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Thick and organic-rich mudrocks occur in the lower Cretaceous Xiguayuan Formation (K;x) of the Luanping
Basin, Northern China. Shale oil has been discovered for the first time in Well LT-1, adding to the oil exploration
of Mesozoic hydrocarbons in the Yanshan Structural Belt. However, geochemical studies have been very limited.
In this study, the core samples in Well LT-1 and several outcrop samples from stratigraphic sections were
collected. Organic and inorganic geochemical analyses have been jointly carried out to study geochemical
characteristics and paleoenvironments as well as the controlling factors for organic matter accumulation. The
studied mudrocks are fair to excellent source rocks (total organic carbon content ~3.6 wt%). The main organic
sources are aquatic plankton and terrigenous higher plants. The dominant organic matter is of type II and III. The
vitrinite reflectance (0.84-1.32 %) and Tmax values (440-467 °C) indicate mature to highly mature thermal
maturity stages. The results indicate that the mudrocks have good hydrocarbon generation potential. Addi-
tionally, biomarkers and elemental composition show that they formed under anoxic lacustrine sedimentary
environments with a stratified and brackish water column. The paleoclimate was semiarid, the paleoproductivity
was moderate and the sedimentary rate was high. Excellent preservation and moderate productivity are the two
major controlling factors for organic matter accumulation in the Xiguayuan Formation.

1. Introduction Xing et al., 2019) characterisations, such as those of sediment supply,

Jurassic-Cretaceous boundary, dinosaur tracks and Jehol Biota fossils.

During the mid-Cretaceous, the Yanshan Mountains experienced
complex intraplate tectonic deformation and structural system trans-
formation. As a result, many extensional superposition basins formed in
the Yanshanian Structural Belt, such as the Chengde, Fengshan, Chi-
cheng, Beipiao, and Shirengou basins (Fig. 1; Ren et al., 2002; Liu et al.,
2007). Thick and organic-rich mudrocks (shales and mudstones) were
deposited. The Luanping Basin is one of the typical and well-preserved
basins in the Yanshan Structural Belt containing Early Cretaceous
strata (Zhang et al., 2007; Cope et al., 2010). Previous studies mainly
focused on sedimentological (Zhang et al., 2007; Cope et al., 2010; Jia
etal., 2020; Yan et al., 2020), stratigraphical (Liu et al., 2001; Tian et al.,
2008), tectonic (Wu et al., 2004) and palaeontological (Qin et al., 2017;
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However, the understanding of geochemical characteristics and sedi-
mentary environments of the mudrocks in the lower Cretaceous
Xiguayuan Formation from the Luanping Basin has been limited. Pre-
vious investigations found that the source rocks are of poor to fair hy-
drocarbon potential. Moreover, the volcanic activity and other tectonic
movements have caused serious damage to effective reservoirs and oil
and gas transportation channels (Jiao et al., 2000; Li et al., 2008).
Determining the molecular composition is useful for studying the
characteristics of sedimentary organic matter (Peters et al., 2005;
Hakimi et al., 2015; Ding et al., 2016). Therefore, biomarkers can
effectively indicate the source of organic matter and paleoenvir-
onmental conditions (Peters et al., 2005; Gao et al., 2018). Likewise, the
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inorganic geochemical characteristics, such as the major and trace
element contents of source rocks, can efficiently indicate the sedimen-
tary environments of organic matter (Hatch and Leventhal, 1992;
Worash, 2002; Cao et al., 2012). Therefore, the organic and inorganic
geochemical characteristics of source rocks can provide detailed infor-
mation on their hydrocarbon generation potentials and sedimentary
environments.

In this study, one well was designed and drilled in the Pingfang
county (named hereafter Well LT-1). It is the first hydrocarbon explor-
atory well in the lower Cretaceous Xiguayuan Formation (K;x) in the
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Luanping Basin (Fig. 1). Black thickened oil and yellowish-green light oil
occurred in core samples (Fig. 2). The core samples in this well and
several outcrop samples from related stratigraphic sections were
selected to analyse their hydrocarbon generation potentials and sedi-
mentary environments based on organic and inorganic geochemical
data. The main objective of this study was to investigate the mechanism
of organic matter enrichment in the Luanping Basin and the major
controlling factors, to provide a better understanding of organic matter
accumulation and a useful reference for the hydrocarbon exploration in
the Yanshanian area, North China.
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Fig. 1. Location and simplified geological map of the Luanping Basin and Yanshan Belt, showing the stratigraphic distribution, stratum dip and strike, bounding
faults, and locations of the sections and Well LT-1 referred to in this study (modified from Wu et al., 2004; Qin et al., 2017). (1) Xiguayuan Formation; (2) Dadianzi
Formation; (3) Dabeigou Formation; (4) Zhangjiakou Formation; (5) Houcheng Formation; (6) Tiaojishan Formation; (7) Jiulongshan Formation; (8) Andesite; (9)
Proterozoic intrusive rocks; (10) Archean metamorphic rocks; (11) Cretaceous intrusive rocks; (12) unconformity boundary; (13) normal faults; (14) geographic
names; (15) Well LT-1 location; (16) outcrop location. WJG: Wangjiagou Section; CY: Caoying Section.
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Fig. 2. Hydrocarbon within the K;x core in Well LT-1, Luanping Basin. (A)
Fault breccia, black thickened oil in the calcite-soluble hole at 355 m; (B) Black
shale, black thickened oil at 399 m; (C) Fine-grained limestone, yellowish-green
light oil at 970 m; (D) Marlstone, yellowish-green light oil at 1001 m; (E) Black
mudstone, yellowish-green light oil at 1124 m; (F) Black mudstone; yellow oil
fully covered the core at 1136 m. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

2. Geological setting

The Luanping Basin is located in the northeast of the Hebei Province,
China. It is ~40 km long and 20 km wide, with a residual area of
approximately 800 km? (Fig. 1). Since the Mesozoic, a series of conti-
nental volcano-faulted lake basins have formed in the North China
Basin. The Luanping Basin, located in the Yanshan Structural Belt, is one
of the representative and well-preserved Early Cretaceous continental
volcano-faulted basins (Zhang et al., 2007). The development of the
basin in the Mesozoic was mainly controlled by the Hongqi-Gangzi fault
in the north and the Xiaobaiqi-Fujiadian fault in the west (Ren et al.,
2002; Cope et al., 2010; Jia et al., 2020; Zhang et al., 2021).

The development of the basin included three rifting stages, namely
the rift-initial, rift-climax, and rift-waning stages (Wu et al., 2004 Yan
et al., 2020). Archean metamorphic rocks occur on the western and
northern sides of the basin, and Yanshanian granites occur on its
southeastern margin. The basement of the basin consists of Neoarchean
metamorphic rocks and Proterozoic intrusive rocks. The formation and
deposition within the Luanping Basin started in the Mesozoic. The
Middle and Late Jurassic-Early Cretaceous was the main sedimentary
period of the basin. The Early Cretaceous corresponds the third rifting
development stage of the basin, when the lake basin area expanded to
the maximum, forming an alluvial fan delta-lake sedimentary system (Li,
2003; Yuan et al., 2020, Fig. 3). The Mesozoic strata in the Luanping
Basin developed from bottom to top successively, including the
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Houcheng, Zhangjiakou, Dabeigou, Dadianzi and Xiguayuan forma-
tions. The thickness of the Xiguayuan Formation is ~1700 m (Wu et al.,
2004; Tian et al., 2008; Yuan et al., 2020, Fig. 3).

3. Samples and methods
3.1. Samples and sections

A total of 116 core samples (black mudrock, shale, silty mudstone)
were obtained from Well LT-1. Total organic carbon (TOC) and Rock-
Eval analysis were performed on all samples. Using solvent extraction
by column chromatography, the extract (bitumen) was separated from
38 core samples into saturated, aromatic, resin, and asphaltene (SARA)
fractions, while saturated hydrocarbons were analysed by gas chroma-
tography mass spectrometry (GC-MS). Organic petrological analysis of
kerogen was performed on 23 samples. Elemental geochemical analysis
was performed on 30 samples. In addition, 12 outcrop samples were
acquired from two stratigraphic sections (Wangjiagou, WJG, and
Caoying, CY) in the Luanping Basin. The locations of the Well LT-1 and
the stratigraphic sections are indicated in Fig. 1.

The Xiguayuan Formation in the Luanping Basin is mainly composed
of semi-deep lake and fan deltas facies and the volcanic events sediments
(Zhang et al., 2021). The mineral components are mainly clay minerals,
quartz, feldspar, calcite, and dolomite (Yuan et al., 2020). Based on
lithologic composition, deposition sequence and sedimentary structure,
the cores of Well LT-1 are divided into eight sections, namely PSS1-PSS4
and Sp-Sp (Fig. 4). The eight sections are divided into two parts by the
conglomerate layer with a thickness of ~200 m. PSS1-PSS4 are located
above the conglomerate layer, while Sp—Sp are located below the
conglomerate layer.

3.2. Methods

Before the analyses, all core and outcrop samples were crushed and
sieved through an 80-mesh sieve. The TOC analysis of all samples was
performed with a LECO CS230 carbon-sulfur analyser. The carbonate
minerals in the samples were removed with hydrochloric acid. Subse-
quently, these samples were burned in the oxygen-rich carrier gas at
900 °C to convert the organic carbon into carbon dioxide, after which
the TOC content was measured and calculated. The basic parameters of
S1 (volatile hydrocarbon content; mg HC/g rock), S2 (remaining hy-
drocarbon generative potential; mg HC/g rock), HI (hydrogen index; mg
HC/g TOC) and Ty (temperature of maximum pyrolysis yield; °C) data
were obtained with an OGE-II rock pyrolyser, which was developed by
the Petroleum Geology Laboratory, China University of Petroleum,
Beijing.

Source rock powders from 38 samples (approximately 100 g each)
were extracted using a Soxhlet apparatus and chloroform for 72 h.
Asphaltenes were precipitated from each Soxhlet extract by adding cold
n-hexane, and the precipitate was filtered to obtain the asphaltene
fraction. Then, each maltene fraction was divided into saturated hy-
drocarbons, aromatic hydrocarbons, and non-hydrocarbons using col-
umn chromatography. Furthermore, GC-MS analyses of the saturated
fractions were performed with an Agilent HP6890GC/5973MSD in-
strument equipped with an HP-5MS fused silica column (60 m x 0.25
mm x 0.25 pm). Helium (purity 99.999 %) was introduced as a carrier
gas at the flow rate of 1 mL/min via splitless injection and under an
injection port temperature of 300 °C. Simultaneously, the GC oven was
programmed to maintain a temperature of 50 °C for 1 min, then increase
it to 120 °C at the rate of 20 °C/min, then to 310 °C at the rate of 3 °C/
min, and finally to hold at 310 °C for 25 min. The mass spectrometer was
operated in the electron ionisation mode at a voltage of 70 eV. The data
of the biomarkers were acquired by a selective ion monitoring mode for
the total ion current.

The vitrinite reflectance values (Ro, in %) were acquired following to
the China National Standard GB/T 19144-2010 protocols from the
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Fig. 3. Stratigraphic sequence and evolution of the sedimentary environments during different rifting stages in the Luanping Basin (revised from Qin et al., 2017; Wu
et al., 2004) (1) modern sediments; (2) breccia; (3) conglomerate; (4) sandstone; (5) mudstone; (6) intermediate volcanic rocks; (7) felsic volcanic rocks; (8) rhyolite;

(9) basement.

kerogen samples, which were analysed by a 308-PV microphotometer at
Petroleum Geology Laboratory, China University of Petroleum, Beijing.
Stable carbon isotope values of kerogen were determined for 13 core
samples selected above the conglomerate in Well LT-1 and for 10
outcrop samples in the WJG surface section. The §'3C analysis was
performed by means of a FLASH HT EA-MAT 253 isotope ratio mass
spectrometer using the SY/T 5238-2008 testing standard. Isotopic ratios

are reported in standard &-notation and relative to the PDB standard.
Major elements were analysed by AB104L, Axiospmax X-ray fluorescence
spectrometer following the China National Standard GB/T
15406.28-2010 protocols. The measurements of trace and rare earth
elements (REE) were conducted using an Element XR Mass spectrometer
in the Beijing Institute of Nuclear Industry Geology following the China
National Standard GB/T 14506.30-2010 protocols.
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Luanping Basin.
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4. Results
4.1. Organic geochemical characteristics

4.1.1. TOC content and Rock-Eval analysis

The wide-ranging results of the TOC and Rock-Eval analyses for the
K;x samples are presented in Table 1 and Fig. 4). For the core samples in
the PSS2, the TOC contents range from 0.44 % to 3.60 % (mean = 1.86
%), the S14-S2 values from 0.50 to 15.18 mg HC/g rock (mean = 6.67
mg HC/g rock), while the HI values range from 78.42 to 498.56 mg HC/
g TOC (mean = 284.43 mg HC/g TOC). In the PSS3 samples, the TOC
contents range from 0.64 % to 2.56 % (mean = 1.50 %), the S14S2
values from 0.71 to 10.78 mg HC/g rock (mean = 4.87 mg HC/g rock)
and the HI values from 95.00 to 421.80 mg HC/g TOC (mean = 257.11
mg HC/g TOC). The TOC contents and S1+S2 are higher in the PSS2 and
PSS3 samples compared with PSS1 (TOC content is 0.68 % on average,
0.75 mg HC/g rock S1+S2 on average) and PSS4 (TOC content is 1.01 %
on average, 2.06 mg HC/g rock S1+S2 on average). For the samples
below the conglomerate, the TOC contents and the S1+S2 values are in
the ranges of 0.50-2.96 % (mean = 1.52 %) and 0.21-5.56 mg HC/g
rock (mean = 2.16 mg HC/g rock) in the Sp respectively; the TOC
contents and S1+4S2 values are in the ranges of 0.80-2.97 % (mean =
1.85 %) and 0.21-5.56 mg HC/g rock (mean = 2.52 mg HC/g rock) in
the Sc, respectively. Therefore, the TOC contents and S14-S2 values in
both Sg and S¢ are higher than those in S (0.99 % TOC on average, 0.76
mg HC/g rock S1+S2 on average) and Sp (0.85 % TOC on average, 0.78
mg HC/g rock S1+S2 on average). According to the universal standard
of hydrocarbon source rock abundance, 87 % of the mudrocks PSS2
samples and 77 % of the PSS3 samples correspond to good-excellent
source rocks (TOC > 1.0 %). However, 84 % of the PSS1 mudrock
samples and 65 % of the PSS4 samples correspond to poor—fair source
rocks (0.5 % < TOC < 1.0 %) (Peters, 1986, Figs. 3 and 5). The TOC and
Rock-Eval pyrolysis data indicate that source rocks in the Sp and Sc
subunits have good to excellent potentials. Additionally, the samples in
Sa mudrocks show the characteristic of fair-good source rocks, while the
quality of the source rocks is poor and fair in Sp (Figs. 3 and 5).

Regarding the outcrop samples in the Luanping Basin (located in
Fig. 1), in the WJG section, the TOC range from 0.31 % to 2.78 % (mean
= 1.50 %), the S1+S2 values from 0.14 to 7.37 mg HC/g rock (mean =
2.78 mg HC/g rock) and the HI values from 29 to 584 mg HC/g TOC
(mean = 171 mg HC/g TOC). As for the CY section, the related data are
lower than the WJG section (only 0.48 % TOC on average, 2.78 mg HC/g
rock S1+S2 on average). Approximately 80 % of mudrock samples in the
WJG section reach the standard of good to excellent source rocks,
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Fig. 5. Cross diagram of Rock-Eval S1+S2 versus TOC for the K;x samples in
the Luanping Basin.

whereas all samples from the CY sections reflect the characteristics of
poor to fair source rocks (Fig. 5; Table 1). The quality of source rocks
from the Xiguayuan Formation indicates good hydrocarbon generation
potential (Fig. 5). The high-quality source rocks in the Xiguayuan For-
mation were mainly developed in Sg, Sc, PSS2, and PSS3 rocks.

It is worth noting that the T, values for all samples show great
variations in the Luanping Basin. For the K;x mudrock samples in Well
LT-1, the Tpax values vary vertically. The samples above the conglom-
erate have Tp,x values in the 440-458 °C range (mean = 444 °C), which
is lower than that of samples below the conglomerate (433-475 °C,
mean = 453 °C). In the WJG and CY sections, the outcrop samples show
lower Tpax values compared with the core samples, in ranges
443-451 °C and 440-460 °C, respectively.

4.1.2. Kerogen elemental compositions

The atomic ratios of O to C (O/C) for all core samples range from 0.03
to 0.10 (mean = 0.05), while the atomic radios of H to C (H/C) range
from 0.78 to 1.49 (mean = 0.96). As for the outcrop samples from the
WJG surface section, the O/C and H/C atomic ratios range widely from
0.13 to 0.21 (mean = 0.16) and from 0.89 to 1.51 (mean = 1.15),
respectively.

Table 1
Partial geochemical indicators of the Lower Cretaceous source rocks in the Luanping Basin (0.38-2.00: Minimum-Maximum; 1.01 (17): Mean (Sample number)).
Formation Sections/Well Subunit TOC (%) S1+S2 mg/g HI mg/g Ro (%) Tmax C H/C 0o/C
Kix LT-1 PSS4 0.38-2.00 0.21-7.58 51.82-366.7 0.84-1.13 438-448 0.81-1.04 0.04-0.07
1.01 (17) 2.06 (17) 160.02 (17) 0.97 (5) 443 (17) 0.93 (5) 0.05 (5)
PSS3 0.64-2.59 0.71-10.78 95.00-421.80 0.88-0.95 439-447 0.79-0.94 0.04-0.05
1.50 (9) 4.87 (9) 257.11 (9) 0.92 (2) 443 (9) 0.86 (2) 0.05 (2)
PSS2 0.44-3.60 0.50-15.18 78.42-498.56 0.86-0.98 441-450 0.82-1.49 0.03-0.07
1.86 (15) 6.67 (15) 284.43 (15) 0.90 (5) 444 (15) 1.08 (5) 0.05 (5)
PSS1 0.33-1.89 0.09-3.6 25.58-187.28 1.32 (1) 445-458 0.78 (1) 0.05 (1)
0.68 (6) 0.75 (6) 64.78 (6) 449 (6)
Sp 0.34-1.46 0.15-2.30 21-124.89 0.92-1.09 446-459 0.84 (1) 0.10 (1)
0.85 (17) 0.78 (17) 64.70 (17) 0.98 (49 452 (17)
Sc 0.80-2.97 1.10-4.85 47.86-119.03 0.97-1.11 437-461 0.78-1.12 0.03-0.07
1.85 (20) 2.52 (20) 90.10 (20) 1.06 (6) 453 (20) 0.93 (3) 0.04 (3)
Sg 0.50-2.96 0.21-5.56 30-163.50 1.05-1.32 422-475 0.95-1.36 0.03-0.07
1.52 (30) 2.16 (30) 90.59 (30) 1.20 (4) 455 (30) 1.15(2) 0.05 (2)
Sa 0.82-1.16 0.53-0.99 38.66-60.40 1.21 (1) 413-443 1.07 (1) 0.05 (1)
0.99 (2) 0.76 (2) 49.53 (2) 428 (2)
WJG - 0.31-2.78 0.14-7.37 29-584 0.64-0.70 443-451 0.89-1.51 0.13-0.21
1.50 (10) 2.78 (10) 171 (10) 0.68 (10) 446 (10) 1.15(10) 0.16 (10)
cY - 0.2-0.7 0.71-0.005 20-90 - 440-460 - -
0.48 (2) 0.38 (2) 50 (2) 450 (2)
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4.1.3. Carbon isotopes in kerogen

The kerogen carbon isotopic compositions were analysed for 13 core
samples, which were all obtained from 4 subunits (PSS1, PSS2, PSS3 and
PSS4) above the conglomerate in Well LT-1. The kerogen carbon isotope
values (6'3C) for the core K;x samples ranged from —26.0 %o to —19.6
%o, with an average value of —22.3 %o. As for the 10 outcrop samples
from the WJG surface section, the 8'3C values similarly ranged from
—26.7 %o to —23.1 %o with an average value of —25.6 %eo.

4.1.4. Vitrinite reflectance

The Ro values for the 28 core samples (including 13 samples from the
PSS1, PSS2, PSS3 and PSS4 and 15 samples from Sa, Sg, Sc, Sg and Sp)
range from 0.86 % to 1.32 %, with an average value of 1.00 % (Fig. 4). In
particular, the Ro values for the samples above the conglomerate in
PSS1, PSS2, PSS3 and PSS4 range from 0.86 % to 1.32 %, with an
average value of 0.96 %, whereas those for the samples below the
conglomerate in Sy, Sg, Sc, Sg and Sp have slightly higher values from
0.92 % to 1.32 %, with an average value of 1.10 %. Additionally, the Ro
values for the 10 outcrop samples range from 0.64 % to 0.7 %, with an
average value of 0.68 %.
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4.1.5. Biomarkers

Biomarkers were analysed in the core samples collected from the
Well LT-1 in the Xiguayuan Formation, because the outcrop samples had
been significantly affected by weathering.

4.1.5.1. Normal alkaline and isoprenoids. The profiles of n-alkaline and
isoprenoids are shown in Fig. 6, and the analytical parameters in
Table 2. Analytical data show that the carbon numbers of n-alkanes in
the Lower Cretaceous Xiguayuan Formation core samples range from n-
Cy3 to n-C3s. Most samples below the conglomerate mainly show a
unimodal distribution with n-C19 major n-alkanes and exhibit a C3/C35
ratio higher than 1. However, the samples above the conglomerate show
a weak bimodal pattern between n-C;7 and n-Cys, with a Cz;/C35 ratio
lower than 1. The terrigenous to aquatic ratio (TAR) values are consis-
tent with the C31/C3; ratio. The carbon predominance index (CPI) and
the odd-even predominance (OEP) value of nearly all core samples range
from 1.04 to 1.46 (mean = 1.21) and from 0.94 to 1.15 (mean = 1.05),
respectively, indicating a weak odd-carbon predominance. However, a
few samples below the conglomerate show a slight even-carbon pre-
dominance with the OEP lower than 1 (Table 2). There is a light-end
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Fig. 6. Total ion chromatograms (TIC) plots of saturated hydrocarbon fractions from core samples of the Xiguayuan Formation in the Luanping Basin.
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Table 2
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Normal alkanes and isoprenoids for K;x samples in Well LT-1 from the Luanping Basin (CPI = [(Cgs + Ca7 + Ca9 + C31 + C33)/(Ca4 + Ca6 + Cog + C30 + C32)+ (Cas +
Ca7 + Cag + C31 + C33)/(Ca6 + Cag + C3p + C3z + C34)1/2, after Bray and Evans (1961); OEP = [(Cij+ 6 X Cj 2 + Ci14)/(4 X Ci11 + 4 x Ci+3)]m, m=(—1)i+1; i+2 denotes
main peak carbon number of n-alkanes, after Scalan and Smith (1970); C37 represents carbon number less than Cy;; C35 represents carbon number greater than Cyy
respectively; TAR = (Cy7 + Ca9 + C31)/(Cy5 + C17 + Cy9), after Bourbonniere and Meyers (1996)).

Formation Subunit Depth, m Major Alkanes CPI OEP C21/C3 TAR Pr/n-Cy7 Ph/n-Cig Pr/Ph

Kix PSS4 75.50 23 1.41 1.13 0.84 0.59 0.95 2.02 0.54
83.05 23 1.39 1.08 0.67 1.00 0.84 0.49 1.54

97.80 23 1.32 1.05 0.59 1.03 2.01 1.79 1.02

110.98 23 1.46 1.09 0.73 0.64 2.29 3.63 0.65

134.33 23 1.37 1.15 0.75 0.75 0.89 2.40 0.38

PSS3 220.55 23 1.38 1.08 0.58 1.27 0.94 0.80 1.14
250.81 23 1.25 1.10 0.92 0.49 0.83 1.79 0.49

PSS2 336.00 23 1.23 1.09 0.49 1.25 1.39 2.69 0.41
363.30 23 1.24 1.09 0.77 0.66 1.26 2.38 0.49

378.52 23 1.23 1.05 0.65 0.94 1.48 1.42 0.99

390.13 23 1.26 1.06 0.65 0.94 1.52 2.30 0.64

400.90 23 1.12 1.03 0.66 0.71 2.49 4.29 0.57

PSS1 472.70 17 1.22 1.03 2.62 0.14 0.35 0.44 0.80
Sp 773.30 23 1.07 1.02 0.43 2.48 1.08 0.75 0.65
837.20 23 1.20 1.08 0.58 1.59 0.83 0.61 0.73

Sc 921.15 19 1.14 0.94 1.46 0.67 4.02 2.86 1.73
982.45 19 1.13 1.06 1.42 0.49 3.30 2.15 1.42

992.85 19 1.12 1.04 1.08 0.64 2.39 1.57 1.39

1016.65 19 1.10 1.03 0.94 0.68 2.07 1.21 1.61

1028.20 19 1.20 1.03 0.95 0.63 0.43 0.59 0.66

1041.50 19 1.11 1.03 0.80 0.81 1.28 0.48 2.29

Sp 1122.88 19 1.04 1.02 1.22 0.39 0.55 0.58 0.91
1128.40 19 1.18 1.00 1.44 0.31 0.64 0.70 0.89

1129.80 20 1.14 1.00 1.08 0.49 0.47 0.60 0.72

1136.70 19 1.14 1.00 1.23 0.41 0.38 0.60 0.59

1157.88 19 1.07 1.01 1.16 0.48 0.77 0.75 0.97

Sa 1254.63 21 1.11 0.99 1.20 0.42 0.11 0.15 0.74

truncation in some samples (Fig. 6), which could be attributed to
weathering, biodegradation, and high maturity (Peters et al., 2005).
However, considering that the test samples are selected from a freshly
drilled core, the influence of weathering can be ignored. The unresolved
complex mixtures and 25-norhopanes, indicator of biodegradation, were
not commonly detected in all the measured samples. Therefore, the
differences in thermal maturity of the source rocks may be the most
reasonable factor affecting the distributions of alkanes and isoprenoids.
Due to the effect of evaporation loss, the C31/C3, values in this study
might be lower than the original values (Cao et al., 2018).

According to Table 2, the pristane/phytane (Pr/Ph) ratios of all
samples in Well LT-1 range from 0.41 to 2.29, with an average value of
0.92. In general, the Pr/Ph ratios for the samples above the conglom-
erate (mean = 0.74) are lower than those for the samples below the
conglomerate (mean = 1.09) (Table 2). The Pr/n-C;7 and Ph/n-C; g ratios
denote the ratio of isoprenoids to the adjacent n-alkanes. The Pr/n-C;7
and Ph/n-Cig ratios of all Kix core samples range from 0.15 to 4.29
(mean = 1.45) and from 0.11 to 7.03 (mean = 1.37), respectively.

4.1.5.2. Steranes. Regular steranes Co7—Cagaaar and diasteranes Co7—Cag
were identified in the m/z = 217 mass fragmentograms (Fig. 7). The
relative abundance of Cy7, Cyg and Cgg regular steranes show vertical
variations in the K;x samples from Well LT-1 (Fig. 7; Table 3). Regarding
the samples above the conglomerate in Well LT-1, the samples from the
PSS4 show a weak higher proportion of Cyg (29.56-51.29 %) compared
to Cyy (23.58-47.15 %) and Cag (15.12-22.59 %) with anti-L shape on
the fragmentograms. In contrast, for the remaining three subunits (PSS1,
PSS2, and PSS3), the relative abundance of Cyg9, Cog and Cyy are in the
ranges of 22.76-45.66 % (mean = 35.88 %), 13.89-23.58 % (mean =
19.19 %) and 30.92-53.76 % (mean = 44.42 %), respectively. Most
samples show the distribution of Cy7 > Ca9 > Cag and a typical L-shape,
while less samples show Ca7 & Ca9 > Cag on the sterane fragmentograms.
As for the samples below the conglomerate in Well LT-1, the Cygaoa
(20R)/Co700x (20R) and the Cygaoar (20R)/Co7aaa (20R) range from
0.35 to 2.17 (mean = 1.20) and from 0.30 to 0.86 (mean = 0.59),

respectively. And the distribution of Cy7—Cog regular steranes show the
clear feature of Cpg9 > Cy7 >Cyg with the reverse L-shape on the mass
fragmentograms.

The Cyg sterane isomerization parameters [Cagoaat 20S/(20S + 20R)
and Coooff/(app-+aca)] show a slight variation vertically in the K;x
samples from Well LT-1 (Fig. 7; Table 3). The mudrock samples above
the conglomerate have a Cagootar 20S/(20S + 20R) ratio in the 0.38-0.50
range (mean = 0.45) and a Caoafp/(afp+aaa) ratio in the 0.39-0.59
range (mean = 0.50), while the core samples below the conglomerate
show a Cogaaxx 20S/(20S + 20R) ratio in the 0.34-0.55 range (mean =
0.48) and a Caoafif/(afp+aca) ratio in the 0.37-0.58 range (mean =
0.52).

4.1.5.3. Terpanes. The m/z = 191 ion chromatograms, indicating the
distribution and relative abundance of tricyclic terpanes and pentacyclic
terpanes (hopanes), are presented in Fig. 7 and Table 3. Tricyclic ter-
panes, ranging from Cjg to Cy9, were identified in most samples.
Regarding the samples above the conglomerate in Well LT-1, the dis-
tributions of related tricyclic terpanes are characterised by Cg3 > Cg; >
Cop or Ca; > Ca3 > Cyp. As for the samples below the conglomerate in
Well LT-1, the Cg0/Ca3 and Cg1/Cas tricyclic terpane ratios range from
0.45 to 1.96 (mean = 0.84) and from 0.69 to 1.27 (mean = 0.86),
respectively, implying that the samples follow an order of Cy3 > Ca; >
Coo (Fig. 7).

The distribution of triterpanes (hopanes) is presented in Fig. 7. The
C3p ap hopane is predominant in almost all the investigated samples
(Fig. 7). The Ts (18a(H)-22, 29, 30-trinorhopane)/Tm (17a(H)-22, 29,
30-trinorhopane) ratios of the samples above the conglomerate range
from 0.25 to 2.48 (mean = 0.88), which are generally higher than those
below the conglomerate (0.4-1.12, mean = 0.72).

Gammacerane was detected in some samples from the Well LT-1 core
(Fig. 7). The gammacerane index (GI), defined as gammacerane/Czq of
hopane ratio, is in the 0.08-0.80 range of values (mean = 0.43) for the
samples above the conglomerate. Whereas the samples below the
conglomerate have lower values from 0.16 to 0.28, with an average GI
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Fig. 7. Mass fragmentograms of the saturated hydrocarbon fractions with m/z = 217 and m/z = 191, for the core samples of the Xiguayuan Formation in the
Luanping Basin. Ts = 18a(H)-22, 29, 30-trinorhopane; Tm = 17a(H)-22, 29, 30-trinorhopane.

value of 0.19 (Table 3).

It is worth noting that the terpanes (gammacerane and tricyclic
terpanes) concentration of some samples below the conglomerate with a
poor signal-to-noise ratio (SNR) were too low to be detected,

particularly for the samples in Sy and Sg (Fig. 7). The signals may be
attributed to low concentrations of biomarker compounds, which
commonly occur in high maturity source rock extracts and light oils
(Peters et al., 2005). Both Huang et al. (2017) and Patra et al. (2018)
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Selected sterane and terpane parameters for K;x samples in Well LT-1 from the Luanping Basin (1: Cy7a00(20R), %; 2: Cogataa(20R), %; 3: C29a0a(20R), %; 4: Cogotoat
(20R)/Coy00a (20R); 5: Cogaaar (20R)/Coyaaax (20R); 6: Cogaxaxar 20S/(20S + 20R); 7: Cogafp/(aff+aaa); 8: Ts/Tm; 9: GI; 10: Co0/Cas tricyclic terpane; 11: Ca1/Cos

tricyclic terpane).

Subunit Depth, m 1 2 3 4 5 6 7 8 9 10 11
Kix PSS4 75.50 47.15 15.12 37.73 0.80 0.32 0.45 0.43 0.75 0.47 0.84 1.19
83.05 37.49 16.17 46.34 1.24 0.43 0.46 0.39 0.10 0.08 0.86 0.79
97.80 32.90 18.74 48.36 1.47 0.57 0.48 0.45 0.29 0.26 0.72 0.85
110.98 47.76 22.59 29.65 0.62 0.47 0.47 0.49 0.84 0.26 0.84 1.01
134.33 23.58 25.13 51.29 2.18 1.07 0.45 0.49 2.48 0.74 0.41 0.83
PSS3 220.55 53.76 15.39 30.85 0.57 0.29 0.50 0.52 0.48 0.13 0.71 0.87
250.81 38.96 22.03 39.01 1.00 0.57 0.45 0.51 0.80 0.58 0.56 0.90
PSS2 336.00 30.92 23.42 45.66 1.48 0.76 0.44 0.54 0.82 0.78 0.53 0.85
363.30 40.91 20.28 38.81 0.95 0.50 0.45 0.57 0.85 0.80 0.57 0.90
378.52 46.57 20.30 33.13 0.71 0.44 0.47 0.59 1.45 0.33 0.83 0.91
390.13 63.35 13.89 22.76 0.36 0.22 0.44 0.57 1.67 0.30 0.94 1.31
400.90 40.07 19.01 40.93 1.02 0.47 0.38 0.40 0.69 0.34 0.74 1.07
PSS1 472.70 40.82 23.58 35.61 0.87 0.58 0.45 0.52 0.25 0.58 1.68 0.84
Sp 773.30 34.19 30.62 35.19 1.03 0.90 0.34 0.37 0.90 0.16 0.85 0.77
837.20 48.72 29.38 21.90 0.45 0.60 0.55 0.55 1.01 0.17 0.62 0.83
Sc 921.15 29.26 25.19 45.55 1.56 0.86 0.51 0.58 1.12 - - -
982.45 55.60 25.09 19.31 0.35 0.45 0.52 0.57 0.40 0.18 1.96 1.27
992.85 37.40 22.61 39.99 1.07 0.60 0.50 0.54 0.61 0.28 - -
1016.65 40.83 23.64 35.53 0.87 0.58 0.46 0.42 0.51 - - -
1028.20 36.33 27.36 36.31 1.00 0.75 0.34 0.37 0.55 - - -
1041.50 35.09 28.65 36.25 1.03 0.82 0.45 0.39 0.67 0.16 0.84 0.82
Sp 1124.72 28.57 13.18 58.26 2.04 0.46 0.51 0.58 0.67 - 0.50 0.75
1127.11 28.99 10.33 60.68 2.09 0.36 0.50 0.58 - - 0.66 0.82
1136.08 34.47 10.19 55.34 1.61 0.30 0.52 0.55 - - 1.26 1.10
1175.8 28.50 9.56 61.94 217 0.34 0.50 0.54 0.72 - 0.45 0.69
Sa 1254.63 50.41 30.86 18.72 0.37 0.61 - - - - 0.45 0.69

noted that high thermal maturity can lead to a significant decline in
terpenoid content.

4.2. Inorganic geochemical characteristics

4.2.1. Major elements

SiO, is the dominant major oxide in all samples, with contents
ranging from 49.62 % to 63.45 % and an average value of 58.12 %
(Table S1). The MnO content is the lowest, with an average of 0.09 %.
Most of the major element contents, such as those of TiO3 or P2Os, are
relatively uniform in the samples from both above and below the
conglomerate, although significant differences exist in NapO and K20
contents. The KyO content in the samples above the conglomerate
(3.22%-4.08 %, 3.80 % on average) is lower than in samples below the
conglomerate (3.55%-7.56 %, 5.00 % on average). The NayO content in
the samples above the conglomerate (2.12 % on average) is lower than
that in samples below the conglomerate (3.63 % on average).

4.2.2. Trace elements

The highest trace element content in the study area is that of Sr, in
the range of 290.92-694.40 pg/g. Most of the trace element contents are
relatively uniform, although Ni and Ba vary significantly. The Ni con-
tents in the samples above the conglomerate (11.73-25.48 ng/g) are
lower than those below the conglomerate (25.87-42.14 pg/g). The Ba
contents in the samples above the conglomerate (346.16 pg/g on
average) are lower than those below the conglomerate (588.26 ug/g on
average). The Mo contents of samples in PSS2, PSS3, Sz and S¢ are
notably higher than those in adjacent subunits (Table S2).

REE contents and associated geochemical parameters for K;x sam-
ples in Well LT-1 from the Luanping Basin are listed in Table S3. The
total REE contents (> REE) range from 197.02 to 680.73 ug/g, with an
average of 353.32 pg/g. These values are notably higher than in the
North American shale composite (NASC; 167.41 pg/g; Haskin et al.,
1968), Post-Archean Average Australian Shale (PAAS; 183.03 pug/g;
Taylor and McLennan, 1985), and worldwide black shales (134.19 pg/g;
Ketris and Yudovich, 2009). The L/H (3_LREE/Y HREE) ratios range
from 5.83 to 9.31, with an average of 7.57, and Lay/Yby ratios range
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from 0.70 to 1.67, with an average of 1.20 (Table S3).
5. Discussion
5.1. Type and source of organic matter

Types and sources of organic matter are important for the evaluation
of the hydrocarbon generation potential. They are also the factors con-
trolling whether the products are mainly oil-prone or gas-prone (Tissot
and Welte, 1984). In the cross plot of HI versus Tpyax (Fig. 8B), the
organic matter types in the K;x samples are mainly type II and type III,
which primarily generate mixed oil and gas (dominantly oil). In the
cross plot of TOC versus HI (Fig. 9B), most of the studied samples plot in
the zones of fair oil and gas-oil source rocks. This implies that the K;x
source rocks in the Luanping Basin mainly generate oil and some gas, as
also confirmed by the hydrocarbon species in Well LT-1 (Figs. 4 and 9).

Organic matter types can be identified by atomic H/C versus O/C
ratios or the van Krevelen diagram (Van Krevelen, 1961; Tissot et al.,
1974). As discussed above, the kerogen types identified in the Rock-Eval
analysis can be generally confirmed by the kerogen atomic ratios in the
H/C-O/C plot. Based on the Van Krevelen kerogen type diagram
(Fig. 8A; Table 1), most K;x core samples are dominated by type II
kerogen. Furthermore, the O/C atomic ratios of the outcrop samples in
the WJG section are higher than those of core samples, which are
dominated by type II and type III kerogen (Fig. 8A).

Kerogen carbon isotopes are also used to implicate the source and
type of organic matter (Huang et al., 1984; Wang et al., 1997).
Compared with aquatic organisms, terrestrial plants are enriched in
heavy carbon isotopes, and the heavier kerogen carbon isotope generally
reflects terrestrial plant contributions. According to Fig. 8A, the 5!°C
values for the majority of the samples are heavy, suggesting an input of
terrestrial plants. However, kerogen carbon isotopic composition can
also be affected by precursor material and diagenetic evolution. Ac-
cording to the vitrinite reflectance results (Table 1; Fig. 12A), the Ro
values for those samples are lower than 1.4 %. The Ro values for the
WJG samples are lower than those for other core samples, while the
kerogen §'3C values are lighter than those for core samples (Fig. 8A).
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Fig. 8. (A) Van Krevelen kerogen type diagram (Hunt, 1996); (B) Cross plots of Rock-Eval S1+S2 versus TOC of the Xiguayuan Formation core samples in Well LT-1.
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Fig. 9. (A) Histogram of kerogen carbon isotope values (8'3C) (modified after Huang et al., 1984; Cao et al., 2018); (B) plot of TOC versus HI for the Xiguayuan
Formation core samples in Well LT-1 (modified after Tissot and Welte, 1984; Gao et al., 2017).

Xiong et al. (2004) overserved that at the stage of R, < 1.5 %, the
kerogen 8'°C values increased 3.8 %. with the increasing thermal
evolution.

The biomarkers characteristics are commonly used to analyse the
source input and organic type of source rocks (Peters et al., 2005). Ac-
cording to Fig. 4 and Table 2, the n-alkane profiles of the K;x samples
below the conglomerate are characterised by medium-molecular-weight
(n-C17-n-Cy1) with a weak odd-even predominance (OEP = 1), which
suggests input of plankton and benthic algae. The n-alkane profiles of
the source samples above the conglomerate are characterised by a weak
bimodal pattern and n-Cy3 predominance in n-alkanes, implying a mixed
source of both terrigenous and aquatic organic matter (Eglinton and
Hamilton, 1967; Scalan and Smith, 1970). As shown in Fig. 10, most
samples above the conglomerate plot in the area of salty lacustrine type
II kerogen, while the samples below the conglomerate show the char-
acteristic of type II and III mixing. Organic matter of the K;x was mainly
derived from aquatic plankton and terrigenous higher plants.

The characteristics of regular steranes (Cy7—Cag) could provide
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abundant information on the organic source of organic matters (Peters
et al., 2005; Kong et al., 2020). In particular, Cy7 and Cgg sterols are
commonly derived from algae and higher plants, respectively (Huang
and Meinschein, 1979; Mashhadi and Rabbani, 2015). According to
Fig. 11B and Table 3, only the PSS4 samples show the distributions of
Cgg9 > Coy > Cag, indicative of high inputs of land plants. Most samples
plot in the area of plankton, algae, and bacteria with Cy; predominance.
For most samples above the conglomerate, the source of organic matter
is mainly a mix of plankton and terrigenous higher plants. For most
samples below the conglomerate, the source is mainly plankton and
algae, but some samples show land plant inputs.

The distribution of tricyclic, especially short-chain tricyclic terpanes,
can reflect sources of organic matter (Cao et al., 2018). The C;9 and Cyp
have been interpreted to derive from terrigenous organic matter (Noble
et al., 1985; Ozcelik and Altunsoy, 2005), while Capg is thought to derive
from algae (Azevedo et al., 1992). The samples above the conglomerate
are characterised by the distributions of Cy3 > C2; > Cyp and Ca; > Ca3 >
Cyo (Fig. 6), indicative of mixed inputs between algal and terrigenous
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Fig. 10. (A) Plot of Pr/n-Cy7 versus Ph/n-C;g ratios of the Xiguayuan Forma-
tion core samples in Well LT-1.

plants. As for the samples below the conglomerate, most follow the order
of Cyp > Ca3 > Cop (Fig. 6), which seems to suggest that higher land
plants are the main source of organic matter. This is inconsistent with
the above discussion on the source of organic matter. Theoretically, the
inconsistency of biomarkers reflecting the source of organic matter, like
terpanes, might be caused by complex factors, such as biodegradation,
weathering, and high maturity. However, since the distribution of bio-
markers does not show any characteristics of biodegradation and
weathering (Fig. 5; see discussion in the n-alkanes section), we speculate
that the high maturity is a more likely factor responsible for the absence
of terpanes in these samples (Lewan et al., 1986; Peters et al., 1990,
2005).

Taking the discussion outlined above into consideration, we
conclude that the organic matter in the K;x mudrock is of types IT and III,
dominantly sourced from aquatic plankton and algae, with minor
contribution of terrigenous higher plants.

5.2. Maturity of organic matter

The maturity of organic matter is an important indicator for the
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evaluation of the actual hydrocarbon (oil or gas) potential of effective
source rocks. Hydrocarbons (oil, wet gas, and final dry gas, pyrobitu-
men) were generated at different maturities (Tissot and Welte, 1984;
Peters and Cassa, 1994). The Ro (vitrinite reflectance), Rock-Eval Tpyax
and biomarker parameters are commonly used to evaluate the matu-
rities of source rocks. According to Figs. 12A and B and Table 1, the
maturities of the samples below the conglomerate are slightly higher
than of the samples above the conglomerate. The majority of the Kjx
samples are within the oil window and have generated a large amount of
oil, which is confirmed by the presence of hydrocarbon in Well LT-1
during the drilling process (Fig. 2). The Ro values for the outcrop sam-
ples in the WJG section are distinctly lower than those for the core
samples and show low maturities. It indicates that all samples from the
Xiguayuan Formation (K;x) show degrees of thermal evolution from
moderate to high maturity.

Biomarker parameters are usually used to evaluate the thermal ma-
turities of source rocks. The Ph/n-C;g value decreases with increasing
thermal maturity (Ten Haven et al., 1987), while the Ts/Tm value and
the ratio of Cyg sterane isomerization parameters Cogaaor 20S/(20S +
20R) and Cagaff/(app+ana) have a positive relationship with thermal
maturity (Seifert and Moldowan, 1986; Peters et al., 2005). It is worth
noting that different biomarker parameters have different application
scopes and conditions when they are applied to reflect the maturity of
organic matter. According to Fig. 13 and Table 3, the ratios of Cy
sterane isomers of the samples above the conglomerate are lower than
those of the samples below the conglomerate, which reach the equilib-
rium value (0.52-0.55 and 0.67-0.71 for Cogaaax 20S/(20S + 20R) and
Caoapp/(app+aan), respectively) (Seifert and Moldowan, 1986). This
indicates that the thermal maturities of samples below the conglomerate
are higher than those of samples above the conglomerate, consistently
with the Ro values. The samples below the conglomerate have relatively
low Ts/Tm values and imply low thermal maturities. This is inconsistent
with other maturity parameters discussed above. This inconsistency may
be contributed to the difference in the sources of organic matter and the
lithology of source rocks (Peters et al., 2005).

5.3. Sedimentary environment of organic matter

The distribution, composition and relative concentration of bio-
markers and major elements and REE in source rocks have been effi-
ciently analysed to indicate the sedimentary environments of organic
matter, such as redox conditions, paleosalinity and paleoclimate (Didyk
et al., 1987; Worash, 2002; Peters et al., 2005; Pan et al., 2020). In this
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matter input in the Xiguayuan Formation core samples in Well LT-1.
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part of the study, the analysis of the K;x source rocks is based on the core
samples in Well LT-1.

5.3.1. Redox condition

The Pr/Ph values are widely used as common indicators of redox
environments (Ten Haven et al., 1987; Peters et al., 2005). These values
range from 0.2 to 0.8 and from 0.8 to 2.8, indicating heavy reducing and
reducing environments, respectively (Mei and Liu, 1980; Li et al., 2021).
According to Fig. 19 and Table 2, the Pr/Ph values for most samples
above the conglomerate are less than 0.8, while those below the
conglomerate are in the range of 0.8-2.8. This result indicates that the
mudrocks above the conglomerate were deposited in a saline water
environment under heavy reducing conditions, while the mudrocks
below the conglomerate were produced in a reducing environment.
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The V/(V + Ni) value reflects the stratification and redox conditions.
The V/(V + Ni) values are in the range of 0.46-0.60 and 0.54-0.82,
indicating dysoxic and anoxic conditions, respectively, where the value
greater than 0.84 indicates euxinic conditions (Hatch and Leventhal,
1992). As shown in Table S2 and Figs. 14 and 17, the V/(V + Ni) values
range 0.72-0.85, indicating anoxic to euxinic conditions. The Mo con-
tent is enriched in euxinic environments and it could be applied to
distinguish anoxic from euxinic environments (Meyer et al., 2008; Wei
et al., 2021). Mo contents of 5-40 ppm indicate euxinic environments
(Piper, 1994; Luo et al., 2013). The Mo contents in LT-1 vary with depth
from 0.49 to 36.10 ppm (mean = 9.09 ppm), indicating euxinic envi-
ronments. Furthermore, the Mo content of samples (in PSS2, PSS3, Sp
and Sc) are higher than those of the adjacent subunits, which are
consistent with the distribution of TOC contents.

The REE enrichment and depletion in sediments, such as Eu and Ce
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Fig. 14. Plot of Ceapom versus V/(V + Ni) ratios for the K;x mudrocks in the
Luanping Basin (cf. Hatch and Leventhal, 1992; Wright et al., 1987).
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anomalies (8Eu; 8Ce; Ceanom), are commonly used to identify the sedi-
mentary environments (Wright et al., 1987; Holser, 1997; Shields and
Stille, 2001; Cao et al., 2012; Wang et al., 2015). As shown in Table S3,
8Eu and 8Ce of the K;x source rocks range from 0.52 to 1.13 and from
0.92 to 1.1 respectively, demonstrating a slight Eu depletion and Ce
enrichment, reflecting dysoxic deposition conditions (Holser, 1997;
Shields and Stille, 2001; Cao et al., 2012). For the Ceanom values of all
samples greater than —0.1, reducing dysoxic water volume environ-
ments can be implied. This is consistent with the redox values for the
K1x mudrocks discussed above (Wright et al., 1987, Fig. 14).

5.3.2. Paleosalinity

High GI is generally considered as an indicator of salinity and
stratification of water column (Damsté et al., 1995; Hakimi et al., 2016;
Li et al., 2021). According to the distribution of GI values in Well LT-1
(Table 3 and Fig. 17), the paleosalinity of the source rocks during
deposition above the conglomerate in the Xiguayuan Formation is
higher than that of the source rocks below the conglomerate.

The boron content in water has been demonstrated to be positively
correlated with salinity. Walker and Price (1963) proposed ‘adjusted
boron’ content formula (Bagjusted = 8.5 X Bsamples/K2Osamples) and
applied departure curve to work out equivalent boron contents (Fig. 15).
Adams et al. (1965) proposed the Adams formula (Sp = 0.0977Bg-7.043,
where Sp represents the paleosalinity (unit in %o) and Bg represents
equivalent boron) to calculate the paleosalinity. As shown in Table S2,
paleosalinity values range from 2.23 %o to 22.27 %o with an average of
9.02 %o, reflecting brackish-saline water conditions during mudrock
deposition.

During the deposition process, the adsorption capacity of clay min-
erals for K and Na increases with increasing water salinity, and the
adsorption amount of K is larger than Na. The higher the salinity, the
larger the K/Na ratio of the sediment (Jiao et al., 2004). The Sr/Ba ratio
is usually applied to reflect paleosalinity of the water column and
paleoclimate (Deng and Qian, 1993; Gang and Zhou, 2007; Xi et al.,
2011). In lacustrine environments without marine transgression, a Sr/Ba
ratio of 0.5-1.0 usually indicates brackish water environments in
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Fig. 15. Departure curves for the calculation of equivalent boron (Walker and
Price, 1963).

14

Marine and Petroleum Geology 133 (2021) 105256

semiarid to semi-moist climates, while values > 1.0 indicate
high-salinity and arid environments (Shi et al., 2003; Wang et al., 2015).
As shown in Fig. 16A and Table S2, the Sr/Ba ratios for the samples
above the conglomerate (PSS1-PSS4), with an average value of 2.06,
indicate high-salinity. Conversely, the samples below the conglomerate
(Sa-Sp), have Sr/Ba ratios of 0.72 on average, implying a brackish water
environment, which is consistent with the trend of K/Na ratio values and
GI (Fig. 16A and B). To summarise, these sedimentary parameters
(biomarkers and inorganic elements) reflect a brackish high-salinity
water sedimentary environment.

5.3.3. Paleoclimate

For a lake, paleoclimate has a controlling effect on the paleo-
productivity, redox conditions of sedimentary water column and supply
of terrigenous material. For example, the migration and distribution of
humid (Fe, Mn, Cr, V, Co, and Ni) and arid (Ca, Mg, K, Na, Sr and Ba)
climatic elements are closely related to paleoclimate. Many scholars
successfully used the C-value (X (Fe + Mn + Cr + Ni 4+ V + Co)/Z(Ca +
Mg + Sr + Ba + K + Na)) to study paleoclimate (Zhao et al., 2007; Cao
et al., 2012; Wang et al., 2015). In a continental basin, high Sr con-
centrations are generally related to evaporation of lake water in arid and
hot climates. Liu et al. (2007) proposed that the Sr/Cu ratio in the range
of 1-10 indicates a warm and moist climate, while that greater than 10
indicates a hot and arid climate. For the studied samples, the C-value
and Sr/Cu ratio show an overall negative correlation (Fig. 17A), indi-
cating a semiarid climate condition (Fig. 17A, and Tables S1 and S2).

The distribution of major elements (SiO, AloO3, K20 and Nay0) can
be used to constrain the paleoclimate during sediment deposition
(Suttner and Dutta, 1986; Adegoke et al., 2014). According to Fig. 17B,
the K;x samples consistently plot in the area of the semiarid climate.
This is consistent with the above discussion of C-values and Sr/Ba ratios,
and with the brackish high-salinity water environments (Tables S1 and
52).

5.3.4. Paleoproductivity

Phosphorus (P) is an important nutrient element of plankton, and it is
regarded as a vital factor in controlling paleoproductivity (Holland,
1978; Schoepfer et al., 2015; Wei et al., 2021). The P/Ti ratio is
commonly used as an indicator of paleoproductivity to characterise the
nutritional status of ancient lakes (Algeo et al., 2011). According to
Table S2 and Fig. 19, P/Ti ratios of all studied samples range from 0.26
to 0.77 with an average of 0.47, which are between moderate (Ubara
section, the average P/Ti ratio of the chert is 0.34) and high (Ubara
section, the average P/Ti ratio of black shale is 0.79) productivity. It
indicates a moderate paleoproductivity during their deposition, related
to semiarid paleoclimate. The Kyx mudrocks are enriched in P with an
average value of 0.33 %, which is notably higher than that of average
shale (0.19 %) and NASC (0.13 %). Moreover, in PSS2, PSS3, Sc and Sg
subunits, the P/Ti ratios for the samples are higher than those for the
adjacent subunits, varying in similar ranges as the TOC.

Because of the volcano eruption in Luanping Basin, multiple tuff
intervals and volcanic ash layers were commonly observed in Well LT-1
(Figs. 18 and 19). The input of volcanic ash is indicated by a tuffaceous
composition of the interbedded mudstone and carbonate layers (Tao
et al., 2013, Fig. 18). Sufficient nutrients (such as P, N and Fe) can be
provided by volcanic ash for the development of algae and plankton,
forming reducing sedimentary environments conducive for the preser-
vation of organic matter (Hamme et al., 2010; Langmann et al., 2010;
Tao et al., 2013).

5.3.5. Sedimentary rate

The mudstone sedimentary rate could be obtained by the fraction-
ation of REEs, which can be assessed by the Lay/Yby ratio (ratio of La to
Yb, normalised to the NASC). The closer the value is to 1, the weaker is
the REE fractionation and the faster is the sedimentary rate (Tenger
et al., 2006; Wang et al., 2015; Chen et al., 2019). As shown in Table S3
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and Fig. 19, the (La/Yb)y ratio values for the samples above the
conglomerate vary from 0.98 to 1.25 (mean = 1.15), while those for the
samples below the conglomerate vary from 0.70 to 1.67 (mean = 1.26).
This indicates generally fast-sedimentary rates during mudrock deposi-
tion, with faster sedimentary rates for the mudrock above the
conglomerate.

Based on the zircon U-Pb dating of two 520-m-separated tuff samples
at the bottom of Well LT-1, their ages are 127.6 Ma and 123.31 Ma,
respectively (Fig. 19). Shen et al. (2015) proposed that linear sedi-
mentary rates (LSRs) could be used to calculate sedimentation rates and
fluxes for the stratigraphic interval of interest. LSRs were calculated as
LSR = thickness/duration, resulting in 121.21 mMa !, which reflects a
fast-sedimentary rate.

5.3.6. Organic matter accumulation and sedimentary environment

The accumulation of organic matter is influenced by many factors,
including: (1) paleoproductivity (input); (2) preservation (redox and
paleosalinity); and (3) sedimentary rate (dilution or exposure oxidation)
(Wang et al., 2015). The exchange of nutrients and oxygen above and
below the chemocline can be hindered by the vertical salinity stratifi-
cation of lake water bodies. It is conducive to form an anoxic environ-
ment for the development of high-quality source rocks (Wei et al., 2021).
The accumulation of organic matter can be affected by factors such as

15

input, preservation, and dilution of organic matter (Talbot, 1988; Ped-
ersen and Calvert, 1990; Tyson, 2005). The present discussion shows
that many parameters have a similar variation tendency with TOC
contents in Well LT-1, such as the redox proxy Mo or the productivity
P/Ti ratio proxy (Fig. 19). In PSS2, PSS3, Sc, and Sg, the TOC contents
are higher than those in the adjacent subunits, reflecting good to
excellent source rocks. However, the Sr/Ba, GI, and K/Na indices for the
samples in the upper subunits are higher than those for the lower sub-
units, showing a trend different from the TOC contents (Fig. 19). This
inconsistence may indicate that appropriate salinity is beneficial to the
preservation of organic matter and excessive salinity is not conducive to
the accumulation of organic matter.

The sedimentary environment mainly featured anoxic and brackish-
saline water conditions, and the climate during organic matter deposi-
tion in the Xiguayuan Formation was semiarid. During the early stages
of the Xiguayuan Formation, frequent and transient volcanic eruptions
occurred in the Luanping Basin. Some nutrient elements such as P, N,
and Fe were delivered by volcanic ash and terrigenous debris (Fig. 19).
Nutrient elements can be released by volcanic ash, which can promote
planktonic algae prosperity and improve paleoproductivity (Langmann
et al., 2010; Du et al., 2020). This indicates that paleoproductivity can
significantly affect the enrichment of organic matter in the mudrocks of
the Xiguayuan Formation. At the same time, in the semiarid climate,
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Fig. 18. The petrographic thin section photography (polarised light) of volcanic ash in mudrocks in Well LT-1.
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both precipitation and input of terrigenous organic matter through
surface runoff are reduced, while aquatic organic matter is significantly
enhanced (Fig. 20). The salinity of lake water increased with the
increasing evaporation and led to the sedimentary environments of
brackish water. Moreover, algae and archaea are the crucial source of
organic matter in brackish to high-salinity lakes (Zhang et al., 1985;
Hackley and SanFilipo, 2016). In addition to contribution of higher
plants, plankton and algae inputs are significant in the lower four
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subunits. Therefore, the organic matter in the K1x source rocks has likely
been contributed from multiple sources. It is worth noting that the
dilution effect of organic matter could be due to extremely
fast-sedimentary rate, which would lower the TOC content. A weaker
REEs fractionation has been observed for all K;x samples, which in-
dicates fast depositional rates when combined with the ages of the
volcanic ash layers. This is one of the reasons why the TOC content is not
so high in the studied samples. In summary, it can be concluded that the
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Fig. 20. Model of organic matter enrichment in the source rocks of the Xiguayuan Formation in the Luanping Basin.

hydrolysis of volcanic ash and the nutrients carried by terrigenous debris
promote the paleoproductivity of organic matter. Good preservation
conditions play an important role in promoting the enrichment of
organic matter in source rocks, such as the redox and salinity conditions,
while an extremely fast deposition rate has lowered the final TOC con-
tent (Fig. 20).

6. Conclusion

Detailed investigations of organic and elemental geochemical char-
acteristics have been carried out on the lower Cretaceous source rocks in
the Luanping Basin of the Yanshanian Structural Belt, to discuss hy-
drocarbon potential and sedimentary environments. The conclusions
can be drawn as follows:

(1) The four subunits (PSS2, PSS3, Sg and S¢) are the major source
rock intervals of good to excellent potential in the Xiguayuan
Formation. The residual source rocks only reach poor to fair
standard. The kerogens of the source rocks are dominated by
types II and III. The source rocks have been supplied by multiple
contributions of organic matter, such as higher plants, plankton
and algae. All samples are in mature to highly mature stage of
thermal maturity.

In general, the K;x mudrocks are deposited under dysoxic to
anoxic lacustrine environments, and the paleosalinity of the lake
water was brackish to highly saline. The paleoclimate index in-
dicates a semiarid climate. Sufficient nutrients are brought by
volcanic ash and terrigenous debris, promoting the
paleoproductivity.

The high-quality source rocks have strong reducibility and higher
salinity under a high productivity, such as PSS2, PSS3, Sg and S¢
four subunits. Excellent preservation may be the major control-
ling factor of the accumulation of organic matter for the K;x
source rocks, but sedimentary rates and paleoproductivity cannot
be neglected.
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