reservoir that has a planar
distribution along an unconformity surface.

Keywords: Chengdao-Zhuanghai buried hill; the lower Paleozoic; Huaiyuan movement; unconformity
structure; supergene karstification; reservoir development model

1. Introduction

Statistics show that nearly one-third of the world’s large carbonate oil and gas fields
are related to unconformities [1-3]. Previous studies have shown that due to the influence
of tectonic movement, carbonate strata are exposed to the surface, and under the influence
of atmospheric freshwater leaching, supergene karstification occurs to form unconformity,
and a large number of dissolution pores and caves that are developed inside the unconfor-
mity can be used as good reservoirs and essential channels for oil and gas migration [4-13].
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Therefore, this critical study predicts the distribution of oil and gas reservoirs in carbonate
strata to clarify the characteristics and development model of unconformity. Different schol-
ars have effectively identified unconformity interfaces from the perspective of stratigraphic
cycles, C and O isotopes, trace element data, and foraminiferal biostratigraphy [14-20]. On
this basis, the karst profile structure and horizontal distribution controlled by paleokarst un-
der the unconformity have been deeply analyzed by combining present and past methods.
The zonation and intensity of karst vertically and horizontally in carbonate reservoirs with
unconformities are vital factors controlling the formation and distribution of secondary
reservoir spaces [17,21-27].

The lower Paleozoic strata in the Jiyang Depression of Bohai Bay Basin, China, ex-
perienced multiple stages of tectonic uplift, weathering and leaching, and hydrothermal
transformation; these activities occurred in the Huaiyuan Movement (early Caledonian
Movement), late Caledonian Movement, early Hercynian Movement, Indosinian Move-
ment, Yanshan Movement, and Himalayan Movement [26]. The early Alpine stage, mainly
the Mesozoic, is called the Yanshan Stage in China. The narrow Alpine Age, called the
“Himalayan Age” in Asia, happened in the Cenozoic. Theoretically, there may be multi-
stage unconformities and multiple zones of karst reservoirs. Previous studies have focused
mainly on Himalayan unconformities and paleokarstification [28,29]. Although some
petroleum geologists have proposed that the Huaiyuan Movement affected the Jiyang
Depression [30], they believe that the reservoirs under the tectonic surface were not affected
or controlled by supergenetic activities during the Huaiyuan Movement but rather by mul-
tistage uplift and dissolution that affected the surficial lake environment in the Paleogene
faulted basin [26,31]. In addition to the lack of direct geological and geochemical evidence,
the record of the Huaiyuan Movement has been a controversial and unresolved issue. With
the continuous increase in oil and gas exploration in buried hills in the Jiyang Depression,
the discovery of large-scale oil reservoirs in the Yeli Formation and Liangjiashan Formation,
and the accumulation of a large amount of drilling data, petroleum geologists have begun
to understand the Huaiyuan Movement.

The Huaiyuan Movement, first named by Li Siguang (1939) [32], is an important
regional and multistage “curtain” tectonic movement that occurred in the early Paleozoic
on the North China platform; the movement lasted from the end of the Zhangxia Stage in
the middle Cambrian to the Liangjiashan Stage in the Early Ordovician. Frequently exposed
strata between the Majiagou Formation and the Liangjiashan Formation and within the
Yeli and Liangjiashan Formations were denuded from the Cambrian to the Ordovician.
The unconformity between the late Liangjiashan and Majiagou stages is the prominent
unconformity formed by this movement, and the duration of this depositional discontinuity
is 3~18 Ma [32,33]. The Jiyang Depression is one of the essential oil-bearing basins on the
North China Platform, and the whole tectonic evolution of the Huaiyuan Movement had
an essential influence on the formation of the lower Paleozoic reservoir and oil and gas
migration and accumulation in the Jiyang Depression. At present, because the duration
of exposure and denudation in this period was shorter than that during the Caledonian
Movement, the evidence of the record of this movement is relatively hidden, and it has not
attracted extensive or in-depth attention from geologists [30,31]. What are the characteristics
of the Huaiyuan Movement in the Jiyang Depression? Did it control the reservoir? Is this
reservoir widely developed throughout the depression? What are the development patterns
of the reservoir? All of these questions need to be answered. Therefore, the lower Paleozoic
Chengdao-Zhuanghai buried hill in the Jiyang Depression is selected as the research area.
Through field outcrop surveys, core observations, hand sample observations, geochemical
analyses, and seismic and drilling data, evidence of unconformities, the characteristics of
the development of unconformity structures, and reservoir development models during
the Huaiyuan Movement are revealed. This study provides a new direction for research on
lower Paleozoic reservoir prediction in the Jiyang Depression. It significantly contributes
to the study of unconformity in carbonate strata worldwide.
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2. Geological Background

The Chengdao-Zhuanghai buried hill is located to the northeast of the Jiyang Depres-
sion in the Bohai Bay Basin, eastern China (Figure 1). It is located in the central and eastern
parts of the North China Platform, adjacent to three hydrocarbon-generating depressions
(Huanghe Kou Sag, Bozhong Sag, and Chengbei Sag) on three sides, and connected to the
Chengbei Sag on the southwest, the Bozhong Sag on the northeast, and the Huanghe Kou
Sag on the east. The oil source conditions are excellent (Figure 2a).

The multi-stage tectonic movement influenced the formation of the Chengdao-Zhuanghai
buried hill. During the Caledonian tectonic movement, the Lower Paleozoic carbonate
platform as a whole was compressed and uplifted, the strata suffered denudation, and the
Upper Ordovician series, Silurian Series, Devonian series, and Lower Carboniferous Series
were missing, forming sedimentary discontinuities as long as 120 Ma. In the Hercynian
tectonic movement stage, the Upper Paleozoic strata developed the cratonic sedimentary
stage of land-sea intersection. In the late period, the whole was uplifted to land, suffered
denudation, and the tectonic activity was quiet, and the fault was not developed. During
the Indosinian tectonic movement, the early and Middle Triassic were stable deposits, while
the NE-SW compression uplift and denudation occurred in the late Triassic. In the stage of
Yanshan tectonic movement, the early to Middle Jurassic was in the process of filling and
replenishing with weak fault activity, and the Late Jurassic experienced overall uplift, the
Early Cretaceous NE-SW extensional fault depression, and the Late Cretaceous compressive
uplift and strata denudation. In the stage of the Xishan tectonic movement, the S-N intense
extensional fault depression occurred in the Paleogene, and the depression settlement occurred
from the Neogene to the Quaternary, and the late sediments overlay the earlier sedimentary
strata, forming the present buried hill [34].

Chengdao-Zhuanghai buried hill developed from the bottom up: Archean, Lower Pa-
leozoic Cambrian, Ordovician, Upper Paleozoic Carboniferous, Permian, Mesozoic Jurassic
and Cretaceous. The lower Paleozoic strata of the Chengdao-Zhuanghai buried hill are
Cambrian and Ordovician in age (Figure 2b), formed in a marine environment, and are a
set of stable carbonate strata. Influenced by the uplift and denudation of the Caledonian
Movement, Hercynian Movement, Indosinian Movement, Yanshan Movement, Himalayan
Movement, and other tectonic movements in the study area, the transformation and de-
struction of supergenetic karstification in multiple stages occurred, forming multistage
unconformities and multiple paleokarst interfaces (Wang et al. [35]). In different parts of
the Chengdao-Zhuanghai buried hill, parallel unconformities in the Cenozoic, Mesozoic, or
some of the upper Paleozoic strata cover the lower Paleozoic Badou Formation, Majiagou
Formation, or Yeli-Liangjiashan Formation. The late Cambrian and Ordovician strata were
mainly affected by the Huaiyuan Movement (early Caledonian Movement), the late Cale-
donian Movement-early Hercynian Movement, and the Indosinian Movement, while the
Yanshan Movement and the Himalayan Movement had relatively weak influences on the
lower Paleozoic strata. Current exploration practices have shown that there are good reser-
voir spaces and migration channels in the lower Paleozoic strata in the Chengdao-Zanghai
buried hill, resulting in oil and gas enrichment in several Formations (the Badou Formation,
Majiagou Formation, Yeili Liangjiashan Formation, and Fengshan Formation) [35,36].

The lithologies of the Yeli-Liangjiashan Formation in the study area are dominantly
dolomitic karst breccia, crystalline dolomite, and granular dolomite. Crystalline limestone,
calcareous dolomite, dolomitic limestone, argillaceous dolomite, and mudstone are also
present in local areas, with total formation thicknesses of 90~150 m. The Fengshan Forma-
tion is mainly composed of dolomitic or calcareous karst breccia, crystalline limestone, and
crystalline dolomite, and some areas contain muddy limestone. The total formation thick-
nesses are 100~110 m. The Majiagou Formation, overlying the Yeli-Liangjiashan Formation,
is dominated by limestone and dolomitic limestone interbedded with several sets of micritic
dolomite and salt-rich rocks, with thicknesses ranging from 150 to 600 m (Figure 2b) [35].
In terms of sedimentary facies evolution, the Cambrian—Early Ordovician was mainly
divided into three stages: the continuous transgression stage from the early Cambrian
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Mantou stage to the middle Cambrian Xuzhuang stage, which was dominated by a tidal flat
environment; the middle Cambrian Zhangxia to late Cambrian Gushan Changshan stage,
during which the maximum extent of the ocean occurred and was dominated by subtidal
high-energy shoals (Zhangxia stage), as well as open sea; and the late Fengshanian and
Early Ordovician stage, during which the water was shallower, and the Yeli-Liangjiashan
and Fengshan Formations formed in tidal flat and restricted sea environments. Granular
beach facies, evaporative platform dolomite facies, restricted platform limestone facies, and
limestone-dolomite facies are of equal occurrence in the Chengdao-Zhuanghai area in the
northeast Jiyang Depression (Figure 3) [26,37].
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Figure 1. Early Paleozoic tectonic-paleogeography diagram of North China Plate (modified according
to Ma Shuai, 2023 [37]).
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Figure 2. (a) Structural location map of Chengdao-Zhuanghai buried hill area. (b) Stratigraphic
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Figure 3. Yeli-Liangjiashan Formation and Fengshan Formation. sedimentation-lithofacies paleogeo-
graphic map in Chengdao and Zhuanghai buried hill (according to Sinopec Shengli oilfield, 2022).

3. Materials and Methods

In this study, the evidence, structural characteristics and reservoir development model
of unconformities in the Yeli-Liangjiashan Formation and Fengshan Formation are studied
by means of outcrop exploration and core observations. Two observation areas, the Xinwen
area of Xintai city and the Yishui area of Linyi city, were selected for the field survey.
The specific survey sites are shown in Figure 4. The characteristics of lithology, solution
holes (pores), and cracks in the outcrop directly show the longitudinal characteristics of
an unconformity structure. Cores of 12 wells with a total length of 150 m were selected
from the Chengdao-Zhuanghai buried hill for detailed observation. The characteristics of
rock types, cracks, and solution holes (pores) in the scale range of hand specimens were
obtained. Sixty representative samples were selected from the cores to prepare thin sections.
The rock types, reservoir space types, and intercalation characteristics were studied in
detail with a ZEISS Imager.A2 m microscope (Carl Zeiss, Oberkochen, Germany). The
characteristics of cracks, solution holes (pores), and cementation of karst reservoirs on a
microscopic scale were obtained. On this basis, 47 representative samples were selected,
and C and O isotopes (813Cy.ppB/ %o and 5'80y.ppp/ %o) were analyzed by a MAT253 gas
stable isotope mass spectrometer (5'C, with 0.0037 %o and 5'80, with 0.013%o). Twenty-two
pieces of carbon and oxygen isotope analysis data were obtained, and five pieces of carbon
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and oxygen isotope analysis data were obtained from literature research to complete the
study of fluid types in the paper. Sr isotope analysis (8%7Srv.ppB/ %o, 580Sry.ppB/ %0) Of the
cement was performed with a MAT261 solid stable isotope mass spectrometer (accuracy
87Sr /86Sr < 10 ppm). Eighteen sets of analytical data were obtained that could be used
to distinguish the period of occurrence of supergene karstification. Core observations
and sampling were completed in the core bank at the Shengli Oilfield, and thin-section
observations and geochemical analysis were completed at the Academy of Geosciences,
Chengdu University of Technology Laboratory.

4. Results
4.1. Peripheral Outcrop Characteristics

The points where the outcrop was observed are located in the Matouya area, Xinwen
city, Shandong Province (Area 1), and in the Yangzhuang area, Yishui County, Linyi city,
Shandong Province (Area 2), both of which are dominated by the exposed Yeli-Liangjiashan
Formation, with a small amount of exposed Fengshan Formation strata. The sedimentary
characteristics of the Yeli-Liangjiashan Formation and Fengshan Formation are similar to
those of the whole North China Platform in the late Cambrian and early Ordovician. This
paper focuses on the Yeli-Liangjiashan Formation in Area 1. Regionally, the thickness of the
Majiagou Formation overlying the Yeli-Liangjiashan Formation is approximately 600 m.

In the Yeli-Liangjiashan Formation in Area 1, the strata have a strike of NW20°, dip
direction of 30°, and dip angle of 35°. The exposed strata are distributed in thick layers (the
thickness of a single layer reaches 1 m), and the thickness of a single layer in the section
is uniform overall. The lithology is mainly dolomite, and the lithology is uniform both
vertically and laterally (Figure 4a,b,i). Vertically, the reservoir space exhibits apparent
zonation, which can be roughly divided into an upper fractured vuggy zone (Zone 1) and
a lower cavity zone (Zone 2). High-angle cracks are developed in the upper fractured
vuggy zone, with a maximum length of up to 2 m and a density of up to 5 bars/m. The
cracks are curved, and dissolution expansion holes and other holes are often present
along the edges of the cracks. Most of the holes are connected to the cracks (Figure 4c).
Stratified dissolution pores developed in the cavity zone and were interconnected. The
diameters of the pores range from 5 to 15 cm. The dissolution pores are filled with different
degrees of multistage secondary calcite, and the boundaries between secondary calcite at
different periods are clearly distinguishable (Figure 4d,e). Karst breccias are present in
Zone 1 and Zone 2, and the karst breccias are angular to subangular in shape, with the
largest diameter reaching 20 cm and the most minor diameter reaching 1 cm. Calcite veins
filled and developed along rock fractures and interlayer fractures, and a large number of
clay impurities filled the karst breccias (Figure 4f). Elliptic chert nodules are present in the
dolomites of the Yeli-Liangjiashan Formation. The nodules are approximately 18 cm in
size and are distributed along bedding planes (Figure 4g). The outcrop of the Fengshan
Formation in Area 1 (Figure 4h) shows the development of bamboo leaf-shaped dolomites,
some of which show disorderly accumulation, some of which show bedding distribution
characteristics, and fractures and dissolution cavities are less common than those in the
Yeli-Liangjiashan Formation.
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Figure 4. Geological characteristics of the Yeli-Liangjiashan Formation and Fengshan Formation in
Matouya area, Xinwen City and Yangzhuang area, Yishui County, Linyi City, Shandong Province.
(a) The dolomites of Yeli-Liangjiashan Formation are distributed in thick layers; (b) Development
of dissolved pores and cavities, thick layer distribution of dolomite in Yeli-Liangjiashan Formation;
(c) Vertical cracks and holes are developed in Liangjiashan Formation; (d) The profile of Liangjiashan
Formation shows the development of layered dissolved pores; (e) Stratified dissolved pores are
developed and connected in the Yeli-Liangjiashan Formation; (f) Development of karst breccia in
Yeli-Liangjiashan Formation; (g) Chert nodules are developed in dolomite of Liangjiashan Forma-
tion; (h) Bamboo leaf-shaped dolomite is developed in Fengshan Formation. (i) The dolomites of
Liangjiashan Formation are distributed in thick layers. Except for photo (i) of Yangzhuang area, other
photos are of Matouya area.

4.2. Core Characteristics

(1) Rock types and developmental characteristics

The lithology of the Yeli-Liangjiashan Formation and Fengshan Formation is mainly
dolomite, and the most common rock type is crystalline dolomite, followed by granular
dolomite and dolomitic breccia with different thicknesses. Among them, the crystalline
dolomite is usually gray—gray-white, sugar-like, primarily fine and mesocrystalline, and
massive in structure, with dissolution cavity development and sometimes visible cracks
filled with calcite or dolomite veins (Figure 5a). Under the microscope, the dolomite is
mostly microcrystalline to mesocrystalline (mainly fine to mesocrystalline dolomite), and
it is mainly composed of hemiidiomorphic to idiomorphic crystals (Figure 6a—c,e,g,h,l).
The crystal type is uniform, and the boundaries between particles are clear, showing point
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and line contacts. Granular dolomite with a circular appearance can be observed in the
core, and it is mainly gray in color, intergranular and with calcite cement (Figure 5e). The
original granular outline of granular dolomite is visible under the microscope; the pores
between particles are relatively developed, and no cemented filling is observed (Figure 6k).

Dolomitic breccia mainly developed at the tops of the Yeli-Liangjiashan Formation
and Fengshan Formation. According to their genetic types and development locations, two
subtypes can be further delineated: karst breccia related to percolation (type 1 karst breccia)
and karst breccia related to underflow action (type 2 karst breccia). The characteristics of
the two types of karst breccia are significantly different.

Figure 5. Core characteristics of Yeli-Liangjiashan Formation in Chengdao-Zhuanghai buried hill.
(a) Well CBG100, 2562 m, granular (fine crystalline) dolomite, the high angle crack is connected with
the dissolved pore; (b) Well CBG5, 2586 m, dolomitic breccia, dissolved pores developed, partially
filled with calcite; (c) Well CBG5, 2602 m, the dolomitic breccia with good roundness is arranged in a
directional manner; (d) Well CBG5, 2585.4 m, dolomitic breccia, high degree of calcite vein filling;
(e) Well CB302, 4002.16 m, intergranular dolomite filled with calcite; (f) Well CBG5, 2584.6 m, granular
dolomite, subrounded breccia, layered dissolved pores are developed; (g) Well CB403, 2759.5 m, the
dolomitic karst breccia is interspersed with percolating sand; (h) Well CB302, 4001.26 m, limy karst
breccia with dissolved pores developed and a small part filled with soil; (i) Well CB302, 4001.86 m,
limy karst breccia with unfilled pore development; (j) Well CBG5, 2601.5 m, limy dolomite cracks are
developed, and the cracks are filled with mud; (k) Well CBG100, 2560.47 m, dolomite limestone, high
angle crack development; (1) Well CB244, 2921.27 m, granular (fine crystalline) dolomite, network
cracks filled with calcite veins.
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Figure 6. Observation features of Yeli-Liangjiashan Formation in Chengdao-Zhuanghai buried hill
under microscope. (a) Well CB302, 4001.26 m, dolomitic breccia, calcite is filled in the primary pores of
dolomite grains (-); (b) Well CB244, 2904.67 m, mesocrystalline dolomite and intercrystalline pore and
crack (-); (c) Well CB244, 2914.37 m, mesocrystalline dolomite and cracks are developed (-); (d) Well
CB302, 4008.26 m, the dolomitic karst breccia is filled with protolith debris and the dissolved pore
develops (-); (e) Well CB302, 4005.35 m, dolomitic karst breccia, intergranular pores are developed, and
the breccia is filled with percolating sand (-); (f) Well CB302, 4008.26 m, dissolved pores in granular
dolomite (-); (g) Well CB244, 2925 m, the primary pore in mesocrystalline dolomite is not filled (-);
(h) Well CB244, 2910 m, the dissolved pore and crack development of mesocrystalline dolomite
(-); (i) Well CB302, 4008.26 m, dolomitic karst breccia, residual granular dolomite, dissolved pore
development (-); (j) Well CB302, 4006.5 m, dolomitic karst breccia, intergranular and intragranular
pores are filled with calcite (-); (k) Well CB244, 2920.6 m, granular dolomite, the particles are relatively
complete, the pores developed in the early stage and were partially filled by cement in the later stage
(-); (1) Well ZG28, 4122.92 m, granular dolomite, the crack is filled with asphalt (-).
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Type 1 karst breccia mainly developed in atmospheric freshwater vadose zones. The
composition of the breccia is dolomitic or lime-rich, and the breccia has a relatively loose
structure, angular shape, and different clast sizes, often showing the characteristics of
chaotic and mixed accumulation. The breccia is often filled with mud, sand from per-
colation, etc., and the dissolution cavities are developed both in the karst breccia and in
the interstitials between the clasts in breccia. This breccia type is composed of crystalline
dolomite, granular dolomite, granular limestone, and lime dolomite. This type of breccia
is found in well CB302 (4001.26-4009.06 m) and well CBG403 (2759.5 m) (Figure 6g—i). In
well CB302, this breccia type developed at a depth of nearly 480 m from the paleokarst
unconformity interface (3520 m) between the overlying lower Paleozoic and Mesozoic
strata. Most clasts are approximately 0.5 cm in diameter, and the clasts are disorderly and
unoriented. The breccia has obvious silicification, which is limited to the breccia, or it is
filled with mud, dolomite debris, quartz, etc., and no silicification is found. Sometimes, late
calcite veins cut through the breccia, dissolution holes are present between the clasts, cracks
are present, and oil immersion tests were conducted. The oil immersion test results show
that the interval contains oil. Under the microscope, some of the dissolved pores in this type
of breccia are filled with calcite, the calcite crystal form is good, some of them are dissolved
in the later stage, the boundaries between the breccia particles are clear, and the breccia is
filled with argillaceous intercalations, sand from percolation and calcite (Figure 6d,£,i,j).

Type 2 karst breccia is mainly found in the underflow zone. This breccia type is
dolomitic or lime-rich, and the clasts are subangular to subrounded. The breccia usually
shows an excellent directional arrangement or vertical grain order and generally shows
characteristics indicating transport and river redeposition. Well CBG5 contains this type of
karst breccia at 2602 m, and CB244 contains this type at 2923.7 m. In these wells, subrounded
dolomitic breccia can be observed in a stratified arrangement (Figure 5c,f). Intermediate-
like solution pores are present in the breccia, and their sizes are uneven. The breccia is
filled with dolomitic debris, etc. Under the microscope, the development of solution pores
and microcracks between clasts can be observed. Most of them are effective storage spaces,
and some of the particles are filled with calcite (Figure 6b,c,h k). In the whole core section,
there is a noticeable change in the grain size in the longitudinal direction, this change in the
grain size has multiple rhythmic characteristics (Figure 5f), and oil immersion tests were
conducted on this core section.

(2) Crack types and developmental characteristics

In the core, there are two kinds of cracks with different occurrences in the Yeli-
Liangjiashan and Fengshan Formations. The first crack type (crack 1) is usually a curved
and high-angle fracture. Soil filling is evident from 2560 to 2562 m in the CBG100 well,
and calcite filling occurs. Dissolved pores are often present in the upper and lower parts
of such cracks, and the dissolved pores are often connected to the cracks in a bead-like
shape. The pores are often filled with clay or saturated sand (Figure 5a,k,j). Under the
microscope, these cracks appear to be dissolved and expanded; some of the cracks are filled
with mud, dolomite debris, and saturated sand (Figure 6d.,1,i,j); and some of the cracks
present adequate storage space. The second type of crack (crack 2) is present at 2921.27 m
in well CB244 and at 2601.5 m in well CBG5. These cracks usually present medium- and
low-angle characteristics, and the edges are relatively straight, showing the feature of
cutting each other in a network. The interior is often filled with sparite, dolomite, and
other veins. Some calcite grains with good crystal shapes are visible (Figure 5e,1); dissolved
pores often develop on both sides of the cracks, and some of them are filled with calcite.
These cracks are readily apparent under the microscope in a semifilled-filled state, and
some microcracks are filled with bitumen or calcite (Figure 6¢h,l).

(3) Types and developmental characteristics of dissolved pores (holes)

In the core, the solution pores in the Yeli-Liangjiashan Formation and Fengshan
Formation can be divided into three categories according to their occurrence. The sizes
of the first type of dissolved pore (pore 1) are relatively large. The CBG100 well (2562 m),
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CBG5 well (2601.5 m), and ZH101 well (145.75 m) are well developed in many places and
have 2-15 mm diameters. The pores are filled with clay or saturated sand, often associated
with the first crack type or located below it. The connectivity with the first type of crack
(crack 1) is more frequent (Figure 5a,k,j). The second type of dissolved pore (pore 2), with
diameters of 1-3 mm, can be observed at 2584.6 m, 2602 m, and other locations in the CBG5
well. The prominent feature of pore 2 is that the dissolved pores are distributed in layers
and connected, and their diameters can reach 8-15 mm. The dissolved pores are filled and
semifilled, and they are often filled with saturated sand. This type is often found in aligned
subangular-subrounded breccias (Figure 5e). The third type of dissolved pore (pore 3),
which is present at 4145.75 m in the ZH101 well and at 2586 m in the CBG5 well, varies in
size, with the largest being 5 mm and the smallest being 1 mm. This type is filled with a
large amount of calcite; some are unfilled, and many contain oil (Figure 5i).

As observed under the microscope, there are many dissolved pores and cracks in the
dolomites of the Yeli-Liangjiashan and Fengshan Formations. The edges of the dolomite
crystals are irregular and harbor shapes; the cracks are dissolved and expanded, and large
dissolution pores are formed along the dissolution—expansion cracks (Figure 6f). The
phenomenon of cracks or dissolved pores filled with asphalt can be observed in some
sections (Figure 61). The reservoir space consists of various dissolved pores, dissolution
expansion cracks, and intergranular pores of residual granular dolomite, among which
the dissolved pores include secondary pores, such as integrated—dissolved pores, mold
pores, intergranular dissolved pores, and intragranular dissolved pores. The intragranular
dissolved pores are mainly present in the karst breccia dolomites (Figure 6b), and the pore
sizes are relatively small, generally between 0.05 and 0.1 mm. Intergranular dissolution
pores are mainly present between the granular dolomite and breccia within the resid-
ual granular dolomite and dolomitic karst breccias (Figure 6c,d,i), showing varying sizes
and uneven distributions under the microscope. The pore sizes are generally 0.2-0.8 mm,
with a maximum of 2 mm, and some of the pores are filled or half-filled by calcite id-
iomorphic crystals (Figure 6d). The mold pores are mainly present in the dolomitic karst
breccias, and relatively small clasts are entirely dissolved, leaving only their appearance
in the remaining breccia (Figure 6f). Intergranular and intragranular dissolved pores are
mainly present in fine-grained and medium-grained dolomites, with relatively small pore
sizes. Generally, they are approximately 0.1 mm long, and some of them are filled with
gypsum (Figure 6g,h).

At both the core scale and the hand sample scale, there are many types of reservoir
spaces in the dolomites of the Yeli-Liangjiashan Formation and Fengshan Formation. They
are interconnected and interleaved, forming a composite space-like network in the reser-
voir, with crack-cavity type (Figure 5a,j), cavity type (Figure 5b,f), and crack type spaces
(Figure 51 k). Among them, the crack-cavity and crack types are present in reservoirs where
matrix pores are not present or near faults. The cavity type is relatively prevalent in the
dolomite reservoirs of the Yeli-Liangjiashan and Fengshan Formations or inside the faults.

Due to the variety of carbonate reservoir types in the Yeli-Liangjiashan Formation
and Fengshan Formation, their reservoirs are highly heterogeneous, and their reservoir
parameters, such as porosity and permeability, vary widely. Based on the existing routine
core analysis data, 24 samples from three core wells in the Yeli-Liangjiashan Formation and
Fengshan Formation in the study area were statistically analyzed. The maximum porosity
was 12.2%, the minimum was 1.1%, the maximum permeability was 266.659 x 1073 um?,
and the minimum permeability was 0.025 x 1072 um? (Table 1). The wide variation range
in porosity and permeability fully indicates the heterogeneity and complexity of reservoir

types in space.
(4) Longitudinal zoning features

Through observation and analysis of the core characteristics of several wells, according
to the characteristics of karst breccia development, the reservoir in the study area has the
characteristics of karst zonation in the vertical direction, that is, the upper vadose zone
and the lower underflow zone. Statistics show that the vadose zone and underflow zone
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can be present independently, either simultaneously or separately in the Yeli-Liangjiashan
Formation or Fengshan Formation, (Figures 7 and 8).

Table 1. Statistical table of porosity and permeability of some wells in the Yeli-Liangjiashan Formation.

Porosity (%) Permeability/x10~3 pm?
Well Formation Minimum  Maximum Sample Mean Minimum  Maximum Sample Mean
Value Value Quantity Value Value Value Quantity Value
Yeli-Liangjiash:
CB244 el -angyashan 11 122 18 432 0.075 266.659 16 21.535
Formation
Yeli-Liangjiashan
CB39 8l 2.3 4.6 4 3.15 0.025 8.01 4 2.043
Formation
Yeli-Liangjiash
CBG6 el angpashan 9.4 25 4 448 1.545 1.545 1 1.545
Formation
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Figure 7. Well CB302 core-karst composite column diagram.
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Figure 8. Well CB244 core-karst composite column diagram.

Type 1 karst breccia is present in the vadose zone, and the longitudinal reservoir
development characteristics of the Yeli-Liangjiashan Formation in the CB302 well are the
most significant (Figure 7). Type 1 dolomitic karst breccia, limy dolomite and dolomitic
limestone are present in the well, and type 1 breccia is present in the 4001.26-4009.06 m
segment. In this zone, high-angle curved cracks (crack 1) are mainly present, and dissolved
pores (pore 1) are present in the upper or lower parts of the cracks in the longitudinal

direction of their development. They are connected with cracks (crack 1). The most
significant pores reach 15 mm in diameter, and the pores are filled with mud or calcite,
but there are still residual pores (pore 3) and oil that is present. In addition to high-angle
curved cracks (crack 1), low-angle network cracks (crack 2) are also present but are not
unique. According to the drilling data, leakage of 113 m3 occurred when this zone of the
karst breccia section was drilled.
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Karst breccia type 2 and layered dissolved pores are present in the underflow zone.
This zone is revealed by the longitudinal reservoir development characteristics of well
CB244 (Figure 8). The lithologies are mainly granular (fine-grained) dolomite and granular
(sand-dust) dolomite, with network cracks (crack 2) and layered dissolved pores (pore 2).
Cracks (crack 2) and dissolved pores (pore 2 and pore 3) are half-filled with asphalt and
calcite filling materials. In the 2921.37-2923.67 m segment, dolomitic karst breccia is present
in a subangular shape, with pore 3 in the breccia, and the pores are filled with calcite. In
the 2923.67-2925.27 m section, the granular (sand debris) dolomite and micritic dolomite
are interstratified, and the dolomitic karst breccia is forward-distributed. The clasts are
subangular, with excellent roundness, and they show the characteristics of unidirectional
water flow. The breccia is filled with sparry calcite cement.

4.3. Isotopic Geochemical Characteristics

According to the geochemical characteristics of C and O isotopes in rock samples
from the Yeli-Liangjiashan Formation and Fengshan Formation (Table 2), the isotopic
variations in C and O in the Yeli-Liangjiashan Formation are greater, with 5!°C values
varying from —9.92%o to —0.14%. and §'80 values varying from —15.46%o to —7.97 %o.
The §'3C and §'80 values range from —0.56%o to 1.34%0 and from —14.23%o to —6.24%o,
respectively, in the Fengshan Formation. According to the Sr isotope geochemical char-
acteristics of the Liangjiashan Formation and Fengshan Formation samples (Table 3), the
87Gr /86Sr values of the Yeli-Liangjiashan Formation have extensive variation, with val-
ues ranging from 0.7103 to 0.7145. The 37Sr/8Sr values of the Fengshan Formation vary
between 0.7103 and 0.7144.

Table 2. Geochemical characteristics of C and O isotopes of Yeli-Liangjiashan Formation and
Fengshan Formation.

Serial Sample . Sampling 13 o 18 o
Number Number Lithology Stratum Depth (m) 8% Cy.ppB (%0) §"°0y.ppB (%) Remark
1 HB19-1 dolomite Yeli-Liangjiashan - —9.92 ~8.84
Formation
2 HB19 dolomite YehI;L‘angl.laShan ; —768 —797
ormation According to
. Yeli-Liangjiashan Zhang, Y.E,
3 HB12 dolomite Formation - —5.24 —-9.97 and Wang,
Yeli-Liangiiash Q.C., 2007 [38]
4 HB09-1 dolomite elrhlangjlashan - ~7.89 892
Formation
5 HB09 dolomite Yeli-Liangjiashan ; 745 —951
Formation
6 CB302-10 dolomite Yeli-Liangjiashan 40033 ~1.29 ~13.18
Formation
7 CB302-4 dolomite Yeli-Liangjiashan 4006.5 128 1239
Formation
8 CB302-8 dolomite Yeli-Liangjiashan 4005.4 ~0.14 978
Formation
9 CB302-1 dolomite Yeli-Liangjiashan 4008.3 —0.46 ~956
Formation
‘i i_Lianeii This stud
10 CB302-21 dolomitic Yeli-Liangjiashan 4002 ~0.96 ~10.42 18 study
breccia Formation
11 CB302-15 dolomite Yeli-Liangjiashan 4003.34 243 ~13.24
Formation
12 ZH101-2 dolomite Yeli-Liangjiashan 407621 23 —15.46
Formation
13 ZH101-3 dolomitic Yeli-Liangjiashan 4076.91 —259 —14.87
brecc1a Formation
14 CBG100-1 dolomite Fengshan Formation 2561.68 —0.02 —7.31
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Nsu?:;Lr lflilrnitr Lithology Stratum Sz?tiﬁ(l;‘g 813Cy.ppp (%0)  5180y.ppB (%0) Remark

15 CBG100-2 dolomite Fengshan Formation 2561.68 —0.01 —6.59

16 CBG100-3 dolomite Fengshan Formation 2561.68 —0.38 —6.73

17 CBG100-4 dolomite Fengshan Formation 2561.68 —0.05 —6.24

18 CBG100-5 dolomite Fengshan Formation 2566.27 —0.32 —6.88

19 CBG100-6 dolomite Fengshan Formation 2566.17 -0.22 —8.1

20 CBG100-7 dolomite Fengshan Formation 2566.17 —0.53 —6.59

21 CBG100-8 dolomite Fengshan Formation 2566.17 —0.56 —7.41 )

22 7G39-1 limestone Fengshan Formation 4338.2 0.27 —10.07 This study

23 7G39-2 limestone Fengshan Formation 4341.1 0.21 —10.6

24 7G39-3 limestone Fengshan Formation 4343.3 0.44 -10.19

25 7G39-4 dolomitic  Fengshan Formation 4345.9 07 ~1423

26 7G39-5 limestone Fengshan Formation 4349.3 117 —12.57

27 7G39-6 limestone Fengshan Formation 4351.8 1.34 -10.9

Table 3. Sr isotope geochemical characteristics of Yeli-Liangjiashan Formation and Fengshan Formation.
Serial Number  Sample Number Lithology Stratum Sampling Depth (m) 87S1/86Sr

1 CB302-1A dolomite Yeli-Liangjiashan Formation 4001.2 0.7103
2 CB302-2A dolomite Yeli-Liangjiashan Formation 4001.46 0.7133
3 CB302-3A dolomite Yeli-Liangjiashan Formation 4004.45 0.7145
4 CB302-4A dolomite Yeli-Liangjiashan Formation 4008.5 0.7138
5 CB302-5A dolomite Yeli-Liangjiashan Formation 4001.5 0.7105
6 SHG 2-1A dolomite Yeli-Liangjiashan Formation 2404 0.7097
7 SHG2-2A dolomite Yeli-Liangjiashan Formation 2407.9 0.7093
8 SHG2-3A dolomite Yeli-Liangjiashan Formation 2408 0.7116
9 7G39-1 dolomite Fengshan Formation 4338.2 0.7108
10 7G39-2 dolomite Fengshan Formation 4341.1 0.7107
11 7G39-3 dolomite Fengshan Formation 4343.3 0.7106
12 7G39-4 dolomitic limestone Fengshan Formation 4345.9 0.7144
13 ZG39-5 dolomite Fengshan Formation 4349.3 0.7103
14 7G39-6 dolomite Fengshan Formation 4351.8 0.7116
15 ZH10 dolomite Fengshan Formation 4658.14 0.7113
16 7G39-7 dolomite Fengshan Formation 4359.2 0.7108
17 7G39-8 dolomite Fengshan Formation 4361.8 0.7117
18 7G39-9 dolomite Fengshan Formation 4358.1 0.7126

5. Discussion
5.1. Evidence of the Record of Huaiyuan Movement

)

Geological evidence of the Huaiyuan Movement

Regionally, different parts of the Yeli-Liangjiashan Formation and Lower Majiagou
Formation overlie different strata on the North China Platform, resulting in regional parallel
unconformities between the Yeli-Liangjiashan Formation and Fengshan Formation, and
the same is true between the Lower Majiagou Formation and Yeli-Liangjiashan Formation.
For example, Osleger (1991) [39] noted that at the end of the Cambrian period, a global sea
level decline occurred at the bottom interface of the Ordovician strata. Liu et al. (1997) [40]
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proposed a paleokarst-related unconformity at the top of the Ordovician Liangjiashan
Formation in the North China Platform. The unconformity is parallel, and there is an
apparent change in lithology at the boundary. Underly the boundary are medium-fine
crystalline dolomites with chert bands, which have different degrees of karstification.
According to Mei and Ma (2003) [41], on the basis of the contact relationship between the
Cambrian and overlying strata in different regions of the North China Platform, from the
Xishan section in Beijing to the Zhang Xia section in Tai’an Shandong, the Jiawang section
in Xuzhou, and the Huainandongshan section (see profile 1 in Figure 1 for the specific
location), there was a short period of exposure to different degrees between the Cambrian
and the Ordovician, especially in Shandong Province. There was more prolonged exposure
between the deposition of the Fengshan Formation and the Yeli-Liangjiashan Formation
than between that of the Xuzhou and Zhunnan sections, thus forming an unconformity
between them.

Through field observations of the Yeli-Liangjiashan Formation in the Matouya area,
Xinwen city, Shandong Province, and Yangzhuang, Yishui County, Linyi city, Shandong
Province, many karst breccias are found in the Yeli-Liangjiashan Formation. The vadose
zone and underflow zone can be delineated (Figure 4), indicating that after the deposition
of the Yeli-Liangjiashan Formation, many karst breccias formed in the Yeli-Liangjiashan
Formation. It was briefly uplifted to the surface and weathered and denuded. According
to the seismic data in the study area, different parts of the Lower Majiagou Formation
overlie the Fengshan Formation and Yeli-Liangjiashan Formation, resulting in regional
unconformities between the Lower Majiagou Formation and the Fengshan Formation
and Yeli-Liangjiashan Formation. For example, in the CB271-CBG403-CBG4 North-South
seismic profile (Figure 9, see profile in Figure 10 for the specific location), the bottom seismic
reflection axes of the lower Paleozoic Badou Formation, Upper Majiagou Formation, Lower
Majiagou Formation, Yeli-Liangjiashan Formation, and Fengshan Formation are visible. In
the northeastern area of the CBG4 bulge, the Cambrian and Ordovician Yeli-Liangjiashan
Formation forms wedges from southwest to northeast. The Formation gradually thins in
the northeast direction and truncates and is overlapped by the Majiagou Formation. This
situation is more common in the lower Paleozoic strata of the Chengdao-Zhuanghai buried
hill, indicating that tectonic uplift and exposed denudation occurred during the Huaiyuan
Movement [42]. In the Chengdao-Zhuanghai buried hill, there are three overlapping
regional unconformity surfaces at the top of the Ordovician System, the bottom of the
Majiagou Formation, and the top of the Cambrian System. In the past, people thought that
the unconformity in this area formed during the late Caledonian Movement [25]. However,
it may be the unconformity of the Huaiyuan Movement (early Caledonian Movement) and
the late Caledonian Movement superimposed together.

According to the observations of solid drill cores, karst breccias of different sizes have
been found in the Fengshan Formation and Yeli-Liangjiashan Formation. Saturated sand
structures between breccias are present, and karst breccias are the most direct manifestation
of the strata’s exposure to atmospheric freshwater leaching [17]. The existence of many
karst breccias in the Yeli-Liangjiashan Formation and Fengshan Formation indicates that
the studied strata must have been subjected to atmospheric freshwater leaching for some
time after deposition, resulting in the formation being subjected to dissolution. During the
longitudinal leaching and dissolution of atmospheric freshwater, the mud and sand on the
weathering crust formed by weathering permeated downward into the cracks and filled in
the karst breccia.

The vertical zonation of karst indicates the record of the Huaiyuan Movement. Many
studies on modern and ancient karst regions have been conducted by different geolo-
gists. According to the extent of karst system development and modes of groundwater
movement and karst action, geologists have suggested that there are zones of hydrody-
namic action in vertical karst activity, and these can be delineated from top to bottom:
surface karst zone-vadose karst zone-runoff karst zone—underflow karst zone [43]; surface
karst zone—vertical percolation zone-runoff solution zone-underflow solution zone [44];
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or surface karst zone-vertical percolation zone-horizontal underflow zone-deep slow
flow zone [21]. The drill core shows that similar zones of karst hydrodynamic action are
visible in wells CB244, CB302, CB307, and ZH102 in the study area. The vertical vadose
zone and horizontal underflow zone can be divided from top to bottom (Figures 7 and 8).
The horizontal underflow zone is affected by the mode of horizontal flow. Horizontal
layered dissolved pores and underground rivers are present, and subrounded karst breccia
is present and displays vertical characteristics of normally graded bedding (Figure 5f).
These data show the characteristics of long-distance transport and river deposition. This
zonation results from formation uplift and denudation after deposition and the long-term
transformation of atmospheric freshwater.
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Observing the outcrop and drill core, the unconformity formed during the Huaiyuan
movement exists in the study area, consistent with previous studies. Further compared
with previous studies, it can be seen from the seismic and tectonic characteristics of the
study area and the zonation of core karstification that there were at least two significant
periods of supergene karstification during the Huaiyuan movement, which resulted in
unconformity between the Fengshan Formation and Yeli-Liangjiashan Formation, and
between the Yeli-Liangjiashan Formation and overlying strata.

(2) Geochemical evidence of the Huaiyuan Movement

Isotopic analysis of C, O, and Sr in the Yeli-Liangjiashan Formation reveals that 513C
values range from —9.92%o to —0.14%., 5'80 values range from —15.46%o to —7.97 %o,
and 8 Sr/86Sr values range from 0.7103 to 0.7145. Studies have shown that in Ordovician
seawater, 5!C values vary from approximately —3%o to 3%o, 580 values vary from ap-
proximately —11%o to —3.6%o. [45], and the average 87Gr /86Sr value is 0.7085 [46]. The 513C
values of some carbonate rocks in the Yeli-Liangjiashan Formation are lower than those of
seawater during the same period, and the abnormally low 8'3C values (—5.24%0-9.92%o)
are mainly related to atmospheric freshwater [47]. The §'80 values of the Yeli-Liangjiashan
Formation are greater than those of seawater from the same period, and the 8/Sr/3¢Sr
values are more enriched than the 8 Sr/8Sr values in seawater from the same period
(Figure 10), indicating that the Yeli-Liangjiashan Formation has been affected by alteration
by atmospheric freshwater, which is more enriched in 8Sr/8Sr than seawater [48-50]. The
diagram showing the Sr—O isotope relationship (Figure 11) reveals that some samples have
Sr—O isotope characteristics that are similar to those of unmodified marine carbonate rocks;
others have abnormally high and abnormally low values, which may be equivalent to the
Sr-O isotope characteristics of atmospheric freshwater, and some samples display values
between the two. These results show that this part of the sample is an intermediate product
of the water—rock reaction.
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Figure 11. Sr—O isotope correlation between Yeli-Liangjiashan Formation (a) and Fengshan Formation (b).

The results show that the 5!3C values range from —0.56%o to 1.34%, the 5'80 values
range from —14.23%o to —6.24%o, and the 87Sr/80Sr values range from 0.7103-0.7144. The
literature shows that the 8Sr/86Sr values of Cambrian seawater are between 0.7081 and
0.7093 [45,46], the 513C values vary from —2%o to 0%. (Veizer et al., 1999) [45], and the
mean 5'80 value is —9.8%o. The §'80 value of the Fengshan Formation carbonate rocks is
more negative than that of seawater from the same period, and the 87Sr/80Sr values are
more enriched than the 8Sr/3¢Sr values of seawater from the same period, indicating that
the Fengshan Formation was also undergoing alteration by atmospheric freshwater [49-51].
The Sr-O isotopic correlation diagram (Figure 11) shows that the Sr-O isotopic relationship
characteristics are similar to those of the Yeli-Liangjiashan Formation, and some samples
show that the values are the product of water-rock transformation.
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According to the geochemical characteristics of C, O, and Sr isotopes mentioned
above, the carbonates of both the Yeli-Liangjiashan Formation and the Fengshan Formation
have been reformed by atmospheric freshwater. The difference in the 8’Sr/%Sr values
between the atmospheric freshwater of the Yeli-Liangjiashan Formation and the Fengshan
Formation is reflected by the covariant Sr-O isotope relationship, which indicates that they
were modified by atmospheric freshwater in the same period.

When we determined the range of isotopic values of the supergene karstification
influenced by the Huaiyuan movement, which is characterized as “carbon-oxygen isotope
poor, strontium isotope rich”, we can preliminarily speculate that the carbonate rocks with
such geochemical characteristics are suitable reservoirs in the Yeli Liangjiashan Formation
and Fengshan Formation. Studying the distribution law of high-quality reservoirs in the
future is beneficial.

(3) Evidence of the forming time

In earlier studies on the supergene karstification of the lower Paleozoic strata in
the Jiyang Depression, many geologists noted the existence of breccia at the top of the
Yeli-Liangjiashan Formation and Fengshan Formation, and some of them have classified
it as a breccia of tectonic origin. Although most of them define it as karst breccia, it is
believed that the formation process was closely related to supergene karstification in the
Indosinian and Himalayan periods. Many studies have shown that the depth of influence
of supergene karstification caused by atmospheric freshwater on strata is approximately
150 m [42,48]. In well CB302 in the study area, a set of gray and gray karst breccia that
is approximately 109 m thick developed continuously in the Yeli-Liangjiashan Formation
and Fengshan Formation (Figure 7), of which the karst breccia in the Fengshan Formation
is approximately 90 m thick. The set of karst breccia lies 488 m below the unconformity
between the Mesozoic and lower Paleozoic strata (late Caledonian—early Hercynian and
Indosinian). In addition, the Majiagou Formation overlying this set of karst breccia contains
mostly gypsum salt and gypsum dolomite layers acting as water barriers. Due to the depth
of karst processes at the top of the Majiagou Formation and the existence of multiple layers
acting as water barriers in the Majiagou Formation, the karst processes occurring at the top
of the Majiagou Formation cannot affect the Yeri-Liangjiashan Formation and Fengshan
Formation. Therefore, the large sets of karst breccia in the Yeli-Liangjiashan Formation and
Fengshan Formation likely formed during the Huaiyuan Movement, and they were likely
the products of supergenetic activity in the late Yeli-Liangjiashan Formation or the late
Fengshan Formation.

In the lower Paleozoic strata of the Jiyang Depression, the C and O isotopes of car-
bonates modified by atmospheric freshwater in the Hercynian and Xishan Stages show a
positive correlation, and their C and O isotope covariant relationships (the detailed charac-
teristics of which will be discussed separately) are obviously different from the C and O iso-
tope covariant relationships formed by paleokarstification in the long Huaiyuan period. In
the diagram of the C-O isotope covariant relationship between the Yeli-Liangjiashan Forma-
tion and Fengshang Formation modified by long-term atmospheric freshwater (Figure 12),
two trend lines with different slopes are visible: one trend line with a positive slope and
the other trend line with a negative slope (Figure 12). These results indicate that the
Yeli-Liangjiashan Formation and Fengshan Formation were subjected to the effects of mod-
ification and superposition by at least two atmospheric freshwater fluids with different
C and O isotopes. Among them, at the sample point in well CB302 (Table 2), the strata
overlying the Ordovician strata are Mesozoic strata, the depth of the boundary is 3520 m,
and the sampling points are in the Yeli-Liangjiashan Formation (approximately 4003 m),
according to which the lower Paleozoic-Mesozoic unconformity is approximately 500 m
deep. According to previous studies, the depth of influence of atmospheric freshwater
leaching is approximately 150 m. The test results show that the sample point in well CB302
plots on the trend line of atmospheric freshwater, with a negative slope (Figure 12). It can
be concluded that the time of atmospheric freshwater occurrence in this period was the
Huaiyuan Movement, that is, the early Caledonian Movement. The values of C and O
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isotopes in this sample were not affected by late supergenetic karstification. On this trend
line, C and O isotopes constitute a good negative linear correlation. One end represents the
initial rock sample, while the other end represents the long-term atmospheric freshwater
end. The C and O isotopes of the initial rock sample are approximately —1%o and —12 %o,
respectively. The C and O isotopic values are approximately —10%. and —9%., respectively,
which are obviously different from the C and O isotopic values of the Hercynian and
Xishan Stages. Therefore, the carbonate reservoirs of the Yeli-Liangjiashan Formation and
Fengshan Formation are the direct products of the uplift and denudation in the Huaiyuan
period (early Caledonian Movement) and the transformation of supergene karstification.
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Figure 12. C—O isotope covariant relationship between Yeli—Liangjiashan Formation (a) and
Fengshan Formation (b).

5.2. Influence and Control of Huaiyuan Movement on Reservoir

Through the exploration of peripheral outcrops, core observations, microscopic obser-
vations of thin sections, geochemical analysis and analysis of drilling data, the reservoirs of
the Yeli-Liangjiashan Formation and Fengshan Formation were determined to be controlled
by the original sedimentary facies, dolomitization and supergene karstification.

In the (early Paleozoic) late Cambrian—Early Ordovician sedimentary period, the
overall sedimentary environment was an epicontinental sea. In the early sedimentary stages
of the Fengshan Formation and Yeli-Liangjiashan Formation, the aquatic environment was
relatively stable, the sedimentary facies mainly developed in an open platform environment,
and the original lithology was mainly fine-micritic limestone. This study provides a
foundation for developing high-quality reservoirs in the study area [52-54]. At the end
of the sedimentary period of the Fengshan Formation, the Huaiyuan Movement began
and continued until the deposition of the Majiagou Formation. Several seabed uplifting,
storm turbulence, and uplift-denudation events affected the entire North China Platform in
eastern China [32,33], and diagenesis occurred during this process, including dolomitization
and supergene karstification, which actively transformed the reservoir in the studied
interval. In general, two critical sedimentary facies changes, dolomitization and supergene
karstification, occurred in the late sedimentary period of the Fengshan Formation and the
late sedimentary period of the Yeli-Liangjiashan Formation.

In the late sedimentary period of the Fengshan Formation and Yeli-Liangjiashan
Formation, tectonic movement caused water turbulence and seabed uplift. Significant
changes occurred in the sedimentary facies of the study area: (1) water turbulence and
powerful hydrodynamic forces transformed some of the preformed fine-micritic limestones
into limestone with a granular structure, and then the deposited sparry granular limestone
accumulated to form granular beach facies; (2) the increase in the seabed (sea level decrease)
led to the further development of evaporative platform and restricted platform (restricted
lagoon) sedimentary facies in the sedimentary environment of the study area based on the
open platform facies that formed in the epicontinental sea environment.
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When the sea level in the evaporative and restricted platform environments was
relatively high, quasi-simultaneous dolomitization due to evaporation occurred, and the
fine micrite changed to fine-micritic dolomite and limy dolomite [55,56]. When the sea level
was low and the evaporative platform or restricted platform environment was exposed
to the surface, the water salinity increased, and the fine micrite that developed in the
platform was dolomitized by backflow osmosis to form limy dolomite and fine micritic
dolomite [55]. The granular beach facies formed above the wave base in a high-energy
aquatic environment, and the granular limestone that developed in this environment was
dolomitized under the continuous backflow infiltration of high-energy seawater [26,56-59],
as well as the formation of granular dolomite, the development of primary pores between
grains, and better reservoir performance [60-64]. According to the thin-section microscopic
identification results, in addition to fine crystalline dolomite, mesocrystalline dolomite
also occurs in the granular dolomite of the Yeli-Liangjiashan Formation and Fengshan
Formation (Figure 6), and its crystals are well formed. Therefore, burial dolomitization
occurred in the late study interval [65-67], recrystallization occurred between mud and
fine-grained dolomite, and the grains became coarse, forming the mesocrystalline dolomite
observed today. After various types of dolomitization occurred in the study interval,
the developed lithologies included granular dolomite, medium-fine crystalline dolomite,
mud-microcrystalline dolomite, and limy dolomite. Among them, granular dolomite has
pores, a good intergranular three-dimensional network pore structure, smooth pore fluid
migration, and good original reservoir performance [68]. The reservoir performance of
medium-fine crystalline dolomite is second, and the original reservoir conditions of mud
(micro)crystalline dolomite are relatively poor [69,70].

The local surface environment emerged and suffered from leaching by atmospheric
freshwater, resulting in supergene karstification, which had a positive effect on the trans-
formation of carbonate reservoirs [26,50,51,71], wherein the supergene karstification in the
late Yeli-Liangjiashan Formation lasted longer and was more intense than that in the late
Fengshan Formation. Apparent karst zones (vadose zone and underflow zone) developed
vertically on the tops of the two Formations. Because the dolomitization of the Fengshan
Formation was less intense than that of the Yeli-Liangjiashan Formation, the lithology
of the dolomite of the Fengshan Formation is lower than that of the Yeli-Liangjiashan
Formation. For granular beach facies dolomite, when subjected to supergene karstification,
atmospheric freshwater permeated along cracks, intergranular pores formed in the vadose
zone, and dissolution occurred, forming cavity-type and crack-cavity-type reservoir space
combinations, forming angular karst breccia in the sinkhole and dissolved pores and caves
in the areas between sinkholes (Figure 13b). The infiltrated atmospheric freshwater is prone
to stratified flow in the underflow zone. Due to the development of the primary pores in
the granular dolomite of the granular beach facies, water flows along the existing internal
pores, and dissolution occurs, forming a stratified dissolved pore zone or karst cave zone,
which results in leakage during exploration and drilling in the oilfield. In the underflow
zone, high-quality porous reservoirs easily form. Therefore, the high-quality reservoirs
of the Yeli-Liangjiashan Formation and Fengshan Formation are mainly distributed at the
paleokarst boundary (unconformity), and their distributions are planar.

From a regional perspective, micritic dolomite, micrite, and salt-rock are quickly
formed in the granular beach environment, forming an impermeable layer between the
beach facies; their primary pores are not developed, and atmospheric freshwater has
difficulty penetrating [72-74]. Thus, only a thin surface cavity layer (surface karst zone) is
formed in the surface layer. Karstification occurs during the infiltration of cracks, resulting
in a lateral or longitudinal channel for local fluid migration [58]. Compared with that of
granular beach facies dolomite, its reservoir performance is significantly lower, and it often
forms a tight reservoir (Figure 13a). Due to the leaching effect of atmospheric freshwater,
restricted platform limestone and limy dolomite are prone to develop vertically dissolved
pores and caves. They are vertically connected with high-angle cracks, which can become
excellent vertical fluid transport channels. When encountering impermeable layers, cracks
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and pores with good reservoir properties can form [73]. Compared with those of granular
dolomite, the porosity and permeability of grainy dolomite in an evaporation platform are
better, but the order of the grains is relatively disordered [74]. When strata are exposed
to denudation and subjected to the leaching of atmospheric freshwater, their developed
karst patterns are also different due to the differences in their structural locations. In the
higher terrain areas (karst highlands and karst slopes), the thickness of the vadose zone is
relatively large. The vertical development of dissolved pores, solution caves, connected
cracks, and sinkholes can form an excellent banded reservoir, which is affected by the
underflow zone and boundary [75]. A layered dissolved pore zone and an underground
river are developed in the lower part of the underflow zone. A good stratified reservoir can
be formed. When the grainy dolomite is located in a relatively flat and low-lying area, the
vertical flow and dissolution process of atmospheric freshwater occurs in the surface cracks
of the grains over a short distance. Then, forward flow occurs in the grains to develop
layered dissolved pores, and finally, a high-porosity reservoir can form.
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Figure 13. Huaiyuan period reservoir development model map of Yeli-Liangjiashan Formation and
Fengshan Formation in Chengdao-Zhuanghai buried hill.

6. Conclusions
This study aimed to reveal the influence of supergene karstification on reservoir
formation during the Huaiyuan Movement. The most important conclusions are as follows:

(1) Geological and geochemical data indicate that the Fengshan Formation and Yeli-
Liangjiashan Formation were affected and controlled by the Huaiyuan Movement
and have apparent vertical karst zonation. From top to bottom, the vadose zone and
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the underflow zone can be delimited successively, the karst breccia is present in the
two karst zones, and differences are present.

(2) There are apparent differences in the types of reservoir space combinations between
the vadose and underflow zones. In the vadose zone, the dissolved pores, karst
caves, and cracks formed by weathering solutions are present and are connected
longitudinally. It is easy to develop a composite crack-cavity reservoir space. In
contrast, in the underflow zone, layered dissolved pores and cracks are present, and it
is easy to develop two types of reservoir spaces: cavity type and crack type.

(8) Primitive sedimentary microfacies, dolomitization, and supergene karstification con-
trolled the Fengshan Formation and Yeli-Liangjiashan Formation reservoirs. Different
sedimentary microfacies have apparent differences in the mode of karst development,
development intensity, reservoir type, and reservoir physical properties. The reservoirs
are mainly distributed along the paleokarst zone that formed in the Huaiyuan period,
and the dolomite of the granular beach facies has the best reservoir physical properties,
which are the features of surface distribution along the upper unconformity in the region.

(4) Limited by the progress of the current work, the data obtained, and the research
methods, the longitudinal and transverse connectivity of the internal reservoir space
of the unconformity structure has not been studied, and it is necessary to increase
the logging data and seismic experiments to carry out this research. It is suggested
that there are longitudinal and transverse migration channels in the unconformity
affected by the Huaiyuan movement, and combined with faults formed by multi-stage
tectonic movement, they form a network of fluid (oil and gas) transport systems. In
the strata of the Jiyang Depression, a large number of source rocks are distributed
in the Paleogene strata. Under mature hydrocarbon expulsion, the source rocks
migrate continuously along the Paleogene sand body and reach the buried hill of the
Lower Paleozoic. After that, the hydrocarbon-bearing fluid migrates and transports
horizontally or vertically along the network transport system, forming hydrocarbon
accumulations in the buried hill of the lower Paleozoic in the Jiyang Depression. Thus,
a new network reservoir formation system is formed, which opens a new avenue for
the exploration of the Jiyang Depression and provides a new research direction for
the study of the area affected by the Huaiyuan movement in Bohai Bay Basin, China.
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