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Preface

This book contains seven chapters dealing with the investigation of seismic and sequence
stratigraphy and integrated stratigraphy, including the stratigraphic unconformities, in dif-
ferent geological settings and using several techniques and methods, including the seismos-
tratigraphic and the sequence stratigraphic analysis, the field geological survey, the well log
stratigraphic interpretation, and the lithologic and paleobotanical data. Book chapters are
separated into two main sections: (i) seismic and sequence stratigraphy and (ii) integrated
stratigraphy. There are three chapters in the first section, including the application of se-
quence and seismic stratigraphy to the fine-grained shales, to the fluvial facies and deposi-
tional environments, and to the Late Miocene geological structures offshore of Taiwan. In
the second section, there are three chapters dealing with the integrated stratigraphic investi-
gation of Jurassic deposits of the southern Siberian platform, with the stratigraphic uncon-
formities, reviewing the related geological concepts and studying examples from Middle-
Upper Paleozoic successions, and, finally, with the integrated stratigraphy of the Cenozoic
deposits of the Andean foreland basin (northwestern Argentina). The chapters separated in-
to two main sections are preceded by an introductory chapter, namely the chapter 1, giving
insights into the subject area.

Introductory chapter

The first chapter “An Introduction to the Seismic and Sequence Stratigraphy and to the Inte-
grated Stratigraphy: Concepts and Meanings” by Gemma Aiello introduces the concepts of
seismic and sequence stratigraphy and of integrated stratigraphy.In this chapter it is clari-
fied that the sequence stratigraphic studies on the aliuvial depositional systems and of the
fine-grained shales, shown in this book, are of great actuality in a geological sense, mainly
taking into account that the seismo-stratigraphic concepts have been developed on the ma-
rine deposits of passive-type Atlantic continental margins. The geologic evolution of the
passive margins has been briefly introduced. Due to different case histories of this book lo-
cated in China, the geological structure of the Chinese-type basins has been recalled as
mainly controlled by the amalgamation of continental blocks, Paleozoic in age, associated
with different insular arcs.

Seismic and Sequence Stratigraphy

The second chapter, “Sequence Stratigraphy of Fine-Grained Shale Deposits: Case Studies of
Representative Shales in the USA and China,” by Shu Jiang, Caineng Zou, Wen Lin, Zhenlin
Chen, Lei Chen, Lanyu Wu, Wei Dang, and Yajun Li, discusses the importance of sequence
stratigraphic studies of fine-grained shale deposits, hosting important oil and gas resources.
This chapter points out the main vertical and lateral lithofacies variations and the patterns of
well logs, coupled with geochemical and mineralogical data in order to reconstruct the se-
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quence stratigraphic framework of significant shales located in the USA (Barnett shale,
Woodford shale, Marcellus shale, Mowry shale, Niobrara shale) and in China (Longmaxi
shale, Chang? shale). The techniques and methods have been shown to aim at recognizing
the sequence boundaries, the system tracts, the flooding surfaces, the sets of parasequences,
and the parasequences for the reconstruction of the stratigraphic architecture of shales and
of the corresponding control factors, including the relative sea-level fluctuations and the
sedimentary supply.

The third chapter, “Sequence Stratigraphy of Fluvial Facies: A New Type of Representative
from Wenliu Area, Bohai Bay Basin, China,” by Jingzhe Li and Jinliang Zhang, deals with
the application of sequence stratigraphic concepts to alluvial environments, as an alternative
to the classical concepts of sequence stratigraphy, which have been typically developed on
the marine environments. The Wenliu area (Bohai Basin, China), developed as a case history
in this chapter, hosts a kind of rivers, namely, the distributive fluvial systems (DFS), charac-
terized by a radiation patterns of the channels coming from a vertex, by a broad convex-con-
cave upward downfan, and by the intersection of the alluvial system located on the river. A
sedimentary model of the Wenliu area is herein proposed, showing that the prevalent lithol-
ogies are mudstones, sandy mudstones, muddy siltstones, shaley siltstones, and siltstones.
Fifty-eight short-term sea-level cycles have been recognized based on sequence stratigraphic
setting, which has evidenced the occurrence of both rises and falls of the sea level.

Chapter 4, “Seismic Stratigraphic Features of the Late Miocene-Present Unconformities and
Related Seismic Units, Northern Offshore of Taiwan,” by Jih-Hsin Chang, Eason Yi-Cheng
Yang, Ho-Han Hsu, Chih-Chieh Su, Char-Shine Liu, Shye-Donq Chiu, Yuan-Wei Li, Yen-
Chun Lin, and Jen-Sen Shen, explains the seismostratigraphic features in the northern Tai-
wan offshore based on seismic profiles. In this chapter, significant seismic unconformities
and related seismic units are discussed and interpreted. The regional unconformities are in-
terpreted to be formed as a response to a mountain collapse and to the end of regional vol-
canic and tectonic activity, genetically related with the development of Late Neogene basins
in the northern Taiwan offshore. The tectonic evolution and the corresponding implications
for the post-collisional basins have also been reconstructed.

Integrated Stratigraphy

Chapter 5, “Stratigraphy of Jurassic Sediments of the Southern Siberian Platform (Russia)
Studied through Lithologic and Paleobotanical Data,” by A.O. Frolov, N.I. Akulov, and .M.
Mashchuk, presents the results of an integrated stratigraphic study of Jurassic deposits of
the Irkutsk Coal Basin through the integration of lithologic and paleobotanical data. The
main stratigraphic units of the Irkutsk basin (Cheremkhovskaya Formation, Prisayanskaya
Formation, and Kudinskaya Formation) have been studied through the individuation of
their lithologic characteristics. Moreover, two new fossil plant assemblages have been indi-
viduated and described, which were previously unknown. The stratigraphic correlation has
been established based on paleobotanical data, correlating the Jurassic deposits of the Ir-
kutsk basin with the deposits filling the basins located in western Siberia.

Chapter 6, “Stratigraphic Unconformities: Review of the Concept and Examples from the
Middle-Upper Paleozoic,” by Pavel Kabanov, deals mainly with the disconformities and
their geological meaning in stratigraphy. The disconformities have been examined at a seis-
mic resolution, pointing out that on the seismic sections they appear if the subaerial expo-
sure has provoked the development of a significant relief or alternatively of incised fluvial
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channels, which may be identified at the scale of the seismic profile. The evaluation of hia-
tuses related to disconformities has also been carried out, suggesting that these stratigraphic
surfaces are subzonal and do not show index fossils below and above the unconformity it-
self. The conceptual expression of disconformities is suggested, since they can occur in flood
plain successions and in shallow marine successions, both as deposited under a wet climate
controlled by an open stream drainage and as deposited in a dry climate and a karst envi-
ronment. The drowning unconformities, typically occurring in carbonate platform environ-
ment, have also been studied in this chapter. The case histories include the Permian-
Pennsylvanian successions of the Sverdrup Basin (Arctic Archipelago, Canada), the
Carboniferous successions of the Moscow Basin (Russia), and the Lower-Middle Devonian
successions of the Mackenzie Corridor (northwestern Canada).

Chapter 7, “Integrated Stratigraphy of Cenozoic Andean Foreland Basin (Northern Argenti-
na),” by Claudia Ines Galli, Ricardo Narciso Alonso, and Lidia Beatriz Coira, provides an inte-
grated stratigraphic study of the Cenozoic deposits filling the foreland basin of the Andean
fold and thrust belt (northwestern Argentina). The relationships between sedimentary proc-
esses and tectonic setting have been evidenced, since the geological history of the foreland
basin is strictly related with the tectonic control factor, acting on the development of the allu-
vial systems occurring in the basin. This integrated stratigraphic study has been carried out
integrating different stratigraphic data and methods, including the paleoenvironmental char-
acters, the types of stratigraphic contacts between the units, the geochronological data refer-
red to the age of the units, and the paleomagnetic data, constraining the age of the units
inferred from geochronology. The pre-Andean basement, underlying the foreland basin fill-
ing, has been individuated and described in detail. The facies, the stratigraphic architecture,
and the sequence stratigraphy of the Los Colorados Formation, the Angastaco Formation, the
Palo Pintado Formation, the San Felipe Formation, the Métan Subgroup, the Guanaco Forma-
tion, and the Piquete Formation have been described in detail.

I thank Mrs. Mirena Calmic and Mrs. Martina Usljebrka, Publishing Process Managers of
InTech—Open Science, Open Minds—who have contributed to this book project on stratig-
raphy with competence and patience, following day after day the editorial activities and
making possible the publishing of this book.

Dr. Gemma Aiello, PhD

Full-Time Researcher

National Research Council of Ttaly (CNR)

Institute of Marine and Coastal Environment (IAMC)
Naples, Italy
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Chapter 1

Introductory Chapter: An Introduction to the Seismic
and Sequence Stratigraphy and to the Integrated
Stratigraphy: Concepts and Meanings

Gemma Aiello

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71678

1. Introduction

This is the introductory chapter of the book “Seismic and sequence stratigraphy and inte-
grated stratigraphy - new insights and contributions.” In this chapter, the research themes
studied in this book have been introduced referring to the seismo-stratigraphic and sequence
stratigraphic techniques and methodologies, pertaining, in particular, the fine-grained shales
and the alluvial systems, the seismo-stratigraphic features of Late Miocene deposits offshore
the northern Taiwan and to the integrated stratigraphic studies, including the stratigraphy of
the Jurassic deposits in the Irkutsk sedimentary basin studied through lithologic and paleo-
botanical data, the disconformities in stratigraphy, reviewing their theoretical concepts and
studying selected examples from Paleozoic successions and the integrated stratigraphy of the
foreland basin of the Andean fold and thrust belt.

The topics and the research themes developed in this book are of the great actuality and
should have a good impact on the scientific research community. In fact, the sequence strati-
graphic studies and the seismo-stratigraphic concepts have been typically developed on the
deposits pertaining to the marine environment in a geodynamic context of a passive, Atlantic-
type continental margin [1-13]. In this book, instead, emphasis is given to the sequence strati-
graphic studies performed on the alluvial systems and on the fine-grained shales.

The passive margins are characterized by thick successions of clastic and carbonate depos-
its, mainly of shallow water depositional environments, constituting sedimentary wedges
thickening toward the ocean. The sedimentary wedge overlies a continental lithosphere seg-
mented in horst and graben structures and tends to be prograding on the newly formed con-
tinental lithosphere. The sedimentary successions of a passive continental margin may reach
thicknesses in the order of 14 kilometers and accumulate during and after the continental

I NT Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
openscience | open minds distribution, and reproduction in any medium, provided the original work is properly cited. (c
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rifting and the formation of oceanic lithosphere. In a well-developed Atlantic-type continental
margin, a continental shelf, continental slope and rise and basin occur [14-28].

Sequence stratigraphic interpretations of the alluvial systems and of the fine-grained shales,
studied in this book, may be considered as both a counterpart and an integration of sequence
stratigraphic analyses of marine deposits in continental shelf, slope and basin environments.
The sequence stratigraphic setting of the fluvial depositional systems has been studied by
several authors in different geological frameworks [29-35]. The distributive fluvial systems
(DEFS) [35], which have been investigated in this book, are a particular type of fluvial system,
which is characterized by a downstream whose size decreases, is not bounded from valleys
and shows a pattern of different rays coming from an apex. The sequence stratigraphy of
the fine-grained shales is an interesting research topic of this book, and theoretical aspects
applied to several geological settings have been pointed out by several papers [36-40]. In
particular, the sequence stratigraphy of the Barnett Shale and subordinately of the Woodford
Shale is among the most studied research topics regarding the shales and has been coupled
with other geological methodologies, including the geochemistry and the evaluation of the
gas content for petroleum studies [41-45].

In this book, different case studies located in China have been presented. To this aim, it should
be useful to clarify the type of geological structure of the Chinese-type basins. The present-day
geological setting of the Asia continent and, in particular, of China has been controlled by the
amalgamation of several Paleozoic continental blocks and many insular arcs. Ziegler et al. [46]
have attempted to follow the traces of the migration of some of these blocks up to their uni-
fication in the Laurasia continent of the Pangea. The paleogeographic reconstructions of the
Chinese region at the end of the Paleozoic have allowed to distinguish three Precambrian plat-
forms, which have been captured during the growth processes in the Paleozoic (i.e., the Tarim
platforms, Northern China, and Southern China) [47]. During the formation of the Meso-
Cenozoic megasuture belt, a new set of plates was produced, with the capture of the blocks
of the Lut, Iran, Tibetan block, and Indochinese platform, merging with the initial Paleozoic
nucleus. In the time interval ranging from the Upper Cretaceous to the Pliocene, the colli-
sion of the Asia with the Arabian block occurred, while during the Cenozoic, the collision
of the Asia with the Indian block occurred [48]. The Chinese basins include the Ordos, Pre-
Nan Shan, Tsaidam, Tarim, Turfan, and Dzungarian and are characterized by the occurrence
of Mesozoic-Tertiary continental successions deformed by both strike-slip and reverse faults
involving the Paleozoic basement [49]. Their individuation appears to be related to compres-
sional stresses [50]. Three types of basins, hosting important oil and gas resources, have been
distinguished in China, namely the extensional basins, the compressional basins, and the tran-
sitional basins [50]. The extensional basins prevail in the Eastern China, including the Songliao
and Bohai Gulf basins (the second one has been investigated in this book). The compressional
basins are mainly located in the Western China, including the Tarim and Junggar basins, while
the transitional ones are mainly located in the Central China, including the Sichuan and Ordos
basins [50].

In this book, another important research topic is represented by the Andean foreland basin,
whose age is Cenozoic and located in northern Argentina. Its formation has been modeled
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from a geodynamic point of view, finding a coefficient of erosional transport of 3000 m?/year
and a coefficient of depositional transport of 20,000 m?/year [51]. These parameters have pre-
dicted the basin geometry of the Andean foreland basin [51]. It is a belt of foreland basins
located eastwards of the Central Andes and extending into different regions, including the
eastern Bolivia, the northern Argentina, the Paraguay and the southwestern sector of Brazil.
Perhaps, this belt is characterized by several depocenters, whose regional sediment distribu-
tion has been reconstructed by Horton and deCelles [52]. According to the obtained results
[52], the sedimentary basin filling strongly varies in the depocentral zones including the
wedge-top, the foredeep, the forebulge and the back-bulge depocentral zones. This varia-
tion is accompanied by significant variations in elevation and gravimetric anomalies [52].
Significant variations in the crustal thickness of Andes have been previously pointed out by
geological studies [53]. Moreover, the lithospheric flexure of the central Andes and the cor-
responding bending of stratigraphic sequences have been investigated in detail [54].

2. Seismic stratigraphy

In this book, the seismo-stratigraphic setting of the Northern Taiwan offshore has been recon-
structed based on the geologic interpretation of seismic sections (see Chapter 3). Moreover, in
Chapter 5, significant results on the stratigraphic unconformities have been shown, focusing
on examples of Paleozoic successions. Perhaps, it should be useful to clarify some seismo-
stratigraphic concepts and methods.

While the stratigraphic analysis was previously based on the field geological survey, on the
measurement of stratigraphic sections and on the lithologic and paleontologic descriptions,
aimed at reconstructing the depositional environments and at correlating the stratigraphic
sequences among them, this work methodology has been deeply changed after the onset
of the seismic stratigraphy, which has allowed for obtaining detailed seismic records of the
stratigraphic successions.

The approach to the seismic stratigraphy is based on the key concept that the seismic reflectors
may be compared with the strata plans and, perhaps, the geometry of the seismic reflectors
corresponds to the depositional geometry [55]. In this sense, the seismic stratigraphy repre-
sents a geological and geophysical approach to the stratigraphic analysis and interpretation.

The seismic reflectors occur in correspondence with significant contrasts of the acoustic
impedance, which is a significant parameter in seismic stratigraphy. When an acoustic wave
meets the interface separating two media having a different acoustic impedance, a part of
the wave is transmitted to the other medium, while another part is reflected on the interface
among the two media. The concept of the acoustic impedance allows for the calculation of the
quantity of transmitted and reflected acoustic energy.

If we consider U as the energy of the wave crossing the media M, and M, and we suppose
that Z, is the acoustic impedance of the medium M, and Z, is the acoustic impedance of the
medium M,, the transmitted energy U, can be calculated through the following equation:

5
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while the reflected energy U, can be calculated through the following equation:

u = ] u ()
r Z+Z.°

The contrasts of acoustic impedance controlling the individuation of the seismic reflectors
are located along surfaces corresponding to strata surfaces or to other discontinuities having
a chronostratigraphic meaning. The strata surfaces represent the old surfaces of deposition,
and then, they are coeval in the depositional area. The discontinuities are old erosional or non-
depositional surfaces corresponding to significant stratigraphic gaps. Also if they represent
events varying during the geological time, the discontinuities are considered as chronostrati-
graphic surfaces, since all the strata overlying the discontinuity are younger than the underly-
ing strata [2, 9-12]. When identified on a seismic section, the discontinuities let to identify the
most important lateral variations in the deposition of a stratigraphic succession. Moreover,
they offer a geological basis in order to subdivide the stratigraphic successions in depositional
sequences, which are the basic stratigraphic units of seismic stratigraphy [2, 9-12].

The main steps of the seismo-stratigraphic analysis are represented by the identification of the
discontinuities and consequently of the depositional sequences, by the reconstruction of the
original geometry of the sedimentary bodies and related sedimentary environments and by
the chronostratigraphic correlation [2, 9-12].

The seismic sequence analysis allows for the identification of the depositional sequences. The
geometric relationships between the lateral terminations of the strata and the discontinuities
or the correlative conformities define the boundaries of the depositional sequences [2]. The
lateral terminations of the strata with respect to the sequence boundaries individuate the
configurations of onlap, downlap, continuity (lower boundaries) and of erosional truncation,
toplap and continuity (upper boundaries) [1, 2, 7-12].

The seismic facies analysis deals with both the individuation and the geologic interpreta-
tion of the geometry, continuity, amplitude, frequency and velocity of the seismic reflectors,
more than the outer shape of the sedimentary bodies and the seismic facies associations in a
depositional sequence [2, 56-61]. In the modern development of this methodology, one aim
is represented by the recognition of clusters or groups, representative of significant varia-
tions in the properties of the rocks, in the lithology and in the content of fluids. The cluster
analysis offers a significant instrument in order to perform the classification of the shapes of
the seismic traces grouping them into clusters, often using an unsupervised process without
a previous definition of the clusters [57, 60, 61].

The analysis of relative sea-level fluctuations is based on the construction of chronostrati-
graphic diagrams and of curves of relative sea-level cycles [1, 6-10, 62]. In a chronostrati-
graphic section, reporting the chronological units in the ordinates of the graph, each layer has
an equal time duration. Both erosional and non-depositional hiatuses may occur among the
time surfaces corresponding to the layers of the depositional sequences. Three-dimensional
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Wheeler chronostratigraphic diagrams represent a useful tool in the geological interpretation
of the seismic sections [63-65]. While the conventional Wheeler diagrams, which are usually
made by hand, include sketch diagrams showing the extent of chronostratigraphic sequences,
new methods have been recently developed in order to construct a Wheeler diagram for a
seismic three-dimensional volume [63-65].

3. Sequence stratigraphy

The concepts of depositional sequence, isochronous boundaries, and characteristic correlation
geometry, which have been typically developed in the seismic stratigraphy, may be applied
in the stratigraphic analysis of outcrops, representing, in that case, the sequence stratigra-
phy. Some beautiful examples of progradation, toplap, and other stratigraphic relationships
have been described by Bosellini [66], an Italian geologist who has applied the concepts of
the sequence stratigraphy to significant outcrops of the Triassic carbonate platforms of the
Dolomites (Northern Italy). Bosellini [66] has described several types of progradational geom-
etries occurring in spectacular outcrops located in the Dolomites at an outcrop scale com-
parable with one of the seismic sections. In the Dolomites, an episodic progradation of the
carbonate platform has been suggested based on outcrop analysis. During the periods of high
debris input, the progradation of the carbonate platform occurred, which was evidenced by
the widening of shallow water carbonate depositional environments. On the contrary, during
the periods of low debris input, the basinal sedimentation prevailed on the shallow water
carbonate deposition. The onlap of the basinal facies at the toe of the carbonate slope may
be observed in outcrop [66]. The progradational geometries have been interpreted accord-
ingly with two different models, which have been named as two periods of Triassic times.
In the Ladinian model, the progradation and the aggradation of the carbonate platform took
place contemporaneously, indicating a phase of a relative sea-level rise. In the Carnian model,
toplap geometries have been observed in the carbonate platform, indicating a phase of rela-
tive sea-level stand [66].

Numerous are the sequence stratigraphic studies carried out on carbonate platform outcrops.
Stafleu and Schlager [67] have carried out a sequence stratigraphic study in which pseudo-
toplap geometries have been identified in the Schlern and Raibl Formations. Prograding
clinoforms have been identified in the Schlern Formation coupled with topset geometries [67].
Two lithological models have been constructed to explain the geologic evolution of the car-
bonate platform, that is, (1) rapid progradation of the carbonate platform coupled with slow
aggradation and (2) toplap of the prograding clinoforms against the topsets deposited in the
inner platform. The seismic models have generated a pseudo-toplap, which is not coincident
with a toplap in the outcropping sections [67].

The siliciclastic sequence stratigraphy, its concepts and application have been resumed by
Posamentier and Allen [68]. The key concepts of siliciclastic sequence stratigraphy have been
considered, including the key stratigraphic surfaces, such as the transgressive surface, the max-
imum flooding surface, the ravinement surface and many others, and their geologic meaning.

7
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The control factors on the deposition of sequences and system tracts have been considered,
including the sea-level fluctuations, the sediment supply and the accommodation space [68].

Some applications of siliciclastic sequence stratigraphy have been given in the recognition of
depositional sequences and system tracts from well logs coupled with seismic profiles and
biostratigraphic data [69]. The integration of these stratigraphic methods has been applied to
the Gulf of Mexico and has allowed for the prediction of reservoirs, seals and source rocks,
useful in the petroleum exploration. The stratigraphic architecture has evidenced the occur-
rence of a complete depositional sequence, consisting of lowstand system tract (LST), trans-
gressive system tract (TST), and highstand system tract (HST), whose stratigraphic signature
has been identified based on well log interpretation. High-resolution paleobathymetric and
biostratigraphic interpretation of well logs has detailed the general stratigraphic setting.

Some key concepts of sequence stratigraphy, particularly referring to the stratigraphic uncon-
formities, are given in the Chapter 5 of this book. The stratigraphic unconformities are con-
sidered as main stratigraphic surfaces and their identification in outcrops can be constrained
using the relative weathering maturity of the subaerial profile, the calibration through
cyclostratigraphy, the absolute dating and the biostratigraphy. At the scale of the seismic pro-
files, the disconformities show concordant strata overlying and underlying the stratigraphic
surface. In the sense of this chapter, they are considered to include the ravinement surfaces,
which are important stratigraphic surfaces, related to the erosion during the transgressive
movement of the landward margin of the transgressive system tract (TST) [70-72]. Moreover,
the concept of drowning unconformity has been reviewed, considering this stratigraphic sur-
face as one of the most important stratigraphic surfaces in carbonate platform settings [73-76].
These surfaces develop when the rate of vertical aggradation of the carbonate platform is
lower than the rate of the accommodation space. Perhaps the deep water sedimentation tends
to prevail on the shallow carbonate sedimentation, as evidenced by the individuation of the
drowning unconformity. These kind of unconformities have been individuated offshore of
the Apulian region in the Southern Adriatic Sea [62] and onshore in the Gargano Promontory,
showing a well-developed carbonate platform margin-slope-basin succession [77].

4. Integrated stratigraphy

In this book, different studies on integrated stratigraphy have been presented, which are
grouped in the second section of the book. These studies are based on the integration of
several stratigraphic methodologies, including the lithologic and paleobotanical data, the
three-dimensional seismic models, the biostratigraphy, the paleopedology and paleoaquifer
studies, the lithologic logs of cores and their subaerial exposure profiles, the individuation
of the eroded paleosols, the lithologic and lithofacies logs of wells and some corresponding
measurements and, finally, the facies analysis aimed at individuating the depositional archi-
tecture and the sequence stratigraphic setting.

Different stratigraphic methods are involved in the integrated stratigraphy, including the che-
mostratigraphy, the isotopic stratigraphy, the oxygen isotopes, the carbon isotopes, the strontium
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isotopes, the orbital cyclostratigraphy, the response of the climate system to the orbital forcing,
the orbital forcing and the sedimentary environments, the identification of cyclical features and
the spectral analysis of time series. Particular attention must be given to the methods of absolute
dating and to the geological timescale.

Numerous papers have been produced in the field of the integrated stratigraphy, covering
a wide range of competences. The stratigraphic record of Gubbio (Central Apennines, Italy)
is one of the most studied research topics in the integrated stratigraphy [78]. Cretaceous and
Paleogene stratigraphy of the Central Apennines has been deeply studied from the begin-
ning of 1900. A pioneer of these studies was Otto Renz (1906-1992). Many paleomagnetic
investigations have also been carried out on the Mesozoic-Paleogene stratigraphic record of
the Umbria—Marche basin. One of the most significant lithological types is represented by the
Scaglia limestones, whose directions of remnant magnetization have indirectly given indi-
cations on the geodynamic evolution of the Adria African Promontory [79]. Starting from
the Middle Jurassic, the magnetic stratigraphy of the Mesozoic-Paleogene succession of the
Umbria—Marche basin has allowed to individuate a record of the geomagnetic polarity [78].
The value of this record has been confirmed from its correlation with the oceanic paleomag-
netic records. The integrated stratigraphic studies of the Gubbio section include the individu-
ation of an Early Cretaceous tectonic event in the Adria promontory, having insights from the
Umbria-Marche pelagic basin, the Barremian-Aptian boundary in the Poggio Le Guaine core,
giving evidence on the magnetic polarity chron M0Or and on the oceanic anoxic event 1a, the
Rotalipora cushmani extinction at Gubbio, a planktonic foraminifer testifying the emplacement
of a large volcanic province and the evaluation of the environmental fluctuations during the
late Cenomanian at Gubbio based on the ichnofabric [78].

In my opinion, another main research topic in the integrated stratigraphy is represented by
the Messinian Global Stratotype Section and Point (GSSP) [80]. High-resolution integrated
stratigraphy has been presented by Hilgen et al. [80], based on the integration of different
stratigraphic methodologies, including the calcareous plankton biostratigraphy, the magnetic
stratigraphy and the cyclic stratigraphy. The Messinian GSSP has been individuated at the
base of the red layer of the cycle n. 15 in the section Oued Akrech. It coincides with the first
occurrence of Globorotalia mitumida and is dated back at 7.251 My [80]. For the upper part of
the Miocene, the Messinian is the standard chronostratigraphic unit, whose knowledge is due
to the corresponding salinity crisis occurring in the Mediterranean Sea.

5. Outline of this book

Different stratigraphic studies have been carried out in this book. First, they include the
sequence stratigraphic architecture of siliciclastic- and carbonate-dominated shales in USA and
China, focusing on the implications in the reservoir prediction. The sequence stratigraphy of
alluvial depositional environments has also been studied, defining a new type of fluvial facies,
representative of the Bohai Bay Basin, which is located in Eastern China in extensional tectonic
setting. In the northern Taiwan offshore, the main regional unconformities (U1l and U2) and the

9
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related seismic units (SU I, SU II, SU III) have been singled out as an answer to the collapse of
the fold and thrust belt located in the emerged areas. A new stratigraphic scale for the Jurassic
deposits of western Siberia has been constructed based on the correlation of these deposits with
the surrounding regions. The theoretical aspects of the stratigraphic unconformities have been
reviewed, focusing on the drowning unconformities (Middle Devonian drowning unconfor-
mity). The significance of this study is the integration among different aspects of stratigraphy.
Most of the work which has been described in this book derives from detailed in situ observa-
tions and sophisticated stratigraphic analyses.

This book contains six chapters, as follows:

Chapter2 (Sequence Stratigraphy of Fine-Grained “Shale” Deposits: Case Studies of Representative
Shales in USA and China).

Chapter 3 (Sequence Stratigraphy of Fluvial Facies: A New Type Representative from Wenliu
Area, Bohai Bay Basin, China).

Chapter 4 (Seismic Stratigraphic Features of the Late Miocene-Present Unconformities and
Related Seismic Units, Northern Offshore Taiwan).

Chapter 5 (Stratigraphy of Jurassic Sediments of the Southern Siberian Platform (Russia)
Studied Through Lithologic and Palaeobotanical Data).

Chapter 6 (Stratigraphic Unconformities: Review of the Concept and Examples from the
Middle-Upper Paleozoic).

Chapter 7 (Integrated Stratigraphy of the Cenozoic Andean Foreland Basin (Northern Argentina)).
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Abstract

The fine-grained “shale” deposits host a vast amount of unconventional oil and gas
resources. This chapter examines the variations in lithofacies, patterns of well logs, geo-
chemistry, and mineralogy in order to construct a sequence stratigraphic framework of
the representative marine Barnett, Woodford, Marcellus, Mowry, and Niobrara fine-
grained “shales” (USA) and the marine Longmaxi shale and lacustrine Chang? lacus-
trine shale (China). Practical methods are proposed in order to recognize the sequence
boundaries, the flooding surfaces, the parasequences and parasequence sets, the sys-
tem tracts, and variation patterns of facies and rock properties. The case studies for
the sequence stratigraphy in the USA and China have revealed that the transgressive
systems tract (TST) and the early highstand systems tract (EHST, if identifiable) of fine-
grained “shales” have been deposited in anoxic settings. TST and EHST of the siliciclas-
tic “shales” are characterized by high gamma ray, high TOC, and high quartz content,
while TST and EHST of the carbonate-dominated fine-grained “shales” are character-
ized by low gamma ray, organic lean, and carbonate rich fine-grained deposits. The
lithofacies, geochemistry, mineralogy, depositional evolution, and reservoir develop-
ment have been predicted and correlated within a sequence stratigraphic framework
for the suggested cases. The best reservoir with the best completion quality is devel-
oped in TST and HST in both siliciclastic-dominated and carbonate-dominated fine-
grained “shales.”

Keywords: sequence stratigraphy, shale, fine-grained, siliciclastic dominated, carbonate
dominated
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1. Introduction

The great success of shale gas exploration in North America has attracted increasing attention
from petroleum geologists in the world. They are passionate about finding more commercial
shale gas in other countries. Although the success of shale gas exploration in North America
leads geologists to believe that shale gas exploration has a good prospect, how to find the sweet
spot of shale gas in shale strata is still the main obstacle we need to face in the shale gas explora-
tion and development. Sequence stratigraphy is a relatively new concept of stratigraphy and is
a powerful tool to subdivide the stratigraphic intervals into geologically realistic and cyclic pat-
terns and to predict the stratal patterns, the lithofacies variations, and the petroleum reservoirs
within a chronostratigraphic unit. In the past 40 years, the sequence stratigraphic studies mainly
focused on the coarse-grained siliciclastic and carbonate deposits and on the fine-grained tur-
biditic systems from lacustrine to deepwater settings, leading to a great success in the con-
ventional petroleum exploration [1-5]. However, only limited studies on the high-frequency
sequence and sedimentology have been conducted to study the sequence stratigraphy of shale
strata deposited in deep water or restricted shallow water environment [6-8]. According to the
traditional sequence stratigraphy, it is difficult to carry out a sequence stratigraphic analysis
in relatively deep water areas where the shales are deposited [9]. This is due to the relatively
homogenous and fine-grained nature of the shale interval [10] and to the conformity contact
between upper and lower strata. Only newly acquired seismic data tied to geology can charac-
terize the partial reservoir parameters, and it is very challenging to pick surfaces reflecting sea-
level changes of fine-grained deposits on the seismic data if not tied by core and log data [11, 12].
Also, the GR log alone sometimes does not indicate high TOC of the maximum flooding surface
within a sequence [13]. Nevertheless, some researchers have integrated the geochemistry, the
geomechanics, the core and outcrop analysis, the seismic data, the well logs, the petrology, and
the paleontology in order to perform a sequence stratigraphic analysis of the shales aimed at
understanding the sequence boundaries, the major transgressive surface of erosion, the maxi-
mum flooding surface, the stacking patterns, the lithofacies variability, and the depositional
models within the sequence [8-10, 14-25]. Some geologists have even tried to establish the crite-
ria and models for sequence stratigraphy study in marine shale and predict the good reservoir
potential shale gas vertically and laterally [8, 10, 12, 21, 22, 26]. So far, sequence stratigraphy of
the shale is still poorly understood, and the traditional seismic stratigraphy approach to recog-
nize the boundaries of sequences and system tracts does not work well for the fine-grained shale
due to their relatively homogeneous fine-grained nature. Recent advances in property tests of
the geochemistry, the mineralogy, the petrology, the petrophysics, and the geomechanics have
provided the basis for the detailed characterization of the sequence stratigraphy of fine-grained
shales. This chapter analyzes the spatial and temporal variations in the lithofacies, the well-log-
ging responses, the geochemistry, the mineralogy, the hydrocarbon content and aims at devel-
oping the sequence stratigraphic frameworks for representative siliciclastic-dominated shales
(marine Barnett, Woodford, Marcellus, and Mowry in the USA, Longmaxi and Chang? shales
in China) and carbonate-dominated shales (Niobrara, USA). The general variation trends of the
shale properties have been analyzed within a sequence stratigraphic framework, so that they
can be used to regionally correlate the shaly strata in a systematic manner and to identify, to pre-
dict, and to map the high-quality source rock and the productive fine-grained shale reservoirs.



Sequence Stratigraphy of Fine-Grained “Shale” Deposits: Case Studies of Representative Shales. ..
http://dx.doi.org/10.5772/intechopen.71137

2. Data and methodology

The data for characterizing the sequence stratigraphy of fine-grained shales include the
regional geologic data, the seismic data, the well logs, the lithofacies description in out-
crops and cores, the organic geochemistry, the mineralogy, the thin sections, the SEMs, the
QEMSCAN, and the geomechanics.

This chapter has employed a classic sequence stratigraphy model, consisting of the lowstand
systems tract (LST), of the transgressive systems tract (TST), and of the highstand systems
tract (HST) [2, 27]. The HST can be subdivided into early highstand systems tract (EHST) and
late highstand systems tract (LHST) based on identifiable stacking patterns of parasequences
and shale properties [24]. Slatt and Rodriguez [8] observed that many shales have cyclical pat-
terns related to the eustatic sea-level fluctuations. They also stated that the general sequence
stratigraphy of shales consists of a major transgressive surface of erosion or its correlative con-
formity and of an organic-rich TST bounded by a transgressive surface below and by a maxi-
mum flooding surface (MFS) or a condensed section (CS) above. The TST is then followed by
upward decreasing gamma-ray trends within an interpreted HST (Figure 1, see appendix for
the abbreviations used in this chapter). Typical time frames in which sea-level cycles (length
of geologic time for a complete sea-level fluctuations) can be interpreted for shales (mainly
based upon their fossil components) include second order, approximately 10-25 My; third
order, approximately 1-3 My; fourth order, approximately 100,000-300,000 years [20].

For the methodology, this chapter adopts the following step-by-step workflow for the
sequence stratigraphic analysis of fine-grained “shale” systems.

1. Study on regional geology;

2. Outcrop investigation on shale stratigraphy;
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Figure 1. General sequence stratigraphic model of fine-grained shale. A conceptual gamma ray log is shown to indicate
the log response of different fine-grained lithofacies (SS-shale rich in siltstone, DQ-shale rich in detrital quartz, O-CM-
organic or clay rich mudstone, BQ-shale rich in biogenic quartz) in different stratigraphic interval within sequence
stratigraphic framework. Modified from Slatt and Rodriguez (2012) and Slatt et al. (2014). See appendix for abbreviations
of sequence stratigraphy from Van Wagoner et al. (1990).
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3. Detailed lithological descriptions and preliminary interpretation of lithofacies from out-
crop and cores;

4. Additional well logs and data collected from the cored wells were organized, including
core-to-log depth corrections;

5. Lithofacies were identified based on core description, QEMSCAN analysis, thin section
description, well log responses of spectral gamma ray, resistivity, FMI, density, and XRD data;

6. Seismo-stratigraphic, paleontological, geochemical, and mechanical data were used to
identify the boundaries of different order sequences;

7. Vertical and lateral stacking patterns of the sequences were recognized;

8. High-frequency sequence stratigraphic framework was developed.

3. Lithofacies of shales

In the last few decades, the most of organic-rich shale-related plays, for example Barnett,
Niobrara, Eagle Ford, Haynesville, and Bakken, have been labeled as “shale plays,” and the
terms “shale oil,” “tight oil,” and “resource play” are often used interchangeably in a public
discourse [28-32]. The Barnett shale is a typical organic-rich siliceous shale (Figure 2a). The
Eagle Ford shale is an organic-rich shale interbedded with thin fine-grained carbonate beds
(Figure 2b). The lacustrine Green River shale consists of organic-rich shale with fine-grained
ostracod rich carbonate (Figure 2c). The Niobrara shale play is dominated by a low permeabil-
ity fine-grained chalk sourced by its adjacent marl source rock with continuous hydrocarbon
accumulation [33]. The chalk and marl cannot be differentiated by naked eyes and appear like

(b¥Eagle Ford; shale interbedded {ehCireen River: shole interbedded with

{ahBarmet; siliceous shale with fing grained carbaonie

fine scaled oxtracod rich carhonnie

ifyBakken: shale interhodded with
fine prained dolomiic

\d Fiiobreara: fine grained chalk

Figure 2. Lithofacies of typical fine-grained “shales” in U.S. The Green River Fm is of lacustrine environment and the
rest are of marine environment.
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organic-rich argillaceous shale due to fine-grained nature and both containing organic matter
(Figure 2d and e). The Bakken/Exshaw play (the USA and Canada) mostly consists of perme-
able fine-grained tight dolomite within upper and lower organic-rich shales (Figure 2f). The
reason for which all these different lithofacies are called shale is the fine-grained nature of
these deposits. Shale is defined as a fine-grained sedimentary rock that is a mix of clay minerals
and quartz, calcite, and so on. The typical grain size range of shale is less than 1/256 of a mil-
limeter in diameter. The ratio of clay to other minerals is variable. Shale used to be mistakenly
considered as clay. For the organic-rich source rock interval, it usually has a mixed succession
of interlayered fine-grained shales, sandstone, and/or carbonates. They are often called shale
play due to their fine-grained grain size and to their close relationships with organic-rich shale.
The shales representing different geologic settings in this study from different basins around
the world refer to the fine-grained stratigraphic interval consisting of siliciclastic-dominated
and carbonate-dominated lithofacies ranging from primary organic-rich shale to minor fine-
grained organic-lean carbonate or sandstone interbeds.

4. Sequence stratigraphy of siliciclastic-dominated shales

Siliciclastic shales are mainly composed of silicate minerals and transported and deposited as
fine-grained particles. The basic sequence stratigraphy of representative siliciclastic Barnett,
Woodford, Marcellus, and Mowry shales is herein presented based on the variations in litho-
facies, geochemistry, well log responses, and cyclicity of relative sea-level change and its
effects upon stacking patterns and stratigraphy.

1. Barnett shale

The Mississippian Barnett shale is divided into lower and upper Barnett shale intervals
separated in the northern part of the basin by the Forestburg Limestone. The lower Barnett
sits directly above an SB/TSE, which caps the underlying Viola/Ellenburger limestones.
The lower Barnett is dominated by siliceous mudstones and the upper Barnett is domi-
nated by calcareous mudstones [8]. These lithofacies form distinctive stacking patterns
termed “gamma-ray parasequences” (GRP) [34] and termed “high frequency-sequences”
by Abouelresh and Slatt [21]. We classify the Lower Barnett shale and Forsberg lime-
stone as a third-order sequence consisting of organic-rich high gamma-ray TST above the
Ellenburger limestone and HST of generally decreasing gamma-ray interval. The high
gamma-ray lower section of Upper Barnett shale represents TST of another third-order
sequence (Figure 3a).

2. Woodford shale

The Late Devonian-Early Mississippian Woodford shale comprises three members. They are
represented by the Lower Woodford Black shale, unconformably (SB/TSE) overlying (SB/
TSE) the Hunton Group carbonates, by the Middle Woodford organic-rich black pyritic shale,
and by the more quartzose-phosphatic Upper Woodford. The Woodford shale was deposited
during a second-order sea-level cycle consisting of several third-order sequences [22]. Each
third-order sequence comprises a TST with upward increasing in gamma ray and a HST with
upward decreasing in gamma ray (Figure 3b).
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Figure 3. Sequence stratigraphy of typical Barnett, Woodord, Marcellus and Mowry siliciclastic marine shales in U.S.
Original data of Barnett shale, Woodford shale, and Marcellus shale are from Slatt and Rodriguez (2012), Slatt and
Rodriguez (2014), and Lash and Engelder (2011), respectively.

3. Marcellus shale

The organic-rich lower Union Springs Member of Devonian Marcellus Shale in the northeast-
ern USA. was deposited as a third-order sequence in the Appalachian foreland basin [35]. This
sequence consists of a lower, upward increasing API gamma-ray TST and an upper, upward
decreasing API gamma-ray HST. The MFES constituting the highest gamma-ray shale sepa-
rates the TST and HST, and the HST can further be divided into EHST (early stage) and LHST
(late stage) (Figure 3c). Generally, the TST and EHST are rich in TOC and quartz content.

4. Mowry shale

The Cretaceous Mowry shale in Wyoming consists of third-order sequences with each con-
sisting of TST and HST. TST sits sharply above the SB/TSE and is indicated by a shale interval
of upward increasing in gamma ray and resistivity (R ). The MFS has the highest gamma ray
representing the highest sea level. HST generally consists of shale with upward decreasing in
gamma ray and resistivity (R).
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5. Longmaxi shale

The Lower Silurian Longmaxi shale with the best marine shale gas potential is a typical exam-
ple. This shale is characterized by organic-rich marine shale with abundant graptolite [24].
The thicker organic-rich portion of this Silurian shale was mainly deposited in intra-shelf lows
(bathymetric lows on the shelf) since the foredeep area was subject to clastic sediments dilution
from the orogenic belt. The Lower Silurian Longmaxi shale was interpreted as a third-order
sequence consisting of transgressive systems tract (IST) and highstand systems tract (HST).
Based on the lithofacies and geochemical characteristics, the HST can be further subdivided
into early highstand systems tract (EHST) and late highstand systems tract (LHST) (Figure 4).
During the deposition of the lowstand systems tract (LST), wide shelf areas have experienced
erosion, and the sediments have deposited in proximal intra-shelf lows. During the deposition
of the transgressive systems tract (IST), the shoreline backstepped toward sediment source
areas. The shale is generally deposited in the wide shelf, intra-shelf low, and slope area. The
organic-rich shale interval with abundant in-situ graptolite, for example Diplograptus [24],
high gamma-ray value, and high quartz content, is deposited in anoxic settings. During the
deposition of the early highstand systems tract (EHST), the total organic content (TOC) in the
shale may be high since the redox condition is still anoxic to dysoxic. The graptolite in EHST
is characterized by transported microoffsite graptolite, for example Monograptus [24]. During
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Figure 4. Sequence stratigraphy of Silurian siliciclastic dominated Longmaxi marine shale in Jiaoyel well in SE Sichuan
Basin, Southwest China.
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the deposition of the late highstand systems tract (LHST), a further fall of sea level resulted in
an increased input of siltstone and sandstone within the shales (see silty layer in core images
of the LHST shale in Figure 4). During this time interval, sedimentary environment changes
to oxygenated shallow marine setting and the coarsening-upward sequence made up of car-
bonatic shale and silty shales progrades basinward. The shale in LHST is organic-lean and
clay-rich shale due to the dilution of clastic input. Generally, the Paleozoic marine shale in
TST and EHST has high TOC, high quartz content, and high gas content and is the main target
for shale gas play in China. The intervals with high TOC and quartz content in TST and EHST
have higher porosity. The porosity in LHST is the highest due to the contribution of silty shale.
The sandstone or carbonate in the LHST may trap gas migrated from the TST and EHST shale
source rock, and they can form tight sand/carbonate gas play (Figure 4).

5. Sequence stratigraphy of carbonate-dominated shales

The sequence of carbonate-dominated shale has been studied using the Niobrara shale in
Wyoming and Colorado (USA), for example. For the carbonate-dominated sequence, its sea-
level response is different from that one of siliciclastic-dominated shales. For the siliciclastic
shales, the sea-level rise has responses of increase in organic matter content and gamma ray
(GR) of uranium. For the carbonate-dominated sequence, the sea-level rise means less input
in siliciclastic clay and deposition of limestone in clean and quiet water. For the Niobrara
equivalent formation in the Cretaceous Seaway, the sequence boundary is indicated by the
maximum input of siliciclastic clay indicated by the highest GR in proximal Utah and clay-
rich marl in Colorado (Figure 5). The TST is indicated by upward decrease in GR and deposit

Ereesry Frry of Miabrasa Frm Well Libsack 43027 in Colornda
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Figure 5. Sequence stratigraphy of carbonated dominated Niobrara shale in U.S.
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of chalk. The HST is indicated by increase in GR and deposit of marl. The MFS is indicated
by the lowest GR, the highest Rt, and clean chalk. The case study of Well Libsack 43,027 in
Colorado in Figure 5 clearly shows the sequence stratigraphic framework of Niobrara shale
formation consisting of chalk and marl.

6. Sequence stratigraphy of fine-grained shale interval in lacustrine basin
exampled by Ordos Basin in China

The late Cretaceous evolution of lakes and the corresponding depositional systems in the
Ordos Basin of Northern China have been controlled by the changes in the lake level, the
sediment supply, and the tectonic setting. The lakes expanded and shrank similarly to littoral
to shallow marine environments [36]. Therefore, the sequence stratigraphy and system tracts
developed in littoral to shallow marine environment can be applied in the lacustrine Ordos
Basin [37] due to similarities of geologic processes in marine and lacustrine settings. To this
aim, we have adopted methodology and terminologies of classical sequence stratigraphy also
in lacustrine settings, such as the lowstand systems tract (LST), the transgressive systems tract
(TST), the highstand systems tract (HST) [1, 2, 8].

For the shale play located in the Chang? source rock of the Ordos Basin, we have used the
first lacustrine shale gas well, LP177, for the shale play located in the Chang?7 source rock of
the Ordos Basin in order to reconstruct the lacustrine sequence stratigraphy. The Chang?7
interval in well LP177 is characterized by organic-rich black shales overlain by gray organic-
lean shales with sandstone interbeds (Figure 6). The SB is characterized by a change in depo-
sitional environments from semideep lake to shallow lake and by a corresponding change in
lithofacies from thin siltstone within shale to thicker siltstones within shales. The LST is char-
acterized by siltstone within shale. The transgressive surface bounding the LST and the TST
has been identified through the sharp difference in color from gray shale to black shale and
through the variations of the TOC content. The MEFS is characterized by the highest gamma
ray, the highest acoustic transit time (AC), high resistivity, and the highest TOC. HST is iden-
tified by coarsening-upward interval. The lower part of HST is characterized by organic-rich
shale representing early highstand systems tract (EHST). The upper part of HST is character-
ized by silty interval representing later highstand systems tract (LHST). Within this sequence
stratigraphic framework, the organic-rich shale having TOC of 2-6% was deposited during
TST and EHST (Figure 6). Tests on five samples from the organic-rich Chang? shale have
indicated a porosity of 3-3.5% and a permeability of 60-100 nD. The 1.5-8 mg/g S1 in the
shale reservoir interval indicates the accumulation of free oil in the shale or the presence of
shale oil. The siltstone and sandstone intervals in LST and LHST are interpreted as turbidite
deposits due to their position in semi to deep lake settings and their association with thick
shale. GR curves and lithologies show sharp contact with the underlying and overlying shales
confirming the nature of the turbidite deposits. Tests on the lower sandbody indicate a poros-
ity of 11% and permeability of 0.1 mD (millidarcy), and it is classified as a tight oil play. The
upper sandbody was tested to have a porosity of 14% and permeability of 1.3 D (darcy) and is
classified as a conventional turbidite sandstone reservoir in large part due to the darcy-range
permeability (Figure 6). The maturity of 0.77-0.95% of this organic-rich shale puts the Chang?
shale in the oil to wet gas window. The reported gas production of 2350 m®/day (82,990 ft3/
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Figure 6. Sequence stratigraphy and its application of Triassic lacustrine Yanchang Formation, LP177 well in Ordos
Basin, China.

day) from this organic-rich shale interval is probably wet shale gas indicated by the maturity.
These results indicate that the LST and LHST within the sequence stratigraphic framework
of lacustrine sediments tend to develop conventional and unconventional tight (sandstone)
reservoirs, while TST and EHST are prone to develop shale gas and oil reservoirs.

7. Application

As shown above, an understanding of sequence stratigraphy can be a very powerful tool for
building a sequence stratigraphic framework for the lithofacies prediction. It can also help to
interpret the depositional history and to predict fine-grained unconventional resource plays
for a single well to a basin (Figure 3-6). Figure 4 shows the successful production of 200,000 m?/
day shale gas is from the predicted high-quality shale reservoir in TST and EHST interval with
high TOC, high quartz content, and high gas content. At a regional scale, sequence stratigraphy
can be used for the correlation of the stratigraphy, the lithology, the mineralogy, the geochem-
istry, and even rock fabrics. Figure 7 shows that TST has the highest TOC content, total gas
content and quartz content from Jiaoyel well to Pengyel well. At the same time, the TOC con-
tent has the similar changing patterns to gas content within Sequence A (lower member of the
Longmaxi Fm): both show decreasing trends from TST to LHST. Also, gas content decreases
with decreasing quartz content from TST to LHST, which indicates the shale in TST is high-
quality fracturing susceptible shale gas reservoir with the highest TOC, gas content, and brittle
minerals content (Figure 7). The positive relationship between TOC, quartz content, and shale
gas content in the Silurian Longmaxi shale is similar to that one of the Bartnett shale in the
USA, which is attributed to the formation of biogenic quartz in an anoxic environment that is
favorable for organic matter preservation [24]. Laterally, shale gas content and quartz content
in TST decreases from Jiaoyel well to Pengyel well even though they have similar TOC. These
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TST EHST

Figure 7. Correlation of stratigraphy, geochemistry, mineralogy, gas content, and rock fabrics within sequence
stratigraphic framework across Jiaoyel well and Pengyel well. The light pink color represents quartz and the dark green
color indicates clay minerals. The color indicates quartz content decreases upward and clay content increases upward
at each well location.

verify the TST shale at the Jiaoyel well has the better reservoir quality in time and space. The
commercial development of the Jiaoshiba Shale Gas Field where Jiaoyel is located proves the
prediction of high-quality shale gas reservoir by using sequence stratigraphic approach.

8. Conclusions

The theory, approach, and terminology of clastic sequence stratigraphy developed for rela-
tively coarse-grained deposits can be applied to fine-grained “shale” since their depositions
are both controlled by sea- or lake-level changes. The sequence stratigraphic studies of marine
and lacustrine shales in the USA and China have indicated that the sequence boundary of
shales coincides with an unconformity formed during a relative sea-level or lake-level fall.
The different and eventual occurrence of LST, TST, and HST has delineated the occurrence of
both complete and/or incomplete depositional sequences, depending on their location. Many
sequences of marine shales in the USA and China are incomplete, since they have developed
only TST and HST. On the other hand, the lacustrine shale represented by the Chang?7 shale
in the Ordos Basin has developed complete depositional sequences, including LST, TST, and
HST. HST can be further divided into EHST and LHST.

The investigation of siliciclastic-dominated fine-grained “shale” and carbonate-dominated
fine-grained “shale” has revealed that lithofacies and well log responses to sea- and lake-level
changes are strongly different. Previous proposals stated that high gamma ray and organic-rich
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shale are indicative of TST or the highest gamma ray and TOC are criteria for identifying MFS of
siliciclastic-dominated fine-grained shales exampled by Barnett, Woodford, Marcellus, Mowry,
and Longmaxi shales do not work for carbonate-dominated fine-grained shale. The sequence
stratigraphy of the Niobrara carbonate-dominated fine-grained shale in this chapter shows that
the rise in the sea level resulted in deposit of fine-grained low gamma-ray organic-lean chalky
carbonate in clean water and the fall in the sea level resulted in clay-rich, high gamma ray, and
organic-rich marl due to the increase in clay input during the sea-level drop.

Both siliciclastic-dominated “shale” and carbonate-dominated “shale” are usually located in
anoxic depositional settings, for example, intra-shelf low and slope. The brittle minerals in
rich siliciclastic marine and lacustrine shales with high TOC and high hydrocarbon (oil and
gas) content occur in the transgressive systems tract (TST) up to the early highstand systems
tract (EHST). The brittle condensed section of MFS has the best reservoir quality and comple-
tion quality.

Similarly to clastic sequence stratigraphic models developed for sandstones and carbonates,
the sequence stratigraphy of fine-grained shale provides a powerful tool for predicting and
mapping stratigraphy, variations of lithology, geochemistry, mineralogy, and shale gas con-
tent in time and space, and ultimately the most productive facies of unconventional gas shales.
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A. Appendix

Abbreviations for sequence stratigraphy used throughout this chapter include: SB, sequence
boundary; TSE, transgressive surface of erosion; RSE, regressive surface of erosion; LST, low-
stand (falling stage) systems tract; TST, transgressive systems tract; HST, highstand systems
tract (consisting of EHST —early highstand systems tract and LHST —late highstand systems
tract); CS, condensed section; MFS, maximum flooding surface; MRS, maximum regressive
surface; TOC, total organic content (wt.%).
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Abstract

The application of sequence stratigraphy to the fluvial portion of sedimentary basin
fills is most challenging, especially where the fluvial deposits under analysis are iso-
lated or far away from coeval shorelines and marine influences. Taking the Wenliu
Area as an example, this chapter aims at addressing researches about another type
of river. High-resolution stratigraphic analysis of the lower second member of the
Shahejie Formation of the W79 Block of Bohai Bay Basin (China) has revealed that
the study area, previously interpreted as a shallow water delta system, actually origi-
nated in a subaerial setting with a distributional pattern. The base level fluctuations
are mainly controlled by the regional tectonic setting. Active subsidence stages tend to
make base level rising semi-cycles, while relative stable stages tend to make base level
falling semi-cycles.

Keywords: fluvial, sequence stratigraphy, Bohai Bay Basin

1. Introduction

At the end of 1980s, Vail proposed the theory of sequence stratigraphy. At present, this
theory has become a powerful new method to study sedimentary strata. Since Posamentier
and Vail et al. in 1988 established the first non-marine (alluvial) sequence stratigraphy
model [1], people began to pay attention to the difference between allogenetic cycles and
authigenic cycles in fluvial depositional system. The eustasy, the tectonism, the climate,
and other factors beyond the river power system are defined as allogenetic factors. The
factor of the system itself caused by sediment cycles is called authigenic factor, such as
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the lateral migration of the channels. People can explain the interaction of the allogenetic
controls (accommodation space and sediment supply) which have controlled the formation
the fluvial sequence. Many authors have put forward their respective models [1-15]. But
till now, there is still not a widely accepted model as a passive continental margin model of
sequence stratigraphy.

Fluvial deposits are among the best understandable depositional systems. However, the asso-
ciated sequence stratigraphy application in fluvial systems is one of the most challenging
topic, especially when the river sediments are isolated or away from the shorelines and the
sea, such as the overfilled continental sedimentary basins which have only the continental
strata record preserved, or in the case that the data availability is limited to the continental
basin. In the latter case, all efforts should be made to expand the range of observation scale, if
possible, to study the relationships between the rivers and the age of the coastal and marine
systems. However, the modern stratigraphy is enough in order to provide a genetic strati-
graphic analysis of the stratigraphic record, from the scale of a single depositional system to
the scale of the whole basin [16].

All siliciclastic detritus is transported by fluvial system from some point. Debris is eroded
from mountain source area and is carried into basins, forming alluvial fans, coastal plains,
deltas, fan deltas, as well as fluvial deposition itself. Recognizing fluvial depositional settings
and reconstructing local fluvial styles are the main works of a sedimentologist. Three conven-
tional examples [16] of fluvial styles are shown in Figure 1, while there may be some other
types beside the conventional ones [19].

Taking the Wenliu Area as an example, this chapter aims at addressing researches about
another type of river.

Figure 1. (a) A model for a meandering river, based on the South Saskatchewan River, Canada [17]; (b) a model for a
sandy-braided river, based on the South Saskatchewan River, Canada [17]; (c) a model for an anastomosed river in a
humid environment. Based on the work of Smith and Smith [18] in Banff National Park Canada.
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2. Distributive fluvial deposition

The new river type we are going to propose is a kind of river that resembles distributive
fluvial system (DFS) very much. DFS was firstly raised by Weissmann et al. [20]. Weissmann
et al. have discussed that many aggradational depositional systems are dominated by dis-
tributive landscapes in both subaerial and subaqueous settings. The term “distributary flu-
vial systems” (DFS) addressed a key question in the earth sciences, i.e., that the most of the
current fluvial facies models have a limited relevance in the interpretation of the ancient
deposits.

Weismann et al. [20] also pointed out that many of the DFSs have been impacted by significant
Quaternary climatic fluctuations and the deposits will represent the Quaternary sedimentary
features of the history. From the regional to the local scale, the distributive fluvial systems
display characteristics including: (1) deposition in the alluvial system becomes diving into the
basin, (2) the radiation pattern of channels from a vertex, (3) a broadly fan-shaped deposit that
is convex upward across the DFS and concave upward down-fan, and (4) an intersection point
above which the alluvial system is held in an incised valley and below which it spreads out
across an active depositional lobe (if the river is presently incised into its DFS). The observed
DEFS geometry and graphic style in these different basins are very different. In the open DFSs,
the river is not confined in a valley, nor is able to transfer on the surface of DFS. The tearing
process is dominated by node tearing near the DFS vertex or intersection. These rivers seem
to have significant differences from the valley, because the floodplain material can be easily
deposited and saved in the open fan. The DFS rivers observed in many sedimentary basins
are now wholly or partially cut into the DFS. The incision takes two main forms: (1) incision of
the proximal DFS controlled by sediment supply and discharge control due to climate change
[21, 22, 23] or tectonic tilting [21, 22], or (2) incision driven by basic level decline (whether is
the ocean, lakes, or by river capture) [24].

3. Sequence stratigraphic model of fluvial facies

Fluvial sedimentation is the result of several allogenic factors, including sea level, environ-
mental energy flux, source area tectonic movement, and basin subsidence [3, 4] (Figure 2).
The relative importance of these factors is hard to determine, although related stratigraphic
criteria can be derived from field studies and from experimental work [25]. The tectonism,
the relative sea level fluctuations, and the climatic controls may be interpreted from the
changes through geologic time in the directions of tectonic tilting during the deposition
and from the variations of the landscape gradients. They can also be interpreted from the
variations in the depths of burial, as inferred from the analyses of paleocurrent directions,
architectural elements, fluvial styles, and late diagenetic clay minerals, coupled with isoto-
pic geochemistry and petrographic studies of framework and early diagenetic constituents
[26-28].
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Figure 2. Allogenic controls on fluvial sedimentation [16].

The base level control on fluvial cyclicity represents the bulk of the first-generation sequence
stratigraphic models, which assume a direct correlation between rising and falling base level
on one hand, and fluvial aggradation and downcutting on the other hand [1, 29, 30]. The
predictable relationship between fluvial processes and base level changes reflects a most
likely scenario, but exceptions do exist [16]. This relationship is valid for the downstream
reaches of fluvial systems, where rivers respond to “downstream controls” (i.e., interplay of
sea level changes, basin subsidence, and fluctuations in environmental energy flux induced
by climate change). In such settings, which may be characterized by either low or high
accommodation space in the Leckie and Boyd’s [31] scheme of fluvial stratigraphy, the flu-
vial deposits may be integrated within the standard lowstand, transgressive, and highstand
systems tracts.

Wright and Marriott [2] believe that lowstand system tracts are mainly composed of amal-
gamated channel deposits. The thick transgressive systems tracts are characterized by the
deposits of floodplains that are mainly wrapped with isolated channel sand bodies. The
upward highstand systems tracts are characterized by higher density sandstones and paleo-
sol deposits, representing good stratigraphic markers. Shanley and McCabe [4] considered
that fluvial strata can be traced to marine strata from the same period. Laterally amalgamated
fluvial sheet sandstone can overlap the unconformities. In the upper alluvial parts, amalgam-
ated channel deposits turn into relative isolated and fine-grained sediments interbedded with
meandering channel deposits. This sedimentary feature shows the tidal influence from the
ocean. Catuneanu [16] made a summary of these two representative models (Figure 3). Thus,
the fluvial sequence boundaries are placed at the bottom of base level cycles. Incised valleys
form when the base level falls, while lowstand systems tracts occur at the beginning of base
level rise [32].

Holbrook et al. [11] introduced the useful buttresses and buffer concepts to explain longitu-
dinal changes in fluvial facies and building upstream coastline. One is some fixed point of
control on the river equilibrium profile in the ocean basin. It is a base level (sea level) in the
main river inland basin. The reaction buffer space with and below the current gradient profile
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as the representative of the file may not exist an upstream control, such as tectonic or climatic
change, the influence of river flow, and sediment. The tectonic uplift may increase the gradi-
ent distribution and the upper buffer zone. The decreasing of the butresses, such as in the fall
of sea level, may lead to the river system incision, but if the sea level fall blow newly exposed
continental shelf as a similar slope, the river profile, there may be little change in the style of
the river. In this case, the river system will change into to a new dynamic balance due to new
water and sediment flux rate. In the accommodation between the upper and lower areas of the
buffer zone, a representative (potential) of the river system to save space is available.
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The ratio between channel and floodplain architectural elements during stages of posi-
tive accommodation depends on the rates of base level rise. Rapid base level rise leads to
increased floodplain aggradation, which results in overall finer-grained successions. Slowly
rising base level creates little accommodation available in overbank areas. At the same time,
the channel stack in reducing accommodation time may be accompanied by frequent avul-
sion, which contributes to the spread of excessive lateral sediment [33]. Channel amalgama-
tion under conditions of low accommodation is usually the case with the lowstand and late
highstand systems tracts. As the late highstand amalgamated channel fills have a low pres-
ervation potential due to the subsequent erosion associated with the subaerial unconformity,
the fluvial portion of the depositional sequence commonly displays a fining-upward profile
(Figure 3). These general principles of fluvial stratigraphy, which relate the stacking patterns
of fluvial architectural elements to changes in base level and available accommodation, have
also been documented in the case of fan delta systems, which are governed by similar process/
response relationships between fluvial processes within alluvial fans and the base level fluc-
tuations of the standing bodies of water into which they prograde [34].

4. Methodology

4.1. Sequence stratigraphic analysis

Geophysical borehole logs represent various rock properties, which can be used for strati-
graphic interpretation. The most common type of log, often used for local stratigraphic cor-
relation, is summarized in Figure 4. As technology improves, some new types of well logs
are being developed. For example, the new micro-resistivity logs combine the methods of
conventional resistivity and dipmeter measurements to produce high-resolution images that
simulate the sedimentological details of an actual core. This “virtual” core allowed in the
details of mm scale visualization, including sediment bedding, cross-bedding, and biological
noises. Well logs have both merits and disadvantages compared with outcrops. Geophysical
logging in the outcrop of the advantage is that they provide continuous information from the
inheritance of relatively thick, often in a range of kilometers. This type of configuration file
(log curve) allows one to see the trend in different scales, from single element sedimentary
deposition system in the size of the whole basin, to fill. For this reason, data provided by well
logs may be considered more complete relative to the discontinuous information that may
be extracted from the study of outcrops. Therefore, comparative study of underground rela-
tion and formation can usually scale far greater than from the outcrop research. On the other
hand, nothing can replace the study of the actual rocks; hence, the wealth of details that can
be obtained from outcrop facies analysis cannot be matched by well-log analysis, no matter
how closely spaced the boreholes may be [35].

The surface of log interpretation is largely speculative, under the condition of practical rock
data. The core data provide the most clear “ground truth information” [36]. Therefore, the
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Figure 4. Types of well logs, properties they measure, and their use for geological interpretations (after [17, 18, 35]).

geophysical data including logging and seismic can only provide indirect information on
the solid and fluid phases in the underground that must be calibrated and the interpretation
accuracy of verification to verify the geological data of rock [16]. The integration of all avail-
able data sets (e.g., outcrop, core, logging, and cuttings, therefore, the seismic) is the best way
to correctly identify the stratigraphic contact.

The seismic data can also be used to produce seismic stratigraphic interpretation in the two
kinds of materials at the interface of different acoustic characteristics. This can be described
by acoustic impedance and is given by the product of density and velocity. The larger is the
difference in acoustic impedance between two lithologies, and the stronger is the reflection.
Various subsurface layers can be recorded by seismic traces through geophones that receive
the reflections. The impedance contrasts control the nature of each wavelet. Such seismo-
grams are time seismic sections. The seismic section generally follows the empirical Faust
formula of seismic wave velocity, depth, and age proof [37]:

V = 46.5(ZT)"m/s, (1)

V is seismic velocity, Z is buried depth, and T is geological age.

Continuous seismic reflection is a “time line” hypothesis; in the basin, it is of great sig-
nificance to analyze and research the sequence stratigraphy. Seismic records are also com-
plicated by multiples and diffractions. Multiples may be strong enough to obscure deep
reflections, but they are now relatively easy to remove by processing. The diffraction from
the steep inclined surface is the scripture, such as fault, channel profit, and the erosion
of relief unconformity. They are useful indicators of other components showing a steep
reflection event but may be confused by the migration. The seismic record can be consid-
erably improved, and interpretation facilitated by the use of two special techniques, the
construction of synthetic seismograms, and the use of vertical seismic profiling (VSP) [38].
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Synthetic seismograms are generated by the conversion of sonic and density data reflection
coefficients. VSP is the recording and analysis of seismic signals received from a geophone
lowered downhole. The well is reduced to be recorded on the surface of the signal, when
they return to the surface of the detector to incrementally shift. Still, the shortest wave-
length signal to each half the length of the T detector was analyzed. Each location has a
new record. The synthesis and VSP data is very valuable for calibration of seismic records.
For example, they enable a detailed record of seismic velocities to produce depth-corrected
cross-sections. However, the VSP technique is far better for various reasons. It can, for
example, can be used to calculate the total depth of expansion (TD) of synthetic seismic
records, and not. Synthesis methods rely on logging data A, only reflect the conditions
close to the hole. In the case of poor hole conditions or seismic reflectors having a very
small horizontal extent (less than one Fresnel zone), the synthetic method may not provide
a record typical of the area.

In this chapter, the method of stratigraphic analysis we used is an integrated well-seismic
correlation. The Wenliu Area possesses abundant available materials, including a 3D seismic
database (covering an area of about 35 km?), more than 340 drilling wells and logging data
(including core data of over 330 m from 8 cored wells of the area), and plentiful analysis test
data. Thus, it is possible to launch a detailed sequence stratigraphic study.

With the 3D seismic database, regional reflection surfaces were traced to the target area. With
the correlation of synthetic seismogram and VSP logging data, the relationship between seis-
mic travel time and well depth was established. More than 10 seismic well sections were inter-
preted and main structures (especially faults) were identified. A more precise analysis was
conducted with logging data beyond this. Wavelet transformation and Maximum Entropy
Spectral (MEM) analysis with gamma-ray data were also used to enhance the accuracy of the
sequence identification.

4.2. Facies mapping

Logging data are used for stratigraphic and lithologic interpretation, while they can also be
used directly in facies mapping. Lithologic information may yield different combinations of
logs in the CRO field reconnaissance. These relationships can be converted into a computer
algorithm and the log data are digitized and stored in the data bank, a powerful automatic
mapping technology. Digital log data can also be displayed and manipulated using interac-
tive computer graphics routines, a facility which can easily compare formation related pur-
poses. Well service company invested a lot of money on design and marketing automation
processing and display used in basin analysis and petroleum development techniques, but
these techniques suffer from the limited resolution of the physical location is very special.
The techniques cannot be used without much initial careful calibration to local petrographic
and groundwater conditions.

In addition to logging method as the foundation, extensive additional technique has been devel-
oped for underground rock physics for many years, the core and sample data check. These
methods have several goals: such as stratigraphic correlation, provenance, reconstructions of
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paleogeography, regional stratigraphic trends, and tectonic history. Some of these techniques
provide a numerical study of the age information. Others are useful or relevant local or regional
origin but do not necessarily provide such age information. The grain size, grain shape, and
the debris of a stratigraphic unit depend on the initial nature of the clastic source. Yet, after
transportation, deposition, and burial process, the debris may experience many metamorphic
processes, so that the features of the original source blurred. The analysis of basin detrital com-
position depends on these main factors: (1) source area geological structure; (2) source area
of the climate and terrain; (3) transport process of debris diffusion and mixing mode brings;
(4) chemical and mechanical wear, winnowing, transport, and deposition; and (5) diagenetic
changes during burial of deposits.

The seismic data can also be used for basin mapping. The seismic reflector, the amplitude,
and the continuity of seismic facies are the three elements, becoming more and more impor-
tant to improve the processing and visualization of seismic sections. The concept of seismic
facies is the most effective application in the main data including 2D cross-section, but the
stratigraphic and sedimentological interpretation is not easy in two-dimensional settings.
This problem is not too serious when 3-D data is available, because the nature of the whole
volume of 3-D data could be a visual system to provide guidance for the real world. The
calibration between the seismic attributes and the lithofacies is specific for each basin to a
considerable extent.

The channel environment 3D interpretation of sedimentary system is the most spectacular
one, especially in the alluvial and in the submarine fan depositional settings, in the channel-
levee complexes and crevasse splays, and finally in the coastal plains [39].

In this chapter, the methods to the facies analysis and mapping we used are traditional map-
ping approach. One of the first step in the facies analysis of a clastic reservoir is the descrip-
tion and interpretation of available conventional cores. Core description was based on 10
cores taken from 7 cored wells of the target interval of the Wenliu Area. The color, the sedi-
mentary structures, and the grain size of deposits were analyzed (the grain size analysis was
based on a L5130 Coulter laser micro-granulometer). Sedimentary source analysis was also
conducted with heavy mineral combination analysis, which calculates the ratio of stable
transparent heavy minerals (mainly zircon and tourmaline) to the entire transparent heavy
minerals (zircon, tourmaline, garnet, barite, epidote, etc.). Sedimentary facies were inter-
preted based on the analysis above. Finally, based on the detailed stratigraphic framework
and counted sand body data, the lithofacies paleogeographic characteristics were analyzed,
and along with the interpreted types of facies, a depositional model was established and
the possible distribution of sedimentary facies was predicted both laterally and vertically.

5. Geological background of the Wenliu Area

The Bohai Bay Basin is located in the eastern China continental margin. It is a composite
sedimentary basin formed in the Mesozoic and Cenozoic periods and the Proterozoic to the
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Paleozoic period, covering an area of 195,000 square kilometers in the Bohai Sea and
the coastal areas. Various reservoir systems and reservoir rock types are well developed in
the basin, and the Eocene Shahejie Formation is the major hydrocarbon bearing layer series
(Figure 5a) [40]. Some new studies show that the formation and evolution of the Bohai Bay
Basin was induced by both the thermal power of bottom of the lithosphere and plate bound-
ary activity due to regional stress field. The dynamic process of the Cenozoic basin in the
Bohai Bay Basin is related to the thermal activity of the lithosphere in eastern China. It is
also related to the regional stress field controlled by the tectonic activity at the plate bound-
aries and belongs to the superimposition of many regional geological processes [41, 42].
The Bohai Bay Basin is a Meso-Cenozoic sedimentary basin superimposed on the Paleozoic
basement. During previous geological times the basin was part of the North China craton.
The upper Proterozoic and the lower Paleozoic sequences are constituted of marine sedi-
ments, including the upper Proterozoic strata of the Jixian system, the Changcheng system
and Qingbaikou system, which are mainly composed of micritic limestones, quartz sand-
stones, and shales. The sedimentary cover is not only distributed in the lower part of the
basin, but widely distributed around the basin. The lower Paleozoic sequence is made up
of Cambrian and Ordovician carbonates, with shales, siltstones, and sandstones. The upper
Paleozoic sequence is made up of Carboniferous and Permian strata, with paralic and conti-
nental clastic rocks and some coal seams. The Mesozoic strata range in age from the Triassic
to the Cretaceous. They are composed of tuffaceous sandstones, conglomerates, mudstones,
and coals (Figure 6).

The Dongpu Depression, located in the south margin of Bohai Bay Basin, is an oil-rich
sedimentary depression. It is a 16-km long and 70-km wide NNE fault depression that
covers an area of approximately 5300 km? (Figure 5a). The Dongpu Depression formed
from the Huabei Movement in the late Paleogene. The evolution of the depression reveals
an evident tectonic component and shows periodic features [43]. It is bounded by the
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showing the main structures (after [19]).
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Luxi Uplift on the east, the Lankao Uplift on the south, and the Neihuang Uplift on the
west. Its north margin is the Maling Fault, which is also the south margin of the Linging
Depression. The Lanling, Changyuan, and Huanghe basement rift faults controlled the
early evolution of the Dongpu Depression and changed it from a broom fault depression
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to a double-break fault depression. During the early Paleogene, the Tan-Lu Faults changed
from transpression to dextral lateral strike-slip faults, altering the regional stress field from
a shear-extrusion field to a shear-tensile field. Differential subsidence also occurred during
this period. The regional shear-tensile effects caused the Central Uplift rise, then induced
gravitational sliding and salt rock intrusion, and finally molded the present appearance of
the Dongpu Depression [44].

The Wenliu Oilfield, located in Henan Province, is on the northern part of the central uplift of
the Dongpu Depression. Bounded by two large sag belts (i.e., the West and the East Sub-sag
Belt), the Wenliu Oilfield is a complicated fault zone that is characterized by horst and graben
structures [44]. It is also of the NNE direction and is approximately 20 km long and 16 km
wide, covering an area of more than 2000 km? (Figure 5b).

The W79 Block, one of the most important blocks of the Wenliu Area, has already entered the
middle to late stage of the developing period. The Paleogene lower second member of the
Shahejie Formation (Es,", lowermost Oligocene succession, ranging from approximately 2700 m
to 3000 m) of this block, originally described as a shallow water delta system deposit, is the
main oil-bearing interval of this area (the oil-bearing area is nearly 13.4 km? and has plenti-
ful remaining petroleum resources. However, because of its complicated sedimentary features,
many studies [41, 44-47] concerning sequence stratigraphy and sedimentary facies models are
still under scientific debate. Hence, this paper aims to provide an analysis of the sequence strati-
graphic and sedimentary characteristics of the Es ", Paleogene Shahejie Formation of the W79
Block based on abundant well logging data, 3D seismic data, and core data under the principles
of high-resolution sequence stratigraphy and sedimentology (Figure 5c).

6. Sedimentary model of Wenliu Area

The reservoir properties depend on tectonism, eustasy, sediment flux, biological process,
climate, and other allogenic and authigenic factors. At the basin scale, these factors mainly
determine the formation of systems tracts [48], while at smaller scales, they influence colors,
shapes, structures, and internal architectures of the sedimentary bodies. It is at these smaller
scales that reservoir characterization (especially lithological and lithofacies analysis) becomes
significant.

According to core observation and description as well as well logging analysis, this chapter
concludes that the lithology of the target area is characterized by mudstones, sandy mud-
stones, muddy siltstones, shaley siltstones, and sandstones. The main color of the sandstones
is light brown, whereas the main color of the mudstones is red to purple. Statistics shows that
mudstone is the dominant lithology of the target interval (more than 63%), with the other
components showing relatively smaller percentages (siltstone 14.5%, muddy siltstone 5%,
limy siltstone 5%, and sandstone 12.5%). Shapes of grain size cumulative curves plotted on
log-probability paper could reveal environmental characteristics. The plots of grain size as
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cumulative curves of the target interval show that suspension population occupies a large
proportion (generally larger than 30%). Saltation population is dominant and its segment is
relatively steep. The truncation points between these two populations are usually bigger than
3 (¢ value). Traction population is usually missing within the target interval (Figure 7).

The ratio of stable transparent heavy mineral assemblage (mainly zircon and tourmaline) to
the entire transparent heavy mineral amount (zircon, tourmaline, garnet, barite, epidote, etc.)
indicates that the sourcelands are on NNW direction.

" T
Wotara wf T
- o . !
EM R az .
£ - E .
£y - e
dit - P a0 ._/
- k = i
- | ;
. L . L . . . L .
- | . - 0 e - [ Iz o « 5 o 7
- L) ¥
u s .
L s m £ .
.y _."_L an - - - or 2T
i s un E N -
o i ra 1 A
o E Y E . K
n N - s 1 i
. - £ u
B
' ' . | 1 [ L L
0 - = 4 C ER I - DT -1 n 0t n
= q q
EarT]
Y TR B PR
o= . a b
gtl o - 5-:: .--"'
€0 s s i -
A - i e i
- 5 . o Fa B
= ! 5 K 5 K
- b E 1F
L L L L L L ' ' -
B n . O [ R noh -
3 3
pegT L TR P .
wmeoSS R e ik ST
Ly L an |
- -5 e al e
il - d r " F o
o= =" & gk h
10 N ! 10 H
n_ ; I i ol -
2 A
- ’ ok ..r . i
1 1 : 1 E
. . . ' ' ' . . . .
o1 ozxoa L n P ooz = R P -
[ d d

Figure 7. Grain size cumulative probability plots of target interval in Wenliu Oilfield (after [19]).
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6.1. Lithofacies characteristics

The lithofacies characteristic analysis is also very important for depositional environment
analysis [49-52]. The lithofacies recognition and categorization is based on lithology,
grain size, physical and biogenic sedimentary structures, and stratification from core
observation and description. Seventeen lithofacies have been recognized within the study
interval, including from fine-grained sandstones of parallel bedding to mudstones of

Figure 8. Typical lithofacies of the W79 block for the target interval: (a) parallel bedding sandstone; (b) trough cross-
bedding sandstone; (c) scouring structured sandstone with mud gravels; (d) ripple cross-bedding siltstone; (e) wavy
cross-bedding siltstone; (f) parallel bedding siltstone; (g) ripple cross-bedding muddy siltstone; (h) flasher structured
mudstone (after [19]).
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lenticular structures (Figure 8). The codes, features and interpretation are summarized
in Table 1.

According to the reddish-brown mud of subaerial oxidizing features and the grain size
cumulative plots revealing typical channel deposit features (Figure 7), along with the specific

Schematic

ID Lithology Structure and texture Interpretation .
representation

Channel lower part,
curved bounding surfaces,
originates by migration of
3-D bedforms, high energy

St Sandstone Trough cross-bedding

Low-angle foreset lamina |
Low-angle cross of single direction  —
bedding (generally lower than 10°), |

high-energy !

Sla Sandstone

Parallel and aclinic, stable

Sp Sandstone Parallel bedding and high energy

Channel bottom, erosional
bounding surface, usually

mingled with mud gravels,
high energy

Ss Sandstone Scouring

Superimposition of
one ripple on another
as the ripples migrate, A
abundant sediment supply
(especially suspension
population)

SSr Siltstone Ripple cross-bedding

Low-angle foreset lamina |—_ -

SSla Siltstone low-angle cross bedding ~of single direction
(generally lower than 10°)

Parallel and aclinic, result
SSp Siltstone Parallel bedding of suspension settling of =~ ———w——
fine-size sediment

Curved bounding surfaces, [T 7

SSt Siltstone Trough cross bedding ~ originates by migration of
3-D bedforms

Superimposition of one

ripple on another as the R
MSSr Muddy siltstone Ripple cross bedding ripples migrate, abundant |, >

suspension sediment

supply

Wavy lamina, parallel to
the bounding surface as a
whole, abundant sediment
supply of clay and silt

MSSw Muddy siltstone Wavy bedding
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Schematic

ID Lithology Structure and texture Interpretation .
representation

Parallel and aclinic, result

of suspension settling
MSSp Muddy siltstone Parallel bedding of fine-size sediment

osr precipitation from

solution, low energy

Low-angle bounding

L, 1ol .

MSSla Muddy siltstone Low Fmgle cross su-rface-s, originates by | ~
bedding migration of planar [

bedforms, low energy

Fluctuating depositional
conditions marked by
periods of current activity, -l .
mud < sand

SMf Silty mudstone Flaser bedding

Wavy lamina, parallel to
the bounding surface as a
whole, abundant sediment
supply of clay and silt

SMw Silty mudstone Wavy bedding

Wavy lamina, parallel to
the bounding surface as a
whole, abundant sediment
supply of clay

Contain few or no visible
. . internal lamina, overbank
Mm Mudstone Massive bedding or abandoned channel

deposits

Mw Mudstone Wavy bedding

Fluctuating depositional
conditions marked by
periods of current activity,
mud >sand

Ml Mudstone Lenticular bedding

Table 1. Lithofacies of the target interval succession (after [19]).

associations of the lithofacies as reconstructed from the core descriptions, a meandering river
fan is interpreted to be responsible for the sedimentation.

6.2. Meandering river fan

The target interval of the Dongpu Depression was formed under a rift contraction basin
environment far from the source and with an abundant sediment supply. Single well core
section shows that channel and overbank deposits are two main sequence types of the sedi-
mentary strata. The channel deposits generally have complete sequences and are relatively
isolated. The overbank deposits are mainly composed of reddish-brown shale that could
indicate the exposed and oxidic environment (together with the lack of subaqueous pale-
ontological fossils, it may be revealed as subaerial sedimentary environment) (Figure 9).
Lithofacies paleogeographic mapping shows many meandering channels distributed along
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the basin margin like a large fan-shaped river system, which shows distributive characteris-
tics quite different of those of a fan delta system (Figure 10).
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Figure 9. Single well facies (W133-12 Well) (after [19]).
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This special depositional system is interpreted to be a meandering river fan, mainly composed
of three subfacies (i.e., channel fill subfacies, overbank subfacies, and river flood lake subfa-
cies) (Figure 10). In the study area, back-stepping and forward-stepping types both exist,
revealing A/S>1 and A/S < 1, respectively, and their logging curve (gamma ray) reflections
are generally of toothed boxes or bell shapes (see Table 2).

Lagend
[0 cnannel fit
[ Proximal sverbank
[ mistaiovernank
[ Rivorficod ke

Figure 10. Sedimentary facies model of the target interval in Dongpu Depression (after [19]).

Meandering river fan

Shallow water delta

Settings

Paleo-climate

Subaqueous paleontological fossils
Wave or tide forces
Sediment supply

Deposits between distributive/
distributary channels

Distance between distributive/
distributary channels

Sequence and cyclicity

Subfacies

Mainly subaerial

Humid; oxidizing environment
(major part) to slightly reductive
environment (some small parts)

Rare
No
Sufficient

Mud

Relatively large

Mainly positive cycles

Channel fill subfacies, overbank
subfacies and river flood lake
subfacies

Subaqueous and subaerial

Relatively humid; reductive
environment to slightly oxidizing
environment

Relatively abundant
Yes
Sufficient

Mud or sand sheet
Small to medium
Both positive and negative cycles

Delta plain subfacies, delta front
subfacies, and pro-delta subfacies

Table 2. Comparison of meandering river fan and shallow water delta (after [19]).



Sequence Stratigraphy of Fluvial Facies: A New Type Representative from Wenliu Area, Bohai...
http://dx.doi.org/10.5772/intechopen.71149

The channel fill subfacies are mainly composed of sand-rich channel deposition. From bot-
tom to top, Ss, St, Sla, and Sr constitute the main lithofacies and show a fining-upward
cycle. The grain size is relatively coarse, and the sandbody connectivity is therefore high.
The overbank subfacies contain two parts. The proximal overbank is next to the chan-
nel and is one of the most important reservoir types due to its good physical properties
(i.e., after channel fill). The common lithofacies of the proximal overbank include Sla, SSla,
and SSr. The distal overbank is distributed between channels and is mainly composed of
purple to red mudstone. The common lithofacies include MSSw, SMw, and Mm. The river
flood lake subfacies form near the distal overbank, recording stand water, and are mainly
composed of grayish-green mudstone. The common lithofacies of this subfacies contain
Mw, Mm, and MI.

7. Sequence stratigraphy

7.1. Sequence stratigraphic surfaces

The identification of sequence stratigraphic surfaces and classification of depositional trends
is the core component of high-resolution stratigraphic correlation and division. Integrated
seismic and well analyses show that two major sequence stratigraphic surfaces collabora-
tively limit the target interval.

SB1, the top surface of the target interval, has strong and continuous reflection in the seismic
section (Figure 11a). It is a regional parallel unconformity and is characterized by overly-
ing thick and continuous shale of Es ". Its features on the well logging curves are high GR
(gamma ray), AC/DT (acoustic) and SP (spontaneous potential) values and a low R25 (2.5 m
resistivity) value. Below this surface, tooth-shaped AC/DT and GR curves become the main
characteristics, revealing a frequent sand mud inter-bedding (Figure 11b1).

SB2, the bottom surface of the target interval, also has strong and continuous reflection in
the seismic section (Figure 11a). It is also a parallel unconformity characterized by a stable
mudstone layer of the underlying Es,". Its features on well logging curves are high GR,
AC, SP, and R25 values (Figure 6). The most obvious characteristic is the in the SP curve,
approximately 10 m above the surface, in which the curve has a v-shaped low value zone
(Figure 11b2).

7.2. Facies associations under sequence stratigraphic frame

Based on core observations as well as integrated seismic and well analyses, more than 58
short-term base level cycles could be recognized in the target interval of the W79 Block.
Genetic sequence stacking patterns can be used to define genetic sequence sets, show-
ing base level rises and falls [1]. Thus, these short-term patterns could be combined into
six middle-term base level cycles (from bottom to top—MSC1 and MSC6). In a similar
way, given the regional setting, these six middle-term base level cycles could be further
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Figure 11. Identification of main sequence stratigraphic surfaces and stratigraphic division framework (after [19]).

combined into two long-term base level cycles (from bottom to top—LSC1 and LSC2)
(Figure 11c). Under this high-resolution sequence stratigraphic frame, according to the
practice of oilfield development, a 58-small-layer plan was accepted for paleogeographic
mapping (Figure 12) and for other subsequent studies. Precise paleogeographic mapping
shows that the vertical facies distribution and association have strong regulations on the
long-term base level cyclic scale.

LSC1, the first long-term base level cycle, composed of MSC1 to MSC4, approximately
90 m to 120 m long, is the lower part of the target interval and is limited by the SB2 at the
bottom. At the lower part of this long-term base level cycle, proximal overbank deposition
and distal overbank deposition are most commonly found, whereas channel fill deposi-
tion could sporadically be found. In contrast, at the upper part of this long-term base level
cycle, apart from proximal and distal overbank, channel fill deposition is also commonly
found and the connectivity of the sandbody is relatively higher than that of the lower
part of LSC1, which has no or isolated channel fill deposition. The ratio of channel fill
to overbank increases from bottom to top, and the sedimentary stratigraphy shows an
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Figure 12. Sedimentary facies maps of the middle-term base level cycles of the target interval of W79 Block (after [19]).

overall coarsening-upward trend, revealing that the environment varied from a relatively
higher accommodation condition to a relatively lower accommodation condition. This ver-
tical change indicates that the entire LSC1 was formed during base level falling or an A/S
decreasing period and is, in fact, a semi-cycle of the long-term scale. The vertical character-
istic of LSC1 might reveal a relatively stable tectonic setting where subsidence tends to be
slow and the depositional process is stable with abundant sediment supply.
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LSC2, the second long-term base level cycle, composed of MSC5 to MSC6, approximately 150
to 190 m long, is the upper part of the target interval and is limited by SB1 at the top. In the
lower part of this long-term base level cycle, similar to that of the upper part of LSC1, channel
fill deposition is commonly found apart from the proximal and distal overbank deposition,
and the connectivity of the sandbody is relatively high. In contrast, in the upper part of this
long-term base level cycle, proximal overbank deposition, and distal overbank deposition
are most commonly found, whereas channel fill deposition is sporadically found. The sedi-
mentary stratigraphy shows an overall upward-fining trend, revealing that the environment
varied from a relatively lower accommodation condition to a relatively higher accommoda-
tion condition. Similar to LSC1, the entire LSC2 was also a semi-cycle of the long-term scale,
whereas it was formed during a base level rising or A/S increasing period. The vertical char-
acteristics of LSC2 might reveal an active tectonic setting where subsidence tends to be fast
and the base level rises rapidly, which makes the ratio of the channel to overbank change from
high to low.

8. Discussions and conclusions

Through the regional correlation of the lithofacies within different depositional systems, this
chapter proposes a high-resolution stratigraphic framework, including 2 long-term base level
cycles, 6 middle-term base level cycles, and more than 58 short-term base level cycles.

The base level fluctuations are mainly controlled by the regional tectonic setting. Active sub-
sidence stages tend to make base level rising semi-cycles, while relative stable stages tend to
make base level falling semi-cycles.
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Abstract

We investigate the seismic stratigraphic features offshore northern Taiwan by using newly
collected multichannel seismic data. Two significant regional unconformities Ul and U2 have
been identified, which further subdivide the sedimentary sequence into three seismic units as
SU, SUII, and SU IIL. The lowermost seismic unit SU I is a pre-late Miocene sequence, while
the middle and upper seismic unit SU Il and SU III result from the interactions between the
rapid fault-controlled subsidence and the stable thermal-controlled subsidence. We consider
that the present-day offshore northern Taiwan is under a post-collisional state and the uncon-
formities Ul and U2 represent a response to the mountain collapse and to the cessation of
the regional volcano-tectonic activities. It is not until 1.5 Ma that northern offshore Taiwan
became a post-collisional basin and started to receive sediments, with a rapid fault-controlled
subsidence. Afterward, the basin became dominated by a stable thermal-controlled subsid-
ence at 0.2 Ma. Although the main volcano-tectonic activities in the northern offshore Taiwan
are ceased, modern geophysical and geochemical investigations have suggested that the
tectonism and the volcanism are still active and represent potential threatening geohazard.

Keywords: seismic reflection, orogeny, mountain collapse, northern offshore Taiwan

1. Introduction

In addition to gravimetric and magnetic data, the reflection seismic data are powerful tools to
understand the subsurface geological features and to determine the nature of the sedimentary
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basins. In terms of regional stratigraphy, they provide not only the thickness and the distribu-
tion of the sedimentary sequences but also the contact relationships between the sedimentary
sequences, representing stratigraphic lap-out and geological unconformities. In addition to
sea level change, tectonic events are generally accepted as a general cause for these seismic
unconformities, indicating the basin formation mechanisms directly. In this study, we aim
at analyzing the dominant tectonic events and the present-day tectonic setting of northern
offshore Taiwan based on newly collected marine reflection seismic data, which reveal the
subsurface stratigraphic features.

The northern offshore Taiwan is located at the junction among the southernmost part of the
East China Sea, the south-western extension of Okinawa Trough and the northern tip of the
Taiwan orogenic belt (Figure 1). The northern offshore area of Taiwan is surrounded by differ-
ent geological units highlighting that several basins have influenced its tectono-sedimentary
evolution. It could be the part of the post-rift stage of the Paleogene rift basin in the East China
Sea [1, 2]. It may also be proposed that it is dominated by relict back-arc basins, which were
controlled by a progressive eastward migrating subduction of the Pacific plate and ended up
in the present Okinawa Trough [3-5]. The progressive southward migration of the Taiwan
orogenic belt could be a practical mechanism for basin formation as well [6-9]. Recently,
strike-slip motion along the East Asia continental margin is considered to play a role on the
basin evolution of the East China Sea [10]. A re-appraisal of which basin formation mecha-
nism is more dominant for the Neogene basin development in the northern offshore Taiwan
is thus required.

This chapter provides new seismic stratigraphic information on the Neogene tectonic setting
in the northern offshore Taiwan through seismic interpretation. The stratigraphic architec-
ture of the Neogene sedimentary sequences in the northern offshore Taiwan has been recon-
structed through the geological interpretation of high-resolution seismic profiles. Here, we
examine two high-resolution reflection seismic profiles of different orientations northern off-
shore Taiwan (Figure 2). One of the profiles runs in NE-SW direction, showing a northward
dipping sequence. The other one, on the other hand, runs in NW-SE direction, showing a
series of tilted fault blocks. Most significantly, both profiles feature obvious, angular uncon-
formities. The geological and tectonic significance of these unconformities is discussed in this
study.

2. Geological backgrounds

Connecting Japan to the north and Taiwan to the south, the East China Sea is a marginal
sea over a broad continental shelf (Figure 1a). The basin of the East China Sea shelf, also
known as East China Sea Shelf Basin, is the largest Cenozoic sedimentary basin of the East
Asia continental margin [2]. There are several sub-basins at the southern end of the East
China Sea Shelf Basin (Figure 1b) [11]. These sub-basins were formed in Paleogene, filled
with the syn-rift sedimentary sequence and covered by Neogene post-rift sedimentary
sequence [1, 12].
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Figure 1. Geological settings and basin location in the study area. (a) Regional setting map showing the approximate
location of the East China Sea, of the Okinawa Trough (thin dashed line) and of the Taiwan-Sinzi Folded Zone (thick
dashed line). (b) Bathymetric map showing the location of the Paleogene rift basins identified by seismic data (backslash
area) and back-arc basin identified by magnetic data (slash area), southern Taiwan-Sinzi Folded Zone (vertical bar line),
and Northern Taiwan Volcanic Zone (red area and triangles. (1) Pengjia Islet, (2) Mianhua Islet, (3) Keelung Volcanic
Group, (4) and (5) Kuanyinshan, (6) Tatun Volcanic Group, and (7) Tsaolingshan). The black thin lines indicate 200 m
contour, and the Red thick line indicates the location of the schematic profile shown in Figure 1c. (c) Sketch profile across
the Taiwan orogenic belt at its culminating stage The green and yellow area indicate the deformed Tertiary-present
sequence, respectively.
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Figure 2. Bathymetric map with location of seismic lines. Red lines indicate the locations of the selected seismic profiles.
White circles along the red lines indicate the locations of the shot points. Blue square A indicates the location of the
exploration wells.

The Okinawa Trough is a long, N-S trending that connects Japan and Taiwan (Figure 1). It
is a back-arc basin formed by extension within the continental lithosphere landwards of the
Ryukyu trench-arc system [13, 14]. The initial opening of the northern and middle part of the
current Okinawa Trough occurred during the Miocene, while it delayed until the Pleistocene
in the southern part of the Trough [15, 16]. It is also believed that this back-arc basin may be
suited even westwards before Miocene, controlling the emplacement and the tectonic setting
of the East China Sea Shelf Basins [3, 5].

The Taiwan islocated between the large marginal seas of the East China Sea and the South China Sea
and includes a young orogenic belt, formed by Late Miocene collisional events in the SE Eurasian
continent (Figure 1b and c) [17, 18]. In addition to metamorphic basement rocks, the body of the
Taiwan orogenic belt is mainly composed of metamorphic basement rocks and deformed Tertiary
rift basins, including Paleogene syn-rift and Neogene post-rift sedimentary sequences [19]. Since
the Taiwan orogenic belt is moving southward, different evolutionary stages of the orogenic belt
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features along the trending of Taiwan have been distinguished [20, 21]. The central part of the
Taiwan, which is characterized by high mountain peaks of Taiwan mountain ranges, is bearing the
culmination of the collisional activity (Figure 1b) [22, 23]. Accordingly, the northward descending
topography of the mountain range represents the northward decline of the collision [6].

The Taiwan-Sinzi Fold Zone is another significant geological unit in this area (thick dashed
line in Figure 1a; purple area in Figure 1b) [8, 9, 24-28]. It runs approximately along the shelf
break, trending parallel to the Okinawa Trough and representing a structural high separating
the East China Sea Basin to the west and the Okinawa Trough to the east. In the northern and
middle part, the Taiwan-Sinzi Folded zone is characterized by structural highs of the acoustic
basement, while it shows folded structures and tilted blocks in the southern part, interpreted
as the earliest Taiwan orogenic belt [7, 8, 29].

Northern Taiwan area is also characterized by the Quaternary-present magmatic activities,
which is also known as Northern Taiwan Volcanic Zone (NTVZ). The NTVZ is composed
of several groups of the volcanic fields, including the earliest (before 2.6 Ma) Tatun Volcanic
Group, Mianhua Islet, and Sekibisho; later (2~1 Ma) Tatun Volcanic Group, Pengjia Islet and
Keelung Volcanic Group; and the latest (after IMa) Tsaolingshan, Kuanyinshan, and Kobisho
(Figure 1b). They occur probably in association with the westernmost part of the Ryukyu Arc
or in response to the extensional magmatism of the northern Taiwan mountain range [6, 30, 31].

3. Data acquisition and processing

In this study, we used the multichannel reflection seismic data collected by the Taiwanese
research vessel Ocean Researcher II. The source energy was shot via a 210-cubic inch GI gun
with shot interval of 37.5 m. The reflection seismic data were acquired through a 24-channel,
150-meter long streamer, with a 1-ms sampling rate. The reflection seismic data were pro-
cessed by the ProMAX and KINGDOM software at the Institute of Oceanography, National
Taiwan University. The data-processing procedures include trace editing, geometry set-up,
band-pass filtering, amplitude compensation, predictive deconvolution, velocity analysis,
normal move-out correction, stacking, water velocity F-K time migration, and water column
mute. Bathymetric dataset is a 500-m gridded data, produced by compiling shipboard and
global dataset [32]. The bathymetric charts are prepared by the GMT [33].

4. Results

4.1.Line X

We interpret the seismic data and depict stratigraphic boundaries, mainly on the basis of the
concepts carried out by Vail and Mitchum [34] and Mitchum et al. [35]. Line X runs NE-SW,
extending approximately 30 km and perpendicularly to the coastline of Taiwan (Figure 2).
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Figure 3. Selected reflection seismic profile along Line X. See Figure 2 for the location.
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The most of line X is located on the continental shelf, and the central and northeastern part of
the Line X have the bathymetry deeper than 200 m (Figures 2 and 3). A drilling site at the NE
part of the survey line X, providing geological information and chronostratigraphic controls
in study area [8, 9].

A seismic boundary namely Ul at about 1 second Two-Way Travel Times (twt) has been
observed (Figure 3, marked as a green line), extending in the whole profile. In the middle-
south part of the profile X (SP 2500-4000; Figure 4a), the reflectors beneath the Ul show very
apparent termination against the Ul, of which we interpreted as erosional truncation. In
the northeastern part of the profile (SP 6500-8000; Figure 4b), the termination relationship
between the U1 and the underlying reflectors shows erosional truncation as well. Collectively,
we suggest that Ul is an unconformable surface. At the southwestern part of the profile, the
unconformity Ul is located around 0.85 s (twt) (Figure 3), while the unconformity Ul becomes
deeper to around 1.2 s (twt) at the north-eastern end of the profile, showing a gently descend-
ing trend toward north-east.

The characteristics of the seismic reflectors above the unconformity Ul are not always con-
sistent along the Line X. In the central-south and northernmost part of the profile (Figure 3,

Figure 4. Selected seismic sections showing the termination feature of the U1. See Figure 3 for locations.
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SP 500-5000; 7000-8500), it is dominated by layered reflectors. However, in the middle-north
part of the profile (Figure 3, SP 5000-7000), it shows strong seafloor reverberation above 1
s (twt) and an area of reflection-free below 1 s (twt). It seems that the strong seafloor rever-
beration has intervened between layered reflectors to both southern and northern ends of the
seismic profile. We interpret that this reflection feature is plausible to be the seismic response
of very hard and solid seafloor material, probably crystallization or extrusive rocks.

4.2.Line Y

Line Y is located near offshore northern Taiwan, and runs NW-SE, parallel to the coastline of
the Taiwan (Figure 2). It extends around 40 km along dip of the continental shelf, showing
even no drastic change in bathymetry (Figures 2 and 4). There are some gentle bathymetric
reliefs associated with dominant fault structures (indicated by write triangles in Figure 5; SP
4300-4500, 5900-6100, 8300-8600).

In the north-western part of the seismic profile Y (SP 400-1700; Figure 6a), the truncated reflec-
tors are tilted, suggesting the occurrence of tectonic and/or erosional events. In addition, the

Two-Way Travel Time (Second)
E_EE_EE_EEE

T
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Figure 5. Selected reflection seismic profile along Line Y. See Figure 2 for the location.
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Figure 6. Selected seismic sections showing the termination feature of the Ul and U2. See Figure 5 for locations.

Ul in the seismic profile Y also serves as a top surface of the dominating tilted fault blocks.
In this way, the Ul is of regional importance, and the distribution of the U1 reflects the local
tilting of the fault blocks.

We also identified another seismic boundary U2 in the seismic profile Y (Figure 5, marked as
purple lines), although it often coexists with seafloor multiple signals (Figure 5, SP 1700-3000
and 5000-6000). In the middle-south part of the profile (SP 3500-5000; Figure 6b), the U2 is
identified at around 0.3-0.4 s (twt), serving as a termination surface of underlying updipping
reflectors. On the basis of on the parallelism of terminated reflectors [35], we interpret an ero-
sional truncation relationship between the U2 and terminated reflectors. In the middle-north
part of the profile (SP 6000-8700; Figure 7), the parallelism of terminated reflectors and the
feature of erosional truncation become much obvious. We interpret the U2 as an unconfor-
mity that may mark a tectonic event as the unconformity U1.

We note that both the unconformities U1 and U2 do crop out at seafloor in the seismic profile
Y (Figure 6). The unconformity U1 crops out at the crest of a local structural high, along with
a fault-block bounding fault (Figure 7, SP 8200-8500). The U2 crops out at southeasternmost of
the profile (Figure 7, SP 12000). These may be the result of the interaction between the degree
of fault block rotation and local sediment discharge. In addition to the Ul and U2 in the seis-
mic profile Y, we observe a strong and continuous reflector shown between the clear features
of the Ul and U2 (dashed line in Figure 7). Such reflector may also indicate the existence of
the minor and local events, probably the halts of the fault block rotations.
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Figure 7. Selected seismic sections showing the termination feature of the Ul and U2. See Figure 5 for locations.
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4.3, Seismic units

On the basis of the Ul and U2, three seismic units are determined accordingly: the SU I,
SU 11, and SU III, which indicate the sedimentary sequence beneath the Ul, the sedimen-
tary sequence between the Ul and U2, and the sedimentary sequence above U2, respectively
(Figures 3 and 5). In the seismic profile Y, we note that the thickness of the SU II varies along
the profile, mainly depending on the relief of the underlying fault structures (Figure 5), while
the thickness of the SU III change slightly and diminish toward the southeast end of the seis-
mic profile Y (Figure 5, SP 10000-12000). The thickness variation of the SU II and SU III may
indicate the change in subsidence patterns and rates, probably reflecting the change in con-
trolling factor of subsidence [36, 37, 38].

5. Discussion and conclusion

5.1. Age of Ul and U2

In our seismic data, the seismic boundaries U1 and U2 are remarkable unconformities, which
show similarity in the truncation relationship with underlying strata. The ages of the uncon-
formities U1 and U2 formation are thus significant, revealing more information on regional
tectonic events. Based on drilling results [8], the strata overlying the unconformity Ul were
dated back to approximately Pleistocene and the strata beneath the same unconformity were
dated back to Late Miocene [8]. Accordingly, the unconformity Ul bears a hiatus of Late
Miocene-Quaternary age, while there is still no available drilling information reporting the
existence of the unconformity U2 up-to-date. In this way, the age of the unconformities U2
may be alternatively proposed by additional local Late Miocene-present tectonic events.

The Quaternary magmatism is also a significant feature in post-collisional environment in
northern Taiwan, resulting in the NTVZ [30]. The ages of the NTVZ have been dated, mainly
distributing from 2.8 to 0.2 Ma. During this period, three age groups of before 2.6 Ma, 2~1
Ma, and after 1 Ma have been identified [30]. We note that the first age group may represent
the earliest signals of the post-collisional state [30]. Among the three groups, the second age
group is mainly composed of the volcanic edifice formed at the Pengjia Islet (2.1 Ma), the
Tatun Volcanic Group (1.5 Ma), and the Keelung Volcanic Group (1.4 Ma). We consider that,
the formation of the unconformity U2 and deposition of the SU II are likely simultaneous to
the second age group of the NTVZ [8]. Another point we note is that most of the NTVZ events
may cease no later than 0.2 Ma [30], suggesting that 0.2 Ma may be a critical timing of tectonic
environment change in the NTVZ area. Collectively, we suggest the unconformities Ul and
U2 may represent the age of 1.5 Ma and 0.2 Ma, respectively.

5.2. Late Neogene basin of north offshore Taiwan

The formations of the unconformities Ul and U2 shall be related to the tectonic development
of the Late Miocene-present sedimentary basin of northern offshore Taiwan, which has been
considered as post-rift basin [1, 2], back-arc basin [3-5], post-collisional basin [6-8], and strike-
slip basin [10]. Among the four competing models, the strike-slip motion has been proposed
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for long time, as it may be caused by the formation of the East China Sea Shelf Basin or the
opening southern Okinawa Trough [9, 10]. However, the shape of the Late Neogene basin
does not present as a rhombic shape reflecting strike-slip pull apart basins. In addition, the
strike-slip structures have not been fully supported by mapping result from marine reflection
seismic survey. The post-rift basin model is proposed as northern offshore Taiwan being con-
sidered as an extension of the East China Sea Shelf Basin. While in our study area, the post-rift
shall have been ceased since the activities of both Taiwan orogenic belt to the south and the
back-arc extension of the Okinawa Trough to the southeast are more immediate and are more
likely to dominate. On the basis of the geographical connection of our study area with the
Okinawa Trough and the Taiwan mountain range, the rest back-arc basin and post-collisional
basin models are better candidates for the Late Neogene basin formation.

Our reflection seismic data show that Ul is an unconformity that truncated the underlying
fault blocks and the tilting strata. We consider that those tilting strata may indicate a drastic
uplift event prior to the formation of the unconformity Ul. As a result, the back-arc basin
model may be less likely to ascribe for strong tectonic uplift, once the back-arc basin is more
dominated by crustal extension. In this way, we tend to agree with the post-collisional basin
model. We suggest that the unconformity Ul represents an age mark of the post-collisional
stage that started to receive sediments; the SU I were the strata deposited before the mountain
collapse, and the SU II were deposited probably after the post-collisional basin had formed.
The thickness variation of the SU II depends on the distribution of faults, indicating that SU II
may be formed in association with fault-controlled subsidence [36, 37, 38]. The unconformity
U2 shall be a regional tectonic event later in the Quaternary. Based on its erosional and rela-
tively flattening feature upon tilting fault blocks, we propose that the unconformity U2 may
be related to the cessation of the fault blocks rotation and change of regional subsidence rate.
The thickness of the SU III does not vary greatly, indicating that the fault-controlled subsid-
ence was followed by a relatively stable, probably a thermal-controlled subsidence [36, 37, 38].

5.3. Tectonic evolution and implication of post-collisional basin

Figure 8 is a sketch cartoon showing the development of the unconformity Ul and U2 and of
the related seismic units in the post-collisional tectonic setting in northern offshore Taiwan.
After reaching the culmination of orogenic activities in northern offshore Taiwan (~2.6 Ma;
Figure 8A), the post-collisional magmatism was also about to begin. Afterward, the mountain
range began to collapse, leaving the unconformity U1 at 1.6 Ma and SU II (Figure 8B). The ini-
tial subsidence was fault-controlled and was likely to be dominated by the rotation of the fault
blocks, reflecting a mechanical stretching typical of early stages of rifting basin development
[36, 37, 38]. The fault-controlled subsidence and volcanic activities may cease at late Quaternary
(~0.2 Mal Figure 8C), resulting in a change in regional subsidence rate, a horizontally distrib-
uted unconformity U2, and a relatively even-thick SU IIL. In this model, the lowermost seismic
unit SU Iis a pre-Late Miocene sequence, representing the main body of collapsed imbricated
thrusts. The middle seismic unit SU II caused by probably more rapid, fault-controlled subsid-
ence indicates the depositional sequence of early stage mountain collapse. The uppermost seis-
mic unit SU III, on the other hand, resulted from slower, probably thermal-control subsidence
and indicates the depositional sequence of late stage of mountain collapse.
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(A) ~ 2.6 Ma
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Figure 8. A schematic cartoon showing the development of the U1 and U2, with the tectonic scenario of post-collisional
in northern Taiwan. Blue rectangle indicates the sites referring to our study area. We interpret the Ul and U2 indicate the
onset and cessation of fault-controlled subsidence at 1.5 Ma and 0.2 Ma, respectively.

Also in this model, the volcanic magmatism of the NTVZ may be reducing since unconfor-
mity U2 appears to indicate the cessation of active extension. However, previous geophysical
observations have shown that in addition to siliciclastic sediments, andesitic intrusions were
also found at several places offshore northern Taiwan [39]. Recent observations about volcanic
activities suggest that there are even younger, Holocene volcanic events in the NTVZ area,
and hydrothermal activities in the Tatun Volcanic Group area are still very common at present
[40, 41]. New seismological evidence clearly indicates that a deep magma reservoir is beneath
Taipei [42]. Also, increasing active submarine volcano, gas plumes, and topography lineaments
have been identified in the offshore area [43-45]. To sum up, investigation on whether the
volcanic activities are still potential threatening geohazards, along with the geophysical and
geochemical monitoring on present-day activities, remains important. We wish that the better
understanding of the unconformities formation and relevant stratigraphic architectures will
provide a good insight into Late Pleistocene-Holocene volcano-tectonic evolution of the NTVZ.
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Abstract

This paper presents the results of comprehensive lithologic and paleobotanical study of
Jurassic sediments of the Irkutsk Coal Basin revealed in outcrops and sections within
operating coal deposits. The lithologic characteristics of the main stratigraphic units of
the Irkutsk Basin: Cheremkhovskaya, Prisayanskaya, and Kudinskaya Formations are
given. Two uneven-aged fossil plant assemblages: Cheremkhovo for middle and upper
subformations of Cheremkhovskaya Formation and Prisayan for Prisayanskaya and
Kudinskaya Formations have been identified. Equisetites lateralis (Phill.) Phill., E. asiaticus
Pryn., Cladophlebis haiburnensis (L. et H.) Sew., Sphenobaiera czekanowskiana (Heer) Flor.,
S. vigentis Kiritch. et Bat., Czekanowskia baikalica Kiritch. et Samyl., and Cz. rigida Heer
species are typical of the Cheremkhovo assemblage. The age of sediments including
the Cheremkhovo assemblage is the end of Early Jurassic (conventionally, Toarcian).
Coniopteris maakiana (Heer) Pryn. emend. Kiritch. et Trav., C. murrayana (Brongn.)
Brongn., C. spectabilis Brick., Cladophlebis nebbensis (Brongn.) Nath., Raphaelia diamensis
Sew., R. tapkensis (Heer) Pryn. emend Kost., Phoenicopsis angustifolin Heer, Ph. cognata
Kiritch., and Ph. irkutensis Dolud. et Rasskaz species are characteristic of the Prisayan
assemblage. Prisayan assemblage sediments are dated at the beginning of Middle
Jurassic (conventionally, Aalenian). The stratigraphic correlation of Jurassic sediments of
the Irkutsk Coal Basin with the sedimentary basins of Western Siberia has been carried
out based on paleobotanical data.

Keywords: Jurassic sediments, stratigraphy, fossil and flora assemblages, Irkutsk Basin,
Siberian platform
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1. Introduction

Lower and middle Jurassic continental sediments of Siberia are abundant. They are exposed
along river valleys and gorges, within quarries and mine workings of the Kuznetsk, Kansk,
Irkutsk, and other Coal Basins. Lower and Middle Jurassic sediments are rich in plant
remains, which are important in stratigraphy and correlation of continental complex of
Jurassic sediments where large coal deposits are concentrated. The Irkutsk Basin situated
within the southern Siberian platform is one of them (Figure 1). Three structural and facies
zones: Prisayan piedmont trough, Platform limb, and Angara-Koty intermountain area are
clearly distinguished within it [2]. According to the regional stratigraphic scheme, the Jurassic
sediments of the Platform limb and Prisayan piedmont trough are subdivided into three for-
mations: Cheremkhovskaya, Prisayanskaya, and Kudinskaya. Cheremkhovskaya Formation

] e i iy
TMONGOLIA]

Figure 1. Layout of the studied key sections. 1—the left bank of the Bol’shaya Belaya river at 200 m below the railway
bridge in the Taiturka settlement (GPS: N52°86.242’; E103°49.371"); 2 —the right bank of the Zalari river, on the opposite
side of the Zalari settlement (GPS: N53°55.924’; E102°55.199); 3—the Cheremkhovo coal deposit (GPS: N53°20.329";
E103°11.985"); 4— the Glinki coal deposit (GPS: N53°86.684’; E102°26.406’); 5 — the Mugun coal deposit (GPS: N54°43.050";
E100°18.245"); 6—the right bank of the Angara river, the Ust’-Balei creek (GPS: N52°62.771’; E103°96.128'); 7—the right
bank of the Angara river, the Tolstyi Cape (GPS: N52°63.714; E103°93.978'); 8 —the right bank of the Angara river, on
the opposite side of the Tel’'ma settlement (GPS: N52°70.676"; E103°77.649"); 9—the right bank of the Irkut river, Kaiskaya
Gora (GPS: N52°28.331"; E104°23.019’); 10— Sinyushina Gora (GPS: N52°15.888’; E104°11.188’); 11 —the Olkha river, the
Smolenshchina settlement (GPS: N52°15.006’; E104°9.305"); 12—the Olkha river, Olkhinskaya Gora area; 13—the left
bank of the Irkutsk water reservoir, on the opposite side of the Stroitel’ dacha (GPS: N52°11.195’; E104°23.459'); 14 —the
right bank of the Angara river, the Topka creek valley (GPS: N52°21.289"; E104°17.282"); 15—the left bank of the Irkut
river, at 2 km above the Pionersk settlement (GPS: N52°23.734; E103°99.541’); 16 —the right bank of the Kuda river, 2 km
to the north of the Zherdovka settlement (GPS: N52°66.490’; E104°57.222").
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is composed of three subformations: lower, middle, and upper and Prisayanskaya includes
lower and upper subformations. The stratigraphic sequences of these formations and their
lithologic characteristics were confirmed by lithostratigraphic data in different boreholes and
natural sections [1, 28].

Since the second half of the nineteenth century, the Early-Middle Jurassic flora of the Irkutsk
Basin were repeatedly studied in detail. Data on Jurassic flora of the Basin are cited in vari-
ous works [14-16, 22, 27, 29]. The results of the studies on some groups of fossil plants are
published in several papers [4-6, 8-12, 18-20, 25]. Despite the large number of publications,
there is no unified view on stratigraphy of Jurassic sediments of the Irkutsk Basin. Against
the background of well-studied Jurassic floras of the Kuznetsk [17], the Kansk Basins [24],
and Western Siberia [21], Jurassic flora is still poorly studied. Paleobotanical characteristic of
formations needs clarification, and stratigraphic importance of some species of fossil plants
requires revision. For example, species Phlebopteris polypodioides Brongn and Clathropteris
obovata Oishi indicated in regional stratigraphic scheme [2] are rare, and some representatives
of genus Coniopteris are abolished [C. clavipes (Heer) Pryn., C. trautscholdii (Heer) Pryn.] [18],
consequently, they cannot be used in stratigraphy.

The aim of this work is to suggest a solution for the above-listed problems by the implemen-
tation of comprehensive lithologic and paleobotanical study of key sections of Jurassic sedi-
ments within present-day active coal deposits rich in paleobotanical material.

2. Methods

Starting in 2008 and in 2016, the authors carried out quite a number of field works in order
to explore lithologic and paleobotanical peculiarities in all active coal deposits within the
Irkutsk Basin (see Figure 1). Opencasts of three coal-producing quarries: Cheremkhovo,
Mugun, and Glinki were studied in detail. In addition, 13 exposures which are stratotypes of
regional stratigraphic units were studied. The leaves of Ginkgoales and Leptostrobales were
investigated by the epidermal-cuticular method. Leaf cuticles were macerated by the stan-
dard technique in Schultze mixture. Microslides were examined using the Olympus BX41TF
light microscope and electronic scanning microscope Philips’ SEM 525-M. About one hun-
dred pieces of ore and more than 300 microslides with unfolded pattern of leaves’ compres-
sions were studied.

3. Lithostratigraphy of the formations of the Irkutsk Basin

The Cheremkhovskaya Formation was first identified by Korovin [23] in mines within the
Cheremkhovo settlement vicinity. It represents a complete megarhythm and is divided into
three subformations: lower, middle, and upper ones with total thickness up to 380 m.

Lower Cheremkhovskaya (Zalarinskaya) Subformation occurs with discordance on
Cambrian limestones of Angarskaya Group. The subformation base is composed of clastic
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deposits —conglomerates, gravelites, and coarse-grained sandstones which are overlapped by
siltstones, mudstones with thin coal bands.

On the right bank of the Zalari river, on the opposite side of the Zalari settlement is situated
the stratotype of Lower Cheremkhovskaya Subformation (bottom-up):

Thickness, m

4.
5.
Disappearance of outcrop

6.

Disappearance of outcrop
7.
8.

Disappearance of outcrop

9.

10.

11.

Developed thickness

Conglomerates interstratifying with coarse-grained
sandstones

Sandstones, coarse-grained, massive
Conglomerates, fine-pebbled
Sandstones, white, coarse-grained, massive

Conglomerates, fine-pebbled

Sandstones, gray, medium-fine-grained with
horizontal bedding and abundant plant detrital matter

Sandstones, pale gray, coarse-grained, massive

Sandstones, gray, medium-grained with horizontal
bedding

Sandstones, red, medium-fine-grained with horizontal
bedding

Alternation of red, burnt rocks presented by sandstones

and siltstones with horizontal bedding and impressions of
Cladophlebis haiburnensis (L. et H.) Sew., Sphenobaiera ex gr.
czekanowskiana (Heer) Flor., Czekanowskia ex gr. rigida Heer,
Podozamites eichwaldii Pryn. var. minor Pryn. Ixostrobus grandis
Tesl.

Speckled sandstones, coarse-medium-grained with
horizontal bedding

0.65

1.34
2.00
0.30
0.80
3.00
0.70

3.50
0.60
0.60

1.39
1.10

3.54

13.12

Clastic deposits of the lower subformation are traced by us in some natural outcrops along the
ranks of the Bol’shaya Belaya river.

Industrially coal-bearing Middle Cheremkhovskaya Subformation is a natural sedimentary
continuation of the lower subformation, and it is related to the latter by gradual transitions.
This subformation is characterized by abundance in section of siltstones, mudstones, and coal

seams with thickness up to 10-15 m. The thickness was cumulated during the epoch of maxi-

mum regional coal storage within the Basin and is abundant all over. Lower boundary line is

drawn in bottom of siltstones and sandstones underlying the first coal-bearing horizon.
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Thickness, m

Middle Cheremkhovskaya Subformation

1. Siltstones, gray

2. Coal hard

3. Mudstones, coaly with horizontal bedding

4. Coal

5. Mudstones, coaly with horizontal bedding

6. Coal

7. Mudstones, coaly with horizontal bedding

8. Coal

9. Sandstones, gray, medium-fine-grained with horizontal bedding,

contain plant remains of Czekanowskia ex gr. rigida Heer

10. Siltstones, gray

11. Sandstones, gray, medium-fine-grained

12. Siltstones, gray, with horizontal bedding

13. Sandstones, gray, medium-fine-grained

14. Mudstones, coaly, with horizontal bedding

15. Sandstones, gray, fine-grained with horizontal bedding

16. Siltstones, gray, with horizontal bedding, contain plant remains

of Equisetites lateralis (Phill) Phill., Cladophlebis haiburnensis (L.

et H.) Sew., Cl. williamsonii Brongn., Raphaelia diamensis Sew .,
Sphenobaiera czekanowskiana (Heer) Flor., S. vigentis Kiritch. et

Bat., Pseudotorellia paradoxa Dolud., Czekanowskia rigida Heer, Cz.
baikalica Kiritch. et Samyl., Pityophyllum ex gr. nordenskioldii (Heer)
Nath., Carpolithes cinctus Nath., Ixostrobus heeri Pryn., and Ix. grandis

Tesl.
17. Coal
18. Mudstones, coaly with horizontal bedding, contain fossil plant

remains of Cladophlebis sp., Czekanowskia baikalica Kiritch. et
Samyl., and Pityophyllum ex gr. nordenskioldii (Heer) Nath

19. Coal

20. Mudstones, coaly with horizontal bedding

21. Coal

22. Mudstones, coaly with horizontal bedding

23. Coal

24. Siltstones, gray, rich in plant remains of Lycopodites sp.,

Czekanowskia ex gr. rigida Heer, Phoenicopsis ex gr. angustifolia
Heer, Pityophyllum ex gr. nordenskioldii (Heer) Nath., and Schizolepis

follinii Nath.
25. Coal

0.60

1.00

0.10
0.45
0.14
0.40

0.20
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Thickness, m

26. Siltstones, gray, with burst plant detritus 0.30
27. Sandstones, yellow, medium-fine-grained with impressions 2.00
of Czekanowskia ex gr. rigida Heer and Pityophyllum ex gr. nordenskioldii
(Heer) Nath.
28. Coal 0.20
29. Sandstones, yellowish-gray, coarse-grained 1.65
30. Sandstones, gray, medium-fine-grained with leaf impressions of 0.80

Czekanowskia ex gr. rigida Heer and coalified plant detritus
31. Coal 0.20

32. Sandstones, yellowish-gray, medium-fine-grained, poorly 0.80
cemented, flat-bedded with abundant plant detritus

33. Coal 0.20

Upper Cheremkhovskaya Subformation

34. Sandstones, yellow, medium-grained 4.50
35. Conglomerates, fine-pebbly 0.30
36. Sandstones, yellow, medium-grained polymictic 4.60
Thickness of the opencast developed part 29.47

Section uncovering within the Cheremkhovo coal deposit situated in the central part of
the Irkutsk Basin is a stratotype of Middle Cheremkhovskaya Subformation (bottom-up)
(Figure 2):

Middle Cheremkhovskaya Subformation is opened in coal opencasts of the Glinki and Mugun
deposits. The Glinki coal-bearing deposits occur on erosional contacts with a weathered surface
of the Upper Cambrian clays (Figure 2). Opened thickness of Jurassic deposits is 18.4 m. Middle
Cheremkhovskaya Subformation composed of gray, flat bedded, fine-grained sandstones, silt-
stones, and mudstones with two coal seams of industrial thickness (2-5.8 m) is exposed in the
lower part of the opencast. We revealed the following plant remains: Equisetites asiaticus Pryn.,
Equisetites cf. lateralis (Phill.) Phill., Hausmannia crenata (Nath.) Maell., Cladophlebis williamsonii
Brongn., CI. haiburnensis (L et H) Sew., Ginkgo concinna Heer, Sphenobaiera czekanowskiana (Heer)
Florin, Pseudotorellia cf. paradoxa Dolud., Czekanowskia baikalica Kiritch. et Samyl., Cz. rigida Heer,
Phoenicopsis ex gr. angustifolia Heer, Leptostrobus laxiflora Heer, Podozamites cf. lanceolatus (L. et
H.) Schimp., P. cf. eichwaldii Pryn. var. major Pryn., Pityophyllum ex gr. nordenskioldii (Heer)
Nath., Schizolepis cf. moelleri Sew., Carpolithes minor Pryn., and Ixostrobus heeri Pryn. in siltstones
and mudstones of industrially coal-bearing part of the opencast.

The Mugun lignite deposit is situated in the northwestern part of the Irkutsk Basin, at 40 km
to the south of the Tulun city. The deposit has an irregular shape and a simple geological
structure. Lower band of the deposit belongs to Middle Cheremkhovskaya Subformation. It
is composed of siltstones, mudstones, and fine-grained sandstones alternating among them-
selves. Productive coal seams (thickness from 3.5 up to 10 m) are confined to this part of
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Figure 2. Correlation scheme of the key sections of Jurassic sediments of the Irkusk Basin. Numbering of sections is given
in Figure 1. 1—conglomerates, 2—coarse-grained sandstones, 3—medium- and fine-grained sandstones, 4 —siltstones,
5—mudstones, 6—coals, 7—lenses; plant remains: 8 —with no stratigraphic importance, 9—typical of Cheremkhovo
plant assemblage, 10—typical of Prisayan plant assemblage.
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opencast. We distinguished the following plant remains: Coniopteris sp., Lobifolia nana A. Frol.,
Czekanowskia rigida Heer, Pityophyllum ex gr. nordenskioldii (Heer) Nath., and Carpolithes heeri
Tur.-Ket. [10] in siltstones and mudstones of this band.

Upper Cheremkhovskaya (Ust’-Baleiskaya) Subformation overlaps in concordance with the
Middle Cheremkhovskaya Subformation, and more than a half of the former is composed of
fine- and medium-grained sandstones with lenses of siltstones and mudstones. Lower bound-
ary line is drawn in the bottom of sandstones of channel facies [1] and it is observed within
opencasts of developed coal deposits (Cheremkhovo, Glinki, and Mugun; Figure 2). Outcrop
situated at 2.1 km below the Ust’-Baley settlement is a stratotype of the upper subformation.
Gray, differently grained polymictic sandstones with horizontal cross, uni-, and diversidirec-
tional lamination dominate in its lower part. Sandstones contain two lenses composed of silt-
stones and mudstones with horizontal and sometimes banded lamination. Lower lens is long
about 70 m with thickness up to 2 m. Impressions of the following plants: Lycopodites tenerrimus
Heer, Czekanowskia rigida Heer, Elatides ovalis Heer, Ixostrobus sp., Carpolithes deplanatus Pryn.,
C. cinctus Nath., and Samaropsis rotundata Heer are found on the surface of mudstone bedding.

Thickness of the upper lens reaches 5.8 m, and its length is about 120 m. Siltstones and mud-
stones of the lens contain numerous impressions of insects and fewer those of fishes and
shells of limnetic myarians. Plant remains of Lycopodites tenerrimus Heer, L. trichiatus Pryn.
emend. A. Frol. et Mash., Phyllotheca sibirica Heer, Coniopteris murrayana (Brongn.) Brongn.,
Sphenobaiera czekanowskiana (Heer) Florin, Czekanowskia rigida Heer, Leptostrobus laxiflora Heer,
Elatides ovalis Heer, Ixostrobus heeri Pryn., and Samaropsis rotundata Heer are found on several
plates of beddings.

Outcrops situated on the opposite side of the Tel’'ma settlement (Figure 2) and the Tolstyi
Cape have similar lithologic structure. The following plant remains: Cladophlebis cf. haiburnen-
sis (L. et H.) Sew., Cl. williamsonii Brongn., Sphenobaiera czekanowskiana (Heer) Flor., S. vigentis
Kiritch. et Bat., Pseudotorellia longifolia Dolud., Czekanowskia rigida Heer, Cz. baikalica Kiritch.
et Samyl., Leptostrobus laxiflora Heer, Pityophyllum ex gr. nordenskioldii (Heer) Nath., Schizolepis
sp., Samaropsis rotundata Heer, and Carpolithes cf. minor Pryn. are revealed in siltstone lens
opened by these outcrops.

Prisayanskaya Formation is less abundant relative to the Cheremkhovskaya one which is
overlapped with conformability by it.

Lower Prisayanskaya (Idanskaya) Subformation is predominantly confined to the south-
eastern part of the Basin, its thickness is of 50-70 m. Characteristic feature of its sections is the
prevalence of coarse-grained and gritty sandstones as well as siltstones containing indeter-
minable plant remains of poor preservation. Conglomerates and gritstones occur on several
areas in the base of subformation. Lower boundary line of subformation is drawn relative
to band bottom of rhythmically alternating sandstones, gritstones, conglomerates, and silt-
stones. It is sufficiently conventional.

Upper Prisayanskaya (Sukhovskaya) Subformation is preserved from erosion only in Priirkut
depression. This subformation is composed of small and fine-grained sandstones and siltstones,
and coarse-grained varieties of sandstones are rare. The characteristic feature of this subformation
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is the significant enrichment of rocks in coaly matter and the presence of coal bands. Thickness
of this subformation is about 50 m. Its lower boundary with the lower subformation is not
always distinct. Within Priirkut depression we studied outcrops of this Upper Prisayanskaya
Subformation situated along the banks of the Angara, Irkur, Kaya, and Topka rivers.

In the quarry situated on Kaiskaya Gora at 400 m above the Kaya river mouth in the Irkutsk
city the Jurassic deposits of Upper Prisayanskaya Subformation are opened (bottom-up).

Thickness, m

1. Sandstones, yellowish-gray, fine- and medium-grained, contain plant = 2.00
remains of Cladophlebis williamsonii Brongn., Phoenicopsis angustifolia
Heer, and Pityophyllum ex gr. nordenskioldii (Heer) Nath.

2. Siltstones and silty sandstones, yellowish-gray, with impressions 0.20
of plants: Lobifolia lobifolia (Phill.) Rasskaz. et E. Leb., Coniopteris
maakiana (Heer) Pryn. emend. Kiritch. et Trav., Cladophlebis
williamsonii Brongn., Czekanowskia ex gr. rigida Heer, Phoenicopsis
angustifolia Heer, Ph. Markovitchiae Kiritch. et Schischk., Ph. dentata
Pryn., Ph. irkutensis Dolud. et Rasskaz., and Pityophyllum ex gr.
nordenskioldii (Heer) Nath.

3. Coal 0.40

4. Sandstones, yellowish-gray, fine-grained, contain plant 0.20
impressions of Coniopteris maakiana (Heer) Pryn. emend. Kiritch. et
Trav., C. cf. sachsii Tesl.

Opened thickness 2.80

The section of Upper Prisayanskaya Subformation is opened within Sinyushina Gora in the
Irkutsk city. Gray, fine- and medium-grained sandstones dominate in the lower part of the
section. The section’s upper part is composed of alternating medium-grained sandstones and
siltstones, only one thin (0.07 m) coal band is noted. Coniopteris murrayana (Brongn.) Brongn.,
Cladophlebis nebbensis (Brongn.) Nath., Cl. williamsonii Brongn., Czekanowskia ex gr. rigida Heer,
Phoenicopsis angustifolic Heer, Ph. samylinae Kiritch. et Moskv., Ph. irkutensis Dolud. et Rasskaz., and
Pityophyllum ex gr. nordenskioldii (Heer) Nath are revealed among plant remains.

The upper part of Upper Prisayanskaya Subformation of 5.4 m thickness and 400 m
length is opened in roadside quarry near the Smolenshchina settlement. The section is
of rhythmic structure. In this section, quartz-feldspathic coarse- and medium-grained
sandstones alternate upward with fine-grained sandstones, siltstones, and mudstones
with thin (0.1-0.3 m) coal bands. Hepaticites arcuatus (L. et H.) Harris, Coniopteris mur-
rayana (Brongn.) Brongn., C. maakiana (Heer) Pryn. emend. Kiritch. et Trav., C. spectabilis
Brick, Cladophlebis williamsonii Brongn., Cl. haiburnensis (L. et H.) Brongn., Cl. cf. nebbensis
(Brongn.) Nath., Raphaelia diamensis Sew., Sphenobaiera ex gr. czekanowskiana (Heer) Flor.,
Ginkgo ex gr. sibirica Heer, Czekanowskia ex gr. rigida Heer, Phoenicopsis angustifolia Heer,
Ph. cf. mogutchevae Kiritch. et Trav., Ph. cognata Kiritch., Pityophyllum ex gr. nordenskioldii
(Heer) Nath., and Stenorachis (?) clavata Nath. are identified among plant remains.
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One of the key sections of the Upper Prisayanskaya Subformation is outcrops situated on
the left bank of the Irkutsk water reservoir on the opposite side of the Stroitel” settlement
(Figure 2). The section has a rhythmic structure. Bases of rhythms are presented by quartz
fieldspathic coarse- and medium-grained sandstones alternating upward the section with
fine-grained sandstones, siltstones, and mudstones with thin (0.1-0.3 m) coal bands. Near
water’s edge are exposed the following rocks:

Thickness, m

1. Sandstones, gray medium-grained, horizontally bedded micaceous 0.14
2. Sandstones, silty, gray, plant detritus is exposed, plant detritus is found in 0.46
the upper part of the layer
3. Hard coal 0.12
4. Mudstones, gray 0.04
5. Hard coal 0.16
6. Mudstones, coaly, horizontally bedded with abundant plant detritus 0.13
7. Hard coal 0.07
8. Mudstones, coaly, horizontally bedded, contain abundant plant detritus 0.11

of Coniopteris maakiana (Heer) Pryn. emend. Kirich. et Trav., Cladophlebis
cf. williamsonii Brongn., Raphaelia diamensis Sew., R. tapkensis (Heer) Pryn.
emend. Kost., Czekanowskia ex gr. rigida Heer, and Phoenicopsis ex gr.
angustifolia Heer

9. Sandstones, gray, medium-grained with plant detritus 0.07

10. Sandstones, gray medium-grained with distinct cross bedding and 1.10
impressions of trunks. Leaf mats of Phoenicopsis ex gr. angustifolia Heer are
found at 0.4 m from the bottom layer

11. Sandstones, gray, horizontally bedded with plant detritus 0.10

12. Mudstones, gray, horizontally bedded. Impressions of Coniopteris maakiana 0.10
(Heer) Pryn. emend. Kirich. et Trav., Cladophlebis nebbensis (Brongn.)
Nath., CL. williamsonii Brongn., CL. haiburnensisi (L. et H.) Sew., Raphaelia
diamensis Sew., R. tapkensis (Heer) Pryn. emend. Kost., Sphenobaiera ex gr.
czekanowskiana (Heer) Florin, Pseudotorellia cf. ensiformis (Heer) Dolud., P.
cf. paradoxa Dolud., Czekanowskia ex gr. rigida Heer, Phoenicopsis angustifolia
Heer, Elatocladus manchuricus (Yok.) Yabe, and Pityophyllum ex gr.
nordenskioldii (Heer) Nath. are found in the lower part of the layer

13. Sandstones, gray, medium-grained with cross bedding and plant detritus 0.90
14. Hard coal 0.06
15. Mudstones with plant remains, poorly preserved 0.03
16. Coal 0.04
17. Mudstones, gray, with impressions of fossil plant remains: Coniopteris maakiana 0.55

(Heer) Pryn. emend. Kiritch. et Trav., C. murrayana (Brongn.) Brongn., Cladophlebis
haiburnensis (L. et H.) Sew., Cl. williamsonii Brongn., Phoenicopsis ex gr. angustifolia
Heer, and Pityophyllum ex gr. nordenskioldii (Heer) Nath.

18. Sandstones, medium-grained, massive 0.60
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Thickness, m

19. Sandstones, horizontally bedded with impressions of Lycopodites baicalensis A. 0.25
Frol., Cladophlebis cf. nebbensis (Brongn.) Nath., Phoenicopsis ex gr. angustifolia Heer,
and Pityophyllum ex gr. nordenskioldii (Heer) Nath.

20. Coal 0.02
21. Sandstones, gray, fine-grained with thin slab parting 0.23
22. Sandstones, gray, coarse-grained, cross-bedded with trunks of trees 4.00
23. Sandstones, gray, medium-grained with two coal bands (0.02 and 0.03 m) 0.35
24. Siltstones, gray, with plant remains: Cladophlebis nebbensis (Brongn.) Nath., 0.10

ClI. haiburnensis (L. et H.) Sew., Cl. williamsonii Brongn., Pityophyllum ex gr.
nordenskioldii (Heer) Nath., Carpolithes cinctus Nath.

25. Sandstones, gray, fine-grained, cross-bedded, with impressions of 2.00
Pityophyllum ex gr. nordenskioldii (Heer) Nath., poorly preserved

26. Mudstones, coaly, with coal band (0.03 m) 0.23

27. Mudstones, gray, with impressions of ancient plants: Lycopodites baikalensis 0.15
A. Frol., Hausmannia crenata (Nath.) Maell., Raphaelia cf. tapkensis (Heer) Pryn.
emend. Kost., Czekanowskia ex gr. rigida Heer, Pityophyllum ex gr. nordenskioldii
(Heer) Nath., and Carpolithes heeri Tur.-Ket.

28. Sandstones, medium-grained, horizontally bedded 1.70

Thickness of the section opened part 13.21

The Upper Prisayanskaya Subformation outcrop within the Topka creek valley is presented
by 18-meter-thick section having a rhythmic structure (Figure 2). The bases of rhythms are
composed of quartz fieldspathic coarse- and medium-grained sandstones, siltstones, and mud-
stones with thin (0.1-0.3 m) coal bands. Coniopteris murrayana (Brongn.) Brongn., C. maakiana
(Heer) Pryn. emend. Kiritch. et Trav., Cladophlebis williamsonii Brongn., CI. haiburnensis (L. et H.)
Sew., Czekanowskia ex gr. rigida Heer, Phoenicopsis ex gr. angustifolia Heer, Phoenicopsis ex gr. spe-
ciosa Heer, and Pityophyllum ex gr. nordenskioldii (Heer) Nath. are revealed among plant remains.

The Upper Prisayanskaya Subformation is exposed on the left bank of the Irkut river, 1.5
km below the Pionersk settlement (Figure 2). Outcrop of 800 m length has a rhythmic
structure. The rhythm bases are composed of quariz fieldspathic coarse- and medium-
grained sandstones (3-4 m) alternating upward with siltstones and mudstones with thin
(0.1-0.2 m) coal bands. The following plant remains of Coniopteris maakiana (Heer) Pryn.
emend. Kiritch. et Trav., C. cf. spectabilis Brick, Coniopteris sp., Cladophlebis williamsonii
Brongn., Cl. williamsonii Brongn. var. punctata Brick, Cl. nebbensis (Brongn.) Nath., Raphaelia
diamensis Sew., Raphaelia tapkensis (Heer) Pryn. emend. Kost., Ginkgo ex gr. sibirica Heer,
Sphenobaiera ex gr. czekanowskiana (Heer) Flor., Czekanowskia ex gr. rigida Heer, Phoenicopsis
angustifolia Heer, Pityophyllum ex gr. nordenskioldii (Heer) Nath., Ixostrobus heeri Pryn.,
Carpolithes deplanatus Pryn., and Stenorhachis sp. are identified in siltstones and fine-
grained sandstones.

The Kudinskaya Formation is located in the northeast of the Irkutsk city within the Kuda
trough, overlaps discordantly with the Prisayanskaya Formation. The formation is charac-
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terized by rubbly pebbled conglomerates and coarse-grained sandstones, thin interlayers of
siltstones and mudstones are rare. Thickness of the formation is 50-80 m. Identifiable remains
of plants from the Kudinskaya Formation have been long unknown. In 2014 we studied the
stratotype of Kudinskaya Formation which is located at 2 km to the north of the Zherdovka
village. Clastic rocks opened within these outcrops contain thin interlayers of siltstones and
mudstones. The following fossil plants: Equisetites sp., Coniopteris maakiana (Heer) Pryn.
emend. Kiritch. et Trav., Czekanowskia curta Kiritch. et Samyl., Czekanowskia rigida Heer,
Leptostrobus laxiflora Heer, Pityophyllum ex gr. nordenskioldii (Heer) Nath. Carpolithes cinctus
Nath., and C. minor Pryn. are found in mudstones [13, 26].

4, Discussion

The stratigraphic scale developed for Jurassic sediments of Western Siberia has been followed
in the comparison of Jurassic sediments of the Irkutsk Basin with the adjacent regions of
Western Siberia [3]. This scheme is comprehensively reasonable and can be considered as a
comparative standard for large stratigraphic correlations and age dating of continental sec-
tions within Siberia.

Summarizing paleobotanical review of the aforementioned sections, it should be noted that
plant assemblage identified in Lower Cheremkhovskaya Subformation is characterized by
uncommon ferns Cladophlebis haiburnensis (L. et H.) Sew. and conifers Podozamites eichwaldii
Pryn. var. minor Pryn., Schizolepis sp. Ginkgoales and Leptostrobales are presented by species
Sphenobaiera ex gr. czekanowskiana (Heer) Flor. and Czekanowskia ex gr. rigida Heer, the latter
one dominates among them. The taxonomic composition of the flora of the lower part of the
Lower Cheremkhovskaya Subformation is comparable with Jagel'nyi fossil plant assemblage
from the Lower Jurassic sediments of Western Siberia [21] (Table 2). The age of the Lower
Cheremkhovskaya Subformation is determined within the framework of the second half of
the Early Jurassic (Pliensbachian).

Various representatives of genus Equisetites: E. lateralis (Phill.) Phill. and E. asiaticus Pryn. are
revealed in all studied sections of Middle and Upper Cheremkhovskaya Subformations. Genus
Cladophlebis is presented by species C. williamsonii Brongn. and CI. haiburnensis (L. et H.) Sew.
that are abundant. Czekanowskia rigida Heer, Cz. baikalica Kiritch., Sphenobaiera czekanowskiana
(Heer) Flor., S. vigentis Kiritch. et Bat., Pityophyllum ex gr. nordenskioldii (Heer) Nath. Pexxe
BcTpevatotcs Lycopodites sp., Lobifolia nana A. Frol., Ginkgo ex gr. sibirica Heer, Pseudotorellia
paradoxa Dolud., Phoenicopsis ex gr. angustifolia Heer, Leptostrobus laxiflorus Heer, Elatocladus
manchuricus (Yok.) Uabe, Carpolithes cinctus Nath., C. minor Pryn., Carpolithes sp., Ixostrobus
heeri Pryn., Ix. grandis Tesl., and Schizolepis follinii Nath. play the role of cosmopolites among
gymnosperms. Hausmannia crenata (Nath.) Maell., Raphaelia diamensis Sew., Ginkgo concinna
(Heer) Sew., Podozamites cf. lanceolatus (L. et H.) Schimp., and P. cf. eichwaldii Pryn. var. major
Pryn. are presented by several finds.

In whole, the flora composition of Middle and Upper Cheremkhovskaya Subformations is
very consistent in outcrops that allow us to consider it as Cheremkhovo fossil plant assemblage
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[7]. Equisetites lateralis (Phill.) Phill., E. asiaticus Pryn., Cladophlebis haiburnensis (L. et H.)
Sew., Sphenobaiera czekanowskiana (Heer) Flor., S. vigentis Kiritch. et Bat., Czekanowskia bai-
kalica Kiritch. et Samyl., and Cz. rigida Heer whose remains dominate in the sections of
Cheremkhovskaya Formation are typical of the assemblage (Table 1). Section of Middle

Cheremchovskaya Formation
Middle Upper Prisayanskaya Formation

Kudinskaya

Locations Formation

Subformation | Subformation

Fossil plants

Fossil plant
assemblage

31415 6 |7 8 9 |10 11 | 12| 13 | 14|15 16

Lycopodites baikalensis +

Lycopodites subulifolius 4

Coniopteris maakiana ] O ] O [ O

Coniopteris murrayana + oo (o0 (0|0

Coniopteris spectabilis + +

Coniopteris cf. sachsii +

Cladophlebis williamsonii + | + + (0|00 |0

Cladophlebis nebbensis o+ O

Cladophlebis kanskiensis

Prisayan

Raphaelia diamensis + O

+to|lt|(aola

Raphaelia tapkensis

Baiera majaea +

Ginkgo tapkensis O

Phoenicopsis angustifolia o(o|lo|o|o (0|0

Phoenicopsis samylinae O O

Phoenicopsis dentata 3

Phoenicopsis irkutensis o0 O

Phoenicopsis markovitchiae

Lycopodites tenerrimus +

Lycopodites trichiatus 4

Equisetites lateralis

O

Equisetites asiaticus

O

Lobifolia nana 4 + + |+

Cladophlebis haiburnensis

Cheremchovo

Sphenobaiera
czekanowskiana

Sphenobaiera vigentis

Czekanowskia baikalika

o|ojo|l o (o
O

Czekanowskia rigida oo (0o

Note: Numbering of fossil plan occurrences is given in Figure 1. 0—Species dominates in burials, +—species is present
in burials.

Table 1. Taxonomic composition and stratigraphic distribution of fossil plant assemblages within Jurassic sediments of
the Irkutsk Basin.
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Table 2. Correlation scheme of Jurassic sediments of the Irkutsk Basin and adjacent areas on paleobotanical data.

Cheremkhovskaya Subformation of the Cheremkhovo hard coal deposit is a key for layers of
the assemblage. Degree of development of the Cheremkhovo assemblage floras is comparable
with floras of Novogodnii (Western Siberia) and Kamzasskii (Kuznetsk Basin) assemblages
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(Table 2). Thus, the age of Middle and Upper Cheremkhovskaya Subformations is deter-
mined in the range of Toarcian.

The performed paleobotanical analysis of fossil plants found within Prisayanskaya and
Kudinskaya Formations suggests that the time of their accumulation concurred with the
flourishing of ferns of the genera Conipteris (C. maakiana (Heer) Pryn. emend. Kiritch. et Trav.,
C. murrayana (Brongn.) Brongn., C. spectabilis Brick, C. cf. sachsii Tesl.), Cladophlebis (Cl. argutula
(Heer) Font., Cl. haiburnensis (L. et H.) Brongn., CI. kanskiensis Kost., Cl. nebbensis (Brongn.)
Nath., and Cl. williamsonii Brongn.) and Raphaelia (R. diamensis Sew. and R. tapkensisi (Heer)
Pryn. emend Kost.). Coniopteris maakiana (Heer) Pryn. emend. Kiritch. et Trav., Raphaelia
diamensis Sew., and Cladophlebis nebbensis (Brongn.) Nath. are dominant among them.
Coniopteris murrayana (Brongn.) Brongn. u Raphaelia tapkensis (Heer) Pryn. emend Kost.
occur rarely. Genus Phoenicopsis, presented by six species: Ph. angustifolia Heer, Ph. samylinae
Kiritch. et Moskv., Ph. irkutensis Dolud. et Rasskaz., Ph. cognata Kiritch., Ph. dentata Pryn., and
Ph. markovitchiae Kiritch. et Schischk. presented in majority of occurrences, is the most diverse
among gymnosperms (Table 1). Czekanowskia genus is presented by species Czekanowskia
curta Kiritch. et Samyl, Cz. irkutensis Kiritch. et Samyl, and Cz. rigida Heer. Ginkgo ex gr.
sibirica Heer. and G. tapkensis Dolud. et Rasskaz. are frequent. Besides them, Hepaticites arcuatus
(L. et H.) Harris, Lycopodites baikalensis A. Frol., L. subulifolius A. Frol. et Mash.,,
Phyllotheca sibirica Heer, Hausmannia crenata (Nath. ) Mael., Lobifolia lobifolia (Phill.) Rasskaz.
et E. Leb., Anomozamites lindleyanus Schimp., Sphenobaiera ex gr. czekanowskiana (Heer) Florin,
Pseudotorellia cf. ensiformis (Heer) Dolud., P. cf. paradoxa Dolud., Taxocladus ketovae Tesl.,
Elatocladus manchuricus (Yok.) Yabe, Pityophyllum ex gr. nordenskioldii (Heer) Nath., Ixostrobus
heeri Pryn., Carpolithes cinctus Nath., C. deplanatus Pryn., C. heeri Tur.-Ket., C. minor Pryn.,
Schizolepis follinii Nath., Samaropsis rotundata Heer, and Stenorachis (?) clavata Nath. are found
within the Prisayanskaya Formation.

The flora composition of Prisayanskaya and Kudinskaya Formations shows good horizon-
tal consistency, and we consider it as Prisayan fossil plant assemblage. Species Coniopteris
maakiana (Heer) Pryn. emend. Kiritch. et Trav., C. murrayana (Brongn.) Brongn., C. spectabilis
Brick., Cladophlebis nebbensis (Brongn.) Nath., Raphaelia diamensis Sew., R. tapkensis (Heer)
Pryn. emend Kost., Phoenicopsis angustifolia Heer, Ph. cognata Kiritch., and Ph. irkutensis Dolud.
et Rasskaz., the remains of which prevail in the sections of Prisayanskaya and Kudinskaya
Formations (Table 1), are characteristic of this assemblage [7, 13]. Composition of Prisayan
assemblage allows it to compare to Verkhnepeshkovskii (Western Siberia), Rybinskii (Kansk
Basin) and Etapskii (Kuznetsk Basin) fossil plant assemblages and date including sedi-
ments to the beginning of Middle Jurassic (Aalenian) (Table 2). Outcrops situated near the
Smolenshchina settlement and on the left bank of the Irkutsk water reservoir serve as key
sections for Prisayan assemblage.

Plant remains from the sections of Upper Prisayanskaya Subformation opened within
the Topka river were previously compared, according to the level of flora development,
with Azharminskii fossil plant assemblage traced in Tyumen’skaya Formation of Ob’-
Tazovskaya area of Western Siberia [21]. Azharminskii assemblage is characterized by
renewal of species composition of genera Coniopteris, Czekanowskia, and Phoenicopsis. Genus
Coniopteris is replenished with species C. burejensis (Zaless.) Sew., C. (Birissia?) depensis
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E. Leb. Species C. hymenophylloides (Brongn.) Sew., C. simplex (L. et H.) Harris, C. vsevolodii
E. Leb. Occur everywhere. Genus Phoenicopsis, presented by 10 species, is the most diverse
among Leptostobales. Species Ph. taschkessiensis Krasser and Ph. mogutchevae Kiritch.
et Trav. are the first to occur among them. The most abundant are species Ph. samylinae
Kiritch. et Moskvin., Ph. sibirica Kiritch. et Trav., and Ph. varia Kiritch. et Trav. The age of
sediments including Azharminskii fossil plant assemblage is determined in the range of
Bajocian stage. Analysis of flora taxonomic composition from the sections of the Topka
river revealed in it the lack of all new species of genera Coniopteris and Phoenicopsis typical
of Azharminskii assemblage (Table 1). Thus, according to the available data, there is no
Bajocian flora within the Irkusk Basin.

5. Conclusion

The results of lithologic and paleobotanical investigations of Lower and Middle Jurassic sedi-
ments of the Irkutsk Basin allowed to draw the following conclusions.

Two uneven-aged fossil plant assemblages: Cheremkhovo for the Middle and Upper
Cheremkhovskaya Subformations and Prisayan for the Prisayanskaya and Kudinskaya
Formations were identified.

Species Equisetites lateralis (Phill.) Phill., E. asiaticus Pryn., Cladophlebis haiburnensis (L. et H.)
Sew., Sphenobaiera czekanowskiana (Heer) Flor., S. vigentis Kiritch. et Bat., Czekanowskia baika-
lica Kiritch. et Samyl., and Cz. rigida Heer were dominated in sections of Middle and Upper
Cheremkhovskaya Subformations. Level of development of Cheremkhovo assemblage is com-
parable with flora of Nizhnenovogodnii (Western Siberia) and Kamzasskii (Kuznetsk Basin)
assemblages. Therefore, the age of Middle and Upper Cheremkhovskaya Subformations
including Cheremkhovo assemblage is determined by the end of Early Jurassic (convention-
ally, Toarcian).

Species Coniopteris maakiana (Heer) Pryn. emend. Kiritch. et Trav., C. murrayana (Brongn.)
Brongn., C. spectabilis Brick., Cladophlebis nebbensis (Brongn.) Nath., Raphaelia diamensis Sew.,
R. tapkensis (Heer) Pryn. emend Kost., Phoenicopsis angustifolia Heer, Ph. cognata Kiritch., and
Ph. irkutensis Dolud. et Rasskaz. are typical of Prisayan assemblage. The identified species
composition of the Prisayan assemblage allowed to compare it with Verkhnepeshkovskii
(Western Siberia), Rybinskii (Kansk Basin), and Etapskii (Kuznetsk Basin) fossil plant
assemblages and to establish the formation age at the beginning of the Middle Jurassic
(Aalenian).
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Abstract

Only about 10% of geologic time is imprinted in sedimentary strata and the rest is hidden
in non-depositional or erosional surfaces called unconformities. Stratigraphic unconfor-
mities (disconformities) are principal bounding surfaces in sequence stratigraphy, which
a geologist would easily identify in the outcrop but frequently overlook in the subsurface
unless core is available. The proportion of disconformities that are misidentified or over-
looked in subsurface stratigraphy is quite large, which puts a warning sign on simplistic
sequence stratigraphic models. The amount of time imprinted in disconformities can be
evaluated using relative weathering maturity of the subaerial profile, cyclostratigraphic
calibration, absolute dating, and biostratigraphy. However, using biostratigraphy
alone is never enough as biostratigraphic gaps tend to fill with increasing data cover-
age. Identification of paleo-vadose zones and subaerial exposure profiles is regarded
as critical for finding stratigraphic unconformities and is the only approach in strata
where geophysically mappable fluvial systems are absent. Drowning unconformities are
carbonate platform drowning surfaces that usually produce distinct reflection horizons
and have better stratigraphic value in the subsurface than platform-embedded subaerial
unconformities. This discussion is supported by examples of subaerial disconformi-
ties from the Devonian, Carboniferous, and Permian of Canada and Russia and with
an example of a geographically extensive mid-Devonian drowning unconformity from
Northwestern Canada.

Keywords: disconformities, paleosols, paleokarsts, vadose alteration, erosion, drowning
unconformities, sequence stratigraphy, subsurface identification
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1. Introduction

1.1. Definition of the subject

It is generally accepted that only about 10% of the geologic time is recorded in the sedi-
mentary rocks, whereas 90% is collapsed into non-deposition, alteration, and erosion
surfaces collectively called unconformities [1]. Of these diverse surfaces with time value
ranging from minutes to hundred millions of years, only those of practical use, that is,
traceable on a scale exceeding one outcrop and marked with distinct diagnostic features
are discussed below.

1.2. Growth of the concept

This subheading, borrowed from Dunbar and Rodgers [2], brackets 230 years of unconformity
research counting from recognition of an angular unconformity in late 1780s [3]. The word
unconformity was adapted from German geology 3 decades later [4, p. 48] and until the mid-
nineteenth century pertained to angular stratal discordances. Awareness of geologic time
gaps between parallel bed sets, normally accompanied by signatures of erosion, emerged in
late nineteenth century (e.g., [5]) under the influence of Charles Darwin’s conclusion on the
principal incompleteness of the stratigraphic record [6]. As most recently reviewed by Miall
[1, 7], such stratigraphic breaks between parallel strata were classified into “unconformities
Type a” by Blackwelder [8] and shortly after that named disconformities [9]. The other two
types of unconformities of Blackwelder [8] were (b) contact between rocks of wholly unlike
origin (for example, sandstone resting upon granite); and (c) angular discordance of beds
with or without difference in lithologic character. Type (c) is the classical angular unconfor-
mity of James Hutton, and type (b) was named nonconformity. The latter term was coined
by Pirsson and Schuchert [10] and refined into modern usage by Dunbar and Rodgers [2].
Surfaces between parallel bed sets recording time gaps but not bearing signs of erosion
were named paraconformities, as opposed to erosion-marked disconformities [2]. However,
the difference between the disconformity and paraconformity more often appears in the
ability to recognize erosion and evolves with tools and methods. Here, the term strati-
graphic unconformity is used as an equivalent of disconformity. Barrell [11] also coined a
term diastem that became adapted for the time value of a sedimentation gap at an uncon-
formity. Being most easily identified features, angular unconformities and nonconformities
are excluded from further discussion.

Disconformity-bounded packages of sedimentary rocks, called cycles, cyclites, cyclothems,
allostratigraphic units, and most commonly sequences, remained in focus for many
decades, generating an impressive development of concepts, terminology, and discussion
on local vs. global controls of base or sea level fluctuations [1, 2, 12-24]. It should be noted
that sequence stratigraphy significantly expanded definition of sequences by including
both disconformities and their correlative surfaces (conformities) in more complete basin-
centered sections [14]. Sequence stratigraphy is reviewed in this book but is not the focus
of this contribution.
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2. Disconformities at seismic resolution

Disconformities mostly show concordant stratal relationships below and above the surface.
They are identifiable on seismic sections if the subaerial exposure allowed for development
of significant relief and/or seismic-scale incised fluvial channels [20, 25]. Incised valleys form
during base level fall and become filled when base level rises [26]. Fluvial incisions are deeper
and favorable for seismic mapping where they cut into an uplifted plain (Figure 1A), plateau,
or across a shelf break (Figure 1B), but may not be identifiable in paleo-hinterlands with a shal-
low base of erosion. Transgressive tide and wave abrasion of coasts, estuaries, and shoreface are
able to modify the configuration of subaerial surfaces and any terrestrial sediment accumulated
on it. The surfaces produced by such an abrasion are called ravinement surfaces [17, 22, 23]. The
depth of transgressive erosion greatly varies depending on induration of the exposed sediment,
on the wave and tide energy of a transgressing sea, and on the slope angle of the eroded sedi-
ments. While oceanic abrasion may cut down to tens of meters into seashore cliffs, plain lands
characteristic of epicontinental sedimentary environments may show negligible transgressive
stripping and delicate topsoil parts of weathering profiles largely preserved (e.g., [27]).

Seismic and hands-on-rock unconformities are not the same, and the proportion of false seis-
mic unconformities is greater than was thought by Vail et al. [15]. Situations where time lines
converge into a condensed section but portrayed as an onlap-offlap surface, or pseudo-uncon-
formities envisioned from a surface of major lithological contrast, are very common misinter-
pretations [30, 31]. Difficulty in recognition of subaerial unconformities in the subsurface led
to proposal of an alternative genetic stratigraphic sequences bounded by “maximum flooding
surfaces” or condensed sections [16] —however, the concept of very limited use today.

Figure 1. Examples of mature unconformity surfaces with fluvial incisions visualized in 3D seismic models: (A) A
225 m subsurface slice (above sea level) along sub-Cretaceous unconformity visualizing high-sinuosity channels cut
into weathered Devonian limestone, eastern Athabasca oil sands, Alberta (formally modified from [28]). (B) Hibernia
Canyon cut through shelf edge during latest Campanian-earliest Danian (Cretaceous-Paleocene), Jeanne d’Arc Basin
offshore Newfoundland, formally modified from Deptuck et al. [29].
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Disconformities are also invisible with conventional seismic surveys in carbonate successions
if (1) no reef crest or carbonate mound relief was produced in slowly subsiding platform
setting; (2) transgressive carbonates deposited upon regressive carbonates with no imped-
ance contrast produced; (3) sequences are thinner than reading resolution at a given pulse
frequency; (4) fluvial channels or sufficient erosional relief did not develop and drainage of
meteoric waters was entirely underground; and (5) stacked karst systems from successive
paleo-aquifers overprint with no chance to trace particular karst horizons. The best present-
day example of a carbonate plain where the day surface has a chance to be buried in such a
hidden way is the Nullarbor Plain of Southwestern Australia [32]. This vast (~240,000 km?)
plain was exposed for the last 14 My since mid-Miocene time, yet remains exceptionally flat
and riverless with extensive underground cave systems produced during several Tertiary
lowstands, including the ongoing uplift [33].

3. Evaluation of hiatuses

Most terrains show a relief or a slope gradient where prolonged flooding is recorded in
onlap patterns, as opposed to geologically momentary (rapid) inundation of plain low-
lands. Hiatuses therefore tend to wedge toward basin centers on chronostratigraphic
charts [15], as demonstrated by case studies where unconformities receive cross-basinal
biostratigraphic control [29]. Hiatuses reveal more complex histories in settings of differ-
ential subsidence in areas of large-scale salt diapirism or in tectonically active regions (e.g.,
foreland flexural bulging and tilting). The eustatic vs. tectonic control over transgressions
and regressions is a subject of long-lasting debate [13, 20]. Tectonic control of an unconfor-
mity between two parallel bed sets can be interpreted where unconformities show poor or
no correlation to major lowstands of “global sea level curves” or where the hiatus is dia-
chronous with bedrock and caprock younging in the same direction. For example, a major
intra-Cretaceous disconformity of central-southern Italy is generally younging eastward
from Late Albian to Late Turonian—earliest Coniacian as revealed with refined biostrati-
graphic control [34]. This unconformity hosts karst-associated economic bauxites and is
locally composite with two bauxitiferous paleokarsts divided by Cenomanian limestone of
various thickness and time value. This diachroneity was interpreted as the translation of
the lithospheric bulge in response to compression from the distal orogeny along the Adria
Plate margin [34].

Biostratigraphy is the oldest yet still master method of recognizing hiatuses by missing zones,
which can be processed with a graphic correlation technique [7]. Other absolute dating meth-
ods like U-Pb ID-TIMS and cyclostratigraphy are reviewed in [7, 35]. Resolution of biostratig-
raphy varies with the group employed, paleogeographic position, and the geologic age. The
latter controls biostratigraphic resolution to a significant extent by cosmopolitism vs. provin-
cialism of marine faunas. High cosmopolitism is characteristic of greenhouse periods with
circum-tropical seaway connections, whereas provincialism is favored by forcing of the Earth
into icehouse mode and shutdowns of low-latitude seaway connections, as likely happened
during Pennsylvanian-Permian assembly of Pangaea [36, 37].
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Noteworthy here are historically recognized but apparently non-existent disconformities.
Usually, these “legacy hiatuses” heavily rely on biostratigraphy. An example is given by the
“Late Middle Devonian unconformity” of the Mackenzie Corridor of Northwestern Canada.
This unconformity was interpreted by Hume and Link [38] from the sharp thickness fluctua-
tions and restricted spatial distribution of the Hare Indian and Ramparts formations, which was
seen as a result of erosion prior to deposition of the black siliceous shale of the Canol Formation
(Figure 2; [46]). A debate on the validity of this hiatus lasted ever since. The hiatus has been
supported by the assignment of the upper Hare Indian Formation to the undifferentiated varcus
conodont zone (=rhenanus-ansatus in Figure 2), whereas the lower part of Canol Formation was
dated by conodonts as the Lower asymmetrica (~transitans-falsiovalis on Figure 2) with speculative
extension of the Canol base into the lowermost asynimetrica or present-day norrisi zone [39, 40].
Hermanni-disparilis interval was allegedly missing (Figure 2). However, scarce conodont data
from the Ramparts limestone suggested its age range from the upper Hare Indian equivalent
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Figure 2. Legacy “Late Middle Devonian unconformity” on a simplified table of formations of Mackenzie Valley and
Peel area; the unconformity advocated (right column) vs. discarded (left column).
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to the asymmetrica zone [41]. Other workers argued that the Canol base is a conformity [42, 43]
and indicated Ramparts-Canol interfingering in allochthonous debris units [41]. Nevertheless,
this hiatus survived in the territorial table of formations until recently [44]. Decisive in retiring
this hiatus are (1) updates in conodont data showing Canol base time gliding from the Frasnian
transitans-punctata on top of Kee Scarp carbonate banks to the upper Givetian norrisi in off-
bank depressions [44]; (2) carbonate-bank slope depositional setting of allochthonous bioclastic
debris interfingering with laminated black shales; and (3) absence of any evidence of subaerial
exposure or vadose processes, like oxidation of pyrites and organic matter and characteristic
redistribution of Fe and Mn, prior to the onset of Canol deposition [45].

An absolute majority of disconformities are subzonal or do not bear index fossils immediately
below or above. Relative proxy for the duration of a hiatus is the maturity of a paleosol profile,
e.g., progression from entisols to any of mature soil profiles defined by soil taxonomy [47],
or stages of calcrete development [48], but the ability to deconvolute time is quite limited:
paleosol appearance is a multivariate product of exposure duration, precipitation regime,
temperature, relief, availability and type of vascular vegetation (and other soil biota), and
transgressive truncation, with variable masking of paleonvironmental signals by burial dia-
genetic overprints. Most tools of radiogenic dating used to reveal soil age are not applicable
to deep-time examples because of short isotope decay lifetime. U-Pb dating of soil carbonates,
based on U adsorbed in calcite lattice, was demonstrated to provide quantitative estimate of
pedogenic processes as old as Carboniferous [49, 50]. Also, the production of He isotopes by
a-decay of U, Th, and their intermediate decay species was used to develop a (U-Th)/He geo-
chronometer that is able to date materials in the range of a few thousands of years to 4.5 Ga
(see review in [51]).

4. Paleopedology and paleoaquifer studies

Soils blanket most of the terrestrial landscape [47]. As approximated by Landsat-based
NARWidth model of North American river surface, only about 0.55% of the continent is
covered with rivers [52]. This model includes measurements of rivers that are 230 m wide
and extrapolated estimate of streams that are 1.6-30 m wide. Natural lakes and reservoirs
excluding human-made impoundments cover about 3% of the World’s land surface [53].
Therefore, at this momentary snap of the geologic time, it appears that no less than 96%
of the land terrain is exposed above permanent water level if timed back to pre-industrial
landscape. This emphasizes the high probability that a geologist will encounter in particular
section a subaerial unconformity with a paleosol or what is left after its transgressive erosion,
rather than non-pedogenized fluvial or lake sediments (Figure 3). This considers paramount
importance to recognition of paleosols, regoliths, and former meteoric aquifers, although
these are usually subtle features masked by diagenetic alteration and not readily picked with
geophysical surveys.

Recognition of fossil soils in pre-Quaternary strata commenced early in nineteenth century with
description of “dirt beds” with fossil wood stumps in the Upper Jurassic of the Dorset Coast
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Figure 3. Conceptual expression of disconformities: (A) in floodplain succession, formally modified from Kraus [54]; (B
and C) in shallow-marine carbonate succession; (B) deposited under wet climate with precipitation sufficient for open
stream drainage; (C) deposited in drier climate with underground karst drainage. Paleo-vadose zones associated with
“intraformational” unconformities (not shown here for simplicity) extend to various depth beneath paleosols, depending
on base level fall, and frequently overprint; lower major unconformity (LMU) and upper major unconformity (UMU);
incised fluvial channels (ic); a deep incised valley (iv) developed from UMU; and overbank (ob) floodplain deposits.
Units in (B) and (C) bounded by disconformity surfaces are numbered; note that depending on researcher’s knowledge,
they may be described as sequences if subaerial unconformities are adequately characterized, as parasequences if
surfaces known but their genesis is uncertain, or merged in one sequence bounded by LMU and UMU if surfaces remain
below resolution with available tools.

[55-57]. Paleopedology (study of fossil soils) is a discipline nursed on soil science, specifically
Quaternary soil chronosequences [58] and later expanded back in the geologic time, even to
other planets, with adsorption of geologic and biotic evolutionary concepts [47, 57]. A short
glossary of basic concepts is given below.

¢ Paleosol is an ancient soil or part of it that has been imprinted in the stratigraphic record
[47, 51]. Soil is defined as (1) the medium rooted and modified by vascular plants (narrow
pedologic definition; e.g., [59]) and (2) biologically and chemically active “excited skin” of
the subaerial part of the Earth’s crust (broad pedologic definition; [60]).

¢ Regolith, first defined by Merrill [61], refers to all the continental lithospheric materials
above fresh (non-weathered) bedrock and including block of fresh rocks where they are
interbedded with or enclosed by unconsolidated or weathered rock [62]. Regolith mantles
the fresh rock and consists, from base to top, of saprock (patchily weathered rock), sap-
rolith (pervasively weathered rock), and the soil (or paleosol in buried examples) where
pedologic horizons are recognized [62]. The word regolith is also employed to describe
weathered rock mantles of other planets and pre-land biota Earth [47]. The concept of
regolith is sometimes considered vague, and in situ regoliths are taken as equivalent to
soil s.1. [57].
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¢ Weathered crust is a retiring wordage still in use in some geological schools of the World; it
is applied to different scale features from thick lateritic mantles with bauxites to alteration
rinds on pebbles; mantle-scale weathered crusts are equivalent to in situ regoloths sensu [62].

* Meteoric vadose and phreatic zones. Vadose zone applies to the diagenetic environment
lying below the land surface and above the zone of saturation or water table where pore
space contains both water and air (soil gas); rainfall waters percolate downward develop-
ing vadose patterns of dissolution, reprecipitation and alteration of host sediment. Mete-
oric phreatic zone applies to aquifer of permanent saturation below the water table and is
divided from the vadose zone by a capillary fringe [63]. Concept of vadose and phreatic
zones is employed to describe carbonate aquifers, subaerial alterations, and karst systems.

* Agquifer is a rock formation saturated with groundwater that is porous and permeable
enough for sufficient debit to wells and springs; related are aquicludes and aquitards. Aq-
uiclude is saturated but do not transmit groundwater; aquitard is a low-permeability or
impermeable rock formation, usually strata, that confine water flow.

¢ Critical zone is a young concept referring to near-surface environment in which complex
interactions involving rock, soil, water, air, and biota regulate the natural habitat and de-
termine availability of life sustaining resources [64]; near-surface terrestrial environment
in which resource availability is determined by interactions between the biosphere, geo-
sphere, and atmosphere [51]; includes regolith, within- and below-regolith aquifers, fluvial
systems, soils, and vegetation up to tree canopy [65].

Under different climate and hydrologic regimes, soil-forming processes create diverse soil
profiles described by national and international soil classifications. The North American soil
taxonomy [66] is the one that has earned greatest recognition in paleopedologic studies [47,
51]. Diagnostic criteria for pre-Quaternary paleosols and instrumental proxies for landscape
and climate reconstructions are reviewed in [47, 51, 54, 67, 68].

Diagnostics of subaerial exposure profiles and paleokarst systems in carbonate rocks (Figure 3B, C)
were developed by sedimentary geologists as a parallel story to paleopedology, which was
driven by economic importance of karst as (1) hydrocarbon reservoir-making factor and (2) a
host for bauxite [34] and rare metal accumulation [69]. This move has generated very practical
terminology focused on horizons of high preservation potential, first of all caliches (calcretes)
and paleokarsts, with various degree of reconciliation with the soil science lexicon [48, 69-71].

5. Drowning unconformities

Drowning unconformities are “maximum flooding surfaces” (= drowning surfaces sensu
Posamentier and Allen [17]) specific for carbonate platforms.

In the subsurface, drowning unconformities usually make good seismic reflectors with basinal
strata onlapping carbonate slopes and platform tops [72]. On the outcrop or core face, these
contacts are characterized by condensed sections (e.g., shell concentrates) and non-deposition
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surfaces with hardgrounds sometimes impregnated with phosphate and/or glauconite [73,
74]. The surface of a drowned carbonate platform can be table-flat, rimmed by a reef crest
(empty-bucket configuration), or outgrown with backstepped carbonate mounds or “pin-
nacles” [31, 75]. Drowning unconformities are within-trend drowning (“flooding”) surfaces
in sequence stratigraphy [20]. Fundamental genetic difference from subaerial unconformi-
ties renders certain reluctance in accepting them as formal sequence boundaries (e.g., [76]).
However, drowning surfaces are more practical in subsurface surveys as they produce vivid
onlap pattern on carbonate slopes and sharp impedance contrasts, in difference to feeble
expression of subaerial disconformities embedded in carbonate platforms. Also, submarine
corrosion can mimic subaerial karst to some degree, complicating its workflow recognition
and leading to misinterpretations. These considerations led to proposal to legalize drowning
unconformities in sequence stratigraphy as Type 3 sequence boundaries [18, 31].

Factors leading to demise and drowning of carbonate platforms are rapid relative sea level
rise and/or carbonate production shutoff by eutrophic turbid waters, either loaded with
siliciclastics or upwelled from deep ocean [72, 74], but these factors can only smother pho-
tozoan or tropical carbonate factories (T-factories; [31, 77]). Non-actualistic mud-mound
carbonate factory can likely produce thick carbonate buildups in dimmed or aphotic set-
tings and at elevated nutrient levels (M-factories; [31, 77]). Drowning unconformities are
usually produced in settings of tectonic subsidence, e.g., in extensional rifted basins [78]
or foreland basins [79-81]. It remains unclear to what extent high-amplitude eustatic rise
of sea level, without aid of other factors, is capable of shutting off carbonate platforms.
Another factor is the slowdown in ocean circulation under greenhouse condition of the
Earth or even shutdown of thermal ocean circulation under extreme hothouse condition
[82], which should lead to lateral expansion and shallowing of the oxygen minimum zone
in the ocean (OMZ; [83]). The OMZ under such conditions should develop a thick and
permanent euxinic environment in its core and should be able to rapidly shut down ben-
thic carbonate factory across broad expanse of an ocean-facing carbonate shelf even in tec-
tonically quiet setting. Such OMZ expansions are seen as the condition imprinted in severe
form in oceanic anoxic events [84]. Possible link between synchronous and widespread
demise of carbonate platforms and oceanic anoxic events has been indicated based on the
Cretaceous “Selli event” (OAE 1a; [85]). Even during icehouse epochs, anoxic waters similar
to those in present-day eastern tropical pacific OMZs were likely able to encroach far into
interiors of epeiric seas during interglacial highstands and switch carbonate deposition to
black phosphatic shales [86].

6. Case studies

6.1. Permo-Pennsylvanian of Sverdrup Basin, Canadian Arctic Archipelago

Eight subaerial unconformities define major sequences in the Pennsylvanian and Permian
strata of the Sverdrup Basin [87-89]. These unconformities are considered to be subaerial sur-
faces of long duration (>1 My) bounding thick (100-1000 m) third-order sequences [90]. They
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are correlated across the basin in outcrops of the basin-margin facies belt. Five of these uncon-
formities and their correlative surfaces were traced in the subsurface of Prince Patrick Island
[90]. Recent re-examination of cores has confirmed the presence of subaerial exposure surfaces
[91]. Subaerial profiles in cores are mostly decapitated by erosion (transgressive ravinements)
but preserve features such as calcretic and ferric replacive deposits, Microcodium, root traces,
and high-chroma (“red”) mottling, which provide a clue for their interpretation (Figure 4).
Of 49 short (<18.5 m) cores totaling 388 m of recovery, signatures of subaerial alteration were
encountered in 8 (Table 1). Four of these cores intersect disconformity surfaces and one core
penetrated the sub-Pennsylvanian angular unconformity into the Ellesmerian basement
(Depot Island C-44, 2458.2 m MD).
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Figure 4. Permian disconformities of Sverdrup Basin in cores: (A-C) disconformity with a thick paleosol breccia at
3061.3 m, Graham C-52 well; (A) lithology and matched borehole logs; (B) core face photo of laminar calcrete crust (cc)
interfingering with a claystone of probably upper paleosol horizon (cl); (C) calcretized and argillated breccia; locations
of B and C are indicated on lithology. (D) Red mottled calcareous mudrock, Upper Pennsylvanian or basal Permian,
Jameson Bay C-31, 2406.70 m; note dense Microcodium penetrations (mm-scale features); the inset shows typical
Microcodium aggregates zoom with binocular microscope. (E) Red mottled bioturbated shale and siltstone, same age,
Depot Island C-44, 1662-1663 m.
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The thickest paleosol was encountered at 3061.3 m of Graham C-52 well (Figure 4A—C). The
weak low-GR excursion just above the core top may record an upper clayey horizon of this
paleosol or a transgressive deposit. This subaerial exposure profile may correlate to the uncon-
formable contact of the Upper Nansen and Raanes formations (Asselian-Sakmarian bound-
ary) of the basin margin zone [90]. Other disconformities from this core inventory occur stray
within the defined third-order sequences, but may be assigned to higher frequency sea level
fluctuations, as in the case of 9.1-m-thick core from the Belcher Channel Formation (lower
Cisuralian) of Jameson Bay C-31 well described by Beauchamp et al. [90]. As stated in [90],
these thinner (meter-scale) sequences or cyclothems are quite numerous in the Pennsylvanian—
Lower Cisuralian (over 100 counted) but cannot be correlated between sections. Similarly, thin
sequences in the Guadalupian part of the succession were traced based on well logs [84], but it is
impossible to confirm subaerial nature of alleged sequence boundaries as no cores are available.

As the scanty core coverage in old exploration wells would not offer a chance to capture all strati-
graphically meaningful disconformities, it is important to identify zones flushed by meteoric
waters percolated from overlying subaerial surfaces. For example, in zones of meteoric oxida-
tion, iron releases from decomposing synsedimentary sulfides and reprecipitates as ferric oxides
and hydroxides. Seasonal waterlogging causes patchy reduction of iron into gley, and wetting-
drying cycles usually imprint in characteristic red-gley mottling. Occurrence of oxidized basinal
shales and siltstones with such mottling (Figure 4D, E) indicates fairly deep base level falls con-
sistent with glacio-eustasy of the Late Paleozoic ice age [92]. Another feature indicative of paleo-
vadose environment is Microcodium (Figure 4D), an aerobic microbially induced fabric abundant
in Ca-rich subterranean environments of Pennsylvanian-Permian and late Cretaceous-Tertiary
times but with no confirmed presence in rocks of other ages (Figure 4D; [93]).

6.2. Carboniferous of Moscow Basin, Russia

The Middle-Upper Mississippian and Pennsylvanian strata of the Moscow epicontinental
basin of the central East European Craton (EEC) contain two cyclothemic successions domi-
nated by shallow-marine carbonates and separated by a major Mississippian/Pennsylvanian
unconformity [94]. The Upper Mississippian is a type succession for the Serpukhovian Stage,
and Pennsylvanian strata host historical type sections for the Moscovian, Kasimovian, and
Gzhelian stages of the Geological Time Scale [95]. The Mississippian/Pennsylvanian diastem
(MPD) accounts for at least 10 My of late Serpukhovian-Bashkirian lowstand during which
thick paleosols and deep (>110 m) fluvial incisions formed. Sequence stratigraphy of the two
successions was developed based primarily on outcrops and disconformities which were
used as main correlative horizons [96-99].

6.2.1. Middle-Upper Pennsylvanian

Similar to coeval classical cyclothems of North America [19, 86], Middle Pennsylvanian
strata of the Moscow Basin have recorded a forced sea level control with drowning of sea-
floor into subphotic basinal environment on peaks of highstands and deep base level falls
leading to subaerial exposure. These lowstands are thought to be the far-field response to
expansion and shrinking of the Late Paleozoic ice dominantly from the Gondwanan icesheet
[92]. Disconformities are scoured by transgressive erosion to various degrees, but some are
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onlapped with quiet-water facies with negligible truncation, preserving delicate features
of former solums (“topclays”; Figure 5A). Fluvial facies or incised valleys are unknown.
Topclays are palygorskitic, in some areas sepiolitic, indicating arid, well-drained pedogenic
environments. A shift to montmorillonitic-illitic toplays recorded in the upper part of the
studied succession flags the transition to slightly more humid climate. Other features are
rare although deeply penetrating rhizoliths, shallow soil carbonate, low alumina/bases and
Ba/Sr ratios, enhanced Mn and Sr, presence of soil gypsum and opal, and a characteristic
peak in magnetic susceptibility, all suggesting a semiarid to arid pedogenic environment.
The palygorskite clay of this paleo-pedon retains 1.1-1.5% of connate organic matter which
is fulvate-dominated resembling organic matter from present-day aridisols [100]. The succes-
sion seems to be flushed throughout with meteoric fluids and repeatedly exposed to vadose
environment, which left the penetrative systems of small solution vugs and oxidized organic
matter and pyrites in basinal and siliciclastics-rich units.

6.2.2. Middle-Upper Mississippian

This ~90-m-thick shallow-marine succession deposited during Late Viséan and lower-
middle Serpukhovian (~16 My) is composed of shallow-marine limestone-dominated units
bounded by six main disconformities and even more weakly developed subaerial surfaces
that could not be traced between outcrops [99]. Fluvial and deltaic floodplain siliciclastics
wedge between Viséan limestone units from southwest. The Viséan strata show a number of
unusual sedimentary features, such as a lack of high-energy facies, shallow-subtidal marine
sediments penetrated by Stigmaria, and beds of palustrine marls (sensu [101]) composed of a
mixture of authigenic saponite, beidellite, and micritic calcite with strong negative offset of
d"C. Disconformities range in expression from undercoal solution-collapse horizons of only a
few cm thick to deep paleokarsts. Incised fluvial channels are reported at two stratigraphic lev-
els to the west and north of the study area. The deepest incisions (>15 m) developed from the
Kholm disconformity, and this stratigraphic break is also marked with the deepest paleokarst
profile (Figure 4B). All paleosol profiles contain evidence of rooting activity with numerous
Stigmaria (rooting systems of arborescent lycopsids). The uppermost studied paleosol below
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Figure 5. Paleosols and Paleokarsts at Carboniferous disconformities of Moscow Basin: (A) major elements and variability
of upper Middle Pennsylvanian disconformities of Moscow Basin, slightly modified from Kabanov et al. [27]; (B) Kholm
disconformity in top of Mikhailovian (KHU) and Akulshino palustrine marl (APB) at Novogurovsky Quarry, slightly
modified from Kabanov et al. [99]; yellow clayey paleosol in solution pockets is arrowed.
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the MPD is mid-Serpukhovian in age. It is a thin palygorskitic calcrete [99] formed under sig-
nificantly drier climate than underlying Stigmaria-bearing paleosols. Paleosol mineralogy and
proxies for pedogenic environments are discussed in [102, 103].

6.2.3. Disconformities in cores

Paleosols and karstified profiles of Middle-Late Mississippian and Pennsylvanian age
are frequently intersected by cores in oil and gas exploration areas of the eastern EEC
(Figure 6A-C). Project geologists usually ignore these surfaces. However, eroded discon-
formities invisible with geophysical tools may record prolonged hiatuses, as indicated
by thick rhizocretions left by perennial plants requiring fairly thick soil cover to root in
(Figure 6C).

6.3. Lower-Middle Devonian of Mackenzie Corridor, Northwestern Canada

Devonian strata of the central and northern Mackenzie Corridor located within the limits
of ancestral North America are composed of Lower Devonian-Eifelian shallow-marine car-
bonates, dolostone breccias, and evaporites; Givetian-Frasnian basinal shales of the Horn
River Group hosting isolated carbonate platforms (banks) of Ramparts Formation; and the
Frasnian-Famennian Imperial Formation composed of fine-grained turbiditic siliciclastics
and coarse-grained siliciclastics and chert conglomerates of the Tuttle Formation. The latter
straddles the Devonian-Carboniferous boundary (Figure 7; [40, 104]).

Figure 6. Eroded paleosols on core face of shallow-marine limestones, Bashkirian (Lower Pennsylvanian), southeastern
EEC: (A) collapsed karst breccia with thin laminar calcrete crusts (cc); (B) more massive calcrete crust with rootlet
channels; ravinement surface is arrowed; (C) rhizolith (rh) with thick peripheral alteration zone (rph) found in 3.5 m
below a disconformity; (s) is anhydrite fill of karst voids; scale bar in centimeters.
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Figure 7. Devonian succession of central and northern Mackenzie Corridor on a cross-section A-A’ anchored on mid-
Devonian drowning unconformity (arrowed). TR is Trail River outcrop section; wells from left to right: Cranswick YT
A-42, Cranswick A-22, S. Ramparts I-77, N. Ramparts A-59, Ramparts River F-46, Hume River I-66, Hume River D-53,
Carcajou L-24, Maida Creek F-57, Hoosier F-27, NWB is Norman Wells oilfield, Little Bear N-09, Bluefish A-49, and
Bracket Lake C-21. Stratigraphic units: (Dbfc) Bear Rock, Fort Norman, and Camsell fms.; (Dpta) Peel, Tatsieta, and Arnica
formations; (DI) Landry Fm.; (SDrr) Road River Group; (Dhs) Headless Mbr. of Hume Fm; (Dhm) Hare Indian Fm,;
(Dbf) Bluefish Mbr.; (Dbc) Bell Creek Mbr.; (Dfc) Francis Creek Mbr.; (Dpc) Prohibition Creek Mbr.; (Dr) Ramparts Fm.;
(Dc) Canol Fm.; Imperial Fm. undivided (Di); (Dml) Mirror Lake Mbr.; (Dlc) Loon Creek Mbr.; (DCt) Tuttle Fm.; (“Cf”)
informal unit Cf. Inset map shows wide occurrence of the Horn River Group between 64 and 68 parallel in (1) outcrops, (2)
subsurface, and (3) patchy presence in erosional outliers; (4) Tintina Fault Zone (thick) and smaller scale main faults in the
Mackenzie Foldbelt (thin); (5) Canol Formation dips beneath thick siliciclastic wedge of Imperial and Tuttle formations; (6)
paleogeographic offshore limits of thick Hare Indian siliciclastics (Bell Creek Mbr.) and overlying Ramparts Limestone.
The eastern limit of Laramide deformation front is approximated by Norman Range thrust fault (NRTF).
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A shallow-marine peritidal succession of Emsian age measured in the nearly continuous core
of Kugaluk N-02 well (Figure 7) contains 86 disconformities that bear distinct signatures of
subaerial exposure (rank 0, 1, and 2 discontinuities in Figure 8). Of these, 43 surfaces are
marked with thick (>1 m) paleokarst profiles and 3 surfaces by thick rubbly paleosols and
several meters of karstified rock below [105, 106]. This 440 m thick succession deposited over
a period of 15-18 My, assuming that the top of Landry Formation approximates to the base of
Eifelian [105, 107] and Delorme/Arnica contact is found in the Lochkovian or Pragian [108].
However, only seven subaerial exposure profiles have been identified in the Arnica—lower
Landry part of this succession in the outcrop section measured at Rumbly Creek West Ridge,
including one deep profile with thick paleosol [109]. Given very similar shallow-water facies
assemblage of this outcrop and Kugaluk N-02 core, small number of disconformities appears
to be an artifact of poor preservation of the weathered section and limited time spent on it by
the examiner.

Subaerial exposure profiles of similar character are very common in Lower and basal Middle
Devonian cores over the broad expanse of Mackenzie Corridor. Some thick profiles show sig-
nature of prolonged exposure and multiphase pedogenic overprinting resulted in complete
loss of sedimentary fabrics, as exemplified by a mature paleosol profile at 600.25-603.5 m of
Ebbutt D-50 well (Figure 9B-D). One interesting feature is the absence of root penetrations
that are characteristic of younger Phanerozoic paleosols (Figure 6), which is interpreted as an
evolutionary imprint of prevascular plant landscape. Small (<1 mm in diameter) rhizocretions
occur only in thin marshland beds (palustrine facies; [101]) occupying incursive and transgres-
sive positions in peritidal sequences of Landry Formation [99]. This “palustrine facies” has
been also identified in outcrop [109]. Like in described above Late Paleozoic examples, none
of available geophysical logs can be relied upon to trace even thickest paleosols of this type in
the subsurface (Figure 9).

6.4. Mid-Devonian drowning unconformity of Mackenzie Corridor

Bioturbated and richly fossiliferous benthic limestones of Hume Formation containing
a diverse benthic fauna are onlapped by black calcareous laminated shales of the Bluefish
Member. The onlap surface is a strong seismic reflector commonly used as stratigraphic datum
(Figure 7). In the project area (Figure 7), the surface appears table flat on outcrop scale, if not
tectonically displaced, but in the southern Mackenzie Corridor it is outgrown by pinnacle-
shaped carbonate buildups referred to as Horn Plateau reefs [110, 111].

The Hume/Bluefish contact has been measured in three cores from Canol Shale explora-
tion wells and accessed in three outcrops of the Norman Range and northern Mackenzie
Mountains [45, 109]. The coral-stromatoporoid facies composing the main part of the upper
Hume Formation occurs in direct contact with the Bluefish shale in two of six sections, and
in both cases, it shows a rugged corroded top with deep (8 cm in core) solution pockets
filled with black shale from the overlying anoxic facies. The upper few decimeters below
the top are chertified and also very pyritic in core or rusty in outcrops. Phosphatic crusts
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Figure 8. Lithofacies log for the Arnica-Landry succession in core of Kugaluk N-02 well with ranked disconformities,
modified from Kabanov [105, 106]. Each facies point represents a mid-point of the descriptive interval. “No information”
gaps in joint line indicate dolostones with obliterated sedimentary fabrics or “lost cores” from fractured zones. Black
hollow arrows point at thick highstand intervals with offshore lithofacies and no disconformities. Orange arrows point
at thickest subaerial exposure profiles with preserved paleosols.

characteristic of hardgrounds at other drowning unconformities did not develop, which is
explained by overall phosphorus-lean sedimentary system [45]. Four other sections show
0.5-2.6-m-thick transitional interval of argillaceous bioturbated micritic limestones and
shales. This transitional interval contains smooth discontinuity surfaces but no rugged
hardgrounds. This transitional limestone contains brachiopod banks but no stromatopo-
roids. Pelagic tentaculitids appear in this unit and become rock-forming in base of Bluefish
Member. The top of this transitional unit is usually smooth and probably storm-scoured.
The basal few cm of the Bluefish Member characteristically contain lag concentrate of
imbricated brachiopod shells mixed with diverse tentaculitids, sometimes dominated by
tentaculitids with rare disintegrated brachiopod valves. Bioturbation in this basal Bluefish
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Figure 9. A shallow-marine peritidal succession measured in core of Ebbutt D-50 well (southern Mackenzie Corridor):
(A) Striplog showing lack of well log response at multiple paleosols. (B-D) Polished and etched core face with details of
paleosol at 600.25 m; (B) box view with pedogenic claystone-to-calcrete at 600.25-602.0 m (1969.3-1975.0 ft) and intense
alteration down to at least 603.5 m (1980.0 ft); black arrow points at hydrothermal dolostone vein. (C) Top of paleosol
profile composed of multiphase clayey calcrete; (D) float breccia at 600.9 m with residual clasts of marine limestone (cl).
Sticky marks are ED-XRF reading points.
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bed drops abruptly to BI = 2 and right above this bed declines to zero. Enrichment in chal-
cophyle trace metals in enrichment factor notation (EFV and EFMo) grows gradually from
moderate in the base of the Bluefish Member to a traceable spike of high values in 2.0 m
above the base, indicating a gradual spread of anoxia.

7. Conclusion: a word of caution

It is generally accepted that the unconformities collectively record about 90% of the geologic
time in its stratal expression. Stratigraphic unconformities are critical surfaces in sequence stra-
tigraphy, but their identification remains largely the art of a visual rock assessment. Subaerial
exposure profiles with paleosols are most common expression of non-eroded disconformities,
but gamma and other conventional log signatures of even thick pedogenic claystones tend to
stay at the background of host strata, and the majority of these surfaces do not coincide with
surfaces of lithological change that would produce impedance contract for a seismic survey.
Although major surfaces with prominent paleokarsts, erosion relief, lateritic mantles, and/or
system of incised channels are certainly correlated, it has to be admitted that straightforward
and universal technique to identify disconformities in coreless subsurface sections does not exist.

Stratigraphic unconformities included in table of formations are usually biased to those sur-
faces that were identified in outcrop, and their correlation may be undermined by a blank
zone of unknown surfaces below and above, especially when dealing with non-cored inter-
vals in the subsurface. This bias improves with increasing knowledge on the stacking pattern
and ranking of measured disconformities.

Stratigraphic breaks diagnosed in old times and supported by missing faunal zones (e.g., sub-
Canol hiatus of Mackenzie Corridor) are prone to dissolution or narrowing with increasing
accuracy of biostratigraphic framework and absolute dating. Robustness of identified hia-
tuses should be confirmed with signatures of subaerial exposure or erosion.

Drowning unconformities are drowning surfaces specific for carbonate platforms. Usually,
such surfaces produce vivid reflection horizons, and in the subsurface, they frequently have
better stratigraphic value than platform-embedded subaerial disconformities.
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Abstract

The stratigraphic and sedimentologic characteristics of Cenozoic deposits in north-west-
ern Argentina represent important tectono-sedimentary constraints on the evolution of
the Andean foreland basin in this region. This nonmarine unit unconformably rests on
the top of the postrift deposits of the middle Eocene Lumbrera Formation (Santa Barbara
Subgroup, Salta Group) or on older deposits. Eocene-Pliocene paleoenvironmental changes
were the direct result of changes in the tectonic setting and accommodation space. This
study describes the results of an integrated analysis of the middle-upper Eocene to Plio-
Pleistocene deposits filling the basins of the Cordillera Oriental. Fluvial deposits associ-
ated with different topographic slopes characterize the basins that formed in the Central
Andes of north-western Argentina due to Cenozoic tectonic convergence. The forma-
tion of these basins led to the development of continental sedimentary environments,
including an ephemeral fluvial system with aeolian dune fields; a sandy braided fluvial
system; a playa lake; a sinuous gravelly sandy fluvial system with lagoons; and lagoons
and marshes. These basins, which were probably connected during the first stage of their
development, are characterized by different subsidence histories, sedimentary paleoen-
vironmental evolution patterns, topographic slopes, provenances, and paleocurrent
directions, resulting in different tectono-sedimentary histories.

Keywords: Andean foreland basin, Payogastilla Group, Oran Group, provenance, stratigraphy,
sequence stratigraphic, magnetostratigraphy

1. Introduction

The two-dimensional elastic model of the evolution of foreland basins, which proposes that
the thrust load and the sedimentary load produce a wide deflection in the lithosphere [1, 2],
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Figure 1. Satellite image of regional location of Cenozoic foreland basin.

has been widely applied to foreland basins [3-9]. These models show that the tectonic
activity and the evolution of the fold and thrust belt are the drivers of subsidence in the
associated foreland basins [10]. Sediment redistribution, autocyclic sedimentary processes,
and eustatic baseline changes are important factors affecting the basin characteristics [2].

The main elements of “foreland basin systems” result from the accommodation created by
the bending of the crust in response to the topographic load of the fold and thrust belt. This
widely applied model includes four depozones: wedge-top, foredeep, forebulge, and back
bulge [6].
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Another model in the northern Argentina, the “broken foreland basin,” describes basins that
form in retroarc zones that are largely influenced by basement structures. In these basins, the
accommodation develops mainly along reactivated and inverted structures, thereby giving
rise to relatively restricted basins with variable and laterally limited connections [10].

The clastic deposits of the Middle Eocene-Pliocene are excellent examples of the Cenozoic
foreland basin, which is associated with Andean orogeny [11, 12] that evolved into intermon-
tane basins (Figures 1 and 2). In north-western Argentina, the Cenozoic sediments reflect the
passage of a “rift” basin during the Eocene. These deposits are associated with the Salta Group
and the Andean foreland basin, which comprises extensive basins in which the Payogastilla
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Figure 2. Stratigraphic chart of the units from Calchaqui basin and Oran basin.
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Group (Valle Calchaqui) and the Oran Group (Lerma Valley, Sianca Valley, Santa Barbara
System, and Sierra de Zapla) accumulated (Figures 1 and 2).

The structural evolution of the Andean foreland basin was mainly controlled by the inver-
sion of the extensional basins of the Cretaceous rift of the Salta Group, which overlaps with
the general migration of the deformation toward the foreland. Some authors describe this as
“broken foreland basin,” a view with widespread consensus today [13, 14], while others refer
to it as a “foreland basin system” [6, 7].

The Cenozoic Andean foreland basin provides an excellent opportunity to define the rela-
tionships between tectonism and sedimentation because its geologic history is closely linked
to the tectonic activity over the evolution of the river system in the basin. In this study, the
paleoenvironmental characteristics, the types of contacts between units, the provenance of the
deposits, and the geochronologic and paleomagnetic ages of the stratigraphic units in each
basin are presented. The integration of these data has improved our understanding of the
basin evolution during the Andean orogeny.

2. The pre-Andean basement

In Cordillera Oriental, the upper Neoproterozoic La Paya Formation basement unit contains
low-grade metamorphosed sandstones and mudstones [15, 16] that grade southward into
schists, gneisses, and migmatites [17, 18] in the Sierra de Quilmes and Cumbres Calchaquies
(Figures 2 and 3).

Marine quartzites of the Meson Group are arranged in angular unconformity on top of the
previous deposits [19] (middle to upper Cambrian).

The marine deposits of the Silurian-Devonian basin are represented by deposits of an exten-
sive marine platform environment whose greater thicknesses are developed east of the
Cordillera Oriental [20].

The sedimentary succession that overlaps the Neoproterozoic to lower Paleozoic basement
corresponds to the Cretaceous-Paleogene strata of the Salta Group [21] and the Paleogene-
Neogene strata of the Payogastilla Group and Oran Group.

The Salta Group, in Cordillera Oriental and Santa Barbara System, is present in three subba-
sins: Metan, Alemania, and Pucara-Brealito (Figure 3). The Salta Group deposits are divided
into the following three subgroups (from base to top): Pirgua [22], Balbuena, and Santa Barbara
[23]. The Pirgua Subgroup is composed of sandstones, conglomerates, and siltstones at almost
all localities and represents the syn-rift fill. The Balbuena Subgroup, which accumulated dur-
ing the Maastrichtian to Early Paleocene, represents the early postrift stage and is composed of
white sandstones (Lecho Formation) and gray to yellow limestones in the upper part (Yacoraite
Formation). The Santa Barbara Subgroup consists of the Mealla, Maiz Gordo, and Lumbrera
formations [23] and is dominated by fine-grained red sandstone, siltstone, and green mudstone.

The Lumbrera Formation [23], which represents the uppermost part of the Salta Group
(Figure 2) is composed of claystones and siltstones and is always reddish-brown to red. In the



Integrated Stratigraphy of the Cenozoic Andean Foreland Basin (Northern Argentina)
http://dx.doi.org/10.5772/intechopen.69985

e —
Lot 3 - ]

I e e [ P e— [ = [ S, [ I

[ o S P s [ 5 M Bt R e ] e S P -

- L L ] — e b G e i
[ JIr———— T et g et it L Ll

[ [ T e s i = e

Figure 3. Geologic map of the region in southern Salta province, northwest Argentina. Adapted from [68, 69].

Lumbrera Formation, three units have been identified based on the contrasting characteristics
of the facies groups: the lower Lumbrera Member, the Faja Verde, and the upper Lumbrera
Member [24]. The lower part is fossil-rich [25-27] and was dated to the lower to middle
Eocene based on vertebrate associations [28]. The top of the Faja Verde is an omission surface
that marks the beginning of the sedimentary foreland basin for some authors [4, 29-31].

A clear paraconformity is located between the Lumbrera II Formation and the Los Colorados
Formation. In parts of the foreland basin, a paraconformity between Lumbrera II Formation
and Rio Seco Formation corresponds to a hiatus from lower Eocene to middle Miocene.

The Oran Group [32] includes the Paleogene and Neogene deposits, which, in the Salta and
Jujuy provinces and surrounding areas, overlie on the Salta Group (Cretaceous-Eocene,
Figure 2). During the upper Neogene, several tectonic events related to the uplift of the Andes
occurred and caused variations in the basins located to the east, consequently influencing the
characteristics of the sediments, which can be divided into two sequences: the lower, Metdn
Subgroup, and the upper, Jujuy Subgroup (Figure 2).

3. Calchaqui Basin

3.1. Los Colorados Formation

The middle to upper Eocene deposits of the Payogastilla Group, including the Los Colorados
Formation, represents the initial stage in the evolution of the Andean foreland basin of
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north-western Argentina (Figure 2). The area of Tin Tin, Tonco, and Calchaqui valleys fea-
ture outcrops with well-documented, complete profiles of the Los Colorados Formation
(Figure 4).

The first episode of filling of the basin started with the deposition of the Los Colorados
Formation in the middle to upper Eocene [33, 34]. A clear second-order subaerial unconfor-
mity Type 2[35, 36] is located between the Lumbrera Formation and Los Colorados Formation.
This unconformity is also found in the Luracatao and Pucara valleys [13, 14, 31, 34].

Based on the fossil record, the initial development of the foreland basin, at least in the
Luracatao Valley, occurred during the middle Eocene [34]. Sedimentary filling of the basin
began with the deposition of the Los Colorados Formation and was characterized by sheet-
flood ephemeral fluvial deposits formed by unconfined and confined channels within dune
fields in an arid region. In some parts of the basin, aeolian deposits interfinger with ephemeral
fluvial systems, such as those in the Tonco Valley (Sequences I and III).

Detrital zircons from the town of Angastaco have been dated to 37.6 + 1.2 Ma [37] and the
apatites from Monte Nieva have been dated to 28.7 + 1.9 Ma [6]. This deposit is ~300 m thick
and contains basal sandstone and siltstone facies of an ephemeral fluvial system and is associ-
ated with aeolian deposits [38]. A tuff horizon intercalated in the aeolian deposits in the Tin
Tin section has provided an age of 21.0 + 0.8 Ma (U-Pb) [39].

3.1.1. Facies, depositional architecture, and sequence stratigraphy of the Los Colorados Formation

The Los Colorados Formation is an unconformity-bounded depositional sequence that cor-
responds to a major stratigraphic cycle in the evolution of the foreland basin in the Calchaqui
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Figure 4. Correlation of Los Colorados Formation based on the sequence stratigraphy analysis.
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Valley. The entire Payogastilla Group corresponds to a first-order sequence [35, 36], i.e., it
is associated with one distinct tectonic setting. Hence, according to the hierarchy based on
the magnitude of base-level changes that resulted in the formation of the sequence, the Los
Colorados Formation can be assigned to a second-order level of stratigraphic cyclicity. In this
context, the three depositional sequences that form its stratigraphic subdivisions can be con-
sidered third-order sequences. The correlations reveal that the deposits are separated at the
base and top by second-order subaerial unconformities [35, 36].

The lower boundary of the Los Colorados Formation is marked by an increase in the grain
size, by a paleoenvironmental change from the mud flat deposits of the Lumbrera Formation
to ephemeral fluvial systems with conglomerates and by a marked change in the sedimentary
provenance. This unconformity is very clear in the northern part of Amblayo Valley. The
controversial upper boundary is an erosional unconformity (Tonco Valley) and represents
a change in depositional paleoenvironment from distal sandy ephemeral fluvial system and
clay playa deposits or aeolian accumulations to a braided fluvial system (Figures 4 and 5).

The Los Colorados Formation deposits were identified as facies of an ephemeral fluvial sys-
tem with flashy discharge, calcic paleosols, and dune fields, which are characteristic of arid
regions.

Sequence stratigraphic concepts are applicable, with modifications, to the successions that
are entirely nonmarine in origin, even where there are no marine surfaces with which to cor-
relate them, such as in the Payogatilla Group basin. In a fully nonmarine environment, fluvial
accommodation is created and destroyed by the following: (a) differential tectonic movement
between basin and source areas, which can modify the amount of sediment supply and the
gradient of the landscape profile and (b) cycles of climate change, which can alter the balance
between fluvial discharge and sediment load [40].

3.2. Angastaco Formation

The thickness of the Angastaco Formation varies considerably between the sections in which
it is fully exposed (e.g., from 4450 m at the Calchaqui River to 1500 m in the Tonco Valley,
Figure 6). The depocenter of the basin between ~13.7 and 10 Ma was located in the area of
Angastaco.

Figure 5. Palaeoenvironment with architectural elements illustrated using schematic diagrams of Los Colorados
Formation. a) LAST (e g. Sequence II), proximal ephemeral confined (SB element) in the base, b) unconfined ephemeral
- mud flat (LS element) associated with aeolian deposits (HAST).
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Figure 6. Stratigraphic correlation of the Los Colorados and Angastaco formations (base of Pavogastilla Group).
The structures are located on the western edge of the basin and are similar to those that cre-
ated local accommodation space in other broken foreland settings [10, 13, 14, 41, 42].
3.2.1. Facies and depositional architecture of the Angastaco Formation

Several fluvial systems have been recognized based on the lithofacies and stratigraphic archi-
tectural. The lithofacies were characterized based on the deposits” properties (Table 1) and on

the stratigraphic analysis (Figure 7, Table 2).
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B)

Sy

Figure 7. Description of the palaeoenvironment with architectural elements illustrated using schematic diagrams of
Angastaco Formation. a) Gravel-bed braided river system associated with gravity flow deposits, Angastaco Formation
of the middle part of the deposits with its architectural elements, b) Deep gravel-bed braided river at the top Angastaco
Formation, with its architectural elements.

Code Lithofacies Interpretation

Gmm Massive conglomerate, poorly sorted matrix-supported Debris flow (high strength). Flows
clasts, sandy matrix. Strata with abrupt lateral passively occupy preexisting
terminations. alluvial topography and mold to the

preexisting channel.

Gmg Massive conglomerate, matrix-supported clasts with Pseudoplastic debris flow (low
normal grading. strength).

Gem Clast-supported, massive conglomerate, with poorly Pseudoplastic debris flow (inertial
sorted, very angular clasts. bedload).

Gh Clast-supported conglomerate, crudely bedded, sandy Longitudinal bars, lag deposits.
matrix. Imbrication.

Gi Conglomerate with well-sorted and rounded clasts, sparse  Longitudinal bars.
matrix, imbrication.

Gt Matrix-supported conglomerate with trough Minor channel fills.
cross-bedding.

Se Sandstone with cosets of grouped trough cross-beds Aeolian dune deposits.
(10-20 m thick), very well-sorted, rounded grains.

St Very coarse-grained sandstone, sets of trough cross-beds.  Linguoid (3D) dunes.
Wedge-shaped strata with residual lag.

Sp Very coarse-grained sandstone, sets of planar cross-beds, ~ Transverse and linguoid bedforms
and lag deposits. Beds with erosional bases. (2D dunes).

Sl Fine- to coarse-grained sandstone, planar lamination, lag ~ High flow conditions. Flash flood.
deposits. Tabular beds.

Sm Fine- to coarse-grained sandstone, poorly sorted, massive, Upper flow regime and poorly sorted

with clastic wedges and beds with erosional bases.

deposits.
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Code Lithofacies Interpretation

Overbank, abandoned channel, or
waning flood deposits.

Fl Very fine-grained sandstone, siltstone, and mudstone, fine
lamination, desiccation cracks, roots, bioturbation.

Fm Massive siltstone and mudstone, very thin beds. Overbank or abandoned channel
deposits.
Fo Siltstone and mudstone, very small ripples and very thin ~ Swamp and lacustrine in the
laminations. floodplain.
Po Very fine-grained sandstone, siltstone and mudstone, Paleosols. The rhizoliths emanate

massive with calcified rhizoliths penetrating down into
sandstone of aeolian dune origin.

from the bases of damp and wet
interdune units.

Table 1. Major lithofacies identified in the Payogastilla Group and Oran Group (modified from Ref. [47]).

Formation Code Architectural elements Principal lithofacies
San GB Gravel bars Gmg - Gi - Gt - Sm
Felipe SB Sandy bedforms St-Sm - Fm
GB Gravel bars and bedforms Gt-Gm
Palo LA Lateral-accretion macroform Gt-Sm
CS Crevasse splay - Channel Sp - Sl -Sm
Pintado FF(CH) Abandoned channel fills Fl-Fm
FF Foodplain deposits Fl-Fm - Fo - Po
SB Sandy bedforms Sl-Sm-Fl
GB Gravel bars and bedforms Gh - Sm
DA Downstream — accretion Gh-Gi-Gm-Sl-Sm - St
macroform
SB Sandy bedforms Sm - St-Sp - Sm
Angastaco GB Gravel bars and bedforms Gh - Gem
SG Sediment gravity flows Gmg
Gh - St
GB Gravel bars and bedforms Gh - Gi - Sm
Ch - Gt - Gmg
Gh-Gt-Sl
SB Sandy bedforms Sl-St-Sp-Fl-Fm
Los Colorados LS Laminated sand sheets Sl-Fm - F1-Se
associated with aeolian
deposits
SB Sandy bedforms Gem - Sm - St - Sp
GB Gravel bars and bedforms Gm - Gt

Table 2. Codes of the major architectural elements defined for the Payogastilla Group with their characteristic lithofacies.
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The Angastaco Formation conglomerates in the western part of the basin contain substan-
tial amounts of plutonic rocks from the Oire Eruptive Belt. In the eastern part of the study
area (Tonco profile), however, slates, phyllites, and schists from the Puncoviscana Formation
are present. There are fewer paleovolcanic clasts from the Eruptive Belt of the eastern Puna
(Calchaqui River) and neovolcanics in the San Lucas River and the Tonco south area, which
are associated with paleocurrent directions from the north-west and west. In the San Lucas
and the Tonco south River area, a small but significant component of red sandstone clasts
from the Formation and gray sandstones from the Maiz Gordo Formation represent the Salta
Group. These data suggest the tectonic uplift of the Sierra Ledn Muerto in the eastern study
area (Figures 3 and 6) [43].

In the upper section, the paleoenvironment changes to more erosional rivers with deep chan-
nels. The paleocurrents are from the north-west and are associated with neovolcanic clasts
from the volcanic-sedimentary deposits of the Almagro-El Toro basin, which has a deposi-
tional and eruptive age between 14.3 and 6.4 Ma and synorogenic deposits dated at ~11 Ma
[44].

3.3. Palo Pintado Formation

The Palo Pintado Formation is ~800 m thick and contains a tuff level that has been dated to
10.29 + 0.11 Ma (K/Ar) [45]. Near the top is another pyroclastic level that has been dated to
5.27 + 0.28 Ma (*Pb/**U) [46] and 5.98 + 0.32 Ma [47] (Figure 7). The unit comprises thick-
ening- and coarsening-upward cycles, including matrix-supported conglomerates, fine- to
medium-grained sandstones, and fine-grained sublithic sandstones ending in green, brown,
and gray siltstones levels (Figure 8a).

These deposits have been interpreted as wandering sand-gravel fluvial systems with small
lakes [48]. The geometry and the fluvial architectural characteristics are a direct consequence
of allogenic controls, such as tectonic activity, under constant climatic conditions.

During the upper Miocene, the uplift of the basin caused an increase in the sedimentary
accommodation/deposition (A/D) rate and was also associated with a change in the petro-
logic composition of the deposits [48]. The resulting orographic barriers produced a warmer
and wetter climate [49].

3.3.1. Facies and depositional architecture of the Palo Pintado Formation

The fluvial architectural characteristics and associated lithofacies in the Palo Pintado Formation
define a fluvial system with intrachannel and overbank deposits [43]. The intrachannel depos-
its include gravel bars and bedform deposits (GB) and sandy bedforms comprising trans-
verse bars and sand waves formed by vertical accretion and downstream flow (SB) (Table 2,
Figure 8a). In contrast, the overbank deposits are represented by three types of features: (a)
lateral accretion macroforms, which are characterized by large-scale, gently dipping second-
order bounding surfaces that correspond to successive increments of lateral growth, with ero-
sional bases and gradational tops; (b) small crevasse splay channels resulting from erosion at
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Figure 8. Stratigraphic correlation of the deposits of Palo Pintado and San Felipe Formations (top of Payogastilla Group).
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the borders of the main channel during flood events, which correspond to crevasse channels
(CS); and (c) the development of large floodplain deposits (FF) (Figure 8a, Table 2).

X-ray diffraction data from floodplain clay minerals revealed the presence of illite, montmo-
rillonite, magnesium-rich smectite, and kaolinite generated by hydrolysis under a warm and
humid climate [50].

The occurrence of Caiman cf. latirostris also supports the hypothesis that the climatic con-
ditions in Valle Calchaqui during the upper Miocene were comparatively wetter than
those inferred for contemporaneous units deposited to the east (Guanaco Formation, Oran
Group) [51].

The paleomagnetic analysis reflects the increase in the sedimentation rate from 0.41 mm/year
at the base, to 0.11 mm/year at the middle, to 0.66 mm/year in the top of the deposits, which
is associated with a higher percentage of Salta Group clasts. Paleocurrent directions from
the south and the south-east indicate the tectonic reactivation of the deposition area from
the Sierra Leon Muerto (and its continuation to the north as the Sierra Los Colorados). The
exhumation was registered before in the conglomerates of the Angastaco Formation [43, 52].

In the Quebrada Salta, quartzite clasts with Skolithos from the Mesén Group (upper Cambrian)
and paleocurrents from the north and north-east suggest a provenance from Quebrada El
Toro, where the Meson Group (upper Cambrian) is well exposed.

3.4. San Felipe Formation

The deposits of the San Felipe Formation at the top of the Payogastilla Group are more than 600 m
thick in the south-eastern Calchaqui Valley and are affected by numerous faults and folds.
The transition between the Palo Pintado Formation and the San Felipe Formation is sharp and
unconformable. The outcrops of San Felipe Formation, present less areal distribution than the
previous and are restricted to the south-eastern sector of the Calchaqui basin (Figure 8).

3.4.1. Facies and depositional architecture of the San Felipe Formation

The San Felipe Formation is characterized by conglomerates deposited in low-sinuosity
channels.

The well-sorted conglomerates lack of matrix, contain rounded clasts overlapping in thick
tabular strata, are 2 to >7 m in thickness, and are found in longitudinal bar deposits (Table 1,
Figure 9b). The unit also contains poorly sorted conglomerates, supported clasts, pseudoplas-
tic debris flow, and massive coarse-grained wackes resulting from rapid accumulation and
poorly sorted deposition. The origin of the conglomerates in the San Felipe Formation was
analyzed in the Quebrada Salta, where there are also elements of the Puncoviscana Formation
and the Oire Eruptive Complex. In addition, limestone clasts from the Yacoraite Formation
(Salta Group) have been found and clasts from Pirgua Subgroup (Salta Group) in association
with paleocurrent directions from the west and south-west. The San Felipe Formation deposits
have been interpreted as braided alluvial fans associated with shallow gravelly braided fluvial
system (Figure 9b, Table 2) [38].
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a) b)

L[

Figure 9. Description of the palaeoenvironment with architectural elements illustrated using schematic diagrams.
a) meandering fluvial sand-gravel system with small lakes of the Palo Pintado Formation with its architectural elements,
and b) braided fluvial fan and river system of San Felipe Formation with its architectural elements.

4. Oran Group

4.1. Metan Subgroup (Rio Seco, Anta, and Jesus Maria formations)

The basal contact of the Metan Subgroup deposits corresponds to a regional unconformity
and is generally associated with the Lumbrera Formation (Santa Barbara Subgroup, Salta
Group). In the eastern part of the basin (Umbral de Los Gallos [53]), this subgroup lies on
different units of the postrift deposits of the Salta Group, such as the Lumbrera, Maiz Gordo,
Mealla, and Yacoraite formations (Figure 7). Although the distribution of the Metan Subgroup
is broader than that of the Salta Group, its depocenters are generally the same as those exist-
ing during the accumulation of the Salta Group [54].

In this basin, a zircon fission-track sample from an intercalated tuff at Alemania yielded an
age of 14.5 + 1.4 Ma and hornblende crystals from a tuff collected in the lower part of the Anta
Formation at Rio Piedras produced a **Ar/*Ar date of 13.95 + 0.72 Ma. The age of the low-
est exposed Anta Formation beds is 15.2 Ma at Rio Piedras and 17.3 Ma at Rio Metan based
on magnetic stratigraphy [55, 56]. Other authors have placed the contact with the overlying
Guanaco Formation at 12.3 Ma (Arroyo Piedra Blanca), 13.5 Ma (Rio Metan), 13.1 Ma (Rio
Piedras), and 9.7 Ma (Arroyo Gonzalez) [56, 57] (Figure 7). The paleomagnetic ages obtained
from the contacts at the base and top of the Metan Subgroup vary in different parts of the
basin, from between 17.3 and 12 Ma to between 15 and ~9 Ma (Figure 7). These data reveal
that an elongated initial depocenter developed parallel to the uplift zone at ~17 Ma, migrated
toward the eastern edge of the recent basin at ~15 Ma and continued to fill with sediment
until ~12 Ma, when new basin structuring and the erosion of the Metan Subgroup deposits
began.

4.1.1. Facies and depositional architecture of the Metin Subgroup

The Rio Seco, Anta, and Jesus Maria formations present interfingering stratigraphic relation-
ships (Figure 11). The deposits of the Metan Subgroup (Rio Seco and Jestis Maria formations)
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are characterized by a succession of lithofacies from fine-grained to very coarse-grained sand-
stone, often with pelitic clasts (Table 3) and have been interpreted as the product of ephemeral
flows that deposited sand sheet under high-flow regime conditions (Figures 10 and 11, Table 3).

The deposits of the Rio Seco and Jestis Maria formations have been interpreted as accumulates
in a paleoenvironment of a “sandy ephemeral fluvial system associated with dune fields”
under arid climatic (Figure 11) [54, 56].

The Anta Formation is primarily composed of brown, green, and yellow mudstone and
medium- to fine-grained sandstone. Gypsum layers, gypsum nodules, and pyroclastic layers
are common throughout the basin. The oolitic limestones with foraminifera are found in the
south-eastern sector of the basin. These limestones have been assigned to the Parana marine
ingression with 14.9 Ma in age, based on paleomagnetic data collected at the Piedras river
(Miliolidos, Figure 10) [54, 56].
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Figure 10. Stratigraphic correlation of the deposits of Metdn Subgroup (base of Oran Group).
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Figure 11. Description of the palaeoenvironment with architectural elements illustrated using schematic diagrams of
Metéan Subgroup a) 1 - proximal ephemeral sandy fluvial system associated with wind deposits, 2- distal ephemeral
sandy fluvial system, 3- playa lake; b) 1- alluvial fan deposits, 2- sandy plain, 3- dry mud flat, 4- ephemeral saline lake;

c) 1- proximal ephemeral fluvial system and, 2- distal ephemeral fluvial system.

Formation Code Architectural elements Principal lithofacies
Piquete SG Sandy bedforms Gem - Sm - St - Sp
GB Gravel bars Gmg - Gi- Gt-Sm
Guanaco GB Gravel bars Gmg - Gi- Gt-Sm
SB Sandy bedforms St-Sm - Fm
CH Channel
Jesus FF Foodplain deposits Fl-Fm - Fo - Po
Maria LS Laminated sand sheets Sl - Fm - F1 - Se
SB Sandy bedforms Gem - Sm - St - Sp
FL Saline lake Fl-Fm - Co
Anta FF Mud Flat Fl-Fg - Fgr
SB Sand Flat Sm - St-Sp - Sm
FF Foodplain deposits Fl-Fm - Fo - Po
Rio Seco LS Laminated sand sheets associated with aeolian Sl - Fm - F1 - Se
deposits
SB Sandy bedforms Gem - Sm - St - Sp

Table 3. Code of the major architectural elements defined for the Oran Group with their characteristic lithofacies.
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The deposits of the Anta Formation have been defined as accumulates in a playa lake paleoen-
vironment, in which the following features have been recognized: sand flats, arid mud-flats,
ephemeral saline lakes, and permanent saline lakes [54] (Figure 11).

The presence of zeolites (analcime) in the facies of laminated green pelite indicates that it
formed in an environment such as alkaline lake in an arid to semiarid condition. In these
basins with little or no drainage, evaporation would have increased the alkalinity of the
waters and the reaction between the water and volcanic ash falling intermittently into the lake
would have caused the zeolitization of the volcanic glass [56, 57].

The provenance of the Metan Subgroup in the area of maximum subsidence (Piedra Blanca,
Rio Metan, Arroyo Gonzalez, Figure 10) most probably came from the west with sediments of
the Salta Group, the Puncoviscana Formation, and granite from the border of Puna as a result
of first- or second-order fluvial systems connected to the Calchaqui Basin.

The presence of Riella sp. (phylum Bryophyta, class Hepaticae, family Riellaceae) in the Anta
Formation suggest that it is the only genus of the class Hepaticae whose present representa-
tives develop in both purely alkaline salt waters and fresh water. Associated with Pediastrum
sp. and Phaeceros sp., they are formed in lacustrine environments and reflect stenohaline con-
ditions that are alkaline and rich in nutrients [54, 58].

4.2. Guanaco Formation (base of Jujuy Subgroup)

The Jujuy Subgroup is widely distributed in the central and southern sector of the Cordillera
Oriental and in the Santa Barbara System. It exhibits a general increasing grain-size trend,
with cycles of 50-200 m in thickness and lateral extents of tens of kilometers. The cycles rep-
resent the progradation of the sediments at times of reduced accommodation space, whereas
the cycles of decreasing grain-size represent periods of vertical aggradation associated with
greater accommodation space [59] (Figure 12).

The basal contact between the Jestis Maria or older deposits and Guanaco formations is
a paraconformity or unconformity and the contact at the top is an unconformity with the
Piquete Formation or Quaternary deposits (Figure 12).

The Guanaco Formation has garnetiferous glassy tuff layers and is linked to the La Pava-
Ramadas Caldera, whose volcanic activity has been dated to 8.73 + 0.25 Ma (K/Ar; [60]).
Records of these tuffs have been found in San Antonio de los Cobres, Lerma Valley, and the
valleys of Rio Grande of Jujuy and Juramento-Metan.

The Guanaco Formation was deposited between ~9 and <6.9 Ma [60], near Coronel Moldes,
and it has an age of 9.31 + 0.31 Ma [57]. The thickness of the preserved Guanaco Formation
deposits ranges between 0 and 900 m in the Cordillera Oriental and more is more than 2000 m
in the Santa Barbara System (Figure 12) [59, 61]. This variation reflects a deformation episode
after the formation was deposited and a previous structuring at ~10 Ma [31, 62].

4.2.1. Facies and depositional architecture of the Guanaco Formation

The Guanaco Formation is characterized by alluvial fans deposits dominated by: (1) conglom-
erate and sabulite with channeled bases and an upward fining arrangement, constituting
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Figure 12. Stratigraphic correlation of the deposits of Jujuy Subgroup (top of Oran Group).

deposits of gravel bars; (2) facies of conglomerates accumulated by hyperconcentrated depos-
its; and (3) conglomerate sandstone with trough and planar stratification corresponding to
lateral bar deposits and dune migration [59] (Table 3, Figure 13a).

This fluvial system is associated with an alluvial fan paleoenvironment dominated by braided
stream. The proximal deposits are located in the western zone (the Lerma Valley) and the
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a) Upper Miocene

Figure 13. Description of the paleoenvironment with architectural elements illustrated using schematic diagrams of
Jujuy Subgroup. a) 1- alluvial fan deposits and, 2- braided fluvial systems deposits of Guanaco Formation, b) 1- and
2- alluvial fan deposits with braided fluvial systems of Piquete Formation.

middle and distal sectors are located in the central and distal zones [59] (Figures 12 and 13),
which are associated with a large river system.

The conglomerate facies of the Guanaco Formation contain more than 15% high-grade meta-
morphic clasts (migmatites) and granitoids associated with paleocurrent directions from the
west. These characteristics have been interpreted that the provenance sediments is from the
eastern edge of the Puna.

The characteristics of the sedimentary paleoenvironment, the provenance data, and the
paleocurrent directions from the west suggest that, between ~9 and 6 Ma, the foreland basin
evolved independently from the Calchaqui Valley Basin and that the connection of first- and
second-order fluvial systems transported material from the eastern edge of the Puna and from
the El Toro Lineament.

4.3. Piquete Formation (top of Jujuy Subgroup)

The Piquete Formation is widespread in the Cordillera Oriental, the Santa Barbara System,
and the Sierra de Zapla (Figures 3 and 12). The base is characterized by an erosional uncon-
formity or paraconformity on the deposits of the Guanaco Formation in the Santa Barbara
System [63]. In other areas, these units are separated by an angular unconformity, as in the
Cordillera Oriental [59, 64] (Figure 12).

The measured partial thickness varies from 190 to over 2000 m. This unit features deposits of
whitish, fine-grained vitrocrystalline, rthyodacitic to dacitic tuffs with thicknesses of 1.80 to
3 m. The Pliocene deposits of the Piquete Formation accumulated in response to the strong
structuring that produced the upheaval of the Subandean ranges, the Santa Barbara System,
and part of the Cordillera Oriental, which also resulted in the formation of intermontane
basins, such as the Lerma Valley and the Siancas Valley.

Paleomagnetic studies and ages from fission track dating in apatite from one tuff (Coronel
Moldes) in the basal section of this unit yielded an age of 5 Ma [33, 57]. The upper third was
dated based on a tuff that yielded an age of 1.3 + 0.2 Ma [65].
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4.3.1. Facies and depositional architecture of the Piquete Formation

The paleoenvironment of the Piquete Formation has been interpreted as relatively small allu-
vial fans distributed on the flanks of structural depressions and dominated by debris flows
(Table 3). If these alluvial fans would have been more, had developed in the eastern sector,
and away from the thrust fronts, flood plains with small lake systems would have developed
[59] (Figure 13).

The conglomerates in the Piquete Formation contain slabs of limestone from the Yacoraite
Formation, slate from the Precambrian basement of the Puncoviscana Formation, and clasts of
reddish sandstone and limestone from the Salta Group. The change in the conglomeratic clast
composition from the Guanaco Formation to the Piquete Formation suggests that between ~5
and 2 Ma, thick sediments from the eastern edge of the Puna were trapped in the intermon-
tane Calchaqui Basin [42, 59].

The paleontological content of the Piquete Formation at present is very limited and includes
fragmentary remains of vertebrates, notably including abrocomid rodents and plates of
Dasypodidae. In the Xibi Xavi river, in the city of Jujuy, complete remains of a glyptodont
(Cranithlastus xibiensis) and megatherium teeth [66] have been found. Alligatoroid remains
from Rosario de la Frontera (south of Salta province), assigned to the species Caiman latirostris
based on its morphology [67], have also been found.

5. Conclusion

The complexity of tectonic processes controlling the evolution of foreland basins resulted in
highly complex basins. The more that is known about these processes and their consequences,
the more complex our models become and the more each basin appears to be unique [9].

During the first evolutionary stage of the foreland basin that developed during the middle to
upper Eocene in north-western Argentina, the basin had an elongated configuration, was par-
allel to the Andean uplift, and did not extend to the external sector of the Cordillera Oriental
(Figure 14a).

The uplift of the margins of the basin and the increase in the relief of the edge of the Puna
plateau associated with the Leon Muerto Range are reflected in three depositional sequences
that are interpreted to represent three tectonic episodes. Consequently, the main controls over
the ephemeral fluvial system were the interactions between tectonics and basin subsidence
and the constant arid climatic conditions (Figure 14a).

At the beginning of the second evolutionary stage of the foreland basin, an initial elongated
depocenter parallel to the orogen developed at ~17 Ma. This depocenter featured the devel-
opment of playa lake deposits and paleocurrent directions to the north (along the Umbral de
Los Gallos). Over time, the depocenter migrated to the eastern edge of the basin by ~15 Ma
(Figure 14b).
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Figure 14. Schematic diagram models for Cenozoic foreland basins showing the evolution of the study area from Eocene
(a) to Pliocene (d) time (not to scale).
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The second evolutionary stage of the foreland basin (15-10 Ma) featured a new restructur-
ing of the broken foreland basin with the development of thick sedimentary deposits in the
Calchaqui basin area that thin toward the eastern basin margin. The same pattern in sedimen-
tation and development is observed in the Metan Subgroup basin to the east (Figure 14c).

The contact between the Los Colorados and Angastaco formations is a paraconformity grad-
ing into an unconformity. Tectonics and subsidence were the fundamental controls on the
evolution of the fluvial style, the deposit thickness, and the paleocurrent variability. The red
sandstone clasts (Lumbrera Formation) and gray sandstone clasts (Maiz Gordo Formation)
in the Tonco Valley, which are associated with easterly paleocurrents, suggest that the Sierra
Ledn Muerto to the east of the Angastaco basin was uplifted (Figure 14c).

The Metan Subgroup deposits are interpreted to have accumulated at ~14.9 Ma in an arid
paleoenvironment characterized by a sandy ephemeral fluvial system associated with dune
fields and playa lake deposits, with sand flats, mud flats, an ephemeral saline lake, and a per-
manent saline lake and sporadic marine incursions from the south-east (Figure 14c). At ~12 Ma,
a new basin restructuring event began and the Metan Subgroup deposits began to be eroded.

During the third stage of evolution in the foreland basin (~10-5 Ma), the western part of the
basin experienced at least three episodes of tectonic reactivation, which are reflected in varia-
tions in the rate of sedimentation in the Palo Pintado Formation. Paleocurrents from the south
and south-east indicate tectonic reactivation of the depositional area from the Sierra Le6n
Muerto-Sierra Los Colorados (Figure 14d).

The Guanaco Formation is characterized by alluvial fans deposits dominated by flowing
streams and a braided fluvial system. The sedimentary paleoenvironment, provenance, and
paleocurrent data suggest that the foreland basin evolved at a different time and rhythm than
the Calchaqui basin, with the connection of first- and second-order river systems transported
material from the eastern edge of the Puna and the area of the El Toro Lineament (Figure 14d).

The San Felipe Formation is characterized by braided fluvial fan and a shallow gravel-braided
fluvial system. The provenance and abundant clasts in different levels of the Salta Group and the
association with paleocurrents from the north-east, east, and south-east suggest a reactivation
of the Sierra Ledn Muerto and the Sierra Los Colorados in the depositional area (Figure 14e).

The Piquete Formation lies in marked unconformity over the deposits of the Guanaco Formation
or older deposits. They accumulated as a series of alluvial fans of limited dimensions and are
distributed on the flanks of structural depressions and dominated by debris flows. The compo-
sition of the clasts of conglomerates from the Piquete Formation suggests that between ~5 and
2 Ma, the basin was isolated from the basin of the San Felipe Formation (Figure 14d).
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