Journal of Petroleum Science and Engineering 215 (2022) 110730

Contents lists available at ScienceDirect

PETROLEUM
SCIENCE &
ENGINEERING f

Journal of Petroleum Science and Engineering

FI. SEVIER

journal homepage: www.elsevier.com/locate/petrol

Check for

Geochemistry and depositional environment of the Mesoproterozoic ol
Xiamaling shales, northern North China

a,e
)

Jin Wu ™", Hao Li ¢, Fariborz Goodarzi °, Xu Min*", Weixun Cao *", Lijuan Huang
Yueyang Pan ™", Qingyong Luo *""

& State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing, 102249, China
b College of Geoscience, China University of Petroleum (Beijing), Beijing, 102249, China

€ Wuxi Institute of Petroleum Geology of SINOPEC, Wuxi, 214126, China

4 Environmental and Energy Research Group, FG & Partners Ltd., 219 Hawkside Mews NW, Calgary, AB T3G 3J4, Canada

¢ Suichang Mineral and Geological Monitoring Center, Suichang, Lishui, 323300, China

ARTICLE INFO ABSTRACT

Keywords:

Geochemistry
Depositional environment
Xiamaling shales
Mesoproterozoic

The Mesoproterozoic Xiamaling shales from Xiahuayuan area, southeastern Xuanlong sag, Northern China, were
examined the elemental analysis by applying the inductively coupled plasma-mass spectrometry (ICP-MS). The
Xiamaling shales have good to excellent oil hydrocarbon generation potential with type II kerogenas demon-
strated by high content of alginate macerals, TOC, HI, S; + Sy and extractable organic matter (EOM). The
Xiamaling shales were deposited under a marine environment according to boron (B) (56-111 ppm) and other
trace elements concentration, which is consistent with the geological settings. These shales can be classified into
three types: (1) Type I is a coastal facies, which is influenced by fresh riverine water and has low B content of
56-61 ppm; (2) Type II is a marginal marine with B content of 73-79 ppm; and (3) type III has high B content of
111 ppm, typical of a brackish, and open marine environment.

The Xiamaling shales have high B (>50 ppm), low Na, Ca, Ce, Mn, and rare earth elements (REEs). According
to the elemental composition and ratios, the Xiamaling sediments were derived from the felsic source, which has
suffered from moderate to strong chemical weathering based on the CIA, ICV, and PIA values. The Xiamaling
marine shales were mostly deposited under dysoxic-anoxic conditions. The paleoclimate during the deposition of
the Xiamaling shales was warm and humid based on the cross plots of Sr/Ca vs Mn/Ca values and Sr/Cu vs Rb/Sr
ratios. Their total REE (XREE) contents increase from coastal towards the open marine zone. The Xiamaling
shales display a negative Ce anomaly, representative of marine shale, and show a negative Eu anomaly, which is
representative of lacustrine oil shale and the Post-Archean Australian Shale (PAAS) and is different from typical
marine shale of younger age, indicating the influx of terrestrial sediment.

CRediT (Contributor roles taxonomy) author statement 1. Introduction

Jin Wu: Conceptualization, Methodology, Data curation, Writing -
original draft. Visualization, Investigation, Writing - review & editing,
Funding acquisition. Hao Li: Supervision, Data curation, Writing - re-
view & editing. Fariborz Goodarzi: Supervision, Review & Editing, Xu
Min: Sample collection, Data curation, Writing - review & editing,
Weixun Cao: Sample collection, Data curation, Lijuan Huang: Sample
collection, Data curation, Yueyang Pan: Sample collection, Qingyong
Luo: Conceptualization, Resources, Supervision, Project administration,
Funding acquisition.

The Mesoproterozoic Xiamaling shales are well known as the oldest,
low thermal maturity source rocks, with well-preserved organic matter
(OM) (Luo et al., 2015a; Wang et al., 2018; Zhang et al., 2017, 2018). It
provides an opportunity to study the paleoenvironment, paleoclimate,
paleoproductivity, characteristics, compositions, and genesis of OM. The
Mesoproterozoic OM-rich sediments are important hydrocarbon source
rocks worldwide (Crick et al., 1988, 1992; Luo et al., 2013, 2016; Wang
et al., 2018; Zhang et al., 2017, 2019). Previous studies on the Meso-
proterozoic organic-rich sediments mainly focus on paleoenvironment,

* Corresponding author. State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum, Changping, Beijing, 102249, China.

E-mail address: qingyong.luo@cup.edu.cn (Q. Luo).

https://doi.org/10.1016/j.petrol.2022.110730

Received 16 April 2021; Received in revised form 28 April 2022; Accepted 1 June 2022

Available online 6 June 2022
0920-4105/© 2022 Elsevier B.V. All rights reserved.


mailto:qingyong.luo@cup.edu.cn
www.sciencedirect.com/science/journal/09204105
https://www.elsevier.com/locate/petrol
https://doi.org/10.1016/j.petrol.2022.110730
https://doi.org/10.1016/j.petrol.2022.110730
https://doi.org/10.1016/j.petrol.2022.110730
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petrol.2022.110730&domain=pdf

~

Wu et al.

Journal of Petroleum Science and Engineering 215 (2022) 110730

115°] 00" 116° | 00’

17| 00 118°] 00’

119° |00’ 120° | 00’ 121° 00’ 122¢[ 00

500 1000 km

Yuxian

1s°[00’ 116°] 00’ 117° [ 00’ 118°

Inner Mongolian axis

Y Capitial

O City

[ Study area
A Sample point

119° [ 00’ 120° [00 12100’ 122° [0’

Fig. 1. Tectonic units in the Yanshan area and the sampling locations (after Luo et al., 2014).

paleoclimate, and organic geochemistry (Blumenberg et al., 2012; Del-
pomdor et al., 2013a, 2013b; Diamond et al., 2018; Frank et al., 1997;
Luo et al., 2016; Ma et al., 2017; Mitchell and Sheldon, 2010; Rashid
et al., 2018; Wang et al., 2017, 2018; Zhang et al., 2015, 2016a, 2016b,
2017, 2019). The Mesoproterozoic paleoenvironment and paleoclimate
inferred from the Xiamaling shales have caught extensive attention in
recent decades (Diamond et al., 2018; Wang et al., 2017, 2018; Zhang
et al., 2015, 2016a, 2016b, 2017, 2019). The oxygen concentration in
the atmosphere during the deposition of the Xiamaling shales has
reached up to 4% of the present-day level, which was sufficient for the
animal respiration and the existence of green bacteria in sedimentary
water column (Zhang et al., 2016a). Canfield et al. (2018) reported iron
formation in the Xiamaling Formation, similar to the banded iron for-
mation (BIF) in the late-Archean sediments, which is benefited from the
low HjS and high Fe?" concentrations. However, it is still controversial
whether the depositional environment of the Xiamaling shale belongs to
an open or a restricted closed marine basin (Diamond et al., 2018; Zhang
et al., 2019).

Geochemistry of marine shale is different from the terrestrial, such as
the lacustrine, due to different organic input in addition to difference in
sedimentation and weathering processes, which is more evident in
lacustrine than marine. A lacustrine source rock is influenced by water
input and discharge variation, tectonic activity, and climatic variation
(Goodarzi et al., 2019a, 2019b, 2020, 2021).

There is very little data on marine shale geochemistry, particularly of
the Mesoproterozoic age (1400 Ma). The present paper documents the
elemental composition of marine Xiamaling shales and their comparison
with the Canadian lacustrine Big Marsh and marine Second White
Speckled oil shale (Bloch et al., 1999; Goodarzi et al., 2019a, 2020;
Leleyter and Probst, 1999; Macrae et al., 1992).

2. Geological setting

The Yanshan area, known as “Yanshan Subsidence Zone” contains
“two uplifts and five sags” tectonic units, i.e., Xuanlong sag, Mihuai
uplift, Jingxi sag, Jidong sag, Jibei sag, Shanhaiguan uplift, and Liaoxi
sag from west to east (Luo et al., 2014) (Fig. 1). The development of the
Yanshan aulacogen has a significant influence on the geotectonic
evolvement of North China in Meso-Neoproterozoic (Luo et al., 2015b;

Wang and Qiao, 1984). The studied area is located in the Xiahuayuan
area, southeastern Xuanlong sag (Fig. 1).

The North China region is one of the most developed and best-
preserved areas of the Meso-Neoproterozoic sediments in China. The
Meso-Neoproterozoic is subdivided into three groups, i.e., the Chang-
cheng Group, Jixian Group, and Qingbaikou Group (Fig. 2). The Jixian
Group consists of the Wumishan, Hongshuizhuang, Tieling, and
Xiamaling Formation. There is an angular unconformably contact be-
tween Xiamaling Formation and overlying Changlongshan Formation.
The age of the Xiamaling Formation ranges from ~1.40 to ~1.35 Ga on
the basis of baddeleyite and zircon dating (Zhang et al., 2009, 2015).
The Xiamaling Formation was deposited under a quiet, sedimentary
water environment and included a series of black marine OM-rich shales
(Zhang et al., 2015). During the Xiamaling Formation sedimentary
period, the North China plates, paleolatitude ranges from 10°N to 30°N
(Zhang et al., 2012b, 2017). The alternating lithology of the Xiamaling
Formation mainly consists of black shale, sandy shale, siltstone, siliceous
rock, and clay rock. Furthermore, a series of gabbro-diabase rocks have
intruded into the Xiamaling Formation, which is due to the North China
plate separation from the Columbia supercontinent (Meng et al., 2011;
Zhang et al.,, 2012a). The sediments in Xiamaling Formation have
experienced low burial temperatures (<90 °C) with immature to early
thermal mature in Zhangjiakou area (Zhang et al., 2015).

3. Samples and methods

Seven shale samples were retrieved from the Xiamaling Formation
exposed at the Xiahuayuan, northern North China (Fig. 1). The weath-
ered surfaces of the samples were cut to ensure that the samples are fresh
and free of contamination, then the samples were ground to 100 mesh.

The inorganic carbon of 100 mg power sediments was cleared with
dilute HCIl, and the residue was washed repetitiously with deionized
water and dried. The TOC of the shales was examined by Leco CS-230
analyzer.

The elemental concentration of the shales was determined using
ICP-MS with an accuracy of + 5-10% (relative), and inductively
coupled plasma-optical emission spectrometry (ICP-OES) with an ac-
curacy of + 5-10% (relative) in the Guiyang Institute of Geochemistry,
Chinese Academy of Sciences as reported by Qi et al. (2000). The
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Fig. 2. Stratigraphic column of the Meso-Neoproterozoic and the Xiamaling Formation in the Yanshan region (after Luo et al., 2013).

distribution modes of REE were acquired by determining their content
normalized to the PAAS (Taylor and McLennan, 1985). The enrichment
degree of U and Mo was characterized by the enrichment factors (EF),
where Xgr = [(X/Al) sample/(X/Al) paasl, Al and X are the percentage
content of elements Al and X, respectively (Algeo and Tribovillard,
2009). The chondrite-normalized (CN) Eu anomaly (Eu,,) was obtained
by the following formula: Euy, = Eu/(Sm x Gd)'/? (Cullers and Graf,
1984; Taylor and McLennan, 1985). The chemical index of alteration
(CIA) and plagioclase index of alternation (PIA) are calculated by the
following formulas: CIA = {Al;03/(Al;03 + CaO* + Nay0 + K0)} x
100, PIA = {(Al503-K20)/((Al;03-K20) + CaO* + Nap0)} x 100 (Fedo

et al., 1995; Nesbitt and Young, 1982). The units of the oxides in the
formulas of CIA and PIA are all mole. CaO* refers to the content of Ca in
silicate, but excluding the non-silicate such as carbonates and phos-
phates (McLennan et al., 1993). The index of compositional variation
(ICV) is obtained from the following equation: ICV= (CaO + NayO +
K50 + Fex03 + MgO + MnO + Ti03)/Al,03 (Varma et al., 2018).
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Table 1

TOC and rock pyrolysis data of the Xiamaling shales.
Sample Lithology TOC wt % S; mg HC/g rock S, mg HC/g rock $1+S, mg HC/g rock Tmax °C HI mg HC/g TOC EqQVR, %
XML-1 Shale 8.48 0.96 34.25 35.21 434 404 0.42
XML-2 Shale 2.19 0.50 7.03 7.53 432 321 /
XML-3 Shale 4.30 0.71 15.85 16.56 434 368 0.39
XML-4 Shale 14.10 1.66 62.73 64.39 442 445 0.39
XML-5 Shale 5.80 0.45 18.96 19.41 441 327 0.44
XML-6 Shale 4.56 0.72 21.5 22.22 439 472 0.46
XML-7 Shale 2.84 0.23 8.94 9.17 440 315 0.33

Abbreviations: S;: free hydrocarbon; S,: residual hydrocarbon; HI (Hydrogen Index) = S»/TOC; the equivalent vitrinite reflectance (EqQVR,) values were calculated
from vitrinite-like reflectance (R,) based on the formula reported by Luo et al. (2021): EQVR, = 1.07 x Ry — 0.18; “/*: no data.
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Fig. 3. (a) Plot of S5-TOC; (b) plot of HI-Tpax.

4. Results
4.1. Organic geochemical and petrological characteristics

The TOC contents of the Xiamaling shales vary from 2.19 to 14.10 wt
%, averaging 6.04 wt % (Table 1 and Fig. 3a). The contents of S; and S;
vary from 0.23 to 1.66 mg HC/g rock (av. = 0.75 mg HC/g rock) and
7.03-62.73 mg HC/g rock (av. = 24.18 mg HC/g rock), respectively
(Table 1). The HI contents of the Xiamaling shales range from 315 to
472 mg HC/g TOC (av. = 378.87 mg HC/g TOC). The maximum py-
rolysis peak temperature (Tpax) of the samples ranges from 432 to
442 °C, with a mean of 437 °C (Table 1). OM type of the Xiamaling
shales can be classified as type II (Fig. 3b).

The OM components in the Xiamaling shales are mainly algal-
derived liptinite macerals, including lamalginite, bituminite, matrix
bituminite, and vitrinite-like maceral (Fig. 4), which is similar to the
maceral composition of the Hongshuizhuang, Barney Creek and Velkerri
Formation (Crick et al., 1988; Crick, 1992; Luo et al., 2014). Bituminite
with yellowish brown fluorescence is the most abundant component,
and the lamalginite with yellowish or brown fluorescence is the second
most abundant component (Fig. 4). Vitrinite-like maceral, as a primitive
and autochthonous maceral, is widely distributed in the Xiamaling
shales, and its occurrence is generally similar to vitrinite (Fig. 4). Thus,
its reflectance is usually applied to evaluate the thermal maturity (Khan
et al., 2020; Luo et al., 2021 Xiao et al., 2000). The equivalent vitrinite
reflectance (EqVR,) calculated from the vitrinite-like maceral reflec-
tance in the Xiamaling shales are low (range: 0.33%-0.46%, averaging
0.41%, Table 1) (Luo et al., 2021), demonstrating that the studied shales
are immature.

4.2. Elemental composition

The element composition details of the Xiamaling shale, including
major and minor elements, REEs and their ratios are shown in
Tables 2-4.

The sedimentary environment of the Xiamaling shales is determined
according to the contents of Na, Ce and B and the comparison with the
lacustrine Big Marsh oil shales of Nova Scotia (Fig. 5). The CIA, ICV, and
PIA values in the Xiamaling shales, as parameters to get holistic infor-
mation about chemical weathering, are in the range of 69.58-78.81 (av.
= 73.65), 0.76-1.06 (av. = 0.88), 85.31-97.00 (av. = 91.49),
respectively.

Some redox-susceptive trace elements, such as Mo, U, V, Ni, Co, Th
and their ratios supply evidence about the depositional location in redox
boundary during sedimentation and change of redox conditions with
depth (Table 3). The V/(V + Ni), Ni/Co and Th/U values of these studied
shales are in the range of 0.46-0.70 (av. = 0.60), 4.72-33.04 (av. =
18.50) and 1.80-4.16 (av. = 2.79), respectively (Table 3). The enrich-
ment factors of Mogg and Ugg range from 2.50 to 13.28 and from 4.09 to
8.23 (Table 3). The variation in Mg vs Ca and Mn/Ca vs Sr/Ca values
were applied to calculate the contents of terricolous influx and relative
water temperature.

The contents of the REEs, the heavy rare earth elements (HREE), the
light rare earth elements (LREE) in each sample, and their relations with
other elements are presented as shown in Table 4. The average contents
of XREE, HREE and LREE are 124.94, 40.52 and 84.42 ppm, respectively
(Table 4). The provenance is determined based on the plots of Co/Th vs
La/Sc and La/Th vs Hf, presented as follows (Table 4). The Co/Th and
La/Sc values in the Xiamaling shales are relatively low and stable
(0.22-0.75 and 2.55-3.44), with a mean of 0.43 and 3.02, respectively
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Fig. 4. Typical macerals of the Xiamaling shales. (a) Vitrinite-like maceral and lamalginite, reflected light, XML-6; (b) the identical field of view (a), fluorescence
light; (c) Lamalginite, reflected light, XML-6; (d) the same field of view (c), fluorescence light; (e) Bituminite, reflected light, XML-6; (f) the same field of view (e),
fluorescence light.

Table 2

Contents of major elements (ppm) for the marine Xiamaling shales.
Sample XML-1 XML-2 XML-7 XML-3 XML-4 XML-6 XML-5
Zone Coastal Coastal Coastal Marginal Marginal Marginal Open
Si 334,260 388,894 387,074 371,681 312,526 372,690 327,455
Al 38,217 36,365 32,577 39,485 38,583 36,326 55,327
Ca 3554 3376 3292 3677 4396 4342 4402
Fe 24,274 10,744 14,938 10,037 12,583 11,819 18,326
K 13,362 15,515 11,918 18,162 17,883 16,642 24,842
Mg 10,368 7021 8543 7076 7362 7612 10,734
Na 444 338 1043 760 1924 1716 1630
Ti 1794 1565 1323 1432 1913 1432 2468
CIA 78.81 75.96 75.31 73.37 69.58 70.06 72.50
PIA 96.53 97.00 90.86 93.79 85.31 86.04 90.89
cv 1.06 0.78 0.95 0.76 0.88 0.88 0.83

(Table 4). The values of La/Th and Hf in the Xiamaling shales vary from 5. Discussion
2.30 to 3.23 (av. = 2.80) and from 2.19 to 3.37 ppm (av. = 2.72 ppm),
respectively (Table 4). The detailed data of the lacustrine Big Marsh oil 5.1. Depositional environment
shale can be found in Goodarzi et al. (2019a).
The marine Xiamaling shale was compared with the lacustrine Big
Marsh oil shales, Nova Scotia, Canada to infer their sedimentary
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Table 3

Contents of minor elements (ppm) for marine Xiamaling shale.
Sample XML-1 XML-2 XML-7 XML-3 XML-4 XML-6 XML-5
Zone Coastal Coastal Coastal Marginal Marginal Marginal Open
B 61.36 56.46 56.25 73.64 79.21 76.61 111.08
Co 3.07 2.65 1.73 1.25 4.67 2.03 7.63
Cu 79.00 26.80 35.70 53.70 88.30 51.90 79.80
Zr 100.00 88.00 82.80 97.70 104.00 101.00 127.00
Mn 75.13 50.58 50.55 41.10 69.56 47.61 68.06
Mo 6.04 1.08 1.63 3.67 5.83 2.61 2.89
Ni 56.10 24.00 42.05 41.30 65.20 52.90 36.00
Rb 51.10 56.40 46.65 58.10 68.30 54.00 112.00
Sc 6.46 6.16 491 5.41 7.79 5.32 10.30
Sr 44.20 35.80 42.00 77.80 38.40 38.90 52.00
Th 7.70 6.14 5.22 5.74 8.59 6.11 10.20
18) 2.49 1.93 2.91 2.81 2.69 3.01 2.45
A% 55.50 35.20 75.95 97.50 56.60 108.00 55.40
Mogr 13.28 2.50 4.21 7.81 12.70 6.03 4.38
Ugr 6.01 4.90 8.23 6.57 6.44 7.65 4.09
Sr/Cu 0.56 1.34 1.18 1.45 0.43 0.75 0.65
Rb/Sr 1.16 1.58 1.11 0.75 1.78 1.39 2.15
Ni/Co 18.27 9.06 24.38 33.04 13.96 26.06 4.72
Th/U 3.09 3.18 1.80 2.04 3.19 2.03 4.16
V/(V + Ni) 0.50 0.59 0.64 0.70 0.46 0.67 0.61

Table 4

Contents of REEs (ppm) in marine Xiamaling shale.
Sample XML-1 XML-2 XML-7 XML-3 XML-4 XML-6 XML-5
Zone Coastal Coastal Coastal Marginal Marginal Marginal Open
La 17.70 17.30 16.85 17.20 23.30 18.20 26.30
Ce 31.00 31.00 32.90 27.80 44.80 30.50 49.20
Pr 4.49 4.46 4.40 4.26 7.01 4.94 6.02
Nd 17.00 17.10 17.25 15.70 29.10 19.00 22.20
Sm 3.52 3.53 3.33 3.28 6.80 4.10 4.29
Eu 0.61 0.64 0.62 0.61 1.20 0.75 0.72
Gd 3.27 3.29 3.08 3.06 6.84 4.15 3.92
Tb 0.55 0.53 0.52 0.52 1.08 0.66 0.63
Dy 3.54 3.39 3.34 3.42 6.23 4.22 3.80
Ho 0.75 0.71 0.74 0.75 1.20 0.92 0.77
Er 2.25 2.16 2.42 2.41 3.40 2.80 2.32
Tm 0.35 0.33 0.38 0.37 0.48 0.43 0.35
Yb 2.40 2.30 2.67 2.61 3.23 2.93 2.42
Lu 0.38 0.36 0.43 0.42 0.48 0.47 0.37
Y 21.60 22.30 23.15 23.70 35.00 27.90 22.20
Euy, 0.54 0.57 0.59 0.58 0.53 0.55 0.53
>"REE 109.40 109.39 112.06 106.11 170.15 121.96 145.51
La/Sc 2.74 2.81 3.44 3.18 2.99 3.42 2.55
Co/Th 0.40 0.43 0.33 0.22 0.54 0.33 0.75
La/Th 2.30 2.82 3.23 3.00 2.71 2.98 2.58
LREE 74.32 74.03 75.34 68.85 112.21 77.49 108.73
HREE 35.08 35.37 36.72 37.26 57.94 44.47 36.77

environments. The lacustrine Big Marsh oil shale has lower boron con-
tent (28-49 ppm), typical of freshwater lacustrine (Goodarzi, 1987,
2018). The Xiamaling shales have higher and variable boron content
(56-110 ppm) (Table 3), typical of brackish water depositional setting
(Fig. 5a) (Goodarzi and Swaine, 1994). The depositional environment of
these two shales was very different. The Xiamaling Formation was
mainly deposited in deep and quiet water below the storm wave base
(>100 m) (Zhang et al., 2015). The sediment charged to the Yanshan
basin was mostly wind-blown or due to the rivers input (Goodarzi, 2020;
Wang et al., 2018; Zhang et al., 2019).

The lacustrine oil shale had a higher rate of terrestrial sediment input
than the marine shale, suggested by the contents of Na and Ce (Fig. 5b).
The lacustrine oil shales generally contain lower B, and higher Ce and
>"REE, indicating the higher input of the terrestrial sediments into a
freshwater lake (Fig. 5a). By comparison, the Xiamaling shales have
lower terricolous influx supported by the higher and mutable B (boron;
56-110 ppm) and lower Ce content, in agreement with Zhang et al.
(2018).

The Xiamaling shales were deposited in a closed basin, limited en-
vironments, similar to an ancient lake (Diamond et al., 2018). However,
Zhang et al. (2019), based on the detailed geochemical research,
disputed this view and proposed that the sedimentary environment of
the Xiamaling shales were marine and open, and the source of the basin
sediments was vicinal rivers and atmospheric deposition. The present
results indicate a variation of water chemistry due to freshwater input by
the river(s) into the basin, resulting in low B and slightly brackish in the
coastal area (Fig. 6a). The water is becoming brackish from the shallow
towards the open marine, and the concentration of both Rb and ) REE
increases from coastal to the open marine (Fig. 6), which is due to a
decrease in the terrestrial influx from coastal to open marine and an
increase in the input of aluminosilicates (clay minerals) in the deep
marine facies (Fig. 6b). This indicates a depositional classification and
progressive sedimentation of fine clay towards the deep facies (Good-
arzi, 2020). In general, this apparent variation in shale geochemistry
related to the freshwater input would have been perhaps less noticeable
if their deposition environment was restricted.
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Comparison of the Xiamaling shale with the Canadian marine and
lacustrine oil shales was also conducted on the basis of the B and Ce
variation (Bloch et al., 1999; Goodarzi et al., 2019a, 2020) (Fig. 7). The
Xiamaling shale grouped with the marine Second White Speckled oil
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Fig. 7. The relation between the Xiamaling, the marine Second White Speckled
and Big Marsh lacustrine oil shales based on the concentration of boron and
cerium (Bloch et al., 1999; Goodarzi et al., 2019a, 2020).

shale, Saskatchewan, Canada, followed a similar pattern related to the
distance from the coast and depth (Fig. 7).

5.2. Provenance and chemical weathering

The La/Sc and Co/Th ratios have sensitive responses to the prove-
nance (Cullers, 1994; Luo et al., 2015b; Sun et al., 2008), since basic and
siliceous rocks enrich La and Th, whereas Sc and Co are depleted
(Cullers, 1994). The relatively low and stable values of Co/Th and La/Sc
in the Xiamaling shales indicate a felsic source (Table 4 and Fig. 8a) (Gu
et al., 2002; Luo et al., 2015b), which is consistent with the TiOy-Zr
diagram (Fig. 8b) (Hayashi et al., 1997).

The elemental composition of the island arc from the felsic source is
characterized by the low and stable ratio of La/Th (<5) with the low
contents of Hf ranging from 3 to 7 ppm (Floyd and Leveridge, 1987; Luo
et al., 2015b; Xie et al., 2019). The low values of La/Th and Hf in the
Xiamaling shales also indicate a felsic source, similar to the PAAS
(Fig. 8¢c).
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weathering trends in the different source rocks: 1-tonalite; 2-granodiorite;
3-adamellite; 4-granite. Point E is the intersection of line 2 and A-K boundary.

The provenance of sedimentary rocks can also be distinguished by
the abundances of the REE (Fedo et al., 1996; Luo et al., 2015b).
Generally, the negative Euy, (Euy, = 0.53-0.59, av. = 0.56) and high
LREE/HREE ratios (LREE/HREE = 1.80-2.75, averaging 2.08, Table 4)
imply felsic source rocks for the Xiamaling shales (Cullers and Graf,
1984; Taylor and McLennan, 1985), and their provenance is mainly
granodiorite as indicated by the La-Th-Sc ternary diagram (Fig. 8d).

The stability of the elements is different during the chemical
weathering of the rocks. Thus, the CIA and PIA can be applied to eval-
uate chemical weathering degree (Fedo et al., 1995; Nesbitt and Young,
1982). CIA = 50-60, 60-80 and 80-100 indicate low, moderate, and
extreme chemical weathering intensity, respectively (Fedo et al., 1995;
Selvaraj and Chen, 2006). The CIA values in the Xiamaling shales are
69.58-78.81 (av. = 73.65) (Table 2), demonstrating a moderate chem-
ical weathering. The PIA values of the Xiamaling Formation shales are
85.31-97.00 (with the mean of 91.49) (Table 2), also indicating an
intense chemical weathering in the source area (Fedo et al., 1995). The
ICV of the Xiamaling shales are 0.76-1.06 (with an average of 0.88)
(Table 2), mostly lower than 1, implying predominant proportion of the
clay minerals in comparison to the rock forming minerals (Cox et al.,
1995). The low ICV values also suggest strong chemical weathering of
the source of the Xiamaling shales (Samad et al., 2020; Varma et al.,
2018).

The chemical weathering intensity indicated by CIA values is slightly
different from that indicated by PIA values, which may be due to the
influence of potassium metasomatism. A-CN-K (A = Al;,03, CN= CaO*
+ NagO, K=K30) ternary has been used to characterize chemical
weathering intensity and potassium metasomatism (Fedo et al., 1995;
Nesbitt and Young, 1982; Luo et al., 2015b). With the increase of the
chemical weathering, the evolution trend of chemical composition of the
residues is firstly along the trend parallel to A-CN line, then parallel to
A-K line towards apex A (Fig. 9). However, the Xiamaling shales have
deviated from the weathering path of granodiorite (i.e., line 2 and line
E-A) and move towards apex K (Fig. 9), indicating that K is relatively
enriched and significant potassium metasomatism occurred, which re-
sults in low CIA values in the Xiamaling shales. This indicates that the
corrected CIA values shall be higher than 90 (the value of point E in
Fig. 9) and a strong chemical weathering occurred in the source area
(Luo et al., 2015b).
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5.3. Redox condition

Some susceptible trace elements, such as Co, Mo, Ni, V, and U, record
the information of sedimentary redox boundary during deposition (Dean
etal., 1997, 1999; Goodarzi et al., 2019a, 2020; Kremling, 1983; Jacobs
et al., 1985; Tribovillard et al., 2006). Thus, their content and ratios (e.
g., V/(V + Ni), Ni/Co and Th/U) can be used as the criteria for redox
discrimination in the water column (Hatch and Leventhal, 1992; Hart-
kopf-Froder et al., 2007; Kimura and Watanabe, 2001; Liu et al., 2019,
2021).

The ratios of V/(V + Ni), Ni/Co and Th/U can also be used as in-
dicators of the depositional conditions (Hartkopf-Froder et al., 2007;
Hatch and Leventhal, 1992; Jones and Manning, 1994; Kimura and
Watanabe, 2001; Li et al., 2021; Wignall and Twitchett, 1996). The
Ni/Co, V/(V + Ni) and Th/U values show that the Xiamaling shales are
generally deposited under dysoxic-anoxic environment (Table 3 and
Fig. 10a, band c). Luo et al. (2015a) also found that the Xiamaling shales
from adjacent areas in the Xiahuayuan deposited under anoxic envi-
ronments according to the V/(V + Ni) vs Th/U ratios (Fig. 10a).

Since Mo is relatively richer than U in partial anoxic environment,
the redox environment of the sedimentary period can be studied by the
relationship Mo-U in the redox environment (Algeo and Tribovillard,
2009; Zhu et al., 2022). In the Xiamaling shales, Mo enrichment is
slightly higher than U. According to the Mogp-Ugr covariation model
(Fig. 10d) (Algeo and Tribovillard, 2009), the Xiamaling shales were
deposited under dysoxic-anoxic conditions, consistent with the
redox-sensitive element ratios. Song et al. (2021) reported that the
Xiamaling shales had a low pristane/phytane (Pr/Ph) ratio of <1.0 (with
an average of 0.60), suggesting an anoxic condition (Didyk et al., 1978).

5.4. Paleotemperature

The Xiamaling shales were deposited in a tropical to sub-tropical
environment with the latitude of 10°N30°N (Zhang et al., 2012a),
which were evident by the variation of Mg and Ca, when compared with
the Big Marsh lacustrine oil shales, which were deposited in a temperate
climate (Fig. 11) (Goodarzi, 2020). In general, the mineralogy of car-
bonate varies over time, as the stability of different carbonate minerals
varies under different pressure and temperature conditions. The only
stable phase of CaCOs is calcite at normal earth environment, and occurs
as high-Mg calcite (11-20 mol% of MgCO3) and low-Mg calcite (5 mol%
of MgCOs3). The MgCOs3 content of the primordial calcite is dominated by
temperature. The MgCOs3 is greater at higher temperatures (Mucci,
1987), as evidenced by the high Mg content in the Xiamaling shales
deposited in a hot tropical climate (Wang et al., 2017), unlike the Big
Marsh lacustrine oil shale, which was deposited under cooler temperate
climate (Goodarzi, 2020). The high-Mg calcite is metastable at a lower
temperature but converts to low-Mg calcite or dolomite overtime
(Mackenzie et al., 1983). The variations of Mg—Ca for the lacustrine Big
Marsh and marine Xiamaling shales reveal a higher temperature of the
marine shales than the lacustrine Big Marsh oil shales (Fig. 11).

Other indicators of paleotemperature are Sr and Mn (Stoll et al.,
2002). The lacustrine oil shales have higher terrigenous input and cooler
temperature than the marine Xiamaling shales as indicated by the higher
Mn content in the former oil shales. (Fig. 12a). The Sr/Ca vs Mn/Ca
values were also applied to evaluate the paleotemperature and sedi-
mentary influx (Fig. 12b). The high Mn/Ca value reveals a higher
terrigenous influx, and high Sr/Ca is typically indicative of higher
temperature (Stoll et al., 2002).

The lacustrine oil shales have low Sr/Ca and high Mn/Ca values
(Fig. 12). The high Mn/Ca value is caused by high terricolous input,
composed of large quantities of clay minerals and quartz (52.7 and 38 wt
%) (Macauley and Bell, 1984). The low Sr/Ca value in the lacustrine oil
shales with almost no carbonates indicates low temperature (Macauley
and Bell, 1984). In contrast, the variety of Mn/Ca vs Sr/Ca for the
Xiamaling shales demonstrated little sedimentary input, with warm
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tropical water temperature (Fig. 12b).

5.5. Paleoclimate

The Sr/Cu ratio is a sensitive indicator of paleoclimate. Generally,
Sr/Cu values > 10 suggest an arid climate, while values from 1 to 10
reflect a humid environment (Lerman, 1978). High Rb/Sr ratios reflect a
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relatively humid environment (Bai et al., 2015; Moradi et al., 2016). The
Sr/Cu values in the Xiamaling shales are in the range of 0.44-1.45 (av.
= 0.91), while the ratios of Rb/Sr range from 0.75 to 2.15 (av. = 1.34,
Table 3 and Fig. 13), higher than the value in PASS (~0.80), indicating
that the studied area was under relatively humid tropical climate, which
was in agreement with the paleotemperature evidence as discussed
earlier.

5.6. Rare earth elements

In the organic-rich sedimentary rock (coal, oil shales), the REEs are
mainly connected with inorganic fractions related to the parent rock and
weathering (Flier-Keller, 2009; Goodarzi et al., 2019a; Seredin and Dali,
2012). The REEs are generally concomitant with clay minerals and
probably adsorbed on the surface of clay-size particles and minerals
(Flier-Keller, 2009; Palmer and Filby, 1984). The variation in elemental
concentration and REEs is also related to the depositional zones, and the
concentration of Rb, B, and REEs increase from the coast towards the
deep marine environment (Fig. 14).

Comparison of REEs, LREE, HREE and LREE/HREE ratio for the two
shales reveals that the lacustrine oil shales have higher contents of
> REEs and LREEs than the marine Xiamaling shales, due to higher
terricolous input into the lacustrine environment than the marine one
(Fig. 15). However, The HREEs in marine environment are greater than
their equivalents in the costal lacustrine oil shale (Fig. 15).
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5.6.1. Variation of PAAS-normalized REEs

The REEs distribution modes in the Xiamaling shales were normal-
ized to PAAS (Taylor and McLennan, 1985). These marine shales from
three depositional zones follow similar patterns (Table 4 and Fig. 16a).
There is a continuous increase from LREE towards HREE (Fig. 16a),
typical of seawater (Alibo and Nozaki, 1999). All oil shales show weak
negative Ce, typical of marine sediments (Alibo and Nozaki, 1999; Bau
and Dulski, 1996). They also display moderate negative Eu anomalies,
typical of the Post Archean Australian rock (Taylor and McLennan,
1985).

The potassium-rich rocks exhibit negative Eu anomaly, by compar-
ison, the carbonate-rich sediment may show positive Eu anomaly,
typical of seawater (Alibo and Nozaki, 1999; Leleyter and Probst, 1999).
The PAAS-corrected REEs trends for both the Xiamaling and the marine
Second White Speckled oil shales (Cretaceous age) display a negative Ce
anomaly, typical sediments deposited under a marine environment
(Fig. 16a and b). However, the Xiamaling shales show moderate nega-
tive Eu anomaly, similar to the lacustrine oil shale (Fig. 16¢), typical of
continental crust (Taylor and McLennan, 1985). The marine Second
White Speckled oil shales show positive Eu (Fig. 16b), representative of
carbonate-rich sediment (Bloch et al., 1999; Leleyter and Probst, 1999;
Macrae et al., 1992). The moderate negative Eu anomaly of the
Xiamaling shale is due to the presence of felsic volcanic rocks on the sea,
providing an influx of the terrestrial quartz and clay particles into the
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sea, altering the REEs composition (Table 4 and Fig. 16a).

5.7. Hydrocarbon generation potential

The hydrocarbon generation potential of the Xiamaling shale can be
determined based on the maceral composition, TOC, rock pyrolysis pa-
rameters, and extractable OM (EOM) content. The Xiamaling shales
have high TOC, S; and S, contents suggest that they are good to excellent
hydrocarbon source rocks (Langford and Blanc-Valleron, 1990; Peters,
1986; Peters and Cassa, 1994) (Fig. 3a). Generally, the samples with HI
> 300 mg HC/g TOC are considered to have the capability of oil gen-
eration (Peters and Cassa, 1994). The HI values in the Xiamaling shales
are in the range of 315-472 mg HC/g TOC, implying that they are
oil-prone. This can be further proved by the abundant EOM in the
Xiamaling shales (Song et al., 2021; Zhao et al., 2019). The Xiamaling
shales show type II kerogen according to the HI-Tp,,x diagram, sug-
gesting their oil-prone property (Fig. 3b). These conclusions are
consistent with abundant bituminite and lamalginite in the Xiamaling
shales (Fig. 4).

6. Conclusions
The present results indicate that:

a. The Xiamaling shales were deposited under marine environments,
including coastal, marginal, and open marine, with warm water
temperature and humid tropical condition.

b. The elemental composition and ratios of the Xiamaling shales indi-
cate the provenance of felsic volcanic rocks, which suffered moderate
to strong chemical weathering.

c. The Xiamaling shales were deposited under dysoxic-anoxic
condition.

d. The trend of PAAS normalized REEs in the Xiamaling shales displays
negative Ce anomaly, typical of marine environment; and negative
Eu anomaly, typical of continental setting, indicating little terrestrial
influx.

e. The Xiamaling shales have good to excellent oil hydrocarbon gen-
eration potential with type II kerogen.
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