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Abstract

The Fushun and Huadian basins, located along the DunMi fault zone (NE China), are
filled with non-marine oil shale- and coal-bearing sediments of Eocene age. Despite
similar tectonic setting and age, the habitat of oil shale and coal differs significantly in
terms of thickness, distribution and quality. The Fushun Basin hosts world-class coal
and oil shale deposits, which are mined in a huge open-pit mine. In contrast, the
Huadian Basin hosts several relative thin oil shale and coal seams, which are mined

underground.

During this study the depositional environment of coal and oil shale in both basins
and factors controlling differences between them were investigated mainly based on

detailed bulk geochemical, organic petrographical and organic geochemical data.

In the Fushun Basin, a single sub-bituminous coal seam, up to 120-m-thick
(Guchengzi Formation), formed during the early transgressive stage of basin
evolution. It is overlain by an up to 300-m-thick oil shale unit (Jijuntun Formation).
During the deposition of oil shale, excellent preservation conditions of organic matter
were established in a more than 100-m-deep lake with a stable stratified water
column and photic zone anoxia. Especially in the upper unit of the Jijuntun Formation,
the organic matter is dominated by algal and bacterial biomass. Relative high thermal

maturity is due to high paleo-heat flow related to magmatic activity.

In the Huadian Basin 13 oil shale layers intercalated with fan delta sediments (Oil
Shale Member) were deposited in a lake with relative low water depth (a few tens of
meters) preventing stable water column stratification. Nevertheless, algal blooms and
oxygen-depleted conditions resulted in high quality oil shale (e.g. oil shale layer 4). In
contrast, strong input of terrestrial plants reduces the quality of the lower oil shale
layers (e.g. oil shale layers 13-11). Thin coal layers accumulated during the late

regressive stage of basin evolution (Carbonaceous Shale Member).

The main factor controlling differences in stratigraphic position, thickness and quality
of oil shale and coal deposits in the Fushun and Huadian basins is tectonic subsidence.
The subsidence rate was significantly higher in the Fushun Basin than in the Huadian
Basin. This resulted in the formation of a thick coal seam during the transgressive

phase of basin evolution. Similar coal is missing in the Huadian Basin. In addition, a



single thick high quality oil shale unit developed under deep lacustrine conditions in
the Fushun Basin, whereas several thin oil shale layers were deposited in a relative
shallow lake in the Huadian Basin. During the regressive stage of basin evolution, thin
coal layers accumulated in the Huadian Basin, whereas equivalent coal is missing in
the Fushun Basin. In general, the organic matter of the oil shale within the Fushun
Basin mainly composed of algae and bacteria, whereas terrestrial organic matter is
more abundant in the Huadian Basin. Moreover, differences in paleo-vegetation
(gymnosperms prevail in Fushun; angiosperms prevail in Huadian) may indicate

different climatic conditions.



Kurzfassung

Die nicht-marinen Fushun und Huadian Becken befinden sich entlang der DunMi-
Stérungszone in Nordostchina. Beide Becken beinhalten eozine Olschiefer- und
Kohlevorkommen. Trotz dhnlicher tektonischer Position und Alter, weisen sowohl
Olschiefer als auch Kohle Unterschiede hinsichtlich ihrer Machtigkeit, Verteilung und
Qualitat in beiden Becken auf. Im Fushun Becken werden sehr machtige Kohle und
Olschiefer in einem riesigen Obertagebergbau gewonnen. Im Gegensatz dazu, werden
relativ gering michtige Olschiefer- und Kohlelagen im Huadian Becken untertage

abgebaut.

Ziele dieser Studie sind die Ablagerungsbedingungen organisch reicher Sedimente in
den Fushun und Huadian Becken mittels detaillierter organisch geochemischer und
petrographischer Daten zu rekonstruieren und miteinander zu vergleichen. Ein
weiteres Ziel dieser Studie ist es, die kontrollierenden Faktoren, die fur die

Unterschiede in beiden Becken verantwortlich waren, herauszufinden.

Im Fushun Becken bildete sich ein bis zu 120-m-machtiges Kohlefloz
(Glanzbraunkohle, Guchengzi Formation) wahrend der frithen transgressiven Phase
der Beckenentwicklung. Dieses Floz wird von einer bis zu 300-m-machtigen
Olschiefereinheit (Jijuntun Formation) tiberlagert, welche in einem mehr als 100-m-
tiefen See mit anoxischen Bedingungen, die bis in die photische Zone reichten,
abgelagert wurde. Diese anoxischen Bedingungen sowie eine stabile Stratifizierung
der Wassersaule trugen wesentlich zur hervorragenden Erhaltung des organischen
Materials bei. Das organische Material der oberen Einheit der Jijuntun Formation
besteht hauptsachlich aus Algen und Bakterien. Magmatische Aktivitat und der damit
einhergehende hohe Paldowarmefluss waren verantwortlich fiir die relativ hohe

thermische Reife.

Im Huadian Becken wurden 13 diinne Olschieferlagen mit zwischengelagerten
Deltafacher-Sedimenten (Oil Shale Member) in einem seichten See abgelagert. Da die
Wassertiefe nie mehr als ein paar Zehnermeter erreichte, konnte sich keine stabile
Stratifizierung der Wassersaule bilden. Trotzdem konnten sich aufgrund von
Algenbliiten und sauerstoffreduzierten Bedingungen hoch-qualitative Olschiefer (z.B.

Olschieferlage 4) ablagern. Die tieferen Olschieferlagen (z.B. Olschieferlagen 13 bis



11) sind wegen des Eintrags von Landpflanzen von schlechterer Qualitat. Wahrend
der spaten regressiven Phase der Beckenentwicklung wurden diinne Kohlelagen

abgelagert (Carbonaceous Shale Member).

Die Unterschiede in stratigraphischer Position, Machtigkeit und Qualitit der
Olschiefer und Kohlen in den Fushun und Huadian Becken werden hauptsachlich von
der Absenkungsgeschwindigkeit kontrolliert. Die Subsidenzrate war im Fushun
Becken wesentlich hoher als im Huadian Becken. Folglich lagerte sich ein sehr
machtiges  Kohlefl6z ~wahrend der frithen transgressiven Phase der
Beckenentwicklung im Fushun Becken ab, wohingegen im Huadian Becken eine
ahnliche Kohle fehlt. Weiters wurde im Fushun Becken eine sehr machtige hoch-
qualitative Olschiefereinheit in einem tiefen See gebildet. Im Huadian Becken
hingegen, wurden mehrere diinne Olschieferlagen in einem relativ seichten See
abgelagert. Wahrend der regressiven Phase der Beckenentwicklung bildeten sich im
Huadian Becken diinne Kohlelagen; eine dquivalente Kohle tritt im Fushun Becken
nicht auf. Generell besteht das organische Material des Olschiefers im Fushun Becken
aus Algen und Bakterien, wohingegen der Einfluss von Landpflanzen im Huadian
Becken bedeutend ist. Zusatzlich konnten Unterschiede in der Paldovegetation
(Gymnospermen dominieren in Fushun; Angiospermen in Huadian) ein Hinweis auf

unterschiedliche klimatische Bedingungen sein.
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GENERAL PART OF DOCTORAL THESIS



1 General Introduction

1.1 Oilshalesingeneral

Very fine-grained sedimentary rocks with high contents in thermally immature
organic matter may be considered as oil shales, which are commonly defined as rocks
containing organic matter that yields substantial oil and gas upon low temperature
distillation (Dyni, 2006). Oil shale is a potential source rock that would have
generated oil if it had been subjected to geologic burial at the requisite temperatures

and pressures for sufficient time (Allix et al., 2011).

Methods for coaxing oil from shale to produce liquid fuels have existed for hundreds
of years. The oldest method is to heat the mined oil shale in processing facilities on
the surface to obtain shale oil. More recently, methods have been tested to heat the
rock in situ and extract the shale oil through boreholes (Allix et al, 2011). The
recovery methods are complicated and expensive, but high oil prices and predictions
of future oil shortages, producing shale oil is becoming economically important
nowadays. Fig. 1.1 shows that the tonnage of mined oil shale reached a peak in 1980,

declined during the 1980s and 1990s and started to increase again since 1999.
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Fig. 1.1: Production of oil shale in millions of metric tons from 1880 to 2010 (Dyni,
2006; Allix et al,, 2011).

The first known use of liquid petroleum derived from shale was in Austria (Tyrol) and

dates to the mid-1300s, when medical practicioners touted its healing properties



(Allix et al., 2011). Whereas mining of these Upper Triassic (Norian) oil shales near
Seefeld stopped in the second half of the 20t century (Koster et al., 1988), Lower
Jurassic (Toarcian) oil shale is still mined in the Bachental (Neumeister et al., 2014).
The produced oil is sold under the trade name “Tiroler Stein6l” for medical and

cosmetic use.

The world’s greatest oil shale producer is Estonia, where Kukersite of Ordovician age
is mined underground and in openpit mines since the 1920s (Aaloe et al., 2007).
However, only a small part of the kukersite is used for shale oil production, whereas

the main part is utilized in power plants (Aaloe et al., 2007).

Obviously, China also plays a significant role in the oil shale business and is
responsible for the recent increase in mined shale. The most important commercial
Chinese reserves are located in the Fushun Basin, where the total resource of oil shale

is estimated at 3.6 x 10%tons (Liu et al., 2009).

Oil shale deposits are widespread thoughout the world. Hundreds of deposits occur in
more than 30 countries, but high-quality shale oil resources are located in 14
countries (Fig. 1.2). World’s shale oil resources are about 5.1 x 1011 m* (Allix et al,,

2011).

| ik (2|
Uniterd States (1]
1045 7
Extonia (%1
Camada {11h 18
15 Haky 151
o Franced12]
T I
Monozca (5] braul [14) m“";:"m
5 4
l Egwpti13l = Jardan (3} "
g2 fu
Damacratic
Beranil (4] Ropubiiz of
o] Cenga 11}
Shale oif nesourme 1w
I effion bl
i, Australia (2]

Fig. 1.2: World’s most important oil shale deposits are located in 14 countries (Knaus

etal, 2010; Allix et al,, 2011).

Oil shale resources of different ages are distributed all over China. Many well-

explored oil shale deposits are located in northeast China (Fig. 1.3). The non-marine



Songliao Basin, considered as a Mesozoic rift basin, is China’s most oil-productive
basin. The Upper Cretaceous Qingshankou and Nenjiang formations are the main
source rocks within this basin and are also known as major oil shale resources (Liu et
al., 2009; Bechtel et al,, 2012). Furthermore, to the southeast of the Songliao Basin,
several (Mesozoic and) Cenozoic oil shale- and coal-bearing basins are located along
the Dunhua-Mishan (“DunMi”) strike-slip fault, which was active during Mesozoic-
Cenozoic time (Liu et al., 2009; Meng et al.,, 2012). The most prominent oil shale
basins along this fault zone are the Eocene Fushun and Huadian basins hosting non-

marine sediments with an Eocene age.
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Fig. 1.3: Distribution of oil shale-bearing basins in China [modified according to Liu et

al. (2009)].

Lacustrine oil shales with a Middle Eocene age are distributed all over the world and
include i.a. the Parachute Creek Member of the Green River Formation (USA;
Cumming et al., 2012), the Messel oil shale (Germany; Lenz et al., 2007), oil shales in
Central Jordan (Alqudah et al, 2014), Turkey (Ocakoglu et al, 2012), and China
(Fushun and Huadian basins; Quan et al., 2012; Sun et al., 2013). Although all of these
basins include lacustrine rocks, the oil shales differ significantly in terms of organic
richness, thickness, and vertical and lateral heterogeneity. For example both, the

Fushun and Huadian basins host economic oil shale and coal deposits formed during



Eocene times and are located along the same fault zone, but show major differences

in their basin evolution (Liu et al., 2009; Sun et al., 2013).

1.2 Previous research on oil shale and coal in the Fushun and

Huadian basins

The economically most important oil shale deposit of China is located within the
Fushun Basin, where a single, up to 120-m-thick coal seam (Guchengzi Formation)
overlain by a world-class 300-m-thick oil shale (Jijuntun Formation) is exploited in a
huge open pit mine. Compared to the Fushun Basin, a thick coal seam in the lower
part (Pyrite Member) of the sedimentary succession is missing in the Huadian Basin.
Instead, the basin hosts 13 commercial oil shale layers (Oil Shale Member), only a few
meters thick, and several thin coal seams in the upper part (Carbonaceous Shale
Member) of the stratigraphic column, which are mined underground (Liu et al., 2009;

Sun etal., 2013).

Previous research related to the oil shale deposit in the Fushun Basin mainly focused
on tectonic evolution (Wu et al,, 2002), kinetics of pyrolysis (Li and Yue, 2003), shale
oil reserves (Liu et al., 2009), and paleoclimatic evolution (Wang et al., 2010; Meng et
al, 2012). The coal in the Fushun Basin was investigated regarding the geological
setting of coal deposition (Johnson, 1990), coal metamorphism (Wu et al., 2000),
tectonic (Wu et al,, 2002) and paleoclimatic evolution (Wang et al., 2010; Quan et al.,
2012), palynology and paleobotany (Ma et al., 2012; Su et al., 2014).

The oil shale and coal deposits of the Huadian Basin are hardly known in
international publications. Only data on shale oil reserves (Liu et al, 2009), total
organic carbon contents, hydrogen indices, oil yields (Sun et al, 2013) and

petrography (Xie et al,, 2014) are available.



1.3 Innovative aspects and importance of the expected results

Organic matter rich rocks including oil shale and coal deposits provide excellent
archives for paleoenvironmental conditions. Bioproductivity, organic matter
preservation, and dilution of organic matter by mineral matter are the main controls
on the quality of lacustrine or marine organic matter rich rocks. Bioproductivity may
be related to nutrient supply and climate, organic matter preservation is controlled
by redox conditions (water-column stratification, global anoxic events, etc.), whereas
the tectonic, paleogeographic and sequence stratigraphic settings strongly influence
detrital input (e.g. Carroll and Bohacs, 1999, 2001; Liu et al., 2009; Passey et al., 2010;
Bechtel et al, 2012). Excellent oil-prone source rocks form in lacustrine

environments.

Tectonically controlled basins in humid environments are often characterized by a
stratigraphic succession including from base to top fluvial sediments, a single thick
coal seam and lacustrine deposits, which may be very high in organic matter contents
(e.g. Sachsenhofer et al,, 2003). This succession reflects the high subsidence rates
characteristic for rift and strike-slip basins (Lambiase, 1990). When subsidence rates
decrease the deep lake is filled by deltaic systems. Coal may form during the
regressive filling stage of the basin, but is typically of lower quality than that formed

during the transgressive stage (Sachsenhofer, 2000).

The thickness and distribution of coal and oil shale layers in the non-marine Fushun
and Huadian basins show major differences, although both basins are located at the
same strike-slip zone and were formed roughly contemporaneously. Therefore, this

doctoral thesis has three major aims:

e to reconstruct the depositional environment of the coal and oil shale in the
Fushun Basin,

e to reconstruct the depositional environment of the coal and oil shale in the
Huadian Basin,

e and to investigate the factors controlling the differences between the Fushun

and Huadian basins.

To reach the goals, key sections in the Fushun and Huadian basins were investigated.

In the Fushun Basin a profile located in the West Open Pit mine south of Fushun City
6



was studied. The study of the Huadian Basin is based on core samples from well Hd3

drilled in the eastern part of the basin (Gonglangtou mining district).

The study on oil shale and coal deposition in these tectonically controlled basins is
based on detailed bulk geochemical, organic petrographical and organic geochemical
(biomarker) investigations. Mineralogical investigations have been performed in the
Fushun Basin. In addition, the thermal history of the Fushun Basin was reconstructed

using a 1D basin modeling approach.

The comparison of two basins with similar age and tectonic setting, but largely
differing characteristics of coal and oil shale will provide important new insights into
the evolution of strike-slip basins, the depositional environment and the architecture

of coal and oil shale layers.



2 Geological setting

Several oil shale- and coal-bearing basins in northeast China are located along the
Dunhua-Mishan (“DunMi”) fault zone (Fig. 2.1), which was active during Mesozoic-
Cenozoic time (Liu et al,, 2009; Meng et al,, 2012). This thesis deals with the most

prominent ones:

e the Fushun Basin,

e and the Huadian Basin.

Both basins host Eocene non-marine organic-rich sediments. The geological setting of

these basins is discussed separately in detail below.
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Fig. 2.1: Map showing the location of the DunMi fault zone and the Fushun and
Huadian basins [modified according to Meng et al. (2012)].

2.1 Geological setting of the Fushun Basin

The Fushun Basin, considered as a strike-slip basin (Wu et al., 2002), is characterized
by an east-west trending syncline, whose northern limb was removed by a large-scale

thrust fault (Johnson, 1990; Fig. 2.2).
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Fig. 2.2: Geological map of the Fushun Basin [modified according to Hong et al.

(1980), Zhao et al. (1994), Wu et al. (2000), Hou et al. (2006), Meng et al. (2012)].

The basement of the Fushun Basin consists of Proterozoic gneiss and sediments of
Cretaceous age. The basin fill contains from base to top: Laohutai and Lizigou
formations (Paleocene), Guchengzi Formation (Lower Eocene), Jijuntun and Xilutian
formations (Middle Eocene) and Gengjiajie Formation (Upper Eocene; Fig. 2.3).

Special focus is taken on the Eocene Guchengzi and Jijuntun formations.

The coal seam within the Guchengzi Formation (Ypresian) is between 20 and 200 m
thick including interseam sediments consisting of carbonaceous shale, mudstone and
sandstone and conglomerate. Amber and siderite nodules occur thougout the coal
seam (Johnson, 1990; Wu et al,, 1998; Xu et al., 2012). The maturity of the coal seam
increases from west to east from the sub-bituminous stage (~0.5%R;) to the high
volatile bituminous A stage (~0.9%R;; Wu et al,, 2000). According to Wu et al. (2000),
the relatively high maturity is related to the Late Oligocene intrusion of diabase sills

into the underlying Laohutai and Lizigou formations.
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Fig. 2.3: Stratigraphic column of the Fushun Basin [modified according to Hong et al.

(1980); Wu et al. (2000); Quan etal. (2012)]

The Jijuntun Formation (Lutetian), 60 to 300 m thick, is composed of thick oil shale
intercalated by carbonaceous shale and mudstone (Wu et al., 2000; Meng et al., 2012).
According to Liu et al. (2009), the depth of the lake increased during deposition of the
oil shale-bearing succession. Low quality oil shale (oil yield <4.7 wt.%) was deposited
in the lower part (shallow lake), whereas oil shale with high quality (oil yield
>4.7 wt.%) was deposited in the upper part (deep lake; Liu et al., 2009).
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The Xilutian Formation (Bartonian), up to 600 m thick, comprises light green
dolomitic mudstone intercalated by silty argillite deposited in a shallow lake

environment (Wu et al., 2000; Meng et al., 2012).

Erosional remnants of mudstones and siltstones of the fluvial Gengjiajie Formation

(Priabonian) appear only locally (Hong et al., 1980; Wu et al., 2000).

The climate during deposition of the basin fill was reconstructed by Quan et al
(2012) using the Coexistence Approach (Mosbrugger and Utescher, 1997). According
to these investigations the coal seam of the Guchengzi Formation was deposited
during the Early Eocene Climatic Optimum, whereas the mean annual temperature
decreased during deposition of the oil shale-bearing Jijuntun Formation. The
overlying Xilutian Formation represents a Mid-Eocene warming event. Huang et al.
(1983) reconstructed a moist subtropical climate for the time of coal accumulation
within the Guchengzi Formation. A warm and humid climate during deposition of the
Jijuntun Formation and a hot and arid climate during deposition of the Xilutian

Formation is postulated by Meng et al. (2012).

2.2 Geological setting of the Huadian Basin

The Huadian Basin is an east-west trending halfgraben basin (Fig. 2.4). Its Eocene
basin fill (Huadian Formation) is up to 1500 m thick and overlies several basement
units consisting of granite, Lower Paleozoic and Permo-Carboniferous rocks. The
Quaternary cover is up to 15 m thick. The Huadian Formation consists from base to
top of three members: Pyrite Member, Oil Shale Member and Carbonaceous Shale

Member (Liu et al.,, 2009; Sun et al,, 2011, 2013; Fig. 2.5).
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Fig. 2.4: Geological map of the Huadian Basin [modified according to Sun et al.
(2013)].

The Pyrite Member represents the early, shallow stages of basin evolution. It
comprises conglomerates and red mudstones near its base overlain by varicolored
calcarenitic fine-grained sandstones, mudstones and coaly layers deposited in alluvial
fan, fan delta, and shallow lake environments (Sun et al., 2011, 2013). The presence of
pyrite crystals in fractures and pore spaces, interpreted to be hydrothermal in origin

by Sun (2010), is eponymous for this member.

The Oil Shale Member was deposited during the expansion and deepening of the lake
(Sun et al,, 2013). It was dated as Middle Eocene based on a mammalian fauna (Zhang
et al,, 1986; Beard and Wang, 1991; Manchester et al., 2005). The total thickness of
this member ranges from 65 to 244 m. The total number of oil shale layers varies
from 6 to 26, but only 13 layers are suitable for shale oil exploitation (Wang et al,,
2005). Significant differences exist between oil shale deposited in the lower, middle
and upper parts of the Oil Shale Member: Oil shale with relative high thickness (up to
7 m), but low to moderate quality occurs in the lower part), whereas thin (<3 m) oil
shales with high quality are found in the middle part. Low quality oil shale, less than
2 m thick, occurs in the upper part). The lateral extent of the oil shale layers increases
upward within the lower part, reaches a maximum in the middle part and decreases

upward in the upper part (Sun et al.,, 2013). The average TOC content of the Oil Shale
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Member is 3.6 wt.%. The highest TOC value of a 1-m-thick interval occurs in the

middle part (30.0 wt.%; Sun et al,, 2013).

Shallow lacustrine conditions prevailed during deposition of the Carbonaceous Shale
Member. It represents the final filling stage of basin evolution. Economic coal seams,
about 2 m thick, accumulated along the lake margins and are accompanied by

bituminous shale (Sun et al., 2013).
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Fig. 2.5: Facies architecture and sequence stratigraphic framework of the Huadian

Formation [modified according to Sun et al. (2011)].
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3 Samples and methods

In the Fushun Basin, 79 samples have been taken along a vertical profile in the West
Open Pit mine in the south of Fushun City representing an approximately 100-m-
thick succession (Fig. 2.2). 29 samples represent the coal-bearing Guchengzi
Formation, 48 samples represent the oil shale-bearing Jijuntun Formation and two

samples were taken within the Xilutian Formation (Appendix).

In the Huadian Basin, a total of 96 core samples were taken from borehole Hd3 drilled
in the eastern part of the basin (Gonglangtou mining district; Fig. 2.4) within the
depth interval of 23.1 to 515.5m. This interval represents the whole Huadian
Formation consisting of Pyrite (14 samples), Oil Shale (73 samples), and
Carbonaceous Shale (9 samples) members. Sample selection was based on the
average TOC content of 1-m-thick intervals provided by Sun et al. (2013). Special
focus has been taken on the oil shale and coaly layers. A complete photo

documentation of core samples from borehole Hd3 is shown in the Appendix.

To reconstruct the depositional environment of oil shale and coal within the Fushun

and Huadian basins, the following methods were applied.
Carbon and sulfur analyses

Carbon and sulfur analyses were performed on all samples from the Fushun and
Huadian basins. Total carbon (TC) and sulfur (S) contents were determined using a
Leco CS-230 elemental analyzer. Total organic carbon (TOC) content was determined
with the same instrument on samples pre-treated with hydrochloric acid. Total
inorganic carbon (TIC) contents were calculated by the difference between TC and
TOC. The TIC is used to calculate calcite equivalent percentages (Calceq= TIC x 8.333)

of the samples.
Rock Eval pyrolysis

Pyrolysis analysis was performed on all samples from the Fushun and Huadian basins
using a Rock Eval 2+ analyzer. Depending on the TOC content, 10 mg to 60 mg of each
pulverized sample were heated gradually in an inert atmosphere. Within this method,

the amount of pyrolyzate released from kerogen was normalized to TOC to give the
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hydrogen index (HI). The temperature of maximum hydrocarbon generation (Tmax) is

defined at the maximum value of the S;-peak (Espialié et al., 1985).
XRD

X-ray diffraction analyses were conducted on a Philips PW 1830/40 device using
CuKo-radiation (1.54 A, 35 kV, 35 mA) on selected samples from the Jijuntun
Formation (Fushun Basin). Scans with a step size of 0.02 °® were run between 2 and
67 °20 in the air-dry state (random powder mount and oriented powder mount) and
between 2 and 45 °20 in the ethylene-glycoliated state and after heating to 350 and
550°C. Qualitative processing was done using the dataset of Brindley and Brown
(1980) and Moore and Reynolds (1997). Quantitative interpretation was carried out
using the methods described by Schultz (1964).

XRF

The major element compound content was determined on selected samples from the
Jijuntun Formation (Fushun Basin) using a wavelength dispersive X-ray fluorescence
spectrometer (WD-XRF AXIOS from PANalytical) at the Department of General and
Analytical Chemistry (Montanuniversitaet Leoben, Austria). Fine grained weighed
amount of samples were subjected to platinum crucibles which were kept for three
hours in muffle furnace at 1000°C for loss on ignition (LOI). Fused glass beads were
formed through fusion of one gram of ignited sample mixed with 8 g of Li,B407 with a
Vulcan VAA2 instrument. The XRF was calibrated with more than 50 certified and
non-certified geological reference materials and checked regularly through

participation in the IAG proficiency testing program (GeoPT).
Organic petrography

Microscopic analysis on selected oil shale samples from the Fushun and Huadian
basins was performed using polished blocks of whole-rocks cut perpendicular to
bedding planes. For microscopic examination on coal samples from the Fushun Basin,
samples were crushed to a maximum size of 1 mm. Maceral analysis was performed
by a single-scan method (Taylor et al.,, 1998) with a Leica MPV microscope using
reflected white light and blue-light excitation. An oil immersion objective (50x

magnification) was used. 300 points (coal samples) and 500 points (oil shale
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samples) per polished block were counted to provide composition at maceral level.
The maceral abundances refer to volume percentages on a mineral matter-free basis

(vol.% mmif).

To determine the maceral composition of the coal samples from the Fushun Basin
(Guchengzi Formation), the maceral nomenclature for medium-rank coals was
applied because of the sub-bituminous rank of the coal (ICCP, 1998; 2001; Sykorova
et al,, 2005). There have been several suggestions to characterize coal facies from
maceral ratios (von der Brelie and Wolf, 1981; Diessel, 1986, 1992). Maceral ratios
developed by Calder et al. (1991) for Westphalian coals were applied. Using this
method, the Groundwater Index (GWI) is the ratio of strongly gelified vitrinite plus
detrital mineral matter to weakly gelified vitrinite. It shows the influence of

rheotrophic swamp conditions.

gelovitrinite + mineral matter
GWI =

telovitrinite + detrovitrinite

The Vegetation Index (VI) contrasts macerals of forest affinity with those of
herbaceous and aquatic affinity. Following Gruber and Sachsenhofer (2001), resinite
was subdivided into in-situ resinite occurring within wood tissues and detrital

resinite.

telovitrinite + phlobaphinite + teloinertinite + suberinite + in situ resinite

1=
detrovitrinite + gelinite + inertodetrinite + sporinite + cutinite + liptodetrinite 4+ bituminite + fluorinite + detrital resinite

The Tissue Preservation Index (TPI; Diessel, 1986) yields similar information than

the VI. It has been calculated using the following equation.

telovitrinite + (semi)fusinite
TPI

~ detrovitrinite + gelovitrinite + macrinite + inertodetrinite

Vitrinite reflectance was measured on selected samples from the Fushun and Huadian
basins using a 100x objective in non-polarized light at a wavelength of 546 nm
(Taylor et al, 1998). At least 50 points per sample were measured. Results are

presented as mean random reflectance values (%R:).

Ash yield and moisture determinations of coal samples from the Fushun Basins
(Guchengzi Formation) followed standard procedures (Deutsches Institut fiir

Normung 51718, 1978, & 51719, 1980).
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Organic geochemistry (biomarker analysis)

Organic geochemical analysis follows established procedures at the Chair of
Petroleum Geology at the Montanuniversitaet Leoben, Austria (e.g. Bechtel et al,
2012). Portions of selected samples from the Fushun and Huadian basins were
extracted for approximately 1 h using dichloromethane (DCM) in a Dionex ASE 200
accelerated solvent extractor. Asphaltenes were precipitated from a hexane-DCM
solution (80:1) and separated by centrifugation. The hexane-soluble fractions were
separated into NSO compounds, saturated and aromatic hydrocarbons using medium
pressure liquid chromatography (MPLC) with a Kéhnen-Willsch instrument (Radke et
al., 1980). The saturated and aromatic hydrocarbon fractions were analyzed using a
gas chromatograph equipped with a 30 m DB-5MS fused silica column (i.d. 0.25 mm;
0.25 um film thickness) and coupled to a Thermo Fisher ISQ quadrupol mass
spectrometer (GC-MS system). The oven temperature gradient was programmed
from 70°C to 300°C at 4°C min-!, followed by an isothermal period of 15 min. Helium
was used as carrier gas. The sample was injected splitless, with the injector
temperature at 275°C. The spectrometer was operated in the EI (electron ionization)
mode over a scan range from m/z 50 to 650 (0.7 s total scan). Data were processed
using an Xcalibur data system. Individual compounds were identified on the basis of
retention time in the total ion current (TIC) chromatogram and by comparison of the
mass spectra with published data. Relative percentages and absolute concentrations
of different compound groups in the saturated and aromatic hydrocarbon fractions
were calculated using peak areas from the gas chromatograms in relation to that of
internal standards (deuteriated n-tetracosane and 1,1’binaphthyl, respectively). The

concentrations were normalized to the TOC content.
Compound-specific stable isotope geochemistry

Carbon isotope determination of n-alkanes and acyclic isoprenoids was performed
using a Trace GC instrument attached to a ThermoFisher DELTA-V isotope ratio mass
spectrometer via a combustion interface (GC isolink, ThermoFisher) on selected
samples from the Fushun and Huadian basins. For calibration, CO2 was injected at the
beginning and end of each analysis. The GC column and temperature program are the
same as for GC-MS. Stable isotope ratios are reported in delta notation (613C; Coplen,

2011) relative to the Vienna-Pee Dee Belemnite (V-PDB) standard
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(613C=[(13C/12C)sample/ (*3C/12C)standard-1]). Delta notation is expressed in parts per

thousand or per mil (%o). The analytical error was better than 0.2%o.
Thermal basin modeling

In the Fushun Basin, heat flows and erosional thicknesses were estimated using 1D
basin modeling techniques (Yalcin et al., 1997) and PetroMod software. Calculation of
vitrinite reflectance followed the “Easy%Ro” approach of Sweeney and Burnham
(1990). Biomarker ratios (hopane isomerization) were calculated using kinetic data
of Mackenzie and McKenzie (1983). Models were calibrated by modifying heat flow
and the thickness of eroded sediments until a satisfactory fit between measured and
calculated values was obtained. Input parameters include stratigraphic information

about the sediments within the Fushun Basin.
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4 Summary of publications and contribution to the field

4.1 Publication | — Depositional environment of oil shale within

the Eocene Jijuntun Formation in the Fushun Basin (NE China)

Previous research related to the oil shale in the Fushun Basin mainly focused on
tectonic evolution, kinetics of pyrolysis, oil reserves and paleoclimatic evolution. Very
little research has been undertaken on the depositional environment and the factors
controlling its variation through time. Hence, this paper presents the reconstruction
of the depositional environment of the oil shale-bearing Jijuntun Formation in the
Fushun Basin. This approach is based on mineralogy, inorganic and organic
geochemistry, organic petrography, stable isotope geochemistry, and vitrinite
reflectance measurements. In addition to the investigation of the depositional
environment of the Jijuntun Formation, the oil shale potential and the thermal
maturity were evaluated. Furthermore, the amount, type and origin of organic matter

were investigated.

The oil shale-bearing Jijuntun Formation is characterized by low quality oil shale in
the lower part and a high quality oil shale in the upper part, respectively. Study
results show that this is due to significant input of landplants during deposition of the
lower part, whereas aquatic organisms were the main contributors of the organic
matter in the upper part. Very high TOC and HI values in the upper part are a result of
high bioproductivity and excellent preservation conditions in a deep lake where
photic zone anoxia were established. The detected clay mineral assemblages are in

agreement with previous research on paleoclimatic conditions.

The Fushun Basin provides a textbook example for a fault-controlled basin, where
gradual deepening of the depositional environment and the establishment of water
column stratification resulted in a world-class oil shale deposit. The changes in
depositional environment and oil shale quality are clearly reflected by biomarker

proxies.

At the same time, the Fushun Basin provides excellent examples for biased proxies:
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e The pristane/phytane ratio is a widely used redox parameter. However, in the
case of the Jijuntun Formation a comparison with other redox parameters (e.g.
aryl isoprenoids) shows that, pristane/phytane ratios yield erroneous results.
Additional compound specific isotope investigations showed that this is due to
different sources of pristane and phytane.

e RockEval parameter Tmax is a widely used maturity parameter. However, in the
Jijuntun Formation the observed Tmax trend contradicts other maturity
parameters (e.g. biomarker isomerization) and pretends an upward increase
in thermal overprint (“overturning of the basin fill”). Results of maceral

analysis show that the misleading Tmax is due to vertical changes in kerogen

type.

Thus, the Fushun Basin, impressively, provides evidence that single geochemical
proxies have to be used with caution and that multiproxy studies are necessary to

avoid misinterpretations.

4.2 Publication Il — Paleoenvironment of the Eocene coal seam in
the Fushun Basin (NE China): Implications from petrography and

organic geochemistry

In this publication the depositional environment and the thermal history of the
Guchengzi Formation are investigated based on macro- and micropetrographic data,
bulk geochemical parameters, biomarker analysis, stable isotope geochemistry, and
vitrinite reflectance measurements. This paper is the first study on factors controlling
the depositional environment and coal facies in the Fushun Basin. It is also the first
paper, which applies a combination of petrographical and organic geochemical

techniques in a systematic way on Chinese coals.

The sub-bituminous coal seam in the Fushun Basin, famous for its high amber
content, accumulated during the early transgressive stage of basin evolution. Peat
accumulation was in equilibrium with basin subsidence for a long time. This resulted
in a huge seam thickness (>100 m). Gymnosperms prevailed in the mire vegetation.

The lower part of the thick coal seam represents deposition in a low-lying mire. High
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ash yields in large areas of the basin indicate that low-lying mire conditions
continued during deposition of the upper part of the seam. However, at the study site
some geochemical proxies indicate coal accumulation in a raised mire. The
uppermost part of the Guchengzi Formation reflects the drowning of the peat and the
termination of coal deposition due to increased subsidence rates. A shallow lake was

established after coal accumulation.

A 1D thermal model calibrated with hopane isomerization ratios and vitrinite
reflectance data suggests that heat flow was very high (~200 mW/m?) during
maximum burial. Most probably, high heat flow was a result of Late Oligocene

magmatic activity.

4.3 Publication 11l — Deposition of coal and oil shale in NE China:

the Eocene Huadian Basin compared to the coeval Fushun Basin

This paper presents the depositional environment of the Huadian Basin and shows a
comparison with the coeval Fushun Basin. Whereas the Fushun Basin is a worldwide
known basin, the Huadian Basin is hardly found in international literature. Therefore,
this study aims at the first reconstruction of the depositional environment of the
Huadian Basin based on bulk geochemical proxies, maceral and biomarker data. The
depositional environment of the Fushun Basin was investigated in publications I and
[I. Major differences in thickness, distribution and quality of coal and oil shale
deposits exist between both basins, although both are located at the same fault zone
and formed roughly contemporaneously. The comparison of these two basins
provides important new insights into the evolution of tectonically controlled basins,

the depositional environment and the architecture of coal and oil shale layers.

Early in the history of the Huadian Basin, thin coaly and bituminous mudstones
accumulated in a shallow lake (Pyrite Member). Water depth increased during
deposition of the Oil Shale Member, but did not exceed a few tens of meters
preventing stable water column stratification. Algal blooms and oxygen-depleted
conditions resulted in accumulation of 13 thin oil shale layers interrupted by the

deposition of fan delta sediments. Oil shale quality varies between different layers
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due to variable portions of terrestrial organic matter. Ash-rich coal layers mined in
the Huadian Basin developed during the regressive late stage of basin evolution
(Carbonaceous Shale Member). Biomarker data indicate a high portion of
gymnosperms during deposition of the Carbonaceous Shale Member and a change

from an angiosperm- to a gymnosperm-dominated vegetation.

High subsidence rates in the Fushun Basin favored deposition of thick coal (>100 m)
during the transgressive stage and of high quality oil shale in a lake, where water
depth probably exceeded 150 m. In contrast minor subsidence in the Huadian Basin
resulted in a lake with moderate water depth (a few tens of meters) and deposition of
several oil shale layers with varying quality. In the Huadian Basin economic coal

developed only during the regressive stage.

The basin fill of tectonically controlled basins in humid environments often includes
from base to top: fluvial sediments, a single thick coal seam and lacustrine deposits
with high organic matter contents. This succession reflects the high subsidence rates
characteristic for rift and strike-slip basins (Lambiase, 1990). When basin subsidence

decreases, deltaic systems, occasionally with thin low-quality coal, fill the deep lake.

Although a coal seam deposited during the final regressive stage is missing in the
Fushun Basin, its basin fill provides an excellent example for such a succession. A
similar stratigraphic succession is not developed in the Huadian Basin. This is mainly
due to minor subsidence rates causing relative low water depth and unstable
conditions during deposition of the Oil Shale Member. The lack of a thick coal seam in
the lower transgressive part of the basin fill (Pyrite Member), may also be caused by

an arid climate.

Therefore, the main factor affecting stratigraphic position, thickness, distribution and
quality of coal and oil shale deposits in the Fushun and Huadian basins are different

subsidence rates. Furthermore, climatic conditions may have played a secondary role.

22



5 General Conclusions

The main results concerning the depositional environment of coal and oil shale within

the Fushun Basin show that:

The up to 120-m-thick coal seam of the Guchengzi Formation was deposited
during the early transgressive stage of basin evolution. The sub-bituminous
coal is generally hydrogen-rich, oil-prone and contains abundant amber. The
lower part of the coal seam developed in a low-lying mire. At the study site,
deposition of the upper part of the coal seam in a raised mire is indicated by
low ash and sulfur contents. The uppermost part of the coal seam reflects the
flooding of the mire due to increased subsidence rates. Paleo-vegetation was
dominated by gymnospermes.

The overlying oil-shale bearing Jijuntun Formation is up to 300 m thick and
developed in a more than 100-m-deep freshwater lake. Photic zone anoxia and
a stable stratified water column favored excellent preservation of organic
matter. High quality oil shale was deposited in the upper unit of the Jijuntun
Formation. Its organic matter is mainly composed of algae and bacteria.

A 1D thermal model suggests that heat flow was high during maximum burial.

High heat flow was a result of Late Oligocene magmatic activity.

The most important conclusions regarding the depositional environment of coal and

oil shale within the Huadian Basin include:

Thin coaly layers occur in all three members (Pyrite, Oil Shale and
Carbonaceous Shale Member) of the Huadian Formation, but economic coal,
developed during the regressive stage of basin evolution, is limited to the
Carbonaceous Shale Member.

13 thin oil shale layers, intercalated by fan delta sediments, were deposited in
the Oil Shale Member in a shallow lake. Water depth did not exceed a few tens
of meters. Therefore, a stable stratified water column was not established.
Moreover, the amount of terrestrial organic matter (prevailing angiosperms)
is significant in the Huadian Basin, especially in oil shale from the lower part of
the Oil Shale Member. The oil shale quality, therefore, varies significantly

between different layers. Economic most important are layers 7 to 4.
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A comparison of the depositional environments between the Eocene non-marine

Fushun and Huadian basins show that:

e A single thick sub-bituminous coal seam was deposited in the early
transgressive stage of basin evolution in the Fushun Basin, whereas equivalent
coal is missing in the Huadian Basin, maybe due to a prevailing arid climate.

e After drowning of the mire, shallow and deep lacustrine conditions developed
in the Fushun Basin due to increased subsidence rates. Photic zone anoxia
established in the deep lake, suggesting high water depths. A stable stratified
water column together with strictly anoxic conditions, high bioproductivity
and excellent preservation conditions favored the accumulation of a very
thick, high quality oil shale unit in the Fushun Basin. In comparison, the
Huadian Basin is characterized by minor subsidence rates resulting in
moderate water depths and the deposition of a high number of thin oil shale
layers intercalated by fan delta sediments.

e The lower part of the oil shale unit in both basins is characterized by a strong
terrestrial input. In the Fushun Basin gymnosperms prevail, whereas
angiosperms are predominant in the Huadian Basin.

e Bacterial biomass is more abundant in the oil shale of the Fushun Basin than in
the Huadian Basin. The input of bacteria and algae, forming kerogen type I to
[I, is highest in the upper part of the oil shale unit in both basins.

e During the regressive stage of basin evolution, thin coal layers accumulated in
the Huadian Basin, whereas the deposition of a similar coal seam is missing in

the Fushun Basin.

The sedimentary succession of the Fushun Basin is characteristic for many fault-
controlled basins developed in humid environments. Such a characteristic
stratigraphic succession could not develop in the Huadian Basin, maybe due to
different climatic conditions and minor subsidence rates causing low water depth and

unstable conditions during deposition of organic rich sediments.

Therefore, the main reason affecting quantity, quality and stratigraphic position of
coal and oil shale deposits in the Fushun and Huadian basins are different subsidence

rates. Furthermore, climatic conditions may have played a secondary role.
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Abstract

The non-marine Fushun Basin in NE China is a fault-controlled basin filled with
Eocene sediments. It hosts the largest opencast coal and oil shale mine in Asia. A
single thick oil shale layer overlying sub-bituminous coal occurs within the Middle
Eocene Jijuntun Formation. Based on mineralogy, inorganic and organic
geochemistry, organic petrography, stable isotope geochemistry, and vitrinite
reflectance measurements, the depositional environment and the oil shale potential
of the oil shale-bearing succession were investigated. The Jijuntun Formation is
subdivided into a lower and an upper unit characterized by a low and high quality oil
shale, respectively. The thick oil shale layer of the Jijuntun Formation developed
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under long-lasting stable conditions in a deep freshwater lake, after drowning of a
swamp. The organic matter in the lower unit is characterized by landplant-derived
macerals. The sediments containing a type II kerogen (HI: ~400 mgHC/gTOC) were
deposited during warm and humid conditions. Lacustrine organisms predominant in
the upper unit are forming kerogen type I (HI: ~700 mgHC/gTOC). High
bioproductivity and excellent preservation conditions resulted in high TOC contents
up to 23.6 wt.% in the upper unit. The organic matter preservation was controlled by
photic zone anoxia originating in a temperature stratified water column in the deep
lake, without significant changes in bottom water salinity. Mid-Eocene cooling during
deposition of the upper unit of the Jijuntun Formation is reflected by clay mineral
composition. A hot and arid climate favoring brackish conditions in a shallow lake
prevailed during accumulation of the overlying carbonate-rich Xilutian Formation.
Individual geochemical parameters in the Fushun Basin have to be used with caution,
e.g. the maturity proxy Tmaxis affected by kerogen type, the redox proxy Pr/Ph ratio is
probably biased by different sources of isoprenoids. This demonstrates the

importance of multi-proxy studies.

7.1 Introduction

Rocks with very high organic matter contents often form an integral part of the fill of
non-marine sedimentary basins (Carroll and Bohacs, 1999; Sachsenhofer et al., 2003).
These sediments may represent excellent petroleum source rocks (e.g. Carroll and
Bohacs, 2001) or even oil shales, which are commonly defined as thermally immature
rocks yielding substantial oil and gas upon low temperature distillation (Dyni, 2006).

In any case they are great archives of paleoenvironmental conditions.

Lacustrine oil shales with a Middle Eocene age are widespread throughout the world
and include i.a. the Parachute Creek Member of the Green River Formation (USA;
Cumming et al., 2012), the Messel oil shale (Germany; Lenz et al., 2007), oil shales in
central Jordan (Alqudah et al, 2014), Turkey (Ocakoglu et al., 2012), and China
(Fushun and Huadian basins; Quan et al., 2012; Sun et al., 2013a). Although all of
these basins include lacustrine rocks, the oil shales differ significantly in terms of

organic richness, thickness, and vertical and lateral heterogeneity. For example, both
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the Fushun and Huadian basins are located at the same fault zone and formed at the
same time. Nevertheless a single oil shale layer accumulated in the Fushun Basin,
whereas a high number of relative thin layers occurs in the Huadian Basin (Sun et al,,

2013a).

The present paper focuses on the world-class oil shale in the Eocene Fushun Basin in
northeastern China (Fig. 7.1). In this basin oil shale, 50 to 300 m thick (Jijuntun
Formation) overlying sub-bituminous coal, 20 to 200 m thick (Guchengzi Formation)
is exploited in the largest opencast coal and oil shale mine in Asia (Meng et al., 2012).
Whereas the oil shale, yielding 5 to 8 wt.% oil (max. 12 wt.%), is used to produce fuel,

coal is used for heating purposes (Liu et al., 2009).
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Fig. 7.1: Topographical map with special focus on the location of the Fushun Basin

and the DunMi fault [modified according to Meng et al. (2012)].

Previous research related to the oil shale in the Fushun Basin mainly focused on
tectonic evolution (Wu et al, 2002), kinetics of pyrolysis (Li and Yue, 2003), oil
reserves (Liu et al., 2009), and paleoclimatic evolution (Wang et al., 2010; Meng et al.,
2012). However, to date very little research has been undertaken on the depositional

environment and the factors controlling its variation through time.

Hence, the main aim of our paper is to reconstruct the environmental conditions,
which resulted in the deposition of the very thick oil shale layer of the Jijuntun

Formation. To reach the goal, the depositional environment is characterized by
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integrating lithological, mineralogical and maceral data with inorganic and organic
geochemical proxies. Sun et al. (2013a) showed that the oil shale bearing unit (Oil
Shale Member) in the Huadian Basin is of similar thickness than the Jijuntun
Formation, but exhibits a cyclic structure with thirteen oil shale layers separated by
organic lean rocks. Thus, an additional goal of the present paper is to investigate if a
similar cyclicity appears in the more uniform Jijuntun Formation. In addition the

maturity of the Jijuntun Formation and its oil shale potential are evaluated.

7.2 Geological setting

The Fushun Basin is a non-marine strike-slip basin located along the Dunhua-Mishan
(“DunMi”) fault zone (Wu et al., 2000; Fig. 7.1). The DunMi fault zone was active
during Mesozoic-Cenozoic time (Liu et al., 2009; Meng et al., 2012). Several coal and
oil shale-bearing basins are located along this fault zone. The most prominent ones
are the Eocene Fushun and Huadian basins, which show major differences in their
evolution although they have similar tectonic settings and ages (Liu et al., 2009; Sun

etal., 2013a).

e
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Fig. 7.2: Geological map of the Fushun Basin [modified according to Meng et al.
(2012), Hou et al. (2006), Zhao et al. (1994)].
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The Fushun Basin is characterized by an EW trending syncline, whose northern limb
was removed by a large-scale thrust fault (Johnson, 1990; Fig. 7.2). The basement
consists of Proterozoic gneiss and sediments of Cretaceous age. The basin fill contains
from base to top: Laohutai and Lizigou formations (Paleocene), Guchengzi Formation
(Lower Eocene), Jijuntun and Xilutian formations (Middle Eocene) and Gengjiajie
Formation (Upper Eocene). A stratigraphic column of the Fushun Basin is provided

together with a short description of depositional environment in Fig. 7.3.

The coal seam within the Guchengzi Formation (Ypresian) is between 20 m and
200 m thick. It accumulated in a freshwater swamp and reaches the sub-bituminous
stage. Interseam sediments include carbonaceous shale, mudstone and sandstone.

Amber and siderite nodules occur throughout the seam (Johnson, 1990).

The Jijuntun Formation (Lutetian), 50 m to 300 m thick, is composed of thick oil shale
intercalated by carbonaceous shale and mudstone (Wu et al,, 2000). Liu et al. (2009)
assumed that the depth of the lake increased during deposition of the Jijuntun
Formation. According to these authors, oil shale with low quality (about 10.0 wt.%
TOC; oil yield <4.7 wt.%) was deposited in a relative shallow lake, whereas the high
quality oil shale (up to 20.0 wt.% TOC; oil yield >4.7 wt.%) in the upper part of the

Jijuntun Formation accumulated in a deep lake.

The Xilutian Formation (Bartonian), up to 600 m thick, comprises light green
dolomitic mudstone intercalated by silty argillite deposited in a shallow lake

environment (Wu et al., 2000).

Erosional remnants of mudstones and siltstones of the fluvial Gengjiajie Formation

(Upper Eocene; Priabonian) appear only locally (Hong et al,, 1980; Wu et al., 2000).

The climate during deposition of the basin fill was reconstructed by Quan et al.
(2012) using the Coexistence Approach (Mosbrugger and Utescher, 1997). According
to these investigations the upper part of the coal seam (Guchengzi Formation) was
deposited during the Early Eocene Climatic Optimum, whereas the mean annual
temperature decreased during deposition of the Jijuntun Formation. The overlying
Xilutian Formation represents a Mid-Eocene warming event. Meng et al. (2012) used

element ratios and clay mineral assemblages to reconstruct climatic conditions. These
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authors argue for a warm and humid climate during deposition of the Jijuntun

Formation and a hot and arid climate during deposition of the Xilutian Formation.
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Fig. 7.3: Stratigraphic column of the Fushun Basin [modified according to Quan et al.

(2012), Wu et al. (2000), Hong et al. (1980)].
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7.3 Samples and methods

50 samples have been taken along a vertical profile in the eastern part of the West
Open Pit mine in the south of Fushun City (41°50°33.4", 123°53"14.3”"). All samples
are fresh, as they were taken from an active quarry face. Moreover microscopic
inspection shows that pyrite is unweathered. 48 samples represent a 57-m-thick
succession through the Jijuntun Formation. The uppermost two samples were taken

within the Xilutian Formation.

7.3.1 Carbon and sulfur analyses

Total carbon (TC) and sulfur (S) contents of all samples were determined using a Leco
CS-230 elemental analyzer. Total organic carbon (TOC) content was determined with
the same instrument on samples pre-treated with hydrochloric acid. Total inorganic

carbon (TIC) contents were calculated by the difference between TC and TOC.

7.3.2 Rock Eval pyrolysis

Pyrolysis analysis was performed using a Rock Eval 2+ analyzer. Depending on the
TOC content, 10 mg to 50 mg of each pulverized sample were heated gradually in an
inert atmosphere. Within this method, the amount of pyrolyzate released from
kerogen was normalized to TOC to give the hydrogen index (HI). The temperature of
maximum hydrocarbon generation (Tmax) is defined at the maximum value of the S;-

peak.

Based on TOC and Rock Eval data, samples were selected for XRD and XRF
measurements, maceral and biomarker analyses and compound-specific isotope

analysis.

7.3.3 XRD

X-ray diffraction analyses were conducted on a Philips PW 1830/40 device using
CuKa-radiation (1.54 A, 35 kV, 35 mA). Scans with a step size of 0.02° were run
between 2 and 67 °20 in the air-dry state (random powder mount and oriented
powder mount) and between 2 and 45 °20 in the ethylene-glycoliated state and after

heating to 350 and 550°C. Qualitative processing was done using the dataset of
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Brindley and Brown (1980) and Moore and Reynolds (1997). Quantitative
interpretation was carried out using the methods described by Schultz (1964).

7.3.4 XRF

The major element compound content was determined using a wavelength dispersive
X-ray fluorescence spectrometer (WD-XRF AXIOS from PANalytical). Fine grained
weighed amount of samples were subjected to platinum crucibles which were kept
for three hours in muffle furnace at 1000°C for loss on ignition (LOI). Fused glass
beads were formed through fusion of one gram of ignited sample mixed with 8 g of
LizB407 with a Vulcan VAA2 instrument. The XRF was calibrated with more than 50
certified and non-certified geological reference materials and checked regularly

through participation in the IAG proficiency testing program (GeoPT).

7.3.5 Organic petrography

Microscopic analysis was performed using polished blocks of whole-rocks cut
perpendicular to bedding planes, a Leica MPV microscope and oil immersion
objectives. Maceral analysis was performed using reflected white and fluorescent
light and a 50x objective. 500 points per polished block were counted using the single
scan method (Taylor et al., 1998). Vitrinite reflectance was measured using a 100x
objective in non-polarized light at a wavelength of 546 nm (Taylor et al., 1998).
Results are presented as mean random reflectance values (R;). Because of the
prevalence of very small vitrinite particles, vitrinite reflectance measurements of 50

points were possible only for two samples.

7.3.6 Organic geochemistry (biomarker analysis)

For organic geochemical analysis, portions of selected samples from the Jijuntun
Formation were extracted for approximately 1 h using dichloromethane (DCM) in a
Dionex ASE 200 accelerated solvent extractor. Asphaltenes were precipitated from a
hexane-DCM solution (80:1) and separated by centrifugation. The hexane-soluble
fractions were separated into NSO compounds, saturated and aromatic hydrocarbons
using medium pressure liquid chromatography (MPLC) with a Koéhnen-Willsch

instrument (Radke et al., 1980). The saturated and aromatic hydrocarbon fractions
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were analyzed using a gas chromatograph equipped with a 30 m DB-5MS fused silica
column (i.d. 0.25 mm; 0.25 um film thickness) and coupled to a Thermo Fisher ISQ
quadrupol mass spectrometer (GC-MS system). The oven temperature gradient was
programmed from 70°C to 300°C at 4°C min‘!, followed by an isothermal period of
15 min. Helium was used as carrier gas. The sample was injected splitless, with the
injector temperature at 275°C. The spectrometer was operated in the EI (electron
ionization) mode over a scan range from m/z 50 to 650 (0.7 s total scan). Data were
processed using an Xcalibur data system. Individual compounds were identified on
the basis of retention time in the total ion current (TIC) chromatogram and by
comparison of the mass spectra with published data. Relative percentages and
absolute concentrations of different compound groups in the saturated and aromatic
hydrocarbon fractions were calculated using peak areas from the gas chromatograms
in relation to that of internal standards (deuteriated n-tetracosane and

1,1’binaphthyl, respectively).The concentrations were normalized to the TOC content.

7.3.7 Compound-specific stable isotope geochemistry

Carbon isotope determination of n-alkanes and acyclic isoprenoids was performed
using a Trace GC instrument attached to a ThermoFisher DELTA-V isotope ratio mass
spectrometer via a combustion interface (GC isolink, ThermoFisher). For calibration,
CO2 was injected at the beginning and end of each analysis. The GC column and
temperature program are the same as for GC-MS. Stable isotope ratios are reported in
delta notation (613C; Coplen, 2011) relative to the Vienna-Pee Dee Belemnite (V-PDB)
standard (613C=[(13C/12C)sample/(*3C/12C)standard-1]). Delta notation is expressed in

parts per thousand or per mil (%o0). The analytical error was better than 0.2 %o.

7.4 Results

7.4.1 Lithology and mineralogy

The studied profile of the Jijuntun Formation, 57 m thick, is shown in Fig. 7.4 together

with mineralogical and bulk geochemical data.
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Fig. 7.4: Depth profiles of bulk geochemical proxies and mineralogical composition of

the Jijuntun and the Xilutian Formations.

Based on TOC contents and HI data, the Jijuntun Formation is subdivided into a lower

(-266 to -254 m) and an upper unit (-254 to -209 m).

The Jijuntun Formation overlies the coal seam of the Guchengzi Formation (~40 m
thick) with a sharp contact, but several layers of shaly coal or coaly shale occur in the
uppermost part of the seam. The Jijuntun Formation consists of carbonaceous shale,
mudstones and thick oil shale layers. Low TIC percentages (Fig. 7.4a) reflect low
carbonate contents. Plant remains occur frequently in the lowermost part of the
Jijuntun Formation. The uppermost 1.5 m below the contact to the overlying Xilutian
Formation is composed of brownish mudstone. In the studied section the base of the
Xilutian Formation is formed by greenish dolostone with high TIC contents (Fig. 7.4a).
The bulk of the Xilutian Formation consists of green mudstone beds intercalated by

muddy carbonate rocks with frequent alternating, varicolored beds.
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X-ray diffractograms of representative samples from the lower and the upper units of

the Jijuntun Formation and from the Xilutian Formation are shown in Fig. 7.5.
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Fig. 7.5: X-ray diffractograms of representative samples from the lower and the upper

units of the Jijuntun Formation and from the Xilutian Formation. Only the strongest

reflection of each mineral is indicated. Abbreviations: tf, random powder mount; t,

oriented powder mount; eg, ethylene-glycol

550, heat treated at 550°C.

iated state; 350, heat treated at 350°C;
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Tab. 7.1: Data from XRD and XRF measurements and organic petrography.
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The mineralogical composition (Fig. 7.4b; Tab. 7.1) of sediments from the Jijuntun
Formation is dominated by quartz (12-39%) and clay minerals (48-78%). Kaolinite,
illite/mica, mixed layer minerals, and smectite occur in decreasing amounts. The
kaolinite content decreases upward from 46 to 12%. Smectite is limited to the depth
interval between -241 and -210 m and shows its highest abundance in the upper part
of the Jijuntun Formation. Potassic feldspar occurs in low percentages. Calcite and
dolomite are largely missing in the lower unit and occur in low amounts in the upper
unit. Relative high percentages of calcite (9%) only occur in the uppermost part of the
Jijuntun Formation. The percentage of siderite (up to 15%) varies throughout the
profile, but, with the exception of the lowermost sample, shows a general upward
decreasing trend. Pyrite displays an opposite trend. Its percentage is relatively high in
the lowermost sample, low in the rest of the lower unit, and increases upward in the
upper unit. Microscopical inspection reveals that pyrite occurs in all samples, both in
the form of framboids or euhedras. Relative large framboids are more abundant in the
lower part of the succession, relative small euhedras are more abundant in its upper
part. We speculate that the euhedral crystals formed through re-crystallization of

small framboids (Ostwald and England, 1979; Sawlowicz, 1993).

The studied sample from the Xilutian Formation contains mainly dolomite (54%) and
illite/mica (35%), next to quartz, feldspar, pyrite and ankerite, which occur in low

percentages.

The mineralogical composition is reflected by the contents of major element oxides
(Tab. 7.1). Samples from the Jijuntun Formation contain high fractions of SiO; (34.4-
55.9%) and Al203 (9.4-21.7%), but low percentages of CaO (0.1-7.5%) and MgO (0.5-
1.7%). Fez203 (2.4-20.5%) and MnO (<0.3%) contents show a positive trend in the
respective plots versus siderite content (r=0.70 and 0.67, respectively), showing that
siderite is the main iron-bearing mineral. In contrast to samples from the Jijuntun
Formation, the dolomitic sample from the Xilutian Formation contains high

percentages of CaO (24.4%) and MgO (13.6%).

7.4.2 Bulk geochemical parameters

The bulk geochemical data are listed in Tab. 7.2.
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TOC contents in sediments overlying the coal seam are relatively high (up to 13.6
wt.%). The rest of the lower unit is characterized by moderate TOC contents varying
between 3.2 and 5.9 wt.% (Fig. 7.4c). HI contents in the lower unit vary between 126
and 340 mgHC/gTOC and show a general upward decreasing trend (Fig. 7.4d).
Samples from the lower unit plot inside the fields characteristic for type II and III
kerogen in the HI versus Tmax diagram (Fig. 7.6; Espitalié et al., 1984). The plot of Sz
versus TOC (Langford and Blanc-Valleron, 1990) suggests that the average “true” HI
is about 400 mgHC/gTOC. This suggests the presence of kerogen type II in this unit
(Fig. 7.6). Tmax values are varying between 426 and 433°C in the lower unit (Fig. 7.4e).
The observed values for the production index PI are generally low (<0.05). Sulfur
contents are low as well (0.2-0.3 wt.%), with the exception of the lowermost sample
(1.0 wt.%; Fig. 7.4f). These low sulfur contents result in high TOC/S ratios (9.4-32.4;
Fig. 7.4g) despite of relative low TOC contents. High TOC/S ratios are typical for

freshwater environments (Berner, 1984).
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Fig. 7.6: Plot of HI vs. Tmax [according to Espitalié et al. (1984)] outlining kerogen
types of sediments from the Jijuntun Formation. Sz vs. TOC correlations for the lower
and upper unit of the Jijuntun Formation are shown as inserts [according to Langford
and Blanc-Valleron (1990)]. The average “true” HI is indicated by the slope x 100 in
the diagrams.
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TOC contents in the upper unit vary between 2.8 and 23.6 wt.% and show an upward
increasing trend, but decrease upward in the uppermost meter of the Jijuntun
Formation (Fig. 7.4c). With the exception of a sample at -247m depth
(293 mgHC/gTOC), the HI is higher in the upper unit (378-699 mgHC/gTOC) than in
the lower one and exhibits a general upward increasing trend (Fig. 7.4d). The dataset
of the upper unit plots into the kerogen type I and II fields in Fig. 7.6. The average
“true” HI of the upper unit is about 700 mgHC/gTOC suggesting the presence of
kerogen type I (Fig. 7.6). Tmax values between 430 and 445°C show a general upward
increasing trend (Fig. 7.4e) suggesting that variations in type of organic matter rather
than maturity affect the Tmax versus depth trend (Peters, 1986). Pl values are very low
(0.01-0.04). Sulfur contents are generally below 1 wt.%, but increase near the top of
the Jijuntun Formation to 3.2 wt.% at -212 m depth (Fig. 7.4f). Nevertheless TOC/S
ratios remain high (5.6-27.0; Fig. 7.4g).

Sulfur contents show a good correlation (r?=0.87) to the amount of pyrite within the
whole Jijuntun Formation indicating that pyrite is the major source of sulfur. The
position of the samples in the Fe-TOC-S ternary diagram (Dean and Arthur, 1989; Fig.
7.7) indicates sulfur limitation of pyrite formation due to freshwater conditions
(Berner, 1984). As mentioned above, siderite is the main Fe source.

Fe
[ ] 11]{.}

s & 3 $ $
TOC s

Fig. 7.7: Fe-TOC-S ternary diagram for sediments from the Jijuntun and Xilutian

formations [according to Dean and Arthur (1989)].
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In contrast to the samples from the Jijuntun Formation, the two samples from the

overlying Xilutian Formation show very low TOC contents (<0.1 wt.%; Fig. 7.4c).

7.4.3 Organic petrography

The vertical variability of terrigenous organic matter, lamalginite and telalginite (in

vol.%) on a mineral matter free (mmf) basis (Tab. 7.1) is plotted in Fig. 7.8a.
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Fig. 7.8: Distribution of (a) macerals (terrigenous organic matter OM, lamalginite,
telalginite), (b) pristane/phytane ratios, (c) hopane and sterane concentrations, (d)
(225/(22S+22R))-hopane ratios, (e) diterpenoid and triterpenoid concentrations, (f)
arborane or fernane derivatives concentrations, (g) aryl isoprenoid concentrations,

and (h) 613C for pristane and phytane within the Jijuntun Formation.

Significant amounts of terrigenous organic matter (OM) (73-88vol.%; sum of
vitrinite, inertinite, resinite and sporinite) occur in the lower unit of the Jijuntun
Formation overlying the coal seam of the Guchengzi Formation (Fig. 7.9a and Fig.
7.9b). Vitrinite and sporinite are the predominant landplant derived macerals within

this unit. Typically, vitrinite particles are small. The lowermost sample of the Jijuntun
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Formation (-266 m) shows a vitrinite reflectance of 0.50%R; (standard deviation:
0.0080), which fits well with values from the underlying coal seam (0.51%R;; Strobl
etal,, 2013).

In the upper unit of the Jijuntun Formation, lamalginite is the most abundant maceral
(52-85 vol.%). Lamalginite may originate from assemblages of algae and bacteria.
Telalginite occurs in minor amounts (<10 vol.%) within the entire Jijuntun Formation
(Fig. 7.9¢, Fig. 7.9d, Fig. 7.9e and Fig. 7.9f). Typically, telalginite is characterized by a
greenish flurorescence color, whereas lamalginite displays yellow to orange colors.
The sample at -212 m depth yields a value of 0.34%R; (standard deviation: 0.0141).
However, vitrinite reflectance from this sample might be suppressed by bitumen

impregnations (e.g. Carr, 2000).
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Fig. 7.9: Microphotographs of Jijuntun Formation (a) lower unit (FS 32) under white
light, (b) lower unit (FS 32) under UV light, (c) upper unit (FS 65) under white light
and (d) upper unit (FS 65) under UV light, (e) upper unit (FS 94) under white light
and (f) upper unit (FS 94) under UV light. Abbreviations: vit, vitrinite; pyr, pyrite;

spor, sporinite; lamalg, lamalginite; telalg, telalginite.
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Tab. 7.3: Data from biomarker analysis.

7.4.4 Organic geochemistry
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Within the Jijuntun Formation, the amount of the extractable organic matter (EOM)
varies between 4 and 56 mg/g TOC (average 22 mg/gTOC). The proportion of
hydrocarbons is high (34-72% of EOM). Saturated hydrocarbons (average 36% of
EOM) are predominant over aromatic hydrocarbons (average 17% of EOM). The EOM

is also composed of NSO compounds (average 42% of EOM) and asphaltenes (average

5% of EOM; Tab. 7.3).
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Fig. 7.10: Gas chromatograms (TICs) of saturated hydrocarbon fractions of samples
from the lower and the upper unit of the Jijuntun Formation. n-Alkanes are labeled

according to their carbon number. Std., standard (deuteriated n-tetracosane).
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Fig. 7.11: Gas chromatograms (TICs) of aromatic hydrocarbon fractions of samples
from the lower and the upper unit of the Jijuntun Formation. Std., standard (1,1'-

binaphthyl).

Total ion chromatograms (TICs) of alkane and aromatic hydrocarbon fractions of
representative samples from the lower and the upper units of the Jijuntun Formation
are shown in Fig. 7.10 and Fig. 7.11, respectively. The concentrations and
concentration ratios of compounds and compound groups in hydrocarbon fractions

are listed in Tab. 7.3.

53



Sediments of both units are dominated by n-alkanes of intermediate (n-Cz1-25) and
long (n-Cz27-31) chain length with an odd to even predominance. The carbon preference

index (CPI; Bray and Evans, 1961) varies between 1.78 and 2.21.

The acyclic isoprenoids pristane (Pr) and phytane (Ph) are present in all samples. The
Pr/Ph values are relative high (1.3-3.4) within the Jijuntun Formation. They decrease
upward within the lower unit, reach a minimum at the boundary between the lower
and upper units and, with exception of the uppermost sample, increase upward in the
upper unit (Fig. 7.8b). The pristane/phytane (Pr/Ph) ratio is generally considered as
a redox parameter (Didyk, 1978). Pr/Ph ratios between 1.0 and 3.0 have been
proposed to indicate dysoxic conditions during early diagenesis. However, Pr/Ph
ratios are known to be also affected by maturation (Tissot and Welte, 1984) and by
differences in the precursors for acyclic isoprenoids (bacterial origin; Goossens et al.,
1984; Volkman and Maxwell, 1986, ten Haven et al., 1987). In the present case, an
influence of thermal stress on Pr/Ph ratios is unlikely, but different precursors for Pr

and Ph have to be taken into account (see section 2.4.5).

Steranes are absent in the lowermost 5 m of the Jijuntun Formation (Fig. 7.8c) and are
present in low amounts (45-250 pg/gTOC) above -257 m. Cz9 steranes, typically
derived from vascular plants (Volkman, 1986) or freshwater microalgae (e.g.
Volkman et al,, 1999; Kodner et al. 2008), predominate. Cz9 steranes originate from
algae rather than from vascular plants in the upper unit, because of their absence in
the lowermost part of the Jijuntun Formation, which is overlying the coal seam and

therefore influenced by terrigenous organic matter.

The hopanoid patterns are characterized by 17¢, 215 and 17, 21« hopanes from Cz7
to Cz2, with C2s hopanes absent. The predominant hopanoid in all samples is the 17 ¢,
21p-C30 hopane. The ratio of the 22S to 22S plus 22R isomers of the 17¢, 215-C31
hopanes increases downward from 0.41 to 0.54 (Fig. 7.8d) indicating vitrinite
reflectance in the order of 0.4 to 0.5% (Peters et al., 2005). Hopanes occur in a
relative low amount (28-156 ug/gTOC) in the lower unit and in a high amount (307-
1183 pug/gTOC) in the upper unit of the Jijuntun Formation (Fig. 7.8c). The abundance
of hopanes indicates an input from bacterial biomass (Ourisson et al., 1979; Rohmer
et al., 1984). The occurrence of the 2Za-methylhopane (2-62 pg/gTOC), derived from

cyanobacteria (Summons et al., 1999; Farrimond et al., 2004), shows a parallel trend
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to the hopane distribution. The 2a-methylhopane index (ratio of 2a-methylhopanes
to sum of 2a-methylhopanes and hopanes) ranges between 0.03 and 0.08. These
relative low values indicate low maturity (Summons and Jahnke, 1992; Tian et al,,
2013) and a non-carbonate/evaporite environment (Summons et al, 1999). 30-
methylhopane, representing methanotrophic bacterial activity (Farrimond et al,

2004), was not detected.

The low sterane and the high hopane concentration result in a low steroid /hopanoid
ratio (<0.3). According to Mackenzie (1984), a low value is typical for lacustrine or

special bacteria-influenced facies.

Diterpenoids (e.g. pimarane, abietane, simonellite, retene) occur in relative high
amounts (up to 530 pg/gTOC) within the lower unit of the Jijuntun Formation and
show a decreasing upward trend. Within the upper unit they are generally rare (Fig.
7.8¢). Sesquiterpenoids (e.g. eudesmane, homodrimane, cadalene) are present in all
samples (1-381 pg/gTOC) and show their maximum concentration in the lowermost
samples. Diterpenoids and sesquiterpenoids indicate a contribution of conifer species
(e.g. Otto et al,, 1997; Otto and Wilde, 2001). Aromatic non-hopanoid triterpenoids
(trimethyl-tetrahydro-chrysenes, tetramethyl-octahydro-picenes) occur in relative
low concentrations (6-41 pg/gTOC) throughout the whole Jijuntun Formation (Fig.
7.8e). These triterpenoids originate from angiosperms (Karrer et al., 1977; Dey,

1989).

Benzohopanes are abundant in all samples and vary between 4 and 53 pg/gTOC.

These compounds are formed from bacterial precursors (Hussler et al., 1984).

The concentrations of arborane or fernane derivatives vary between 5 and
73 ug/gTOC (Fig. 7.8f). These derivatives originate either from higher landplants or
bacteria (Hauke et al.,, 1992). A positive correlation between arborane or fernane
derivatives and hopanoids (r?=0.53) and low concentrations of arborane or fernane
derivatives in the lower part dominated by terrigenous organic matter input support

a bacterial origin.

C13 and Ci4 aryl isoprenoids were detected in all samples (1-10 pg/gTOC), but their

concentration is significantly increased in the upper part of the Jijuntun Formation
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(Fig. 7.8g). Aryl isoprenoids originate from photosynthetic green sulfur bacteria and,

therefore, indicate photic zone anoxia (Summons and Powell, 1987).

Methylated 2-methyl-2-(trimethyltridecyl)chromans (MTTCs) occur in very low
amounts (1-8 ug/gTOC) and are absent in the three lowermost samples. The
trimethylated MTTC predominates over the dimethylated and the monomethylated
MTTC. Methylated MTTCs have been widely used for paleosalinity reconstruction
(Sinninghe Damsté et al., 1993; Barakat and Rullkotter, 1997). The MTTC ratio is
defined as the concentration of trimethylated MTTC relative to the sum of methylated
MTTCs (Sinninghe Damsté et al.,, 1987). The MTTC ratio varies in the narrow range

between 0.74 and 0.86 consistent with a freshwater environment.

7.4.5 Compound-specific stable isotope geochemistry

The carbon isotopic composition of short-chain and long-chain n-alkanes, pristane
and phytane of 10 selected samples from the Jijuntun Formation is plotted in Fig.

7.12. The measured data from all samples are listed in Tab. 7.2.
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Fig. 7.12: Carbon isotopic composition of selected compounds in saturated

hydrocarbon fractions of selected samples from the Jijuntun Formation.

The §13C values for the n-Ci7 to n-Czo alkanes (-25 to -29 %o) show a decrease of

about 1 %o with increasing chain length. Short-chain even n-alkanes are slightly
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depleted in 13C compared to the neighbouring odd n-alkanes. The n-Cz7 and n-Cz9
alkanes of samples below -242 m are more depleted in 13C (ca. 2 %o) than the short
chain n-alkanes, whereas lower differences are obtained from the shallow samples.
The results argue for a higher contribution of terrigenous organic matter in the
deeper part of the succession (i.e. C3 plants; O’Leary, 1988; Farquhar et al.,, 1989;
Collister et al., 1994; Murray et al.,, 1994). The n-alkanes are more enriched in 13C in

shallow samples (above -242 m) than in deep samples.

Almost identical values of 13C for the acyclic isoprenoids pristane and phytane are
observed in the lower part (up to -242 m). This fact argues for a similar precursor (i.e.
chlorophyll; Didyk et al, 1978; Goosens et al, 1984). Phytane is enriched in 13C
compared to pristane in the upper part (Fig. 7.8h). Hence, a second source for
phytane is likely (Joachimsky et al,, 2001) and the Pr/Ph ratio cannot be used as a
redox proxy in the upper unit of the Jijuntun Formation. Archaea (fermentative and
chemoautotrophic) can be excluded as sources for phytane, because of the lack of 13C-
depleted phytane (Thiel et al, 1999; Pancost and Sinninghe Damsté, 2003).
Furthermore, recent studies provide evidence that phytol can be biosynthesized via
two different pathways using different precursors, one of these pathways is thought

to be widespread in bacteria (Schouten et al., 2008).

7.5 Discussion

7.5.1 Maturity

Although vitrinite reflectance from a sample from the upper unit of the Jijuntun
Formation might be suppressed, vitrinite reflectance from the lower unit and from
the underlying coal seam proves low maturity. This result fits well with low PI and
Tmax values in the Jijuntun Formation indicating that the sediments are immature. A
continuous downward increase in maturity is reflected by the (22S/(225+22R))-
hopane ratio (Fig. 7.8d). In contrast, Tmax values decrease downward (Fig. 7.4e).
Whereas Tmax is in the range of 430-445°C in the upper unit of the Jijuntun Formation
dominated by type I kerogen, it is in the range of 426-433°C in the lower unit of the

Jijuntun Formation dominated by type II kerogen. This shows that facies strongly
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affects Tmax and that Tmax of type I kerogen in immature sediments is higher than that

of kerogen type Il and III (Espitalié et al., 1985).

7.5.2 Depositional environment and organic matter accumulation

Cartoons illustrating the depositional environment of the lower and upper unit of the
Jijuntun Formation are shown in Fig. 7.13. A schematic sketch of the depositional
environment of the upper part of the coal-bearing Guchengzi Formation in a low lying
mire, indicated by high ash yields (Johnson, 1990), is added to show the initial stage

before the onset of oil shale deposition.
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Fig. 7.13: Cartoon illustrating the depositional environment of the Jijuntun Formation

and the underlying Guchengzi Formation.

7.5.2.1 Jijuntun Formation — Lower Unit

The onset of oil shale deposition reflects drowning of a low-lying mire, probably due
to high subsidence rates, typical for fault-controlled basins (Gruber and Sachsenhofer,
2001). High TOC/S ratios indicate a freshwater environment during the deposition of
the Jijuntun Formation (Fig. 7.4g). This interpretation is also supported by the
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absence of gammacerane and the fact that MTTCs occur in very low amounts. Because
of sulfur limitation in the freshwater environment, siderite is the main Fe-bearing

mineral (Fig. 7.7). Pyrite, typically occurring as framboids, is rare.

The lower unit is characterized by high contents in kaolinite and low contents in
mixed layer minerals (Fig. 7.4b). Following the argumentation of Meng et al. (2012),
this indicates a humid warm climate. This interpretation agrees with Quan et al.
(2012), who suggested that the upper part of the underlying coal seam (Guchengzi

Formation) accumulated during the Early Eocene Climatic Optimum.

The high TOC contents in the lowermost part of the lower unit of the Jijuntun
Formation and the upward decreasing trend reflect a decrease in input of landplant
material after the deposition of the coal of the underlying Guchengzi Formation (Fig.
7.4c). The “true” HI of 400 mgHC/gTOC (Fig. 7.6) shows that - compared to the upper
unit - the lower unit contains a relative hydrogen-poor type Il kerogen, whereat
abundant vitrinite may cause deviation towards lower HI. A high amount of landplant
derived macerals (Fig. 7.8a; sporinite, resinite, vitrinite, inertinite) is reflected by the
biomarker composition. The abundance of diterpenoids and sequiterpenoids (Fig.
7.8e) suggests that the terrigenous organic matter is dominated by conifers rather
than by angiosperms. The upward decrease of Pr/Ph ratios reflects decreasing

percentages of coaly material characterized by high Pr/Ph ratios (Fig. 7.8b).

Minor bacterial biomass is reflected by the presence of hopanes (Fig. 7.8c) and

arborane or fernane derivatives (Fig. 7.8f).

7.5.2.2 Jijuntun Formation — Upper Unit

TOC/S ratios (Fig. 7.4g) and biomarker data (MTTCs, gammacerane) prove that
freshwater conditions continued during deposition of the upper unit of the Jijuntun
Formation. Partly high sulfur contents in the uppermost part of the Jijuntun
Formation (Fig. 7.4f) and gradually decreasing TOC/S ratios in the uppermost 4 m
(Fig. 7.4g) may reflect a trend towards slightly increased salinity. However, even the
lowermost TOC/S ratios (5-7) prove that freshwater conditions prevailed (Fig. 7.4g).
In general, siderite is the main Fe-bearing mineral, but pyrite occurs in slightly higher

amounts in the upper than in the lower unit. Only in the uppermost samples pyrite
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percentages exceed those of siderite (Fig. 7.4b) arguing for increased availability of
sulfur. Pyrite typically occurs as euhedras, which are smaller than the framboids in
the lower unit. We speculate that the euhedras represent re-crystallized small

framboids, which formed in an anoxic water column (Wignall and Newton, 1998).

A continuous decrease in kaolinite and enhanced percentages of mixed layer minerals
(Fig. 7.4b) may reflect a cooling trend following the Early Eocene Climatic Optimum
(see also Quan et al,, 2012).

Very high TOC contents (Fig. 7.4c) and a “true” HI of 700 mg/gTOC (Fig. 7.6) indicate
the presence of kerogen type I, typical for lacustrine algal material. The most
abundant maceral in the upper unit is lamalginite which is formed by algae and
remains of bacteria. Terrigenous organic matter occurs very rarely (Fig. 7.8a).
Bacterial biomass is also indicated by high amounts of hopanes (Fig. 7.8c), low
steroid/hopanoid ratios, the occurrence of benzohopanes, and by arborane or
fernane derivatives. It has been discussed above, that in the present case also Cz9

steranes are considered to originate from algae rather than from landplants.

The presence of Ci3 and Cis4 aryl isoprenoids points to photic zone anoxia. The
concentration of aryl isoprenoids increases upward and reaches a maximum between
-232 and -215 m depth. The amount of aryl isoprenoids (Fig. 7.8g) correlates with the
amount of smectite (Fig. 7.4b). Middle Eocene volcanic events are well documented in
NE China (Zhang et al.,, 2007; Wang et al., 2008). Because smectite (Fig. 7.4b) may
reflect volcanic activity, we speculate that the volcanic activity may have fertilized the
lake supporting bioproductivity. Thus Photic zone anoxia (Fig. 7.8g) may be a result
of high bioproductivity and a stratified water body. In the absence of any indications
for enhanced salinity, temperature stratification in a relative deep lake is likely. As
discussed, the Pr/Ph ratio is not a reliable redox parameter in the upper unit of the

Jijuntun Formation.

Photic zone anoxia (Fig. 7.8g) decreased during deposition of the uppermost part of
the Jijuntun Formation. At the same time TOC (Fig. 7.4c) contents decrease
drastically. HI values (Fig. 7.4d), which remain high (>450 mgHC/gTOC), suggest that
this is primarily due to a decrease in productivity rather than due to enhanced

degradation of organic matter.
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7.5.2.3 Xilutian Formation

Dolomite layers in the Xilutian Formation (Fig. 7.4b) reflect the transition to a
carbonate-rich shallow water environment. According to Meng et al. (2012), the
Xilutian Formation has been deposited in a hot, arid climate resulting in a brackish
water body. This interpretation agrees with deposition during an Eocene warming

event, postulated by Quan et al. (2012).

7.5.3 Oil Shale Potential

Fushun Mining Group distinguishes a low quality oil shale (about 10.0 wt.% TOC; oil
yield <4.7 wt.%) and a high quality oil shale (<20.0 wt.% TOC; oil yield >4.7 wt.%; Liu
et al., 2009). This classification agrees with our subdivision of the Jijuntun Formation

into a lower and an upper unit.

In the lower unit the oil shale is characterized by an average TOC content of 6.4 wt.%.
Using the nomenclature of Peters (1986), the generative potential Si+S; (5-
48 mgHC/g) is good to very good (Fig. 7.14). Sediments within this unit contain the
oil-prone kerogen type II (“true” HI 400 mgHC/gTOC). The Source Potential Index
(SPI = [S1+S2]*h*p/1000, where h is thickness and p is bulk density; Demaison and
Huizinga, 1994) has been calculated in order to quantify the amount of hydrocarbons,
which can be generated from the lower unit beneath 1 m?* surface area. The density
has been defined using a correlation of density and TOC data for oil shales in NE
China (e.g. Songliao and Huadian basins; Sun et al., 2013b). Considering a density of
2.2 t/m?, the SPI in the lower unit is only 0.47 tHC/m?.

The average TOC content in the upper unit is 12.2 wt.%, with the highest TOC content
(23.6 wt.%) occurring in the uppermost part of the upper unit. The generative
potential (13-149 mgHC/g) is very good to excellent in the upper unit (Fig. 7.14). The
“true” HI of 700 mg/gTOC reflects the presence of the high-oil-prone kerogen type 1.
Considering a density of 2.1t/m? for the upper unit, the SPI shows a significant

higher value (6.51 tHC/m?) than for the lower unit.
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Fig. 7.14: Plot of Generative Potential (S1+S2) vs. Total Organic Carbon content (TOC)

for the lower and upper unit of the Jijuntun Formation.

7.6

Summary

The oil shale-bearing Eocene Jijuntun Formation in the Fushun Basin was
deposited in a tectonically controlled freshwater lake, which originated after
drowning of a swamp.

A single thick oil shale layer is present in the Fushun Basin. In contrast, a high
number of thin oil shale layers are present in the neighboring, coeval Huadian
Basin (Sun et al,, 2013a). This argues for long-lasting stable conditions during
accumulation of the thick oil shale in the Fushun Basin, a result of high
subsidence rates and a deep lacustrine environment, which avoided the
development of a distinct cyclicity.

Organic matter in the lower unit of the Jijuntun Formation originates from
predominating landplants and minor aquatic organisms. Because of abundant
landplant-derived liptinite macerals, the organic matter is formed by kerogen

type II (average “true” HI 400 mgHC/gTOC). Low quality oil shale was
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deposited within this unit. The detected clay mineral assemblage is in
agreement with a warm and humid climate.

e The organic matter in the upper unit of the Jijuntun Formation is dominated
by lacustrine organisms (e.g. bacteria, algae) forming kerogen type I (average
“true” HI 700 mgHC/gTOC). TOC contents up to 23.6 wt.% and the presence of
high quality oil shale are a result of high bioproductivity and excellent
preservation conditions. Photic zone anoxia supported by temperature
stratification in a deep lake controlled organic matter preservation. Vertical
changes in clay mineral abundances reflect a cooling trend during deposition
of the Jijuntun Formation postulated by Quan et al. (2012).

e The base of the overlying Xilutian Formation is formed by dolomitic rocks
deposited during a hot and arid climate favoring brackish conditions in a
shallow lake.

e The Fushun Basin provides an excellent example for the fact that geochemical
proxies have to be used with caution and that multiproxy studies are
necessary. In this basin, Tmax is strongly affected by kerogen type and pretends
upward increasing maturity, whereas Pr/Ph ratios are probably biased by
different sources of the isoprenoids and do not reflect strictly anoxic

conditions.
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Abstract

The Fushun Basin in northeast China is a strike-slip basin filled with coal-bearing
Eocene sediments. The basin fill includes from base to top volcaniclastic rocks, a 20 to
145 m thick coal seam (Lower Eocene Guchengzi Formation) and lacustrine oil shale,
up to 300 m thick (Jijuntun Formation). The sub-bituminous coal of the Guchengzi
Formation, famous for the amber inclusions, is exploited in the largest opencast coal
and oil shale mine in Asia. In the present contribution the depositional environment
and the thermal history of the Guchengzi Formation are investigated based on macro-
and micropetrographic data, bulk geochemical parameters, biomarker analysis, stable
isotope geochemistry, and vitrinite reflectance measurements. According to our
interpretation, accumulation of the low-sulfur coal commenced in a low-lying mire
near a shallow lake. Subsequently low-ash coal was deposited either in a low-lying
mire protected from clastic influx or in a raised mire. Finally, high subsidence rates,
typical for strike-slip basins, caused the flooding of the mire and terminated peat
accumulation. Pristane/Phytane ratios suggest a gradual change from oxic to less oxic
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conditions during the drowning phase of the seam. Organic-rich shales accumulated
in the newly formed freshwater lake and resulted in the deposition of the overlying
oil shale-bearing Jijuntun Formation. The coal is rich in liptinite macerals, especially
sporinite. Gymnosperms dominated the paleovegetation of the mire, something that
is also reflected by the frequent occurrence of resinite and amber and their
biomarker composition. The coal reached the sub-bituminous or even the high
volatile bituminous stage, despite the limited burial depth. Simple 1D models suggest
that this is a result of high heat flow, rather than of deep burial and erosion. The

hydrogen-rich coal is oil-prone.

8.1 Introduction

Strike-slip basins host some of the world’s thickest coal seams, e.g. the Mongol-Altai
and Kharkhiraa basins in Mongolia (Erdenetsogt et al., 2009), the Velenje Basin in
Slovenia (Markic and Sachsenhofer, 1997), and the Fushun Basin in China (Johnson,

1990).

Strike-slip basins are often characterized by a stratigraphic succession including from
base to top fluvial sediments, a single thick coal seam and lacustrine deposits, which
may be very rich in organic matter (e.g. Lambiase, 1990; Sachsenhofer et al,, 2003).
This sequence indicates drowning of the peat due to high subsidence rates, which are
characteristic for strike-slip basins. Coal may form during the regressive filling stage
of the basin, but is typically of lower quality than that formed during the

transgressive stage (Sachsenhofer, 2000).

The present paper focuses on the world-class coal deposit in the Eocene Fushun Basin
in northeastern China. In this basin sub-bituminous coal (Guchengzi Formation) is
exploited in the largest opencast coal mine in Asia (Meng et al., 2012), which is mainly
used for heating purposes (Liu et al., 2009). The coal seam accumulated during the
early transgressive stage of basin evolution (Wu et al, 2002). A very high amber

content is a unique feature of the Fushun coal.

Previous research related to the coal in the Fushun Basin mainly focused on the

geological setting of coal deposition (Johnson, 1990), coal metamorphism (Wu et al,,
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2000), tectonic (Wu et al., 2002) and paleoclimatic evolution (Wang et al., 2010; Quan
et al, 2012), palynology and paleobotany (Ma et al., 2012; Su et al., 2014). To our
knowledge, to date no research has been undertaken on factors controlling the
depositional environment and coal facies applying combined petrographical and

organic geochemical techniques.

Hence, the main aim of our paper is to reconstruct the environmental conditions,
which resulted in the deposition of the thick coal seam of the Guchengzi Formation.
To reach the goal, biomarker data are interpreted together with bulk geochemical and
maceral data. Compound-specific isotope analysis, vitrinite reflectance measurements
and a one-dimensional thermal model are applied to provide further information on

the evolution of the coal accumulation.

8.2 Geological setting

The Fushun Basin is a terrestrial strike-slip basin located along the Dunhua-Mishan
(“DunMi”) fault zone (Wu et al., 2000; Fig. 8.1). The DunMi fault zone was active
during Mesozoic-Cenozoic times (Liu et al., 2009; Meng et al., 2012). Several coal and
oil shale-bearing basins are located along this fault zone. The most prominent ones

are the Eocene Fushun and Huadian basins (Liu et al., 2009; Sun et al., 2013).

The Fushun Basin is characterized by an EW trending syncline, which northern limb
is removed by a large-scale thrust fault (Johnson, 1990; Fig. 8.1). The basement
consists of Proterozoic gneiss and Cretaceous sedimentary rocks. The basin fill
contains from base to top: Laohutai and Lizigou formations (Paleocene), Guchengzi
Formation (Lower Eocene), Jijuntun and Xilutian formations (Middle Eocene) and
Gengjiajie Formation (Upper Eocene). Coal was deposited in the Paleocene and Lower
Eocene. The coal seams of the Laohutai and Lizigou formations are relative thin,
compared to the major coal seam of the Guchengzi Formation. A stratigraphic column
of the Fushun Basin along with a short description of depositional environment is

provided in Fig. 8.3.
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Fig. 8.1: Geological map of the Fushun Basin with location of the sampling site and a
schematic map with special focus on the location of the Fushun Basin and the DunMi
Fault is shown as insert [modified according to Hong et al. (1980), Wu et al. (2000),
Meng et al. (2012), Strobl et al. (2014)].

The total thickness of the coal seam within the Guchengzi Formation (Ypresian)
varies between 20 and 145 m (Fig. 8.2a) including interseam sediments consisting of
carbonaceous shale, mudstone, sandstone and conglomerate (Johnson, 1990; Wu et
al, 1998; Xu et al,, 2012). Cross-sections shown by Wu et al. (1998; 2002) suggest
that the high seam thicknesses are often due to very thick interseam sediments (Fig.

8.2b). Amber and siderite nodules occur throughout the coal seam (Johnson, 1990).

The maturity of the coal seam in the Guchengzi Formation increases from west to east
from the sub-bituminous stage (~0.5%R;) to the high volatile bituminous A stage
(~0.9%R;; Wu et al., 2000; Fig. 8.2a). According to Wu et al. (2000), the relatively high
maturity is related to the Late Oligocene intrusion of diabase sills into the underlying
Laohutai and Lizigou formations, which also resulted in coking of the coal in these

formations.
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Fig. 8.2: (a) Lateral distribution of total thickness of the coal seam within the
Guchengzi Formation [modified according to Liu et al. (2009), Xu et al. (2012)] and
average vitrinite reflectance values according to Wu et al. (2000), and (b) profiles
showing thicknesses of the coal seam and interseam sediments within the Fushun

Basin [modified according to Wu et al. (1998), Wu et al. (2000)].

The Jijuntun Formation (Lutetian), 60 to 300 m thick, is composed of thick oil shale
intercalated by carbonaceous shale and mudstone (Wu et al., 2000; Meng et al., 2012).
The oil shale-bearing succession was deposited in a rapidly subsiding freshwater
lake. Low quality oil shale (oil yield <4.7 wt.%) was deposited in the lower part
(shallow lake), whereas oil shale with high quality (oil yield >4.7 wt.%) was deposited
in the upper part (deep lake; Liu et al., 2009; Strobl et al., 2014).

The Xilutian Formation (Bartonian), up to 600 m thick, comprises light green
dolomitic mudstone intercalated by silty argillite deposited in a shallow lake

environment (Wu et al., 2000; Meng et al., 2012).

Erosional remnants of mudstones and siltstones of the fluvial Gengjiajie Formation

(Priabonian) appear only locally (Hong et al., 1980; Wu et al.,, 2000).
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Fig. 8.3: Stratigraphic column of the Fushun Basin [modified according to Hong et al.
(1980), Wu et al. (2000), Quan et al. (2012), Strobl et al. (2014)].

The climate during deposition of the basin fill was reconstructed by Quan et al.

(2012) using the Coexistence Approach (Mosbrugger and Utescher, 1997). According

to these investigations the coal seam (Guchengzi Formation) was deposited during

the Early Eocene Climatic Optimum, whereas the mean annual temperature

decreased during deposition of the Jijuntun Formation. The overlying Xilutian

Formation represents a Mid-Eocene warming event.

Huang et al.

(1983)
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reconstructed a moist subtropical climate for the time of coal accumulation within the

Guchengzi Formation.

8.3 Samples and methods

Twenty nine samples have been taken along a vertical profile in the West Open Pit
mine in the south of Fushun City (41°50’33.4”N, 123°53'14.3”E). The altitude of the
top of the quarry is about 80 m. Sample depth is given in meters below sea level. The
samples represent a 36-m-thick succession through the coal seam of the Guchengzi
Formation in the western part of the Fushun Basin. In between, an eleven-meter-thick
part was not exposed. Each sample comprises an interval of about 10 cm and is
representative for a macroscopically homogenous layer, 0.1 to 2.0 m thick. In

addition, pure amber has been isolated from the uppermost part of the seam.

Total organic carbon (TOC) and sulfur (S) contents were determined using a Leco CS-
230 elemental analyzer. Samples were pre-treated with hydrochloric acid before
determining TOC contents. Pyrolysis analysis was performed using a Rock Eval 2+
analyzer. Within this method the amount of pyrolyzate released from kerogen during
gradual heating was normalized to TOC to give the hydrogen index (HI). As a
maturation parameter, the temperature of maximum hydrocarbon generation (Tmax)
was determined. Ash yield and moisture determinations followed standard

procedures (Deutsches Institut fiir Normung 51718, 1978, & 51719, 1980).

For microscopic examination, the samples were crushed to a maximum size of 1 mm.
Maceral analysis was performed by a single-scan method (Taylor et al., 1998) with a
Leica MPV microscope using reflected white light and blue-light excitation. An oil
immersion objective (50x magnification) was used. At least 300 points per polished
block were counted to provide composition at maceral level. The maceral
nomenclature for medium-rank coals is applied because of the sub-bituminous rank
of the coal (ICCP, 1998; 2001; Sykorova et al.,, 2005). The maceral abundances refer to

volume percentages on a mineral matter-free basis (vol.% mmf).

There have been several suggestions to characterize coal facies from maceral ratios

(von der Brelie and Wolf, 1981; Diessel, 1986, 1992). Maceral ratios developed by
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Calder et al. (1991) for Westphalian coals were applied. Using this method, the
Groundwater Index (GWI) is the ratio of strongly gelified vitrinite plus detrital
mineral matter to weakly gelified vitrinite. It shows the influence of rheotrophic

swamp conditions.

gelovitrinite + mineral matter
GWI =

telovitrinite + detrovitrinite

The Vegetation Index (VI) contrasts macerals of forest affinity with those of
herbaceous and aquatic affinity. Following Gruber and Sachsenhofer (2001), resinite
was subdivided into in-situ resinite occurring within wood tissues and detrital

resinite.

telovitrinite + phlobaphinite + teloinertinite + suberinite + in situ resinite

=
detrovitrinite + gelinite + inertodetrinite + sporinite + cutinite + liptodetrinite + bituminite + fluorinite + detrital resinite

The Tissue Preservation Index (TPI; Diessel, 1986) yields similar information than

the VI. It has been calculated using the following equation.

telovitrinite + (semi)fusinite
TPI

~ detrovitrinite + gelovitrinite + macrinite + inertodetrinite

The Gelification Index (GI; Diessel, 1986) is a useful facies indicator for lignite (e.g.
Kalkreuth et al., 1991; Bechtel et al.,, 2003; 2007), but has a limited significance for
sub-bituminous and higher-rank coals, in which it is difficult to distinguish between
biochemical and geochemical gelification. Therefore, this parameter was not applied

for the Fushun coal samples.

Three samples, one of the lower, and two of the upper parts of the coal seam, were
selected for vitrinite reflectance measurements. Random vitrinite reflectance (%R)
was measured using a 100x objective in non-polarized light at a wavelength of

546 nm (Taylor et al., 1998). At least 50 points per sample were measured.

Based on TOC, S, Rock Eval and maceral data, samples were selected for biomarker

analyses and compound specific isotopic composition.

For organic geochemical analysis, portions of selected coal samples were extracted
for approximately one hour using dichloromethane (DCM) in a Dionex ASE 200

accelerated solvent extractor. Asphaltenes were precipitated from a hexane-DCM
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solution (80:1) and separated by centrifugation. The hexane-soluble fractions were
separated into NSO compounds, saturated and aromatic hydrocarbons using medium
pressure liquid chromatography (MPLC) with a K6hnen-Willsch instrument (Radke et
al., 1980). The saturated and aromatic hydrocarbon fractions were analyzed using a
gas chromatograph equipped with a 30 m DB-5MS fused silica column (i.d. 0.25 mm;
0.25 um film thickness) and coupled to a Thermo Fisher ISQ quadrupole mass
spectrometer (GC-MS system). The oven temperature gradient was programmed
from 70° to 300°C at 4°C min‘1, followed by an isothermal period of 15 min. Helium
was used as carrier gas. The sample was injected splitless, with the injector
temperature at 275°C. The spectrometer was operated in the EI (electron ionization)
mode over a scan range from m/z 50 to 650 (0.7 s total scan). Data were processed
using an Xcalibur data system. Individual compounds were identified on the basis of
retention time in the total ion current (TIC) chromatogram and by comparison of the
mass spectra with published data. Relative percentages and absolute concentrations
of different compound groups in the saturated and aromatic hydrocarbon fractions
were calculated using peak areas from the gas chromatograms in relation to that of
internal standards (deuteriated n-tetracosane and 1,1’binaphthyl, respectively). The

concentrations were normalized to the TOC content.

Carbon isotope determination of n-alkanes and acyclic isoprenoids was performed
using a Trace GC instrument attached to a ThermoFisher DELTA-V isotope ratio mass
spectrometer via a combustion interface (GC isolink, ThermoFisher). For calibration,
CO2 was injected at the beginning and end of each analysis. The GC column and
temperature program were the same as for GC-MS. Stable isotope ratios are reported
in delta notation (613C; Coplen, 2011) relative to the Vienna-Pee Dee Belemnite (V-
PDB) standard (813C=[(13C/12C)sample/(*3C/12C)standara-1]). Delta notation is expressed

in parts per thousand or per mil (%o). The analytical error was better than 0.2%o.

Heat flows and erosional thicknesses were estimated using 1D basin modeling
techniques and PetroMod software. Calculation of vitrinite reflectance followed the
“Easy%Ro” approach of Sweeney and Burnham (1990). Biomarker ratios (hopane
isomerization) were calculated using kinetic data of Mackenzie and McKenzie (1983).
Models were calibrated by modifying heat flow and the thickness of eroded
sediments until a satisfactory fit between measured and calculated values was
obtained. Vitrinite reflectance and hopane isomerization data from the overlying
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Jijuntun Formation were adopted from Strobl et al. (2014). Input parameters include

stratigraphic information about the sediments within the Fushun Basin.

8.4 Results

The lithological profile of the coal-bearing Guchengzi Formation is shown together
with vertical variations of ash yields (dry basis, db), sulfur contents (db), hydrogen
indices (HI), maceral group contents (vol.%, mineral matter free = mmf), and facies
indices (groundwater index GWI and vegetation index VI) in Fig. 8.4. The studied coal
seam is 36 m thick, but an eleven meter thick part in between was not exposed. Thus,
the coal seam is divided by the non-exposed interval into a lower (-302.0 to -287.0 m)

and an upper section (-276.0 to -265.9 m).

8.4.1 Macropetrography, ash yield and moisture

The coal seam consists of alternations of clean coal, shaly coal and coaly shale. The
clean coal is characterized by amber inclusions. The lower section of the coal seam
overlies a basaltic layer of the Lizigou Formation. It comprises clean coal in the lower
and upper part and coaly shale in its middle part. The upper section consists mainly
of clean coal. Shaly coal, coaly shale and thin layers of clean coal in the uppermost
part indicate the transition zone between the Guchengzi Formation and the overlying

Jijuntun Formation (Fig. 8.4).

Ash yields of clean coal layers vary between 2 and 16 wt.%, whereas ash yields of
shaly coal layers vary between 24 and 32 wt.%. Coaly shale layers yield between 51
and 74 wt.% ash (Fig. 8.4a, Tab. 8.1). Moisture is low (< 4%) displaying a negative
correlation with ash yield (r? = 0.67; Tab. 8.1).
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Fig. 8.4: Depth profiles of lithology combined with (a) ash yield, (b) sulfur content, (c)
hydrogen index HI, (d) maceral-group and sub-group contents, (e) groundwater

index GWI, and (f) vegetation index VI of the Guchengzi Formation.

8.4.2 Bulk geochemical parameters

Bulk geochemical data are listed in Tab. 8.1. Total organic carbon (TOC, as received =
ar) contents are high within the clean coal layers (72-80 wt.%). TOC varies between
52 and 64 wt.% within the shaly coal layers, and between 14 and 40 wt.% within the

coaly shale layers. As expected, the TOC content of pure amber is very high (83 wt.%).

Sulfur contents are generally low within the whole seam, but show elevated values at

the base (2.8 wt.%) and top (4.7 wt.%) of the lower section, respectively (Fig. 8.4b).

The coals of the Guchengzi Formation are characterized by a relative high hydrogen
index (HI =222 to 415 mgHC/gTOC). Tmax values in the range between 409 and 426°C
agree with the sub-bituminous rank of the coal. Pure amber is characterized by a HI of
648 mgHC/gTOC (Fig. 8.4c) and a low Tmax of 400°C. The HI versus Tmax plot (Fig. 8.5)
shows that the Fushun coals can be classified as mixed gas- and oil-prone to oil-prone
(Peters and Moldowan, 1993). Considering the rank-related increase in HI of low-
rank coals (Sykes and Snowdon, 2002), all coal samples exceed the minimum HI of

300 mgHC/gTOC required for oil generation (Pepper and Corvi, 1995) when their
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thermal maturity reaches the onset of oil expulsion (“effective HI” of Sykes and

Snowdon, 2002).

HI [mg HCig TOC)
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Fig. 8.5: Plot of HI vs. Tmax, highlighting the increase in HI prior to the onset of oil
expulsion [according to Sykes and Snowdon (2002)]. The classification of kerogen

quality is according to Peters and Moldowan (1993).
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8.4.3 Micropetrography, facies indicators and vitrinite reflectance

Representative photomicrographs of coal from the Guchengzi Formation are shown
in Fig. 8.6. The vertical variability of maceral composition on a mineral matter free

(mmf) basis (Tab. 8.2) is plotted in Fig. 8.4d.
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Fig. 8.6: Representative photomicrographs of coal from the Guchengzi Formation (oil
immersion). (a) white light: detrovitrinite with phlobaphenite, and funginite. (b)
blue-light excitation: detrovitrinite with sporinite, and funginite with exsudatinite. (c)
blue-light excitation: detrovitrinite with sporinite, and detrital resinite. (d) blue-light
excitation: detrovitrinite with a cross section through several leaves comprising
cutinite, and fluorinite. (e) white light: fusinite. (f) white light: telovitrinite with
phlobaphenite.

84



Tab. 8.2: Maceral composition and facies indices.
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Vitrinite is the major maceral group in the whole coal seam. The prevailing vitrinite
macerals are telovitrinite (10-73%) and detrovitrinite (< 50%), whereas gelovitrinite
is rare (< 9%). Liptinite is slightly more abundant in the upper section (< 45%) than
in the lower one (< 44%). The main liptinite macerals are sporinite, cutinite,
fluorinite, resinite and liptodetrinite. Lam- and telalginite appear in minor amounts in
the upper section (<14% and < 3%, respectively). Inertinite shows a general
decreasing upward trend within the range of 43 to 1%. Fusinite and inertodetrinite
are among the most abundant inertinite macerals. The amount of pyrofusinite
predominates over degradofusinite in the lower part, whereas the upper part is

characterized by a contrary distribution. Funginite is abundant in the upper part.

Samples with high liptinite contents are typically characterized by high hydrogen
indices (Fig. 8.7). However, a better correlation between HI and liptinite was
expected. Therefore, additional factors have to be taken into account. Within this
context it is worth noting that the percentage of fluorescing, hydrogen-rich

(“bituminized”) vitrinite is negligible.
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Fig. 8.7: Cross-correlation of HI vs. liptinite content in samples from the Guchengzi

Formation.

The GWI typically ranges between 0.02 and 0.46 being higher only in coaly shale and

shaly coal in the lower section and in the transition zone near the top of the seam
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(Fig. 8.4e). VI and TPI show similar depth trends. Therefore, only VI is shown in Fig.
8.4. In general, VI (0.27 - 1.21) and TPI values (0.42 - 3.45) are low (Fig. 8.4f; Tab.
8.2). However, the coaly shale in the lower section (VI up to 4.25; TPI up to 6.54) and
the transition zone near the top of the seam (VI up to 2.52; TPI up to 13.60) show

elevated values.

Vitrinite reflectance of the lowermost sample of the Guchengzi Formation (-300.0 m)
is 0.52%R;. The two samples from the upper section have a vitrinite reflectance of

0.51%R; (-270.3 m) and 0.50%R; (-265.9 m), respectively.

8.4.4 Organic geochemistry
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Fig. 8.8: Distribution of (a) extractable organic matter (EOM), (b) ratio of short (n-Cis.
19), intermediate (n-Cz1-25) and long chain (n-Cz27-31) n-alkanes to sum of n-alkanes, (c)
pristane/phytane ratio, (d) hopane concentration, (e) di-, tri- and sesquiterpenoid

concentration within the Guchengzi Formation. For lithology see legend of Fig. 8.4.
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Tab. 8.3: Results from biomarker analysis.
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Fig. 8.9: Gas chromatograms (TICs) of saturated and aromatic hydrocarbon fractions

of samples from (a) lower section, (b) upper section of the Guchengzi Formation, and

(c) of pure amber. Std., standard.
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Within the Guchengzi Formation, the amount of extractable organic matter (EOM)
varies between 8 and 63 mg/gTOC (Fig. 8.8a). The proportion of hydrocarbons ranges
between 8 and 50% of EOM. Aromatic hydrocarbons are predominant over saturated
hydrocarbons. The EOM is also composed of NSO compounds and asphaltenes (Tab.
8.3).

Total ion chromatograms (TICs) of alkane and aromatic hydrocarbon fractions of
representative samples from the lower and the upper sections of the Guchengzi
Formation are shown in Fig. 8.9. The concentrations and concentration ratios of

compounds and compound groups in hydrocarbon fractions are listed in Tab. 8.3.

Both sections are dominated by n-alkanes of intermediate (n-C21-25) and long (n-Cz7-
31) chain length with and odd to even predominance (Fig. 8.8b). The carbon
preference index (CPI; Bray and Evans, 1961) varies between 1.66 and 2.15. Short-
chain n-alkanes show enhanced values in the coaly shale parts. Long-chain lipids are
known as biomarkers for higher terrestrial plants (Giilz et al., 1992), whereas short-

chain lipids are predominantly found in algae and micro-organisms (Cranwell, 1984).

The acyclic isoprenoids pristane (Pr) and phytane (Ph) are present in all samples. The
Pr/Ph ratios are high (3.4-10.2) within the Guchengzi Formation. They show a
general increasing upward trend within the lower section and decrease upward
within the upper section (Fig. 8.8c). Didyk et al. (1978) considered the Pr/Ph ratio as
a redox parameter. High Pr/Ph values (> 3.0) indicate the input of terrigenous organic
matter under oxic conditions. Values between 1.0 and 3.0 were interpreted as
reflecting dysoxic conditions during early diagenesis, and values below 1.0 have been

proposed to indicate anoxic conditions.

The hopanoid patterns are characterized by 17¢, 215 and 17, 21« hopanes from Cz7
to C32, with C2s hopanes absent. The predominant hopanoid in all samples is the 17 ¢,
21[-C31 hopane. Hopanes are contained in a relative low amount (16-298 nug/gTOC;
Fig. 8.8d). The most probable biological precursors of hopanoids found in coals are
aerobic bacteria and fungi (Ourisson et al., 1979; Rohmer et al., 1992; Bechtel et al,,
2001). The ratio of 22S to 22S plus 22R isomers of the 17¢, 215-C31 hopanes shows
an increasing downward trend ranging from 0.48 to 0.61, which agrees with a

downward increasing maturity. Benzohopanes occur in all samples in relatively low
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amounts (2-28 ug/gTOC). These compounds are of bacterial derivation (Hussler et al.,

1984).

Diterpenoids (e.g. norpimarane, pimarane, abietane, simonellite, retene) occur in
relatively high amounts (98-1480 pg/gTOC) in all coal samples, showing their highest
abundance near the top of the seam (Fig. 8.8e). Sesquiterpenoids (e.g. cadinane,
drimane, eudesmane, homodrimane, cadalene) show a parallel trend to the
distribution of diterpenoids, but sesquiterpenoids occur in relative lower amounts
(19-556 pug/gTOC; Fig. 8.8e). Di- and sesquiterpenoids indicate that conifer species
predominate the coal-forming flora (e.g. Otto et al., 1997; Otto and Wilde, 2001),
suggesting a high contribution of resinous organic matter. The relative abundances of
pimarane derivatives show a general decrease upward, whereas the contribution of
abietane derivatives to the total diterpenoids increases towards the top of the seam.
This change in terpenoid hydrocarbon composition may reflect changes in the
paleovegetation. Aromatic non-hopanoid triterpenoids (e.g. trimethyl-tetrahydro-
chrysenes, tetramethyl-octahydro-picenes) occur in relative low concentrations (9-
86 nug/gTOC) through the whole Guchengzi Formation (Fig. 8.8e). These triterpenoids

are known as biomarkers for angiosperms (Karrer et al., 1977; Dev, 1989).

Total ion chromatograms (TICs) of saturated and aromatic hydrocarbon fractions of
pure amber at a depth of -266.50 m are shown in Fig. 8.9. The proportion of
hydrocarbons is very low (< 5% of EOM), whereas the amount of NSO compounds is
very high (>90% of EOM). As expected, the pure amber consists mainly of
diterpenoids of the abietane- and pimarane-type, and sesquiterpenoids of the

cadinane- and drimane-type.

8.4.5 Compound-specific stable isotope geochemistry

The carbon isotopic composition of short and long chain n-alkanes, pristane and
phytane, and sesqui- and diterpenoids of 12 samples from the Guchengzi Formation is

plotted in Fig. 8.10. The results of the analyses are listed in Tab. 8.4.
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Fig. 8.10: Carbon isotopic composition of selected compounds in saturated

hydrocarbon fractions of selected samples from the Guchengzi Formation.

The 613C values for the n-C17 to n-Czo alkanes vary between -26 and -28%o. The odd
long chain n-alkanes (n-Cz7 to n-C31) are more depleted in 13C (ca. 4%o0) than the short
chain n-alkanes. This result argues for a contribution of terrigenous organic matter
(i.e. C3 plants; O’Leary, 1988; Farquhar et al., 1989; Collister et al., 1994; Murray et al.,
1994).

The acyclic isoprenoids pristane and phytane are more depleted in 13C than the short
chain n-alkanes, whereas phytane is slightly more depleted (ca. 1%o) than pristane.
This nearly equal §13C of both compounds argues for a similar precursor (i.e.

chlorophyll; Didyk et al., 1978; Goossens et al., 1984).

Sesqui- and diterpenoids are enriched in 13C and vary between -23 and -25%o, which

is a range reported for such compounds in other coals (e.g. Schoell et al., 1994).
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Tab. 8.4: Results from compound-specific stable isotope geochemistry.
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8.5 Discussion

8.5.1 Depositional environment

The thickness of coal seams is controlled by the interplay of subsidence and peat
accumulation rates (e.g. McCabe, 1991). The total thickness of the coal seam in the
Guchengzi Formation is very high. This shows that peat accumulation kept pace with
basin subsidence for long time. However, in areas with the highest subsidence rate
(hanging wall of syn-sedimentary normal faults), coal passes laterally into clastic
facies (Fig. 8.2b) showing that at these sites subsidence exceeded peat accumulation

rate.

Finally, subsidence rate increased in the entire basin and the mire was replaced by a

basin-wide lacustrine system.
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Fig. 8.11: Cartoon illustrating three stages of the evolution of the Fushun coal seam.
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At the sampling site, the Fushun coal seam consists, from base to top, of (1) high-ash
coal and coaly shale, (2) low-ash coal, and (3) a transition zone between coal and
shale. These lithotypes reflect three different stages of peat accumulation (Fig. 8.11)
discussed in detail below. Unfortunately the transition between the high- and low-ash

coal is not exposed.

8.5.1.1 Stage 1 (low-lying mire)

Coals with relative high ash yields indicate that peat accumulation commenced in a
low-lying (topogenous) mire (fen; see Fig. 8.11a). The coaly shale may be derived
from a fluvio-lacustrine environment. This interpretation is supported by the lateral
intercalating clastic layers (Johnson, 1990; Wu et al,, 2000; Fig. 8.2b). The moderate
to low sulfur content (Tab. 8.1) suggests mire development in a freshwater
environment. The enrichment of sulfur at the impermeable base of the seam is
probably a result of an increase in pH-value permitting sulfate-reducing bacteria to
thrive (Casagrande, 1987). Apart from the base, sulfur content is enriched only in a
thin layer with abundant framboidal pyrite near the top of the lower section. The
cause of the sulfur-enrichment remains unclear, but may be related to a rise in water

level resulting in more reducing and less acidic conditions.

A relative high GWI (Tab. 8.2) indicates that the topogenous mire was influenced by a
relative high water-table. Nevertheless, high pristane/phytane ratios indicate oxic

conditions.

High VI and TPI values reflect the abundance of decay-resistant plants (e.g. conifers).
This is also supported by the predominance of conifer derived di- and
sesquiterpenoids over angiosperm derived triterpenoids. The occurrence of resinite

and amber also argues for a vegetation rich in conifers.

8.5.1.2 Stage 2 (low-lying mire with local raised mire?)

During stage 2, peat accumulation expanded northward. The number of seam
partings is relatively low and increases northward (Fig. 8.2b; Fig. 8.11b). The partings

suggest a northern sediment source and deposition in a low-lying mire.
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At the sampling site in the southern portion of the basin, the lower part of the upper
section of the coal seam is characterized by low ash coal with sulfur contents below
1%. Low-ash and low-sulfur coals are formed in freshwater topogenous mires, which
are far from any detrital input, and in ombrogenous raised mires (bogs, see Fig. 8.11b;

Diessel, 1992).

In the present case, petrography-based (telovitrinite percentages, VI, TPI) and
biomarker-based (di-, sesqui-, triterpenoids) proxies, which do not show significant
differences in the vegetation type (gymnosperm/angiosperm ratio) between the low-
ash coal and the underlying ash-rich stage 1 coal, argue for deposition in a low-lying

mire.

On the other hand, strike-slip basins, characterized by high subsidence rates, are
traps for sediments. Within this frame, ash yields around 2% are extremely low. In
addition, very low GWI values (Tab. 8.2) may be interpreted as an indicator for a dry
depositional environment characteristic for raised mires, which are not affected by
surficial waters. Strongly oxic conditions at the peat surface are indicated by very
high pristane/phytane ratios (Tab. 8.3) and the abundance of (semi)degradofusinite
as the main inertinite maceral. Thus, local and impermanent bog formation with

limited peat accumulation cannot be excluded.

8.5.1.3 Stage 3 (transition zone between mire and lake)

The transition zone between coal and shale in the uppermost part of the upper
section indicates flooding of the mire (Fig. 8.11c). Peat accumulation was ceased by
rapid subsidence, resulting in a lacustrine environment in which organic-rich shales
were deposited. Significant amounts of land-plant material were transported into the

shallow lake after termination of peat accumulation (Strobl et al., 2014).

Highly variable ash yields, GWI and VI values (Tab. 8.2) point to unstable conditions
during flooding. Sulfur contents also vary significantly between 0.4 and 2.2%.

Nevertheless, they indicate deposition in a freshwater environment.

Conifers continued to predominate over angiosperms. Biomarker composition also

proves the origin of amber from conifers. Apart from terrestrial plants, the presence
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of aquatic organisms is indicated by alginite and elevated percentages of short-chain

n-alkanes in two samples from the transition zone.

Pristane/phytane ratios (Tab. 8.3) are decreasing upward in the transition zone

reflecting a trend from oxic to less oxic conditions.

8.5.2 Thermal history

A continuous maturity trend is reflected by downward increasing (22S/(22S+22R))-
hopane ratios and Tmax values within the Jijuntun and Guchengzi formations. The sub-
bituminous rank of the Fushun coal is expressed by vitrinite reflectance values of 0.50

to 052%Rr

Simple 1D thermal models calibrated with hopane isomerization ratios and vitrinite
reflectance have been established to determine paleo-heat flow and thickness of
eroded rocks. Input parameters include the lithology and present-day thickness of
preserved rocks (Tab. 8.5). Petrophysical parameters pre-defined by the software
(PetroMod 1D) have been considered. The thickness of eroded rocks, attributed to the
Gengjiajie Formation, has been modified between 0 and 900 m. Absolute ages follow

Quan etal. (2012). To keep the models simple, time-constant heat flows were applied.

Tab. 8.5: Input data for 1D thermal modeling.

Formation Top Base Thickness Deposition Lithology
(m) (m) (m) (Ma)
From To

Gengjiajie 0 130 130 37.0 30.0 SILTsandy

Xilutian 130 411 281 40.5 37.0 LIMEshaly

Jijuntun 411 466 55 48.5 40.5 Shale (organic rich, 8% TOC)
Guchengzi 466 502 36 56.0 48.5 COALshaly

56.0

The models show the best fit applying a very high heat flow of 210 mW/m? and an
erosional thickness of 0 m (Fig. 12; solid lines). Models with lower heat flows (133
and 100 mW/m?) and higher amounts of erosion (450 and 900 m, respectively)
overestimate vitrinite reflectance and produce a worse fit with the observed hopane
isomerization trend. Thus, the models suggest minor erosion and very high heat flow
during maximum burial. Heat flows exceeding 150 mW/m? are typically found in

areas with magmatic heating. As suggested by Wu et al. (2000), intrusion of diabase
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sills in the Laohutai and Lizigou formations after coal deposition may be responsible

for the high Eocene heat flow.
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Fig. 8.12: 1D thermal models. Measured (dots) and calculated (lines) data plotted
versus depth. Abbreviations: Gu, Guchengzi Formation; Ji, Jijuntun Formation; Xi,
Xilutian Formation; Ge, Gengjiajie Formation; Hopane Isom., Hopane Isomerization;

Vit. Refl,, Vitrinite Reflectance; HF, Heat Flow.

8.6 Conclusions

The Eocene coal-bearing Guchengzi Formation in the Fushun Basin was deposited in
a rapidly subsiding strike-slip basin. The coal being hydrogen-rich and oil-prone, is of
sub-bituminous rank at the study site in the southwestern part of the basin, but

reaches the high volatile bituminous rank in the eastern part of the basin.

The lower part of the coal seam is ash-rich and represents a low-lying mire
environment, in which gymnosperms predominated over angiosperms. The middle
part of the investigated profile is not exposed. At the study site, low-ash, low-sulfur

coal predominates in the upper part of the seam. Petrography- and biomarker-based
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proxies for vegetation types argue for accumulation in a low-lying mire. However,
based on very low ash yields and proxies for eH conditions, deposition in a raised
mire cannot be excluded. In any case, a topogenous mire existed in the northern part

of the basin.

The uppermost part of the seam is characterized by a transition zone between coal
and shale indicating the flooding of the freshwater mire and the termination of peat
accumulation. Organic-rich shales of the overlying oil shale-bearing Jijuntun

Formation were deposited in the newly formed lake.

A 1D thermal model suggests minor erosion and a high heat flow during maximum
burial depth of the sub-bituminous coal. The high heat flow is likely due to Late

Oligocene magmatic activity, indicated by diabase sills.
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Abstract

The Huadian and Fushun basins, located along the DunMi fault zone (NE China), are
filled with non-marine coal- and oil shale-bearing sediments of Eocene age. Despite
similar tectonic setting, the habitat of coal and oil shale differs significantly. During
this study the depositional environment of organic-rich sediments in the Huadian
Basin and factors controlling differences between both basins were investigated.
Early in the history of the Huadian Basin, thin coaly and bituminous mudstones
accumulated in shallow lake environments (Pyrite Member). Water depth increased
during deposition of the Oil Shale Member, but did not exceed a few tens of meters
preventing stable water column stratification. Moreover, deposition of fan delta
sediments interrupted accumulation of fine-grained rocks. Nevertheless, algal blooms
and oxygen-depleted conditions resulted in accumulation of 13 thin (< 7 m) oil shale
layers. Oil shale quality varies between different layers due to variable portions of
terrestrial organic matter. Ash-rich coal layers mined in the Huadian Basin developed

during the regressive late stage of basin evolution (Carbonaceous Shale Member).
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Biomarkers indicate a change from an angiosperm- to a gymnosperm-dominated
vegetation. In the Fushun Basin, a single 120-m-thick coal seam formed during early
basin subsidence. Subsequently, high subsidence rates established deep lacustrine
conditions with photic zone anoxia and a water depth probably exceeding 150 m.
Stable, strictly anoxic conditions allowed accumulation of a 300-m-thick oil shale
layer. The main factor controlling differences between the Huadian and Fushun
basins is tectonic subsidence. High subsidence rates in the Fushun Basin favored
deposition of thick coal during the transgressive stage and of oil shale in a deep lake.
In contrast minor subsidence in the Huadian Basin resulted in a lake with moderate
water depth and deposition of several oil shale layers with varying quality. In this

basin economic coal developed only during the regressive stage.

9.1 Introduction

World-class coal and oil shale deposits have been formed during Eocene time along
the Dunhua-Mishan (“DunMi”) fault zone in northeastern China (Fig. 9.1). The
economically most important deposit is located within the Fushun Basin, where a
single, up to 120-m-thick coal seam overlain by 300-m-thick oil shale is exploited in a
huge openpit mine (Liu et al.,, 2009; Sun et al., 2013; Strobl et al., 2014; in press). The
annual oil shale production is 11 mio. t yielding 330,000 t of shale oil.

Coal and oil shale is also produced in the Huadian Basin, where a high number of coal
and oil shale layers, only a few meters thick, is mined underground. Main mining
activities in the Huadian Basin are concentrated in its eastern part (Gonglangtou
district). Compared to the Fushun Basin, annual oil shale production is minor (about
1.3 mio. t). The produced oil (70,000-80,000 t/a) is used as ship fuel. Both, in the
Fushun and Huadian mining districts, oil shale is defined by an oil yield exceeding

3.5 wt.%.

Obviously, major differences in the thickness and distribution of coal and oil shale
layers exist between the non-marine Huadian and Fushun basins, although both
basins are located at the same strike-slip zone and formed roughly

contemporaneously.
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Whereas the depositional environment of coal and oil shale in the Fushun Basin has
been studied recently (Strobl et al., 2014; in press), only total organic carbon (TOC)
contents, hydrogen index (HI) values, oil yield (Sun et al, 2013) and some
petrographic data (Xie et al.,, 2014) are available from the Huadian Basin.

Therefore, the present study has two major aims: to reconstruct the depositional
environment of coal and oil shale layers in the Huadian Basin and to compare it with

that of coal and oil shale in the coeval Fushun Basin.

To reach the goals, core samples from borehole Hd3 (Fig. 9.1), representing the fill in
the Huadian Basin (Huadian Formation) in the eastern part of the basin, have been
studied using bulk geochemical proxies, maceral and biomarker data. The borehole
was selected because continuous TOC and HI profiles are available (Sun et al,, 2013).
The depositional environment and the architecture of the coal and oil shale layers are
compared with results of a similar study in the Fushun Basin (Strobl et al.,, 2014; in

press).
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Fig. 9.1: Geological map of the Huadian Basin [modified according to Sun et al.

(2013)]. An overview map with special focus on the location of the Huadian and
Fushun basins and the DunMi fault zone is shown as inset [modified according to

Meng et al. (2012), Strobl et al. (2014; in press)].
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9.2 Geological setting of the Huadian Basin

The non-marine Huadian Basin is an E-W trending halfgraben basin located along the
DunMi fault zone (Fig. 9.1). The Eocene basin fill (Huadian Formation) is up to
1500 m thick and overlies various basement units including granite, Lower Paleozoic
and Permo-Carboniferous sedimentary rocks. Outcrops of the Huadian Formation are
rare because of a Quaternary cover up to 15 m thick. The Huadian Formation is
subdivided from bottom to top into three members: Pyrite Member, Oil Shale

Member, and Carbonaceous Shale Member (Liu et al.,, 2009; Sun et al,, 2011, 2013).

The Pyrite Member represents the early, shallow stages of basin evolution. It
comprises conglomerates and red mudstones near its base overlain by varicolored
calcarenitic fine-grained sandstones, mudstones and coaly layers deposited in alluvial
fan, fan delta, and shallow lake environments. The presence of pyrite crystals in
fractures and pore spaces, interpreted to be hydrothermal in origin by Sun (2010), is

eponymous for this member.

The 0il Shale Member was deposited during the expansion and deepening of the lake
(Sun et al,, 2013). It was dated as Middle Eocene based on a mammalian fauna (Zhang
et al,, 1986; Beard and Wang, 1991; Manchester et al., 2005). The total thickness of
this member ranges from 65 to 244 m. The total number of oil shale layers varies
from 6 to 26, but only 13 layers (numbered from top to bottom) are suitable for shale
oil exploitation (Wang et al., 2005). Note that compared to Sun et al. (2013), the
numbering of oil shale layers was modified based on new well correlations. Top and
bottom of the Oil Shale Member are set at the top of oil shale layer 1 and the bottom
of oil shale layer 13, respectively. Significant differences exist between oil shale
deposited in the lower, middle and upper parts of the Oil Shale Member: Oil shale
with relative high thickness (up to 7 m), but low to moderate quality occurs in the
lower part (layers 13-8), whereas thin (<3 m) oil shales with high quality are found in
the middle part (layers 7-4). Low quality oil shale, less than 2 m thick, occurs in the
upper part (layers 3-1). The lateral extent of the oil shale layers increases upward
within the lower part, reaches a maximum in the middle part and decreases upward
in the upper part (Sun et al, 2013). Only layers 7 to 4 are currently mined
underground. The average TOC content of the Oil Shale Member is 3.6 wt.%. The
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highest TOC value of a 1-m-thick interval occurs in the middle part (30.0 wt.%; Sun et
al,, 2013; Fig. 9.2, grey solid line).
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Fig. 9.2: Depth profiles of bulk geochemical proxies of the Huadian Formation. The
lithology profile and the average TOC content are taken from Sun et al. (2013). Oil

shale layers are numbered from top to bottom. C, coaly layer.

Shallow lacustrine conditions prevailed during deposition of the Carbonaceous Shale

Member. It represents the final filling stage of basin evolution. Economic coal seams
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accumulated along the lake margins are accompanied by bituminous shale (Sun et al.,

2013).

9.3 Samples and methods

A total of 96 core samples were taken from borehole Hd3 (Fig. 9.1) within the depth
interval of 23.1 to 515.5 m. This interval represents the whole Huadian Formation
consisting of Pyrite (14 samples), Oil Shale (73 samples), and Carbonaceous Shale (9
samples) members. Sample selection was based on the average TOC content of 1-m-
thick intervals provided by Sun et al. (2013; Fig. 9.2, grey solid line). Special focus has
been taken on the oil shale and coaly layers. Bulk geochemical analyses were

performed on all 96 samples.

9.3.1 Carbon and sulfur analyses

Total carbon (TC) and sulfur (S) contents of all samples were determined using a Leco
CS-230 elemental analyzer. Total organic carbon (TOC) content was determined with
the same instrument on samples pre-treated with hydrochloric acid. Total inorganic
carbon (TIC) contents were calculated by the difference between TC and TOC. The TIC
is used to calculate calcite equivalent percentages (Calceq = TIC x 8.333) of the

samples.

9.3.2 Rock Eval pyrolysis

Pyrolysis analysis was performed using a Rock Eval 2+ analyzer. Depending on the
TOC content, 15 mg to 60 mg of each pulverized sample were heated gradually in an
inert atmosphere. Within this method, the amount of pyrolyzate released from
kerogen was normalized to TOC to give the hydrogen index (HI). The temperature of
maximum hydrocarbon generation (Tmax) is defined at the maximum value of the S»-

peak.

Based on TOC and Rock Eval data, 42 samples were selected for maceral, biomarker

and compound-specific isotope analyses.
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9.3.3 Organic petrography and vitrinite reflectance measurements

Microscopic analysis was performed using polished blocks of whole-rocks cut
perpendicular to bedding planes, a Leica MPV microscope and oil immersion
objectives. Maceral analysis was performed using reflected white and fluorescent
light and a 50x objective. 500 points per polished block were counted using the single
scan method (Taylor et al, 1998). Maceral percentages are given in vol.% on a
mineral matter free basis. Vitrinite reflectance was measured on four samples using a
50x objective in non-polarized light at a wavelength of 546 nm (Taylor et al., 1998).
50 points per sample were measured. Results are presented as mean random

reflectance values (%R;).

9.3.4 Organic geochemistry (biomarker analysis)

For organic geochemical analysis, portions of selected samples were extracted for
approximately one hour using dichloromethane (DCM) in a Dionex ASE 200
accelerated solvent extractor. Asphaltenes were precipitated from a hexane-DCM
solution (80:1) and separated by centrifugation. The hexane-soluble fractions were
separated into NSO compounds, saturated and aromatic hydrocarbons using medium
pressure liquid chromatography (MPLC) with a Kéhnen-Willsch instrument (Radke et
al., 1980). The saturated and aromatic hydrocarbon fractions were analyzed using a
gas chromatograph equipped with a 30 m DB-5MS fused silica column (i.d. 0.25 mm;
0.25 pm film thickness) and coupled to a Thermo Fisher ISQ quadrupol mass
spectrometer (GC-MS system). The oven temperature gradient was programmed
from 70°C to 300°C at 4°C min-1, followed by an isothermal period of 15 min. Helium
was used as carrier gas. The sample was injected splitless, with the injector
temperature at 275°C. The spectrometer was operated in the EI (electron ionization)
mode over a scan range from m/z 50 to 650 (0.7 s total scan). Data were processed
using an Xcalibur data system. Individual compounds were identified on the basis of
retention time in the total ion current (TIC) chromatogram and by comparison of the
mass spectra with published data. Relative percentages and absolute concentrations
of different compound groups in the saturated and aromatic hydrocarbon fractions
were calculated using peak areas from the gas chromatograms in relation to that of
internal standards (deuteriated n-tetracosane and 1,1’binaphthyl, respectively).The

concentrations were normalized to the TOC content.
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9.3.5 Compound-specific stable isotope geochemistry

Carbon isotope determination of n-alkanes and acyclic isoprenoids was performed
using a Trace GC instrument attached to a ThermoFisher DELTA-V isotope ratio mass
spectrometer via a combustion interface (GC isolink, ThermoFisher). For calibration,
CO2 was injected at the beginning and end of each analysis. The GC column and
temperature program are the same as for GC-MS. Stable isotope ratios are reported in
delta notation (613C; Coplen, 2011) relative to the Vienna-Pee Dee Belemnite (V-PDB)
standard (613C=[(13C/12C)sample/ (*3C/12C)standara-1]). Delta notation is expressed in

parts per thousand or per mil (%o0). The analytical error was better than 0.2%o.

9.4 Results

9.4.1 Bulk geochemical parameters

Bulk geochemical data of studied samples are listed in Tab. 9.1. The vertical
distribution of organic-rich layers in borehole Hd3 (Fig. 9.2) is described separately

for each member.

9.4.1.1 Pyrite Member

TOC contents of mudstones in the Pyrite Member are generally low (< 1.0 wt.%), but
reach higher values in some bituminous beds (< 10.0 wt.%) and in coaly layers (e.g.
24.8 wt.% at 424 m depth) (Sun et al,, 2013; Fig. 9.2a). Fourteen samples have been
selected for the present study. High TOC values are measured in the coaly layer at
424 m depth (31.6-37.6 wt.%) and in an organic rich layer at 371 m depth (10.4-13.4
wt.%; Fig. 9.2a). HI values ranging from 125 to 251 mgHC/gTOC show that the coaly
layer and the lower part of the organic rich layer comprise kerogen type IlI, whereas
the upper part of the organic rich layer includes hydrogen rich kerogen type-I to Il
(623 mgHC/gTOC; Fig. 9.2b).

The TOC of remaining mudstone samples vary between 0.4 and 5.1 wt.% (Fig. 9.2b).
HI values of these range from 108 to 664 mgHC/gTOC (Fig. 9.2b) indicating the
presence of kerogen type III, Il and I (Fig. 9.3).
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Tmax values vary between 431 and 440°C (Tab. 9.1). Sulfur contents are low (< 0.4
wt.%) in organic lean mudstones, but relative high (1.5-3.5 wt.%) in organic rich
mudstones and coaly layers (Fig. 9.2d). TOC/S ratios are very low in the lower part
(< 1.5) and increase upward (up to 10.0). The highest TOC/S ratios occur in the coaly
layer at 424 m depth (< 19.6; Fig. 9.2e). Carbonate content is generally low (< 6 wt.%
Calceq), but is elevated in mudstone samples near the base and the top of the Pyrite

Member (Fig. 9.2¢).

9.4.1.2 Oil Shale Member

TOC contents vary significantly between oil shale layers and country rocks (Sun et al,,
2013; Fig. 9.2a). In the present study, focus was taken on the 13 oil shale layers and
their floor and roof rocks. Within these layers TOC contents reach a maximum of 45.4
wt.% (layer 11; Fig. 9.2a). HI values show a general increasing upward trend and
reach 744 mgHC/gTOC in layer 4. Most of the samples plot inside the fields
characteristic for type I and II kerogen, but samples with type II to IIl kerogen are
also present (e.g. layers 13-11; Fig. 9.3). Tmax values vary between 425 and 441°C.
High Tmax values are typically measured in samples with high HI values (Tab. 9.1).
Sulfur contents range from 0.1 to 4.0 wt% and show elevated values in the
stratigraphically deep oil shale layers 13 and 11 (Fig. 9.2d). High TOC contents result
in high TOC/S ratios up to 55.5 (Fig. 9.2e). The carbonate content of oil shale layers
varies significantly between 0 and 34 wt.% Calceq (Fig. 9.2¢).

9.4.1.3 Carbonaceous Shale Member

The Carbonaceous Shale Member is characterized by two coaly layers and several
layers with bituminous shale. The average TOC content of 1-m-thick intervals
comprising coaly layers is relative low (<11 wt.%) because of low seam thickness
and high mineral matter contents (Sun et al, 2013; Fig. 9.2a). Six samples
representing the coaly layers and three bituminous shale layers were investigated
within the frame of the present study. TOC contents of coaly samples vary between
13.6 and 28.9 wt.% (Fig. 9.2a). Their HI ranges from 141 to 234 mgHC/gTOC (Fig.
9.2b) indicating the presence of kerogen type III (Fig. 9.3). Bituminous shales contain
5.8 to 11.3 wt.% TOC (Fig. 9.2a) and a kerogen type II (HI: 382 - 619 mgHC/gTOC;
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Fig. 9.2b, Fig. 9.3). Tmax values vary between 425 and 437°C (Tab. 9.1). Sulfur contents
are low (< 0.6 wt.%; Fig. 9.2d) resulting in high TOC/S ratios (24.6-75.6; Fig. 9.2e).
Samples from the Carbonaceous Shale Member are largely carbonate-free (< 4.3 wt.%

Calceg; Fig. 9.2¢).
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Tab. 9.1: Data from LECO and Rock Eval measurements (bulk geochemical data), and

from organic petrography and vitrinite reflectance measurements.
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9.4.2 Organic petrography and vitrinite reflectance

The vertical variability of terrigenous organic matter (OM; sum of vitrinite, inertinite,
sporinite, resinite, cutinite, fluorinite, liptodetrinite) and alginite (sum of lamalginite
and telalginite; Tab. 9.1) is plotted in Fig. 9.4a, Fig. 9.4b. Representative

photomicrographs of samples from the Huadian Formation are shown in Fig. 9.5.
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Fig. 9.4: Distribution of (a) macerals - terrigenous organic matter (Terrig. OM), (b)
macerals - alginite (lamalginite + telaginite), (c) pristane/phytane ratios, (d) hopane
concentrations, (e) diterpenoid+sesquiterpenoid concentrations, and (f) triterpenoid
concentrations, within the Huadian Formation. The lithology profile is taken from Sun

et al. (2013). Oil shale layers are numbered from top to bottom. C, coaly layer.
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Fig. 9.5: Photomicrographs of the Huadian Formation. (a) HD 6 under white light, (b)
HD 20 under UV light, (c) HD 25 under UV light, (d) HD 65 under UV light, (¢) HD 80
under white light, and (f) HD 80 under white light. Abbreviations: vit, vitrinite; pyr,
pyrite; spor, sporinite; lamalg, lamalginite; telalg, telaginite; shell, ostracode shell; fungi,

funginite; inert, inertinite.

Coaly and bituminous samples from the Pyrite Member have been selected for
maceral analysis. Whereas the coaly sample is characterized by high amounts of
terrigenous OM (93 vol.%; Fig. 9.4a) beside minor alginite (7 vol.%; Fig. 9.4b),
bituminous samples are enriched in alginite (30 and 80 vol.%; Fig. 9.4b). Vitrinite and
sporinite are the predominant landplant-derived macerals. Minor funginite is the
main maceral of the inertinite group. Lamalginite predominates over telalginite in all
samples. Lamalginite may originate from assemblages of algae and bacteria.

Telaginite covers solitary and colonial algae.
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The Oil Shale Member is characterized by strongly varying, but often very high,
amounts of alginite (2-95 vol.%; average 60 vol.%; Fig. 9.4b). Lamalginite prevails
significantly over telaginite. The highest percentage of telalginite occurs in layer 4
(3.5 vol.%; Fig. 9.5c). Terrigenous OM is generally more abundant in the lower (e.g.
layers 13-11) than in the upper part (e.g. layers 7-4) of this member (Fig. 9.4a).
Vitrinite and sporinite are the prevailing landplant-derived macerals. Shells of

ostracodes occur as well (see also Sun et al., 2013).

Coaly shale layers from the Carbonaceous Shale Member contain abundant
terrigenous OM (76-98 vol.%; Fig. 9.4a), whereas alginite is abundant in the
bituminous shales (79 vol.%; Fig. 9.4b). Lamalginite, vitrinite and sporinite are the

prevailing macerals.

Typically, lamalginite is characterized by an orange fluorescence color, whereas

telaginite and sporinite display yellow to light greenish colors.

Vitrinite reflectance was measured on four samples at 23.1 m, 75.0 m, 343.5 m, and
423.5m depths and ranges from 0.42 to 0.43%R; (Tab. 9.1). These values are
consistent with those reported by Xie et al. (2014) and indicate that the Huadian

Formation is immature.

9.4.3 Organic geochemistry

Within the Huadian Formation, the amount of extractable organic matter (EOM)
varies between 10 and 43 mg/gTOC (average 24 mg/gTOC). The proportion of
hydrocarbons ranges between 8 and 46% of EOM. Saturated hydrocarbons (average
21% of EOM) are predominant over aromatic hydrocarbons (average 4% of EOM).
The EOM is also composed of NSO compounds (average 37% of EOM) and
asphaltenes (average 38% of EOM; Tab. 9.2).

Total ion chromatograms (TICs) of saturated and aromatic hydrocarbon fractions of
representative samples from the Huadian Formation (Oil Shale Member) are shown
in Fig. 9.6. The concentrations and concentration ratios of compounds and compound

groups in hydrocarbon fractions are listed in Tab. 9.2.
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Tab. 9.2: Data from biomarker analysis.
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Fig. 9.6: Gas chromatograms (TICs) of (a) saturated and (b) aromatic hydrocarbon
fractions of samples from oil shale layer 4 and 11. n-Alkanes are labeled according to

their carbon number. Std., standard.

Sediments of all three members are dominated by n-alkanes of intermediate (n-C21-25)
to long (n-Cz7-31) chain length with an odd to even predominance. Long-chain lipids
are characteristic biomarkers for higher terrestrial plants, as they are the main
components of plant waxes (Eglinton and Hamilton, 1967). The n-alkanes of
intermediate molecular weight are reported to have been originated from aquatic
macrophytes (Ficken et al, 2000). The low molecular weight members are
predominatly found in algae and microorganisms (Cranwell, 1977). The carbon
preference index (CPI; Bray and Evans, 1961) varies between 3 and 6 indicating low

thermal maturity (Tab. 9.2).

The acyclic isoprenoids pristane (Pr) and phytane (Ph) are present in all samples.
Pr/Ph ratios range between 0.8 and 2.7 within the Huadian Formation. The highest
value occurs in the coaly layer at 424 m depth from the Pyrite Member. Pr/Ph ratios
in the Oil Shale Member show an average value of 1.3, whereat high values occur in
the organic-rich layers. Sediments of the Carbonaceous Shale Member are
characterized by low Pr/Ph ratios (0.8-0.9; Fig. 9.4c). According to Didyk et al. (1978),
Pr/Ph values below 1.0 indicate anaerobic conditions during early diagenesis and

values between 1.0 and 3.0 reflect dysaerobic environments. However, Pr/Ph ratios
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are known to be also affected by maturation (Tissot and Welte, 1984) and by
differences in the precursors for acyclic isoprenoids (i.e. bacterial origin; Goossens et

al., 1984; Volkman and Maxwell, 1986; ten Haven et al., 1987).

Within the Huadian Formation, the hopanoid patterns are characterized by 17 ¢, 218
and 17p, 21b hopanes from Cz7 to C31, with Czs hopanes absent. Cz9 to C30 hop-17(21)-
enes and oleanenes are also present. Predominant triterpenoids are the Cz9 hop-
17(21)-ene, olean-12-ene and 17¢, 21 C31 (22R) hopane. Benzohopanes occur in all
samples and vary between 0.6 and 12.9 ug/gTOC (Tab. 9.2). Hopanes occur in
variable amounts (58.3-299.3 ug/gTOC; average 140.8 ug/gTOC; Fig. 9.4d). The
occurrence of these biomarkers indicates an input from bacterial biomass (Hussler et

al., 1984; Ourisson et al., 1979; Farrimond et al., 2004).

Diterpenoids (e.g. norpimarane, pimarane, phyllocladane, norabieta-riene,
simonellite, retene) occur in low amounts in the Pyrite and Oil Shale members (1.0-
1.5 pg/gTOC and 0.2-6.0 pg/gTOC, respectively). The uppermost part of the Oil Shale
Member and the Carbonaceous Shale Member are characterized by a high amount of
diterpenoids (2.6-349.2 ug/gTOC; Tab. 9.2). Sesquiterpenoids (e.g. Cadalene) are
present in all samples and vary between 0.2 and 10.8 pg/gTOC (Tab. 9.2).
Diterpenoids and sesquiterpenoids indicate a contribution of conifer species (e.g. Otto
et al, 1997; Otto and Wilde, 2001). The sum of diterpenoids and sesquiterpenoids
(0.6-354.7 ng/gTOC) is plotted versus depth in Fig. 9.4e.

Non-hopanoid triterpenoids (e.g. des-A-oleanenes, des-A-lupane, trimethyl-
tetrahydro-chrysenes, olean-12-ene), originating from angiosperms (Karrer et al,
1977; Dev, 1989), occur in relative high amounts (7.7-05.1 pg/gTOC). The highest
values occur in the lower and upper part of the Oil Shale Member and in the Pyrite

and Carbonaceous Shale members (Fig. 9.4f).

Angiosperm-derived triterpenoids are predominant over di- and sesquiterpenoids in
the Pyrite and Oil Shale Member, whereas the opposite distribution occurs within the

Carbonaceous Shale Member (Fig. 9.4e, Fig. 9.4f).

C14 and Cy¢ aryl isoprenoids are present in very low amounts (< 1.1 pg/gTOC) in the

Huadian Formation (Tab. 9.2). Aryl isoprenoids originate from photosynthetic green
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sulfur bacteria and, therefore, indicate photic zone anoxia (Summons and Powell,

1987).

The MTTC ratio is defined as the concentration of trimethylated MTTC relative to the
sum of methylated MTTCs (Sinninghe Damsté et al.,, 1987) and has been widely used
for paleosalinity reconstruction (Sinninghe Damsté et al, 1993; Barakat and
Rullkotter, 1997). The MTTC ratio within the Huadian Formation varies in the range
between 0.23 and 0.66 (Tab. 9.2) indicating a salinity-stratified, alkaline water

column.

9.4.4 Compound-specific stable isotope geochemistry

The carbon isotopic composition of short-chain and long-chain n-alkanes, pristane
and phytane of eight selected samples from the Huadian Formation is plotted in Fig.

9.7. The measured data from all samples are listed in Tab. 9.3.
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Fig. 9.7: Carbon isotopic composition of selected compounds in saturated

hydrocarbon fractions of selected samples from the Huadian Formation.

The §13C values for the n-C17 to n-Cz alkanes vary between -25.5 to -28.0%o. Short-
chain even n-alkanes are slightly depleted in 13C compared to the neighboring odd n-
alkanes. The odd long-chain n-alkanes (n-Czs to n-Cz9) are more depleted in 13C (ca.

2%o) than the short-chain n-alkanes. This result argues for a contribution of
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terrigenous organic matter (i.e. C3 plants; O’Leary, 1988; Farquhar et al., 1989;
Collister et al.,, 1994; Murray et al., 1994).

The acyclic isoprenoids pristane and phytane are more depleted in 13C than the short
chain n-alkanes. Both compounds show nearly equal 613C values, which argues for a

similar precursor (i.e. chlorophyll; Didyk et al.,, 1978; Goossens et al., 1984).

Tab. 9.3: Data from compound specific stable isotope geochemistry.
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9.5 Discussion

9.5.1 Depositional environment of the Huadian Basin

Cartoons illustrating the depositional environment during different evolution stages

of the Huadian Formation are shown in Fig. 9.8.
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Fig. 9.8: Cartoon illustrating the depositional environment of the Huadian Formation.
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9.5.1.1 Pyrite Member

The Pyrite Member accumulated in a shallow lake early in the basin’s history. Fan
deltas and alluvial fans existed along the lake margins. According to Sun et al. (2013),
mudstones with low TOC contents, but high HI values prevail. Based on this
observation, they suggest that conditions for organic matter preservation were good.
Consequently, the low TOC contents might result either from low productivity or high
sedimentation rates causing dilution of the accumulated organic matter by detrital

minerals.

A shallow lake environment is also supported by the presence of coaly sediments at
424 and 371 m depth. Vitrinite is the main maceral in coaly sediments. The presence
of minor alginite is indicative for sub-aquatic accumulation. The lower coaly layer is
overlain by grey mudstone with 2 wt.% TOC containing terrestrial organic matter (HI:
108 mgHC/gTOC) and coarse-grained sandstone deposited in a fan delta
environment. The upper coaly layer overlies rocks with a crumbly structure
interpreted as paleo-soil and is overlain by bituminous mudstone with high TOC (10.4
wt.%) and high HI (623 mgHC/gTOC). Alginite is the prevailing maceral in the
bituminous mudstone and indicates drowning of the mire. Red-colored bioturbated
sediments follow 30 cm above the bituminous mudstone indicating a major change
towards an oxic environment. Mudstones below and above the red layer contain
minor amounts of landplant-derived organic matter (TOC<1 wt.%;

HI < 200 mgHC/gTOC).

Lacustrine mudstones unrelated to coaly horizons contain 0.4 to 5.1 wt.% TOC and HI
values ranging widely from 116 to 664 mgHC/gTOC. Maceral data show that the
organic matter of the hydrogen-rich sample is mainly derived from allochthonous

sporinite and autochthonous alginite.

A high amount of landplant-derived macerals (sporinite, vitrinite) is reflected by
biomarker and stable isotope composition. The terpenoid hydrocarbon composition
shows a predominance of angiosperms in the surrounding vegetation. Minor bacterial
activity is reflected by the low contents of hopanes. Relative high Pr/Ph ratios

indicate the influence of coaly material within this member. The presence of
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hydrothermal pyrite (Sun, 2010) causes relative high sulfur contents and low TOC/S

ratios in the lower part of the Pyrite Member.

9.5.1.2 Oil Shale Member
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Fig. 9.9: Depth profiles showing important parameters of all 13 oil shale layers. c,

coaly layer.
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The 0il Shale Member is about 160 m thick. Apart from 13 oil shale layers with a total
net thickness of 22 m, it includes organic-lean mudstones and thick sandy intervals.
Many of the sandy intervals display a coarsening upward trend (Fig. 9.2) and are

interpreted as prograding fan deltas.

Petrographical and geochemical data from oil shale layers are summarized in Fig. 9.9
together with average oil yield of 1 m thick intervals (according to Sun et al., 2013).
HI of oil shale samples ranges from 246 to 744 mgHC/gTOC indicating that organic

matter from variable sources is present in different oil shale layers.

Whereas oil shale with low HI values (kerogen type III) prevail in the lower part of
the member (layers 13-11), those with high HI (kerogen type II-I) prevail in its
middle and upper part (Fig. 9.9c). Oil shale of different stratigraphic position,
therefore, is discussed separately below. Before that, salinity and redox proxies are

evaluated because they are similar for oil shale in the entire member.

A freshwater environment is generally accepted for the Oil Shale Member, although
the presence of Rhodophyta raises the possibility that the depositional environment
of some oil shale layers was influenced by marine flooding (Xie et al., 2014). Although
sulfur contents in some oil shale layers are as high as 4 wt.% (e.g. layer 11; Fig. 9.9¢),
TOC/S ratios are generally above 2.8 (Fig. 9.9f) consistent with the postulated non-
marine environment (Berner, 1984). Ratios around 2.8 are restricted to a few
samples underlying oil shale layers 13, 12 and 3 (Tab. 9.1). In contrast, relatively low
MTTC ratios (0.24 - 0.66, Tab. 9.2) agree with a marine environment. In any case, the

absence of gammacerane argues against a highly saline environment.

Stable carbon isotope ratios from pristane and phytane (Tab. 9.3) indicate the same
precursor of the acyclic isoprenoids. In addition, maturity variations in the studied
succession are negligible. Therefore, Pr/Ph ratios may be used as redox proxies. The
determined values vary between 0.8 and 2.3 (Fig. 9.9i) and indicate dysaerobic to
anaerobic conditions. Very low amounts of aryl isoprenoids show that permanent
photic zone anoxia was not established. Whereas oxygen depleted conditions
prevailed during deposition of oil shale layers and mudstones, frequent bioturbation

indicates oxic conditions during deposition of sandy units.
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Carbonate contents in mudstones and oil shales are often high (up to 35 wt.% Calceg;

Fig. 9.9d). This may be a result of abundant ostracode shells (e.g. oil shale layer 8).
Oil shale layers 13to 11

The stratigraphically deep oil shale layers 13 to 11 are restricted to the eastern part
of the basin (Sun et al., 2013). The parting between layers 13 and 12 and the base of
both layers is formed by mudstone with relatively low TOC, but high HI values (442-
630 mgHC/gTOC; Fig. 9.9b) containing abundant alginite (Fig. 9.9h), whereas the
upper part of layers 13 and 12, as well as layer 11 are composed of coaly rocks with
high TOC contents (Fig. 9.9b), low HI values (<300 mgHC/gTOC; Fig. 9.9c) and
abundant landplant-derived macerals (Fig. 9.9g).

High amounts of terrestrial organic matter are reflected by high amounts of
landplant-derived biomarkers. Angiosperm-derived triterpenoids (Fig. 9.91)
predominate over gymnosperm-derived di- and sesquiterpenoids (Fig. 9.9k).
Hopanoids, a proxy for bacterial biomass, occur in low amounts, but are abundant in

lacustrine samples rich in alginite (Fig. 9.9j).

Abundant coaly material and the coaly upper part of oil shale layers 13 and 12 proves

that the lake was shallow during deposition of layers 13 to 11.
Oil shale layers 10to 8

Layer 10 is separated from layer 11 by a sandy succession, 16 m thick. The oil shale
layers 10 to 8 are relatively thick, but the oil yield is low (Fig. 9.9a). This is a
consequence of their moderate TOC contents (9-17 wt.%; Fig. 9.9b). HI values of oil
shale samples range from 429 to 687 mgHC/gTOC (Fig. 9.9c). Maceral and biomarker
data show that the organic matter of oil shale is dominated by algae (Fig. 9.9h) and
bacteria (Fig. 9.9j). Terrestrial organic matter, dominated by angiosperms, is
abundant only in a thin layer (312.5 m) intercalated between delta front sediments
separating oil shale layers 10 and 9 (Fig. 9.9k, Fig. 9.91). Layer 8 is separated from
layer 9 by another interval with delta front sediments, which are bioturbated at

304 m depth (Sun, 2010).
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The lateral extension of layers 10 to 8 increases significantly westward (Sun et al,,
2013). This together with a general trend towards finer-grained sediments and the

absence of coaly layers indicates a pronounced expansion and deepening of the lake.
Oil shale layers 7to 4

Layers 7 to 4 cover most of the Huadian Basin. Their thickness is relatively low (up to
3 m), but TOC contents are very high and reach a maximum in layer 4 (31.7 wt.%; Fig.
9.9b). High TOC contents together with high HI (up to 744 mgHC/gTOC, Fig. 9.9¢)
result in very high oil yields, which increase upward and reach 20 wt.% in layer 4
(Fig. 9.9a). High HI values are a result of the presence of well-preserved algal material
(Fig. 9.9h). Biomarkers suggest high amounts of bacterial biomass (Fig. 9.9j) and low
contents in landplants (Fig. 9.9k, Fig. 9.91). Similar to underlying layers, the terrestrial

organic matter is dominated by angiosperms (Fig. 9.91).

Layers 6 and 5 overlie coarsening upward sediments deposited in prograding fan
deltas with a sharp contact. A 10-cm-thick interval with gastropods occurs 15 cm
below layer 6. Sandstones underlying layer 5 are bioturbated. A well preserved 3 cm
large gastropode occurs within layer 5 (260 m depth). The upper boundary of oil
shale layers 7 to 4 is gradual and forms the base of upward coarsening successions
(layers 7, 6, 4). Sediments 1.5 m above layer 4 are bioturbated. Layers 5 and 4 are
separated by grey mudstones with moderate TOC contents (1.6-5.1 wt.%; Fig. 9.9b).
HI values between 328 and 538 mgHC/gTOC are still high (Fig. 9.9c) and Pr/Ph ratios
low (~1; Fig. 9.9i) suggesting that low TOC contents are rather due to low organic

productivity than due to poor preservation.

The observed succession reflects three progradations of fan deltas establishing oxic
conditions. Each progradation was terminated by a rapid relative sea level rise
resulting in oxygen-depleted conditions favoring oil shale deposition. The frequent
changes between bioturbated sediments and oil shale layers argues against a deep
lacustrine environment, which often produces stable conditions. The thickness of the
coarsening upward complexes suggests that water depth was in the order of a few

tens of meters and probably reached a maximum during deposition of layer 4.
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Oil shale layers3to 1

Oil shale layers 3 to 1 are thin, but average TOC (8-10 wt.%) and HI values (740-
800 mgHC/gTOC) are very high (Sun et al, 2013). The sample from layer 3
investigated during the present study has a significantly lower HI (364 mgHC/gTOC;
Fig. 9.9¢) resulting from abundant angiosperm-dominated terrigenous organic matter
(Fig. 9.91). Layer 3 has been deposited after a major fan delta progradation. Thus, the
high percentage of landplant material (Fig. 9.9g) reflects a shallow depositional
environment. Shallow water depth is also indicated by cross-bedding observed in oil
shale layer 2 and a coaly layer at 186.8 m depth. In contrast to underlying rocks,
gymnosperm-derived biomarkers prevail over angiosperm-derived biomarkers in the

coaly layer (Fig. 9.9k, Fig. 9.91).

9.5.1.3 Carbonaceous Shale Member

The Carbonaceous Shale Member represents the final filling stage of the Huadian lake.
Several high-ash (~30 wt.% TOC) coal seams accumulated along the lake margins.
Two of them, each about 2 m thick, are currently mined. The upper seam is overlain
by 1-m-thick oil shale reflecting a short-term deepening of the lake during a general
regressive trend. No coal seam, but two coaly layers and some bituminous shales with
abundant alginite have been drilled in Hd3. Similar to the coaly layer in the
uppermost Oil Shale Member (186.8 m depth) gymnosperm-derived biomarkers
prevail over angiosperm-derived biomarkers suggesting a major change in paleo-
vegetation during deposition of the uppermost part of the Oil Shale Member. Low

sulfur contents and high TOC/S ratios argue for a freshwater environment.

9.5.2 Comparison of the Huadian and Fushun basins

Both, the Huadian and Fushun basins have been formed during Eocene time along the
DunMi Fault Zone and contain economic sub-bituminous coal and oil shale with
similar maturity. Moreover, a freshwater environment prevailed in both basins.
Nevertheless, the habitat of the coal and oil shale deposits differs significantly (Liu et
al,, 2009). In this section, the depositional environment of the coal-bearing Guchengzi
Formation and the oil shale-bearing Jijuntun Formation in the Fushun Basin is

discussed first, based on data from Strobl et al. (2014; in press; Fig. 9.10). Afterwards
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the mechanisms controlling the differences between the Fushun and Huadian basins

are investigated.
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Fig. 9.10: Depth profiles of important parameters of the coal and oil shale bearing

formations within the Fushun Basin [modified according to Strobl et al. (2014; in

press)].

The Guchengzi Formation contains a single coal seam, several tens of meters thick,
which has been deposited close to the lake level. Abundant di- and sesquiterpenoids
(Fig. 9.10h) indicate that the vegetation was dominated by gymnosperms. The great
seam thickness shows that peat accumulation was in equilibrium with tectonic
subsidence for a long time. Finally subsidence rates increased and the mire was
replaced by a shallow lake, resulting in the deposition of the ash-rich top of the seam
and in accumulation of the lower unit of the oil shale-bearing Jijuntun Formation. The
latter contains relative low TOC contents (~5 wt.%; Fig. 9.10a). A mixture of
prevailing landplant-derived and algal material (Fig. 9.10e) caused a moderate HI

(~400 mgHC/gTOC; Fig. 9.10b). Oil shale of the upper unit of the Jijuntun Formation
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containing up to 25 wt.% TOC (Fig. 9.10a) and dominant lacustrine organic matter
(HI: ~700 mgHC/gTOC, Fig. 9.10b) has been deposited in a deep lake. Concentrations
of aryl isoprenoids, indicative for photic zone anoxia, increase upward (Fig. 9.10f).
The absence of gammacerane suggests that water column stratification in the deep
lake originated without significant changes in bottom water salinity. Photic zone
anoxia in modern Lake Tanganyika occurs beneath ~150 m water depth (De Wever et
al,, 2005). A similar water depth may be assumed for the upper unit of the Jijuntun
Formation. The high water depth was responsible for stable conditions, the lack of
coarse grained clastic rocks, and the accumulation of high quality oil shale, several
tens of meters thick. Photic zone anoxia vanished during deposition of the uppermost
part of the Jijuntun Formation (Fig. 9.10f). At the same time TOC contents decrease
drastically. Later the lake in the Fushun Basin was filled by a mixed clastic-carbonate
shallow water succession (Xilutian Formation) and clastic shallow water to terrestrial

rocks (Gengjiajie Formation).

Thus, the fill of the Fushun Basin reflects a continuous upward deepening trend
followed by a shallowing trend, typical for many fault controlled rift and strike-slip
basins. Depending on climatic conditions, the stratigraphic succession of these basins
often includes from base to top fluvial sediments, a thick coal seam, shallow and deep
lacustrine deposits reflecting high subsidence rates during active faulting (Lambiase,
1990; Sachsenhofer, 2000; Sachsenhofer et al., 2003). Later the deep lake is filled by
deltaic sediments. Coal may form also during the regressive filling stage of the basin,
but this coal is typically of lower thickness than that deposited during the
transgressive stage. Within the Fushun Basin, coal deposited during the regressive

stage is not known.

The major differences between the depositional environments of the Huadian and

Fushun basins are summarized in cartoons shown in Fig. 9.11.

The stratigraphic succession in the Huadian Basin is much more complex and does
not show a clear depth trend. The distribution of sandy sediments suggests that a
maximum flooding interval exists at about 300 m depth (between oil shale layers 8
and 7; Fig. 9.2) and that the basin remained relatively deep till deposition of oil shale
layer 4. However, water depth was generally significantly lower in the Huadian Basin

than in the Fushun Basin. This may result either from lower subsidence rates or from

133



significantly higher clastic input causing a higher accumulation rate. Because the
thickness of the Oil Shale Member in the Huadian Basin is similar to that of the
Jijuntun Formation in the Fushun Basin, we prefer the first explanation. Probably, the
relative low water depth hindered the establishment of a stable stratified water
column, caused changes in redox conditions, and favored the frequent progradation
of clastic units, all of them preventing deposition of thick oil shale. Shallow water
depth also caused relatively high amounts of terrestrial organic matter and, therefore,
relative low quality of some oil shale layers. In contrast to the Fushun Basin, the
terrestrial organic matter influx was dominated by angiosperms. Hopane
concentrations show that bacterial biomass played a subordinate role in Huadian oil

shale compared to the Fushun oil shale.

Coaly layers, but no economic seam accumulated during deposition of the Pyrite
Member, which represents the early transgressive phase of the Huadian Basin. Sun et
al. (2013) speculate that the absence of thick coal is due to a prevailing arid climate
during deposition of the Pyrite Member postulated by Meng (2010), which prevented
thick peat accumulations. In contrast, a subtropical climate prevailed during
deposition of the Fushun coal (Wang et al, 2010). The climatic difference may

indicate that the Pyrite Member and the Guchengzi Formation are not strictly coeval.

Economic, but thin high-ash coal (up to 2.1 m in mine areas) accumulated in the
Carbonaceous Shale Member. The relative low thickness and its high content in
mineral matter are typical for coal deposited during the final filling stage of fault

controlled basins. Comparable seams are missing in the Fushun Basin.

Summarizing, the different stratigraphic position, number and thickness of individual
coal and oil shale layers in the Huadian and Fushun basins are mainly controlled by
different subsidence rates, which have been significantly higher in the Fushun Basin.

Climatic factors may have played a secondary role.
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Fig. 9.11: Simplified cartoon illustrating the depositional environments of the

Huadian and Fushun basins outlining major differences.

135



9.6

Conclusions

The fill of the Huadian Basin comprises from bottom to top the Pyrite Member, the Oil

Shale Member and the Carbonaceous Shale Member. The most important conclusions

regarding the depositional environment of the Huadian Basin include:

Although different salinity proxies yield inconsistent results, a non-marine
depositional environment is generally accepted.

Water depth of the lake in the Huadian Basin reached a maximum during
deposition of the middle part of the Oil Shale Member, but did not exceed a few
tens of meters. Probably, this is a result of relative low subsidence rates.
Deposition of fan delta sediments and changes in redox conditions frequently
disrupted oil shale accumulation. Consequently, a high number of thin oil shale
layers is present in the Huadian Basin.

Water depth was not high enough to establish a stable stratified water column.
Moreover the amount of terrestrial organic matter is significant, especially in
oil shale from the lower part of the Oil Shale Member. The oil shale quality,
therefore, varies significantly between different layers. Economically most
important are layers 7 to 4.

Coaly layers and bituminous shale occur in all three members, but economic

coal, about 2 m thick, is limited to the Carbonaceous Shale Member.

A comparison of the non-marine Fushun and Huadian basins shows that:

In contrast to the Huadian Basin, the Fushun Basin is characterized by a
distinct deepening upward - shallowing upward trend characteristic for many
fault controlled basins. This succession reflects high subsidence rates during
early basin formation and the filling of a deep lake during late stage basin
evolution.

A single coal seam, up to 120 m thick, formed early in the history of the Fushun
Basin. Similar thick transgressive coal is missing in the Huadian Basin, perhaps
because of an arid climate.

Increased subsidence rate caused drowning of the Fushun coal and the
development of shallow and deep lacustrine conditions. Photic zone anoxia

have been established in the deep lake suggesting a water depth of more than
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150 m. Stable, strictly anoxic conditions together with high productivity
allowed the accumulation of a world-class oil shale deposit, up to 300 m thick.
In contrast, subsidence rates were minor in the Huadian Basin, resulting in
moderate water depth and the accumulation of a high number of thin oil shale
layers.

e Strong terrestrial input in the lower part of the oil shale unit is recorded in
both basins, but gymnosperms prevail in the Fushun Basin, whereas
angiosperms prevail in the Huadian Basin.

e Bacterial biomass is more abundant in Fushun oil shale than in Huadian oil
shale.

e Economic, but thin and ash rich coal accumulated during the regressive stage
in the Huadian Basin. Equivalent coal in the Fushun Basin is missing.

e Differences in stratigraphic position, quantity and quality of coal and oil shale
in the Fushun and Huadian basins are mainly controlled by different
subsidence rates, which have been significantly higher in the Fushun Basin.

Climatic factors may have played a secondary role.
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10.3 Fushun Basin - selected photographs

Overview of the stratigraphic succession and approximate location of study profile

within the West Open Pit mine

10.3.1 Guchengzi Formation — Coal

el
i

IS

B .~

Guchengzi Formation in the West Open Pit mine with gallery from “Japanese”

underground mine
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Sample FS04 (-296.00 m) Sample FS24 (-268.60 m)

Sample FS27 (-267.75 m) Sample FS30a (-266.50 m), coal with

amber
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10.3.2Jijuntun Formation - Oil Shale

Jijuntun Formation in the West Open Pit mine

Sample FS64 (-238.35 m) Sample FS94 (-211.65 m)
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10.3.3 Xilutian Formation

Jijuntun and Xilutian formations in the West Open Pit mine

Sample FS99(-208.95 m)
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10.4 Huadian Basin - selected core photographs

Samples investigated in the present study are labelled.

10.4.1 Carbonaceous Shale Member
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10.4.2 Oil Shale Member
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10.4.3Pyrite Member
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