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A B S T R A C T

The diagenetic evolution of the lower Eocene red-bed high-quality reservoirs in the Dongying Depression was
systematically investigated through an integrated petrographic, petrophysical, fluid evolution and thermal
history analysis. The reservoirs experienced several phases of diagenesis, including compaction, carbonate ce-
mentation, gypsum and ankerite cementation, feldspar and carbonate dissolution, quartz overgrowth ce-
mentation, and clay-mineral cementation and transformation. An early alkaline diagenetic environment caused
significant cementation of calcite and gypsum in the reservoir sandstone units near the sandstone-mudstone
contacts. Acidic formation fluids caused widespread dissolution of the feldspar and carbonate cements, leading
to synchronous occurrences of primary intergranular pores and acidic dissolution pores. From the middle parts of
the reservoir sandstone units to the sandstone-mudstone contacts, dissolution wanes gradually with ferro-car-
bonate progressively diminishing. Migration of exogenetic thermal fluid along faults may have contributed to the
gradual decrease in dissolution and the gradual increase in cementation from the lower part to the upper part of
fault blocks. The alternating alkaline and acidic diagenetic environments and the distribution of diagenetic
products caused the development of the high-quality red-bed reservoirs in the middle part of the thick-layered
sandstone units in the lower part of fault blocks. Because of the spatial and temporal relationships between the
diagenetic stages and their products, lithological traps of a diagenetic origin were developed in the red-bed
reservoirs.

1. Introduction

Red beds are unique detrital sedimentary rocks with a singular color
of reddish–brown, caused by ferric oxide pigments on grains, filling
pores, or dispersed in clay matrix (van Houten, 1973; Walker, 1974).
Geological research on red beds dates back to the early 19th century,
and focused primarily on aspects of their mineralogy and petrology,
paleomagnetism, paleoclimate and paleontology. The geochemical ef-
fects of trace minerals in red beds, such as biotite and hematite, during
the diagenetic process were also investigated to elucidate the causes of
reddish color (Turner and Archer, 1977; Walker, 1967, 1976; 1981;
Parcerisa et al., 2006). Paleomagnetism of red beds was used to re-
construct tectonic evolution by measuring residual magnetism in red
beds (Kent and Opdyke, 1978; Yamashita et al., 2011). The occurrence
of red beds had once been widely considered as direct indicators for
arid palaeoclimatic settings related to desert or savanna, with

assumptions that red soil might supply red alluvium, and that red-
dish–brown hydrated ferric oxides might not be converted to hematite
at surface conditions (van Houten, 1973). However, numerous studies
question these assumptions and therefore strongly oppose the view that
red beds only indicate arid climate conditions (Turner, 1980; Sheldon,
2005). The occurrence of ferric oxides, mainly in the form of hematite
in red beds, do not have climatic significance (van Houten, 1973;
Turner, 1980; Sheldon, 2005). To date, generic continental red beds
have been reported from environments and climatic settings of humid
tropics (Walker, 1974; Besly and Turner, 1983), temperate monsoon
(Dubiel and Smoot, 1994), (sub-)tropical monsoon (Retallack, 1991), as
well as desert and savanna (Walker, 1976). Palaeo-environment
changes were also deduced from the fossils in red beds (Marriott et al.,
2009). In China, widely distributed red beds occur as outcrops and
sedimentary strata in sedimentary basins, which are composed of
continental clastic sediments formed in arid climatic conditions.
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Influenced by seasonal inflowing water, red beds in basins of East China
usually occur as alternated sandstone and mudstone intervals (Wang
et al., 2015). Under an arid climatic setting, the palaeo-salinity levels in
lake waters were relatively high, often causing evaporites being de-
posited in the sag belts of basins (Wang et al., 2015; Liu et al., 2017).

Red-bed sandstone reservoirs have recently become an important
exploration target in the Bohai Bay Basin (Wei and Yuan, 2008; Wang
et al., 2015, Fig. 1A). The early exploration results indicate that the red
beds of the first member of the Kongdian Formation (Ek1) and lower
fourth member of the Shahejie Formation (Es4x) are important ex-
ploration target reservoir intervals in the Dongying Depression (Fig. 2).
Since 2006, four oil fields have been discovered in the two red-bed
reservoir intervals, including the Zhenglizhuang (2950–4150m),
Pingfangwang (1800–3250m), Wangjiagang (2000–3650m), and
Dingjiawuzi (1300–3500m) oil fields (Fig. 1B). Such discoveries show
an enormous exploration potential of the red-bed sandstone reservoirs
in the Dongying Depression. The dark mudstone of the top part of the
upper fourth member of the Shahejie Formation(Es4s)immediately
above Es4x not only provided considerable hydrocarbons to red-bed
sandstones by lateral connection through faults but also act as a good
top seal for the red-bed reservoirs (Jiang et al., 2011). Because of the
favorable combinations of the hydrocarbon source, reservoir and seal,
the red-bed sandstones are considered to be the favored exploration

targets in the Dongying Depression.
Sedimentation controls the initial porosity and influences the di-

agenesis of the reservoirs to a certain degree (Aagaard and Jahren,
2010; Hammer et al., 2010). Diagenesis is the dominant factor in the
evolution of the porosity of clastic reservoirs during the burial process
(Schmid et al., 2004; Al Gahtani, 2013; Nguyen et al., 2013; Wilson
et al., 2013; Henares et al., 2014). A series of ordered stacking diage-
netic events occurred during the evolution of diagenetic environments;
these events controlled the diagenetic transformation process, formed
the present diagenetic appearance and reservoir features (Li et al.,
2006). Compared with the study of depositional characteristics of the
sandstones, the study of diagenesis and its influence on reservoirs is
rather limited in scope (Dill et al., 2005; Schoner and Gaupp, 2005;
Parcerisa et al., 2006). In this study, we investigated the characteristics
of diagenesis, diagenetic environments and diagenetic evolution and
the causes for the development of high-quality reservoirs of red-bed
reservoirs in the Dongying Depression using an integrated petrographic,
petrophysical, fluid evolution and burial history analysis.

2. Geological background

The Bohai Bay Basin is an important hydrocarbon producing basin
that is located on the eastern coast of China and covers an area of

Fig. 1. (A) Tectonic setting of the Dongying Depression in the southern Jiyang subbasin (I) of the Bohai Bay basin. Other subbasins in Bohai Bay basin are Huanghua
subbasin (II), Jizhong subbasin (III), Linqing subbasin (IV), Bozhong subbasin (V) and Liaohe subbasin (VI). (B) Structural map of the Dongying depression with well
locations, main faults and oil fields of the Ek1-Es4x. (C) Section structural characteristics and target formations of the Dongying depression. (F) Location for cross
section of Fig. 18.
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approximately 200,000 km2. The basin is a complex rifted basin that
formed in the Late Jurassic through the early Tertiary on the basement
of the North China platform. The tectonic evolution of the basin consists
of a synrift stage (65.0–24.6 Ma) and postrift stage (24.6 Ma to present)
(Lampe et al., 2012). The Bohai Bay Basin consists of several subbasins

(Fig. 1A). The Dongying Depression is a secondary tectonic unit of the
Jiyang subbasin in Shandong Province, comprising the Qingtuozi Bulge
in the east, Guangrao Bulge in the southeast, Luxi Uplift in the south,
Qingcheng Bulge in the west and Chenguangzhuang Bulge in the north
(Fig. 1B). Based on its tectonic characteristics, the Dongying Depression

Fig. 2. Schematic Tertiary stratigraphy and tectonic
evolution of the Dongying Depression. Ek1-Es4x
formations developed at the initial rift stage and
were comprised of sandstones interbedded with
mudstones in southern and gypsum-salt deposits in
the northern Dongying Depression. QP-Quaternary
Pingyuan formation; Nm-Neocene Minghuazhen for-
mation; Ng-Neocene Guantao formation; Ed1-The
first member of Paleogene Dongying formation (Ed);
Ed2-The second member of Ed; Ed3-The third
member of Ed; Es1-The first member of Paleogene
Shahejie formation (Es); Es2s-The upper second
member of Es; Es2x-The lower second member of Es;
Es3s-The upper third member of Es; Es3z-The middle
third member of Es; Es3x-The lower third member of
Es; Es4s-The upper fourth member of Es; Es4x-The
lower fourth member of Es; Ek1-The first member of
Paleogene Kongdian formation (Ek); Ek2-The second
member of Ek; Ek3-The third member of Ek.
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can be divided into five tectonic belts from north to south: the northern
steep slope belt, northern sag belt, central fault anticline belt, southern
sag belt and southern gentle slope belt (Fig. 1C).

The depression is filled with Cenozoic sediments, comprising the
Paleogene Kongdian (Ek), Shahejie (Es) and Dongying (Ed) formations,
Neogene Guantao (Ng) and Minghuazhen (Nm) formations and
Quaternary Pingyuan (Qp) Formation (Fig. 2). The development of the
synrift basin, which was influenced by the Himalayan movement, ex-
perienced three stages: initial rift stage, strong rift stage and atrophic
rift stage (Feng et al., 2013). The red beds were uplifted at the end of
the Ed Formation and experienced some subsidence during the de-
position of the Nm Formation, influenced by the regional tectonic
movement (Lampe et al., 2012).

East Asian Paleogene climates have long been regarded as being
controlled by the planetary wind system, which results in a climate
pattern with three latitudinally distributed zones. Two humid zones
located separately in the north and south, characterized lithologically
by coals and oil shales, while an arid zone in the middle was re-
presented by red beds and evaporites (Quan et al., 2014). The study
area is located at the border of the arid zone and the north humid zone.
During the deposition of the Eocene Ek1-Es4x formations, because of
frequent alternations between dry and wet climates under an arid cli-
matic setting and a gentle paleogeomorphology, the evaporitic lake of
the early Eocene Dongying Depression experienced frequent lake-level
and salinity oscillations (Wang et al., 2015). Thick and widespread
gray, gray-green and red sandstones interbedded with red and gray-
green mudstones in the southern Dongying Depression and gypsum-salt
deposits in the northern sag belt were developed (Liu et al., 2017). The
frequently interbeds of sandstones with purplish-red mudstones on
cores indicates an arid-semi-arid climate and that the facies of the red
beds are dominated by distributary channels in over-flooding lake
deltas (Wang et al., 2015; Liu et al., 2017). Formations of Ek1-Es4x in
the southern Dongying Depression are divided into numerous fault
blocks by some large oil source-connecting faults in a downdip direc-
tion and antithetic faults in an updip direction.

3. Methodology

Core samples of red-bed sandstone were collected from 46 wells in
the study area (Fig. 1B). Samples were impregnated with blue resin
before thin sectioning in order to highlight pores. Thin sections were
partly stained with Alizarin Red S and K-ferricyanide for carbonate
mineral determination. The discrimination of quartz and feldspar is
through optical microscopy. Petrographic point counting was per-
formed on 143 thin sections by counting 300 points per thin section to
identify mineral compositions and pores. The Udden-Wentworth grain
size scale (Udden, 1914; Wentworth, 1922) was used and sorting
ranking was determined in accordance with the standard charts of Folk
(1974).

A total of 316 samples were collected for mineralogical analyses
using X-ray diffraction (XRD). A D8 DISCOVER was used for XRD
analysis with Cu-Ka radiation, a voltage of 40 kV, and a current of
25 mA. Prior to analysis each sample was oven-dried at 40 °C for 2 days
and ground to<40 μm using an agate mortar to thoroughly disperse
the minerals. In order to analyze the compositions of clay minerals, the
samples were put in a plastic bottle, soaked in distilled water, and then
disintegrated with an oscillator. Distilled water was added to the
sample until the conductivity is less than 50 μs, and the suspension was
separated by a centrifuge at a speed of 2000 r/min for 2min. Filtering
granular suspension less than 2 μm with ceramic filter, and then the
clay mineral particles were placed in an oven to dry at 50 °C. No che-
mical pre-treatment was employed. Samples were scanned from 3° to
70° with a step size of 0.02°. Analysis of the XRD data provides relative
abundances (in weight percent) of the various clay mineral phases.
Eight samples were analyzed using a Hitachi S-4800 scanning electron
microscopy under the conditions of 20 °C, 35%RH, and 5.0 kV.

Porosity was measured from core plugs of 2.5 cm in diameter using
on a helium porosimeter following Boyle's law. Dry, clean core samples
were placed in a porosimeter and injected with helium at approxi-
mately 200 psi. Corresponding pressures and volumes were measured
and utilized in the Boyle's Law equation to calculate sample grain vo-
lume. Pore volumes were determined by subtracting the grain volumes
from the measured bulk volumes, and the total porosity was then cal-
culated from the grain and bulk volumes.

Four representative samples from four wells (Well Fs-1, 3584.2 m;
Guan-120, 2945.75m; Guan-113, 2494.49m; W-66, 2200.3 m, respec-
tively) were prepared as doubly polished fluid-inclusion wafers and
analyzed by microthermometry at the Geofluids Research Laboratory of
Earth and Ocean Sciences, National University of Ireland Galway. The
selection of samples mainly considered the area, depth and the abun-
dance of fluid inclusions in cements. The four samples selected are
thought to represent the whole depth range of the entire formation and
the west, middle and east part of study area. Fluid inclusions are quite
abundant in quartz overgrowth, annealed microfractures (AMF) and
carbonate cements in the four samples and are informative for the study
of fluid evolution during reservoir diagenesis. Microthermometry was
conducted using a Linkam Scientific THMSG-600 Geology System
heating-freezing stage. Calibration of the stage was performed fol-
lowing the method outlined by MacDonald and Spooner (1981); in
addition, synthetic fluid inclusion standards were used (pure CO2 and
water). The precision was± 0.2 °C at −56.5 °C and±2 °C at 300 °C.
The eutectic temperatures (Te), last ice melting temperatures (Tmice),
and homogenization temperatures (Th) were observed at a heating rate
of up to 5 °C/min.

4. Results

4.1. Petrological compositions of red-bed sandstones

The compositions of red-bed sandstones are summarized in Table 1.
The detrital compositions red-bed sandstones are mainly lithic arkoses
according to Folk (1980) classification scheme, with corresponding
average compositions being Q42.5F33.2R24.3. There is no obviously dif-
ference of detrital compositions between sandstones less than 1m and
sandstones more than 1m to the sandstone-mudstone contacts
(Table 1). The detrital quartz is the highest component among all
samples analyzed. Detrital feldspars comprise both K-feldspar and
plagioclase. Lithic fragments are mainly of volcanic and metamorphic
types, with a small amounts of sedimentary in origin. Other detrital
components include mainly small amounts of mica (Table 1). The in-
terstitial materials of the red-bed sandstones consist mainly of clay
matrix and cements. The cements are dominated by carbonates in-
cluding calcite, dolomite, ferro-calcite and ankerite with a minor
amount of quartz overgrowths and clay minerals (Table 1). The sorting
ranges from well (1.2) to poorly (3.92) sorted.

4.2. Reservoir diagenetic types and characteristics

4.2.1. Compaction
Because the burial depth of red-bed reservoirs spans over a wide

range, there are significant differences in compaction in different depth
ranges. For example, the burial depth in the reservoirs of Well W-96 is
generally 1800–2300m, and the grains are primarily of point contact or
line contact; for the reservoirs of Well Fs-1 and Well G-94, however, the
burial depth is generally greater than 3500m, and the grains generally
exhibit line contact and concave-convex contact or even suture contact.
In some areas, rigid particles of the feldspar and quartz are subject to
crushing and fracturing (Fig. 3A). The original porosity destroyed by
compaction is in a relatively large range at the same depth. In order to
analyze the influence of compaction on reservoir porosity quantita-
tively, the original porosity destroyed by compaction was calculated by
the Equation of Wang et al. (2017a). The Vinitial was established by
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Table 1
The petrological compositions of the red-bed sandstones in the Dongying Depression.

Less than 1m to the sandstone-mudstone contact More than 1m to the sandstone-mudstone contact

Min Max Mean Min Max Mean

Detrital grains
Quartz (vol. %) 33.3 54.6 42.1 34.7 55.5 42.9
Potassium feldspars (vol. %) 10.2 22 15.9 10 22 15.7
Plagioclase feldspars (vol. %) 15 22.1 17.2 15.6 22.5 17.6
Volcanic lithic fragments (vol. %) 0.7 34.2 5.9 0.7 35 6.7
Metamorphic lithic fragments (vol. %) 5.4 30.1 12.5 5 30.7 11.9
Sedimentary lithic fragments (vol. %) 0 17.4 4.8 0 18 5.4
Mica (vol. %) 0.2 4.3 0.8 0 4.3 0.6
Diagenetic alterations
Calcite (vol. %) 9 22.2 12.6 1.3 10 1.8
Ferrocalcite (vol. %) 0.5 6 1.8 1.2 6.4 2.4
Dolomite (vol. %) 0 6 0.7 0 7.7 0.9
Ankerite (vol. %) 0 2 0.2 0 3 0.6
Gypsum and Anhydrite (vol. %) 0 23 3.3 0 3 0.1
Quartz overgrowth (vol. %) 0 0.5 0.2 0.05 1.2 0.6
Pyrite (vol. %) 0 4.4 0.6 0 4.7 0.8
Clay matrix (vol. %) 0 16 7.2 1.7 14.2 6.4
Kaolinite (%) 0 22 3.3 2 56 24.6
Illite (%) 0 18.2 3.1 1.7 38.3 23.4
Illite-smectite mixed layers (%) 0 29.1 3.7 3.7 69.3 45.6
Chlorite (%) 0 8.5 2.5 3 28.3 13.1
Porosity
Intergranular porosity (%) 0 10 1.3 0.6 17.9 6.4
Intargranular porosity (%) 0.03 1.3 0.4 0.04 1.7 0.9
Dissolution porosity (%) 0.03 2 0.5 0.04 2.3 1.2

Note: The volume of detrital grains by point counting refers to the total framework composition. The volume of diagenetic minerals, clay matrix and porosity by point
counting refer to the total composition. The content of clay minerals by XRD refers to the total clay content.

Fig. 3. Photos from thin sections and scanning elec-
tron microscopy show types of diagenesis of red-bed
reservoirs of the lower Eocene Ek1-Es4x in the
Dongying Depression. (A) Feldspar compaction
fracture (−) from Well L-902 at 2532.45m, Ek1; (B)
Strong calcite cementation (−) from Well Wx-99 at
2093.04m, Ek1; (C) Quartz overgrowth cementation
(−) from Well Fs-1 at 3584.2 m, Ek1; (D) Gypsum
cementation from well Guan-120 at 2950.09m, Es4x;
(E) Calcite and ferrocalcite cementation (arrow) (−)
from Well Guan-118 at 3007.7 m, Es4x; (F) Isolated
calcite, ferro-calcite and ankerite cements filled in
intergranular pores, and grains are in point-line
contact (−) from Well G-891, 2808.4 m, Es4x; (G)
Calcite and ankerite cementation from Well Guan-4
at 2749.7m, Es4x; (H) Dolomite and quartz over-
growth from Well Guan-4 at 2749.7m, Es4x; (I)
Dissolution of feldspar (−) from Well W-130 at
2182.3 m, Ek1; (J) Dissolution of feldspar from Well
Guan-113 at 2494.49m, Ek1; (K) Dissolution of
feldspar and quartz overgrowth cementation (−)
from Well L-902 at 2532.45m, Ek1; (L) Dissolution
of carbonate cements (arrows) (−) from Well W-
130 at 2081.4 m, Ek1. Qtz-quartz; Fd-feldspar; Cal-
calcite; Fe-cal-ferro-calcite; Qo-quartz overgrowth;
Dol-dolomite; Ank-ankerite; Gy-gypsumP-pores. (−)
indicates polarized light. See Fig. 1B for well loca-
tions.

J. Wang et al. Marine and Petroleum Geology 94 (2018) 230–245

234



using Beard and Weyl's method (1973). The samples with more than 5%
matrix were excluded during the calculation in order to avoid over-
estimation of the compaction (Paxton et al., 2002).

Vcompaction=Vinitial + Vdissolution – Vcementation – Vpresent (1)

Vinitial-initial pore volume; Vcompaction-pore volume destroyed by
compaction; Vdissolution-dissolution pore volume; Vpresent-present pore
volume.

Vinitial = 20.91 + (22.9/So) (2)

4.2.1.1. So-sorting coefficient. With increasing burial depth, the original
porosity destroyed by compaction has no obviously change (Fig. 4A). In
different burial depth ranges (1000–2000 m, 2000–3000m,>3000m)
the original porosity destroyed by compaction shows a similar increase
from the sandstone-mudstone contacts to the middle of the sandstone
units (Fig. 4B). Within a distance of less than 1m from the sandstone-
mudstone contacts, the original porosity destroyed by compaction is
usually less than 15%. When the distance is more than 1m from the
sandstone-mudstone contacts, the original porosity destroyed by
compaction is generally between 10% and 25% (Fig. 4B).

4.2.2. Cementation
The cements in the red-bed reservoirs primarily include carbonate,

silica, sulfate, and clay minerals (Table 1; Fig. 3B, C, D, E, F, G, K and
L). Carbonate cement is the dominant type of cement and includes
calcite, ferro-calcite, dolomite and ankerite (Table 1); the content is
generally 2.3–30% with an average of 10.5%. The high carbonate ce-
ment content zone is in the depth range of 1500–2500m (Fig. 5).
Calcite is the dominant carbonate cement. The content of calcite within
1m to the sandstone-mudstone contacts is 9%–22.2% with an average
of 12.6%; beyond 1m to the sandstone-mudstone contacts, the content
of calcite reduces sharply to 1.3%–10% with an average of 1.8%
(Table 1). There are two types of calcite cements in red-bed sandstone
reservoirs. The first type fills all the intergranular pores as crystalline
calcite cements. The clastic grains mainly occur as point contacts
(Fig. 3B). This illustrates that the precipitation was earlier, the cement
content is higher and reservoir is more tightly cemented. The second
type occurs as isolated calcite cement filling some intergranular pores.
The clastic grains have point-line contacts between each other, and
cement content is relatively lower (Fig. 3E, F and L). Dolomite mainly
occurs as isolated cements filling some intergranular pores (Fig. 3H).

The content of dolomite is generally less than 8% with an average of
0.8%. There is no obvious difference in dolomite content between
sandstones less than 1m and more than 1m to the sandstone-mudstone
contacts (Table 1). The content of dolomite appears to become rela-
tively high only in some depth ranges (Fig. 5). Ferro-calcite cements
usually occur around the isolated calcite cements or as isolated cement-
filling pores (Fig. 3E and L). The content of ferro-calcite is usually less
than 8% with an average of 2.1%. The high contents of ferro-calcite
occur in the depth range of 2000–3000m (Fig. 5). Ankerite cements
generally appear in intergranular pores (Fig. 3F). The content of an-
kerite is usually less than 6% with an average of 0.4%. Ankerite occurs
mainly in depth ranges over 3250m (Fig. 5). The contents of ferro-
calcite and ankerite within 1m to sandstone-mudstone contacts are
slightly higher than that beyond 1m to sandstone-mudstone contacts
(Table 1).

Siliceous cements primarily occur as quartz overgrowths. Most
samples display singular quartz overgrowth, but some samples record
two overgrowth stages (Fig. 3C, H and K). The amount of quartz
overgrowth is usually 0.05%–1.2% with an average of 0.4%. The con-
tent of quartz overgrowth within 1m to the sandstone-mudstone con-
tacts is higher than that beyond 1m to the sandstone-mudstone contacts
(Table 1). Between 1500m and 2500m depth range the content of
authigenic quartz is relatively high (Fig. 5).

The carbonate cement content decreases from the sandstone-mud-
stone contacts to the middle of the sandstone units at different burial
depth ranges (Fig. 4C). Within 1m to the sandstone-mudstone contacts,
the carbonate cement content rapidly decreases; beyond 1m from the
sandstone-mudstone contacts, the carbonate cement content declines
slowly. The ferro-carbonate content is relatively low (Table 1), whereas
its percentage gradually increases from the sandstone-mudstone con-
tacts to the middle of sandstone units at different burial depth ranges
(Fig. 4D). The crystalline calcite and gypsum/anhydrite cementation
are often observed in sandstones near the sandstone-mudstone contacts
with clastic grains mainly being of point contact. The middle of sand-
stone units have a low cement content, abundant intergranular pores
and relatively high porosity (Fig. 6). It is clear from the COPL-CEPL
diagram (Lundegard, 1992) that the majority of samples within 1m to
the sandstone-mudstone contacts have lost more porosity by cementa-
tion than by compaction, while the majority of samples beyond 1m to
the sandstone-mudstone contacts have lost more porosity by compac-
tion than by cementation (Fig. 7). The negative relationship between
the original porosity destroyed by cementation and the original por-
osity destroyed by compaction indicates that cementation prevented

Fig. 4. (A) Relationship between original porosity de-
stroyed by compaction and depth; (B) Relationship be-
tween original porosity destroyed by compaction and
distance from sandstone-mudstone contacts; (C)
Relationship between content of carbonate cements and
distance from sandstone-mudstone contacts; (D)
Relationship between relative content of ferro-carbonate
cements and distance from sandstone-mudstone contacts.
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compaction to some extent (Fig. 7).
Inside the fault block, the carbonate cement contents also decrease

gradually from the sandstone-mudstone contacts to the middle of the
sandstone units at different distance ranges to the oil source-connecting
faults (Fig. 8A). The quartz overgrowth contents increase gradually
from the sandstone-mudstone contacts to the middle of the sandstone
units at different distance ranges to the oil source-connecting faults
(Fig. 8B). There is no obvious relationship between the content of
carbonate cements and quartz overgrowths and the distance from the
faults within 1m to the sandstone-mudstone contacts (Fig. 8A and B).
Beyond 1m, the carbonate cement content is relatively low and has a
positive relationship with the distance from the faults (Fig. 8A); the
quartz overgrowth content is relatively high and also has a positive
relationship with the distance from the faults (Fig. 8B).

Sulfate cements are dominated by gypsum and anhydrite and are
primarily distributed in the well districts of Guan-4 and L-120. The
sulfate cements fill both primary and secondary pores, and the content

is generally of 0–23%. Cryptocrystalline hematite is the main cause of
the red color for the red-bed reservoirs, and is often observed in thin
sections of sandstone (Jiang and Liu, 2011).

The red-bed sandstone contains numerous clay minerals (including
matrix material and authigenic clay minerals) volumetrically up to 16%
(Table 1). The main component of the clay cement as revealed by XRD
and SEM analyses is kaolinite, illite, chlorite and illite-smectite mixed
layer (Figs. 9 and 10). Kaolinite is characterized by well-crystallized,
pseudohexagonal platelets, and vermicular or booklet texture, both
occurring as pore-filling cement (Fig. 9A and B). Authigenic hair-like or
sheet-like illite occurs in most samples and often grows on pore spaces
(Fig. 9C). The illite-smectite mixed layer is commonly sheet-like or
flake-like, occurring as pore-lining rims and pore filing cement (Fig. 9D,
E and F). Chlorite typically grows on the surface of detrital grains
(Fig. 9F).

The clay minerals in the red-bed sandstone reservoirs are classified
into two vertical transformation zones (Fig. 10). Within the burial depth

Fig. 5. Content and vertical distribution of carbonate cements, sulfate cements and quartz overgrowth cements of red-bed reservoirs of the lower Eocene Ek1-Es4x in
the Dongying Depression. The results of content of cements are from point counting based on the total modal composition.

Fig. 6. Characteristics of porosity, cementation and dissolu-
tion in different positions of sandstones interbedded with
mudstones (Well Wx-99). (A) At the boundary of sandstones,
strong calcite cementation, point contacts mainly occur be-
tween clastic grains, porosities are low and increase from
sandstone-mudstone contact to center. (B) In the middle part
of sandstones, porosities are high with feldspar dissolution
and authigenic kaolinite. (−) indicates plane polarized light.
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range of 1600–2300m, clay minerals are composed mainly of kaolinite
and illite-smectite mixed layer. The percentage of kaolinite is up to
60%, the percentage of illite-smectite mixed layer is between 20% and
80% with the ratio of I-S in the range of 20% and 70% (Fig. 10), in-
dicating that the illite-smectite mixed layer is chaotic. Within the depth
range of 2300–4000m, the percentage of illite and chlorite are ob-
viously increased, the percentage of kaolinite and illite-smectite mixed
layer are apparently reduced, and the ratio of I-S is mainly 20%
(Fig. 10), indicating the illite-smectite mixed layer is orderly. There is
an absence of kaolinite in sandstones near the sandstone-mudstone
contacts. The contents of clay minerals within 1m to the sandstone-
mudstone contacts are obviously lower than that beyond 1m to the
sandstone-mudstone contacts (Table 1 and Fig. 6).

The content of clay minerals in mudstones is slightly higher than
that in sandstones. In the burial depth range less than 2250m, the
percentage of kaolinite and illite-smectite mixed layer in mudstones are
lower than that in sandstones; in the depth range of more than 2250m,
the percentage of these clay minerals in mudstones is similar to that in
sandstones. The percentage of chlorite in mudstones is higher than that
in sandstones, and percentage of illite and the ratio of I-S in mudstones
is similar to that in sandstones.

Other diagenetic phenomena, including (1) carbonate mineral re-
placement of detrital grains and other cements, e.g. ferrocalcite and
ankerite replacing quartz overgrowths as well as quartz and feldspar
grains (Fig. 3E, F and L); (2) ferrocalcite and ankerite replacement of
calcite (Fig. 3E and F). The replacement reflects the sequence of for-
mation of the authigenic minerals in the reservoirs (Morad et al., 2012;
Henares et al., 2014).

4.2.3. Dissolution
Optical microscopy and SEM analyses indicate that dissolution of

feldspar and carbonate cements is common in the red-bed sandstone
reservoirs (Fig. 3 H, I, J, K and L and Fig. 9A). Based on thin section
textures, the visual dissolution porosity is generally 0.03–2.3%, while
the visual intergranular porosity is generally 0–17.9%. The percentage
of the feldspar dissolution porosity accounts for over 75% of the total
dissolution porosity, while the percentage of the carbonate cement
dissolution porosity is less than 25%. The visual dissolution porosity has
a positive correlation with the visual intergranular porosity and the
measured porosity (Fig. 11).

Dissolution is primarily developed in the center of sandstones,
where abundant feldspar dissolution pores are usually present with
authigenic kaolinite (Fig. 6B). Dissolution porosity gradually increases
from sandstone-mudstone contacts to the center of sandstones at all
depth ranges (Fig. 8C), which is consistent with the spatial trend of
measured porosity from sandstone-mudstone contacts to the center of

sandstones (Fig. 6).
Inside a fault block, the differences between the dissolution porosity

and the distance from the source-connecting fault is not apparent
within 1m to the sandstone-mudstone contacts (Fig. 8C). Beyond 1m
from the sandstone-mudstone contacts, the dissolution porosity is re-
latively higher and has a negative relationship with the distance from
the source-connecting fault (Fig. 8C).

4.3. Characteristics of fluid inclusions

Fluid inclusions formed during the diagenetic process of red-bed
reservoirs are primarily of liquid-rich two-phase aqueous inclusions,
which include inclusions occurring in quartz overgrowth and carbonate
cements (mainly calcite and ankerite) and inclusions occurring in the
annealed microfractures (AMF) in quartz grain (Fig. 12). The inclusions
are relatively small, and the dimension is generally smaller than 10 μm
(generally range from 2 to 8 μm); the gas-liquid ratios are usually less
than 15%.

Fig. 7. Cross plot of compactional porosity loss versus cementational porosity
loss for the red-bed sandstones.

Fig. 8. Distribution of carbonate cement, quartz overgrowth and dissolution
pores from the sandstone-mudstone contact to the middle of sandstones in fault
blocks.
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The first ice melting temperatures are mainly between −26 °C and
−20 °C, which indicates the composition of the inclusions can be
modeled using the NaCl-H2O system. The last ice melting temperatures
yield a range of salinities in terms of eq. wt% NaCl. The salinity and
homogenization temperature distributions for all samples measured are

shown in Fig. 13 and Fig. 14, respectively.
Salinity and homogenization temperature (Th) values of the inclu-

sions in quartz overgrowths and of the inclusions in annealed micro-
fractures have essentially the same range and distributions, suggesting
that the trapping environments are broadly similar. However, these
values contrast with the salinity and Th values of the inclusions trapped
in the carbonate cements, indicating that they were formed under dif-
ferent diagenetic environments.

The homogenization temperature-salinity bivariate plots indicate
that the aqueous inclusions in quartz overgrowths and AMF and car-
bonate cements can generally be divided into one or two groups
(Fig. 15). For Sample A, both the aqueous inclusions in quartz over-
growth and AMF, and that in carbonate cements generally form two
groups, the homogenization temperatures and the salinities of

Fig. 9. Authigenic clay minerals in red-bed sandstone re-
servoirs of Ek1-Es4x in Dongying Depression. (A)
Dissolution of feldspar, kaolinite and quartz overgrowth
filling in intergranular pores from well Guan-113 at
2494.49m; (B) Kaolinite and halite filling in intergranular
pores from well Guan-120 at 2950.09m; (C) Hair-like illite
filling in intergranular pores from well Fs-1 at 3584.2 m; (D)
Illite-smectite mixed layer minerals from well G-892 at
3065.9 m; (E) Illite-smectite mixed layer minerals from well
Fs-1 at 3584.2m; (F) Chlorite and illite-smectite mixed layer
minerals from well F-151 at 2687.5 m. K-kaolinite; IL-illite;
I-S-illite and smectite mixed layers; CH-chlorite; HL-halite.

Fig. 10. The content and vertical distribution of clay minerals of red-bed
sandstone reservoirs and mudstones of the lower Eocene Ek1-Es4x in the
Dongying Depression.

Fig. 11. Correlations between dissolution porosity (thin section textures) and
the intergranular porosity (thin section textures) and the measured porosity.
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Fig. 12. Liquid-rich two-phase aqueous inclusions in quartz
overgrowth and annealed microfractures in quartz grain of
red-bed reservoirs in the Dongying Depression. (A) Primary
liquid-rich two-phase aqueous inclusions in quartz over-
growth, Well Fs-1, 3584.2m; (B) Primary liquid-rich two-
phase aqueous inclusions in carbonate cement, Well Guan-
113, 2494.49m; (C) and (D) Primary liquid-rich two-phase
aqueous inclusions in annealed microfractures in quartz
grain, Well Fs-1, 3584.2m.

Fig. 13. Frequency distribution histograms showing
salinities for liquid-rich two-phase aqueous inclu-
sions in the four samples of red-bed reservoirs in the
Dongying Depression. The histograms for the three
inclusion types are superimposed since each type of
inclusion is considered separately in determining the
frequency. Salinities are given in weight percent
NaCl equivalent on a NaCl-H2O basis. Qo-quartz
overgrowth, AMF- annealed microfractures in quartz
grain, CCT-carbonate cement.

Fig. 14. Frequency distribution histograms showing homo-
genization temperatures for liquid-rich two-phase aqueous
inclusions in the four samples of red-bed reservoirs in the
Dongying Depression. The histograms for the three inclusion
types are superimposed since each type of inclusion is con-
sidered separately in determining the frequency. All of the
inclusions homogenize to liquid. Qo-quartz overgrowth,
AMF-annealed microfractures in quartz grain, CCT-carbo-
nate cement.

J. Wang et al. Marine and Petroleum Geology 94 (2018) 230–245

239



inclusions in carbonate cements are higher than that of inclusions in
quartz overgrowths and AMF (Fig. 15A). A minor group of inclusions in
quartz overgrowths and AMF have higher Th values (Fig. 15A). In
Sample B there are two groups of aqueous inclusions in carbonate ce-
ments and one group in quartz overgrowths and AMF. The Th values for
inclusions in quartz overgrowths and AMF plot in the two groups de-
fined by inclusions trapped in carbonate cements. The salinities of the
latter two groups are higher than that of the inclusions in the quartz
overgrowths and AMF (Fig. 15B). There are two groups defined by the
data from the aqueous inclusions in quartz overgrowths and AMF, and
also two groups defined by the fluid inclusions trapped in carbonate
cements in the C and D samples. (Fig. 14C and D). The temperature gaps
between the QTZ1 and QTZ2 groups of fluid inclusions in the same type
of host minerals are usually more than 15 °C. The homogenization
temperatures of the second group of inclusions in quartz overgrowths
and AMF are close to or slightly higher than those of the second group
in carbonate cements. The salinities of the inclusions in the carbonate
cements are significantly higher than that of the inclusions in the quartz
overgrowths and the AMF (Fig. 15C and D). Comparisons between the
Th and salinity values and the relative positions of different groups of
aqueous inclusions in the four samples indicate that the aqueous in-
clusions in the red-bed reservoirs can be divided into 4 groups i.e.
QTZ1, QTZ2, CCT1 (mainly calcite in sandstone near the sandstone-
mudstone contact), and CCT2 (mainly isolated ankerite and ferro-cal-
cite in the center of sandstone). The four groups of aqueous inclusions
indicate that the red-bed reservoirs may have experienced four diage-
netic fluid stages each with different properties.

5. Discussion

5.1. Evolution of diagenetic fluids

Fluid inclusion microthermometric data is combined with: 1) the
burial history (Fig. 16) and 2) relative formation sequences of the au-
thigenic and diagenetic minerals in the red-bed reservoirs to produce a
time framework which elucidates the trapping sequence of aqueous
fluids. The geological time ranges of the four groups of fluid inclusions
were established by the crossing of burial history curves and isotherms.
Firstly, for a group of fluid inclusion, compare the homogenization
temperatures with the isotherm to determine the range of this group of
fluid inclusion on the corresponding burial history curve; secondly, the
two ends of the temperature range on the burial history curve are
projected on the time coordinates to obtain the beginning and ending of
the entrapment of fluid inclusions; thirdly, the average values of the

beginning and ending ages of the four groups of fluid inclusions in the
four samples were calculated to represent the trapping timing for the
four groups of fluid inclusions. Therefore the trapping time of each fluid
inclusion group is as follows: QTZ1: 32.2–26.4 Ma, QTZ2: 15.1–0 Ma,
CCT1: 35.7–32.2 Ma and CCT2: 26.4–21.4 Ma, respectively. The order
of cementation from old to young is: CCT1, QTZ1, CCT2 and QTZ2,
recording different diagenetic fluids by the red-bed sandstone re-
servoirs.

The red-bed deposition of the Ek1-Es4x in the Dongying Depression
began at approximately 50 Ma (Qiu et al., 2004). No fluid inclusion
recorded formation fluid activity prior to 37 Ma. The fluid inclusion
homogenization temperature of CCT1 is relatively low, indicating pre-
cipitation during a shallow burial period of the reservoirs and thus
recorded the characteristics of formation fluids in the early stage. The
properties of the original sedimentary water directly affected the evo-
lution of the formation or pore water, and thus the properties of the
connate water controlled the diagenetic environments in the early
stages (Alagarsamy et al., 2005; Carvalho et al., 2014; Zhang et al.,
2014). During the deposition of Ek1-Es4x, the climate was arid, and the
water circulation was restricted with concomitant deposition of clastic
and evaporate (Wang et al., 2012a, 2015; Liu et al., 2017). The for-
mation water was highly saline and strong alkaline (Tan et al., 2010; Li
et al., 2013). During the burial process, compaction caused the ori-
ginally absorbed water in mudstones to migrate into the adjacent
sandstone units, forming high-salinity and alkaline diagenetic en-
vironments (Fig. 16).

The early diagenetic fluids during the burial of the reservoirs might
have also been affected by clay-mineral dehydration in the interbedded
mudstones. Because of the impact of relatively high paleogeothermal
gradients, high lake water salinity, and strong alkaline fluids
(Deconinck et al., 2014; Mefteh et al., 2014; Wang et al., 2016), kao-
linite and smectite can be transformed rapidly to illite and chlorite in
the mudstone interval. The low content of kaolinite, the high content of
chlorite and the distribution of illite and ratio of I-S in the mudstones
indicate that the timing and degree of transformation was quite early
and high in the initial burial stage (Fig. 10). During the transformation
process of clay minerals, a large number of metal cations, such as Ca2+,
Na+, Fe2+, Mg2+ and Si4+, may be produced (Bristow and Milliken,
2011; Wang et al., 2016, 2017b), and further increased the salinity of
the fluids. The fluid inclusion data indicate that the role of the first-
stage diagenetic fluid may be dated back to the initial deposition stage
to 37 Ma (Fig. 16).

Biomarkers of the crude oil in red-bed sandstone reservoirs are
characterized by distinct phytane advantage, high content of

Fig. 15. Salinity vs. Homogenization temperature bivariate plots for the fluid inclusions trapped in quartz overgrowths, the AMF and in carbonate cements in the four
samples from the red-bed reservoirs in the Dongying Depression. Qo-quartz overgrowth, AMF-annealed microfractures in quartz grain, CCT-carbonate cement.
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gammaceranes, low content of 4-methylsteranes and rearranged ster-
anes and anti-L shape distribution of C27, C28 and C29 steranes, which
are consistent with the characteristics of Es4s hydrocarbon source rocks
(Meng et al., 2011; Wang et al., 2012b). The crude oil in the red-bed
sandstone reservoirs was derived from Es4s hydrocarbon source rocks,
indicating a good hydrologic connection between the source rocks and
the sandstones via fault conduits. The organic matter in the source rock
is mainly of Type II (Jin et al., 2001). With increasing burial, the hy-
drocarbon source rocks in Es4s reached a temperature range of
80–120 °C between 38.1 Ma and 29.9 Ma, which is favorable for the
production of organic acids and CO2 (Surdam et al., 1984; Morad et al.,
2000; Heydari and Wade, 2002; Prochnow et al., 2006). Abundant or-
ganic acids and CO2 were released into the reservoirs, neutralizing the
early alkaline fluids and developing an acidic diagenetic environment.
The timing of this process (37–31.2 Ma) is essentially consistent with
the timing of the fluid flow recorded by fluid inclusions in quartz
overgrowths and AMF (Fig. 16). The salinity of the fluids recorded was
primarily 3–7 eq. wt% NaCl. At this time, the transformation of clay
minerals essentially ceased, and the impact of the diagenetic fluids from
the interbedded mudstone on the sandstone reservoirs was limited.

With increasing burial, the organic acids began to dehydrate sub-
stantially through decarboxylation (Heydari and Wade, 2002;
Prochnow et al., 2006), which caused the pH value of the fluid to in-
crease gradually. In addition, gypsum began to thermally decompose
substantially, releasing alkaline fluids rich in metal cations (Ma et al.,

2016), which might have caused the formation fluids to gradually be-
come alkaline. At the end of the Ed period, though the Dongying De-
pression underwent a regional tectonic uplift, the temperature was still
within the range of decarboxylation of organic acid and thermal de-
hydration of gypsum. The formation fluid remained alkaline. The CCT2
group inclusions in the ferro-carbonates recorded the diagenetic fluids
of this stage, which occurred primarily from 31.2 Ma to 11.5 Ma
(Fig. 16). The salinity of fluids was generally of 10–22 eq. wt% NaCl.

During re-subsidence low volumes of organic acids might have mi-
grated into the red-bed reservoirs along with oil emplacement. As the
formation temperature increased, the content of organic acids in the
formation fluids gradually declined, whereas the content and partial
pressure of CO2 would have gradually increased (Er-Raioui et al., 2002;
Kribek et al., 2007; Beha et al., 2008), thus controlling the pH char-
acteristics of the formation fluids in the late stage, causing the forma-
tion fluids to become weakly acidic. This acidic diagenetic fluid was
recorded by the QTZ2 group fluid inclusions, trapped after 11.5 Ma
(Fig. 16). The salinity of fluids was generally of 3–11 eq. wt% NaCl.

5.2. Diagenetic evolution of red-bed sandstone reservoirs

The red-bed sandstone reservoirs of the Dongying Depression ex-
perienced alternating acidic and alkaline diagenetic environments,
which resulted in a series of diagenetic events in the reservoirs
(Fig. 17).

Fig. 16. The fluid sources, evolution of diagenetic fluids and environments and diagenetic sequence of red-bed reservoirs in the Dongying Depression. Temperatures
were modeled by Hu et al. (2001) and burial history curves were modeled by Qiu et al. (2004).
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The original depositional water and formation water affected by
clay-mineral transformation within mudstones controlled the formation
of the early alkaline diagenetic environments in the red-bed sand re-
servoirs before 37 Ma (Wang et al., 2016). The high-salinity alkaline
fluids in the mudstones adjacent to the sandstone units triggered the
development of strong cemented sandstones with calcite and gypsum
along sandstone-mudstone contacts (Fig. 6A; Chen et al., 2009; Li et al.,

2014; Wang et al., 2016). With the precipitation of cements, the salinity
of the fluids gradually decreased, and the amount of cements decreased
gradually from the sandstone-mudstone contacts to the center of
sandstones (Fig. 4C; Milliken and Land, 1993; Dutton, 2008; Chen et al.,
2009; Li et al., 2014; Wang et al., 2016, 2017a). Abundant primary
intergranular pores were preserved in the middle part of sandstone
units (Figs. 6B and 17).

Fig. 17. Diagenetic environment, diagenetic sequence and diagenetic transformation process of red-bed reservoirs of the lower Eocene Ek1-Es4x in the Dongying
Depression. There are significant differences in diagenetic evolution and diagenetic strength at different positions of sand bodies interbedded with mudstones in fault
blocks.
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From 37 Ma to 31.2 Ma, the organic acids released by the thermal
evolution of hydrocarbon source rocks in Es4s had progressively con-
verted the alkaline environment of the reservoirs to an acidic en-
vironment. After the fluid entered the sandstone reservoirs through
faults in the lower part of the fault blocks, the tight cementation nature
of the sandstones near the sandstone-mudstone contacts developed in
the early stage made the acidic fluid more concentrated in the zone of
intergranular pores in the center of the sandstones (Wang et al., 2016,
2017b), forming abundant feldspar dissolution pores, which gradually
increased the amount of acidic dissolution pores from the sandstone-
mudstone contacts to the center of the sandstones (Figs. 4F and 6). The
higher the intergranular pore content is, the more favorable for organic
acids to enter the reservoir would be, and thus producing more dis-
solution pores (Fig. 11). Because of the dissolution, the content of
plagioclase is lower in the center part than that near the boundary of
sandstones (Figs. 6 and 7C). That is why the content of kaolinite is close
to zero near the boundary of sandstones while is high in the center part
of sandstones (Fig. 6).

The dissolution of feldspar provided material sources for the ce-
mentation of quartz overgrowth and kaolinite during the period of 37
Ma to 31.2 Ma (Fig. 16). Other processes such as limited transmission
distance of diffusion, lack of fluid source, amount, limited influencing
range of compaction-driven flow and convection under burial en-
vironment, cannot adequately explain the distribution of feldspar dis-
solution pores and quartz overgrowth in the center part of sandstones in
fault block (Bjørlykke, 1993, 1994; Bjørlykke and Jahren, 2012). Good
hydrologic connections between the source rocks and the sandstones
enabled acidic thermal fluids from the source to migrate into the re-
servoir sandstones through fault conduits (Wang et al., 2016). These
acidic thermal fluids migrated from the sag belt to the gentle slope belt
due to the locations of source rocks and sandstones (Wang et al.,
2017b). The distribution of feldspar-dissolution pores and quartz
overgrowth might correspond with the migration of acidic thermal
fluids in fault blocks. When the acidic thermal fluids migrated from the
lower part of the fault block (e.g., Well Guan-118 (2980–3050m), Well
W-135 (2260–2350m)) to the upper part (e.g., Well Guan-120
(2900–3020), Well W-96 (1920–2240m)), the dissolution capability
became gradually weakened; some rich dissolution products (e.g., SiO2)
were simultaneously carried by the thermal fluids (Bjørlykke and
Jahren, 2012), where they were precipitated in the upper part of the
fault block to form authigenic quartz and other cements (Lu et al., 2013;
Mork, 2013; Wang et al., 2017b). The dissolved minerals in the lower
part of the fault block were transported out of the dissolution zone,
causing a net increase in the porosity of the reservoirs there (Fig. 17).

From 31.2 Ma to 11.5 Ma, with an increase in the burial depth and
temperature, the decarboxylation of organic acids and thermal evolu-
tion of gypsum-salt rocks released high-salinity alkaline water, which
converted the formation fluids from acidic to strongly alkaline and
developed an alkaline diagenetic environment in the late stage. Because
the sandstones near the sandstone-mudstone contacts were tightly ce-
mented in the early stage, the late alkaline fluids were confined to the
center part of sandstones, which caused the precipitation of ferro-cal-
cite and ankerite (Fig. 16), resulting in an increase of the amount of
ferro-carbonate from the sandstone-mudstone contacts to the center of
sandstones (Fig. 4D). During this period kaolinite and smectite were
transformed to illite and chlorite rapidly (Figs. 10 and 16), which would
provide ions for the precipitation of ferro-calcite and ankerite (Bristow
and Milliken, 2011; Wang et al., 2016, 2017b). The migration of exo-
genetic thermal fluid might also be partly responsible for the distribu-
tion of carbonate cements in the center of sandstones in fault blocks
(Figs. 8A and 17). Compared to calcite in sandstones near the sand-
stone-mudstone contacts, the precipitation temperature and depth of
ferro-calcite and ankerite in the center of sandstones is higher and
deeper (Fig. 5).

After 11.5 Ma, the diagenetic environment of the reservoirs gradu-
ally transformed from a strongly alkaline to a weakly acidic. This

resulted in minor dissolution porosity of the feldspar and carbonate
cements and quartz overgrowth in the late stage with similar distribu-
tion features (Figs. 16 and 17).

Compaction occurred throughout the entire diagenetic process. The
early strong cementation in the sandstones near the sandstone-mud-
stone contacts inhibited compaction, resulting in a stronger compaction
in the center of the sandstones.

5.3. Causes for the formation of high-quality reservoirs

The diagenetic evolution indicates that the alternating evolution of
multiple alkaline and acidic diagenetic environments and the redis-
tribution of diagenetic products in fault block are the controlling factors
for the development of high-quality red-bed sandstone reservoirs.

The alternating evolution of multiple alkaline and acidic diagenetic
environments controls the diagenesis of the reservoirs and distribution
patterns of reservoir pores. The strong cementation under an alkaline
diagenetic environment in the early stage controlled the distribution of
acidic and alkaline formation fluids in the reservoirs in the late stage,
which established the basis for the distribution features of diagenesis
and reservoir pores in the reservoirs. Diagenesis in the sandstones near
the sandstone-mudstone contacts is of a single type and is primarily the
product of the alkaline environments in the early stage. In contrast, the
middle part of the thick-layered sandstones exhibits a multi-phase su-
perposition of alkaline cementation and acidic dissolution with ce-
mentation. Because of the alternating evolution of multiple alkaline and
acidic diagenetic environments, the reservoir pores are therefore pri-
marily distributed in the middle of the thick-layered sandstones, and
are characterized by the coexistence of primary intergranular pores and
acidic dissolution pores (Fig. 17). This explains why the porosity of the
reservoir quality gradually improves from the sandstone-mudstone
contacts to the center of sandstones (Fig. 6).

The distribution of diagenetic products promoted the differentiation
of reservoir physical properties in the center part of the thick-layered
sandstones inside fault blocks. The primary intergranular pores and
dissolution pores were mainly developed at the lower part of fault
blocks. The dissolution products and metal cations are precipitated in
the upper part of fault blocks, forming authigenic quartz and carbonate
cements in the late stage, filling primary and secondary pores, which
further reduce the porosities of the reservoirs in the upper part of fault
blocks.

The good spatial and temporal configurations between the various
types of diagenetic events controls the development of lithological traps
of diagenetic origin. After being constrained by formation water, the
sandstones with carbonate tight cementation are prone to produce a
water-lock effect in which high capillary pressure forms, which turns
the corresponding sandstone layers into virtual cap layers (Mallon and
Swarbrick, 2008; Wang et al., 2011; Liu et al., 2012). Relative high
porosity is preserved in the center part of sandstones; such reservoirs
would have good hydrocarbon accumulations. Because of the dis-
tribution features of diagenetic products, lithological traps of diagenetic
origin of a certain size are therefore developed in the red bed sandstone
reservoirs of the Dongying Depression. For example, a high-production
well segment in Ek1 (a daily oil production of 5.75 t) that was suc-
cessfully drilled in the Boxing Sag of Well G-94 was located in the
middle of a thick-layered sandstone in the lower part of a fault block
(Fig. 18; Liu et al., 2011).

6. Conclusions

The lower Eocene red-bed reservoirs in the Dongying Depression
evolved through an early-stage alkaline diagenetic environment, fol-
lowed by an acidic diagenetic environment, then a late-stage alkaline
diagenetic environment and finally, a late-stage acidic diagenetic en-
vironment. The red-bed sandstone reservoirs experienced multiple
types of diagenesis, including compaction, carbonate cementation,
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gypsum and ankerite cementation, feldspar and carbonate dissolution,
quartz overgrowth cementation, clay minerals cementation and trans-
formation. Due to the impact of the early-stage alkaline diagenetic
environment, there was strong cementation of calcite and gypsum in
the sandstones near the sandstone-mudstone contacts. From the sand-
stone-mudstone contact to the center of sandstones, cementation be-
comes rapidly weakened and abundant intergranular pores were pre-
served in the middle of thick-layered sandstone units. The influence of
acidic formation fluids caused a large number of dissolution pores in
the feldspar and carbonate cements, forming synchronous occurrence of
primary intergranular pores and acidic dissolution pores. From the
middle part of sandstone units to the sandstone-mudstone contacts,
dissolution becomes weakened gradually and the percentage of ferro-
carbonate decreased. Migration of exogenetic thermal fluids may be
responsible for the gradual waning of dissolution and the progressive
enhancement of cementation from the lower part to the upper part of
fault blocks. The effects of alternating evolution of multiple alkaline
and acidic diagenetic environments and the distribution of diagenetic
products caused the development of high-quality red-bed reservoirs in
the center part of the thick-layered sandstones in the lower part of fault
blocks. Because of the temporal and spatial relationships between the
diagenetic stages and their products, lithological traps of a diagenetic
origin developed in the red-bed reservoirs.
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