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Abstract: The Dongying Depression (Bohai Bay Basin, eastern China) was widely filled with evaporite
(anhydrite and halite) layers during the Paleogene period, especially the middle of the fourth member
of the Shahejie Formation (Es4). Most evaporite layers are interbedded with mudstone strata. The
strata of Es, are divided into three sections, referred to as the upper layers, evaporite layers, and
lower layers, respectively. The analysis of elemental concentrations, elemental ratios, and Pr/Ph
suggests that the lower layers were deposited in an intermittent saline lake environment within a
relatively dry climate. The evaporite layers were formed in a highly saline lake environment, whereas
the upper layers were formed in a brackish-saline to fresh-water environment. Organic matter (OM)
abundance indices, including total organic carbon (TOC), chloroform extracts, total hydrocarbon
content (HC), hydrocarbon generation potential (S; + S;), and OM type, show that the source rock
potential for petroleum generation in the upper layers is best, that in the evaporite layers is fair,
and in the lower layers it is poor. Carbon isotopes (§!3C) of hydrocarbons in the evaporite and
lower layers were heavier than those in the upper layers. Thermal maturity parameters show that
the thermal evolution process of OM in the upper layers was faster where evaporite were present
compared with evaporite-free areas, while the thermal evolution of OM in the lower layers was slower
in these regions. The high thermal conductivity of evaporites may have accelerated the thermal
evolution of source rocks in upper layers and allowed hydrocarbon generation at a shallower burial
depth. This resulted in the earlier appearance of the petroleum generation window compared to in
evaporite-free areas. Meanwhile, the thermal evolution of OM in the lower layers was restrained,
and consequently the hydrocarbon generation window was widened, which implies the potential for
petroleum exploration in deep strata under the evaporite sequence. This is a common phenomenon
in evaporite-bearing basins, according to previous and present studies.

Keywords: evaporites; source rock; hydrocarbon generation potential; thermal evolution; Tmax; TOC

1. Introduction

Recent reviews of more than 180 petroliferous basins around the world reveal that
about 120 basins contain appreciable evaporite (i.e., anhydrite, gypsum or halite) strata [1-4].
Evaporite beds are widespread and common in petroleum-bearing basins, especially those
with large oil and gas fields, such as the Scotian Shelf Basin [5], the Delaware Basin [6],
the Persian Gulf Basin [7,8], the Southern Permian Basin, in NW Europe [9], the Gulf of
Mexico Basin [10,11], the Red Sea Basin [12], the Aaiun Basin, NW Africa [13], the Dnieper-
Donets Basin, Ukraine [14], the Qaidam Basin, western China [15-17], the Tarim Basin,
NW China [18,19], and the Dongpu [20,21], Bonan [22], and the Dongying Depression of
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the Bohai Bay Basin [23,24], eastern China. Thus, studies on the evaporites in hydrocar-
bon source rocks and their roles in affecting hydrocarbon generation have aroused broad
research interest. Previous studies showed that evaporite beds have a close relationship
with the generation and accumulation of petroleum [3,25,26]. Kirkland and Evans [25]
proposed that organic matter (OM) concentrated in evaporitic strata has excellent hydrocar-
bon generation potential. Subsequent research corroborated that good source rocks can be
formed in saline-lake depositional environments [15,16]. The presence of evaporite beds in
sedimentary basins could modify the thermal profile, leading to situations in which the
sediments stratigraphically below salt structures may be colder relative to those with no
overlying salt [27-30]. In some cases, the strata above and below evaporites appear isolated,
but may actually interact with each other through tectonic movement, the flow of fluids,
and chemical reactions [18,29,31].

At present, major questions remain regarding the formation and distribution of evapor-
ites, geochemical characteristics, and differences within the evaporite-related source rocks,
and it is necessary to know their roles in affecting the hydrocarbon generation process. The
fourth member of the Paleogene Shahejie Formation (Es,) in the Dongying Depression,
Bohai Bay Basin, hosts the most economically valuable hydrocarbon source rocks of eastern
China, and this source rock contains widespread evaporite layers and shows that the OM
abundance of source rocks formed in saline-lacustrine environments is higher compared
to other lithologies [32]. Petroleum exploration in recent years has discovered oil and
gas in the lower section of Es4, showing that these source rocks have good hydrocarbon
potential [33] and are ideal study objects for the above problems. Here, we conducted com-
parative studies of the geochemical characteristics of evaporite-related source rocks of Esy
in the Dongying Depression, to understand their formation and evolution in the context of
associated evaporite layers. Our study is helpful to deepen the understanding of the effect
of evaporites within source rocks on hydrocarbon generation and expulsion processes.

2. Geological Setting

The Dongying Depression is located in the eastern Bohai Bay Basin, eastern China. It
is an oil-rich, lacustrine sedimentary depression, and the area of exploration (~5700 km?)
around the depression contains >10 oil and gas fields. The Dongying Depression can be
divided into seven secondary structural units, including the Northern Steep-Slope Belt,
the Central Uplift Belt, the Minfeng Sag, the Lijin Sag, the Niuzhuang Sag, the Boxing
Sag and the Southern Gentle-Slope Belt (Figure 1) [34,35]. The four sags are not only the
sedimentary center of the basin, but also the host areas of the main source rocks. According
to the drilling data from the Shengli Oilfield Company, China Petrochemical Corporation
(SINOPEC), the Cenozoic strata of the Dongying Depression comprise the Paleogene
Kongdian Formation (Ek), the Shahejie Formation (Es), the Dongying Formation (Ed), the
Neogene Guantao Formation (Ng), the Minghuazhen Formation (Nm) and the Quaternary
Pingyuan Formation (Qp), respectively, from bottom to top [36,37].
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Figure 1. Map showing the location and regional tectonic characteristics of the Dongying Depression
(modified from [38]).

There are four sets of evaporite beds in the Dongying Depression: one is in the Kong-
dian Formation (Ek) (not discussed in this paper), and the others are in the fourth member
of the Shahejie Formation (Es4). The upper submember of Esy (Essy) is one of the main hy-
drocarbon source rocks [39,40], and its lithofacies include calcareous shale, grey dolomitic
mudstone, dark grey mudstone, calcilutite, and oil shale. These source rocks are widespread
around the center of the Lijin and Boxing Sags. The lithofacies of source rocks in the upper
part of the lower submember of Ess (Esy "PP¢") are dark grey shale, grey mudstone, calci-
lutite, evaporite beds with shale, dolomitic mudstone, and gypsum-bearing shale. At the
base of the lower submember of Esy (Esy 1°Wer), the lithofacies include the gypsum-bearing
mudstone, grey green mudstone, and gypsum and halite-bearing mudstone. These source
rocks of the Esyp, are mainly distributed in the Minfeng and Lijin Sags. Thus, the source
rocks of Esgp "PP€T host the three sets of evaporite beds and are the main vertical intervals
of evaporite layers. In this study, we took the Esg "PP®" as a reference stratum, and the
strata above and below this reference stratum in Es, are referred to as the upper layers and
lower layers, respectively. The lithological section of the representative well FS1 is shown
in Figure 2.

The drilling data showed that the first set of evaporite beds in the Egyy, is the thick-
est [36]. Laterally, evaporites are widespread in the Central Uplift Belt, to the north of
the Dongying Depression. The evaporite beds are concentrated in the Northern Steep-
Slope belt and the Central Uplift belt, and are exhibited around three sedimentary centers
(Figure 3): the wells Haokel (HK1), Dongfeng1 (DF1), and Dongfeng8 (DF8). Additionally,
the burial depth of strata in the northern slope is greater than that in the central uplift.
In addition, the evaporite beds are interbedded with the mudstone beds in the Egy, "PP*,
which indicates that both are syngenetic.



Energies 2023, 16, 5000

4 0f 20

Depth(m)| System | Series | Formation | Member{Sub- ber{ Lithologic section | Lithological description
3100 —
—3200 —
3300 —
] Calcareous shale
| ] » grey mudstone
3400 z S mainly shale and
— “ = I calcilutite interbedded
Mg —— —— | withoil shale sheets
—3500 — =
—3600 —
@
—3700— 5 @ 2
I = =
% @ @ 7 ~
1 e 3] = @
o =
= S | s2 | @
—3800— = =R [ =
=5} 75}
3900 —
Gypsum rocks
—4000 —| 5 2 gypsum-shales
s g, halopelites
— R mudstone
L] B salt rocks
—4100 — 2 saliniferous mudstone
H lime mudstone
— o interbedded
4200 —
4300 — ~ 2 Gypsiferous mudstone
| H £ T mudstone
= B z 5 o . fine-grained sandstone
| ] < argillaceous sandstone
4400 ] % : o > A Q - pebbled sandstone
1 a " - o conglomerate
(o] O O

pebbled sandstone

oil shale @ gypsiferous mudstone halopelite % gypsum rock
=P -
IE] mudstone sandy mudstone ] pebbled mudstone =] argillaceous sandstone

I;_I:l lime mudstone EE‘_:I saliniferous mudstone 1 salt rock fine-grained d 0000001 pebble ate

granule conglomerate

Figure 2. Lithological section of evaporite-related source rocks in Es4 in the Dongying Depression
(data from well FS1).
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Figure 3. Map showing the isopach of evaporite beds of Es4-Ek Formation in the Dongying Depression.
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3. Analytical Methods

Considering the possible effects of facies variations and tectonic evolution, we chose
the samples from one well or the same area to make each comparison, in order to avoid the
possible effects. Most of our data were collected by the Institute of Geological Sciences of
Shengli Oilfield Company. Major and trace elements (K, Na, Cu, Mg, Fe, Al, Mn, Ba, Sr, Zn,
V, and Ni) with concentrations ranging from pg/L to g/L of 89 shale core samples from
well HK1 were analyzed using Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES), conducted at the Formation Laboratory of the Institute of Geological Sciences
of Shengli Oilfield Company. All other analyses (described below) were conducted at the
Geochemistry Laboratory of the Institute of Geological Sciences. The vitrinite reflectance
(Ro) of 30 samples was measured using UMSP-50 microphotometry; more than one hundred
points were tested, and then the average was calculated for each sample. Kerogen analysis
under the thin sections of 15 samples from the FS 2 well was performed using a DMRXP
fluorescence microscope. Organic carbon contents of 17 shale samples from well FS1 were
measured after removing carbonates. Total organic carbon content (TOC), Trax (temperature
of maximum kerogen pyrolysate yield), residual soluble hydrocarbon (S1), and pyrolysed
hydrocarbon (S;) of shale samples were measured with Rock-Eval pyrolysis 6.

Rock samples were powdered after removal of any superficial contamination. All
of the samples were subjected to analysis with a Rock-Eval/TOC analyzer, and selected
samples (considering the distribution samples in the upper, lower and evaporite layers)
were then extracted in a Soxhlet apparatus with chloroform/ethanol (98:2, v/v) for 72 h.
Asphaltene was precipitated by adding about 30 mL n-hexane and ultrasonic dissolution,
which was maintained for 12 h. The extracts were fractionated on a neutral alumina
chromatographic column into saturate, aromatic hydrocarbons, and a polar fraction, via
sequential elution with n-hexane, toluene, and chloroform. For the quantitative determina-
tion of absolute concentrations of aliphatic and aromatic hydrocarbons, known amounts of
standard compounds, 20R-5x14x17« (H)-d4-cholestane and d8-dibenzothiophene, were
added to the concentrated extracts prior to fractionation.

Gas chromatography (GC) of saturated hydrocarbon fractions was performed on a
Hewlett-Packard 5160 GC fitted with an SE54 fused silica column (25 m x 0.25 mm i.d.).
The GC oven was initially set at 50 °C for 2 min, and then programmed to 300 °C at
4 °C/min. Gas chromatographic-mass spectrometric analyses (GC-MS) of saturated and
aromatic hydrocarbon fractions were carried out on a Hewlett-Packard 5980 Mass Selective
Detector (MSD) fitted with a 30 m x 0.25 mm i.d. HP-1 MS capillary column (with 0.25 mm
film thickness). For analyzing saturated hydrocarbons, the GC oven was initially set at
50 °C for 2 min, programmed to 100 °C at 2 °C/min and then to 310 °C at 3 °C/min, and
had a final holding time of 15 min. For analyzing aromatic hydrocarbons, the GC oven was
initially set at 60 °C, programmed to 150 °C at 8 °C/min and then to 320 °C at 4 °C/min,
and had a final holding time of 10 min. The mass spectrometer was operated in selected
ion monitoring mode.

HCI at the concentration of 15% was used to remove carbonates from the powdered
samples, and then the residual powder was wrapped with a tinfoil sheet. After that,
the samples were analyzed for the carbon isotope composition of hydrocarbons using
MAT?251 Gas Isotope Ratio Mass Spectrometer with an error < 0.5%, and the PDB was
used as standard [41].

4. Results
4.1. Inorganic Chemistry and Typical Elements Ratios

In order to avoid the effect of sedimentary facies variations, we analyzed the elemental
ratios in the key exploration well HK1 (Figure 4) and investigated the sedimentary environ-
ment of Ess. As well HK1 is located near the Central Uplift Belt, the burial depth of the
strata (Esy4) is obviously less than that of well FS1. The results show that the concentrations
and ratios of certain elements present cyclicity during the Es4 deposition.
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Figure 4. Major elements, trace elements, and typical elemental ratios of the upper, evaporite, and
lower layers in the Dongying Depression. The samples were collected from well HK1 because it is
the key well for scientific story. (a) Shows the major elements’ change with depth; (b) shows the trace
elements’ change with depth; (c) shows the typical element ratios’ change with depth.

From the bottom (4200 m) to the center (4000 m) of the lower layers, Ca, Sr, and the
Sr/Ba ratio displayed an obviously decreasing trend, Ba and the Ca/Mg ratio displayed an
obviously increasing trend, and other elements remained stable. There was a remarkable
change for all major elements at the top of the lower layers. K, Ca, Mg, Fe, and Al
showed a decreasing trend, coexisting with the increasing trend for Na. The average of Fe
concentration in the bottom of the lower layers was about 3.9 wt%, increasing to 4.8 wt%
towards the middle of the lower layers, and then showed an obvious decrease towards the
top of the lower layers, reaching a minimum value of 0.3 wt%.

Most element contents showed obvious fluctuations in the evaporite layers. The
evaporite layers with anhydrite and halite were mainly composed of Ca and Na. The
concentrations of certain major elements (K, Fe, Al) and trace elements (Mn, Zn) showed
decreasing trends in bulk, while Na, Ca, and Sr showed increasing trends. The variation and
cyclicity of elemental contents at the bottom of evaporite layers was pronounced. Trends
in K, Mg, Fe, and Al concentrations were correlated, whereas Na showed the opposite
trend. For trace elements, trends in Mn, Zn, V, and Ni were consistent. The Sr/Ba and
Sr/Ca ratios showed consistent relative variation, while the Ca/Mg ratio displayed the
contrasting trend to Sr/Ba and Sr/Ca in the evaporite layers.

Elemental concentrations and ratios in the upper layers showed significant differences
relative to those in the evaporite layers. The contents of Na, Mg, and Sr were relatively
low, while those of Ca, Fe, Al, Mn, Ba, and V were higher in the upper layers, and Sr/Ba,
Sr/Ca, and Fe/Mn ratios were also relatively low, especially the Fe/Mn ratio, showing
an obvious decreasing trend upwards in the upper layers. The upper layers showed only
slight variations in most concentration and ratio values, except the part near the bottom of
this section.

4.2. Geochemical Characteristics of Source Rocks

Evaporite beds are widespread in the Central Uplift Belt to the north of the Dongying
Depression. Well FS1 in the Mingfeng Sag is representative of the deep lithology profile
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of the studied area (Figure 5). A statistical analysis on the geochemical characteristics
(including the type of OM, TOC, and chloroform extracts of source rock) of this section was

performed (Figure 5).
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Figure 5. Organic geochemical characteristics in a section of evaporite-related source rocks in Es4 in
the Dongying Depression. The samples were collected from well FS1.

4.2.1. Kerogen Type

The kerogen types were determined according to the method reported by Tissot and
Welte [42]. The results of maceral analyses (Figure 5) showed that the kerogen of source
rocks in upper layers were sapropelinite and consisted mainly of type I kerogen. The
kerogen of source rocks in the evaporite layers was mainly sapropelinite, with little vitrinite.
According to the calculation method proposed by Li and Lu [43], the numerical kerogen
type index (NKTI) was 62.7-93.6 and the kerogen was mainly type I, with lesser amounts of
type II; for studied samples. The kerogen type II; was determined by the ratio of H/C and
O/C, with a range of 1.2-1.45 and 0.1-0.15, respectively [44]. The vitrinite content in lower
layers was relatively high, and some samples contained minor amount of inertinite, with a
kerogen type index in the range of 23-87.2. Type II; kerogen was the dominant component
in the lower layers. Based on a comparison of results, the type of OM in the upper layers is
the best for petroleum generation, and then OM in evaporite layers; the lower layers are
last, in terms of source rock potential.

4.22. TOC

Results showed that the TOC content of the upper layers is highest, followed by the
source rocks in the evaporite layers (Figure 5). The TOC in the upper layers was generally
>2 wt% up to 5.32 wt%, with an average of 3.39 wt%, while the TOC in the lower layers
was mostly below 1 wt%, but >0.5%, with several points >1 wt% near the bottom of the
evaporite layers. The variation in TOC content was larger in the evaporite layers. For most
samples from the mudstones interbedded in the evaporite layers, the TOC was higher than
1 wt%, indicating good OM abundance.
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4.2.3. Chloroform Extracts of Source Rocks

Experimental results showed that the chloroform extract content of source rocks in
the upper layers was highest, followed by the evaporite layers where the evaporite beds
are widespread (Figure 5). The value of the chloroform extract content was above 0.1% in
the evaporite layers, from 0.16% to 1.01%, which showed that OM is well developed in
the mudstone of evaporite layers. The upper layers had high contents of chloroform
extracts, from 0.26% to 2.85%, showing very good petroleum generation. However, the
high chloroform extracts may be related to oil shale sheet. For the lower layers, the content
of chloroform extracts was comparatively low compared to the upper and evaporite layers,
from 0.1% to 0.40%, but all > 0.1%. All these data indicate that the Es4 display potential for
hydrocarbon generation.

The content of total hydrocarbons (saturated + aromatic hydrocarbons) increased with
burial depth (Figure 5), while nonhydrocarbons decreased overall with burial depth. The
content of total hydrocarbons in the upper layers was mainly 40-80 wt%, and 20—40 wt%
for nonhydrocarbons. The content of total hydrocarbons in the evaporite layers was mainly
60-90 wt%, with nonhydrocarbons less than 20 wt%.

4.2.4. Hydrocarbon Generation Potential

For the Rock-Eval pyrolysis, with hydrocarbon generation potential (51 + S;), <2mg/g
is regarded as poor, 2-6 mg/g is medium, and >6 mg/g is good [45,46]. S; + S, of the
upper layers are mostly above 4 mg/g, with about 70% >6 mg/g, and a maximum of
35.36 mg/g. The average was 13.34 mg/g in our research area. The value of hydrocarbon
generation potential in the evaporite layers showed a wide variation of 1.33-13.54 mg/g,
mostly above 4 mg/g, with an average of 6.62 mg/g. S; + S, in the lower layers was mostly
below 2 mg/g, with an average of 1.59 mg/g and a maximum of 3.39 mg/g.

4.2.5. Carbon Isotopes

The analysis of carbon isotopes for different group components of extracts from Esy in
wells FS1, FS2, and F8 in the Minfeng Sag showed that carbon isotope values are heavy
overall (Figure 6a—c). The value of 5!3C of alkanes was >—27.4%., and values were bigger
than —25.3%0 and —25.6%o. for aromatic hydrocarbons and nonhydrocarbons, respectively.
The data in Figure 6a—c show that §!3C in the lower and evaporite layers are heavier
than those in the upper layers. Figure 6 shows that carbon isotope values elevated with
the increasing burial depth. However, the variation with burial depth was modest in
the evaporite layers and lower layers. This implies that the isotopes might be impacted
by evaporite layers. Correlations between carbon isotopes and vitrinite reflectance may
suggest an effect of maturity on carbon isotope values. The 2C-12C bond is weaker than 13C-
13C and !2C-!3C bonds, which results in a lower activation energy for chemical reactions.
With increasing thermal evolution, '>C-12C bonds rupture first, enriching the residual OM
in 13C [47]. Thus, the carbon isotope values of evaporite and lower layers are heavier than
those in the upper layers.
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Figure 6. Carbon isotope (§'3C), Ro, Y-Cs1/Y.Cp, and (nCp1 + nCp)/(nCpg + nCpg) vs. burial
depth of the evaporite-related source rocks in Es4 in the Dongying Depression. The samples
were collected from wells F8, DF2, FS1, and FS2, which are located in the north belt of Dongying
Depression. (a) Shows the §'3C of saturated hydrocarbons changing with burial depth; (b) shows
the 8'3C of aromatic hydrocarbons changing with burial depth; (c) shows the §!'3C of nonhydrocar-
bons changing with burial depth; (d) shows Ro changing with burial depth; (e) shows the ratios
of Y-Cp1/Y_Cyy changing with burial depth; (f) shows the ratios of (nCp; + nCpp)/(nCps + nCpg)
changing with burial depth.

5. Discussion
5.1. Paleo-Environment
5.1.1. Paleoclimate

The final sediment composition depends primarily on its prevenance, which is mod-
ified by physical processes and associated geochemical alteration during transport from
the source to the deposition area [48-52]. Rimmer [53] suggested that high amounts of
Fe, Al, Ba, V, and Ni in lacustrine beds can indicate a high lake level, the desalination of
the lake, and a humid environment. Conversely, high amounts of Na, Mg, Ca, Mn, and
Sr indicate an arid climate [54,55]. The ratios of Fe/Mn, Sr/Ba, Sr/Ca, and Sr/Cu are
commonly used to identify paleoclimates [53,56-59]. We adopted a multi-index method to
infer the paleoclimate of Es, in the Dongying Depression, in order to reduce the uncertainty
associated with various individual factors.

Experimental results showed that content of Sr firstly decreased and then increased
in the lower layers, moving upward; however, Ba displayed the opposite trend (Figure 4).
These trends suggest an arid climate during the early part of the deposition of the lower
layers, becoming humid over time, and then drying once again [60]. This suggests an alter-
nating dry-wet-dry cycle during the sedimentation of the lower layers. This observation is
consistent with the results of Wang et al. [61]. The variation in elemental contents in the
evaporite layers was greater; the content of Sr increased and decreased quickly, showing a
sharp peak at the bottom of this section. Na and Mg both showed a large variation at the
bottom, but become more stable in the upper section, suggesting relatively greater climate
variation during the sedimentation of the latter units. Variations of Sr/Ba and Sr/Ca in the
upper and evaporite layers were consistent, and greater than those in the lower layers. The
Fe/Mn ratio was in contrast to the two former ratios. These data indicate that the climate
of the evaporite-layer deposition was generally arid [53,56]. The contents of Mn and Ba
increase in the upper layers, suggesting that the lake level had risen and deepened after
the evaporites were deposited, and the lake had become less saline and the climate more
humid. Similarly, the increased Fe and Al, decreased Mg and Sr, and increased Ca/Mg
ratio suggest that the climate was more humid relative to the evaporite and lower layers.
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5.1.2. Paleosalinity

The Sr/Ba ratio is sensitive to paleosalinity, because strontium sulfate is considerably
more soluble than barium sulfate [60]. Mapila et al. [62] found that the Sr/Ca ratio of
sedimentary rock can also be used to indicate paleosalinity, and shows a positive correla-
tion consistent with Sr/Ba trends. A ratio of Sr/Ba < 1 indicates a terrestrial sedimentary
environment (in which ratios between 0.6 and 1 indicate brackish water, whereas <0.6 indi-
cates brackish-fresh water), whereas Sr/Ba > 1 indicates a saline lake environment [63-65].
Results (Figure 4) showed that the value of Sr/Ba in the lower layers decreased from > 1 to
—0.1, and then increased to >1 again. This reflects the alternation of saline lacustrine facies
(because of the evaporite beds in Ek) and brackish-fresh facies, transitioning to consistent
saline lake facies. These data, combining the previous analysis of the paleoclimate, led us
to conclude that the environment of the lower layer deposition was an intermittent salt
lake-saline water environment. The values of Sr/Ba of the evaporite layers were mostly >1,
suggesting mostly saline lacustrine facies with occasional brackish water. The Sr/Ba ratio
of the upper layers was mostly 0.6-1 with a few outliers <0.6, indicating a brackish water
environment for the upper layers.

5.1.3. Redox Environment

Sedimentary rocks can record the redox information of the depositional environment.
The color of the mudstone in the lower layers of key well HK1 in the Central Uplift Belt
is mainly dark red, purple and brown, with lesser grey mudstone (Figure 7), suggesting
oxidizing conditions of deposition due to the presence of iron oxides in the mudstones.
In addition, the pristane to phytane ratio (Pr/Ph) is commonly used to indicate the redox
state of the dipositional environment [66—68]. Generally, Pr/Ph values above 1.0 indicate
oxic conditions, while values below 1 indicate anoxic conditions [66]. But the Pr/Ph ratio is
sensitive to maturity, and therefore caution should be taken when using it [69]. The Pr/Ph
ratio increases before reaching the principal zone of oil formation, and then decreases. This
phenomenon may lead to the redox conditions of deposition being misunderstood.

Well HK1
Depth(m) |Stratum| Lithologic section Lithologic description
— — — /
=== Picture of red
. Z 7/ mudstone
—3900 — —
] —
o
s
—4000— =
o
— <
(¢}
— @
_(ES lm\cr) % W
L 4100— " — red mudstone,
—_ - pale halite,
. M7 gypsum rocks and
— 7 gypsiferous, with
] - purple dolomitic
L4200 — I siltstone.

Figure 7. Lithologic section of the lower layers in well HK1.
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We performed a statistical analysis of pristane and phytane in wells FS1, FS2, FS3,
and F8 (Figure 8). All these wells are located in the Minfeng Sag. Experimental results
indicated that low Pr/Ph (Pr/Ph < 0.7) and high phytane content appeared in the evaporite
layers, while Ph/nCig showed high values (Ph/nCig > 2). These data suggest a strongly
reducing, alkaline environment for evaporite layers. The Pr/Ph values were mostly <1 and
decreased with the burial depth in the upper layers, which suggests a low-oxygen (anoxic)
environment [70]. The Pr/Ph at 1.1 in the upper layers may have been caused by the source
rock reaching the petroleum formation zone. However, phytane declines in the lower layers
where Pr/Ph is 0.6-1.2, showing a slow increase. This reflects an oxygen variation (deficient-
oxic) sedimentary environment in the lower layers. Furthermore, a ternary plot of Pr/Ph,
Pr/nCy7, and Ph/nCig in Es4 shows that the environmental conditions of OM deposition
are consistent with the results of elemental analysis (Figure 9). For the northern steep slope
of the Dongying Depression, source rocks in the lower layers are mostly distributed in
Group III, with several at the border of Group III and II, which mainly indicates a fresh- to
brackish-saline water sedimentary environment. Source rocks in the evaporite layers are
mainly distributed in Group IV, indicating a salt lake environment. Additionally, source
rocks in the upper layers are mostly distributed in Group III, with several in Group II,
indicating a saline-subsaline to fresh-water sedimentary environment.

Pr/Ph Ph/nCq
02 04 06 08 1 12 0 1 2 3 4
3000 ||||||l|||30°0 L I B R B
3200 |— * ol
3400 [— . 3400 — @
3600 — 3600 [—
g
S 3800 — 3800 |—
Q.
a
° °
4000 | — @@ ° 4000 — ° haadhe
4200 [— 4200 —
A A Ap
4400 [— 4400 —
A AAA A AA A
4600 L— 4600 L—
a b
¢ Upper layers @ Evaporite layers A Lower layers

Figure 8. Burial depth vs. Pr/Ph (a) and Ph/nC18 (b) in the upper, evaporite, and lower layers. The
samples were collected from wells FS1, FS2, FS3, and F8.
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L. Limnetic facies genesis

[1. Fresh water lacustrine genesis

III. Brackish-saline lacustrine genesis
TV. Salt lacustrine facies genesis

4 Upper layers
® Evaporite layers

A Lower layers

02 08

Ph/nC g

Figure 9. Pr/Ph, Pr/nC17, and Ph/nC;ig of source rocks in Es4 in the Dongying Depression. Board
chart was revised after Wang et al. [33]. The samples were collected from wells F8, FS1, and FS2.

5.2. Organic Matter Richness

The accumulation and preservation of organic matter in sedimentary environments is
controlled by primary productivity, sedimentary rate, settling time, redox conditions at the
bottom, chemical composition, and the depth of the water. In this study, the formation and
preservation of organic matter in a salt lake took place in a strong reducing environment (as
described above). The high salinity in a salt lake makes it easy for a permanent halocline to
form. The anoxic environment forms under bottom water characterized by high salinity;,
and the organic matter avoids decomposition via oxidation, resulting in the formation of
high quality source rocks [25,37,42].

The studied samples were characterized by highly variable TOC contents, ranging
from 0.35% to 5.32%. Peters and Cassa [69] presented standard guidelines for evaluating
the organic richness, quality, and maturity of source rocks based on pyrolysis parameters
in which a TOC value of 0.5 wt% was considered to be the base limit for an effective source
rock. An effective source rock was defined as a rock which contains organic matter and
is presently generating and/or expelling hydrocarbons to form commercial accumula-
tions [71]. Based on the above standard, and in combination with previous studies [34],
most source rocks (mudstone or shale) related to evaporites in this study were effective
source rocks, which has been proved by drilling exploration. The TOC is low in the lower
layers, and a previous researcher reported that the mudstone in the lower layers was still
an effective source rock [44], but caution should be taken when exploring for petroleum.

The TOC difference between the lower, evaporite, and upper layers is firstly due to the
sedimentary environment. The enrichment of nutrients in brackish to fresh water, such as
nitrogen and phosphorus compounds, can promote the production of plankton and algae,
resulting in higher productivity [25,72,73]. This may be the reason for the high TOC in the
upper layers. Yuan et al. [23], Chen et al. [74], and Ma et al. [75] reported that deep basins
in mountainous terrains (like the Dongying Depression) are suitable for the formation of a
halocline, causing salinity stratification and promoting the formation of a reducing horizon



Energies 2023, 16, 5000

13 of 20

in deeper water (identified by Pr/Ph). Former discussions showed that the upper layers
were formed in this latter regime, where OM preservation is favored. The variation in TOC
content is larger in the gypsum-salt layers. For most samples, the TOC was higher than
1%, showing a good OM abundance, and was better than the source rock in Holocene-
Pleistocene salt flat sabkha (playa), W-Texas-New Mexico [76]. Moreover, the presence
of gammacerane suggests water, but also hypersalinity column stratification [77,78], and
the TOC content of the evaporite layers was positively associated with gammacerane
content (Figure 5), which is related to water salinity and stratification. Brine stratification
inhibited the free circulation of oxygen in the lake bottom, enhancing the preservation
of organic matter [77]. This suggests that the OM content is related to the salinity of the
lake. The sedimentary environment of the lower layers is an intermittent salt lake-saline
water environment, and the paleo-productivity of the OM is lower than in the upper
and evaporite layers. The oxidation state is suboptimal for the preservation of OM. All
these factors led to the lower OM content of source rocks in lower layers compared to
the other layers.

According to the above analysis, the environment of the evaporite layer deposition
was a reducing salt lake environment, and a saline lacustrine sedimentary environment
was present for the upper layers. The depositional environment was suitable for OM
preservation. The values of S; + S, (hydrocarbon generation potential) show a positive
correlation with TOC. This also indicates that reducing the sedimentary environment with
saline water is favorable to the enrichment and preservation of OM. These results show
that source rocks in the evaporite and upper layers have better hydrocarbon generation
potential than in the lower layers. Several samples showed high extract contents because of
oil shale-bearing in the upper layers.

For the source rocks of Eg4 in the Dongying Depression, the effective and good source
rocks were generally those with TOC > 0.5%, hydrocarbon generation potential > 2mg/g,
and chlolroform extract content > 0.1%, according to a previous study [32,44] and the
exploration of the Shengli Oilfield Company. Based on this, and considering the reliability of
the conclusion, using the limit of TOC >1% in present study, the results (in Figure 5) showed
that most samples in the upper and evaporite layers were effective and good source rocks
for petroleum generation, while those in the lower layers might be potential source rocks.

5.3. Thermal Evolution of Source Rocks

For source rocks, the vitrinite reflectance (R,), carbon isotopes, production index,
Tmax, and hydrocarbon content change with thermal maturity. We addressed Ry, Tmax,
production index, carbon isotopes, and hydrocarbon content to assess thermal maturity.

5.3.1. Vitrinite Reflectance

The studied samples were from wells DF2, FS2, and F8, which are located in the
northern steep-slope belt of the Dongying Depression. The analysis results of vitrinite
reflectance (R,) data of Egs source rocks (Figure 6d) showed that R, increased with the
burial depth. The rate at which R, increased with the burial depth in the upper and
evaporite layers was greater than in the lower layers. The rate slowed just below the
bottom of the evaporite layers, likely reflecting the high conductivity of evaporite beds,
which was 2-5 times greater compared to shale [21,29]. The thermal conductivity of shale
above the evaporite beds was lower, allowing heat accumulation in the upper evaporite
layers and the above strata. Because the evaporite layers contain three sets of evaporite
beds and the source rocks are interbedded with them, like in the sandwich model, this leads
to heat being accumulated in these source rocks (shale and mudstones) in the evaporite
layers. Thus, the R, of the evaporite layers and the strata above was significantly increased,
and showed a high Ro gradient. A similar phenomenon was also found in other evaporite-
bearing basins, such as the Gulf of Mexico basin [29] and the Tarim Basin [30]. It has been
proved that the evaporite layers can impact on the geothermal temperature profile and
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result in an effect on the thermal maturity of source rocks [29,30]. Usually, there is a quick
rise of Ro near the evaporite layers and Ro increases slowly below salt beds.

Figure 10 shows the difference in Ro between the upper layers and evaporite-free areas
at similar burial depths in the Dongying Depression. All the samples in the present study
had similar burial and geothermal histories. Based on contrasting analyses of R,, of the
strata above the evaporite layers and the area without evaporites at similar burial depths
(Figure 10), results showed that the R,, of the upper layers were mostly greater than 0.6%,
while the R,, of the area without evaporites were lower (0.4-0.5%). This also suggests that
the high conductivities of evaporite beds increased the thermal flow in the above strata,
increasing the thermal evolution of the OM in the upper layers. This process led to a higher
R, in the upper layers, compared to the areas without evaporite beds at the same burial
depth. This was consistent with the distribution of R,, in Figure 10. These data indicate that
evaporites can promote the thermal evolution of OM of source rocks in the upper layers
near the evaporite layers.
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Figure 10. (a) Comparison of Ro in the upper layers and evaporite-free areas at similar burial depths.
The samples of the upper layers were collected from well DF5, and the samples of evaporite-free
area were collected from wells T762, N35, and DF2. (b) Tmax vs. burial depth. (¢) S1/(S1 + S) vs.
burial depth. The red trend curve in (c) shows the change in S; /(S; + S;) with burial depth in the
evaporite-bearing area; the blue one shows those in the evaporite-free area. The samples of evaporite
bearing area were collected from wells FS1, F8, and FS2, and the samples of evaporite-free area were
collected from well XLS1.

5.3.2. Tomax

The Tmax of source rocks in the upper layers (wells FS1 and F8), evaporite, and
lower layers (well FS2) and the samples of areas far from evaporite beds (well XLS1) was
compared (Figure 10b). The results showed that the Tax of samples from the upper layers
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was about 440-450°C, whereas that of the evaporite and lower layers was about 420 °C.
The Tmax of the samples far from evaporite beds increased slightly with burial depth, but
fluctuated between ~440 and 450 °C. The Tmax in the lower layers was obviously lower
than those of the area away from the evaporite beds, while the upper layers did not show
this phenomenon. The low Tiax values in the evaporite and lower layers (Figure 10) might
have been affected by the accumulation of hydrocarbons [38,79], as some shale oil (soluble
organic matter) was found in the lower layers according to the drilling data from Shengli
Oilfield Company. The Trax values in the upper layers increased near to evaporite beds.
This also indicates a high thermal maturity of the source rock in the upper layers, near
the evaporites. Although the low Trax values might be caused by some accumulated
hydrocarbons, the increasing trend of Tmax is similar to the variation in R, in the upper
layer (Figure 6d). Because the R, is not affected by accumulated hydrocarbons, we can infer
that the variation trend of Tyax is similar to R,. Therefore, the low Tpax in the evaporite
and lower layers could be caused by two reasons; one is the accumulated hydrocarbons,
and the other is the geothermal temperature being affected by the evaporite beds. Which
one is the main factor will be clarified in future study.

In any case, the variations in R, and Trmax showed that evaporite beds can slow down
the evolution of OM in lower layers because of the high thermal conductivities of salt rock
beds. Therefore, the diagenetic evolution was restrained and the evolution of source rocks
differed relative to comparable levels of those in the area without evaporite beds. Thus,
the burial depth of source rocks for reaching high maturity was deepened, and the oil
generation window is widened. Moreover, abnormally high pore pressures in the evaporite
layers and underlying strata result from the strong plasticity and compactness of gypsum-
salt rocks, restraining the maturation of OM and the cracking of hydrocarbons of the source
rocks in lower layers [25,80,81]. Physical sealing and pressure sealing mechanisms are the
important factors that result in the strata of overpressure sealing [82], and the pressure
coefficients in the evaporite-bearing area were a little higher than those of the evaporite-
free area. For example, in the layers where evaporite beds are widespread, in well HK1,
3351-3825 m depth, the pore pressure coefficient reached up to 1.5-1.91, showing high
overpressure. And, in the strata containing evaporites in well TS1, at 35804000 m depth,
the pore pressure coefficients reached medium-high overpressure (about 1.6). Thus, the
presence of evaporites affected not only the heat transmission, but also the pore pressure,
which resulted in R, and Tmax showing variation, as described above.

5.3.3. Production Index (S1/(51 + Sp))

The production index (PI), the ratio of S1/(S1 + S;), can be used to indicate the maturity
of OM. Usually, a high PI means that the source rock contains more soluble hydrocarbons,
which are the expelled petroleum of the source rock, and indicates a good hydrocarbon
generation potential of the source rock [72]. The PI of source rocks in the upper layers (wells
FS1 and F8), evaporite, and lower layers (well FS2) and the area without salt rock beds
(well XLS1) (Figure 10c) were analyzed. The results showed good correlations between
the variation trend in S1 /(S + S2) and R,, (Figure 6d). In addition, a comparison between
curves revealed that the burial depth for source rocks in the upper layers to become mature
was shallower relative to the samples from the area without evaporite beds. This illustrates
that evaporites can reduce the hydrocarbon generation threshold (burial depth) and allow
the oil generation window to appear earlier. The PI of source rocks in the evaporite and
lower layers was much greater than that from the area without evaporites at the same
burial depth. This might indicate a good hydrocarbon generation potential for source rocks
in the evaporite and lower layers. However, the high ratio of S;/(S; + Sp) in the lower
layers may be caused by the accumulation of hydrocarbons, as mentioned above. Care
should be taken to assess the source rocks in the evaporite and lower layers.
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5.3.4. Isotopes, (NCy1 + nCy2)/(nCpg + nCpg), and Y Cp1/Y Cor Change with Maturity

The carbon isotopes of saturated, aromatic hydrocarbon and nonhydrocarbon groups
showed the same trend as vitrinite reflectance, increasing with burial depth. The value
of the carbon isotope increased with burial depth in the upper layers, and the rate of
increasing became quicker near to the evaporites beds. But there was no obvious increase
for the carbon isotope in the evaporite and lower layers. This also indicates that the source
rocks in the evaporite and lower layers had a slower thermal evolution rate than in the
upper layers.

The data of rock chloroform extracts and saturated hydrocarbon gas chromatogra-
phy parameters were analyzed statistically, as shown in Figure 6e,f. Results showed that
(nCy1 + nCp)/(nCpg + nCpo) and Y Cyp1 /Y Cyy increased with burial depth and were cor-
related, reflecting the increasing maturity of the source rock. As seen in Figure 6e,f, the
two parameters increased with the burial depth from the upper layers to the evaporite
layers, while those of some samples in the lower layers were mainly unchanged or lowered
slightly. Once again, this suggests that the evaporite rocks could restrain the evolution of
OM in the lower layers.

6. Conclusions

In this study, we presented the results of a comparative study of evaporite-related
source rocks of the fourth member of the Shahejie Formation in the Dongying Depression,
through analyses of their characteristics in terms of the total content of organic matter, the
kerogen type, and the quality and maturity level, together with the analysis of their hydro-
carbon generation potential. Based on our results and analyses, the following conclusions
can be reached.

(1) The sedimentary environment changed from the lower layers to the upper layers and
resulted in the differences in evaporite-related source rocks in Es4 in the Dongying
Depression. The lower layers were deposited in an intermittent saline lake environ-
ment in a relatively dry climate. The evaporite layers were formed in a highly saline
lake environment in an arid climate, whereas the upper layers were formed in a
brackish-saline to fresh-water environment in a humid climate.

(2) The content of TOC, hydrocarbon generation potential, and chloroform extracts of
most studied samples indicated a good potential for hydrocarbon generation. The
geochemical parameters showed that the source rocks for petroleum generation in the
upper layers were the best, the evaporite layers were medium, and the lower layers
were poor in comparison.

(3 Thermal maturity parameters (including Ro, Tmax, PI and chloroform extracts) and
carbon isotopes showed that the thermal evolution process of OM in the upper
layers was faster than in the evaporite-free areas, while the thermal evolution of OM
in the lower layers was slower than elsewhere. The high thermal conductivity of
anhydrite and halite may have accelerated the thermal evolution of source rocks
in upper layers near the evaporite beds and allowed hydrocarbon generation at
shallower burial depths than those in areas without evaporites. This resulted in the
earlier appearance of the petroleum generation window, compared to evaporite-free
areas. Meanwhile, the thermal evolution of OM in lower layers was restrained, and
consequently the hydrocarbon generation window was widened, which implies a
potential for petroleum exploration in deep strata under the evaporites sequence.
However, because the Tmax and S;/(S; + Sy) in the evaporite and lower layers were
affected by accumulated hydrocarbons, we should be careful to use these parameters
to assess the source rocks in the lower layers, and detailed work need to be carried
out in future studies.
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