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Abstract

Eocene lacustrine sediments (Es4 and Es3 member of the Shahejie Formation) from the
Western Depression of the Liaohe Basin, NE China were examined in order to perform a
systematic facies classification and to show the influence of facies variations on the source
rock potential. Facies changes were reconstructed by applying a multidisciplinary approach,
including mineralogy (XRD), organic petrology and organic geochemistry. The Liaohe lakes
passed from alkaline to freshwater stages because of varying climatic conditions and tectonic
movements. Fluorescing amorphous and lamalginite-rich organic matter (OM) was deposited
in a restricted, hydrological closed-lake environment (playa and shallow lake), during
Gaosheng (GS) time in the whole basin and during Dujiatai (DJT) time in the basin centre
(Lei and Gao area). A high primary production dominated by cyanobacteria, low fluvial input,
and paucity of terrestrial vegetation in an arid climate resulted in the deposition of type | OM.
Water column stratification with anoxic, probably saline bottom waters existed which is
consistent with the biomarker parameters determined in this study. Especially laminated
samples from the GS sub-unit show high total organic carbon (TOC) and hydrogen-index
values. They are excellent source rocks and have the potential to generate high-wax petro-
leum at high subsurface temperatures. The very narrow distribution of activation energies
point to a mainly polymethylene kerogen structure which is supported by the pyrolysate com-
position. During lower DJT time intense evaporation led to the formation of magnesium and
sodium rich brines with dolomite and analcime precipitation aided by evaporative pumping. In
contrast, clay mineral-rich samples of the Shale | and Shale Il sub-units as well as those of
the Es3 member were deposited during lake-level highstands in a hydrological open fresh-
water environment in a more humid climate. They are mainly non-laminated and Bofryo-
coccus alginite predominates. Sediments in the marginal Shu-Du area were laid down in a
fan-delta environment during DJT time, which is corroborated by the presence of abundant

detrital minerals (feldspars, quartz) and coaly terrigenous particles.

Variations in the composition of macromolecular OM in maar lake sediments from late
Quaternary deposits of the Westeifel volcanic field, Germany (Lake Holzmaar, Lake Meer-
felder Maar) and South China (Lake Huguang Maar) were studied, applying analytical
pyrolysis and organic petrology. Investigations on the lipid OM were carried out for compari-
son. The objective of this work was to find suitable parameters which mirror the local
environment and climate at the time of OM incorporation into the sediment. Parameter based

on methoxyphenols together with the character and the relative abundance of terrigenous



particles can be used to show variations of land plant input to the maar lakes through time.
Lignin derived components increased during the amelioration of the climate, reflecting fores-
tation of the landscape around Lake Meerfelder Maar after the last glacial retreat.
A reverse trend towards the Younger Dryas cold event shows a reduction of the forest.
During the Lateglacial and Younger Dryas period, high-reflecting reworked terrigenous OM
from the geological substratum was introduced to the Eifel Maar lakes by soil erosion in an
open, tree-less vegetation. In contrast, fresh and low-reflecting terrigenous OM predominates
in the Bealling/Allergd and Holocene sequence. Beside a higher plant source, the phenols in
most of the pyrolysates originate from the microbial reworking of proteinaceous tyrosine

moieties or from a direct contribution of cyanobacteria.

In Lake Huguang Maar, the 813CTOC parallels the isotopic enrichment of the plant-wax derived
long-chain n-alkanes and the botryococcene biomarkers. This mirrors vegetation changes
and specific environmental conditions which affected the algal biomass. Especially the
significant transition from lithozone 4 to lithozone 3 is consistent with a rapid change from an
ecosystem with relatively high primary productivity and C; vegetation towards a very stable
ecosystem with a low primary productivity and a dominant input of C, grasses because of
drier climatic conditions and low atmospheric CO, levels. This is supported by the positive
isotopic excursions in lithozone 3, a lower 4-methylguaiacol to p-vinylphenol ratio in lithozone
3 compared to lithozone 4 and microscopic as well as palynological data. One possibility for
the very heavy §'°C values of the botryococcenes in lithozone 3 is that Botryococcus braunii
changed its CO, demand towards a bicarbonate source. The comparison with other studies
implies that downcore variations in Lake Huguang Maar are largely controlled by fluctuations

of the summer and winter monsoon activity.



Kurzfassung

Eozane lakustrine Sedimente (Es4- und Es3-Stufe der Shahejie Formation) aus der
westlichen Depression des Liaohe Beckens, NO China wurden untersucht, um eine systema-
tische Faziesklassifikation durchzuflihren. Hierzu kam ein integrierter Ansatz aus mineralo-
gischen (XRD), organisch-petrologischen sowie organisch-geochemischen Methoden zur
Anwendung. Die Entwicklung der Seen war gepragt durch den Wechsel von alkalinen und
hdher salinaren Phasen hin zu Perioden mit reichlich Oberflachenzufluss und relativ hohen
Seespiegelstanden. Diese Entwicklung wurde im Wesentlichen durch die klimatischen
Verhaltnisse sowie die tektonische Entwicklung des Riftbeckens gesteuert. Amorphes
fluoreszierendes und Lamalginit reiches organisches Material (OM) wurde in einem hydro-
logisch geschlossenen Seebecken (flacher bzw. Playa-See) in einem ariden Klima abgela-
gert, das wahrend der Gaosheng (GS) Unterstufe im gesamten und wahrend der Duijiatai
(DJT) Unterstufe im zentralen Teil des Beckens (Lei Gebiet) vorherrschte. Diese Zeiten
waren gepragt durch eine hohe Primarproduktion, eine Schichtung der Wassersaule mit
anoxischem Tiefenwasser sowie dem weitgehenden Fehlen einer Vegetation im Umland der
Seen. Dies fuhrte zur Bildung eines Typ | Kerogens. Die fein-laminierten Sedimente der GS-
Unterstufe mit hohen organischen Kohlenstoffgehalten (TOC) und Wasserstoffindexwerten
sind die besten Muttergesteine in der westlichen Depression und in der Lage, bei hohen
Temperaturen wax-reiche Erddle zu generieren. Die sehr schmale Aktivierungs-
energieverteilung deutet auf eine Uberwiegend aus aliphatischen Ketten aufgebaute Kero-
genstruktur hin, was durch die Zusammensetzung der Pyrolyseprodukte bestatigt wird. Zu
Beginn der DJT-Unterstufe flhrte intensive Eindampfung der Wasser im zentralen Teil der
Depression zur Bildung von Magnesium- und Natrium-reichen Laugen. Unterstitzt durch das
sogenannte “Evaporative Pumpen” kam es zur Ausfallung von Dolomit und Analcim. Im
Gegensatz dazu wurden die tonreichen Sedimente der Shale |- und Shale llI-Unterstufe
sowie die der Es3-Stufe in einem hydrologisch offenen Seebecken in einem humiden Klima
abgelagert. Sie sind nicht laminiert und Botryococcus Alginit dominiert das OM. Die Sand-
steine der DJT-Unterstufe im randlichen Shu-Du Gebiet wurden im Bereich eines Schwemm-

fachers sedimentiert.

Die Charakterisierung des OM in Spatquartaren Maarseesedimenten der Westeifel,
Deutschland (Holzmaar, Meerfelder Maar) sowie aus S China (Huguang Maar) bildete den
zweiten Schwerpunkt dieser Arbeit. Methoxyphenole aus Pyrolyseexperimenten kdnnen

zusammen mit den mikroskopisch identifizierbaren terrigenen organischen Partikeln benutzt



werden, um Variationen des Landpflanzen-eintrags in die Seen aufzuzeigen. Die Klima-
erwarmung nach dem letzten Gletscherrickzug und die damit verbundene Zunahme der
Vegetationsdichte im Umfeld des Meerfelder Maars schlagen sich in einem relativen Anstieg
der Ligninkomponenten nieder. Der Klimartckschlag wahrend der Jingeren Dryas ist durch
einen gegenlaufigen Trend dokumentiert. Wahrend des Spatglazials und der Jiingeren Dryas
wurden Uberwiegend hoch-reflektierende terrigene organische Partikel in die Maarseen
eingetragen, die auf eine verstarkte Lieferung Uber Bodenerosion in einem weitgehend wald-
freien Umland hindeuten. Dagegen dominiert frisches Pflanzenmaterial und gering-reflek-
tierende Huminit-partikel wahrend des Bglling/Allerad und im Holozan. Die Phenole in den
Pyrolysaten stammen sowohl von hdheren Pflanzen als auch von der bakteriellen Uber-

arbeitung von Proteinen (Tyrosin) bzw. von deren direktem Eintrag durch Cyanobakterien.

Stabile Kohlenstoffisotope, gemessen am Gesamtkohlenstoff (8"°Croc), den langkettigen
n-Alkanen (Pflanzenwachse), sowie algenspezifischen Biomarkern (Botryococcene), zeigen
einen parallelen Verlauf. Insbesondere der Ubergang von Lithozone 4 zu Lithozone 3
markiert den schnellen Wechsel von einem Okosystem mit relativ hoher Primarproduktion
und Cs-Pflanzeneintrag zu einem Okosystem mit geringer Primarproduktion und Eintrag von
C4-Grasern als Ergebnis trockener klimatischer Bedingungen und geringeren CO,-Konzen-
trationen der Atmosphare. Dies wird belegt durch die positiveren §'°C-Werte und ein
geringeres 4-methylguaiacol zu p-vinylphenol Verhaltnis in Lithozone 3 sowie die mikrosko-
pischen Ergebnisse und Pollenanalysen. Die extrem positiven §'°C-Werte der Botryococcene
in Lithozone 3 zeigen, dass die Alge Botryococcus braunii Bicarbonat assimiliert hat. Ein
Vergleich mit anderen Studien ergab, dass die zeitlichen Veranderungen in den geoche-
mischen Parametern auf Schwankungen der Intensitat des Winter- und Sommermonsuns

zurtckzufihren sind.
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INTRODUCTION 1

1 Introduction

Climate and tectonics are critical factors which are responsible for the occurrence, distribu-
tion and character of ancient and modern lake deposits (Carroll & Bohacs, 1999). These
factors dictate sediment delivery and dispersal, and, of paramount importance to the current
study the relative supply of aquatic and terrigenous organic matter (OM) as well as redox
conditions governing OM preservation. Two aspects of lake deposits dominated the study of
modern and ancient lacustrine settings in the recent past. Firstly, the sediments provide
detailed records and thence new insights into past climates such as several Quaternary
glacial/interglacial cycles (e.g. Brauer et al., 1999; Meyers & Lallier-Vergés, 1999). Secondly,
many ancient lake basins are of important economic importance because they bear
hydrocarbons and oil shale deposits (for review see Powell, 1986). Several studies have
shown, that paleoclimate-based models are important in interpreting lacustrine petroleum
source rock sequences (e.g. Carroll, 1998; Gongalves, 2002). To evaluate the large
differences between individual lake systems it is necessary to integrate physical, chemical

and biological processes and their responses to climate-induced fluctuations.

In this thesis, organic petrological, organic geochemical and mineralogical data are used to
define and illustrate the depositional environments and climates of Eocene lacustrine
sediments from the Western Depression of the Liaohe Basin and Holocene maar lake
deposits. This section describes the main factors that control inorganic, organic lake

sedimentation, and the occurrence of fossil fuel resources in lake basins.

1.1 Lake Waters and Lake Sediments

1.1.1 Hydrology and Lake Dynamics

Sedimentation in lakes is affected by the properties and the chemistry of the lake waters,
lake level fluctuations and the relative abundance of land-derived clastics and autochthonous
sediment. Lakes can be classified as hydrological open or closed. In the water budget of
hydrological open lakes precipitation, inflow and groundwater recharge are balanced by
evaporation, outflow and infiltration to the subsurface (Eugster & Kelts, 1983). The lake
chemistry is dilute and dominated by meteoric waters. In contrast, hydrological closed
lakes lack a permanent outlet and loose water only by evaporation and infiltration. They may

be perennial or ephemeral, depending upon evaporation and inflow.



The typical temperature layering of lakes includes a warm oxygenated and circulating
epilimnion, which overlies the cooler hypolimnion that is anoxic and undisturbed by

circulation of the water masses (Fig. 1.1). The intervening zone, characterised by a

temperature gradient, the thermocline,
Solar radiation (%)
0 20 40 60 80 100

has been termed the metalimnion
(Wetzel, 1983). The near surface

temperature of a lake is a direct response

to the penetration of solar radiation. In
temperate regions with pronounced
winter and summer seasons, changes in

air temperature and turbulence induced
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by wind disturbance can cause a
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30 Temperature .
water column. These seasonal variations
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Fig. 1.1. Temperature profile and penetration of | Lak ith t st t
solar radiation in a lake. The thermocline marks column. Lakes with permanent stagnan

the zone of maximum temperature change; after and anoxic bottom waters are termed
Wetzel (1983).

meromictic. The oil shales of the Laney
Member in the Washakie Basin (Boyer, 1982; Dean & Anders, 1991) and those of the
Eocene Lake Messel (Goth, 1990) are ancient examples of sediments thought to have been

deposited in permanently stratified water columns.

A change from open to closed conditions because of climatic changes and drainage patterns
with time may result in the formation of an alkaline, hypersaline playa-lake system.
Extensive mudflats are particularly characteristic of playa lakes where desiccation destroys
primary sedimentary textures. Such an evolution with subsequent refreshing periods was
reported for Lake Kivu and Tanganyika since the Last Glacial Maximum (LGM) (Stoffers &
Hecky, 1978). The Wilkins Peak Member of the Eocene Green River Formation is an ancient
example (Eugster & Hardie, 1975; Surdam & Wolfbauer, 1975). As a result of drier conditions
lakes can become periodically completely desiccated such as the giant Lake Victoria in East
Africa (70,000 km?) during the LGM (Talbot & Laerdal, 2000). In open lakes pH conditions
range between 6 and 9, whereas pH values as high as 12 were found in some closed lakes
such as the soda lakes in East Africa (Talbot & Allen, 1996).
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1.1.2 Clastic, Chemical and Biochemical Sedimentation

Changes in the mineralogy may indicate a change from open to closed conditions.
Sediments in open lakes include siliciclastic particles derived from fluvial transport, either in
suspension or as bed load. Lake margin coarse-grained deposits are attributed to deltaic and
marginal lacustrine settings as alluvial fan deposits, distributary fluvial channels and
channel-mouth bar deposits, which pass rapidly basinward into fine-grained deep water and
sometimes-calcareous facies. Diatoms are the major source of opaline silica. Salinity and
Mg®*/Ca** ratios are low in open lakes and calcium carbonate is the dominant chemical and
biochemical precipitation. The appearance of carbonates in lake sediments is mainly caused
by benthic algal and microbial photosynthetic activity (Talbot & Allen, 1996). Removal of CO,

raises the pH and promotes carbonate precipitation.

The chemical composition of rocks in the catchment area of a lake has an important impact
on the sediment composition and the lake water chemistry. Eugster (1980) showed that
silica-rich magmatic, metamorphic and carbonate rocks deliver mainly Na* and HCOjs
waters, whereas basic and ultrabasic rocks provide alkaline Ca”,Mg” and HCOxs rich waters
to the lake basin. Exposed volcanic rocks can influence the clay mineral composition. High
smectite percentages in the Messel oil shale are a result of weathering of volcanic particles
(Goth, 1990). Thus, the study of clay assemblages in open lake sediments may be used as
an important tool to reconstruct the depositional environment because they are thought to

preserve the original signature of the continental climate (Keller, 1970).

The sedimentary deposits in closed-basin lake deposits represent a mixture of material
derived from runoff, reworked intrabasinal sediments, OM, biogenic silica, carbonate and
chemical deposits. Wind-driven material might be of local importance. They may contain
evaporites such as gypsum and halite, which precipitate from the water column due to
salinity increases caused by intense evaporation. A salt concentration of approx. 5% is the
upper limit for the existence of typical freshwater organisms (Beadle, 1981). However, in
lakes where infiltration rates are greater than evaporation rates, salinities do not increase
significantly (Osterkamp & Wood, 1987). Calcium-magnesium carbonates may form in closed
lakes because the Mg?*/Ca®* ratio of the lake waters increases due to removal of Ca®* ions
through calcite precipitation (Eugster & Kelts, 1983). Authigenic minerals, such as zeolites
can provide important environmental informations. These minerals were often reported from

hypersaline lake deposits such as the Ries crater in southern Germany (Jankowski, 1981).



1.1.3 Laminations and Cycles

Laminated sediments are an ideal indicator for paleoclimatic reconstructions and an unique
archive of climatic variations and result from a periodic variation in the nature of the sediment
and/or OM reaching the lake floor (Kelts & Hsu, 1978). Typical examples for annually
laminated sediments are the mixed clastic/diatomaceous varves identified in Pleistocene
and Holocene sediment sequences of the Eifel Maar Lakes (Zolitschka, 1990; Brauer et al.,
1999). A dark allochthonous, clastic clay-rich layer was deposited during winter, when runoff
increased due to the lack in vegetation. A light organic diatom rich layer formed during spring
and summer. Rhythmic variations were also identified in many ancient lake deposits.
Laminations of the Messel oil shale are characterised by a regular interlayering of algal-rich
laminae and clay-rich laminae which indicate an episodic probably seasonal deposition,
typical for a stratified lake in a warm and humid climate (Jankowski & Littke, 1986). The
varve-like laminated oil shales of the Green River Formation which consist of carbonate-rich
and lamalginite-rich layers revealed several long-term cycles such as the 3-5 year rhythm,
comparable to the El Nino-Southern Oscillation, an 11-year sunspot cycle and 50 cycles at a
frequency of 20,000 years (Fischer & Roberts, 1991). Other large-scale lithological variations
in ancient lake sequences are thought to reflect alternations of arid and humid climates. For
example, lake deposits in the Jianghan Basin, China contain 1800 to 2200 m thick
cyclothems which are thought to reflect changes from fresh to saline lake waters (Powell,
1986).

1.1.4 Lake Types

The controls on lake sedimentation are very dependant on tectonics, size and morphology.
A primary prerequisite for the formation of a large lake with a thick sedimentary fill is
subsidence related to rifting, strike-slip movements or subsiding sags in cratonic areas
(Talbot & Allen, 1996). The development of several extensional-rift valleys in East and
West Africa as well as China during the Meso- and Cenozoic provide an ideal location that is
necessary for the accumulation of thick lacustrine sediments. Several studies in the rift-valley
lakes of East Africa have verified that such basins are uniquely positioned to record
paleodepositional and paleoclimatic fluctuations in their sedimentary successions
(e.g. Johnson, 1996). The generally high subsidence rates ensure the establishment and
long persistence of the lake system. In the Songliao Basin (NE China) and Lake Tanganyika

more than 4000 m of sediments were deposited (Yang, 1985; Rosendahl, 1987). Lake Baikal
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in Siberia is 50 to 75 million years old and formed in a rift-valley in which perhaps as much as

7500 m of strata have been accumulated (Hutchinson et al., 1992).

Many present-day lakes are found in fluvial and shoreline environments (e.g. ox-bows and
coastal lagoons), but are dominated by locations related to the last Pleistocene glaciation.
Glacial lakes are of variable size and formed by processes such as ice-damming, freeze-
thaw or repeated glaciation (Talbot & Allen, 1996 and references therein). Other lakes are
situated in volcanic or impact structures such as the Ries crater in southern Germany.
Maar craters formed by phreatomagmatic eruptions, where a hot melt (lava) effectively
interacts with cool water. They are surrounded by a tephra ring and cut into pre-eruptive
rocks. If the crater was filled with water (precipitation and/or groundwater), a maar lake can
originate. Maars commonly have diameters of about a few hundred meters and depths of
several tens of meters (Lorenz, 2000). Maar lakes are favoured settings for paleoclimatic
reconstructions because they have a restricted catchment area, a mainly locally dominated
signature of OM contribution and very often neither inlet nor outlet. Especially the small and
deep maar lakes are thought to react very sensitively to variations in environmental
conditions. For example, Lake Holzmaar is an ideal climate archive because it exhibits a trap
efficiency of 93 to 98%, meaning that only 2 to 7% of the sediment that enters the maar is
lost through the outlet (Negendank & Zolitschka, 1993).

1.2 Organic Matter in Lake Waters and Lake Sediments

1.2.1 Organic Sedimentation

As reviewed by Meyers & Ishiwatari (1993) photosynthetic fixation of CO, by phytoplankton
and particulate detritus from higher land plants, surrounding the lake are the major sources
of OM to lake sediments (Fig. 1.2). These inputs are termed autochthonous and
allochthonous, respectively. The autochthonous OM may be composed of littoral and
benthic higher plants (submerged and emerged macrophytes), planktonic and benthic algae
and bacteria. Cyanobacteria are other important primary producers in many lakes
(e.g. Eckartz-Nolden, 1992; Trichet et al., 2001). They often form cyanobacterial (microbial)
mats with stromatolitic structures related to carbonate precipitation on and within the
organically formed part. Algal debris in ancient lacustrine oil shales is often derived from the
green algae Botryococcus or Pediastrum (e.g. Hutton, 1984; Sherwood et al., 1984).
Scanning electron microscopy revealed an important contribution of the coccal green-alga
Tetraedron minimum to the Messel oil shale (Goth et al., 1988). If algal productivity is

sufficiently high, a pure algal type |, oil-prone kerogen or torbanite may be deposited
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Fig. 1.2. Organic matter sources in lake environments; after Bohacs et al. (2000).

(e.g. Cook et al, 1981). Although some bacteria can carry out photosynthesis
(e.g. photosynthetic sulphide-oxidising bacteria), their dominant role is the heterotrophic
decomposition of OM. Primary productivity is largely controlled by the availability of key
nutrients, notably phosphorous, nitrogen and silica (Talbot & Allen, 1996). The abundance of
nutrients serves as a basis for classifying lakes according to their trophic state. Lake waters
that are deficient in nutrients are oligotrophic associated with low productivity. Lakes with a
moderate supply of nutrients are mesotrophic, and lakes with high nutrient levels associated
with high organic productivity are called eutrophic. Consumed nutrients may be renewed by
surface runoff, rainfall, and eolian transport or recycling of from below the thermocline during
lake overturn. However, the primary production of OM in a lake is also a function of many
other variables from which solar input and water chemistry are the most important (Katz,
1990). Solar input controls the energy available for photosynthesis, which in turn supplies
dissolved oxygen, essential to the metabolism of all aerobic aquatic organisms. Alkaline
waters support primary production due to the availability of COs* ions for incorporation in
addition to CO, (Kelts, 1988). Thus, the highest natural primary productivity is found in

modern tropical alkaline lakes (Likens, 1975).

The allochthonous OM originates mainly from higher land plants. Recycled OM is another
allochthonous component, derived from weathering of outcropping OM-rich rocks. Material
such as pollen can be transported by wind from outside the watershed, although this fraction

of the total OM is generally small.
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The optimum organic enrichment in lacustrine sediments occurs where primary production is
at a maximum and destruction and dilution are minimised (Bohacs, 1998). Destruction is
largely controlled by the availability of oxygen. Dilution by minerals decreases the proportion
of OM relative to the inorganic matrix. In oxygenated lake waters a large part of the primary
OM is remineralised during transport through the water column and after resuspension by
respiration, converting the OM back to CO, (Fig. 1.2). In the sediment below the zone of
aerobic respiration, bacterial degradation continues but the OM is much more slowly altered.
Thus, anoxic bottom waters are crucial for the accumulation of carbon-rich sediments
because they enhance preservation by limiting bioturbation and bacterial respiration
(e.g. Demaison & Moore, 1980). Oxygen deficiency will result from biological and inorganic
oxidation and when the supply of reactive OM exceeds the rate at which oxygen can be

renewed.

In meromictic lakes, a large fraction of the OM is preserved whereas in many temperate
lakes with seasonally oxic bottom waters only highly resistant OM can prevail. Less reactive
forms, such as lipids and humic substances become more dominant than the reactive forms.
Thus, as a result of microbial reworking carbohydrates and proteins are enzymatically
depolymerised and mineralised, but a part may also contribute to kerogen via the classical
“degradation-recondensation” pathway (Tissot & Welte, 1984; Largeau & Derenne,
1993). In the water column and/or in subaquatic sediments polymeric products of
sugars/amino acids or proteins (melanoidins) may form by random condensation and
polymerisation of mostly plankton derived material through the Maillard reaction (Maillard,
1912). These gel-like materials can bind functionalised lipids and are thought to represent an
important precursor in the formation of amorphous kerogens on diagenesis (Larter &
Douglas, 1980). However, the presence of structured OM on a microscopic level points to
preservation rather than precipitation of gels. Therefore, the selective preservation of
certain macromolecular constituents (Hatcher et al., 1983; Tegelaar et al., 1989a), may play
an important role, particularly those of outer cell walls from some algae, termed algaenans
or exines from pollen, termed sporopollenins. These insoluble substances are highly
aliphatic and resistant to biodegradation and chemical transformations. The review of
de Leeuw & Largeau (1993) reveals an inventory of biomacromolecules, their occurrences
and their preservation potential. In this perspective, humic substances or kerogens represent
mixtures of both, resistant and partially transformed less resistant and degradable

macromolecular biomolecules.



1.2.2 Organic Matter Source and Environmental Indicators

The amount, type and molecular composition of OM in lacustrine sediments provide
important information for reconstructing the lake depositional environment as reviewed by
Powell (1986) and Meyers & Ishiwatari (1993). In this chapter examples of bulk,
macromolecular and lipid organic geochemical indicators that record paleolimnological

changes in lakes are presented.

Bulk Organic Matter

Source and paleoproductivity information can be obtained from carbon and nitrogen stable
isotopic compositions and C/N ratios as reviewed by Meyers & Lallier-Vergés (1999). Rock-
Eval pyrolysis was developed as a method for rapid screening of OM quality in potential
petroleum source rocks. During the past decade, it has been applied in numerous
paleolimnological studies. Hydrogen Index (HI) and Oxygen Index (Ol) values from Rock-
Eval pyrolysis were frequently used as a first estimation of the allochthonous versus
autochthonous contribution. In this way high HI values between 600 and 900 HC/g TOC in
combination with very low Ol values (< 30 mg CO,/g TOC) in lacustrine shales of the Congo
basin rift sequence indicate a type | kerogen, derived from algal and bacterial sources (Harris
et al., 1999). Lacustrine oil source rocks from the early Jurassic to early Cretaceous
sequence of the Eromanga Basin, Australia were classified as type Il/lll kerogen with
abundant OM derived from higher plants (Powell, 1986). The kerogen type can even vary
within a single basin. The lacustrine Songliao Basin in NE China is a good example for a
strong relationship between source rock quality and lake facies, which is presented in
Fig. 1.3. The Upper Cretaceous oil shales and major source rocks of type | kerogen were
deposited in a large eutrophic lake during maximum lake transgression in a deep water
facies (Yang et al., 1985). Towards the lake margin the source rock quality decreases,
caused by a higher contribution of terrigenous OM (type Il and Ill kerogen). However, other
approaches have to be used complementary to Rock-Eval because oxidised aquatic OM is
also associated with lower HI values and thence can bias source determinations (cf. Meyers
& Lallier-Verges, 1999). It was also suggested that different types of primary producers in a
lake might lead to different HI and Ol signatures of lake sediments. Sediments with elevated
HI values from Lago di Albano, ltaly are associated with periods dominated by cyanobacteria
production, whereas diatom production was dominant in sediments with lower HI values
(Ariztegui et al., 1996).
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Formation, Songliao Basin. The arrows indicate the direction of source material; after

Yang et al. (1985), modified by Powell (1986).

Macromolecular Organic Matter

More than 85% of the OM in recent sediments is neither soluble in aqueous alkaline solvents
nor in organic solvents. While a large amount of information is available on the soluble OM
composition, relatively few studies were devoted to the macromolecular insoluble OM in lake
sediments and the informations they could furnish on the paleoclimate and depositional
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environment. In contrast to lake environments the insoluble OM fraction was intensively
studied in modern marine, estuarine and river sediments as well as peat-bogs and soils
using organic petrology, analytical pyrolysis and spectroscopy (e.g. Schnitzer, 1977; Sigleo
et al., 1982; Lallier-Vergés et al., 1998; Zegouagh et al., 1999; Boucsein & Stein, 2000;
Faure & Landais, 2001).

Organic petrology describes the visible organic particles in sediments and kerogens.
Microscopic analyses are useful to determine OM origins and the degree of preservation.
Three main groups of organic constituents have been identified in lake sediments (Meyers &
Lallier-Verges, 1999). “Autochthonous” or “aquatic” organic particles comprise algal debris
and zooclasts. The OM in many lacustrine sediments (e.g. torbanites and coorongites) is
derived from remains of the freshwater alga Botryococcus braunii (e.g. Largeau et al., 1986).
Ultrastructural studies revealed that a large part of the amorphous unstructured OM
originates from microbial degradation of primary algal OM (e.g. Derenne et al., 1992).
“Allochthonous” or “terrestrial” particles include ligno-cellulosic debris derived from vascular
plants. In lakes with abundant emergent vegetation, a large part of the OM consist of
terrigenous particles (e.g. Lake Tritrivakely, Madagascar; Bourdon et al., 2000). Finally, a
third type of particles is brought to the lake by wind and rivers that include pollen, primary
oxidised and recycled OM. Point-counting of organic particles in sediments and in kerogens
after acid treatment can be used to determine the aquatic versus terrigenous input. On the
basis of such a maceral analysis Jankowski & Littke (1986) concluded that the Messel oil
shale consist of 20% terrigenous higher plant material (vitrinite and inertinite) and 80%
autochthonous algal material (lamalginite). The algal/higher plant ratio was used to interpret
glacial/interglacial transitions in sediments of Lac du Bouchet, France (Bertrand et al., 1992).
In the same lake, observations at the transition to the Holocene revealed that the aquatic
production gave an earlier response versus warming than the pollen and the total organic
flux (Sifeddine et al., 1996). The same approach, extended by vitrinite reflectance
measurements was applied to study the human impact to lacustrine sedimentary OM and the
degree of OM oxidation in sediments of Lac d"Annecy in the French Alps (Noél et al., 2001).
The presence of coke and semi-coke residues in the near-surface bottom sediments of Lake

Ontario was related to ship debris contamination (Lewis et al., 2000).

The degradation of macromolecules into small fragments with thermolytical techniques is one
important method to obtain molecular structural informations of complex organic materials
(Horsfield, 1989). Pyrolysis of lake kerogens and plant biomass can help to identify
selectively preserved biochemical and newly generated biochemical structures as well as

secondary processes such as microbial reworking. The pyrolysates of many lacustrine
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kerogens (e.g. Green River Shale) contain a high proportion of long-chain n-alk-7-enes and
n-alkanes (Horsfield, 1989). The outer cell walls of some algae and extant plant structures
contain resistant, highly aliphatic biopolymers, which are considered the precursors for a
major fraction of the n-alkyl moieties in lacustrine kerogens. Such selectively preserved cell
wall remains of the green microalgae Tetraedron minimum have been encountered in a
facies of the Messel oil shale (Goth et al., 1988). Pyrolysis of the isolated cutan from Agave
americana (Tegelaar et al., 1989b) and higher plant suberans (Tegelaar et al., 1995) also
yielded homologous series of normal hydrocarbons. However, it must be noted that some of
the n-alk-1-enes and n-alkanes are produced by random scission of polymethylene chains

during pyrolysis of hydrogen-rich type | kerogens (Larter & Horsfield, 1993).

Other plant parts contain phenolic macromolecules (e.g. lignin, tannin, sporopollenin) which
produce aromatic pyrolysis products such as alkylbenzenes, alkylphenols and
methoxyphenols upon pyrolysis (e.g. Stout & Boon, 1994; van Bergen et al., 1994).
Similarities between phenolic compounds in the pyrolysate and results from lignin
composition, derived from CuO oxidation (C/V and S/V ratios), may record vegetation
changes resulting from climatic and atmospheric changes in the lake catchment (Huang et
al., 1999). The occurrence of alkylthiophenes in the kerogen structure may allow specific
environmental interpretations. Sulphur moieties are incorporated during syndepositional
reactions of reduced inorganic sulphur species with functionalised lipids, a process termed
sulphurisation (for review see Sinninghe Damsté & de Leeuw, 1990). However, in lacustrine
environments sulphate reduction is often limited by the low amounts of sulphate (Berner,
1984). The sulphur-rich Tertiary lacustrine Ribesalbe kerogen is an example for a type |-S
kerogen, deposited in an environment where additional sulphate was provided by eroding of

gypsum rocks (Sinninghe Damsté et al., 1993).

The previous examples have shown that the key to the study of macromolecules in lacustrine
sediments is the combined application of microscopy and thermal degradation. However,
only very few sets of data exist that provide a combined approach in a single lake archive. An
evaluation of macromolecular compounds in modern lake sediments was presented by
Kruge et al. (1998). The authors used analytical pyrolysis and organic petrology to assess
anthropogenic organic contaminants in western Lake Ontario. Talbot & Livingstone (1989)
used the petrographic composition of lacustrine OM from Late Quaternary sediments of Lake
Victoria in combination with Rock-Eval pyrolysis and stable carbon isotopes to identify

periods of low water tables or subaerial exposure.
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Lipid Organic Matter

Lipid compounds can be isolated by solvent extraction of lake sediments that yields for
example hydrocarbons, carboxylic acids, alcohols, ketones and aldehydes. Biomarkers are
lipid compounds whose basic carbon skeleton is derived from once-living organisms (Peters
& Moldowan, 1993). Specific biomarker assemblages are especially useful for typing OM and
were already assigned to particular types of depositional environments. Relative contribu-
tions of terrigenous and aquatics sources in Pleistocene and Holocene lake sediments were
determined by the analyses of n-alkanes or n-fatty acids (e.g. Wilkes et al., 1999; Brincat et
al., 2000). Long-chain n-alkanes and n-fatty acids in lacustrine sediments are attributed to
terrestrial higher land plant sources (Eglinton & Hamilton, 1967). In contrast to those of land-
plant origin, compounds produced by planktonic microorganisms are mostly characterised by
short-chain homologues. However, it is impossible to discriminate between plant species
using different metabolic pathways (C;, C4, CAM plants) based on n-alkane and n-fatty lipid
distributions. Carbon isotope analyses on long-chain n-alkanes allow specifying the types of
land plants, which reflect carbon dioxide and moisture changes in the atmosphere. Rieley et
al. (1991) analysed 83C values of individual n-C,s to n-Cog hydrocarbons from Ellesmere
Lake sediments. The authors showed that willow leaves are the major source of the sedi-

mentary n-alkanes.

The ratio of pristane to phytane has been widely used as an indicator of the redox conditions
at the time of deposition (e.g. Didyk et al., 1978). The isoprenoids pristane and phytane
formed diagenetically from the phytol sidechain of chlorophyll a, depending on the environ-
mental conditions. In an anoxic environment, phytol is converted to dihydrophytol and
phytane. Under oxic conditions it is oxidised to phytenic acid, which is further transformed
into pristane by decarboxylation and hydrogenation (Tissot & Welte, 1984). The presence of
pentacyclic triterpenoids with a hopane skeleton point to the activity of bacteria in the water
column or at the sediment surface (e.g. Innes et al., 1997). Sterol compositions may provide
important informations on OM sources, diagenesis and certain environmental conditions.
24-ethylcholesterol is the dominant sterol in many macrophytes and land plants from Lake
Suwa (Japan), whereas cholesterol is the major algal sterol (Nishimura & Koyama, 1977).
Microbial processes are responsible for the rapid diagenetic alteration of biological sterols,
including the conversion from stenols to stanols (Robinson et al., 1984). In surficial
sediments of Lake Leman, Switzerland, epicolestanol is a specific sterol which is believed to
be derived from anaerobic bacteria (Mermoud et al., 1985). Dinosteroids and tricyclic

terpanoids were only recognised in saline/alkaline lacustrine sediments (Laney Shale) from
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the Eocene Green River Formation (Wang, 1998). The Cy triterpane gammacerane and
B-carotane are very specific for highly saline and stressed lake environments (Mello et al.,
1988; Peters & Moldowan, 1993). They are also usually associated with arid or semiarid
lacustrine settings where the OM is primarily derived from algae and bacteria (e.g. Hills &
Whitehead, 1966; Brassell et al., 1988). Gammacerane has also been linked to water-column
stratification (Sinninghe Damsté et al., 1995). The presence of oleanane, a biomarker which
is thought to derive from angiosperms, can be used to estimate the terrigenous input to

ancient lake sediments (e.g. Fu & Sheng, 1989).

One major problem in paleolimnological studies is temperature determination of paleo-lake
waters. Kawamura & Ishiwatari (1981) reported an increase of the proportion of polyun-
saturated acids in algae with decreasing water temperatures as a biochemical response to
maintain fluidity of cell membranes. They ascribed variations of the n-Cg., to n-C4g, fatty acid
ratio in Lake Biwa (Japan) sediments with depth to paleoclimatic changes in the lake
environment. Distribution patterns of C3; and Csg polyunsaturated long-chain alkenones were
widely used as proxies for the determination of paleotemperatures in marine surface waters
(e.g. Goni et al., 2001; Ishiwatari et al., 2001; Kienast et al., 2001). Alkenones were also
identified in lake sediments (Li et al., 1996; Innes et al., 1998; Sheng et al., 1999), however
their biological source is still unknown and their only episodic occurrence impedes their utility
as paleotemperature “proxy-data“ in the lacustrine environment (Zink et al., 2001). The
presence or absence of these compounds in sediments from three English lakes was inter-
preted to reflect different algal populations in response to varying environmental conditions
(Cranwell, 1985).

1.2.3 Fossil Fuel Resources

Two fossil fuel resources are associated with lacustrine basins, namely oil shales and petro-
leum. Any shallow rock yielding oil in commercial amount upon pyrolysis is considered to be
an oil shale (Tissot & Welte, 1984, p. 254). Organic richness and OM type are major
requirements, which determine the assay. A lower limit of 5% organic content is necessary
for shales to be of economic interest, which corresponds to an oil yield of 25 | per metric t or
6 gal. per short t (Tissot & Welte, 1984, p. 255). The average pyrolysis temperature is 500°C.
A high degree of oil prone OM delivery (organic productivity), preservation (oxygen
deficiency) and a lack of clastic sediment supply have favoured their accumulation in many
lacustrine settings world-wide (Talbot & Allen, 1996). A number of well-known lacustrine oil

shales (e.g. Green River shale, U.S.; Autun boghead, France and torbanites from different
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locations) contain type | kerogen with high H/C and low O/C ratios (Tissot & Welte, 1984).
They consist very often of pure algal OM (e.g. Botryococcus) or represent a mixture of algal
and amorphous OM (e.g. Cane, 1969; Sherwood et al., 1984). However, elemental data indi-
cate that type Il kerogens are often present as well (e.g. Messel shale, Germany; Irati shales,
Brazil; Lower Toarcian shales of the Paris Basin, France). The richest oil shales were
deposited in tropical to subtropical climates without pronounced seasonalities and profundal
settings such as those of the Laney member in the Green River Formation (Dean & Anders,
1991). Results of a combined pyrolysis and biomarker study indicated that water column
stratification during deposition of the Laney member was stabilised by the presence of highly
saline bottom waters (Horsfield et al., 1994). The Green River shales constitute the largest oll

shale reserves in the world, which are evaluated to be more than 250 billion t of potential oil.

High quality lacustrine organic-rich sediments are responsible for 20% of the current world-
wide hydrocarbon production (Kulke, 1995). Although lacustrine derived oils often display a
large compositional variability they tend to be more paraffinic, waxier and with a few excep-
tions exhibit a low sulphur content (Powell, 1986). Ancient lacustrine sequences contain
important sources and reservoirs of petroleum. Along the entire Brazilian margin synrift,
lacustrine sedimentation took place in response to the Neocomian break-up of Gondwana.
These sediments account today for over 95% of the Brazilian petroleum reserves (Mello &
Maxwell, 1990). The Marlim field in the Campos basin, offshore Brazil contains approx.
14 billion bbl. of lacustrine derived oils in deep-sea reservoirs. In the North Falkland Basin,
Neocomian organic-rich lacustrine mudstones which are dominated by type | amorphous
kerogen are the principal source rocks (Durham et al., 1999). The Kwanza, Congo and
Gabon rift basins are tectonic analogous on the west coast of Africa with undiscovered
resources. Paraffinic oils in the Gabon sub-salt are sourced from lacustrine shales of the
Neocomian to Barremian Melania Formation, containing type | and Il kerogen (Brink, 1974).
Lacustrine petroleums were also discovered in pre-salt sequences of Cabinda, Angola (Brice
& Pardo, 1980). Hydrocarbons in the Cenozoic South Sumatra Basin (Indonesia) are derived
from both, lacustrine source rocks of the Lahat Formation and terrestrial coal and coaly shale
source rocks of the Talang Akar Formation (ten Haven & Schiefelbein, 1995). The Lahat
Formation (Eocene and Early Oligocene) contains oil prone type | and Il kerogen (Hutchison,
1996). Known petroleum reserves of this basin are estimated at 4.3 billion bbl. of oil (Klett et
al., 1997). The Minas and Duri fields of central Sumatra still contain 9 and 5 billion bbl. of

lacustrine derived oils (Katz, 1999).
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More than 95% of Chinas petroleum reserve base is considered to originate from lacustrine
source rocks, deposited in different lake settings including freshwater, brackish and hyper-
saline lakes. Based on biomarker criteria, crude oils from the north-eastern Qaidam Basin
correlate with open lacustrine fresh and deep-water Middle Jurassic source rocks of the
Chaishiling or Dameigou Formation (Ritts et al., 1999). The giant Daqing field of China’s
most important oil-productive Songliao Basin has produced over 7 billion bbl. of lacustrine-
derived oil from turbidite reservoirs (Katz, 1999). The oils were sourced from Upper
Cretaceous rocks which were laid down in a giant fresh to brackish water lake (e.g. Hou et
al., 2000). In contrast to the Songliao Basin, the geochemical character of lacustrine oils from
the Jianghan Basin (Hubei Province, eastern China) is consistent with an origin from Eocene
to Palaeocene, anoxic evaporitic source rock rich in algal and fluorescing amorphous type |
and Il kerogen (Peters et al.,, 1996). A few shales from the Qianjiang Formation (Eocene)
contain sulphur rich type I-S OM. They are possible source rocks for oils characterised by

high asphaltene and sulphur contents (Powell, 1986 and references therein).

The Liaohe oil field (Bohay Bay), located in NE China’s Liaoning province is the third largest
oil producer of the country and one of the major heavy oil producers in the world (Li, 1991).
It was controversially discussed whether these oils were formed by alteration processes such
as biodegradation or are so called “immature oils” (e.g. Huang et al., 1990; Lu et al., 1990).
Exploration for additional sources has become more difficult because found accumulations
have become smaller, deeper and less economic. The Western Depression of the Liaohe
Basin is an important part of the exploration effort according to the strategy of the Liaohe QOil
Company. To make exploration more efficient a comprehensive understanding of the lacus-
trine facies is necessary, that controls the distribution of oil prone source rocks. The Eocene
Shahejie Formation is of great significance because it contains both, the principal oil source

rocks and reservoirs.
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2 Goals and Approach

This thesis aims to show how environmental and climatic changes affected the inorganic and
organic fraction in Tertiary and Recent lake sediments. To evaluate lateral and vertical
changes of the depositional conditions, sediments are described and interpreted in terms of
their mineralogy and organic facies. After the definition of Jones (1987) the term organic
facies describes “a mappable subdivision of a designated stratigraphic unit, distinguished
from the adjacent subdivisions on the basis of the character of its organic constituents, with-
out regard to the inorganic aspects of the sediment”. It can be defined by using a combina-
tion of geochemical and microscopic data such as kerogen, maceral and lipid analysis
(Jones, 1987; Tyson, 1995). These methods offer the opportunity (1) to determine the occur-
rence and type of kerogen and thence predict petroleum compositions as a function of the
paleoenvironment and (2) to relate short-and long-term OM variations or cycles in recent or

ancient sediments to paleoecology and paleoclimate.

In the first part of this work source rock samples from the Es4 and Es3 members of the
Shahejie Formation (Eocene) in the Western Depression of the Liaohe Basin, China were
studied using organic petrographic, mineralogical and various organic geochemical methods.
This was performed to characterise the source rock facies, determine their source rock
potential and depict depositional processes for the ancient lake deposits. To achieve these
goals the following working plan was carried out:

¢ Quantitative whole-rock mineralogy, bulk pyrolysis and organic petrology were employed
to define a depositional and facies framework.

¢ Analytical pyrolysis experiments (Py-GC-FID and Py-GC-MS) on kerogen concentrates
were conducted for a detailed insight into structural moieties of the kerogen. Kinetic data
were determined to characterise their thermal lability.

e The composition of the soluble OM was determined for facies and maturity assessment.

The study was part of a large research project conducted at the FZ Juelich (ICG-4), in co-
operation with PetroChina concerning developing exploration strategies based on quantita-

tive geochemistry and basin modelling.
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In the second part of this thesis, a detailed investigation of macromolecular OM in maar lake
sediments was performed and their utility as paleoclimatic and paleoenvironmental indicators

in the late Pleistocene and Holocene was studied. The goals were as follows:

e To identify sources of macromolecular organic compounds and biogenic particles in maar
lake sediments. Analytical pyrolysis (Py-GC-FID and Py-GC-MS), organic petrological
methods and carbon isotopic measurements on sediments and kerogen concentrates

were carried out for this purpose.

o To test their sensitivity as proxy parameters in Late Pleistocene and Holocene sediment

sequences from different climatic regions.

e To establish molecular and petrological parameters characterising the paleoenvironment

and paleoclimate.

o To investigate a selected stratigraphic interval by high-time resolution studies.

For a limited number of samples an investigation of selected bitumen fractions was also
carried out to provide a data basis and for comparison. In this regard, it should be noted that
a detailed investigation on the soluble OM in maar lake sediments is currently being
performed by Thomas Fischer (Fischer, 2002, in prep.), within the priority programme
“Changes of the Geo-Biosphere during the last 15,000 years — Continental sediments as
evidence for changing environmental conditions”, sponsored by the Deutsche

Forschungsgemeinschaft (German Research Foundation).
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3 Analytical Program

A listing of analyses performed on the Liaohe source rocks and maar lake sediments is given
in Tab. 3.1. Details concerning sample selection are presented in chapters 4 and 5. The
Liaohe samples were cut and pieces, orientated perpendicular to the bedding were chosen
for organic petrological analyses. The rest was ground in a disc mill for 30 s for further analy-

Sis.

Maar lake sediments were kept at 4°C before subsampling. Afterwards, two third of each
sample were ground with pestle and mortar and subjected to organic geochemical analyses.

The remaining segment was used for microscopy.

Analysis LSR | HZM | MFM | HM Acknowledgements
Elemental and Rock-Eval | 90 38 44 77 -
X-ray diffraction 49 - - - S. Franks
(RockFluid Systems, U.S.)
Kerogen concentration 16 13 12 7 HARC (U.S.)
Organic petrology
(1) whole rock 42 20 20 15 -
(2) concentrates - 12 12
Stable carbon isotopes
(1) sediment 16 13 12 45 A. Lucke & G. H. Schleser
(2) concentrates 16 13 12 7 (ICG-4, FZ Jiilich)
GC-irmMS - - - 10 N. Mills (APT, Norway)
Py-GC-FID -
(1) sediment 7 - - 32
(2) concentrates 16 13 12 7
Py-GC-MS 8 8 8 12 -
Thermovaporisation 27 - - - -
Bulk kinetics of 11 - - - R. di Primio
HC-generation (Saga Petroleum, Norway)
Solvent extraction and 27 - - 10 -

liquid chromatography
GC and GC-MS 27 - - 10 | J. Lopez (Postdoc, ICG-4, FZ Jiilich)

Tab. 3.1. Methods employed to Liaohe source rocks (LSR) and maar lake sediments
and acknowledgements. HZM, Lake Holzmaar 4a core; MFM, Lake Meerfelder Maar
cores; HM, Lake Huguang Maar cores D, E and F; HARC, Houston Advanced Research
Centre.
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3.1 Elemental Analyses

Carbon and sulphur concentrations in whole rock samples as well as on kerogen concen-
trates were measured in duplicate by combustion in an induction furnace in a flow of oxygen,
using a LECO carbon-analyser IR 112. Detection of the carbon oxides by an infrared detec-
tor allowed the calculation of carbon as weight-percent (wt.-%) of the rock sample. Total
carbon (TC) was determined directly. Total organic carbon (TOC) was measured using
samples that had been treated with hydrochloric acid to remove carbonate. Carbonate values
were calculated from TC and TOC assuming all carbonate was CaCOj; (calcite) using the

following equation:
CaCO;(wt.-%) = [(TC-TOC)*101]}/12

For comparison with already established data all carbonate values are presented here
according to this standard equation. It should however be noted that this is only a semi
quantitative guide to carbonate mineralogy. A detailed evaluation based on XRD is presented

in this thesis.

The Central Department of Analytical Chemistry (ZCH, FZ Jilich) measured nitrogen- and
hydrogen values. Hydrogen was determined by sample oxidation (1100°C) and infrared (IR)
detection of H,O. The nitrogen content was obtained by thermal conductivity detection (TCD)
of N,. Oxygen was analysed separately by transformation of all oxygenated molecules into
CO followed by oxidation over copper to CO,, which was measured directly by IR detection.
Elemental and Rock-Eval data of Lake Holzmaar (HZM) and Lake Meerfelder Maar (MFM)

sediments were analysed in co-operation with Thomas Fischer (ICG-4, FZ Julich).

3.2 Rock-Eval Pyrolysis

Analyses were performed using a Rock-Eval Il instrument. This method has been described
in detail by Espitalié et al. (1977) and Espitalié et al. (1985). Sample weights (up to 100 mg)
were chosen according to TOC content to avoid detector saturation. An external standard
(IFP 55000; S1 = 0.25 mg HC/g rock; S2 = 8.62 mg HC/g rock; S3 = 1.0 mg CO./g rock;
Tmax = 419°C) was used for calibration. Whole rock samples and kerogen concentrates were
heated at 300°C for 3 min, and the released thermally distilled products were quantified by
flame ionisation detector (FID) as the S1 peak. This step was followed by temperature-

programmed pyrolysis at 25°C/per min up to 550°C. Generated products resulting from the



20

thermal breakdown of the kerogen were quantified as the S2 peak. The temperature at which
the maximum amount of hydrocarbons is liberated from the kerogen is called Tpa. A third
peak (S3) represents the amount of generated carbon dioxide up to a temperature of 390°C.
CO, was collected in a molecular sieve trap during pyrolysis, then released by ballistic
heating and analysed by TCD. The Hydrogen Index (HI) which is S2 normalised to the TOC
(mg HC/g TOC) corresponds to the yield of pyrolysable hydrocarbons, and is controlled
essentially by the availability of organic hydrogen in the sample. The Oxygen Index (Ol)
corresponds to the quantity of carbon dioxide normalised to the TOC (mg CO,/g TOC).

3.3 Mineralogy

X-ray diffraction was performed on the Liaohe samples by Steve Franks (RockFluid Systems,
Inc., Plano, U.S.) under sub-contract. His procedure involved the following steps: Samples
were disaggregated in mortar and pestle, and about 5 g were transferred to water or alcohol
and pulverised using a McCrone miconizing mill. The powders were dried and pressure-
packed into aluminium sample holders to produce random whole-rock mounts. XRD-analy-
ses were performed with a Rigaku automated powder diffractometer equipped with a copper
source (40 kV, 35 mA) and a solid-state scintillation detector. The samples were scanned
over a two-theta range of 2-60 degrees at a scan rate of one degree per minute using a

sample spinner to reduce the effects of preferred orientation.

Mineralogical identification was aided by a commercial search-match software package
marketed by Material Data, Inc. Quantitative determinations of whole-rock mineral mounts
utilise integrated peak areas (derived from peak decomposition/profile fitting methods) and
empirical Reference Intensity Ratio (RIR) factors determined specifically for the diffracto-
meter used in the data collection. The total layer silicate (clay and mica) abundance is
determined on the whole rock XRD patterns using combined clay mineral reflections and
suitable empirical RIR factors. Steve Franks performed a cluster analysis for carbonate
mineral analysis. Six carbonate groups or “facies” were detected and a seventh cluster of
shales classified as “low carbonate”, as described later in the thesis. The data are reported

as weight percent of the whole rock sample.
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The term “expandable clay” is used to describe discrete smectite and random or ordered
mixed-layer illite/smectite. The term “illite & mica” is used to describe 10-angstrom material
regardless of crystallinity. The term “kaolinite & chlorite” is used to describe total 7-angstrom

clay material and may include one or both of these clay minerals.

3.4 Kerogen Isolation

Kerogen concentrates were prepared under sub-contract by the Houston Advanced
Research Centre (HARC) - Geotechnology Research Institute (GTRI) according to the
patented automated kerogen isolation method of Colling & Nolte (1992). The crushed rock
was previously solvent extracted using a flow blending technique (see below for details).
After that it was placed in custom designed Teflon vessels and subjected to sequential acid
digestion procedures (HCI and a mixture of HCI and HF) to remove carbonates and silicates.
Digestion times are in between 2 and 3 days, depending on the sample behaviour. Reaction
was conducted with mild heat near 45°C. Pyrite was removed using CrCl,. After kerogen

concentration the samples were extracted once again using the flow blending technique.

3.5 Organic Petrology

Microscopical investigations were carried out on 42 Liaohe whole rock samples from
16 different wells to establish facies types. For microscopic studies, source rock samples
were embedded in epoxy resin. For the impregnation, a mixture of an epoxy-resin
(Scandiplex A) and a hardener (Scandiplex B) was used. The resultant block, orientated
perpendicular to the bedding was ground flat and polished. Qualitative observations were
performed in reflected white and fluorescence light (blue light excitation at 365 nm) using a
Zeiss Axiophot microscope and oil immersion objectives with 25x, 50x and 100x and oculars

with 10x magnifying power.

One third of each freeze-dried maar lake sample was used for qualitative microscopical
analyses in incident light. To enable the impregnation of the soft sediment without destroying
internal structures a special two component epoxy mounting system was used (SpeciFix-20;
Struers). This system includes a low-density resin and a curing agent (mixing ratio 7:1 by
weight). The kerogen concentrates were mounted with a special wax (Logitech) on glass
slides, which were heated on a heating block to 70°C. Cooling to room temperature hardens

the wax. Strew mounts were quantitatively analysed with a point counter using a method
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from Senftle et al. (1987), whereby macerals were determined in reflected white, fluores-
cence and transmitted light observations. The means of illumination was changed repeatedly
during analysis. Seven maceral groups or individual macerals were counted:
(1) huminites/vitrinites, (2) inertinites, (3) sporinite, (4) alginite, (5) other liptinites (incl.
cutinite, liptodetrinite, suberinite, resinite and chlorophyllinite), (6) fluoramorphinite and
(7) hebamorphinite. All results are reported in vol.-%, on a mineral free basis. Minerals were
counted as a separate category in white light mode. The reflectance of organic particles was
measured with a 40x oil immersion objective using monochromatic light (546 nm) over a
measuring area of 0.16 um i.d. A minimum of 20 huminite, vitrinite and inertinite particles

were measured for each sample.

3.6 Stable Carbon Isotopes

Stable carbon isotope ratios of total OM in kerogen concentrates and whole rocks were
determined on samples (0.5 to 1.5 g) which had been treated with 0.5 N HCI for 24 hours to
remove carbonate. The residue was centrifuged, decanted, washed several times with
deionised water and freeze-dried. According to their TOC contents, a certain amount of sam-
ple, representing approx. 150 ug of organic carbon, was weighed into tin foil boats. It was
combusted with excess oxygen (1050°C) in a Carlo Erba elemental analyser. After removal
of water, the CO, was carried into an isotope-ratio mass spectrometer (Optima IRMS) using
helium as carrier gas. CO,, whose isotopic composition was known, relative to the Pee Dee
Belemnite standard, was used as a reference gas. Results are reported in the usual delta

notation:
513C (%0) = [(Rsample/Rreference) - 1] * 103

where R is the ratio *C:"*C.

Compound-specific carbon-isotopic measurements (GC-irmMS) on fractions were
carried out under sub-contract by Nigel Mills (Applied Petroleum Technology A/S, Norway).
Isotopic analysis were performed using a HP 5890 series GC (50 m HP-ultra 2, i.d. 0.20 mm,
0.25 um film thickness) coupled to a Isochrom 3/Optima from Micromass, England. The
heating program was 90°C isothermal for 4 min, up to 120°C at 50°C min™, isothermal for
1 min at 120°C, 120 to 310°C at 4°C min™, isothermal for 51 min. All values are expressed

relative to the Pee Dee Belemnite standard.
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3.7 Thermal Analysis Techniques

Open-system one step pyrolysis-gas chromatography (Py-GC-FID) was performed using
a system described by Muscio & Horsfield (1996). A glass capillary tube with both ends open
and glass wool plugs was used to hold the sample. Up to 10 mg of each kerogen and 50 mg
of each whole rock sample was heated in a flow of helium. Samples were thermally extracted
at a temperature of 300°C for 5 min. During this step, released hydrocarbons were vented.
Then pyrolysis was carried out in a temperature range between 300°C and 600°C at
50°C/per min. The final temperature was maintained for 2 min. The generated products were
collected in a cryogenic trap (liquid nitrogen cooling) from which they were liberated by
ballistic heating into a Hewlett Packard 5890 gas chromatograph equipped with fused silica
columns of either 25 m or 50 m length, 0.32 mm i.d., HP-I coating of 0.5 um thickness. The
GC oven temperature was programmed from 40°C to 300°C at 5°C per min. Helium was
used as a carrier gas with a flow rate of 30 ml/per min. Compounds listed in Tab. 3.2 were
identified by relative retention times and Py-GC-MS and quantified by external standardi-
sation with n-butane. The same analytical configuration was employed for thermovapori-
sation-GC, whereby volatile freely occurring organic compounds were released from whole
rocks at 300°C.

Group Compounds
Aliphatic hydrocarbons Ce-C32 n-alkanes
Ce-C32 n-alk-1-enes
Isoprenoids C13-C2o saturated and mono-unsaturated
Benzenes Co-C4 alkylbenzenes
Phenols Co-C> alkylphenols, methoxy-substituted phenols
Pyrroles Co-C alkylpyrroles
Pyridines Co-C:> alkylpyridines
Sulphur containing compounds Co-C> alkylthiophenes
Naphthalenes Co-C; alkylnaphthalenes
Indoles Co-C+ alkylindoles
Furans Co-C1 alkylfurans
Carbonyl compounds e.g. cyclopenten-1-ones, 2,3-butanedione,
2-propanone, furan-2-one
Polycyclic aromatic compounds phenanthrene, fluorene

Tab. 3.2. List of identified and quantified pyrolysis products.
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Pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) was carried out with a
Fisons Quadrupole MD 800 mass spectrometer. Full scan mass spectra were recorded over
the mass range 10-420 amu with 2.5 scans/s. The mass spectrometer was coupled to a
Fisons GC 8000 equipped with a HP-l fused silica capillary column of 50 m length,

0.32 mm i.d., and 0.5 um film thickness. Helium was used as the carrier gas.

3.8 Bulk Kinetics of HC-Generation

For kinetic modelling of petroleum generation 10 whole rock samples were subjected to
programmed-temperature open-system non-isothermal pyrolysis (e.g. Burnham et al., 1988;
Jarvie, 1991) at four different heating rates (1, 15, 25 and 50°C/min). Experiments were
performed in co-operation with R. di Primio (Saga Petroleum, Norway) with a Rock Eval 6
system and evaluated using Optkin software (Beicip, France). Kinetic parameters were
derived using a parallel reaction model. The reactions of this kinetic scheme are considered
to follow first-order kinetics and the Arrhenius law. Hydrocarbon generation kinetic parame-

ters consist of a series of activation energies and a single frequency factor.

3.9 Solvent Extraction and Liquid Chromatographic Separation

The Liaohe ground source rock samples and the Lake Huguang Maar sediments were
extracted with an azeotropic mixture of methanol, chloroform and acetone (36:29:35 vol.-%)
using a flow blending system (Radke et al., 1978). Lake Holzmaar and Lake Meerfelder maar
sediments were extracted with a mixture of dichloromethane and 1% methanol using the
same device (Fischer, 2002 in prep). The residue was collected for kerogen concentration
and further analytical thermal analysis. The extracts were combined and concentrated in a

Zymark (Hopkinton, U.S.) Turbovap sample concentrator.

Source rock bitumens were separated into seven lipid classes: Saturates, aromatics, acids,
bases, low-, medium- and high-polarity nitrogen, sulphur and oxygen (NSO) compound
fractions using the liquid chromatographic procedure (Fig. 3.1) described by Willsch et al.
(1997). Briefly, the extracts were passed through silica gel, HCI treated and KOH treated
silica gel to remove high-polarity NSO compounds, bases and acids respectively. Liquid
chromatography of the eluting fraction on the main silica gel column separated the medium-
polarity NSO compounds (containing alcohols and sterols) from the low-polarity fraction. The

latter was then separated via medium pressure liquid chromatography (MPLC) on silica gel
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(Radke et al., 1980) into the saturates, aromatics and low-polarity NSO compounds

(containing esters and ketones).

bitumen

CHOH— |  CH,Cl,+ 1% CH,0H

precolumn 1 |SiO,
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CH;OH——
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ig. 3.1. Schematic
NSO compounds sketch of the liquid chro-
e TS e matographic  separation;

modified after Willsch et
al. (1997).

NSO compounds

310 Gas chromatography (GC) and Gas Chromatography-Mass
Spectrometry (GC-MS)

The aliphatic fractions were analysed on a HP 5890 Series Il Gas Chromatograph,
equipped with an on-column injector and a FID detector. The column was a HP Ultra-1, 50 m
length, 0.2 mm i.d. with a methylpolysiloxane stationary phase of 0.33 uym thickness (Hewlett
Packard, U.S.). The temperature program for the aliphatic fractions started by on-column

injection at 90°C (duration 2 min), followed by temperature programming at a rate of 4°C/min
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to 310°C, where it was maintained for 63 min. Hydrogen was used as carrier gas with a

pressure of 1.6 bar (1 ml/min) at starting temperature.

The analysis of aromatic fractions was performed on a HP 5890 Series || Gas Chromato-
graph, equipped with an on-column injector, a FID detector and a HALL Electrolytic Conduc-
tivity detector operated in the sulphur mode. The column used was 50 m in length,
0.22 mm i.d. with a 5% phenyl polysilphenylene-siloxane non-polar stationary phase (BPX-5)
of 0.25 ym film thickness (SGE International Pty. Ltd., Australia). The temperature program
used was as follows: Injection at 90°C (maintained for 2 min), then to 120°C at 50°C/min,
hold for 1 min and finally at 3°C/min to 310°C, and kept for 52 min. For a better peak
identification of the botryococcenes in the aliphatic and aromatic fractions of Lake Huguang
Maar bitumens the temperature program was changed. Injection at 90°C (maintained for
4 min), then to 120°C at 50°C/min, hold for 1 min at 120°C and finally at 4°C/min to 310°C
and kept for 51 min. Helium (4.4 bar at starting temperature) was used as the carrier gas with

a flow rate of 0.76 ml/min.

Fatty acids were subjected to a methylation procedure using diazomethane prior to analysis
to produce fatty acid methyl esters. This analysis was performed using a HP 5890 Series I
Gas Chromatograph, equipped with a temperature-programmable injection system KAS 3
(Gerstel, U.S.) and a FID detector. The column was a BPX-5, 50m length, 0.22 mm i.d. with
0.25 pm thickness (SGE International Pty. Ltd., Australia). The temperature program for the
acid fractions started by injection at -40°C (maintained for 2 min), then heating at 12°C/s to
40°C and kept for 10 min. The oven temperature was then increased at 4°C/min to 310°C,

where it was hold for 63 min.

GC-MS measurements were performed on a Finnigan MAT 95SQ mass spectrometer cou-
pled to a Hewlett Packard 5890 B gas chromatograph. The GC was equipped with a
temperature-programmable injection system (Gerstel KAS 3) and a BPX-5 fused silica capil-
lary column of 50 m length, 0.22 mm i.d. and 0.25 pm film thickness. Helium was used as the
carrier gas (EPC 1ml/min). The oven temperature was programmed from 60°C to 340°C
(final hold time 23 min) at 3°C/min. In electron impact (El) mode, the MS was operated at an
electron energy of 70 eV and a source temperature of 260°C. El mass spectra were recorded
over the mass range of 50-600 Da at a scan rate of 0.7413 s/decade, an inter scan time of

0.2 s. and a scan cycle time of 1.0 s.
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For the analysis of biomarkers, metastable ion transitions were recorded by the Metastable
Reaction Monitoring mode (MRM) at a dwell time of 15 ms and a cycle time of 0.5 s. The
parent —> daughter ion transitions monitored were the following, for each structural family of
compounds: steranes (Cys-Cszo: m/z 356, 372, 386, 400, 414 —> 217), methylsteranes
(Co7-Cs1: m/z 372, 386, 400, 414, 428 —> 231), dinosteranes (C,9-C30: m/z 400, 414 —> 98),
hopanoids (C,7-Css: m/z 370, 384, 398, 412, 426, 440, 454, 468, 482 —>191) and
oleanane+gammacerane (m/z 412 —> 397, 369). The identification of carbazoles (m/z in
El-mode: 167, 181, 195, for carbazole, C, and C, carbazoles; m/z 217 for benzocarbazoles)
and fluoren-9-ones (m/z in El-mode: 180, 194, 208, for fluoren-9-one, C4 and C, fluoren-9-
ones; m/z 230 for benzofluoren-9-ones) was performed using GC-MS under El conditions.
The data obtained were processed with the ICIS-I software package (ThermoQuest Finnigan,

Bremen).

Derivatisation of alcohols in the medium-polar NSO fraction was carried out using a 99:1
mixture of BSTFA (N,O-bistrifluoroacetamide) and TMCS (trimethylchlorosilane) at a tem-
perature of 60°C over 30 min with a surplus of agent 10:1. Internal standards were added to
the aliphatic (5a-androstane), aromatic (mixture of 1-phenylhexane, 1-phenylheptane,
1,8-dimethylnaphthalene, 1-phenylnaphthalene, 1-ethylpyrene and 1-butylpyrene), fatty acid
(perdeuterated methyl stearate) and low-polarity NSO (9-phenylcarbazole) fraction for quanti-

fication.
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4 Liaohe Basin, Peoples Republic of China

As stated in the section Goals and Approach, the Western Depression of the Liaohe Basin
was investigated to relate source rock potential to depositional processes. The chapter
begins with a detailed description of the regional geology. Sample selection is then docu-

mented, followed by the presentation of results.

4.1 Geological Background
41.1 Location and Morphology

The Liaohe Basin is the third largest oil province in China (Chen et al., 1999) and is located
in Liaoning Province, approx. 600 km NE of China’s capital, Beijing. The provincial capital
Shenyang lies at the north-eastern end of the basin (Fig. 4.1). The total basin spans ca. 450
km in length and 65 km in width. Morphologically, the area is a broad, flat alluvial basin,
which is traversed by the Liao River ending into the Liaohe delta and the Bohai Sea. Two
mountain ranges, the Yan-Shan Mountains, and the Jiao-Liao Mountains border the Liaohe

Basin to the north-west and south-east, respectively.
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Fig. 4.1. Location and structural subdivision of the Liaohe Basin.




LIAOHE BASIN GEOLOGICAL BACKGROUND 29

4.1.2 Tectonic Evolution

As a part of the Bohaiwan Basin the Liaohe Basin is a Meso-Cenozoic basin of fault-depres-
sion origin (Wang & Wang, 1988). The Bohaiwan Basin formed on the North China craton.
The basement is composed of Achaean and Lower Proterozoic schists. Before the Mesozoic,
this part of China was an area of east-west trending platforms, upon which marine sediments
were deposited. The Bohaiwan Basin developed as a back-arc basin during the Mesozoic
evolving into an intracratonic rift basin during the Cenozoic. Extensional stress along mantle
uplift belts caused rifting and subsidence leading to the development of grabens and half-
grabens along major NW- and NE-trending faults. During Palaeogene time the basin was
divided into several fault-bounded depressions, which became one large basin during the
Late Oligocene (Tian, 1990).

The Liaohe Basin is a wedge-shaped rift depression with a central horst situated between
two NE trending grabens (Wang & Wang, 1988). It is bordered on the east by the Tan-Lu
wrench fault zone and can be divided into several depressions, each of which contains
several sub-basins or “sags” (Fig. 4.1). The Western Depression can be subdivided into four
production areas (Liu, 1986; Tian, 1990) based on the structural position and the discovered
accumulations of oil and gas (Fig. 4.2). The West Slope is a shallow area on the western
side of the depression. The Slipping Zone connects the West Slope and the Central Depres-
sion. The latter is the deepest part of the depression with a sediment filling up to 6000 m and
is characterised by the presence of major growth faults. It is separated from the East Rise by

the eastern main fault. The Liaohe Basin is underlain by a Paleozoic carbonate platform

Slippin
W West Slope Z%F;eg Central Depression East Rise E

Fig. 4.2. Cross section showing the different structural and producing areas of the Western
Depression;  after  Liu (1986) and Tian (1990). B, pre-Tertiary ~ basement;
J-dJurassic;  Es-Shahejie  Formation;  Ed-Dongying  Formation;  Ng-Guantao  Formation;
Nm-Minghuazhen Formation; Q-Quaternary.
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which is situated on Upper Proterozoic limestones and Achaean metamorphic rocks.
It formed during three cycles of rifting and subsiding stages starting in the Lower Jurassic
(Li, 1980). During a second cycle of rifting in Cretaceous time volcanic rocks and sediments
were deposited in depressions with thicknesses of 2000 to 4360 m (Wang & Wang, 1988).
The third and most important cycle of rifting was related to significant changes in the tectonic
regime of the West Pacific area. At the end of the Mesozoic, extending into the early Tertiary
the Kula-Pacific plate was subducted underneath the Asian margin (Uyeda & Miyashiro,
1974; Hilde et al., 1977). This caused the appearance of an extensional stress field and
finally formed the present morphology of the Liaohe Basin. Crustal thinning during rift devel-
opment led to mantle uplift and in consequence to high heat flows. Additionally, magma and
hydrothermal fluids were brought to the surface along faults or fracture zones. In the study
area the Moho is located at approx. 30 to 38 km depth which was shown in several studies
(Li, 1980; Tang, 1982; Wang & Wang, 1988).

During the Tertiary, three major tectonic phases took place (Fig. 4.3). First, the extension and
rifting continued during deposition of the Es4 formation. This was followed by cooling and a
rapid subsidence during early Es3 time and the development of extensional grabens and
growth faults during late Es3 time. Very large offsets of these growth faults caused differ-
ences in sedimentation between basin margin and centre. Finally, a renewed rifting with
reorientation of the stress field in Es2, Es1 and Ed time produced minor faulting in E-W
direction. At the end of the Oligocene the direction of motion of the Pacific Plate changed,
which led to a compressional stress field and the termination of the rift development stage in
the Liaohe Basin (Wang & Wang, 1988).

4.1.3 General Stratigraphy of the Western Depression

The Western Depression accumulated lacustrine sediments from the early Tertiary. The
Eocene Shahejie Formation (Es) is the main source of hydrocarbons in the Liaohe Basin
(Chen et al., 1999). Based on lithology and fossil assemblages it can be subdivided into four
members (Es4, Es3, Es2, and Es1). The Es4 member is of prime importance in this study.
The geological informations given in this section rely strongly on unpublished data from

PetroChina and personal communications from Liguo Hu (also PetroChina).

The thickness of the Es4 member varies depending on the basin location. It is high in the
northern TUO area (716 m in well TUO 16) compared to approx. 180 m in the Gao and Shu-

Du area. The reason for this difference is higher clastic sedimentation rates during
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Es4 time in the northern part of the depression. The Es4 member was the beginning of a

transgressive cycle. In the south shales and sandstones were deposited in shallow lakes,

whereas in the north oil shales, calcareous shales and sandstones were laid down in

restricted lakes that are more saline. The Es4 is underlain by the volcanic rocks of the

Fangshenpao Formation in the northern part of the depression. In the southern part the

equivalent rocks comprise dark mudstones with intercalated coarse sandstones.

Fangshenpao
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Five major sub-units of the ES4 member can be distinguished (Fig. 4.3). (1) The Niuxintuo
(NXT) sub-unit is mainly present the Tuo area, (2) the Gaosheng (GS) consists of dolomites,
shaly dolomites, carbonates and few evaporites, (3) the Shale | represents an almost pure
shale unit in the Shu-Du area. In the Lei area also some dolomitic shales are present, (4) the
Duijiatai (DJT) contains abundant dolomites, especially in the Lei and Gao area; (5) the Shale

Il sub-unit consists of shales or dolomitic shales.

Subsidence and sedimentation started during early Es4 time (NXT sub-unit) in the Tuo area,
where the first lakes formed in the Western Depression. It is the main source bed in this
area. The Shale | sub-unit with abundant fine clastic sediments provide a good seal. This
part of the basin received high amounts of clastic during this early phase of sedimentation.
Therefore, some sub-units (e.g. DJT) are characterised by the presence of thick sandstone
layers. The depocenter shifted from north to south and was located south of the Shu-Du area
during early Es3 time. Sedimentary rocks in the Lei and Gao area were deposited in a
restricted basin with no significant clastic input. Abundant dolomites and other carbonate
rocks in both areas reflect a dominant chemical precipitation and sedimentation. The Gao
area is located in a more marginal position, whereas the Lei area is in the centre of the basin.
Some red shales and sandstones, older than the GS sub-unit, represent an equivalent to the
NXT sub-unit of the Tuo area. In the Shu-Du area abundant siliciclastic rocks were deposited
during DJT time. This point to the presence of a marginal basin environment with high clastic
input from the surrounding mountain areas. Sandstones which act as important reservoirs,
representing a fan-delta depositional environment. Today, they are the most productive beds
in the Liaohe Basin. During Es4 time coarse sediments were sourced from the western uplift

and carried mainly by rivers into the lakes.

The Es3 member is less than 500 m thick at the basin margin and more than 2000 m in the
centre. A transgressive event which started in late Es4 time continued in the lower part of the
Es3 member followed by a regression in the upper part. The lake depth and size increased
notably to approx. 80% of the sag area (Chang, 1991). Shales and oil shales are abundant in
the lower part of the section which were deposited in a deep-lake environment of the rift
(Yan, 1990). They act as an important regional seal. The other members consist of
mudstones intercalated with sandy conglomerates and feldspathic sandstones. The Lotus,
the Dalinghe (DLH) and the Rehetai (RHT) sub-units represent important carrier beds and

were deposited in a sub-lacustrine fan environment (Yan, 1990).
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Sedimentation during Es1+2 time started with the deposition of the Xinglongtai (XLT) sand-
stone which is an important carrier and reservoir rock. Sedimentation was restricted to the
centre of the basin. The lake area was reduced and accounted only for 10 to 20% of the sag
area (Chang, 1991). The surrounding areas were eroded, and fluvial clastic sediments were
deposited. Thickness can reach up to 450 m (Yan, 1990). During early Es1 time, shales were
laid down at the culmination of a transgressive lake phase. Their deposition during a marine
incursion was proposed by Chen et al. (1998). They serve as an important regional seal.
During a regression in the upper part of the Es1 member coarse grained sediments were

transported into the basin. The maximum thickness of the Es1 member is 440 m (Yan, 1990).

Due to the subsidence of the central rise during deposition of the Dongying (Ed) Formation
the Eastern and Western Depression merged and sedimentation became more uniform in
the whole basin. Sandstones, siltstones and shales were deposited in a shallow water
environment. In the upper part (Ed1) some carbonaceous floodplain shales are present. The
thickness can reach 1095 m (Yan, 1990). At the end of Dongying time the whole area was

uplifted and erosion cut into the Oligocene and Eocene sediments.

Sedimentation started again in the Miocene with the deposition of the Guantao Formation,
(Ng) followed by the Minghuazhen (Nm) and the Quaternary Pingyuan Formation (Qp). This
sequence consists of coarse clastics of alluvial fan and fluvial origin, unconformable
overlying the Palaeogene strata. The sedimentary facies evolves from a fluvial dominated
system with small, shallow lakes to a permanent deep lake, and finally back to a fluvial

dominated system.

One of the most notable features of the Liaohe rift basin is the volcanic activity which
occurred in multiple phases during the Tertiary (Chen et al., 1999). The first episode of
magmatism took place during the pre-rift stage in the early Paleogene and extended from
Fangshenpao time to the deposition of the early stage of the Es4 member. The section
consists of nearly 1000 m of tholeiitic basalt. The second main eruption occurred during Es3
time followed by magmatic events in the middle and late Paleogene and in the early
Neogene. This magmatism was accompanied with an outflow of alkali basalts and a strong
tectonic activity along NE-SW trended faults. In the areas where volcanic rocks occur, the
geothermal gradient had been increased significantly. Chen et al. (1999) reported a rise from
an average gradient of 3.5°C/100 m up to 4.25°C/100 m. It was suggested that this high
geothermal flow accelerated the maturation of OM and thus hydrocarbon generation from
source rocks in the Eastern Depression of the Liaohe Basin (Sun et al., 1995). Volcanic

eruptions may have influenced the environment of the biological communities living in the
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lake by promoting biomass production via nutrient supply, terminating life by input of toxic
substances or changing the alkalinity. A drastic shift towards high pH conditions may support
the use of HCOj; by organisms, because the amount of dissolved CO, available for
photosynthesis is limited where the pH exceeds 8.7 (Talbot & Allen, 1996). Furthermore,
floating ash layers on the water surface may restrict photosynthesis (Schwark et al., 1996).
The alkaline composition of lake waters in volcanic regions may also affect the mineralogy.
For example, the assemblage of minerals in volcanic lakes include authigenic growth of
various types of zeolites which result from the reaction of unstable volcanic glass in tuffs with

interstitial waters (e.g. Surdam & Sheppard, 1978).

4.1.4 Hydrocarbon Sources, Accumulations and Trap Styles

The Western Depression is a typical half-graben shaped depression, where petroleum
migration occurred westward and eastward from the Central Depression to the West Slope
and East Rise, respectively. The most significant accumulation zone is the West Slope,
where the Huanxiling and the Shuguang oilfield (Shu-Du area) are located. The Es4 and Es3
members of the Shahejie Formation are the main hydrocarbon sources (Chen et al., 1999).
While the Es4 is recognised as a co-source of petroleum in the south, the overlying Es3
member is considered the main source in this area. The northern part of the Western
Depression is a region where heavy, so-called “immature oils” form a large part of the total
reserves. They are thought to have been generated during late diagenesis of shallow water
saline Es4 rocks and migrated into neighbouring reservoirs before exposure to further ther-
mal cracking. The immaturity of these oils was suggested by their biomarker composition
(Huang et al., 1990; Huang, 1999).

Major reservoir rocks are sandstones in the Es4 and Es3 members (e.g. DJT sandstones),
fractured dolomites and oolithic limestones as well as basement rock buried hill oil fields.
Major regional seals are the thick shale layers of the Shahejie Formation. Volcanic rocks
acted as caps for the Shuguang buried-hill pool in the Western Depression (Sun et al., 1995).
The term buried-hill refers to pre-Tertiary basement rocks which have undergone weathering
and erosion for at least several hundreds of million years. These processes resulted in the
development of an eroded surface and thence created secondary pores and fissures. The
main reservoir of the Shuguang buried hill oilfield is a dolomite of Middle Proterozoic age but
accumulations were also found in weathered granites of Achaean age. The top of the buried
hill is directly overlain by the source rocks of the Es3 and Es4 member (Zheng, 1988).

As a typical fault block oil field vertical migration distances are short in the Liaohe Basin
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(Tang, 1982). Lithological variation and fault development facilitated good vertical and poor
horizontal migration. According to statistical data the distance of horizontal migration in the

Bohaiwan Basin is usually about 10 km (Chang, 1991).

4.2 Sample Selection

The Liaohe source rock samples originate from 24 exploration wells situated in the Western
Depression. The main producing areas and the location of the investigated wells are
illustrated in Fig. 4.4. Beside rock samples, well logs and assorted other geological
information were made available by PetroChina, formerly the Liaohe Petroleum Exploration
Bureau (LPEB). Only core samples, not cuttings were utilised. Altogether 90 source rocks
were collected and analysed for TOC, TS and Rock-Eval parameters. Most of the samples

are from the Es4 member, 14 are located in the Es3 member.

Fig. 4.4. Sketch map of the
Western Depression with location
of the studied wells and major
producing areas. Key wells A & B
are indicated.

Although always a lacustrine environment, the Shahejie Formation was deposited under
highly variable conditions of salinity, and alkalinity (e.g. Yan, 1990). Thus, samples were
selected to cover a broad spectrum of different lithofacies from different locations within the
basin. Especially samples with dark lithologies were collected which contain sufficient OM for
organic geochemical analyses. However, the rock sampling was mainly biased towards

areas and wells where core sections were longest to study stratigraphic variations.
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In this regard, the investigations focus on the Shu-Du and the Lei area. Long sections were
available from well A (Shu-Du area) where 23 samples are located within a 153 m depth
interval. This well is situated in a marginal basin position in the West Slope (Fig. 4.1 and 4.2).
Well B (14 samples) is the longest profile in the Lei area. Compared to Shu-Du the source
rocks in the Lei area were buried deeper and closer to the depositional centre in the Western
Depression. Both wells are also important because the sediment sequences were not
influenced by major tectonic movements. The stratigraphy and lithology of the samples from
these two key wells is presented in Fig. 4.5. The sample set is representative of the different
lithofacies encountered in the studied cores whereby significant differences between the two
areas exist (Fig. 4.5): (1) Massive fine to medium grained dolomites and shaly dolomites
(Lei area), (2) mainly beds of massive medium to coarse feldspathic sandstones and few
conglomerates (DJT, Shu-Du), (3) massive beds of shales or dolomitic shales and grey or
dark grey mudstones (4) laminated oil shales, calcareous shales with few carbonates (GS).
The lithostratigraphic subdivision of the Es4 member as presented in Fig. 4.5 is based on

these varying lithologies. In contrast, only very few samples are available from the Tuo, Leng



LIAOHE BASIN

SAMPLE SELECTION

37

and Gao area, meaning that they are not necessarily typical of the stratigraphic column.

A detailed listing showing depth, stratigraphy, area of the samples and analyses performed is

given in Tab. 4.1.

E.nr. Analyses | Well| Area [ Fm.]| Sub-unit| Depth [m]| E.nr. Analyses Well Area Fm. | Sub-unit | Depth [m]
48448 D Lei [Es4| DJT 2571 48493 K Gao Es3 ? 1600
48449 OP D Lei [Es4| DJT 2579 48494 OP,MK,EC K Gao Es3 ? 1455
48450 D Lei [Es4| DJT 2589 48495 K Gao Es3 ? 1550
48451 M D Lei [Es4| DJT 2591 48496 Vv Gao Es3 ? 1757
48452 M D Lei [Es4| DJT 2594 48497 OP U Gao Es3 ? 1882
48453 M D Lei [Es4| DJT 2595 48498 M H Lei Es4 ? 2722
48454 D Lei [Es4| DJT 2610 48499 F Lei Es3 ? 2060
48455 M,0OP,EC D Lei [Es4| DJT 2638 48500 F Lei Es4 ? 2414
48456 B Lei [Es3 ? 1932 48501 M | Lei Es4 ? 2186
48457 B Lei [Es3 ? 1933 48502 | M,0P,MK,EC L Gao Es4 ? 1357
48458 B Lei [Es3 ? 1933 48503 L Gao Es4 ? 2533
48459 M B Lei |[Es4| Shalell 2424 48504 M P Shu-Du| Es4 ? 2116
48460 B Lei |[Es4| Shalell 2426 48505 | M,0P,MK,EC M Gao Es4 GS 1847
48461 B Lei |[Es4| Shalell 2431 48506 M,OP N Gao Es4 ? 2301
48462 M B Lei |[Es4| Shalell 2446 48507 M N Gao Es4 ? 2512
48463 M,0OP,EC B Lei [Es4| DJT 2512 48508 W Lei Es3 ? 2248
48464 M,0OP,EC B Lei [Es4| DJT 2524 48509 M T Tuo Es4 ? 2570
48465 | M,OP,MK,EC| B Lei [Es4| DJT 2526 48511 M R Tuo Es4 ? 1818
48466 M,0OP,EC B Lei [Es4| DJT 2580 48512 S Tuo Es4 ? 2209
48467 | M,OP,MK,EC| B Lei |[Es4 GS 2688 48513 M S Tuo Es4 NXT 2490
48468 B Lei |[Es4 GS 2692 48514 | M,0P,MK,EC S Tuo Es4 GS 2312
48469 M B Lei |Es4| DJT 2580 48515 M Q Tuo Es4 ? 1160
48470 J Gao [Es4| Shalel 1462 48517 | M,OP,MK,EC A Shu-Du| Es4 DJT 1252
48471 J Gao |[Es4| Shalel 1476 48518 M A Shu-Du| Es4 DJT 1288
48472 J Gao |Es4| Shalel 1481 48519 | M,OP,MK,EC A Shu-Du| Es4 | Shalel 1306
48473 M J Gao |[Es4]| Shalel 1488 48520 | M,OP,MK,EC A Shu-Du| Es4 | Shalel 1309
48474 J Gao |Es4| Shalel 1490 48521 OP A Shu-Du| Es4 | Shalel 1314
48475 M,0P,EC J Gao |Es4| Shalel 1492 48522 M,OP A Shu-Du| Es4 | Shalel 1318
48476 J Gao |[Es4| Shalel 1498 48523 OP A Shu-Du| Es4 | Shalel 1322
48477 [e] Leng | Es3 ? 2471 48524 A Shu-Du| Es4 | Shalel 1325
48478 [e] Leng | Es3 ? 2555 48525 | M,0P,MK,EC A Shu-Du| Es4 | Shalel 1329
48479 M,OP e} Leng | Es3 ? 2556 48526 OP A Shu-Du| Es4 | Shalel 1333
48480 | M,OP,MK,EC| E Lei [Es4| DJT 2735 48527 | M,OP,MK,EC A Shu-Du| Es4 | Shalel 1340
48481 M,0OP,EC E Lei [Es4| DJT 2796 48528 OoP A Shu-Du| Es4 GS 1346
48482 M,0OP,EC E Lei [Es4| DJT 2792 48529 | M,OP,MK,EC A Shu-Du| Es4 GS 1346
48483 C Lei [Es4| DJT 2332 48530 OP A Shu-Du| Es4 GS 1347
48484 M,0OP,EC C Lei [Es4| DJT 2335 48531 OP A Shu-Du| Es4 GS 1348
48485 | M,OP,MK,EC| C Lei [Es4| DJT 2342 48532 | M,OP,MK,EC A Shu-Du| Es4 GS 1348
48486 M C Lei [Es4| DJT 2360 48533 OP A Shu-Du| Es4 GS 1351
48487 M,OP C Lei [Es4| DJT 2385 48534 OP A Shu-Du| Es4 GS 1358
48488 M C Lei [Es4| DJT 2392 48535 OP A Shu-Du| Es4 GS 1359
48489 C Lei [Es4| DJT 2396 48536 A Shu-Du| Es4 GS 1372
48490 G Lei [Es3 ? 2165 48537 | M,OP,MK,EC A Shu-Du| Es4 GS 1375
48491 OoP G Lei |[Es4 ? 2665 48538 A Shu-Du| Es4 |basement 1394
48492 M G Lei |Es4 ? 2818 48539 M A Shu-Du| Es4 |basement 1405

Tab. 4.1. Sample set for the Liaohe project. Fm., Formation; M, Mineralogy; OP, Organic

Petrology; MK, kerogen concentrate; EC, extraction and bitumen analysis.
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4.3 Mineralogy

The goal of this section is to characterise the lacustrine source rock sequences in the
Western Depression laterally and vertically in terms of their mineral assemblages and to
elucidate the conditions under which certain minerals have formed in the paleolacustrine
sediments. However, the mineralogy does not reflect certain paleoenvironmental conditions
alone. Diagenesis can also cause significant alterations, such as illitisation and chloritisation
of smectite and kaolinite as reviewed by Morad et al. (2000). As stated in section 4.1.3,
volcanic activity may control authigenic mineral formation, and interestingly, an important
episode of magmatism was reported from some parts of the Western Depression during Es4
time (Chen et al., 1999).

4.3.1 Bulk Mineralogical Composition

Tab. 4.2 lists the bulk mineralogy of rock samples from the investigated areas as determined
by XRD analysis. The detailed mineralogical composition is given in Appx. A. Altogether
49 samples covering all stratigraphic units and producing areas were selected. However, the
investigations focused mainly on the Shu-Du and Lei area. Samples from the Gao, Leng and

Tuo area are underrepresented.

The bulk mineralogy of the Es4 source rocks is characterised by highly variable proportions
of the mineral groups clay, detrital (quartz and feldspars) and carbonates (Tab. 4.2). It is
defined here that sandstones contain more than 60% quartz and feldspar. Shales are fine-
grained and contain not more than 60% quartz and feldspars. Carbonate rich shales are
rocks containing more than 50% carbonate minerals. In wells from the centre of the basin
(Lei wells) higher percentages of carbonate minerals were observed. Shales from the Es3,
Shale | and Shale Il generally contain high percentages of clay and low percentages of
carbonate minerals. Samples from the DJT sub-unit have generally more detrital minerals

than those from the GS sub-unit.
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E. nr.| Depth |Well| Area | Member | Sub-unit | Clay Minerals | Detrital Minerals | Carbonates Carbonate
[m] [%] [%] [%] Facies
48479| 2556 [ O Leng Es3 ? 41.8 42.6 9.8 Rhodochrosite
48494 1455 | K Gao Es3 ? 47.5 33.3 12.4 Calcite
48499 2060 | F Lei Es3 ? 40.2 494 9.1 Siderite
48451 2591 | D Lei Es4 DJT 29.4 46.5 20.5 Siderite
48452 2594 | D Lei Es4 DJT 28.2 34.5 35.0 Arag./Sid.
48453 2595 | D Lei Es4 DJT 37.8 48.5 12.1 Siderite
48455( 2638 | D Lei Es4 DJT 4.8 36.3 36.7 Kutnahorite
48459| 2424 | B Lei Es4 Shale Il 37.8 56.4 2.8 Low-Carbonate
48462 2446 | B Lei Es4 Shale Il 35.8 48.9 8.0 Low-Carbonate
48463| 2512 | B Lei Es4 DJT 27.6 44 .4 26.4 Siderite
48464 2524 | B Lei Es4 DJT 32.4 35.7 29.3 Aragonite
48465| 2526 | B Lei Es4 DJT 271 29.2 39.6 Dolomite
48466| 2580 | B Lei Es4 DJT 2.4 19.5 52.8 Dol./Sid.
48467 2688 | B Lei Es4 GS 9.0 36.7 51.4 Kut./Dol./Calc.
48469 2580 | B Lei Es4 DJT 2.0 66.5 30.3 Dolomite
48473| 1488 | J Gao Es4 Shale | 64.0 33.4 0.6 Low-Carbonate
48475| 1492 | J Gao Es4 Shale | 45.5 20.4 33.4 Kutnahorite
48480| 2735 | E Lei Es4 Shale Il 32.0 44.5 17.9 Calcite
48481 2796 | E Lei Es4 DJT 22.3 46.3 28.2 Calcite/Dol.
48482| 2792 | E Lei Es4 DJT 20.2 44.3 34.0 Kutnahorite
48484 2335 | C Lei Es4 DJT 15.5 72.4 10.3 Calc./Sid./Arag.
48485| 2342 | C Lei Es4 DJT 16.3 33.3 43.9 Aragonite
48486| 2360 | C Lei Es4 DJT 27.6 28.1 37.0 Aragonite
48487| 2385 | C Lei Es4 DJT 8.2 21.0 44.9 Dolomite
48488 2392 | C Lei Es4 DJT 38.0 27.2 14.3 Siderite
48492| 2818 | G Lei Es4 ? 26.7 31.6 36.4 Kutnahorite
48498| 2722 | H Lei Es4 ? 29.9 25.8 40.5 Kutnahorite
48501| 2186 | Lei Es4 ? 9.2 33.2 34.2 Dol./Sid.
48502 1357 | L Gao Es4 ? 59.0 31.8 0.6 Low-Carbonate
48504 2116 | P [ Shu-Du Es4 ? 24.8 42.9 30.7 Dolomite
48505( 1847 | M Gao Es4 GS 35.7 16.7 46.4 Aragonite
48506| 2301 | N Gao Es4 ? 411 25.5 31.8 Aragonite
48507 2512 | N Gao Es4 ? 24.3 31.3 43.6 Dol./Calc.
48509 2570 | T Tuo Es4 ? 52.7 44.3 2.4 Low-Carbonate
48511 1818 | R Tuo Es4 ? 28.7 26.5 15.8 Dolomite
48513 2490 | S Tuo Es4 NXT 24.2 33.6 23.7 Dolomite
48514 2312 | S Tuo Es4 GS 61.8 32.8 3.3 Low-Carbonate
48515] 1160 | Q Tuo Es4 ? 54.7 43.1 2.2 Low-Carbonate
48517 1252 | A |[Shu-Du Es4 DJT 15.5 724 10.3 Dolomite
48518 1288 | A |[Shu-Du Es4 DJT 3.6 93.3 3.1 Low-Carbonate
48519 1306 | A [Shu-Du Es4 Shale | 49.0 25.7 23.1 Siderite
48520 1309 | A [Shu-Du Es4 Shale | 53.9 22.4 15.7 Siderite
48522 1318 | A |[Shu-Du Es4 Shale | 63.7 29.9 0.0 Low-Carbonate
48525 1329 | A [Shu-Du Es4 Shale | 61.4 21.1 1.3 Low-Carbonate
48527 1340 | A [Shu-Du Es4 Shale | 18.6 19.3 1.1 Low-Carbonate
48529 1346 | A [Shu-Du Es4 GS 21.9 17.5 59.7 Kutnahorite
48532 1348 | A [Shu-Du Es4 GS 30.1 28.3 37.2 Calcite
48537 1375 | A [Shu-Du Es4 GS 43.8 30.5 21.5 Calcite
48539 1405 | A [Shu-Du Es4 basement 43.5 33.7 18.8 Calcite

Tab. 4.2. Bulk mineralogy and carbonate facies of samples from the Liaohe Basin determined by XRD

analysis. Detrital minerals are quartz and feldspars.
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4.3.2 Mineralogical Results of Selected Wells

Mineralogical variations in the two key wells A and B provide important insights into the
depositional environment of the Shu-Du and Lei area, respectively. The mineral composition
is very unusual. Many samples contain the rare minerals kutnahorite (manganese carbonate)
and buddingtonite (ammonium feldspar). Their occurrence and possible origin is discussed in

detail in the next paragraphs.

The mineralogy and stratigraphic subdivision of well A (Shu-Du area) is illustrated in Fig. 4.6.
This well contains a large number of samples with more than 40% expandable clays, with
highest proportions of 54.1% in the Shale | sub-unit. The percentage of illite & mica is also
high in the Shale | sub-unit but reaches a maximum with 10.4% at 1375 m (E 48537).
Chlorite & kaolinite range between 0 and 2.5% with maximum percentages within the Shale |
sub-unit (E 48520, E 48522). No chlorite & kaolinite was detected in the GS. The amount of
quartz ranges between 0.5 and 58.1%, with highest percentages in two selected sandstone
samples from the DJT sub-unit. Highest plagioclase proportions (33.2%) were found in the

deepest sample (E 48439) closed to the volcanic rocks of the Fangshenpao member, which
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Fig. 4.6. Detailed mineralogy of the Es4 member in well A (Shu-Du area).
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are underlying the lacustrine sequence. This sandstone contains abundant calcic plagioclase
as well as analcime and shows a very low quartz-feldspar ratio (Q/(Q+F)). With the exception
of the deepest sample this ratio gradually decreases during progressive sedimentation
(Fig. 4.6). Buddingtonite percentages are generally low in the GS- and Shale | sub-unit but a
sharp increase to the sandstone samples of the DJT (18.5%) was observed. As another
variety of silica present in the Liaohe rocks opal-CT and C was found. This mineral is
especially abundant in sample E 48527 from 1340 m depth (57.1%). The GS sub-unit is rich
in carbonate minerals, whereas lower proportions were observed in the Shale | and DJT.
Significant proportions of calcite are only present in the GS sub-unit with a maximum of
37.2% in sample E 48432. Dolomite is of minor importance in the GS but its proportions are
high in the DJT (9.4%; E 48517). Sample E 48529 contains the calcium-magnesium-
manganese carbonate mineral, kutnahorite, in high percentages (59.1%). Siderite is relative
abundant in the samples E 48519 and E 48520 from the Shale | sub-unit. Gypsum is present
in the laminated samples of the GS sub-unit with highest percentages in sample E 48537

with 2.6%. Aragonite, amphibole and natrojarosite were not detected in well A.

The mineralogical data for well B (Lei area) are presented in Fig. 4.7. The percentage of
expandable clays ranges between 0 and 26.3% and is especially high in the Shale Il and in
the upper DJT sub-unit. lllite & mica and kaolinite & chlorite show maximum percentages of
7.9 and 6.9%, respectively within the Shale Il sub-unit. Quartz proportions maximise in
sample E 48462 from the Shale Il sub-unit (39.3%). Generally, the Shale Il and upper DJT
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Fig. 4.7. Detailed mineralogy of the Es4 member in well B (Lei area).
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sub-units are rich in clays and quartz. For example, sample E 48459 from the DJT consists

of quartz, feldspars and clays whereas almost no carbonate minerals were detected.

In contrast, the feldspars plagioclase and buddingtonite are relatively abundant in the lower
DJT sub-unit. This was also observed for analcime, which was determined in high amounts
in sample E 48466 (25.3%). Notably, almost no expandable clay was detected in this
sample, but high percentages of dolomite were found. Dolomite percentages are high in well
B especially in the DJT sub-unit with a maximum of 45.5% (E 48466). Aragonite, calcite,
gypsum and kutnahorite have highest percentages of 15.0% (E 48464), 16.6% (E 48467),
1.8% (E 48467) and 18.3% (E 48467), respectively. In all samples, except the two
shallowest, dolomite is more abundant than calcite. Interestingly, aragonite percentages are
high in the upper DJT section. Kutnahorite is only present in the GS sub-unit. Gypsum and

siderite show a maximum in the upper part of the DJT sub-unit.

4.3.3 Occurrence and Origin of Minerals
4.3.3.1 Carbonates

A complex association of carbonate minerals is present in the Liaohe rocks. Calcium,
magnesium, manganese and iron carbonates are major constituents. All rocks can be subdi-
vided into seven carbonate facies types (Fig. 4.8). Additionally, a low-carbonate facies

group was specified for samples with a general low carbonate content of maximal 8%.
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Fig. 4.8. Cluster analysis of samples based on carbonate mineralogy; after Franks (1999).
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This subdivision is based on results of a cluster analysis which was performed by Franks
(1999). The carbonate facies classification for all samples is provided in Tab. 4.2. The car-
bonate mineralogy in lake sediments depends mainly on salinity and Mg?*/Ca?* variations in
the lake water (Kelts & Hsu, 1978; Eugster & Kelts, 1983).

Calcite [CaCO,]

In all studied Liaohe source rocks calcite percentages vary between 0 and 37.2%. The
calcite carbonate facies group consists of samples where aragonite is absent, and other
carbonate minerals are present in small amounts or are absent. According to Jones &
Bowser (1978) calcium carbonate in lake sediments can have four major sources: (1) Detrital
carbonate can be derived from fluvial input and by shoreline erosion, (2) biogenic carbonate
originates from the skeletal remains of various organisms such as molluscs, charophytes and
phytoplankton, (3) inorganically-precipitated carbonates are biogenically induced,
(4) diagenetic carbonate is produced by post-depositional alteration of other carbonate
minerals. It was observed that calcite is very often the first carbonate precipitated from rela-
tively diluted alkaline lake waters with a low Mg®*/Ca* ratio during freshening periods and
overall higher lake water levels (Dutkiewicz & von der Borch, 1995). These periods are often

associated with an increased biological activity.

Dolomite [Ca,Mg (CO,),]

This mineral is present from 0 to 45.5 wt.-%. The dolomite carbonate facies group contains
only samples where dolomite formed more than 50% of the total carbonate fraction. Bulk
chemical studies and quantitative electron-microprobe analysis of carbonates in oil shales
demonstrated, that FeCO; is commonly present in dolomite as ankerite
[(Ca(Mg,Fe-2)(COs),)] and Fe-dolomite [(Ca(Mg,Fe«2)(COs),)] (Desborough & Pitman,
1974). In this work the term dolomite is used for a dolomite type carbonate giving a 100%
peak at or above 30.75 degrees. This mineral is very abundant in samples from the DJT sub-
unit, especially in the Lei and Gao area. A large number of possible origins was reported for
dolomite and is discussed herein: (1) Detrital, (2) primary dolomite (3) evaporative concen-
tration of groundwater, (4) late diagenetic burial and hydrothermal dolomites, and (5) micro-

bial dolomites.
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(1) Erosional processes may account for the dolomite associated with the deposits of the
Liaohe lakes. However, this mechanism was unlikely to occur, because metamorphic rocks

are predominant in the vicinity of the Liaohe Basin where dolomite is absent.

(2) Formation of primary dolomite involves direct precipitation from the evaporating lake
waters. This indicates that waters had high Mg?*/Ca®" ratios, high alkalinities and only small
quantities of sulphate in solution (Hsl, 1967; Last & de Deckker, 1990). The high alkalinities
in some stratigraphic units are supported by other typical minerals, e.g. analcime
(see chapter 4.3.3.4). Folk & Land (1975) reported that Mg?*/Ca** ratios for many lakes with
salinities below 3.5%o0 range between 0.1 and 3.0. As these waters become concentrated by
evaporation the ratio is increasing and Mg-calcite and protodolomite are the dominant phase
(Skinner, 1963). Modern lacustrine dolomite is forming in concentrated waters with Mg?*/Ca®*
ratios ranging from 4.7 to 22 (Alderman & Skinner, 1957; von der Borch, 1965). A recent
example where such a primary dolomite formation occurs are the Coorong lakes in south-
eastern Australia (von der Borch, 1976). However, there are many kinetic inhibitions against
the formation of massive dolomite sequences by primary precipitation because laboratory
experiments did not support this pathway. For example, evaporation of ephemeral lake
waters under laboratory conditions produced aragonite and not dolomite (Wright, 1999 and

references cited within).

(3) Many similarities between the playa-lake deposits of the Green River Formation and the
dolomites of the Es4 member exist. The playa-lake model consist of a vast alkaline-earth
playa with an alkaline lake (Eugster & Surdam, 1973). Wolfbauer & Surdam (1974) proposed
that the dolomite of the Green River Formation was formed in broad mud flats during regres-
sive and arid phases adjacent to the lake. This process was mainly aided by the evaporative
concentration of groundwater and not from the evaporation of the lake waters itself. In this
case, a hydraulic concentration gradient from the groundwater table to concentrated brines
with high Mg#/Ca®" ratios near the surface of the mud flats existed. This mechanism can
lead to the precipitation of enormous amounts of dolomite and is strongly supported by other

minerals present in the Liaohe source rocks (see below).

(4) Late diagenetic and hydrothermal dolomites are subsurface cements and replacements
that form below the active phreatic zone in permeable intervals, flushed by warm to hot
magnesium-enriched waters as reviewed by Hardie (1987). Volcanic activity was of local
importance in the Western Depression during Es4 time (Chen et al., 1999). Thus, the higher
gradient in these areas might cause hot saline and highly pressurised waters moved laterally

out of these parts of the basin through porous and permeable horizons and vertically through
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faults and fractures (cf. Oliver, 1986). The DJT sandstones served as such important
conduits and acted as hydrocarbon carrier beds. Thus, they probably reflect such a permea-
bility path where dolomite cementation took place. Interestingly, dolomite of up to 10% was

found in these sandstones in well A (Fig. 4.6).

(5) Bacterial metabolism my have aided the process of dolomite precipitation in some parts
of the Western Depression, where microbial action controlled primary precipitation in
especially hypersaline anoxic lake settings. Recently, some authors suggested that direct
mediation of bacteria can play an important role in the formation of dolomite (Vasconcelos et
al., 1995; Vasconcelos & McKenzie, 1997). Sulphate reducing bacteria metabolise sulphate
ions and use the magnesium ions inside their cells for many vital physiological functions.
Magnesium can make up to 0.5% of the cell dry weight and is released in excess with other
by-products of sulphate reduction. Some authors proposed that cyanobacteria and bacteria
can concentrate magnesium on their cell surface, initialising carbonate precipitation around
their body (Gebelein & Hoffman, 1973; Folk, 1993). For example, cyanobacteria can
concentrate magnesium in their sheets by up to four times than in seawater. Wright (1999)
used these arguments to explain dolomite precipitation in the Coorong lakes, Australia. He
suggested that the magnesium that is concentrated in cyanobacterial cells and sheets is
released into the alkaline lake brines during desiccation. Interestingly, abundant cyano-
bacterial OM was recorded in all studied wells of the Western Depression by organic
petrological observations and bacterial reworking was suggested by fluorescence micros-
copy (see section 4.4). Although the only origin of thick dolomite sequences via this pathway
seems unlikely, it could be an additional source for dolomite present in the Liaohe source

rocks.

Kutnahorite [Ca,Mn (CO-),]

Some samples contain this relatively rare manganese dolomite. In this thesis, the term
kutnahorite refers to a series of (Mn,Ca)-carbonates with changing stochiometric composi-
tions, giving a primary peak at or below 30.75 degrees 2-theta. Maximum percentages with
59.1% were observed in well A. All other rock samples with contain this mineral in significant
amounts were found in wells from the Lei and Gao area with a maximum percentage of
38.8% for a carbonate rich shale from well H (E 48498). The other manganese carbonate
rhodochrosite [MnCOs;] is only present in a shale sample from well O (E 48479; Es3

member) with 2.8%.
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Kutnahorite was first described from a quarry in Kutna Hora, Czech Republic by Burkowsky
(1903). This mineral was reported from hydrothermal ore deposits (Frondel & Bauer, 1955;
Tsusue, 1967) and from a number of manganese carbonates associated with black shales
(Bolton & Frakes, 1985; Delian et al., 1992; Roy, 1992).

(Mn,Ca)-carbonates are of great interest for paleoenvironmental reconstruction because
anoxic sediments are often depleted in manganese due to a low Eh favouring the stability of
manganese (Mn?*) ions in aqueous solutions (Force & Cannon, 1988). This results in a leach
of manganese from the sediment. Huckriede & Meischner (1996) found that the formation of
manganese-rich sediments in the Baltic Sea was related to intense microbial activity at the
sediment-water interface and restricted to the deepest parts of the basin. The Baltic Sea
contains brackish waters with salinities in the range between 6.0 and 9.0%., which is less
than one third of seawater. The proposed pathway is presented in Fig. 4.9 and a similar
origin for the manganese-rich sediments in the Liaohe source rocks is suggested. After
oxidation and formation of manganese oxides, anoxic conditions were re-established. This is
in agreement with observations by Calvert & Pedersen (1996). The authors found (Mn,Ca)-
carbonates only in anoxic sediments beneath surface oxic horizons and concluded that their
presence signifies that the host sediment must have accumulated in oxygenated bottom
waters. Microbial processes may also play an important role (Aller & Rude, 1988; Thamdrup
et al., 1993; Béttcher, 1998). Manganese oxides (Mn**) are directly reduced by biochemical
processes, creating favourable conditions for manganese carbonate precipitation. Another
important prerequisite is that dissolved manganese concentrations are in the range between
10 and 100 ppb to allow carbonate precipitation (Hartmann, 1964). One possible source for
manganese is terrestrial OM input as proposed by Suess (1979). However, this would
require an unrealistic high input of terrigenous OM, which was not observed in the Liaohe
sediments. Therefore, it is more likely that the manganese was delivered by fluvial transport
and dissolved manganese from the surrounding watershed (cf. Pontér et al, 1990).
Relatively alkaline lake waters can be assumed because kutnahorite was found to precipitate
in solutions with a pH between 8.5 and 9.0 (Hem & Lind, 1994).
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stratified water column; deeper parts of the basin are anoxic:
manganese is leached from the sediments and enriched in the anoxic water

renewal of anoxic conditions in bottom water:
reduction of Mn-oxide

e ! sedimentation of Mn-oxide
A : formation of rhodochroslite

Fig. 4.9. Formation of manganese-rich sediments; after Huckriede & Meischner
(1996). This example describes the reduction of Mn-oxide to rhodochrosite
(MnCO3).

Aragonite [rhombic CaCOs]

Mineral contents range up to 34.1% and comprise more than 50% of the total carbonates in
the aragonite facies group. ldeal pH values for aragonite precipitation are 8.5 to 9.0.
Kitano (1962) found that the temperature is also crucial. At temperatures below 25°C
inorganic calcite forms, at higher temperatures aragonite precipitates. Some authors reported
that high rates of CO, degassing, due to evaporation in warm, littoral high-energy
environments with strong waves and currents favour aragonite precipitation (Given &
Wilkinson, 1985; Zhang et al., 1996). The precipitation rate increases with increasing

magnesium in solution and the more alkaline a solution is (Kitano, 1962; Kitano et al., 1962).
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However, it was also found that aragonite is very often absent from lakes where dolomite
occurs, but can precipitate in lakes with high sulphate concentrations (Wright, 1999). This
was observed for the Liaohe sediments. For example, in well B (Fig. 4.7) aragonite is

relatively abundant in the upper part of the DJT sub-unit, where dolomite is absent.

Siderite [FeCOs]

This carbonate facies contains samples with siderite percentages between 7.8 and 23.1%.
The mineral was reported from reducing, deep water environments with pore waters that
have a high Pco, from the microbial decay of OM (Zhang et al., 1996). In siderite rich lakes
the measured pH is 7.1 to 7.6. The following mechanisms were proposed for siderite forma-
tion. First, iron (Fe*") -oxides and hydroxides were washed into the lakes as a colloidal sus-
pension or bound to clay minerals. They were reduced to Fe** in an anoxic environment (1),
and if sulphate and Ca?* are mainly absent, the reduced soluble iron became enriched in the
deep pore waters of a lake (2). A Ca/Fe ratio of less than 20 is necessary for the precipitation
of iron carbonates (Kelts & Hsui, 1978). Siderite is therefore a very sensitive indicator of the
water chemistry within a lake. Only after all of the available H,S is incorporated into pyrite,
the better soluble FeCO; is formed in an environment which is most likely methanogenic

(Fuchtbauer & Richter, 1988). The main reaction pathway can be described as follows:

(1) Fezo3 + C02 + CHzo = Fe (HCO?,)Z
(2) Fe (HCOs), DFeCO; + CO, + H,0

4.3.3.2 Clay Minerals

Expandable clays are by far the dominant clay minerals in the Western Depression. Highest
percentages were found in samples from the Shale | sub-unit (Fig. 4.6). Expandable clays
contain discrete smectite and mixed-layer illite/smectite (I/S) commonly forming from the
weathering of ultrabasic or very basic rocks which produce magnesium minerals (Surdam &
Stanley, 1979). However discrete smectite is only present in three samples (well A, R, S).
Only few carbonate and analcime rich samples from the DJT sub-unit in the Lei area have
higher percentages of illite & mica than expandable clays (Fig. 4.7), which signals an
environmental influence that will be discussed below. The amount of illite & mica varies
between 0 and 10.4%. Kaolinite & chlorite percentages reach a maximum in sample

E 48459 (well B). They are especially significant in samples from the Es3 sub-unit. lllite &
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mica as well as kaolinite & chlorite show a positive correlation with quartz, which might
indicate that at least some of the clay minerals are detrital. Clay minerals are especially
abundant in samples from the Es3 member (on average 41.8%), Shale |/Shale Il sub-units
(on average 44.0%) and in the GS sub-unit (on average 35.1%), whereas lower proportions

were found in the DJT sub-unit (on average 21.5%).

The overwhelming fraction of clay minerals in lake sediments is of detrital origin (Jones &
Bowser, 1978; Hardy & Tucker, 1988). They were frequently used as environmental and
paleoclimatic indicators since the work of Keller (1956). Climate has a strong influence on
rock alteration and clay minerals are often the main product of this process. For example, the
global pedogenic and climatic zonation is reflected in the latitudal distribution of certain clay
minerals (Chamley, 1989). However, other factors than climate such as lithology, topogra-
phy, transport and diagenetic changes can modify the original clay assemblage (cf. Yuretich
et al., 1999). Four main genetic hypothesis for the origin of smectite and mixed layer I/S
exist: (1) reworking of soils and enrichment by differential settling, (2) alteration of volcanic
material, (3) transformation of detritals, and (4) authigenesis (Chamley, 1989; Thiry & Jaquin,
1993). The absence of any conceivable volcanic precursor, such as tuff or glass in the
studied sediments indicates that the expandable clays are mainly of a detrital origin. Smectite
is the predominant clay mineral in many lacustrine settings. For example, it makes up to
100% of the shale minerals in some stratigraphic units of the Messel oil shale (Weber, 1991).
The author suggested a humid/warm climate with a diverse fauna and flora in the catchment

area.

Especially in lakes, clays are very sensitive to diagenetic alterations such as increasing
alkalinity and salinity of the lake waters (e.g. Stoffers & Hecky, 1978). Fig. 4.10 shows that
the percentages of expandable clays are decreasing with increasing dolomite percentages,
visible for the DJT sub-unit. Because dolomite precipitation is associated with alkaline lake
waters (see above), this suggests an influence of the lake water chemistry on the clay
mineralogy. It was previously reported that in saline lake deposits, smectites and mixed-layer
I/S are often absent due to transformations in the saline environment (Hay & Moiola, 1963;
Jankowski, 1981; Remy & Ferrell, 1989). Dyni (1976) and Hosterman & Dyni (1972) estab-
lished a salinity zonation for clay minerals in the Green River Formation. They found that
kaolinite, illite, mixed-layer I/S, and smectite are present in the fluvial or freshwater environ-
ment. Mudstones deposited in a nearshore moderate saline environment contain only illite
and smectite. The hypersaline depocenter of the Piceance Creek basin is nearly devoid of
clay minerals due to chemical reactions and dissolution in highly saline and alkaline fluids
(Dyni, 1985).



50

60
—_ [ ] DJT
x a O GS
»n 40 A Shale I/Shale I
% A Es3
T) .
% A
O
S o
c
S 20 ° L
X )
°
O
®
0 T | T | I._ﬂ T | p_| i
0 10 20 30 40 50 Fig. 4.10. Expandable clays versus
- dolomite for the different stratigraphic
dolomite [%] units in the Western Depression of
the Liaohe Basin.

XRD analyses revealed that the Liaohe shales deposited during Shale | or Shale Il times
contain a wide variety of clay minerals (Figs. 4.6 and 4.7). The sediments deposited during
early DJT time show a very restricted clay mineral suite (Fig. 4.7), where only illite & micas
are present. This is in agreement with observations on dolomite and analcime rich sediments
of the Nordlinger Ries, where no smectites and mixed layer clays where determined
(Jankowski, 1981). Instead, these sediments are dominated by illite as in the Liaohe
sediments. The author proposed that illite was formed as an authigenic mineral at the
expense of expandable clays, due to reactions with the highly saline lake waters. Thus,
sediments with illite and no other clay minerals, together with the presence of analcime and
dolomite signify a maximum salinity of the Liaohe lake waters. These investigations were
substantiated by Stoffers & Singer (1979) and Singer & Stoffers (1980). They studied clay
mineral distributions in East African lakes and found diagenetic transformations of smectite
into illite, induced by saline paleo-lake waters. However, if the illite in the Liaohe sediments
formed at the expense of expandable clays we would expect higher than normal
percentages, but this is not the case. Hay & Moiola (1963) suggested a different
transformation pathway and believed that the illite in such saline sediments is of detrital
origin. Expandable clays were dissolved by reactions with saline and alkaline brines and the

remaining aluminium and silica was used to form analcime or feldspars (see chapter 4.3.3.4).
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Smectite converts to illite during burial diagenesis via an intermediate mixed layer phase
(Velde, 1985). In random mixed layer I/S structures the proportion of the expandable part
(smectite) is higher than 20% (Perry & Hower, 1970). An ordered mixed-layer mineral is one
with regularly alternating non-expanding and expandable layers. An increasing ordering of
the layers results in a decreasing number of expandable clays (Velde, 1985). All samples
from the Lei area contain ordered mixed layer I/S. In well A only sample E 48537 at a depth
of 1375 m contain ordered mixed layer I/S, whereas the others consist of random mixed layer
I/S or discrete smectite. This suggests a negligible influence of burial diagenesis in well A
whereas in the Lei area a diagenetic overprinting might have occurred in response to higher
thermal stress. Franks (1999; 2000) stated that the degree of ordering in the I/S clays
increases and the expandability decreases with temperature and depth for the Liaohe source
rocks (Fig. 4.11). This mineralogical transition typically occurs near the beginning of the oil
window for source rocks originating in saline-alkaline setting and just prior to the oil-genera-

tion window in normal marine source rocks.
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Fig. 4.11. Expandable clays versus depth for samples from the Western Depression
of the Liaohe Basin; after Franks (1999).
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4.3.3.3 Quartz and Feldspars

Quartz and feldspars are with 12.0% and 39.0% (plagioclase), respectively the most
important minerals in the earth crust (Matthes, 1987). Feldspars are mainly formed in
magmatic and metamorphic rocks. Quartz is highly resistant against weathering processes
and a common detrital mineral in sedimentary rocks. The quartz contents in the investigated
sediments vary between 0 and 58.1% (E 48518, well A). Percentages are high in samples
from the Es3 member and in the Shale I/Shale Il sub-units with 24.6 and 24.3% on average,

respectively.

In contrast to quartz, feldspars are easily affected by chemical weathering processes and
transformed to clay minerals. Thus, abundant feldspars in sandstones point to a predomi-
nantly physical weathering and/or is an indicator that the detritus comes from proximal
provenances (Folk, 1974; Vogt, 1997). The Q/(Q+F) ratio can be used as a parameter to
determine the distance to the parent rocks or is related to the climate in the source area. In
felsic basement rocks, Q/(Q+F) is 0.3 to 0.4 and ranges between 0.9 and 1.0 for intensely
weathered sands in the humid tropics (van de Kamp & Leake, 1996). Its decrease in well A
might either indicate a decreasing chemical weathering intensity due to a more arid climate
or reflect a closer location to the lake margin during DJT time (Fig. 4.6). With the exception of
one sample all ratios are very low values in well B which points an arid climate with a

predominant physical weathering in a closed lake basin (Folk, 1974).

Plagioclase feldspar occur in all samples ranging from 1.5 (E 484775, well J) to 33.2%
(E 48539, well A). Although detailed investigations were not performed, the XRD results
suggest that most samples contain sodic feldspar (Franks, 1999, 2000). Only sample
E 48539 (well A) contains more calcic plagioclase which points to a volcanic origin. The
relatively uncommon mineral buddingtonite represents the non-plagioclase feldspar
fraction. Buddingtonite is an ammonium feldspar with zeolithic water and the stochiometric
composition [NH,AISi;0g*1/2 H,0]. It is present in 48 of the 49 samples ranging from 0.7%
(E 48480, well E) to 36% (E 48469 well B). Although the feldspar was interpreted as
buddingtonite, the peak position is very similar to anorthoclase which might indicate that

some samples may contain a mixture of alkali feldspar types (Franks, 1999).
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A large part of nitrogen in minerals is fixed as ammonium in silicates such as feldspars,
micas or zeolites, in crystallographic sites usually occupied by alkali ions. Charge and radius
of the NH," ion make it a logical substitute for potassium (K) ions in silicate lattices
(e.g. Erd et al., 1964). The author was first who described the mineral buddingtonite from
Quaternary andesites (Sulphur Bank, California). The volcanic rocks had been
hydrothermally altered by ammonium-rich hot-spring waters. During this reaction, albitic
plagioclase was partly to completely replaced by ammonium feldspar. However, as already
stated above, no direct evidence for a hydrothermal activity was found in the studied
sediment sequences in the present study. Natural clay minerals and feldspars generally
contain too little ammonium to produce measurable quantities of ammonium during pyrolysis
(Everlien, 1990).

Organic nitrogen in living organisms is overwhelmingly present in amido- and amine-groups
in proteins and peptides. Although a significant proportion of the nitrogen in surface
sediments (possibly up to 40% of the total nitrogen) is present in the form of pyrrolic- and
pyridinic-type structures (Patience et al., 1992), amino acids account for more than 40% in
shallow sediments (<1m) from the Peru upwelling region (Henrichs & Farrington, 1987;
Patience et al., 1990). As summarised by Baxby et al. (1994), the early diagenetic transfor-
mation of organic nitrogen involves its incorporation into kerogen; or the loss as NH; as a
result of microbial or chemical mineralization. This may be followed by adsorption and
fixation of NH," in minerals such as clays or feldspars. Ramseyer et al. (1993) found signifi-
cant amounts of K-NH,-feldspar in Miocene sandstone of the San Joaquin and Los Angeles
Basin. Based on petrographic and isotopic studies he concluded that bacterial decay of OM
is the source of ammonium and that the feldspar precipitated during early diagenesis within
the zone of methanogenesis. Loughnan & Roberts (1983) found up to 16% buddingtonite in
the lacustrine Condor oil shale deposit, Australia. They proposed a diagenetic origin within
the mud of a stratified lake and suggested bacterial degradation of proteins and amino acids
in algal OM as the most likely ammonium sources. It has been previously shown that the
amino-acid composition in lacustrine surface sediments is mainly planktonic and bacterial in
character (e.g. Dungworth et al, 1977). Gulbrandsen (1974) detected extremely high
ammonium yields within organic-rich sediments of the Phosphoria Formation, Idaho (U.S.)

and interpreted their occurrence in a similar way.
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An alternative pathway for buddingtonite formation is attributed to migrating fluids in the
basin. High buddingtonite percentages were determined for two sandstones from the DJT
sub-unit in well A (E 48517 and E 48519). Interestingly, they have also anomalous high
Production Index (Pl) and S1/TOC ratios. Sample E 48517 from the DJT sub-unit (well A)
shows a Pl of 0.41 and a S1 normalised to TOC of 335.3 mg/g TOC. Similar data were also
obtained from other parts of the Western Depression such as sample E 48466 from well B
(DJT sub-unit). Organic petrologic observations revealed the occurrence of yellow
fluorescing bitumen in all these samples. As already mentioned in chapter 4.2.4 the DJT
sandstones act as important reservoirs and carrier beds in the Western Depression. This
suggests that oil-bearing fluids that migrated through the basin may have caused the high
ammonium concentrations in the feldspars. High fixed-NH," vyields in clay minerals of
mudstones from the Eocene Wilcox Group (Louisiana) are also associated with increased
organic-geochemical indicators for migrated hydrocarbons (Williams et al., 1989; Williams et
al.,, 1992). The authors concluded that the nitrogen was released from the OM as NHj;
(ammonia) during maturation and migrated together with the pore fluids, volatile phases and
crude oil through more permeable carrier beds. However, the majority of nitrogen in ancient
sediments (e.g. coals) has been shown to predominate in pyrrole and to a lesser extent in
pyridine structure types (e.g. Bartle et al., 1987). Thus, the generation of significant amounts
of NH; from these sediments upon maturation is unlikely. In contrast Wallace (1986) found
that a high proportion of nitrogen in oil shale asphaltenes occurs in amide and amine groups
(approx. 40%) which may be possible precursors for NH;. Nitrogen loss from OM as NH; was
supported in artificial heating experiments on immature sediments (algal mat and Staten
Island peat), carried out by Rohrback et al. (1983). The generation of ammonia during the
catagenetic stage (70 to 150°C) from the thermolytic cracking of OM is substantiated by
Hunt (1979, p. 164), Juntgen & Klein (1975) and other references quoted therein. This NH;
may react with H” resulting in high ammonium concentrations which were previously
observed in many oilfield formation waters (e.g. Collins, 1975) and finally results in additional
adsorption and fixation of NH," by clay minerals (Williams et al., 1992). Thus, changes in
ammonium concentrations in clay minerals and feldspars (buddingtonite) may serve as
indicators for the presence of hydrocarbons or the migration pathways the crude oils followed

from source rocks to reservoirs.
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4.3.3.4 Analcime [Na16(A|1GSi32096)*1 6H20]

Analcime is the only zeolite identified in the source rocks and present in 11 of the
49 examined samples ranging from 1.5 (E 48492, well G) to 25.3% (E 48466, well B).
Analcime occurs most frequently in the lower DJT sub-unit and lacks in the clay rich Es3
member and in the Shale | and Shale Il sub-units (Fig. 4.7). It is mainly found in source rocks
of the Lei area but is restricted to rocks where feldspar percentages are higher than 10%.
The shallowest occurrence is at 1405 m in well A (E 48539). The deepest occurrence is at
2818 m in well G. Analcime co-exists with all carbonate phases, but most abundant with

shales rich in dolomite.

Analcime has a wide spectrum of genetic types, from sedimentary (continental and marine),
to magmatic, to low grade metamorphic and also hydrothermal as reviewed by Gottardi &
Galli (1985). Analcime can form from the alteration of pyroclastic debris (volcanic glass)
which was delivered to the lake basin (Surdam & Parker, 1972; Surdam & Eugster, 1976;
Surdam & Sheppard, 1978), via the reaction pathway:

silicic glass + saline, alkaline water = precursor mineral + saline, alkaline-lake water

= analcime

Although the literature indicates that volcanic activity occurred regionally in the Western
Depression during Es4 time (see chapter 4.1.3), two lines strongly suggest that most of the
analcime was not derived from this source. Firstly, large quantities of volcanic material are
necessary to produce the analcime detected in the shales. However, no volcanic detritus,
such as the minerals hornblende or augite was found in association with the studied
sediments and no major volcanic influence was reported from the analcime-rich intervals,
such as the lower DJT sub-unit in well B. Secondly, the XRD analyses indicated that

analcime is the only zeolite in the shales.

Authigenic analcime has been widely reported from alkaline, saline lacustrine sediments
that lack volcanic detritus. Typical ancient and recent examples are mudstones from the
Green River Formation in the south-central Uinta Basin (Remy & Ferrell, 1989), lacustrine
rocks of the Hartford and Newark rift-basin (Hubert et al., 1992; van de Kamp & Leake,
1996), lacustrine sediments from the Nordlinger Ries (Jankowski, 1981) and Quaternary
lacustrine sediments from Lake Bogoria, Kenya Rift Valley (Renaut, 1993). In all these

cases, the analcime is thought to have formed in closed saline and alkaline lakes by reaction



56

of sodium rich brines reacted with silicates during dry periods. Sodium rich groundwater was
concentrated by evaporative pumping and evapotranspiration. Expandable clays are very
often the principle reactants which provide the silica and aluminium (Hay et al.,, 1991 and
chapter 4.3.3.2). Temperatures below 50°C were proposed for the analcime formation. An
alkaline environment with a ph 9-12 is necessary for this reaction as determined by Baldar &
Whittig (1968).

4.3.3.5 Opal-C and Opal-CT (SiO,)

Opaline silica was detected in only four samples all of them located in the Shale | sub-unit
(well A). Maximum percentages of 57.1% were found at a shallow depth of 1340 m (Fig. 4.6).
Other minerals present in these rocks are mainly expandable clays and quartz. No analcime
and only trace amounts of carbonates were found. The opal-A polymorph was not detected

by XRD analyses.

The presence of opal-C and/or opal-CT suggests a high silica content of the lake waters.
Silica generally precipitates from natural aqueous solutions as amorphous silica by
polymerisation. Precipitation can be induced organically during periods of a high biosiliceous
productivity or inorganically, as in silcretes, geyserites, and precious opal deposits (Williams
& Crerar, 1985). However, it is difficult to reconstruct the depositional environment from the
occurrence of this mineral due to its generally amorphous nature. For example, Noel &
Rouchy (1986) found that even the biogenic origin of opal-CT rich sediments is difficult to
recognise. They observed by scanning electron microscopy (SEM) that diatoms were
completely replaced by massive aggregates of opal-CT lepispheres. These highly
amorphous, layered structures are similar to those investigated in sample E 48527 (well A).
High diatom productivity would imply an elevated availability of nutrients. However, primary
production of diatoms is limited by the salinity of the lake waters. It was stated that diatoms
do not survive salinities of above 130 gL” (Rouchy et al., 1995). Interestingly, the opal-A
polymorph that is generally associated with biosiliceous deposits, was not detected in the
Liaohe source rocks. Therefore, other sources of silica must be considered. For example, in
a recent paper English (2001) argued that evaporation and evapotranspiration facilitates

silica precipitation from supersaturated waters at or near the groundwater table.
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4.3.3.6 Gypsum [CaS0,*2H.0]

Gypsum was detected in 27 of the 49 investigated samples. Its percentages range from 0.1%
(E 48514; well S) to 2.6% (E 48537; well A). It occurs most frequently in the GS and in the
DJT sub-unit.

Gypsum is beside sodium and magnesium carbonates the main evaporative precipitate in
hypersaline lakes (Muller, 1988). Several mechanisms for the formation of gypsum in lacus-
trine environments are possible. It precipitates mainly as tiny prismatic needles in very
shallow hypersaline water bodies under arid depositional conditions, either within the water
column or at the surface of the sediment (Schreiber & El Tabakh, 2000). Some deposits with
deep water settings are known in the rock record, for instance from the Green River Forma-
tion (Eugster & Surdam, 1973; Fischer & Roberts, 1991) and from the Dead Sea lake system
(Katz & Kolodny, 1989). Other gypsum occurrences are reworked or re-sedimented gypsum
and cements as well as void fillings in non-evaporative sediments, carried in by evaporative
enriched groundwater (Schreiber & El Tabakh, 2000). In addition, the oxidation of sulphides
and the sulphate released by bacterial breakdown of OM can lead to the formation of
gypsum (El Tabakh et al., 1997). Ponds with gypsum precipitation must have a salinity of 130
to 320 gL' (Schreiber & El Tabakh, 2000).

4.3.3.7 Pyrite [FeS,]

This mineral was detected in amounts up to 7.2% (E 48462; well B). It is relatively abundant
in sediments from the Shale | and Shale Il sub-unit and especially in the Es3 member.
Microscopic observations revealed that pyrites found in the shales are of framboidal shape.
Pyrite is an early diagenetic precipitation induced by bacterial OM degradation within the
young sediment (Flchtbauer & Richter, 1988). It is formed during bacterial sulphate reduc-
tion (1) and reaction of H,S with iron minerals to form iron monosulfides (2), and finally the
reaction of iron monosulfides to form pyrite (3) (Berner, 1970; Berner, 1984). An anoxic

depositional environment is a prerequisite for sulphate reduction.

(1) 2 CH,0 + SO,* =  H,S+2HCO;s
(2) 3 H,S + 2 FeOOH =  2FeS+8%°+4H,0
(3) FeS + 8° =  FeS,
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The limiting factors are the availability of labile metabolisable OM and the concentration and
reactivity of iron minerals. Sulphate is very often the limiting factor in the lacustrine environ-
ment (Berner & Raiswell, 1983). In many freshwaters, sulphate is less than 1.0% of that in
the marine regime. Tectonic lakes during active phases are an exception. They can contain
sulphate-rich waters (Powell, 1986). Iron is supplied by detrital sources where it is often
bound as an oxide to surfaces of clastic components, especially clay minerals, which provide
a high internal surface area. This probably explains the high pyrite and siderite percentages

in the clay rich stratigraphic units.

4.3.3.8 Amphibole [CazNa(Mg,Fe)s(Al,Fe)((Si,Al)4011)2 (OH)]

Only sample E 48511 (well R; Tuo area) contains 8.3% of this mineral. High percentages of
expandable clays, analcime, plagioclase and dolomite were also found in this sample.
Amphibole is a common mineral in quartz deficient mafic or ultramafic magmatic or metamor-
phic rocks. It can be related to a strong volcanic activity or rifting processes (Briot et al.,
2001). Large amphibole crystals were also found in volcaniclastic sediments of phreato-
magmatic origin (Nemeth et al., 1999). Another process, which might lead to amphibole
enrichment, is the erosion of older amphibole containing rocks such as gneisses or schists.
Because amphiboles are heavy minerals they are very often present in sediments at the lake
borders a feature that can be related to particle sizes and transport processes (Bertelle et al.,
1998).

4.3.3.9 Natrojarosite NaFe3(S04)2(OH)e

Natrojarosite is a sulphate containing Fe- and Na-hydroxide which occurs only in sample
E 48502 from well L in the Gao area (6.3%). Jarosite-type minerals frequently form upon
oxidation of iron sulphide containing minerals at low pH of 3 to 4 in acid sulphate soils
(Schwertmann, 1961). For example, the oxidation of pyrite results in extremely acidic
conditions in an environment favourable for the weathering of plagioclase and micas, which
in turn are the main sources of K and Na. Then natrojarosite forms under conditions where
the supply of K limits jarosite formation (Oborn & Berggren, 1995). These processes are
favoured in a setting, where oxidising groundwater and/or iron-oxidising bacteria are present
such as Thiobacillus ferroxidans (lvarson et al., 1978). The main reactions can be written as

follows:
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(1) FeS, (pyrite) + 7 O, + 2 H,0 2 FeSO, + 2H,SO,
(2) 4 FeSO4 + 2 H,SO4 + O, & 2 Fey(SOy)3 + 2 H,0O
(3) 3 Fey(S04); + 12 H,O0 = 2 HFe3(S0,4),(0OH)s (basic ferric sulphate) + 5 H,SO,

Because natrojarosite is decomposed rapidly under alkaline conditions (Patino et al., 1998),
it can be concluded that an acidic and oxidising environment prevailed during deposition of

this shale.

Points to Remember — Mineralogy

A wide variety of minerals, including clays, quartz, feldspars and carbonates were detected
by XRD analysis in the Liaohe sediments. The analysed samples are mineralogical very
unusual because they contain the rare carbonate mineral kutnahorite and the ammonium
feldspar buddingtonite. If the ammonium is derived from crude oil related fluids, budding-
tonite may serve as an indicator for the presence of fluid conduits and migration pathways.
Alternatively, ammonium could be released from OM by bacterial degradation during early
diagenesis and replaces alkali metal ions in feldspars. The presence of kutnahorite indicates
high concentrations of manganese and is a sign for changing redox conditions in the water
column during the depositional history. The DJT sub-unit in the Shu-Du area represents a
coarse-grained facies with breccias, conglomerates and sandstones. Quartz, feldspar and
clay minerals predominate. In the centre of the basin (Lei and Gao area) a clay-, carbonate-,
gypsum- and analcime bearing facies developed with no significant clastic input and
abundant chemical precipitation. The lithological sequences filling the basin represent a
higher saline and alkaline lake facies in which authigenic minerals (e.g. analcime) developed
through precipitation of surface and subsurface waters, especially during lower DJT time.
The GS sub-unit in well A is dominated by clay minerals and calcite the latter suggesting a
low Mg?/Ca® ratio and relatively diluted lake waters, whereas higher dolomite percentages
in the Lei and area indicate more concentrated and alkaline lake waters at the same time.
The thick dolomite deposits in the Lei area formed mainly by evaporative concentration in
shallow waters or on exposed mudflats. This process was probably aided by cyanobacterial
and bacterial dolomite precipitation. The Es3 member and the Shale | and Shale Il sub-units

contain the highest percentages of clay minerals, dominated by mixed-layer I/S.
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4.4 Organic Petrology

The aim of this chapter is to characterise the dispersed OM in selected rock samples from
the Es4 and Es3 member of the Shahejie Formation, using reflected white and fluorescent
light microscopy. As one key criterion of the organic facies concept defined by Jones (1987),
organic microfacies analysis was performed which refers specifically to the maceral classifi-
cation of organic constituents (cf. Stasiuk et al., 1991; Stasiuk, 1999). Previous studies have
demonstrated that variations of the maceral composition in lacustrine sequences can provide
important informations about varying primary productivity in the lake or environmental factors
such as changing water chemistries. For example, organic petrographic investigations
revealed that the algal OM in sediments from the Nérdlinger Ries changed in response to

changes in salinity (Jankowski, 1981; Rullkétter et al., 1990).

441 Terminology

Macerals were classified according to the terminology as issued by the International
Committee for Coal and Organic Petrology (1998; 2001) and the definitions provided in the
textbook “Organic Petrology” (Taylor et al., 1998). Alginite and bituminite are the most
common macerals in the Liaohe source rocks. Alginite is subdivided into telalginite and
lamalginite according to Hutton (1987). Telalginite is alginite, derived from colonial or thick-
walled unicellular algae, with strong fluorescence at low rank and with distinctive external
structure, and in many cases internal botanical structures. Lamalginite is alginite, derived
from small, unicellular or thin walled, colonial planktonic or benthic algae, with weak to
moderate fluorescence at low rank and only little recognisable structure. In this study the
amorphous unstructured organic matter (AOM) is subdivided into fluoramorphinite (yellow-
fluorescing AOM) and hebamorphinite (non-fluorescing AOM) according to the classification
of Senftle et al. (1987). Vitrinite is supposed to originate from humic substances, which are
themselves alteration products of lignin and cellulose and form the basic framework of higher
plant-cell walls. Sporinite, cutinite, resinite and liptodetrinite are besides alginite other
important liptinites macerals in the source rock samples. They originate mainly from the
hydrogen-rich plant materials sporopollenin, cutin and resins and contain higher proportions
of aliphatic constituents than humic substances. Funginite, introduced by Lyons (2000), and
fusinite are the most important macerals of the inertinite group. Funginite, formerly scleroti-
nite, is of fungal origin. Fusinite originates from the same precursors as vitrinite but received

a higher degree of aromatisation and condensation that results in a higher reflectivity.



LIAOHE BASIN ORGANIC PETROLOGY 61

This can be related to processes such as charring, oxidation, desiccation or fungal attack.

A detailed subdivision is given in Tab. 4.3.

Maceral-Group Maceral Maceral variety Reflection Fluorescence
Vitrinite vitrinite gray no
Inertinite funginite light-gray no

fusinite light-gray no

Liptinite sporinite dark brown-black yes
cutinite dark brown-black yes

resinite dark brown-black yes

liptodetrinite dark brown-black yes

alginite telalginite light brown-dark brown yes

lamalginite dark brown-black yes

bituminite hebamorphinite black no

(AOM) fluoramorphinite gray yes

Tab. 4.3. Maceral classification applied in this study; after Hutton (1987), Senftle et al. (1987) and
Taylor et al. (1998).

4.4.2 Classification

The following criteria were used to classify the analysed samples into certain organic micro-

facies types: (l) lamination characteristics, (Il) abundance and type of algae, (lll) abundance

of terrestrial particles, (IV) abundance of fluoramorphinite. Classification of all samples is

presented in Tab. 4.4. An example for each organic microfacies type is illustrated in

Fig. 4.12.

homogenous texture, dispersed small unicellular algae (lamalginite), almost no
telalginite, only a few vitrinite particles, carbonate and/or clay rich mineral matrix
(Fig. 4.12 A).

homogenous texture, abundant telalginite (remains of B. braunii) all orientated

parallel to the bedding, only a few vitrinite particles (Fig. 4.12 B).

almost no lamination, only few lamalginite and telalginite, abundant vitrinite

particles, sporinite and liptodetrinite are common macerals (Fig. 4.12 C1 and C2).

strong lamination with an alternation of fluoramorphinite containing carbonate rich
(10 to 20 um) and darker clay lamalginite containing layers (50 um), few vitrinite
particles (Fig. 4.12 D).

irregular or weak lamination (lenses), abundant fluoramorphinite, few vitrinite
particles (Fig. 4.12 E).



62

Type A Type B Type C Type D Type E
48449 48479 48463 48467 48455
48465 48502 48485 48475 48464
48466 48521 48497 48481 48480
48491 48522 48515 48487 48482
48506 48523 48517 48527 48484
48520 48525 48519 48528 48494
48526 48529 48505
48530 48514
48531 48533

48532

48534

48535

48536

48537

Tab. 4.4. Organic microfacies classification of the studied samples.

4.4.3 Non-laminated Samples

The OM composition of the non-laminated source rock samples from type A to C is as fol-
lows: Type A facies contains only small algae, which are finely disseminated in a carbonate
and/or clay rich mineral matrix. The diagnostic morphology shows mainly organic longitudinal
structures which points to the presence of small unicellular lacustrine algae
(Fig. 4.12 A). Together with type C these samples have the lowest TOC-contents. Many of
these rock samples are from stratigraphic units where dolomite and especially analcime are

abundant. Thus, Type A is especially typical for the lower DJT sub-unit in the Lei area.

In type B telalginite is more abundant than in all other types (Fig. 4.12 B). It is dominated by
B. braunii colonies, which are floating in a clay-rich matrix. This type was frequently found in
the shale rich stratigraphic units (Shale | and Shale IlI, Es3 member). Vitrinite, inertinite,
sporinite, liptodetrinite and funginite are present in type C samples (Fig. 4.12 C). With the
exception of this facies type, the contribution of terrigenous particles to the total OM is low in
the studied sample set which points to a complete lack of higher land-plant vegetation in the
catchment area of the lake. Non-fluorescing AOM (hebamorphinite) is especially abundant in
samples of type C. In reflected white light, it has a light to dark brown colour and occurs
mainly as long irregular streaks or round particles (Fig. 4.12 C1). These constituents are
probably a precipitate of humic acids derived from terrigenous OM (Littke, 1993). Darker rims
around the boundaries of vitrinites (Fig. 4.12 C1) are reported to form during subaquatic
oxidation (Bustin et al., 1985, p. 74).
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4.4.4 Laminated Samples

Source rock type D and E are laminated and contain alginite as well as abundant yellow
fluorescing AOM that is concentrated in the bright layers (Fig. 4.12 D and E). The laminated
samples are characteristic for the GS sub-unit in the Shu-Du area and for the GS and DJT
sub-unit in the Lei area. Dolomite, calcite and aragonite are the most important minerals in
the laminated shales. In some samples, especially in type E, fluorescing lamalginite in
diffused filamentous organisation is visible in lenses, which points to the presence of
cyanobacteria (Fig. 4.12 E). The darker layers consist of clay minerals with few lamalginite
and some unicellular algal structures as in type A. The abundance of alginite and fluoramor-
phinite in these samples point to a type | or mixed type l/ll kerogen (Tyson, 1995), and
correspond to the organic facies types A and AB after the classification of Jones (1987). The
fluoramorphinite is often associated with carbonate minerals. Dolomitic laminae, between
100 and 300 um in thickness are present and the dolomite grains are frequently coated with
thin lamalginite. Sometimes zones of oxidative degradation within the lamalginite were found.
They have lower fluorescence intensity and emit fluorescence nearer the red region than the
unaltered lamalginite. Similar observations were made by Stasiuk et al. (1991) in marine
lamalginite rich source rocks. Pyrite nodules are often found in the lower part of the
fluorescing layers which points to oxygen depleted conditions and H,S production by certain

bacterial communities.

Lacustrine source rocks often contain large amounts of amorphous OM (Tissot & Welte,
1984, p. 256). It is an important constituent of the OM in the Irati shales (Permian, Brazil) or
in the Green River shale (Eocene, U.S.). Some authors speculated, that amorphous
kerogens originated from organic oozes, colloidal solutions, gels, precipitates and sapropels
derived from organic debris, bacteria, faecal and pellets which have putrefied near the
sediment-water interface (e.g. Durand, 1980; Robert, 1981). High percentages of brightly
yellow to orange fluorescing unstructured OM (fluoramorphinite), as observed in the present
study were also identified in the Messel shale (Eocene, Germany) and in the Ries oil shale
(Miocene, Germany) (Taylor et al., 1998, pp. 245-247). This material in petroleum source
rocks has been proposed to result from the degradation and microbial alteration of lipid-rich
OM such as benthic and planktonic algae or cyanobacteria (e.g. Gutjahr, 1983; Stasiuk,
1993). There are strong optical-chemical relationships of different types of amorphous
kerogens (Thompson & Dembicki, 1986; Senftle et al., 1987). The brightly fluorescing AOM,
present in the studied samples was always considered the AOM with the highest

hydrocarbon potential.
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445 Additional Observations

The maturity determination based on vitrinite reflectance values is extremely difficult due to
the overall lack of vitrinite particles in the Liaohe sediments. In addition, the reflectance in the
Es3 and Es4 member is often suppressed which is clearly indicated by measured data
(Liguo Hu, pers. comm.). A possible explanation for this effect is that bitumen expelled from
algal material was adsorbed by vitrinite macerals due to their very high microporosity. This
process has been said to suppress the vitrinite reflectance values, especially in algal rich

organic source rocks (e.g. Teichmuiller, 1974; Hutton & Cook, 1980).

In sample E 48517 from a DJT sandstone, a strong yellow fluorescing fluid was detected
which reflects a contamination with migrated crude oil. Interestingly, this sample has also one
of the highest extract yield, S1 as well as production index (see chapter 4.5.1). Finally, in two
samples from the Gao area (E 48505, E 48514) a dark grey amorphous substance was

found in cracks and fissures which fulfils all requirements of solid bitumen.

Points to Remember — Organic Petrology

Five facies types were distinguished by qualitative observations in reflected white and
fluorescence-inducing blue light. The types A, B and C are non-laminated and contain small
alginite, Botryococcus telalginite and terrigenous macerals, respectively (Fig. 4.12 A-C2).
The types D and E are laminated and consist of abundant algal and fluorescing AOM, the
latter resulting from the microbial alteration of lipid-rich OM (Fig. 4.12 D and E). The obser-
vations show that the distinct types are restricted to certain stratigraphic members in the
Western Depression and thus reflect organic facies changes: (1) Type A — lower DJT in the
Lei area; (2) Type B — Shale |, Shale Il, Es 3 member; (3) Type C — DJT of the Shu-Du area;
(4) Type D - GS; (5) Type E — GS and DJT.
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Fig. 4.12. Microscopic characteristics of non-laminated (A to C2) and laminated (D and E) source
rock samples from the Western Depression of the Liaohe Basin.

A) Sample E 48491 (well G) from 2665 m depth. Small yellow fluorescing alginite and liptodetrinite.
250x, blue light excitation.

B) Sample E 48525 (well A) from 1329 m depth. Strong yellow fluorescing B. braunii telalginite and
smaller alginite particles. 250x, blue light excitation.

C) C1, Sample E 48497 (well U) from 1882 m depth. Vitrinites (V) with oxidation rims and non-
fluorescing AOM (hebamorphinite, H). 500x, reflected white light; C2, Sample E 48485.
Funginite. 500x, reflected white light.

D) Sample E 48467 (well B) from 2688 m depth. Strong laminated sample with abundant
lamalginite and fluoramorphinite. 250x, blue light excitation.

E) Sample E 48455 (well D) from 2638 m depth. Irregular, weak laminations with abundant
fluoramorphinite. 250x, blue light excitation.
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4.5 Source Rock Screening
4.51 Whole Rock Samples

Screening analyses were performed in order to gain a rapid overview of organic richness,
quality and maturity, and to select a smaller representative sample population for further
detailed analyses. For this purpose, TOC and TS contents were determined and Rock-Eval

pyrolysis experiments were performed. A tabulation of results is provided in Tab. 4.5.

The examined samples have TOC contents between 0.2 and 17.6%. The most frequent
values are between 2.0 and 5.0%. The highest on average TOC values with 8.2% were
determined for the GS sub-unit, the lowest with 3.3% on average for the Es3 member.
Maximum TS values up to 3.5% were observed in samples from the Lei and Gao area.
Stratigraphically, the highest TS contents were measured on samples from the Shale I/
Shale Il sub-units and from the Es3 member. A plot of the pyrolysable hydrocarbon yield

versus pyrolysable carbon dioxide yield, both normalised to TOC can be used to distinguish
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Fig. 4.13. Hydrogen Index (HI) versus Oxygen Index (Ol) values for the
analysed sample set.
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E.nr. | Well| Member | Sub-unit | Depth [m] | TOC [%] | TS [%] S1 S2 Tmax Pl HI Ol
{mg HC/g Probe] | (mg HC/ig Probe) | [°C] | sts1+s2) | (mgHeig TOC] | Img co2/g TOC)

48456 | B Es3 ? 1932 2.8 0.7 0.2 9.0 432 0.02 320 64
48457 | B Es3 ? 1933 2.2 3.5 0.1 3.4 427 0.02 155 88
48458 | B Es3 ? 1933 2.1 0.6 0.1 2.9 430 0.03 137 170
48477 O Es3 ? 2471 1.7 0.1 0.2 4.9 432 0.03 288 23
48478 | O Es3 ? 2555 2.8 1.9 0.3 11.1 431 0.03 397 18
48479 O Es3 ? 2556 3.6 2.6 0.5 16.1 430 0.03 446 20
48490 [ G Es3 ? 2165 5.3 1.9 0.4 25.2 424 0.02 479 25
48493 | K Es3 ? 1600 2.8 0.1 9.8 19.9 431 0.33 724 30
48494 | K Es3 ? 1455 7.5 2.3 1.2 47.4 419 0.03 633 38
48495 | K Es3 ? 1550 4.2 1.1 0.6 18.0 421 0.03 433 48
48496 | V Es3 ? 1757 4.0 3.0 0.5 19.9 426 0.02 496 60
48497 | U Es3 ? 1882 5.1 0.5 2.6 31.8 420 0.08 630 47
48499 | F Es3 ? 2060 1.6 0.5 0.1 3.4 426 0.04 218 61
48508 | W Es3 ? 2248 1.0 0.9 0.0 1.0 428 0.04 98 35
48448 | D Es4 DJT 2571 5.3 0.8 0.9 38.3 438 0.02 723 11
48449 D Es4 DJT 2579 6.1 0.4 1.5 46.3 439 0.03 759 15
48450 [ D Es4 DJT 2589 6.0 0.9 0.9 49.1 442 0.02 819 11
48451 D Es4 DJT 2591 4.0 1.1 0.9 27.0 437 0.03 674 19
48452 | D Es4 DJT 2594 4.6 0.3 1.0 34.1 440 0.03 741 32
48453 | D Es4 DJT 2595 6.9 0.6 0.6 49.6 438 0.01 719 14
48454 | D Es4 DJT 2610 5.4 0.5 1.2 37.2 436 0.03 689 20
48455 D Es4 DJT 2638 4.2 0.4 1.4 29.7 429 0.04 707 27
48459 B Es4 Shale Il 2424 2.9 1.3 0.5 12.6 432 0.04 435 27
48460 | B Es4 Shale Il 2426 2.7 1.4 0.4 12.1 435 | 0.03 448 27
48461 | B Es4 Shale Il 2431 2.7 1.5 0.6 11.8 431 0.05 438 40
48462 | B Es4 Shale Il 2446 4.2 2.6 1.0 23.8 431 0.04 567 27
48463 | B Es4 DJT 2512 3.5 0.8 4.0 20.1 427 0.17 574 42
48464 | B Es4 DJT 2524 6.8 0.7 1.9 50.3 435 | 0.04 739 13
48465 | B Es4 DJT 2526 3.6 0.6 2.7 22.0 429 0.11 610 34
48466 | B Es4 DJT 2580 2.6 0.1 8.7 17.4 429 0.33 669 38
48469 | B Es4 DJT 2580 8.7 1.8 7.1 56.5 437 0.11 650 11
48467 | B Es4 GS 2688 8.0 0.8 2.0 61.5 442 0.03 769 9
48468 | B Es4 GS 2692 3.5 1.8 0.7 23.2 440 0.03 662 21
48470 | J Es4 Shale | 1462 2.6 1.0 0.1 9.2 433 0.01 355 48
48471 J Es4 Shale | 1476 4.5 0.2 0.2 23.0 436 0.01 511 31
48472 | J Es4 Shale | 1481 7.4 0.6 0.5 45.9 435 | 0.01 620 25
48473 J Es4 Shale | 1488 8.9 0.7 0.8 63.4 437 0.01 713 27
48474 J Es4 Shale | 1490 5.6 1.2 1.3 39.7 428 0.03 709 26
48475 | J Es4 Shale | 1492 6.2 0.5 1.6 50.7 428 0.03 817 21
48476 | J Es4 Shale | 1498 2.2 0.2 0.2 10.3 438 0.02 468 62
48480 | E Es4 DJT 2735 4.2 2.0 1.7 20.6 431 0.08 491 22
48481 | E Es4 DJT 2796 7.2 1.1 3.3 49.8 433 0.06 691 13
48482 | E Es4 DJT 2792 6.0 0.6 3.1 38.4 436 0.07 640 22
48483 | C Es4 DJT 2332 3.5 0.3 1.0 22.9 435 | 0.04 655 28
48484 | C Es4 DJT 2335 3.8 1.4 1.1 25.6 434 0.04 667 34
48485 | C Es4 DJT 2342 3.7 0.7 1.5 23.1 428 0.06 623 43
48486 | C Es4 DJT 2360 5.6 0.5 0.9 39.5 430 0.02 706 23
48487 | C Es4 DJT 2385 5.3 1.0 2.7 40.4 428 0.06 763 21
48488 | C Es4 DJT 2392 2.8 2.2 0.4 15.3 433 0.03 539 15
48489 C Es4 DJT 2396 2.5 0.5 0.2 10.0 434 0.02 408 19
48491 | G Es4 ? 2665 5.5 1.6 1.8 38.5 439 0.04 704 14
48492 | G Es4 ? 2818 4.1 1.0 1.0 28.0 436 0.04 681 25
48498 | H Es4 ? 2722 5.0 1.3 0.9 36.2 440 0.02 719 11
48500 [ F Es4 ? 2414 7.3 0.0 0.8 60.7 437 0.01 836 11
48501 [ Es4 ? 2186 3.4 0.5 0.7 22.2 429 0.03 661 22
48502 [ L Es4 ? 1357 8.8 1.5 1.5 49.9 425 | 0.03 566 34
48503 [ L Es4 ? 2533 2.0 0.7 0.2 5.4 432 0.04 274 42
48504 | P Es4 ? 2116 4.5 - 2.0 34.4 437 0.05 769 19
48505 M Es4 GS 1847 7.0 - 2.4 51.6 424 0.04 742 36
48506 [ N Es4 ? 2301 4.7 0.5 1.5 32.5 428 0.04 692 33
48507 [ N Es4 ? 2512 3.4 0.2 0.5 22.3 438 0.02 666 20
48509 T Es4 ? 2570 1.7 0.2 0.1 3.0 433 0.03 176 12

Tab. 4.5. Organic carbon, sulphur and Rock-Eval data of all samples analysed.
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E.nr. |Well| Member | Sub-unit | Depth [m] | TOC [%] | TS [%] S1 S2 Tmax Pl HI Ol
{mg HC/g Probe] | (mg Herg Probe) | [°C] | stis1+s2) | img Herg ToC) | [mg co2/ TOC]

48511 | R Es4 ? 1818 1.2 0.1 0.2 6.0 435 0.04 494 25
48512 | S Es4 ? 2209 2.6 0.5 0.2 10.6 430 0.02 408 22
48513 | S Es4 NXT 2490 0.5 1.0 0.1 1.2 429 0.05 241 43
48514 | S Es4 GS 2312 4.7 0.9 0.7 33.0 436 0.02 697 8
48515 | Q Es4 ? 1160 4.0 0.4 0.3 18.8 429 0.02 469 28
48517 | A Es4 DJT 1252 3.2 0.7 10.6 15.2 422 0.41 482 27
48518 | A Es4 DJT 1288 7.7 0.1 12.5 711 435 0.15 924 7
48519 A Es4 Shale | 1306 2.3 0.6 0.8 7.0 424 0.11 306 92
48520 | A Es4 Shale | 1309 3.3 0.4 0.3 13.4 428 0.02 409 49
48521 | A Es4 Shale | 1314 4.3 0.3 0.3 20.9 431 0.02 483 45
48522 | A Es4 Shale | 1318 4.3 0.3 0.4 21.1 428 0.02 486 35
48523 | A Es4 Shale | 1322 3.7 0.9 0.3 17.1 427 0.02 461 42
48524 | A Es4 Shale | 1325 3.9 0.7 0.4 16.1 424 0.02 419 38
48525 | A Es4 Shale | 1329 4.2 1.0 0.4 15.5 426 0.03 369 36
48526 | A Es4 Shale | 1333 7.6 0.9 0.9 49.3 431 0.02 645 29
48527 | A Es4 Shale | 1340 6.0 1.4 1.1 40.5 429 0.03 672 27
48528 | A Es4 GS 1346 11.5 0.7 4.5 87.7 413 0.05 763 32
48529 | A Es4 GS 1346 7.4 0.4 1.4 60.5 433 0.02 815 31
48530 | A Es4 GS 1347 9.4 0.9 2.1 78.8 431 0.03 835 35
48531 | A Es4 GS 1348 9.9 2.5 1.7 85.1 433 0.02 860 27
48532 | A Es4 GS 1348 11.7 1.6 2.4 98.7 431 0.02 847 29
48533 | A Es4 GS 1351 10.1 0.7 1.7 86.5 433 0.02 856 23
48534 | A Es4 GS 1358 17.6 1.6 4.9 150.9 433 0.03 860 23
48535 | A Es4 GS 1359 6.8 0.6 1.2 57.2 434 0.02 837 21
48536 | A Es4 GS 1372 4.3 0.8 0.8 32.2 432 0.02 753 24
48537 | A Es4 GS 1375 11.5 1.2 3.6 104.5 430 0.03 908 22
48538 | A Es4 basement 1394 0.2 0.7 0.0 0.1 420 0.13 43 203
48539 | A Es4 basement 1405 0.3 0.2 0.0 0.2 427 0.18 74 9

Tab. 4.5 (cont.). Organic carbon, sulphur and Rock-Eval data of all samples.

between the kerogen types |, Il and Ill (Fig. 4.13). As reported by Meyers & Lallier-Vergés
(1999) type | OM in lake sediments is often amorphous, hydrogen rich and originates from
the microbial biomass or the waxy coatings of land plants. The intermediate type Il derives
from algae. Type Il OM is oxygen rich and originates mainly from terrigenous OM. However,
if a type | or type Il OM is reworked or oxidised in the water column it can take also the
characteristics of a type lll kerogen. While type | OM is highly oil-prone, type Il OM which

contains mainly aromatic and hetero-structures is mainly gas-prone (Hunt, 1996).

The Hydrogen Index (HI) values of the whole rock samples are in the range between 43 and
908 mg HC/g TOC. The most frequent values are between 600 and 900 mg HC/g TOC. The
highest on average HI values were determined for samples from the GS (800 mg HC/g TOC
on average) and DJT sub-unit (666 mg HC/g TOC on average). Similar high HI values were
found in other lacustrine shales. Lamalginite rich layers of the Laney Shale (Green River
Formation) can reach HI values up to 900 mg HC/g TOC (Horsfield et al., 1994). A high
petroleum potential of oil shales from the Mae Sot Basin, Thailand is expressed by HI values
between 450 and 1050 mg HC/g TOC (Curiale & Gibling, 1994). The Oxygen-Index (Ol)
values are generally low with most frequent values between 20 and 30 mg CO./g TOC
(Fig. 4.13). Extremely high Ol values are artefacts and result from thermal breakdown of

carbonate minerals in whole rock samples. The source rocks analysed in the present study
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contain mainly hydrogen-rich, oil prone kerogen, denoting the presence of predominantly
aquatic (algal/bacterial) OM (Fig. 4.13). A few values are consistent with the presence of type

Il to Il kerogen, comprising OM of mixed aquatic/terrestrial origin or reworked/oxidised OM.

The highest Pl values were determined for samples impregnated with bitumen
(e.g. E 48517). These samples contain high percentages of the uncommon feldspar
buddingtonite, a correlation discussed in an earlier section (4.3.3.3). The other samples have
most frequent Pl values between 0.01 and 0.06. Maturation can be obtained from Rock-Eval
pyrolysis, where Tmax is the temperature at which the maximum hydrocarbon generation
occurs (Tissot & Welte, 1984, p. 510). The Tmax is both kerogen type and maturity
dependant. Tmax data imply that the sample set is thermally immature (Fig. 4.14). Very high
Tmax values around 442°C reflect a predominantly algal OM, rather than high maturities
(Tissot et al., 1987). A reliable maturity assessment based on Tmax values is very
problematic because the Tmax changes very little with maturity for type | kerogens with a

polymethylene structure.

1000 —

800 —

600 —

400 —

Hydrogen Index (HI)
[mg HC/g TOC]

200 —

400 410 420 430 440 450
Tmax [°C]

Fig. 4.14. Hydrogen Index versus Tmax. Legend as in Fig. 4.13.
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4.5.2 Kerogen Concentrates

Kerogen is defined as the part of the OM that is insoluble in the most common solvents
(Tissot & Welte, 1984). It is a complex function of its biochemical source-related composition
and modifications depending on facies and thermal evolution. Based on whole rock sample
screening and organic petrology, 16 kerogen concentrates from extracted source rocks were
prepared at the Houston Advanced Research Centre, U.S. for Py-GC-FID and Py-GC-MS
experiments. Prior to these analyses a screening using TOC, TS and Rock-Eval was
performed. The results are listed in Tab. 4.6. The HI values of the kerogen concentrates
analysed range from 642 to 998 mg HC/g TOC. Highest HI values were determined for the
laminated and lowest for the non-laminated samples. All Ol values are low with values
between 10 and 36 mg CO,/g TOC. Kerogen concentrates were used for analytical pyrolysis
to prevent influences of the mineral matrix which can occur during laboratory pyrolysis at
high temperatures because of catalytic effects of clay minerals, carbonates or pyrite
(Horsfield & Douglas, 1980).

E.nr. | Depth | Well | Member | Sub-unit | TOC| TS | Tmax HI Ol 8"*c | HIC | oiC
[m] [%] [%] °C [mg HC/g TOC] | [mg CO2/g TOC] | [%0 PDB]| atomic | atomic

48465 | 2526 B Es4 DJT 472 3.1 | 425 770 12 -28.48 | 1.30 | 0.08
48467 | 2687 B Es4 DJT 76.2| 1.3 | 432 950 10 -28.83 | 1.35 | 0.05
48480 | 2735 E Es4 DJT 46.7 1.1 | 425 733 36 -24.92 - -
48485 | 2342 C Es4 DJT 56.7| 3.0 | 425 793 11 -29.79| 1.31 | 0.08
48494 | 1450 K Es3 ? 52.3]| 6.8 | 414 792 24 -21.09| 1.28 | 0.16
48502 | 1357 L Es4 ? 59.6| 2.0 | 422 859 23 -24.79 | 1.37 | 0.13
48505 | 1847 M Es4 GS 705 1.6 | 418 884 14 -26.59 | 1.46 | 0.09
48514 | 2312 S Es4 GS 66.6| 4.5 | 428 836 10 -29.54 | 1.42 | 0.09
48517 | 1252 A Es4 DJT 50.1]113.6| 425 642 19 -26.92 1 1.20 | 0.14
48519 1306 A Es4 Shale| [50.6]10.5| 423 870 23 -27.26 | 1.40 | 0.15
48520 1309 A Es4 Shale| [58.6| 6.7 | 425 823 24 -26.16 | 1.37 | 0.15
48525( 1329 A Es4 Shale| [63.7] 5.7 | 420 756 23 -24.711 1.36 | 0.14
48527 | 1340 A Es4 Shale| [63.3] 5.9 | 424 884 17 -27.911 148 | 0.13
48529 1346 A Es4 GS 725| 2.2 | 425 959 23 -29.121 1.49 | 0.10
48532 | 1348 A Es4 GS 65.8| 6.8 | 426 960 27 -27.711 1.48 | 0.11
48537 | 1375 A Es4 GS 70.0| 3.8 | 427 998 16 -27.69| 1.61 | 0.08

Tab. 4.6. Organic carbon, sulphur, elemental and Rock-Eval data of the Liaohe kerogen concentrates.

On the other hand it has been reported that the kerogen isolation method has a hydrolysing
effect on the OM of sediments which is stronger at low levels of maturation (Durand &
Nicaise, 1980). Results from Rock-Eval analysis (Tabs. 4.5 and 4.6) indicate that differences
between whole rock samples and kerogen concentrates are large. HI values show an
increase after kerogen concentration which is largest for the kerogens E 48519 and E 48525
of more than 100%. A possible explanation is the retention of heavier hydrocarbons in the

mineral matrix as reported before by Espitalié et al. (1980). Especially the clay mineral illite is
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very efficient to retain hydrocarbons but also others such as expandable clays or kaolinite.

Notably, all of them are present in the Liaohe rocks.

Atomic H/C and O/C ratios were determined and plotted in a van Krevelen diagram
(Fig. 4.15). It illustrates that the chemical composition of the OM in the different stratigraphic
units is relatively heterogeneous and that major differences between the kerogens occur due
to variations of the atomic O/C ratio. Especially the GS concentrates have high atomic H/C
ratios up to 1.61 and low atomic O/C ratios which points to OM that is excellent to generate
liquid hydrocarbons at higher stages of thermal maturity. Based on the concept by Jones
(1987), which combines results from elemental data, Rock-Eval pyrolysis and microscopy
they plot within the algal, amorphous and anoxic organic facies fields A and AB (Fig. 4.15).
By comparison, samples from the Shale | sub-unit and Es3 member have higher O/C atomic

ratios and plot within the fields B and BC typical for OM mixtures and/or more oxic depo-

sitional conditions. Samples from the DJT suggest slightly higher maturities.
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Fig. 4.15. Van Krevelen diagram for
the analysed kerogen concentrates;
organic facies fields (A-D) adopted
from Jones (1987). Organic facies: A,
anoxic, lamalginite or telalginite and
AOM; AB, anoxic-dysoxic, usually
telalginite-rich  AOM; B, anoxic-
dysoxic, AOM with minor terrestrial;
B-C; some oxidation, complex mix-
tures; C, some oxidation, dominantly
terrestrial; C-D, reworked, degraded
and partially oxidised OM; D,
reworked, strongly oxidised OM.
Numbers indicate vitrinite reflectance
values (% Rr).
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4.5.3 Stable Carbon Isotopes of Kerogens

The isotopic composition of the carbon source and the dynamics of carbon assimilation
during photosynthesis determine the carbon isotopic composition of OM in lake sediments
Photosynthetic uptake of CO, leads to fractionation of carbon isotopes. Photosynthetic plants
discriminate against "*C and incorporate carbon into OM using the Cs, C, and CAM pathway.
C; plants preferentially takes up '>C with an isotopic discrimination that averages —20%o
(O’Leary, 1988). The C, pathway produces a shift of about -7%., whereas discrimination in
the CAM pathway can vary from —4 to —20%.. OM produced from atmospheric CO, by
Cs plants has an average §'°C of approx. —28%. and by those using the C, pathway approx.
—14%o. If phytoplankton (C;) utilises dissolved CO,, the OM produced is isotopically indistin-
guishable from OM produced by C; plants in the watershed. However, other factors such as
the availability of CO, impact the carbon isotopic composition of algal OM (e.g. Hollander &
McKenzie, 1991). In this regard, differences in the §"C values of OM in lake sediments
deposited at different times provide information about OM sources and paleoenvironmental

changes.

Typical carbon isotope values of different sources are displayed in Fig. 4.16 together with the
8'°C signatures of OM in the Liaohe and some other lacustrine kerogens. Large variations of
the isotopic compositions between —29.6%o0 (E 48514) and —21.1%0. (E 48494) were deter-
mined, which suggest variable environmental conditions (Tab. 4.6). Lacustrine kerogens from
the Mae Sot basin exhibit similar §"°C signatures (Curiale & Gibling, 1994), but significantly
more negative values were determined for the Green River oil shale (Dean & Anders, 1991).
Based on microscopic observations, higher plants can be mainly excluded as a source to the

OM in the studied sequences.

The laminated, lamalginite and fluoramorphinite containing samples from the GS sub-unit are
more depleted in §'°C (mean value —28.3%o) relative to the other samples. Thus, samples
with high HI values are characterised by more negative carbon isotope values, which is exact
the opposite trend reported from the Mae Sot Basin (Curiale & Gibling, 1994), where a high
primary productivity led to reduced pCO, in the water column. In the Western Depression,
the heaviest value was measured for a partially laminated kerogen from the Es3 member in
the Gao area (E 48494). B. braunii rich kerogens from the Shale | sub-unit have identical

values as sediments rich in this algal species (Huang et al., 1999 and references therein).
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Fig. 4.16. Carbon isotope values of
the Liaohe kerogens (8°Cgons) and
other lacustrine sediments and oil
shales; data from Dean & Anders
(1991), Curiale & Gibling (1994) and
Huang et al. (1999).

Most of the source rock samples from the Western Depression of the Liaohe Basin are

located along the type | and type Il path which points to the presence of predominantly bac-

terial and algal OM. Some samples have a mixed origin or the OM was reworked/oxidised.

Based on their Tmax values they can be classified as immature. The laminated source from

the GS and in part those from the DJT sub-unit contain OM that is hydrogen rich and highly

oil prone. The quality and quantity of the OM in the Shale |, Shale Il and in the Es3 member

is lower and the measured carbon isotope values are more positive than those from the GS
and DJT.
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4.6 Kerogen Characterisation

Geochemical screening analyses are useful to describe kerogen in a general way. However,
it was demonstrated previously that parameters such as HI or the atomic H/C ratio do not
uniquely describe the molecular structure of a kerogen (e.g. Horsfield, 1989; Larter &
Horsfield, 1993). As reviewed by Horsfield (1997) the overall composition of the pyrolysate
reflects the structure of the kerogen. The main goal of this chapter is to characterise the
source rock kerogen by pyrolysis-gas chromatography (Py-GC-FID) and pyrolysis-gas
chromatography-mass spectrometry (Py-GC-MS). With these techniques, it is possible to get
detailed information of the kerogen structure itself and define in more detail the relationship
between the sedimentary environment and organofacies. A detailed listing of the gross

pyrolysate composition and individual compound yields is given in Appx. B.

4.6.1 Structural Moieties

A correlation between pyrolysates and the petroleum composition on the basis of the
average chain length distributions of alkyl-moieties provides a framework to classify different
forms of sedimentary OM and to obtain information about the source depositional environ-
ment (Horsfield, 1989). The large ternary diagram in Fig. 4.17 has at its apices the propor-
tions of (1) total resolved pyrolysate in the C; to n-Cs range, (2) summed Cq to Cy4 n-alkanes
and n-alk-1-enes, and (3) summed Cs. n-alkanes and n-alk-1-enes. Most of the pyrolysates,
especially those from the GS sub-unit are rich in long chain n-alkanes and n-alk-1-enes
(Tab. 4.7 and Fig. 4.17) and belong to the high-wax paraffinic crude oil generation facies as
defined using pyrolysates of the lacustrine Green River Shale. Shorter chain lengths
characterise the kerogen pyrolysates from the DJT and Shale | sub-unit. Notably, pyrolysates
from the Gao area already plot in or at the border of the high-wax, paraffinic-naphthenic-
aromatic crude oil facies field which usually occurs in lower delta plain and inner shelf
environments (Tissot & Welte, 1984). It can be concluded from this that the depositional

environment exert a major influence on the chain lengths distribution.
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Fig. 4.17. Kerogen typing according to the chain length distribution of total C;-Cs resolved
pyrolysate, Ce-C14 n-alkanes plus n-alk-1-enes and Cys. n-alkanes plus n-alk-1-enes derived from
one-step Py-GC-FID. Petroleum compositions are shown in the background ternary diagram;
modified from Horsfield (1989).
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Fig. 4.18. Kerogen typing on the basis of sulphur-containing, aromatic and alkyl groups from
Py-GC-FID; modified from Eglinton et al. (1990).
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"chain lenght” "organic sulphur”

E.nr. | Strat. || C;-C5| Cg-C44 | C4s5. ||n -nON-1-ene |1,2-dimethylbenzene |2,3-dimethylthiophene
E48465| DJT |[ 54.1 22.7 | 23.2 64.4 23.7 11.9
E48467| DJT |[ 37.8 | 27.8 | 34.4 77.0 18.5 4.5
E48480| DJT |f 53.1 23.3 | 23.6 63.9 26.8 9.2
E48485| DJT |[ 47.3 | 23.3 | 29.4 69.8 23.0 7.2
E48494| Es3 || 63.9 | 22.6 | 135 47.3 34.6 18.0
E48502 ? 479 | 23.1 | 28.9 63.9 24.7 11.4
E48505| GS 58.6 | 20.3 | 21.2 57.4 31.7 10.9
E48514| GS 38.9 | 239 |37.2 71.4 21.4 7.1
E48517| DJT |[ 446 | 21.8 | 33.7 65.2 27.8 6.9
E48519|Shale Iff 45.3 | 24.3 | 30.4 65.7 25.0 9.3
E48520| Shale I|f 45.1 235 | 314 63.4 25.9 10.7
E48525|Shale Iff 48.4 | 24.0 | 27.7 62.9 26.2 10.9
E48527| Shale I|[ 36.1 23.9 | 40.0 68.1 23.0 8.9
E48529| GS 345 | 25.3 | 40.2 71.8 20.3 7.9
E48532| GS 36.8 | 23.0 | 40.2 67.5 23.5 9.1
E48537| GS 27.3 | 22.2 | 50.5 72.9 19.4 7.8

Tab. 4.7. Kerogen typing according to chain length distribution and organic sulphur compounds. The
table provides data used in Figs. 4.17 and 4.18.

Sulphur-containing groups can have a strong impact on hydrocarbon generation. If sulphur
has been incorporated into the kerogen structure the thermal stability of the macromolecular
OM decreases and petroleum generation can take place at lower maturities (e.g. Orr, 1986).
Eglinton et al. (1990) established a framework to distinguish kerogen types according to the
pyrolysate components n-non-1-ene, 1,2-dimethylbenzene and 2,3-dimethylthiophene
(Fig. 4.18). The yield of organic sulphur compounds formed on pyrolysis is low in comparison
to other organic-rich source rocks from marine environments. The 2,3-dimethylthiophene
contribution ranges from 4.5 to 18.0% (Tab. 4.7) and is highest for a sample from the Gao
area (Es3). All other pyrolysates have much higher aliphatic contributions and fall in the field

typical of type | kerogens.

Using GC-fingerprints and quantitative parameters expressing bulk compositional character-
istics based on n-alkane/n-alk-1-ene doublets, isoprenoids, phenols, concentrations of alkyl-
benzenes and the aromaticity, four families could be recognised. The following ratios were
calculated to show variabilities. A tabulated listing of the calculated parameters is shown in
Tab. 4.8.

e the wax-index (WI) of a kerogen describes the relative amount of n-alkanes and n-alk-17-
enes in the non-gaseous pyrolysate (2.Cx+/2.Cs+) and was previously used by Tegelaar
& Noble (1993).

¢ the phenol ratio (PhR) is defined as the ratio of phenol vs. n-C44.9 plus n-C4.1.
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o the isoprenoid ratios (IpR 1+2) are defined as C4; to Cyg isoprenoids vs. n-alkanes and
n-alk-1-enes (2.Cs+) and prist-1-ene vs. n-Cyq plus n-C44.1, the latter was introduced by
Curry & Simpler (1987).

o the alkylbenzene ratio (AbR) is defined as the ratio of Cy-C; alkylbenzenes

vs. n-alkanes and n-alk-1-enes (2.Cs+).

e The aromaticity is defined as the ratio of selected aromatic hydrocarbons (C,-C, alkyl-

benzenes plus Cy-C4 alkylphenols plus Cy-C, alkylnaphthalenes) vs. n-alkanes and n-alk-

1-enes (X.Cs+).

E.nr. Sub-unit wi PhR IpPR1|IpR2| AbR | Aromaticity

[XC2+/XCs4] [Ar/(Ar+Al)]
E 48465 DJT 0.24 0.16 0.10 1 0.55] 0.12 0.13
E 48467 DJT 0.30 0.06 0.04 ] 0.12] 0.05 0.06
E 48480 DJT 0.24 0.27 0.06 | 0.20] 0.10 0.14
E 48485 DJT 0.29 0.33 0.07 1 0.34] 0.08 0.12
E 48494 Es3 0.16 0.58 0.10 1 0.35] 0.17 0.29
E 48502 ? 0.30 0.23 0.05]0.19] 0.08 0.12
E 48505 GS 0.27 0.30 0.16 | 0.68| 0.18 0.18
E 48514 GS 0.38 0.14 0.04 1 0.24] 0.05 0.07
E 48517 DJT 0.35 0.70 0.06 | 0.25] 0.09 0.18
E 48519 | Shale | 0.31 0.40 0.05]0.20] 0.07 0.13
E 48520 | Shale | 0.34 0.32 0.06 | 0.24 | 0.07 0.12
E 48525 | Shale | 0.27 0.18 0.07 1 0.26] 0.08 0.12
E 48527 | Shale | 0.42 0.22 0.04 1 0.27] 0.05 0.08
E 48529 GS 0.36 0.11 0.04 ] 0.21] 0.04 0.07
E 48532 GS 0.39 0.21 0.05]0.28] 0.05 0.08
E 48537 GS 0.48 0.10 0.04 | 0.28] 0.03 0.05

Tab. 4.8. Parameters applied for kerogen characterisation from one-step Py-GC-FID. Their
definitions are given in the text and in Appx. D.

After applying these parameters, four pyrograms, one from the Gao area (well M), one from
well B and two from well A, can be considered as representative end members. They are
illustrated in Fig. 4.19. All traces are characterised by the presence of doublets of n-alk-1-
enes and n-alkanes up to C;; and a variety of mono- and di-aromatic as well as isoprenoid
hydrocarbons. Sulphur containing components, namely alkylthiophenes, represent only a

small fraction of the entire kerogen.
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The kerogen sample E 48467 (well B, GS, type D microscopy) is characterised by the
overwhelming dominance of n-alkane/n-alk-1-ene doublets over aromatic and isoprenoid
pyrolysis products (Fig. 4.19 A). Aromaticity and the isoprenoid ratios are extremely low
(Tab. 4.8). These findings, combined with the fact found that the HI value is high
(950 mg HC/g TOC) are consistent with the presence of predominantly polymethylene moie-
ties in the kerogen structure originating either from a highly aliphatic biomacromolecule
(algaenan) present in the outer cell walls of algae (e.g. Goth et al., 1988; Derenne et al.,
1997) or from lipids grafted to the kerogen by recondensation reactions (Larter & Douglas,
1980). Curry & Simpler (1987) stated that the IpR 2 is significantly lower in pyrolysates of
kerogens from highly anoxic depositional environments due to an increased preservation of

aliphatic moieties.

Kerogens from the Gao area (E48494, E48505) have a higher aromaticities and isoprenoid
concentrations compared with the other samples (Tab. 4.8). This point to a more hetero-
geneous kerogen structure (Fig. 4.19 B). A characteristic feature of the kerogen from sample
E 48505 (well M, GS, type E microscopy), distinguishing it from the others, is the high
contribution of C4; to Cy saturated and mono-unsaturated isoprenoid hydrocarbons with
prist-1-ene as the dominant peak. Prist-1-ene may derive from several precursors. The phytyl
side chain of chlorophyll (Ishiwatari et al., 1991) and tocopherols (Goossens et al., 1984) are
possibilities. Chappe et al. (1982) proposed that kerogen bound diphytanyl ethers of some
species of methanogens yield prist-1-ene on pyrolysis which signifies that microbial input to
the sediments was probably important in the Gao area. Chromans bound into kerogens may
also be a source of prist-1-ene (Li et al., 1995). Interestingly, abundant chromans were
detected in the soluble OM of some sample in the Gao and Lei area (see section 4.7.5.1).
Other likely candidates for prist-1-ene precursors are macromolecular bound aromatic caro-
tenoids, which were detected in the soluble OM of sample E 48505 in high concentrations
(ibid.). Experiments performed by Koopmans et al. (1999) on lacustrine sediments of the
Green River oil shale indicated that the precursor of prist-1-ene might occur in sulphur- or in
oxygen-bound form. HOld et al. (2001) also stated that sulphur-bound precursors can
generate prist-1-ene upon pyrolysis. However, sulphur bound moieties are not important in

the investigated kerogens from the Western Depression (Fig. 4.18).
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The high concentration of 1,3-dimethylbenzene, 1,4-dimethylbenzene, 1,2,4-trimethyl-
benzene and 1,2,3 trimethylbenzene is another characteristic of the kerogen E 48505
(Fig. 4.19 B), which is also expressed by the high AbR (Tab. 4.8). Requejo et al. (1992)
found C,-C, alkylbenzenes of carotenoid origin in kerogen pyrolysates of Paleozoic source
rocks from the Western Canada Basin. Hartgers et al. (1994a) demonstrated, that the
structure of monoaromatic moieties in kerogens is biologically controlled. They proposed that
a relatively high abundance of 1,3-dimethylbenzene, 1,4-dimethylbenzene and 1,2,3-
trimethylbenzene is indicative of the presence of bound carotenoids (e.g. BB-carotene) which
have undergone aromatisation. The relative enhancement of 1,2,4-trimethylbenzene may be
indicative of the incorporation of plastoquinones. These compounds are widely distributed in
certain algae and cyanobacteria (Ratledge & Wilkinson, 1988). In the Liaohe kerogens
1,2,3,4-tetramethylbenzene was detected in smaller amounts. Hartgers et al. (1994b)
showed that this compound is derived from macromolecular-bound isorenieratene. This
carotenoid is specific for photosynthetic green sulphur bacteria (Chlorobiaceae) which are
common in algal bloom initiated photic zone anoxia (Koopmans et al., 1996). However, a

more recent study indicated that an algal origin is also possible (Hoefs et al., 1995).

The pyrogram of sample E 48525 (well A, Shale |, type B microscopy) is dominated by
n-alkane/n-alk-1-ene doublets from Cg¢ to Cs3, with no odd-over even predominance and a
sub-maximum at C;; followed by a smooth decrease (Fig. 4.19 C). Major branched
compounds are Cq; to Cyg9 isoprenoid alkanes and alk-1-enes. Similar results for chemical
structures of Botryococcus-rich algaenans were previously obtained by Kadouri et al. (1988)
and Derenne et al. (1994). They provide an important input to kerogens via the selective
preservation pathway (e.g. Largeau et al., 1986; Derenne et al., 1991). Since Botryococcus,
from organic petrological studies, is known to contribute to this kerogen, the alkyl-containing

pyrolysis products are likely to be derived from Botryococcus algaenan.

The kerogen from sample E 48537 (well A, GS, type D microscopy) is characterised by a
high WI, visible by the high contribution of long-chain alkanes and alk-1-enes with a
maximum at Cys (Fig. 4.19 D). Similar long-chain alkyl units with a characteristic maximum at
C,; were observed in flash pyrolysates of algaenans from eustigmatophytes of the
Nannochloropsis genus (Gelin et al, 1997; Gelin et al., 1999). The isoprenoids are
dominated by prist-1-ene and the aromatic hydrocarbons are only present as minor

constituents.
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Fig. 4.19. Pyrolysis gas-chromatograms of typical representative kerogens from the Western
Depression of the Liaohe Basin. Numbers indicate n-alkyl chain lengths. A, E 48467 (well B, GS);
B, E 48505 (well M, GS); C, E 48505 (well A, Shale 1); D, E 48537 (well A, GS).
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4.6.2 Thermal Lability

The transformation of sedimentary OM via kerogen to oil and gas during burial is determined
by reactions which are irreversible and controlled by chemical kinetics (Tissot & Welte,
1984). Many different types of chemical bonds are present in the investigated kerogens, for
instance C-C, C-S, or C-O. Each of these different bonds has distinct rupture energies which
vary according to neighbouring functional groups or chain length. Petroleum generation is the
result of a large number of chemical reactions leading from kerogen to liquid bitumen. These
reactions are governed by chemical kinetics and the formation of petroleum from a certain
kerogen depends on the type, amount and distribution of bonds in its matrix. The distribution
of activation energies and the pre-exponential factor describe the hydrocarbon generation
characteristics of a given kerogen, according to the mathematical model from Schaefer et al.
(1990). The breadth of the temperature range over which generation occurs is directly

controlled by the activation energy distribution and thence kerogen heterogeneity.

Published geochemical results have indicated that the OM in most lacustrine kerogen
samples contains a large proportion of aliphatic moieties, typical of polymethylene structures.
A relatively narrow distribution of activation energies is typical (e.g. Tissot et al., 1987;
Tegelaar & Noble, 1993; Béhar et al., 1997). In contrast, broader distributions have been
found in type Il and type Il kerogens because of a wider variety of chemical bonds
(e.g. Schenk et al., 1997; Schenk & Horsfield, 1998). Concerning published information on
the petroleum generation kinetics of lacustrine source rocks, a mean activation energy of
56 kcal/mole was found for a lacustrine kerogen from the Green River Shale of the Uinta
Basin, with a single major energy (Burnham et al., 1987; Tissot et al., 1987). A similar,
slightly lower value (54 kcal/mole) was observed in experiments by Béhar et al. (1997) and
Tegelaar & Noble (1993). However, this is not always the case. Type | kerogens from the
Green River Shale of the Washakie Basin displayed a broad distribution (Horsfield et al.,
1994). An extremely narrow distribution was also observed for a lacustrine Cretaceous type |
kerogen from the Songliao Basin, NE China peaking between 55 and 58 kcal/mole (Zhou &
Littke, 1999).

A total of 10 extracted source rock samples from the Es4 and Es3 member, from different
areas and sub-units were selected for programmed-temperature pyrolysis with subsequent
kinetic modelling of bulk petroleum generation. With this method the hydrocarbon generation
characteristics of a given kerogen can be used to model its behaviour in geological time.

Samples were pyrolysed at four different heating rates: 1, 15, 25 and 50 K/min. The best fit
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between experimental and calculated formation rates were obtained with the activation

energy distribution and pre-exponential factors shown in Fig. 4.20 for some selected

samples.
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Fig. 4.20. Activation energy distributions as derived from pyrolysis experiments of selected source
rock samples from the Western Depression. A is the pre-exponential factor (per second).

Concerning kerogen heterogeneity considerations, the expected narrow distribution was
found in only two samples: E 48467 from well A in the Lei area and E 48511 from well R in
the Tuo area (Fig. 4.20). This reflects a very homogenous mainly polymethylene kerogen
structure (Béhar & Vandenbrouke, 1988). Results from Py-GC-FID support these
observations (Fig. 4.19 D). Pepper & Corvi (1995) linked kinetic parameters and origin of the
OM. They classified this tight activation energy distribution as a lacustrine organofacies,
typical for kerogens rich in the remains of freshwater algae. Clay-rich samples from the Es3
and Shale | (E 48494, E 48525) show a very broad distribution of activation energies, which
is indicative of a more heterogeneous kerogen structure with a variety of chemical bonds.

Consequently, petroleum generation takes place over a wide maturity interval. For sample
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E 48494, this is supported by high levels of aromatic moieties in the corresponding
pyrolysate (Fig. 4.19 B). However, there is no direct link between kinetic parameters and

aromatic groups in the kerogen of sample E 48525 (Fig. 4.19 C).

Geological Tmax values were calculated according to the respective bulk petroleum forma-
tion rates at 5.3 K/million years. Schenk & Horsfield (1998) concluded that petroleum
generation over geological time can be reliably extrapolated from open-system pyrolysis due
to the analysis of immature samples. The resulting kinetic parameters were then used to
assess bulk petroleum formation rates for geological heating conditions. Geological Tmax
values between 148 and 159°C were obtained indicating that the investigated samples are
very stable to high levels of thermal stress. The highest stabilities were observed for samples
from the GS sub-unit (E 48467) and for the analysed sample from the Es3 member. Lowest
geological Tmax values were detected for samples from the Shale | and DJT sub-unit. These
temperatures are in the same range as those calculated for other lacustrine kerogens such
as the Green River shale (Horsfield et al., 1994).

Points to Remember — Kerogen Characterisation (Structure/Lability)

Most of the kerogens analysed produce abundant long-chain aliphatic moieties upon pyroly-
sis and belong to the high-wax paraffinic crude oil type. This point to a very homogenous
polymethylene kerogen structure (C-C bonds) which most likely originate from algaenan
biomacromolecules. However, the very narrow distribution of activation energies, typical for
many lacustrine kerogens was found for only two samples. Kerogen pyrolysates from the
Gao area yield abundant isoprenoids and alkylbenzenes. Their occurrence can be related to
specific environmental conditions. Methanogens, chromans and aromatic carotenoids are a
possible source of isoprenoids, while alkylbenzenes point to organisms who initiated photic
zone anoxia. A broader distribution of activation energies was found for samples from the
Es3 and Shale I. High geological Tmax values indicate that the kerogens are very stable to
high levels of thermal stress. Sulphur-containing groups are only minor constituents in the

pyrolysates.
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4.7 Characterisation of the Soluble Organic Matter

In this chapter, a look for specific biological markers or biomarkers in the soluble organic
matter (SOM) was performed to trace source organisms. In addition, structures and stereo
chemical variations of individual organic compounds can be used to get detailed insights into
the organofacies and reconstruct the environment of deposition at the molecular level as
reviewed by Peters & Moldowan (1993). Simultaneously, diagenetic effects and the degree
of thermal maturation can be estimated. The samples were chosen according to previous

screening analysis and stratigraphic position.

The structural elucidation of hydrocarbons and non-hydrocarbons was performed exclusively
by Jordi Lopez; tentative structures and mass spectra of the most significant compounds are
illustrated in Appx. C. It was a task of the author of this thesis to place the occurrence of

these compounds in a geochemical context, i.e. facies and maturity.

E.nr. | Well | Stratigraphy| Remarks | Extract yield | Saturates | Aromatics | NSO compounds
[mg/g TOC] [%] [%] [%]
48494 K Es3 71.54 13.7 45 81.8
48455 D DJT 58.47 18.8 49 76.2
48463| B DJT 329.37 42.9 6.3 50.8
48464| B DJT 63.86 30.3 8.8 61.0
48465 B DJT 222.15 38.8 57 55.6
48466| B DJT impregnated 804.99 40.4 8.6 51.0
48467 B GS 61.07 40.3 19.3 40.4
48475 J Shale | 100.81 16.4 2.0 81.6
48480| E Shale Il 176.67 37.2 34 59.4
48481 E DJT 122.34 491 59 45.0
48482 E DJT 143.70 59.9 4.0 36.1
48484 C DJT 118.87 28.4 6.1 65.5
48485 C DJT 163.78 33.6 55 60.9
48502 L Es4/? 91.26 7.4 14 91.2
485051 M GS 192.51 13.9 53 80.9
48514 S GS 77.96 27.6 4.6 67.8
48517 A DJT impregnated| 1493.62 51.5 8.7 39.9
48519 A Shale | impregnated 455.39 37.2 7.0 55.8
485201 A Shale | 57.24 7.7 2.0 90.3
48525 A Shale | 402.69 8.0 0.8 91.1
485271 A Shale | 116.80 9.9 0.7 89.4
48529 A GS 85.94 8.1 1.1 90.7
485321 A GS 47.89 79 0.8 91.3
485371 A GS 93.16 17.4 14 81.2

Tab. 4.9. Extract yields and proportions of saturates, aromatics and NSO compounds in source rock
bitumens from the Es3 and Es4 member.



86

4.71 Extract Yields and Compound Class Composition

The amounts of SOM extracted from the source rocks are listed in Tab. 4.9. Some samples
are impregnated with bitumen and were omitted from the environmental and maturity inter-
pretations. Samples from the DJT sub-unit have extract yields between 58.5 and 329.4 mg/g
TOC, averaging 152.8 mg/g TOC. Samples from the Shale | and Shale Il sub-units yield on
average 170.8 mg/g TOC with maximum concentrations of 402.7 mg/g TOC in well A at
1329 m depth. Flow-blending extraction of the GS samples gave a maximum of 192.5 mg/g
TOC extract and 93.1 mg/g TOC SOM on average.

In total 24 bitumen samples were separated into seven lipid fractions using a normal- and a
hetero-MPLC system. Fig. 4.21 illustrates the variations of saturates, aromatics and NSO
compounds in different stratigraphic units from the Western Depression. NSO compounds
and saturates dominate the source rock extracts. The proportion of heterocompounds is high
and varies between 36.1% (E 48482) and 91.3% (E 48532). The saturated fraction accounts
for 7.4% (E 48502) to 59.9% (E 48482) of the total extract. The contribution of aromatic
hydrocarbons is generally low, only sample E 48467 (well B) contains elevated concentra-
tions (19.3%). Samples with the highest proportions of NSO compounds and lowest of
saturates are from well A (depths between 1300 and 1400 m). In contrast, samples from the
Lei and Tuo area are from depths greater than 2300 m. They contain higher concentrations

of saturates.
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Thus, the variations in Fig. 4.21 reflect differences in maturity, with a generally low content of
saturates in immature source rocks and an increase of saturated hydrocarbons as maturation
progresses. Similar compositions were found in other source rock sequences from the Bohai
Bay area (Wang et al., 1997). In agreement with the results of the present study, the authors
observed an increase of the saturate hydrocarbon fraction with increasing depth in the

Shahejie Formation.

4.7.2 Facies Parameters of Key Wells

In Fig. 4.22 and 4.23 selected parameters for facies assessment are plotted versus depth for
well A (Shu-Du area) and well B (Lei area) to analyse stratigraphic variations. Data for all
samples are given in Tab. 4.10. Detailed explanations concerning the individual parameters
are given in the following chapters. They are defined in Appx. D. Two samples from the DJT
and Shale | in well A (E 48517, E 48519) and one sample from the DJT in well B (E 48466)

were neglected because of bitumen impregnations.

E.nr. | Well | Stratigraphy | pr/ph | ph/n-C.5| pr/n-C,;| CPI| GI | OLI [ HHI |DIAR| Chromane
48494 K Es3 0.41 4.21 1.32 |2.49/0.13/0.005] 0.029 | - 1.70
48455 D DJT 0.81 0.62 0.33 |1.25/0.21/0.006| 0.035 | 0.01 0.90
48463| B DJT 0.40 3.20 0.48 [1.40]0.11| - 0.047 | - 1.10
48464 B DJT 0.39 2.24 0.30 [1.39]0.14[/0.003] 0.019| - 1.00
48465| B DJT 0.36 3.05 0.33 [1.42]0.10{0.004| 0.051 | 0.01 1.70
48467| B GS 0.63 1.06 0.48 |[1.15]0.26|0.004 - - 1.00
48475 J Shale | 0.27 1.90 0.31 [1.57]0.15{0.002 - - 2.70
48480 E Shale I 0.46 1.86 0.54 [1.42]0.01{/0.007| 0.007 | - 2.20
48481| E DJT 0.63 1.64 0.82 ]1.28/0.13/0.002 - - 3.90
48482 E DJT 0.62 1.77 0.86 |[1.21]0.10{0.001 - - 2.10
48484 C DJT 0.57 2.76 0.45 [1.37[0.19/0.002 - 0.02 0.90
48485| C DJT 0.42 3.38 0.41 [1.40]0.16{/0.002] 0.049 | - 1.30
48502 L Es4/? 0.60 2.10 0.80 [3.10]0.01] - ]0.0319| - 3.30
48505| M GS 022 11.05 0.18 |2.15/0.17/0.001] 0.043 | - 5.70
48514 S GS 0.32 5.45 1.01 ]2.45(0.10]/0.002| 0.028 | 0.19 -
48520 A Shale | 1.93 1.08 1.17 ]2.20/0.09]0.004 - - 1.10
48525 A Shale | 0.78 0.89 0.52 [1.76] - |0.010 - 0.01 -
48527 A Shale | 0.41 6.19 1.72 |2.48(0.08(0.010| 0.005| - 3.90
48529 A GS 0.41 3.68 1.30 [2.61/0.25]0.003 - - 2.80
48532 A GS 0.25 2.36 0.92 [2.36/0.23|0.015 - - 2.60
485371 A GS 0.17 | 11.75 0.95 [3.43]0.32{0.003] 0.048 | - 1.90

Tab. 4.10. Facies parameters calculated from thermovaporisation-GC and GC-MS. Pr, pristane; ph,
phytane; CPI, Carbon Preference Index; GI, Gammacerane Index; OLI, Oleanane Index; HHI, Homo-
hopane Index; Chromane, Chromane Index; dbth, dibenzothiophene; phen, phenanthrene; - denotes
no data due to the absence or low concentration of a specific compound. For definition see Appx. D.
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Fig. 4.22. Biomarker parameters and stratigraphy for well A (Shu-Du area). Pr, pristane; ph,
phytane; CPI, Carbon Preference Index; GI, Gammacerane Index; OLI, Oleanane Index; HHI,
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4.7.3 Saturated Hydrocarbons

The saturated hydrocarbons were analysed quantitatively by thermovaporisation-gas
chromatography. The quantitative results are listed in Appx. E. Significantly compositional

differences between samples from the two key wells exist (Fig. 4.24 A and B).

All source rock samples from well A are characterised by an odd over even predominance of
the n-alkanes as well as high concentrations of steroidal and triterpenoidal hydrocarbons. An
example is illustrated in Fig. 4.24 A. Carbon Preference Index (CPI) values for high
molecular weight n-alkanes (C.s-Cs4¢) significantly above 1.0 indicate that the bitumen is
thermally immature. Values of 1.0 suggest that an oil or bitumen has a higher maturity.
CPI values of less than 1.0 are unusual and are typically associated with extracts from
carbonate and hypersaline environments (Tissot & Welte, 1984, p. 101f.). The calculated CPI
values for the investigated samples are in the range between 2.20 and 3.43 (Tab. 4.10).
Long-chain n-alkanes mainly occur in epicuticular waxes of higher land plants leading to an
odd predominance of the CPI (Eglinton & Hamilton, 1967), but they may be also derived from
other sources, such as planktonic algae or cyanobacteria (e.g. Gelpi et al., 1970). Samples
E 48529 to 48537 from the GS sub-unit show a characteristic maximum at n-C,;. However,
n-alkanes of the samples E 48520 to E 48527 from the Shale | sub-unit maximise at n-C,; or
n-C,;. The samples E 48520 and E 48525 have a second maximum at n-Cs.

A predominance of n-C4; to n-C,, alkanes was attributed to the contribution of specific algal
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Fig. 4.24. GC-MS total ion chromatograms of the aliphatic hydrocarbons in sample E 48537 (A), well
A and E 48467 (B), well B. Numbers on peaks refer to chain length of n-alkanes. pr, pristane; ph,
phytane; A, branched alkane (2-methylnonadecane ?); B, (20R)-50(H),140(H),170(H)-cholestane;
C, (20R)-24-Methyl-5c(H),140(H),17c(H)-cholestane; D, (20R)-24-Ethyl-5c(H),140(H),17o(H)-chol-
estane; E, 17o(H),21B(H)-hopane; F, v-carotane; G, p-carotane; H, branched alkane
(7-methylheptadecane ?).
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OM (Han, 1969; Elias et al., 2000). Enhanced abundances of mid-chain length, n-C,; and
n-C,s n-alkanes simultaneous with low amounts of the long-chain homologues >n-C,y may
point to an input of submerged and floating freshwater aquatic macrophytes (Ficken et al.,
2000). The occurrence of a branched alkane in sample E 48537 (Fig. 4.24 A), tentatively
assigned as 2-methylnonadecane, might indicate the contribution of certain cyanobacteria to
the OM (e.g. Koster et al., 1999).

The isoprenoids, pristane and phytane can have different sources such as the phytol side
chain of chlorophyll a (Powell & McKirdy, 1973), bound tocopherols and chromans
(Goossens et al.,, 1984; Li et al., 1995b). A contribution of ether lipids from archaea
(e.g. methanogens) to pristane and phytane was also suggested (e.g. Chappe et al., 1982;
Rowland, 1990; Navale, 1994). Especially the isoprenoid phytane is generally found in higher
concentrations than the neighbouring n-alkanes in the investigated samples from well A. The
ph/n-C,g ratio follows a decreasing trend with decreasing depth for this well (Fig. 4.22). The
pristane/phytane (pr/ph) ratio can be used to determine the redox conditions of the sedi-
ment during deposition, based on the assumption that both pristane and phytane originate
from the phytol side chain of chlorophyll a (e.g. Didyk et al., 1978; Powell, 1987). Oxic condi-
tions are indicated by pr/ph ratios >1. Pr/ph ratios less than unity indicate an anoxic
depositional environment. The ratio of the analysed samples from well A varies between 0.17

and 1.93 indicating considerable variations of the redox potential (Tab. 4.10).

A characteristic of the Shale | sub-unit in well A is the high concentration of lycopane,
identified by GC-MS (Appx. C, ), especially in sample E 48525. This compound can originate
from the precursor lycopa-14(E), 18(E)-diene which was isolated as the main hydrocarbon
from the L race of B. braunii present in some tropical freshwater lakes (Metzger &
Casadevall, 1987). However, it is not specific to this precursor but can also be derived from
reduction of C4 carotenoids (e.g. lycopene), found in a variety of micro-organisms (Schmidt,

1978 and references therein).

In source rock bitumens from the Lei area, no odd over even predominance of the n-alkanes
was observed (Fig. 4.24). Instead, a weak maximum at either n-C,3 or n-C,s was detected.
CPI values between 1.15 and 1.42 were determined for well B, which are much lower than
for well A (Tab. 4.10). CPI values from other wells in the Lei area are in the same range
which shows that the bitumens have higher maturities than in the Shu-Du and also than in

the Gao area, where CPI values are between 1.57 (well J) and 3.10 (well L).
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The pr/iph ratio for the analysed samples from well B varies between 0.36 and 0.63
(Tab. 4.10). The pr/ph values from other wells in this area and for the available source rock

bitumens from the Gao area are in the same range.
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Fig. 4.25 illustrates the pristane/n-C47 and phytane/n-C.g ratios for the studied samples from
the Western Depression. This plot is frequently used to assess depositional regime, maturity
and biodegradation of crude oils and bitumens from sedimentary rocks (e.g. Connan &
Cassou, 1980; Peters et al., 2000). Most of the samples plot in the field typical for an algal
type kerogen deposited under reducing conditions. Only one samples (E 48520) from the
Shale | sub-unit plot at the border of the humic kerogen field. Pristane/n-C4; values are in the
range between 0.18 (E 48505; well M) and 1.72 (E 48527; well A). Phytane/n-C,g, especially
those from the GS sub-unit, are higher ranging between 0.62 (E 48455; well D) and 11.75
(E 48537; well A). These high ratios suggest an additional source for phytane. Especially the
samples E 48537 and E 48505 have very high phytane/n-C4s and very low pr/ph ratios (<<1)
which probably indicates an anoxic environment where additional phytane was available from
archaea. It was also reported that a higher relative concentration of the isoprenoids pristane
and phytane relative to the n-alkanes may reflect biological degradation (Connan et al.,
1980). However, in the present case only the phytane/n-C4s ratio increases whereas the

pristane/n-C,7 ratio stays relatively constant.
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4.7.4 Triterpanes, Steranes and Carotenoids

Identification of these biomarkers was carried out by GC-MS analysis. Figs. 4.26 and 4.27
show representative hopane and sterane distribution patterns. The hopanes are dominated
by the 170(H), 213(H)-hopane (peak G). Unsaturated (hopenes; Appx. C, Ill) and BB-epimers
of hopanoids are characteristic for sample E 48532 from well A (Fig. 4.26 A), which attest to
low maturity (e.g. Larcher et al., 1987). They are lacking in sample E 48467 from well B
(Fig. 4.26 B). In addition, sample E 48467 is characterised by a high concentration of
gammacerane (peak K) and progressively decreasing homohopane concentrations in going

from Cj;4 to C35 homologues.
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Fig. 4.26. Hopane distribution patterns (m/z 191) in samples E 48532 (A), well A and E 48467 (B),
well B. A, 18a(H)-trisnorneohopane; B, 17c(H)-trisnorhopane; C, 175(H)-trisnorhopane; D,
170(H),21B(H)-30-norhopane; E, Csy Hopene; F, 17B(H),21c(H)-30-norhopane; G, 17c(H),21B(H)-
hopane; H, 17B(H),21a(H)-hopane; I, C3; Hopene; J, C3y Gammacerene (?); K, Gammacerane; L,
17B(H),21B(H)-hopane; M, 22(R)-17c(H),21B(H)-bishomohopane; N, 22(R)-17B(H),21B(H)-homo-
hopane; O, 22(R)-17B(H),21B(H)-bishomohopane; P, 22(R)-17B(H),21B(H)-trishomohopane; Q, 22(S)-
170¢(H),21B(H)-homohopane; R, 22(R)-17c(H),21B(H)-homohopane; S, 22(S)-17c(H),21B(H)-bis-
homohopane; T, 22(S)-17c(H),21B(H)-trishomohopane; U, 22(R)-17c(H),21B(H)-trishomohopane; V,
22(S)-170(H),21B(H)-tetrahomohopane; W, 22(R)-17o(H),21B(H)-tetrahomohopane; X, 22(S)-
170(H),21B(H)-pentahomohopane; Y, 22(R)-17o(H),21B(H)-pentahomohopane.

The m/z 217 chromatogram for two source rock bitumens (Shale | and GS sub-unit) from well
A show the dominance of the 20R (biological) epimers relative to the 20S (geological)
epimers (Fig. 4.27). This indicates, together with the dominance of the
50 (H),140 (H),170. (H)-steranes, that these samples are immature based on sterane
maturity parameters. Interestingly, the thermodynamically unstable 5B(H),140(H),170(H)-

steranes are present in relatively high concentrations. This has been previously reported
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from lacustrine sediments of the Green River Shale (Gallegos, 1971; Horsfield et al., 1994)

and immature lacustrine source rocks of the Mae Sot Basin (Curiale & Gibling, 1994).

B D
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F A
A dinosteranes
H C E 1 dinosteranes
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Fig. 4.27. Different sterane distribution patterns (m/z: 217) in well A. Samples E 48525 (A), Shale |
sub-unit and E 48529 (B), GS sub-unit. A, (20R)-5B(H),14c(H),17c(H)-cholestane; B, (20R)-
50(H),140(H),170(H)-cholestane; C, (20R)-24-Methyl-58(H),14c/(H), 17 o(H)-cholestane; D, (20R)-24-
Methyl-50(H), 14c(H), 170(H)-cholestane; E, (20S)-24-Ethyl-50(H),140(H),17c(H)-cholestane; F,
(20R)-24-Ethyl-58(H),14c(H),17(H)-cholestane; G, (20R)-24-Ethyl-5c(H),140(H),17o(H)-choles-
tane.

The oaoo Cye-20R-sterane occurs in high concentrations (20-65%) in the source rock
bitumens (Fig. 4.28). According to the interpretation of Huang & Meinschein (1979) high
concentrations of C,9 compared to C,; and Cos-steranes may indicate a land plant source.
However, previous results in this study show that land plant input was minor. Other sources,
such as diatoms (Volkman et al., 1981), certain alga (Grantham, 1986) and cyanobacteria
(Matsumoto et al., 1982) are possible. Based on a correlation between the sterane
abundance and the algal content of other lacustrine source rocks from Chinese basins, it was
proposed that C,; to C,9 steranes are unique products of algal OM (Wang et al., 1997). With
one exception (E 48482), the bitumens from the DJT sub-unit plot in a distinct field in
Fig. 4.28. This suggests a uniform composition of the OM and thence a similar depositional
environment. Generally, source rock extracts from the DJT and GS sub-unit contain higher
concentrations of oo Cog-sterane than those from the Shale | and Shale Il sub-units and
from the Es3 member. Interestingly, Ritts et al. (1999) determined higher concentrations of
oo Cog-steranes in source rock extracts and lacustrine crude oils from hypersaline settings.

Dinosteranes which are most probably derived from dinoflagellates (e.g. Robinson et al.,



94

1986; Moldowan et al., 1996) are present in almost all samples, but they are more abundant
in samples from the Shale | subunit. Dinoflagellates can be important primary producers in

lake waters and thus provide OM to lacustrine source rocks (e.g. Kéhler & Clausing, 2000).
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GS sub-unit
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after Ritts et al. (1999)
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gations on Tertiary and
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oo Cpg-20R oils from the Qaidam
Basin, China.
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The carotenoids B- (Appx. C, Il) and y-carotane were found in the laminated shale samples
from the GS sub-unit in high concentrations. Their presence has been attributed to an anoxic
and arid lacustrine depositional environment with a higher salinity and abundant deposition of
algal OM (e.g. Fu et al., 1986; Fu et al., 1990). Hanson et al. (2001) found abundant - and
y-carotane in oils and extracts derived from Tertiary hypersaline lacustrine source rocks in
the Qaidam basin (NE China).

4.7.4.1 Facies Parameters

The relative abundance of gammacerane has been widely used as an indication of
increased water salinity during deposition of source rocks (Moldowan et al., 1985). Hyper-
saline conditions result in high gammacerane indices (Gl). Gammacerane is derived from
the reduction of tetrahymanol, a lipid thought to replace steroids in the membranes of certain
protozoa or phototrophic bacteria (ten Haven et al., 1989; Venkatesan, 1989). Several
authors found an association with hypersalinity (e.g. Fu et al., 1986). However, Sinninghe

Damsté et al. (1995) argued that gammacerane is not restricted to hypersaline conditions
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and that the principal control is water column stratification creating anoxic conditions. The
authors showed that anaerobic bacterivorous ciliates living at or near the chemocline
produce tetrahymanol and are thus important sources of gammacerane. The association of
very low pr/ph ratios with hypersaline environments was reported by ten Haven et al. (1988).
The investigated source rock bitumens have Gl values between 0.01 (wells E, L) and 0.32
(well A). Hanson et al. (2001) found that oils, sourced from hypersaline lacustrine settings of
the Qaidam Basin (NE China), have Gl values up to 0.57. Other source rocks from the Bohai
Bay Basin, associated with hypersalinity show similar or even higher values (Huang &
Pearson, 1999). Although the values obtained here are generally low, higher Gl values were
observed for the GS than for the other stratigraphic units (Tab. 4.10). Interestingly, samples
from the GS have also the lowest pr/ph ratios. A similar association of gammacerane with
generally low pr/ph ratios was noted by Peters & Moldowan (1993) in Angolan lacustrine-

sourced oils.

The triterpane oleanane is a diagenetic product of S-amyrin, which is widely distributed in
angiosperms (ten Haven & Rullkétter, 1988). It is commonly found in Cretaceous through
Cenozoic sediments and related oils (e.g. Fu & Sheng, 1989; Alberdi & Lopez, 2000) and is a
very sensitive age-specific environmental indicator of terrestrial OM in source rocks. Its
absence precludes the contribution of flowering plants to the Es4 lake sediments (Moldowan
et al., 1994; Moldowan et al., 2001). The oleanane index (OLI) of all investigated source

rock samples is very low, indicating that terrigenous input to the lakes was minor (Tab. 4.10).

The homohopane index (HHI) is used as an indicator of redox conditions (Peters &
Moldowan, 1991). High concentrations of Css-homohopanes indicate a highly reducing
environment. The homohopanes are believed to be derived from bacteriohopanetetrol in
prokaryotic microorganisms (Ourisson et al., 1984). The ratio is low in most of the studied
source rock bitumens with values ranging between 0.005 and 0.049. Hanson et al. (2001)
determined HHI values between 0.10 and 0.34 for source rocks deposited in an anoxic,
strongly reducing hypersaline environment. The values obtained here are more consistent
with a freshwater source rock. In well A only sample E 48537 contains significant amounts of
homohopanes suggesting a higher reducing depositional environment for the GS sub-unit
(Fig. 4.22). However, other authors found that this ratio is also influenced by other
parameters such as the lithology (Fu et al., 1986) and sulphur availability (Huang & Pearson,
1999).
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The diasterane ratio (DIAR) is commonly used to distinguish petroleum from carbonate
versus those from clastic rocks (Mello et al., 1988; Peters & Moldowan, 1993). The conver-
sion of steranes to diasteranes may be catalysed by acidic sites on clays. Therefore, a low
DIAR indicates anoxic carbonate rich source rocks whereas a high DIAR is typical for clay
rich source rocks. In consequence, the concentrations of diasteranes are low in most of the
investigated samples, reflecting the carbonate rich lithology. Interestingly, a relatively high
ratio of 0.19 was obtained for the clay rich shale sample E 48514 (Tab. 4.10).

4.7.4.2 Maturity Parameters

Source rock and petroleum maturity can be estimated by ratios of biomarker compounds with
a different thermodynamic stability (Seifert & Moldowan, 1978). These indicators result from
isomerisations at certain carbon atoms or cracking reactions including aromatisation. To
minimise source facies effects, which can cause a large data scattering the different strati-
graphic units have been considered separately in this chapter. Samples which are stained
with oil were omitted from the interpretations. Calculated maturity parameters are given in
Tab. 4.11.

Hopane maturity determinations were calculated from the Csi-hopanes. According to
(Peters & Moldowan, 1993) the homohopane isomerisation (HISO) is highly specific for

early oil generation, because isomerisation at the C-22 position in the Cz; 170(H)-hopanes

C,,-homohopanes
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Fig. 4.29. HISO versus depth for Fig. 4.30. Pr/ph versus Ts/(Ts+Tm) for bitumens

bitumens from the GS sub-unit. from the DJT sub-unit.
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occurs early during maturation. The equilibrium values fall between 0.57 and 0.62 and
correspond to a vitrinite reflectance of approx. 0.5% Ro (Schoell et al., 1983). The trend for
GS is well defined (Fig. 4.29). Samples from well A have the lowest maturity, the sample
from well B (E 48467) has the highest maturity. For the DJT sub-unit this parameter shows
no discernible relationship with depth and hence maturity. Overall low values were noted for
the Ts/(Ts+Tm) ratio which is strongly influenced by the source rock mineralogy. It was
reported that samples rich in clay minerals shows enhanced values due to clay having
catalysed the Tm to Ts transition (Philp & Fan, 1987; Waples & Machihara, 1991). Low
values in the GS might be due to the higher carbonate percentages (Rullkétter et al., 1985).
The positive correlation with the pr/ph ratio for the DJT samples in Fig. 4.30 illustrates a
facies dependence of this ratio. The hopane to moretane H/(M+H) ratio is higher than 0.95 in
mature source rock and oils (Peters & Moldowan, 1993). For the investigated samples, ratios
between 0.86 and 0.96 were observed (Tab. 4.11). However, no discernible depth relation-

ship was seen within the stratigraphic units.

hopanes C,o-steranes
E.nr. | Well | Stratigraphy | HISO | Ts/(Ts+Tm) | H/(M+H) | BB/BB+oc. | 20S/(20S+20R)
48494 K Es3 0.49 0.81 0.93 0.29 0.17
484551 D DJT 0.59 0.27 0.88 0.28 0.27
48463| B DJT 0.51 0.10 0.92 0.21 0.12
48464| B DJT 0.52 0.08 0.90 0.25 0.14
48465| B DJT 0.52 0.07 0.94 0.19 0.12
48467| B GS 0.56 0.13 0.95 0.16 0.25
48475 J Shale | 0.24 0.10 0.93 0.25 0.08
48480 E Shale Il 0.53 0.1 0.94 0.30 0.18
48481 E DJT 0.59 0.15 0.91 0.11 0.11
48482 E DJT 0.46 0.14 0.96 0.35 0.10
48484 C DJT 0.52 0.08 0.95 0.15 0.10
48485 C DJT 0.46 0.08 0.88 0.24 0.12
48502 L Es4/? 0.1 0.03 0.95 0.20 0.03
48505 M GS 0.30 0.05 0.94 0.28 0.09
48514 S GS 0.43 0.25 0.94 0.29 0.06
485201 A Shale | 0.34 0.14 0.86 0.18 0.03
485251 A Shale | - 0.04 - 0.24 0.02
48527 A Shale | 0.34 0.02 0.90 0.32 0.04
48529 A GS - 0.03 - 0.28 0.08
48532 A GS 0.1 0.04 0.88 0.29 0.08
48537 A GS 0.16 0.02 0.84 0.29 0.15

Tab. 4.11. Hopane and sterane maturity parameters calculated from GC-MS; - denotes no data due
to the absence or low concentration of a specific compound. Detailed explanations and definitions are
given in the text and Appx. D.
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Maturity indicators based on sterane isomerisation reactions generally indicate low
maturities. The Cy sterane BB/(BP+ao) ratio ranges between 0.11 and 0.35 without any
depth related trend and indicate vitrinite reflectance values of approx. 0.50 to 0.60% Ro. It
usually increases during maturation from zero to an equilibrium value of about 0.70 (Seifert &
Moldowan, 1986). Rullkétter & Marzi (1988) and ten Haven et al. (1986) noted higher values
for bitumens from hypersaline rocks compared to shales. There is also no well-defined depth
trend for the Cy9 sterane 20S/(20S+20R) ratio within the different stratigraphic units. The
values range between 0.03 and 0.27 and show a high variability. Seifert et al. (1983)
observed low-maturity oils with ratios in the range 0.23 to 0.29 which might indicate the onset
of immature oil generation. Li et al. (1994) studied lacustrine freshwater shales from the Leng
Area in the Western Depression. They found that around 0.3% Ro a relative early generation
of 5a(H),14B(H),17B(H)-steranes and 5a(H),140(H),170(H)-steranes occurred which proba-
bly indicates an influence of the depositional environment (e.g. Peakman et al., 1989). This

might explain the wide variability of the sterane maturity indicators in the present study.

4.7.5 Aromatic Hydrocarbons

Several recent studies have substantiated the usefulness of aromatic compounds for an
interpretation of the depositional environment (e.g. Fan et al., 1991; Hughes et al., 1995;
Requejo et al., 1996; Marynowski et al., 2000). In addition, different aromatic compounds
have been employed as important tools for determining the level of maturation in source
rocks and crude oils (e.g. Radke & Welte, 1981; Radke et al., 1982; Radke & Willsch, 1993;

Santamaria-Orozco et al., 1998). Tentative structures are given in Appx. C.

4.7.5.1 Facies Assessment

Several aromatic terpenoids (Appx. C, IV) are important constituents of the aromatic
fraction. These ftri-, tetra- and pentacyclic aromatics with an oleanane or ursane skeleton are
probably indicative of higher plant input originating from triterpenoids which are widespread
in lacustrine ancient sediments (Loureiro & Cardoso, 1990). They are derived from the
diagenesis or combustion of natural precursors such as amyrins (Wakeham et al., 1980).
These compounds are abundant in bitumens from the GS and Shale | sub-unit, whereas they
are minor constituents or lack in rocks from the DJT sub-unit. Aromatised lycopanes
(Appx. C, V) are present in the samples E 48520 and E48525 from well A. They can be
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related to the L-race of the alga B. braunii (e.g. Béhar et al., 1995), which was identified in

these samples from the Shale | sub-unit by organic petrology.

Mono-aromatised carotenoids (Appx. C, VI) are important in the laminated oil shale
samples from well A (GS sub-unit). Together with chromans they are the major compounds
in the aromatic fraction of many source rock bitumens in the Lei and Gao area and often form
a characteristic “hump” in the chromatograms (Fig. 4.31). Very high concentrations were
found in well B (E 48463). These compounds have a prominent fragment ion at m/z 119 or
133 depending on the number of methyl-substituents on the aromatic ring, and a molecular
ion of M" 550 or 552 (Lopez, pers. comm.). Carotenoids and transformation products can
serve as biomarkers to determine the presence of anoxic conditions in the paleo-water
column extending up to the photic zone (e.g. Koopmans et al., 1996). The reduced counter-
parts of the corresponding intact diaromatic carotenoids isorenieratene, renieratene and
reniera-purpurin occur in a wide range of organic rich sediments (e.g. Keely et al., 1995;
Grice et al., 1996; Sinninghe Damsté et al., 2001). Schaeffer et al. (1997) found similar
monoaromatic carotenoid structures in recent sediments of Lake Cadagno, Switzerland.
Based on compound specific stable carbon isotopic compositions they suggested a biological
origin from Chlorobiaceae and Chromatiaceae which live at or below the oxic/anoxic

boundary layer.
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Fig. 4.31. GC-MS total ion chromatogram of the aromatic fraction from sample E 48463.
Tentative structures of monoaromatic carotenoids and chromans are indicated. mc,
methylchromans; tmc, trimethylchromans
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The abundance of methylated chromans (Appx. C, VII) in sediments and oils can be used
as a paleoenvironmental indicator to assess the occurrence of palaeohypersalinity
(Sinninghe Damsté et al., 1987; Sinninghe Damsté et al., 1993). The authors found that
sediments from non-hypersaline environments show a dominance of trimethylchromans
(tmc) whereas a typical feature of samples from hypersaline environments is the presence of
methylchromans (mc). Therefore, a very low chromane index should indicate a hypersaline
environment. In all investigated samples the tmc dominate the distribution pattern
(e.g. Fig. 4.31). The chroman index shows a large variability in the investigated source rock
samples (Tab. 4.10). The values range between 0.90 (E 48455; well D) and 5.70 (E 48505;
well M). The absolute concentration of the chromans is generally higher in the Lei and Gao
than in the Shu-Du area. Chroman index values are lower in well B than in well A (Figs. 4.23
and 4.24) and values from the Gao area are significantly higher than those from the Lei area.
All source rock values for the chroman index are far from those (<0.5) which are considered
to originate in highly saline environments (Sinninghe Damsté et al., 1987). Values around
0.63 were reported from mesohaline paleoenvironments such as the Darawish oil shale in
Jordan (Sinninghe Damsté et al., 1989). Similar values were calculated for samples from the
Nordlinger Ries (Barakat & Rullkétter, 1997). This suggests brackish to fresh lacustrine

conditions during sediment deposition in the Liaohe lakes.

The dibenzothiophene/phenanthrene (dbt/phen) ratio was used before as an indicator of
water washing for crude oils (Dahl & Spears, 1986), and to elucidate the organic input to a
carbonate-anhydrite source rock sequence from Guatemala (Connan et al., 1986). Hughes et
al. (1995) used this ratio to discriminate the crude oil depositional environment and lithology
of source rocks. According to their interpretation the pr/ph ratio reflects the redox conditions
and the dbt/phen ratio the availability of reactive sulphur for interaction with OM. Fig. 4.32
illustrates that most of the investigated samples contain an excess of phytane over pristane
(pr/ph < 1) and are sulphur poor (dbt/phen < 1). Thus, the sediments were deposited in an
anoxic environment with low sulphate ion concentrations, where fermentation rather than
sulphate reduction was the dominant process. The authors proposed, that this typical for
brackish water lakes with a slightly enhanced salinity. In zone 3 sulphate reduction occurs

but the supply of reactive iron is large and thence pyrite formation is the major process.
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4.7.5.2 Maturity Assessment

Changes in the relative distribution of alkylated homologues of phenanthrene and sulphur-

related compounds (e.g. Radke et al., 1991; Santamaria-Orozco et al., 1998) have been

shown to be closely maturity-related. The aromatic maturity parameters mpi 1 and mpr 2

methylphenanthrene ratio
(MPR 2)

well B e
(Lei)

Fig. 4.33. Mpr 2 versus
depth for samples from the
GS sub-unit.

show an increase with depth for the GS but no clear trend with
depth was observed for the DJT sub-unit. The mpr 2 shows the
least scatter with a relative maturity increases from well A to
well B for the GS (Fig. 4.33). Reflectance data were calculated
from the mpi 1 (Tab. 4.12). The values determined are in the
range between 0.45 (E 48525) and 0.88 %Rc (E 48455).

It was reported, that selected alkyldibenzothiophenes and
dibenzothiophenes are very sensitive in the low maturity range
(Radke et al., 1982; Radke & Willsch, 1994). However, the
results in Tab. 4.12 show that the ratios mdr 1 (1-methyldi-
benzothiophene to dibenzothiophene), mdr 4 (4-methyldiben-
zothiophene to dibenzothiophene) and edr
(4,6-dimethyldibenzothiophene to ethyldibenzothiophene), are
not defined indicating their very limited utility as maturation

parameters for this immature source rock sequence. They are
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possibly affected by the depositional environment. For example, Huang & Pearson (1999)
analysed Bohai Bay crude oils and found other controls than maturity on the methyldibenzo-
thiophene isomerism. They observed that high mdr 4 ratios are associated with fresh water
source rock deposition, while high mdr 1 ratios are found in oils from hypersaline lacustrine

sources.

E.nr.| Well| Sub-unit| mpi 1| %Rc|mpr 1| mpr 2 mdr 1| mdr 4| edr | mah| bhp
48494 K Es3 0.44 [ 0.66 [ 0.25 [ 0.25 - - - 10.51]10.44
48455 D DJT 0.79 | 0.88] 0.61 | 0.72 | 1.94 | 1.80 [5.69(0.85( 1.00
48463] B DJT 046 [ 068 | 0.24 [ 0.25 | 0.92 | 0.36 |0.51] 0.55| 0.69
48464 B DJT 0.71 [ 0.83| 054 [ 0.54 | 1.03 | 0.47 |0.48]| 0.45|0.74
48465] B DJT 0.54 [ 0.73| 0.30 | 0.31 1.00 | 0.60 [0.62]0.46(0.72
48467| B GS 0.79 | 0.87 ] 0.69 | 0.68 | 0.57 - - 10.46| -

48475 J Shale | 0.17 [ 0.50 [ 0.08 [ 0.08 - - - 10.16] 0.51
48480| E [ Shalell | 0.59 | 0.75] 0.36 [ 0.39 | 0.85 | 0.36 [1.33[0.850.86
48481] E DJT 0.57 [ 0.74| 069 | 0.43 | 0.77 - - 10.83]0.91
48482 E DJT 0.53 [ 0.72| 0.62 | 0.38 | 0.81 - - 10.87]0.94
48484 C DJT 0.53 | 0.72] 0.45 | 0.33 | 0.99 - - 10.30]0.65
48485 C DJT 0.29 [ 0.58 | 0.11 0.13 | 0.91 - - 10.26]0.62
48502 L Es4/? 0.34 [ 061 0.26 | 0.18 - - - 10.07]0.27
48505 M GS 0.42 [ 0.65| 0.41 0.29 | 0.99 | 0.60 ]0.27(0.20] 0.30
48514 S GS 045 [ 067 | 0.74 | 0.38 | 0.77 - - 10.77] 0.61
48520] A Shale | 0.15 [ 0.49 | 0.05 [ 0.06 - - - 10.15]10.24
48525 A Shale!| | 0.08 | 0.45| 0.03 | 0.03 - - - - -

48527 A Shale | 0.08 [ 0.45| 0.02 [ 0.03 - - - 10.03]0.42
48529| A GS 0.14 |1 0.49 | 0.03 [ 0.06 - - - 10.10{0.22
48532 A GS 0.28 [ 0.57 | 0.14 | 0.17 - - - - 10.28
48537 A GS 0.37 [ 062 0.28 [ 0.23 | 0.05 | 0.10 |3.59] - [0.33

Tab. 4.12. Aromatic maturity parameters calculated from GC-MS; - denotes no data due to the
absence or low concentration of a specific compound. Detailed explanations and definitions
are given in the text and Appx. D. Vitrinite reflectance (%Rc) was calculated from mpi 1.

Two parameters based on aromatic hopanoids show very sensitive changes with
increasing depth for the GS as well as for the DJT sub-unit (Fig. 4.34). Ring D aromatised
8,14-secohopanoids and benzohopanoids (Appx. C, VIII & IX-X) were first identified in
carbonate source rocks and related crude oils (Hussler et al., 1984a; Hussler et al., 1984D).
The ratio of the aromatic secohopanoids relative to the benzohopanoids (mah) was observed
to increase with increasing burial depth for mudstone extracts and crude oils from the
Shahejie Formation in the Western Depression of the Liaohe Basin (He & Lu, 1990). The
authors reported, that a mah ratio of 0.3 is equivalent to the threshold of oil generation.
Ratios of 0.8 are typical for mature source rock bitumens and crude oils generated during
peak oil generation. The mah of the studied samples varies between 0.03 (well A) and 0.87

(well E; Tab. 4.12). Highest ratios and are observed for samples from the Lei area. Benzo-
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hopanoids were identified, arising by cyclisation-aromatisation of the side-chain with nucleus
carbon atom C-20 and C-16, respectively. It was found that the abundance of the CjzHyg
benzohopanoid (C20-series) increases relative to the abundance of the C31H,s analogue from
the C-16 series with increasing depth (bhp; Fig. 4.34 B). It has been said that compounds
from the C-20 series are thermodynamically more stable than those of the C-16 series
(Schaeffer et al., 1995). Fig. 4.34 B shows, that this ratio increases very rapidly over a
relative small depth interval (2400 to 2800 m) for samples from the DJT sub-unit.

A progressively increase was also observed for the GS sub-unit.
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Fig. 4.34. Aromatic hopanoids ratio vs. depth for bitumens from the DJT sub-unit. A, Aromatic seco-
hopanoids (SEC) relative to benzohopanoids (BH), termed mah ratio after He & Lu (1990).
B, Benzohopane ratio (bhp). In both cases samples from the Lei area are indicated by highest
maturity levels.
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4.7.6 Heterocompounds

The primary objective of this chapter is to show the influence of the depositional environment
on the heterocompound composition in the Liaohe source rocks. Beside this, the impact of
thermal maturity on the geochemical source rock characteristics was studies. Molecules with
the heteroatoms nitrogen, sulphur and oxygen (NSO-compounds) were previously used as

indicators for migration effects, maturity determinations and source rock facies (e.g. Larter et

al., 1996; Clegg et al., 1998; Horsfield et al., 1998).

fatty acids n-alkan-1-ols
E.nr. | Well |Stratigraphy CPI X(9-20)/X(21-28) | CPI
C2-Cas C2-Cas

48494| K Es3 4.11 1.20 2.31
48455 D DJT 1.52 1.16 7.08
48463| B DJT 1.30 0.71 1.62
48464| B DJT 1.35 1.17 4.34
48465| B DJT 1.22 0.94 2.47
48467| B GS 1.11 0.97 2.62
48475 J Shale | 1.58 1.27 1.34
48480| E Shale | 1.25 0.02 2.48
48481| E DJT 1.19 0.52 2.32
48482 E DJT 1.18 0.53 1.67
48484 C DJT 1.55 0.40 2.64
48485| C DJT 1.14 0.59 2.26
48502| L Es4/? 3.96 1.53 1.15
48505 M GS 1.55 - -

48514 S GS 3.41 0.95 0.78
48520 A Shale | 3.57 0.67 1.35
48525| A Shale | 6.23 1.66 1.49
48527 A Shale | 2.13 1.15 1.03
48529| A GS 2.33 0.59 1.24
48532 A GS 2.17 0.25 1.21
48537 A GS 3.95 0.16 1.02

Tab. 4.13. Facies parameters based on heterocompounds. Detailed

explanations and definitions are given in the text and Appx. D.

4.7.6.1 Free Fatty Acids

Major compounds detected from the fatty acid fraction are straight-chain acids (n-fatty acids),
isoprenoid fatty acids, 2-methyl straight-chain acids (iso-acids), 3-methyl straight-chain acids
(anteiso-acids) and hopanoic acids. The carbon preference index (CPlga) for the long chain
n-fatty acids (Cx-Csg) is high for bitumens from well A with a maximum of 6.23 (E 48525,
Shale | sub-unit) indicating a strong even over odd-predominance (Tab. 4.13). Most samples

have a bimodal distribution with C44 to C4g n-fatty acids with varying maxima in the short-
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chain range and a dominant peak at n-C,s (Fig. 4.35 A). The latter might be indicative for the
input of terrigenous OM (Eglinton & Hamilton, 1967; Matsuda & Koyama, 1977). Short chain
fatty acids (C44 to C4g) were synthesised from many algae, cyanobacteria and different
microbes (Cranwell et al., 1987; Heras et al., 1989; Merritt et al., 1991; Lichtfouse et al.,
1995). It was also observed, that diatoms can produce short-chain compounds (Colombo et
al., 1996). The presence of jso- and anteiso-acids in many samples indicates an important
bacterial input to the OM. Some of them (iso-tetradecanoic and hexadecanoic) are commonly
found in gram-positive eubacteria (Cho & Salton, 1966). This indicates that a considerable
degree of microbial reworking took place. The occurrence of phytanic acid points to the
presence of methanogenic archaea which live in very severe reducing environments
(de Rosa & Gambacorta, 1988). Especially in sample E 48537 (well A) from the GS sub-unit
(Fig. 4.35 A), the concentration of phytanic acid is extremely high (1593 ug/g bitumen).

Hopanoic acids are diagenetic products, derived from the bacteriohopanepolyols (e.g. Innes
et al., 1998) which are present in the cell membrane of a wide range of bacterial and cyano-
bacterial organisms (Rohmer et al., 1984; Rohmer, 1993). The thermodynamically less stable
Cs1-,Ca2- and Cs3-17B3(H),21B8(H) hopanoic acids are abundant in all of the source rock
bitumens from well A, which is a sign of source rock immaturity (Seifert & Moldowan, 1980).
Hopanoic acids are less important in the Lei wells but occur in high concentrations in
samples from the Gao area. Most of the sample are dominated by the Cs,-hopanoic acids

which were reported from a large number of Recent and ancient sediments and result from a
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Fig. 4.35. GC-MS total ion chromatograms of the carboxylic acid fraction in sample E 48537 (A), well
A and E 48480 (B), well E. Numbers on peaks refer to chain length of n-fatty acids. A, pristanic acid;
B, phytanic acid; C, 178(H), 21B(H)-bishomohopanoic acid; D, various isoprenoid fatty acids; E,
various hopanoic acids.
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very high bacterial productivity and conditions favourable for the preservation of OM in
sediments (e.g. Buchholz et al., 1993). Only in sample E 48532 (well A) the Cs3-17B(H),
21B(H) is predominant.

Even-numbered n-fatty acids, especially n-C4s, n-C2, and n-C,4 are the dominant compounds
in the fatty acid fraction of well B (Fig. 4.35 B). A maximum at n-C,, was observed in most of
the bitumens from the Gao area. With the exception of the sample E 48480 (n-C¢) the fatty
acids in well E maximise at n-Cos or n-C,s, which might suggest higher terrigenous input to
the lake. The CPI values for the long-chain fatty acids in the Lei area are much lower
compared to the Shu-Du area. The highest value of 1.55 was observed for sample E 48484
from well E. This is an indication of the higher maturity level. Source rock bitumens from the

Gao area show higher CPI values with up to 4.11 (well K).

4.7.6.2 Neutral NSO compounds
N-Alcohols

The n-alcohols are the major alcohols detected, although they have very low concentrations.
Bitumens of the laminated shales in well A (E 48529 to 48537, GS sub-unit) show a bimodal
distribution of the n-alkan-7-ols, maximising at n-C4s, n-C4 or n-C4g and n-Cy, n-C,, or
n-C,,, respectively. The short to long chain ratio (2n-Cg.o0/2.:n -Cs1.08) ranges from 0.16 to
1.66 indicating that the short-chain n-alkan-7-ols are predominant (Tab. 4.13). Robinson et
al. (1984) found that short-chain n-alcohols are degraded much faster than their longer-chain
homologues. Thus, variations of this ratio result from diagenetic processes. The CPI of the
long-chain n-alkan-7-ols (C,; to Cyg) ranges between 0.78 (E 48514) and 7.08 (E 48455;
Tab. 4.13). The even-carbon-number predominance of the n-alcohols in most of the samples
arises from their biosynthetic formation by the enzymatic reduction of n-fatty acids. The non-
laminated samples (E 48525 and E 48520, Shale | sub-unit) show a characteristic maximum
at n-Cqs. A maximum in the short-chain range is thought to be associated with algal
(Weete, 1976) or bacterial (Albro, 1976) input. The second maximum in the long-chain range
(24-28) was attributed to higher plant input (Eglinton & Hamilton, 1967) whereas n-alkan-17-
ols in the mid-chain-range (20-24) might be typical for macrophytes (Ogura et al., 1989;
Ficken et al., 1998). However, this very simplistic interpretation is questionable because
bacteria and phytoplankton can also produce long-chain n-alcohols (McCaffrey et al., 1991;

Duan, 2000). The distribution of the n-alkan-7-ols in the Lei area is characterised by a
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predominance of the short-chain and medium-chain compounds (18-22). A lack of long-chain

n- alkan-1-ols was observed which might be a sign of the higher maturity level in this area.

Sterols and Hopanols

Sterols are present in all eukaryotes as rigidifies of cell membranes. They are important
constituents of the alcohol fraction. Samples from the DJT sub-unit in the Lei area contain
abundant stanols. 24-Ethylcholestan-3-ol (Appx. C, XI), with minor amounts or its nor-homo-
logue, 24-methylcholestan-3-ol are abundant in the wells B, C and E. The stenols, Cholest-5-
en-3B-ol, 24-methylcholest-5-en-ol and 24-ethylcholest-5-en-3p-ol (Appx. C, XllI) were
identified in all of the source rock samples with two exceptions (E 48480 and E 48494). The
distribution is usually dominated by the C,o-stenol. Volkman (1986) concluded a higher plant
origin for the occurrence of 24-ethyl sterols in the marine environment. Edmunds & Eglinton
(1984) as well as Kohlhase & Pohl (1988) found high concentrations of 24-ethyl sterols in
cyanobacteria and cyanobacterial mats in lake deposits. The generally large proportions of
stanols might be due to direct biogenic input (Nishimura, 1977), including cyanobacteria
(Kohlhase & Pohl, 1988) and/or to in situ hydrogenation processes by intense microbial
reprocessing of stenols (e.g. Nishimura, 1977; Rieley et al., 1991). The stenol/stanol conver-
sion starts in the water column, with the consequence that both compounds are present in
surficial sediments (Robinson et al., 1984; Robinson et al., 1986). It continues after burial in
the lake sediments (Nishimura & Koyama, 1976). Hydrogenation in oxygenated environ-
ments is expected to favour the Sa(H)-stanol form, whereas the 5B(H)-stanol form is
dominant in strongly anoxic sediments (Reed, 1977; Nishimura, 1982). Interestingly, the
50(H)-stanol form is dominant in the investigated source rock bitumens from the Lei and

Leng areas.

In the samples E 48502 and E 48525 from well B the hopanoid alcohols 22,29,30-trisnorhop-
21-ol and 30-norhopan-22-ol (Appx. C, Xlll) were identified which are important products of
many bacteria (Rohmer et al., 1984). They are diagenetic products of bacteriohopanepolyols

and may originate from cyanobacteria.
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Steran-3-ones

A series of steroid ketones (steran-3-ones) with the keto-group in the A ring were detected
and the structures tentatively assigned (e.g. Appx. C, XIV). Two distribution types were
detected. The first shows a dominance of oo 20R isomers and was observed in most of the
source rock samples within the Western Depression, while a higher degree of rearrange-
ments and isomerisation was observed for the second type (Jordi Lopez, pers. comm.).
The latter was only found in source rock bitumens from well A and from the Gao area.
Steroid ketones are most likely indicative of a microbial alteration of sterols at an very early
diagenetic stage (de Leeuw & Baas, 1986), although a direct biogenic origin can not be
excluded (Kokke et al., 1982).

Carbazoles and Fluoren-9-ones

Beside their usefulness in reservoir geochemical studies (e.g. Larter & Aplin, 1995) and as
primary and secondary petroleum migration markers (e.g. Li et al., 1995a), it was also
demonstrated that maturity changes influence the amount and distribution of certain
carbazoles (Clegg et al., 1998; Horsfield et al., 1998). The influence of source characteristics
on polar organic nitrogen and oxygen compounds and lithology was discussed in several
recent studies (Clegg et al., 1997; Li et al., 1999; Bakr & Wilkes, 2002). Li et al. (1995a)
studied crude oils from the Liaohe Basin but found no facies relationships. The knowledge of
the sources of polar nitrogen and oxygen compounds is still limited. Nitrogen precursors may
be derived from alkaloids with an indole nucleus, often found in higher plants (Snyder, 1965)

but also in blue-green algae (Cardellina et al., 1979).

The low polar fraction of all bitumens comprises carbazole, benzocarbazole and their alkyl
derivatives (Appx. C, XV to XVII). Total carbazole concentrations (Appx. G) range from 1.5
(E 48517, well A) to 1239 ug/g bitumen (E 48455, well D). The maximum concentrations of
total methylcarbazoles, total C,-carbazoles and total benzocarbazoles are 4119, 3713 and
1059 ug/g bitumen (E 48455, well D), respectively. The 1-methylcarbazole is the most
abundant isomer, the 3-methylcarbazole is the least abundant. Remarkable differences
between the sub-units exist. The concentrations of total methylcarbazoles in the GS ranges
from 77 to 599 ug/g bitumen. Similar trends are seen for the carbazole, C,-carbazoles and
benzocarbazoles. The amounts in the source rock extracts were found to depend on

maturity.
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A plot of total methylcarbazoles concentrations versus vitrinite reflectance calculated from
mpi 1 is shown in Fig. 4.36. This plot shows an intense generation of methylcarbazoles at a
vitrinite reflectance of 0.7% Rc. This would mean that generation occurs earlier than in other
source rock sequences. Clegg et al. (1998) found an intense generation and between
09 and 1.09% Rr. Clegg et al. (1997) described a systematic change of the
benzo[a]carbazole/(benzo[a]carbazole+benzo[c]carbazole) and other ratios based on alkyl-
carbazoles with increasing maturity. However, only the 1,8-dimethylcarbazole/(1,8-dimethyl-
carbazole+1-ethylcarbazole) ratio displays an increasing trend with increasing maturity for
the DJT. Most noteworthy are the very high concentrations in some samples of the DJT in
the Lei area (E 48455, E 48464 and E 48480) and the unusual high concentrations in sample
E 48537 from well A (Appx. G). They are a full order of magnitude higher than in the GS sub-
unit and up to three times that reported in the literature. Clegg et al. (1998) studied Mexican
source rock bitumens from the Sonda de Campeche and found highest concentrations of
333 ug/g bitumen for the total methylcarbazoles at 1.09% Rr. Maximum recovered
concentrations for the total methylcarbazoles from clastic source rocks of the Posidonia
shale are below 100 ug/g bitumen (Horsfield et al., 1998). These high concentrations are
mainly affected by maturity, however an additional facies influence is likely because such
high concentrations were not observed previously. One possibility is the contribution of

certain algae, rich in organic nitrogen compounds (e.g. Cardellina et al., 1979).
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Fluoren-9-ones are common in diesel engine combustion products and burning woods
(Ramdahl & Becher, 1982; Jensen & Hites, 1983). In geological setting, they were first
identified in the Willmington petroleum (Latham et al., 1962). Reports on their utility to
characterise the depositional environment are rare. Mojelsky & Strausz (1986) concluded

that they might be used as redox potential indicators in reservoirs.

Fluoren-9-one and its alkylated homologues (Appx. C, XVIII & XIX) are the quantitatively
most important compounds in the low-polarity NSO compound fraction of the investigated
source rock bitumen. The maximum concentrations for the fluoren-9-one is 968 ug/g bitumen
and for the 1-methylfluren-9-one 1643 ug/g bitumen (E 48455, well D). By comparing the Lei
area with well A (Shu-Du area), significant differences were recognised concerning the

distribution and abundances of fluoren-9-ones. In all samples from well A with the exception

of the deepest, the unsubstituted fluoren-9-

100 F W 5 1,8-DMeF one (F) is more abundant than the alkylated
80; %) T fluoren-9-ones (group 1, Fig. 4.37 A). The four
60 L methylfluoren-9-one isomers are dominated
40 § Z " A by  1-methylfluoren-9-one  (1-MeF)  or
20 Y JLEUU\ 2-methylfluoren-9-one (2-MeF). In  many

og—JL Jk ‘ samples from the Lei area the fluoren-9-one
45.0 500 [min} concentration is lower compared with that of

100 - 1-MeF '%'3 E 1,8-DMeF the methylated homologues. A dominance of
so| F < 7 1-methylfluoren-9-one was observed in these
60 " é\ samples (group 2, Fig. 4.37 B). For example,
40 E & B all analysed samples from well C belong to
20+ the second group. Although this distribution

0_ . _ ]UUU{L pattern may express different stages of
45.0 500 [min] maturity, strong source related differences

were also found. Interestingly, all samples
Fig. 4.37. Distribution patterns of fluoren-9-
ones and alkylated derivatives. GC-MS

measurements (m/z: 180, 194, 208); A,  Es3 member belong to group 1. Concen-
group 1; B, group 2.

from the shale rich Shale I/l sub-units and

trations of the fluoren-9-ones within the GS
are also controlled by maturity. Concentrations of fluoren-9-one and 1-methylfluoren-9-one
show an increasing trend with increasing depth (Appx. G). Wilkes et al. (1998) observed an
increasing trend with increasing maturity for the Posidonia Shale. The ratio of 1-ethylfluoren-
9-one/(1-ethylfluoren-9-one+1,8-dimethylfluoren-9-one) shows an increase with increasing
depth for the GS as well as for the DJT (Appx. G) and is therefore the exact opposite of the

trend reported for the Posidonia Shale maturity sequence (Wilkes et al., 1998).
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Points to Remember — Soluble Organic Matter

Liquid chromatographic separation of the extracted source rock samples revealed, that the
bitumens are rich in NSO compounds. The lower CPI values of the n-alkanes in the Lei than
in the other areas indicate higher maturity for the deeper buried samples. Conventional
maturity parameters such as the Ts/(Ts+Tm) are strongly influenced by the depositional
environment. Good trends with depth were observed for the non-aromatic and aromatic
hopanoids as well as for parameters based on methylphenanthrenes. Pr/ph ratios show
considerable variations within the sample set. Generally, low ratios for the GS and DJT were
observed, reflecting the carbonate rich anoxic environment. The carotenoids - and y-caro-
tane as well as higher concentrations of o Cog-sterane point to a more anoxic, higher
saline depositional environment within the GS and DJT. The gammacerane index values are
generally low, but higher values were found for the laminated samples from the GS,
indicating higher salinities and/or an at least partly stratified water column. Branched alkanes
as well as specific sterols and stanols can be related to the presence of cyanobacteria and
cyanobacterial mats. The occurrence of mono-aromatic carotenoids in the aromatic fraction
points to the presence of photic zone anoxia in the paleo-water column. Very high ph/n-Cs
ratios suggest an additional source for phytane, derived from chlorophyll a, chromans or
archaeal lipids. An origin from archaea is consistent with the occurrence of high
concentrations of phytanic acid. The oleanane indices are generally low, indicating that
angiosperm input to the lake basin was minor. A high abundance of lycopane and its
aromatised diagenetic analogs, which are thought to derive from the L-race of B. braunii,
were found in bitumens from the Shale I. Abundant hopanoids, high concentrations of steran-
3-ones as well as the presence of iso- and anteiso fatty acids, especially within the GS and
DJT laminated source rock samples indicate an important bacterial contribution to the OM or
that a considerable degree of microbial reworking took place. Variations in the concentration

and distribution of carbazoles and fluoren-9-ones depend mainly on maturity.
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4.8 Paleoenvironment of Deposition

A subdivision of lake basins was established by Carroll & Bohacs (1999) and Bohacs et al.
(2000). This classification utilises three end-member facies associations in lake strata based
on physical, chemical and biological factors. These facies associations correspond to distinct
lake-basin types. Each type is characterised by typical litho- and organofacies associations.
(1) The overfilled lake-basin with a fluvial-lacustrine facies association (open-lake hydrology)
which contain a freshwater fauna and mixtures of aquatic and terrigenous OM (type | to Il
kerogen). (2) The balanced-fill lake-basin with a fluctuating-profundal facies association
contain a fresh- to saline water biota and is dominated by aquatic OM (algal-bacterial type |
kerogen). The lake hydrology can be open or closed and (3) the underfilled lake basin with
an evaporative facies association exists in a closed lake and contains a wide variety of litho-
facies with evaporites and a mainly low-diversity, salinity tolerant flora (type | kerogen). The
terms overfilled, balanced fill and underfilled are linked to basin tectonics and describe a
system where the accommodation rate is lower, in balance or much larger than water plus
sediment supply. Bohacs et al. (2000) has proposed that the Es4 member of the Shahejie
Formation belongs to the third lake-basin type. However, the results presented in this thesis
allow a much more detailed subdivision based on lithofacies and organofacies variations.
This subdivision recognises carbonate dominated systems with playas and mud flats during
lake level lowstands in DJT and GS time, while clastic dominated freshwater conditions
prevailed during highstands in Shale |, Shale Il and Es3- time. The DJT sub-unit in the
marginal Shu-Du area is characterised by litho- and organofacies successions typical for a
fan-delta depositional environment. The evolutionary changes in the lake through time (Es4,

Es3) and space (well A, well B) are presented in Tab. 4.14.

time Environment Source Potential
Space| Well A (Shu-Du) | Well B (Lei)
Es3 member open lake, freshwater moderate (type /1l
Shale Il open lake, freshwater moderate (type II/1Il)
DJT fan-delta upper: playa/shallow lakes || moderate to excellent (type I/1)

fan-delta lower: broad mudflats poor (oxidation)

Shale | open lake, freshwater moderate (type II/1Il)
GS shallow lakes | playa/shallow lakes excellent (type I)

Tab. 4.14. Development of the Liaohe lake through time and space.
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4.8.1 Marginal Fan-Delta Environment

Abundant quartz and feldspar containing sandstone layers of the DJT sub-unit in well A
reflect abundant clastic input to the lake basin (Tab. 4.2). Especially at the margins of ancient
lake basins coarse clastic facies developed, while axial areas are dominated by the
accumulation of laminated muds (e.g. Renaut & Tiercelin, 1994). This suggests that the
sediments during DJT time in the marginal Shu-Du area were deposited in areas of relatively
high topographic relief on large alluvial fans and deltas, where a slope favours rapid transfer

of sediment to the basin floor. Other lake margin facies associations have been previously

interpreted as fan-delta deposits

SEVE DEPOSITS A~ AN ST O E Br e aEL such as the coarse grained alluvial
PR sediments of the Colton and
Wasatch Formations within the
Uinta Basin (Ryder et al., 1976).
After McPherson et al. (1987) the

term fan-delta describes small,

PARTIALLY coarse-grained deltas which

MASSIVE GRAVE

) formed where an alluvial fan at the
foot of a mountain source area
progrades into a standing body of
water. Gravel and sand accumu-

late at the mouth of streams but

SUBAERIAL,
DEBRIS FLOW

SUBAQUEOUS
DEBRIS FLOW

can and move as subaqueous

debris flows into deeper water and

SHEET FLOOD AND STREAM

DEPOSITS ~LAKE DEPOSITS can thence alternate with muddy

lake deposits. Fig. 4.38 shows a

Fig. 4.38. Fan-delta depositional environment with facies typical alluvial fan entering an
associations; after Einsele (2000). ) ) )
active tectonic graben occupied by

a lake. Erosion and transport occurred during the more humid parts of climatic cycles when
rivers were able to carry a high sediment load (Einsele, 2000). The detritus was not reworked
extensively during transport and derived from proximal provenances, namely the marginal
mountain areas of the Jiao-Liao Rise and the Yan-Shan folded belt. A similar environment
has been proposed for the Tuo area in the northern part of the Western Depression (Liguo

Hu, pers. comm.).
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TOC contents are overall low (Tab. 4.5). Lower HI values and H/C ratios of a kerogen from
well A at 1252 m depth (E 48517) reflect a predominantly mixed to terrestrial OM source
(type Il to lll kerogen; Tab. 4.6). The aromaticity and the phenol ratio (PhR) from Py-GC-FID
are high (Tab. 4.8) which points to an increasing terrigenous input (e.g. Horsfield, 1989).
Microscopic examinations revealed the presence of huminite, vitrinite, sporinite and lipto-
detrinite (Figs. 4.12 C1 and C2). This is supported by Sun et al. (1995) who studied facies
variations in the Shahejie Formation of the Eastern Depression. The authors observed that
marginal fan-delta areas always contain abundant huminite and vitrinite particles. The higher
proportions of liptodetrinite within this facies type may result from an OM deposition in waters

with periodically influence of energetic flows (e.g. Smith & Gibling, 1987).

4.8.2 Freshwater Environment

This facies is typical for the Shale | and Shale Il sub-unit as well as for the shales from the
Es3 member. Samples contain the highest percentages of clay minerals and siderite (Fig. 4.6
and Fig. 4.7). The thick shale packages represent transgressive cycles with lake-level high-
stands and were deposited during extensional phases of the rift development mainly in
greater water depth in the lake centre (Liguo Hu, pers. comm.). The abundance of smectites
and mixed-layer clay minerals was related to weathering of volcanic particles in a warm and

humid climate in the drainage area (Deconinck & Chamley, 1995; Gingele, 1996).

The shales in this environment are mainly non-laminated (see section 4.4). One important
prerequisite for the formation of laminated sediments are seasonal changes, such as algal
bloom periods during warm periods (e.g. Anderson & Dean, 1988). This indicates the
absence of any important annually or seasonal climatic oscillations. TOC contents and HlI
values can give an indication of the amount and type of OM deposited and its degree of
preservation. The TOC contents within this facies type range between 3.6 and 8.8% and HI
values vary between 370 and 645 mg HC/g TOC, indicating type Il to Ill kerogen. While the
TOC is directly related to lake productivity and the degree of dilution by clastic material, the
HI is more connected to preservation which in turn depends on the persistence of anoxic
conditions and lake circulation patterns (cf. Dean, 1981; Curiale & Gibling, 1994). Because
the OM composition is very unique (Botryococcus alginite), the varying HI values within this
facies type (Fig. 4.13) may indicate different degrees of oxidation due to sediment deposition
in different lake environments. For example, Picard & High (1981) observed a strong offshore

increase of organic carbon in modern lakes and proposed a better preservation in a deep
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anoxic lake facies. However, a greater oxidation of the OM may also result from an intense

water column circulation or from lower lake levels and desiccation.

GC and GC-MS Py-GC
pristane/ gammacerane phytane/ ! §13C aromaticity
phytane index n-Cg conc  ar/(al+ar)
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Fig. 4.39. Facies summary for well A. Organic geochemical parameters for well A in the Western
Depression of the Liaohe Basin. The aromaticity is based on the aromatic (ar) versus aliphatic (al)
nature of the kerogen from Py-GC-FID.

Deposition in an anoxic, deep-water facies is strongly supported by the presence of siderite
with proportions up to 23.1% (Fig. 4.6). Siderite is restricted to environments with low
sulphate waters and thus very common in low salinity open lake basins (Hsu & Kelts, 1978).
Zhang et al. (1996) found abundant FeCO; in open areas of Chinese deep lakes (depth
above 10 meters), while the mineral was absent in shallow lakes, delta-front and prodelta
settings. Siderite generally forms under strongly reducing conditions in the methanic zone
(Berner, 1981). Goth (1990) interpreted the occurrence of siderite as an indicator of mero-
mixis within the ancient Lake Messel, which was stabilised by the oversaturation of Fe** and
HCOj ions in the lake body.

The OM, as observed under the microscope is mainly composed of telalginite (Botryococcus)
with minor contributions of vitrinite and sporinite (Fig. 4.12 B). The planktonic, predominantly
fresh or brackish-water green alga B. braunii belongs to the Chlorophyceae and forms poly-
morphous colonies of 0.1 to 0.6 mm in size (Guy-Ohlson, 1992, 1998). The alga is known to
bloom and because of its buoyancy to form floating mats of several hundred square meters.
Similar §'°C values, around -25 as for the Liaohe kerogens (Fig. 4.39; Tab. 4.6) were
reported from other Recent lake sediments with abundant remains of the alga B. braunii
(Huang et al., 1999).
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Because of the overall lack of macerals derived from land plants, the odd over even pre-
dominance in the n-alkane distribution (Tab. 4.10) are related to terrigenous OM that is
submicroscopic or to other sources than terrigenous OM. Similar distributions, maximising at
n-C,3 or n-C,7; were previously observed in maar-type oil shale deposits of Gérce and Pula
located in Hungary (Lichtfouse et al., 1994; Derenne et al., 2000). Based on §'°C measure-
ments it was interpreted, that the long-chain n-alkanes (n-C,; to n-Cs;3) result from the
diagenetic reduction of odd-numbered B. braunii alkadienes. Based on this similarity, it is
possible that the n-alkane distribution reflect a significant contribution of Botryococcus to the
OM, although an input of OM from macrophytes cannot be excluded. Especially submerged
and floating species were reported to cause high concentrations of mid-chain length, C,; and
Cys n-alkanes (Ficken et al., 2000).

Three different chemical races, termed A, B and L can be distinguished in extant B. braunii,
based on the type of hydrocarbons biosynthesised. Race A produces long-chain n-alkadi-
enes and n-alkatrienes in the C,5 to Cj¢ range (Metzger et al., 1986), race B produces
botryococcene hydrocarbons and race L lycopa-14(E),18(E)-diene (Metzger & Casadevall,
1987). The high concentration of lycopane and its aromatised homologues (Appx. C, | and V)
in the aliphatic and aromatic fractions from the Shale | sub-unit point to the presence of the
L-race of this algal species. The chemical structure of the algaenans from the A and B races
is based on long polymethylenic chains (e.g. Kadouri et al., 1988). In addition, the L race
comprises Cy4 isoprenoid chains with a lycopane skeleton yielding a number of isoprenoid
compounds upon pyrolysis (Derenne et al., 1989; Derenne et al., 1990). Thus, the presence
of the isoprenoid alkanes and alk-1-enes in the Shale | pyrolysates (Tab. 4.8; Fig. 4.19 C)
may reflect a significant contribution of the L race of B. braunii in agreement to that what was

observed by microscopical analysis.
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Pr/ph ratios range between 0.8 and 1.9 within the Shale | in well A and are generally higher
than those of the GS sub-unit (Fig. 4.39). Source rocks deposited in a freshwater environ-
ment are characterised by pr/ph ratios between 1.2 to 2.2 as observed in a number of other
Chinese basins (Wang et al., 1997), while ratios less than unity indicate a brackish-saline
depositional environment. Li et al. (1995) found pr/ph ratios between 0.9 and 2.0 in source
rock extracts of the Es3 member from the Western Depression. The carotenoids B- and -
carotane are only minor constituents of the aliphatic fraction, whereas the aoior Coo-sterane is
more abundant than its C,s-homologue, both reflecting a greater freshwater influence
(Ritts et al., 1999). This is also supported by lower gammacerane indices between 0.04 and
0.08 in the Shale | compared with the GS (Fig. 4.39; Tab. 4.10). The schematic diagram in
Fig. 4.40 illustrate the open lacustrine depositional environment of a broad and deep lake

with its fine clastic lithologies in the basin centre that lack of evaporites.

T = Temperature
: 0, = Oxygen Conc.
(Not to scale) TDS = Total Dissolved Solids

Conglomerate - Carbonates ¢ 1 Mudcracks 3’5’ Macrophytes
Sandstone [ Evaporites ~~~  Stromatolites 9 Molluses
- Siltstone El Coal A Tufa ~  Ostracods
B Mudstone ~__~ Scour @@ Ooids # %% Phytoplankton

Fig. 4.40. Fluctuating-profundal facies association, typical for the freshwater facies in
the Western Depression of the Liaohe Basin; from Bohacs et al. (2000).
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4.8.3 Playa and Shallow Lake Facies

The variability of the Liaohe lakes from an expanded form (Shale |, Shale Il, and Es3) to a
shallow lake system (GS, DJT) occurred in response to increased aridity. Typical for this
lacustrine stage are hydrologic closure of the lake basin and increasing importance of

groundwater influence.

The mineral assemblages in the playa-lake facies (chapter 4.3) are a direct response to
precipitation-evaporation cycles. The lakes had low water tables, higher saline waters and
high Mg?*/Ca* ratios. In such an environment lake-levels can fall and rise drastically from
small playa lakes at lowstands to perennial lakes at highstands. Broad saline mudflats
existed during dry seasons. Frostick et al. (1986) observed that in the modern rift-basins of
Africa only a few meters of lake-level rise and drop are necessary to flood or to expose large
areas. Carbonates, gypsum and analcime are the characteristic minerals. The following

precipitation sequence can be applied to the sediments deposited:

low-Mg calcite =high-Mg calcite =aragonite = gypsum = dolomite = analcime

Abundant dolomite is present (Fig. 4.7) which generally forms in alkaline environments and
do not precipitate in freshwater lakes (Jones & Bowser, 1978). As stated in section 4.3.3.1
this process occurred in very shallow waters and was aided by evaporitic pumping and
probably mediated by cyanobacterial release of magnesium. Gypsum has to be removed
prior to dolomite formation by the precipitation of gypsum and/or activity of sulphate reducing

bacteria.

Analcime which is especially abundant in the lower DJT sub-unit (Fig. 4.7) in the central Lei
area, formed as an authigenic mineral in muds with the sodium supplied from brines in a dry
climate. It is a very late diagenetic product of a brine evolution which suggests that the
evaporating waters had already very high concentrations. No volcanic rocks or pyroclastic
sediments are involved in this process. Analcime cementation occurred early diagenetic at
near surface or shallow-depth, prior to significant compaction of the sediments, and is
controlled by the chemistry of pore waters inherited from the lacustrine environment (Renaut,
1993). Aluminium and silica were delivered by solution of detrital silicates such as
expandable clays in high alkaline residual sodium brines (ph 9-12). The evaporative pumping
mechanism played an important role in the reaction with silicates to form analcime

(Fig. 4.41). Water and dissolved salts moved from the phreatic zone toward the surface so
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that the salts were concentrated into brines (Hsu & Siegenthaler, 1969). The brines probably
evolved from rainwater that eroded the metamorphic rocks in the surrounding mountain
areas of the Liaohe Basin. The waters moved into the lakes and underlying sediments while
they took up ions in solution. Finally, they were concentrated by evaporation and precipitated
or the brines reacted with silicates. Such a saline fluid development was described for
Recent Lake Megadi, Kenya (Eugster, 1970; Jones et al., 1977).

LAKE LEVEL LOW STAND

OVERALL REACTION '

DETRITAL PHYLLOSILICATES +
Na BRINE — ANALCIME

EVAPORATIVE PUMPING
PRODUCING Na BRINE

2km
Horizontal Scale

Fig. 4.41. Mineral precipitation in a playa-lake/mudflat environment; from Remy &
Ferrell (1989).

The organic petrology type A (Fig. 4.12 A) is characteristic for the lower DJT sub-unit. Only
very small unicellular algae were found, reflecting a hypersaline and evaporitic environment
with a low-diversity biota (Carroll & Bohacs, 1999). Exposure, frequent desiccation, oxidation
and destruction of the OM lead to relatively low TOC (2.5 to 5.3%) and HI values
(408 to 650 mg HC/g TOC), indicating that ultimate preservation was low.

The deposition of abundant calcite in the upper DJT sub-unit in well B marks the onset of a
freshwater influence with lower Mg?*/Ca?* ratios and higher lake-levels than in the lower DJT
sub-unit. No analcime and only minor dolomite were found in this section but siderite is
relatively abundant (Fig. 4.7). This is supported by XRD data from other wells in the Lei area.
Calcite precipitation is indicative for lowest salinity and highest lake level and often formed
during refreshment periods of lakes. Aragonite is precipitated mainly during warm climates.
In the Dead Sea this happens only when water temperatures exceed 35°C (Neev & Emry,

1967). Finally, during deposition of the Shale Il sub-unit only calcite persisted. This evolution
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points to a stepwise establishment of full lacustrine conditions which is part of a major trans-

gressional cycle that started at the end of the Es4 member (Fig. 4.3).

During GS-time, shallow lakes were a preferential setting for the accumulation of an organic-
rich facies. The alkaline lake waters supported a high level of primary production because of
the abundance of COj; ions available for incorporation by diverse organisms (Kelts, 1988).
A lamination is typical for sediments from this facies type (Figs. 4.12 D and E).
Fluoramorphinite and fluorescing lamalginite are concentrated in bright layers, separated
from darker layers. The lamination reflects a cyclic, probably seasonal sedimentation pattern.
Most likely the fluorescing AOM result from the microbial alteration of lipid-rich OM such as
cyanobacteria and benthic and planktonic algae (Teichmiller & Ottenjann, 1977;
Mukhopadhyay et al., 1985; Stasiuk, 1993). Based on TEM observations Largeau et al.
(1990) suggested, that fossil cyanobacterial OM in microbial mats is generally amorphous. In
the investigated samples lateral transitions from fluoramorphinite to lamalginite and the
occurrence of lamalginite structures within fluoramorphinite layers were observed. These
observations strongly suggest that the fluoramorphinite is a residue of microbial altered algae
and cyanobacteria, which lived in a “cyanobacterial mat” or microbial mat. Such microbial
mats are major sources of OM in a shallow playa lake environment (e.g. Bauld, 1981).
Different primary producers are incorporated in the formation of a microbial mat, including
filamentous cyanobacteria, filamentous algae, pink filamentous bacteria, purple sulphur
bacteria or heterotrophic bacteria living on microbial mat OM (Kenig et al., 1990; Kenig,
2000; Riding, 2000). Microbial mats are layered communities with phototrophic organisms in
the upper layers and chemoorganotrophic bacteria with H,S production in the lower layers
(Madigan et al., 1997, p. 546). As reviewed by Riding (2000) the irregular surface
morphology of such mats can easily trap micritic sediment which was transported by eolian
processes. These grains become the substrate for further microbial growth which occurs
during pauses in sedimentation and act as a stabilisation. This process may lead to the
observed laminations. However, an alternating deposition of lacustrine sediments (flooding)

and microbial growth is also possible (Kendall & Skipwith, 1969).

Organic geochemical analysis revealed, that with the exception of type A (Fig. 4.12 A),
HI values are generally high and vary between 763 and 908 mg HC/g TOC for type D and
493 and 856 for type E. TOC contents are in the range between 6.0 to 11.5% and 3.8 to
10.1%, respectively (Tab. 4.5). This reflects an excellent source rock potential and an oil
prone type | kerogen. These values are higher than those from the literature for analysed
cyanobacterial mats (e.g. Kenig, 2000), but this also depends strongly on environmental

factors such as desiccation and preservation.
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Pyrolysates of laminated samples from the GS sub-unit are especially rich in long-chain
n-alk-7-enes and n-alkanes as expressed by a low aromaticity (Fig. 4.39) and belong to the
high-wax paraffinic crude oil generation facies. Changes in autochthonous versus
allochthonous contribution can be responsible for variable aliphatic proportions of the
kerogens. However, it was previously shown that terrigenous input to the sediments was not
important. Recent investigations revealed that different microalgal species can produce very
specific algaenans with varying alkyl chain lengths (e.g. Gelin et al., 1999). Thus, differences
between the chromatograms in Fig. 4.19 probably reflect specific algal OM input. The n-alk-
1-ene/n-alkane distribution of sample E 48537 from the GS sub-unit, with a strong predomi-
nance of long-chain alkyl units could indicate a contribution of biomacromolecules from
Eustigmatophytes such as the euryhaline algae Nannochloropsis to the kerogen. Flash
pyrolysates of the algaenans from two species are very similar to the pyrolysates studied
herein (Gelin et al., 1997; Gelin et al., 1999), although the series of mid-chain ketones were
not detected. However, varying redox conditions in the lacustrine environment may also lead
to changes in the chain length distribution. It was reported that higher-wax contents can be
related to hydrogen-rich OM which was deposited under more anoxic conditions
(Sachsenhofer et al., 1995). This is substantiated by the lower pr/ph ratios in the GS than in
the Shale | sub-unit of well A (Fig. 4.39). The alkalinity and salinity of the lake waters may
also play an important role. Fig. 4.17 shows that the laminated samples from the more saline
and alkaline GS sub-unit plot in a different part of the diagram than the samples from the
freshwater influenced Shale | and Es3 member. This contradicts results from Horsfield et al.
(1994) who indicated that deposition in a saline or freshwater has no measurable effect on
the petroleum composition. High concentrations of alkylbenzenes (Tab. 4.8; Fig. 4.19 B) are
especially abundant in pyrolysates from the Gao area and suggest the presence of macro-
molecular bound carotenoids (Requejo et al., 1992; Hartgers et al., 1994). Possible precur-
sors are green and purple sulphur bacteria, which are possibly associated with the microbial

mats.

Two authors analysed the pyrolysate composition of cyanobacterial mats. Chalansonnet et
al. (1988) found a resistant nonhydrolysable biopolymer in cyanobacteria which is matching
those isolated from B. braunii. However, generally shorter chain lengths were observed
showing no similarity to the laminated Liaohe kerogens. It was recently reported that the
macromolecule described in this study might represent an artefact resulting from the isolation
process (Allard et al., 1997). Remains of cyanobacteria in microbial mats consist largely of
carbohydrate sheets (Boon et al., 1983). The authors detected furans, benzenes and

phenols, but these are only minor compounds in the pyrograms investigated here, probably
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suggesting that the sheets are no major contributors to the OM or were preferentially

destroyed during early diagenesis.

Many carbonate or evaporitic source rocks, as well as oils from hypersaline lacustrine
settings are characterised by low pr/ph ratios and an even carbon number predominance of
the n-alkanes (e.g. Powell & McKirdy, 1973; Mello et al., 1988). This is supposed to result
from the reduction of even fatty acids or alcohols in strongly reducing carbonate evaporitic
environments. CPI values less than 1.0 were commonly reported from carbonate rich source
sequences (Tissot & Welte, 1984). Samples from the GS sub-unit in well A have high
carbonate percentages up to 59% but still display a strong odd over even predominance (CPI
between 2.6 to 3.4) with a characteristic maximum at n-C,;. Gelpi et al. (1970) observed Cy4-
C,7 odd numbered n-alkanes in the cyanobacterium Anacystis montana. Kenig et al. (1990)
found an odd over even predominance of long-chain n-alkanes in the saturated fraction of
buried microbial mats. In contrast, Boon et al. (1983) and Merritt et al. (1991) studied cyano-
bacterial OM and found n-alkanes maximising predominantly in the short-chain range
(<n-Cyp).

According to the interpretation of Hughes et al. (1995) very low pr/ph ratios together with low
concentrations of aromatic sulphur compounds reflect an anoxic and fermentative carbonate
rich environment. Very low pr/ph ratios (<0.4) and high ph/n-C4s were found where phytane is
available from archaea (Figs. 4.32 and 4.40). Such a source of phytane is a characteristic of
higher saline lacustrine environments, which are deficient in sulphate and thus incorporation
of sulphur into OM is minimal (ten Haven et al., 1988). This is consistent with the occurrence
of high concentrations of phytanic acid (Fig. 4.39). Interestingly, it was reported previously
that methanogenic archaea often inhabit dead cyanobacterial assemblages (Kenig, 2000).
Abundant gammacerane and -and y-carotane suggest a higher saline stratified and anoxic
environment. Higher Cyg-sterane concentrations in the GS can be related to an anoxic hyper-
saline environment (Ritts et al., 1999). Salinity stratification in shallow lake waters, redox
interfaces and thus chemically reducing conditions in the bottom muds are responsible for
the good preservation of the OM. However, the chromane indices are far from those typical
for hypersaline environments. Mono-aromatised carotenoids which are widespread in source
rock bitumens from the GS and DJT sub-units are an indicator for the presence of green- and
purple sulphur bacteria, which were frequently found in the lower part of microbial mats
(Kenig et al., 1990). In addition, the presence of these compounds provides evidence for
euxinic conditions within the photic zone. The exclusion of oxygen might be induced by the
formation of the cyanobacterial mat (Palmisano et al., 1989). Iso- and anteiso-acids in many

samples indicate an important bacterial input to the OM or that a considerable degree of
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microbial reworking took place. Additional signs of an important bacterial contribution are the
presence of abundant hopanoids and steroid ketones. The abundant 24-ethylsterols in the
investigated bitumens most likely originate from cyanobacteria which is supported by obser-
vations Kohlhase & Pohl (1988).
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5 Maar Lakes

In the following chapters, a detailed analysis of the macromolecular OM in maar lake
sediments is presented, using analytical thermal techniques (Py-GC-FID and Py-GC-MS)
and microscopy. Other proxy data, such as pollen and inorganic geochemical analysis are
available from other working groups and can be used for correlation. The chapter begins with
a detailed description of the paleoclimate and regional geology of the study area. Sample
selection is then documented, followed by the presentation of results. The studied maar lake
sediments were provided by the “Sedimentation and Basin Analysis Group (PB 3.3)” of the
GFZ Potsdam (Head: Prof. Jérg F. W. Negendank). The lakes are located in different climatic
settings. Lake Holzmaar (HZM) and Lake Meerfelder Maar (MFM) are found at midlatitudes

in central Europe and Lake Huguang Maar (China) in the subtropical to tropical belt of Asia.

5.1 Paleoclimatic Framework and Geological Background
5.1.1 Eifel Maar Lakes

Lake Holzmaar and Lake Meerfelder Maar are located in the Westeifel volcanic field,
Germany (Fig. 5.1). Various high resolution paleoclimatic records show that abrupt climatic
oscillations followed the last deglaciation in Europe and around the North Atlantic (e.g.
Bjorck et al., 1996; Goslar et al., 1999;
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marine and lake sediments gave conflicting results (e.g. Charles & Fairbanks, 1992; Goslar
et al., 2000). Oxygen isotope records from Greenland ice cores provided evidence for
dramatic and rapid changes in air temperature. They show a prominent warming from 10 to
18°C at the Late Pleniglacial/Bglling transition (Fig. 5.2). This was followed by a change to
near glacial conditions, the Younger Dryas period before entering the warm Holocene which
is subdivided into Preboreal, Boreal, Atlantic, Subboreal and Subatlantic. Even in the Holo-
cene climatic shifts were large as reported in several studies (e.g. Keigwin, 1996; Alley et al.,
1997; Zhao et al., 2000; Watanabe et al., 2001).

"“C Years BP
12,700 10,950 10,150
Late Pleniglacial | Boélling-Alleréd Younger Holocene
=34 — Interstadial Dryas 120

8"°0 [%]
TJuIy [0 C]

| |
14,000 12,000 10,000

Calibrated "“C Years BP

Fig. 5.2. Stratigraphy of the Lateglacial. The lines show 5'°0 as measured
in the GRIP ice-core and corresponding calculated temperatures; after
Dansgaard et al. (1993).

The present climate in the Eifel is characterised by a pronounced precipitation maximum
during winter (November to March). The mean annual precipitation is 846 mm and the mean
annual temperature 7.5°C. January is the coldest month with an average temperature of
-1.0°C, whereas during July 16.0°C were recorded (DVD, 1978; Muller, 1980).

Lake Meerfelder Maar (50°06°N; 6°45" E) and Lake Holzmaar (50°07°N; 6°53" E) are situ-
ated in the Westeifel volcanic field (Fig. 5.1), approx. 45 km north-east of the city of Trier and
95 km south of the city of Cologne. They have minimum ages of 40,000 and 35,000 years,

respectively and occur in craters created by phreatomagmatic eruptions (Blichel, 1993).
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The volcanism in this part of the Rhenish Massif started around 1.0 Mio to 0.6 Mio years and
lasted until approx. 10,000 years BP (Buchel & Mertes, 1982).

Lake Meerfelder Maar (336.5 m a.s.l.) has a maximum depth of 17 m and is located in the

largest maar crater of the Westeifel. Pyroclastic deposits, Devonian schists and Triassic
rocks of the Middle Bunter Sandstone can be found in the catchment area (Schettler &
Romer, 1998). The modern lake is holomictic, eutrophic and extends approx. 700 m in the
E-W direction and 500 m in the N-S direction, filling 1/3 of the crater while 2/3 represent a
shallow delta plain. The modern catchment area is 1.53 km?, however, the catchment of the
paleo-lake was much larger than today (Scharf & Menn, 1992; 2000). A small stream, the
Meerbach passes through the lake and exits the crater in the south-east. More than
40 sediment cores have been taken from all parts of the lake basin (Negendank & Zolitschka,
1993). Lake Meerfelder Maar sedimentary history provides an annually laminated varve
chronology for the last 14,500 years BP (Brauer et al., 1999b). The top of the sequence
consists of partly varved organic rich deposits with clastic intercalations (Fig. 5.3). The
deepest part of the lithological profile below 960 cm is predominantly clastic and non-
laminated. Two tephra layers, the 7 cm thick Laacher See Tephra (LST) and the 0.3 mm thin
Ulmener Maar Tephra (UMT), were recognised within the sequence. The varve chronology
dates the Allergd/Younger Dryas transition at 12,680 and the transition to the Holocene at

approx. 11,590 varve yrs BP (Brauer et al., 1999a).
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Lake Holzmaar (HZM) is 325 m in diameter and the smallest of the Westeifel maar lakes. It is

located on a peneplain at approx. 425 m a.s.l. and drained by the Sammetbach creek into
the river Alf which is a tributary to the river Mosel (Zolitschka, 1998b). Lake Holzmaar is
dimictic, holomictic, and mesotrophic to eutrophic today. The Sammetbach is carrying
dissolved nutrients which were mainly responsible for an increasing eutrophication since the
Lateglacial (Scharf & Ehlscheid, 1992; Scharf & Oehms, 1992). Seasonal related anoxic
conditions below a water depth of 15 m were observed during summer (Licke, 1998). The
catchment area is made up by Lower Devonian schists, greywackes and siltstones as well as
Quaternary loess and pyroclastics (Meyer, 1994). A shallow embayment evolved in the
south-western corner of the lake after anthropogenic damming during the Late Middle Ages.
The sediments from Lake Holzmaar are annually laminated (Zolitschka, 1990, 1991). A lami-
nation-based chronology was established for the past 23,220 calendar years BP (Zolitschka
et al., 2000). The adjusted calendar-year time scale for Lake Holzmaar dated the beginning
of the Holocene at 11,600 calendar years BP. The stratigraphic subdivision of the sediment
cores is based on the varve chronology in combination with palynological studies (Zolitschka,
1998a; Brauer et al., 1999b; Litt & Stebich, 1999; Leroy et al., 2000).
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The studied HZM sediment record is divided into three sections on the basis of lithological,
physical and geochemical results (Zolitschka, 1998a; Zolitschka & Negendank, 1998). The
sediment profile is presented in Fig. 5.4. Section A (460 cm depth to top; 2750 varve yrs BP
to date) consists of highly organic deposits with clastic intercalations deposited during the
Subatlantic. Within section B (780-460 cm depth; 9520-2750 varve yrs BP) the deposition of
autochthonous organic laminated sediments was predominant, reflecting stable
paleoenvironmental conditions with major contributions from diatoms during the middle Holo-
cene (late Boreal to Subboreal pollen zone). Section C (>780 cm depth; >9520 varve yrs
BP) represents the Lateglacial and early Holocene (Allergd to early Boreal pollen zone). It is
characterised by organic deposits fluctuating with deposits rich in allochthonous minerogenic
sedimentation. These variations can be related to the transition from glacial to interglacial
conditions. This section includes the Younger Dryas period in a depth of 943-913 cm which
was dated between 12,300-11,600 varve years BP (Zolitschka, 1998a).

5.3.1 Lake Huguang Maar

This maar lake is located approx. 20 km south-west of the city of Zhanjiang on the Leizhou
Peninsula in south-east China (110°17°E, 21°9°N; Fig. 5.5). Sediment cores from volcanic

structures in the Quaternary Lei-Qiong volcanic field provide especially extensive paleoen-
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110 vironmental and paleoclimatic records.

For example, sediments from the

Tianyang maar (Fig. 5.5) dating back to
approximately 400,000 years (Zheng &
21 Lei, 1999). The Huguang crater has an
age of 127,000 years (Fong, 1992).

Although the present lake has a maxi-

mum depth of 25 m, two thirds are less

than 12 m deep. Based on physical and

2 | chemical sediment properties, the

lithological profile can be subdivided

into eight lithozones based on physical

® maar
0 suspected maar
A cinder cone

(scoria cone) wokm 4 et al., 2000). A continuous profile con-

A lava cone B —

A and chemical sediment data (Mingram

110 taining six of the eight lithozones was

Fig. 5.5. Location of Lake Huguang Maar and the  available from section F. The sediment

Tianyang crater. . .
is mainly composed of a homogenous
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non-laminated, greenish-black algal gyttja, only in lithozone 6 varve-like laminations were
found. Abundant reworked woody material was observed in the lithozones 4 and 6. The
chronological framework was established by '“C-AMS-datings. All conventional C ages
were transferred into calibrated ages. A detailed description of the sedimentology and

chronological framework is presented in Mingram et al. (2000).
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Fig. 5.6. Monsoon influence in south-east Asia.

The local climate is controlled by the East Asian monsoon system, playing a key role in
south-eastern China (Winkler & Wang, 1993). Seasonal reversals of the wind direction
between summer and winter drive the SW and NE monsoons (Fig. 5.6). Pronounced
seasonalities exist with dry and cold periods during autumn and winter. The summer
monsoon dominates the atmospheric circulation from May to September. It transports moist
air masses from the West Pacific and the South China Sea and produces abundant rainfall
over the Chinese mainland. The annual mean precipitation ranges between 1400 and
1700 mm. The hottest month is July and the coldest January with mean average
temperatures of 29°C and 3.8°C, respectively (data from Zheng & Lei, 1999). On the Leizhou
Peninsula, the present vegetation is dominated by open forests and tropical grassland,
whereas most of the subtropical evergreen monsoon forest has been destroyed by human

activities.
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5.2 Sample Selection

Samples were obtained from cores taken by high-precision piston coring (Usinger- system).
Selected pieces had a width of approx. 3 cm, whereas their length varied between 1 and
10 cm. All pieces >1 cm were combined and a representative sample was created
representing a maximum age of 250 years. Samples were frozen after sub-sampling and
freeze-dried. They were taken from significant stratigraphic and lithological units from Lake
Holzmaar core 4a (HZM) and several Lake Meerfelder Maar (MFM) sediment cores. The
sample set covers the last approx. 12,900 and 14,685 years, respectively. A calendar year
time scale based on varve countings (provided by A. Brauer and B. Zolitschka) was available

which enables a precise knowledge of the absolute sample ages.

Samples and microscopic sections from Lake Huguang Maar, China (HM) were provided by
Jens Mingram (GFZ Potsdam). They were taken from three sediment cores drilled during a
campaign in 1997 in the deepest part of the lake. The available samples from the D, E and F
core cover the last approximately 68,000 years. The age model was established with help of
“C-AMS-datings (Mingram et al., 2000). During the time of the project, the sample set was
extended continuously. During the first two years altogether 45 samples, one sample per
meter, from the D and F core were analysed. Each sample was combined from 2 to 6 cm
long sections of the sediment core. In the third year, a high-time resolution study was
performed on 34 samples from two selected sections of the E core. One sample per 15 cm
was gathered with a length of 3 to 5 cm. The final sample set is given in Tab. 5.1, a detailed
listing of the analysed samples is provided in the respective result chapters. All important
limnological and morphometric data of the investigated maar lakes and their catchment areas
are listed in Tab. 5.2.
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Maar lake Core Section length Samples Max. age
[em] (E.nr.) BP
(approx.)
Lake Holzmaar (HZM) HZM 4a 70 -980 38 12,900
(48174 - 48212)
Lake Meerfelder Maar | several cores (V to Z) 24 - 1092 44 14,685
(MFM) (48338 - 48381)
Lake Huguang Maar 50 - 150 2 (47709 - 47710) 545
E 715-915and | 9 (49996 - 50004) 13,019
2960 - 3313 |25 (50005 - 50029) | 45,000
F 250 - 4500 43 (47711-48170) | 68,000

Tab. 5.1. Maar lake sample set for the project.

MFM HZM HM

Location 50°06°N; 50°07°N; 21°9°N

6°45" E 6°53" E 110°17°E,
Elevation of present lake-level 336,5 4251 23
[ma.s.l]
Maximum depth [m] 17 19 25
Diameter [m] 700 325 n.a.
Volume [10°m”] 2.31 0.51 0.70
Lake surface area [m’] 256,000 58,000 2,250,000
Catchment area [km?] 1.53/5.76" 2.25/0.37* 3,14
Mixing holomictic, holomictic, holomictic,

dimictic dimictic monomictic
Present trophic state eutrophic mesotrophic | polytrophic to

to eutrophic eutrophic

Tab. 5.2. Morphometric and limnological data of the investigated maar lakes.
HZM, Lake Holzmaar; MFM, Lake Meerfelder Maar; HM, Lake Huguang Maar;
*paleo-catchment area; *without Sammetbach. Data after Scharf & Menn

(1992), Oehms (1995) and Brauer et al. (2000).
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5.3
5.3.1

Eifel Maar Lakes

Screening Analysis

Screening data, varve ages and the stratigraphy for the two investigated sections are given
in the Tabs. 5.3 and 5.4 for Lake Holzmaar (HZM) and Lake Meerfelder Maar (MFM), respec-
tively. Downcore variations of selected elemental and Rock-Eval parameters are illustrated in
Figs. 5.7 and 5.8.

The TOC contents for the HZM samples vary between 2.7 and 14.6% (Tab. 5.3), indicating a
wide range of organic richness. Significant variations were observed within the three
sections. The average TOC value in section A is 7.0% with a significant maximum of 11.3%
at 460 cm depth (2686 varve yrs BP). TOC contents are slightly higher in section B (7.1% on
average), reaching a maximum of 10.2% at 674 cm depth (7390 varve yrs BP). In the
Lateglacial/early Holocene section C the TOC content is relatively low (3.4% on average)
and shows a maximum of 5.1% at 821 cm depth (10,325 varve yrs BP) and a minimum of
2.6% at 910 cm depth (11,540 varve yrs BP). The TS values range between 0.1 and 2.4%,

with highest percentages in section B (1.5% on average).

TOC TS HI
[%] [%] TOC/TN [mg HC/g TOC]
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Fig. 5.7. Sample screening for the sediment profile from HZM.
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E.nr | Depth Age Section | TOC | TS | TN | TOC/TN S2 HI
[cm] | varve yrs BP [%] | [%] | [%] [mg HC/g sample] [[mg HC/g TOC]
48174 66.5 143 A 2.07 10.11]0.14]| 14.8 3.09 149
48175| 81.0 184 A 2.18 10.09]0.16] 13.6 3.47 160
48176 119.0 324 A 3.02 [0.13]0.30f 10.1 6.10 202
48178| 233.0 870 A 7.62 [0.78(0.72| 10.6 20.01 263
48179| 271.0 1170 A 7.86 [0.71/0.68| 11.6 18.99 242
48180| 284.0 1311 A 6.38 | 0.77]0.73 8.7 18.69 293
48181| 291.5 1374 A 7.45 (1.00(0.84 8.9 21.40 287
48182| 299.0 1440 A 6.68 | 0.82]0.78 8.6 19.61 294
48183 | 366.5 1952 A 6.22 | 0.53]0.65 9.6 16.64 268
48184 | 381.5 2083 A 9.32 [0.73]0.94 9.9 26.47 284
48185 409.0 2334 A 9.27 [0.52(0.88| 10.5 24.20 261
48187| 432.3 2536 A 7.04 [1.07(0.85 8.3 12.76 181
48188 | 450.0 2608 A 10.85]2.37| 1.30 8.3 40.80 376
48189| 460.0 2686 A 11.30/1.16]0.96] 11.8 28.74 254
48190| 480.0 3330 B 7.80 [1.170.78| 10.0 21.86 280
48191| 490.0 3530 B 8.29 [1.34(0.73| 114 22.87 276
48193 | 526.0 4858 B 445 10.86|0.43] 10.3 8.77 197
48194 | 530.8 4960 B 5.07 [0.52|0.42 121 11.65 230
48195 570.0 5690 B 7.78 [1.15(0.66| 11.8 19.02 244
48196 | 598.0 6098 B 7.08 [1.14(0.60| 11.8 17.40 246
48197 | 618.0 6340 B 7.97 [2.33(0.69| 11.5 19.77 248
48198 | 648.0 6888 B 7.23 [1.85(0.62| 11.7 20.29 281
48199 | 664.5 7220 B 8.67 [2.27(0.71 12.2 35.20 406
48200| 674.0 7390 B 10.02|2.2310.80| 125 37.59 375
48201| 744.0 8775 B 6.65 |1.83]0.49] 13.6 18.54 279
48202| 775.0 9480 B 3.96 [0.960.57 6.9 6.19 157
48203 | 784.0 9610 C 3.97 [0.680.55 7.2 5.92 149
48204 | 806.0 10150 C 3.14 10.38] 0.50 6.3 4.37 139
48205 821.0 10325 C 5.08 |1.81]0.61 8.3 8.42 166
48207 | 860.5 10910 C 3.08 10.31]0.50 6.2 4.03 131
48208 | 883.0 11220 C 2.84 11.00]0.54 5.3 3.15 111
48209| 910.0 11540 C 2.61 10.57]0.48 5.4 417 160
48210| 930.0 11970 C 3.62 [1.690.60 6.0 6.32 175
48212| 980.0 12900 C 2.84 11.34]0.51 5.6 6.40 225

Tab. 5.3. TOC, TS, TN and Rock-Eval data for the sediment profile from HZM.

The organic carbon (TOC) to total nitrogen (TN) ratio is frequently used to characterise
organic matter sources in lacustrine environments as reviewed by Meyers & Ishiwatari (1993)
and Meyers & Lallier-Verges (1999). TOC/TN instead of TOC/N,4 values can be used for
source interpretations because for most sediments it can be assumed that the N is
insignificant compared with TN and thus can be neglected (Miller & Mathesius, 1999;
Schubert et al., 2000). It was reported that protein rich lake phytoplankton has TOC/TN ratios
between 4 and 10, while TOC/TN ratios of higher plants are commonly higher than 20 and
may be higher than 200 (Hedges et al., 1986; Meyers, 1990; Talbot & Johannessen, 1992;
Meyers, 1994). Diatoms exhibit ratios from 5.5 to 7.5, while mean ratios of 5.0 to 6.0 and 4.0
to 5.0 were found for zooplankton and bacteria, respectively (Bordowskiy, 1965a, b).
TOC/TN ratios of 10.3 and 11.3 on average were calculated for the sections A and B,
respectively, but significantly lower values were found for section C (6.3 on average).

Maximum ratios up to 14.8 were determined for the most recent samples maximising at
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67 cm depth (143 varve yrs BP). The highest HI value of 406 mg HC/g TOC was observed
for HZM at 665 cm depth (E 48199) in section B (7220 varve yrs BP).

E.nr. | Depth Age Stratigraphy | TOC | TS | TN TOC/TN S2 HI
[cm] | varve yrs BP [%] [%] | [%] [mg HC/g sample] | [mg HC/g TOC]
48338 | 24.0 160 Holocene 215 [ 0.20] 047 4.6 3.62 169
48339 | 42.0 280 Holocene 4.69 [ 059 0.77 6.1 11.13 237
48340 | 57.0 380 Holocene 1.64 | 0.11 | 0.04 40.9 2.20 134
48341 | 102.0 680 Holocene 2.34 [ 0.21] 0.18 13.0 4.92 210
48342 | 127.5 850 Holocene 4.24 1 0.57 | 0.50 8.5 12.38 292
48343 | 178.5 1240 Holocene 12.60 | 2.02 | 1.70 7.4 57.04 453
48344 | 201.0 1740 Holocene 13.15 1 1.74 | 1.90 6.9 63.01 479
48345 | 208.5 1910 Holocene 5.78 | 0.41] 0.62 9.3 16.32 283
48347 | 235.5 2115 Holocene 9.91 [ 0.79] 1.10 9.0 35.26 356
48348 | 333.0 3765 Holocene 21.40 | 1.57 | 2.40 8.9 107.22 501
48349 | 347.3 4000 Holocene 11.20 | 0.87 | 1.10 10.2 46.54 416
48350 | 346.0 3990 Holocene 11.25 1 0.87 | 1.20 9.4 48.48 431
48350a| 353.5 4205 Holocene 14.80 | 1.08 | 1.50 9.9 53.65 363
48351 | 410.5 5455 Holocene 12.80 | 1.47 | 1.30 9.8 43.59 341
48352 | 420.5 5665 Holocene 11.65 | 1.33 | 1.30 9.0 51.62 443
48353 | 465.8 6290 Holocene 746 [ 0.79] 0.76 9.8 22.27 299
48354 | 496.0 6735 Holocene 7.01 [0.81]0.82 8.5 23.59 337
48355 | 549.0 7640 Holocene 8.55 | 0.77 ] 1.00 8.6 25.40 297
48356 | 558.0 8670 Holocene 7.77 | 0.76 | 1.00 7.8 19.37 249
48357 | 598.0 8850 Holocene 9.25 | 1.62 ] 1.00 9.3 39.23 424
48358 | 627.0 9325 Holocene 6.42 | 0.46 [ 0.58 11.1 20.71 323
48359 | 637.5 9460 Holocene 591 [ 0.54] 0.54 10.9 18.76 317
48360 | 646.8 10035 Holocene 7.53 | 0.86 | 0.65 11.6 27.44 364
48361 | 655.5 10310 Holocene 7.50 | 0.74] 0.70 10.7 26.67 356
48362 | 676.0 10755 Holocene 4.20 | 0.72 | 0.42 10.0 9.84 234
48364 | 731.0 11500 Holocene 3.66 | 0.63] 0.39 9.4 8.95 244
48365 | 749.0 11800 YD 1.61 | 0.22 ] 0.13 12.4 3.05 189
48366 | 766.5 12100 YD 1.61 ] 0.17 | 0.15 10.7 2.99 186
48367 | 778.5 12250 YD 3.08 | 0.46 ] 0.30 10.3 8.09 263
48368 | 793.5 12355 YD 4.48 | 0.66 | 0.55 8.1 15.17 339
48370 | 846.0 12900 Allerod 4.92 |1 0.83 | 0.57 8.6 13.98 284
48371 | 855.0 13000 Allerod 3.33 | 0.83 [ 0.36 9.2 7.21 217
48372 | 864.0 13240 Allerod 3.25 [ 0.80 ] 0.38 8.6 6.03 186
48373 | 875.5 13390 Allerod 241 [ 0.36] 0.28 8.6 4.40 183
48374 | 885.0 13480 Allerod 2.24 [ 0.56] 0.23 9.7 3.99 178
48375 | 893.8 13600 Allerod 1.82 | 0.28 ] 0.11 16.5 2.79 154
48376 | 923.5 13865 Allerod 1.10 | 0.13 | 0.04 27.5 1.30 118
48377 | 982.8 14245 Allerod 1.21 | 0.15 ] 0.04 30.1 1.78 147
48378 | 1009.8 14385 Allerod 1.14 ] 0.20 | 0.05 22.7 1.60 141
48379 | 1044.5 14545 Allerod 0.33 [ 0.03 ] 0.04 8.2 0.37 113
48380 | 1075.5 14635 Allerod 0.46 | 0.04 ] 0.04 11.5 0.37 80
48381 | 1091.5 14685 Allerod 0.53 [ 0.04 ] 0.04 13.2 0.55 104

Tab. 5.4. TOC, TS, TN and Rock-Eval data for the sediment profile from MFM.

YD, Younger Dryas.

The TOC values for the Holocene MFM sediments (Tab. 5.4; Fig. 5.8) are generally higher

than those for the HZM (8.3% on average). They are reaching a maximum of 21.4% at

333 cm depth (3765 varve yrs BP). In the Lateglacial the TOC content is generally low (2.1%

on average) reaching a maximum of 4.9% in the Late Allergd at 846 cm (12,900 varve yrs

BP). At the bottom of the profile the lowest overall TOC values are observed. The TS values

vary between 0.1 and 2.0% and thus are in the same range than those obtained from HZM.

TOC/TN ratios of 10.4 and 13.5 on average were observed for the Holocene and Lateglacial,

respectively with a significant maximum of 40.9 at 57 cm depth (380 varve yrs BP) and of
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Fig. 5.8. Sample screening for the sediment profile from MFM.

30.1 at 983 cm depth (14,245 varve yrs BP) are indicative for significant allochthonous OM
contributions. Higher on average HI values were found for the Holocene in MFM (329 mg
HC/g TOC) compared to HZM (260 mg HC/g TOC) with a maximum of 501 mg HC/g TOC at
333 cm depth (12,900 varve yrs BP), indicating that the aquatic production was more impor-

tant in MFM or that stronger oxidation of the OM occurred in HZM.

Organic source interpretations based on Ol values must be carried out with caution. A
contribution of carbon dioxide from the early decomposition of unstable carbonates can lead
to elevated values and may cause a data scattering. Such an influence on Rock-Eval data
was previously described as a mineral matrix effect (e.g. Katz, 1983; Whelan & Thompson-
Rizer, 1993). An alternative way to obtain information on OM sources is to simply
deconvolute the HI into its two components, S2 and TOC, as shown in Fig. 5.9 (Katz & Elrod,
1983; Langford & Blanc-Valleron, 1990). The two dashed straight lines define the three
kerogen types. Each line is representative for a distinct HI value of 200 mg HC/g TOC and
700 mg HC/g TOC for the type /Il and the type I/l boundary, respectively. The slope of the
regression line through a sample suite compared to the slope of the boundary lines gives the
type of OM. Values from the Lateglacial, Early Holocene and the very recent sediments are
separated in this plot. They contain predominantly mixed type Il/lll or type Ill OM. Although
S2 values are generally higher in the Holocene between 680 and 10,900 varve yrs BP, the

slope of this sample suite is only slightly steeper, indicating the presence of type 11 OM.
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5.3.2 Chemical Composition of the Kerogens

For further investigations only kerogen concentrates were used. The elemental data for the
bulk kerogens from HZM and MFM are presented in Tab. 5.5. Their stratigraphic location is
presented in the Figs. 5.3 and 5.4. The kerogen concentrates are hydrogen-rich with atomic
H/C ratios between 1.3 and 1.7, typical for highly aliphatic material. The atomic O/C ratios
range from 0.2 to 0.4 which are typical values for kerogens from young sediments rich in
oxygen bearing compounds, such as carbohydrates and phenols (Tissot & Welte, 1984).
Interestingly, the TOC/TN ratios of the kerogens are significantly higher than those calculated

for the sediments (Tab. 5.5). This feature will be discussed in detail in chapter 5.3.5.

5.3.3 Thermal Analysis (Py-GC-FID and Py-GC-MS)

These investigations were carried out to perform a qualitative and quantitative assessment of
the structural and chemical properties of various macromolecules through time. For detailed
molecular characterisation, 12 samples from HZM and 11 samples from MFM were
analysed. Quantitative analysis of 83 compounds was performed, which are listed in Appx.
H. Compounds were identified based on mass spectra and GC retention indices with
reference to the literature. Chromatograms of the pyrolysates from HZM and MFM contain

variable proportions of n-alkane/n-alk-1-ene doublets, alkylbenzenes, organic nitrogen
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compounds (ONC; pyrroles, pyridines, indoles), alkylphenols, methoxyphenols,
naphthalenes, indenes and pyrolysis products of polysaccharides (e.g. alkylfurans). Organic
sulphur compounds (OSC) such as thiophenes are virtually absent. All pyrolysates are
dominated by aliphatic hydrocarbons with a mean proportion of 60% of all quantified
components, followed by phenols (17% on average) and benzenes (13% on average). All

other compound classes are only minor constituents.

E.nr. | Depth | Lake| Section/ TOC | TS H/C O/C [ TOC/TN
[cm] Stratigraphy | [%] | [%] [ atomic | atomic| conc
48175| 81.0 | HZM 43.7010.43| 1.30 0.38 29.1
48480 | 284.0 | HZM 49.10]0.92| 1.53 0.37 24.6
48184 | 381.5 | HZM 48.90(0.82( 1.71 37.6
48187 | 432.3 | HZM 49.20(0.74| 1.37 0.34 21.4
48188 | 450.0 | HZM 59.60|2.62| 1.31 0.23 19.2
48189 | 460.0 | HZM 48.950.10| 1.38 0.45 22.3
48194 | 530.8 | HZM 51.30(1.03] 1.34 0.37 20.5

48195| 570.0 | HZM 52.30(1.35] 1.35 - 19.4
48198 | 648.0 | HZM 54.30)1.46 - - -
48200| 674.0 | HZM 43.00|5.68| 1.55 0.38 17.2
48205 821.0 | HZM 46.30(0.60

48207 | 860.5 | HZM 47.3510.79| 1.31 0.40 23.7
48210| 930.0 | HZM 41.45(6.84| 1.30 0.44 19.7
48339| 24.0 | MFM| Holocene [45.30(0.84 - -
48343 | 178.5 | MFM| Holocene |[52.60|1.42| 1.49 0.35 15.5
48347 | 235.5 | MFM| Holocene |[51.30(0.74| 1.37 0.37 20.5
48348| 333.0 | MFM| Holocene |[51.85(2.00| 1.49 0.36 16.2
48349| 347.3 | MFM| Holocene |[50.70]|0.90 - - -
48353 | 465.8 | MFM| Holocene |[51.75(1.08| 1.32 0.39 19.9
48357| 598.0 | MFM| Holocene [47.36(3.46| 1.48 0.32 17.5
48360| 646.8 | MFM| Holocene |[53.40(1.32| 1.37 0.31 14.8

Olo|o|m|m|m|(m|>|>|>>>>

48365| 749.0 | MFM YD 44.00(0.93 - - -
48370 | 846.0 [ MFM Allerod 54.20(0.94| 1.50 0.40 18.1
48376 | 923.5 | MFM Allerod 40.70(0.94( 1.30 - 20.4

48380 1075.5 [ MFM Allerod 31.00(0.72 - - -

Tab. 5.5. Elemental data of selected kerogen concentrates.

Selected chromatograms of the pyrolysates from HZM are presented in Fig. 5.10, which
monitor specific compound class distributions. The possible origin and geochemical impor-
tance of the different compound classes is discussed below. Sample E 48188 from HZM at
450 cm depth (2608 varve yrs BP) is dominated by n-alkane/n-alk-1-ene doublets which
maximise at C; (Fig. 5.10 A). By strong contrast kerogen E 48189 at 460 cm depth (2686
varve yrs BP) contains abundant aromatic compounds (incl. alkylphenols), methoxyphenols,
alkylfurans, prist-1-ene and the n-C,s fatty acid (Fig. 5.10 B). Finally, the sample from the
Younger Dryas period (E 48210) in 930 cm depth (11,970 varve yrs BP) contains higher
concentrations of aromatic over n-alkyl moieties and relatively high yields of nitrogen
compounds like alkylpyrroles and alkylpyridines (Fig. 5.10 C). Relative abundances of the

different compound classes were calculated and are illustrated in Fig. 5.10.
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Fig. 5.10. Pyrolysis gas-chromatograms of selected representative maar lake kerogens from
HZM (for identification see Tab. 5.5) and relative quantitation results, summed for the principal
compound classes. Numbers indicate n-alkyl chain lengths.
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An autochthonous and a semi-allochthonous reference sample of specific organisms
were selected from Lake Holzmaar to help to allocate the different sources contributing to the
OM. Fig. 5.11 A shows the total ion current (TIC) trace obtained from a field sample collected
during a bloom period of Oscillatoria (Oscillatoria agardhii/rubescens group; Ehlscheid,
1992), which is one of the major primary producers in both maar lakes. The sample was
taken in 12 m depth. The major pyrolysis compounds encountered in this sample are
toluene, styrene, phenol, 3- and 4-methylphenol, and indole. Fatty acids are detected as well,
especially hexadecanoic acid is abundant. Since this sample was not extracted before
pyrolysis, parts of the fatty acids observed might reflect released thermal desorption
products. Homologous series of aliphatic compounds were not found. Fig. 5.11 B displays
the TIC trace of the emergent aquatic macrophyte species Carex gracilis. This reference
sample is dominated by acetic acid and furans which are pyrolysis products of
polysaccharides. Aromatic compounds are represented by toluene and phenols. Abundant

methoxyphenols indicate that lignin is an important constituent of these water plants.

Fig. 5.11. Total ion current (TIC) traces of the pyrolysate and characteristic pyrolysis products of
an (A) Oscillatoria and (B) aquatic macrophyte (Carex gracilis) reference sample.

Alkanes/alk-1-enes

In most of the investigated samples the doublets, which were identified via mass chroma-
tography (m/z 55+57), are important constituents of the pyrolysates (60% on average) with
chain lengths in the Cs-C30 range and no odd or even carbon number predominance. This
suggests that they are derived from the homolytic cleavage of unbranched alkyl chains.
Selectively preserved highly aliphatic macromolecules are believed to consist of a network of

long polymethylenic chains as reviewed by de Leeuw & Largeau (1993). Previous investiga-
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tions have shown that highly aliphatic algae derived biomacromolecules (algaenans) are
especially very common in thick organic cell walled algae species such as B. braunii
(e.g. Largeau et al., 1986; Kadouri et al., 1988) whereas they are absent in microalgae with a
mineral exoskeleton such as diatoms (Gelin et al., 1999). Chalansonnet et al. (1988)
detected a highly resistant biopolymer in the cyanobacterium Oscillatoria rubescens.
However, the pyrolysate was dominated by shorter saturated hydrocarbon chains and a very
high n-alkane/n-alk-1-ene ratio showing no similarities to the pyrolysis-gas chromatograms in
this study. Furthermore, no doublets were detected in the Oscillatoria reference sample
(Fig. 5.11 A), indicating the absence of an aliphatic biopolymer in cell walls of this dominant
phytoplankton species in HZM and MFM. Nevertheless, the n-alkane/n-alk-1-ene doublets
could originate from other green microalgae such as Pediastrum (Blokker et al., 1998). This
alga was found in MFM and is especially abundant in the early Younger Dryas (Brauer et al.,
1999). There are, however, other possible sources for the n-alk-1-ene/n-alkane doublets in
pyrolysates, namely, the aliphatic components of sporopollenin (e.g. Guilford et al., 1988),
cutan (e.g. Nip et al., 1986a) and suberan (Tegelaar et al., 1995). Sporopollenin is a
structural constituent of the outer cell walls of spores and pollen and can be considered as
the precursor of the maceral sporinite, comprising fossil exines of both spores and pollen.
Cutan is a component of the cuticular membrane covering the aerial parts of plants. Suberan
is present as a wall component of cork cells. All these macromolecules are highly resistant to
diagenetic degradation resulting in an excellent chemical and morphological preservation. In
addition, lipids that were incorporated during early diagenesis into to the macromolecular OM
because of polymerisation and condensation reactions can be a source of the doublets.
These lipid components originate from algae, bacteria and/or from higher plant waxes
(e.g. Tulloch, 1976; Ishiwatari & Machihara, 1983).

Alkylbenzenes

All pyrolysates contain relatively large amounts of alkylbenzenes (13% on average of the
resolved components) which are thought to originate from the cleavage of aromatic rings
linked to the macromolecule (Hartgers et al., 1994). Many papers have shown that such
structures occur in all kinds of biomolecules ranging from algal aquatic (Derenne et al., 1996;
van Heemst et al., 1996) to terrigenous (e.g. van Smeerdijk & Boon, 1987; Stankiewicz et al.,
1997b) implying multiple sources for the alkylbenzenes. Thus, these compounds are not very
specific as environmental markers. Toluene, an ubiquitous product, predominates all studied
pyrograms reflecting some similarities to pyrolysates of sediment traps from the Mediterra-

nean sea where this is consistent with an origin from aquatic OM (Peulvé et al., 1996).
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However, in the present case C; and C, alkylated benzenes could at least partly originate
from proteins containing phenylalanine (Tsuge & Matsubara, 1985; Stankiewicz et al., 1998)
which were for instance incorporated into melanoidin-type  macromolecules
(Fig. 5.12 A).

0]
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H,N——CH—C——OH  H,;N——CH—C——O0H HyN——CH—C——0H

| | |
CH, CH, CH,
7
HN
A B C
OH

Fig. 5.12. Structures of three common amino acids. A, phenylalanine; B, tyrosine; C,
tryptophan.

Phenols and Methoxyphenols

Alkylphenols in pyrolysates, occurring together with methoxyphenols are commonly
considered to derive from lignins or degraded lignins (Saiz-Jimenez & de Leeuw, 1984,
1986b; van der Heijden & Boon, 1994). In the pyrolysates of HZM and MFM abundant alkyl-
phenols as well as contributions of methoxyphenols were observed indicating the presence
of intact lignin from higher plant constituents in the lake or watershed. Both compound
classes are especially abundant in the HZM sample E 48189 from 460 cm depth
(Fig. 5.10 B) and MFM sample E 48376 from 923 cm depth (13,865 varve yrs BP) revealing
abundant terrigenous contributions. They were also detected in the aquatic macrophyte
reference sample (Fig. 5.11 B). This indicates that at least parts of the phenols are derived
from the lignocellulose of terrestrial higher plants in the surroundings of the maar lakes or

from emergent, submerged or floating plants.

The thermal degradation of transformed proteins containing tyrosine (o-amino-B-[p-hydroxy-
phenyl]-propionic acid; Fig. 5.12 B) rich moieties can also generate phenols (Tsuge &
Matsubara, 1985; van Heemst et al, 1999). It was also suggested that algal derived

polyphenolic biomacromolecules such as phlorotannins, fucols or phloroethols are possible
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sources for phenols (Ragan & Jensen, 1978; Ragan & Glombitza, 1986; Glombitza & Koch,
1989; van Heemst et al., 1996). They are widely used as defence chemicals against grazing
herbivores (Boettcher & Targett, 1993). The origin of the alkylphenols can be discriminated
based on their distribution patterns in the mass chromatograms (van Heemst et al., 1999).
The amino acid tyrosine yields intense peaks for phenol and 4-methylphenol and less intense
peaks for 2- and 3-methylphenol upon pyrolysis. In contrast, thermal degradation of non-
proteinaceous, polyphenolic macromolecules yield intense peaks for phenol, 2-methylphenol
and Cy-phenols relative to 4-methylphenol. Mass chromatograms of alkylphenols from HZM

and MFM pyrolysates are shown in Fig. 5.13.

The alkylphenol distributions of many samples are characterised by a very low abundance of
2-methylphenol and C,-phenols which points to a proteinaceous phenol origin
(e.g. Fig. 5.13 A). The relative abundance does not vary significantly with depth for both
maar lakes, indicating that the phenols were generated from the same precursor. An
exception is the HZM sample collected in 460 cm depth (Fig. 5.13 B) which shows high
yields of C,-phenols (4-ethylphenol, 3-ethylphenol and 3,5 dimethylphenol) and lignin

pyrolysis markers and thus closely resembles a polyphenolic-like in combination with a lignin
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Fig. 5.13. Partial summed mass chromatograms of m/z 94+107+108+120+121+122 revealing
the distributions of the C;-C, alkylated phenols of the kerogens (A) E 48353 (MFM) from 465.8
cm and (B) E 48189 (HZM) from 460.0 cm depth.
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derived distribution pattern (Fig. 5.13 B). Thus, beside a higher plant source the phenol
distribution pattern indicate the presence of degraded protein units (tyrosine), probably
resulting from hydrolytic transformation by microorganisms in the water column or sediment
(van Heemst et al., 1999). Gadel & Bruchet (1987) argued that such a phenol distribution can
also indicate a direct contribution of phytoplankton to the OM in the form of tyrosine residues
from cyanobacteria. These primary producers are very important in MFM and HZM, and the
Oscillatoria reference sample (Fig. 5.11 A) shows a very similar phenol pattern. Stankiewicz
et al. (1998) demonstrated that tyrosine moieties are very resistant and can survive even
extensive microbial and chemical degradation. Such an origin for a part of the phenols is also
very likely, because no specific phlorotannin pyrolysis products, for instance phloroglucinol,

were observed.

Organic Nitrogen Compounds (ONC)

Pyridines and pyrroles as well as indoles were detected in the pyrolysates. Pyrroles are the
most important ONC in the pyrolysates. Such nitrogen-containing compounds are present in
pyrolysates of a large number of biomacromolecules. Pyridines were frequently observed in
pyrolysates of chitin biopolymers, i.e. crustacean cuticles (e.g. Stankiewicz et al., 1998).
However, other prominent and specific pyrolysis products of chitin such as 2-(N-acetylamino)
levoglucosan, acetamidofuran or oxazoline derivates must be present (van der Kaaden et al.,
1984a; Baas et al., 1995; Stankiewicz et al., 1997a; Bierstedt et al., 1998). They were not

detected in the studied pyrolysates.

Pyrroles are considered to derive from the cleavage of tetrapyrrole structures as observed by
comparison of flash pyrolysates of a kerogen from the Miocene Monterey Formation with
standard mixtures (Sinninghe Damsté et al., 1992). However, in this study the C; and C,
alkylpyrroles are predominant and the alkylpyrrole distribution pattern shows no similarity to
those of the HZM and MFM pyrolysates, where pyrrole is always more abundant than the
alkylated pyrroles. Therefore, other precursors must be considered as sources for the
pyrroles such as proline containing moieties from proteinaceous material (Tsuge &
Matsubara, 1985). Similar pyrrole distributions as in the present case were previously
observed in pyrolysates of DOM from the North Sea (van Heemst et al., 1999), suspended
OM from the Rhone Delta (Sicre et al., 1994) and refractory OM from the African upwelling-
system (Zegouagh et al, 1999). It was interpreted that they derive from degraded
proteinaceous OM from autochthonous sources. In addition, Peulvé et al. (1996) suggested

that the ONC in macromolecular OM from sediment traps of the Mediterranean Sea originate
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from melanoidin like precursor macromolecules. These are complex mixtures formed by
condensation of monomers and alteration products of proteins and carbohydrates
(e.g. Rubinsztain et al., 1984).

Indole and methylindoles are typical pyrolysis products of tryptophan moieties (Fig. 5.12 C) in
proteins (Danielson & Rogers, 1978). These compounds were found in small amounts, with
the methylindoles always more abundant in the pyrolysates than indole. Because tryptophan
is very unstable in water, their presence may indicate favourable circumstances for preser-
vation of basic nitrogenous molecules, i.e. cold and reducing conditions in the water column
(Gadel & Bruchet, 1987).

The presence of aliphatic amino acids from proteins can be monitored by using the mass
chromatograms of m/z 195+209 (Saiz-Jimenez & de Leeuw, 1986a; Boon & de Leeuw,
1987). The compounds reported in these studies, for example 3,5-alkyl-3,4-dihydro-2H-
pyrrole-2,4-dione, were not observed in the pyrolysates of HZM and MFM kerogens

indicating their negligible contribution.

Polysaccharides

Carbohydrate derived pyrolysis products dominated by furans and furan derivates were
found, indicating the presence of partially intact and unaltered cellulose (Pouwels et al.,
1987; Pouwels et al., 1989; Pastorova et al., 1994) and storage materials such as amylose
(van der Kaaden et al., 1984b). An additional but minor source of the furans could be nucleic
acids (Posthumus et al., 1974). Normally, cellulose decomposes rapidly in sediments. Its
presence might signal that post-depositional degradation was low (cf. Hatcher et al., 1982;
Cowie & Hedges, 1984). However, the partial preservation can also result from its linkage to
lignin as hemicellulose (e.g. Stafford, 1988). Polysaccharides are not source specific,
because they are ubiquitous and encountered in vascular plants, algae, fungi and bacteria as

reviewed by de Leeuw & Largeau (1993).
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Fatty Acids

Some of the pyrolysates contain a series of saturated fatty acids, dominated by the
C1s homologue (e.g. Fig. 5.10 B and Fig. 5.11). Such fatty acids were previously observed in
algaenan derived pyrolysates (Kawamura et al., 1986; Largeau et al., 1986). They were also
found in pyrolysates of kerogen concentrates from Arctic surface sediments of the Lena
River delta and Laptev Sea (Zegouagh et al., 1996), as well as melanoidin type macro-

molecules from sediments underlying the African upwelling system (Zegouagh et al., 1999).

Fatty acid moieties in the macromolecular structure of kerogens can originate from the
incorporation of partly altered lipids at an early diagenetic stage (e.g. Peters et al., 1981;
Jaffé & Gardinali, 1991), or by condensation reactions during melanoidin formation (Larter &
Douglas, 1980; Allard et al., 1997). They can be directly inherited from the source organism,
i.e. the microalga B. braunii, via the formation of ester linkages to an algaenan biomacro-
molecule (Largeau et al., 1986; Derenne et al., 1991). Bound kerogen acids are very stable
and can only be released by thermal stress (Jaffé & Gardinali, 1991). Fatty acids were also
identified in higher plant biopolymers. The cutin and suberin macromolecules contain
characteristic units of w-hydroxy C4¢ and C,g fatty acids (Holloway, 1984; Nip et al., 1986b).
Cutin is a characteristic biopolymer of the cuticular membrane that is present as a thin extra
cellular layer on the surface of the epidermal cells of leaves, fruits and non-woody stems
(Holloway, 1984). Interestingly, the pyrolysate of sample E 48189 (HZM, 460 cm depth) with
abundant cutinite macerals (see chapter 5.3.4) shows the highest concentration of hexa-
decanoic acid (Fig. 5.10 B).

Other Compounds

The isoprenoid prist-1-ene is an important constituent of the kerogen pyrolysates. It is
especially abundant in sample E 48189 (HZM, 460 cm depth). As already discussed in
chapter 4.6.1, this compound can have multiple precursors such as chlorophyll a (Ishiwatari
et al., 1991), tocopherols (Goossens et al., 1984) or diphytanyl ethers from archaea
(e.g. Chappe et al., 1980). Thus, the relatively high content of prist-1-ene reflects a multi-
source origin. Naphthalenes are only minor constituents and were previously observed in
pyrolysates of recent macromolecular OM from the north-western Mediterranean Sea
(Peulvé et al., 1996). They were also detected as pyrolysis products of OM in bottom
sediments from western Lake Ontario (Kruge et al., 1998) and a contribution from combus-

tion residues was suggested.
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Points to Remember — Screening/Pyrolysis

Bulk and molecular data from analytical pyrolysis point to variable OM sources and
preservation in the HZM and MFM sequences. Higher TOC and HI values in the Holocene
sediments were observed compared to the Lateglacial, excluding samples from the last
approx. 500 years. The TOC/TN ratios suggest a predominantly phytoplankton or mixed
source with a significant allochthonous OM contribution around 14,000 varve yrs BP and in
the most recent time period (<500 yrs BP). The pyrolysates are dominated by aliphatic
hydrocarbons which are derived from highly aliphatic macromolecules of algae or higher
plant parts. The phenols derived from proteinaceous tyrosine units and together with
methoxy-substituted phenol from the lignocellulosic material of higher plants and macro-
phytes. Organic nitrogen compounds originate from proteinaceous material of autochthonous
sources perhaps linked to melanoidin like precursors. Fatty acids can be related to the higher
plant biopolymers cutin and suberin and/or reflect lipids that were incorporated into the
kerogen structure. Benzenes and carbohydrates occur in a variety of biomacromolecules and

are thus not source specific.
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5.3.4 Organic Petrology

These investigations were carried out to relate the abundance and textural properties of

certain organic particles to specific depositional conditions and to calibrate these data with

the bulk and molecular geochemical data. In the following section, detailed morphological

observations of the individual samples are presented. Microphotographs are illustrated in

Fig. 5.14. The detailed quantitative results of the maceral analysis and reflectance meas-

urements are given in Appx. . Downcore variations for the percentages of amorphous, terri-

genous and aquatic OM in HZM and MFM are presented in Fig. 5.15.

Aquatic OM Huminite/Vitrinite Inertinite and recycled

E.nr. | Lake | AOM| Terrigenous OM| (alginite) | and terrigenous Liptinite Huminite/Vitrinite

[%] [%] [%] [%] [%]
48175| HZM | 73.3 22.7 0.0 18.7 4.0
48180| HZM | 64.0 30.0 1.0 29.0 1.0
48184| HZM | 71.2 21.2 7.7 21.2 0.0
48187| HZM | 82.3 13.5 1.0 11.5 2.1
48188| HZM | 74.7 10.8 13.3 10.8 0.0
48189| HZM | 20.0 50.0 0.0 50.0 0.0
48194| HZM | 771 16.7 2.1 15.6 1.0
48195| HZM | 68.6 12.3 14.6 10.1 2.2
48198| HZM | 67.4 10.2 16.3 8.2 2.0
48200| HZM | 77.0 7.7 12.8 6.4 1.3
48205| HZM | 59.4 35.9 1.6 34.3 1.6
48207| HZM | 63.3 32.6 2.0 22.4 10.2
48210| HZM | 53.8 44.3 0.0 30.8 13.5
48339| MFM| 57.6 36.3 6.1 21.2 15.1
48343| MFM | 88.3 10.6 1.1 8.5 2.1
48347| MFM| 70.2 26.6 3.2 23.4 3.2
48348| MFM | 86.9 7.9 2.6 7.9 0.0
48349| MFM| 80.6 19.4 0.0 17.3 2.0
48353| MFM| 79.5 17.2 0.0 12.9 4.3
48357| MFM| 82.3 16.6 1.0 15.6 1.0
48360| MFM | 65.5 24.1 10.3 20.7 3.4
48365| MFM | 65.9 31.6 1.3 6.3 25.3
48370| MFM | 68.8 25.0 1.6 20.3 4.7
48376| MFM| 70.0 27.7 2.3 15.0 12.7
48380| MFM| 79.5 20.5 0.0 2.3 18.2

Tab. 5.6. Petrographic composition of kerogen concentrates in vol.-% [mf]. Terrigenous OM,
huminite/vitrinite+sporinite+inertinite. See text for further definitions.
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Amorphous Organic Matter (AOM)

On average 69.9 vol.-% [mf] of the OM in the Eifel maar lake sediments are composed of
unstructured organic aggregates. The majority (43.2 vol.-%) occurs as fluorescing AOM
(fluoramorphinite) of irregular shape (Fig. 5.14 A), similar to those observed in the Liaohe
source rocks. Thus, it may result from the microbial degradation of algal or cyanobacterial
OM as discussed in chapter 4.4.4. Ultrastructural studies (TEM) on Recent sediments from
Lac du Bouchet, France showed biological remnants which confirm an aquatic origin of the
fluorescing AOM (Patience et al., 1995). An early flocculation of labile OM and clay particles
in the water column may have occurred (Bishop & Philp, 1994). Non-fluorescing AOM
(hebamorphinite) was frequently counted (on average 26.7 vol.-%) in samples rich in
terrigenous macerals, for example in section C of the HZM profile. That AOM can also be a
result of the degradation of higher plant debris was recently suggested by Bourdon et al.
(2000).

Higher Plant Sources

Within the terrigenous fraction, different states of preservation were observed. Some of the
woody tissues of lignocellulosic origin still display the original cell structure. Most of this
textinite is larger than 40 um. Gelified or partly gelified particles are present as well. This type
of constituent is known as the macerals ulminite or telogelinite (Taylor et al., 1998, p. 182f.)
which have a brown to grey colour in reflected white light and a homogenous structure where
cell walls are mainly absent (Fig. 5.14 B). Sample E 48189 from HZM at 460 cm depth
(2686 varve yrs BP) contains high proportions of terrigenous OM (Fig. 5.15 A; Tab. 5.6),
including the figured liptinite maceral cutinite (30.0 vol.-%), which exhibit an excellent
preservation of morphological features (Fig. 5.14 C). This maceral can be related to plant
cuticles which act as a protective cover between the plant and its environment. However, the
high amount of terrigenous OM in this sample may be related to slumping and not reflect

widespread environmental changes.

Most of the huminite/vitrinite particles are smaller than 10 um and of angular shape (humo-
detrinite/vitrodetrinite) (Fig. 5.14 D). Large fusinites with characteristic open cell lumina were
detected only in the Lateglacial, Early Holocene or most Recent samples such as E 48175
from HZM in 81 cm depth (184 varve yrs BP; Fig. 5.14 E). Instead, the inertinite fraction is

mainly represented by small particles (5-10 um) of high reflectance. These inertodetrinites
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can be related to oxidation processes such as local forest fires or they may be derived from
the erosion of ancient sediments (Buillit et al., 1997). Their general small size and sub-
rounded shape probably indicates transport over long distances. In the HZM section C at
930 cm depth (11,970 varve yrs BP) funginites were detected. Spores and pollen are present
in all of the investigated samples. They were brought to the lakes by wind and rivers. The
terrigenous OM fraction ranges between 7.7 vol.-% in section B of HZM (7390 varve yrs BP)
and 50.0 vol.-% in HZM at 460 cm depth (2686 varve yrs BP; Section A), with 22.9 vol.-% on
average (Tab. 5.6). Only very few huminite/vitrinite compared to inertinite macerals were

observed in the Younger Dryas interval of MFM (Tab. 5.6).

Aquatic OM

Filamentous alginites of approx. 10-20 um display a green to yellow fluorescence colour and
are present in almost all samples (Fig. 5.14 G). They resemble structures which were
previously observed by Clausing (1998) and interpreted to originate from cyanobacteria. In a
few samples from the Holocene in HZM and MFM intercalations of yellow fluorescing
lamalginite containing layers and darker layers with clay and huminite detritus are visible
(e.g. Fig. 5.14 F). Strongly red-fluorescing chlorophyllinite was often found in association with
these algal layers (Fig. 5.14 F). In three Holocene samples from HZM at 570 cm (E 48195),
648 cm (E 48198) and 674 cm (E 48200) a small colonial alga (approx. 15 um) was found
(Fig. 5.14 H). This leads to the high proportions of aquatic OM (up to 16.3 vol.-% alginite) in
section B (Fig. 5.15 A; Tab. 5.6). Liptodetrinites, which are present in all samples, represent

fragments of larger liptinite macerals.
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Fig. 5.14. Microphotographs of OM in sediment samples and kerogens from Lake Holzmaar
(HZM) and Lake Meerfelder Maar (MFM).

A)

B)

C)

D)

E)

F)

Sample E 48339 (MFM) from 42 cm (280 varve yrs BP). Fluorescing amorphous OM
(fluoramorphinite; F). 500x, blue light excitation.

Sample E 48365 (MFM) from 749 cm (11,800 varve yrs BP). Grey to dark grey vitrinite
(textinite) documenting open or partly gelified cell lumina of plant tissues. 500x, reflected
white light.

Sample E 48189 (HZM) from 460 cm (2886 varve yrs BP). Yellow fluorescing cutinite (C) in a
terrigenous dominated sample. 500x, blue light excitation.

Sample E 48370 (MFM) from 846 cm (12,900 varve yrs BP). Grey vitrodetrinite particles
(arrows). 500x, reflected white light.

Sample E 48175 (HZM) from 81 cm (184 varve yrs BP). High reflecting fusinite with open cell
lumina excitation. 500x, reflected white light.

Sample E 48194 (HZM) from 530.8 cm (4960 varve yrs BP). Yellow fluorescing filamentous
alginite (A) and red fluorescing chlorophyllinite (Ch). 250x, blue light excitation.
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Fig. 5.14 (cont.). Microphotographs of OM in sediment samples and kerogens from Lake
Holzmaar (HZM) and Lake Meerfelder Maar (MFM).

G) Sample E 48184 (HZM) from 381.5 cm (2083 varve yrs BP). Strong green to yellow
fluorescing filamentous alginite probably derived from cyanobacteria. 500x, blue light
excitation.

H) Sample E 48198 (HZM) from 648 cm (6888 varve yrs BP). Unknown small yellow fluorescing
colonial alga. 250x, blue light excitation.
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Fig. 5.15. Proportions of amorphous organic matter (AOM), terrigenous OM
(huminite/vitrinite+sporinite+inertinite) and aquatic OM (alginite) versus
depth for (A) HZM and (B) MFM in vol.-% [mf].
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Fig. 5.16. Petrographic composition of kerogen concentrates from Lateglacial and Holocene
sediments from HZM and MFM. The three classes were adopted from Littke & Sachsenhofer
(1994) and determined by point-counting. If necessary, the proportion of the inertinite and
recycled huminite/vitrinite class was corrected based on the results by the reflectance
measurements.

The petrographic composition of the OM in the maar lake sediments is illustrated in Fig. 5.16.
The three classes were previously introduced by Littke & Sachsenhofer (1994) for deep sea
sediments. (1) A huminite/vitrinite and terrigenous liptinite class including sporinite, (2) an
inertinite and recycled huminite/vitrinite class, representing material which underwent primary
oxidation processes or is derived from the erosion of older sediments and (3) a lacustrine
aquatic liptinite class comprising alginite were distinguished. In addition, reflectance
measurements of all terrigenous particles were performed to distinguish fresh,
huminite/vitrinite particles from higher-reflecting reworked/oxidised OM (Fig. 5.17). Because
of the small particle size in some samples, it was difficult to differentiate between fresh and
recycled material. In these samples, the point-counts used in Fig. 5.16 were corrected
according to the histograms. The reflectance values for the HZM and MFM terrigenous
particles range between 0.16% Rr and 3.16% Rr. Based on microscopic observations it was
decided that reflectance values >0.6% Rr are used to describe components that were
oxidised or reworked (inertinite and recycled huminite/vitrinite), while values <0.6% Rr reflect

direct input by the local vegetation. This relatively high value was chosen because
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reflectance contrasts in the peat and lignite stage can be very large and disappear with
higher levels of coalification (Taylor et al., 1998, p. 192f.). The same boundaries were

applied to characterise the terrigenous fraction in ODP sediments (Wagner, 1999).

Figs. 5.16 and 5.17 illustrate that significant differences in the organic petrographic composi-
tion between the Lateglacial and the Holocene sedimentary OM exist. Samples from the Late
Pleniglacial (only MFM) and from the Younger Dryas generally contain a large part of high-
reflecting inertinites and recycled huminites/vitrinites of either primary oxidised or reworked
origin (Figs. 5.16 and 5.17 C and D). In contrast, most kerogens from the Holocene and
Boalling/Allergd consist of low-reflectance huminite/vitrinite particles with a pronounced
reflectance maximum in the range between 0.0-0.3% Rr (Figs. 5.16 and 5.17 B). Abundant
higher reflecting organic particles were also identified in the very recent samples
(Fig. 5.17 A).
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Fig. 5.17. Histograms of reflectance, measured on huminite, vitrinite and inertinite particles in
sediment samples and kerogens from MFM. The occurrence of reflecting particles above 0.6%
Rr indicate enhanced sedimentation of recycled and/or oxidised terrigenous particles. A,
Holocene (280 varve yrs BP); B, Holocene (10,035 varve yrs BP); C, Younger Dryas (11,800
varve yrs BP); D, Late Pleniglacial (14,635 varve yrs BP).
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Points to Remember — Organic Petrology

Amorphous OM (AOM) and organic remains from higher plant sources such as huminites,
sporinites and inertinites are the predominant macerals in the maar lake sediments. Some
samples are rich in alginite (aquatic OM), although land derived higher plant debris is more
abundant. The petrographic composition and the reflectance values indicate that a large part
of the plant derived OM transported to the lakes was primary oxidised or strongly reworked
during the Younger Dryas, Late Pleniglacial and in recent times. In comparison, the terrige-
nous fraction of the Holocene and Bglling/Allerad samples is dominated by fresh non-

oxidised particles.
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5.3.5 Stable Carbon Isotopes

To gain specific OM source information, stable isotopic compositions of carbon were meas-
ured on carbonate free sediments, demineralised using dilute hydrochloric acid (613CTOC) and
on corresponding kerogen concentrates, obtained by hydrochloric (HCI) and hydrofluoric
(HF) acid digestion (5'°Cconc). Stable carbon isotopes from lake sediments have been widely
used to determine paleoenvironmental and paleoclimatic excursions (e.g. Meyers, 1994;
Hollander & Smith, 2001). However, most of the previous studies have been focused on
8"3Croc. Carbon isotopic variations of kerogens were determined in this study, (1) to compare
the 8"°Croc and §"°C.onc values, (2) to interpret these values in terms of OM sources and (3)
to relate these results to the molecular and microscopic data obtained previously. All

determined isotopic data are given in Tab. 5.7.
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Stable isotopic compositions of organic carbon (§°Croc) vary between —27.9 in HZM at
81 cm depth (184 varve yrs BP) and —35.1%. in HZM at 450 cm depth (2608 varve yrs BP).
These values are similar to isotopic composition reported in previous studies of MFM and
HZM (Brown et al., 1991; Llcke et al., 2000). For a general classification, the elemental and
carbon isotopic data are plotted in Fig. 5.18. Most of the values fall between the two

indicated fields (lacustrine algae and C; land plants) suggesting a mixture of these two
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sources or a contribution of an additional source to the OM. Only a few samples contain
organic carbon with an isotopic and elemental signature typical for lacustrine or terrigenous
OM. For example, the values of sample E 48376 (MFM) from 923 cm depth (13,865 varve
yrs BP) are consistent with a C; plant origin. This was substantiated by organic petrological
observations and analytical pyrolysis. With one exception, all sediment samples from section
C (HZM) plot in the lacustrine algal field. However, bulk and microscopical data contradict

these results.

E.-nr. Lake Depth [cm] | varve yrs BP | 8"°C onc | 8°Croc| A'™C (8"Croc—8"Cconc)
48175 HZM 81.0 184 -29.18 | -27.85 1.33
48180 HZM 284.0 1311 -33.54 | -33.54 0.00
48184 HZM 381.5 2083 -29.66 | -28.84 0.82
48187 HZM 432.3 2536 -30.91 | -29.88 1.04
48188 HZM 450.0 2608 -36.68 | -35.10 1.59
48189 HZM 460.0 2686 -30.60 | -32.59 -1.99
48194 HZM 530.8 4960 -33.03 | -32.05 0.98
48195 HZM 570.0 5690 -30.90 | -30.12 0.79
48198 HZM 648.0 6888 -32.30 | -30.87 1.43
48200 HZM 674.0 7390 -31.17 | -30.60 0.57
48205 HZM 821.0 10325 -33.10 | -32.90 0.20
48207 HZM 860.5 10910 -31.32 | -30.40 0.92
48210 HZM 930.0 11970 -30.72 | -30.74 -0.02
48339 MFM 42.0 280 -30.73 | -29.84 0.89
48343 MFM 178.5 1240 -32.16 | -30.02 2.14
48347 MFM 235.5 2115 -31.09 | -30.36 0.73
48348 MFM 333.0 3765 -32.97 | -32.32 0.65
48349 MFM 347.3 4000 -32.94 | -32.56 0.38
48353 MFM 465.8 6290 -30.75 | -30.10 0.65
48357 MFM 598.0 8850 -34.22 | -33.02 1.20
48360 MFM 646.8 10035 -33.56 | -31.97 1.59
48365 MFM 749.0 11800 -31.59 | -31.08 0.51
48370 MFM 846.0 12900 -32.23 | -33.16 -0.93
48376 MFM 923.5 13865 -28.94 | -28.18 0.77
48380 MFM 1075.5 14635 -28.77 | -28.02 0.75

References

HZM-12m -34.11 - Oscillatora sp.

48087 -27.69 - Carex gracilis
48089 -33.26 - alder leave
48092 -20.15 - Ranunculus sp.

Tab. 5.7. Stable isotopic values of organic carbon measured on carbonate free sediments
(513CTOC), corresponding kerogen concentrates (513CCO,,C) and reference samples from HZM and
MFM.

To obtain more specific source information, the elemental and isotopic values of the cyano-
bacterial reference sample (Oscillatoria) as well as typical plant materials (alder leave and
two macrophytes) from HZM were determined and plotted in Fig. 5.18. The Oscillatoria
sample has the most negative §"°C value of —34.1%o and a low TOC/TN ratio of 6.2. This is in
agreement with other data from HZM for Oscillatoria rich samples. However, a wide range of

isotopic values between approx. —22.0 and —36.0%0 were previously determined for this
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cyanobacteria species which reflect seasonal fluctuations of the autochthonous population
(A. Licke, pers. comm.). Sample E 48188 from HZM at 450 cm depth (2608 varve yrs BP)
contains abundant filamentous alginite confirming that high contributions of cyanobacterial
OM in HZM are associated with very negative carbon isotopic values. The submerged
macrophyte Ranunculus has the most positive §'°C value of —20.2%. (Tab. 5.7) and a
TOC/TN ratio of 18.0, while the emergent macrophyte Carex gracilis falls in the C; land plant
field. Finally, the alder leaf has an astonishingly negative §'>C value of —33.3%o Which is not
consistent with C; plant material. However, the carbon isotopic composition of leaves can
vary significantly due to a large number of environmental influences such as light and water
availability. For instance, leaf §"°C decreases as observations were made deeper in the can-
opy. Furthermore, when measuring only outer canopy leaves, §'°C was decreased with

decreasing radiance (Ehleringer et al., 1986; Ehleringer et al., 1987).

-26.0 —
i ® Hzm
A MFM
-28.0 — ®a
i °
o -30.0 —
O
-
O -
@
7e)
-32.0
. A E 48189
E 48370
-34.0 —
T ]
Fig. 5.19. Carbon isotopic compo-
-36.0 ' I ' I ' I ' [ ' I sitions of the HCI| demineralised
-38.0 -36.0 '34-013 -32.0 -30.0 280 | sediments (8'°Croc) versus kero-
& Ceonc gen concentrates (513000,,0) from
HZM and MFM.

The §"Ceonc values vary between —28.8%0 (MFM) at 1075 cm depth (14,635 varve yrs BP)
and —36.7%o0 (HZM) at 450 cm depth (2608 varve yrs BP). A cross plot of the isotopic compo-
sition of the studied sediments and kerogen concentrates shows a high degree of correlation
(Fig. 5.19), disregarding the samples E 48189 (HZM), E 48343 and E 48370 (both MFM).
However, the §"*C, Values were found to be generally 0.7%o lighter on average compared
to the 8"°Croc. Some samples show a large difference between the carbon isotopic compo-
sition of the kerogen concentrates and the sediments (A"™>C = §"*Croc — 8"°Cconc in Tab. 5.7).

This suggests that either the extraction with dichloromethane or the kerogen concentration



158

process (HCI-HF digestion) has removed an isotopically heavier fraction in most of the
samples. Usually the extractable bitumen is about 0.5 to 1.5%0 depleted in "*C compared to
the related kerogen (Peters & Moldowan, 1993). Therefore, the removal of a *C-enriched
fraction by extraction is unlikely. Interestingly, the TOC/TN ratios of the kerogen concentrates
are much higher than for the sediments and show a greater range of variation (cf. Tab. 5.3 to
Tab. 5.5). It was reported previously that nitrogen compounds such as proteins and amino
acids have isotopically heavier §"°C values than for instance lignin or cellulose (Abelson &
Hoering, 1961; Deines, 1980). Krishnamurthy et al. (1999) studied kerogen concentrates and
HCI demineralised sediments from a lake in Michigan (U.S.). The authors found similar
variations of the TOC/TN ratios and §'°C values as determined in the present study and
suggested that a considerable amount of heavier nitrogen was removed during HCI and HF

digestion.
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5.3.6 Paleoenvironment of Deposition

The sediments of HZM and MFM are rich in macromolecular organic remains which repre-
sent the primary production of the phytoplankton in the lakes and the local vegetation in the
watershed. Temporal variations in the supply of certain macromolecular components as indi-
cated by selected parameters from analytical pyrolysis, maceral composition and stable car-
bon isotopes are summarised for MFM and HZM in Figs. 5.20 and 5.21, respectively. For
correlation, the TOC contents and HI values are given as well. The pyrolysis product
4-methylguaiacol is derived from the pyrolytic decomposition of lignin from land plants or
macrophytes within the lakes. Thus, the 4-methylguaiacol to n-Ci;.4+4-methylguaiacol
(Ratio A) together with the aromaticity and the relative abundance of huminite/vitrinite parti-
cles can be used to show variations of higher plant input through time. Fig. 5.20 illustrates a
good correlation with the already established pollen stratigraphy for Lake Meerfelder Maar
(Litt & Stebich, 1999), whereas it is more difficult to interpret the organic geochemical data of

HZM in terms of paleoenvironmental and paleoclimatic changes (Fig. 5.21). The increase of
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Fig. 5.20. Temporal variations of macromolecular parameters based on maceral analysis
and analytical pyrolysis for MFM. Ratio A, 4-methylguaiacol/n-C44.1+4-methylguaiacol; the
aromaticity is based on the aromatic (Ar) versus aliphatic (Al) nature of the kerogen.
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lignin-derived components in MFM parallels the amelioration of the climate, indicating
forestation of the landscape after the last glacial retreat (Fig. 5.20). This is substantiated by a
significant increase of the TOC/TN ratios (Fig. 5.8) during the Lateglacial in a depth between
1045 to 885 cm (14,545 to 13,480 varve yrs BP) and abundant low reflecting
huminite/vitrinite particles in kerogens from the Bglling/Allerad (Fig. 5.20). A reverse trend
towards the Younger Dryas shows a reduction of the forest around the maar lake. High
amounts of inertinite and recycled huminite/vitrinite particles point to a source from the
geological substratum (Figs. 5.16 and 5.17 C). These allochthonous components were
probably introduced by the erosion of soils during run-off periods which in turn reflect a
predominantly open, tree-less vegetation. In addition, the high proportion of recycled/oxidised
OM might be a good indicator of paleoaridity with a major input of wind derived dust particles
within a dry glacial climate. The very low HI values in samples from the Late Pleniglacial and
from the Younger Dryas (Fig. 5.20) reflect the oxidised nature of the OM rather than source
variations. However, the characteristic HI maximum at the beginning of the Younger Dryas
(12,355 varve yrs BP) in the MFM section (Fig. 5.20) is due to an increased primary produc-
tion in the lake, which was reported previously for this period (Brauer et al., 1999).
The authors found thick diatom layers (e.g. Stephanodiscus), Pediastrum alginite and an

increase in biogenic opal.

TOC and HI values increase relatively rapidly in the Holocene (Fig. 5.20). This reflects a
greater increase of carbon to the lake in response to an intensified paleoproductivity during
the warmer Holocene. The establishment of woodland around the lake during the Preboreal
and Boreal is documented by an increasing Ratio A and a higher aromaticity.
The kerogens from the Holocene consist of low-reflectance non-oxidised huminite particles
(Figs. 5.16 and 5.17 A & B) with multiple leaf and woody fragments and varying contributions
of alginite. Because oxidation of the OM is less important during the Holocene it can be
assumed that the HI variations describe changes in the relative contributions of autoch-
thonous and allochthonous OM. The increase of the TOC/TN ratios in HZM from section C to
A (Fig. 5.7) indicates a change from an ecosystem with an overwhelming autochthonous
primary production in section C to an ecosystem with allochthonous and autochthonous OM
sources in the sections B and A. The higher contribution of cyanobacterial filaments and an
unknown colonial alga, observed in the HZM section (Fig. 5.14 A) between 7390 and 5690

varve yrs BP, reflect the enhanced primary productivity during the Holocene optimum.
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The increase of huminites and lignin derived pyrolysis products during Recent times in MFM
(< 500 varve years BP) could be due to enhanced soil erosion and therefore input of land
derived organic particles to the lake which is supported by high TOC/TN ratios in both
sediment sections (Figs. 5.7 and 5.8). Interestingly, they appear synchronously to a period of
high allochthonous input as proposed by Zolitschka (1998). It was interpreted as the results
of an increased human impact due to an intensive forest clearing and thus high erosion rates
during the Subatlantic. Therefore, both low reflecting fresh plant OM and high reflecting
reworked OM were identified in the studied sediments (Fig. 5.17 A). The enhanced higher
plant delivery to the lakes is also corroborated by the lower HI values in the uppermost part
of section A (Fig. 5.21).

Stable carbon isotope values measured on kerogen concentrates indicate a dominant terri-
genous source with values around —28%. in the late Pleniglacial, typical for C; plants.
Towards the Holocene, the primary aquatic production became relatively more important and
thus lower values prevail during the Holocene, reflecting the dominant input of lacustrine
organic carbon (ratios below —30%o). This is substantiated by the generally higher HI values
in the Holocene sediments as well as higher amounts of flamentous alginite in the kerogen

concentrates with very negative 8"3Ceonc Values.
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Fig. 5.21. Temporal variations of macromolecular parameters based on maceral analysis
and analytical pyrolysis for HZM. Definition of parameters as in Fig. 5.20.



162

54 Lake Huguang Maar
5.4.1 Screening Analysis

Variations of TOC, TS, HI, stable carbon isotopes (613CTOC) and TOC/TN ratios are
presented in Fig. 5.22 A for the D and F core. In Figs. 5.22 B and C downcore variations
within the selected intervals of the high-resolution study (core E) are illustrated. All depths
were normalised to core F. The different lithozones, following the subdivision of Mingram et
al. (2000), are indicated. On the right several calibrated ages from radiocarbon “C-AMS
datings are given. Bulk organic geochemical parameters of the lithozones are presented in

Tab. 5.8 (mean values) and Appx. J.

Lithozone| Depth | n|TOC| TS |TOC/TS|TN [ TOC/TN S2 HI 813CTOC
[cm] [%] [%] [%] [mg HC/g sample] | [mg HC/g TOC] [%]
1 0-523 513.10 [0.08 36.2 0.30 9.7 6.20 172 -22.30
2 523-1070 | 15| 8.40 |0.28] 295 0.79 9.9 25.57 302 -19.97
3 1070-2917|22| 4.40 |0.17 32.1 0.48 9.7 9.18 188 -18.28
4 2917-3243124(12.60]0.37 33.8 0.87 14.3 42.36 337 -25.99
5 3243-3952]| 8 | 5.70 |0.16 371 0.59 9.6 16.67 281 -22.30
6 3952-4546| 6 |14.10(0.67 22.1 0.47 30.3 44.77 330 -29.73

Tab. 5.8. Bulk organic geochemical parameters of the lithozones (mean values).

TOC TS HI 13
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Fig. 5.22 A. Sample screening for the HM profile (core D and F); lithozones (indicated by numbers
1 to 6) and ages according to Mingram et al. (2000).
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Overall TOC contents vary between 1.7 and 20.7%. The highest values were observed in
the lithozones 4 and 6, where several layers with plant fragments are present. Lithozone 1 is
characterised by relatively low TOC values (3.1% on average), while they increase towards
lithozone 2 (8.4% on average). A significant minimum of 4.4% was found in the F-core at
850 cm depth (E 47717; Fig. 5.22 A). This minimum was also detected in the E-core
(Fig. 5.22 B) and corresponds to the Younger Dryas cold period. Within lithozone 3, the TOC
contents are generally low and uniform with a mean value of 4.4%. The TOC values increase
towards lithozone 4 (12.6% on average) with a characteristic maximum of 20.7% at 3019 cm
depth (Fig. 5.22 C), followed by a return to relatively low values in lithozone 5 (5.7% on aver-
age; Fig. 5.22 A). Finally, in lithozone 6 the highest overall TOC contents were determined
(14.1% on average) with a significant maximum of 20.3% at the top of this section (4050 cm
depth).

TOC TS HI
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Fig. 5.22 B. Sample screening for the HM high resolution profile (core E) lithozone 2;
ages according to Mingram et al. (2000). Depths are normalised to core F.

The TS contents vary between 0.1 and 1.0%. They are generally low compared to HZM and
MFM. The highest TS values were observed in lithozone 6 (0.67% on average). Sulphur in
lake sediments may originate from sedimenting organic particles or bacterial sulphate reduc-
tion. Nriagu & Soon (1985) and Rudd et al. (1986) observed that sulphate reduction is the
primary source of sulphur in hypolimnetic and epilimnetic freshwater sediments. They found
that organic sulphur compounds such as carbon bonded sulphur and sulphate esters are
predominant because of a preferential loss of inorganic iron sulphides by re-oxidation. Thus,

a lowering of the TOC/TS ratio with depth could indicate a progressive sulphur addition to the
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sedimentary OM (Urban et al., 1999). In contrast a dominant origin of organic sulphur derived
directly from the sedimenting biomass was proposed by Guillet & Maman (1995) for
sediments from Lac du Bouchet, France. A positive correlation between the TOC and TS
values was observed in the present study, disregarding the three deepest samples from
lithozone 6, whose TS contents are perhaps influenced by inorganic sulphur from the
volcanic rocks underlying the lake sediments (Fig. 5.22 A). The TOC/TS ratio is generally
high and ranges from 11.8 at 2350 cm depth to 57.6 at 3350 cm depth with a mean value of
33.2. TOC/TS ratios of autochthonous OM are generally between 15 and 30, while ratios
around 100 or above were found for higher plant and macrophyte debris in littoral lake sedi-
ments (Gorham et al., 1974; Nriagu & Soon, 1985). Samples with high amounts of higher
plant debris such as E 48165 in lithozone 6 at 4050 cm depth show the highest TOC/TS
ratios. Thus, variations of the TOC/TS ratios are linked to the varying input of OM from terri-

genous sources.
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Fig. 5.22 C. Sample screening for the HM high resolution profile (core E) lithozone 3
and 4, ages according to Mingram et al. (2000). Depths are normalised to core F.
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Carbon isotope values of bulk OM (§"3Ctoc) show large variations which range between
-31.3 and —17.1%o (Fig. 5.22 A). Two negative excursions were observed in the lithozones 4
and 6, reaching depleted on average values of —26.0 and —29.7%., respectively. The glacial
lithozone 3 is characterised by stable, relatively heavy §"°Croc values (-18.3%0 on average).
Some remarkable oscillations between the top and 10.5 m depth characterise the Lateglacial
and Holocene lithozones 1 and 2 with an isotopic minimum of —23.7%. at 345 cm depth
(E 47712) and a maximum of —18.8%0 at 650 cm depth (E 47715). Interestingly, a relatively
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negative value of —21.5%0. was observed for the Younger Dryas period at 850 cm depth
(E 47717). This bulk isotopic signal of organic carbon in the HM lake sediments resemble the
8"°Croc values from other tropical sediment archives of the studied time interval (Talbot &
Johannessen, 1992; Street-Perrott et al., 1997; Hodell et al., 1999).

The HI values show large fluctuations (Fig. 5.22 A to C) with three distinct maxima in
lithozone 2 at 6.5 m depth (415 mg HC/g TOC), lithozone 4 at 30.6 m depth (445 mg
HC/g TOC; E-core) and lithozone 6 at 45.5 m (426 mg HC/g TOC). The highest overall Hl
values were observed in lithozone 4 (337 mg HC/g TOC on average) while the lowest values
were found in lithozone 3 (184 mg HC/g TOC on average). A significant shift to lower HI
values towards recent times is characteristic for lithozone 1. As discussed previously (chap-
ter 5.3.1) high Ol values (234 mg CO,/g TOC) can be mainly attributed to an overprinting
influence of the mineral matrix and do not permit an OM source interpretation. The S2 and
TOC values for the different lithozones are plotted in Fig. 5.23. This graph illustrates that all
lithozones contain OM which resembles a mixture of type Il and type Ill OM. However, the

OM in lithozone 3 comprises OM that is relatively enriched in type 11l OM or is more oxidised.
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The TOC/TN ratios show only very little variations throughout the investigated profile.
A mean ratio of 9.7 was determined for the lithozones 1, 2, 3 and 5, which suggests the
contribution of predominantly aquatic OM. The ratios are slightly higher in lithozone 4 (12.9
on average) but maximum ratios of 35.5 were calculated for lithozone 6 (30.3 on average).
High C/N ratios in these two lithozones were also observed in a study by Mingram et al.

(2000) and interpreted to reflect the relatively higher contribution of terrigenous OM to the
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sediments in these zones. A plot of the HI values and the TOC/TN ratios (Fig. 5.24)
illustrates that the samples from the lithozones 4 and 6 are separated in the diagram,
whereas samples from the other lithozones are characterised by large HI variations but
relatively stable TOC/TN ratios. This shows that factors other than the composition of the OM
erased the large TOC/TN differences between vascular plant and algal OM (see section
5.3.1). First, the alga Botryococcus braunii is relatively abundant in the lithozones 4 and 6
(see section 5.4.4). Hydrocarbon synthesis of this alga in large amounts can lead to excep-
tional high TOC/TN ratios of about 36.0 (Huang et al., 1995). Second, the preferential
retention of nitrogen in the HM sediments previously described for marine sediments by
Muller (1977) and Lallier-Vergés & Albéric (1990) may have altered the TOC/TN ratio.
Anaerobic destruction of organic carbon yields CO, and CH, which escape rapidly. The
microbial degradation of organic nitrogen compounds produces NH," which is adsorbed to
clay minerals, thus preventing a decrease of the TN content and in turn leads to relatively low
TOC/TN ratios. Interestingly, the TN contents and the HI values show a positive correlation
(Fig. 5.24), with the exception of the samples from lithozone 6. The highest TN contents were
observed for the lithozones 2 and 4, whereas the lowest values were determined for the
lithozones 1 and 3. This finding suggests that the TN content instead of the TOC/TN ratio is a
more sensitive parameter to define changes in the relative contribution of aquatic versus

terrigenous OM.
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Fig. 5.24. (A) HI versus TOC/TN and (B) HI versus TN in sediment samples from HM.
Numbers indicate the different lithozones.
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5.4.2 Chemical Composition of the Kerogens

The elemental composition was determined for seven kerogens listed in Tab. 5.9, and their
stratigraphic location is given in Fig. 5.25. The H/C ratios are relatively low (0.8 to 1.4)
compared to the HZM and MFM kerogens (1.3 to 1.7). The O/C ratios are in the same range.
The sulphur contents of the kerogens vary between 1.6 and 3.9%. The values show that the
kerogens analysed here have low sulphur contents, compared to studies on sulphur rich

marine sediments (e.g. di Primio, 1995; Liickge, 1997).

E.nr. | Depth Lithozone TOC | TS H/C o/C TOC/TN
[em] [%] | [%] | atomic | atomic
47716 | 749 2 54.00[12.60] 1.16 0.30 16.4
47730 | 2150 3 57.10]1.04] 0.82 0.29 35.7
47736 | 2752 3 49.40(1.79] 1.00 0.35 24.7
47739 | 3048 4 54.10(1.64] 1.21 0.41 23.5
47744 | 3550 5 54.4011.66] 1.06 0.35 21.8
48165 | 4050 6 49.95(0.52] 1.19 0.42 29.4
48170 | 4540 6 52.4014.70] 1.42 0.30 25.0

Tab. 5.9. Elemental data of selected kerogen concentrates.

5.4.3 Thermal Analysis (Py-GC-FID and Py-GC-MS)

Seven kerogen concentrates (core F) and 32 whole rock sediments (core E) were analysed
to study the macromolecular OM in HM. Their origin is illustrated in a generalised
stratigraphic column (Fig. 5.25). Detailed pyrolysis quantitation results are summarised in

Appx. K.

The kerogens are dominated by aliphatic compounds (n-alkane/n-alk-1-ene doublets) with a
mean value of 61% of all quantified compounds. The range extended from 73% at 4540 cm
depth (E 48170) to 41% at 4050 cm depth (E 48165). Although the n-alkane/n-alk-1-ene
doublets are still predominant, overall lower percentages were determined for the whole rock
sediments with 36% on average. Especially the long-chain n-alk-1-enes (>Cs) have lower
concentrations compared to the corresponding kerogens. The alkylbenzenes make up an
important fraction in the pyrolysates of the kerogens and sediments (17% on average).
Selected polysaccharide derived pyrolysis products make up 17% on average of the bulk

sediment pyrolysates. Other important compound classes are phenols which make up
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11 and 12% in the pyrolysates of the kerogens and sediments, respectively. All other

compound classes are only minor contributors to the resolved pyrolysate.

Two representative pyrograms are illustrated in Fig. 5.26. Predominance of n-alkane/n-alk-1-
ene doublets up to Cj points to a strong contribution of algal OM as seen for example in the
deepest sample (E 48170) of core F from 4540 cm depth (Fig. 5.26 A), and has previously
been said to be typical of highly aliphatic chemically resistant and insoluble biopolymers,
termed algaenans (Tegelaar et al., 1989). In chapter 5.4.4 it will be shown by organic
petrological observations, that Botryococcus alginite is an important part of the OM. Aromatic
compounds are only minor constituents of this pyrolysate. The carbon isotopic composition of

this kerogen (—31.2%o) reflects its dominant lacustrine aquatic nature.
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Fig. 5.26. Pyrolysis gas-chromatograms of selected representative HM kerogens. Numbers
indicate n-alkyl chain lengths. (A) Sample E 48170 from 4540 cm depth; (B) Sample E 48165
from 4050 m depth.

The simple mono-aromatic hydrocarbons benzene, toluene, catechols and methoxyphenols,
the latter originating from the thermal degradation of lignin during pyrolysis, predominate the
sample from 4050 m depth (Fig. 5.26 B). This kerogen has a terrigenous origin and thus the
relatively low proportions of n-alk-1-ene/n-alkane doublets in the pyrolysates must be related
to aliphatic components of higher plant macromolecules such as cutan and suberan. Notably
the liptinite maceral suberinite which consist mainly of this suberan biomacromolecule
(Tegelaar et al., 1995), was detected by microscopic observations in this sample
(Fig. 5.31 E).
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Lignin macromolecules are polymeric products synthesised in plants by the dehydrogenative
polymerisation of three primary precursor monomers: trans-p-coumaryl, trans-coniferyl and
trans-sinapyl alcohols (Fig. 5.27). Pyrolysis gas-chromatography has become an important
method in the study of lignocellulosic materials because it avoids time-consuming chemical
degradation (Meier & Faix, 1992). The identification of specific lignin markers by Py-GC-MS
is straightforward, because of the diagnostic mass spectra, containing an intense molecular
ion and characteristic fragment ions. For comparison, detailed compilations of lignin markers
were made available by Meier & Faix (1992) and Galletti & Bocchini (1995). The typical lignin
pyrolysis fragments identified in the HM pyrolysates are phenolic products with p-
hydroxyphenyl (H), guaiacyl (G) and syringyl (S) basic units, with or without alkyl
substituents. The quantification of these fragments is presented with the other identified

compounds in Appx. K.
A J/OH B )/OH C )/

OCHs; CH30 OCHs;
OH OH OH

OH

Fig. 5.27. Structures of lignin precursor alcohols. Typical lignin pyrolysis fragments
detected in Py-GC-MS analyses are phenolic compounds with (A) p-hydroxyphenyl
(p-coumaryl alcohol), (B) guaiacyl (coniferyl alcohol) and (C) syringyl (sinapyl
alcohol) basic units.

Specific lignin fragments were used to estimate the predominant precursor monomer in
pyrolysates of samples from different lithozones of core E and F as illustrated in Fig. 5.28.
Samples from the lower lithozone 2 including the Younger Dryas and lithozone 3 contain
higher concentrations of hydroxyphenyl related lignin products whereas pyrolysates from the
lithozone 4 and 6 are dominated by pyrolysis products with guaiacyl units. The average
H:G:S proportions for samples from lithozone 2 and 3 are essentially the same (78:10:12 and
70:13:17, respectively). Pyrolysates of samples from lithozone 4 contain higher amounts of
guaiacyl units (on average 33:49:18 H:G:S). An overwhelming predominance of guaiacyl
over syringyl and p-hydroxyphenyl units (2:96:2) was observed for the kerogen pyrolysate
from 4050 cm depth in lithozone 6 (E 48165). However, an important early diagenetic loss of

up to 30% was reported for the syringyl phenols during wood burial in sediments
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(Hedges et al., 1985). Consequently, the overall content of syringyl phenols is probably
underestimated. A detailed environmental interpretation of the distribution in Fig. 5.28 is

presented in section 5.4.7.
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Fig. 5.28. Distribution of lignin pyrolysis products in lithozones of core E and F.

Lignin is linked with polysaccharides, primarily through arabinose, xylose, and galactose
units in the hemicellulose components of higher plants (Koshijima et al., 1989). Relatively
high concentrations of polysaccharide derived pyrolysis products such as furans were
detected especially in lithozone 6, indicating the presence of partially intact cellulosic
materials (Pouwels et al., 1989). Since these compounds normally decompose rapidly in
sediments it can be deduced that post-depositional degradation was relatively low (Hedges
et al., 1985). Other major polysaccharide pyrolysis products are a series of cyclopenten-1-
ones which were previously observed in pyrolysates of soil OM (Saiz-Jimenez & de Leeuw,
1986) and were also encountered in pyrolysates of amylose (van der Kaaden et al., 1983) as
well as recent lake sediments from Lake Ontario (Kruge et al., 1998). According to van

Heemst et al. (2000), the cyclopenten-1-ones represent the altered polysaccharide fraction.
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The most probable sources for the detected catechols are condensed vegetable tannins
such as catechin (Galletti & Reeves, 1992), or biodegraded lignins (Saiz-Jimenez & de
Leeuw, 1984). According to Faix et al. (1987 and references therein) the presence of
catechols could also be a result of specific pyrolysis conditions and thus may have resulted

from the thermal demethylation of guaiacyl units.
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5.4.4 Organic Petrology

Point counting of seven kerogen concentrates revealed that the OM in the different litho-
zones is dominated by yellow to orange fluorescing or non-fluorescing AOM (46.2 to
80.6%). Tab. 5.10 lists the proportions of the amorphous, aquatic and terrigenous fraction in
the studied samples. The detailed point-counting results and vitrinite reflectance data are
available in Appx. L. The percentage of fluorescing AOM ranges between 16.7 at 4050 cm
depth in the top section of lithozone 6 (E 48165) and 61.1% in lithozone 2 at 749 cm depth
(E 47716).

E.nr. | Lithozone | Depth | AOM| Terrigenous OM | Aquatic OM
(alginite)
[cm] [ [%] [%] [%]
47716 2 749 | 80.6 15.0 2.7
47730 3 2150 | 59.0 40.0 1.0
47736 3 2752 | 57.5 42.6 0.0
47739 4 3048 | 74.9 9.6 8.4
47744 5 3550 | 61.5 32.2 2.1
48165 6 4050 | 46.2 53.6 0.2
48170 6 4540 | 71.6 10.4 14.9

Tab. 5.10. Bulk petrographic composition of the HM kerogen samples.

Microscopical investigations on the kerogens as well as on prepared sediment sections
showed that the lacustrine aquatic fraction consists mainly of the colonial green alga
Botryococcus (Fig. 5.29 A). This floating planktonic alga is a member of Chlorophyceae,
characterised by an organisation of colonies (between 10 to 50 um) which are best visible
when viewed in transmitted light. It displays a bright yellow fluorescence when observed in
reflected light with blue filter excitation. The varying sizes most likely reflect different devel-
opment stages in the life history of the algae (Guy-Ohlson, 1992). In lithozone 1 only few
algal bodies were detected, whereas almost no alginite was counted in lithozone 3. Instead
of this, some remains of the alga Pediastrum were identified in the lithozones 2 and 3.
Highest proportions of Botryococcus alginite were determined for the kerogen samples
E 48170 (14.9%) from 4540 cm in lithozone 6 and E 47739 (8.4%) from 3048 cm in lithozone
4. Well-preserved colonies dominate in the entire sample set with the exception of lithozone
4, where partly or completely degraded remnants were found. While well preserved algal
remains are a result of a very rapid deposition and burial in an undisturbed environment
(Glikson et al., 1989), a morphological alteration of Botryococcus alginite might indicate

evaporitic events (Derenne et al., 2000).
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Fig.
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5.29. Microphotographs of OM in sediment samples and kerogens from Lake Huguang Maar.

Sample E 47739 from 3048 cm depth (lithozone 4). Botryococcus alginite. 1000x, blue light
excitation.

Sample E 48165 from 4050 cm depth (lithozone 6). Plant fragments with intact cell structures.
250x, blue light excitation.

Sample E 47744 from 3550 cm depth (lithozone 5). Higher reflecting particle. 500x, reflected
white light.

Sample E 48170 from 4540 cm depth (lithozone 6). Sporinite (S), fluoramorphinite (F) and
small alginite (A). 500x, blue light excitation.

Sample E 48165 from 4050 cm depth (lithozone 6). Suberinite (cork). 500x, blue light
excitation.

Sample E 48165 from 4050 cm depth (lithozone 6). Strong red-fluorescing chlorophyllinite.
500x, blue light excitation.
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Organic petrology reveals the presence of abundant plant fragments with intact cell
structures within the lithozone 6 (Fig. 5.29 B). For example, the huminite fraction makes up to
51.0% of the total visible OM in the sample from 4050 cm depth (E 48165). In the other
lithozones, the terrigenous derived fraction mainly consists of huminite/vitrinite particles
(5 to 15 um) with varying reflectance values. Especially within lithozone 3 higher reflecting
particles make an important contribution to the total OM (Fig. 5.29 C). Additionally some
highly oxidised particles were found in this section, reflecting an input of eroded older
geological OM or primary oxidised fragments. The highest overall reflectance values were

determined for samples from lithozone 3. Measured values are mainly in the range between
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Fig. 5.30. Histograms of reflectance, measured on huminite, vitrinite and inertinite particles in two
kerogens from HM. Samples are from 2752 cm (A) and 4050 cm (B) depth.

0.6 to 1.0% Rr and above 1.0% Rr. (Fig. 5.30 A). In comparison the terrigenous OM in the
lithozones 4 and 6 is composed of fresh non-oxidised OM (Fig. 5.30 B) with reflectance
values in the range of 0.0 to 0.3% Rr. The allochthonous liptinite macerals sporinite and
suberinite (Figs. 5.29 D and E) were detected in fluorescence mode in many studied
samples. Therefore, it is most likely that the doublets in the terrigenous dominated sample E
48165 originate from the aliphatic components of the plant macromolecules sporopollenin
and suberan. Microscopy of terrigenous dominated samples (e.g. E 48165) from lithozone 6
revealed the presence of abundant intense red-fluorescing chlorophyllinite in terrigenous OM
rich laminae (Fig. 5.29 F). This maceral is known to originate from the porphyrin-enriched
fraction of chlorophyll from leaves or fruits of vascular plants and from green algae. It occurs
mainly as small round particles of 1 to 5 um size (Taylor et al., 1998, p. 223). Recently,
Stasiuk & Sanei (2001) described larger particles (50 um size) and matrix chlorophyllinite in
Holocene sediments. Normally, especially land derived-pigments are degraded very rapidly

during diagenesis in lacustrine sediments (e.g. Carpenter et al., 1986). Thus, the occurrence
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of chlorophyllinite reflects a high degree of chlorophyll preservation as a result of specific
environmental conditions such as a very rapid sedimentation (Sanger, 1988; Leavitt et al.,
1989).

Points to Remember — Screening/Pyrolysis/Organic Petrology

Large fluctuations of the screening parameters characterise the studied profiles. Variations
are relatively small within one lithozone but rapid and sharp transitions occur. The most
striking feature is that 8"°C values are on average 10.6%o heavier in lithozone 3 compared to
lithozone 6. The TOC/TN ratio does not describe autochthonous versus allochthonous
contributions due to the presence of B. braunii and preferential retention of nitrogen in the
sediments. The parallelism of TOC and TS is the result of productivity and biomass changes
in the catchment area through time. Lithozone 3 comprises OM which originates from terri-
genous sources and is more oxidised compared to the other lithozones. As a result, lower Hi
values and higher reflecting particles were found. In contrast the algae B. braunii is important
in the lithozones 6 and 4 leading to higher TOC and HI values as well as low-reflecting terri-
genous particles. Lignin macromolecules were studied in detail by Py-GC-FID and Py-GC-
MS. Pyrolysates from the lithozone 2 and 3 contain mainly hydroxyphenyl related lignin
products whereas those from the lithozone 4 and 6 are dominated by lignin pyrolysis

products with guaiacyl! units.
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5.4.5 Soluble Organic Matter

The saturated and aromatic hydrocarbon fraction from ten selected samples was analysed
by GC and GC-MS. Seven samples originate from core F, while three were selected from
core E. In addition, the fatty acid fraction from seven of these ten samples was examined.
Compound-specific isotope analyses of individual n-alkanes and specific Botryococcus
derived lipid biomarkers (botryococcenes) were determined as an additional tool for OM
source identification and to interpret environmental changes. The total amount of bitumen
and fraction yields are given in Tab. 5.11. Concentrations of n-alkanes, n-fatty acids and
selected isoprenoids are presented in Appx. M. The total extract is dominated by the high-
polarity NSO fraction (8.4 to 28.6 mg/g TOC).

E.nr. E 47716 | E 50002 E 47730|E 47736 | E 50006 | E 47739 | E 50018 | E 47744 | E 48165|E 48170
Depth [cm] 750 850 2150 2750 2880 3050 3060 3550 4050 4540
Core F E F F E F E F F F
Lithozone 2 2 (YD) 3 3 3 4 4 5 6 6
TOC [%] 10.6 4.3 3.7 3.4 7.6 13.3 13.7 5.3 20.3 13.5
8" Croc [%o] -19.6 - -18.1 | -196 - -26.7 - 206 | -289 | -31.3
HI [mg HC/g TOC] 380 175 142 134 222 392 445 243 181 426.0
Extract yield [mg/g TOC] 86.1 51.6 62.4 93.2 50.8 109.7 113.7 99.7 88.4 87.3
Fraction yields [mg/g TOC
acids 3.30 - 1.59 5.40 - 3.56 - 4.83 3.28 6.24
bases 4.64 - 3.31 19.57 - 4.59 - 5.38 2.01 1.73
high-polar NSO 15.08 - 8.42 21.19 - 11.06 - 28.61 17.62 24.95
medium-polar NSO 4.56 - 3.41 9.85 - 4.44 - 10.43 5.38 6.23
low-polar NSO 3.41 4.36 2.05 4.87 5.23 3.05 15.34 5.13 3.39 2.98
aromatics 0.69 0.67 0.42 0.39 0.26 2.14 4.01 0.99 0.98 0.78
saturates 1.59 1.46 0.94 2.24 1.53 5.61 8.39 2.20 2.47 3.22
Parameters/Isotopes
CPlyc 2.79 2.63 3.54 3.38 2.47 3.87 412 4.08 7.99 3.53
ATRyc 0.05 0.10 0.13 0.13 0.1 0.02 0.06 0.19 0.02 0.02
Pa 030 | 036 | 029 | 040 | 039 | 024 | 026 | 027 [ 017 | 0.21
CPlga 4.91 - 6.20 6.16 - 5.95 - 5.34 13.79 11.24
ATRga 0.22 - 0.12 0.29 - 0.17 - 0.39 0.03 0.03
8™C (n-Cy) 293 | -28.1 - - 27.2 - - 285 | -32.8 -
8™C (n-Cs) 270 | -26.4 - - 26.4 - - 284 | -32.9 -
2 8'°C (n-alkanes) 272 | -26.4 - - 25.8 - - 278 | -32.3 -
@ 5'°C (botryococcenes) -14.6 -10.8 - - -6.2 - -31.7 -19.4 -25.6 -

Tab. 5.11. Bulk geochemical parameters, fraction yields, biomarker parameters and compound
specific carbon isotopic compositions for sediment samples from HM analysed for lipid distributions; -
not analysed. For definition of biomarker parameters see Appx. D. YD, Younger Dryas.
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5.4.51 Saturated Hydrocarbons

Relatively low concentrations of saturated hydrocarbons between 0.9 and 8.4 mg/g TOC
were determined. A homologous series of n-alkanes was detected with carbon numbers
ranging from C45 to Cs5, sometimes to Cj;. The distribution and abundance of the analysed
samples is illustrated in Fig. 5.31. They display a strong odd-over-even predominance. The
CPlyc in the Cy4 to Cs, range varies between 2.47 in lithozone 3 and 7.99 in lithozone 6
(Tab. 5.11). For definition of biomarker parameters see Appx. D. Recent and ancient lake
sediments have CPI values commonly >4 (Cranwell, 1982; Otto et al., 1994) while, vascular
plants typically exhibit CPI values between 2.1 and 40.3 (Collister et al., 1994; Lockheart et
al., 2000). The long-chain n-alkanes maximise at n-C,9 or n-C;1 and are characteristic for
epicuticular waxes derived from higher plants. However, long-chain n-alkanes were also
reported from Botryococcus rich sediments where they result from the diagenetic reduction of
alkadienes (Lichtfouse et al., 1994). Short-chain n-alkanes were previously observed in many
algae and bacteria. The lowest aquatic/terrigenous ratios for hydrocarbons (ATRc), adopted
from Wilkes et al. (1999), were determined within lithozone 6. The highest ratio was
observed for lithozone 5 (Tab. 5.11). The n-alkanes from lithozone 3 and 5 show a bimodal
distribution with additional maxima in the medium-chain length range at n-C,; or n-Cys,
respectively. The P,q ratio was introduced by Ficken et al. (2000) and expresses the relative
proportion of mid-chain length (n-C.3, n-Cs5) to long-chain length homologues (n-C,g, n-Caz4).
According to their interpretation, a high ratio between 0.4 and 1.0 is indicative for a high
contribution of submersed or floating aquatic macrophytes, while a ratio between 0.1 and 0.4
corresponds to emergent macrophytes. A very low ratio <0.1 reflects terrestrial plant input.
The P44 ratios in the present study range between 0.17 and 0.40 with highest values in the
lower lithozone 3 (Tab. 5.11).

In addition to the n-alkanes, triterpenoid hydrocarbons of hopanoid origin were detected.
Characteristic compounds present in all studied extracts are 22R-17B3(H),21B(H)-homo-
hopane and hop-17(21)-ene which are diagenetic products of bacterial lipids (e.g. Farrimond
et al., 2000). The tetracyclic triterpenoid hydrocarbon de-(A)-lupane, eluting between n-Cy,4
and n-C,s, is another characteristic compound in the saturated hydrocarbon fraction. It is
typical for sediments from a tropical climate and results from a photochemical or photo-

mimetic degradation of triterpenoids (Corbet et al., 1980; Schmitter et al., 1981).
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5.4.5.2 Botryococcenes

The aliphatic and aromatic fraction contains a series of compounds which were previously
isolated from cultures of the microalgae B. braunii (e.g. Metzger et al., 1988). More than
25 different botryococcenes were detected in the sediment extracts of HM. Six significant
and characteristic compounds were chosen to show stratigraphic variations in their
distributions and concentrations. Several of these straight- or branched chain hydrocarbons
and monocyclic derivates were previously identified, all with the generic molecular formula
C,Hz,10 where n equals 30-37 (e.g. Metzger et al., 1985; David et al., 1988). Because
B. braunii is widespread in the lacustrine environment, botryococcenes were detected in
several organic poor and organic-rich lake deposits such as the Dead Sea (Grice et al.,
1998), Sacred Lake, Kenya (Huang et al., 1995; Huang et al., 1996) and Lake Cadagno,
Switzerland (Behrens et al., 2000). Based on stable carbon isotopic measurements it was
recently speculated that other micro-organisms such as green sulphur bacteria might be the
biological precursors of cyclic polyunsaturated botryococcenes (Behrens et al., 2000).
Nevertheless, the close association of these compounds and the alga B. braunii is widely

accepted.

The botryococcene structures (Appx. C, XX to XXIII) were assigned by interpretation of their
mass spectra and subsequent comparison with literature data. Compound 1 was identified as
a Cy4 botryococcene (Appx. C, XX) with a structure similar to those reported by Cox et al.
(1973) and Huang et al. (1999). Structures of compounds 2 to 4 have been proposed
previously (Wake & Hillen, 1981; Huang & Murray, 1995; Huang et al., 1999). They were
identified as 1,6,17,21-octahydrobotryococcene 2 (Appx. C, XXI), isobotryococcene 3
(Appx. C, XXII) and a cyclic botryococcene 4 (Appx. C, XXIlIl). Two novel botryococcenes 5
and 6 were found with a characteristic molecular ion at m/z 470 and the m/z 177 (Appx. C,
XXIV & XXV) which suggests the presence of a monocyclic Cs4Hg, hydrocarbon with four
degrees of unsaturation. This fragmentation is thought to derive from the short-chain side of

a quaternary carbon centre in a methylene cyclohexyl ring (Huang et al., 1996).

The concentrations of the compounds 1-6 and available specific carbon isotopes are
presented in Tab. 5.12. Interestingly, significant changes occur between the different litho-
zones. Monocyclic and acyclic botryococcenes are present in lithozone 2. For instance, the
compounds 1, 2 and 5 are relatively abundant in the extract of sample E 47716. In contrast,
predominantly acyclic botryococcenenes are present in lithozone 3 (E 50006). Finally, the

saturated and aromatic hydrocarbon fraction of sample E 50018 (lithozone 4) is clearly
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dominated by the cyclic compounds 5 and 6, whereas both structure types are present in the
lithozones 5 and 6. A significant change from straight-chain compounds during the LGM to
structures containing a cyclohexyl ring was previously reported by Huang et al. (1995) and
Huang et al. (1999).

E.nr. 47716 50002 |47730|47736( 50006 47739 50018 47744 48165 |48170
Depth [cm] 750 850 2150 | 2750 2880 3050 3060 3550 4050 4540
Lithozone 2 2 (YD) 3 3 3 4 4 5 6 6

Concentrations in ug/g TOC and carbon isotopic ratios of botryococcenes

1 (acyclic) | 55.08 [-10.5|16.78]-13.7 2.65 | 0.00 [23.65|-6.2] 26.07 22.21 - |680f - |1.71 - 0.00
2 (acyclic) | 87.41 [-15.3]| 0.65 |-20.0( 1.47 | 0.96 | 0.92| - | 45.06 0.75 - 132.18]-21.2] 3.68| - 6.93
3 (acyclic) | 4.70 - | 164 - 0.29 | 0.00 | 0.00| - 0.00 0.00 - 1119 - 10.00] - 0.00
4 (cyclic) | 16.38 | - |4.27| - 0.58 | 0.00 | 0.00 | - 4.63 40.32 - 1136 - ]1034] - 0.00
5 (cyclic) | 90.10 [-20.6/19.83| - 1.00 [ 0.99 |10.74] - [1533.59| 4697.92 |-34.6(16.35| - | 4.96 | - 1.64
6 (cyclic) | 10.91 - 327 - 0.79 | 0.67 | 0.00| - [ 860.45 [ 5957.07 |-35.4[14.66]|-22.3]10.70(-25.6] 6.04

Sum 264.58 46.44 6.79 | 2.62 |35.31 2469.80]/10718.26 72.54 21.39 14.61

Tab. 5.12. Concentrations (in ug/g TOC) and carbon isotopic values of individual botryococcenes from
HM. Bold numbers (1-6) refer to the compound structures in Appx. C. Acyclic and cyclic compounds
are indicated. YD, Younger Dryas; - denotes no data due to the absence or low concentration of a
specific compound.

5.4.5.3 Fatty Acids

The fatty acid distributions and concentrations of selected samples for the individual litho-
zones are illustrated in Fig. 5.31. The fatty acid yields vary between 1.6 and 6.2 mg/g TOC
corresponding to 2.5 to 4.8 wt.-% of the total extract. The distributions are characterised by a
predominance of long-chain n-fatty acids with a strong even-over-odd predominance and a
maximum at n-Coys.9 or n-Cos9. A second maximum at n-Cqg0 was observed in lithozone 5.
The CPIg4 in the C,, to Cyg range varies between 4.91 (lithozone 2) and 13.79 (lithozone 3).
The aquatic/terrigenous ratio for fatty acids (ATRga) proposed by Wilkes et al. (1999) can be
used as a relative measure of the autochthonous versus allochthonous input. This parameter
ranges between 0.03 and 0.39 with the highest ratio observed for lithozone 5 (Tab. 5.11).
While long-chain fatty acids are important as cuticular wax constituents (Kolattukudy, 1980),
short-chain compounds were previously identified in many algae and bacteria (e.g. Merritt et
al., 1991). The hopanecarboxylic acids are present in relatively high concentrations and are
dominated by the 22R-173(H), 213(H)-dihomohopanecarboxylic acid.
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5.4.5.4 Compound Specific Isotope Analysis

The carbon isotopic composition of individual n-alkanes (n-C,, to n-Cs3) ranges between
—34.3 and —24.3%. All n-alkane §C values are given in Appx. M. The terrigenous

dominated sample E 48165 from lithozone 6

51C oo shows the most depleted on average §"C ratio
-36.0 -32.0 -28.0 -24.0
0 T I SR with —32.3%o while the heaviest on average §'°C
1 e, ratio was determined for the n-alkanes in sample
odl 9 % © o ®a* « | E 50006 with —25.8% (lithozone 3). Several of
lithozone 2
) X gg? the more positive values occur in the long-chain
2 * o8 range at Cs;. Generally, the isotopic differences
% between the individual n-alkanes are relatively
a ] : 13
g - thozone 3 SHAO large (Fig. 5.32). The 6°C value for the n-Cy
and n-C;1 alkane shows a variation of 5.6 and
i lthozone 5 & 4 * 6.5%0, respectively throughout the cores
07+ 0® A x iithozones (Fig. 5.32 and Tab. 5.11). The value is relatively
T light in lithozone 2 and increase towards the
50 — Younger Dryas (E 50002). Enriched values were
Fig. 5.32. 6°C ratios of individual determined for lithozone 3 while they decrease
n-alkanes in HM sediment samples. towards lithozone 4. The most depleted values

Lithozones are indicated.
were observed in lithozone 6 for the n-C,g as well

as for the n-C;; alkane which are characteristic for plant wax derived n-alkanes of C; plants
(cf. Collister et al., 1994). The isotopic values of the other n-alkanes essentially parallel this

trend.

Larger shifts of the §'°C values were observed for the studied botryococcenes than for the
n-alkanes. The botryococcene peak assignment and stable carbon isotope values of three
selected samples (lithozones 2, 3 and 4) are presented in Fig. 5.33. The §'°C ratios of the
botryococcenes vary between —6.2 and —35.4%o. Large variations of the §'°C values were
also determined for the different lithozones (Tab. 5.11). Isotopic ratios of all measured
botryococcenes are on average —14.6%o in lithozone 2 at 750 cm depth and become signifi-
cantly heavier in the Younger Dryas period (—10.8%0 on average). The isotopic composition
of the Cj4 botryococcene 1 shows the maximum value of —6.2%o in lithozone 3 (E 50006).
Notably, this component is 19.6%o more enriched in "*C than the corresponding n-alkanes
from the same lithozone 3. The overall most depleted values were observed in lithozone 4

with a mean value of —31.7%.. The minimum value with —35.4%0 (compound 6) occurs in
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30.6 m depth (E 50018). Only very low amounts of this compound were detected in the litho-
zones 5 and 6. Although only a few values are available from the units below, they indicate a
return to heavier values (-19.4%0. on average) in lithozone 5, whereas they become again
more depleted in lithozone 6. Interestingly, the cyclic compounds are very often more
depleted in "*C than the acyclic.

mv] A -15.3 -206
120 2\/\ /5
-26.7
100
/”‘C27
80 ‘
n-Cyg
60 ‘ ‘ [mv]
) | \ 6 307 B -6.2 ;
‘\ lithozone 2 l 26 d
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20 ‘ 2
160 5 Y,
C 15 r
E -34.6 -35.4
5 6 10 /\\H, U \,/\ DN AN N
120 \ /
f 54 )
o] / lithozone 3
0~ T T
| 480 485 49.0 495 500 [min]
40 /
lithozone 4 ).
J— o N
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Fig. 5.33. Distributions and stable carbon isotope values (513C) of botryococcenes extracted from
HM sediments deposited during (A) lithozone 2 (E 47716, aliphatic fraction), (B) lithozone 3
(E 50006, aromatic fraction) and (C) lithozone 4 (E 50018, aliphatic fraction). Italic numbers refer to
the compound structures in Appx. C. Numbers on the peak top indicate the 5"°C value.

Points to Remember — Soluble Organic Matter

Saturated hydrocarbons and fatty acids display a predominance of long-chain compounds
indicative for OM originating from terrigenous sources. Relatively high contributions of
macrophyte derived mid-chain n-alkanes were detected in the lower lithozone 3. Here, the
heaviest n-alkane carbon isotopic compositions were determined whereas they are much
more depleted in lithozone 6. A series of botryococcenes was identified in the sediment
extracts with monocyclic and acyclic structures. They exhibit varying distribution and §"C

values within the different lithozones.
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5.4.6 Paleoenvironment of Deposition

Organic Matter Sources

Lignin macromolecules, which occur exclusively in cell walls of higher plants, exhibit a high
stability upon diagenesis. Thus, their typical pyrolysis products can be considered as specific
biomarkers for terrestrial plant input (Saiz-Jimenez & de Leeuw, 1986). The proportion of the
three precursor alcohols differ between vascular plant species (e.g. Kirk & Farrell, 1987; van
Smeerdijk & Boon, 1987). Gymnosperm lignin consists of frans-coniferyl alcohol units,
angiosperm lignin is made up by trans-coniferyl and trans-sinapyl alcohol units. Grass and
moss lignin contains all three alcohols as building blocks but it was found that significant
amounts of elements that contain p-hydroxyphenyl units are always present (Fig. 5.27). High
contributions of p-vinylphenol were reported to result from the decarboxylation of p-coumaric
acid (Boon et al., 1987), and previously detected in pyrolysates of grass lignin (Saiz-Jimenez
& de Leeuw, 1986; Morrison & Mulder, 1994). In contrast, pyrolytic degradation of angio-
sperm wood yields products such as 2,6-dimethoxyphenol (syringol) and 2-methoxyphenol
(guaiacol), whereas gymnosperm lignin yields for example 2-methoxy-4-methylphenol
(4-methylguaiacol). Fig. 5.28 indicates that the pyrolysates in lithozone 2 and 3 contain high
proportions of grass related lignin derived pyrolysis products, whereas 4-methylguaiacol and
a few syringyl moieties suggest that the terrigenous OM in the lithozones 4 and 6 is derived

from angiosperms.

The bulk 8"Croc values show changes of many permil between the different stratigraphic
intervals (Fig. 5.22). Such large fluctuations are difficult to explain in terms of diagenesis.
A diagenetic influence was reported for carbon isotope values (e.g. Spiker & Hatcher, 1984;
Spiker & Hatcher, 1987), although this effect is minor and accounts for only less than 2% of
changes in the isotope values (Dean et al., 1986). Thus, the studied record represents the
primary isotopic signature of the OM at the time of deposition and reflects paleoen-
vironmental changes in the lake and its watershed. A varying input of C; and C, plants and/or
a higher contribution of carbon from aquatic sources can modify the carbon isotope value.
Microscopy and pyrolysis revealed that the kerogen sample E 48165 from lithozone 6
contains abundant terrigenous OM (Figs. 5.26 B and 5.31) and yields a §"*Croc of —28.9%o,
typical for OM produced from land plants using the C; pathway. In contrast, carbon isotope
values of samples from lithozone 3 are on average 10.6%o0 heavier. Although other relatively
small effects such as a lowered atmospheric pCO, during glacial times, the growth tempera-

ture and decreased water availability were probably responsible for a small positive increase
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(1.5 to 4%o) of the §"*Croc values of C; plants (O’Leary, 1988; Farquhar et al., 1989; Leavitt &
Danzer, 1992), this does not explain this large shift. Thus, a contribution of C, plants to
lithozone 3 must be considered which exhibit typical carbon isotopic values between —9 and
—16%0 and —13%. on average (Deines, 1980). It was demonstrated previously that some
aquatic C; plants provide a further possible source of isotopically heavy OM. Palynological
analyses revealed that the submerged aquatic macrophyte Myriophyllum is more abundant in
lithozone 3 (Mingram et al., 2000). Relatively enriched §"°Croc values up to —20%. were
reported for some submerged macrophytes using the C; pathway (Fry & Sherr, 1984; Ficken
et al., 2000) but especially heavy values up to —17%. are possible for Myriophyllum
(A. Licke, pers. comm.). However, the relative contribution of macrophytes to the total pollen
assemblage is low. Thus, it can be assumed that they have only little influence on the

8'*Croc values in lithozone 3.
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Lacustrine phytoplankton normally exhibits carbon isotopic compositions between —30 and
—20%o. C3 algae commonly produce OM that has §'"°C values of —29 to —27%o. A bulk §"*Croc
value of —16%0. was previously determined for an algal culture of the B race of B. braunii
which was only slightly heavier compared to the compound-specific isotope values of the
botryococcene hydrocarbons synthesised by the same alga (Huang et al., 1995). The
amount of these lipids can account for up to 75% of the total dry weight of Botryococcus
(Maxwell et al., 1968; Brown & Knights, 1969). Thus, the varying compound specific §°C
values of the botryococcene biomarkers suggest varying carbon isotopic compositions of the
entire algal biomass. This is substantiated by a HI versus §"Croc plot in Fig. 5.34, which

illustrates that high HI values, typical for relatively more algal derived hydrogen-rich OM are
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associated with varying carbon isotopic compositions. Thus, the bulk 8"*Croc in the HM
sediments reflect temporal variations of environmental conditions affecting the primary

producers in the lake and vegetation changes in the lake watershed.

Biomarker constituents of the epicuticular plant waxes are predominant in the sediments,
whereas the contribution of lipids characteristic of algal OM is relatively low. Long-chain
n-alkanes (C,7-Cs33) as well as n-fatty acids (Cae.0,Cos:0) dominate the aliphatic and fatty acid
fraction, respectively (Fig. 5.31). This signals that a significant proportion of the lipids is of
allochthonous origin and related to the surrounding vegetation. However, it could also in part
reflect the lower degree of terrestrial over aquatic OM degradation in the lacustrine
environment (Meyers & Ishiwatari, 1993). For example, diagenesis can selectively alter the
n-fatty acid distribution by the preferential removal of short-chain compounds (Matsuda &
Koyama, 1977; Haddad et al., 1992; Canuel & Martens, 1996). Such a diagenetic influence
can lead to an overestimation of the terrigenous input as observed for Lake Ontario by
Bourbonniere & Meyers (1996). Although the presence of long-chain n-alkanes from
Botryococcus cannot be fully excluded, their contribution is unlikely because no C,; to Cs4
alkadienes or alkatrienes where detected (cf. Lichtfouse et al., 1994). The fatty acid
distribution of eutrophic and mesotrophic lakes is commonly dominated by shorter-chain
compounds due to the important contribution of planktonic short chain lipids (Robinson et al.,
1984; Cranwell et al., 1987). Only in lithozone 5 a higher ATRga (Tab. 5.11) was observed
which could be indicative for a higher primary productivity. Mid-chain n-alkanes are thought
to mirror inputs from submerged or floating aquatic plants (Ficken et al., 1998; Ficken et al.,
2000). Thus, the higher P, ratio in the lower lithozone 3 reflects a higher contribution of OM
derived from aquatic macrophytes as corroborated by pollen analysis (cf. Mingram et al.,
2000).

The isotopic compositions of the long-chain n-alkanes specifically reflect the CO, fixation
mechanism employed by the contributing plants. The isotopic compositions of individual
n-alkanes from C, plant species are generally in the range between —18.5 and —26%o
(on average —23%o0) whereas values between —28.0 and —43.0%0 (on average —34%o) for
C; plants were reported in the literature (Deines, 1980; Collister et al., 1994; Freeman &
Colarusso, 2001). One should keep in mind that n-alkanes extracted from modern plants are
always depleted in "*C compared to the bulk TOC (Rieley et al., 1991; Lockheart et al.,
1997). Only the average isotopic composition of the n-alkanes in lithozone 6 (—32.3%o) falls
in the typical range for C; plants. While no data are available for lithozone 4 the relatively

positive §"°C values from the other lithozones suggest a Cs/C, mixed origin. In particular, the
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8'3C value of the C,g n-alkane is consistent with a C; source, whereas heavier ratios were

determined for most of the other n-alkanes (e.g. n-Cs; in Fig. 5.32).

The varying carbon isotopic compositions of the higher plant and Botryococcus derived lipid
biomarkers indicate that: (1) isotopic variations of the n-alkanes in the different lithozones are
related to a varying C3/C, plant input, and (2) that Botryococcus changed its carbon isotope
discrimination in response to specific paleoenvironmental and paleoclimatic variations. These
variations were probably induced by a major change of the carbon source, the atmospheric
pCO, concentration or changes in the dissolved CO, concentration and lake primary produc-

tivity. These influences are specified in more detail below.

Terrigenous OM as a Paleoclimatic Indicator

Organic-geochemical results from the present study and pollen data (cf. Mingram et al.,
2000) show that the local vegetation experienced three major changes during the last 68,000
years BP. The first of these changes occurred at the transition from lithozone 6 to 5 around
60,000 years BP. The §"*Croc ratios as well as the compound specific carbon isotopes of the
long-chain n-alkanes exhibit a typical C; higher plant leaf wax fingerprint suggesting a
dominant C; biomass input during lithozone 6. The ratio B (Fig. 5.35) is proposed as a
parameter to estimate the relative contribution of higher plant lignin versus grass lignin. This
ratio is high in lithozone 6 implying a dominant angiosperm and/or gymnosperm source.
Arboreal pollen (AP; trees and shrubs) clearly predominate over non-arboreal pollen (NAP;
grasses and herbs) with many elements (e.g. Altingia) typical of a warm and humid tropical
climate (Fig. 5.35). No indications for such a tropical event were given in other studies. Plant-
wax n-alkanes as well as bulk isotopic compositions are more enriched in "*C in lithozone 5
suggesting a higher contribution of C, plant derived OM. The lignin and pollen analysis
suggest that grasses were far more important in the vegetation compared to lithozone 6 and
that tropical pollen vanished. This point to a significantly drier and cooler climate than during
deposition of lithozone 6. Palynological data from a maar lake in the southern part of the

Leizhou Peninsula revealed a cooling for the same time period (Zheng & Lei, 1999).

A high angiosperm derived lignin content from tropical plants such as Elaeocarpus and the
reduction of grasses is typical for lithozone 4. The 8"3Croc ratios show that mainly organic
remains of C; plants reached the lake bottom. Results of §'°0 based temperature
reconstructions of an ice-core from Tibet (Guliya ice cab) suggest that the temperature

during this stage was approx. 4°C higher than today (Shi et al., 2001). A relatively warm
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period in the same time interval (50,000 to 41,000 yrs BP) was inferred based on lake
sediment studies from south-west China (Hodell et al., 1999). An extremely high tropical
precipitation and productivity event was recorded between approx. 43,000 and 37,000 yrs BP
in oxygen and carbon isotopic curves from the South China Sea (Pelejero et al., 1999). In
addition, the authors detected higher concentrations of the terrigenous biomarkers n-nano-
cosane and n-hexacosan-1-ol in the marine sediments which were interpreted as a conse-

quence of surface runoff during wetter conditions caused by an enhanced summer monsoon

activity.
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Fig. 5.35. Lake Huguang Maar. Comparison between pollen data (Mingram et al.,
2000), pyrolysis and organic petrological results. AP, arboreal pollen (trees and shrubs);
NAP, non-arboreal pollen (herbs and grasses); Ratio B, 4-methylguaiacol/(4-methyl-
guaiacol+p-vinylphenol). The column on the right displays the studied lithozones.

The second fundamental change took place around 40,000 yrs BP (lithozone 4/3).
A remarkably increase of the NAP, together with a decrease of the Ratio A (Fig. 5.35)
reflects a higher grass derived contribution during the deposition of lithozone 3 which is
associated with a characteristic isotopic enrichment (5'°Croc) from lithozone 4 to 3
(Fig. 5.22 A). This trend is exactly that what was observed for the §"°C values of the n-
alkanes. On average values of —25.8%o imply a higher contribution of C, plants to lithozone 3.

These observations are in good agreement with previous results indicating that the regional
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climate was cooler and drier during this time and a grassland and savannah vegetation
developed (Winkler & Wang, 1993; Huang et al., 1997; Zheng & Lei, 1999). It was suggested
that these extremely dry conditions were caused by an increased continentallity due to a
significant drop of the south China Sea of about 120 m and lowering of the sea-surface
temperature in the last glacial period (Wang et al., 1995; Shyu et al., 2001). A cooling of
around 5°C was estimated from oxygen isotope studies on foraminifers. These variations
were attributed to a weakening of the wet summer monsoon and strongly intensified dry
winter monsoon activity, leading to an increased aridity as a consequence of the reduced
summer precipitation (Wang et al., 1999; Jian et al., 2001). Palynological and organic
petrological data from the Huguang area confirm this aridity. Firstly, increased amounts of
Artemisia, characteristic for enhanced dryness, were determined in lithozone 3. Secondly,
the relatively low TOC and HI values compared to lithozone 4 reflect a high minerogenic
contribution and input of terrigenous OM as well as OM oxidation. Thirdly, the oxidised
nature of the terrigenous biogenic particles in lithozone 3 compared to lithozone 6 (Fig. 5.30)
points to a large fraction of wind transported, primary oxidised and recycled compounds from
dust-source areas. They are probably a result of extended savannah fires, high wind
intensities and greater erosion rates supported by the enhanced aridity during glacial time
(cf. Pokras & Mix, 1985).

Such dry conditions generally favour the evolution of C4 grasses in the tropics (Street-Perrott
et al., 1997). It is also very likely that the reduced atmospheric pCO, to about 190-200 patm
during the last glacial period (Barnola et al., 1987), changed the balance between C; and
C4 plants. The C4 plants possess a carbon concentration mechanism and are thus insensitive
to a changing CO, partial pressure and more efficient at low CO,/O, (Ehleringer et al., 1997).
Thus, C4 plants have a selective advantage over C; plants at dry and low pCO, conditions
and dominated the local vegetation during the deposition of lithozone 3. Samples from the
lower lithozone 2 show no major differences in the lignin type. Grass lignin derived phenols
are still predominant. Plant-wax n-alkanes from the Younger Dryas and lithozone 2 are
isotopically only slightly lighter than those from the lithozone 3, indicating a mixture of C4 and
C; biomass reaching the lake. A higher C; contribution at the top of lithozone 2 is inferred
from more negative 8"*Croc ratios and much lower HI values. Finally, it was reported that an
open grassland is typical for lithozone 1 which indicates the beginning of the human

influence (Mingram et al., 2000).
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Climatic Controlled Changes in the Lake Ecosystem

The microscopic examination of the sediments and kerogens revealed that a substantial
amount of algal OM was deposited. The presence of abundant n-alkane/n-alk-1-ene doublets
in the pyrolysates and botryococcenes in the SOM point to a major contribution of the B race
of this algal species. Samples with the highest HI values are those with a dominant B. braunii
input. Especially in the lithozones 6 and 4 abundant fossil remains of the algae were
quantified (Fig. 5.35). They correlate with a high Ratio B pointing to a high release of
nutrients to the lake by surface runoff and an enhanced algal growth in a favourable tropical

climate.

Dissolved molecular CO, and dissolved inorganic carbon, such as bicarbonate are possible
carbon sources for aquatic organisms to carry out photosynthesis. Dissolved CO, is the
common substrate for floating planktonic algae such as Botryococcus. If an unlimited supply
is available due to equilibration with the atmosphere, a shift of about —20.0%. between the
source and the algal photosynthetic fixed carbon occurs, with resulting §"°C values of around
—28.0%0. Therefore, we would expect no significant isotopic differences between the carbon
fixed by the algae and the carbon fixed by terrestrial C; plants because of the negligible
fractionation between the atmospheric and the dissolved CO, (Mook et al., 1974).
Consequently the most depleted §'°C values of the algal lipid biomarkers, i.e. in lithozone 4
(=31.7%0 on average) reflect the photosynthetic uptake of unlimited dissolved CO, in equilib-
rium with the atmosphere and is thus isotopically indistinguishable from C; derived plant-wax
lipids. Typical values for C; plant derived n-alkanes in lithozone 6 are exactly in the same
range (—32.3%o).

An exceptional heavy Cs, botryococcene was detected in lithozone 3 (-6.2%o) with a §°C
value that is even less negative than the ambient CO, of —7.0%o. during glacial times (Marino
et al., 1992). The large shift of the algal 8'>C biomarker composition between lithozone 4 and
lithozone 3 of about —30%. is difficult to explain with environmental changes such as
temperature, salinity or productivity differences which either cause only small shifts or shifts
in the wrong direction (Farquhar et al., 1989). Boreham et al. (1994) suggested that the thick
outer cell walls of Botryococcus retards the CO, diffusion rate which would lead to a lower
isotopic fractionation. However, this does not explain the large isotopic variations in the
present study. Highly enriched botryococcene derived biomarkers (—10 to —13%o.) were also
identified in extracts from hypersaline sediments from the Dead Sea (Grice et al., 1998). The

authors favoured different bloom conditions to explain differences in the §'°C values of the
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L and B race, probably associated with varying water salinities. However, there are no indica-
tions of salinity differences within the Huguang maar lake through time. Thus, it is very likely
that the &'°C variations of the botryococcenes record differences in the carbon source
uptake. The concentration of dissolved CO, depends strongly on the atmospheric pCO..
Thus, a lowered pCO, during the last glacial of about 30% compared to present times signifi-
cantly reduces the CO, concentrations in lake waters. To fulfil its demand at low dissolved
CO, concentrations, phytoplankton starts to incorporate actively bicarbonate (Burns &
Beardell, 1987). Bicarbonate is enriched by up to 12%. with respect to the related CO, (Mook
et al., 1974) and this in turn decreases the carbon isotope fractionation. In many alkaline
lakes it is an additional resource of inorganic carbon available for photosynthesis (e.g.
McKenzie, 1985). The ability of Botryococcus to use bicarbonate was proposed to lead to
isotopic highly enriched botryococcenes up to —5.1%o in Sacred Lake, Kenya (Huang et al.,
1999). An alternative explanation for the very heavy lipids within lithozone 3 is that a geneti-
cally different strain of Botryococcus replaced the previous one, due to the lower atmospheric
pCO,, drier conditions and the ability to use bicarbonate as the dominant carbon source. This
may also explain the relative sudden change from monocyclic to acyclic botryococcene
structures. The occurrence of both structure types and the intermediate §'°C values of the
botryococcenes in lithozone 2 suggest either the continuous demand of bicarbonate ions by
one strain due to an enhanced primary productivity in the lake (McKenzie, 1985;

Krishnamurthy et al., 1999), or the presence of both strains.

At the begin of lithozone 2 the TOC and HI values increase which implies a higher primary
productivity. This occurs synchronously with abundant fluvial input to the South China Sea
which was interpreted to result from a sudden increase in summer monsoon rains (Wang et
al., 1999). A similar early Holocene monsoon maximum was reported from countries border-
ing the Arabian Sea (Sirocko et al., 1993).
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6 Summary and Conclusions

The present investigation on lacustrine sediments provides important insights in the
paleoenvironmental evolution of lakes from different climatic settings. The paleodepositional
history of the Eocene Es4 member in the Liaohe Basin was reconstructed using an approach
based on organic and inorganic sediment data. Three major depositional environments were
distinguished, each characterised by certain litho- and organofacies successions as well as

hydrocarbon generation characteristics.

The playa and shallow lake facies is the preferred setting for the formation of an organic-
rich facies in the GS sub-unit as well as in the DJT sub-unit of the Lei area. Algal- and
fluoramorphinite-rich laminated shales of this facies type (type D and E) have the best source
rock quality and were deposited in an alkaline lake system under anoxic/fermentative,
relatively high saline and eutrophic conditions within an at least partly stratified water column.
This is indicated by different biological markers such as 3- and y-carotane, oo Cos-sterane a
relatively high gammacerane index and a low pr/ph ratio. The unusual occurrence of mono-
aromatic carotenoids in the lipid OM as well as alkylbenzenes in the pyrolysates point to
photic zone anoxia in the Lei-Gao area. The microscopic visible OM is a residue of
cyanobacterial or microbial mats which is supported by the presence of branched alkanes as
well as specific sterols and stanols. High concentrations of phytanic acid and high ph/n-C18
ratios in some samples suggest an additional source for phytane probably from
methanogenic archaea. The facies type generates high-wax paraffinic crude oil rich in long-
alkyl chains with a very narrow distribution of activation energies. Dolomite and analcime are
the dominant minerals both formed mainly by evaporative concentration in shallow waters or
on exposed mudflats. However, abundant calcite precipitation in the GS of the Shu-Du and
Gao area as well as in the upper DJT of the Lei area suggests more diluted lake waters. In
contrast, the lower DJT in the Lei area represents an ecologically stressed, highly alkaline
and saline environment with a low-diversity biota (type A) where oxidation and destruction of

the OM frequently have occurred.

Shales deposited in the freshwater environment (Shale |, Shale I, Es 3) are dominated by
Botryococcus alginite (type B). The hydrocarbon generative potential was determined to be
lower than for the playa and shallow lake facies based on TOC and HI data. Although this
facies type can also generate high-wax oils, higher proportions of gas-generating compounds
can be expected. The Py-GC-FID pattern with shorter alkyl-chain lengths than for the GS

reflects the different source OM input and a broader distribution of activation energies points
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to more heterogeneous OM. Organic geochemical parameters suggest an oxic environment
with a relatively low salinity. A high input of clay minerals dominated by mixed layer clays is
indicative for a warm and humid climate in the catchment area, the occurrence of siderite
implies that meromictic conditions were partly present. Strong variations of the HI values
within samples of identical OM composition can be related to variable degrees of oxidation

due to lake level fluctuations and desiccation.

Only very few samples rich in quartz, feldspars and clay minerals were available which
describe a marginal fan-delta environment, typical for the DJT sub-unit in the Shu-Du area.
The sediment filling reflects the mineralogy of metamorphic rocks in the surrounding areas.
The coarse-grained facies is organic-poor and consists of a mixed type 1l/lll OM type. As a
result kerogens from this facies type have the highest aromaticities and proportions of
phenols. The petroleum generating potential is very low. Highest buddingtonite contents are
associated with migrated hydrocarbons in well A. Thus, changes in fixed ammonium in
feldspars may serve as an indicator for the presence of hydrocarbons and/or migration path-

ways.

Organic petrology revealed the presence of predominantly aquatic OM and only few
terrigenous particles, restricted to the marginal fan-delta facies type. In addition, oleanane
indices are very low indicating that angiosperm input was minor. Consequently, vitrinites are
scarce in the investigated area and the reflectance is often suppressed. The best maturity
trends were determined for aromatic and non-aromatic hopanoids as well as
methylphenanthrenes. Extremely high levels of thermal stress would be necessary to
generate petroleum from these source rocks in nature. Maximum oil generation is predicted
to occur at 148 to 159°C at a heating rate of 5.3 K/Ma with highest stabilities determined for

samples from the GS sub-unit.

The study of geochemical and textural properties of macromolecular OM in Recent lake
sediments in combination with lipid OM analysis, carbon isotopic compositions and
palynological data allows a determination of organic matter sources which are in turn the clue

to understand the paleoclimatic history.

Compared to the Liaohe sediments terrigenous OM is abundant in the maar lake sediments.
Thus, lignin derived pyrolysis products (methoxyphenols) can be used as specific biomarkers
to trace higher plant input and vegetation changes. The 4-methylguaiacol to n-C4;.4 ratio
(Ratio A) together with the aromaticity is indicative for the forestation of the landscape

around the Eifel Maar lakes after the last glacial retreat as well as forest reduction during the
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Younger Dryas. The 4-methylguaiacol to p-vinylphenol ratio (Ratio B) is useful to estimate
the relative contribution of higher plant lignin versus grass lignin input to Lake Huguang
Maar. A dominant delivery of angiosperm OM was proposed for the lithozones 6 and 4
deposited in a tropical climate with a strong summer monsoon. Higher proportions of grass-
derived lignins are related to drier and cooler climatic conditions reflecting a savannah

vegetation and a more intense winter monsoon in lithozone 5 and 3.

The distribution of the n-alkane/n-alk-1-ene doublets as well as most of the other compound
classes in the pyrolysates suggests multiple precursors in agreement with microscopic
observations. The phenols in the pyrolysates of the Eifel Maar lakes derive from the
lignocellulose of higher plants and from proteinaceous (tyrosine) autochthonous sources

(e.g. cyanobacteria).

High reflectance values (>0.6% Rr) determined on terrigenous particles (huminites/vitrinites),
indicate allochthonous components that were introduced to the maar lakes by the erosion of
soils during run-off periods in an open tree less vegetation. They were frequently observed
during cool periods or indicate an anthropogenic influence. In contrast, fresh low-reflecting
plant material (<0.6% Rr) is interpreted as a sign for a rich vegetation settled around the

maar lakes.

Abundant algal remains (Botryococcus, filamentous algae) in lake sediments are related to
periods with a high delivery of nutrients. This happened in a favourable warm climate during
deposition of lithozone 6 and 4 in Lake Huguang Maar and during the Holocene optimum in
the Eifel Maar lakes.

Systematic variations of the carbon isotopic compositions of kerogens and whole sediments
reflect changes in the primary signature of the OM. In Lake Huguang Maar, these changes
are caused by fluctuations in the relative proportions of C; and C, plant material and tempo-
ral variations of environmental conditions affecting the primary producers in the lake. Varia-
tions of compound specific carbon isotopes of individual n-alkanes parallel the vegetation
changes. Botryococcus derived biomarkers (botryococcenes) show extremely large §°C
shifts which are probably related to the ability of this alga to use bicarbonate at low dissolved

CO, concentrations.
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