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ABSTRACT  
Source rocks are essential for both conventional and unconventional petroleum and gas resources. 

This thesis focuses on the characterization of non-marine source rocks covering a wide range of thermal 

maturity, from immature microbial gas source rocks to overmature source rocks. 

In Chapter 2, source rock characterization was performed on 12 gas shale samples collected from 

Carboniferous Benxi and Permian Shanxi formations from the Yishan Slope of the Ordos Basin, China. 

These samples were interpreted with regard to mineral composition, thermal maturity, gas storage 

capacity as well as shale gas potential. The results reveal that the studied shales show low to moderate 

total organic carbon (TOC) content (0.1% to 2.3 %). Vitrinite reflectance (VRr) values of 2.3–3.0 % 

indicate an overmature stage with respect to oil generation. XRD data shows that clays are the major 

minerals (0–80%) followed by quartz (0–43%) in most samples. Due to their high abundance, clay 

minerals rather than organic matter control sorption capacity. However, compared to well-studied 

producing marine shale gas systems with higher TOC contents, the studied shales possess comparatively 

low gas storage capacities. Sorption has a negligible effect on gas production at pressures of > 10 MPa. 

This is important for deep reservoirs, where the pore pressure may be high. 

In Chapter 3, a comprehensive petrographic and geochemical study was performed on 23 Triassic 

shale samples collected from 18 wells in the mid-western Ordos Basin. These Chang 7 Member samples 

were interpreted with regard to the thermal maturity and characteristics of organic matter (OM) as well 

as the paleo-depositional environment. The results reveal that the studied samples have moderate to 

very high TOC (0.2–24.8 %) and total sulfur (TS) contents (0.1–6.5 %). The good to very good 

hydrocarbon generation potential for most of the samples is proven by high S1 and S2 values (0.1–3.7 

mg HC/g rock and 0.6–92.5 mg HC/g rock, respectively). Organic matter is mainly composed of type 

II to type III kerogen indicated by Rock-Eval data and supported by petrographical observations. It 

consists of a mixture of woody, terrigenous (mainly conifers) and aquatic OM. The studied member is 

a typical clay-rich source rock deposited in a sulphate-poor lacustrine to fluvio-deltaic environment 

under oxic to sub-oxic conditions. Low salinity is implied by different parameters such as TOC/TS 

ratios and molecular biomarker data. VRr values (0.68–0.88%), average Rock-Eval Tmax values (445 °C), 

biomarker parameters, and maturity indices based on aromatic compounds all indicate a thermal 

maturity within the oil window. 

In Chapter 4, 30 Pleistocene source rocks from the central Qaidam Basin are described and 

discussed based on elemental data (TOC, TS, total inorganic carbon (TIC)), organic geochemical and 

organic petrographic analyses. These thick fine-grained rocks probably act as the main microbial gas 

source rocks in the region. Two different, lacustrine source rock facies have been identified based on 

the new data. Organic facies A samples with high TOC (4.1–25.3 %) and moderate TS content (1.5–

3.7 %) were mainly deposited under a suboxic to anoxic freshwater column at the lake margins. 

Although this shallow water fluvial-lacustrine facies only occupies a small part of the whole 

sedimentary sequence, it has the highest hydrocarbon generation potential. In contrast, organic facies B 
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samples with low TOC (0.5–1.1 %) and TS contents (0.14–1.0 %) were deposited in more oxygen-rich 

brackish lake bodies. Rarely, anoxic conditions were present in sediments that were sealed by algal 

mats. Organic matter is composed of mixed type II-III kerogen derived mainly from aquatic plants. 

Organic facies A is interpreted to originate from abundant macrophytes (e.g. non-marine algae, 

submerged angiosperms) at the margin of the lake. In contrast, the OM in organic facies B is related to 

algae with some additional bacterial contribution. Terrestrial higher plants are subordinate in both 

organic facies. The cold and dry climatic conditions and very high burial rate favored microbial gas 

generation.  

In chapter 5, the same sediments from the Tibetan Plateau (TP) region of NW China are presented 

based on other methods in order to obtain information on climate change, environmental conditions and 

weathering in the area of the Qaidam Basin. Here evidence from specific temperature-sensitive 

biomarkers (GDGTs), stable isotopes and concentrations of a large number of major and minor 

chemical elements of the Pleistocene Qigequan Formation was applied. The results confirm that two 

sediment types exist with completely different organic matter composition, i.e. organic facies A and B. 

The organic matter accumulation in both organic facies was primarily controlled by the palaeoredox 

conditions rather than palaeoproductivity. Furthermore, no significant differences between the GDGTs 

distributions in sediments is observed. Generally, the sediments were deposited under arid/cold 

conditions with weak chemical weathering, similar to the present-day situation. The Mean Annual Air 

Temperature was slightly higher than the present temperature. The Ri/b (ƩiGDGTs/ƩbGDGTs) values 

are located between the higher modern Ri/b values and the lower Late Miocene Ri/b values, indicating 

neutral to alkaline soils conditions (pH varying between 6 and 10) and a continuous aridification process. 
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ZUSAMMENFASSUNG  
Muttergesteine sind sowohl für konventionelle als auch für unkonventionelle Erdöl- und 

Erdgasvorkommen von wesentlicher Bedeutung. Diese Dissertation befasst sich mit der 

Charakterisierung von nicht-marinen Ausgangsgesteinen, welche einen großen Bereich thermischer 

Reifen abdecken, von unreifen mikrobiellen Gasmuttergesteinen bis zu überreifen Muttergesteinen. 

In Kapitel 2 wurden 12 Gasschieferproben aus den karbonischen Benxi- und permischen Shanxi-

Formationen am Yishan-Hang des Ordos-Beckens in China untersucht. Diese Proben wurden im 

Hinblick auf die mineralische Zusammensetzung, die thermische Reife, die Gasspeicherkapazität und 

das Schiefergaspotenzial ausgewertet. Die Ergebnisse zeigen, dass die untersuchten Sedimentgesteine 

einen niedrigen bis mäßigen Gehalt an organischem Gesamtkohlenstoff (TOC) aufweisen (0.1% bis 

2.3%). Vitrinitreflexionswerte (VRr) von 2.3-3.0% deuten auf ein überreifes Stadium in Bezug auf die 

Ölbildung hin. Die XRD-Daten zeigen, dass in den meisten Proben Tone die wichtigsten Mineralien 

sind (0-80%), gefolgt von Quarz (0-43%). Aufgrund ihres hohen Vorkommens dominieren eher 

Tonminerale die Sorptionskapazitzät statt des organischen Materials. Im Vergleich zu gut untersuchten, 

produzierenden, marinen Schiefergassystemen mit höheren TOC-Gehalten weisen die untersuchten 

Sedimentgesteine eine vergleichsweise geringe Gasspeicherkapazität auf. Bei Drücken von > 10 MPa 

hat die Sorption einen vernachlässigbaren Einfluss auf die Gasproduktion. Dies ist wichtig für tiefe 

Lagerstätten, in denen der Porendruck hoch sein kann. 

In Kapitel 3 wurde eine umfassende petrographische und geochemische Untersuchung von 23 

triassischen Gesteinsproben durchgeführt, die aus 18 Bohrungen im mitteleren bis westlichen Ordos-

Becken entnommen wurden. Die Proben aus der Chang 7 Subformation wurden im Hinblick auf die 

thermische Reife und die Eigenschaften der organischen Materie (OM), sowie auf das Paläo-

Ablagerungsmilieu interpretiert. Die Ergebnisse zeigen, dass die untersuchten Proben mäßige bis sehr 

hohe TOC (0.2-24.8%) und Gesamtschwefelgehalte (TS) (0.1-6.5%) aufweisen. Das gute bis sehr gute 

Kohlenwasserstoffbildungspotenzial der meisten Proben wird durch hohe S1- und S2-Werte belegt (0.1-

3.7 mg HC/g Gestein bzw. 0.6-92.5 mg HC/g Gestein). Die organische Substanz besteht hauptsächlich 

aus Kerogen des Typs II bis III, wie aus den Rock-Eval-Daten hervorgeht und durch petrographische 

Beobachtungen bestätigt wird. Sie besteht aus einer Mischung aus holzigem, terrigenem (hauptsächlich 

Nadelbäume) und aquatischem OM. Die untersuchte Subformation ist ein typisches tonreiches 

Muttergestein, welches in einer sulfatarmen, lakustrinen bis fluvio-deltaischen Umgebung unter 

oxischen bis suboxischen Bedingungen abgelagert wurde. Verschiedene Parameter, wie das TOC/TS-

Verhältnis und die molekulare Biomarkerdaten, belegen einen niedrigen Salzgehalt. VRr-Werte (0.68-

0.88%), durchschnittliche Rock-Eval-Tmax-Werte (445 °C), Biomarker-Parameter und Reifeindizes 

basierend auf aromatische Verbindungen weisen auf eine thermische Reife innerhalb des Ölfensters hin. 

In Kapitel 4 werden 30 pleistozäne Muttergesteine aus dem zentralen Qaidam-Becken beschrieben 

und anhand von Elementardaten (TOC, TS, anorganischer Gesamtkohlenstoff (TIC)), organisch-

geochemischen und organisch-petrographischen Analysen diskutiert. Die mächtigen, feinkörnigen 
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Gesteine sind wahrscheinlich die wichtigsten mikrobiellen Gasquellen in dieser Region. Auf Grundlage 

der neuen Daten wurden zwei unterschiedliche, lakustrine Muttergesteinsfazies identifiziert. Proben der 

organischen Fazies A mit hohem TOC (4.1-25.3%) und mäßigem TS-Gehalt (1.5-3.7%) wurden 

hauptsächlich unter einer suboxischen bis anoxischen Süßwassersäule an den Seeufern abgelagert. 

Obwohl diese Flachwasser-Fluvial-Lakustrin-Fazies nur einen kleinen Teil der gesamten 

Sedimentabfolge einnimmt, hat sie das größte Potenzial zur Bildung von Kohlenwasserstoffen. Im 

Gegensatz dazu wurden die Proben der organischen Fazies B mit niedrigen TOC- (0,5-1,1 %) und TS-

Gehalten (0.14-1.0%) in sauerstoffreicheren Brackwasserseen abgelagert. Selten traten anoxische 

Bedingungen in Sedimenten auf, die dann durch Algenmatten versiegelt waren. Das organische 

Material besteht aus gemischtem Kerogen vom Typ II-III, welches hauptsächlich von Wasserpflanzen 

stammt. Es wird davon ausgegangen, dass die organische Fazies A von reichlich vorhandenen 

Makrophyten (z. B. nicht-marine Algen, submerse Angiospermen) am Rande des Sees stammt. Im 

Gegensatz dazu ist das OM in der organischen Fazies B auf Algen mit zusätzlichem bakteriellen Beitrag 

zurückzuführen. Terrestrische, höhere Pflanzen sind in beiden organischen Fazies untergeordnet. Die 

kalten und trockenen klimatischen Bedingungen und die sehr hohe Sedimentationsrate begünstigten die 

mikrobielle Gasbildung. 

In Kapitel 5 werden dieselben Sedimente aus der Region des Tibetischen Plateaus (TP) im 

Nordwesten Chinas anhand anderer Methoden vorgestellt, um Informationen über den Klimawandel, 

die Umweltbedingungen und die Verwitterung im Gebiet des Qaidam-Beckens zu erhalten. Hierzu 

wurden Indikatoren aus spezifischen, temperatursensitiven Biomarkern (GDGTs), stabilen Isotopen 

und Konzentrationen einer großen Anzahl von chemischen Haupt- und Spurenelementen der 

pleistozänen Qigequan-Formation verwendet. Die Ergebnisse bestätigen, dass es zwei Sedimenttypen 

mit völlig unterschiedlicher Zusammensetzung der organischen Substanz gibt, nämlich die organische 

Fazies A und B. Die Anreicherung der organischen Substanz in beiden organischen Fazies wurde in 

erster Linie durch die Paläo-Redoxbedingungen und nicht durch die Paläo-Produktivität gesteuert. 

Weiterhin wurden keine signifikanten Unterschiede zwischen den GDGT-Verteilungen in den 

Sedimenten festgestellt. Im Allgemeinen wurden die Sedimente unter trockenen/kalten Bedingungen 

mit schwacher chemischer Verwitterung abgelagert, ähnlich wie in der gegenwärtigen Situation. Die 

mittlere Jahreslufttemperatur war etwas höher als die heutige Temperatur. Die Ri/b-Werte 

(ƩiGDGTs/ƩbGDGTs) liegen zwischen den höheren modernen Ri/b-Werten und den niedrigeren 

spätmiozänen Ri/b-Werten, was auf neutrale bis alkalische Bodenbedingungen (pH-Wert zwischen 6 

und 10) und einen kontinuierlichen Aridifizierungsprozess hindeutet.  
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1 Introduction 

1.1 Objectives 

 

Fig. 1.1. Principal Chinese oil-bearing basins showing the distribution of continental source rocks 

(modified after Powell, 1986). 

Organic matter (OM)-rich shales/mudstones are regarded as important hydrocarbon source rocks 

in basins. In the past few decades, source rocks have become also targets for unconventional shale-oil 

and shale-gas production in the world (Montgomery et al., 2005; Ross and Bustin, 2007 and 2009; 

Jarvie et al., 2007; Gasparik et al., 2014; Li et al., 2018; Qiao et al., 2020 and 2021a). Fine-grained 

sedimentary rocks, such as clayey siltstones, silty shales, siltstones, and shales, account for more than 

two-thirds of the world's sedimentary rocks and are formed via different processes in many 

environments (Stow, 1981; Land et al., 1997), but only a small amount of them is rich in OM. Two key 

conditions are required for OM-rich sediments to form: (1) surface water is rich in phytoplankton and 

microorganisms, (2) suitable sedimentary and diagenetic conditions exist for OM preservation and 

accumulation. As a result, these OM-rich sediments are typically deposited in anoxic sedimentary 
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environments within lakes, lagoons, eutrophic basins, closed embayments, or on a continental shelf 

below the wave base (Walteret, 1985; Land et al., 1997; Lemons and Chen, 1999). 

In many areas of the world, there is a predominance of marine OM rich sediments, i.e. petroleum 

source rocks. However, OM-rich sediments in China are to a large extent of “transitional” (i.e. paralic) 

or continental origin (Zou et al., 2010). Since many OM-rich shales/mudstones have been found to be 

deposited in lake systems, the importance of lacustrine systems for the preservation of hydrocarbon 

prone OM has been recognized for many years. In China, the preponderance of large petroliferous 

intermountain basins, i.e., the site of extensive and long-existing lakes, provided the theoretical basis 

and impetus for the early development of the continental theory of hydrocarbon generation and 

accumulation (Huang et al., 1984; Zhai et al., 1984). The geographic and stratigraphic distribution of 

the principal Chinese oil-bearing basins is shown in Fig. 1.1. Compared to well studied marine OM-

rich shales from other parts of the world, the non-marine sediments and their related resources in China 

are only basically understood, and also the geological conditions of different non-marine basins vary 

significantly. Thus, it is very important to study potential key factors determining the accumulation of 

OM in non-marine sediments. This thesis focuses on the OM-rich sediments collected from Paleozoic 

shales in the Yishan Slope of the southeastern Ordos Basin, the Mesozoic Yanchang Formation in the 

mid-western Ordos Basin and Cenozoic source rocks for microbial gas in the central Qaidam Basin 

China aiming to: 

• i) characterize porosity and sorption capacity of thermally overmature Upper Paleozoic shales 

from the southeastern Ordos Basin in central China in the context of kerogen quantity, maturity and 

mineralogy, and furthermore to assess the shale gas potential of these shales; 

• ii) reconstruct the depositional environments prevailing during deposition of the Chang 7 member 

and gain information on the biological precursors of its OM, quantify thermal maturity in the mid-

western part of the Ordos Basin, for which almost no such information has been published so far; 

• iii) evaluate the quality and quantity of kerogen in the Pleistocene lacustrine deposits in the 

central Qaidam Basin in northwest China and discuss the enrichment mechanism of OM as a basis for 

the exploration in the target area. In this context, also the terrestrial OM input needs to be considered. 

This study provides an example of an integrated approach using multiple proxies to analyze factors 

controlling OM accumulation in lacustrine environments; 

• iv) specifically identify and quantify Pleistocene climate and weathering conditions based on 

elemental data, isotopes and temperature-sensitive biomarkers (GDGTs). 

1.2 Characteristics of non-marine source rocks in China 

According to carlsons trophic state index, lake classification can be divided into seven types (Table 

1.1). OM-rich sediments in marine basins are controlled by several factors, such as stratified water 

columns, nutrient supply and recycling, anoxic events, phytoplankton blooms, and rising sea levels 
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(MacIlvaine and Ross, 1973; Dean et al., 1985; Dimberline et al., 1990; Werne et al., 2002; Bradley, 

2003; Macquaker et al., 2003, 2010a and b; Macquaker et al., 2010a; Schieber, 2011). Compared to 

marine settings, water circulation in lacustrine settings is usually less active, and deep-water overturning 

is easily inhibited (Fig. 1.2). The formation of OM-rich sediments in lacustrine environment is 

determined by water depth and stratification, and is improved by rapid burial events due to gravity flows 

and by addition of trace nutrients. In addition, lacustrine environments are more easily affected by 

external factors. For example, plenty of terrestrial or volcanic mineral input can dilute organic carbon 

accumulation but can also provide soluble micronutrients (iron, silicon, phosphorus) to promote algal 

blooms. Correspondingly, lacustrine OM-rich sediments have different depositional patterns and 

mechanisms in different basins. Their kerogen types and organic matter contents show large variation. 

 

Table 1.1. Lake classification according to Carlsons trophic state index (Carlson and Simpson, 1996).  

 

 

One of the main conditions for the formation of lacustrine source rocks is that the lacustrine 

environment must have sufficient scale and duration to facilitate the accumulation of OM. Second, the 

tectonic environment must provide sufficient burial and thus maturation conditions for the generation 

of hydrocarbon (Powell, 1986). Actually, the second factor is not very important in some special 

environments. For example, the immature Pleistocene lacustrine source rocks in the Qaidam Basin 

generated the largest Quaternary microbial gas field in the world due to its special climate conditions, 

not requiring very deep burial. 

Hutchinson (1957) recognised up to eleven types and some sub-types of lakes in the modern 

environment. However, only two categories seem to be related to the occurrence of source rocks. These 

are the alluvial lakes formed on humid flood plains and deltas, and the large tectonic lakes associated 

with epeirogenic movements. The physical and chemical processes of a lake system are deeply 

influenced by climate, the physical scale of the lake, and the energy of the river system that flows into 

the lake. 
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Fig. 1.2. Physical and biological processes affecting organic matter preservation in lakes (a) Schematic 

illustration of major sedimentological and bottom dynamic processes in lakes; (b) Processes affecting 

organic matter preservation in lakes (after Powell, 1986). 

Modern lakes developed two modes of OM accumulation (Picard and High, 1981). The increase 

of OM in offshore sediments is due to sedimentation and preferential preservation under wave-base and 

hypoxic conditions. The OM accumulation in nearshore sediments is caused by the accumulation of 

plant remains. The deep anoxic lacustrine facies is characterized by OM-rich shale and marl deposited 

in the deep water environment under stratified lake conditions. OM is well preserved in anoxic bottom 

waters. There are also OM-rich sediments related to microbial mats and allochthonous organic debris 

from higher land plants. The lacustrine source rocks in tectonic lake basins are partly characterized by 

large thickness with some source rocks up to 700 m thick in China (Li et al., 1984). 
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Some Chinese authors, e.g. Tlian et al. (1983) and Huang et al. (1984) have categorised lacustrine 

source facies as well as their depositional setting as follows:  

1). Freshwater lakes under humid climates  

Subsidence and sedimentation are in equilibrium. The marshes are well developed and terrestrial 

higher plants flourished. Mudstone, coal, and oil shale alternate vertically, i.e. sedimentary facieses 

highly variable. These source rocks developed during the Jurassic and Late Triassic in the Ordos 

Basinand during the Jurassic in the Junggar Basin. 

2). Fresh-brackish water lakes in semi-humid climates 

The lakes are eutrophic and deep, but they get some OM from the land. The deep lacustrine source 

rocks are thick and interbedded with oil shale. Examples are the Early Cretaceous of Songliao and 

Jinquan basins. 

3). Saline lakes in semi-arid climates 

Black/blue OM-rich mudstones interbedded with thin salt beds, oil shales, and gypsum shales are 

widespread in the Paleogene, Neogene and Quaternary, e.g. Qaidam Basin. The source rock is formed 

in a semisaline stage before salt precipitation. 

 4). Hypersaline lakes under arid climates 

In a continuous saline lake, dark mudstone source rock interbedded with thick gypsum as well as 

salt beds formed. Examples are present in the Eocene and Oligocene of Jianghan Basin. 

The freshwater, brackish, and saline lake basins have different patterns of water column 

stratification (Picard, 1971). Freshwater lakes are generally formed in humid climates and their 

sediments are dominated by fine-grained sandstone, marlstone and siltstone. The kerogen formed in 

this type of lake is mainly sapropelic. Bradley (1964) suggested that the water cycle is interrupted in 

the deepest part of a seasonal freshwater lake, resulting in anoxic bottom water and the formation of 

thick layers of OM-rich sediments. Brackish and saline lakes are generally formed in dry continental 

states where debris and carbonate rocks are deposited and dolomitization is strong (Jiang, 1988; Deng 

and Qian, 1990). Saltwater lakes favor the preservation of OM because salinity-driven stratification 

tends to be more stable. Brackish lakes are usually connected to external fresh waters with limited water 

exchange and have a high rate of OM generation. However, these lakes lack reversal of bacterial activity 

and fragment dilution, which are crucial factors in the formation of OM-rich shales (Surdam and Stanley, 

1979). Correspondingly, the OM-rich shales in different basins are controlled by different distribution 

patterns, sedimentary mechanisms, and OM origins (kerogen types). Thus, the exploration and 

development of resources in these different basins require different strategies. 

The high total organic carbon (TOC) content of black mudstone/shale in deep lake basins can be 

explained by the water column stratification model. The water depth, oxygen-poor conditions and lake 

currents control the OM preservation and the distribution of organic-rich shales. In China, high quality 

lacustrine source rocks are usually associated with tuff beds formed by nearby volcanic eruptions. 

Volcanic ash is rich in soluble micronutrients (iron, silicon, phosphorus) that promote algal blooms. 
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Volcanic intercalations are associated with thicker high-quality source rocks. Saline/brackish lacustrine 

lake basins contain OM-rich dolomite mudstone, which formed mainly when the lake had high salinity, 

and the stratified water column deprived the underlying water of oxygen, thus preserving large amounts 

of OM. In summary, the lacustrine systems in China have good potential for oil and gas resources. 

North China developed OM-rich shales deposited in marine-nonmarine transitional facies during 

Carboniferous-Permian periods. Such shales are typically fine-grained sediments deposited in near-

shore, paralic environments including coastal marshes, deltas, tidal flats, bays and lagoons (Xiong et 

al., 2017; Yang et al., 2018). The OM in these shales is mainly originated from terrestrial higher plants 

in the adjacent depositional areas. The Carboniferous-Permian periods are key periods of geological 

evolution in China. The palaeogeographic environment changed greatly from marine facies to 

continental facies where a large number of transitional OM-rich shales was deposited. In North China, 

the transitional shales appear in the Carboniferous Benxi Formation (C2b) and the Permian Taiyuan (P1t) 

as well as Shanxi (P1sh) formations. In South China, the transitional shales were deposited in the 

Permian Liangshan (P1l) and Longtan (P3l) formations. These transitional shales are the most important 

source rocks in the Sichuan and Ordos basins feeding important gas fields (Zou et al., 2019 and Qiao et 

al., 2020).  

After the Middle Triassic period, most of China has been an intracontinental sedimentary system, 

except the part of the Qinghai-Tibetan region. From Late Triassic to Cenozoic, the landscape features 

of several large inland lakes in the Ordos, Sichuan, Songliao, Bohai Bay, Qaidam, Junggar, Turpan-

Hami and Tarim basins were obvious (Zou et al., 2019). The lacustrine OM-rich shales were mainly 

deposited in marsh and deep lake environments, where OM preservation and productivity are the most 

important controlling factors for the formation of OM-rich shales.  

All in all, from Permian to Neogene, OM-rich lacustrine shales have been deposited in different 

freshwater to saltwater lacustrine environments in China. 

1.3 Geology of the Ordos Basin 

1.3.1 Tectonic evolution  

The Ordos Basin is an important basin containing coal, petroleum and gas, covering an area of 26 

× 104 km2. After the Indochina Movement, the tectonic evolution of China entered a new period, i.e. 

the marginal pacific tectonic domain and the Tethys tectonic domain evolved. The formation of the 

marginal pacific tectonic domain is the result of subduction of the Pacific Plate under the Asian 

Continent. The compression caused by the subduction divided the Paleo-North China Basin into an 

uplift in the east and the Ordos Basin in the west. The formation of the Tethys tectonic domain is the 

result of the subduction of the Tethyan oceanic or suboceanic crust under Eurasia. Tectonism caused 

by subduction not only formed the worldwide largest Indochinese fold area, but also formed large 

sedimentary basins such as the Sichuan, Ordos, Qaidam and Tarim basins in the margin area of Paleo-
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Asian continent. Therefore, the Ordos Basin was the result of the combined action of the Pacific plate 

and the Tethys oceanic crust on the ancient Asian continent. Besides, based on the analysis of the 

thickness of Jurassic strata in the western margin of the basin, the Tethys tectonic domain seems to have 

a greater influence on it. 

 

 

Fig. 1.3. Simplified tectonic map of China, showing major features discussed in the text and location of 

the Ordos basin (after Yang et al., 2005).  

The present Ordos Basin is geographically located in the North China Block (Fig. 1.3), spanning 

the Shananxi, Shanxi, Ningxia and Gansu provinces as well as the Nei Monggol Autonomous Region. 

The North China Block includes several microblocks. Some scholars argued that these microblocks 

merged to form a craton or cratons at 2.5 Ga or earlier (Geng 1998; Zhang,1998; Kusky et al., 2001, 

2004 and 2006; Polat et al., 2005 a, b and 2006). However, some others argued that these microblocks 

did not merge until 1.8 Ga (Zhao et al., 2001a, 2005 and 2006; Liu et al., 2004 and 2006; Guo et al., 

2005; Kröner et al., 2005 a and b). Nd TDM models, the initial ratios of terrestrial igneous rocks appeared 

to lie on the same Nd isotope growth curve as chondritic meteorites (DePaolo and Wasserburg, 1976 a 

and b), indicate that the main crustal North China Block was formed between 2.9 and 2.7 Ga (Chen and 

Jahn 1998; Wu et al., 2003a and b).  
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The craton is separated by the Central Orogenic Belt and can be divided into the Eastern and 

Western Blocks (also referred to as the Ordos Block). Other blocks, such as the Alashan Block and 

Jiaoliao Block merged at the time of the collision of the Eastern and Western Blocks at 2.5 Ga. The 

Ordos Block is a stable part of the craton, with a thick mantle root, low heat flow, and little internal 

deformation after the Precambrian (Zhai and Liu, 2003). After that, the North China Block entered into 

an inactive tectonic stage from 2.2 to 1.85 Ga. About 1.9 – 1.8 Ga a granulite event indicates the 

continent–continent collision between the Ordos Block and Eastern Block (Zhao et al., 2001a, 2005, 

2006; Wilde et al.,2003; Kröner et al., 2005a and b). Then there was an important metamorphic event 

from 1900 to 1800 Ma. So, all cratonic Precambrian rocks experienced the same metamorphic period 

of 1900-1800 Ma, with intrusion and mixing of crustal molten granite. 

During the early Paleozoic, this area was part of the North China Plate. The north, west, and south 

sides were the Xingmeng and Qinqi troughs (Sun et al., 1989; Yue et al., 2001). During the early Late 

Paleozoic, the north and south margins of the North China Block experienced oceanic crust subduction 

and formed a Caledonian fold belt along a continental margin; this resulted in the uplift of North China 

Block and disappearance of the intraplate shallow sea basin. At the end of the Late Paleozoic, the North 

China Block began to subside, forming a graben-like inland epeiric sea basin bounding by the 

Caledonian fold belt in the north and south and connecting with the Qilian Sea. The Qilian Sea on the 

west side combined with the fold belts on the north and south sides controlled the sedimentary types 

and accumulation characteristics of the Ordos Basin in the Late Paleozoic. During the Triassic, the basin 

basically inherited the tectonic framework at the end of the Late Paleozoic. Under the control of 

sedimentation, the Triassic coal-bearing strata were deposited in Zichang and Hengshan areas. Under 

the influence of oceanic crust subduction of the Teythys tectonic domain, the western and southwestern 

margins were strongly uplifted, which made the area became a part of a large dustpan-like inland basin 

surrounded by folded orogenic belts on the north, west and south sides. The Indosinian movement at 

the end of Triassic caused the uplift of the whole region, then subjected to denudation and deformation, 

which turned into a relatively stable depression stage after the Early Jurassic, when the Ordos Basin 

was formed. 

The last stage of Ordos Basin evolution occurred at the Early Cretaceous (Zhao et al., 2011). A 

large part of the basin received sediment during this period. Since the Late Cretaceous, the basin 

experienced a uniform, extensive uplift and denudation, resulting in the extensive denudation of 

Cenozoic strata except for the Neogene red clay and Quaternary loess deposits. During Eocene and 

Oligocene stages, the disintegration of the Ordos Basin (or block) began to occur, resulting in uplift in 

source areas and enlargement in depositing thickness and range of sediments. During the early to middle 

Miocene periods, the uplift area was mainly distributed in all tectonic units except for the Yishan Slope. 

The eastern part of the Shanbei was uplifted obviously, and the uplift rate is much higher there than in 

the western part. From the late Miocene to Pliocene period, in the south and east of the basin red clay 

sediments were widely deposited with large extension and thickness. 
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During the Quaternary, the basin, due to the south-north compressive stress, has experienced 

subsidence, uplift, depression and uniform uplift, in turn, before disintegration of the paraplain at an 

early age. The main river systems of the Loess Plateau, as well as the Yellow River, were formed during 

1.67-1.45 Ma. During the middle Quaternary period, structural activities were more frequent, resulting 

in the main drainage direction of NNW and NW. In the Later Quaternary period, rivers cut downward 

and the topography gradually formed reaching that of today. 

1.3.2 Sedimentary fill 

The North China Block includes a large area of locally well-exposed Archaean crust, including c. 

3.8-2.5 Ga gneiss, tonalite-trondhjemite-granodiorite (TTG), mica schist, graphite- and sillimanite-

bearing gneiss (khondalite), migmatite, granite, ultramafic bodies, amphibolite, banded iron formation 

(BIF), dolomitic marble, and meta-arkose (Jahn and Zhang, 1984 a and b; Jahn et al., 1987; Bai, 1996; 

Wang, 1991; Wang and Zhang, 1995; Wang et al., 1997). The Archaean rocks are overlain by 

conglomerates, quartzites, shales, sandstones, and carbonates of the 1.85-1.40 Ga Mesoproterozoic 

Great Wall (Changcheng) Series (Li et al., 2000a and b). In some central areas of the North China Block, 

2.40-1.90 Ga Palaeoproterozoic sequences deposited in cratonic graben are preserved (Kusky and Li, 

2003). 

The Late Archaean Qinglong foreland basin and fold-thrust belt are now preserved as several 

remnant folded sequences (Kusky and Li, 2003; Li and Kusky, 2006). From bottom to top, the sediments 

can be divided into three subgroups. The lower subgroup, which is composed of quartzite-mudstone-

marble, is well preserved in central sections of the Qinglong foreland basin. The middle subgroup and 

upper subgroup are graded turbidite- and molasse-type sediments, respectively. The western edge of 

the Qinglong Foreland Basin is strongly affected by thrust folds, and is overthrust by active marginal 

rocks. The eastern margin of the Qinglong Foreland Basin has less deformation. 

During the early Paleozoic period, the North China block tidal-flat and shallow-marine sediments 

were deposited including oomicrites, minor clastic rocks, and dolomites with a thickness of around 

300–600 m in the main area of the basin (Sun et al., 1989). 

During the Carboniferous, a transgression occurred on the North China Block. In the middle and 

eastern parts of the Ordos Basin, a tidal-flat environment developed during the deposition of the 

Carboniferous Benxi Formation. The depositional environment of the Carboniferous Taiyuan 

Formation was shallow marine resulting in extensive tidal-flat facies with limited deltaic sand bodies 

in the northern area of the basin (Fu et al., 2003). The Taiyuan Formation developed black shales 

interbedded with carbonates, sandstones, and coals with a thickness of about 22–276 m (Yang et al., 

2005). During the Early Permian period, the basin received shallow lacustrine and extensive delta 

sediments (Fu et al., 2003). The Lower Permian succession consists of the Shanxi (37–125 m) and 

Xiashihezi (100–200 m) formations, which developed swamp and shallow-lacustrine mudstones 

interbedded with coals and fluvio deltaic sandstones interbedded with mudstones in the central and 

southern areas and the northern area of the basin, respectively. A small number of marine carbonate 
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rocks and fossils were found in the Lower Permian in the southern area of the basin (Tian and Zhang, 

1997), indicating a small-scale transgression. During the Upper Permian–Middle Triassic period, the 

basin mainly developed red deltaic, fluvial, and shallow-lacustrine clastic rocks under an arid climate 

(Zhai, 1990). The Early–Middle Triassic strata in the southwestern part of the Ordos Basin experienced 

the transgression of the Songpan-Ganzi residual ocean basin, which is characterized by thin layers of 

shallow marine sandstone, mudstone and carbonate rocks containing marine fossil debris (Zhang, 1997). 

 

 

Fig. 1.4. Stratigraphic columns, depositional environments, and source-reservoir-seal associations in 

the Ordos basin (A) for the Lower Ordovician–Upper Permian; (B) for the Upper Triassic–Lower 

Jurassic (after Yang et al., 2005). 

In the Late Triassic, the Ordos Basin developed the southwest fan delta and the northern delta. The 

clastic wedges deposited in the southwestern foreland depression of the Ordos Basin are more than 

3,000 m thick and gradually tapering to 1000 m to the east (Li et al., 1995). The upper Yanchang 

Formation was deposited under extensive shallow lacustrine lake and swamp environments with a 

thickness of around 100 m. 
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The Fuxian Formation of the Lower Jurassic was formed on the erosion surface of the pre-Jurassic. 

It mainly consist of conglomerate and sandstone of the incised braided channel system (Wu and Xue, 

1992). The lower section of the Yanan Formation is mainly composed of sandstones deposited in the 

incised valleys, and then the meandering river point bars were directly deposited on the erosive terrace 

(Wu and Xue, 1992). The upper section of the Yanan Formation was deposited in marsh and extensive 

shallow lake environments with a thickness of around 40-90 m. 

The lower and middle sections of the Middle Jurassic mainly consists of fluvial, coarse-grained 

feldspar-bearing sandstones, while the upper part consists of lacustrine mudstones, with a thickness of 

about 300-500 m (Guo et al., 1994). Most areas of the Ordos Basin show limited and thin Upper Jurassic 

deposits (Zhai, 1990). The Lower Cretaceous consists of fluvial and lacustrine sediments with a 

thickness of 200-1000 m (Sun et al., 1989) (Fig. 1.4). 

The Paleogene composes of only the Qingshuiying Formation distributed in the western Ordos 

Basin and has unconformable contact with the underlying parallel formations. The Miocene Baode 

Formation, Pliocene Jingle Formation and Quaternary sediments are widely distributed in the Ordos 

Basin. 

1.4 Geology of the Qaidam Basin 

1.4.1 Tectonic evolution  

The Qaidam Basin is part of a basin-range system that is located at the northern edge of the Tibetan 

Plateau covering an area of around 120,000 km2, with an altitude up to 2.7–3.5 km above sea level (Fig. 

1.5). During the Paleoarchean, the continental nucleus including the Yangtze, North China, and Tarim 

cratons were formed, except for the Qinghai-Tibetan Plateau. The basement of the Qaidam Basin 

formed during Meso- to Neoarchean in relation to the ocean–continent transition during the 

Mesoarchean to Proterozoic and the post-Cryogenian rift. After that, the thick platform cover formed, 

i.e. clastic sedimentation and carbonate platform formed a stable crustal tectonic unit. 

The Mesozoic and Cenozoic tectonic evolution of the Qaidam Basin can be divided into three 

tectonic-sedimentary stages: (1) piedmont fault depression stage in the Mesozoic; (2) unified depression 

stage from Palaogene to Neogene; and (3) subsiding depression in the east and cyclic folding in the 

center and west during the Quaternary based on the comprehensive analysis of regional tectonic setting, 

tectonic movement, unconformities, stratigraphic distribution, sedimentary characteristics and tectonic 

evolution history. 

1. Piedmont fault depression stage in the Mesozoic. 

In the Early Jurassic, the basin was formed in the interior of the Qaidam Block. During the early 

and middle Jurassic (after the Indosinian Movement and before the collage of the Gangdise block and 

Eurasia), the whole northwest region of China including the Qaidam Basin was affected by intense 

extensional tectonics. During this period, the Qaidam Basin was in an extensional tectonic setting, 
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related to the Late Indosinian period. The early Yanshanian tectonic event in the Middle Jurassic led to 

the first tectonic inversion. After that, the basin entered into the stage of compression and uplift.  

 

 

Fig. 1.5. Regional tectonic outline of the northern part of Qinghai–Tibet Plateau, showing current 

relationship between the Qaidam Basin and neighbouring Altyn Tagh Fault and Tarim Basin (after 

Zhou et al., 2006). ATF, Altyn Tagh Fault; RXF, Ruoqiang–Xingxingxia Fault; NATS, Northern Altyn 

Tagh Suture; NCB, North China Block; SCB, South China Block; S, suture; T, terrane. 

2. Cretaceous compression and uplift stage 

During the Late Cretaceous, Central Asia including the Qaidam Basin did not receive much 

sediment, suggesting that Central Asia was a vast plateau during this period and the Qaidam Basin 

entered the stage of compression and uplift. Due to the continuous northward movement of the Indian 

Plate and intracontinental subduction during Paleogene, the Qaidam Basin was in a compression stage. 

During Oligocene (Upper Ganchaigou Stage) and early Miocene (Lower Youshashan Stage), 

compression continued with the intensification of intracontinental subduction of the Tibetan Plateau. 

3. Subsiding depression in the east and cyclic folding in the center and west during the Quaternary.  

During the Middle and Late Himalayas periods, the intracontinental subduction of the Tibetan 

Plateau was further intensified, and the basin was further squeezed. During the Late Himalaya-

Neotectonic Movement, the western and northern Qaidam Basin was affected by strong tectonic 

activities, resulting in a large number of folds and faults. The central and eastern Qaidam Basin further 

subsided under the influence of compression, and the Quaternary subsidence center migrated to the 

Sanhu area. 

1.4.2 Sedimentary fill 
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Fig. 1.6. Stratigraphic division, lithology, and source rocks in the Qaidam Basin (changed after Guo et 

al., 2017). 

The Qaidam Basin is filled with Mesozoic–Cenozoic sediments with a thickness of more than 

16,000 m originating from the surrounding mountains. All sediments developed on the top of the pre-

Mesozoic basement comprising igneous and metamorphic rocks (Fig. 1.6). The Mesozoic deposits in 

the basin include the Jurassic System and Cretaceous System (Quanyagou Formation). From the bottom 
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to the up, the Jurassic System can be divided into the Xiaomeigou Formation (J1) of the Lower Jurassic, 

the Dameigou Formation (J2) of the Middle Jurassic, and the Caishiling and Hongshuigou formations 

(J3) of the Upper Jurassic (Fig. 1.6). The Lower Jurassic sediments are mainly distributed in the western 

segment of the northern margin of the Qaidam Basin and the intersection area of the Qilian Mountains 

and the Altun Mountains, with a distribution area of 22,000 km2 and a maximum thickness of 2,200 m. 

The deposition centers were located at Kunte Yi, Yibei and Lenghu areas. The north-west spreading 

Yibei fault depression and Kunteyi fault depression were connected, with an area of 5,400 km2 and a 

maximum thickness of 2,000 m. Renghu fault depression is nearly north-south spreading, with an area 

of 600 km2 and a maximum thickness of 2,200 m. During the Middle Jurassic, the sedimentary range 

migrated eastward and extended to the front of the Qilian Mountains. The Delingha Sag in the eastern 

part of the basin covers an area of 9,600 km2 with a maximum thickness of 900 m. Due to the influence 

of the late tectonic movement, the southern strata in the western area of the northern margin of the 

Qaidam Basin suffered serious denudation. The Middle Jurassic sediments are mainly distributed along 

with the Saishiteng-Yuka, covering an area of 4,200 km2, and the thickest area was located in the Yuka 

area with 800 m. From Late Jurassic to Early Cretaceous, a set of red molasse deposits dominated by 

alluvial-fluvial, littoral and shallow lacustrine facies was formed under the control of arid palaeoclimate, 

which was the product of the compression-depression evolution of the basin. From Late Jurassic to 

Early Cretaceous, the sediments range was relatively large compared to that in Early Jurassic and 

Middle Jurassic, which is characterized by gradually expanding from the western and northwestern 

margins of the basin to the inner basin. 

Cenozoic sedimentation began in Paleocene and was synchronized with the India-Asia collision. 

From the bottom to the top strata, the Cenozoic sediments can be divided into Lulehe Formation (E1+2), 

the lower member of the lower Ganchaigou Formation (E31), the upper member of the lower Ganchaigou 

Formation (E32), the upper Ganchaigou Formation (N1), the lower Youshashan Formation (N21), the 

upper Youshashan Formation (N22), the Shizigou Formation (N23), and the Quaternary Qigequan 

Formation (Q1+2). The E1+2 and E31 formations were deposited in the early filling stage before the weak 

depression stage, which consists of a set of coarse-grained to fine-grained brown-red and brown 

sandstone and mudstone. E32 Formation was deposited during the depression stage. The main depression 

was located in Mangya sag and Yiliping sag. The distribution center of the N1 and N21 formations is 

located at Yiliping depression. The basin is distributed in a rhomb-shape. The regional unconformities 

at the bottom of the N22 Formation are widely distributed in the periphery of the basin, and the strata 

under it were strongly denudated. This stage is the strike-slip thrust deformation stage of the basin, and 

the thrust is mainly caused by the south-side compression. As a result, dextral strike-slip occurred in 

the west of the basin, and a series of linear structural belts were formed. These linear structural belts 

first developed in the western part of the basin, and then gradually extended to the eastern part of the 

basin, resulting in the subsidence of the whole basin and the gradual eastward migration of the 

sedimentary center. The N23 Formation was deposited during the period of lake level decline. During 
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this period, the lake area was the smallest and the water body was generally shallow. The fluvial 

inundation facies is widely distributed in the basin, while the normal lacustrine facies is limited and 

distributed in the Sanhu area and Yiliping area in the east of the basin. During the Quaternary, the 

Qaidam Basin developed a large, shallow, saltwater lake with no obvious topographic break. The 

Quaternary Qaidam Basin is a typical inland mountain basin without outlets. The Quaternary strata are 

unconformably overlying Neogene strata with a maximum thickness of more than 3 km. The 

sedimentary characteristics record the process of lake development and climate change from humid to 

dry. 

1.5 Chapter overview 

This thesis consists of a general introduction, three main chapters and a general outlook chapter 

listed as follows: 

Chapter 2: Controls on gas storage characteristics of Upper Paleozoic shales from the 

southeastern Ordos Basin. 

This chapter mainly comprises of elemental analyses, organic petrography, XRD and petrophysical 

information on the Upper Paleozoic shales in the Southern Ordos Basin, which provides insights on the 

porosity and sorption capacity of these shales in the context of kerogen quantity, thermal maturity and 

mineralogy. The results of this study can be used to assess shale gas potential of these rocks under 

variable temperature and pressure conditions. It was published in the “Marine and Petroleum Geology” 

in 2020. 

Chapter 3: Paleo-depositional environment, origin and characteristics of organic matter of the 

Triassic Chang 7 Member of the Yanchang Formation throughout the mid-western part of the Ordos 

Basin, China. 

This chapter contains primarily organic petrography, carbon and sulfur contents, Rock-Eval 

pyrolysis and molecular organic geochemistry on aliphatic and aromatic hydrocarbons results from 23 

clay-rich source rocks samples collected from 18 wells located in mid-western part of the Ordos Basin, 

China, to i) reconstruct the depositional environments prevailing during deposition of the Chang 7 

member and gain information on the biological precursors of its OM and ii) to quantify thermal maturity. 

It was published in the “International Journal of Coal Geology” in 2021. 

Chapter 4: High microbial gas potential of Pleistocene lacustrine deposits in the central Qaidam 

Basin.  

This chapter investigates the interpretation of elemental data on organic and inorganic carbon as 

well as total sulfur, organic geochemical and organic petrographic analysis of Pleistocene source rocks 

in the central Qaidam Basin. The quality and quantity of kerogen in the source rocks have been 

evaluated and the enrichment mechanism of OM as a basis for the exploration in the target area is 

discussed. In this context, also the terrestrial OM input needs to be considered. This study documents a 
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case for such depositional settings and provides an example of an integrated approach using multiple 

proxies to analyze factors controlling OM accumulation in lacustrine environments. It was published in 

the “International Journal of Coal Geology” in 2021. 

Chapter 5: Climatic conditions during the Pleistocene in the Central Qaidam Basin, NE Tibetan 

Plateau: Evidence from GDGTs, stable isotopes and elements of the Qigequan Formation. 

This chapter investigates the interpretation of GDGTs, stable isotopes and chemical elements of 

Pleistocene sediments in the central Qaidam Basin. The origin of organic matter and GDGTs, as well 

as depositional environments were analyzed and the controlling factors of the OM accumulation in the 

target area are discussed. In addition, the paleo-climate conditions of the Tibetan Plateau during the 

Pleistocene were interpreted. This study fills a gap in the climate research of the Tibetan Plateau. The 

characteristics of the Pleistocene GDGTs are analyzed for the first time. It will be submitted to a journal 

in 2021. 
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2 Controls on gas storage characteristics of Upper Paleozoic shales 

from the southeastern Ordos Basin. 

2.1 Abstract 

Potential shale gas resources in China are not only of marine but also of marine-terrigenous 

transitional and continental origins. To analyze the controls on gas storage capacity of shales from the 

Carboniferous Benxi and Permian Shanxi formations, high-pressure/temperature methane sorption 

isotherms (up to 25 MPa and 120 °C) and porosity have been measured on 12 samples from the Yishan 

slope. Total organic carbon (TOC) content of Shanxi and Benxi shales are low to moderate from 0.1% 

to < 2.3%. All samples have reached the over-mature stage as indicated by vitrinite reflectance values 

between 2.35% and 2.97% and show lithologic variation where clays are the major minerals (0%–80%) 

followed by quartz (0%–43%) in most samples. The largest fraction of gas (> 80%) is stored on clay 

minerals (illite/smectite mixed layer and kaolinite) controlling both sorption capacity and porosity. TOC 

content, due to its low values, is of minor importance. Benxi and Shanxi shales possess comparatively 

low gas storage capacities compared to producing marine shale gas systems. Combined with the large 

amount of clay minerals that make hydraulic fracturing more difficult they are regarded unfavourable 

for shale gas exploitation. Although a substantial amount of gas can be stored sorbed in excess of the 

free gas in gas shales, methane sorption has a negligible effect on gas production at pressures above 10 

MPa. This has major implications for deep reservoirs where pore pressures in the matrix may not be 

reduced sufficiently before production ceases. 

2.2 Introduction 

Compared to crude oil and coal, natural gas produces less carbon dioxide upon combustion and is 

regarded as an ecologically more favorable fossil fuel. Thus, exploration for and research on shale gas 

reservoirs became more important during the last two decades and has expanded from marine 

(Montgomery et al., 2005; Ross and Bustin, 2007, 2009; Jarvie et al., 2007; Gasparik et al., 2014) to 

terrestrial (Katz and Lin, 2014; Merkel et al., 2016) and marine-terrigenous transitional (herein called 

“transitional”) shales. Such shales are typically fine-grained sediments deposited in near-shore, paralic 

environments including coastal marshes, deltas, tidal flats, bays and lagoons (Xiong et al., 2017; Yang 

et al., 2018). Gas storage in these rocks depends on thermal maturity, type and quantity of organic 

matter (OM), but also on source rock properties such as lithology-dependent petrophysical 

characteristics like porosity, pore size distribution and sorption capacity (Chalmers and Bustin, 2007; 

Bustin et al., 2008; Ross and Bustin, 2007, 2009; Ji et al., 2012; Zhang et al., 2012; Yang et al., 2015; 

Fink et al., 2018). 
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Fig. 2.1. Schematic map showing the location of the Ordos Basin (a), study area (b, the Upper Paleozoic 

Gas field modified after Yang et al. (2016) and Wu et al. (2017)), sampled well (c, after Xiong et al. 

(2017)) and a transect (d, modified after Yu et al. (2017)). 

In the United States, natural gas production from fine grained rocks, rich in overmature kerogen 

increased dramatically over the last decade; now more than half of total gas production is derived from 

such rocks (EIA, 2019, 2020). Usually, the term “shale” is applied, although these rock's lithologies 
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range from carbonates to siliceous shales (Bustin et al., 2008; Uffmann et al., 2012). China is also an 

emerging gas producing country with significant potential for shale gas production. For example, in the 

Sichuan Basin, the Weiyuan-Changning and Fuling marine shale gas fields have reached industrial-

scale shale gas production. However, gas-shale plays in China are not only of marine but also of 

transitional or continental origin (Zou et al., 2010). Examples for such plays are the Palaeozoic shales 

of the Ordos Basin which are studied here (Fig. 2.1a). 

In shales, gas is partly stored as free gas in fractures and pores, partly adsorbed on the surface of 

OM and clay particles, but also occurs dissolved in kerogen, asphaltenes, residual water and liquid 

hydrocarbons (Curtis, 2002; Jarvie et al., 2007). It is difficult to distinguish between adsorbed gas and 

dissolved gas using commonly applied experimental procedures. Hence, the term “sorption” is referred 

to indicate both adsorbed gas and dissolved gas (Montgomery et al., 2005). The storage capacities of 

sorbed gas differs in shales, with the sorbed gas accounting for 20%–85% of the total gas (Curtis, 2002). 

In principle, TOC content, which positively correlates with the increase of micro-porosity in shales, is 

considered as the main control on methane sorption capacity, since gas is preferentially sorbed in micro-

pores due to their great sorption potential and large internal surface areas (e.g. Chalmers and Bustin, 

2007; Ross and Bustin, 2007; Gasparik et al., 2014; Yang et al., 2015), whereas the type of OM and its 

maturity are of less importance (Ross and Bustin, 2009; Zhang et al., 2012). Further, sorption capacity 

is affected by the content of clay minerals (Ross andBustin, 2007, 2009; Ji et al., 2012; Liu et al., 2013; 

Fan et al., 2014), micro-nano pore structure, moisture content (Ross and Bustin, 2007; Merkel et al., 

2015, 2016; Yang et al., 2017a; Shabani et al., 2018), pressure and temperature conditions (Gasparik et 

al., 2012; Zhanget al., 2012; Yang et al., 2015) and effective overburden pressure (Gaus et al., 2021). 

In this study, Upper Paleozoic shales from the Quan 14 well, drilled in the Southern Exploration 

and Development Zone (Fig. 2.1b) were sampled and studied by means of elemental analyses, organic 

petrography, XRD and petrophysical measurements. The major goal of this study is to characterize 

porosity and sorption capacity of these shales in the context of kerogen quantity, thermal maturity and 

mineralogy. The results of this study can be used to assess shale gas potential of these rocks under 

variable temperature and pressure conditions. 

2.3 Geological setting 

The Ordos Basin is situated in the central part of the North China Plate with an area of 26 × 104 

km2 (Fig. 2.1a) and is surrounded by the Yin Mountains, Qinling Mountain, Helan Mountains, Liupan 

Mountain and Lvliang Mountain (Fig. 2.1c) (Yang et al., 2005). The basin can be divided into six 

structural units (Fig. 2.1c): the eastern Jinxi Fold Belt, the western Tianhuan Sag and the western Edge 

Thrust Belt, the southern Weibei Uplift, the northern Yimeng Uplift, and the center Yishan Slope (Yang 

et al., 2016). The basin is a large asymmetric syncline which includes a narrow, steeply dipping western 

limb and a broad, gently dipping eastern limb, forming an axis in the Tianhuan Sag. The study area is 
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located in the southeastern Yishan Slope (Fig. 2.1c). Here, the strata are generally dipping below 1° to 

the west into the basin (Fig. 2.1d). 

The evolution of the basin took place during five tectonic-sedimentary stages: (1) rifting stage in 

the Middle-Late Proterozoic Era; (2) shallow marine platform stage during the Early Paleozoic Era; (3) 

littoral plain stage in the Late Paleozoic Era; (4) hinterland basin stage during the Mesozoic Era; and 

(5) peripheral faulted basin in the Cenozoic Era (Yang et al., 2005). 

Generally, the study area was a broad, gentle, and west-dipping monocline during the Late 

Paleozoic period (Ding et al., 2013). During the deposition of the Carboniferous Benxi Formation, an 

extensive tidal flat-lagoon environment led to the deposition of basal bauxitic mud-stones interbedded 

with thin limestones and sandstones (Yang et al., 2005, 2017b; Ding et al., 2013). During the Early 

Permian, the Shanxi Formation developed with peat deposits, shallow-lacustrine mudstones and minor 

marine carbonates (Yang et al., 2005; Ding et al., 2013). 

2.4 Samples 

 

Fig. 2.2. Generalized Paleozoic chrono- and lithostratigraphic chart with corresponding depositional 

environments of the study area (modified after Ding et al. (2013)). 
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In order to investigate the effect of lithology on sorption capacity, twelve core samples with great 

lithologic variation including shales and carbonates from well Quan 14 (Fig. 2.1b) were sampled from 

the Carboniferous Benxi Formation (3226–3250 m depth) and Permian Shanxi Formation (3160–3176 

m depth) (Fig. 2.2). 

2.4.1 Benxi Formation 

The Benxi Formation is dominated by delta facies as well as restricted platform facies including 

shelf, lagoon and barrier coast and contains two relatively thin shale layers (cumulative thickness is 

approximately 30 m) with interbedded thin sandstones in the study area (Ding et al., 2013). 

The TOC content of the Benxi Formation ranges between 0.07 and 9.92% (Xiong et al., 2017). 

The maturity of the Benxi Formation reached over-maturity with vitrinite reflectance (VRr) ranging 

from2.44 to 3.12% (Xiong et al., 2017). 

The Benxi shales are dominated by clay minerals with mean values of around 67% followed by 

quartz (mean values are about 22%) and pyrite (Ding et al., 2013; Xiong et al., 2017). 

2.4.2 Shanxi Formation 

The Shanxi Formation consists of fluvio-deltaic deposits containing two to four sets of grey-black 

shale with a rather consistent cumulative thickness ranging from 90 to 110 m. These shales are 

interbedded with thin sandstone, siltstone and coal beds with highly variable TOC contents (Fig. 2.2) 

(Ding et al., 2013; Yang et al., 2017b). 

Throughout the southeastern Yishan Slope, the maturity of the Shanxi Formation is slightly lower 

than that of the Benxi Formation with VRr ranging from 2.3 to 3.1% (Ding et al., 2013; Xiong et al., 

2017; Yang et al., 2017b). 

In terms of mineralogy, the Shanxi Formation shales are mostly composed of clay minerals (mean 

values are around 60%), followed by quartz with mean values of about 36%, along with smaller amounts 

of siderite and pyrite (Ding et al., 2013; Xiong et al., 2017; Yang et al.,2017b). Because of the low TOC 

contents and the grain size, meso-pores and macro-pores rather than micro-pores contribute to the 

porosity of the Shanxi Formation shales (Xiong et al., 2017; Yang et al., 2017b). Fluvio-deltaic shales 

are often characterized by grain sizes between 2 and 20 μm, representing fine-grained siltstones rather 

than claystones (Scheidt and Littke, 1989; Littke et al., 1997). 

2.5 Methods 

2.5.1 Elemental composition (TOC, TIC and TS) 

TOC and inorganic carbon (TIC) contents were measured with a Liqui TOC II analyzer (Elementar 

Analysen System GmbH, Germany) in one run. About 0.1 g of powder was combusted in an oxygen 

current in two subsequent heating stages (550 °C for 600 s followed by 1000 °C for 400 s). TOC and 

TIC contents were assessed by quantifying the amounts of CO2 released at 550 °C and 1000 °C during 

this procedure, respectively. 
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The total sulfur (TS) content was measured using a Leco S 200 sulfur analyzer (precision is < 5% 

error, detection limit 0.001%). 

2.5.2 Organic petrography 

VRr measurement was performed on a Zeiss Axioplan microscope innon-polarized light at a 

wavelength of 546 nm using a Zeiss Epiplan-Neofluar oil immersion objective (50×) (refraction index 

ne= 1.518 at 23 °C). A mineral standard of known reflectance was used for calibration. Here, the 

instrument was calibrated with a gadoli–nium–gallium–garnet (1.72% reflectance) prior to each 

measurement. Whenever possible, at least 100 vitrinite particles were measured on each sample and the 

mean random reflectance values were calculated using the DISKUS Fossil software (Technisches Büro 

Hilgers). 

The maceral composition was observed using a Zeiss Axio Imager. M2m microscope and 

microphotographs were taken with the same instrument. Samples were analyzed in oil immersion with 

500× total magnification and Fossil (Hilgers) was used as processing software. Details on preparation 

of polished samples and microscopic equipment are found in Zieger and Littke (2019). 

2.5.3 X-ray diffraction (XRD) 

Measurements on randomly oriented powders were performed on a Huber MC9300 diffractometer 

using Co Kα-radiation (45 kv, 35 mA). During the analysis, an immobile divergence slit (1.8 mm, 1.45°), 

agraphite monochromator, and 58 mm and 0.3 mm spacing soller slits are used to illuminate the sample. 

The diffracted beam was measured via a scintillation detector with 0.02° 2θ step size and 20 s step 

counting time. A scan rate of 2θ/min was used in the testing angle range of 2–76° for recording of 

diffractograms. Rietveld refinement was used for quantitative phase analysis. BGMN software and 

customized clay mineral structure models were applied after Ufer et al. (2008). 

Powders were prepared by manually grinding sample material in a mortar and milling to a fraction 

size of less than 200 mesh. After adding 20 wt% of Al2O3 as an internal standard, each sample was put 

into a McCrone Micronising mill for 20 min to assure uniform crystallite sizes. In order to avoid 

dissolution of water-soluble components and strain damage, milling was done in ethanol. 

2.5.4 Porosity and specific pore volume 

In this study, porosity (Φ) was determined on irregularly shaped samples by combining grain 

densities from helium expansion (pycnometry) experiments and bulk densities measured by the 

buoyancy method (Archimedes method): 

𝛷 = (1 −  
𝜌𝑏

𝜌𝑔𝑟
) (2.1) 

Here, ρb (kg/m3) and ρgr (kg/m3) are the bulk and grain densities, respectively. 

Samples werefirst cut into irregular shaped blocks with bulk volumes between 5 and 20 cm3 and 

dried in a vacuum oven at 105 °C for 24 h to remove moisture and other sorbed fluids. Then, grain 

densities were measured on a self-costomized He-Pycnometer. Details on the experimental set-up, 

procedure and evaluation are in detail given by Ghanizadeh et al. (2014). 
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For the buoyancy method, the dry sample weights md (g) were first measured, then the saturated 

sample mass mw (g) was determined after evacuating and saturating them with deionized water for 

more than oneweek. Finally, the immersed weights ms (g) of the saturated samples indeionized water 

were measured. Based on this, ρbwas calculated with: 

ρb  =  
𝑚𝑑 ∙ 𝜌𝑤

ms − mw
 (2.2) 

Here, ρw(0.99 g/cm3) is the density of deionized water at laboratory conditions. 

Specific pore volume (SPV) which is pore volume normalized to unitsample mass can be expressed 

as: 

𝑆𝑃𝑉 =  
𝑉𝑝

𝑚𝑑
 =  

1

𝜌𝑏
 − 

1

𝜌𝑔𝑟
 (2.3) 

2.5.5 High-pressure methane sorption experiments 

2.5.5.1 High-pressure/temperature manometric sorption setup 

A scheme of the manometric setup designed to measure sorption isotherms up to 25 MPa and 

120 °C is shown in Fig. 2.3. The used experimental set-ups, calibration, and measuring procedure have 

been described in detail by Gasparik et al. (2014). The high-pressure/temperature manometric sorption 

set-up (HPHT) consists of a reference cell (RC) and a sample cell (SC). RC and SC are placed within a 

low (45 °C) and high-temperature zone (up to 120 °C), respectively, to keep the temperature-sensitive 

parts offthe high-temperatures. The volumes ofthe RC and SC were calibrated as a function of 

temperature using tungsten carbide balls with certified volumes. 

 

 

Fig. 2.3. Schematic diagram of the high-pressure/temperature manometric sorption setup (modified 

after Gasparik et al. (2014)).  

2.5.5.2 Methane excess sorption experiments 

Methane excess sorption isotherms were measured at 45 °C on 12 powdered samples. Besides, 

four shale samples were selected from the two formations for experiments at elevated temperatures of 

70 °C, 95 °C and 120 °C. Methane of ultra-high purity (99.999%) was used as the sorbate. The 

procedure consists of the following steps: 

1. Drying samples in a vacuum oven at 105 °C for 24 h to remove moisture and other sorbed fluids. 

2. Installation of samples in SC. 

3. Leak testing (< 5 mbar per hour at 200 bar). 
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4. Void volume (Vv) calibration with helium used as a non-sorbing reference gas by helium 

expansion. Vv(m3) denotes the void volumein the SC. Then the whole setup was evacuated to remove 

previous helium via the vacuum pump before starting the methane sorption experiment. 

5. Methane sorption experiment after evacuation. In a manometric sorption measurement, the 

excess sorption mexcess (also denoted Gibbs surface excess (Sircar, 1999)) is then stepwise calculated 

from the difference of the total amount of gas transferred into the SC (mtransfer) and the storage capacity 

of Vv (non-sorption case): 

𝑚excess  =  𝑚transfer − ρg(𝑃, 𝑇) · 𝑉v (2.4) 

mtransfer is a cumulative sum of the volume of the reference cell (Vr) multiplied with the gas density 

difference in the RC before and after expansion into the SC: 

𝑚transfer  = ∑ 𝑉r (ρ𝑅𝐶
𝑗

 − ρ𝑅𝐶
𝑗+1

) · 𝑉r
𝑛
𝑗=1  (2.5) 

Helium and methane densities were calculated using the GERG equation of state (Kunz and 

Wagner, 2012). Results are then presentedin molar units normalized to sample mass (mmol/g). 

2.5.5.3 Blank test 

A blank test can be used to reduce unknown errors that depend oneach individual device. These 

errors can originate from systematic errors in the pressure and temperature reading, errors in the 

equation of state and the calibration (Gasparik et al., 2014). For all setups, blank sorption tests with the 

measuring gas were performed on non-sorbing tungsten carbide balls at the corresponding temperatures. 

“Raw” excess sorption isotherms were “blank” corrected by subtracting the “blank” isotherms at an 

equivalent Vv. For details, the reader is referred to Gasparik et al. (2014). 

2.5.5.4 Parameterisation of excess sorption isotherms 

Excess sorption isotherms werefitted with a 3-parameter Langmuir-type model: 

𝑛excess (𝑃, 𝑇)  =  𝑛∞ ·
𝑃

𝑃 + 𝑃𝐿 (𝑇)
· (1 −  

ρg (𝑃,𝑇)

ρa
) (2.6) 

Here nexcess (mmol/g) corresponds to the excess sorbed amount at a given T (K) and P (MPa). n∞ 

(mmol/g) represents the Langmuir methane sorption capacity at full occupancy of all sorption sites 

(infinite pressure) and PL (MPa) denotes the Langmuir pressure at which half the sorption capacity is 

reached. ρg (kg/m3) and ρa (kg/m3) are the free and sorbed phase densities of methane, respectively.  

2.5.5.5 Thermodynamics of methane sorption 

For constant absolute sorption, the relationship between required equilibrium P and sorption T can 

be used to calculate its thermodynamic parameters including ΔH (molar enthalpy), ΔS (molar entropy) 

and Qst (isosteric heat) according to equation 2.7. 

ln (𝑃𝐿)  =  
𝛥𝐻

𝑅·𝑇 
−

𝛥𝑆

𝑅 
+ ln(𝑃0) = −

𝑄𝑠𝑡

𝑅·𝑇 
−

𝛥𝑆

𝑅 
+ ln(𝑃0) (2.7) 

here P0, taken as 0.1 MPa, is the pressure at the perfect-gas reference state (Myers and Monson, 2002), 

ΔH (-Qst) and ΔS are determined from the slope and the y-axis intercept values of regression line on 

the plot of ln(P) versus 1/T, respectively (Zhang et al., 2012). 
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4.5.6 Calculation of total gas and free gas storage capacity 

Gas storage capacity estimates of shale need to consider free and sorbed gas. For high-pressure 

gas sorption, it is important to realize that the sorbed phase occupies a non-negligible volume. There 

are two ways of considering the gas stored in the sorbed volume Vsin gas storage calculations: (1) by 

subtracting Vs from the pore volume or (2) by subtracting the gas stored in Vs (at the free gas pressure) 

from the absolute sorbed amount (Gasparik et al., 2015). With this, it becomes evident that one has to 

precisely define free and sorbed gas, which historically leads to some confusion. The main problem in 

approach (2.1) is in the usage of the absolute sorption na: 

𝑛total  =  𝑛a  +  𝑛free (2.8) 

Here, the free gas storage capacity nfree is equal to the bulk methane density multiplied by the pore 

volume and subtracting it by the volume of the sorbed phase. However, on a molecular scale there is no 

sharp boundary between the densities of the free and sorbed gas phase because the gas is supercritical 

(Sakurovs et al., 2008). Moreover, the absolute sorption and the sorbed volume cannot be derived 

experimentally in high-pressure sorption experiments and need to be estimated using an unknown 

sorbed phase density (Krooss et al., 2002). 

However, the total gas storage capacity can be derived in a simplerway using approach (2.2) based 

on the Gibbs definition as the sum of the excess sorbed storage capacity and a product of the entire pore 

volumeof the shale with the bulk gas phase density. This is practical as allparameters (SPV and excess 

sorption capacity) are directly measurable. 

𝑛total  =  𝑛pore  +  𝑛excess =  𝑆𝑃𝑉 · ρg (P, T)  +  𝑛excess  (2.9) 

Gas storage capacities can be transformed into various units and the conversions are given in the 

Appendix. 

In this definition, sorption is expressed as the amount of gas that can be stored in excess of the 

storage capacity of a sample with no sorption. This approach highlights also that it is not possible to 

distinguish between “free” and “sorbed” gas as in practice as each individual gas molecule can 

continuously transform from a gaseous “free” into asorbed state and vice versa. 

Gas storage capacity estimates based on dry data are maximum values as partial water saturation 

decreases both, the excess sorption and pore volume (Gasparik et al., 2014; Bruns et al., 2016; Shabaniet 

al., 2018). Therefore, the water saturation is a critical control that needs to be assessed independently. 

Moreover, over burden stress will additionally decrease the excess sorption capacity and pore volume 

of gas shales (Fink et al., 2018; Gaus et al., 2021). 
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2.6 Results 

2.6.1 Mineralogy and organic petrology 

TOC contents of the Shanxi Formation range from 0.77 to 1.98% and of the Benxi Formation from 

0.06 to 2.25% (Table 2.1). TS contents are < 0.25% in the Shanxi Formation and significantly larger 

with up to 10.6% in the Benxi Formation. 

 

Table 2.1. Total organic and inorganic carbon (TOC, TIC), total sulphur content (TS), vitrinite 

reflectance (VRr), grain and bulk densities (ρgr based on He-pycnometry and ρb based on Archimedes), 

SPV (specific pore volume), for samples from well Quan 14. 

Fm. 
Sample 

ID 

Depth 

(m) 

TOC 

(%) 

TIC 

(%) 

TS 

(%) 
VRr (%) 

ρgr 

(kg/m3) 

ρb 

(kg/m3) 

SPV 

(m3/kg) 

Shanxi 

S-1 3161.20 0.82 0.01 0.07 2.49 2695 2527 2.47∙10-5 

S-2 3161.56 1.97 0.02 0.21 2.35 2722 2530 2.79∙10-5 

S-3 3162.45 1.38 0.02 0.09 2.40 2737 2583 2.18∙10-5 

S-4 3164.78 1.89 0.02 0.07 2.51 2689 2516 2.56∙10-5 

S-5 3175.45 0.77 0.07 0.06 2.42 2768 2629 1.91∙10-5 

S-6 3176.09 1.06 1.23 0.06 2.37 2777 2665 1.51∙10-5 

Benxi 

B-1 3228.43 0.88 0.03 0.19 2.71 2706 2522 2.70∙10-5 

B-2 3230.87 0.57 0.02 0.13 2.61 2760 2549 3.00∙10-5 

B-3 3232.45 2.25 7.22 10.59 2.52 2751 2737 1.87∙10-6 

B-4 3243.85 1.61 11.11 1.10 2.41 2694 2673 2.99∙10-6 

B-5 3245.87 0.06 0.02 1.26 2.97 2784 2674 1.48∙10-5 

B-6 3246.87 1.47 0.02 0.74 2.60 2740 2585 2.19∙10-5 

 

 

 

Table 2.2. Mineralogy based on XRD measurements. Qua – Quartz; Fel – Feldspar group kaolinite; 

Cal – Calcite; Dol/Ank – Dolomite/Ankerite; Siderite – Sid; Car – Carbonates (Cal + D/A + S); Kao – 

Kaolinite; Chl – Chlorite; I/S – Illite-smectite mixed layer; C – Clay minerals (Kao + Chl + I/S); Hal 

– Halite; Pyr – Pyrite; Ana – Anatase; Ver – Vermiculite; others (Hal + Pyr + Ana + Ver). 
Sample 

ID 
Qua Fel 

Qua+ 

Fel 
Cal 

Dol/ 

Ank 
Sid Car Kao Chl I/S C Hal Pyr Ana Ver 

Oth-

ers 

S-1 27 1 29     8 3 58 70   1  1 

S-2 28 2 30     7 4 58 69   1  1 

S-3 27 2 29     5 2 64 70   1  1 

S-4 29 4 32     5 3 58 66   1  1 

S-5 43 7 50   5 5 1 2 41 44   1  1 

S-6 37 3 40 7 4 7 18 0 2 41 42   0  0 

B-1 15 3 17   1 1 36 2 42 80   2  2 

B-2 14 3 16   3 3 35 2 43 79   2  2 

B-3 1  1 95 1  97  0 0   2   2 

B-4 0  0 94   94 4 0 0 4  2   2 

B-5 23 3 26     47 4 19 70  2 2  4 

B-6 1 3 5   9 9 57 0 21 77 1 1 2 5 9 
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Fig. 2.4. Microscopic observations of identified macerals in the Shanxi (a-c) and Benxi (d-i) formations. 

Vitrinite and inertinite particles (a), semifusinite and fusinite (b, c), solid bitumen in intergranular 

spaces (d), structured inertinite and vitrinite (e, f), solid bitumen in intergranular spaces, and partly 

replaced by secondary, euhedral pyrite (g), framboidal pyrite aggregates and large isolated euhedral 

pyrite crystals or as small crystals within fossil structures (e, f, g, h). Vitrinite-like structures (possibly 

rootlets) with several mm length (i, j).  
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Samples S-1 to S-4 from the Shanxi Formation are silica-rich argillaceous mudstones with clay 

contents between 66 and 70% and quartz contents between 29 and 32% whereas samples S-5 and S-6 

are silicious-argillaceous mudstones with significantly lower clay content around 43%, higher quartz 

content and a significant fraction of carbonates (Table 2.2). For all Shanxi shales, illite/smectite (I/S) 

mixed layer is the dominant clay mineral phase. 

The Benxi shales can be subdivided into a silica-rich argillaceous (B-1, B-2, B-3, B-6) and 

carbonate dominated lithotype (B-4, B-5; carbonate content > 94%). Compared to the Shanxi Formation, 

the silica-rich argillaceous shales have even higher clay (70–80%) and smaller quartz contents (1–15%). 

Moreover, clay mineralogy significantly differs compared to the Shanxi shales with increased kaolinite 

content between 35 and 57% (Table 2.2). 

 

 

Fig. 2.5. Ternary diagram illustrating the normalized mineralogical composition for the samples from 

the Shanxi Formation and Benxi Formation in the Ordos Basin. Mineralogy is normalized to quartz + 

feldspar, clays (kaolinite, mixed layer illite-smectite, and chlorite) and carbonates (calcite, dolomite 

and siderite).  

VRr of the shales from the Shanxi Formation varies between 2.35 and 2.51% among the samples 

with an average value of 2.43%. With values ranging from 2.41 to 2.97% (mean = 2.64%) in the Benxi 

Formation, variance among samples is higher (Table 2.1). OM in shales from the Shanxi Formation is 

characterized by abundant vitrinite and inertinite particles, and even coal fragments (Fig. 2.4a). 

Structured inertinite such as semifusinite and fusinite (Fig. 2.4b and c) is common. Pyrite is less 

abundant as compared to the Benxi Formation samples, which is also supported by the XRD data (Table 

2.2, Fig. 2.5). Pyrite is most often represented by small euhedral crystals. Solid bitumen can also be 

observed in intergranular spaces (Fig. 2.4d). Besides structured inertinite and vitrinite (Fig. 2.4e and f), 

the Benxi shales show solid bitumen in intergranular spaces, in some cases partly replaced by secondary, 

euhedral pyrite (Fig. 2.4g). The in some cases high TS values (Table 2.1) are mirrored by the presence 

of either framboidal pyrite aggregates and large isolated euhedral pyrite crystals or as small crystals 

within fossil structures (Fig. 2.4e, f, g and h). Sample B-6 shows several mm long vitrinite-like 

structures that presumably represent rootlets (Fig. 2.4i and j). 
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2.6.2 Porosity and SPV 

The ρgr and ρb values as well as porosities of the samples are listed in Table 2.1. The porosity of 

the Shanxi Formation samples ranges from 4.1 to 7.1%, and of the Benxi Formation samples from 0.5 

to 7.7% (Table 2.3). The ρgr ranges from 2689 to 2777 kg/m3 for the Shanxi Formation and between 

2694 and 2784 kg/m3 for the Benxi Formation. The SPV values of the Shanxi Formation are between 

1.51∙10−5 and 2.79∙10−5m3/kg, and of the Benxi Formation between 1.87∙10−6 and 3.00∙10−5m3/kg. 

 

Table 2.3. Results of porosity and methane high-pressure sorption measurements on shale samples from 

the Shanxi and Benxi formations (45 ºC). 

Fm. 
Sample 

ID 

Porosity 

(%) 

Maximum nexcess 

(mmol/g rock) 

3-parameter Langmuir-type model 

n∞ (mmol/g rock) PL (MPa) ρa (kg/m3) 

Shanxi 

S-1 6.2 0.048 0.10 7.2 345 

S-2 7.1 0.058 0.11 5.0 363 

S-3 5.6 0.057 0.11 5.7 370 

S-4 6.4 0.068 0.12 4.5 393 

S-5 5.0 0.034 0.07 6.7 367 

S-6 4.1 0.029 0.06 7.8 320 

Benxi 

B-1 6.8 0.057 0.12 7.2 335 

B-2 7.7 0.055 0.12 7.6 322 

B-3 0.5 0.007 0.01 4.4 371 

B-4 0.8 0.027 0.04 2.7 347 

B-5 3.9 0.026 0.06 8.4 332 

B-6 5.7 0.047 0.10 7.5 321 

 

2.6.3 High-pressure excess methane sorption isotherms 

 

 

Fig. 2.6. Methane excess sorption isotherms at 45 °C for samples from the Shanxi (a) and Benxi (b) 

formation. 

High-pressure excess methane sorption isotherms (45 °C) (Fig. 2.6) illustrate a large variety of 

sorption capacities with a maximum mostly at approximately 10 MPa. 

Sorption parameters fitted with the 3-parameter Langmuir-type model are listed in Table 2.3. For 

the samples from the Shanxi Formation, the fitted values of n∞ for the isotherms at 45 °C range from 

0.06 to 0.12 mmol/g rock (Table 2.3); fitted ρa values are in the range of 320–393 kg/m3; fitted Langmuir 
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pressures values range from 4.5 to7.8 MPa; and the maximum nexcess values vary from 0.029 to 0.068 

mmol/g rock. For the samples from Benxi Formation, the fitted n∞ values for the isotherms at 45 °C 

range from 0.01 to 0.12 mmol/grock (Table 2.3); the fitted ρa values are in the range of 321–371 kg/m3, 

quite consistent with the values of the Shanxi Formation; the fitted Langmuir pressure values vary from 

2.7 to 8.4 MPa; and the maximum nexcess values vary between 0.007 and 0.057 mmol/g rock. 

 

 

Fig. 2.7. Excess sorption isotherms for selected samples from the Shanxi and Benxi formations of the 

southeastern Ordos Basin measured at temperatures from 45 to 120 °C. 

From the 12 samples measured at 45 °C four end-member samples with the highest and lowest 

sorption capacities were selected for the high temperature measurements. The maxima of the excess 

isotherms of He samples show the typically decreasing trend of excess sorption capacity and increasing 

trend of pronounced maxima pressure with increasing temperature (Fig. 2.7). The pronounced excess 

sorption maxima occur at pressures between 9.68 and 12.89 MPa at 45 °C and increase to values 

between 21.57 and 24.91 MPa at 120 °C. Here, the excess sorption maxima at these pressures decreased 

between 0.002 mmol/g (B-3) and 0.017 mmol/g (S-4) (Table 2.4). 

Langmuir parameters for the selected samples are shown in Table 2.4. All parameters were 

obtained for one sample by simultaneously fitting the 3-parameter Langmuir-based excess sorption 

function to all four isotherms measured at different temperatures (Gasparik et al., 2015). 
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Table 2.4. Results from high-pressure methane sorption measurements at 45 to 120 °C on four selected 

samples. ΔH and ΔS are molar enthalpy and entropy, respectively. 

Sample 

ID 

Temperature 

(°C) 

Maximum nexcess 

(mmol/g rock) 

Corresponding 

pressure of 

Maximum 

nexcess (MPa) 

3-parameter Langmuir model 

n∞ 

(mmol/g rock) 

PL 

(MPa) 

ρa 

(kg/m3) 

ΔS 

(J/mol/K) 

ΔH 

(KJ/mol) 

S-4 

45 0.063 11.56 

0.12 

5.2 

369 -84.00 -16.23 
70 0.056 15.68 8.8 

95 0.051 19.78 12.5 

120 0.046 21.57 16.6 

B-1 

45 0.058 11.33 

0.13 

7.7 

336 -80.74 -14.12 
70 0.051 16.82 12.4 

95 0.048 21.65 15.9 

120 0.043 24.91 21.9 

B-3 

45 0.007 12.89 

0.01 

4.9 

340 -91.46 -18.62 
70 0.006 17.45 9.1 

95 0.006 20.88 13.0 

120 0.005 23.95 20.0 

B-4 

45 0.028 9.68 

0.04 

2.1 

350 -104.22 -24.69 
70 0.022 12.79 6.0 

95 0.020 17.42 9.1 

120 0.018 22.99 13.1 

 

2.7 Discussion 

2.7.1 Thermal maturity and depositional conditions 

At high levels of sedimentary diagenesis, VRr is probably the best and most widely used parameter 

for thermal maturity, because most organic geochemical parameters cannot be applied. VRr values 

measured on our sample set are similar to those reported before on both the Shanxi and Benxi formations, 

which have reached the dry gas petroleum generation stage. TOC values are variable, but partly smaller 

than reported before (Yang et al., 2016, 2017b; Xiong et al., 2017), which might be related to the 

location of well Quan 14 at a marginal position on the southeastern Yishan slope. 

Both in terms of lithology and mineral content, rocks show strong variability, related to variable 

depositional settings. This fact is also reflected by highly variable TS contents. In paralic environments, 

freshwater with little sulfate predominates, but from time to time, transgressive intrusion of seawater 

provides a massive source of sulfur, while abundant metal ions (in particular iron) and terrestrial OM 

can be provided by the terrestrial environment, leading to precipitation of iron sulfides as soon as 

reducing conditions are established in the pore water. Generally, the stronger the intrusion of seawater, 

the higher the TS content in shales. The processes and depth ranges of microbial sulfate reduction as 

well as its influence on OM quality have been described in Berner (1984) and Lückge et al. (1999) in 

great detail. The ratio of TOC to TS can be used to distinguish marine mudstones (0.5 < TOC/TS < 5) 

and non-marine water-bottom environments (TOC/TS > 10) (Berner, 1984). The values of TOC/TS of 
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the samples studied cover a wide range and indicate the shift from marine to terrigenous environments 

as well (Fig. 2.8). 

 

 

Fig. 2.8. Total sulfur (TS) vs. total organic carbon (TOC) indicating environments of deposition of the 

Shanxi and Benxi formations of the southeastern Ordos Basin, China. 

The observation of abundant vitrinite and inertinite particles, and even coal fragments and roots 

(Fig. 2.4a, e and f), indicates the terrestrial origin of most OM. This material certainly represents a 

former type III kerogen, now strongly converted towards carbon-rich residues, which is consistent with 

conclusions from previous studies (Yang et al., 2016, 2017b; Xiong et al., 2017). 

While most samples have a high content of clay minerals, samples B-3 and B-4 show high contents 

of carbonate. These samples also have low TOC/TS ratios indicating a marine depositional environment. 

For our sample set, strong marine influence is indicated for Benxi Formation (in agreement with e.g. 

Ding et al. (2013) and Xiong et al.(2013)) see also Fig. 2.2), but not for Shanxi Formation where the 

studied samples do not show any marine influence. Clay minerals are clearly dominated by I/S mixed 

layer in Shanxi Formation, while Benxi Formation shales are characterized by a mixture of both I/S 

mixed layer and kaolinite. This non-uniform distribution of clay minerals is consistent with previously 

published data (Ding et al., 2013; Yang et al., 2016, 2017b; Xiong et al., 2017). 

2.7.2 Mineralogical controls on porosity and methane sorption capacity 

For the Shanxi and Benxi shales there is no relationship between TOC content and porosity (Fig. 

2.9a). OM is usually not the controlling factor of porosity when TOC content is less than 2.0% 

(Ghanizadeh et al., 2015; Chukwuma et al., 2018; Fink et al., 2018). In theory, the evolution of porosity 

with maturity in OM-rich shales follows a non-linear, trough-shaped path that is primarily controlled 

by compaction, hydrocarbon generation and development of organic porosity during secondary 

cracking in the over-mature stage (Mastalerz et al., 2013). For Benxi and Shanxi shales, porosity and 

the total clays for the studied samples show a good correlation indicating that most of the pores reside 

within the clay fraction (Fig. 2.9a) (see also Yang et al., 2016; Xiong et al., 2017; Yang et al., 2017b). 
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Fig. 2.9. Total organic carbon (TOC) and total clays as a function of porosity (a) andas a function of 

Langmuir sorption capacity (b). 

For many organic-rich shale lithologies, Langmuir sorption capacity is controlled by TOC content 

due to its high micro-porosity that pro-vides abundant surface area and sorption sides (Chalmers and 

Bustin, 2008). In our dataset, there is no relationship between TOC content and Langmuir sorption 

capacity (Fig. 2.9b). This suggests that TOC content is not the main factor controlling Langmuir 

sorption capacity of Benxi and Shanxi shales where the overall TOC content is low. Clay minerals can 

possess comparatively large Langmuir sorption capacities with a rough order of smectite > I/S mixed 

layer ≥ kaolinite > chlorite ≥ illite (Table 2.5, Ji et al., 2012; Liu et al., 2013; Fan et al., 2014). Smectite 

content in over-mature gas shales is usually negligible as it is converted to illite and I/S mixed layer 

with increasing temperatures during diagenesis at depths exceeding 1600–2600 m (Chen et al., 2009) 

and temperatures exceeding 60–120 °C (Lindgren et al., 1991; Strixrude and Peacor, 2002; Peltonen et 

al., 2009). Both I/S mixed layer and kaolinite are abundant in Benxi and Shanxi shales, and sorption 

capacity is positively related to clay content (Fig. 2.9b). 

To assess the contribution of clays (I/S mixed layer, kaolinite) and organics to sorption 

capacity/porosity a linear combination approach was used to predict the Langmuir sorption 

capacity/SPV of each individual mineral constituent. The Langmuir sorption capacity/SPV is expressed 

as the sum of the individual components on a mass-fraction base (Yang et al., 2015): 

𝑛∞  = ∑ n𝑖
𝑛
𝑖=1 w𝑖 (𝑖 = 1,2,3, … , 𝑛) (2.10) 

Φ = ∑  𝜌𝑏𝑢𝑙𝑘
𝑛
𝑖=1  𝑆𝑃𝑉𝑖 w𝑖 (𝑖 = 1,2,3, … , 𝑛) (2.11) 

Here wi is the mass fraction, ni the Langmuir sorption capacity andthe product of both the 

Langmuir sorption capacity of the sample. The calculation of porosity can only be performed on a mass 

basis of the individual component as the volume fractions are unknown. Therefore, we use the specific 

pore volume of each individual component (SPVi).With this, similar to sorption the contribution of an 

individual fraction to porosity can be obtained by multiplying the contribution of the SPVwith the 

samples bulk density. 
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Table 2.5. Value of Langmuir sorption capacity of individual clay minerals and isolated kerogen. 
Variable Value (mmol/g) References 

Type I kerogen 1.140 

Zhang et al. (2012) Type II kerogen 1.210 

Type III kerogen 1.400 

 0.380 Ji et al. (2012) 

Smectite 0.268 Liu et al. (2013) 

 0.179 Fan et al. (2014) 

I-S mixed layer 
0.182 Ji et al. (2012) 

0.138 Fan et al. (2014) 

Kaolinite 

0.120 Ji et al. (2012) 

0.173 Liu et al. (2013) 

0.155 Fan et al. (2014) 

Illite 

0.080 Ji et al. (2012) 

0.099 Liu et al. (2013) 

0.154 Fan et al. (2014) 

Chlorite 
0.100 Ji et al. (2012) 

0.039 Fan et al. (2014) 

 

Considering for Benxi and Shanxi shales that TOC, I/S mixed layerand kaolinite are the main 

contributors, the following equations are obtained: 

𝑛∞ = n𝑇𝑂𝐶 ∙ w𝑇𝑂𝐶 + n𝐼/𝑆 ∙ w𝐼/𝑆 + n𝐾𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒 ∙ w𝐾𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒 + 0 ∙ w𝐹𝑟𝑎𝑚𝑒𝑤𝑜𝑟𝑘 (2.12) 

Φ = 𝜌𝑏𝑢𝑙𝑘 ∙ (w𝑇𝑂𝐶 ∙ 𝑆𝑃𝑉𝑇𝑂𝐶 + w𝐼/𝑆 ∙ 𝑆𝑃𝑉𝐼/𝑆 + w𝐾𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒 ∙ 𝑆𝐾𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒 + 0 ∙ w𝐹𝑟𝑎𝑚𝑒𝑤𝑜𝑟𝑘) (2.13) 

Here WOM, WI/S, and WKaoliniteare the mass fractions of OM, I/S mixed layer, and kaolinite, 

respectively, nTOC, nI/S, and nKaolinite (mmol/g) are the sorption capacity of OM, I/S mixed layer, and 

kaolinite, respectively, and SPVTOC, SPVI/S, and SPVKaolinite (cm3/g) are the SPV of OM, I/S mixed layer, 

and kaolinite, respectively.  

We use linear regression analysis to minimize the Langmuir sorption capacity/porosity of the 

calculated values with the measured values simultaneously for the whole sample set. With this, the 

Langmuir sorption capacity/SPV of each component can be determined by using them as a fitting factor. 

The approach is able to match the measured data reasonably well (Fig. 2.10a and b). The resulting SPV 

is 0.081 cm3/g for TOC, 0.036 cm3/g for I/S mixed layer and 0.026 cm3/g for kaolinite. Except for the 

carbonates (B-3 and B-4), which have almost no porosity, porosity is controlled by the clay minerals 

where more than 90% of the pore volume occurs (Fig. 2.10c). This shows that OM, in contrast to other 

shale systems, has a negligible effect on the volumetric gas storage in Benxi and Shanxi shales. 

 



35 

 

 

Fig. 2.10. Fitted porosity (a) and Langmuir sorption capacity (b) values (n∞) using a linear combination 

approach vs. measured values, and the overall contribution of individual components (c and d). 

Similarly, the obtained Langmuir sorption capacities match the measured values reasonably well 

and we obtained 1.20 mmol/g for TOC, 0.14 mmol/g for I/S mixed layer and 0.10 mmol/g for kaolinite. 

Our Langmuir sorption capacities of TOC are close to the sorption capacity of isolated kerogen 

(between 1.14 and 1.4 mmol/g) measured by Zhang et al. (2012). For the clay minerals, they are in good 

agreement with results from measurements on pure clay minerals (Illite and I/S mixed layer between 

0.08 and 0.18 mmol/g, kaolinite between 0.12 and 0.17 mmol/g) (Table 2.5). Sorptive storage in Benxi 

and Shanxishales mostly occurs in the clay fraction with 80–99% of the overallsorption capacity 

(excluding the carbonates). In all clay-rich shales, organics contribute very little with less than 20% 

(Fig. 2.10d). 

Compared to other over-mature (VRr> 1.3%) shale formations Benxi and Shanxi shales possess 

comparatively low sorption capacities (< 0.13 mmol/g) due to their low TOC content (Fig. 2.11a). 

Although the high clay content increases the sorption capacity in comparison to other organic-lean 

shales (< 2.5% TOC), organic-rich shales possess significantly larger sorption capacities resulting in an 

overall positive trend between TOC content and Langmuir sorption capacity. 
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Fig. 2.11. Comparison of sorption capacity (a) and Langmuir pressure (b) of Benxi and Shanxi shales 

with over-mature (VRr > 1.3%) lacustrine and marine shales. All data was measured at dry condition 

between 30 °C and 65.4 °C. 

Langmuir pressures of overmature shales range mostly between 2 and 10 MPa at laboratory 

conditions (dry condition, 30 °C–65.4 °C) (Fig. 2.11b). The scatter in PL values is very large below 4% 

TOC and significantly decreases with increasing TOC. The reason is presumably that at low TOC 

contents the PL values result from sorption on strongly varying mixtures of clay minerals and organics. 

Here, samples with relatively high organic and low clay mineral content have tentatively lower PL 

values and vice versa (Fig. 2.11b) as the PL values of pure clays issignificantly larger compared to pure 

organics. 

2.7.3 Effect of temperature 

Thermodynamic parameters describing the sorption process can beobtained by analyzing the 

temperature dependence of the PL based onequation (7) (Fig. 2.12). Sorption entropy ΔS varies from 

−14.12 to −24.69 kJ/mol and isosteric heat ΔH from −80.74 to −104.22 J/mol/K (Table 2.4). A linear 

relationship exists between the ΔH and ΔS (Fig. 2.13) which is caused by the nature of physical (Van-

der-Waals) bonding of the gas and the solid (Gasparik et al., 2013). Compared to previously published 

data on pure clays and kerogen (Ji et al., 2012;Zhang et al.,2012; Rexer et al., 2014), Benxi and Shanxi 

shales plot between type III kerogen and I/S mixed layer. The thermodynamic parameters closely 

resemble the mineralogy of the samples. Samples where sorption is dominated by I/S mixed layer and 

kaolinite plot close to the pure clays whereas samples with little clay mineral content show 

thermodynamic properties of kerogen type II and III (Fig. 2.13). 
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Fig. 2.12. Determination of sorption enthalpy and entropy of the selected shale samples from the Shanxi 

and Benxi Formations. 

 

 

Fig. 2.13. Plot of isosteric heat vs. molar entropy for the selected samples from the Shanxi and Benxi 

formations of the southeastern Ordos Basin and for the pure clay minerals as well as kerogens. 

2.7.4 Gas storage capacity 

2.7.4.1 Depth-dependence of gas storage capacity 

Sorption capacity, free gas storage capacity and total gas storagecapacity at a certain depth can be 

estimated by equation (9). Here, it is considered that the shales are dry (0% water saturation), the 

formationis over consolidated and uplifted to the current depth with no changes inporosity. Moreover, 

we use a surface temperature of 15 °C and a geo-thermal gradient of 2.8 °C/100 m based on data fromYu 

et al. (2017). 

Gas storage capacity increases with depth up to 0.32 mmol/g for sample S-4, which possesses the 

largest storage capacity among the Benxi and Shanxi samples (Fig. 2.14). At shallow depths, the excess 

sorbed gas storage generally dominates the total storage capacity of Benxi and Shanxi shales, whereas 
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the free storage capacity become sincreasingly important with depth. For all samples, the excess sorbed 

gas storage capacity decreases after it reaches its maximum value (< 1000m), and the corresponding 

depth of the maximum of the sorbedgas storage capacity is positively related to the PLvalue. 

 

 

Fig. 2.14. Excess sorbed, free and total gas storage capacity and excess sorbed/total gas ratio as a 

function of depth. Depth trends are exemplarily shown on the basis of the sample possessing the largest 

sorption capacity (S-4).  

Maximum burial of the Shanxi and Benxi shales in the study area occurred in the Middle 

Cretaceous (Yu et al., 2017) where they were buried to a depth of up to 5000 m and experienced 

temperatures up to 140 °C. Gas generation ceased in the Late Cretaceous (100 My) after uplift to 2900 

m. The formation subsided again to 3200 m after the Middle Pliocene to the present depth (Ding et al., 

2013; Yu et al., 2017). 

At current reservoir conditions (Pore pressure = 30 MPa, T = 100 °C) more than 80% of the gas is 

estimated to be stored as free gas whereas only 20% is stored as excess sorbed gas. Therefore, sorptive 

gas storage for such deep reservoirs is of minor importance. Further considering that already small 

amounts of reservoir water considerably decrease the sorption capacity of shales by competitive 

sorption, sorbedgas storage capacity for Benxi and Shanxi shales may even be in the range of the 

uncertainty of free gas storage estimates (Merkel et al.,2015, 2016; Shabani et al., 2018). 



39 

 

2.7.4.2 Changes in free and excess sorbed gas during production from theshale matrix 

During the production of a shale gas reservoir the pressure in theshale matrix, where most of the 

shale gas is stored, is gradually reduced. This leads to changes in the ratio between “free” and “excess 

sorbed” gas in the nano-pores. As physisorption is a fast and reversible process, it is not possible to 

differentiate between individual “sorbed” and “free” methane molecules and an equilibrium between 

the sorbed and free phase upon changes in the P-T conditions will occur almost in-stantaneously. Using 

the reservoir conditions (P = 30 MPa and T = 373.15 K), the gas production and changes in “free” and 

“excess sorbed” gas can be calculated (Fig. 2.15). During depletion of a given matrix block, the “excess 

sorbed” gas content changes almost insignificantly until a pressure of around 10 MPa below which the 

“excess sorbed” gas content will be reduced. Therefore, sorption does not add any significant benefit in 

shale gas production at high pressure. Fig. 2.15 illustrates that the increase of produced gas amount is 

negligible at highpressure where some of the free gas even translates into “excess sorbed” gas during 

the early time of gas production. Only when the pore pressure in the matrix is reduced significantly, 

below roughly 10 MPa will “excess sorbed” gas contribute to production. Additionally, a matrixblock 

with high excess sorption compared to a sample with no sorption (only free gas) will release less gas at 

high pressure due to the transfer of “free” into the “excess sorbed” phase (maximum in the excess 

sorption isotherms). Thus, it is very important to forecast the reduction of gas pressure in each part of 

the matrix to judge the relevance of sorption during production. However, depending on the production 

behavior of a given reservoirs pore pressures may be too high within thematrix and release of “excess 

sorbed” gas does not significantly add to overall production. 

 

 

Fig. 2.15. Cumulative gas production from a matrix block of a reservoir at 3000 m depth and 100 °C 

upon depletion. During production at high pressures (>12 MPa) the change in “excess sorbed” gas 

content is negative and only the free gas content changes (a). The ratio of the current change of “excess 

sorbed” gas to the total gas is negative at pressures above the maximum in the excess sorption isotherm 

(20 MPa). Upon pore pressure reduction below these values will “excess sorbed” gas start contributing 

to total gas production. The curves were calculated based on the experimental results of sample S-4 (b). 
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2.8 Conclusions 

1) Porosity and excess sorption capacity of over-mature Shanxi and Benxi shales are controlled by 

their high clay mineral content (up to 80%). In contrast to other shales, TOC due to its low content (< 

2.3%), has a negligible effect on gas storage properties. 

2) Excess sorptive storage generally dominates the storage capacity of Benxi and Shanxi reservoirs 

at shallow depths whereas the volumetric “free” gas storage prevails in deeper reservoirs. 

3) Methane sorption does not have a positive effect on gas production at high pressure. Only when 

the pore pressure in the matrix is reduced significantly will “excess sorbed” gas contribute to production. 

This has major implications for deep reservoirs where pore pressures in the matrix may not be 

sufficiently reduced before production ceases. 

4) Both Benxi and Shanxi shales are characterized by comparatively low porosities, sorption 

capacities and gas storage capacities compared to producing marine shale gas systems. Combined with 

the large amount of clay minerals that make hydraulic fracturing more difficult they are regarded 

unfavourable for shale gas exploitation. 
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2.9 Appendix  

Table A2.1. Gas storage capacities transformed into mol CH4/m
3 rock. 

Measure-

ment 

conditions 

Fm. 
Sa-

mple 

Depth 

(m) 

Test 

temp-

eratu-

re 

(°C) 

Sorbed storage 

capacity at 25 

MPa (mol 

CH4/ 

m3 rock) 

Freel storage 

capacity at 

25 MPa 

(mol CH4/ 

m3 rock) 

Total storage 

capacity at 25 

MPa (mol 

CH4/ 

m3 rock) 

n∞ 

(mol 

CH4/ 

m3 

rock 

Sorption 

measure-

ment at 

same 

temperat-

ure 

Shanxi 

S-1 3161.20 45 106.98 680.10 787.08 252.70 

S-2 3161.56 45 126.33 741.30 867.63 278.30 

S-3 3162.45 45 128.05 592.80 720.85 284.13 

S-4 3164.78 45 150.14 677.38 827.51 301.92 

S-5 3175.45 45 73.32 530.53 603.85 184.03 

S-6 3176.09 45 65.47 422.66 488.13 159.90 

Benxi 

B-1 3228.43 45 123.06 714.52 837.58 302.64 

B-2 3230.87 45 122.50 803.90 926.40 305.88 

B-3 3232.45 45 16.26 53.26 69.52 27.37 

B-4 3243.85 45 53.11 84.58 137.70 106.92 

B-5 3245.87 45 62.61 528.19 590.80 160.44 

B-6 3246.87 45 105.20 594.28 699.48 258.50 

Sorption 

measure-

ment at 

different 

temperat-

ure 

Shanxi S-4 3164.78 

45 134.31 678.03 812.34 

301.17 
70 132.38 601.10 733.48 

95 129.60 541.88 671.48 

120 117.39 494.94 612.33 

Benxi 

B-1 3228.43 

45 117.32 717.09 834.41 

302.66 
70 117.76 636.73 754.49 

95 120.33 573.40 693.73 

120 126.60 524.29 650.88 

B-3 3232.45 

45 15.29 53.59 68.88 

27.44 
70 14.68 47.72 62.40 

95 15.78 43.07 58.85 

120 14.86 39.89 54.75 

B-4 3243.85 

45 62.06 84.41 146.47 

106.78 
70 48.26 74.42 122.68 

95 49.17 67.41 116.58 

120 46.32 62.07 108.39 

 

Conversion formula 

𝑛sorbed  (
𝑚𝑜𝑙 (CH4)

𝑚3 (𝑟𝑜𝑐𝑘)
)  =  𝑛excess (mmol/g) · ρb(kg/m3) (2.12) 

 

ntotal  (
mol

m3 (rock)
)  =  [

SPV (m3/kg)·ρg (kg/m3) 

MCH4  (kg/mol)
+  nexcess (mmol/g)] · ρb(kg/m3) (2.12) 

Here nsorbed and ntotal corresponds to thesorbed and total gas storage capacities, respectively. nexcess 

(mmol/g) corresponds to the excess amount sorbed at T (K) and P (MPa). ρb (kg/m3) is the bulk densities. 

ρg (kg/m3) is the free phase densities of methane. SPV (Specific pore volume) is pore volume normalized 

to unit sample mass. MCH4
 is the molality of methane. 
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3 Paleo-depositional environment, origin and characteristics of organic 

matter of the Triassic Chang 7 Member of the Yanchang Formation 

throughout the mid-western part of the Ordos Basin, China 

3.1 Abstract 

A comprehensive geochemical and petrographic study was performed on 23 clay-rich shale 

samples collected from 18 wells drilled in the mid-western part of the Ordos Basin to investigate the 

characteristics and thermal maturity of organic matter as well as the paleo-depositional environment of 

the Chang 7 Member within the Triassic Yanchang Formation. The samples are characterized by 

moderate to very high organic carbon (TOC) contents ranging from 0.24% to more than 24.83% (2.72% 

on average) and total sulfur (TS) contents of 0.06% to 6.51%. Rock-Eval S1 and S2 values range from 

0.13 to 3.70 mg HC/g rock and 0.62 to 92.50 mg HC/g rock, respectively, implying good to very good 

hydrocarbon generation potential for most of the samples. Rock-Eval data and petrographical 

observations reveal that the kerogen is mainly composed of type II to type III, consisting of a mixture 

of aquatic and terrigenous organic matter. The aliphatic fractions show variable monomodal to bimodal 

distributions of normal alkanes. Different parameters such as TOC/TS and molecular biomarker data 

imply that the Chang 7 member is a typical clay-rich source rock deposited in a sulphate-poor lacustrine 

to fluvio-deltaic environment under oxic to sub-oxic conditions with substantial input of organic matter 

derived from higher land plants, mainly conifers. Low values of gammacerane further indicate a low 

salinity of the paleo-lake. Average Tmax values of 445 °C, vitrinite reflectance values between 0.68% 

and 0.88%, biomarker parameters, such as sterane ratios of C29 ααα 20S/(20S +20R) and C29 ββ/(ββ 

+αα), and maturity indices based on aromatic compounds, indicate a thermal maturity within the oil 

window for the studied samples, showing some regional variability within the mid-western Ordos Basin. 

3.2 Introduction 

Source rocks are increasingly being regarded as hosts for commercial unconventional 

hydrocarbons reservoirs, i.e. gas- and oil-shale reservoirs. One prominent example for such a resource 

is the lacustrine Chang 7 Member in the Ordos Basin, China. Compared to marine settings, lacustrine 

environments are more complex regarding their deposetting and are prone to be affected by terrestrial 

material. On the one hand, the depositional facies, depositional environment and organic matter (OM) 

composition are more diverse and are easy to be disturbed by terrestrial input due to the small scale of 

lake systems as compared to marine settings. On the other hand, seasonal/periodic paleo-climates can 

trigger changes in water chemistry and salinity in lake systems over short periods of time, whereas 

salinity and water chemistry are quite persistent in marine settings. In fact, the paleo-depositional 

environment exerts a major control on the abundance and quality of OM preserved in sediments, making 

it an important factor in quantifying the hydrocarbon potential of source rocks on a basin scale (Jones 
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and Manning, 1994). In turn, thermal maturity of a source rock plays a critical role in the transformation 

of OM into mobile hydrocarbons. 

 

 

Fig. 3.1. Schematic map showing (a) the Ordos Basin with facies boundaries of the Upper Triassic 

(after Qiao et al., 2020 and Chen et al., 2017), (b) the study area and well locations (note the different 

symbols depending on well location, e.g. north, west), and (c) a cross section from west to east of the 

central Ordos Basin (see a) for position; after Hanson et al. (2007).  

The Ordos Basin is the second largest sedimentary basin in China (Li et al., 2016), and has a long 

depositional history from the Lower Paleozoic to Mesozoic and Cenozoic. It developed on Precambrian 

metamorphic basement. Following the dry climate of the Permian, plants began to flourish again in the 

Late-Middle Triassic in the region of the today’s Ordos Basin and the most important source rocks of 

the basin were deposited during the Late Triassic. Triassic hydrocarbon deposits were first discovered 
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in the 1980ies with the Triassic Chang 7 Member of the Yanchang Formation being regarded as the 

most important source rock for these accumulations (Hanson et al., 2007; Duan et al., 2008). Although 

there have been numerous publications on the Chang 7 Member (e.g., Yang et al., 2008; Zhang et al., 

2017; Xu et al., 2019; Chen et al., 2019a, Chen et al., 2019b), there is still a lack of detailed information 

on organic geochemical parameters. Further, there are some controversies related to the depositional 

environment prevailing during the deposition of the Chang 7 Member which need to be clarified. For 

example, there are significant differences between the reported geochemical characteristics e.g., with 

respect to the isoprenoids/n-alkane ratios, terpanes and gammacerane (Gam) indices and sterane data 

(Duan et al., 2008; Li et al., 2017; Pan et al., 2017; Xu et al., 2019). As a result, there are different 

interpretations of depositional environment, type of kerogen, redox conditions as well as salinity of the 

paleo-lake. These differences might be caused by the extensive regional distribution of the Chang 7 

member and thus heterogeneity of rock properties indicating the necessity of systematic regional studies. 

The area selected for the study presented here is located in the major hydrocarbon exploitation area in 

the mid-western Yishan Slope (Fig. 3.1a). The area is characterized by a low level of tectonic 

deformation, i.e. there is little faulting and folding (Yang, 2002). 

The goal of this study is to apply organic petrography, carbon and sulfur contents, Rock-Eval 

pyrolysis and molecular organic geochemistry on aliphatic and aromatic hydrocarbons in order to i) 

reconstruct the depositional environments prevailing during deposition of the Chang 7 member and gain 

information on the biological precursors of its OM and ii) to quantify thermal maturity in the mid-

western part of the Ordos Basin (Fig. 3.1b), for which almost no such information has been published 

so far. Besides, this study contributes to the understanding of OM-rich Late Triassic rocks, which are 

less widespread and have been less studied than those of Carboniferous, Jurassic, Cretaceous, and 

Cenozoic times. 

3.3 Geological setting 

The Ordos Basin, a sedimentary basin with a complex, long-lasting subsidence, several phases of 

uplift and erosion interrupting polycyclic sedimentary deposition, is situated in the central part of the 

North China Plate covering an area of 26 × 104 km2 where it developed on an Archean–Early 

Proterozoic rigid crystalline basement (Yang et al., 2005). It is surrounded by the Yin Mountain to the 

north, the Qinling Mountain to the south, the Helan Mountains to the northwest, the Liupan Mountain 

to the southwest, and the Lvliang Mountain to the east (Fig. 3.1a). The basin is divided into six structural 

units based on the geological evolution history and the characteristics of the Mesozoic geological 

structures; the eastern Jinxi Fold Belt, the western Tianhuan Sag and the Western Edge Thrust belt, the 

southern Weibei Uplift, the northern Yimeng Uplift, and the central Yishan Slope (Fig. 3.1a). The 

evolution of the basin took place during five tectonic-sedimentary stages: (1) the aulacogen stage in the 

Middle-Late Proterozoic; (2) the shallow marine platform stage during the Early Paleozoic; (3) the 



46 

 

littoral plain stage in the Late Paleozoic; (4) the hinterland basin stage during the Mesozoic; and (5) the 

peripheral faulted basin stage in the Cenozoic (Yang et al., 2005). Corresponding sedimentary rocks 

include shallow-marine clastic‑carbonate deposits, epicontinental sea carbonate platform deposits, 

coastal carbonate-continental clastic platform deposits, and intra-continental lacustrine-fluvial deposits 

(Meso- and Cenozoic). During the Late Triassic, the tectonic evolution of the basin was controlled by 

Indosinian Plate movements which resulted in a persistent regression and the development of an inland 

basin (Yang et al., 2005). 

 

 

Fig. 3.2. Simplified stratigraphy of the Ordos Basin and the Upper Triassic Yanchang Formation 

lithologies and their corresponding depositional environment (modified after Zhao et al., 2015). 

The Ordos Basin is considered as a Mesozoic and Cenozoic freshwater continental sedimentary 

system. The stratigraphic sequence comprises of Middle-Upper Triassic to Quaternary strata wherein 

the Mesozoic strata constitute the majority of the sediments (Figs. 1c and 2). This sequence overlies a 

crystalline basement of Archean and Lower Proterozoic age (Watson et al., 1987). The whole basin was 
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filled with lacustrine and fluvial sediments during the Triassic period, but only the lacustrine deposits 

are considered to possess hydrocarbon generation potential (Zhang et al., 2015). The Yanchang 

Formation, which is sub-divided into ten members (Chang 1 to Chang 10), underlies the Jurassic Fuxian 

Formation and overlies the Middle Triassic Zhifang Formation (Fig. 3.2). The Yanchang Formation 

first experienced a lacustrine transgression leading to deepening of the water column (Chang 9-Chang 

7 periods), followed by successive shallowing of the paleo-lake (Chang 6- Chang 1 periods; Fig. 3.2). 

The Chang 7 Member was deposited at the deepest and most expansive stage of the Triassic Yanchang 

Ordos Lake. The thickness of this member varies between 60 and 120 m with the cumulative thickness 

of the source rocks ranging from 15 to 100 m (Li et al., 2020); it is regarded as an important marker bed 

in the Yanchang Formation corresponding to the Maximum Flooding Surface (MFS). Lithologically, it 

is composed of mudstone, siltstone and sandstone (Fig. 3.2). OM-rich successions were deposited in 

the shallow to deep lake water environments and are restricted to the lower 10 to 40 m of the Chang 7 

member in an area of more than 50 × 103 km2 (Chen et al., 2017, Fig. 3.1a). 

3.4 Samples and methods 

3.4.1 Samples and sample preparation 

Table 3.1. TOC, TIC, and TS data, as well as the three major primary sedimentary components 

calculated for the studied samples from the Chang 7 Member of the Midwestern Ordos Basin, China. 
Sample ID Well Depth (m) TOC (%) TIC (%) TS (%) CAR (%) OM* (%) SIL (%) 

MW 1-1 
MW 1 

2702.50 0.76 0.04 0.11 0.33 0.97 98.70 

MW 1-2 2702.00 4.50 0.06 0.34 0.50 6.10 93.40 

MW 2 MW 2 2540.00 1.63 0.02 0.14 0.17 2.22 97.61 

MW 3 MW 3 2512.28 0.39 0.87 ---- ---- ---- ---- 

MW 4 MW 4 2393.20 0.44 0.32 0.09 2.67 0.56 96.77 

MW 5 MW 5 2284.00 2.64 0.10 0.13 0.83 3.51 95.66 

MW 6 MW 6 1512.73 0.67 0.04 0.12 0.33 0.86 98.81 

MW 7 MW 7 1873.00 0.50 0.06 0.10 0.50 0.73 98.77 

MW 8 MW 8 1982.40 1.45 0.10 0.27 0.83 2.12 97.05 

MW 9 MW 9 2566.00 0.33 0.04 ---- ---- ---- ---- 

MW 10-1 
MW 10 

2570.00 4.73 0.10 0.42 0.85 6.46 92.69 

MW 10-2 2571.60 24.83 1.38 6.51 11.50 38.09 50.41 

MW 11-1 
MW 11 

2675.00 0.83 0.06 0.09 0.50 1.06 98.44 

MW 11-2 2673.00 1.32 0.06 0.09 0.50 1.78 97.72 

MW 12 MW 12 1950.00 0.69 0.03 0.10 0.25 0.88 98.87 

MW 13 MW 13 1950.00 1.76 0.05 0.12 0.42 2.37 97.21 

MW 14 MW 14 

MW 15 

2597.00 0.51 0.32 ---- ---- ---- ---- 

MW 15 2668.00 0.24 0.06 ---- ---- ---- ---- 

MW 16-1 

MW 16 

1979.24 1.27 0.99 0.06 8.25 1.69 90.06 

MW 16-2 1981.50 4.76 0.31 1.27 2.58 7.32 90.10 

MW 16-3 1981.72 2.16 0.18 1.60 1.50 4.31 94.19 

MW 17 MW 17 1332.69 4.25 0.10 0.62 0.83 6.04 93.13 

MW 18 MW 18 1445.00 2.00 0.33 0.12 2.75 2.68 94.57 
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A total of 23 clay-rich core samples usually shales or siltstones (see Xu et al., 2019; Li et al., 2020) 

has been collected from 18 wells drilled at several locations in the mid-western Ordos Basin at a depth 

interval between 1332.69 m and 2702.50 m (well positions are shown in Fig. 3.1b, Table 3.1). 

Macroscopically, the fine- to medium grained shale samples show fine lamination with alternating dark 

and lighter grey layers (Fig. 3.3).  

Each sample was cut into two halves with a diamond rotation saw and subsequently dried at room 

temperature. One half was ground to fine powder as preparation for elemental carbon and sulfur 

analyses, Rock-Eval pyrolysis, and biomarker analysis. The second half was used to prepare polished 

sections for incident light microscopy. Polished sections were prepared on rock pieces cut perpendicular 

to bedding by following the procedures described in detail by Zieger and Littke (2019). 

 

 

Fig. 3.3. Photographs of selected representative core samples. See text for description. 

3.4.2 Elemental carbon and sulfur analysis 

TOC and TIC contents were measured on all samples using a liquid TOC II analyzer (Elementar). 

Aliquots of 100 mg powdered sample were first heated to 550 °C applying a heating rate of 300 °C/min 

and then kept isothermal for 600 s during which the TOC contents were measured. The temperature 

was then increased to 1000 °C and remained constant for 400 s to measure the TIC contents. TOC and 

TIC contents were measured with a non-dispersive infrared detector (NDIR) (detection limit 10 ppm; 
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TOC error 0.6%; TIC error 1.7%) by recording the amounts of carbon dioxide (CO2). The TS contents 

were measured by combusting 100 mg of powdered sample using a Leco S 200 sulfur analyzer 

(precision is <5% error, detection limit 0.001%). More detailed information on the devices and 

measuring procedures can be found in Prinz et al. (2017) and Grohmann et al. (2019). 

3.4.3 Rock-Eval pyrolysis  

Rock-Eval pyrolysis was performed using a Rock-Eval VI instrument (Vinci Technologies) 

following the procedure described in detail in Behar et al. (2001).  

The measured parameters including S1 (volatile hydrocarbon con-tent, mg HC/g rock), S2 

(remaining hydrocarbon generative potential, mg HC/g rock), S3 (CO2 formed by thermal breakdown 

of kerogen, mg CO2/g rock), and Tmax (temperature of maximum pyrolysis yield, °C) were used to 

calculate the hydrogen index (HI =S2/TOC, mg HC/g TOC), oxygen index (OI =S3/TOC, mg CO2/g 

TOC) and production index (PI =S1/(S1 +S2)). 

3.4.4 Organic petrography  

Maceral point counting was performed on a Zeiss Axio Imager inci-dent light microscope operated 

with DISKUS Fossil software (Hilgers) both in white light and in a fluorescence mode at 500 times 

magnifi-cation (50×oil immersion objective). Before each vitrinite reflectance (VRr) measurement, a 

yttrium-aluminum-garnet standard (0.889% reflectance) was used to calibrate the instrument. 100 

randomly ori-ented vitrinite particles were measured per sample whenever possible, according to ISO 

7404-5. The maceral composition was determined based on the principles described in Taylor et al. 

(1998), with macerals being assigned according to the ICCP system 1994 (ICCP, 1998; ICCP, 2001; 

Pickel et al., 2017). On the same microscope, diameters of all present pyrite framboids were measured 

on 10 representative areas of 250 ×150 μm per sample by using a digital measuring device imple-mented 

in the Fossil software. 

3.4.5 Molecular geochemistry  

Based on TOC contents, 4–6 g of pulverized sample was extracted by accelerated solvent 

extraction (ASE) with dichloromethane (DCM, 40 mL). Activated copper and sodium sulfate were used 

to reduce the elemental sulfur and water contents prior to fractionation. Extracts were separated into 

three fractions by column chromatography using an activated micro column packed with silica gel (2 g) 

and eluents of different polarity: 5 mL n-pentane for the aliphatic hydrocarbons and 5 mL n-

pentane/DCM (40:60, v:v) for the aromatic hydrocarbons. 

Gas chromatography (GC) was performed on aliphatic and aromatic fractions using a Fisons 

Instruments GC 8000 series, equipped with a flame ionization detector (FID), and a 30 m × 0.25 mm 

i.d Zebron ZB-1 fused silica column (0.25 μm film thickness). Hydrogen was used as carrier gas with 

a velocity of approx. 40 cm/s. Chromatographic conditions were set to 270 °C injector temperature, 1 

μL split injection at an initial oven temperature of 60 °C, which was then programmed to 310 °C at a 

heating rate of 5 °C/min, with a final isothermal hold for 20 min.  
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The GC–MS analysis was performed using a quadrupol mass spec-trometer Trace MS 

(Thermoquest) linked to a Mega Series HRGC 5160 gas chromatograph (Carlo Erba, IT) equipped with 

a 30 m × 0.25 mm i. d. x 0.25 μm film Zebron ZB-5 fused silica capillary column. The MS was operated 

in electron ionization (EI+) mode with an ionization energy of 70 eV and an ion source temperature of 

200 °C. Fragmentograms were obtained by selective ion monitoring (SIM) applying 11 and 14 different 

masses for aliphatic and aromatic fractions, respectively. Helium was used as carrier gas with a velocity 

of 30 cm/s. The chromatographic conditions for the aliphatic fraction were 270 °C injector temperature, 

1 μL splitless injection (splitless time of 60 s) at 80 °C (isothermal time 3 min) then programmed at 

10 °C/min to 160 °C, then heating to 320 °C with a rate of 3 °C/min, 20 min isothermal hold. For the 

aromatic fraction, the temperature program started at 80 °C (isothermal time 3 min), followed by heating 

to 320 °C at a rate of 3 °C/min, then keeping this temperature for 20 min. 

All biomarker ratios were calculated from peak areas of specific ion chromatograms. Identification 

of individual compounds was based on the retention properties of standards and comparison of elution 

orders with published gas chromatograms. Evaluations were performed for terpanes (m/z 191) and 

steranes (m/z 217) in the aliphatic fraction as well as naphthalenes (m/z 128 +142 +156 +170 +184), 

phenanthrenes (PHE, m/z 178 +192 +206), dibenzothiophenes (DBT, m/z 184 +198 +212), 

methylbiphenyls (m/z 168), biphenyl (BP, m/z 154), diphenylmethane (DPM, m/z 168), and 

dibenzofurane (DBF, m/z 168) in the aromatic fractions. 

3.5 Results 

3.5.1 Elemental carbon and sulfur composition  

The TOC contents of the samples range from 0.24% to 24.83% (mean value =2.72%, Table 3.1) 

and TIC and TS contents from 0.02 to 1.38% (avg. 0.24%) and 0.06 to 6.51% (avg. 0.65%), respectively 

(Table 3.1). Based on elemental carbon and sulfur contents, the three major sedi-mentary components 

including original OM (OM* =OM before sulfate reduction), carbonate (CAR) and silicate (SIL) were 

calculated according to the following formulas originally presented by Littke (1993): 

CAR = TIC × 8.333, assumingthat carbonateis presentas calcite (3.1)  

Corg* = TOC + 2 × TS × MC/MS (3.2)  

OM* = Corg* × 100/COM (3.3)  

SIL = 100 ‒ (OM* + CAR) (3.4)  

Where Corg* is the original organic carbon weight percentage prior to sulfate reduction; MC and MS 

are the molecular masses of carbon and sulfur, respectively; and COM corresponds to the carbon content 

of primary OM (here: 78%; Littke 1993). The results indicate that the analyzed shales are clearly 

dominated by silicates with values ranging from 50.4% to 98.87% (93.4% on average), whereas 

carbonate and OM* contents range from 0.17 to 11.5% (avg. 2.0%) and from 0.56 to 38.1% (avg. 

4.72%), respectively (Table 3.1). 
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3.5.2 Rock-Eval pyrolysis  

 

Fig. 3.4. Plots of Tmax versus HI (a) and PI (b), showing kerogen types and hydrocarbon potential for 

the samples from the Chang 7 Member. 

Table 3.2. Rock-Eval pyrolysis data of the Chang 7 Member samples. 
Sample 

ID 

S1 (mg 

HC/g rock) 

S2 (mg HC/g 

rock) 

S3 (mg CO2/g 

rock) 
PI 

Tmax 

(ºC) 

HI (mg HC/g 

TOC) 

OI (mg CO2/g 

TOC) 

MW 1-1 0.14 0.79 0.21 0.15 451 126 27 

MW 1-2 0.78 7.73 0.14 0.09 444 172 3 

MW 2 0.22 3.40 0.24 0.06 443 209 15 

MW 3 ---- ---- ---- ---- ---- ---- ---- 

MW 4 0.13 0.65 0.11 0.17 444 147 26 

MW 5 0.63 3.45 0.38 0.15 439 131 14 

MW 6 0.16 0.93 0.09 0.15 446 138 13 

MW 7 0.28 0.62 0.20 0.31 431 80 10 

MW 8 0.34 2.42 0.14 0.12 444 167 10 

MW 9 ---- ---- ---- ---- ---- ---- ---- 

MW 10-1 1.07 10.47 0.45 0.09 443 222 4 

MW 10-2 3.61 92.50 1.09 0.04 442 373 4 

MW 11-1 0.16 0.84 0.15 0.16 461 101 18 

MW 11-2 0.19 1.28 0.21 0.13 456 97 16 

MW 12 0.26 1.06 0.11 0.20 444 154 17 

MW 13 0.26 1.49 0.41 0.15 447 84 23 

MW 14 ---- ---- ---- ---- ---- ---- ---- 

MW 15 ---- ---- ---- ---- ---- ---- ---- 

MW 16-1 3.70 4.03 0.20 0.48 429 317 15 

MW 16-2 1.59 10.39 0.23 0.13 436 218 5 

MW 16-3 0.70 5.63 0.15 0.11 445 261 7 

MW 17 2.23 10.59 0.25 0.17 449 249 6 

MW 18 0.39 2.39 0.28 0.14 454 120 14 
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Rock-Eval pyrolysis is generally used to evaluate kerogen characteristics including hydrocarbon 

generation potential, kerogen type, and thermal maturity (Fig. 3.4, Lafargue et al., 1998). For the 

samples studied, S1 and S2 values range from 0.13 to 3.70 (mean value = 0.89 mg HC/g rock) and from 

0.62 to 92.50 (mean value = 8.46 mg HC/g rock; Table 3.2), respectively. S3 values range from 0.09 to 

1.09 mg CO2/g rock (0.27 on average). Hydrogen index (HI) values which are affected by the type and 

maturity of OM and, in turn, indicate the quality of kerogen, vary between 80 and 373 mg HC/g TOC 

with an average value of 177. Tmax values of the studied samples range between 429 °C and 461 °C with 

an average of 445 °C indicating thermal maturity within the oil window. PI values, indicating both 

maturity and impregnation or migration loss for source rocks, vary from 0.04 to 0.48 (mean = 0.16). 

3.5.3 Organic petrography  

Table 3.3. VRr values, maceral compositions (percentages based on whole rock samples), and minimum 

(min.), maximum (max.) as well as average (ø) diameters of pyrite framboids of the Chang 7 Member 

samples. Std = standard deviation, sk = skewness, n = number of framboids measured. 

Sample 

ID 

VRr 

(%) 

Maceral composition (vol.%) Framboidal pyrite diameters (µm) 

Vitrinite Liptinite Inertinite 
Solid 

bitumen 

Total 

OM 
min. max. ø std sk n 

MW 1-1 0.88 1.7 0.2 0.3 0.1 2.2 ---- ---- ---- ---- ---- ---- 

MW 1-2 0.88 4.8 0.2 0.1 0.0 5.1 2.5 32.1 11.5 4.3 1.0 313 

MW 2 0.69 8.9 0.4 0.6 1.3 11.2 4.1 37.1 14.9 10.2 0.9 221 

MW 4 0.80 1.0 0.1 0.1 0.0 1.2 3.0 44.2 9.1 4.4 2.7 213 

MW 5 0.71 0.8 0.1 0.3 0.3 1.6 2.2 29.1 8.9 4.6 1.6 214 

MW 6 0.80 1.4 0.0 0.3 0.0 1.7 2.3 19.3 7.5 3.2 1.4 206 

MW 7 0.70 1.1 0.1 0.1 0.2 1.6 ---- ---- ---- ---- ---- ---- 

MW 8 0.70 2.2 0.3 0.8 0.1 3.4 2.6 37.9 10.1 6.0 2.2 214 

MW 10-1 0.76 1.3 0.5 0.4 0.1 2.3 2.4 35.0 10.4 6.3 0.8 224 

MW 10-2 0.77 31.4 5.1 0.2 2.1 38.8 1.8 34.0 9.8 4.8 1.4 242 

MW 11-1 0.82 2.1 0.2 0.1 0.0 2.5 2.6 43.2 7.6 4.0 4.3 222 

MW 11-2 0.82 4.6 0.2 0.2 1.1 6.2 3.2 27.2 10.9 4.7 1.0 242 

MW 12 0.68 1.6 0.3 0.0 0.2 2.1 ---- ---- ---- ---- ---- ---- 

MW 13 0.85 2.8 0.0 0.9 0.5 4.3 ---- ---- ---- ---- ---- ---- 

MW 16-1 0.70 0.2 0.0 0.1 0.2 0.5 ---- ---- ---- ---- ---- ---- 

MW 16-2 0.71 3.1 0.2 0.0 0.0 3.3 2.9 31.7 11.8 5.8 0.8 325 

MW 16-3 0.78 1.0 0.4 0.2 0.1 1.6 1.9 17.9 6.0 2.9 1.4 211 

MW 17 0.78 2.6 2.2 1.1 0.5 6.4 2.8 40.9 12.3 5.9 1.5 273 

MW 18 0.84 3.5 0.5 0.2 0.2 4.4 3.7 28.1 8.1 2.9 2.5 216 

 

The analyzed samples are rich in autochthonous vitrinite particles which were used to measure 

vitrinite reflectance (VRr) and thus to assess thermal maturity. VRr of the studied samples varies 

between 0.68% and 0.88% VRr (0.77% VRr on average, Table 3.3). The volumetric percentage of OM 

observed in the samples varies between 0.5 vol% (MW 16–1) and 38.8 vol% (MW 10–2). Sample MW 

10–2 is especially rich in vitrinite (31.4 vol% of the whole rock, Table 3.3). Vitrinite particles (Fig. 3.5a) 

are abundant in all the samples analyzed, accounting for between 40.0% and 94.1% of the total macerals 

counted. The input of OM with terrestrial plant origin is further illustrated by the presence of inertinite 

in most samples (Fig. 3.5b and c), occurring as small detrital particles or in form of semifusinite or 

fusinite. Solid bitumen occurs either in-between mineral grains or as fillings of empty cell lumens in 

structured inertinite particles (Fig. 3.5c) and is observed almost in all samples, but not in high quantity. 

Liptinite is mainly submicroscopic, finely dispersed within the mineral matrix, showing a slight 

yellowish fluorescence. The liptinite macerals accounting for the determined volumetric percentages 
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are either liptodetrinite or lamalginite (Fig. 3.5d). A common feature of the samples are calcareous 

fossil shell remains with varying shapes. Some of these are perfectly round (Fig. 3.5e and f). Pyrite is 

abundant in all Chang 7 Member samples (Fig. 3.5a, c and e), occurring either as assemblages of 

recrystallized framboids (Fig. 3.5c, upper left corner), as framboidal pyrites surrounded by OM (Fig. 

3.5a) or as euhedral crystals. The variation in sizes of pyrite framboids is large, with diameters ranging 

from around 2 μm to > 40 μm (6.0–14.9 μm on average; Table 3.3). 

 

Fig. 3.5. Photomicrographs representative of the organic matter in the Chang 7 Member source rocks 

under incident white light (a, b, c, e) and in fluorescence mode (d, f). Showing (a) vitrinite (V) with 

framboidal pyrite (P) (MW 1-2), (b) semifusinite (I) (MW 13), (c) fusinite (I) with solid bitumen (SB) 

filling empty cell lumens, (d) lamalginite (L) and finely dispersed liptinite within the mineral matrix, (e) 

circular, calcareous fossil remains in white light and (f) in fluorescence mode. 
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3.5.4 Molecular geochemistry  

3.5.4.1 Acyclic alkanes  

 

 

Fig. 3.6. (a, b) Gas chromatograms; (c, d) m/z 191 mass fragmentograms (hopanoids); (e, f) m/z 217 

mass fragmentograms (steranes) of the aliphatic fractions (samples MW 2 and MW 17), and (g) total 

ion chromatogram (TIC) of the aromatic fraction (sample MW 17). See Appendix (Table A3.1) for 

detailed peak identification. 
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Acyclic alkanes in the range of n-C9 to n-C37 are characterized by bimodal distributions in most 

samples (Fig. 3.6a and b), but some samples show unimodal distributions with higher proportions in 

the low- molecular weight n-alkanes (Fig. 3.7a) with maximum peaks occurring at n-C15 and n-C17 for 

most samples (Fig. 3.6a, b; Table 3.4).  

 

Table 3.4. Biomarker parameters of acyclic alkanes of the source rocks from the Chang 7 Member. Pr 

= pristane; Ph = phytane; CPI = 2 ×∑odd n-C23–29/(∑even n-C22–28 + ∑even n-C24–30); OEP = (n-C21 

+ 6 × n-C23 + n-C25)/(4 × n-C22 + 4 × n-C24); WI= ∑n-C21-31/∑n-C15-20; TAR = (n-C27 + n-C29 + n-

C31)/(n-C15 + n-C17 + n-C19); Paq = (n-C23 + n-C25)/(n-C23 + n-C25 + n-C29 + n-C31).  

 

CPI values (carbon preference index; Bray and Evans 1961) vary from 1.10 to 1.33 and OEP values 

(odd-to-even predominance; Peters and Moldowan 1993) range from 0.96 to 1.10 (Table 3.4). Pristane 

(Pr) and phytane (Ph) are the dominant acyclic isoprenoids. The Pr/Ph ratio ranges from 0.48 to 5.03 

(Table 3.4; Peters et al., 2005). Their concentrations are in most cases lower than those of the adjacent 

n-alkanes, i.e. Pr/n-C17 and Ph/n-C18 values are in the range of 0.15–1.64 and 0.15–1.10, respectively 

(Table 3.4). The iso-alkanes norpristane and farnesane are also abundant in all samples (Figs. 6a, b). 

The n-C17/n-C27 ratios, indicating the relative abundance of marine/aquatic over higher land plant 

derived OM (Eglinton and Hamilton 1967; Guenther et al., 2013; Rodrigues et al., 2016), varies from 

0.75 to 28.08 (Table 3.4). Correspondingly, the terrigenous/aquatic ratio (TAR; Bourbonniere and 

Meyers, 1996) is lower than 1.00 (0.04–0.57) except for sample MW 16–1 (TAR = 1.09; Table 3.4). 

The proxy ratio on the relative input of submerged/floating macrophytes compared to phytoplankton 

plus higher land plants (Paq; Ficken et al., 2000) varies between 0.10 and 0.84 (0.72 on average, Table 

3.4). The waxiness index (WI; Peters et al., 2005) reflecting the contribution of terrestrial plants to the 

OM ranges between 0.22 and 2.18 (Table 3.4). 

Sample 

ID 

Distribution of n-alkanes (%) Pr/ 

Ph 

Pr/ 

n-C17 

Ph/ 

n-C18 

n-C17/ 

n-C27 
CPI OEP WI TAR Paq 

n-C10-20 n-C21-25 n-C26-35 

MW 1-1 76 15 9 1.99 0.40 0.30 4.71 1.15 1.04 0.50 0.13 0.81 

MW 1-2 64 22 14 4.01 0.93 0.26 2.05 1.15 0.96 1.04 0.34 0.75 

MW 2 52 24 24 5.03 1.64 0.35 1.36 1.23 1.04 1.27 0.57 0.63 

MW 4 60 20 20 1.81 0.46 0.39 2.50 1.11 1.06 0.81 0.32 0.71 

MW 5 76 15 9 1.78 0.48 0.39 5.79 1.16 1.03 0.41 0.13 0.72 

MW 6 79 13 7 1.82 0.43 0.40 5.51 1.19 1.09 0.46 0.13 0.77 

MW 7 61 24 15 1.60 0.60 0.46 2.19 1.17 1.02 1.02 0.34 0.77 

MW 8 86 9 6 1.70 0.44 0.44 12.01 1.10 1.10 0.22 0.07 0.72 

MW 10-1 87 9 4 1.26 0.22 0.21 10.02 1.33 0.98 0.34 0.32 0.10 

MW 10-2 90 7 2 1.07 0.15 0.19 28.08 1.14 1.05 0.22 0.04 0.73 

MW 11-1 72 18 10 1.19 0.30 0.27 2.70 1.22 1.01 0.84 0.29 0.73 

MW 11-2 75 16 9 2.23 0.62 0.38 4.11 1.26 1.02 0.60 0.18 0.76 

MW 12 30 35 35 2.65 0.98 0.51 0.75 1.27 1.03 0.71 0.25 0.72 

MW 13 85 11 4 2.16 0.50 0.36 14.83 1.22 1.04 0.27 0.05 0.84 

MW 16-1 67 20 13 0.48 0.67 1.10 3.34 1.17 1.06 2.18 1.09 0.62 

MW 16-2 75 19 7 0.81 0.52 0.75 6.14 1.16 1.07 0.53 0.11 0.82 

MW 16-3 62 26 13 0.79 0.44 0.63 3.30 1.18 1.03 0.82 0.22 0.80 

MW 17 66 24 10 1.46 0.26 0.19 4.23 1.11 1.04 0.65 0.16 0.80 

MW 18 87 10 3 3.63 0.43 0.15 12.23 1.11 1.03 0.29 0.05 0.84 
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Fig. 3.7. Ternary diagrams showing (a) the n-alkane distributions and (b) the proportions of 

phenanthrene (PHE), dibenzofuran (DBF), and dibenzothiophene (DBT) of the Chang 7 Member 

samples. 

3.5.4.2 Terpanes 

Tricyclic terpanes (C19-C26 Tri), C24 tetracyclic terpane (C24 Tet) and pentacyclic terpanes (hopanes) 

are widely distributed in all samples (Fig. 3.6c and d). The concentrations of C19 Tri and C24 Tet show 

large variations compared to the C19/C23 Tri and the C24 Tet/(C24 Tet +C23 Tri) ratios, ranging from 0.23 

to 2.42 and from 0.19 to 0.72, respectively (Table 3.5). The C22/C21 Tri (0.15–3.32) and the C24/C23 Tri 

(0.47–0.87) ratios are rather variable (Table 3.5). Large variations between the sam-ples are further 

observed in the ratio of C26/C25 Tri (1.03–7.83).  

The Ts/(Ts +Tm) ratio, applied as a thermal maturity parameter (Seifert and Moldowan 1978), 

ranges from 0.24 to 0.90. Besides Ts, other diahopanes, especially C30 diahopane (C30* DH), are 

observed in the source rocks studied (Fig. 3.6c, d). Nor-moretane (C29 M) and moretane (C30 M) are 

thermally less stable than C29 nor-hopane (C29 H) and C30 hopane (C30 H) (George et al., 2001). The 

ratios of C30 H/(C30 H +C30 M) (0.89–0.95) and of C29 H/(C29 H +C29 M) (0.81–0.94) are close to or 

even exceed the respective equilibrium level (George et al., 2001). The Gam content is generally low 

as reflected by Gam/C30 hopane ratios < 0.20 (Fig. 3.6c and d, Table 3.5).  

The 22S/(22S +22R) ratios for C31 and C32 homohopanes range from 0.44 to 0.61 and from 0.56 

to 0.65, respectively (Table 3.5).  

C30 H is more abundant than C31 22R hopanes; i.e. ratios of C31 22R/ C30 hopane (0.11–0.42) are 

<1 for the samples analyzed (Fig. 3.6c and d; Table 3.5). The samples are characterized by low C35 

homohopane con-tents as indicated by homohopane index values (HHI, C35/∑C31-35 22S and 22R 

homohopanes; Peters and Moldowan 1991) and C35/C34 22S and 22R homohopane ratios of less than 

one (Table 3.5). 
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3.5.4.3 Steroids 

The concentration of steranes is lower than that of hopanes with the steranes/hopanes ratio ranging 

from 0.13 to 0.61 (Table 3.5). The sterane distributions are shown in Fig. 3.6e and f; they are 

characterized by higher proportions of C29 (41–71%) compared to C27 (14–35%) and C28 (9–31%) ααα 

20R steranes (Table 3.5). The C29 ααα 20S/(20S +20R) ratio (Seifert and Moldowan 1986) ranges from 

0.38 to 0.61 (Table 3.5). 

The C29 ββ/(ββ +αα) ratio ranges from 0.42 to 0.60 (Table 3.5). Equilibrium point for this ratio is 

reached at values of 0.67–0.71 cor-responding to around 0.9% VRr (Seifert and Moldowan 1986). 

C27 diasteranes are recognized in all samples but their abundances show large variations; the C27 

diasteranes/(diasteranes +regular ster-anes) ratio varies from 0.15 to 0.43 (Fig. 3.6e and f; Table 3.5). 

Sample MW 17, for example, with a high abundance of C27 diasteranes also shows a marked 

contribution of short-chain C21–C22 steroids (pregnane and homopregnane) in comparison to sample MW 

2 (Fig. 3.6e and f). Pregnane is here more abundant than homopregnane with pregnane/homopreg-nane 

ratio values ranging from 1.72 to 4.24 (Table 3.5). 

3.5.4.4 Aromatic hydrocarbons 

The selected mass fragmentograms of the aromatic fraction from sample MW 17 are exemplarily 

shown in Fig. 3.6g. The samples are characterized by the predominant presence of 2-methylnaphthalene 

(2-MN), phenanthrene (PHE) and/or trimethylnaphthalenes (TMNs), whereas the proportions of sulfur-

containing compounds such as dibenzothiophene (DBT) are low (DBT/PHE ratios are 0.01–0.14; Table 

3.6). 

The distributions of methylnaphthalenes, ethylnaphthalene (EN) and dimethylnaphthalene (DMN) 

isomers show that 1-MN is less abundant than 2-MN in all samples (Fig. 3.6g). There is a predominance 

of 2-EN over 1-EN. The most predominant compound in the TMN homologues is 1,3,6- TMN, while 

1,2,4-TMN and 1,4,5-TMN have the lowest abundances in most samples. The tetramethylnaphthalenes 

(TeMNs) distribution is characterized by the predominance of 1,3,6,7-TeMN and 1,2,5,7- +1,3,6,8-

TeMN. The methylphenanthrenes (MPs) distribution indicates that 9-MP is dominant while a 

predominance of 2-MP can be observed in some samples. With respect to dimethylphenanthrenes 

(DMPs), the studied samples are characterized by a relatively high abundance of 1,3- +3,9- +3,10- 

+2,10-DMP. The distribution of methylbiphenyls (MBPs) in all samples is similar: 3-MBP is most 

abundant followed by 4-MBP. The distribution of dimethyldibenzothiophenes (DMDBTs) shows that 

3,6- DMDBT is present in relatively high amounts in most samples, but 2,7- +3,7- +2,8-DMDBT or 

4,6-DMDPT are predominant in individual samples such as MW 2, MW 7 and MW 11–2. 

The normalized distribution of PHE, DBF, and DBT shows that PHE occurs in highest relative 

concentration (71.63%–91.63%) followed by DBF (2.42%–23.15%) and DBT (3.43%–10.95%) (Fig. 

3.7b; Table 3.6).  



59 

 

 

T
a

b
le 3

.6
. P

a
ra

m
eters o

f th
e a

ro
m

a
tic fra

ctio
n

s a
n

d
 co

rresp
o
n
d
in

g
 ca

lcu
la

ted
 vitrin

ite reflecta
n
ces fo

r th
e C

h
a

n
g
 7

 M
em

b
er sa

m
p
les. 



60 

 

T
N

R
-1

: 
tr

im
et

h
y

ln
ap

h
th

al
en

e 
ra

ti
o

 1
 (

2
,3

,6
-T

M
N

/[
1

,4
,6

- 
+

 1
,3

,5
-T

M
N

])
. 

A
le

x
an

d
er

 e
t 

al
.,

 1
9

8
5

. 

T
N

R
-2

: 
tr

im
et

h
y

ln
ap

h
th

al
en

e 
ra

ti
o

 2
 (

2
,3

,6
- 

+
 1

,3
,7

-T
M

N
/[

1
,4

,6
- 

+
 1

,3
,5

- 
+

 1
,3

,6
-T

M
N

])
. 
R

ad
k

e 
et

 a
l.

, 
1

9
8

6
. 

V
R

T
N

R
-2

: 
ca

lc
u

la
te

d
 r

ef
le

ct
an

ce
 f

ro
m

 T
N

R
-2

 (
0

.6
0

 ×
 T

N
R

-2
 +

 0
.4

0
).

 R
ad

k
e 

et
 a

l.
, 
1

9
9

4
. 

T
M

N
R

: 
tr

im
et

h
y

ln
ap

h
th

al
en

e 
ra

ti
o

 (
1

,3
,7

-T
M

N
/[

1
,3

,7
-T

M
N

 +
 1

,2
,5

-T
M

N
])

. 
v

an
 A

ar
ss

en
 e

t 
al

.,
 1

9
9
9

. 

T
eM

N
r-

1
: 

te
tr

am
et

h
y

ln
ap

h
th

al
en

e 
ra

ti
o

 1
 (

2
,3

,6
,7

-T
eM

N
/1

,2
,3

,6
-T

eM
N

).
 G

eo
rg

e 
et

 a
l.

, 
1
9

9
6

. 

T
eM

N
r-

2
: 

te
tr

am
et

h
y

ln
ap

h
th

al
en

e 
ra

ti
o

 2
 (

1
,3

,6
,7

-T
eM

N
/[

1
,3

,6
,7

- 
+

 1
,2

,5
,6

-T
eM

N
])

. 
v

an
 A

ar
ss

en
 e

t 
al

.,
 1

9
9

9
. 

M
P

I-
1

: 
m

et
h

y
lp

h
en

an
th

re
n

e 
in

d
ex

 1
 (

1
.8

9
 ×

 [
3

-M
P

 +
 2

-M
P

]/
[P

 +
 1

.2
6
 ×

 (
9

-M
P

 +
 1

-M
P

)]
).

 C
as

sa
n

i 
et

 a
l.

, 
1

9
8

8
. 

V
R

M
P

I-
1
: 

ca
lc

u
la

te
d

 r
ef

le
ct

an
ce

 f
ro

m
 M

P
I-

1
 (

0
.6

0
 ×

 M
P

I-
1

 +
 0

.4
0
).

 R
ad

k
e 

an
d

 W
el

te
, 

1
9
8

3
. 

M
P

D
F

: 
m

et
h

y
lp

h
en

an
th

re
n

e 
d
is

tr
ib

u
ti

o
n

 f
ra

ct
io

n
 (

[3
-M

P
 +

 2
-M

P
]/

R
M

P
s)

. 
C

as
sa

n
i 

et
 a

l.
, 

1
9

8
8

. 

V
R

M
P

D
F
: 

ca
lc

u
la

te
d

 r
ef

le
ct

an
ce

 f
ro

m
 M

P
D

F
 (

2
.2

4
2

 ×
 M

P
D

F
-0

.1
6
).

 K
v

al
h

ei
m

 e
t 

al
.,

 1
9

8
7

. 

M
B

P
R

: 
m

et
h

y
lb

ip
h

en
y

l 
ra

ti
o

 (
3

-M
B

P
/2

-M
B

P
).

 A
le

x
an

d
er

 e
t 

al
.,

 1
9
8

6
. 

M
D

R
: 

m
et

h
y

ld
ib

en
zo

th
io

p
h

en
e 

ra
ti

o
 (

4
-M

D
B

T
/1

-M
D

B
T

).
 R

ad
k

e 
et

 a
l.

, 
1

9
8

6
. 

V
R

M
D

R
: 

ca
lc

u
la

te
d

 r
ef

le
ct

an
ce

 f
ro

m
 M

D
R

 (
0

.0
7

3
 ×

 M
D

R
 +

 0
.5

1
).

 K
v

al
h

ei
m

 e
t 

al
.,
 1

9
8

7
. 

D
M

D
R

: 
d

im
et

h
y

ld
ib

en
zo

th
io

p
h

en
e 

ra
ti

o
 (

4
,6

-D
M

D
B

T
/[

3
,6

- 
+

 2
,6

-D
M

D
B

T
])

. 
G

eo
rg

e 
et

 a
l.

, 
2

0
0
1

. 

D
M

P
R

: 
d

im
et

h
y

lp
h

en
an

th
re

n
e 

ra
ti

o
 (

[3
,5

- 
+

 2
,6

- 
+

 2
,7

-D
M

P
]/

[1
,3

- 
+

 3
,9

- 
+

 2
,1

0
- 

+
 3

,1
0

 +
 1

,6
- 

+
 2

,9
- 

+
 2

,5
-D

M
P

])
. 

R
ad

k
e 

et
 a

l.
, 
1

9
8
2

. 

V
R

D
M

P
R
: 

ca
lc

u
la

te
d

 r
ef

le
ct

an
ce

 f
ro

m
 D

M
P

R
 (

1
.1

7
 ×

 l
o
g

1
0

 D
M

P
R

 +
 1

.1
4

).
 R

ad
k

e 
1
9

8
4
. 



61 

 

Moreover, trimethylphenanthrenes (TMPs, m/z = 220); 4-ring polycyclic aromatic PAHs including 

fluoranthene and pyrene (m/z = 202), methylfluoranthenes, benzo[a]fluorene, benzo[b]fluorene, 2- 

methylpyrene, 4-methylpyrene and 1-methylpyrene (m/z = 216); 5-ring PAHs including chrysene (m/z 

= 228); benzo[e]pyrene, benzo[a] pyrene, and perylene (m/z = 252); and 6-ring PAHs including indeno 

[1,2,3-cd]pyrene and benzo[ghi]perylene (m/z = 276) are observed (Appendix Figure A.3.1).  

Various specific aromatic indices which are representative of plant species, depositional 

environment, and thermal maturity are given in Table 3.6 and are discussed in more detail in the 

following sections. 

3.6 Discussion 

3.6.1 Paleo-depositional environment 

The TOC/TS ratios in the Chang 7 Member indicate a non-marine/ freshwater depositional 

environment (Fig. 3.8; after Berner 1984), which is consistent with other data, such as high C26/C25 Tri 

ratios and low C31 22R/C30 H ratios (Peters et al., 2005; Table 3.5). The low amount of gammacerane 

along with Pr/Ph ratios >1 (except for the samples from MW 16 well; Table 3.4) further indicate 

freshwater conditions without any salinity stratification during the deposition of the Chang 7 Member 

(ten Haven et al., 1987; Sinninghe Damst ́e et al., 1995a; Peters et al., 2005). The relatively low C28 

steroid proportion is typical of limnic environments (Volkman, 1986; Peters et al., 2005) and the low 

steranes/hopanes ratio of <1 (Peters et al., 2005) is in agreement with the above stated findings. The 

high abundance of DBF compared to both DBT (Fan et al., 1990, 1991) and MDBTs (Hughes 1984) as 

well as the predominance of MPs over MDBTs (Radke et al., 2000) also indicates that the studied 

samples were deposited under conditions not affected by marine waters. The presence of sufficient iron, 

limiting the sulfurization of OM can be visualized by comparing TS values and DBT/PHE ratios (Fig. 

3.9a; Song et al., 2017). The low organic sulfur contents as reflected by low DBT/PHE ratios of the 

Chang 7 Member shales (Table 3.6) can be explained by the low sulfurization of OM due to the presence 

of iron leading to the utilization of sulfur in the formation of pyrite, which is typically most pronounced 

in freshwater containing little sulfate. Such pattern is often observed in clay-rich source rocks while 

high organic sulfur contents have been reported for carbonate source rocks (Rullk ̈otter et al., 1990; 

Hughes et al., 1995; Barakat and Rullk ̈otter, 1999; Grohmann et al., 2019). 

Applying the paleo-depositional plot after Hughes et al., (1995), which sets the amount of organic 

sulfur in relation to the OM's origin, allows for the classification of depositional setting based on data 

from well-studied source rocks. Fig. 3.9b shows that the analyzed samples of the Chang 7 Member plot 

in the sulfate-poor environments typical for shales deposited as lake sediments. However, Pr/Ph ratios 

reveal some differences for the sample-set analyzed in this study. Samples taken from the well drilled 

in the central part of the former lake (MW 16 well) show distinctly lower values than those originating 

from wells further north (MW 1 and MW 2 wells; Figs. 1b, 9b) which show fluvio-deltaic characteristics. 
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Fig. 3.8. TS vs. TOC indicating depositional environments of the Chang 7 Member source rocks. Data 

of normal marine sediments and Black Sea sediments from Berner and Raiswell, 1983 and Leventhal 

1983, respectively. 

Unlike in marine environments where the TOC content is commonly negatively related to the 

carbonate content but shows positive correla-tion to silicate contents (Sachse et al., 2012a; Bou Daher 

et al., 2015; Ghassal et al., 2018), organic-rich shales which are dominated by silicate minerals with 

sufficient nutrient supply often show a positive relation-ship between TOC values and carbonate 

contents (Rippen et al., 2013). In the shales of the Chang 7 Member, Corg* shows an unclear 

relationship with CaCO3 content (both calculated from measured TOC, TS and TIC), indicating that 

calcareous plankton/bacteria had only little contribution to the OM (Appendix Figure A3.2). 

 

 

Fig. 3.9. Plots of pristane/n-C17 vs. phytane/n-C18 reflecting kerogen type, maturity, and depositional 

environment (after Shanmugam, 1985) (a) and organic carbon content vs. sedimentation rate (modified 

after Littke, 1993) (b). The range of sedimentation rates for the Chang 7 member samples is marked by 

the red area. 

Oxygenated bottom water depositional conditions are supported by the high Pr over Ph ratios 

(Didyk et al., 1978) in most areas except the central part of the studied part of the Ordos Basin, 

represented by sample MW 16 (Fig. 3.1c). The ratio is related to different anaerobic and aerobic 

degradation pathways of the chlorophyll side-chain, but should always be used in combination with 
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other redox proxies, such as TOC/TS ratios (Sachse et al., 2011; Rippen et al., 2013; Song et al., 2014; 

Ghassal et al., 2018). An oxygenated and/or sulfate-depleted depositional environment is further 

indicated by high TOC/TS ratios (1.35–21.17; Fig. 3.8) as well as very low values of HHI and C35/C34 

22S and 22R homohopane (Table 3.5; K ̈oster et al., 1997; Peters et al., 2005; Sachse et al., 2012b). 

Classically, the occurrence of C30* DH (C30* DH/C30 H ratios are 0.06–1.42; Table 3.5) indicates 

deposition in clay-rich settings under oxic or suboxic conditions (Nytoft et al., 2006; Li et al., 2009; 

Baydjanova and George 2019). Such a depositional environment is also demonstrated by the positions 

of the analyzed samples in the Pr/n-C17 vs. Ph/n-C18 diagram (Fig. 3.10a). The samples NW 10–2 and 

NW 16 close to the field of reducing conditions in Fig. 3.10a also show the highest HI values. 

 

 

Fig. 3.10. Results of the pyrite framboids size distribution showing (a) mean framboid diameters vs. 

standard deviation and (b) skewness of diameter distribution (plot after Wilkin et al., 1996). 

The presence of large framboidal pyrites (Figs. 5a, 11) with a general skewness towards larger 

diameters and framboidal pyrite aggregation (Figs. 5c, e) are further indicators of rather oxic conditions 

during the sedimentation of the Chang 7 Member shales (Wilkin et al., 1996). These framboidal pyrites 

can be observed in almost all samples except samples MW–12 and MW–13 (Fig. 3.11). The rather large 

framboidal pyrites as well as fine, dot-like pyrites inserted in or next to OM (Fig. 3.5a) indicate a 

formation during local reducing conditions caused by oxygen depletion via OM degradation at the early 

diagenesis stage (Canfield et al., 1992). Similar findings on shales from the Chang 7 Member have been 

made on other samples from the southwestern Ordos Basin by Yuan et al. (2017), who reported average 

diameters of 10.6 μm to 13.8 μm. 

The paleo-redox conditions concluded from the data presented here are in line with findings made 

by Chen et al. (2019a) who also indicated sub-oxic to oxic conditions during the formation of organic-

rich shales of the Chang 7 Member based on the isotopic composition of nitrogen. 

Usually, in oxic to sub-oxic sub-aquatic environments, a high concentration of well preserved OM 

can only occur in rather calm waters and at high sedimentation rates (Meyers and Ishiwatari 1993; 

Pichevin et al., 2004). The relationship between organic carbon content and sedimentation rate in recent 

and Quaternary sediments is shown in Fig. 3.10b (Littke 1993). For the Chang 7 Member samples, 

considering the original organic carbon content (see eq. 1), sedimentation rates ranging from at least 

1.5 cm/1000 years to more than 1 m/1000 years are expected (red area in Fig. 3.10b). This is consistent 
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with the large range between moderate to high sedimentation rates suggested by Chen et al. (2019b) for 

the Chang 7 Member in the Triassic Ordos Basin. The low HHI values and the decreasing trend from 

C31 to C35 homohopane contents further support a clastic depositional environment for the Chang 7 

Member (Peters and Moldowan 1991; Sinninghe Damst ́e et al., 1995; Waseda and Nishita 1998). 

 

 

Fig. 3.11. Dibenzothiophene/phenanthrene ratio vs. TS values (after Song et al., 2017) (a) and Pr/Ph 

(after Hughes et al., 1995) (b), reflecting depositional environment and lithology of the Chang 7 

Member samples. 

3.6.2 Origin of organic matter  

Microscopy data shows that the OM in the Chang 7 Member is mainly composed of fragments 

(from about 1 to >200 μm) of fusinite and vitrinite (Fig. 3.5a-c) with a small number of algae-derived 

OM, mainly in form of lamalginite (L) and finely dispersed liptodetrinite within the mineral matrix (Fig. 

3.5d). Comparing the volumetric percentages of counted macerals with TOC values, it gets obvious that 

almost all OM is visible in the form of macerals and very little is submicroscopically small. This 

observation is in accordance with the classification of OM as type II-III kerogen derived from Rock-

Eval results (Fig. 3.4a). The contribution of terrestrial derived OM to the Chang 7 Member shales has 

been reported before, as palynomorphs including bisaccate pollen and an Asseretospora-Walchiites 

assemblage (Ji and Meng, 2006; Ji et al., 2010). 

On the other hand, the studied samples are characterized on a molecular level by the predominance 

of short-chain alkanes (n-C10–20) with n-C17 and n-C18 being most pronounced, which is typically 

attributed to algae and cyanobacteria (Hunt 1996), while the relative contribution of long-chained n-

alkanes (n-C26–35) derived from waxes of higher land plants (Eglinton and Hamilton 1967; Killops and 

Killops 2005) is relatively low. Further, the high proportion of short-chain n-alkanes and the absence 

of an unresolved complex mixture in gas chromatograms (Fig. 3.6a, b) indicate that no significant 

biodegradation took place (Hedges et al., 2000; Song et al., 2015a; Ghassal et al., 2018). Only minor 

terrigenous input of OM is expected based on the n-C17/n-C27 ratios and TAR values (Brooks et al., 

1969; Connan and Cassou, 1980; Bourbonniere and Meyers, 1996), and only some of the samples show 

moderate to high (>0.8) WI values which are used as a proxy of a substantial contribution of terrestrial 

OM (Table 3.4). The high Paq values (>0.4; Table 3.4) related to the concentrations of mid molecular 
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weight n-alkanes (n-C21–25) and the second-largest peak of n-C23 and n-C25 in part of the samples (Fig. 

3.6a, b) indicate that submerged macrophytes indeed contributed to the accu-mulated OM. Fig. 3.6a 

and b indicates that emergent aquatic plants (typically producing C25, C27 or C29 n-alkanes during 

diagenesis) and conifers (C27 or C29 n-alkanes) are relatively more important than other woody terrestrial 

vegetation and mangroves (typically producing C29, C31 or C33 n-alkanes; He et al., 2020). However, 

these conclusions drawn by the evaluation of GC-FID data should be taken with caution, since the n-

alkane distribution is easily affected by maturity (Peters et al., 2005). Furthermore, the source 

information from n-alkanes is not always conclusive due to their relatively simple structure and the 

complexity of other components present in waxes (Kolattukudy 1976). For example, the extracts of 

conifer waxes show n-alkanes varying between C16 and C35 with peak carbon varying from C23 to C33 

(Oros et al., 1999), and terrigenous OM producing predominantly short chain n-alkanes has been 

observed in some immature to early mature Cod ó Formation samples in the S ão Luís Basin in Brazil 

(Gonzales et al., 2020). Finally, CPI values of the samples studied here (Table 3.4) are consistent with 

terrestrial OM input, if the maturity stage is considered. Thus, the distribution of n-alkanes (e.g. Fig. 

3.6a) fits well with type II-III kerogen. In fact, for the samples analyzed here, petrographic data (maceral 

composition; Table 3.3) and only moderate HI values not exceeding 400 mg HC/g TOC (Table 3.2) do 

not support such conclusions; the same holds true for the low sterane/hopane ratios (Table 3.5). Steranes 

originate mainly from algae and higher plants, and hopanes originate from the cell material of bacteria 

(Rohmer and Ourisson 1976). In samples dominated by terrigenous OM, there is commonly also a high 

amount of (submi-croscopic) bacterial biomass; therefore sterane/hopane ratios are low. The presence 

of steranes and diasteranes is further regarded as evidence for eukaryotic input (cf. Summons et al., 

2006). A predominance of C27 steranes is characteristic of algal input (Volkman, 2003), whereas a 

strong contribution of C29 steranes is usually associated with terrestrial higher plant (Huang and 

Meinschein, 1979; Moldowan et al., 1986; Volkman, 2003). As shown in Fig. 3.12a, most samples are 

characterized as clay-rich source rocks deposited under oxic conditions with significant terrigenous OM 

input. The ternary diagram of the C27, C28 and C29 ααα 20R steranes distributions (Fig. 3.12b; Huang 

and Meinschein 1979) indicates a mixed OM origin from algae, higher land plants and bacteria 

deposited in a terrestrial environment. Samples interpreted to be deposited under bay/estuary 

environments are mainly concentrated in the northwestern study area, such as samples MW 1–1, MW 

4, and MW 7 (planktonic/bacterial; Fig. 3.12b). High proportions of C19 and C20 Tri further point 

towards a substantial terrestrial OM input into the basin (Peters et al., 2005), whereas C23 Tri is 

predominant in a reducing marine carbonate settings with high contribution of marine OM (Waples and 

Machihara, 1991; Tao et al., 2015). Large variations of C19/C23 Tri and C24 Tet/(C24 Tet +C23 Tri) ratios 

are indicative of a mixed lacustrine aquatic algal-bacterial and terrestrial OM, which is consistent with 

the low to moderate ratios of C24/C23 Tri and low of C22/C21 Tri (Table 3.5) (Peters and Moldowan, 

1993; Preston and Edwards, 2000; Peters et al., 2005; Volk et al., 2005; Adegoke et al., 2014). 
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Fig. 3.12. Plot of (a) C21–22/(C21–22 + C27–29) sterane vs. C27 diasteranes/(diasteranes + regular steranes) 

(modified after Wang et al., 2015) and (b) ternary diagram showing the distribution of C27, C28 and C29 

steranes (modified after Huang and Meinschein, 1979).  

Aromatic hydrocarbons such as 1,7-DMP, 1-MP, and 1,2,5-TMN can originate from conifers, such 

as Araucariaceae resins (Alexander et al., 1988). Such species might have been the primary source for 

the terrestrial OM input into the paleo-lake during the deposition of the Chang 7 Member. The high 

abundances of these compounds in analyzed shales indicate a strong contribution of coniferous plant 

species (Fig. 3.6g). This interpretation is consistent with the assumption that forests surrounding the 

area were indeed dominated by conifers in the mid-latitudes of eastern Asia during the Late Triassic–

Early Jurassic (Pole et al., 2016). In addition, the palynoflora was found to be dominated by bisaccate 

pollen produced by conifers in the Yanchang Formation (Ji and Meng, 2006). Additionally, values of 

the log (1,2,7-TMN/1,3,7-TMN) ratio (see Table 3.6) suggest a lack of contribution of plant matter 

originated from angiosperm species (Strachan, 1988), which is in agreement with the biological 

evolution suggested for the surrounding area at the time of the formation of the Chang 7 Member. 

However, log ratios of 1-MP/9-MP, 1,2,5-TMN/1,3,6-TMN and 1,7- DMP/(1,3- +3,9- +2,10- +3,10-

DMP) which were used as indicators of OM input from coniferous higher plants are well below the 

threshold values suggested by Alexander (1988) (Table 3.6). This might be explained by the 

vulnerability of these parameters to thermal alteration (van Aarssen et al., 1999; Arouri and McKirdy, 

2005), lithology or OM sources (Grice et al., 2007; Alexander et al., 1995; van Aarssen et al., 1999). 

The presence of abundant 1,6-DMN, 1,2,5-TMN and 1,7-DMP is further prove of land plant OM input 

(Romero-Sarmiento et al., 2011). These compounds show high abundances in the Chang 7 Member 

sam-ples (Fig. 3.6g), and the presence of abundant naphthalene, TMPs, chrysene and perylene, etc. are 

typically indicative of terrigenous higher plant input (Chaffee and Johns 1983; Chaffee and Fookes 

1988). The terrestrial nature of the OM is further indicated by PHE relative abun-dances (compared to 

DBF and DBT) exceeding 70% (Table 3.6 and Fig. 3.7b; Radke et al., 2000). 
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The occurrence of PAHs including pyrene, fluoranthene, and chrys-ene can be related to the 

significant presence of fusinite macerals, most particularly pyrofusinite, in the OM (Romero-Sarmiento 

et al., 2011). Inertinite contents of 10.3% on average (on a mineral matter-free basis, calculated from 

Table 3.3), presented by mainly structured, oxidized particles (Figs. 5b,c) in the samples analyzed here, 

combined with the identification of compounds such as benzo[a]pyrene, benzo[e]pyrene, 

benzo[b]fluoranthene, perylene, indeno[1,2,3-cd]pyrene, and benzo [ghi]perylene indicate that 

wildfires occurred close to the examined area (Killops and Massoud 1992; Lima et al., 2005; Huang et 

al., 2015; Jar-oszewicz et al., 2018). These events may be partly related to frequent volcanic eruptions 

that reportedly occurred during the corresponding period of the Chang 7 member deposition in the 

Qinling Mountain area in the southern part of the basin (Fig. 3.1b; Zhang et al., 2017, Zhang et al., 

2020). Moreover, the in part high OM contents of the Chang 7 shales may also be related to re-occurring 

volcanic eruptions and volcanic ash, promoting the prosperity of bacteria and algae resulting in an 

increased primary bio-productivity (Erbacher et al., 1996; Duggen et al., 2007; Olgun et al., 2013). In 

summary, the source-related characteristics of the Chang 7 Member samples indicate a strong 

contribution of terrestrial-derived OM, to a great extent originating from gymnosperms (conifers) as 

well as the contribution of algal-bacterial-macrophytic OM deposited at rather high sedimentation rates 

in a siliciclastic lake environment. Proxies for redox conditions reveal a sulfate poor-lacustrine environ-

ment in the central part of the basin (MW 16 well) and fluvio-deltaic environments northwestward (MW 

1 well). The central part of the study area (location of MW 16 well) shows slightly more reducing bot-

tom water characteristics during deposition (Figs. 1b, 8, 10a). 

3.6.3 Thermal maturity and source rock characteristics 

The VRr and Rock-Eval Tmax values (Fig. 3.13a) indicate a maturity of the samples within the oil 

window, while the shales have not yet reached 50% conversion to petroleum (Fig. 3.4). This 

interpretation is consistent with the following molecular thermal maturity parameters derived from data 

of the aliphatic as well as aromatic fractions. A comparison of the ratios of C29 ααα 20S/(20S +20R) 

and C29 ββ/(ββ +αα) as well as of the terpane ratios of C31 and C32 homohopanes 22S/(22S +22R) 

illustrate a thermal maturity between the early and main oil window (Fig. 3.13b and c; Peters et al., 

2005). Similar maturity conditions can be recognized from the plots of C29 αβ/(αβ +βα) hopane vs. C30 

αβ/(αβ +βα) hopane and CPI vs. OEP (Fig. 3.13d, e). The steroid pregnane has a higher abundance than 

homopregnane (Fig. 3.6f), which is consistent with a peak oil window maturity (George et al., 2008). 

This relatively homogeneous maturity over a wide area corresponds to the rather equal thickness of the 

Triassic Yanchang Formation along the whole Yishan Slope (Fig. 3.1c) and later a rather consistent 

burial over large areas during the Jurassic and Early Cretaceous. The ratio of Ts/(Ts +Tm) vs. C27 

diasteranes/ (diasteranes +regular steranes) (Fig. 3.13f) may indicate a larger variability of maturity, but 

both parameters can be affected by variations in the OM facies (Farrimond et al., 1998; Song et al., 

2015b; Peters et al., 2005; Sachse et al., 2011; Baniasad et al., 2017). 
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Fig. 3.13. Rock-Eval Tmax, vitrinite reflectance and molecular thermal maturity indicators of the Chang 

7 Member samples. (a) Tmax vs. VRr, (b) C29 ααα 20S/(20S + 20R) vs. C29 ββ/(ββ+αα), (c) C31 

homohopane 22S/(22S + 22R) vs. C32 homohopane 22S/(22S + 22R), (d) C29 αβ/(αβ+βα) hopanes vs. 

C30 αβ/(αβ + βα) hopanes (after George et al., 2001), (e) CPI vs. OEP, and (f) Ts/(Ts + Tm) vs. C27 

diasteranes/(diasteranes + regular steranes). E.L. equiv. = equilibration levels equivalent to vitrinite 

reflectance values (taken from Peters et al., 2005).  

Aromatic maturity parameters including MPI-1 (Radke and Welte, 1983), TNR-2 (Radke et al., 

1994) and MDR (Radke et al., 1986) (Table 3.6) indicate that the samples are at the main stage of oil 

generation, while TMNR, TeMNR-1, TeMNR-2 and DMPR indicate somewhat lower, early to peak oil 

window maturities (Table 3.6; van Aarssen et al., 1999; George and Ahmed, 2002) which is in better 

agreement with the VRr and Rock- Eval Tmax data. The MBPR is based on published calibrations 

(Cumbers et al., 1987) and the low values of DMDR based on MDBT are consistent with early to peak 

oil window maturities (Radke 1988; George and Ahmed, 2002). The TNR-1 and MPDF ratios also 
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indicate a peak to late oil window maturity (George and Ahmed, 2002). In summary, various aromatic 

indicators show slight discrepancies, although all values are in line with an oil window maturity (George 

and Ahmed 2002). 

In summary, the thermal maturity data are remarkably uniform within the early oil window stage, 

although the samples were taken from the entire, large western Ordos Basin. Obviously, burial history 

within this area was quite consistent, affecting marginal and central parts in a similar way. 

Regarding their moderate to very high TOC contents and HI values, most samples are 

characterized as good to excellent source rocks, while few samples have poor to fair source rock 

potential (TOC content <1.0% and S1 +S2 content <6 mg/g). The quality of the source rocks is not as 

good as previously reported (e.g. Xu et al., 2019), which might be caused by the sampling locations 

further towards the margin of the basin. Best source rock properties are expected in the area of the 

former central lake. Tmax values and PI ratios (Table 3.2, Fig. 3.4b) imply that most samples can be 

considered as well-drained source rocks which expelled generated hy-drocarbons efficiently to the 

coarse grained sandstone/siltstone intervals nearby (Raji et al., 2015). Unlike other samples, MW 6 and 

MW 16–1 have lower Tmax but high PI values (Fig. 3.4b), which might be caused by natural or artificial 

impregnation. Moreover, high PI values can be caused by the early generation of hetero-compounds 

(Curiale, 1986), which decrease with increasing thermal maturity (Lewan, 1994). In a poorly-drained 

system, expelled hydrocarbons can impregnate the coarser grained laminae (Jarvie 2012; Chen and 

Jiang 2016; Li et al., 2018). In general, the Chang 7 Member is a clay-rich shaly rock (clay mineral 

contents of more than 40%), where sandstone intervals occur in direct vicinity within the same member 

and have been proven as important tight-oil reservoirs (Cui et al., 2019; Xu et al., 2019). The shaly 

intervals might also act as potential shale-oil reservoirs (Chen et al., 2019b). 

3.7 Conclusions 

This study presents new data on organic geochemistry, elemental carbon and sulfur composition, 

Rock-Eval pyrolysis and organic petrography on the Triassic Chang 7 Member in the Yanchang Forma-

tion, an important petroleum source rock in the mid-western Ordos Basin, China. Samples from 18 

different wells have been studied in order to achieve an overview on regional heterogeneity over a large 

area. Thus, this study gives insight into variability of resource potential, paleo-depositional environment, 

as well as origin and maturity of organic matter. 

Multiple parameters, such as TOC/TS, sizes of pyrite framboids and molecular biomarker data 

indicate that the Chang 7 member is a typical clay-rich source rock deposited and preserved in a 

sulphate-poor lacustrine environment in the center of the basin (MW 16 well) and a fluvio-deltaic 

environment northwestward (MW 1 well) under fresh water and oxic to sub-oxic conditions. The MW 

16 well situated close to the center of the former lake shows, however, slightly reducing conditions. 

Organic matter is composed of a Type II-III kerogen. A mixture of lacustrine aquatic algal-bacterial-
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macrophytic organisms and terrigenous higher plants (mainly composed of conifers) was the main 

source of organic matter based on combined organic petrography and biomarkers results.  

The thermal maturity of the Chang 7 Member source rocks reaches the main phase of oil generation 

based on vitrinite reflectance, Rock-Eval and most molecular geochemical data. This small range of 

maturity accords with the thickness distribution of the Triassic, Jurassic and Lower Cretaceous rocks in 

the study area. The study reveals that these source rocks possess good to very good potential for liquid 

hydrocarbon generation, based on the moderate to very high total organic matter content, thickness (up 

to 100 m of source rock within the 60–120 m Chang 7 Member) and Rock-Eval results. 

3.8 Appendix 

 

Figure A3.1. Ion chromatograms (m/z 202, 216, 220, 228, 252, and 276) for representative samples of 

the Chang 7 Member, showing the relative distributions of ≥3 ring aromatic hydrocarbons. 

 

 

Figure A3.2. Triangular plot of the three major sedimentary components (carbonate, silicate, original 

organic matter) of the Chang 7 Member samples. 
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Table A3.1. Identification of terpanes, steranes and aromatic compounds in Fig. 3.6. 
Compound group Peak Abbreviation Biomarker m/z 

Terpane 

A C19Tri C19-tricyclic terpane  

191 

B C20Tri C20-tricyclic terpane  

C C21Tri C21-tricyclic terpane  

D C22Tri C22-tricyclic terpane  

E C23Tri C23-tricyclic terpane  

F C24Tri C24-tricyclic terpane  

G C25Tri C25-tricyclic terpane  

H C24TeT C24-tetracyclic terpane  

I 
C26Tri R  C26-R tricyclic terpane  

C26Tri S  C26-S tricyclic terpane  

J 
C28Tri R C28-R tricyclic terpane  

C28Tri S  C28-S tricyclic terpane  

K 
C29Tri R  C29-R tricyclic terpane  

C29Tri S  C29-S tricyclic terpane  

Hopanes 

L Ts  C27-18α-22,29,30-trisnorneohopane  

M Tm  C27-17α-22,29,30-trisnorhopane  

N C29H C29-17α(H),21β(H)-hopane  

O C30*DH C30-17α(H),21β(H)-diahopane 

P C29M C29-17β(H),21α(H)-hopane 

Q C30H  C30-17α(H),21β(H)-hopane  

R C30M C30-17β(H),21α(H)-hopane 

S 
C31H S  C31-17α(H),21β(H)22S-hopane  

C31H R  C31-17α(H),21β(H),22R-hopane  

T Gam  Gammacerane  

 

U 

C32H S  C32-17α(H),21β(H),22S-hopane  

C32H R  C32-17α(H),21β(H),22R-hopane  

V 
C33H S  C33-17α(H),21β(H),22S-hopane  

C33H R  C33-17α(H),21β(H),22R-hopane  

W 
C34H S  C34-17α(H),21β(H),22S-hopane  

C34H R  C34-17α(H),21β(H),22R-hopane  

X 
C35H S  C35-17α(H),21β(H),22S-hopane  

C35H R  C35-17α(H),21β(H),22R-hopane  

Steranes 

a pregnane 5α,14β,17β(H)-pregnane (diginane)  

217 

b homopregnane 
5α,14β,17β(H)-homopregnane (20-

methyldiginane)  

c C27 βα dia20S 20S-13β(H), 17α(H)-diacholestane 

d C27 βα dia20R 20R-13β(H), 17α(H) -diacholestane 

e C27 αβ dia20S 20R-13α(H), 17β(H)-diacholestane 

f C27 αβ dia20R 20S-13α(H), 17β(H)-diacholestane 

g C27 ααα20S 20S-5α(H), 14α(H), 17α(H)-cholestane 

h C27 αββ20R + C29dβα20S  
20R-5α(H), 14β(H), 17β(H)-cholestane+ 

13β,17α,20S-diastigmastane 

i C27 αββ20S 20S-5α(H), 14β(H), 17β(H)-cholestane 

j C27 ααα20R 20R-5α(H), 14α(H), 17α(H)-cholestane 

k C28 ααα20S  
20S-24-Methyl-5α(H), 14α(H), 17α(H)-

cholestane 

l C28 αββ20R 
20R-24-Methyl-5α(H), 14β(H), 17β(H)-

cholestane 
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m C28 αββ20S  
20S-24-Methyl-5α(H), 14β(H), 17β(H)-

cholestane 

n C28 ααα20R  
20R-24-Methyl-5a(H), 14a(H), 17a(H)-

cholestane 

o C29 ααα20S  
20S-24-Ethyl-5α(H), 14α(H), 17α(H)- 

cholestane 

p C29 αββ20R  
20R-24-Ethyl-5α(H), 14β(H), 17β(H)-

cholestane 

q C29 αββ20S;  
20S-24-Ethyl-5α(H), 14β(H), 17β(H)- 

cholestane 

r C29 ααα20R 
20R-24-Ethyl-5α(H), 14α(H), 17α(H) -

cholestane 

Aromatic 

hydrocarbons 

1 N naphthalene 128 

2 2-MN 2-methylnaphthalene 
142 

3 1-MN 1-methylnaphthalene 

4 BP biphenyls 154 

5 2-EN 2-ethylnaphthalene 

156 

6 1-EN 1-ethylnaphthalene 

7 2,6- + 2,7-DMN 2,6- + 2,7-dimethylnaphthalene 

8 1,3- + 1,7-DMN 1,3- + 1,7-dimethylnaphthalene 

9 1,6-DMN 1,6-dimethylnaphthalene 

10 1,4- + 2,3-DMN 1,4- + 2,3-dimethylnaphthalene 

11 1,5-DMN 1,5-dimethylnaphthalene 

12 1,2-DMN; 1,2-dimethylnaphthalene 

13 2-MBp 2-methylbiphenyl 

168 

14 DPM diphenylmethane 

15 3-MBp 3-methylbiphenyl 

16 4-MBp 4-methylbiphenyl 

17 DBF Dibenzofuran 

18 1,3,7-TMN  1,3,7-trimethylnaphthalene 

170 

19 1,3,6-TMN  1,3,6-trimethylnaphthalene 

20 1,4,6- + 1,3,5-TMN 1,4,6- + 1,3,5-trimethylnaphthalene 

21 2,3,6-TMN  2,3,6-trimethylnaphthalene 

22 1,2,7- + 1,6,7-TMN 1,2,7- + 1,6,7-trimethylnaphthalene 

23 1,2,6-TMN  1,2,6-trimethylnaphthalene 

24 1,2,4-TMN 1,2,4-trimethylnaphthalene 

25 1,2,5-TMN  1,2,5-trimethylnaphthalene 

26 1,4,5-TMN 1,2,3-trimethylnaphthalene 

27 1,3,5,7-TeMN 1,3,5,7-tetramethylnaphthalene 

184 

28 1,3,6,7-TeMN  1,3,6,7-tetramethylnaphthalene 

29 
1,4,6,7- + 1,2,4,6- + 

1,2,4,7-TeMN 

1,4,6,7- + 1,2,4,6- + 1,2,4,7-

tetramethylnaphthalene 

30 1,2,5,7-TeMN 1,2,5,7-tetramethylnaphthalene 

31 2,3,6,7-TeMN 2,3,6,7-tetramethylnaphthalene 

32 1,2,6,7-TeMN  1,2,6,7-tetramethylnaphthalene 

33 1,2,3,7-TeMN 1,2,3,7-tetramethylnaphthalene 

34 1,2,3,6-TeMN  1,2,3,6-tetramethylnaphthalene 

35 1,2,5,6- + 1,2,3,5-TeMN 1,2,5,6- + 1,2,3,5-tetramethylnaphthalene 

36 DBT dibenzothiophene 

37 PHE phenanthrene 178 

38 4-MDBT 4-methyldibenzothiophene 198 
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39 2- + 3-MDBT  2- + 3-methyldibenzothiophene 

40 1-MDBT 1-methyldibenzothiophene 

41 3-MP 3-methylphenanthrene 

192 
42 2-MP  2-methylphenanthrene 

43 9-MP 9-methylphenanthrene 

44 1-MP 1-methylphenanthrene 

45 4,6-DMDBT 4,6-dimethyldibenzothiophene 

212 

46 2,4-DMDBT 2,4-dimethyldibenzothiophene 

47 2,6-DMDBT  2,6-dimethyldibenzothiophene 

48 3,6-DMDBT  3,6-dimethyldibenzothiophene 

49 
2,7- + 3,7- + 2,8- 

DMDBP  
2,7- + 3,7- + 2,8- dimethyldibenzothiophene 

50 1,4- + 1,6- + 1,8-DMDBP  1,4- + 1,6- + 1,8-dimethyldibenzothiophene 

51 1,3- + 3,4-DMDBP  1,3- + 3,4-dimethyldibenzothiophene 

52 1,7-DMDBP  1,7-dimethyldibenzothiophene 

53 2,3- + 1,9-DMDBP  2,3- + 1,9-dimethyldibenzothiophene 

54 1,2-DMDBP 1,2-dimethyldibenzothiophene 

55 3-EP 3-ethylphenanthrene 

206 

56 9- + 2- + 3,6-DMP 9- + 2- + 3,6- dimethylphenanthrene 

57 1-EP 1-ethylphenanthrene 

58 2,6- + 3,5-DMP 2,6- + 3,5-dimethylphenanthrene 

59 2,7-DMP  2,7-dimethylphenanthrene 

60 
1,3- + 3,9- + 3,10- + 2,10-

DMP  

1,3- + 3,9- + 3,10- + 2,10-

dimethylphenanthrene 

61 1,6- + 2,9- + 2,5-DMP  1,6- + 2,9- + 2,5-dimethylphenanthrene 

62 1,7-DMP  1,7-dimethylphenanthrene 

63 1,9- + 4,9- + 4,10-DMP  1,9- + 4,9- + 4,10-dimethylphenanthrene 

64 2,3-DMP  2,3-dimethylphenanthrene 

65 1,8-DMP  1,8-dimethylphenanthrene 

66 1,2-DMP 1,2-dimethylphenanthrene 
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4 High microbial gas potential of Pleistocene lacustrine deposits in the 

central Qaidam Basin, China 

4.1 Abstract 

Thick Pleistocene fine-grained rocks in the central Qaidam Basin, China, are regarded as the 

principal source rocks for microbial gas there. Here, for the first time, a detailed investigation on the 

organic geochemistry and petrology of this sedimentary sequence is presented. Two different, immature, 

lacustrine source rocks facies are present in the study area. Organic facies A samples with high TOC 

(4.1–25.3 wt%) and TS (1.5–3.7 wt%) contents mainly developed under a suboxic to anoxic freshwater 

column at the lake margins. This shallow water fluviolacustrine facies, accounts for only a small 

proportion of the whole sedimentary sequence, but has the highest petroleum generation potential. In 

contrast, organic facies B samples having lower TOC (0.5–1.1 wt%) and TS (0.14–1.0 wt%) contents 

were deposited in a more oxic, brackish-lacustrine water body. However, exceptionally, anoxic 

conditions were present in sediments that were sealed by algae mats. 

The majority of the interval is comprised of gas prone, mixed type II-III kerogen derived mainly 

from aquatic plants. Organic facies A is interpreted to be derived from abundant macrophytes (e.g. non-

marine algae, submerged angiosperms) around the lake margin. By contrast, the organic matter in 

organic facies B mainly stems from saltwater algae, with some additional bacterial contribution. 

Terrestrial higher plants are subordinate in both organic facies. The organic carbon accumulation rate 

was high compared to organic matter-rich Quaternary marine sediments. Cold and dry climate 

conditions and high burial rates favored methanogenesis via carbonate reduction in the sediments. 

4.2 Introduction 

Compared to petroleum and coal, natural gas produces less carbon dioxide during combustion 

(Gustavsson and Sathre, 2006). Thus, in order to reduce emissions, natural gas accumulations became 

an even more important exploration target in the past decades. In addition to conventional gas, 

unconventional natural gas resources such as shale gas, gas hydrates, deep gas, gas in tight sandstones 

and coal-bed methane got more and more into the focus of research and exploration (Littke et al., 2011; 

Weniger et al., 2012; Ni et al., 2013; Ghazwani et al., 2018; Oshima et al., 2019; Qiao et al., 2020). 

Microbial gas resources account for about 20% of the conventional natural gas reservoirs in the 

world (Rice and Claypool, 1981) and may dominate in some unconventional natural gas reservoirs, 

such as gas hydrate (Kvenvolden, 1988) and coal-bed methane (Aravena et al., 2003; Moore, 2012). 

Generally, microbial gas is considered as the product of anaerobic degradation of organic matter (OM) 

at low temperatures, and is typically trapped in relatively shallow and immature sediments (Rice and 

Claypool, 1981). However, the formation of microbial gas under geological settings is a complex 
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process, which is still poorly understood. One fundamental issue in this context is the characterization 

of microbial gas source rocks, which are essential for microbial gas exploration but are only rarely 

documented (Zhang et al., 2014). 

The Qaidam Basin in China features the youngest and largest commercial Quaternary 

accumulation of microbial gas worldwide with a proven reserve of 320 × 109 m3 (Pang et al., 2005; 

Dang et al., 2008). This accumulation is regarded as a typical early generation system due to the short 

depositional time and the young strata (Pang et al., 2005; Dang et al., 2008). Previous climatic studies 

of the Quaternary of the Qaidam Basin mainly concentrated on the pollen composition of sediments 

(Wang et al., 1999) and the stable isotopes of carbonate rocks (Rieser et al., 2009), indicating generally 

cold, extreme evaporative conditions in a closed lacustrine environment, which is further supported by 

widespread salt deposits (Lehmkuhl and Haselein, 2000). This setting is related to the rapid and 

significant uplift movement of the Tibetan Plateau (An et al., 2001) and the land-sea redistribution 

associated with the continental collision of India and Eurasia (Ramstein et al., 1997). Next to tectonic 

processes, climatic conditions can control erosional and depositional processes, and thus the sediment 

input into the basin. Deposition of OM-rich lacustrine mudstones - which act as the primary 

hydrocarbon source rocks in the basin - is closely related to paleoclimatic conditions (Huc, 1988; Jian 

et al., 2013). 

OM is common in fine-grained sediments and derived from either aquatic sources (e.g. algae, 

cyanobacteria and macrophytic organisms) or terrestrial sources (higher land plants, bacteria) 

transported to the site of deposition. Abundance of the latter strongly depends on climate (with a humid 

climate being much more favorable than an arid one) and transport systems (with proximal deposits 

containing much more terrigenous OM than distal ones). Organic petrology can reveal the presence and 

size of higher land plant particles and aquatic OM, but not resolve microbes. Organic geochemistry, 

using the biomarker approach, can give information on the original type of fauna/flora present in the 

environment, as well as on depositional conditions, such as salinity or temperature (Peters et al., 2005). 

For these reasons, biomarkers are regularly used in paleoenvironmental studies (Böcker et al., 2013; 

Song et al., 2015b; Song et al., 2017; Qiao et al., 2021b). 

This study focuses on the interpretation of elemental data on organic and inorganic carbon as well 

as total sulfur, organic geochemical and organic petrographic analysis of Pleistocene source rocks in 

the central Qaidam Basin. These Quaternary microbial gas source rocks have received little attention 

so far, and detailed information on OM quality and quantity, depositional environment, kerogen type 

and the related hydrocarbon generation potential are still missing. The quality and quantity of kerogen 

in the source rocks have been evaluated and the enrichment mechanism of OM as a basis for the 

exploration in the target area is discussed. In this context, also the terrestrial OM input needs to be 

considered. This study documents a case for such depositional settings and provides an example of an 

integrated approach using multiple proxies to analyze factors controlling OM accumulation in lacustrine 

environments. 
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4.3 Geological setting 

 
Fig. 4.1. (a) Schematic map showing the location of the Qaidam Basin in China, (b) its geological 

setting and sample well locations, modified after Bao et al. (2017), and two transects (c and d, modified 

after Zhang et al., 2013a and Qiu et al., 2003). The dashed line with an arrow illustrates the depocenter 

shift during the depositional history of the basin. 

Note: the different well symbols correspond to the different locations. 
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The Qaidam Basin is part of a basin-range system that is located at the northern edge of the Tibetan 

Plateau covering an area of around 120,000 km2, with an altitude up to 2.7–3.5 km above sea level. The 

continental basin formed in the Mesozoic and contains an exceptionally thick Mesozoic-Cenozoic 

sedimentary succession of 3–16 km (Jian et al., 2013) deposited on the basement consisting of igneous 

and meta-morphic rocks (Pang et al., 2005). The basin is surrounded by three mountain ranges with 

altitudes ranging from 4 to over 5 km, which are the Eastern Kunlun Mountain in the south, the Qilian 

Mountain in the east, and the Altyn Tagh Range in the northwest (Fig. 4.1a). The bound-aries of the 

basin are represented by large-scale faults creating a high relief towards these surrounding mountain 

ranges (Fang et al., 2007). 

Tapponnier et al. (2001) considered that the formation of the Qaidam Basin is the result of the 

convergent system in the northeastern Tibetan Plateau. The basin’s Mesozoic tectonic settings are 

affected by the evolution of the Neo-Tethys, Meso-Tethys and the Mongol-Okhotsk Ocean and the 

collisions of related blocks (Gehrels et al., 2011). In the Cenozoic, the tectonic evolution is related to 

the India-Eurasia collision as well as to rise, shortening, thickening, and lateral extrusion of the Tibetan 

Plateau (Harrison et al., 1992; Tapponnier et al., 2001; Royden et al., 2008). In summary, the evolution 

of the basin took place during three tectonic-sedimentary stages: (1) piedmont fault depression stage in 

the Mesozoic; (2) unified depression stage from the Palaogene to Neogene; and (3) subsiding depression 

in the east and cyclic folding in the center and west during the Quaternary (Dang et al., 2008). 

Structurally, the western and southern parts are two Cenozoic de-pressions, and the northern part 

of the basin is a Mesozoic fault-block belt (Pang et al., 2005). During the Jurassic, the depocentres of 

the basin were located in the northern basin and they shifted to the western area during the deposition 

of the Paleogene and Neogene. The depo-centres were eastward-moving during the Pleistocene due to 

the colli-sion with the Indian plate at the end of Neogene (the late Himalayan orogeny) (Pang et al., 

2005). Based on the basement structure and the sedimentary sequence, the Qaidam Basin can be divided 

into four first- order structural units (Fig. 4.1b), which are the north and west Qaidam Uplifts, the 

Yiliping Depression, and the Sanhu Depression (Bao et al., 2017). Further, eleven second-order 

structural units can be distin-guished, which are Sai-Kun Fault Sag, North Kunlun Fault Terrace, 

Mangya Sag, Dafengshan Bulge, South Slope, Sanhu Sag, North Slope, Mahai Salient, Delingha Fault 

Sag, Yuqia-Hongshan Fault Sag, and Gasi Fault Sag (Bao et al., 2017).  

During the early Pleistocene, fluvial-deltaic sediments were depos-ited with abundant terrestrial 

debris. Afterwards, the lake basin reached its climax, with the deposition of dominantly deep-water 

fine-grained argillaceous sediments in the middle Pleistocene. Finally, the central area of the basin was 

continuously elevated due to the influence of the tectonic movement during the late Pleistocene (Dang 

et al., 2008). Quaternary sediments referred as the Qigequan Formation (Q1+2) mostly range from 1.5 to 

2.5 km thick (1.7 km on average, greatest thickness about 3.4 km), with an average sedimentation rate 

of about 0.65 to 0.8 km/Ma. They were mainly deposited in the Sanhu Depres-sion due to uplift in the 
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west and a consequent eastward shift of the depocenter (Fig. 4.1c and d; Dang et al., 2008; Shuai et al., 

2013; Zhang et al., 2013a).  

 

 
Fig. 4.2. Generalized Pleistocene stratigraphic column for the study area (modified after Jian et al., 

2013; Zhang et al., 2013a). 

The Q1+2 Formation is divided into 12 intervals (K0–K13, from top to base) based on seismic 

reflectance features (Zhang et al., 2013a; Fig. 4.2). The middle Pleistocene (K6–K7) deposited at the 

most expansive stage of the Q1+2 Formation corresponds to the Maximum Flooding Surface (MFS) of a 

long-term sequence cycle (Fig. 4.2). The lithology of Q1+2 Formation is dominated by mudstones, silty 

mudstones, muddy lime-stones, and siltstones as well as some thin halite layers varying between 0.1 

and 2.0 m thickness. Due to the influence of the tectonic movements in the late Pleistocene, around 0.5 

km have been eroded along the Sebei- Tainan gas fields during the Holocene, while slightly less 

sediment eroded in the southern part of the Sanhu Depression (Zhang et al., 2013a).  

The seven largest gas fields were all discovered in the central basin and are sourced from and 

trapped in Pleistocene, shallow, near-shore, lacustrine sediments (Fig. 4.1b; Shuai et al., 2013; Zhang 

et al., 2013a; Wang et al., 2015). All these gas fields comprise mainly natural gas produced by microbes 

in reducing, calcareous environments (Whiticar, 1999). 
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4.4 Samples and Methods 

Seventy-three samples of Pleistocene source rocks were collected from seven wells and 30 samples 

were selected to be studied in detail, covering nine different stratigraphic intervals (Fig. 4.2). In 

accordance with observations by Zhang et al. (2014), two main types of source rocks are distinguished 

in the study area based on TOC (total organic carbon) and TS (total sulfur) contents as well as lithology. 

The first type, here defined as organic facies A, comprises samples with high TOC and TS contents 

that are characterized by coarse grain size, poor gradation, with relatively high quartz and feldspar, but 

low clay mineral contents. Organic facies A samples are interpreted as a lacustrine-marginal facies, 

such as shallow water fluvio-lacustrine facies (Zhang et al., 2014). 

The second type, here defined as organic facies B, comprises samples with low TOC and TS 

contents which are commonly characterized by fine grain size, good gradation, with relatively low 

quartz and feldspar, but high clay mineral contents and about 10–22% of authigenic minerals. Organic 

facies B samples are interpreted as lacustrine facies (Zhang et al., 2014). 

The obtained samples were cut from cores and polished sections were made with a size of around 

3–5 cm2. For the geochemical analysis, samples were pulverized using a disc mill. 

In order to evaluate porosity and density, two samples from each organic facies were selected to 

prepare cuboid pieces of known volume. 

Facies A and B accounts for approximately 20 and 70% of the whole Pleistocene interval, 

respectively, while the remaining 10% comprise siltstones, which have not been sampled (Fig. 4.2). 

Due to the high concentration of OM, all organic facies A samples, but only part of the organic facies 

B samples containing much less OM were studied in detail. 

4.4.1 Elemental analysis 

TOC and total inorganic carbon (TIC) contents were determined using a Liqui TOC II analyzer 

(Elementar Analysen System GmbH, Germany) while TS content was measured using a Leco S 200 

sulfur analyzer. Details on the sample preparation, amount of samples, precision and analytical 

procedure are provided in Qiao et al. (2020). In addition to TOC, TIC, TS, the Fe content was 

determined using an ARL Perform’ X 4200 wavelength-dispersive X-ray fluorescence (WD-XRF) 

spectrometer. 

4.4.2 Rock-Eval pyrolysis 

Rock-Eval pyrolysis was performed on a Rock-Eval VI instrument (Vinci Technologies) following 

the standard bulk rock method described by Behar et al. (2001). In an inert nitrogen atmosphere, the 

pyrolysis temperature was set to 300 °C and held for 3 min to release the S1 (volatile hydrocarbon 

content, mg HC/g rock) fraction. Then the oven was heated to 650 °C at 25◦/min to measure the S2 

(remaining hydrocarbon generative potential, mg HC/g rock) fraction. Before the first sample and after 

each four samples, standards and blanks were measured. 
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4.4.3 Organic petrography 

The preparation of the polished sections was based on the procedures described in detail by Zieger 

and Littke (2019). For reflectance measurements and maceral investigation a Zeiss Axio Imager 

microscope was used. A mineral standard of known reflectance (LEUKO-SAPHIR, 0.592%) was used 

for calibration before reflectance was measured at 546 nm in oil immersion. Strictly speaking, the 

maceral group “vitrinite” occurs only from the bituminous coal stage onwards, because the glasslike 

appearance (vitros (Greek) means glass) is not present at lower maturities. Thus, the term huminite is 

applied by coal petrologists. However, in geology and the petroleum industry, where vitrinite 

reflectance is commonly used, the term huminite is hardly known. Thus, in order to avoid confusion, 

the term huminite is used here when talking about the maceral group and “huminite/vitrinite reflectance 

(VRr)” when talking about reflectance. On each sample, at least 100 measurements were randomly 

taken and the mean VRr was calculated using the DISKUS Fossil software (Technisches Büro Carl H. 

Hilgers). Observations on macerals were not only made in reflected white light but also in a fluorescence 

mode at 500 times magnification. Maceral identification and counting follows the international standard 

ICCP system 1994 (ICCP, 1998 and 2001; Pickel et al., 2017; see also Taylor et al., 1998a, 1998b). 

More detailed parameters and introduction of the instrument and the used software are described in 

Zieger and Littke (2019). 

4.4.4 Biomarkers analysis 

4.4.4.1 Extraction and fractionation 

About 5 g of each powdered sample was extracted by accelerated solvent extraction (ASE) using 

a DIONEX ASE 150 instrument (ThermoFischer SCIENTIFIC) with about 10 mL of dichloromethane 

(DCM) at 100 °C and 10 bar for about 15 min. After extraction, the removal of water and elemental 

sulfur were achieved by adding anhydrous sodium sulfate and activated copper powder to the extracts. 

The extracts were subsequently separated into three fractions via column chromatography using 

an activated micro column packed with silica gel, which was activated at 200 °C for 12 h prior to the 

extract separation. Eluents of different polarity were used for fractionation: 5 mL n-pentane for the 

aliphatic hydrocarbons, 5 mL n-pentane/DCM (2:3 V:V) for the aromatic hydrocarbons and 5 mL 

methanol for the NSO components. 

4.4.4.2 GC-FID and GC-MS 

Aliphatic and aromatic hydrocarbon fractions were analyzed by gas chromatography-flame 

ionization (GC-FID) and gas chromatography–mass spectrometry (GC–MS). 

The GC-FID analysis was performed using a Fisons Instruments GC 8000 series, equipped with a 

split/splitless injector and a flame ionization detector (FID), using a Zebron ZB-1 capillary column (30 

m length, 0.25 mm i.d.) with a 0.25-mm coating. The carrier gas was hydrogen at a velocity of approx. 

40 cm/s. GC–MS analyses were performed using a quadrupol mass spectrometer Trace MS 

(Thermoquest), coupled to a Mega Series HRGC 5160 gas chromatograph (Carlo Erba, IT) equipped 

with a Zebron ZB-5 fused silica column (30 m × 0.25 mm ID) with a 0.25-mm coating. The MS was 
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operated in electron ionization (EI+) mode with an ionization energy of 70 eV and a source temperature 

of 200 °C, scanning from 35 to 700 amu at 1 s/decade with an inter-scan time of 0.1 s. The mass 

spectrometer was operated at a source temperature of 200 °C. The carrier gas was helium at a velocity 

of 30 cm/s. 

Chromatographic conditions of GC-FID were: 1 μL split injection at an initial oven temperature 

of 60 °C, then programmed to 310 °C at 5 °C/min, with a final hold at 310 °C for 20 min. For the GC–

MS, full scan analysis was operated on all samples. The GC oven temperature started at 80 °C 

(isothermal time 3 min) with splitless time of 60 s, then heating to 320 °C with a rate of 3◦/min, and 

finally keeping an isothermal time at 320 °C for 20 min. All biomarker ratios were calculated from peak 

areas of the specific ion chromatograms. 

4.4.5 Porosity and density 

In this study, porosity (Φ) was determined on regularly shaped samples by combining grain 

densities from helium expansion (pycnometry) experiments and bulk densities measured on blocks 

gauged by high precision vernier calipers. Samples were first cut into regularly shaped blocks and dried 

in a vacuum oven at 105 °C for 48 h to remove moisture and other sorbed fluids. Then, grain densities 

were measured on a self-customized He-Pycnometer. Details on the experimental set-up, procedure and 

evaluation are presented in Ghanizadeh et al. (2014). The bulk densities were determined by the ratio 

of dry sample weights md (g) and the bulk volumes mv (cm3). 

4.5 Results 

4.5.1 Elemental composition 

Organic facies A samples have high TOC contents of 4.1–25.3 wt% and high TS contents of 1.5–

3.7 wt% while organic facies B samples are characterized by lower TOC contents of 0.5–1.1 wt% and 

TS contents of 0.14–1.0 wt% (Table 4.1). Average TIC contents are lower in organic facies A than in 

organic facies B samples (Table 4.1). The Fe2O3 of the samples are 2.6–5.2 wt% with an average value 

of 3.9 wt% (Table 4.1). 

4.5.2 Rock-Eval pyrolysis 

Both S1 and S2 values in organic facies A samples (0.24–4.4 and 6.2–74.4 mg HC/g rock) are 

higher than those in organic facies B samples (0.08–0.81 and 0.56–3.1 mg HC/g rock). By contrast, 

both average Hydrogen Index (HI) and Tmax (temperature of maximum pyrolysis yield, °C) values are 

similar for the two organic facies with HI values varying between 56 and 493 mg HC/g TOC (200 mg 

HC/g TOC on average) and Tmax values ranging between 341 and 440 °C (411 °C on average). The 

results of Rock-Eval pyrolysis are shown in Table 4.1. 
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Table 4.1. Total organic (TOC) and inorganic carbon (TIC), total sulfur (TS), and Rock-Eval data 

with free hydrocarbons (S1), hydrocarbon generation potential (S2), temperature of the highest 

pyrolysis yield (Tmax) and Hydrogen Index (HI). 

Well 
Interv-

al 

Sample 

ID 

Depth 

(m) 

Organic 

Facies 

TOC 

(wt.%) 

TIC 

(wt.%) 

TS 

(wt.%) 

Fe 

(wt.%) 

S1 

(mg 

HC/g 

rock) 

S2 (mg 

HC/g 

rock) 

Tmax 

(˚C) 

HI 

(mg 

HC/g 

TOC) 

S 1 

K4 

18-850 794.76 B 0.83 1.31 0.77 4.30 0.81 2.79 401 336 

18-853 801.46 A 12.86 0.67 1.67 2.79 0.87 26.30 423 204 

18-856 811.86 B 0.62 0.55 0.46 4.59 0.51 2.54 431 409 

18-857 820.47 B 0.78 1.19 0.24 3.79 0.08 0.49 433 62 

K9 

18-858 1269.00 A 8.86 0.02 1.55 4.26 0.76 25.20 428 284 

18-860 1272.50 B 0.68 1.28 1.02 4.58 0.28 1.46 423 214 

18-861 1279.40 A 25.31 0.02 2.20 2.91 4.42 71.41 412 282 

K10 
18-862 1377.50 A 16.73 0.01 3.72 4.97 1.31 30.92 412 184 

18-864 1380.50 A 6.49 0.02 3.50 5.20 0.38 11.52 410 177 

T 1 K11 

18-867 1697.30 A 4.08 3.86 1.48 2.59 0.24 6.23 433 152 

18-868 1697.50 A 4.15 4.36 1.47 2.77 2.95 4.88 435 118 

18-869 1697.70 A 9.91 0.02 1.77 3.78 0.75 13.68 412 138 

Y 1 K 4 
18-872 124.69 B 0.64 0.02 0.88 4.62 0.57 3.16 431 493 

18-873 124.99 B 0.52 0.37 0.71 5.08 0.24 0.97 438 186 

S 2 

K2 
18-876 534.40 B 0.71 0.93 0.36 3.45 0.28 1.65 432 232 

18-878 543.80 A 8.19 0.02 1.78 3.42 1.44 11.62 413 141 

K3 
18-879 555.10 B 1.11 0.72 0.14 4.82 0.43 3.12 440 280 

18-880 566.10 B 1.10 1.24 0.21 3.95 0.23 1.44 438 130 

K7 18-889 1082.70 B 0.66 0.97 0.78 3.14 0.36 1.76 423 266 

K10 18-892 1313.30 B 0.60 2.11 0.58 3.82 0.64 2.01 428 335 

T 2 K6 
18-894 1266.70 B 1.00 0.49 0.43 5.06 0.14 0.56 407 56 

18-895 1269.90 B 0.70 3.46 0.76 3.62 0.09 0.58 399 82 

H 1 

K4 

18-897 235.10 B 0.79 2.80 0.33 3.08 0.45 1.08 348 136 

18-898 255.90 B 0.70 3.86 0.27 2.84 0.27 1.14 358 162 

18-899 266.40 B 0.74 2.47 0.22 / 0.34 1.75 361 236 

K13 

18-900 982.20 B 0.69 3.38 0.55 3.23 0.25 1.07 421 154 

18-901 985.80 B 0.82 1.86 1.03 3.97 0.13 0.88 415 106 

18-904 1005.90 B 0.85 2.93 0.37 / 0.11 0.78 428 91 

T 3 K6 
18-915 631.30 B 0.49 0.53 0.66 4.47 0.24 1.15 341 235 

18-916 646.11 B 0.77 1.25 0.16 3.91 0.21 0.96 348 125 

HI = hydrogen index (S2 × 100/TOC), mg HC/g TOC. 

 

4.5.3 Organic petrography 

There are numerous autochthonous huminite particles, which can be used to measure VRr. The 

VRr values vary from 0.25 to 0.43% with an average value of 0.35% (Table 4.2). The volumetric 

percentage of OM observed is higher in organic facies A sample sections ranging from 5.9 vol% (18–

868) to 38.9 vol% (18–861) (Fig. 4.3a-f) and lower in organic facies B sample sections ranging from 

1.2 vol% (18–872) to 2.0 vol% (18–901) (Fig. 4.3g-i). Huminite is especially enriched in sample 18–

861 (34.2 vol% of the whole rock counted; Table 4.2). Huminite particles are abundant in all the samples 

analyzed, representing 70 to 92 vol% of the total macerals counted. There are two kinds of huminite in 

organic facies A samples, i) massive, homogeneous huminite (Fig. 4.3a, b), and ii) huminite mixed with 

liptinite (Fig. 4.3e, f). The higher plant contribution to OM is further documented by the occurrence of 

inertinite, either as small detrital particles or as large fusinite (Fig. 4.3c, d) in some samples, although 

its abundance is usually low (0.0–0.8 vol% of whole rock, Table 4.2). Liptinite mainly occurs as 

sporinite (yellowish fluorescence; Fig. 4.3e, f) or resinite and fluorinite (greenish-yellow fluorescence; 
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Fig. 4.3d, f) forming oval to round bodies within densinite (Fig. 4.3f) and fillings of the cell cavities of 

huminite or fusinite (Fig. 4.3d). In organic facies B samples, the huminite appears more broken (Fig. 

4.3g) and inertinite is very rare. As liptinite, only planar lamalginites and liptodetrinite (Fig. 4.3h) with 

yellow fluorescence color are observed in organic facies B samples. 

 

Table 4.2. TOC content, random huminite reflectance (VRr) and maceral composition (percentages 

based on whole rock samples). 

Well Interval 
Sample 

ID 
Depth (m) 

Organic 

facies 

TOC 

(wt.%) 

Rr 

(%) 

Maceral composition (vol.%) 

Huminite Inertinite Liptinite 
Total 

OM 

S 1 

 

K 4 

18-850 794.76 B 0.83 0.36 1.13 0.30 0.60 2.03 

18-853 801.46 A 12.86 0.25 12.16 1.45 0.60 14.21 

18-857 820.47 B 0.78 0.34 1.17 0.09 0.40 1.66 

 

K 9 

 

18-858 1269.00 A 8.86 0.34 11.04 0.22 2.49 13.75 

18-860 1272.50 B 0.68 0.38 1.13 0.11 0.49 1.73 

18-861 1279.40 A 25.31 0.32 34.15 0.18 4.54 38.87 

K 10 
18-862 1377.50 A 16.73 0.26 21.75 0.00 2.87 24.63 

18-864 1380.50 A 6.49 0.35 9.83 0.92 1.79 12.53 

 

T 1 

 

K11 

18-867 1697.30 A 4.08 0.33 6.79 0.19 0.98 7.96 

18-868 1697.50 A 4.15 0.31 5.04 0.05 0.78 5.86 

18-869 1697.70 A 9.91 0.38 15.94 0.29 2.44 18.67 

Y 1 K 4 18-872 124.69 B 0.64 0.42 0.79 0.11 0.34 1.24 

S 2 

K2 18-878 543.80 A 8.19 0.34 9.25 0.22 0.60 10.08 

K3 
18-879 555.10 B 1.11 0.36 0.87 0.10 0.80 1.76 

18-880 566.10 B 1.10 0.34 1.54 0.00 0.20 1.74 

K 10 18-892 1313.30 B 0.60 0.37 0.80 0.20 0.59 1.59 

T 2 K 6 18-894 1266.70 B 1.00 0.40 1.48 0.12 0.31 1.92 

H 1 K 13 
18-901 985.80 B 0.82 0.33 1.26 0.59 0.20 2.04 

18-904 1005.90 B 0.85 0.43 1.28 0.10 0.39 1.77 

 

Pyrite is abundant in most organic facies A samples but rare in organic facies B samples, which is 

consistent with the TS concentration in both organic facies. It occurs either as euhedral crystals (Fig. 

4.3a, c, e, g) or as assemblages of recrystallized framboidal pyrites (Fig. 4.3a, g) inserted in huminite 

or finely dispersed within the mineral matrix.  
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Fig. 4.3. Microphotographs showing macerals in the Pleistocene source rocks under incident reflected 

white light (left columns) and in fluorescence mode (right columns). a-d: sample 18-964, e-f: sample 

18-861, and g-h: sample 18-894. All photomicrographs are at the same scale; the horizontal length is 

around 300 μm. Huminite-vitrinite, Fu-fusinite, Fl- fluorinite, S-sporinite, R-resinite, L-

lamalginite/liptodetrinite, P-pyrite, I-inertinite.  
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4.5.4 Biomarkers analysis 

4.5.4.1 n-Alkanes, acyclic isoprenoids and bicyclic alkanes 

 

 
Fig. 4.4. (a, b) Gas chromatograms, (c, d) mass chromatograms of m/z 191 of the aliphatic fraction 

showing the distribution of terpanes, and (e, f) mass chromatograms of m/z 217 showing the distribution 

of steranes. See Appendix (Table A4.1) for detailed peak identification. 

Figures on the left (a, c, e) represent sample 18-869 (organic facies A), those on the right sample 18-

916 (organic facies B). 

Acyclic alkanes range from n-C10 to n-C40 showing a bimodal distribution with maximum 

concentrations at n-C16, n/i-C17 or n-C18 for the short-chain homologs (< n-C21) and between n-C25 to n-

C27 for the longchain homologs (> n-C25) in most samples (Fig. 4.4a and b). Organic facies A samples 

contain a clear odd n-alkane preference with the carbon preference index (CPI; Bray and Evans, 1961) 

greater than 2.1, while this preference is not obvious in the organic facies B samples (Fig. 4.4a and b; 

Table 4.3). Besides, some OM source indicators show a large difference between these two organic 

facies. TAR (terrigenous/aquatic ratio, Bourbonniere and Meyers, 1996) is higher in the TOC-rich 
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samples, while n-C17/(n-C23 + n-C25 + n-C27) and Paq ratios (Ficken et al., 2000) are higher in the 

samples with low TOC contents (Fig. 4.4a and b; Table 4.3). 

 

Table 4.3. Ratios calculated from distributions of n-alkanes and acyclic isoprenoids. 

Well Interval 
Sample 

ID 

Organic 

facies 

Pr/ 

n-C17 

Ph/ 

n-C18 
Pr/Ph CPI Paq TAR 

n-C17/(n-C23 + 

n-C25 + n-C27) 

HD/

D 

S 1 

K 4 
18-853 A 3.08 1.48 1.79 2.11 0.49 4.54 0.09 2.59 

18-857 B 0.71 0.94 0.84 1.20 0.68 0.34 0.92 3.17 

K 9 

18-858 A 0.71 0.90 1.36 3.53 0.38 2.81 0.25 2.13 

18-860 B 0.88 0.94 1.72 1.53 0.50 0.08 7.34 3.02 

18-861 A 8.71 14.11 0.70 4.60 0.41 8.23 0.06 1.34 

K 10 18-864 A 1.08 2.05 0.87 3.00 0.46 1.45 0.29 2.33 

T 1 K 11 

18-867 A 0.98 4.19 0.46 1.66 0.59 1.97 0.14 1.49 

18-868 A 0.87 2.23 0.59 1.96 0.61 2.26 0.16 2.68 

18-869 A 0.69 0.93 0.86 3.08 0.51 1.08 0.40 2.09 

Y 1 K 4 18-872 B 0.58 0.55 0.97 1.21 0.72 0.23 1.18 4.71 

S 2 

K 2 18-878 A 1.25 1.16 1.52 3.32 0.47 3.78 0.13 2.93 

K 3 18-880 B 0.74 0.81 1.37 1.48 0.51 0.33 1.39 3.14 

K 7 18-889 B 0.64 1.01 0.55 1.07 0.65 0.92 0.26 2.98 

K 10 18-892 B 0.79 1.13 1.09 1.50 0.52 0.46 0.98 3.32 

T 2 K 10 18-894 B 0.55 0.80 0.94 1.21 0.70 0.42 0.73 8.15 

H 1 

K 4 18-897 B 0.70 0.64 1.06 1.30 0.57 0.13 3.51 3.81 

K 13 
18-900 B 0.64 0.48 1.35 1.18 0.62 1.03 0.32 3.25 

18-904 B 0.52 0.73 1.33 1.63 0.54 0.27 1.67 6.61 

T 3 K 6 18-916 B 0.72 0.75 1.42 1.13 0.64 1.02 0.35 3.56 

Pr = pristane; Ph = phytane; CPI = 2 × ∑odd n-C23–29/(∑even n-C22–28+ ∑even n-C24–30); TAR = (n-C27 + n-C29 + 

n-C31)/(n-C15 + n-C17 + n-C19); Paq = (n-C23 + n-C25)/( n-C23 + n-C25 + n-C29 + n-C31); HD/D = 8β-(H)-

homodrimane/8β-(H)-drimane.  

 

Pristane (Pr) and phytane (Ph) are the dominating acyclic isoprenoids with the ratio of Pr/Ph 

ranging from 0.55 to 1.79 (Table 4.3). The ratio of their concentrations to those of their adjacent n-

alkanes (Pr/n-C17 and Ph/n-C18) are 0.53–8.71 and 0.55–14.11, respectively. Unresolved complex 

mixture (UCM; Blumer et al., 1973) concentrations can be observed in all samples (Fig. 4.4a, b), which 

are sometimes the result of the biodegradation of saturated hydrocarbons (Formolo et al., 2008); 

however little is known about the chemical composition and origin of UCM (Hedges et al., 2000). 

The bicyclic alkanes comprising 8β-(H)-drimane (D) and 8β-(H)-homodrimane (HD) are 

identified in the m/z 123 mass chromatogram with ratios of HD/D of 1.34–8.15.  

4.5.4.2 Terpanes 

Tricyclic terpanes ranging from C19 to C29 are identified in all samples. Increasing concentrations 

can be observed from C19 to C21 tricyclic terpanes, while decreasing concentrations occur from C23 to 

C25 tricyclic terpanes. Besides, C22 tricyclic terpane contents are similar to C19 and C25 tricyclic terpanes 

contents. Ratios of C24 tetracyclic/C23 tricyclic terpane range from 0.14–0.31 (Table 4.4). 
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A series of hopanes, ranging from C27 to C35 except for C28, was observed in the studied samples 

and includes multiple stereoisomers (Fig. 4.4c, d). The distribution of hopanes varies in the different 

organic facies. For organic facies A, the identified hopanes include C27-C31 ββ (even to C32 ββ in some 

samples), C29-C30 βα, and C27-C32 αβ with C29 ββ being the dominant compound. Besides, C27-17β(H)-

22,29,30-trisnorhopane (C27β) and hopenes including C29-C30 neohop-13(18)-enes, and C30 hop-17(21)-

ene are observed. C29N (25-Norhorpane) is present in all samples, although with different 

concentrations (Fig. 4.4) with C29N/C30H ratios clearly higher in facies B (avg. 0.29) than in facies A 

(avg. 0.05) (Table 4.4). Moreover, no other compounds such as gammacerane or C33, C34 or C35 

homohopanes have been found in significant abundance. In organic facies B samples, gammacerane 

occurs and C32-C35 αβ homohopanes are more abundant, while hopenes and ββ hopanes are missing. 

4.5.4.3 Steroids 

Steranes and diasteranes were observed by monitoring the m/z 217 ion (Fig. 4.4e, f). In organic 

facies A, steranes are dominated by the C29 ααα20R-sterane, followed by C29 αββ-sterane which co-

elutes with βββ(R)-sterane (Fig. 4.4e and f). Additionally, pregnane and homopregnane were also 

detected in low abundances. However, high contents of pregnane and homopregnane can be observed 

in organic facies B samples (Fig. 4.4f). In these samples, besides the contents of the C27-C29 ααα20R-

steranes, the contents of other steranes and diasteranes are high as well (Table 4.4). 

4.5.4.4 Aromatic hydrocarbons 

The distribution of aromatic hydrocarbons concerned is shown in Fig. 4.5 (a and b). Unlike 

aliphatic hydrocarbons, parameters based on aromatic hydrocarbons show little differences between the 

two organic facies. This is expected due to the low to marginal maturity of studied samples. The most 

abundant peak is phenanthrene (P; m/z 178) followed by dibenzofuran (DBF; m/z 168), 

methylphenanthrenes (MPs; m/z 192) and ethylphenanthrenes + dimethylphenanthrenes (EPs + DMPs; 

206). Among DMPs, 1,3- + 3,9- + 2,10- + 3,10-DMP is the most abundant peak with 1,7-DMP/(1,3- 

+3,9- + 2,10- + 3,10-DMP) ratios of 0.36–0.55 in most samples except for sample 18–878 (Table 4.5). 

Further, a positive relationship between 1,7-DMP/(1,3- + 3,9- + 2,10- + 3,10-DMP) and 1-MP/9-MP 

ratios (0.60–1.73, 0.87 on average) can be observed. Trimethylnaphthalenes (TMNs; m/z 170), 

tetramethylnaphthalenes + dibenzothiophene (TeMNs + DBT; m/z 184), and fluorene (FL; m/z 166) 

show small abundances compared to above compounds. DBT, a compound containing sulfur, shows 

relatively low contents in the normalized distribution of FL, DBF and DBT (Fig. 4.6a) and compared 

to P (Fig. 4.6b). Among TMNs, the 1,3,6-TMN is the most abundant compound with 1,2,5-TMN/1,3,6-

TMN ratios of 0.27–0.82 and 1,2,7-TMN showing small concentrations with 1,2,7-TMN/1,3,7-TMN 

ratios of 0.49–1.73. Other aromatic hydrocarbons with biological origin such as of cadalene (Cad; m/z 

183) and diterpenoids including retene (Ret; m/z 219), 19- + 18-norabieta-8,11,13-trienes (m/z 241), 

tetrahydroretene (Tet; m/z 223), dehydroabietane (Deh; m/z 255), simonellite (Sim; m/z 237) and 9- + 

2-methylretenes (Mrets; m/z 233) occur in small concentrations (Fig. 4.5). 
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Fig. 4.5 Aromatic hydrocarbons of (a) sample 18-869 (organic facies A) and (b) sample 18-916 

(organic facies B). 

 

 
Fig. 4.6. Relative proportions of (a) fluorene (FL), dibenzofuran (DBF), and dibenzothiophene (DBT), 

and (b) DBT/phenanthrene (P) ratio vs. total sulfur (TS). Note: symbols represent sample locations (see 

Fig. 4.1b). 
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Table 4.5. Geochemical parameters in the aromatic fraction. 

Well 
Inte-

rval 

Sample 

ID 

Organic 

facies 

1,2,5-

TMN/ 

1,3,6- 

TMN 

1,2,7-

TMN/ 

1,3,7-

TMN 

1-MP/ 

9-MP 

1,7-

DMP/(1,

3- + 3,9- 

+ 2,10- + 

3,10-

DMP) 

Retene 

/9-MP 

DBT 

/P 

Normalized distribution of 

DBT, DBF and FL (%) 

DBT FL DBF 

S 1 

K 4 
18-853 A 0.52 0.99 0.88 0.45 0.24 0.05 6.69 20.35 72.96 

18-857 B 0.39 1.38 0.90 0.53 0.44 0.15 21.37 4.90 73.73 

K 9 

18-858 A 0.32 1.15 0.78 0.42 0.13 0.07 5.91 9.33 84.76 

18-860 B 0.32 1.33 0.91 0.44 0.12 0.14 26.50 2.14 71.36 

18-861 A 0.55 0.49 0.60 0.35 0.11 0.05 2.44 16.19 81.37 

K 10 18-864 A 0.31 1.03 0.80 0.50 0.48 0.08 16.16 15.64 68.19 

T 1 K 11 

18-867 A 0.46 1.01 0.79 0.38 0.19 0.13 13.02 7.94 79.05 

18-868 A 0.29 1.22 0.73 0.36 0.23 0.13 12.34 9.86 77.80 

18-869 A 0.42 0.94 0.73 0.45 0.17 0.09 7.70 12.15 80.15 

Y 1 K 4 18-872 B 0.59 0.85 0.66 0.44 0.20 0.07 38.76 5.03 56.22 

S 2 

K 2 18-878 A 0.51 1.15 1.73 2.17 1.85 0.10 23.04 15.98 60.98 

K 3 18-880 B 0.30 1.07 0.82 0.45 0.00 0.05 9.78 9.14 81.08 

K 7 18-889 B 0.46 1.01 0.91 0.47 0.13 0.04 22.75 11.39 65.86 

K 10 18-892 B 0.27 1.15 0.86 0.42 0.26 0.04 8.18 7.06 84.76 

T 2 K 10 18-894 B 0.49 0.95 0.85 0.45 0.16 0.04 11.94 15.27 72.79 

H 1 

K 4 18-897 B 0.42 1.01 1.03 0.52 0.15 0.14 26.95 10.46 62.59 

K 13 
18-900 B 0.74 1.36 1.02 0.51 0.30 0.08 31.78 7.98 60.24 

18-904 B 0.82 0.78 0.63 0.45 0.18 0.04 16.04 12.84 71.11 

T 3 K 6 18-916 B 0.49 0.76 0.96 0.55 0.83 0.06 13.28 10.87 75.85 

TMN: trimethylnaphthalene; MP: methylphenanthrene; DMP: dimethylphenanthrene; DBT: dibenzothiophene; 

P: phenanthrene; FL: fluorene; DBF: dibenzofuran. 

 

4.5.5 Porosity and density 

The mean wet bulk density (WBD) value is 2.10 g/cm3 for organic facies A samples and 2.22 

g/cm3 for organic facies B samples. The mean porosities (Po) are 39.59% and 37.28% for organic facies 

A and B samples, respectively. 

4.6 Discussion 

4.6.1 Thermal maturity of organic matter 

Both the Tmax and VRr values illustrate that the source rocks are thermally immature with average 

values of 411 °C and 0.33%, respectively. This is consistent with the following molecular parameters.  

In organic facies A samples, the high abundances of C27β, 17β(H),21β(H)-hopanes, neohop-

13(18)-enes and C30 hop-17(21)-ene (Mackenzie et al., 1980; ten Haven et al., 1986; Sinninghe Damsté 

et al., 2014; Volkman et al., 2015) indicate an immature stage. The low abundances of these compounds 

in organic facies B suggest a different source material rather than a different maturity compared to 

organic facies A. The same conclusion can be deduced from other parameters based on steranes and 
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hopanes including the C29 ααα 20S/(20S + 20R) ratios and C29 vs. C30 αβ/(αβ + βα + ββ) ratios (Fig. 

4.7). It is thus clear that the studied samples are immature.  

 

 
Fig. 4.7. C30 αβ/(αβ + βα + ββ) vs. C29 αβ/(αβ + βα + ββ) hopanes diagram, indicating maturity. Note: 

symbols represent sample locations (see Fig. 4.1b). 

4.6.2 Origin of organic matter 

The majority of the analyzed samples comprise gas prone mixed type II-III kerogen (Fig. 4.8a, 

Pepper and Corvi, 1995). Here, there is no clear distinction between these two organic facies samples. 

Actually, the kerogen type of organic facies B cannot be determined accurately based on Rock-Eval 

data (Fig. 4.8a), since samples with low TOC contents are affected by the mineral matrix effect (MME) 

in laboratory pyrolysis (Katz, 1983; Espitalié et al., 1985; Grohmann et al., 2019; Beti et al., 2021), i.e. 

this effect dramatically lowers the true S2 and thus HI value of samples with TOC contents <3 wt%. As 

a result, the low S2 values of organic facies B samples are partly due to the MME; i.e. the type III 

kerogen character is not due to abundant higher plants OM in these samples as also proven by 

microscopy investigations. Microscopic observation shows that the OM in organic facies A samples is 

mainly composed of large fragments (from about 1 to >200 μm) of fusinite and huminite as well as 

sporinite and resinite/fluorinite (Fig. 4.3a-f) with little algae-derived OM. However, smaller huminite 

particles and algaederived OM such as thin lamalginite and liptodetrinite are commonly observed in 

organic facies B samples. There is a very good positive relationship between volumetric percentages of 

OM and TOC contents (R2 = 0.97) for organic facies A samples (Fig. 4.8b) indicating that most of the 

organic material is visible in the form of macerals derived from higher plants. This is in agreement with 

the Rock-Eval results showing type II-III kerogen (Fig. 4.8a). For organic facies B samples, the 

relationship between TOC and volume percentage of macerals is less clear with a correlation coefficient 

of only 0.2 implying that part of the OM is submicroscopic, which is consistent with the presence of 

very small liptodetrinite and very thin lamalginite (Fig. 4.3h). This observation might indicate a 

pronounced microbial input. This mixed OM is thus interpreted to originate from microbes and higher 

plants. 

This pyrolytic and microscopic information is further supported by molecular geochemical data. 

Abundant OM input is proposed to originate from plants living close to or in the water. Paq > 0.4 
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indicates a major input of submerged/floating species (Ficken et al., 2000; He et al., 2020) for organic 

facies A samples, which probably grew in freshwater environments at the lake margin, close to land. 

This marginal environment is also indicated by the petrographic data (large huminite and fusinite 

fragments) as well as by the abundant odd-numbered long-chain n-alkanes (e.g. n-C27; Fig. 4.4a). 

Abundant middle-chain odd-numbered nalkanes correspond not only to Sphagnum mosses (Nichols et 

al., 2006; Bingham et al., 2010), Chara (Mead et al., 2005) and freshwater algae (Riboulleau et al., 

2007), but also aquatic angiosperms, such as freshwater Nymphaea (Coetzee, 1967) and Ruppia (Mead 

et al., 2005; He et al., 2020). The odd-numbered long-chain n-alkanes leading to high CPI values (up to 

4.7) might indicate higher land plants. They would also be in accordance with the occurrence of 

Botryococcus braunii, race A (Derenne et al., 1997), although these algae were not detected 

microscopically. Moreover, the higher concentration of hop-17(21)-enes might represent several 

eukaryotic phyta (e.g., ferns, mosses, lichens, fungi) (Bottari et al., 1972; Wakeham, 1990; Bechtel et 

al., 2007) in organic facies A. The interpretation of such an assemblage of OM goes along with the 

mixed occurrence of huminite, sporinite, fluorinite, and fusinite (Fig. 4.3a-f). 

 

 
Fig. 4.8. (a) Plots of total organic carbon (TOC) vs. S2 indicating kerogen types and (b) TOC vs. 

volumetric percentage of OM indicating that most OM is well visible as macerals (see Fig. 4.3). Note: 

symbols represent sample locations (see Fig. 4.1b). 

By contrast, algae/phytoplankton or cyanobacteria contribute much more to the total OM in 

organic facies B samples. On a molecular level, this is confirmed by a higher concentration of n-C17 

(mainly derived from stearic acid in algae; Riboulleau et al., 2007) compared to concentrations of n-

C23, n-C25 and n-C27 alkanes (Table 4.3). This observation is consistent with the presences of planar 

lamalginite and liptodetrinite (Fig. 4.3h). The occurrence of monomethylalkanes (MMAs), having a 

methyl group at position 4, 5, 6 or 7 (Fig. 4.4a and b) indicates the input from cyanobacteria living in 
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microbial mats found in both salt and freshwater environments (Kenig, 2000; Bauersachs et al., 2009; 

Pawlowska et al., 2013); these compounds are present in both organic facies. 

Terrestrial plant input is probably not derived mainly from trees/shrubs/ferns and mangroves, as 

they typically produce very low Paq values of <0.3 (Ficken et al., 2000; Mead et al., 2005; He et al., 

2020) and a distribution of long chain n-alkanes maximizing at C29, C31 or C33 (Mead et al., 2005; 

Volkman et al., 2015; He et al., 2020); such a pattern is not observed in the studied samples. The 

absences of diploptene and fernenes argue also for the lack of ferns (Bottari et al., 1972). This 

conclusion is further supported by the relatively low C24 tetracyclic terpane/C23 tricyclic terpane (0.05–

0.33) and C19/(C19 + C23) tricyclic terpane (0.09–0.36) ratios (Table 4.4) (Peters and Moldowan, 1993; 

Peters et al., 2005; Volk et al., 2005; Volkman et al., 2015) as well as low 1-MP abundances (Alexander 

et al., 1988). The low oleanane abundance indicates a minor contribution from angiosperms (Moldowan 

et al., 1994) (Fig. 4.4c and d). It should be noted that this interpretation is not inconsistent with the high 

content of C29 steranes in organic facies A samples (Fig. 4.4e) as these compounds are not only 

associated with terrestrial higher plants (Volkman, 2003) but can be evolved from some aquatic plants 

and algae enrich in C29 β2 sitosterol and C29 stigmasterol (Huang and Meinschein, 1979; Moldowan et 

al., 1986; Volkman, 2003; Volkman et al., 2015). 

1,2,7-TMN used as a marker of angiosperm input (Peters et al., 2005) and 1,2,5-TMN associated 

with both conifers (Alexander et al., 1988) and angiosperms (Strachan et al., 1988) are present, but 

seemingly lower in concentration compared to Upper Cretaceous source rocks from e.g. the Gippsland 

Basin, Australia where both angiosperms and gymnosperms are important precursors of the OM (Jiang 

and George, 2019). Retene and 1,7-DMP related to conifers (Strachan et al., 1988; van Aarssen et al., 

2000) and other aromatic conifer biomarkers including Cad, Sim, 19- + 18-nor-abieta-8,11,13-triene, 

Tet, Deh and 9- + 2-Mrets (see Fig. 4.5; Simoneit, 1977; Bastow et al., 2001; Otto and Wilde, 2001; 

Haberer et al., 2006) are present, but in small concentrations, whereas aromatic triterpenoids related to 

angiosperms (Haberer et al., 2006; Nakamura et al., 2010) are only present at the detection limit.  

In summary, there is a much higher contribution of odd-numbered long-chain n-alkanes (peaking 

at n-C27) and of higher plants-derived macerals in organic facies A than in organic facies B samples, 

indicating major input of higher plants OM or macrophytes. However, this material does not seem to 

be mainly derived from gymnosperm or angiosperm wood. This is consistent with a pollen study 

indicating the abrupt disappearance of some subtropical and coniferous trees coinciding with a dramatic 

expansion of drought-tolerant herbaceous plants (e.g. Ephedra, Artemisia, and Chenopodiaceae) and 

the expansion of the steppe during 2.6–1.83 Ma (Wu et al., 2011). 

A microbial contribution was interpreted for both organic facies evidenced by the occurrence of 

hopanoids, branched alkanes (Shiea et al., 1990) and bicyclic alkanes (Alexander et al., 1983; Alexander 

et al., 1984) (Fig. 4.4a-b). Furthermore, neohop-13(18)-enes (Fig. 4.4c and d) as well as 1,3,6,7-TeMN 

(Fig. 4.5), which are typical biomarkers associated to a microbial source of OM (Jiang et al., 1998; 

Cesar and Grice, 2017; Volkman et al., 2015) were observed in both organic facies. Based on the 
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steranes/hopanoids ratios, which range from 0.21 to 3.29 (avg. 1.48) and 0.58 to 1.77 (avg. 0.99) in 

organic facies A and B samples, respectively (Table 4.4), a strong microbial contribution is present, 

which is slightly more pronounced in organic facies B as compared to organic facies A. Steranes 

originate mainly from eukaryotic OM (algae and higher plants) (Peters et al., 2005), while hopanoids 

(e.g. hopanes and hopenes) are generally regarded as biomarkers for aerobic bacteria (Innes et al., 1997), 

although biohopanoids were identified as well in sulfate-reducing bacteria under strictly anoxic 

conditions (Blumenberg et al., 2006). 

Briefly, OM of organic facies A is dominated by aquatic higher plants, i.e. large plants growing at 

the margin of the lake and submerged angiosperms, while organic facies B is dominated by saltwater 

algae. Cyanobacteria made a certain contribution to the kerogen in both organic facies, whereas 

terrestrial higher land plants account for only a small proportion of the OM. Other microbial 

contribution is on average slightly more pronounced for organic facies B than organic facies A. 

4.6.3 Depositional setting 

Changes in water levels in lakes as well as growth rates of plants in the adjacent drainage areas 

can be triggered by climatic changes (Carroll and Bohacs, 1999; Renaut et al., 2013), which then can 

affect the paleosalinity and biotic components (Qiao et al., 2021b). During arid periods, water salinity 

tends to be increased, terrestrial input decreased and a stratified water column may develop. On the 

contrary, higher precipitation increases the amount of terrestrial OM, sediment and nutrient input into 

the lake.  

4.6.3.1 Paleosalinity 

Salinity plays an important role in aquatic organism community composition in lake systems 

(Romero-Viana et al., 2012). The TOC/TS ratios (Fig. 4.9a; Berner and Raiswell, 1984) indicate that 

organic facies A samples were deposited in a shallow freshwater environment without stratification, 

which is consistent with the low abundance of C33, C34 and C35 homohopanes (Sinninghe Damsté et al., 

1995b; Peters et al., 2005). Besides, the high concentration of C23–C31 odd n-alkanes is an indication of 

low salinity during deposition of organic facies A (Fig. 4.4a, Riboulleau et al., 2007). In contrast, 

organic facies B samples developed in hypersaline depositional environments and partly even in lakes 

with water column stratification, which is supported by the high pregnane and homopregnane compared 

to steranes (ten Haven et al., 1985; Requejo et al., 1997), high tricyclic terpanes/C30 αβ hopane ratios 

(Kruge et al., 1990; Peters et al., 2005) (Fig. 4.9b), and no carbon-number preference among the n-C24–

n-C35 alkanes (Peters et al., 2005; Fig. 4.4b). Such a hypersaline environment is further supported by 

high gammacerane/C30 αβ hopane and homodrimane/drimane (HD/D) ratios as abundant homodrimane 

is characteristic for calcareous mudstones and probably highly saline conditions, while drimane is 

usually enriched in most crude oils from the freshwater environments (Fan et al., 1991; Al-Arouri et al., 

1998) (Fig. 4.9c). Different paleosalinities during deposition of the two organic facies are also indicated 

by C22/C21 tricyclic terpane ratios (Table 4.4; Peters et al., 2005). Under the influence of the Himalayan 

https://scholar.google.com/citations?user=E-AXBigAAAAJ&hl=en&oi=sra
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orogeny of this period, the prolonged arid/frigid climatic conditions (Wang et al., 1999; Rieser et al., 

2009; Zhang et al., 2013b; Zhuang et al., 2011; Cai et al., 2012) favor a hypersaline lake environment 

with the primary OM being derived from algal and microbial organisms (organic facies B samples) 

(Warren, 1986). However, from time to time, freshwater dominated the lakes, possibly due to either 

more humid time intervals or periods when more glacial meltwater was transported to the lakes. It is 

also possible that marginal parts of the lakes were more freshwater dominated, due to inflow of rivers, 

whereas central parts were more saline and possibly stratified. For example, it is known that 

Botryococcus blooms occur currently in the saline lakes of the arid Coorong region after heavy rain 

(Cane, 1976; Grice et al., 1998). Meanwhile, modern lakes in the Tibetan Plateau are common home to 

Chara and Ruppia (Liu et al., 2018). Chara live in the photic zone in freshwater environments (Liu et 

al., 2013) and would become extinct with rising salinity (Krull et al., 2009). Therefore, their presence 

in the organic facies A samples, as indicated by the GC–MS results and discussed above, supports the 

interpretation of a freshwater, lacustrine environment during the deposition of facies A. Organic facies 

B represents the central area of the lake system with higher salinity. 

 

 
Fig. 4.9. (a) TS vs. TOC, (b) tricyclic terpanes/C30 hopane vs. C21-C22 steranes/C27-C29 steranes, and (c) 

homodrimane/drimane vs. gammacerane/C30 hopane. Note: symbols represent sample locations (see 

Fig. 4.1b). 



97 

 

4.6.3.2 Paleoredox conditions 

In addition to paleosalinity, paleoredox conditions can affect paleoproductivity and OM 

preservation. The relative concentrations of TOC, TS and iron indicate dysoxic to slightly anoxic 

bottom water conditions for organic facies A samples and oxic conditions for organic facies B samples 

(Fig. 4.10a), i.e. there is a major difference between organic facies A and B. The Pr/n-C17 vs. Ph/n-C18 

diagram indicates reducing conditions both for organic facies A and B samples (Fig. 4.10b), with quite 

some variability for organic facies A. In shallow, hypersaline lakes (Blumenberg et al., 2015; Lee et al., 

2019) microbial mats may develop that can provide a seal insulating the under-lying reductive 

sediments from the overlying oxidizing environment (Pawlowska et al., 2013). Thus, local reducing 

conditions formed in microenvironments around abundant OM can occur (i.e. “mat-seal effect”; 

Pawlowska et al., 2013). MMAs (having a methyl group in position 4–7) indicating the presence of 

microbial mats (Sinninghe Damsté et al., 1995a; Pawlowska et al., 2013) are abundant in the studied 

samples (Fig. 4.4a and b). Finally, the large sizes of framboidal pyrite in the mineral matrix of the 

organic facies B samples (Fig. 4.3h) might indicate that the redox interface was very close to the 

sediment/water interface and not in the water. However, it has to be noted that the amount of framboidal 

pyrite is rarely high enough to make statistics. Small, dot-like pyrites are abundant, whereas rather large 

framboidal pyrites can be observed in organic facies A samples as well (Fig. 4.3a, c and e). It should be 

noticed that dot-like pyrites are randomly distributed over the entire polished sections, but all large 

framboidal pyrites inserted in or next to OM. 

 

 
Fig. 4.10. (a) Ternary diagram showing the relative concentration of TOC, TS and Fe. (b) Pristane/n-

C17 vs. phytane/n-C18 reflecting kerogen type, maturity, and depositional environment. Note: symbols 

represent sample locations (see Fig. 4.1b). 

In summary, lake water in marginal areas, where organic facies A was deposited, was less saline 

than in central areas, represented by organic facies B. Bottom waters were during most times oxygen-

depleted but not completely anoxic. 
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4.6.4 Accumulation rates and methanogenesis 

The thermally immature to very early mature stage of the studied samples is a necessary 

prerequisite for intense microbial methane generation (Schoell, 1980). Both, organic facies A and facies 

B samples have the potential to generate microbial gas. Organic facies A is clearly more enriched in 

TOC, which is regarded favorable for microbial gas generation. On the other hand, the larger area of 

unresolved complex mixture (UCM; Fig. 4.4a and b) and rather high 25-norhopane to hopane ratios in 

organic facies B indicate that organic facies B samples already underwent slight microbial degradation 

(Blumer et al., 1973; Peters et al., 2005). This degradation of OM might also explain the abnormally 

high maturity inferred from biomarkers of organic facies B samples, i.e. steranes are commonly known 

to be degraded in the order ααα 20R and αββ 20R > ααα 20S and αββ 20S, while the 22S counterparts 

of the 17α-homohopanes are more stable than their 22R counterparts (Volkman et al., 1983; Peters et 

al., 2005). 

 

Table 4.6. Age information (Zhang et al., 2013a), depth of the sampled wells and calculated linear 

sedimentation rates (LSR). 

Gas field Well 
Inter-

val 

Depth 

top (m) 

Depth 

bottom (m) 

Thickness 

(m) 

Age top 

(Ma) 

Age bottom 

(Ma) 

LSR1 

(m/Ma) 

Seibei 1 
S 1 

K 4 680 810 130 1.70 1.84 929 

K 9 1240 1309 69 2.28 2.35 986 

K 10 1309 1435 126 2.35 2.48 969 

T 2 K 6 1245 1400 155 1.70 1.84 1107 

Tainan T 1 K 11 1680 1765 85 2.48 2.58 850 

Yanhu Y 1 K 4 88 148 60 1.70 1.84 429 

Seibei 2 S 2 

K 2 387 550 163 1.35 1.51 438 

K 3 55 698 643 1.51 1.70 779 

K 7 1052 1152 100 2.08 2.20 833 

K 10 1299 1422 123 2.35 2.48 946 

Tuofengshan T 3 K 6 615 726 111 1.70 1.84 793 

 1 Linear Sedimentation Rate; calculated as: LSR = Thickness/(Age top - Age bottom). 

 

Previous isotopic data shows that most microbial gas in the study area is generated in bacterial 

carbonate reduction environments (Hu et al., 2010; Hu et al., 2015; Pang et al., 2005; Shuai et al., 2016; 

Zhang et al., 2003; Zhang et al., 2013a). Carbonate reduction as the main methanogenesis pathway in 

some non-marine freshwater settings has been observed before (Coleman et al., 1988; Schoell, 1988). 

Low DBT and TS contents in the samples (Fig. 4.6) suggest that microbial sulfate reduction did not 

contribute to OM degradation in the study area significantly. Thus, OM remained well-preserved before 

the stage of methanogenesis was reached. Generally, cold climatic conditions along with saline 

environments, as interpreted for the study area, are favorable for carbonate reducing methanogenis at 

relatively great depths (Schoell, 1988; Whiticar, 1999; Whiticar, 2020). In this “cold” case, the range 

of microbial gas generation is shifted to greater depth, which is more favorable for preservation of 

generated gas than very shallow microbial gas generation. Furthermore, high sedimentation rates are 
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favorable for microbial gas generation which can be assumed for the Qaidam area. Generally, areas of 

high paleo bio-productivity do not necessarily coincide with areas of OM enrichment and preservation 

in sediments (Demaison and Moore, 1980). Within lacustrine systems, primary productivity of OM, 

redox conditions at the sediment water interface and sedimentation rates are regarded as primary 

controlling factors for accumulation and preservation of OM (Katz, 2001). Thus, the available data was 

used to calculate the accumulation rates of bulk sediment as well as organic carbon, carbonates, and 

clastic minerals based on linear sedimentation rates estimated from the ages and thickness of the 

different intervals (Fig. 4.2, Table 4.6, Stein, 1991). Calculated sedimentation rates range from 429 to 

1107 m/Ma. There are some uncertainties concerning exact stratigraphic boundaries and ages and it is 

possible that short term non-deposition or erosion affected the area. Even if this effect is neglected, 

calculated sedimentation rates are high in the entire area, i.e. the organic biomass was rapidly buried, 

limiting aerobic microbial decay.  

 

Table 4.7. “Determined/calculated” average densities and different accumulation rates (AR) of the 

sampled intervals. 

Gas field 
We-

ll 

Inte-

rval 

Sample 

ID 

Organic 

facies 

Original  

TOC (wt.%) 

AR1 (g C m-2 a-1) 

Bulk TOC* Sil Carb 

Sebei 1 gas 

field 

S 1 

K 4 

18-850 B 1.41  1704.56  23.99  241.89  186.08  

18-853 A 14.11  1569.38  221.48  151.05  87.62  

18-856 B 0.97  1704.56  16.45  308.08  78.13  

18-857 B 0.96  1704.56  16.36  225.39  169.04  

K 9 

18-858 A 10.02  1665.96  166.97  217.87  2.78  

18-860 B 1.43  1809.46  25.88  282.11  193.01  

18-861 A 26.96  1665.96  449.14  155.98  2.78  

K 10 
18-862 A 19.51  1638.10  319.51  187.46  1.37  

18-864 A 9.12  1638.10  149.31  228.38  2.73  

T 2 K 6 
18-894 A 5.21  1436.59  74.77  120.85  462.10  

18-895 A 5.28  1436.59  75.78  111.80  521.96  

Tainan gas 

field 
T 1 K 11 

18-867 A 11.26  1436.59  161.76  180.22  2.39  

18-868 B 1.30  724.58  9.42  133.53  1.21  

18-869 B 1.05  786.72  8.28  144.83  24.26  

Yanhu gas 

field 
Y 1 K 4 

18-872 B 0.98  1870.10  18.33  328.31  144.93  

18-873 A 9.53  1721.79  164.00  206.20  2.87  

Sebei 2 gas 

field 
S 2 

K 2 
18-876 B 1.22  1316.95  16.00  223.46  79.02  

18-878 B 1.26  1429.90  17.98  194.94  147.76  

K 3 
18-879 B 1.25  1529.73  19.05  179.32  123.65  

18-880 B 1.04  1736.84  17.98  241.52  305.39  

K 7 18-889 B 1.32  2032.36  26.88  373.81  82.99  

K 10 18-892 B 1.27  3181.85  40.41  350.99  917.43  

Tuofengshan 

gas field 
T 3 K 6 

18-915 B 0.99  1455.43  14.34  257.44  64.28  

18-916 B 0.89  1455.43  12.95  226.35  151.61  
1 Accumulation rate (AR); calculated as AR =Matter (i.e. TOC, Carbonate and Silicate in %) ×SR × (WBD-

1.025Po/100) (after Lückge et al., 1996) 

 

In order to compare ancient sedimentary rocks and recent sediments, accumulation rates rather 

than sedimentation rates should be used, taking rock densities into account. Accordingly, dry bulk 
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densities (DBD) and porosities were measured (Table 4.7), in order to calculate WBD. In Table 4.7, 

accumulation rates are summarized for bulk sediment, TOC, carbonate. 

The organic carbon mass accumulation rate of TOC was calculated based on the equation by 

Lückge et al. (1996): 

MARTOC = TOC/100 × SR × (WBD - 1.025 × Po/100) (4.1) 

where MARTOC is mass accumulation rate of TOC (g C cm−2a−1), TOC represents total organic 

carbon (wt%), SR is mean sedimentation rate (cm/a), WBD is wet bulk density based on measured 

values of samples 18–858, 18–860, 18–867 and 18–915 (2.10 g/cm3 and 2.22 g/cm3 for organic facies 

A and B samples, respectively), and Po represents porosity based on measured values presented above 

(39.59% and 37.28% for organic facies A and B samples, respectively). 

The Qigequan Formation was deposited under rather stable tectonic subsidence, although it was 

weakly uplifted in the latest Quaternary (Zhang et al., 2013a). The results suggest that the accumulation 

rates of TOC of both organic facies A samples (74.77–449.14 g C m−2a−1 with an average value of 

198.08 g C m−2a−1) and organic facies B samples (8.28–40.41 g C m−2a−1 with an average value of 18.95 

g C m−2a−1) are distinctly higher than e.g. in OM-rich Quaternary marine sediments sites drilled by ODP 

such as Baffin Bay, Labrador Sea (0.1–3 g C m−2a−1; Stein, 1991). Furthermore, they are greater or close 

to upwelling areas offshore Peru and Oman (0.4–15.9 g C m−2a−1 with an average value of 3.69 g C 

m−2a−1; Lückge et al., 1996) and open-ocean gyres (0.026–378 g C m−2a−1 with an average value of 

55.85 g C m−2a−1; Suess, 1980), respectively. This is due to the tectonic setting leading to strong erosion 

in the hinterland and thus high sediment accumulation rates, combined with lake environments 

favorable for OM production and preservation. Compared to other lake systems, the values of organic 

facies B samples are slightly lower and those of facies A are slightly higher than those in Brazilian lakes, 

such as Feia (43 g C m−2a−1; lake altitude is 850 m) and Agua Preta de Baixo (22 g C m−2a−1; lake 

altitude is 240 m), where also large populations of floating macrophytes developped during the 

Holocene (Turcq et al., 2002). It should be noted that organic facies B is generally more prevalent than 

facies A in the analyzed Pleistocene sequence (about 70 and 20%, respectively) and further both facies 

are partly interlayered with each other. Since the above mentioned calculations are based on average 

values for each facies, there is a rather high uncertainty with respect to the absolute values. Nevertheless, 

even with a total average of about 50.2 g C m−2a−1 (taking into account the respective percentage of 

each facies) there is no doubt about the very high organic carbon accumulation rates in this thick, 

Pleistocene interval leading to rapid burial of large amounts of kerogen into the zone of methanogenesis. 

Furthermore, sulphate availability is usually limited in freshwater environments. In case of the Qaidam 

lake, the marginal areas (organic facies A) were probably less saline than the more central areas 

represented by organic facies B. Therefore, OM in the freshwater environment (facies A) reached the 

zone of methanogenesis not only rapidly ut also quite well preserved, whereas organic facies B was 

more degraded due to higher levels of bacterial sulphate reduction. Temperature critically determines 

the methanogenesis pathway, i.e., acetate fermentation mainly occurs in sediments at a shallower depth 
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in warm climates, while greater depth with cold climatic conditions is in favor of the carbonate reduction 

pathway (Schoell, 1988). Given the above, even though there are minor freshwater microenvironments 

in marginal lake areas (organic facies A), the cold and dry climate conditions with high burial rate are 

favorable for carbonate reduction in the Qaidam area. Carbonate reduction as the main methanogenesis 

pathway in some nonmarine lakewater settings has been observed before (Coleman et al., 1988; Schoell, 

1988). Methanogenesis from organic facies A started at much shallower depth (due to limited sulphate 

availability) and much of this generated methane might have escaped to the surface.  

Another area rich in commercial quantities of microbial gas is the southern foreland of the Alps, 

Italy (Mattavelli et al., 1983), where also rapid sedimentation in the course of mountain building and 

erosion took place during the Neogene, mainly in freshwater environments. 

In summary, the high OM accumulation rate, OM -type and -preservation and its fast burial were 

the conditions leading to a high microbial gas potential of the Pleistocene lacustrine deposits in the 

central Qaidam Basin. 

4.7 Conclusions 

This study combines elemental data including elemental total organic (TOC), inorganic carbon 

(TIC) and sulfur (TS), as well iron, Rock-Eval pyrolysis, biomarker analysis and microscopic 

investigation of Pleistocene, microbial gas source rocks in the central Qaidam Basin. The following 

conclusions concerning thermal maturity of organic matter (OM), its origin and preservation, as well as 

depositional environment together with paleoclimatic are drawn: 

1) Sediments are generally rich in OM, but contain two vastly different organic facies (A and B), 

which are interlayered with each other. These two facies both represent lacustrine systems. 

2) Periodically, shallow freshwater fluvio-lacustrine, environments similar to inundated swamps 

developed during high water levels at the lake margins with suboxic to anoxic redox conditions in 

bottom water favoring the development of OM-rich (4.1–25.3 wt% TOC) and sulfur-rich (1.5–3.7 wt% 

TS) sediments. They represent organic facies A, which, however, accounts for only a small proportion 

of the whole sedimentary sequence. More common is organic facies B, represented by samples with 

moderate contents of TOC (0.5–1.1 wt %) and TS (0.14–1.0 wt%), which were deposited under more 

oxic bottom waters in more distal parts of the lake. However, reducing conditions (indicated by 

biomarker data) were probably sometimes present in the sediment caused by the “mat-seal effect”. 

3) The kerogen is classified as gas prone mixed type II-III in most samples, which are thermally 

immature. A large part of it is derived from aquatic higher plants in sediments representing organic 

facies A, i.e. macrophytes and submerged angiosperms, that were growing at the lake margin. By 

contrast, organic facies B samples mainly developed from saltwater algae. Cyanobacteria contributed 

to the kerogen in both organic facies, while other microbial contribution was more pronounced for 
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organic facies B than organic facies A. Terrestrial higher land plants only provided a minor part of the 

kerogen.  

4) The calculated organic carbon accumulation rate of both organic facies A (74.77–449.14 g C 

m−2a−1) and organic facies B (8.28–40.41 g C m−2a−1) is very high favoring rapid burial of kerogen into 

the zone of methanogenesis. Furthermore, the cold climatic conditions shifted microbial gas generation 

to greater depths, where favorable temperatures are present. These factors as well as the low sulphate 

availability in freshwater, limiting microbial sulphate reduction coupled to OM oxidation, make this 

sequence an excellent microbial gas exploration and production target. 

4.8 Appendix 1 

Table A4.1. Identified terpanes and steranes as shown in Fig. 4.5. 
Hopanes (m/z 191)  Steranes (m/z 217) 

Peak 
Abbrevia-

tion 
Biomarker  

Pe-

ak 

Abbrev-

iation 
Biomarker 

       

A C19 Tri C19 tricyclic terpane  a Pregnane 
5α,14β,17β(H)-pregnane 

(diginane) 

B C20 Tri C20 tricyclic terpane  b 
Homopregn

ane 

5α,14β,17β(H)-homopregnane 

(20-methyldiginane) 

C C21 Tri C21 tricyclic terpane  c C27 ααα20S 
20S-5α(H), 14α(H), 17α(H)-

cholestane 

D C22 Tri C22 tricyclic terpane  d C27 αββ20R 
20R-5α(H), 14β(H), 17β(H)-

cholestane 

E C23 Tri C23 tricyclic terpane  e C27 αββ20S 
20S-5α(H), 14β(H), 17β(H)-

cholestane 

F C24 Tri C24 tricyclic terpane  f C27 ααα20R 
20R-5α(H), 14α(H), 17α(H)-

cholestane 

G C25 Tri C25 tricyclic terpane  g C28 ααα20S 
20S-24-Methyl-5α(H), 14α(H), 

17α(H)-cholestane 

H C24 TeT C24 tetracyclic terpane  h C28 αββ20R 
20R-24-Methyl-5α(H), 

14β(H), 17β(H)-cholestane 

I 

C26 Tri R C26 R tricyclic terpane  i C28 αββ20S 
20S-24-Methyl-5α(H), 14β(H), 

17β(H)-cholestane 

C26 Tri S C26 S tricyclic terpane  j C28 ααα20R 
20R-24-Methyl-5a(H), 14a(H), 

17a(H)-cholestane 

J 

C28 Tri R C28 R tricyclic terpane  k C29 ααα20S 
20S-24-Ethyl-5α(H), 14α(H), 

17α(H)- cholestane 

C28 Tri S C28 S tricyclic terpane  l1 C29 αββ20R 
20R-24-Ethyl-5α(H), 14β(H), 

17β(H)-cholestane 

K 

C29 Tri R C29 R tricyclic terpane  m C29 αββ20S 
20S-24-Ethyl-5α(H), 14β(H), 

17β(H)- cholestane 

C29 Tri S C29 S tricyclic terpane  n C29 ααα20R 
20R-24-Ethyl-5α(H), 14α(H), 

17α(H) -cholestane 

1 Ts 
C27 18α(H)-22,29,30-

trisnorneohopane 
    

2 Tm 
C27 17α(H)-22,29,30-

trisnorhopane 
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3 C27 β 
C27 17β(H)-22,29,30-

trinorhopane 
    

4 C29 N 
C29 17α(H),21β(H)-25-

norhopanes 
    

5 C29 neoH C29 neohop-13(18)-ene     

6 C29 H 
C29 17α(H),21β(H)-30-

norhopane 
    

7 C29 Ts 
C29 18α(H)-30-

norneohopane 
    

8 
C30 H 

17(21) 
C30 hop-17(21)-ene     

9 C29 M 
C29 17β(H),21α(H)-

norhopane 
    

10 Ole Oleanane     

11 C30 H C30 17α(H),21β(H)-hopane     

12 C30 neo H C30 neohop-13(18)-enes     

13 C29 ββ H 
C29 17β(H),21β(H)-

norhopane 
    

14 C30 M C30 17β(H),21α(H)-hopane     

15 C31 H S 
C31-17α(H),21β(H)22S-

homohopane 
    

 C31 H R 
C31-17α(H),21β(H),22R-

homohopane 
    

16 Gam Gammacerane     

17 C30 ββ H C30 17β(H),21β(H)-hopane     

18 

C32 H S 
C32 17α(H),21β(H),22S-

homohopane 
    

C32 H R 
C32 17α(H),21β(H),22R-

homohopane 
    

19 C31 ββ H 
C31 17β(H),21β(H)-

homohopane 
    

20 

C33 H S 
C33 17α(H),21β(H),22S-

homohopane 
    

C33 H R 
C33 17α(H),21β(H),22R-

homohopane 
    

21 C32 ββ H 
C32 17β(H),21β(H)-

homohopane 
    

22 

C34 H S 
C34 17α(H),21β(H),22S-

homohopane 
    

C34 H R 
C34 17α(H),21β(H),22R-

homohopane 
    

23 

C35 H S 
C35 17α(H),21β(H),22S-

homohopane 
    

C35 H R 
C35 17α(H),21β(H),22R-

homohopane 
    

1 24-Ethyl-5β(H), 14β(H), 17β(H)-cholestane exists and co-elutes with peaks labeled by l. 
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5 Climatic conditions during the Pleistocene in the Central Qaidam 

Basin, NE Tibetan Plateau: Evidence from GDGTs, stable isotopes and 

major and trace elements of the Qigequan Formation 

5.1 Abstract 

Sediments in the Tibetan Plateau (TP) region of NW China provide sensitive records of climate 

change and its impact on past ecosystems. The Qaidam Basin, located in the north-eastern part of the 

TP contains an exceptionally thick Meso-Cenozoic sedimentary succession; it is also the largest 

sedimentary basin in the TP. Here, new data on Pleistocene sediments on the TP are reported. Evidence 

from GDGTs, stable isotopes as well as major and trace elements of the Pleistocene Qigequan 

Formation was used to decipher depositional conditions within the water column and the origin of 

kerogen. This information was further applied to interpret factors controlling organic matter (OM) 

accumulation and climate conditions. In accordance with a previous study, the results show that two 

completely different organic facies are present, representing vastly different lake environments. OM of 

organic facies A samples is mainly derived from a mixture of C3 higher plants and phytoplankton, 

deposited in a shallow freshwater lake environment under dysoxic to anoxic bottom water conditions. 

In contrast, OM of organic facies B is mainly derived from a hypersaline and more distal lake 

environments mainly under oxic conditions. OM accumulation in both organic facies was primarily 

controlled by the paleo-redox conditions rather than paleo-productivity. By contrast, there is no 

significant difference between organic facies A and B samples with respect to the paleoclimate proxies. 

Generally, the sediments were deposited under arid/cold conditions with weak chemical weathering 

during the Pleistocene. The soils on the Tibetan Plateau tended to be alkaline at this time. Combined 

with the published data, the Pleistocene indices based on GDGT biomarkers indicate a rather continuous 

cooling and aridification process from Miocene to present. The Pleistocene Mean Annual Air 

Temperature based on bGDGTs (0.54-4.91 ˚C, 2.23 ˚C on average) was slightly higher than the present 

temperature, and the reconstructed lake surface temperature ranges from 5.7 to 19.6 ˚C (in winter 2.4-

13.7 ˚C).  

5.2 Introduction 

Climate change in Asia was affected significantly by altitude changes of the Tibetan Plateau (TP) 

(Raymo and Ruddiman, 1992; Kutzbach et al., 1993). The TP is not only a controlling factor of the 

Asian winter and summer monsoons, but also blocks the northward flow of the warm and wet air coming 

from the Indian Ocean, therefore strongly influencing the climate of continental Asia. Quantitative 

reconstruction of the paleo-elevation of the TP is of great significance in the study of the process of 

mountain uplift and in turn its influence on climate and environment (Garzione et al., 2000a, b). For 

example, strontium isotopes of samples from the Indian Ocean and the Himalayan foreland have been 
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employed as indicators that suggest links between climate change and topography of the TP (e.g., 

Edmond, 1992; Derry and France-Lanord, 1996). Further, the evolution of climate and changes in 

intensity of monsoons is related to the glaciation in the Northern Hemisphere (An et al., 2001). A 

significant increase in altitude of the TP is thought to have occurred around 11-8 Ma (Harrison et al., 

1992; Molnar et al., 1993; Garzione et al., 2000a, b; An et al., 2001; Dettman et al., 2003). The evolution 

of Asian climate from the Middle Miocene onwards can roughly be divided into three phases and has 

been reconstructed based on evidence from sediments from continental China and the Indian and North 

Pacific oceans (Sun et al., 1997, 1998; Rea et al., 1998; An et al., 2001). About 9-8 Ma ago, the Asian 

interior drought intensified, and the Indian and East Asian monsoons developed. Then, about 3.6-2.6 

Ma ago, the East Asian summer and winter monsoons continued to get more intense, and dust transport 

from direction of the North Pacific increased. Starting with the onset of Pleistocene (2.6 Ma), the 

variability of the Indian and East Asian summer monsoon increased and its intensity attenuated, while 

the East Asian winter monsoon got more intense (Sun et al., 1997, 1998; Rea et al., 1998; An et al., 

2001). 

Sediments, as the products of weathering and sedimentation, hold records of paleo-climatic 

conditions. With respect to understanding these conditions during the deposition of organic matter 

(OM)-rich rocks, both inorganic and organic geochemical characteristics can be used. In lacustrine and 

continent-near marine settings, inorganic geochemical characteristics are largely determined by the 

composition of source material, weathering, transport distance and -processes as well as by redox 

conditions and salinity of the bottom water during deposition (Nesbitt, 1979). As a result, some salinity- 

and redox-sensitive metals can be used as proxies for the evolution of paleo-depositional conditions 

(Algeo and Maynard, 2004; Abanda and Hannigan, 2006), while other proxies can be used to evaluate 

weathering intensity and to reconstruct paleo-climatic conditions (Nesbitt et al., 1980; Nesbitt and 

Young, 1982). For example, biotic processes have an influence on the elemental composition of 

sedimentary rocks (Algeo and Maynard, 2004; Tribovillard et al., 2006). However, major element data 

should be used with caution in provenance analysis and the reconstruction of climate due to the mobility 

of diverse elements during diagenesis (Nesbitt and Young, 1989); the concentration of each element 

depends on several factors rather than on a single one. Therefore, it is necessary to use multiple proxies 

to obtain conclusive reconstructions of past environments. 

Glycerol dialkyl glycerol tetraether (GDGT) lipids are important components of microbial 

membrane lipids (Schouten et al., 2013), that are able to record paleo-climatic conditions (Weijers et 

al., 2007a,b). GDGTs are widely distributed in soils (Weijers et al., 2006a; Liu et al., 2013), peats 

(Weijers et al., 2006b; Stock et al., 2016), lake sediments (Loomis et al., 2011; Wang et al., 2015; 

Raberg et al., 2021), and ocean sediments (Schouten et al., 2002, 2003; Liu et al., 2009). The most 

common GDGT parameters used for reconstruction of paleo-temperatures and redox conditions include 

isoprenoid GDGTs and branched GDGTs, which are derived from Archaea and Bacteria, respectively 

(Weijers et al., 2006a). Isoprenoid GDGTs (iGDGTs) contain cyclopentane structures, their number 
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being controlled by the temperature prevailing during archaea growth (Schouten et al., 2002). Branched 

GDGTs (bGDGTs) generally contain two to six methyl branched chain structures and one to two 

cyclopentane structures. The degree of methylation and cyclisation of the branched tetraethers is related 

to Mean Annual Air Temperature (MAAT) and pH of soils. The cyclization ratio (CBT) of branched 

tetraethers is established to indicate paleo-soil pH, while the methylation index (MBT) of branched 

tetraethers indicates both MAAT and pH; the MBT/CBT is commonly used as a paleo-temperature 

index (Weijers et al., 2007b). However, there may be a large deviation between the reconstructed 

regional temperature and the actual temperature in different areas. Thus, it is necessary to establish a 

regional conversion equation (Yang et al., 2015a). A further application of the MBT/CBT proxy is in 

paleo-altimetry reconstruction, on the two prerequisites that i) MBT has a good correlation with MAAT 

and ii) MAAT has a stable temperature lapse rate along a given altitudinal transect (Sinninghe Damsté 

et al., 2008; Peterse et al., 2009; Anderson et al., 2014; Yang et al., 2015b). At present, only few studies 

on the relationship between GDGT indices and altitude are available and are regionally concentrated 

on the Xiangpi Mount region, located southeast of the Qaidam Basin (Liu et al., 2013) and the region 

north of the Himalayas (Deng et al., 2016).  

Climate change can trigger changes in lake levels and plant growth rates in adjacent catchment 

areas, which causes variation of paleo-salinity and OM composition. During arid periods, terrestrial 

input tends to be decreased, and water salinity increased with the possible development of stratified 

water columns. On the contrary, higher precipitation increases the input of terrigenous detrital mineral 

matter and OM as well as nutrients to the lake (Qiao et al., 2021a, b). δ13Corg values can be used as a 

criterion for differentiating the origin of OM (Meyers, 1997; Lamb et al., 2006). Furthermore, the 

TOC/TN ratio can be used to differentiate between terrestrial and aquatic OM input into a lake system 

(Meyers, 1997). Therefore, combining TOC/TN ratio with δ13Corg values has been used to assess the 

sources of OM (Lamb et al., 2006). 

The Qaidam Basin, located on the north-eastern TP (Fig. 5.1), is a natural experimental field for 

the study of GDGTs due to its special arid environment. The distributions and the environmental 

responses of GDGTs in soils and recent lake sediments in the north-eastern TP have been studied 

thoroughly (Wang et al., 2012, 2013a, b; Liu et al., 2013; Dang et al., 2016; Ding et al., 2016; Li et al., 

2016; Sun et al., 2016). However, for older geological periods, it is still necessary to evaluate whether 

GDGTs can be effectively used as records of paleo-environments. At present, there are only few reports 

on GDGTs of older strata on the Tibetan Plateau. For example, Xie et al. (2012) studied the tectonic 

uplifting of the Tibetan Plateau during the Late Miocene by using drought signals recorded by an aridity 

proxy (Ri/b; ƩiGDGTs/ƩbGDGTs) in the Zhada Basin. In recent years, new structures (6 methyl isomers, 

etc.) and new indices of GDGTs have been detected and developed, and a lot of refining has been done 

on the existing indices (De Jonge et al., 2014; Ding et al., 2016).  
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Fig. 5.1. (a) Schematic map showing the location of the Qaidam Basin in China, (b) its geological 

setting and sample well locations, and (c) cross sections in SE-NE and NW-SE directions (see b for 

position on the map). The dashed line with an arrow illustrates the depocenter shift during the 

depositional history of the basin (Qiu et al., 2013). 

Note: the different well symbols correspond to the different locations. 
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This study focuses on the distribution of GDGTs, stable isotopes and major and trace elements of 

Pleistocene mudstones from the Central Qaidam Basin in the northeast of the Tibetan Plateau, aiming 

to reconstruct paleo climatic and redox conditions during this episode.  

5.3 Geological setting 

The Qaidam Basin is located at the northern edge of the Tibetan Plateau covering an area of about 

120,000 km2 at an elevation of 2.7 to 3.5 km. The rhomb-shaped intermontane basin is surrounded by 

large-scale faults creating a high relief towards three mountain ranges: the Eastern Kunlun Mountain in 

the south, the Altyn Tagh Range in the northwest, and the Qilian Mountains in the east (Tapponnier et 

al., 2001; Fang et al., 2007; Fig. 5.1a). During the Mesozoic and Cenozoic a 3 to 16 km thick 

sedimentary succession, mainly of lacustrine origin, was deposited (Pang et al., 2005; Jian et al., 2013; 

Qiao et al., 2021a). The Mesozoic tectonic regime was characterized by the evolution of the Tethys and 

Mongol–Okhotsk Oceans and by the collision of related tectonic units (Gehrels et al., 2011). 

The initial formation and evolution of the basin was controlled by syn-sedimentary basement faults 

during the Mesozoic; each part of the basin evolved into a combined major depression during the 

Paleogene-Neogene. During the Quaternary, inversion and folding took place in the midwestern part of 

the basin and subsidence in the eastern part (Dang et al., 2008). The tectonic evolution of the Cenozoic 

basin is characterized by the collision of the Indian and Eurasian plates. The depocentre moved from 

the northern part during the Jurassic westwards during the Paleogene-Neogene, and then towards the 

east during the Pleistocene (Pang et al., 2005). The Qaidam Basin can be divided into four main 

structural units; the West and North Qaidam Uplifts and the Sanhu and Yiliping Depressions (Fig. 5.1b; 

Bao et al., 2017). In the Early Pleistocene, a thick succession of fluvial-deltaic sediments was deposited. 

During the Middle Pleistocene, the paleo-lake reached its maximum depth, leading to deposition of 

mainly fine-grained argillaceous sediments. Then, in the Late Pleistocene, and under the influence of 

the recent tectonic movements, the central part of the basin was continuously uplifted (Dang et al., 

2008).  

The Pleistocene Qigequan Formation (Q1+2), which is the subject of this study, reaches thicknesses 

between 1.7 and 3.4 km, and was deposited at high sedimentation rates of around 650 to 800 m/Ma (Fig. 

5.1c, d; Dang et al., 2008; Shuai et al., 2013; Zhang et al., 2013a). 

Based on seismic data, the Q1+2 can be divided into 14 intervals (K0-K13; Fig. 5.2). The lithology 

of Q1+2 Formation is dominated by silty mudstones, mudstones, siltstones, and muddy limestones as 

well as some thin halite layers of up to 2.0 m thickness. Under the influence of the tectonic movements 

during the Late Pleistocene, about 500 m of the succession was eroded in the northernmost part of the 

Sanhu Slope (Fig. 5.1a, b; Zhang et al., 2013a). This study focuses on Pleistocene samples from the 

central part of the basin, where large gas fields developed, sourced from and trapped in near-shore, 

shallow, lacustrine sediments (Fig. 5.1b; Shuai et al., 2013; Zhang et al., 2013a; Wang et al., 2015).  
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Fig. 5.2. Generalized Pleistocene stratigraphic column for the study area (modified after Jian et al., 

2013; Zhang et al., 2013a). 

5.4 Material and methods 

30 samples have been investigated on which organic geochemical and petrographic characteristics 

have been studied in detail previously (Fig. 5.1). Two different organic facies (A and B) are 

distinguished based on these characteristics, indicating completely different depositional environments 

(for more detailed see Qiao et al., 2021a). 

5.4.1 Kerogen Concentration 

14 samples were selected to obtain total organic matter concentrates. First, the powdered samples 

were treated with 32% hydrochloric acid (HCl) to remove carbonates and then were neutralized. 

Thereafter, concentrated hydrofluoric acid (FH) was used to remove silicates. Finally, the residues were 

neutralized again with water and air-dried. During the process, the materials were not exposed to 

oxidizing agents or high temperature. 

5.4.2 Elemental analysis 

Before the measurement of major and trace elements, fresh core samples were pulverized to a 

mesh size of < 200 using a tungsten carbide ball mill. Major elements were analyzed using an ARL 

Perform’ X 4200 wavelength-dispersive X-ray fluorescence (WD-XRF) spectrometer. Loss on ignition 

(LOI) was achieved by heating 1 g of powder at 1100 ºC for one hour. Analytical precision was better 

than 1%.  
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The relative concentration of trace elements of bulk rock samples was determined via an ELAN 

DRC-e inductively coupled plasma mass spectrometer (ICP-MS). Before the insertion into the ICP-MS, 

powders were digested with a mixed solution of HF/HNO3 in high-pressure Teflon bombs, and then 

heated to 190 °C for 48 h. Internal and international standards (BH-VO2, AGV-2, BCR-2 and GSP-1 

(USGS)) were used for calibration and three duplicates were analyzed to invest the accuracy of the 

measurements. Analytical accuracy and precision are 10% and 5%, respectively. 

The measurement of total organic (TOC) and inorganic (TIC) carbon contents of the kerogen 

concentrates were performed using a Liqui TOC II analyzer (Elementar). In addition, total sulfur (TS) 

content was analyzed using a Leco S 200 sulfur analyzer. Further information on these analyses is 

published in Qiao et al. (2020 and 2021b). The elemental compositions of kerogen (C, N, H) were 

analyzed by using a LECO-CHN-628 based on DIN 51732.  

5.4.3 Rock-Eval pyrolysis 

Rock-Eval pyrolysis was performed on the kerogen concentrates using a Rock-Eval VI instrument 

(Vinci Technologies) following the procedure describe in detail in Behar et al. (2001). The measured 

parameters include S1 (volatile/sorbed hydrocarbon content, mg HC/g rock), S2 (remaining hydrocarbon 

generative potential, mg HC/g rock), and Tmax (temperature of maximum pyrolysis yield, °C). Hydrogen 

index (HI = S2/TOC, mg HC/g TOC) was calculated.  

5.4.4 Organic geochemical analyses 

5.4.4.1 Experimental Methods 

Aliquots of 10-15 g of pulverized sample were extracted by ultra-sonication for 15 min and 

subsequent stirring for 15 min at room temperature. The extraction was performed sequentially using 

methanol (50 mL), a mixture of methanol and dichloromethane (1:1, vv; 50 mL), and dichloromethane 

(50 mL), respectively. The combined raw extracts were concentrated using rotary evaporation to a 

volume of 1 mL, dried by addition of ca. 2 mg of sodium sulfate and evaporated to dryness under a 

gentle stream of nitrogen at room temperature. Prior to fractionation, the extracts were re-dissolved in 

a mixture of 0.5 mL of n-pentane and 300 µL of DCM. Fractionation was performed by column 

chromatography using microcolumns with activated silica gel (2 g) and eluents of increasing polarity 

resulting in three fractions: 5 mL of n-pentane/DCM (40:60, v:v); 5 mL of DCM; and 5 mL of 

methanol/DCM (1:1, v:v). The third fraction, containing the GDGTs, was evaporated to dryness under 

a gentle stream of nitrogen, re-dissolved in 400 μL of a mixture of iso-propanol/n-hexane (1:99, v:v), 

and finally filtered over a 0.4 μm polytetrafluoroethylene (PTFE) filter. Liquid chromatography-mass 

spectroscopy was conducted with a Thermo Finnigan MAT LCQ-MS equipped with an APCI ion source 

and a cyanid-column (3µm, 150×3 mm) with a scanning range of 950 to 1450 m/z. Nitrogen was used 

as carrier gas.  

5.4.4.2 Calculation of GDGTs proxies  

Different indices including the branched isoprenoid tetraether (BIT; Hopmans et al., 2004), the 

methylation of branched tetraether MBT(') (after Weijers et al., 2007b; Peterse et al., 2012), CBT 
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(cyclisation of branched tetraether after Weijers et al., 2007b), and the TetraEther index of tetraethers 

consisting of 86 carbon atoms (TEX86; Schouten et al., 2002) were calculated following the equations 

(5.1)-(5.5).  

BIT =
𝑏GDGT III + 𝑏GDGT II + 𝑏GDGT I

𝑏GDGT III + 𝑏GDGT II + 𝑏GDGT I + crenarchaeol
 (5.1) 

MBT =
𝑏GDGT I + 𝑏GDGT Ia + 𝑏GDGT Ib

𝑏GDGT I + 𝑏GDGT Ia + 𝑏GDGT Ib + 𝑏GDGT II + 𝑏GDGT IIa + 𝑏GDGT IIb + 𝑏GDGT III + 𝑏GDGT IIIa + 𝑏GDGT IIIb
 (5.2) 

MBT′ =
𝑏GDGT I + 𝑏GDGT Ia + 𝑏GDGT Ib

𝑏GDGT I + 𝑏GDGT Ia + 𝑏GDGT Ib + 𝑏GDGT II + 𝑏GDGT IIa + 𝑏GDGT IIb + 𝑏GDGT III 
 (5.3) 

CBT = − log  (
𝑏GDGT Ia + 𝑏GDGT IIa

𝑏GDGT I + 𝑏GDGT II 
) (5.4) 

TEX86 =
𝑖GDGT−2 + 𝑖GDGT−3 + Cren′

𝑖GDGT−1 + 𝑖GDGT−2 + 𝑖GDGT−3 + Cren′ 
 (5.5) 

Several calibrations for lake surface temperature (LST) and specific calibrations for summer 

(SLST) and winter lake surface temperature (WLST) from global and regional studies have been 

proposed, i.e. the equation (5.6)-(5.11) (Powers et al., 2010; Tierney et al., 2010a; Castañeda and 

Schouten, 2011; Pearson et al., 2011; Sun et al., 2011).  

LSTPowers2010 = 50.8 × TEX86 ‒ 10.4 (5.6) 

SLSTPowers2010 = 46.6 × TEX86 ‒ 5.6 (5.7) 

WLSTPowers2010 = 57.3 × TEX86 ‒ 17.5 (5.8) 

LSTTierney2010 = 38.87 × TEX86 ‒ 3.50 (5.9) 

LSTCastañeda2011 = 54.89 × TEX86 ‒ 13.36 (5.10) 

LSTKim2008 = 56.2 × TEX86 ‒ 10.78 (5.11) 

MAAT (mean annual air temperature) was calculated based on assumptions and calibrations for 

both soils and lake sediments. Based on a globally distributed soil calibration (Weijers et al., 2007b), 

MAAT can be obtained using Eq. 5.12. This calibration was extended and revised with the transfer 

function (Eq. 5.13) proposed by Peterse et al. (2012). The MAAT proxy based on the distribution of 

bGDGTs in global soils was calculated following the equation of De Jonge et al. (2014) (5.14 and 5.15). 

In addition, a calibration for soil-derived GDGTs on the Tibetan Plateau (Günther et al., 2014) was 

applied (5.16). 

MAATWeijers2007 (G)=
MBT − 0.12 − 0.19 × CBT

0.02
 (5.12) 

MAATPeterse2012 = 0.81 ‒ 5.67 × CBT + 31.0 × MBT' (5.13) 

MAATDe Jonge 2014 = 7.17 + 17.1 × [I] + 25.9 × [Ib] + 34.4 × [Ic] ‒ 28.6 × [II] (5.14)  

MAATDe Jonge 2014' = ‒8.15 + 31.45 × MBT' (5.15) 

MAATGünther 2014 = ‒3.84 + 9.84 × CBT + 5.92 × MBT' (5.16) 

Several global and regional lake temperature calibration studies have been proposed for African 

(Tierney et al., 2010a; Loomis et al., 2012), Chinese and Nepalese lakes (Sun et al., 2011) and lakes 

along a transect from the Scandinavian Arctic to Antarctica (Pearson et al., 2011):  

MAATTierney2010 = 11.84 + 32.54 × MBT ‒ 9.32 × CBT (5.17) 
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MAATTierney2010' = 50.57 ‒ 74.28 × [III] ‒ 31.60 × [II] ‒ 34.79 × [I] (5.18) 

MAATSun2011 = 4.0 + 38.2 × MBT ‒ 5.6 × CBT (5.19) 

MAATPearson2011 = 20.9 + 98.1 × [Ib] ‒ 12.0 × [II] ‒ 20.5 × [III] (5.20) 

MAATLoomis2012 = 22.77 ‒ 33.58 × [III] ‒ 12.88 × [II] ‒418.53 × [IIc] + 86.43 × [Ib] (5.21) 

Moreover, the following equations were applied to calculate soil–pH based on iGDGTs from 

global and regional studies (Tierney et al., 2010a; Sun et al., 2011; De Jonge et al., 2014), including 

calibrations for the Tibetan Plateau (Günther et al., 2014). 

pHGünther2014 = 7.97 + 2.78 × CBT (5.22) 

pHDe Jonge2014 = 7.9 ‒ 1.97 × CBT (5.23) 

pHWeijers2007 = (3.33 ‒ CBT)/0.38 (5.24) 

pHTierney2010 = 10.32 ‒ 3.03× CBT (5.25) 

pHsun2011 = 8.98 ‒ 1.72 × CBT (5.26) 

The following equations were used to evaluate aridity conditions: 

Aridity proxy Ri/b (Xie et al., 2012) = ƩiDGETs/ƩbDGETs (5.27) 

#ringstetra (Sinninghe Damsté, 2016) ＝ ([Ib] + 2 × [Ic])/([Ia] + [Ib] + [Ic]) (5.28) 

5.4.5 Carbon and nitrogen isotopes 

Carbon and nitrogen isotope measurements were carried out on kerogen concentrates. Around 

0.05-0.1 mg isolated kerogen was weighed into tin capsules. The measurements were performed on a 

Delta V Advantage isotope ratio mass spectrometer linked to a Flash EA IsoLink™ combustion 

elemental analyzer. The δ13C and δ15N values are given relative to the international VPDB (Vienna Pee 

Dee Belemnite) and AIR standards. International reference materials USGS 24 and USGS 40 (δ13C), 

IAEA N1 and IAEA N2 (δ15N) were used to monitor analytical performance. 

5.5 Results 

5.5.1 Elemental composition 

The major and trace elemental concentrations of the bulk samples are shown in Table 5.1. Ratios 

of SiO2/Al2O3 (2.67-4.58) and Fe2O3/K2O (1.27-3.13) (Table 5.2) are in accordance with the typical 

ratios observed in shales (Herron, 1988). Their compositions normalized to Post-Archean Australian 

Shale (PAAS) (Taylor and McLennan, 1985) are shown in Fig. 5.3. Compared to the PAAS, the 

Pleistocene source rocks are depleted in SiO2, TiO2, Al2O3, Fe2O3, K2O, and enriched in Na2O. The 

relative concentrations of CaO and P2O5 vary around the PAAS value in two organic facies samples 

(Fig. 5.3). Relative to the PAAS, Rb, Th, Mn and Ga are depleted only in organic facies A. Sr is enriched 

in organic facies B and U and Mo in organic facies A. Ba shows a larger variation in organic facies B 

compared to that in organic facies A (Fig. 5.3). Enrichment factors (EF) for trace elements (X) were 

calculated as:  

XEF = (X/Al)sample/(X/Al)PAAS (5.29) 
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Fig. 5.3. Major and trace elements normalized to Post-Archean Australian Shale (PAAS; Taylor and 

McLennan, 1985) for the Pleistocene source rocks. 

The TOC, TIC, and TS data of the whole rock samples can be found in a previously published 

study (Qiao et al., 2021a). The elemental composition of the concentrated kerogen are shown in Table 

5.3. The TOC and TIC contents of the isolated kerogen for the organic facies A samples are 22.44-

48.16 wt.% TOC with an average value of 33.79 % and 0.02-0.07 wt.% TIC with an average of 0.04 

wt.%, respectively (Table 5.3). TIC values close to zero are expected after HCl treatment The TS values 

for organic facies A are 2.17-9.80 wt.% with an avg. of 5.44 wt.%.  

Kerogen from organic facies A samples has both high C/N atomic ratios of 25.18-33.76 and C/S 

atomic ratios of 7.40–40.15 (Table 5.3). H/C atomic ratios of organic facies A are 1.30–1.61 (1.44 on 

average) and thus in a typical range for kerogen (Table 5.3). TOC, TIC, TS and elemental composition 

in terms of hydrogen, and nitrogen contents for the organic facies B samples could not be measured 

accurately due to the poor kerogen concentrations and are thus not reported here. 
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5.5.2 Rock-Eval pyrolysis 

The Rock-Eval results of the kerogen concentrates are listed in Table 5.3 for organic facies A only. 

For organic facies B, only the TOC normalized HI values as well as Tmax values are listed due to 

problems with kerogen concentration (precipitation of fluorinated compounds). HI and Tmax, however, 

are not affected. For organic facies A, S1 and S2 values range from 1.71 to 9.69 (mean value = 4.95) and 

from 52.47 to 116.07 (mean value = 91.53 mg HC/g rock), respectively. Average Tmax values are 412 

and 375 °C for facies A and B indicating immature organic matter, while average HI values are at 268 

and 106 mg/g TOC, respectively, indicating the presence of type III kerogen. 

5.5.3 Distribution pattern of GDGTs 

 

 

Fig. 5.4. tructures and molecular ion m/z values for glycerol dialkyl glycerol tetraethers (GDGTs) 

(taken from Li et al., 2016). 

GDGTs have been detected in nine out of fourteen samples. Among them, three samples came 

from the organic facies A group and six samples from the organic facies B group. Unlike other 

parameters, the distribution patterns of GDGTs are very similar in both organic facies groups. GDGT 

numbers refer to structures shown in Li et al. (2016) (Fig. 5.4). In this study, both bGDGTs and iGDGTs 

can be recognized, and the concentrations of bGDGTs are higher than those of iGDGTs in most samples 

with Ri/b index values of 0.77-3.35 (Table 5.4). The proportions of each i/bGDGT to all i/bGDGTs are 

listed in Table 5.4 (Ri/b). 
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Fig. 5.5. The ternary diagram of the bGDGTs type Ⅰ, Ⅱ, Ⅲ (data from De Jonge et al., 2014; Sinninghe 

Damsté et al., 2016; Crampton-Flood et al., 2021). 

bDGDTs are mainly show as GDGT II followed by GDGT I and III (Fig. 5.5 and Fig. 5.6; Table 

5.4). In addition, bGDGTs without cyclopentane moieties (bGDGTI, -II, and -III) were generally more 

abundant than cyclopentane ring-containing bGDGTs (Fig. 5.6). MBT indices are 0.17-0.34, and MBT' 

values are almost identical to MBT because of the low concentration of GDGTIIIb and -IIIc for all 

samples (Table 5.5). CBT and BIT values are 0.31-0.76 and 0.72-1.00, respectively (Table 5.5). 

Five iGDGTs were detected. GDGT-0 is the most abundant iGDGT (56.82–85.22 % of iGDGTs) 

(Table 5.4). The concentrations of iGDGTs with cyclopentane(s) moieties (iGDGT 1–3) decrease from 

iGDGT 1 to iGDGT 3 with overall low concentrations (Fig. 5.6). The relative abundance of 

crenarchaeol shows a complex pattern (Table 5.4). iGDGTs 1–3 is generally more abundant than 

crenarchaeol , but the proportion of iGDGT-1 is lower than that of crenarchaeol in samples 18-872, 18-

879 and 18-880 (Table 5.4). Furthermore, crenarchaeol concentrations are lower than iGDGTs 0–3 in 

samples 18-853, 18-867, 18-878 and 18-897 (Table 5.4). The related proxy of TEX86 ranging from 0.35 

to 0.54 (avg. 0.47) shows little variations (Table 5.5).  

 

Fig. 5.6. Fractional abundance of GDGT I–III GDGT 0–3, crenarchaeol, crenarchaeol', as fractions 

of the sum of all pictured GDGTs (bGDGTs as well as iGDGTs). 
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5.5.4 Carbon and nitrogen isotope 

Carbon isotope data in the kerogen concentrates clearly differ in the samples of the two organic 

facies. δ13C values vary from ‒27.16 to ‒28.49 ‰ VPDB (avg. ‒27.79 ‰ VPDB) and δ15N values from 

2.23 to 4.38 ‰ air (avg. 3.40 ‰ air) in organic facies A samples. For organic facies B samples, δ13C 

values vary from ‒22.50 to ‒24.65 ‰ VPDB (avg. ‒23.63 ‰ VPDB) while δ15N values could not be 

measured accurately due to the low N concentrations and are thus not reported here (Table 5.3). 

5.6 Discussion 

5.6.1 Origin of organic matter  

 

 

Fig. 5.7. Typical δ13C and C/N ranges for organic inputs (after Lamb et al., 2006). Note: sample symbols 

represent sample locations (Fig. 5.1b). 

δ13Corg can be used to distinguish continental and marine plant sources of OM and even to identify 

types of land plants as well (Meyers, 1997). Lamb et al. (2006) proposed that δ13C and C/N ratios in 

organic material are useful indicators to deduce depositional environments and OM origin. Fig. 5.7 

indicates that the OM of organic facies A is mainly derived from a mixture of C3 higher plants and 

freshwater dissolved organic carbon (DOC) which indicates a mixture of higher plants and 

phytoplankton in lacustrine environments (Rashid, 1985; Lamb et al., 2006). In addition, the δ15Norg 

value is an indicator distinguishing land-plant and algal sources of OM, because δ15Norg values of 

plankton (δ15Norg of +8.6‰) are higher than those of C3 plants (δ15Norg of +0.4‰) (Peterson and Howarth, 
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1987). δ15N values between 2 and 4‰ in organic facies A samples thus also indicate a mixture of C3 

plants and phytoplankton. These findings are basically in agreement with petrographic and biomarker 

data as well as Rock-Eval data (Qiao et al., 2021a), indicating the OM in organic facies A samples 

mainly derives from macrophytes growing at the lake margin, such as submerged angiosperms, 

freshwater mosses, non-marine algae, and lichens. This conclusion is also consistent with the C3 plant 

distribution during the late Pliocene and the current dominance of C3 vegetation in the TP (Wang et al., 

2008). It should be noticed that the OM is in reality derived from multiple sources; thus the average 

δ13Corg value of each sample indicates the major origin of OM and cannot exclude other minor sources, 

such as bacteria. 

5.6.2 Depositional conditions within the water column  

 

 

Fig. 5.8. (a) Sr/Ba and (b) Sr vs. CaO indicating paleo-salinity of the Pleistocene source rocks from the 

Qaidam Basin, China. Note: sample symbols represent sample locations (Fig. 5.1b). 

Salinity plays an important role in aquatic organism community composition in lake systems 

(Romero-Viana et al., 2012). Organic facies A was deposited in a shallow freshwater environment, 

probably without stratification, which is supported by the moderate H/C ratios in combination with high 

C/S ratios for organic facies A kerogen (Table 5.3) and the relatively low δ13C values (Lamb et al., 

2006). By contrast, organic facies B developed in a hypersaline depositional environment; a first 

indicator are the rather high δ13C values (Lamb et al., 2006). Moreover, different paleo-salinities during 

deposition of the two organic facies are also indicated by Sr/Ba ratios. Wei and Algeo (2020) considered 

that it is necessary to exclude carbonate-hosted Sr when using Sr/Ba ratios as a paleo-salinity proxy. In 

this study, around 140 ppm are bound to silicates rather than carbonate based on the y-intercept in Fig. 

5.8b. For organic facies A samples this finding indicates freshwater conditions (silicate-bound Sr/Ba 

ratios are 0.11-0.24) (Fig. 5.8a; Wei and Algeo, 2020). However, almost all Sr is carbonate-hosted in 

organic facies B samples (Fig. 5.8b), and thus cannot be used as an indicator of paleo-salinity. The 

above conclusion supports the results based on the TOC/TS ratios and biomarker characters in a 

previous study (Qiao et al., 2021a). 
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Fig. 5.9. (a) U/Th ratio vs. authigenic U to interpret paleo-redox conditions. (b) UEF vs. MoEF (General 

patterns of UEF vs. MoEF covariation is modified after Tribovillard et al. (2012)). (c) Comparison of 

TOC–Mo relationship between results of this study, Barnett Formation in the Fort Worth Basin and 

those of modern anoxic silled-basin environments (The TOC–Mo regression line slopes and previous 

studies data are given in Rowe et al. (2008). Note: the TOC contents used in Rowe et al. (2008) are 

original TOCo (TOCo = TOCmeas/(1−0.363), so the slope for the Fort Worth Basin should be a little 

bit steeper). (d) Estimation of deep-water renewal time (years) during Pleistocene source rocks 

deposition using estimates from modern anoxic silled basins and the Barnett Formation in the Fort 

Worth Basin. Note: sample symbols represent sample locations (Fig. 5.1b). (e)TS/Fe vs. Al2O3/TOC 

and (f) TS/Mn vs. TiO2/TOC to interpret paleo-redox conditions (modified after Cichon-Pupienis, et al., 

2020). Note: sample symbols represent sample locations (Fig. 5.1b). 

Besides paleo-salinity, paleo-redox conditions can also affect productivity and preservation of OM. 

The plot of U/Th ratios vs. authigenic U values (authigenic U = total U‒Th/3; Jones and Manning, 1994; 

Fig. 5.9a) indicates dysoxic to slightly anoxic bottom water conditions for organic facies A samples and 

oxic conditions for organic facies B samples (Fig. 5.9a), i.e. there is a major difference between organic 

facies A and B, separating them clearly. The same results are inferred from MoEF vs. UEF co-variation 

(Fig. 5.9b; see results for calculation of enrichment factors). Both U and Mo are enriched under oxygen-
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depleted and even more under anoxic conditions. However, enrichment of Mo relative to U is enhanced 

under sulfidic conditions, i.e. when bottom water contains hydrogen sulfide (Algeo and Tribovillard, 

2009; Tribovillard et al., 2012). The grey zone (Fig. 5.9b) indicates the “unrestricted marine” (UM) 

trend where the MoEF vs. UEF co-variation is controlled by redox conditions at the sediment/water 

interface. Facies B samples plot clearly in the oxic zone, where little or no enrichment of Mo and U 

takes place, while facies A samples follow the trend of suboxic to anoxic conditions showing modest 

enrichment factors for both elements (Fig. 5.9b). It is interesting to note that the principles developed 

for marine settings can also be applied for the lacustrine setting of the Pleistocene in the Qaidam Basin. 

Differences, however, exist as well, e.g. Mo/TOC and U/TOC ratios are much lower in the Qaidam 

Basin sediments, which is certainly related to lake water chemistry (lower U and Mo concentrations 

compared to sea water) and high bioproductivity.  

Anoxic environments are also indicated by the clear positive relationship between Mo and TOC 

contents in most organic facies A samples (Fig. 5.9c), because the presence of H2S can prompt Mo to 

be easily sorbed by OM (Helz et al., 1996; Zheng et al., 2000; Tribovillard et al., 2012). It should be 

noted that the Mo/TOC ratios in both organic facies A and B samples are even lower than those in 

recent Black Sea sediments (Fig. 5.9c and d) indicating strongly restriction conditions. However, this 

conclusion is not necessarily valid here due to the different Mo concentrations in the non-marine setting 

and also by the high sedimentation rate in the basin (0.65 to 0.8 km/Ma on average; Dang et al., 2008; 

Shuai et al., 2013; Zhang et al., 2013a). Low Mo/TOC ratios giving misleading information related to 

basinal restriction are also reported for Telychian sediments recently (Cichon-Pupienis et al., 2021). 

This anomaly may be due to three reasons. First, the high sedimentation rate may lead to faster removal 

of sediments from the contact of the overlying water column (Liu and Algeo; 2020) during 

periodic/occasional fresh-water influxes carrying large amounts of terrigenous debris, i.e., relatively 

well ventilated bottom waters was not favorable for trace metal uptake in sediments. Second, terrestrial 

debris supply was limited during periods of high water evaporation, thus limiting the amount of e.g. Mo 

and U that was transported towards the sediment/water interface, therefore, leading to a relative 

depletion of such elements per unit volume of OM. Third, the study area did not develop a persistent 

and extensive H2S rich bottom water. Conversely, the positive relationship between Mo and TOC 

contents is not observed in organic facies B (Fig. 5.9c), indicating an oxic depositional environment. 

Ghassal et al. (2018) proposed using the TS/Fe vs. Al2O3/TOC ratios and TS/Mn vs. TiO2/TOC ratios 

as proxies to indicate terrigenous input and redox conditions. Later, Cichon-Pupienis et al. (2020) used 

these proxies to interpret redox conditions at the sediment-sea water interface. For our Pleistocene 

samples, the TS/Fe vs. Al2O3/TOC (Fig. 5.9e) and TS/Mn vs. TiO2/TOC (Fig. 5.9f) diagrams indicate 

oxygen-depleted conditions for organic facies A samples and oxygen-rich bottom water conditions for 

organic facies B samples (i.e., higher Al2O3/TOC and TiO2/TOC ratios), which is in accordance with 

the other parameters discussed above. Moreover, a reducing sediment/water interface is also indicated 

for organic facies A by high Corg/P ratios (108.11-1375.11) and an oxidizing environment for organic 
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facies B by low Corg/P ratios (31.53-82.95) (Table 5.2), respectively (Algeo and Ingall, 2007; Algeo and 

Li, 2020). The above results are consistent with the relative concentrations of TOC, TS and iron (Qiao 

et al., 2021a). 

5.6.3 Factors controlling OM preservation and accumulation 

Paleo-redox conditions and paleo-productivity are the most important factors controlling OM 

preservation in source rocks (Pedersen and Calvert, 1990). In addition, lateral variability in thickness 

and facies of source rocks depend on interacting complex physical and chemical processes not only 

related to OM quantity and quality. The very high sediment accumulation rates characterizing the 

Pleistocene section in the Qaidam Basin have been discussed in Qiao (2021a). Here we report additional 

evidence based on calculated source potential index. The hydrocarbon generation potential of a given 

formation is determined by the thickness of the source rock and its kerogen maturity, quantity as well 

as quality. Based on Demaison and Huizinga (1991) a source potential index (SPI; t HC/m2) can be 

calculated as 

SPI =
h× (S1 + S2) ×ρ

1000
 (5.30) 

In which h (m) and ρ (t/m3) are thickness and density of source rock, respectively. (S1  + S2) (kg HC/t 

rock) are average values of Rock-Eval parameters (data published in Qiao et al., 2021a). 

Table 5.6 shows the calculated SPI values for the different wells under the assumption of an 

average density of different organic facies (the mean density is 2.10 g/cm3 for organic facies A samples 

and 2.22 g/cm3 for organic facies B samples; Qiao et al., 2021a). Except for the T2 Well which is close 

to Sebei 1 Gas Field (SPI value = 1.49 t HC/m2), the wells located above the gas fields show moderate 

to high SPI values ranging from 2.24 to 25.66 t HC/m2 (Table 5.6). It should be noted that there is a 

rather high uncertainty with respect to the absolute values, because there the sample number is small 

compared to the thickness of the formation. Sampling of source rocks is often biased towards organic 

matter-rich layers; therefore the average S1 + S2 value might be overestimated by more than 10 % of the 

value. Nevertheless, the data indicate that the studied, thick Pleistocene sequence has overall a very 

high source potential index. Although the periodic oxic conditions in bottom water were not in favor of 

OM preservation, the overall high sedimentation rates exceeding those of most marine settings by far 

(Qiao et al., 2021a) were the key factor for developing a very good source rock sequence (Hunt, 1996; 

Demaison and Moore, 1980).  

The relative importance of paleo-redox conditions and paleo-productivity as control factors on 

OM preservation can be evaluated via the relationship between TOC content and δ13Corg value (Harris 

et al., 2004). If bioproductivity is the controlling factor, δ13Corg values should be positively correlated 

to TOC content (Hollander and McKenzie, 1991); where OM preservation is controlled by paleo-redox 

conditions, the relationship generally shows a negative correlation (Freeman et al., 1990, 1994; 

Wachniew and Różański, 1997). Fig. 5.10 indicates that the OM preservation in both organic facies A 

and B was primarily controlled by the paleo-redox conditions, i.e., the dysoxic to slightly anoxic bottom 
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water conditions for organic facies A samples and oxic conditions for organic facies B samples might 

be the most important factor controlling their low and high TOC content, respectively.  

 

 

Fig. 5.10. Cross plot of the carbon isotopic composition of kerogen (δ13Corg) vs. total organic carbon 

content (TOC). δ13Corg shows a significant negative correlation with TOC in both facies A and B samples, 

indicating organic carbon deposition was controlled by redox conditions. Note: sample symbols 

represent sample locations (Fig. 5.1b). 

Table 5.6. SPI calculated based on our studied wells. 

Gas field Well 
Calculated accumulation 

thickness 
(S1  +  S2)  

(kg HC/t rock) 

ρ 

(t/m3) 

SPI  

(t HC/m2) 

Seibei 1 
S 1 1215 10.7 2.19 25.66 

T 2 1215 0.69 2.22 1.49 

Tainan T 1 1170 7.45 2.19 15.3 

Yanhu Y 1 1080 2.25 2.22 4.32 

Seibei 2 S 2 1197 4.75 2.19 9.98 

Tuofengshan T 3 1080 1.17 2.22 2.24 

 

5.6.4 Paleoclimate 

5.6.4.1 Evidence from major and trace elements 

The Asian inland began drying in the Miocene, or even late Oligocene (An et al., 2001), intensified 

at the early Pleistocene, which may be related to the global cooling and the TP uplift (Fang et al., 2007; 

Wu et al., 2011). The Chemical Index of Alteration (CIA, Nesbitt and Young, 1982) is a measure of the 

relative contribution of feldspars and their chemical alteration products (clay minerals) in a rock and, 

thus, serves as an indicator for the degree of weathering (e.g. Fedo et al., 1995; Roy and Roser, 2013). 

It can be applied for both, igneous as well as sedimentary rocks, whereby it rather represents the general 

weathering conditions of a larger provenance region for the latter ones. Fig. 5.11a shows a triangular 

plot of the relative composition of different oxides with Al2O3 representing their stable parts and K2O 

and CaO* + Na2O their labile parts. CaO* represents only the fraction originating from silicates and 

not carbonates or apatite. It is calculated according to Fedo et al. (1995):  

CaO* = CaO ‒ CO2 (calcite) ‒ 0.5 × CO2 (dolomite) ‒ 10/3 × P2O5 (apatite) (5.31) 
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Here, the ratio of dolomite/calcite is considered 0.8 (average ratio of the Qigequan Formation in the 

study area based on XRD data; Zhang et al., 2014) and CO2 yields are obtained from TIC measurements. 

 

 

Fig. 5.11. (a) A–CN–K ternary diagrams for mudstones correction for K metasomatism is made by 

projecting data points back onto ideal weathering pathway from K-apex (Fedo et al., 1995). (b) 

Discrimination diagrams of SiO2 vs. (Al2O3 + K2O + Na2O) after Suttner and Dutta (1986) and (c) 

Ga/Rb vs. K2O/Al2O3 (Roy and Roser, 2013) for the Pleistocene source rocks from the Qaidam Basin. 

(d) The distribution of soil sample GDGTs at low altitudes (<3,400 m asl) in the central Himalayas is 

characterized by high MBT and low Ri/b values, opposite to the pattern observed for high altitudes (after 

Chen, et al.,2020). The characteristics of the MBT and high Ri/b values for the studied samples are 

similar to those for higher altitudes.  Note: samples symbols represent sample locations (Fig. 5.1b). 

The dashed line (arrow A in Fig. 5.11a) presents the regression through the studied samples, and 

its intersection with feldspar (Pl-Kfs) represents the unweathered rock. The solid-line (arrow B in Fig. 

5.11a) represents the predicted weathering trend. CIA values are further corrected for the possible 

effects of diagenesis and K-metasomatism, which may cause some degree of K-enrichment in contrast 

to its general depletion (e.g. Nesbitt and Young, 1984; Fedo et al., 1995). This correction is performed 

by projecting each data point onto the Upper Archaean trend along a vector originating in the K2O 

corner (arrow C in Fig. 5.11a), yielding the corrected, pre-metasomatized CIA values (arrow D in Fig. 

5.11a). A detailed description of the correction procedure is given by Fedo et al. (1995). The here 
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analyzed samples show CIAcorrected values of 30-65 (53 on average; Table 5.2) indicating arid/cold 

conditions with weak chemical weathering during the Pleistocene (Fig. 5.11a). Compared to the mean 

CIA values of Paleocene + Eocene (CIA 71), Oligocene (72), and Miocene (67) mudstones released by 

Jian et al. (2013), these new CIA values indicate a continuous cooling and aridification process. 

The interpreted arid/cold conditions are further supported by Ga/Rb and K2O/Al2O3 ratios (Roy 

and Roser, 2013): Both low Ga/Rb ratio < 0.15 and high K2O/Al2O3 ratios > 0.17-0.22 suggest abundant 

illite and dry/cold climatic conditions (Roy and Roser, 2013). Meanwhile, the K2O/Al2O3 ratios in this 

study are higher than 0.17; we thus propose that values higher than 0.15 to 0.17 mark arid/cold 

conditions, rather than 0.2 defined for the Khalaspir Gondwana Group mudstones by Roy and Roser 

(2013) (Fig. 5.11b). The same result is affirmed by the binary diagram between SiO2 and Al2O3 + K2O 

+ Na2O (Fig. 5.11c). Interestingly, there is no significant difference between organic facies A and B 

samples with respect to these paleoclimate proxies. Our conclusions on an arid and cold climate are in 

line with previous publications based on evaporite minerals (Luo et al., 2018), sporopollen (Wu et al., 

2011), carbonate contents and salt ion records (Zhang et al., 2013b), as well as stable hydrogen isotopic 

composition of leaf-wax n-alkanes (Zhuang et al., 2011) on rocks of the same age in the basin.  

5.6.4.2 Evidence from GDGTs 

5.6.4.2.1 GDGTs as indicator of palaeo-temperature 

The current climate of the Qaidam Basin is extremely arid with the MAAT (mean annual air 

temperature) ranging from -2.5 to 5 ˚C (Herb et al., 2013; Günther et al., 2014). Considering the 

continuing cooling of the paleo-climate in the Qaidam Basin since the Pleistocene (Fig. 5.12; Cai et al., 

2012), the Pleistocene MAAT value should be warmer than -2.5-5 ˚C. Such a tendency is visible for 

the calculated MAATs (Fig. 5.13), but there is quite some range in the Pleistocene values, depending 

on the adopted equation. 

 

Fig. 5.12. Sporopollen variations and implications for climatic conditions in the Quaidam Basin from 

Cai et al. (2012) with isotope data from (Lisiecki and Raymo, 2005 as shown in Cai et al., 2012). A/C: 

Artemisia/Chenopodiaceae; C+E: Xerophytic taxa (Chenopodiaceae+Ephedraceae) (%); ln(NAP/AP): 

ln ratios of Non Arboreal Pollen (NAP) to Arboreal Pollen; Thermophilic taxa: 

Betula+Quercus+Castanea+Juglans (%). 
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bGDGTs can be produced by organisms in peats, soils, water columns and lake sediments. As a 

result, it is important to investigate the sources of bGDGTs before attempting to reconstruct the paleo-

climate. Temperature reconstruction functions based on the bGDGTs generated from soils are shown 

in Fig. 5.13 and Table 5.7. MAATWeijers2007 and MAATDe Jonge2014 values show the coolest conditions, 

while MAATPeterse2012 values show warmer conditions (Fig. 5.13). Günther et al. (2014) found that most 

soil calibrations are invalid in the Tibetan Plateau because the Tibetan Plateau was not included in these 

soil calibrations, although Günther et al. (2014) found that MAATPeterse2012 values were close to observed 

MAAT for the plateau. The equation proposed by Günther et al. (2014) was used to predict Tibetan 

MAAT for the studied samples, showing the Pleistocene MAAT were slightly higher than the present 

temperature. The prediction was similar with MAATDe Jonge2014' values (Fig. 5.13 and Table 5.7), 

indicating the temperature is cooling from Pleistocene to present.  

Temperature reconstruction functions based on the GDGTs generated from organisms within 

water are different from those derived from organisms within soils. Thus, the origin of GDGTs can 

affect the reliability of reconstruction of temperature (De Jonge et al., 2014; Sinninghe Damsté, 2016). 

Generally, the MAAT is based on lake calibrations (Tierney et al., 2010b; Pearson et al., 2011; Sun et 

al., 2011; Loomis et al; 2012) were substantially higher MAAT values than observed in present days. 

The calibration of bGDGTs based on lake sediments (i.e. aquatic origin GDGTs) including 

MAATTierney2010, MAATTierney2010', MAATSun2011, MAATPearson2011, MAATLoomis2012, MAATLoomis2012 

values were clearly higher than soil-based calibrations with large variation. By comparison of India's 

west Berau delta sediments with global soil I/II/III bGDGTs type triangle distribution, Sinninghe 

Damsté (2016) found that bGDGTs of aquatic origin or mixed with aquatic origin were located below 

the soil samples in the triangular map (Fig. 5.5). As shown in Fig. 5.5, most of the studied samples show 

a pattern similar to the distribution of bGDGTs in modern global soil (De Jonge et al., 2014). The 

bGDGT-II abundances are higher than those of mixed terrestrial/aquatic origin in the Ceará Rise (ODP 

Site 925) and aquatic origin in the Gulf of Mexico (ODP Site 625) (Crampton-Flood et al., 2021), 

indicating that the GDGTs are mainly derived from terrestrial soil input. The same conclusion can be 

drawn from the lower abundances of bGDGT-IIIa and higher abundances of bGDGT-II (Fig. 5.6; 

Günther et al., 2014). The #ringstetra index was used to evaluate the relative contribution of cyclic 

bGDGTs (Sinninghe Damsté, 2016). In general, #ringstetra is increasing with the increase of distance 

from the coast (Sinninghe Damsté, 2016). If the mean value of #ringstetra is greater than 0.7, bGDGTs 

cannot be completely originating from soil (Sinninghe Damsté, 2016). #ringstetra values from the studied 

samples are 0.16-0.85 (avg. 0.45; Table 5.5), indicating that bGDGTs in the studied sediments mainly 

derive from soil. In addition, the high BIT values ranging from 0.72 to 1.00 (avg. 0.89; Table 5.5) 

indicate the shallow water depth in the study area as well (Sinninghe Damsté, 2016). The phenomenon 

that most of the bGDGTs are catchment soil-derived in some Tibetan lake systems has been observed 

before (Günther et al., 2014). Combining with the above discussion, bGDGT in Tibetan lakes originated 

mainly from surrounding soils, although the studied samples were sampled from lake sediments. Thus 
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the MAAT values based on calibration of soil-derived GDGTs are probably more reliable than those 

based on calibration by lake sediments. According to spore and pollen data as well as oxygen isotopes, 

there is a cooling trend from 2.8 Ma to present-day (Fig.12) with quite some variability in each time 

interval. The MAAT fluctuation within the Pleistocene interval is also significant based on our data, 

e.g. the well calibrated MAATGünther 2014 ranging from 0.54 ˚C to 4.91 ˚C with an average of 2.23 ˚C. 

This is slightly higher than at present-day, but the Pleistocene variability (4.5 °C between coolest and 

warmest temperature) is greater than the cooling since then.  

 

 

Fig. 5.13. Comparison of reconstructed temperatures based on soil calibrations in soils and lake 

sediments as obtained from Eqs. 5.6 to 5.21. 

The TEX86 proxy was used to reconstruct LST (lake surface temperature). A lacustrine (compiled 

by Castañeda and Schouten, 2011) and a marine calibration (Kim et al., 2008) were used to evaluate 

the obtained data. Moreover, seasonal influence was estimated by using a study of Powers et al. (2010). 

The reconstructed LSTKim2008, LSTCastañeda2011 and SLST were in agreement with the current measured 

summer surface water temperature (SLST; Fig. 5.13 and Table 5.7); thus the temperature during the 

Pleistocene was probably warmer than at present-day. Only the WLST significantly differed from the 

measured mean water temperature, which is expected, because it reflects the cooler winter temperature 

(Fig. 5.13 and Table 5.7). Generally, LST has a high correlation with MAAT. However, such a close 

relationship between both parameters cannot be detected in recent Tibetan lakes due to glacial meltwater 

input substantially reducing LST, or circulation of warm or cold water volumes within the lakes 

(Günther et al., 2014). The TEX86 is affected by a variety of factors (e.g. Schouten et al., 2013); for 

example TEX86 is not suitable to calculate temperatures for lacustrine environments, if the lakes were 

strongly influenced by methanogenesis (Blaga et al., 2009), or if the sediments contain a large number 

of soil-derived iGDGTs (Blaga et al., 2009; Powers et al., 2010). All major groups of archaea except 

halophilic archaea can generate iGDGT-0 (Schouten et al., 2013 and references therein). In most cases, 

they are regarded as terrestrially sourced biomarkers, even if in situ production of iGDGT-0 cannot be 



132 

 

excluded as suggested in previous studies (e.g. Blaga et al., 2009; Bechtel et al., 2010). By contrast, 

crenarchaeol and iGDGTs 1–3 are produced in situ in lake environments (Günther et al., 2014) and are 

thus used for the TEX86 calculation. In this study, the TEX86 reveals LST ranging from 5.7 to 19.6 ˚C 

(WLST were 2.4-13.7 ˚C) (Fig. 5.13 and Table 5.7). Interestingly, MAATs calculated based on lake 

calibrations (Powers et al., 2010; Tierney et al., 2010a; Castaneda and Schouten, 2011) show strong 

agreement with the SLT.  

5.6.4.2.2 GDGTs as indicator of palaeo-pH and moist/arid conditions 

According to Günther et al. (2014) pH and salinity were probably the most influential 

environmental factors for the relative distribution of bGDGTs in the lake sediments, while archaeal 

lipid distributions were related mainly to temperature (and to a lesser extent pH and conductivity). At 

present, the mean annual precipitation (MAP) ranges between around 50 mm at the margin to about 25 

mm in the central basin with a mean annual potential evaporation of > 3000 mm (Chen and Bowler, 

1986; Yang et al., 1995; Jiang and Robbins, 2000); conditions are dry.  

Xie et al. (2012) and Yang et al. (2014) found that the high Ri/b values (>0.5) in soil only can be 

observed in areas where MAP is less than 600 mm and alkaline soils (pH > 7.5) exist. Alkaline soils 

provide a favorite environment for soil Thaumarchaeota which is a major source organism for iGDGTs, 

thus leading to higher concentrations of iGDGTs there (Kim et al., 2012). However, microbes producing 

bGDGTs find best conditions at low pH, e.g. in acidic soils (Weijers et al., 2007b). The high Ri/b values 

measured on our samples ranging from 0.77-3.40 (1.62 on average) indicate arid and alkaline soils 

conditions.  

There is a close link between the aridity in Central Asia, the major uplift of the plateau, and the 

development of alkaline sediments in this region that occurred during the Late Miocene (around 8-9 Ma 

ago) (An et al., 2001; Xie et al., 2012). This corresponds to the first stages of evolution of Asian climates, 

i.e. the Asian interior drought intensified, and the Indian and East Asian monsoon began, as well as the 

initial uplift period of the TP. The continued intensification of the east Asian summer and winter 

monsoons occurred about 3.6–2.6 Ma ago followed by more intense and continuous East Asian winter 

monsoon conditions and increased variability and possible weakening of the Indian and east Asian 

summer monsoons since around 2.6 Ma ago (An et al., 2001), resulting in the aridity in Central and 

East Asia. This evolution is also reflected by the obviously higher Pleistocene Ri/b values derived from 

this study as compared to those of the Late Miocene on the Tibetan Plateau (Xie et al., 2012). Due to 

the continuous uplift of the Tibetan Plateau since the Holocene, the Pleistocene Ri/b values are clearly 

lower than those of the modern northeastern Tibetan Plateau (Sun et al., 2016), indicating a continuous 

aridification process. The low MBT values for high-altitude areas usually coexist with high Ri/b values, 

representing a cold and dry environment, as opposed to the high MBT and low Ri/b values, which 

represent a low-altitude warmer and more humid environment (Fig. 5.11d). The low MBT and high Ri/b 

values in the studied samples would therefore indicate a cold and dry environment (Fig. 5.11d). Hence, 

the paleo environment during the Pleistocene period was likely arid and cold. Considering the current 
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elevation of the Qaidam Basin (2.7-3.5 km) and rapid uplift after the Pleistocene, the high Pleistocene 

Ri/b values (Fig. 5.11d) probably indicate arid conditions caused by the inland location rather than by 

very high altitude.  

Generally, high pH values indicate an arid environment. Relationships between CBT (cyclisation 

of branched tetraethers) and pH values were observed for soils samples (Weijers et al., 2007b; Peterse 

et al., 2010; Xie et al., 2012). For global soils CBT and pH values show a negative relationship (Weijers 

et al., 2007b; Peterse et al., 2010). Xie et al. (2012) argued that this relationship would be negative in 

acid environment (Ph < 7) and that there should be a slightly positive correlation or a flattening off in 

alkaline environment (7 < Ph < 9) for all soils collected from different climate zones of China. This 

positive correlation in soils and surface sediments of Tibetan saline lakes with pH > 8 was also observed 

by Günther et al. (2014).  

In this study, calculated pHGünther2014 values are highest, ranging 8.66 from 9.91 (mean value = 

9.13), followed by pHTierney2010 (8.00-9.37) and pHsun2011 (7.67-8.37) (Table 5.7). All of these values, 

however, indicate an arid environment. The pH values based on soil-derived GDGTs (Weijers et al., 

2007b) show alkaline environment as well with pHWeijers2007 values ranging from 6.75 to 7.92 (7.5 on 

average). These new results are consistent with those of previous studies indicating that soils on the 

Tibetan Plateau tend to be alkaline with pH varying between 6 and 10 (8 on average; Wang et al., 2012; 

Günther et al., 2014).  

5.7 Conclusion 

This study combines major and trace elements, GDGTs, and stable isotopes of two organic facies 

from Pleistocene, microbial gas source rocks in the central Qaidam Basin in order to achieve an 

overview on climatic conditions during that time. The following conclusions concerning origin of 

organic matter, depositional conditions within the water column, factors controlling OM quantity and 

quality, and paleo-climatic conditions are drawn: 

1)  The OM of organic facies A is mainly derived from a mixture of C3 higher plants and 

phytoplankton growing in marginal parts of the lake. This facies is characterized by high TOC contents 

and abundant terrigenous organic matter. 

2)  Organic facies A were deposited in a shallow freshwater environment under dysoxic to anoxic 

bottom water conditions, while organic facies B developed in a hypersaline lake environment under 

oxic bottom water conditions. Based on TOC contents and carbon isotope data, the OM preservation in 

both organic facies A and B was primarily controlled by the paleo-redox conditions, i.e., the dysoxic to 

anoxic bottom water conditions for organic facies A and oxic conditions for organic facies B might be 

the most important factors controlling their high and low TOC content, respectively. 
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3)  Due to the high sedimentation rates, organic carbon accumulation was fast due to rapid burial 

and thus good preservation of organic matter. According to the negative correlation between TOC 

content and δ13Corg values, OM preservation was controlled by paleo-redox conditions. 

4)  There is no significant difference between organic facies A and B with respect to the 

paleoclimate proxies. Related major and trace elements indicate arid/cold conditions with weak 

chemical weathering during the Pleistocene. Combined with the published data, the CIA and Ri/b values 

indicate a rather continuous cooling and aridification process from Miocene to Pleistocene and recent.  

5)  The bGDGTs of the studied samples are mainly derived from terrestrial soil input, and the 

Pleistocene calculated MAAT based on bGDGTs (0.54-4.91 ˚C, 2.23 ˚C on average according to the 

most reasonable calibration) were slightly higher than the present temperature. The reconstructed lake 

surface temperature ranges from 5.7 to 19.6 ˚C (WLST were 2.4-13.7 ˚C). The Pleistocene soils on the 

Tibetan Plateau were alkaline. 
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6 General discussion and outlook  

6.1 General discussion 

This thesis covers basic non-marine source rock characterization and investigations of 

hydrocarbon potential for shale gas, shale oil and microbial gas. Concerning the Paleozoic gas shales 

and Triassic oil shale in the Ordos Basin as well as microbial gas mudstones in the Qaidam Basin, 

depositional environment, thermal maturity and hydrocarbon potential were analyzed. In addition, 

factors controlling organic matter (OM) accumulation and records of paleo -environment and -climate 

evolution in mudstone/shale have been analyzed. The characteristics of the non-marine source rocks 

covering stages from immature to over mature are investigated within this thesis. Part of the results are 

in good accordance with those documented in other publications, but some new ideas have been 

proposed as well. Major conclusions are summarized as follows: 

• Thermal maturity and depositional conditions of Upper Paleozoic shales from the Ordos Basin: 

The Upper Paleozoic gas shales presented in this thesis have over thermal maturities with 

maturity ranging from 2.35 to 2.97%. The results are similar to the other publications in the 

similar area showing the maturity of 2.3-3.12% (Ding et al., 2013; Xiong et al., 2017; Yang et 

al., 2017b). This relatively homogeneous maturity over a wide area corresponds to the rather 

equal thickness of the over formations along the whole basin. Both in terms of lithology and 

mineral content, rocks show strong variability, related to variable depositional settings. The 

values of TOC/TS of the samples studied cover a wide range and indicate the shift from marine 

to terrigenous environments as well. The observation of abundant vitrinite and inertinite 

particles, and even coal fragments and roots, indicates the terrestrial origin of most OM. This 

material certainly represents a former type III kerogen, now strongly converted towards carbon-

rich residues, which is consistent with conclusions from previous studies (Yang et al., 2016, 

2017b; Xiong et al., 2017). While most samples have a high content of clay minerals, samples 

B-3 and B-4 show high contents of carbonate. These samples also have low TOC/TS ratios 

indicating a marine depositional environment. For our sample set, strong marine influence is 

indicated for Benxi Formation (in agreement with e.g. Ding et al. (2013) and Xiong et al. 

(2013)), but not for Shanxi Formation where the studied samples do not show any marine 

influence. Clay minerals are clearly dominated by I/S mixed layer in Shanxi Formation, while 

Benxi Formation shales are characterized by a mixture of both I/S mixed layer and kaolinite. 

This non-uniform distribution of clay minerals is consistent with previously published data 

(Ding et al., 2013; Yang et al., 2016, 2017b; Xiong et al., 2017). 

• Controls on gas storage characteristics of Upper Paleozoic shales from the Ordos Basin: Both 

the Benxi and Shanxi shales are characterized by comparatively low porosities, sorption 

capacities and gas storage capacities compared to producing marine shale gas systems. Excess 
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sorption capacity and porosity of over-mature Benxi and Shanxi transitional shales are 

controlled by their high clay mineral content (up to 80%). In contrast to other shales (e.g. 

Gasparik et al., 2014; Merkel et al., 2015, 2016; Shabani et al., 2018), TOC has a minor effect 

on gas sorption because of its low content (smaller than 2.3%). The volumetric “free” gas 

storage prevails in deeper Benxi and Shanxi reservoirs whereas excess sorptive storage 

generally dominates the total storage capacity of these shale reservoirs at shallow depths. 

Methane sorption does not have a positive effect on gas production at high pressure. Only when 

the pore pressure in the matrix is reduced significantly will “excess sorbed” gas contribute to 

production. This has major implications for deep reservoirs, where pore pressures in the matrix 

may not be sufficiently reduced before production ceases. Combined with the large amount of 

clay minerals that make hydraulic fracturing more difficult, these formations are regarded 

unfavourable for shale gas exploitation. 

• Depositional environment and organic matter composition of shales from the Triassic Chang 7 

Member in the Ordos Basin: The Chang 7 member is a typical clay-rich source rock deposited 

and preserved in a sulphate-poor lacustrine environment in the center of the basin (MW 16 well) 

and a fluvio-deltaic environment northwestward (MW 1 well) under fresh water and oxic to 

sub-oxic conditions. The MW 16 well situated close to the center of the former lake shows, 

however, slightly reducing conditions. The same result can be drawn from the pyrite size and 

elemental composition data in the similar area, which were previously published (Yuan et al., 

2016). OM is composed of a type II-III kerogen. A mixture of lacustrine aquatic algal-bacterial-

macrophytic organisms and terrigenous higher plants (mainly composed of conifers) was the 

main source of OM based on combined organic petrography and biomarker results. Due to the 

large area of the basin, the composition of OM shows large variation. For example, the OM is 

composed of a type I-II kerogen in the southern area (Zhang et al., 2020; Fig. 6.1). 

 

 

Fig. 6.1. Rock-Eval data on the Chang 7 member in the Ordos Basin: comparison of our results and 

other data from publications (see Chen et al., 2017). 
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• Maturity of organic matter-rich shales from the Triassic Chang 7 Member in the Ordos Basin: 

The thermal maturity of the Chang 7 Member source rocks reaches the main phase of oil 

generation based on vitrinite reflectance, Rock-Eval and most molecular geochemical data. The 

Tmax values are quite similar to those from previous publications (Chen et al., 2016; Fig. 6.1). 

This small range of maturity accords with the thickness distribution of the Triassic, Jurassic 

and Lower Cretaceous rocks in the study area. The study reveals that these source rocks possess 

good to very good potential for liquid hydrocarbon generation, based on the moderate to very 

high total OM content, thickness (up to 100 m of source rock within the 60–120 m Chang 7 

Member) and Rock-Eval results. The quality of the source rocks is not as good as previously 

reported (e.g. Xu et al., 2019), which might be caused by the sampling locations further towards 

the margin of the basin. Best source rock properties are expected in the area of the former 

central lake. 

• Classification of Pleistocene microbial gas source rocks in the Qaidam Basin: These sediments 

are generally rich in OM, but contain two vastly different organic facies (A and B), which are 

interlayered with each other. These two organic facies both represent lacustrine systems. 

Periodically, shallow freshwater fluvio-lacustrine environments similar developed during high 

water levels at the lake margins with suboxic to anoxic redox conditions in bottom water 

favoring the development of OM-rich (4.1–25.3 wt.% TOC) and sulphur-rich (1.5–3.7 wt.% 

TS) sediments. They represent organic facies A, which, however, accounts for only a small 

proportion of the whole sedimentary sequence. More common is organic facies B, represented 

by samples with moderate TOC content of 0.5–1.1 wt.% and TS content of 0.1–1.0 wt.%, which 

were deposited under more oxic bottom waters in more distal parts of the lake.  

• Depositional environment of Pleistocene microbial gas source rocks in the Qaidam Basin: The 

depositional environment of Pleistocene microbial gas source rocks was interpreted based on 

the TOC/TS ratios, biomarker characters, Corg/P ratios, trace elements, relative concentrations 

of TOC, TS and iron, H/C and C/S ratios of kerogen samples. Organic facies A samples were 

deposited in a shallow freshwater environment without stratification, but organic facies B 

samples developed in hypersaline depositional environments and partly even in lakes with 

water column stratification. Moreover, organic facies A samples were deposited under dysoxic 

to slightly anoxic bottom water conditions, while organic facies B samples were deposited 

under oxic conditions. However, reducing conditions indicated by biomarker data were 

probably sometimes present in the sediments caused by the “mat-seal effect”. 

• Composition and maturity of organic matter of microbial gas source rocks in the Qaidam Basin: 

The kerogen type is gas prone mixed type II-III in most samples, which are thermally immature. 

A large part of it is originated from aquatic higher plants in sediments representing organic 

facies A, i.e. submerged angiosperms and macrophytes that were growing at the lake margin. 

In contrast, organic facies B samples mainly developed from algae living in salt water. 
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Cyanobacteria contributed to the kerogen in both organic facies, while other microbial 

contribution was more pronounced for organic facies B than organic facies A. Terrestrial higher 

land plants only provided a minor part of the kerogen. 

• Organic carbon accumulation rate of microbial gas source rocks in the Qaidam Basin: Both 

organic facies A (75-450 g C m-2a-1) and organic facies B (8-40g C m-2a-1) show high calculated 

organic carbon accumulation rates, which are favorable for rapid burial of kerogen into the 

methanogenesis zone. They are distinctly higher than e.g. in OM-rich Quaternary marine 

sediments sites drilled by ODP such as Baffin Bay, Labrador Sea (0.1–3 g C m−2a−1; Stein, 

1991). Furthermore, they are greater or close to upwelling areas offshore Peru and Oman (0.4–

15.9 g C m−2a−1 with an average value of 3.69 g C m−2a−1; Lückge et al., 1996) and open-ocean 

gyres (0.026–378 g C m−2a−1 with an average value of 55.85 g C m−2a−1; Suess, 1980), 

respectively (Fig. 6.2). This is due to the tectonic setting leading to strong erosion in the 

hinterland and thus high sediment accumulation rates, combined with lake environments 

favorable for OM production and preservation. Compared to other lake systems, the values of 

organic facies B samples are slightly lower and those of facies A are slightly higher than those 

in Brazilian lakes, such as Feia (43 g C m−2a−1; lake altitude is 850 m) and Agua Preta de Baixo 

(22 g C m-2a-1; lake altitude is 240 m), where also large populations of floating macrophytes 

developped during the Holocene (Turcq et al., 2002). In addition, the wells located above the 

gas fields show moderate to high SPI (source potential index) values ranging from 2.24 to 25.66 

t HC/m2, but the T2 Well which is close to Sebei 1 Gas Field shows a lower SPI value (1.49 t 

HC/m2). 

 

 

Fig. 6.2. Organic carbon accumulation rate in the microbial gas source rocks in the Qaidam Basin: 

comparison of our results and data on other data from publications. 
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• Factors controlling OM organic matter accumulation of microbial gas source rocks in the 

Qaidam Basin: The relative importance of palaeoredox conditions and palaeoproductivity as 

control factors on OM preservation can be evaluated via the relationship between TOC content and 

δ13Corg value. The OM accumulation in both organic facies A and B was primarily controlled by the 

palaeoredox conditions, i.e., the dysoxic to slightly anoxic bottom water conditions for organic 

facies A samples and oxic conditions for organic facies B samples might be the most important 

factor controlling their high and low TOC content, respectively. 

• Climatic conditions during the Pleistocene in the Central Qaidam Basin: There is no significant 

difference between organic facies A and B samples with respect to the paleoclimate proxies. 

These sediments were deposited under arid/cold conditions with weak chemical weathering 

during the Pleistocene period. Combined to the mean CIA values of J1 (88), J2 (87), J3 (75), K1 

(71), E1 + 2 (68), E3 (71), N1 (72), and N21 (67) mudstones released by Jian et al. (2013), the CIA 

values indicate a continuous cooling and aridification process (Fig. 6.3). The Pleistocene 

MAAT (mean annual air temperatures; 0.54-4.91 ˚C, 2.23 ˚C on average) were slightly higher 

than the present temperature. The Pleistocene Ri/b values are located between the higher modern 

Ri/b (Sun et al., 2016) values in northeastern TP and the lower Late Miocene Ri/b values in the 

TP (Xie et al., 2012), indicating arid and alkaline soil conditions and a continuous aridification 

process. Moreover, soils at the Tibetan Plateau tended to become more alkaline with pH varying 

between 6 and 10. 

 

Fig. 6.3. CIA values for different source rocks in the Qaidam Basin from old (left) to young (right): 

comparison of our results and data on other data from Jian et al. (2013). 

6.2 Outlook 

During my PhD study, different source rocks in northern China and their hydrocarbon generation 

potential were investigated. Several topics which remain worth investigating are listed as follows: 

• Controls on gas storage characteristics of Upper Paleozoic shales from the Ordos Basin were 

studied. However, the analysis of the depositional environment using organic geochemical methods of 
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these non-marine Paleozoic gas shales in the Ordos Basin was limited due to their high thermal maturity. 

More systematic inorganic geochemical analysis, e.g. using major and trace elements and isotopic 

studies should be performed as well on these shales. Thermal maturity can be determined accurately by 

using vitrinite reflectance for such terrestrial shales with very high maturity. In addition, some 

molecular compounds, e.g. diamondoids, might provide valuable geochemical thermal maturity data 

and clay mineralogy (e.g. illite crystallinity) would be useful as well. 

• The Ordos Basin is the second-largest basin in China. The Triassic Chang 7 Member is the most 

important source rock for the Mesozoic hydrocarbons in the basin. These source rocks developed a 

Type II-III kerogen from a typical fresh water lacustrine environment based on the data of molecular 

geochemistry and Rock-Eval pyrolysis as well as petrographical observations. However, the molecular 

structures of these kerogens in this area are not studied until now. In the next step, kerogen should be 

studied comprehensively using FT-IR-spectroscopy, Curie Point-pyrolysis-GC-/MS, X-ray diffraction 

(XRD), XRF, and ICP-MS to 1) gain new insights into the depositional environment of Chang 7 

Member source rocks throughout the mid-western area of the Ordos Basin, and 2) obtain detailed 

information on structure and chemistry of Triassic lacustrine kerogen in the basin. 
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