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Energy and hydrocarbons are important in today’ s society. Several geologic
elements are necessary for hydrocarbons (oil or gas) to accumulate in sufficient
quantities to be economically extracted. The petroleum systems approach is widely
applied in petroleum exploration and relies on an understanding of various elements,
including the nature of the source rock, generation and migration processes, reservoir
rocks and seal/trap formation. Of fundamental importance is an understanding of the
temporal evolution of the various elements of petroleum systems. One aspect that is
often poorly constrained is the timing of petroleum migration and entrapment. This is a
major obstacle for geoscientists when developing predictive hydrocarbon exploration
models. K-Ar and Ar-Ar dating of authigenic illite offer opportunities to address these
challenges.

Isotopic dating and geochemical studies of authigenic clay minerals are important
tools to understand diagenetic and fluid flow histories for hydrocarbon exploration and
reservoir management. Authigenic illite contains potassium and is therefore suitable for
age determination using the K-Ar geochronometer. Dating of K-bearing illite minerals,
using the K-Ar isotopic systems, offers the prospect of establishing the absolute timing
of diagenetic events. These data are of fundamental importance and control points for
understanding basin development, burial and thermal history, and the hydrocarbon
system. Geochronology research such as that which Prof. Zhang conducts is extremely
useful to the petroleum industry. I would like to congratulate the Science Press (China)
for this special publication on Geochronology of Authigenic Illite —Principles, Methods
and Applications by Professor Zhang focusing on his lifetime research contributions to
illite age dating.

Prof. Zhang has been working since 1998 on authigenic illite dating which is a
highly specialized field and only carried out in a few labs around the world. The
PetroChina RIPED authigenic illite age dating facility is the only operational and
dedicated facility of this kind in China providing reliable illite age data based on an
integrated and holistic sample characterization, sample disintegration, clay separation
and subsequent age dating. The key word here is reliable; many facilities are capable of
measuring a K-Ar age but only a few scientists take the care to prepare and characterize
the material in such a manner that the resulting data are meaningful. The RIPED illite

age dating facility is one of only a very few facilities which is capable to obtain reliable



. iv e B AP AFAET R —HR TR 5K

K-Ar age data, based on the detailed understanding of the special sample preparation
and characterization requirements prior to age dating. In brief, the radiogenic isotope
systematics of sedimentary rocks are complex due to the intimate mixture of minerals of
different origins such as detrital phases, potentially from a variety of sources, as well as
authigenic minerals. Consequently, it is often difficult to unambiguously interpret
measured ages. Special sample preparation techniques involving freeze thaw disaggregation
to avoid over crushing and extensive size separation to reduce the amount of detrital
phases can address these issues and were implemented in the RIPED facility under Prof.
Zhang’ s guidance. The validity and importance of the assumptions involved in K-Ar
dating of authigenic illite (e. g. contamination, closed system behaviour, excess Ar)
must be carefully addressed and the sample material characterized using a wide range of
tools comprising X-ray diffraction, secondary electron microscopy, particle granulometry and
transmission electron microscopy to name a few. 1 have been aware of Prof. Zhang’s
work on K-Ar dating of diagenetic events for a number of years, beginning in the early
2000’s with his work on using K-Ar dating of diagenetic illite to constrain the timing of
hydrocarbon migration in Tarim Basin sandstone reservoirs. I have spent more than 20
years studying diagenesis of sandstone reservoirs as a petroleum research geochemist,
and one of the key issues to reduce exploration risk is to determine the timing of
diagenetic events and how these relate to petroleum migration and trapping. The
generated data are particularly valuable for helping to define, on a play scale, how the
basin is interconnected in time. Exploration for oil and gas is a high risk task.
Typically, an exploration well will cost between $ 20 to 50 or more million US dollars,
yet the rate of success is around 5% to 15 %. One of the key focuses in the oil/gas
industry is to develop and apply new technologies such as integrated authigenic illite age
dating to lower that risk.

The research output of the RIPED illite age dating facility under Prof. Zhang’s
guidance has been exceptional with more than 600 investigated samples by the K-Ar and
* Ar/**Ar dating methods comprising surface and deep drill core samples from over 20
invesfi“g'ated stratigraphic reservoir units covering most geological ages from the Silurian
to the Neogene of over 20 sedimentary basins and oil and gas fields in China. The Tarim Basin
is a key study area of Prof Zhang with further main studies focusing on the Sichuan Basin and
Ordos Basin. His scientific output involves publications in journals such as AAPG, Acta
Petrolei Sinica, Petroleum Exploration and Development, Earth Science Frontiers etc. ,
numerous abstracts and confidential industry reports. The compiled book with 16
chapters contains a comprehensive introduction (Part 1) to the potential and difficulties
of authigenic illite age dating, methods and techniques (Part 2), applications (Part 3)

and a general discussion (Part 4) as well as an up-to-date complete reference list. This



F = R

unique book summarizing the research of Prof. Zhang should be of wide spread interest

to the Chinese petroleum geoscience community and students interested in this topic.

Horst Zwingmann
Kyoto, Japan
Aug. 2015

Horst Zwingmann

Prof. Zwingmann has a background in geochronology and low temperature
geochemistry. He studied geology at Géttingen University, Germany and obtained a
PhD in geochemistry from the Université Louis Pasteur, Strasbourg, France in 1995.
He joined the Commonwealth Scientific and Industrial Research Organization, Australia
and remained with CSIRO until 2015. Since 2009 he has been an associate professor at
the University of Western Australia, Perth, Australia. In 2015 he was appointed
Professor of Geotectonics at Kyoto University, Japan. His research interests focus on
characterization and dating of brittle fault zones, diagenetic processes and very low

temperature geochemical processes.
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Preface

It has been 17 years since the establishment of the Petroleum Reservoir Authigenic
Illite Argon Isotope Labaoratory, also known as the Authigenic Illite Geochronology
Lab (AIG Lab) in the Research Institute of Petroleum Exploration and Development
(RIPED) in 1998. Over the past 17 years, under the guidance of several RIPED
presidents and directors of the Petroleum Geology Research and Laboratory Center, the
AIG Lab has developed a series of unique methods or techniques including the repetitive
freezing and thawing sandstone sample disaggregation technique ( the {reezing
technique) , and the vacuum filtrating device and technique to separate authigenic illite
with microporous membrane (the vacuum filtrating technique). The AIG Lab has
conducted numerous dating of petroleum reservoirs in major Chinese petroliferous basins
and/or oil fields of a wide range of ages from the Palaeozoic to the Cenozoic periods
including Silurian, Devonian, Carboniferous, Permian, Triassic, Jurassic, Cretaceous,
Eogene and Neogene. The Lab has conducted systematic geochronological studies of
hydrocarbon charge in the Tarim Basin, Sichuan Basin and Ordos Basin. It is pleased to
see that over the past 17 years the AIG Lab has achieved a number of milestones in
technique development and field applications of dating petroleum reservoir charge timing
and has provided some critical geochronological information for understanding petroleum
charge history in various basins.

This book intends to provide readers who are interested in authigenic illite
geochronology some background knowledge and our hard-earned experience in the field
of authigenic illite dating so they would not need to start from scratch and avoid some
pitfalls,

Entitled ‘Geochronology of Authigenic Illite—Principles, Methods, and Applications’,
the book intends to tell the readers on ‘what is authigenic illite dating”, ‘why we need to
date’, ‘how to date’ and ‘how to interpret the dating results’. We particularly want to
emphasize practical and appropriate ways of conducting authigenic illite dating and interpreting
the results,

Authigenic illite is a commonly occurring clay mineral in sedimentary basins.
Authigenic illite geochronology, especially the use of authigenic illite K-Ar to date
hydrocarbon charge timing, started in the 1980s abroad (Aronson and Burtner, 19837;

@O Aronson ] L, Burtner R L. 1983. K-Ar dating of illitic clays in Jurassic Nugget sandstone and timing of
petroleum migration in Wyoming Overthrust Belt (abstract). AAPG Bulletin. 67 414.
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Lee et al. , 19859) and was introduced to China subsequently in the 1990s. However,
the application of the authigenic illite dating of hydrocarbon charge timing abroad
primarily confined to the North Sea oilfields on limited reservoir intervals including the
well documented Permian Rotliegend Group aeolian sandstone (the Lower Leman
Sandstone), and the Middle Jurassic Brent Group fluvial sandstone reservoirs with
limited dating samples. So far there have been no dedicated books on authigenic illite
geochronology published in China and abroad, except for some individual chapters or
sections embedded in books dealing with other themes, e. g. Weaver(1989%); Emery
and Robinson (1993@); Clauer and Chaudhuri (1995®); Stille and Shields (1997®);
Meunier and Velde(2004®), Since its introduction to China and especially over the past
decade, authigenic illite geochronology has been further developed and applied to a wide
range of basins and reservoir intervals in China.

Over the past 17 years, the research and development of the AIG Lab has been
benefited from three key people. Firstly and foremostly, is Prof. Xiuquan Luo, a very
experienced expert on the high-sensitivity, high-resolution, and high vacuum (107% ~
107" torr) noble gas mass spectrometer, Under his guidance and technical assistance,
the AIG Lab has mastered the MM5400 static vacuum mass spectrometer and
established a world-class Ar isotope geochronology laboratory in PetroChina. Dr Horst
Zwingmann (now with Kyoto University) and Dr Keyu Liu (now with RIPED and
Curtin University), both of the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) previously have been in close collaboration with the AIG Lab
since 2003. Their contributions are multifaceted including instrumentation, technique
development, field application and publications.

The book consists of four sections (Fundamentals, Techniques, Applications and
Discussion) and 16 chapters. The Section on the “Fundamentals” comprises two
chapters primarily dealing with *features of authigenic illites”, “how to identify

authigenic illites” and “how to obtain pure authigenic illites”. The Section of the

@ Lee M, Aronson ] L, Savin S M, 1985. K-Ar dating of time of gas emplacement in Rotliegendes sandstone,
Netherlands. AAPG Bulletin. 69(9): 1381-1385.

@ Weaver C E. 1989, Clays, Muds, and Shales. Developments in Sedimentology 44. Amsterdam-Oxford-New
York-Tokyo: Elsevier.

@ Emery D, Robinson A. 1993. Inorganic Geochemistry—Applications to Petroleum Geology. Oxford:
Blackwell Scientific Publications.

@ Clauer N, Chaudhuri S, 1995. Clays in Crustal Environments-Isotope Dating and Tracing. Berlin Heidelberg
New York: Springer-Verlag.

® Stille P, Shields G. 1997. Radiogenic Isotope Geochemistry of Sedimentary and Aquatic Systems. Berlin
Heidelberg: Springer-Verlag.

® Meunier A, Velde B. 2004. Illite-Origins, Evolution and Metamorphism. Berlin Heidelberg New York:
Springer-Verlag.
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“Techniques” comprises five chapters dealing with unique techniques developed by the
AIG Lab including the “freezing technique”, the “vacuum filtrating technique”, and also
the “Static vacuum mass spectrophotometer”, K-Ar and Ar-Ar dating techniques,
respectively. Aimed with providing a systematic workflow we especially focused on the
petroleum geological application aspects including spike (*¥Ar) splitting, illite age
analysis (IAA) and issues around authigenic illite Ar-Ar dating, which might not be
easily found in the literature nowadays. The section on “Applications” comprises seven
chapters covering three key aspects. Investigation of hydrocarbon charge is the principal
component of the section and the entire book. The section contains several published
papers by the authors over the past decade. However, the chapters are not simple
reproduction of the published work but have been updated with new data, analysis and
interpretation. Chapter 13 and 14 discuss some pilot work on the “barren-bed dating”
and “fault gauge dating”. Unfortunately those pilot studies are not very successful due
to a number of factors, mostly not ideal geological settings. Nonetheless, they offer
readers some hard-learned lessons on authigenic illite dating applicability in those areas.
The Section on “Discussion” presents the authigenic illite Ar-Ar dating method in two
chapters. Authigenic illite Ar-Ar dating is regarded as a “mine field” or “unresolved
barrier” in the field of authigenic illite geochronology as it involves a long and difficult
procedure and is also a costly and controversial method. Without a good understanding
of various factors affecting the authigenic illite Ar-Ar ages, the method can easily be
misused or abused. This is mainly caused by very limited data so far available and the
lack of well investigated case studies and open discussion on the issue. By using the
unencapsulated method, we have analyzed a variety of authigenic illite samples from five
petroliferous basins and eight stratigraphic intervals (S, D, C, P, T, J, K and E) in
China. We systematically addressed the issues relating to the authigenic illite Ar-Ar
dating method and its potential applications using examples from the Sulige giant gas
field in the Ordos Basin and the Silurian bituminous sandstone in the Tarim Basin. The
inclusion of an Appendix section aims to provide readers with some typical authigenic
illite dating results including K-Ar ages, Ar-Ar ages, and Ar-Ar age spectra, some of
which are not discussed elsewhere in the book. We hope readers may find the data useful
to their work.

The book is primarily written by Youyu Zhang with contribution from Keyu Liu
and Xiuquan Luo. In addition to our own research work and data, for completeness of
covering more regions and stratigraphic intervals, and for technique’s comparison (e. g.
K-Ar vs Ar-Ar), the book also makes use of some data (e. g. SEM, XRD, K-Ar ages)
of other colleagues including Gang Gao, Guoyou Fu, Xiaoping LLuo, Zhong Luo, Sibing
Lius, Yujie Ma, Zhanli Ren, Jin Su, Yumei Sun, Hongjun Wang, Yanbin Wang,
Huaixian Xu, Zhichao Yu, Shuichang Zhang, Zhongmin Zhang, et al. All those data
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were analyzed in the AIG Lab by the authors using the same procedure and can thus be
compared.

We are grateful to Prof. Chengzao Jia, Academician of Chinese Academy of
Sciences, and Prof. Horst Zwingmann of Kyoto University for their review and
endorsement of the publication of this book.

We also would like to express our gratitude to many people in RIPED including the
current director of the Petroleum Geology Research and Laboratory Center, Prof.
Shuichang Zhang, former director, Prof. Dajiang Zhang for their unfailing support! The
State Key Laboratory for Enhanced Oil Recovery and the CNPC Key Laboratory for
Basin Structure and Hydrocarbon Accumulation are acknowledged for financial support.
A number of people contributed to the work presented in the book in various ways
including Prof. Shizhen Tao of RIPED, Andrew Todd of CSIRO, and Xisheng Lin,
Jianchang You, Baohe Wei, Desheng Zhu and Yongping Zheng of the Petroleum
Geology Research and Laboratory Center.

Even after years of research in the field, authigenic illite geochronology is still a
new research field for us and is full of new challenges. It is anticipated that some
inadequacy and omissions are present throughout the book. We welcome comments and

suggestions from the readers.

Youyu Zhang
July 1, 2015
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