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PREFACE AND THESIS DESCRIPTION







Salt tectonics in contractional fold belts, the Kuga foreland basin and thrust belt case (Tarim basin, China)

The thesis presented here spins off from the 2-year oil-industry project entitled “Salt
Tectonics Modelling at Kuga Foreland Fold and Thrust Belt, Tarim Oilfield” that was a
collaboration between the American-based company China Petroleum Corporation (CNPC
USA) and GEOMODELS Research Institute (via Fundacié Bosch i Gimpera). This research project
stems from the need to understand the structural character and evolution of the Kuqa fold-
and-thrust belt (NW Xina) in order to identify exploration targets at the Mesozoic subsalt level.
Specifically, the aim of the study was to identify exploration targets at the Paleogene subsalt
structural level of the Kuqga foreland basin and adjoining fold and thrust belt, in particular
beneath the Qiulitage fold-and-thrust system. In this scenario, the project research was
focused on the definition and understanding of the different salt structures, their relationship

with the geodynamic context and the different types of related hydrocarbon traps.

To achieve these objectives, it was agreed to carry out six regional cross-sections,
three of them balanced and restored as well as eleven balanced cross-sections of the Qiulitage
fold-and-thrust system, three of them restored. In addition, regional structural maps were
produced showing the salt and subsalt structures as well as their relationships with salt
distribution and thickness. This line of research has been complemented with the realization of
eight numerical discrete-element models and eight scaled sandbox analogue models of
tectonic wedges incorporating variations in the rheology of a weak layer and in the syn-

kinematic sedimentary rate.

In order to accomplish these tasks, the company provided around 1500 km of 2D
seismic lines and geophysical logs from numerous wells drilled in the area. In addition, two
field campaigns were organized between June (15 days) and September 2015 (21 days) where
structural data were collected to recognize the surface structure of the Kuga fold-and-thrust
belt. Moreover, several transects were realized during these field campaigns to recognize the

surface expression of interpreted structures in the seismic lines.
In this context, this thesis deals only with the results obtained from the structural
analysis based on surface and subsurface data and analogue modelling. These results are

presented in this manuscript which includes the following chapters.

CHAPTER 1 that provides a summary of the thesis.
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Preface and thesis description

CHAPTER 2 which provides a general introduction to the geology and the kinematic
evolution of the Tian Shan intraplate range. Then, the chapter focuses in the southern frontal
structure of the central Tian Shan Range, the Kuqa fold-and-thrust belt, describing both the
stratigraphy and the main features of its structure. Finally, the main objectives of this thesis

are presented.

CHAPTER 3 that deals with the structural analysis carried out in the Kuga fold-and-
thrust belt with the field and subsurface data. The chapter shows the input data and the
interpretation of both surface and subsurface data. The chapter describes the obtained results
of three regional cross-sections as well as the regional structural maps of salt distribution and
thickness. In addition, the chapter provides a kinematic evolution of the Kuga fold-and-thrust

belt and discusses the main parameters controlling it.

CHAPTER 4 that describes the data, methodology, procedure and results obtained in
the analogue modelling experiments. These experiments where designed to analyze the
influence of the rheological properties of two superimposed décollement layers but mainly the
one of the syn-tectonic sedimentation. So, after a brief introduction to the purpose of the
experimental program and the methodology used, this chapter describes the experimental
results separating them according to the applied syn-kinematic sedimentary rate. Then, the
obtained results are compared and discussed mainly focusing on: the influence of the
mechanical properties of a weak layer; the syn-kinematic sedimentary rate in the geometry
and kinematics of brittle-viscous tectonic wedges; as well as the interaction between sub-salt

and salt-detached structures.

CHAPTER 5 which compares the experimental results with the structure and kinematic

of the Kuga fold-and-thrust belt defined from our structural field and subsurface analyses that

is described in the Chapter 3.

CHAPTER 6 which depicts the main conclusions of this thesis.

CHAPTER 7 formed by the references mentioned throughout the text.
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CHAPTER 1. ABSTRACT







Salt tectonics in contractional fold belts, the Kuga foreland basin and thrust belt case (Tarim basin, China)

The Kuqga fold-and-thrust belt, in the southern foreland of the central Tian Shan Range
(NW China) was contractionally deformed during Late Mesozoic and Cenozoic times as
recorded by well-preserved syntectonic continental sequences. In addition, its structural
evolution was strongly controlled by synorogenic salt (Eocene-Oligocene in age) and presalt
décollements with varying spatial distribution. In this scenario, we present a set of six balanced
cross-sections, three of them are subsequentially restored across the Kuga fold-and-thrust belt
that provides a new interpretation of the structure beneath the evaporites, in which Paleozoic
and Mesozoic strata are deformed by a thrust stack involving (i) a thin-skinned thrust system
detached on Triassic-Jurassic coal/mudstone units, and (ii) an ensemble of south-directed
basement thrusts. The latter formed from the inversion of Mesozoic extensional faults such as
those preserved both in the Tarim Basin and beneath the frontal part of the Kuga fold-and-
thrust belt. Regional cross sections also show a total shortening (from Oligocene to the
present-day) ranging from 30.5 km to the West to 24 km to the East (29 km in the central part)
that was mostly accommodated from late Miocene to Pleistocene times. Total shortening in
the Kuga fold-and-thrust system decreases progressively eastwards, accordingly to the
eastwards shortening decrease in the Tian Shan Range. The regional restorations depict a
three-stage evolution for the Kuga fold-and-thrust belt: i) minor Mesozoic extension; ii) an
early compressional stage (Late Cretaceous to early Miocene) with low shortening and
syntectonic sedimentary rates; and iii) a later compressional stage (late Pliocene-Pleistocene)

characterized by a greater and progressively increasing shortening rate and rapid deposition.

To gain further insights about the influence of synkinematic sedimentation rate,
décollement rheology, and the interaction between décollements on the deformation style in
foreland areas of fold-and-thrust belts we present an experimental study including four 3D
sandbox models inspired by the Kuga fold-and-thrust belt. These experiments contain two
décollements with different areal extents: a weak synorogenic salt layer; and a deeper,
preorogenic and frictionless décollement (i.e., coal or mudstone). They show along strike
variations of thickness and lithology which affect their rheology and mechanical behavior. The
experimental results show that increasing synkinematic sedimentary rate: (i) generates a
progressive change from distributed to localized deformation and, (ii) delays the development
of frontal contractional structures detached on the salt, favoring the formation and
reactivation of more hinterland thrusts and backthrusts. With respect to the rheology, our
study reveals that as the viscosity of the prekinematic décollement increases: (i) the
deformation propagates more slowly towards the foreland and, (ii) the underlying thrust stack

becomes broader and lower and has a gentler thrust taper angle. The rheology of the
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Chapter 1. Abstract

prekinematic décollement defines the distribution and geometry of the structures detached on
it that in turn influence the development of overlying, salt-detached structures. Subsalt
structures can: (i) determine the areal extent of the salt and therefore of any fold-and-thrust
system detached on it and, (ii) hamper or even prevent the progressive foreland propagation
of deformation above the salt. In addition, internal deformation of the salt highlights that
there is a balance between salt flow related to the thrust emplacement and salt evacuation

below the piggy-back basins.

The integration of surface data, seismic interpretation, and analogue modelling
permitted us to a better understanding of the geometry and kinematic evolution of the Kuqga
fold-and-thrust belt, as well as provided valuable insights on contractional deformation in the
outer parts of fold-and-thrust belts including syntectonic sediments and multiple

décollements.
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CHAPTER 2. GENERAL INTRODUCTION AND OBIJECTIVES







Salt tectonics in contractional fold belts, the Kuga foreland basin and thrust belt case (Tarim basin, China)

2.1. INTRODUCTION TO THE TIAN SHAN RANGE

The Tian Shan Range is part of the southern Central Asian Orogenic Belt (CAOB in Fig.
2.1) which is one of the world’s largest, most complex, and long-lasting accretionary orogens
that extends from the Uralides to the Pacific and from the Angara and Russian cratons to the
North China and Tarim cratons (Wilde, 2015) (Fig. 2.1). In this setting, The Tian Shan is a thick-
skinned fold-and-thrust belt that reaches 7400 m high and extends for more than 2500 km
long from western China to Kazakhstan and Kyrgyzstan (Loury et al., 2015a; Loury et al., 2015b;
Yu et al., 2014) (Fig. 2.2B)
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» i North Chlna
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O South China %
Craton G

<< Y %m
0 é“‘%
NS

FIGURE 2.1. Map of the continental Asia showing the main paleotectonic units as interpreted
by Sengor and Natal’in (1996). Note the location of the Tian Shan and Tarim Basin at the
southern boundary of the Central Asian Orogenic Belt (CAOB), Modified by Wilde, 2015.
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2.1.1. Structure

The Tian Shan is a doubly verging intraplate range, cored by Proterozoic to
Carboniferous basements units that are unconformably overlain by Permian to Mesozoic
sedimentary sequences (Charvet et al., 2011; Jolivet et al., 2010; Jolivet et al., 2013). This range

is usually divided into three main tectonic units: The North Tian Shan and the Yili Block, the
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Chapter 2. General Introduction and objectives

Central Tian Shan, and the South Tian Shan (Allen et al., 1992; Hendrix et al., 1994; Windley et

al., 1990) (Fig. 2.2). The present boundaries among these units are characterized by intensely
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80— [ Mesozoic [ Carboniferous [ Silurian-Devonian

FIGURE 2.2. A: Tectonic sketch of central Asia with location of the Tian Shan and the Tarim
Basin. B: Schematic geological map of Tian Shan Range. Black dashed rectangle shows the
location of the Kuga fold-and-thrust belt. C: Simplified lithosphere-scale cross-section of the
Tian Shan, see location in Fig. 2.2B. CTS: Central Tian Shan; CTSZ: Central Tian Shan Suture
Zone; MTSZ: Main Tian Shan Shear Zone; NTS: North Tian Shan; NTSZ: North Tian Shan Suture
Zone; STS: South Tian Shan; STSZ: South Tian Shan Suture Zone. Modified from Charvet et al.,
2011.

deformed suture zones where ophiolitic mélange crop out (Charvet et al., 2011). The North
Tian Shan and the Yili Block are formed by Upper Devonian and Carboniferous sedimentary
sequences and abundant calcalkaline volcanic and plutonic rocks (Carroll et al., 1995). These
sedimentary sequences are deformed through upright to North-vergent folds that are
subsequently faulted by a North-directed thrust system (Fig. 2.2C). To the south, the Central
Tian Shan is characterized by a Proterozoic basement, Silurian-Devonian granitic gneisses and
metasandstones and Silurian turbidites (Coleman, 1989). Devonian plutonic rocks and granites
are abundant. Further south, the South Tian Shan is divided in two domains: the South Tian

Shan and the basement of the Tarim Craton. The South Tian Shan is constituted by Silurian-
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Salt tectonics in contractional fold belts, the Kuga foreland basin and thrust belt case (Tarim basin, China)

Devonian metamorphic rocks unconformably overlain by lower Carboniferous conglomerates
(He et al., 2009). The basement of the Tarim Craton consists of Neoproterozoic to Ordovician
platform sedimentary rocks (limestones and shales) with interbedded volcanic rocks (Fig.
2.2C). They are overlain by Silurian conglomerates and intruded by Upper Devonian-lower
Carboniferous plutonic rocks (Cai and L, 20015). This sequence is unconformably covered by

lower Carboniferous to lower Permian fluvial and marine sediments (Zhou et al., 2001).

During the Mesozoic, the Tian Shan was already an intraplate range characterized by
an axial zone consisting of rocks deformed by previous Paleozoic orogenic systems and two
adjacent foreland basins: the Tarim Basin to the north and the Junggar Basin to the south
(Allen et al.,, 2002; Brunet et al., 2017). During the Eocene to the present day, renewed
intraplate deformation produces right-lateral faulting, thrusting, and strong vertical uplift in
the axial zone of the Tian Shan Range, whereas the northern Tarim and the southern Junggar
basins registered a progressive, forward propagation of the deformation and were partly
incorporated into the external domains of this range (Coleman, 1989) (Fig. 2.2B). The width of
deformed domains in both foreland basins changes along-strike depending on the depth and
lithology of weak décollements interbedded in the stratigraphic sequence. The fold-and-thrust
system in the southern Junggar Basin is in general terms narrower, dominated by basement-
involved and Mesozoic-detached north-directed thrusts (Deng et al., 2000). In the northern
Tarim Basin, two main fold-and-thrust belts developed, the Kepintage and the Kuga fold-and-

thrust belts (Lu et al., 2010).

2.1.2. Geodynamic evolution

The present-day geometry of the Tian Shan Range is the result of the long and complex
tectonic evolution. It developed over the western margin of the Central Asian Orogenic Belt
that was initially built in late Paleozoic times through the amalgamation of continental blocks
during two main collisional stages (Gao et al., 2011; He et al.,, 2016; Wilde, 2015): (i) the
progressive accretion of continental blocks and island arcs to the southern margin of the
Angara Craton that gave rise to the complex closure of the Paleo-Asian Ocean (Asiatic in Fig.
2.3) from Late Devonian to Early Carboniferous times (Zhou et al., 2001) and (ii) the collision of
these accreted units with the Tarim Craton to the west and with the North China Craton to the

east, from Late Carboniferous to Early Permian (Jolivet et al., 2010) (Figs. 2.3 and 2.4).
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Chapter 2. General Introduction and objectives

Early Devonian (400 Ma)
centered 10N/20E

Carboniferous (320 Ma)
centered 20N/20E

LAURUSSIA

Permian-Triassic boundary (250 Ma)
centered 20N/20E

sutures
foreland basin
active margin

Continent

island arc

Ocean seamount

passive margin

Continent rift

FIGURE 2.3. Plate tectonic evolution from Devonian to Early Triassic. Modified from Stampfli
and Borel, 2002.

In the western CAOB, four main blocks were accreted during these stages: the Tarim
Craton to the south, the Central Tian Shan and the Kazakhstan-Yili-North Tian Shan blocks in
the central part, and the Junggar Block to the north (Fig. 2.4A) (Loury et al., 2015a). They were
separated by oceanic domains (in blue in Fig. 2.4) and back-arc basins that were progressively
closed forming E-trending suture zones with ophiolitic mélanges and HP metamorphic rocks
(Charvet et al., 2011) (Fig. 2.4). These sutures zones started to form in the south and were
progressively younger towards the north. Thus, the ones located between the southern and

central blocks formed during Late Devonian whereas the North Tian Shan suture zone
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FIGURE 2.4. Map-view sketch showing the evolution of the main blocks and suture zones in
the Tian Shan area during A: late Carboniferous-early Permian and B: Permian times. CTSZ:
Central Tian Shan Suture Zone; STSZ: South Tian Shan Suture Zone; STSS: South Tian Shan
Suture; MTSZ: Main Tian Shan Shear Zone; NTSZ: North Tian Shan Suture Zone; MTS: Middle
Tian Shan; STS: South Tian Shan. Modified from Charvet et al., 2011.

(between the Junggar and the Kazakhstan-Yili-North Tian Shan blocks) developed during late
Carboniferous-early Permian times. After the formation of this last suture the likely to
represent the last oceanic closure in the CAOB (Charvet et al., 2011), the amalgamated units
were subsequently affected by a middle-late Permian major dextral wrenching, in the Tian
Shan that produced the opening of roughly E-W-trending pull-apart basins (in green in Fig.
2.4B).

The western part of the CAOB was contractionally reactivated during Mesozoic and
Cenozoic times as the result of two different and time consecutive plate tectonic events
(Coleman, 1989). The first one, Mesozoic in age, was dominated by the north directed
subduction of the Paleotethys along the southern margin of Eurasia that led to the progressive
accretion of three main blocks (Stampfli and Borel, 2002) (Fig. 2.5): the Qiantang, the Lhasa
and the Pakistan blocks during the Latest Triassic, Latest Jurassic and Late Cretaceous
respectively (Halim et al., 1998; Replumaz and Tapponnier, 2003, Figs. 2.5 and 2.6). The
second tectonic event, Eocene to the present in age, resulted from the collision between the

Indian subcontinent and the Eurasia plate (Avouac et al., 1993).
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FIGURE 2.6. Block contours defined from active fault map of Asia (modified from Replumaz
and Tapponnier, 2003).

2.2. INTRODUCTION TO THE KUQA FOLD-AND-THRUST BELT

The Kuga fold-and-thrust belt represents the southern frontal structure of the central
Tian Shan Range. It is a Cenozoic south-directed thin-skinned fold and thrust system developed
as far-field effect of India-Asia collision and has been ongoing and accelerating since the latest
Oligocene (Wang et al., 2011). The Kuqga fold-and-thrust belt extends more than 400 km-long
and shows a meaningful along-strike width variation: it is about 80 km-wide in the central part
but narrows both eastwards and westwards, describing an arcuate pattern in map view (Fig.
2.7) (Li et al., 2014). Its regional-scale structure is largely controlled by the presence of
syncontractional salt units (Eocene-Oligocene in age) of lacustrine origin. They behaved as the
main décollement during the development of the fold-and-thrust belt, decoupling the
suprasalt deformation from that of the Mesozoic and Paleozoic presalt sequences (Li et al.,

2014) (Fig. 2.8).
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FIGURE 2.8. Synthetic stratigraphic column for the Kuga fold-and-thrust belt in the inner

Kelasu fold-and-thrust system with the geodynamic setting in which each unit was deposited.
U.C.: Upper Cretaceous. Modified from Chen et al., 2004; Li et al., 2012; Li et al., 2014.

2.2.1. Stratigraphy of the Kuga fold-and-thrust belt and underlying basement

The stratigraphy of the thin-skinned Kuga fold-and-thrust belt involves Mesozoic-

Cenozoic sedimentary successions (Guan, 2004). The underlying upper Permian basement is
composed of continental purple sandy mudstones with interbedded gray conglomerates,
sandstones, and black carbonaceous shales overlying lower Permian volcanics or the

Carbonifereous limestones (Tang et al.,, 2004). The upper Permian is separated from older

Paleozoic basement by a regional angular unconformity (He et al., 2016) (Fig. 2.8).

The Mesozoic-Cenozoic sedimentary succession involved in the Kuga fold-and-thrust

belt is formed entirely by continental detrital units with interbedded coal layers and

evaporites. Considering the kinematic evolution of the Kuqa fold-and-thrust belt, a rough
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distinction can be made between the Mesozoic, mostly predeformation sequence and the

Cenozoic syndeformation sequence.

The Mesozoic sequence displays scarce internal unconformities, and its thickness
progressively increases northward (toward the hinterland), where it reaches a maximum
preserved thickness of about 5.700 m (Wang et al., 2011). It consists mainly of alternating
shales, siltstones, sandstones, and conglomerates (Deng et al., 2000; Hendrix et al.,, 1992;
Wang et al., 2011) that represent meandering fluvial systems with local lacustrine influence
and development of stable coal-bearing depositional environments during Late Triassic
(Taligike Fm; see Fig. 2.8) and Early-Middle Jurassic times (Yangxia and Kezilienur Fms; see Fig.
2.8). Magnetostratigraphic profiles reveal that the Cretaceous sequence is time continuous
except for its uppermost part, where the stratigraphic surface separating the Baxigai and

Bashijigike Fms represents a time gap of about 50 Myr (Peng et al., 2006).

The Cenozoic sequence displays common growth-strata geometries and cross-cutting
relationships and attains a maximum thickness of 7.000 m in the Baicheng Syncline. It
comprises basal evaporites (Eocene-Oligocene in age; Zhang et al., 2015, 2016) overlain by
fluvial and alluvial detrital sequences. The basal evapoites (Kumugeliemu Group) consist of
halite, gypsum, and anhydrite with interbedded dolostone and mudstone layers (Fig. 2.8). They
grade northward to conglomerates and southward and eastward to fine-grain sandstones,
siltstones, and shales (Wang et al., 2011). Conglomerates overlie Mesozoic units (either
conformably or with a low-angle unconformity) in the northernmost outcrops of the Kelasu
fold-and-thrust system. Overlying units coarse upward from red and gray shales with
interbedded gypsum, siltstones, and medium-grains sandstones (Suweiyi and lJidike Fms of
Eocene-early Oligocene and Oligocene-Miocene age, respectively; Zhang et al., 2015, 2016;
although younger ages are given for the Suweiyi Fm by Huang et al., 2006) to sandstones with
interlayered siltstones and conglomerates (Kangcun and Kuga Fms, late Miocene and Pliocene
in age; Charreau et al.,, 2009; Huang et al., 2006; Lin et al., 2002; Sun et al., 2009; Ye and
Huang, 1990; Yin et al., 1998; Zhang et al., 2014, 2015, 2016) and to dark gray conglomerates

(Xiyu Fm, essentially Pleistocene in age; Huang et al., 2006; Sun et al., 2009) (Fig. 2.8).

2.2.2. Structure of the Kuqa fold-and-thrust belt

The Kuqa fold-and-thrust belt is an ENE trending system that displays an arcuate shape

in map view. Its structural style is dominated by tight anticlines that extend along-strike for
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tens or even hundreds of kilometers and are separated by wide, open synclines. Anticlines
involve Paleozoic and Mesozoic units to the north but are manifested by Cenozoic sequences

to the south.

The Kuga fold-and-thrust belt has classically been divided, from north to south, into
three main units: the Kelasu fold-and-thrust system, the Baicheng Syncline and the Qiulitage

fold-and-thrust system (Fig. 2.7).

The Kelasu fold-and-thrust system is bounded to the north by the basement-involved
South Tian Shan Anticline (see location in Fig. 2.7) and consists of several E to ENE-striking
tight and doubly plunging anticlines separated by narrow synclines. Folds change vergence
along-strike and are commonly truncated by long thrusts that display kilometric hanging-wall
flats along Mesozoic and Cenozoic units. The latter dominate in the frontalmost structure of
the Kelasu fold-and-thrust system which is underlain by thick accumulations of salt (Wang et

al., 2011) (Fig. 2.7).

South of the Kelasu fold-and-thrust system there is a major 200 km-long syncline that
is wider (about 35km) in the central and western parts of the Kuga fold-and-thrust belt than in
the eastern one, where it narrows dramatically (about 7 km) (Fig. 2.7). This syncline, named
Baicheng Syncline, is an open, symmetric fold containing a maximum thickness of 7 km of syn-

contractional Cenozoic succession overlying a thin Mesozoic succession (Wang et al., 2011).

The Qiulitage fold-and-thrust system is the southern frontal structure of the Kuqa fold-
and-thrust belt. It is a major antiformal structure on which its eastern and southern
terminations are flanked to the south by upright gentle folds. In map view, the Qiulitage fold-
and-thrust system shows an arcuate shape composed of E- and NE-striking tight anticlines and
thrusts that involve only Cenozoic rocks at surface. As in the Kelasu fold-and-thrust system,
long flats characterize thrusts and back-thrusts detached along Miocene and Oligocene layers

(Fig. 2.7).

2.3. PROBLEM APPROACH

The Kuga fold-and-thrust belt is one of the main hydrocarbon-producing areas of the
Tarim Basin. It contains significant gas condensate resources, as well as small amount of black

oil (Zou et al., 2006). The potential hydrocarbon source rocks consist of lacustrine
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shales/mudstones and thin coal seams deposited in fluvial-deltaic and lacustrine environment
(Taligike Fm, Upper Triassic in age), and the coal beds of swamp-lacustrine origin (Yangxia and
Kezilielur Fms, Lower-Middle Jurassic in age) (Loury et al., 2015b; Tang et al., 2014). The main
reservoirs are sandstones (Bashijigike Fm, Upper Cretaceous in age) and the regional cap rock
are evaporites (Kumugeliemu Group, Eocene- Oligocene in age) (Fig. 2.8). Therefore, the
petroleum system of the Kuqga fold-and-thrust belt is located beneath syncontractional salt
units (Eocene-Oligocene in age). These units largely control the regional-scale structure
behaving as the main décollement during the development of the fold-and-thrust belt,
decoupling the deformation of the suprasalt Cenozoic sequences and the subsalt Mesozoic and

Paleozoic rocks (Li et al., 2014; Zou et al., 2006).

Several structural studies (Guo et al., 2016; Jin et al., 2008; Qiu et al., 2012; Shi et al.,
2012; Tang et al., 2014; Yu et al., 2014 among others) have been undertaken in the Kuga fold-
and-thrust belt during the past decade because of the great interest of the oil industry. They
were mainly focused on the structure and kinematic evolution of synorogenic suprasalt units
as well as of active salt structures (Chen et al., 2004; Li et al., 2012; Li et al., 2014; Tang et al.,,
2004; Wang et al., 2011 among others) that are widely exposed at surface and well imaged
along seismic lines. However, despite the interest of the oil industry, the characterization of
Mesozoic and Paleozoic units beneath the salt has been little discussed due to seismic data are

usually of poor quality and the structural control from surface outcrops is limited.

The lack of conclusive data has led to very different interpretations of subsalt structure
(Fig. 2.9). Some authors (Tang et al., 2004; Yu et al., 2014; Li et al., 2012) suggest that the Kuqga
fold-and-thrust belt is a contractional system formed solely by thick-skinned thrusts (Fig. 2.9B).
Yet others (Chen et al., 2004; Zhong and Xia, 1998) indicate that it is a contractional system
consisting of thin-skinned thrusts detached on the Mesozoic. Or instead, authors (Qi et al.,
2009) that propose that the Kuga fold-and-thrust belt is a contractional system mainly
constituted by high angle inverted faults that previously act as extensional faults. Finally, some
other authors (Tang et al., 2007; Wang et al., 2011; Wang et al., 2017) that suggest that it is a

combination of previous options (Fig. 2.9A and C).

Furthermore, it is also not clear the kinematic evolution of the Kuga fold-and-thrust

belt. Some authors (Li et al., 2012) suggested that the growth of the Qiulitage fold-and-thrust

system was controlled by the location of the foreland salt pinchout but disregarded the
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influence of subsalt faulting beneath the frontal structure, as pointed out on cross sections of

previous authors (Chen et al., 2004; Tang et al., 2004, 2007; Wang et al., 2011) (Fig. 2.9).
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FIGURE 2.9. Proposed deformational styles for the subsalt at the Kuga fold-and-thrust belt:
seismic-based cross-sections along the Kuga fold-and-thrust belt (see location in Fig. 2.7)
redrawn from Wang et al., 2011 (cross-section A), Li et al., 2012 (cross-section B) and Tang et
al., 2007 (cross-section C).

In this scenario, at the beginning of this thesis, there were some unanswered questions
about the structure and kinematic evolution of the Kuqa fold-and-thrust belt. The most

noteworthy of these questions were:

What is the real structure beneath the salt? The characterization of the suprasalt structures is
undertaken in several previous works (Chen et al., 2004; Li et al., 2012; Li et al., 2014; Tang et

al., 2004, 2007; Wang et al., 2011), but subsalt geometry remains unclear.

Which factors are controlling along- and across strike variations in the Kuga fold and thrust

belt structure?

What is the origin of the diapiric salt structures and which parameters are controlling the

distribution of the deformed salt in the Kuga fold-and-thrust belt?
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How sediment-décollement interaction affects the geometry and kinematic evolution of the
Kuga fold-and-thrust belt? Some studies have quantified syntectonic sediment-accumulation
rates (Charreau et al.,, 2006; Huang et al., 2006), but have not explored its impact on the

structuring of the fold-and-thrust belt.

What is the interplay between both sub- and suprasalt structures through time? Geometry and
kinematic evolution is discussed in several works (Chen et al., 2004; Li et al., 2012; Tang et al.,
2004; Wang et al., 2011), but detailed characterization of the early deformation stages coeval

with the salt basin development is absent.

Do inherited structures condition the locus of most of the basement deformation and the
position of the salt pinchout? The presence of these early faults has been pointed out on cross
sections of previous authors (Chen et al., 2004; Tang et al., 2004), but their influence on the
geometry and the structural evolution of the Kelasu fold-and-thrust system as well as their

relationship with salt-detached deformation remains unsolved.

2.4. OBJECTIVES

According to the state of the art, this thesis pursues the following objectives:

Provide a new structural and kinematic model for the Kuga fold-and-thrust belt through the
integrated understanding of the geometry of both supra and subsalt structures and the

interaction between them over time.

Determine the influence of the syncontractional sedimentary rate and décollement rheology

on the Kuqa fold-and-thrust belt deformation style.

Beyond pursuing specific objectives, this thesis pretends to contribute to the better
understanding of other fold-and-thrust systems involving multiple décollements. In this sense,
the obtained results should not be only exceedingly useful to researchers in fold and thrust
tectonics but also to industry geoscientists whose efforts are focussed on hydrocarbon

exploration and production in subsalt contractional environments.
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2.5. METHODOLOGICAL APPROACH TO THE PROBLEM

To undertake these objectives, regional balanced cross sections have been constructed
across the Kuga fold-and-thrust belt, extending from the Paleozoic outcrops along the
southern boundary of the Tian Shan Range to the undeformed, northern Tarim foreland basin.
These cross-sections are based on 2D seismic lines incorporates well data and newly acquired
field data. Palinspastic sequential restorations of three cross sections have been carried out to
validate the structural interpretation from both geometric and kinematic perspectives. These
restorations consider recent salt tectonics concepts (Hudec and Jackson 2007; Hudec et al.,
2011; Rowan and Ratliff, 2012) and consider the contribution of inherited faults and

syntectonic sedimentation.

In addition, to complete the study of the Kuga fold-and-thrust belt, and taking into
account previous scaled sandbox analogue models, an experimental program inspired in this
thrust belt has been designed. It consists of a set of tectonic wedges involving two
décollements: an upper décollement representing a weak (salt) synorogenic salt layer and a
lower one that is preorogenic and is made up by a higher viscosity material simulating coals
and shales in the Kuga fold-and-thrust belt. This lower décollement incorporates along-strike

rheology changes.
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3.1. DATA AND METHODOLOGY

To understand the structure and the evolution of the Kuga fold-and-thrust belt, six
regional and seismic-based geological cross sections were constructed (see location in Fig. 3.1).
Additionally, sequential, palinspastic restorations of the western, central and eastern sections

(see location in Fig. 3.1) have been carried out.

3.1.1. Input data

The cross sections are anchored to 2D depth-converted seismic profiles (section 3.1.3.;
blue lines in Fig. 3.2) and integrate new and previously published field data (section 3.1.2.; Li et
al., 2012; Wang et al., 2011) in addition to well information (Fig. 3.2). Interpretation of seismic
horizons across the presented cross sections and their correlation to well top data derive from
a wide seismic (around 1500 km of both inlines and crosslines, in black, blue and pink in Fig.
3.2) and well (well top data from 36 wells) survey and was carried out using Petrel 2015
(Schlumberger). New detailed geological maps were produced based on field observations and
freely available Google Earth, Bing Maps and Landsat imagery (see location in Figs. 3.1 and
3.2). These maps provided surface constraints on the subsurface structure, especially in the
Qiulitage fold-and-thrust system and the northern part of the Kelasu fold-and-thrust system
where seismic data are poor and absent, respectively. Cross section construction and
sequential restorations were carried out in Move 2015 (Midland Valley) using the 2D unfolding
and move-on-fault algorithms provided by the software. Area balancing for the salt layers was

generally used except when out of plane salt flow was interpreted.
3.1.2. Surface data

In this section, the surface observations done in the field and those inferred from the
aerial photographs of the study area are described (Fig. 3.2). The description is focused on the

structure of the Kelasu and the Qiulitage fold-and-thrust systems to the North and South of the

study area, respectively, and their along-strike variations.
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the field (red dots) and the bedding data digitized from previous maps (green dots); the
geological maps included in this section of the thesis are indicated by orange squares; the
seismic survey (black, pink and blue lines) highlighting the three seismic lines used for
describing the structure of the Kuga fold-and-thrust belt (western, central, and eastern
sections).

3.1.2.1. The Kelasu fold-and-thrust system

3.1.2.1.1. The eastern Kelasu fold-and-thrust system

Mesozoic units in the eastern Kelasu (Fig. 3.3) are unconformably lying on the
Paleozoic units and roughly describe a kilometric-scale and basement-involved anticline with a
subhorizontal to shallowly south-dipping backlimb and a steeply south-dipping forelimb. The
structure has an overall, shallow westwards plunge (Fig. 3.4). The back-limb is deformed by
open folds whereas the forelimb is cut by two main North-directed back-thrusts detached on
Middle Jurassic and Upper Triassic units (Fig. 3.3). The latter back-thrust is E-W-striking and
separates steeply South-dipping Triassic and Jurassic units in the hanging-wall from SSE-NNW-
striking and shallowly SW-dipping Jurassic units in the foot-wall. It is characterized by a

hangingwall flat geometry over a footwall ramp where a syncline developed (Fig. 3.5).

This surface structure points out that coal layers in the Triassic (and/or Jurassic) units

behaved as an important décollement decoupling deformation in the Mesozoic sequences.
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Similar structures are imaged at depth by seismic data (section 3.1.3.) and mapped at surface

in the western Kelasu fold-and-thrust system (section 3.1.2.1.2.).
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FIGURE 3.3. Geological map of the eastern Kelasu fold-and-thrust sytem (see location in Figs.
3.1and 3.2).

To the South of the Mesozoic units forming the eastern Kelasu, two main structures
are recognized, the Jidike and Bashijigike anticlines, both deforming Cenozoic units at surface

(see location in Fig. 3.3). The Bashijigike Anticline is a South-verging anticline with steep limbs.

West East
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FIGURE 3.4. Stereoplot showing bedding
orientation along the eastern Kelasu fold-

and-thrust system.
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FIGURE 3.5. Field photograph of a back-thrust in the
eastern Kelasu fold-and-thrust system (location in

the geological map of Fig. 3.3).
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Bedding in the southern limb is subvertical whereas bedding in the northern limb
(Cretaceous units, Kumugeliemu and Suweiyi Fms.) is ENE-WSW-striking and steeply to
intermediately North-dipping. The hinge zone of the anticline is cut by a steeply North-dipping

thrust that shows an important flat along the Kumugeliemu Fm (Fig. 3.6).

FIGURE 3.6. Field photographs of the eastern Kelasu fold-and-thrust system (location in the
geological map of Fig. 3.3). A: Hinge zone of the Bashijigike Anticline. B: North-dipping
bedding in the northern limb of the anticline (Cretaceous units).

South of it, the Jidike Anticline (Fig. 3.7) is ENE-WSW-striking and slightly South-
verging. The fold axis plunges shallowly to the WSW and the interlimb angle is about 1002. To
the West, the Jidike Anticline becomes an open, up-right fold. Both its northern and southern
limbs are shallowly dipping (maximum dips of 20-309, Fig. 3.8A) and the interlimb angle
increases up to 1302. Minor, North-verging folds were observed in the southern limb of the

structure (Fig. 3.8B).

FIGURE 3.7. Field photograph of south-dipping bedding in the southern limb of the Jidike
Anticline (top of the Jidike Fm.; location in the geological map of Fig. 3.3).
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FIGURE 3.8. Field photographs of the eastern Kelasu fold-and-thrsut system (location in the

geological map of Fig. 3.3). A: Shallowly North-dipping bedding in the northern limb of the
Jidike Anticline. B: Minor North-vergent syncline deforming the southern limb of the Jidike
Anticline.

3.1.2.1.2. The western Kelasu fold-and-thrust system

The western Kelasu fold-and-thrust system consists of a northern, basement-involved
anticline (the South Tian Shan Anticline in Figs. 3.1 and 3.9) and a southern thrust-related
anticline (the Tuzimaza-Suweiyi structure) separated by a wider syncline (see locations in Fig.
3.1). The central syncline is eastwards deformed by the Kumugeliemu Anticline, that laterally
connects to the Bashijigike Anticline in the eastern Kelasu, whereas the Tuzimaza-Suweiyi

structure is eastwards relayed by the Jidike Anticline.

The South Tian Shan Anticline, with a kilometric wavelength, has an overall, shallow
eastwards plunge (Fig. 3.10) and deforms the whole stratigraphic sequence, from the
Paleozoic basement to the youngest Cenozoic units. It is characterized by a subhorizontal to
shallowly South-dipping back-limb and an intermediately South-dipping forelimb. Although the
regional-scale structure of Mesozoic units in this area is relatively simple, some minor-scale
structures can be observed and provide essential information for (1) the proper reconstruction
of cross sections in the northern boundary of the Kuga fold-and-thrust belt, where seismic
information is not available and (2) the definition of the Mesozoic structure at surface
(Mesozoic units only crop out in the Kelasu fold-and-thrust system) that will help on its
interpretation at depth, beneath the salt, where seismic data are poor. For these reasons, a

new geological map was produced for this area (Fig. 3.9).

The structure in this area is probably controlled by a thrust reentrant at depth. The

trend of the Mesozoic units changes from ESE-WNW strikes eastward to NE-SW strikes
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westward (Fig. 3.9). The Paleozoic rocks and the lower part of the Mesozoic sequence are
deformed by a series of minor-scale, south-verging folds. They strike NW-SE and die out
southward in the footwall of North-directed back-thrusts that are detached along the Lower
Jurassic coal units (Fig. 3.11). Mesozoic and Cenozoic units in the hanging-wall of the back-

thrusts display a constant southwards dip.
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FIGURE 3.9. Geological map of the northern part of the western Kelasu fold-and-thrust system (see

location in Fig. 3.1 and 3.2).
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North North

West East  West East

South South

FIGURE 3.10. Stereoplot showing bedding FIGURE 3.11. Stereoplot showing bedding
orientation along the western Kelasu fold- orientation along the southern limb of the
and-thrust system. South Tian Shan Anticline.

To the South of the South Tian Shan Anticline, the Tuzimaza Thrust (Fig. 3.12) crops
out. It is a 40-km-long, N1102E-trending thrust that superposes the red shales and gypsum
layers of the Suweiyi Fm. on the conglomerates of the Xiyu Fm. and the sandstones of the
Kuga unit (Fig. 3.13A and B). In the hangingwall of the structure, Cenozoic units (Suweiyi to
Xiyu Fms.) dip to the North, the dip angle decreasing progressively towards younger units (Fig.
3.14A). To the East and West, truncated strata in the hanging wall indicate the presence of a
minor anticline (Fig. 3.14D). In the footwall, the Xiyu conglomerates dip shallowly to the South
although bedding planes are locally subvertical to overturned when approaching the thrust

surface (Fig. 3.14B and Fig. 3.15).

One of the most striking features of this thrust is the presence of outcrops of
Kumugeliemu Group evaporites in two diapirs along its trace. The diapirs are located 26 km
apart; the diapir at the western edge of the structure has a rounded shape and a diameter of
approximately 2 km whereas the diapir to the East is elongate parallel to the thrust with a
major axis of 1.5 km (Fig. 3.14C). Eastward of the western diapir, a narrow strip, 100 m-wide,
of Kumugeliemu evaporites extends for 7 km along the thrust trace, demonstrating the
existence of a squeezed salt wall (Fig. 3.12, Li et al., 2014). The squeezed salt, the thrust
connecting both diapirs and its eastward continuation (south-directed thrust featuring

localized salt extrusions) are referred as the Tuzimaza Thrust (Fig. 3.12). It is flanked by growth
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FIGURE 3.13. Field photographs of the Tuzimaza Thrust (see location in the geological map of
Fig. 3.12). A: Western Tuzimaza Thrust. B: North-dipping bedding in the hanging-wall of the
eastern Tuzimaza Thrust.

strata both in the northern (Fig. 3.14A) and southern limbs (Fig. 3.14B) that document growth
from the Oligocene to Pleistocene. Besides, poorly consolidated conglomerates (probably
Holocene in age) are uplifted and deformed on the top of the eastern diapir (Fig. 3.14C),
suggesting recent activity in the eastern Tuzimaza Thrust salt structure (as defined in other
active salt structures in the western Kuqa basin; Li et al., 2014). The Tuzimaza Thrust laterally
branches to the East with the Suweiyi Anticline. The Suweiyi anticline is a 50 km-long, ENE-
WSW-trending structure (Fig. 3.16). Across its central part, the northern limb of the anticline
shows a constant dip (502N to 602N) whereas the southern limb is deformed by minor-scale

folds and south-directed thrusts and bedding varies from subhorizontal to steeply South-
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N Kangcun Fm. S kN Suweiyi Fm. s
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Kuga Fm.

FIGURE 3.14. Field photographs of the Tuzimaza Thrust (see location in the geological map of
Fig. 3.12). A: Oligocene to Miocene growth strata in the northern limb of the structure. B:
Halokinetic sequences (Kuga Fm.) in the southern limb. C: Holocene conglomerates uplifted
and folded over the eastern diapir. D: Anticline deforming the Suweiyi Fm. in the eastern
termination of the Tuzimaza Thrust.

West East West

sm South
FIGURE 3.15. Stereoplot showing bedding FIGURE 3.16. Stereoplot showing bedding
orientation across the Tuzimaza Thrust. orientation across the central part of the

Suweivi Anticline.

dipping (Fig. 3.17). North of it, the Kumugeliemu Anticline is a 40-km-long, ENE-WSW-trending

fold (Fig. 3.18) that involves Cretaceous units in its core. The anticline is cut by a main thrust
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that is South-directed in the central part of the structure but laterally evolves to a North-
directed back-thrust involving salt units (Kumugeliemu group) in its hangingwall (Fig. 3.19).

These evaporitic units represent the easternmost salt outcrop in the Kelasu fold-and-thrust

system.

ST e e

SO = -, 27 48 LR % < [ 3
FIGURE 3.17. Field photographs of the Suweiyi Anticline (see location in the geological map of
Fig. 3.1). A: Hinge zone of the Suweiyi Anticline. B: Bedding in the southern limb of the
Suweiyi Anticline.

South

FIGURE 3.18. Stereoplot showing FIGURE 3.19. Back-thrust in the western termination of
bedding  orientation across  the the Kumugeliemu Anticline (location in the geological
Kumugeliemu Anticline. map of Fig. 3.1).

3.1.2.2. The Qiulitage fold-and-thrust system

The Qiulitage fold-and-thrust system displays significant along-strike structural

variations and can be splitted into an eastern, a central and a western segment (see location in

Fig. 3.1).
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3.1.2.2.1. The eastern Qiulitage fold-and-thrust system

The eastern Qiulitage fold-and-thrust system (traversed by seismic lines dapomian-14
and -16, see location in Fig. 3.20) is a NE-SW-trending and North-vergent anticline that is
eastwards relayed by an E-W to ENE-WSW-trending and south-verging anticline. The structure
runs 90 km along-strike and widens progressively to the East up to finally die out in an East-

plunging pericline.
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FIGURE 3.20. Geological map of the eastern Qiulitage fold-and-thrust system (see location in
Figs. 3.1 and 3.2; redrawn from Wang et al., 2011).

The anticline to the East is characterized by a steeply South-dipping, subvertical or
even overturned southern limb and a moderately North-dipping northern limb (Fig. 3.21):
bedding dips 50-602 to the North in the Jidike, Kangcun and lower Kuga Fms. although the dip
angle decreases in the upper Kuga and Xiyu Fms. (10-209N), the latter unconformably

overlying older Cenozoic units.

The fold is cored by the Jidike Fm and a box fold geometry was observed in the hinge
zone (Fig. 3.22A) which is affected by both north and south-directed thrusts with metric to

decametric displacements (Fig. 3.22B).

The anticline to the West is characterized by a steeply North-dipping (Kuga and
Kangcun Fms.) to overturned (Jidike Fm) northern limb and a steeply to moderately South-
dipping southern limb (Fig. 3.23), separated by a North-directed back-thrust cutting the hinge

zone. Shallower dips are found in the Xiyu Fm conglomerates that unconformably overlay the
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Kuga Fm sandstones in the southern limb of the anticline (Fig. 3.20). To the South, two open
anticlines developed, the southernmost probably connecting eastwards to the Yaken Anticline

(see location in Fig. 3.20).

South
FIGURE 3.21. Stereoplot showing bedding orientation along the eastern part of the eastern
Qiulitage fold-and-thrust system.

FIGURE 3.22. Field photographs of the eastern Qiulitage fold-and-thrust system (locations in
the geological map of Fig. 3.2). A: Box fold geometry in the hinge zone of the eastern
Qiulitage fold-and-thrust system. B: South-directed thrusts in the southern limb of the
eastern Qiulitage fold-and-thrust system. Displacement of about 2.5 m (see yellow notebook
for scale).

FIGURE 3.23. Stereoplot showing bedding
orientation along the western part of the
eastern Qiulitage fold-and-thrust system.
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3.1.2.2.2. The central Qiulitage fold-and-thrust system

The central Qiulitage fold-and-thrust system is formed by two tight anticlines that are
separated by a wider syncline (traversed by seismic lines dapomian 9, 10, 11, and 12, see
location in Fig. 3.2). The anticlines are cored by the red shales and gypsum layers of the Jidike
Fm. They show a curved shape in map view and branch towards the eastern (seismic line
dapomian 14) and western margins of the central Qiulitage isolating the central syncline in the

inner part of the structure.

A new geological map (Fig. 3.24) was produced along the central part of the structure.
In this area, the northern anticline is characterized by a subvertical to overturned southern
limb and by a northern limb that includes two NW-dipping domains: to the North, bedding is
shallowly dipping (upper Kuga and Xiyu Fms.) whereas steeply North-dipping bedding planes
were recognized to the South (lower Kuga, Kangcun and Jidike Fms., Fig. 3.25A). Bedding in the
latter dip domain is deformed by shallowly North-directed back-thrusts (Fig. 3.25B) and box
folds. The anticline is cut by a South-directed thrust that extends laterally for about 30 km (Fig.
3.24).
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FIGURE 3.24. Geological map of the central Qiulitage fold-and-thrust system (see location in
Figs. 3.1 and 3.2).
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FIGURE 3.25. Field photographs of the central Qiulitage fold-and-thrust system (location in
the geological map of Fig. 3.24). A: Two dip domains in the northern limb of the Qiulitage

northern anticline (black dashed line shows the location of the axial trace). B: Minor North-
directed back-thrust in the northern limb of the Qiulitage northern anticline.

The southern anticline shows an intermediately to steeply North dipping northern limb
(70-559N) and a steeply South-dipping to overturned southern limb (Fig. 3.26). Dip values
increase progressively from the outer limbs towards the fold core, describing a progressive
unconformity. Its hinge zone is cut by a North-dipping, folded back-thrust (Fig. 3.27A). Besides,
a kilometric-scale unconformity (located at the lower part of the Kuga Fm.) was observed
along the southern limb of the fold. This unconformity is folded, separates normal-polarity,
South-dipping bedding from overturned-polarity, North-dipping bedding (Fig. 3.27B), although

it laterally becomes a progressive unconformity.

The northern and southern Qiulitage anticlines branch both towards the West of the
central Qiulitage fold-and-thrust system where the northern anticline splits into two south-

verging anticlines (Fig. 3.1) that are cut or related to South-directed thrusts (Fig. 3.28).

East

FIGURE 3.26. Stereoplot showing bedding
orientation along the western termination of the
central Qiulitage fold-and-thrust system.
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FIGURE 3.27. Field photographs of the central Qiulitage fold-and-thrust system (location in

the geological map of Fig. 3.4). A: Folded backthrust across the hinge zone of the southern
Qiulitage anticline. B: Angular unconformity in the southern limb of the southern Qiulitage
anticline.

Kangcun . ° '

Jidike

" Jidike

FIGURE 3.28. Schematic cross-section along the western termination of the central Qiulitage
fold-and-thrust system.

The northern thrust cuts a South-vergent and west-plunging anticline located in its
hanging-wall (Fig. 3.29A) whereas a tight syncline was observed in the footwall (Fig. 3.29B).
The southern thrust (Fig. 3.30A) separates the Jidike Fm. in the hanging-wall from the Kuga
Fm. in the footwall, the latter deformed by a tight, minor syncline (cut to the East by the
thrust) and an open anticline (Fig. 3.30B) that laterally connects with the southern Qiulitage
anticline. The Kuga Fm. in the southern limb of the anticline unconformably overlays older

units (an angular unconformity is recognized in the aerial photographs).
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FIGURE 3.29. Field photographs of the central Qiulitage fold-and-thrust system. A: Northern,
south-directed thrust in the western termination of the central Qiulitage fold-and-thrust
system. B: Tight syncline in the foot-wall of the northern thrust.

FIGURE 3.30. Field photographs of the central Qiulitage fold-and-thrust system. A: Sigmoidal
foliations related to the southern thrust plane that is steeply dipping. B: Open anticline in the
foot-wall of the southern thrust.

To the Eastern part of the central Qiulitage fold-and-thrust system, the northern and
southern anticlines converge into a single north-verging anticline (Fig. 3.1) that is shallowly
WSW-plunging (Fig. 3.31). It is cut by a NE-SW-striking back-thrust that extends laterally for
tens of kilometers and probably corresponds to a later feature in the structuring of the study

area (the Xiyu conglomerates in its hanging-wall conformably overlie the Kuga Fm).

North

West

FIGURE 3.31. Stereoplot showing bedding
orientation along the eastern termination of
the central Qiulitage fold-and-thrust system.
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3.1.2.2.3. The western Qiulitage fold-and-thrust system

Field observations in this area were mainly focused on the Quele Salt Sheet (traversed
by seismic line dapomian-5, see location in Fig. 3.32). The Quele Salt Sheet is a North-dipping
thrust characterized by a NW-SE to NE-SW-striking and intermediately to shallowly North-
dipping (20 to 402N) hanging-wall (Fig. 3.33). The thrust cuts the northern limb of a south-
vergent anticline, E-W-trending anticline: the so-called Misikantage Anticline (se location in
Fig. 3.32; Fig. 3.34). This anticline changes strike to the East where it is NE-SW-trending and
folds the eastern part of the Quele Salt Sheet and the earlier thrusts in the western

termination of the central Qiulitage fold-and-thrust system (Fig. 3.34).
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FIGURE 3.32. Geological map of the western Qjulitage fold-and-thrust system (see location in
Figs. 3.1 and 3.2; redrawn from Wang et al., 2011).
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FIGURE 3.33. Stereoplot showing bedding orientation along the Quele Salt Sheet.
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From the structures described across the Qiulitage fold-and-thrust system two significant

observations derive:

Folds are generally cut by thrusts (Fig. 3.29A, Fig. 3.34B) that are in turn steepened and tilted
during latter folding (Fig. 3.27). Thus, the final architecture of the Kuga fold-and-thrust system
results from the superimposition of several folding and thrusting stages.

Progressive and angular unconformities are recognized at different levels of the stratigraphic
sequence and are a valuable source of information for dating the diachronic growth of the

different segments/structures forming the Qiulitage fold-and-thrust system.

the geological map of Fig. 3.32). A: Salt units in the hanging-wall of the Quele Salt Sheet. B:
Salt units thrusting upon the Kuga Fm (north-dipping beds in the back-limb of the Misikantage
Anticline).

3.1.3. Seismic interpretation

3.1.3.1. Seismic facies characterization

Seismic interpretation required the identification of seismic facies across the studied
profiles. From well top data and their correlation trough seismic lines and to surface unit
boundaries, four main seismic units are differentiated, from top to bottom: (1) the Oligocene-
Pleistocene detrital sequence, (2) the Kumugeliemu Group, (3) the Mesozoic succession and
(4) the Paleozoic basement (see numbering in Fig. 3.35). The upper unit is a highly reflective
package with closely spaced and continuous reflectors. Across N-S-trending seismic profiles, it
reaches its maximum thickness in the core of the Baicheng Syncline but thins sharply to the
North (where cross-cutting relationships between reflectors are frequent) and progressively to
the South (where reflectors are continuous and parallel). The upper part of the Oligocene-

Pleistocene sequence is characterized by low amplitude reflectors whereas slightly thicker
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reflectors are recognized towards the base of the unit, interbedded with semi-transparent

bands that correspond to shaly packages in the Jidike and Suweiyi Fms (Fig. 3.35).
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FIGURE 3.35. Reflectivity patterns observed in seismic lines across the Kuga fold-and-thrust
belt and their correlation with stratigraphic units derived from well ties (see position of
dapomian-11 seismic line in Fig. 3.2). Four main units have been distinguished (see
explanation in the text). Position of the décollements is indicated (LD, lower décollement;
MUD, main upper décollement; mUD minor upper décollements) as well as the main
characteristics of the seismic units.
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The Kumugeliemu Group (Eocene-Oligocene in age) shows sharp thickness and seismic
attribute changes. Northward, in the Kelasu fold-and-thrust system, it is represented by
transparent facies. In the Baicheng Syncline and in the frontal structure of the Quilitage fold-
and-thrust system, it corresponds to a package of discontinuous, transparent to chaotic
seismic facies that indicate the presence of salt (Fig. 3.35). Internal higher-reflectivity
reflections probably correspond to mudstone layers interlayered within the salt. The whole
package attains its maximum thickness in the core of the Quilitage folds. South of this, the
chaotic facies characteristic of the salt grades into a high-reflectivity sequence, with parallel
and continuous reflectors, that thins progressively toward the foreland; the boundary between
these two different seismic facies marks the southern limit of mobile Eocene-Oligocene salt
(Fig. 3.36). Correlation between the position of the foreland salt pinch-out in different seismic
lines (Fig. 3.37) allows defining the distribution of the salt and indicates this boundary runs
obliquely to the main structures forming the frontal structure of the Qiulitage fold-and-thrust
system. Beneath the Kumugeliemu Group, the Mesozoic sequence consists of two thin, high-
reflectivity packages and an intervening thick transparent band. Correlation between surface,
well and seismic data allowed us to determine that: (1) the upper high reflectivity sequence
corresponds to the Bashijigike Fm (Upper Cretaceous), (2) Lower Cretaceous units are mostly
represented by the transparent sequence and (3) the lower high reflectivity package thus

probably defines the Jurassic and Triassic units.

Jurassic and Triassic sequences unconformably overlie the Paleozoic units that, in the
central part of the Kuga fold-and-thrust belt, are characterized by transparent to low
reflectivity seismic facies in the northern and central parts of the seismic lines and by
continuous and high amplitude reflectors towards its southern boundary. The poor reflectivity
zones are likely to correspond to igneous rocks whereas the reflective package is probably the

expression of sedimentary units.
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FIGURE 3.36. A: Enlarged seismic image of the central part of dapomian-11 (see location in
Fig. 3.35) showing details of the Qiulitage fold-and-thrust system (no vertical exaggeration).
B: Line drawing from the seismic image in A highlighting the detrital units in the Kumugeliemu
Gr. and the structure beneath the salt. Projected distance of Xg2 well (see location in Fig.
3.24) is indicated. C: Cross section interpreted from the seismic in A.
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Base of Suweiyi Fm. Base of Kumugeliemu Group

FIGURE 3.37. Seismic interpretation of the southern anticline of the Qiulitage fold-and-thrust
system (seismic line 4; see location in Fig. 3.2, pink seismic survey).

Foreland salt pinch-out

3.1.3.2. Key features derived from seismic interpretation

This section includes a listing of some of the key features found in seismic lines that
have allowed to reconstruct not only the structure at depth but also the kinematic evolution

along the studied sections:

3.1.3.2.1. Kelasu fold-and-thrust system and Baicheng syncline

Seismic lines dapomian-11 and dapomian-10 (see location in Fig. 3.2) give a clearer
image of the structure deforming presalt units underneath the Kelasu fold-and-thrust system.
The top of the Mesozoic sequence (Bashijigike Fm) is imaged by a high reflectivity, thin unit (as
also observed beneath the Qiulitage fold-and-thrust system) that describes several, smaller
wavelength anticlines. These anticlines are related to a thrust system detached along a
relatively shallow décollement that is in the lower Mesozoic reflective unit (based on well data
and surface observations, we propose it corresponds to Upper Triassic and/or Lower Jurassic
coals). The whole thrust system is deformed by two higher wavelength anticlines that should
be related to a deeper décollement. They have been interpreted as basement thrusts forming

a thrust stack that partly post-dates thin-skinned thrusting along the intra-Mesozoic
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décollement (Fig. 3.38). Reflectors in the Cenozoic units that overlie the frontal limb of the
basement thrust stack image an anticline (Fig. 3.38). This fold is north-verging and develops in
the hangingwall of a passive back-thrust. Deeper Cenozoic strata in this structure (the Suweiyi,
Jidike and Kangcun Fms.) display a growth geometry (Fig. 3.38), thereby demonstrating an

early growth of the fold during Oligo-Miocene times.
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FIGURE 3.38. A: Enlarged seismic image of the northern part of dapomian-11 (see location in
Fig. 3.35) showing details of the Kelasu fold-and-thrust system (no vertical exaggeration). B:
Line drawing form the seismic in A highlighting the presence of a Mesozoic décollement.
Position of Ks502 well (see location in Fig. 3.12) is indicated. C: Cross section interpreted from
the seismic in A. Roman numbers refer to basement faults whereas Arabic numbers indicate
thin-skinned thrusts detached along Triassic-Jurassic layers.
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3.1.3.2.2. Qiulitage fold-and-thrust system

Seismic profiles show a clear structural decoupling above and beneath the
Kumugeliemu salt that is represented by an almost 3-km thick package (Fig. 3.36 and 3.37). In
supra-salt units, angular relationships between seismic reflectors point out to the presence of
a secondary décollement along the Jidike Fm (Fig. 3.39): seismic reflectors corresponding to
the Oligocene-Pleistocene sequence beneath the northern Qiulitage anticline display a
divergence between a lower Cenozoic package that is continuous and folded and an upper

Cenozoic sequence that shows a constant Northwards dip.

Base of Kuga Fm. Base of Suweiyi Fm.

Base of Kangcun Fm.
Base of Jidike Fm. —  Fault

Intra-Kumugeliemu Group reflector

FIGURE 3.39. Seismic interpretation of the northern anticline of the Qiulitage fold-and-thrust
system (seismic line 3; see location in Fig. 3.2, pink seismic survey).
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This angular relationship has been interpreted as an intra-Cenozoic, South-directed
thrust (Fig. 3.39) that is considered to detach along the Jidike Fm, accordingly to surface

observations (i.e. long thrust flats along this unit, Fig. 3.24).

Regarding the presalt structure, and despite the poor quality of seismic images
underneath the salt, we could track a reflective package corresponding to the Bashijigike Fm.
This package is broken in a way that allowed us to infer normal faulting in some areas beneath
the Qiulitage fold-and-thrust system (Fig. 3.40) whereas high-angle reverse faults were
interpreted in some others. These faults separate Mesozoic sequences displaying thickness
variations that agree with their activity as extensional faults during Mesozoic times.
Furthermore, intra-Mesozoic low angle unconformities are locally recognized in the footwall of

the high angle faults beneath the Qiulitage frontal structure, consistently with footwall uplift

during extensional faulting (Fig. 3.41).

Intra-Kumugeliemu Group reflector

—— Base of Cretaceous = Fault

Base of Kangcun Fm.

Base of Jidike Fm. Base of Kumugeliemu Group = |ntra-Jurassic reflector
Base of Suweiyi Fm. Base of Bashijikige Fm. Base of Jurassic-Triassic

FIGURE 3.40. Seismic interpretation of Mesozoic units beneath the central Qiulitage fold
and thrust system (seismic line 5; see location in Fig. 3.2, pink seismic survey).
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Base of Kangcun Fm. ~——— Intra-Kumugeliemu Group reflector ——— Base of Cretaceous
Base of Jidike Fm. Base of Kumugeliemu Group Intra-Jurassic reflector
Base of Suweiyi Fm. Base of Bashijikige Fm. Base of Jurassic-Triassic

FIGURE 3.41. Seismic interpretation of Mesozoic units beneath the frontal structure of the
central Qiulitage fold and thrust system (seismic line 5; see location in Fig. 3.2, pink seismic
survey).

3.1.3.2.3. Northern Tarim Basin

To the South of the Qiulitage fold-and-thrust system, seismic profiles show that
reflectors in the Mesozoic and Cenozoic units are almost undeformed except for a regional
Northwards tilt and several open anticlines deforming the Cenozoic units (Fig. 3.42). These
anticlines overlie basement antiforms that are overprinted by subvertical to high angle normal
faults affecting not only the Paleozoic but also the Mesozoic units (Fig. 3.43). These structures
are well-imaged in this part of the basin where bedding dips are shallower than to the North
and salt is scarce or absent. They evidence that folds in the Cenozoic are intimately related to
basement structures and that these basement structures are accommodating shortening to

the South of the Qiulitage fold-and-thrust system (Fig. 3.43).

The structure in Fig. 3.43 (seismic line dapomian-5 in the western part of the Kuga
fold-and-thrust belt) summarizes two of the key observations that allowed us to understand
the evolution of the Kuqa fold-and-thrust belt through Mesozoic times: (1) The thickness of the

Mesozoic sequence changes when the southern and northern limbs of the structure are

67



Chapter 3. Structure of the kuqa fold-and-thrust belt

compared, suggesting this structure was already active during Mesozoic times, and (2) the
Bashijigike Fm uncomformably overlies older Mesozoic units indicating early compression took

place during Cretaceous times.
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FIGURE 3.42. A: Enlarged seismic image of the southern part of dapomian-11 (see location in
Fig. 3.35) showing details of the Tarim foreland basin (no vertical exaggeration). B: Cross
section interpreted from the seismic in A. Projected distance of Ym35 well (see location in Fig.

3.2) is indicated.
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Base of Xiyu Fm. Base of Jidike Fm. - Base of Bashijikige Fm.  ——— Base of Triassic
Base of Kuga Fm. Base of Suweiyi Fm. — Base of Cretaceous - |ntra-Cretaceous reflector
Base of Kangcun Fm. Base of Kumugeliemu Group Base of Jurassic = _Thrust and extensional fault
FIGURE 43. Seismic mterpretatlon Of Cenozoic, Mesozoic and Paleozoic units to the South

of the Qiulitage frontal structure, western part of the Kuga fold-and-thrust belt (seismic line
dapomian-5; see location in Fig. 3.2, pink seismic survey).

3.2. REGIONAL CROSS SECTIONS

As previously introduced, the study area extends from the southernmost outcrops of
the Tian Shan Range to the northern part of the undeformed Tarim foreland basin (Fig. 3.1).
Based on the stratigraphic position of the sole thrust, two structural domains can be
distinguished: (i) a northern domain where the whole stratigraphic sequence, from the
Paleozoic to the Cenozoic, is deformed and (ii) a southern domain where folds and thrusts are
mainly detached along the Eocene-Oligocene salt. Hereinafter, we will refer to these domains
as the Kelasu fold-and-thrust system and the Qiulitage fold-and-thrust system, respectively
(see zone division in Figs. 3.44, 3.45, 3.46, 3.47, 3.48, and 3.49). The extent and geometry of
these domains varies along-strike as the depth, lithology and degree of overlap of the
décollements does. In general terms, the Kelasu fold-and-thrust system keeps a constant width
and the Qiulitage fold-and-thrust system narrows eastwards, where the sole thrust has been

reported to climb into the Jidike Fm (Wang et al., 2011; Li et al., 2012).
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FIGURE 3.44. A: Depth-converted dapomian-16 seismic profile (see location in Fig. 3.2) across the eastern part of the Kuga fold-and-thrust belt (no vertical exaggeration). B: Regional, seismic based across section (see location in Fig. 3.1) integrating new and
previously published structural data and honoring new geological maps produced for this thesis. Seismic interpretation and cross section construction and balancing was completed in Petrel 2013 (Schlumberger) and Move 2015 (Midland Valley).

71






Salt tectonics in contractional fold belts, the Kuga foreland basin and thrust belt case (Tarim basin, China)

110 100 90 80 70 60 50 40 30 20 10

Qiulitage fold-and-thrust system

Kelasu fold-and-thrust system Tarim foreland basin

C_—
> <€

A
Y
A

South Tian Shan Anticline  Kumugeliemu Anticline Suweiyi Anticline Baicheng Syncline Qiulitage frontal structure

@ |

130 120 110 100 90 80 70 60 50 40 30 20 10
(Km) | | | | | | | | | | | | | | | | | | | | | | | | | |
NNW 0 mE@EEEE Upper décollement extent SSE
[ IDDDDODDODODDOODDoooooo Lower décollement extent
HQ5 Well DH7 Well
5 KS2 Well (5.5 km projected) (6 km projected) —95
0 \ e === = memes ) — 0
\\
————— L - = ——
R ——— ———————
-5 = L5
> ' = \\ A3 S T
10 — T —-10
Paleozoic Triassic Jurassic Cr;zvg:crms Crgt‘a)g:gus Eocene Oligocene Miocene Pliocene |Pleistocene
~-~_ Limit of mobile
-15 — A : Ehuobulake to Ahe to Yageliemu to e Kumugeliemu Gr. Gk e : —-15
salt (pinch-out i o g ; : : ;
i (p ) Taligike Ems. Kalaza Fms. Baxigai Fms, Bashiiigike Fm. 50 e o Suweiyi Fm.  Jidike Fm. Kangcun Fm. Kuga Fm.  Xiyu Fm
10 km “s<. Unconformity 1 [ 1 [ (=] | ol 1 1 1 1 1

FIGURE 3.45. A: Depth-converted dapomian-14 seismic profile (see location in Fig. 3.2) across the eastern part of the Kuga fold-and-thrust belt (no vertical exaggeration). B: Regional, seismic based cross section (see location in Fig. 3.1).
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FIGURE 3.46. A: Depth-converted dapomian-11 seismic profile (see location in Fig. 3.2) across the central part of the Kuga fold-and-thrust belt (no vertical exaggeration). B: Well top data in wells close to the seismic profile (left); stratigraphic sequence
interpreted along the projection of the wells on the seismic line (right), resulting from the interpretation of a regional well and seismic survey and its integration with surface data. C: Regional, seismic based cross section (see location in Fig 3.1).
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FIGURE 3.47. A: Depth-converted dapomian-10 seismic profile (see location in Fig. 3.2) across the central part of the Kuga fold-and-thrust belt (no vertical exaggeration). B: Regional, seismic based cross section (see location in Fig. 3.1).
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FIGURE 3.48. A: Depth-converted dapomian-9 seismic profile (see location in Fig. 3.2) across the central part of the Kuga fold-and-thrust belt (no vertical exaggeration). B: Regional, seismic based cross section (see location in Fig. 3.1).
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FIGURE 3.49. A: Depth-converted dapomian-5 seismic profile (see location in Fig. 3.2) across the western part of the Kuga fold-and-thrust belt (no vertical exaggeration). B: Regional, seismic based cross section (see location in Fig. 3.1).
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3.2.1. Central section dpm 11

For the central cross section (see location in Fig. 3.1), the first domain (Kelasu fold-and-
thrust system) extends from the South Tian Shan Anticline to the hinge zone of the Baicheng
Syncline whereas the second one encompasses the southern limb of the Baicheng Syncline and

the Qiulitage frontal structure.

3.2.1.1. The Kelasu fold-and-thrust system

The northern domain is characterized by a major basement-involved fault (the South
Tian Shan Fault) that connects southwards with a thrust system detached along a lower
décollement in Mesozoic strata and an upper décollement at the Eocene-Oligocene evaporite
level (see Fig. 3.46). The two décollements partly overlap, with the upper one shifted

southwards with regard to the lower one (Fig. 3.46).

The South Tian Shan Anticline has a long wavelength and deforms the entire
stratigraphic sequence from the Paleozoic basement to the youngest Cenozoic units. It is
characterized by a subhorizontal to shallowly South-dipping northern limb and a moderately to
steeply South-dipping southern limb (Fig. 3.46 and see bedding data in Fig. 3.10). Mesozoic
and Cenozoic units in the southern limb are conformable except for (i) a low-angle
unconformity recognized at the base of the Kumugeliemu Group and (ii) an angular
unconformity at the base of the Xiyu Fm (see Fig. 3.10). These geometries indicate moderate
and progressive uplift of the South Tian Shan Anticline from Eocene to Pliocene times and

more rapid uplift and forward tilt during the Pleistocene

The cross section runs parallel to the hinge of a NW-SE synform in map view that is
probably related to a thrust reentrant at depth (Fig. 3.10). This reentrant is defined by the
trend of Mesozoic units in the South Tian Shan Anticline (they change from E-W strikes
eastward to NE-SW strikes westward; see Fig. 3.10) as well as by a series of oblique structures
in the area mapped in Fig. 3.10. The Upper Paleozoic rocks and the lower part of the Mesozoic
sequence in this area are folded by minor NW-SE trending folds which interfere with the South
Tian Shan Anticline. As previously introduced, these folds die out southward in the footwall of
North-directed back-thrusts that are detached along the Lower Jurassic coal units (Fig. 3.10). In

addition, thrust flats along Triassic units have also been recognized (see Fig. 3.10). They are
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deformed by basement-involved folds, suggesting thin-skinned thrusting partly predated

basement deformation.

Along the central section, south of the South Tian Shan Anticline, the Kelasu fold and
thrust system at surface is represented only by the Tuzimaza Thrust and a wide syncline in its
hanging wall (Figs. 3.38 and 3.46). In map view, the thrust forms a 30 km-long apparent flat
trending N65E along the Suweiyi Fm. (Fig. 3.12). To the East and West, truncated strata in the

hanging wall indicate the presence of a minor anticline (Fig. 3.12).

Across the considered cross section, the Tuzimaza Thrust is represented by an E-W-
striking thrust surface that cuts an ENE-WSW trending and South-verging anticline (Fig. 3.12).
Bedding in the hangingwall is moderately North-dipping, sub-parallel to the thrust surface,
whereas shallowly South-dipping bedding surfaces are recognized in the footwall. The
subsurface geometry underneath the Tuzimaza Thrust and the syncline in its hanging wall has
been nicely imaged by seismic data and constrained by existing exploratory wells (Figs. 3.38
and 3.46). A high reflectivity unit at the top of the Mesozoic sequence (the Bashijigike Fm.) has
been recognized and tracked in the seismic line and defines the main structural features (Fig.
3.38). This unit is folded by a series of South-verging anticlines that show wavelengths of a few
kilometers and geometries (limb dips and flat-on-ramp and ramp-on-flat reflection patterns)
that agree with fault-bend folds associated with south-directed thrusts (Fig. 3.38). In general,
the structure defines a subsurface antiform decoupled from the surface deformation along the
Kumugeliemu salt, as emphasized by the superimposed synclines and anticlines in the
Tuzimaza Thrust (Fig. 3.38). The Mesozoic units form a duplex between this upper décollement
and a lower décollement along Jurassic/Triassic coal units. This duplex comprises four main
thrust sheets in the footwall of the South Tian Shan Fault, the northern one involving three
closely-spaced thrusts (see numbering in Fig. 3.38). The spacing of these thrusts decreases
toward the foreland as the thickness of the Mesozoic sequence also decreases, and they
accommodate displacements that also diminish progressively towards the South. The floor
thrust of the duplex branches off from the South Tian Shan Fault, whereas it is truncated and
folded by two main basement—involved structures farther South (see roman numbering in Fig.
3.38). Basement folds display a wavelength of tens of kilometers and are related to North-
dipping basement-involved faults. They accommodate displacements that diminish
progressively to the South and cut a Triassic-Lower Cretaceous sequence that, along basement
faults | and 1ll, thins markedly in their footwalls. On the contrary, Upper Cretaceous layers

(Bashijigike Fm) are constant-thickness and locally overlie Lower Cretaceous rocks
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unconformably. The basement anticline in the hangingwall of fault Il displays a fault-bend
geometry related to a thrust flat (and a potential décollement) at a depth of 4100 m from the
top of the basement. Similar flat depths and hanging-wall geometries have been depicted for
the basement stack (dashed line in Fig. 3.46) interpreted underneath the northern part of the
cross section. These interpreted geometries agree with the late steepening and southwards tilt
of the southern limb of the South Tian Shan Anticline, as registered by the angular
unconformity mapped at the base of the Xiyu Fm (Fig. 3.10). To the east of the hinge area
defining the thrust reentrant, the Tuzimaza Thrust is replaced by two structures: the
Kumugeliemu Anticline to the north and the Suweiyi Anticline to the south (Figs. 3.1 and 3.45).
The studied cross-section crosses the eastern end of the Tuzimaza Thrust but also intersects
the western termination of the Kumugeliemu Anticline in its hanging wall. At the surface, the
Kumugeliemu Anticline is an open fold deforming the Kuga Fm, whose lower part shows a
constant thickness but deeper strata (the Suweiyi, Jidike and Kangcun Fms.) display a growth

geometry (Fig. 3.38).

Based on angular relationships among seismic reflectors (Fig. 3.38), this anticline has
been interpreted to be related to two underlying minor backthrusts that accommodate a total
displacement of about 1km. They are connected to the roof thrust of the duplex involving
Mesozoic units suggesting that the hinterland pinch-out of the Eocene-Oligocene evaporites is
located beneath the hinge or the backlimb of the Kumugeliemu Anticline (Fig. 3.38). Cenozoic
units in the footwall of the Tuzimaza Thrust are also deformed by a North-verging anticline
that is likely to be related to a main passive-roof backthrust along the Eocene-Oligocene salt. It
is interpreted to be connected to a secondary backthrust at the base of the Jidike Fm. by a
minor south-vergent duplex. This duplex can be recognized in the seismic line because of the
presence of a reflective unit at the base of the Cenozoic sequence (Suweiyi Fm. according to
Fig. 3.35) that slightly thickens in the footwall of the Tuzimaza Thrust. Seismic reflectors
display angular relationships that prompt this thickening results from the stack of several,
minor, south-directed thrusts (as shown in Figs. 3.38 and 3.46), although a thicker Suweiyi Fm
has not been documented in well Ks502 (see location in Fig. 3.12). In this area, salt forms a
small triangular body (Fig. 3.38) that was encountered by well Ks502, which cut 1065 m of

halite and gypsum with interbedded mudstone layers.
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3.2.1.2. The Qiulitage fold-and-thrust system

This domain is characterized by a sole thrust along the Eocene-Oligocene salt and
includes both the southern limb of the Baicheng Syncline and the Qiulitage frontal structure
(Figs. 3.36 and 3.46). The Baicheng Syncline is characterized by a shallow North-dipping
southern limb (15 to 202) and an 18 km-long, flat lying hinge zone (Fig. 3.46) that are underlain
by 900-1200 m of salt. Beneath the salt, the Mesozoic sequence is mostly undeformed except

for a 42 regional dip towards the North.

The Qiulitage frontal structure consists of two tight anticlines separated by a wider
syncline with a 4 km-long, flat-lying hinge zone that is about 2 km above the regional elevation
(Fig. 3.36).The southern Qiulitage anticline shows a moderately to steeply North-dipping
northern limb (70-552N, Li et al., 2012) and a steep to overturned southern limb, with dip
values on both limbs (across the Kuga Fm) progressively increasing towards the fold core and
thus suggesting the anticline grew by limb rotation from Early Pliocene times. The anticline is
cored by-4 km of salt and its location is, at least in the central part of the Kuga fold-and-thrust
belt, intimately related to the position of the foreland pinch-out of the salt units in the
Kumugeliemu Group. Three structures complicate the southern limb and hinge zone. First, an
angular unconformity located in the lower part of the Kuga Fm. separates a South-dipping
stratigraphic panel with normal-polarity from a North-dipping overturned panel (Fig. 3.27).
This unconformity is the key to understanding why the interpretation given in the present
work for the southern Qiulitage anticline differs strongly from the one by Li et al. (2012). In the
latter work, North-dipping beds in the southern limb of the southern Qiulitage anticline were
considered as being right-side-up and consequently a tight, isoclinal fold deforming the
Cenozoic suprasalt sequence was interpreted instead. Second, beds in the hinge zone are cut
by a backthrust that shows a significant flat along the Jidike Fm. (Figs. 3.24, 3.27, 3.36). Third,
the backthrust is folded and offset in the subsurface by a South-directed thrust detached in the

Kumugeliemu salt unit (well Xg2 supports this interpretation, see location in Fig. 3.46).

The northern Qiulitage anticline is characterized by a subvertical to overturned
southern limb (Li et al., 2012) and a steeply to shallowly North-dipping northern limb. It is
cored by ~3 km of salt and the forelimb is cut by a South-vergent thrust that is detached in the
Jidike Fm and extends laterally for about 30 km (Fig. 3.24). Absence of preserved
unconformities, thickness or clear dip variations in the lower part of the Kuga Fm suggest the

northern Qiulitage anticline initiated slightly latter than the southern one.
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One of the key issues of the study area concerns the presalt geometry beneath the
Qiulitage frontal structure and to what extent the geometry imaged in the seismic lines is real
or apparent due to velocity artifacts resulting from the thickened salt body. Nonetheless,
apparent thickness changes in the Mesozoic units underlying the Qiulitage frontal structure are
interpreted to be real and suggest the existence of extensional faults with displacements of
hundreds of meters. Along the studied transect, these high-angle normal faults bound a small
graben centered beneath the Qiulitage fold-and-thrust system, with one of the faults having

been inverted slightly (Figs. 3.36 and 3.46).

3.2.1.3. Northern Tarim Basin

To the South of the Qiulitage frontal structure, Mesozoic and Cenozoic units are almost
undeformed except for a regional northwards tilt and two subtle anticlines in the Cenozoic
(Fig. 3.42). The regional tilt varies between an average of 2.52 at the base of the Mesozoic and
0.52 at the base of the youngest Cenozoic unit (Xiyu Fm). The anticlines have a wavelength of
close to 10 km and limb dips lower than 52. They overlie basement anticlines that are cut by
subvertical to high-angle normal faults that also affect the Mesozoic strata. The recognition of
these basement faults underlying Cenozoic anticlines in the Tarim foreland basin (where bed
dips are very shallow and seismic data are of good quality) supports our interpretation of the

presalt geometry beneath the Qiulitage frontal structure.

3.2.2. Eastern section dpm 16

The Kuqga fold-and-thrust belt narrows progressively to the East reaching a minimum
width of 60 km across the eastern section (see Fig. 3.44). In this domain, the Kelasu fold-and-
thrust system (previously defined as the northern domain where the whole stratigraphic
sequence, from the Paleozoic to the Cenozoic, is deformed by contractional structures) keeps
the same width as in the central profile (about 50 km). The Eocene-Oligocene evaporites are
limited to the southern part of the basin (beneath the Qiulitage frontal structure) and display a
horizontal extent of less than 20 km. The southernmost basement thrust is located underneath
the foreland salt pinch-out and climbs into the Jidike Fm. In general terms, the degree of
decoupling between the Paleozoic-Mesozoic units and the Cenozoic sequence is significantly
lower in this area than in the central sections, where the Eocene-Oligocene salt is wider and

thicker.
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3.2.2.1. The Kelasu fold-and-thrust system

At surface, the northern part of the Kelasu fold-and-thrust system is formed by a
basement-involved structure (the South Tian Shan Anticline) to the North and the lateral
continuation of the Kumugelimu and Tuzimaza-Suweiyi structure (Bashijigike and lJidike

anticlines respectively, see location in Fig. 3.1) to the South (see Figs. 3.44, 3.45 and 3.46).

The South Tian Shan Anticline is almost completely covered by Holocene units across
the selected profile (dapomian-16, see location in Fig. 3.2), although it crops out few
kilometers to the East. This anticline is characterized by a subhorizontal to shallowly South-
dipping backlimb and a subvertical to overturned forelimb (Fig. 3.44). It has been interpreted
to develop in the hangingwall of an underlying basement thrust with a long flat along Triassic
units. As in the central cross section, this northern basement thrust connects southwards to a
thin-skinned thrust system whose sole thrust is represented by Triassic-Jurassic coal layers.
Nevertheless, it shows an overall geometry that significantly differs from that interpreted
across the central Kuga fold-and-thrust belt. Geometrical differences derive from lateral
variations in the stratigraphic sequence being deformed: in the eastern section, (1) the
northern boundary of the upper, Eocene-Oligocene décollement is about 25 km to the South
of the northermost Mesozoic-detached structure (conversely to the central section, where
they are overlapped; compare Figs. 3.44 and 3.46) and (2) intermediate décollements within
Jurassic-Cretaceous units, probably represented by mudstone layers, are present in the
northern part of the Kelasu fold-and-thrust system. The stratigraphic position of the
décollements has been interpreted from both the correlation of stratigraphic horizons at
surface and from well data. This interpretation is consistent with outcrop data since long
thrust flats along Triassic, Jurassic and Cretaceous units are recognized along the structures
immediately to the East of the studied profile (see Fig. 3.3). The thickness of the Mesozoic-
detached thrust sheets is controlled by the vertical distance and horizontal offset between
décollements and it varies across-strike: thrust sheet is thinner to the North (underneath the
Bashijigike Anticline), where Triassic, Jurassic and Cretaceous décollements are overlapped,
but they thicken to the South (underneath Jidike Anticline) where the only décollement are the
Triassic coals (see Fig. 3.44). The vergence of the thin-skinned thrust system also changes from
North to South: doubly vergence thrusts to the North and forward directed thrusts to the
South. The floor thrust of the thin-skinned thrust system is truncated and folded by a south-

directed basement thrust (labelled as Il in Fig. 3.44) whereas the whole system is transported
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in the hangingwall of a south-directed basement thrust underneath the Qiulitage frontal

structure (labelled as Ill in Fig. 3.44).

The Bashijigike and Jidike anticlines are the surface expression of the Mesozoic-
detached and basement-involved fold-and-thrust system in the northern Kelasu fold-and-
thrust system. The Bashijigike Anticline has been interpreted as a fault bend fold in the
hangingwall of a Mesozoic-detached, North-directed back-thrust (Figs. 3.3 and 3.44). The
Mesozoic and Cenozoic units coring this structure are affected by a fish-tail type structure
consisting on a floor back-thrust with a ramp cutting Jurassic and Cretaceous units and a roof
thrust that displays a long thrust flat along Cretaceous layers that traverses the hinge zone of
the anticline (Fig. 3.44). At surface, bedding in the backlimb is steeply to intermediately North-
dipping whereas in the forelimb, it is subvertical (Fig. 3.6A). At depth, Cenozoic units (from
Suweiyi to Kangcun Fms.) in the backlimb are thickened with respect to the forelimb. Between
the South Tian Shan anticline and the Bashijigike Anticline a narrow syncline was developed.
Mesozoic and Cenozoic units in the northern limb of this syncline are steeply south-dipping
and conformable except for an angular unconformity at the base of the Xiyu Fm (see Fig. 3.44)
whereas these units are intermediately North-dipping in the southern limb of the fold (see Fig.
3.3). To the south of the Bashijigike Anticline, the Kelasu fold-and-thrust system is
represented by the Jidike Anticline. Seismic data point out that this anticline is a fault bend
fold in the hangingwall of a Mesozoic-detached South-directed thrust with a long ramp cutting
Cenozoic materials up to Kangcun Fm. (see Fig. 3.44). The thickening of this unit in the
backlimb with respect to the forelimb allows us to determine the kinematic evolution of the
Jidike Anticline. At surface, the Jidike Anticline is an open up-right fold with both the backlimb
and the forelimb dipping shallowly towards the North and South respectively (10-202 in Fig.
3.3) that evolves towards the east to a close anticline with steeper limbs (30-402 in Figs. 3.3

and 3.7).

The Mesozoic thicknesses interpretation (constrained by well data) reveal a thickening
of the Cretaceous sequence in the hangingwall of the thrust underlying the Jidike Anticline.
This thickening suggests that this thrust is an inherited, North-dipping, Cretaceous extensional

fault that was later reactivated during the Cenozoic contraction.
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3.2.2.2. The Qiulitage fold-and-thrust system

The Qiulitage fold-and-thrust system in the eastern cross-section consists of a narrow
anticline. The main difference between the eastern and the central section is that the
Mesozoic units underlying the salt are involved in the Qiulitage frontal structure (compare

Figs. 3.44 and 3.46).

The Qiulitage frontal structre is cored at surface by Cenozoic units and its
interpretation at depth indicates that there is a small decoupling between the structures
deforming the underlying Mesozoic and the outcropping Cenozoic sequences. This decoupling
is due to the presence of evaporites in the Kumugeliemu Group that grade into detrital units
(hinterland salt pinch-out) immediately to the North of the anticline. Nevertheless, the degree
of decoupling between the Mesozoic and the Cenozoic is lower than in the central section

where the thickness and extent of the evaporites is higher (compare Figs. 3.44 and 3.46).

Cenozoic units are affected by a fish-tail structure consisting on a floor back-thrust (we
will refer to this structure as back-thrust 1, labelled as 1 in Fig. 3.44) with a long flat in the
Kumugeliemu evaporites and a roof thrust along the Jidike Fm. that branches into a triangle
zone (Fig. 3.44). A later back-thrust (back-thrust 2, labelled as 2 in in Fig. 3.44) developed in

this area, traversing and offsetting the complex previous structure.

Mesozoic units beneath the Qiulitage frontal structure are deformed by a basement
thrust (labelled as Ill in Fig. 3.44) and by a South-directed thrust detached on Triassic coals
(labelled as 3 in Fig. 3.44) that branches into the back-thrust 1 in the Cenozoic. The thickness
variations in the Mesozoic between the hangingwall and the footwall of the basement thrust IlI
point out that it is an inherited Permian-Triassic and/or Jurassic normal fault that was inverted
and southwards transported during the Cenozoic compression. Shortening in the basement
and in the Mesozoic was transferred to the Cenozoic cover units through the passive back-

thrust 2 located in the hangingwall of the inverted basement thrust Ill.

3.2.2.3. Northern Tarim Basin

To the South of the Qiulitage frontal structure, the striking difference between the
eastern and the central cross-sections is the presence of a basement uplift (compare Figs. 3.42

and 4.44). Intra-Paleozoic strata show a South-verging anticline that has a wavelength of close
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to 70 km (Fig. 3.44). This anticline is overprinted by subvertical to high-angle normal faults
affecting both the Paleozoic and the Mesozoic strata. These faults and are mostly localized
along the hinge zone and the back-limb of the basement anticline. Mesozoic units
unconformable overlay the Paleozoic anticline indicating that this basement structure was
essentially active during Paleozoic times, but internal unconformities in the Mesozoic units
suggest that there was a later, minor reactivation that took place during Mesozoic times. Slight
folding in the lower part of the Cenozoic would agree with a second, contractional reactivation

of this structure during Eocene-Miocene.

3.2.3. Western section dpm 5

The Kuga fold-and-thrust belt also narrows to the West with respect to the central
section with an extent of about 65 km across the western section (Fig. 3.49). However, there is
a basement anticline located about 20 km to the South of the Qiulitage frontal structure
deforming the whole stratigraphic sequence. In map view, this structure correlates with three
doubly-plunging anticlines that laterally relay and disappear to the East (Fig. 3.1). In this
section, Eocene-Oligocene evaporites display their maximum horizontal extent in the Kuqa
fold-and-thrust belt (around 60 km). For this reason, the decoupling between the Paleozoic-
Mesozoic units and the Cenozoic sequence is significantly higher in this area than in the

eastern section (compare Figs. 3.49 and 3.44).

3.2.3.1. The Kelasu fold-and-thrust system

The Kelasu fold-and-thrust system is narrower in the western section (~35 km) than
across the central and eastern sections. It consists of basement-involved structures decoupled
from the overlying Cenozoic units located in the northern limb of the Baicheng Syncline (Fig.
3.49). Conversely to the central and eastern cross sections, the contribution of Mesozoic-
detached thrusts in the structure of the Kelasu fold-and-thrust system is negligible and limited

to the presence of local thrust flats along Triassic-Jurassic coal layers.

The northernmost structure is a fault-related basement-involved anticline (South Tian
Shan anticline) whose forelimb is steeply South-dipping to overturned (Fig. 3.49). Few
kilometers to the West of the presented profile, Jurassic units are covered by an incomplete
Cretaceous sequence that is unconformably overlain by a lower, thin detrital unit (Eocene in

age) and a thick, upper evaporitic unit (they both are coeval to the Kumugeliemu Group in the
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central Kuga fold-and-thrust belt). This unconformity is analogous to the low angle
unconformity recognized at the base of the Kumugeliemu Group along the southern limb of
the South Tian Shan anticline in the central cross section (Figs. 3.10 and 3.46). The South Tian
Shan anticline grew during the Cenozoic as indicated by the presence of unconformities at the

base of the Kumugeliemu Group and in the base of Xiyu Fm. (Fig. 3.49).

The southern limb of the South Tian Shan Anticline is traversed at depth by a basement
thrust (resulting from the inversion of a Mesozoic normal fault) that branches southwards with
a short-cut structurally analogous to the Tuzimaza Thrust (see Figs. 3.47, 3.48 and 3.49).
Conversely to the central section, this structure is characterized by: (i) a thrust ramp in the
Mesozoic sequence (no thrust flat was developed in the Cretaceous, as observed in the central
section Fig. 3.46) and (ii) a north-directed passive back-thrust in the Eocene-Oligocene
evaporites (instead of the south-directed thrust recognized in the central section Fig. 3.46).
Considering the geometry of this structure in both the central and the western sections, the
Tuzimaza Thrust would laterally change from a south-verging thrust to a north-directed back-
thrust, probably due to the lateral variation in the presalt structure that conditioned the

distribution and thickness of syntectonic units.

The overlying layers are affected by an open syncline (the Baicheng Syncline) that is 40
km wide and hosts about 8 km of Cenozoic sedimentary units in its hinge zone (similarly to the
central cross section). The northern limb of the syncline was probably, passively thrusted onto
the frontal limb of the underlying thrust stack (Fig. 3.49). Salt in the frontal limb of the
basement stack was likely to migrate both laterally and southwards (several diapirs are
recognized to the East, West and South and up to 1000 m of salt are still preserved in the hinge
zone of the Baicheng Syncline in the central cross section, Fig. 3.46) since it is almost absent at

present.

3.2.3.2. The Qiulitage fold-and-thrust system

To the South of the Kelasu fold-and-thrust system, two main salt-detached structures
crop out. The northern one (the Quele Salt Sheet, Figs. 3.32 and 3.49) overlies basement faults
cutting Jurassic and Cretaceous units, whereas the southern one (the Qiulitage frontal
structure, Fig. 3.49) overlies flat-lying Mesozoic units displaying a regional tilt of 22 towards

the North.
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The Quele Salt Sheet is a South-directed thrust featuring important salt extrusions
along its hangingwall (Fig. 3.32). It accommodates a total, minimum displacement of about 18
km and is detached along the Kumugeliemu salt although it probably involves evaporites from
the overlying unit (the Suweiyi Fm). Bedding in the hangingwall of the thrust dips
intermediately to the North. A south-verging fault-bend anticline was formed in the footwall of
the Quele thrust, slightly deforming beds in the hangingwall (Fig. 3.49). It is related to a south-
directed thrust characterized by a low angle ramp in the upper part of the Mesozoic sequence

and the lower part of the Cenozoic.

The Qiulitage frontal structure is an E-W-striking and South-verging detachment
anticline (that laterally branches to the southern Qiulitage anticline described in the central
section Figs. 3.46) cored by about 2 km of the Kumugeliemu salt units. It is a gentle anticline
characterized by a northern limb dipping 20 to 052 N and by a southern limb dipping 30 to 102
S (Fig. 3.49). This anticline is cut by a South-directed thrust showing a displacement of about
1000 m.

The kinematic evolution of salt-detached structures in both the western and the
central section is quite similar. In the western section, bedding in the backlimb of the Qiulitage
frontal structure is cut by the Quele thrust suggesting that the southern structure began to
grow before than the northern one (Fig. 3.49). In the same way, in the central section, the

southern Qiulitage anticline was developed earlier than the northern one (Fig. 3.46).

Mezozoic units underlying the Qiulitage have been interpreted based on: (i) the E-W
seismic line dapomian-23 and (ii) the Nw1 well located about 20 km to the West of line
dapomian-5 (Fig. 3.50). The Nw1 well found the Kumugeliemu unit directly overlying Permian
units, with the top of the Permian at 4549 m. in depth. This well has been projected to seismic
line dapomian-23 (Fig. 3.50) that images a progressively deepening of the top of the Paleozoic
to the east: in the western part of the line, the Cenozoic unconformably overlies the Paleozoic
units whereas to the east, the sequence between the base of the salt and the top of the
basement thickens, likely related to the presence of Permian and Mesozoic units. These
Mesozoic units are cut by wells along dapomian-5 (see wells Ql4 and Bz1 in Fig. 3.49 that
found Cretaceous units beneath the Kumugeliemu salt). Furthermore, dapomian-23 also
images the location of the salt pinch-out in the western margin of the Kuga fold-and-thrust
belt: salt is absent to the West although it thickens progressively to the East reaching about

2000 m of vertical thickness at the intersection with seismic line dapomian-05 (Fig. 3.50).
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Based on these observations, we have interpreted a Mesozoic sequence with
maximum thickness of 1700 m beneath the salt-detached structures (Fig. 3.49). Mesozoic units
are almost undeformed beneath the Qiulitage frontal structure although they are folded and
faulted beneath the Quele Salt Sheet. On the one hand, a north-verging fault-bend anticline is
deforming the Mesozoic beneath the footwall of the Quele thrust, probably related to a North-
directed basement back-thrust (Fig. 3.49). On the other hand, a wide, symmetric, basement
anticline is recognized beneath the hangingwall, the hinge of the anticline beneath the hinge
of the Baicheng Syncline (Fig. 3.49). In this structure, the Bashijigike Fm. unconformably
overlies older Cretaceous units indicating there was a pre-Bashijigike basement uplift that (i)
would laterally connect to the one cut by the Nwl well to the West and (ii) might be
reinterpreted as with a slightly thinner although still present Mesozoic sequence.

Dpm-3 Dpm-5
(km) pm pm

Base of Suweiyi Fm. Base of Bashijikiqe Fm. Base of Jurassic-Triassic

Base of Kumugeliemu Group - Base of Cretaceous —— Base of Permian
FIGURE 3.50. Seismic line dapomian-23 (see location in Fig. 3.2). To the West (dapomian-3;
see location in Fig. 3.2), Cenozoic units overlie the Paleozoic basement, to the East
(dapomian-5; see location in Fig. 3.2), two tapered units between the top of the basement
and the base of the detrital Cenozoic are imaged: an upper one, coinciding with the Eocene-
Oligocene salt, and a lower one, probably corresponding to the Mesozoic (we depicted the
base of Jurassic, base of Cretaceous and base of Bashijikige horizons on their position at the
intersection between dapomian-23 and dapomian-5). Cretaceous and Triassic units have been
cut by wells to the South of dapomian-3 (well SI2; see location in Fig. 3.2).

3.2.3.3. Northern Tarim Basin

To the South of the Qiulitage frontal structure, Mesozoic and Cenozoic units are almost
undeformed except for a subtle North-verging Paleozoic anticline probably developed in the
hangingwall of a basement thrust (Fig. 3.49). This thrust was active during Late Mesozoic: the
Bashijigike Fm. unconformably overlies older Mesozoic units in the hinge zone and in the

northern limb of the basement anticline. Deformation in the Cenozoic sequences is decoupled
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due to the presence of a thin, interbedded evaporitic unit (Kumugeliemu Group). Shortening
was transferred to the Cenozoic through a series of South-directed thrusts that cut Suweiyi,
Jidike and the lower part of the Kangcun Fm. The overlain units are constant-thickness except
for the Kuga Fm. that thins towards the hinge of the basement anticline indicating a second
and late thrusting event that could laterally correlate to the slightly inverted faults found
beneath the Qiulitage frontal structure across the central cross section (Fig. 3.46). Fault
inversion during the Cenozoic is higher and probably earlier across the western profile and

minor and later across the central one.

3.3. RESTORATIONS

We have carried out a sequential, palinspastic restoration of the eastern, central and
western sections (Figs. 3.51, 3.52 and 3.53 respectively) using a pin line to the South of the
Qiulitage frontal structure, as deformation southwards of this line can be considered
negligible. For each depicted time, the restoration was done in two steps: (1) unfaulting and
unfolding of the selected horizon to the regional stratigraphic level (marked by the shallow
northwards dipping horizons in the Tarim foreland basin) and (2) back-tilting of this regional
level to the horizontal assuming a rotation axis at the southern edge of our cross sections.
Most of the regional northwards tilt in the Cenozoic units of the Tarim basin probably results

from the flexure produced by tectonic loading in the axial zone of the Tian Shan orogen.

Stepwise restorations of the sections indicate a total shortening ranging from 24 km to
the East to 30.5 km to the West (29 km in the central part) that was mostly accommodated
from Late Cretaceous to Pleistocene times. These values are higher than previously published
values for the Kuqa fold-and-thrust belt (22-23 km of total shortening from the early Miocene
to the present-day in both the central and western parts, Li et al.,, 2012; 12 km of total
shortening from late Oligocene to present-day in the eastern part, 16 km to 19 km in the
central part, and 26 km in the western part, Wang et al., 2011) in part because they take into
account a wider time span. Sequential restorations (Figs. 3.51, 3.52 and 3.53) present a
complete picture of the evolving geometry of supra- and presalt units and their interplay
through time. From them, two main stages can be differentiated in the kinematic development
of the Kuga fold-and-thrust belt: a first stage accommodating earlier (Late Cretaceous—early
Miocene), relatively minor shortening and a later stage (late Miocene to Present) that was
characterized by higher shortening rates (more than 80% of the total shortening occurred

during this second stage).
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FIGURE 3.51. Sequential restoration of the regional cross section (based on seismic profile dapomian-16) across the eastern Kuqa fold-and-thrust belt.
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FIGURE 3.53. Sequential restoration of the regional cross section (based on seismic profile dapomian-5) across the western Kuga fold-and-thrust belt.
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3.3.1. Central section restoration

During the first stage (coeval to the sedimentation of the Kumugeliemu Group and the
Suweiyi and Jidike Fms.; Fig. 3.52a-c), deformation was mainly localized in the northern part of
the cross section: the South Tian Shan Fault was reactivated as a basement-involved reverse
fault that transitioned to thin-skinned, Mesozoic-detached thrusting. The geometry of Eocene-
Miocene units in the southern limb of the South Tian Shan Anticline (i.e., gradual northwards
thinning without significant angular unconformities; Fig. 3.10) suggests low vertical-uplift rates
for this structure during this stage, accordingly to the low angle thrust ramp and the shallow
thrust flat we interpreted. Thin-skinned thrusts likely developed in a piggy-back sequence in
the Kelasu fold and thrust system while coeval extensional faulting took place in the foreland
located beneath the Qiulitage frontal structure. The coexistence of extensional southern
structures and contractional northern ones is interpreted to represent local extension in the
Eocene-Oligocene foreland-basin forebulge, as observed in many foreland basins elsewhere
(see Tavani et al., 2015 for a compilation). The assembly of structures that were active during
the Eocene to early Oligocene produced an early basin topography that strongly influenced the
spatial and thickness distribution of the syn-orogenic salt units of the Kumugeliemu Group (Fig.
3.52b): to the north, the hinterland salt pinch-out was located slightly southwards of the South
Tian Shan anticline and it was deformed early by subsalt thrusting; to the south, the location of
the foreland salt pinch-out was controlled by the position of the forebulge. Extensional faulting
in the latter domain created a locally higher accommodation space that favored the
sedimentation of thicker evaporitic sequences in the area presently located beneath the

Qiulitage frontal structure.

Incipient postsalt deformation commenced during early Miocene times (Fig. 3.52c).
This was localized close to the hinterland salt pinch-out and consisted of two open salt-cored
anticlines (the Kumugeliemu Anticline and the Tuzimaza Thrust to the north and south,
respectively) underlain by Mesozoic-detached thrusts. The presence of mobile evaporites
resulted in decoupling between folds in pre- and suprasalt units, with the hinges of salt-cored
folds located slightly to the south of those of presalt folds. In the southern (Tuzimaza Thrust)
anticline, subsalt shortening was partly transferred to suprasalt units through the development
of a backthrust along the Kumugeliemu Group and a duplex system deforming the overlying

Suweiyi and Jidike Fms.
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The second contractional stage (late Miocene to present; Fig. 3.52d-e) was coeval with
sedimentation of the Kangcun, Kuga and Xiyu Fms. During this stage, Mesozoic-detached
thrusts propagated southwards and were subsequently cut by basement-involved faults Il and
Il (see numbering in Fig. 3.38). In addition, basement underthrusting took place in the
northern part of the Kelasu fold-and-thrust system, producing a pronounced forward rotation
of the southern limb of the South Tian Shan anticline that was recorded by angular
unconformities in the upper Pliocene-Pleistocene units. Presalt deformation in the Kelasu fold-
and-thrust system (thrusting into the salt from below) promoted salt evacuation and local
welding. In turn, welding (i) favored more coupled deformation and (ii) hindered the
southwards transfer of presalt shortening, activating out-of-sequence suprasalt thrusting
farther hinterland. Consequently, the Tuzimaza Thrust formed, cutting the previously
developed anticline and likely reactivating the hinterland detrital/salt facies transition in the

Kumugeliemu Group.

Late thrusting in the northern Kelasu fold-and-thrust system was coeval with the
development of the Qiulitage frontal structure (Fig. 3.52). The southern Qiulitage anticline,
located over the foreland pinch-out of the salt, initiated during late Miocene - early Pliocene
times. We suggest it initially formed an open detachment fold (Fig. 3.52d) whose limbs
progressively steepened during increasing shortening and syntectonic sedimentation (Figs.
3.52d, 3.52e). Fig. 3.52e also shows the incipient development of a fore- and backthrust pair
(fishtail thrust) detached in the Kumugeliemu salt and the gypsum and shales of the Jidike Fm
(Fig. 3.36). The backthrust was then offset by a larger forethrust and rotated to near-vertical
to overturned (Fig. 3.27A) during fold tightening. The timing of backthrusting was probably
registered by the angular unconformity on the southern limb of the south Qiulitage anticline,
in the lower part of the Kuga Fm (Fig. 3.27B). The northern Qiulitage anticline began to
develop later but shares a common kinematic evolution, with early detachment folding and
subsequent thrusting along the Jidike Fm. In late deformation stages, the whole Qiulitage fold-
and-thrust system (i.e., the earlier southern anticline, the later northern anticline and the
intervening syncline) was uplifted above the regional stratigraphic level. This late folding was
probably due to a combination of two processes: (i) late inversion of the main basement
normal faults that underlie the Qiulitage frontal structure and (ii) salt inflation generated by

salt flow from beneath the Baicheng Syncline.

The distribution and thickness of syntectonic strata in the Baicheng Syncline was

influenced by salt evacuation in addition to orogenic shortening. Basement-involved thrusting
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gave rise to a progressive southward migration of depocenters through time (Fig. 3.46).
Tectonic loading in the footwall of basement fault || generated an upper Miocene-Pliocene
depocenter 5 km to the South of the Tuzimaza Thrust (Fig. 3.52). The accumulation of a thicker
Cenozoic sequence at this part of the cross section was possibly accommodated in part by salt
withdrawal from the basin axis towards peripheral areas, leading to the thick salt
accumulations recognized by Li et al. (2012) in the footwall of the Tuzimaza Thrust, few
kilometers to the East of the studied section. Whether any salt moved from the area of the

cross section into the growing diapir located 10 km to the West is unknown.

The main depocenter shifted about 15 km to the south during late Pliocene times due
to late reactivation along basement fault Il (see Fig. 3.52) and subsequent thrusting along
basement fault Il (see Figs. 3.38 and 3.52), beneath the northern limb of the Baicheng

Syncline.

3.3.2. Eastern section restoration

During the early contractional stage (coeval to the sedimentation of the Suweiyi and
Jidike Fms.; Fig. 3.51a-b), deformation was mainly localized in the northern part of the cross
section. The South Tian Shan Fault (basement thrust |, see numbering in Fig. 3.51) reactivated
as a basement thrust that transferred shortening forwards to a thin-skinned, Mesozoic-
detached thrust system. This thin-skinned thrust system detached along Triassic and Jurassic
weak units that, as suggested in Fig. 3.51, were disrupted by previous extensional faults. Their
lateral termination promoted the development of complex geometries consisting on abundant
back-thrusts, reactivated normal faults (thrust 1 in Fig. 3.51b) and fish-tail structures that

connected Triassic, Jurassic and Cretaceous decollements (Fig. 3.51b)

Contractional deformation in the northern part of the Tarim Basin and the axial zone of
the Tian Shan produced a foreland flexure and the development of a prominent forebulge area
(Fig. 3.51) in the central part of the eastern section that probably controlled the locus of the
foreland salt pinch-out in the Kumugeliemu Group (Fig. 3.51a). In contrast with the central
section, the presence of salt in the eastern Kuga domain is more limited: to the north, the
hinterland salt pinch-out is located at about 45 km from the south Tian Shan Fault (Fig. 3.51a);
to the south, the location of the foreland salt pinch-out can be found immediately to the north
of the forebulge. Incipient postsalt deformation commenced during early Miocene times (Fig.

3.51b). This was localized on the forelimb of the South Tian Shan anticline and consisted of (i)
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an up-right fault bend fold developed in the hangingwall of the North-directed back-thrust 2
(Fig. 3.51b) and (ii) a drag fold developed in the hangingwall of the reactivated South-directed
thrust 1 (Fig. 3.51b).

The second contractional stage (late Miocene to present; Fig. 3.51c-d) was coeval with
the sedimentation of the Kangcun, Kuga and Xiyu Fms. During this stage, Mesozoic-detached
thrusts propagated southward (numbers 1 and 3 in Fig. 3.51c) and were subsequently cut by
reactivated basement-involved faults (Il and Ill in Fig. 3.51c). Coeval to that, the thrust cutting
the hinge zone of the Bashijigike Anticline (4 in Fig. 3.51c) developed. In addition, continued
thrusting along basement thrust | (or basement underthrusting, as depicted in the central
cross section) produced a pronounced uplift in the northern outcrops and forward rotation of
the southern limb of the South Tian Shan Anticline that was recorded by angular

unconformities in the upper Pliocene-Pleistocene units (Fig. 3.51d).

The Qiulitage frontal structure developed over the hinterland pinch-out of the salt (Fig.
3.51c¢) during the second contractional stage. We suggest it was initially formed as a fore- and
backthrust pair (fishtail structure) detached in the Kumugeliemu salt and the gypsum and
shales of the Jidike Fm (number 5 in Fig. 3.51c) when Mesozoic-detached thrust 3 or basement
fault 1l transferred deformation to the Cenozoic units. Underneath the Mesozoic units
deformation was centered on the reactivation of basement-involved thrust Il producing a fault
bend fold (Jidike Anticline in Fig. 3.51c). During Pliocene and Pleistocene times, the Qiulitage
frontal structure continued to grow accommodating the shortening that was transferred from
pre-salt structures. Consequently, a tight anticline was formed in the Cenozoic units,
subsequently cut through the hinge zone by a backthrust detached over the foreland salt

pinch-out (number 6 in Fig. 3.51d) and probably connected at depth to basement thrust IIl.

Compared to the central cross section, the presence of salt in the eastern section is
reduced, therefore, the coupling increases and thick-skinned deformation predominates. In
the central section the basement thrust Il transferred deformation southwards through the
salt, whereas in the eastern section it cut Mesozoic and Cenozoic units and previous Mesozoic-
detached thrusts. This generated an uplift in relation to this structure (Jidike Anticline in Fig.
3.51d) that reduced the accommodation space. This, together with the fact that the Qiulitage
frontal structure displays an arcuate shape in map view, and changes from a thrust to a
backtrust from central to eastern sections cause that the Baicheng Syncline is narrower and

thinner in this section.
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3.3.3. Western section restoration

During the first shortening stage (coeval to the sedimentation of the Suweiyi and Jidike
Fms.; Fig. 3.53a-b), shortening was mainly accommodated by the South Tian fault (basement-
involved thrust I, see numbering in Fig. 3.53) that cut the Mesozoic units and transferred
deformation to the Kumugeliemu salt. At this stage, our restoration suggests the development
of two incipient backthrusts detached on the Suweiyi Fm. to the north (Fig. 3.53b) whereas
minor, incipient folding could take place to the south, over the central part of the salt above its

foreland pinch out (south-directed thrusts 2 and 3 in Fig. 3.53b).

This difference in the distribution of early, supra-salt deformation between this and
the previously described sections is strongly related with the spatial distribution of the
synorogenic salt units of the Kumugeliemu Group (Fig. 3.53b). The assembly of structures that
were active during the Eocene to early Oligocene produced an early basin topography that
allowed the deposition of the salt in a wider area than in the eastern and central sections: the
hinterland pinch out of the salt was probably located to the north of the cross section
boundary (salt units crop out at surface in the southern limb of the South Tian Shan Anticline)
whereas the foreland salt pinch-out was controlled by the position of the forebulge. The wider
depositional area of the salt in the West might result from the effect of the increasing
westwards shortening in the inner zone of the Tian Shan, leading to a stronger flexure in its

western foreland basin at the time salt was deposited.

During Late Miocene (coeval to the sedimentation of the Kangcun Fm; Fig. 3.53c-d)
shortening in the basement and Mesozoic units was accommodated by the south Tian Shan
structure and the reactivated basement-involved thrust Il (see numbering in Fig. 3.53).
Consequently, a fault bend fold was developed in the hangingwall of the thrust Il. In the supra-
salt units, additional shortening was basically transferred to the pre-existing structures (1, 2,

and 3 in Fig. 3.53c-d).

Shortening mainly took place during Pliocene to the present day, coevally to
sedimentation of the Kuga and Xiyu Fms (Fig. 3.53d). During this stage, in the Kelasu fold-and-
thrust system, the basement thrust | connects southwards with a short-cut and with a north-
directed back-thrust (4 and 5 respectively in Fig. 3.53d). These structures produced

respectively a pronounced forward rotation of the southern limb of the Tian Shan anticline,
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and a backward rotation of the northern limb of the Baicheng Syncline that were recorded by

an angular unconformity at the base of the Xiyu Fm.

Late thrusting in the northern Kelasu fold-and-thrust system was coeval with the
development of the Qiulitage frontal structure (Fig. 3.53d). The Qiulitage frontal structure was
located between the Quele Salt Sheet and the foreland pinch-out of the salt, it was initiated
during Late Miocene as a detachment fold and its growth was probably due to salt flow from
beneath the Baicheng Syncline. Furthermore, the forelimb of the Qiulitage frontal structure
was cut by a South-directed thrust detached in the Kumugeliemu salt (6 in Fig. 3.53d). To the
North of the Qiulitage frontal structre backlimb, the Quele thrust (7 in Fig. 3.53d) cut all the
Cenozoic units. This South-directed thrust may developed on a primary weld that was probably
caused by combination of two processes: (i) syn-kinematic sedimentation and (ii) salt flow

towards the South to the Qiulitage frontal structure.

The kinematic evolution of the Baicheng Syncline was determined by salt evacuation in
addition to orogenic shortening. As in the central section, basement-involved thrusting gave
rise to a progressive southward migration of depocenters through time. During Pliocene and
Pleistocene times (coeval to sedimentation of Kuga and Xiyu Fms.), the depocenter shifted

southwards over the fault bend of the Quele thrust.

3.4. REGIONAL MAPS

From the regional cross-sections presented in section 3.2 and the additional seismic
information shown in Fig. 3.2, we have created regional maps indicating the correlation
between basement features and the distribution of the two main décollements in the study
area (Fig. 3.54A): the upper décollement corresponding to the lower Eocene-Oligocene salt,
and the lower décollement located in the Upper Triassic-Lower Jurassic lacustrine mudstones

and coals (Jia et al., 1998; Shuwei et al., 2010; Li et al., 2012; Ping et al., 2016) (Fig. 3.54B).

These two décollements have a different areal distribution. The Eocene-Oligocene salt
shows a complex distribution (Fig. 3.55A) with a linear ENE-trending southern boundary and
an E-trending northern boundary that, in the East, is suddenly shifted to the south by the
expansion of lateral equivalent alluvial fans and lacustrine deltas causing a dramatic narrowing
of the Kumugeliemu salt (Liu et al., 2008). The Upper Triassic-Lower Jurassic décollement is

restricted to the Kelasu fold-and-thrust system and, in general terms, dies out to the western
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Kuga fold-and-thrust belt. Location of its northern and southern boundaries has been defined
from the areal distribution of the thin-skinned, Mesozoic-detached thrusts: they are E-W-
trending and the southernmost thrusts run broadly parallel to the trace of the Baicheng

Syncline (Fig. 3.55B).

Triassic-Jurassic detached thrusts are abundant in the eastern and central domain of
the Kuga fold-and-thrust belt, but these thin-skinned structures disappear to the West. This
along-strike structural variation is probably related to the lateral termination of the lower
decollement or the diminution of its effectiveness as a décollement towards the west
(Izquierdo-Llavall et al., 2018) (Fig. 3.55B). A decrease of the thickness of the coals and
lacustrine mudstones (Li et al., 2004) or/and an increase of the maturation of the organic

layers (Zhao et al., 2005) may explain this lateral variation.
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FIGURE 3.54. A: Structural map of the Kuga fold-and-thrust belt showing the distribution of
the Eocene-Oligocne and Upper Triassic-Lower Jurassic décollements. B: Central-section I-I’
through the central Kuqga fold-and-thrust belt (see location in Fig. 3.33A) with the location of
the décollements and related pinch-outs.

109



Chapter 3. Structure of the kuga fold-and-thrust belt

When the distribution of salt-detached structures (salt-cored anticlines and thrusts
detached into this décollement) is compared to the distribution in map view of the Eocene-
Oligocene salt, we observe that these structures are mainly concentrated on the salt
boundaries, although they are also distributed throughout the inner part of the salt (Fig.
3.55A). However, regarding the thin-skinned thrust system detached in the lower décollement,
thrusts are distributed throughout the décollement and show an approximately constant
spacing. The number of trusts is higher in the central domain where the spacing among them is
lower but decreases progressively to the East where the spacing among them is higher (Fig.
3.55B). The spacing increase results from the thickness increase in the stratigraphic sequence

these thrusts deform.

Mesozoic-detached thrusts run approximately parallel to the strike inferred for the
boundaries of the lower décollement. They are subparallel to salt-detached structures that are
in turn sub-parallel to salt boundaries in the East but become oblique to the West, in the area
where the salt pinch-out is shifted Southwards. At the western termination of the salt, they are

at an angle of about 502 regarding the salt boundary (Fig. 3.55C).

Furthermore, the main basement structures in the different cross sections have been
tentatively correlated throughout the study area. In general terms and based on the previously
mentioned Mesozoic thickness variations in relation to basement faults, the basement thrust
system mainly consists of previous (Mesozoic and/or Early Cenozoic) extensional faults that
were partly or totally inverted during the Cenozoic compression. The basement-thrust system
widens to the West and shows a tight correlation with the areal distribution of the Eocene-

Oligocene upper décollement (Fig. 3.55C).
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3.5. KUQA FOLD-AND-THRUST BELT STRUCTURAL DISCUSSIONS

The sequentially restored cross sections emphasize that there are three primary
factors controlling the geometry and kinematic evolution of the Kuga fold-and-thrust belt: (1)
the distribution of the two décollements within the Mesozoic-Cenozoic stratigraphic sequence
(i.e., the Upper Triassic — Lower Jurassic shales and coal layers and the Eocene-Oligocene salt),
(2) the syntectonic sedimentation, whose rate changed through time (as shortening rates also
do) and (3) the reactivation of pre-contractional, inherited structures. The relative contribution
and feedback between these factors is of key importance to the understanding of thrust

systems that involve multiple décollements and variable syntectonic sedimentation rates.

3.5.1. Syntectonic sedimentation rates

Considering (i) the calculated shortening values in Figs. 3.51, 3.52 and 3.53 (ii) the
stratigraphic thicknesses of Cenozoic units in depocenters and (iii) the magnetostratigraphic
ages (given by Zhang et al. (2015) and Zhang et al. (2016) for two profiles located about 30 km
to the east of the central section, and by Charreau et al. (2006), Huang et al. (2006) and Sun et
al. (2006) for additional magnetostratigraphic sections located about 30 km to the east of the
eastern section), a clear distinction can be made between: an earlier contractional stage in the
Kuga fold-and-thrust belt (from top Cretaceous to early Miocene) that was dominated by
lower shortening and sedimentation rates, and a later period (spanning the late Miocene to

Pleistocene) characterized by higher rates of both processes (Fig. 3.56).

In the central section, the earlier stage had an average shortening velocity of about 0.2
mm/year and sediment-accumulation rates of 0.06 to 0.1 mm/year (Fig. 3.56A). However, the
later stage was characterized by shortening rates of 1.5 and 3.2 mm/year and sediment-
accumulation rates of 0.5 and 1 mm/year during the sedimentation of the Kangcun and the

Kuga and Xiyu Fms., respectively (Fig. 3.56A).

In the eastern section, the earlier stage had an average shortening velocity of about
0.04 mm/year and sediment-accumulation rates of 0.05 to 0.06 mm/year (Fig. 3.56B). In
contrast, the later stage was characterized by shortening rates of 2 and 2.4 mm/year and a
constant sediment-accumulation rate of 0.6 mm/year during the sedimentation of Kangcun,

Kuga and Xiyu Fms. (Fig. 3.56B).
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In the western section, the earlier stage had an average shortening velocity of about
0.05 mm/year and sediment-accumulation rates of 0.09 to 0.07 mm/year (Fig. 3.56C).
However, the later stage was characterized by shortening rates of 0.5 and 4.9 mm/year and
sediment-accumulation rates of 0.2 to 0.6 mm/year during the sedimentation of the Kangcun
Fm. and the Kuga and Xiyu Fms., respectively (Fig. 3.56C).The obtained shortening velocities
are in the range of previous values calculated for the central, western (Li et al., 2012) and
eastern (Wang et al., 2011) Kuqga fold-and-thrust belt. If shortening rate values are compared
along-strike, a westwards increase could be defined during the sedimentation of the Kuga and
Xiyu Formations. Nevertheless, this rate, would be lower and westwards decreasing during the
sedimentation of the Kangcun Fm, accordingly with an eastward decrease in sediment-

accumulation rates during this period.

The syntectonic sediment-accumulation rates are consistent with the values derived
from magnetostratigraphic profiles for the Eocene-early Miocene period (average of 0.07
mm/year in the eastern continuation of the Kumugeliemu anticline, Huang et al., 2006;
compare with Fig. 3.56) but double or quadruple the rates calculated in growing structures
during the late Miocene-Pleistocene (0.23 mm/year in the eastern Kelasu, Huang et al., 2006;

0.5 mm/year in the eastern Qiulitage, Charreau et al., 2006; compare with Figs. 3.56A and B).

In general terms, magnetostratigraphic profiles indicate a sudden increase in
syntectonic sediment-accumulation rates during late Miocene (at 11 Ma in Charreau et al,,
2006; 7 Ma in Huang et al., 2006) that is consistent with the increase in the shortening rate
derived from the sequential restorations. The calculated syntectonic sediment-accumulation
rates are comparable to those defined in other fold-and-thrust belts: the lower rates (Eocene-
early Miocene) are similar to those in the Jura Mountains (Mugnier and Vialon, 1986) or the
Canadian Rockies (Ollerenshaw, 1978) whereas the higher velocities (late Miocene-
Pleistocene) are analogous to those registered in the Sub-Andean (Baby et al., 1995) or Taiwan

fold-and-thrust systems (Suppe, 1980).
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3.5.1.1. Early shortening under low syntectonic sedimentation rates

Interpretation of presalt deformation allowed us to expand the time period over which
palinspastic restorations were carried out and thus enabled the characterization of early
deformation geometries (Late Cretaceous to early Miocene) which are not considered in
previous studies. Many authors (Hubert-Ferrari et al.,, 2007; Li et al., 2012; Tang et al., 2004;
Wang et al.,, 2011) proposed that the onset of contraction took place by the end of the
Pliocene or the early Miocene, whereas we document shortening as early as the Cretaceous

(Fig. 3.52a). Early shortening stages are better explored in the central cross section where the

114



Salt tectonics in contractional fold belts, the Kuga foreland basin and thrust belt case (Tarim basin, China)

proposed restoration attains the top of the Cretaceous sequence (whereas the top of the

Suweiyi Fm is the last restored horizon in the eastern and western sections).

During this early deformation stage, shortening in the central section, and to a lesser
extent in the eastern one, was transferred to a thin-skinned thrust system detached in Triassic-
Jurassic coal layers through a basement-involved thrust (the southern Tian Shan fault; Fig.
3.52b, ¢ and Fig. 3.51a, b). Conversely in the western section, Triassic/Jurassic units did not
behave as an effective décollement and basement shortening accommodated by the South

Tian Shan Fault was instead transferred to the Eocene-Oligocene salt (Fig. 3.53a, b).

Early thin-skinned thrusting in the presalt sequence was balanced by the development
of decoupled, salt-cored anticlines in the northern part of the central section (Kumugeliemu
Anticline and Tuzimaza Thrust; Fig. 3.52c). The Kuga fold-and-thrust belt grew as a wide thrust
wedge, characterized by a low taper that was formed by numerous, closely-spaced structures
displaying variable wavelengths beneath the salt but two longer-wavelength folds above the
salt. It developed in a piggyback thrust sequence with both the upper and lower décollements
being active, with partly decoupled deformation above and below the shallow salt

detachment.

In the eastern section, thin-skinned, Mesozoic-detached thrusting is focused in two
minor structures where the Bashijigike and Jidike anticlines later developed (Fig. 3.51b). Early
deformation in the Mesozoic and Cenozoic sequence is coupled and disconnected to the
Kumugeliemu salt whose hinterland pinch-out is located few kilometers to the south of the
Early Miocene deformation front. In addition to the presence/absence of salt, the geometry of
the thin-skinned thrust system is controlled by areal distribution of the lower décollement. It is
quite continuous in the central section, but it is disrupted, cut by extensional faults in the
eastern section. As a result, the Kuqga fold-and-thrust belt during this stage was probably
narrower in the East, the taper angle being lower than in the central section. On the contrary,
the extension of the salt in the western section is the maximum in the Kuga fold-and-thrust
belt. Deformation was distributed from the northern part of the section to the foreland pinch
out of the Kumugeliemu salt developing several incipient structures the southernmost located
in the foreland pinch out of the salt (Fig. 3.53b). Consequently, the western Kuga fold-and-

thrust belt grew as a wide thrust wedge with a low taper angle.
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These initial geometries resulted from the distribution of weak décollements that,
under low sedimentation rates, efficiently propagated shortening towards the foreland and
enabled the growth of the fold and thrust system through frontal accretion. The key role of
syntectonic sedimentation on this process has been tested using both analogue (Duerto and
McClay, 2009; Mugnier et al., 1997; Storti and McClay, 1995) and numerical modelling
techniques (Fillon et al.,, 2013). Models show that lower sedimentation rates promote (i) a
quicker propagation of thrusts towards the foreland and (ii) the development of thrust systems
consisting of a higher number of shorter-lived structures, as we propose for the initial
deformation stages in the presalt of the central Kuga fold-and-thrust belt. Similar deformation
styles are found in other thrust systems formed during low sedimentation rates such as the
Canadian Rockies (Ollerenshaw, 1978), where folds and thrusts are numerous, have short

wavelengths and developed with a consistent spacing.

The sequential restorations (Fig. 3.52b, c) suggest the salt-detached structures in the
central section were initially located above coal-detached thrusts, with the hinges of supra-
and presalt folds being slightly shifted. This structural style is common in contractional
scenarios where salt thicknesses are comparable to those of the overlying suprasalt units (such
as the Zagros (Fard et al., 2011) and can be simulated in sand-silicone analogue models (see
chapter 4). The geometries result from a combination of disharmonic folding and salt flow
from above the hinges of presalt anticlines towards the cores of suprasalt anticlines, the latter
locally evolving to thrusted folds and diapirs (Fard et al., 2011). This mechanism could have
played an important role in the formation of the Tuzimaza Thrust (Fig. 3.52), where salt flow
from above the hinge zone of underlying presalt anticlines led to local salt welding and the

activation of thrusting.

Early contractional deformation in the northern Kuga fold-and-thrust belt was coeval
to extensional faulting to the south in the forebulge. This controlled the location of the frontal
Kumugeliemu salt pinch-out and created, in the central cross section, accommodation for
locally thicker salt (Figs. 3.51a, 3.52c, and 3.53b). In turn, the location of the salt pinch-out
controlled the locus of salt-detached structures formed during ongoing shortening (late

Miocene to Pleistocene, see comments in the following section).
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3.5.1.2. Later contractional stage under accelerated shortening

The increase in the syntectonic sedimentation rate during the Miocene (Fig. 3.56) was
coincident with a change in the deformation style of the Kuga fold-and-thrust belt, with
basement-involved, thick-skinned thrusting dominating over thin-skinned thrusting along
Jurassic coals and shales. Total shortening increases sharply in the later contractional stage in
the Kuga fold-and-thrust belt (Fig. 3.56), displaying a general increase to the West (compare
Figs. 3.51¢, d; 3.52d, e and 3.53c, d). To the west, shortening is mostly concentrated in the late
Miocene to the present time interval (Figs. 3.53c, d and 3.56), whereas it is more gradual to
the central and eastern sections (Figs. 3.51c, d; 3.52d, e and 3.56). The westwards shortening
increase agrees with the regional structure of the Tian Shan that is wider and higher to the
West but narrows and lows eastwards. The basement-involved, thick-skinned thrust system
formed a thrust stack that uplifted the Kelasu fold-and-thrust system and strongly rotated the

southern limb of the South Tian Shan Anticline.

As a result, the Kuga fold-and-thrust belt evolved into a narrower and steeper thrust
wedge (Figs. 3.51d, 3.52e and 3.53d). Analogue models (Duerto and McClay, 2009) have
shown that rapid sedimentation at the front of an emerging thrust system enhances the
stacking of thrust sheets, the narrowing of the thrust wedge and the rotation of the frontal
limb of the stack, as observed in the Kuqa fold-and-thrust belt during its Miocene-Pliocene
evolution. Thrust stacking produced an increase in the taper angle of the thrust wedge that,
during late deformation stages, probably reached critical conditions and resulted in the late

activation of the structures beneath the Qiulitage frontal structre (Figs 3.51d and 3.52e).

Shortening in basement was transferred via the salt to suprasalt folding and thrusting
localized in a few structures that were separated from each other by the broad Baicheng
Syncline (Figs. 3.51d, 3.52e and 3.53d). Analogue (Duerto and McClay, 2009, see chapter 4)
and numerical models (Fillon et al., 2013) demonstrate that localization of shortening in a few,
long-lived and widely-spaced structures results from the increase in syntectonic sedimentary
thicknesses (Fig. 3.10b). Similar geometries are found in other natural analogues such as the
southern Central Pyrenees (Mufoz, 1992) that are characterized by a thick succession of
syntectonic strata deformed by long thrusts and a wide wedge-shaped basin transported over

an underlying décollement.
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Modelling results also show that thrusts initiate at the point where the total work
needed to slide on the décollement and to break through the overburden is minimal (Hardy et
al., 1998; Fillon et al., 2013). This location could be either where the overlying strata have the
minimum thickness (Fillon et al., 2013) or at the frontal termination of the weak décollement
(see chapter 4). In the Kuga fold-and-thrust belt, the foreland salt pinch-out controlled the
locus of the frontalmost structures and the earlier development of the southern Qiulitage
anticline in the eastern and central sections. In contrast, the frontal structures of the thrust
system detached on Jurassic shales and coal emerged at the point where overlying syntectonic
units tapered out (Figs. 3.51c and 3.52d). This observation suggests that the locus of presalt
thin-skinned thrusts was probably more influenced by syntectonic sedimentary thicknesses

than by the lateral termination of the coal or shales.

3.5.2. The role of the inherited Mesozoic structure

The restorations presented in this work depict a first picture of the Mesozoic structure
predating the formation of the Kuga fold-and-thrust belt. When considering the areal
distribution of Mesozoic units, Triassic units display along strike variations: in the eastern
section, they are present across the whole profile showing (i) a progressive thinning towards
the Cenozoic forebulge area and (ii) sharp thickness variations to the North of the profile.
Thickness variations in the North are related to inherited, North-dipping extensional faults.
Triassic units in the central and western sections, crop out in the hangingwall of the South Tian
Shan Fault but disappear in its footwall to be present again in the undeformed Tarim Basin
domain, to the South. In contrast, Jurassic and Cretaceous sequences are continuous in the
entire Kuga fold-and-thrust belt and show both (i) a progressive southward thinning and (ii)
local, sharp thickness variations related to North-dipping basement faults. The picture
becomes more complicated in the western cross section where thickness variations and locally
recognized unconformities in the Cretaceous point out to the existence of early contractional
features, Mesozoic in age. The presence of these early faults had a first-order impact on the
structural evolution of the Kuga fold-and-thrust belt because they determined the locus of
most of the basement thrusts acting during the Cenozoic and therefore the geometry of the
thrust stack in the Kelasu fold-and-thrust system. Furthermore, in the eastern and central
section, inherited basement faulting probably controlled the position of the Kumugeliemu salt
pinch-out and contributed to the late-stage uplift of the Qiulitage fold-and-thrust system,
showing a feedback relationship between basement-involved faults and salt-detached

deformation. In this sense, our interpretation merges previous structural models that are
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somewhat contradictory: Li et al., (2012) suggested that the growth of the frontal structure
was controlled by the location of the foreland salt pinch-out but disregarded the influence of
subsalt faulting beneath the Qiulitage frontal structure, as pointed out on cross sections of

previous authors (Chen et al., 2004; Tang et al., 2004).

Considering the plate tectonics scenario summarized in section 2.1., normal faulting
during the Mesozoic took place mainly in a foreland basin context under regional
compressional conditions (Halim et al., 1998; Replumaz and Tapponier, 2003; Stampfli and
Borel, 2002). This normal faulting was probably induced by flexural subsidence and tectonic
loading in the contractionally reactivation of the Paleozoic Tian Shan and would be compatible

with the early contractional features inferred in the western cross section.

3.5.3. Western termination of the Eocene-Oligocene salt

It is commonly assumed that new, salt-detached structures form at salt edges
following their trend. However, in the western Kuga fold-and-thrust belt, salt-detached
structures are oblique regarding the salt boundary (Fig. 3.55C), similarly to what we observe in
southern Central Pyrenees (Fig. 3.57). In previous publications (i.e. Cai and L, 2015), the
structures developed at the salt edge in the western Kuga fold-and-thrust belt were
interpreted as en echelon folds of the cover on top of NW-SE-striking strike slip, basement
faults. This clearly conflicts with our seismic interpretation along the seismic profile dapomian-
23, where there is no remarkable shifting of the top basement that is instead affected by a
progressive tilting to the East probably controlling the termination of the salt towards the
West (Fig. 3.50). Based on previous analogue models, the obliquity between the salt boundary
and the structures in the western Kuga fold-and-thrust belt can be explained by the lateral
termination of the salt with no need of basement strike-slip faulting underneath. Analogue
models show that the orientation of the structures at salt edges depends on the angle
between the salt pinch-out and the shortening direction. If the angle of the pinch out is either
close to perpendicular to the shortening direction structures form parallel to the salt edges
(Lujan et al., 2003). However, if it is highly oblique, as in the Kuga case study, most of
structures will not follow the trend of the salt edges. They will be oblique to both the
shortening direction and the salt edges (Fig. 3.55C). This is because structures developed
above salt for a given time form further to the foreland and link as they progress with the
adjacent structures formed on the frictional detachment. As a result, the salt boundary

behaves as a shear zone with a displacement gradient which promotes vertical-axial rotation.
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FIGURE 3.57. Geological map with the main structural units of the southern Central Pyrenees
(Modified from Mufioz et al., 2013). Note that the structures are oblique with regard to the
Triassic salt boundary (pink dashed line).

3.6. KUQA FOLD-AND-THRUST BELT STRUCTURAL CONCLUSIONS

Six regional cross sections have been constructed along the Kuqa fold-and-thrust belt
that merge surface, well, and seismic data to provide a detailed structural model. Three
sections have been restored, with gradually increasing shortening values that are balanced

above and beneath the salt. From these results the following conclusions have been obtained.

With respect to the general structure of the Kuqa fold-and-thrust belt:

e The Kuga fold-and-thrust belt is located over and on the front of the frontal basement
thrust system of the southern Tian Shan Range and over the non-deformed basement
of its southern foreland basin (Tarim Basin).

e The Kuqga fold-and-thrust belt is an ENE trending thin-skinned fold-and-thrust system

characterized by folds, thrusts and backthrusts. Tight anticlines extend along-strike for
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tens or even hundreds of kilometers and are separated by a wide, open syncline.
Anticlines involve Paleozoic and Mesozoic units to the north but are manifested by
Cenozoic sequences to the south.

The structure of the thin-skinned Kuga fold-and-thrust is controlled by two main
décollements: One located in the syncontractional Eocene-Oligocene salt and the
other, deeper and precontractional placed in the Upper Triassic-Lower Jurassic coal

and lacustrine mudstones.

Cross section balancing allowed us to estimate a total shortening (from Oligocene to
the present-day) ranging from 30.5 km to the West to 24 km to the East (29 km in the

central part) that was mostly accommodated from late Miocene to Pleistocene times.

With respect to the structure below the coal layers:

The structure of the Kuqga fold-and-thrust belt below the lower décollement is
characterized by north-dipping basement-involved thrust system forming a thrust
stack. This thrust system cut and branches with the thin-skinned fold-and-thrust

system detached on the coal layers.

With respect to the structure between the coal layers and the salt:

Deformation in sub-salt units is strongly conditioned by the presence of coal layers
that are interlayered within the Upper Triassic-Lower Jurassic sequence and behaved
as a main décollement. In this sense, the thin-skinned fold-and-thrust system detached
on the coal layers is well developed in the central and eastern part of the fold-and-
thrust belt but dies out to the West.

The geometry and width of the thin-skinned fold-and-thrust system detached on the
coal layer vary along-strike depending on the thickness of the stratigraphic sequence
the thrusts involve: the thrust system is wider and it is formed by a lower number of
thrust sheets to the East where the deformed sequence is thicker but it is narrower
and consists of a higher number of thrust sheets in the central part where the

deformed sequence is thinner.

With respect to the structure above the salt:

121



Chapter 3. Structure of the kuga fold-and-thrust belt

122

Three main structures deform the Cenozoic sequence from north to south: the
northern structure comprises the Tuzimaza Thrust to the west, the Suweiyi Antricline
in the central part, and the Jidike Anticline to the east, whereas the Qiulitage frontal
anticline defines the southern structure. Both the northern and southern structures
are detachment folds that were cut by thrusts and backthrusts detached along the
Kumugeliemu salt and the Suweiyi and Jidike Fms. and are separated by the Baicheng

Syncline.

With respect to the suprasalt/subsalt structural relationships

The Tuzimaza Thrust, the Suweiyi Anticline and the eastern Qiulitage frontal structure
developed along the hinterland pinch-out of the Kumugeliemu salt. Their evolution
was markedly controlled by the interplay with sub-salt structures that yield to salt
evacuation processes and salt welding. On the contrary, the central Qiulitage frontal
structure is located along the foreland pinch-out of the Kumugeliemu salt and its
geometry was almost not overprinted by sub-salt deformation except for a later

episode of basement fault inversion that gave rise to the uplift of the structure.

With respect to the kinematic deformation

Palinspastic restorations show extensional deformation during the Mesozoic
characterized by noth-dipping extensional faults controlling local depocenters of

Mesozoic units.

The extensional faults inherited from Triassic to Late Cretaceous times were
progressively inverted, from North to South during Cenozoic compression. These early
extensional faults strongly control the facies distribution of Eocene-Oligocene
evaporites which in turn governed the localization of Neogene deformation over the
salt pinch-outs with the development of the Tuzimaza Thrust and the central and

eastern Qiulitage frontal structure.

The restorations results highlight a two-stage evolution in the kuga fold-and-thrust
belt during the Cenozoic. An earlier stage (Top Cretaceous-lower Miocene) with slow

deformation (0.01-0.09 mm/year) and low syntectonin sedimentation rate (0.2-1
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mm/year) and a later stage (Upper Miocene-Pleistocene) with rapid deformation

(0.05-0.4 mm/year) and high syntectonic sedimentation rate (0.5-4.9 mm/year).
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4.1. INTRODUCTION

The geometry and kinematics of contractional belts are controlled by the properties of
the rocks (rheology, mechanical stratigraphy, preexisting weaknesses, friction of basal or
interbedded décollements), the kinematics of convergence (obliquity and velocity), the flexural
response to tectonic loading, the climate-dependent surface processes (erosion, transport and
sedimentation), the fluxes within wedges (input and output), the inherited structure, or
changes in confining pressure and temperature (Davis et al.,, 1983; Beaumont et al., 1992;
Graveleau et al., 2012; Fillon et al., 2013). Each one of these factors has an impact on the
contractional structure and dynamics that has been widely investigated in nature and explored
through analogue and numerical models (Storti and McClay, 1995; Bonini, 2001; Soto et al.,
2002; Ravaglia et al., 2004; Simpson, 2006; Stockmal et al., 2007; Bonnet et al., 2008;

Graveleau and Dominguez, 2008; Konstantinovskaya and Malavieille, 2011; Ruh et al., 2012).

It is evident from these studies that the presence of weak frictionless layers (salt or
overpressured shales) results in décollements above which the contractional belt shows a
lower taper angle, a wider zone of deformation, and more symmetrical structures (Jaumé and
Lillie, 1988). In these wedges, the precise external geometry and internal deformation, as well
as the degree of decoupling, are determined by the strain rate, the viscosity and strength of
the décollement, and the shape and depth of this weak layer (Bonini, 2003; Couzens-Schultz et
al., 2003; Graveleau et al.,, 2012). In addition to these geometrical and mechanical factors,
synkinematic erosion and sedimentation also impact the geometries because these two
surface processes prevent the propagation of deformation toward the foreland and therefore
reduce the width of the belt (Beaumont et al., 1992; Willett, 1999; Bonini, 2001; Simpson,
2006; Fillon et al., 2013). They also induce an increase of the dip and number of active thrusts
(Storti and McClay, 1995; Persson et al., 2004; Bonnet et al., 2008). But these general patterns
are subject to variations depending on the strength profile of the deforming rocks. For
example, when this includes a viscous décollement, sedimentation can either promote or
inhibit foreland propagation of the deformation and the growth of a large wedge (Bonini,

2001; Smit et al., 2010).

The way syntectonic sedimentation interacts with the mechanical stratigraphy of the
deforming rocks has been analyzed in numerous analogue and numerical modeling studies.
These studies have explored this interaction in fold-and-thrust systems with frictional

homogeneous sequences (Bigi et al., 2010; Del Castello et al., 2004; Larroque et al., 1995;
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Persson and Sokoutis, 2002; Persson et al., 2004; Storti and McClay, 1995; Storti et al., 2000;
Wu and McClay, 2011), frictional sequences underlain by a weak basal décollement (Cobbold
et al., 1993; Smit et al., 2010), and sequences incorporating a weak pre- or syncontractional
interlayered décollement (Baby et al.,, 1995; Bonini, 2001; Bonnet et al., 2008; Duerto and
McClay, 2009; Konstantinovskaya et al., 2009; Leturmy et al., 2000; Massoli et al., 2006;
Mugnier et al., 1997; Wang et al., 2013; Wu et al., 2014).

However, the influence of syntectonic sedimentation in fold-and-thrust systems with
two décollements has rarely been tested even though it is a common scenario in the outer
parts of fold-and-thrust belts such the Apennines (Scisciani and Montefalcone, 2006), the
Appalachians (Mount, 2014), the Pyrenees (Sans et al., 1996), the Zagros (Sherkati et al., 2006),
or the Sub-Andean (Labaume and Moretti, 2001) and Kuqga fold-and-thrust belts (Izquierdo-
Llavall et al., 2018). In all these cases, the deformational wedge includes syntectonic strata and
two or more pre- or syntectonic décollements comprising salt, overpressured shales, or
organic-rich shales and coals. Moreover, the few published studies on this subject are
essentially focused on individual structures (Pichot and Nalpas, 2009; Driehaus et al., 2014;
Darnault et al., 2016) and do not analyze sediment-décollement interaction at the regional

fold-and-thrust belt scale.

In this context, the present study aims to understand how the rate of syncontractional
sedimentation influences the deformation style in the foreland of fold-and-thrust belts
involving multiple décollements; in particular, with a décollement placed in a very weak
synorogenic salt layer and a deeper, preorogenic décollement comprising a less weak
coal/shale lithology. To achieve this, we designed an analogue experimental program whose
setup was inspired by the Kuga fold-and-thrust belt (Fig. 4.1A). This setup incorporated two
weak layers, each with its own areal distribution (see Fig. 4.1B) that was maintained in all
experiments Moreover, the lower décollement was constructed with laterally varying strength.
With these general features, four analogue experiments were carried out by applying the same

amount of shortening but with different synkinematic sedimentary rates.

The experimental results allowed us to develop some basic guidelines to help
understand how synkinematic sedimentation affects the deformation style of fold-and-thrust
belts with multiple décollements. The results compare favorably with the geometries observed
across the Kuga fold-and-thrust belt and shed light on how known sedimentary rates

controlled its kinematic evolution. Besides, the models can provide a powerful tool both to
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help interpret the structure beneath the décollements that may be poorly imaged on seismic
and to understand the kinematics and mechanics of fold-and-thrust belts which include more
than one detachment level and sedimentary rates that potentially changed through time. In
this sense, our results should be useful not only to researchers in fold-and-thrust belt tectonics
but also to industry geoscientists whose efforts are focussed on hydrocarbon exploration and

production in subsalt contractional environments.
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FIGURE 4.1. A: Geological map of the Kuqga fold-and-thrust belt. The red dashed rectangles
show the modeled area in our experiments. B: Structural map of the Kuga fold-and-thrust belt
showing distribution of the Eocene-Oligocene and Upper Triassic-Lower Jurassic
décollements. The red dashed rectangle shows the modeled area in our experiments.
Coordinates are in meters in Universal Transverse Mercator, zone 44 northern hemisphere
and datum WGS84.
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4.2. EXPERIMENTAL METHODOLOGY

The model setup was based closely on the mechanical stratigraphy observed in the
central part of the Kuga fold-and-thrust belt (Fig. 4.2). The setup was the same in all models
except for the synkinematic sedimentation rate which varied between the four 3D analogue
models (Table 4.1.). All were carried out in a 112x90 cm glass-sided deformation rig whose
base was a fixed Mylar sheet with glued sand. Below, we describe the materials used, the

model scaling, the model setup, and the analysis methodology.
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FIGURE 4.2. A: Stratigraphy of Kuga fold-and-thrust belt in the inner Kelasu fold-and-thrust
system (modified from Li et al, 2012). U.C.: Upper Cretaceous (Bashijikiqge Fm.). B:
Stratigraphy of the analogue experiments at their central areas (equivalent to the Baicheng
syncline area).
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Deposited unit Model tilting applied Accumulated tilting Regional datum variation in each
(number of layers) before layer deposition layer and erosive event
Model A | Model B | Model C | Model D
Red and white sand ~ (13) 0.2° 7.3° 3.3° 0 1 mm 2mm 3 mm
(]
B White sand layer 1) 0 4.7° +3 mm
=
UZJ Silicone / Red sand (1) 0 4.7° +4 mm
§ Yellow sand / Red sand (1) 0 4.7° +1 mm
>=
@ Silicone / Red sand (1) 0.7 4.7° +7.5 mm
Grey sand (1) 0 4° +3mm
Erosion
Model tilting 0.6°
=] White and blue sand  (6) 0.1° 3.4° +1.5 mm
g
E Blue sand 1) 0 2.8° +3 mm
= White sand / mixtures of
E sand and pink polymer (1) 0 2.8° +3 mm
E Blue and white sand ~ (3) 0.2° 2.8° +0.5 mm
Erosion
Model tilting 2.2°
Brown and white sand  (19) | 0 0 | +3 mm

TABLE 4.1. Tilting and regional datum variations introduced during the set-up and posterior
experiment running.

4.2.1. Mechanical properties of the analog materials

We used dry silica sand, silicone polymer, and mixtures of sand and silicone polymer to
simulate the rocks of the Kuga contractional wedge. We used a grainy basal sheet to increase
the basal friction of the models (coefficient of friction of 0.5-0.6; Larroque et al., 1995), leading
to the growth of an imbricate thrust system of short thrust sheets with a broad cross-sectional

taper, similar to that observed in the modeled area (Figs. 3.44 — 3.49).

Frictional materials were simulated with dry silica sand, which is nearly pure silica
(99%) and has an average grain size of 200 um. This material has an angle of internal friction of
about 302 and a cohesion of a few tens of Pascals, being an excellent analogue of brittle rocks
in the upper continental crust (Krantz, 1991; Lohrmann et al., 2003; Schellart, 2000). In
contrast, the two décollements were modeled using transparent polymer for salt and a
mixture of pink polymer and white or black silica sand for the coal and lacustrine mudstones
(Fig. 4.2, Table 4.2). The silicone polymer was silicone Rhodia Rhodosil GUM FM, from Bluestar
Silicones (Dell'Ertole and Schellart, 2013; Ferrer et al., 2017), a transparent or pink, high-
viscosity polydimethylsiloxane (PDMS) polymer. Within the range of strain rates used in all
experiments, it behaves as a Newtonian fluid having a very low yield strength (Dell'Ertole and
Schellart, 2013), as is the case for halite at geological time and space scales. The blend of sand

and polymer was used to simulate a less effective décollement because it reproduces a
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frictionless behavior but has a viscosity that is high enough to prevent its flow during the
experiments. Following previous works (Callot et al., 2012; Cartwright et al., 2012; Ferrer et al.,
2017), we used two mixtures with different weight proportions: 50% white silica sand and 50%

pink polymer; and 30% black silica sand and 70% pink polymer (Table 4.2).

Nature Experiment Ratio
Material Density Viscosity Material Density Viscosity Density Viscosity
siliciclastics ~ 2250-2750 kg m™** — pure silica sand 1400 kg m* — 0.62-0.51 —
salt 2150-2350 kgm**  5x 10" Pa s* pure polymer (Rhodia Rhodosil GUM FM) 970kgm”  0.74x 10°Pas 0.45-041 15x10™
coals and
lacustrine  1400-2250 kg m”** Unknown mixture of sand and polymer (50%/50% in weight) 1390 kgm’ 1.80x 10°Pas 0.99-0.62  Unknown
mudstones
coal 1340-1400 kg m*** Unknown mixture of sand and polymer (70%/30% in weight) 1170kgm® 1.05x10'Pas 0.87-0.84 Unknown

TABLE 4.2. Scaling parameters used in the experimental program. *Values from Guo et al.,
2016. **Values from Lv et al., 2016.

4.2.2. Scaling

The material properties as well as the size of the models and the thickness of the
deposited layers can be considered reasonably scaled compared to nature (Hubbert, 1937;
Goncharov, 2010). Our model-to-nature size scaling ratios (Table 4.2) are similar to those used
in other experiments analyzing the mechanical behavior of upper crustal rocks with
interlayered weak layers (Cotton and Koyi, 2000; Costa and Vendeville, 2002; Ferrer et al.,

2017).

In relation to the experiment kinematics and mechanics, a model-to-prototype ratio

for stress o* = 2.7-10°- 6.6:10° is obtained from:

0*:p*-g*-L*,

where p*, g* and L* are the scaling ratios for density, gravity acceleration, and length,
respectively, with p* = 0.41-0.99 (Table 4.2), g* = 1, and L* = 6.67-10°. The density ratio p* is
the average of density ratios for the sand, the polymer and the blend of sand and polymer that

range from 0.41 to 0.99, being slightly higher in the sand/silicone mixtures (Table 4.2).

From o* and the viscosity ratio of the pure polymer n*, the strain-rate ratio €* can be

calculated as:

€* = 0%/ n* = 2.1-10°.
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The time ratio t*, which is the inverse of €*, is 4.76:10™, meaning that one hour in the
experiments represents about 240,000 years in nature. Our experiments lasted 45 hours,
which equals 10.8 My of geological time. Finally, considering the shortening-rate ratio, the

scaling ratio for velocities V* is

V* = £*%.L*% = 13.8-10°,

The shortening rate in our models was 0.6 cm/h, equivalent to 3.8 mm/y in nature, and

the total shortening was 27 cm (40.5 km in nature).

4.2.3 Setup and procedure

The deformation rig was progressively filled by a prekinematic sand wedge with three
packages separated by angular unconformities (Figs. 4.2 and 4.3). The lower package
simulated the Paleozoic basement rocks. It consisted of a wedge with a taper angle of 2.22
formed by 3 mm-thick white and brown silica sand layers (Fig. 4.2) that were tilted 2.22
towards the mobile wall and leveled by a horizontal erosive surface (Table 4.1 and lateral

views of Fig. 4.3).

Weak prekinematic layer Weak synkinematic layer

Black silica sand/pink polymer
(30%/70% weight)

Transparent

polymer

©O
o
White silica sand g

Mobile wall

=
IS
=
2
3
S

Uplifted area located
above the regional datum

3.6 cm of shortening

112cm
PREKINEMATIC SYNKINEMATIC
[E==] White, brown, blue and grey pure silica sand [] Pure transparent polymer == |
[ White silica sand/pink polymer (50%/50% weight) [l Red pure silica sand
[ Black silica sand/pink polymer (30%/70% weight) [=_3 No sedimentation

FIGURE 4.3. A: Lateral view of the entire prekinematic set-up configuration and top view of
the prekinematic weak layer configuration (lacustrine mudstones and coal analogue). B:
Lateral views and top view of the experiment at the end of the deposition of the first
synkinematic layer (salt analogue). RA and black dotted line: location of the baseboard
rotation axis; Red arrows and texts: sense and amount of baseboard rotation.
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Overlying this surface, the intermediate package mimics the gradual northward
thickening of the Permian-Mesozoic rocks in the Kuga belt with leveled blue and white sand
layers (Figs. 4.2 and 4.3, Table 4.1). The exception layer, with a constant 3 mm thickness, was
located in the lower part of the package and simulated the Upper Triassic-Lower Jurassic
décollement (coal and lacustrine mudstones) and its lateral coarser-grained detrital equivalent.
They were modelled by mixed colored silica sand and polymer and white silica sand,
respectively. The decollement was 60 cm wide and was separated by 5 cm from the mobile
wall (Fig. 4.3A, Table 4.1). The proportion of silica sand and polymer changed laterally from a
wider, eastern portion with 70% polymer to a narrower, western portion with only 50%
polymer (Fig. 4.3A). The increase of sand in the blend produces an increase in the viscosity of
the analogue material that simulates the westwards decrease in the effectiveness of the

Triassic-Jurassic décollement in the Kuqa fold-and-thrust belt (see comments in section 3.4).

After the construction of the intermediate package, the models were tilted 0.6¢
northwards and leveled (Table 4.1), producing a low angle unconformity similar to the one
observed at the base of the Lower Cretaceous Bashijigike Fm. in the Kuga fold-and-thrust belt
(Fig. 4.2). This was covered by a constant thickness (3 mm thick) layer of pure grey sand

representing the uppermost prekinematic package (Bashijigike Fm.).

Once the prekinematic wedge was built, the four models were shortened by pushing
the northern wall of the rig with a motor-driven worm screw (Fig. 4.3). The wall moved to the
south a total of 270 mm at a constant velocity of 6 mm/h and shortening was accompanied by
tilting of the models in the opposite direction (i.e. to the North) to reproduce foreland flexure
of the foredeep. The taper angle of the synkinematic succession in the Kuqga fold-and-thrust
belt is about 2.5-4.52 (Fig. 3.46); the equivalent tilting was 3.32 in our experiments (Table 4.1),

which entailed a tilting rate of 0.22 for each 18 mm of shortening.

Shortening and coeval tilting were accompanied by the deposition of synkinematic
layers. The first syn-kinematic layer, simulating the Eocene-Oligocene salt and detrital lateral
equivalents, was added after 3.6 cm of shortening, when the model topography and
equivalent shortening were similar to those inferred at the time the salt was deposited in the
Kuga fold-and-thrust belt (Izquierdo-Llavall et al., 2018). Salt and its detrital equivalents were
modeled by transparent polymer and red silica sand respectively. The polymer distribution was
polygonal to mimic the areal extent of the salt in the Kuga Basin (Figs. 4.1B and 4.3), with the

sand around it representing the laterally equivalent siliciclastic rocks. The polymer body
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included an interbedded 1 mm-thick yellow silica sand layer, located 0.4 cm beneath the top,
to reproduce the real stratigraphy of the Kuga evaporite sequence (Fig. 4.2). Once the surface
of the polymer was totally horizontal, it was covered by a 3 mm thick layer of white sand (Fig.

4.2 and Table 4.1).

In model A, no more sand was added after this white sand layer just above the silicone.
In the other three models, this layer was totally or partially covered by 13 layers of red and
white silica sand whose thickness varied in the different models. They were added after each
1.8 cm of shortening (0.29 tilting) until the end of the experiment. These layers simulated
continuous synkinematic deposition and their thickness was determined by the wedge
deformation, the progressive baseboard tilting, and the position of the regional datum. A
different datum rise value was used to define the top of each synkinematic layer (+1, +2 and +3
mm for models B, C, and D, respectively; Table 4.1), generating an increasing regional
sedimentation rate from model A to D. Finally, the models were covered by postkinematic dry

sand, preserved, and sliced into closely spaced vertical serial sections (3 mm thick).

4.2.4. Model analysis procedure

The evolution of the experiments was documented and subsequently analyzed by
means of lateral, oblique, and overhead time-lapse photographs taken every 2 minutes. In
addition, scans of the model topography using a submillimeter resolution white light scanner
(SidioPro from Nub3D) were performed after construction of the prekinematic wedge and
subsequently after every 1.8 cm of shortening, prior and after deposition of each synkinematic

layer.

In order to reconstruct and analyze the final structure of the model, the vertical
sections cut at the end of each experiment were also photographed using high-resolution
digital cameras. These photographs were used to reconstruct 3D virtual volumes of the
experiments and the generation of key horizons (i.e., base and top of the weak layers) with

Move 2015.2 software from Midland Valley.

4.3. EXPERIMENTAL RESULTS

In all four experiments, the contractional deformation was similar up to deposition of

the first syn-kinematic layer after 3.6 cm of shortening. After an initial horizontal porosity
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reduction of the sand by layer-parallel shortening, the prekinematic package was deformed by
one or two 23-262 dipping forethrusts pinned at the base of the mobile wall and subsequently
by a steeper minor backthrust that branched off the lower forethrust (upper lateral view of
Fig. 4.3B). During displacement of the deep thrusts, the overburden of the prekinematic weak
layer was deformed by fault-propagation folds above the thrust pin lines and smaller

forethrusts and detachment anticlines at the hinterland and foreland weak layer pinch-outs

(Figs. 4.3 and 4.4).
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FIGURE 4.4. A: Topography of Experiment B (obtained by laser scan) before addition of the

first synkinematic layer. B: Isopach map of the first synkinematic layer with the boundaries of
the pure polymer body (black dashed lines).

During this stage, the lateral changes in the mechanical stratigraphy (composition) of
the weak layer did not appear to affect significantly the deformation. The structures were

consistent along the length of the experiments, except that the height of the anticline formed
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at the foreland pinch-out was slightly lower above the sand/polymer mixture with a larger

proportion of sand (western part of the experiments; Fig. 4.4A).

The initial contractional wedge structure was partially covered by the first
synkinematic layer (Fig. 4.4B). Afterwards, in all four experiments, ongoing shortening resulted
in the growth of a contractional wedge with: an inner, thick-skinned domain where the entire
package thickened by thrusts detached on the experiment baseboard; and an outer, thin-
skinned domain in which the contractional deformation was restricted to a fold-and-thrust
system detached on the polymer layers (Figs. 4.5, 4.6, 4.7). Thus, they generated a structural
zonation similar to that observed in any orogen with cover décollements (Zagros, southern
Canadian Rockies, Pyrenees, eastern Alps, and of course the Kuga Basin), in which there is a
hinterland stack of basement-involved thrusts and a foreland system of folds and thrusts
detached on syn- or prekinematic décollements over undeformed basement (Bally et al., 1966;
Mufioz, 1992; Molinaro et al., 2005; Lammerer et al., 2008; Vergés et al., 2011; Wang et al.,
2011). Having said that, the geometry and kinematics of the inner and outer domains were not
equal in the four experiments, which showed some significant differences that are outlined

below.

4.3.1. Experiment without additional synkinematic sedimentation (Experiment A)

INNER THICK-SKINNED DOMAIN

The inner thick-skinned wedge formed by the stacking of several thrusts dipping 14-
262 towards the hinterland. They were detached on the baseboard of the experimental
apparatus. Where the prekinematic layer was weaker (east), a duplex formed with a roof in
the weak layer; in contrast, where this layer was a less effective décollement (west), the

thrusts cut the prekinematic weak layer (Fig. 4.5B).

The lateral change in weak-layer effectiveness also influenced the number and
maximum displacements of the thrusts. In particular, more thrusts with smaller individual
displacement developed where the prekinematic weak layer had a higher polymer proportion
and was thus more effective as a décollement (Figs. 4.5 and 4.8). Correspondingly, the inner-
domain taper was broader, lower, and gentler where the prekinematic layer was stronger:
taking the top of the pre-kinematic package as reference level, the forelimb of the thrust stack

dipped 322 in this area but 402 where the layer was weaker (Fig. 4.5B).
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Experiment A at the end of compression (27 cm shortening), see locations in the equivalent
top view in Fig. 4.5A.
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Experiment D at the end of compression (27 cm shortening), see locations in the equivalent
top view in Fig. 4.7A.
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represents displacement (in mm). B: Dip range of the forelimb of the thick-skinned imbricate
thrust system at the end of shortening. The horizontal axis indicates the model (A, B, and D)
and the vertical axis represents dip range (in 2).

The deformation kinematics of the inner domain was characterized by late-stage
development of backthrusts branching off the forethrusts. These backthrusts cut and shifted
the overlying thrusts (Fig. 4.5B), thereby indicating wedge growth by emplacement of the

forethrusts in a piggy-back (foreland-propagating) sequence.

OUTER THIN-SKINNED DOMAIN

A fold-and-thrust system developed detached at the prekinematic sand/polymer
mixture and/or the synkinematic pure polymer layer. The structure and kinematics of this
thinner contractional wedge was controlled by: 1) the areal distribution of the weak layers;
and 2) the lateral change in efficiency of the deeper layer (Fig. 4.5A). Only the areas in which
the prekinematic weak layer had a higher polymer proportion did it continue to act as an
effective décollement. Thus, the prekinematic sediments of the outer thin-skinned domain
were only involved in the deformation in the eastern part of the thin-skinned fold-and-thrust
system (Fig. 4.5, section X-X’); to the west, shortening was detached at the higher,
synkinematic weak layer (Fig. 4.5, section Y-Y’). As a result, the style and kinematics of the
contractional deformation above these two décollements was significantly different in each

region.

To the east, where the prekinematic décollement was more effective, box folds and
forethrusts detached on this layer. Box folds initially grew at or near the foreland pinch-out of
the weak layer (Fig. 4.5A); as shortening progressed, they were cut and transported by
forethrusts emanating from their cores. Motion on these thrusts was accompanied by the
formation of thrusts and folds that grew in a break-back sequence. Deformation of the
prekinematic sandy polymer and its overburden always took place in front of the toe of the
active thick-skinned thrust system. Hindward thin-skinned structures became inactive as they
were tilted/uplifted by the foreland-propagating thick-skinned thrusts, and no deformation

was transferred to the hinterland pinch-out of the prekinematic weak layer (Fig. 4.5B).

Shortening developed over the synkinematic weak layer had a completely different
style and was decoupled from any deeper structures. The synkinematic overburden formed

symmetric upright detachment folds with smaller amplitude and wavelength than those above

142



Salt tectonics in contractional fold belts, the Kuga foreland basin and thrust belt case (Tarim basin, China)

the prekinematic weak layer. Most of these evolved through time into pinched synclines
between diapirs where the polymer broke through anticline hinges (Fig. 4.5B, section Y-Y’).
The amount of extruded polymer was controlled by the initial thickness of the source layer

which, being thicker toward the hinterland, resulted in encasement of the pinched synclines.

Shortening above the synkinematic décollement started near its hinterland pinch-out
and propagated toward the foreland. To the west, where the prekinematic layer was stronger,
the frontal thick-skinned thrust merged upward with the hindward edge of the shallow
décollement; to the east, however, it was the frontal thin-skinned thrust developed above the
deeper weak level that merged upward with the shallow décollement (Fig. 4.5B). In the latter
case, the frontal structure detached at the deep level folded the hindward portion of the
shallow polymer layer, above which a backthrust developed at the hindward pinch-out (Fig.
4.5B, section X-X’). Eventually the deformation front reached the foreland pinch-out of the

shallow polymer, after which the contractional front remained fixed.

The deformation kinematics did not develop similarly along the strike of the model. As
stated before, the localization of the active deformation front (defined from the structures
observed in sequential photographs) was strongly controlled by the degree of efficiency of the
prekinematic weak layer as a décollement. Thus, it was located from the beginning in a more
foreland position in the eastern part of the experiment, where the prekinematic weak layer
was more effective (structure number 1 in Fig. 4.5A). Hence, the deformation front above the
pure polymer layer was shifted gradually but significantly over the boundary between the two
sand/polymer mixtures. As shortening increased and deformation stacked at the foreland
pinch-out of the shallow décollement in the east, the lateral shift progressively diminished
until it was negligible at the end of the experiment (Fig. 4.5A). During this evolution, the
shifting of the deformation front was gradual along a soft transfer zone in which the folds
detached at the prekinematic weak layer lost amplitude and eventually died out toward the
west. The structures detached over the synkinematic décollement form perpendicular to the
shortening direction until deformation reaches the foreland pinch-out (Fig. 4.5A). When this
happens, the foreland pinch-out is activated and the frontal structure become parallel to the

edge of the pure polymer.

It is worth mentioning the intra-polymer deformation recorded by the yellow sandy
marker. In general, it was characterized by broken pieces with tight isoclinal folds without a

dominant vergence. Moreover, it was slightly thickened in the anticline cores and close to the
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thick-skinned thrust front, and thinned without apparent horizontal shearing in the synclines

(Fig. 4.5B).

4.3.2. Experiments with continuous synkinematic sedimentation

Synkinematic sedimentation was incorporated into the next set of experiments, with
the deposition rate increasing from experiments B to D. Only those with the lowest and
highest rates (experiments B and D) will be described below. Experiment C will not be
explained in this section since its results match those derived from analysis of the other two.
However, it will be displayed in a later section because it best mimics the geometries seen in

the Kuga Basin.

4.3.2.1. Low sedimentation rate (Experiment B)

In this synorogenic depositional scenario, shortening triggered the formation of a
contractional wedge similar to that of experiment A but with some differences in external
shape and internal structure that were significantly greater in the outer than in the inner
domain (Fig. 4.6B). Synkinematic sedimentation did not modify the deformation style and
kinematics of the inner thick-skinned domain; instead, it produced only a decrease in the
displacements of the middle and lower (younger) forethrusts and, as a result, a steepening of
the dip of the thrust wedge forelimb (Figs. 4.6B and 4.8). Conversely, in the outer thin-skinned
domain, synkinematic sedimentation not only modified the wedge shape and thrust
displacements but also induced substantial changes in the distribution of structures and the

deformation style above both the prekinematic and synkinematic weak layers.

Two changes are related to structures developed above the deeper, prekinematic
décollement. First, there was more hinterland deformation to the west, where the layer was
stronger, compared to what was observed in Experiment A. A new forethrust evolved from an
asymmetric anticline detached at that level and was truncated by a near-horizontal splay of
the overlying thick-skinned thrust (Fig. 4.6B, section Y-Y’). Thus, it was a relatively old structure
that predated development of this thick-skinned thrust. Second, the distribution of structures
also changed significantly to the east, where the décollement was weaker (Fig. 4.6B, section X-
X’). Almost all shortening transferred to the forethrust developed at the foreland pinch-out
and small amount of internal deformation occurred in the overburden of the prekinematic

weak layer. Thus, most of the detachment folds and thrusts of experiment A did not develop.
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Moreover, the displacement on this frontal thrust increased considerably from 2 to 9 cm

(compare sections X-X’ in Figs. 4.5B and 4.6B).

Deformation above the overlying synkinematic polymer layer was modified in a similar
way by progressive synkinematic sedimentation. Contractional structures were concentrated
at the pinch-outs of this décollement, resulting in a wide, flat-bottomed syncline (Fig. 4.6, top
images and section Y-Y’). Moreover, the deformation front migrated very quickly to the
foreland pinch-out of the pure polymer (Fig. 4.6, top images and section Y-Y’); in contrast,
without synkinematic sedimentation deformation migrated slowly forwards and effectively
never reached this location in the western part of the experiment (compare with Fig. 4.5, top

images and section Y-Y’).

Another difference is that in the western parts of the experiment, the detachment
folds were no longer upright and isoclinal, with a roughly constant wavelength, as they were in
Experiment A. Instead, they were larger but narrow open anticlines separated by broad flat-
bottomed synclines, with the anticlines slightly truncated and partially transported by small
thrusts directed predominantly toward the foreland (Fig. 4.6B, section Y-Y’). Conversely, the
folds to the east, although still larger than in Experiment A, were tight and isoclinal with local

development of passive diapirs (Fig. 4.6B, section X-X’').

The western parts of the experiment were affected by late gravitational collapse
induced by addition of the postkinematic sand package that commenced at the rear of the
contractional wedge. This extensional collapse, detached at the pure polymer layer, led to the
forwards translation of its overburden marked by the formation of an extensional fault located
above the uplifted hinterland portion of the polymer and a forethrust at the foreland pinch-
out (Fig. 4.6B, section Y-Y’). These two faults had practically the same slip (about 3 cm),
suggesting that the entire overburden was passively transported without noticeable internal
deformation. This allowed us to reconstruct reliably the geometry prior to the collapse and
establish that the decoupling between supra- and subpolymer deformation was still significant

but less than in experiment A.

The pure polymer was characterized by a general thickening towards its hinterland
edge and a thinning beneath synclines (Fig. 4.5B). The intra-polymer sandy marker was
generally broken into pieces close to the hinterland pinch-out but was practically continuous

towards the foreland. Close-inclined and isoclinal-overturned folds with hinterland and
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foreland vergence respectively were developed in the anticlines cores that bounded the wide

syncline (Fig. 4.6B, section Y-Y’).

4.3.2.2. High sedimentation rate (Experiment D)

In this model, with three times the aggradation rate of Experiment B, the structure of
the thick-skinned domain did not vary substantially from that with lower sedimentation. The
thick-skinned domain continued being a stack of 3-4 forethrusts with high-angle backthrusts
branching off their hanging walls. There was a continuation of the changes seen between
Experiments A and B: first, the average displacements of the middle to lower forethrusts
further diminished until they were equal to or even lower than that of the uppermost (oldest)
forethrust; and second, the dip of the thrust-stack forelimb consequently became near-vertical

(Figs. 4.7B and 4.8).

Major changes in deformation style once again took place in the outer domain. For
shortening above the prekinematic décollement, this was especially prominent to the west
where there was a lower proportion of polymer (Fig. 4.7B, cross-section Y-Y’): 1) instead of the
hinterland forethrust formed in experiment B, a tight detachment anticline formed and
became decapitated; and 2) more gentle detachment folds formed, with that at the foreland
pinch-out increasing its amplitude. These structural changes of decreasing fold amplitude
suggest an increase in efficiency of the sandy polymer layer as a décollement. To the east,
where the sandy polymer layer had a higher proportion of polymer, the box folds were
replaced by foreland directed thrusts at the edge of the thick-skinned thrust stack (Fig. 4.7B,
section X-X’). Toward the foreland, the overburden was passively transported above the
frontal thrust without any significant internal deformation, with the thrust increasing its
displacement from 9 to 10.5 cm. The geometry of this frontal thrust also changed: it had no
upper flat at the base of the synkinematic polymer, as in previous experiments, but cut up

through the overlying sands with a steeper ramp.

The substitution of detachment folds with thrusts also occurred above the
synkinematic weak layer, with the exception of the detachment anticline near the eastern
segment of its hinterland pinch-out (Fig. 4.7, section X-X"). This fold was still present in this
experiment but with a lower interlimb angle and without a piercing diapir. Elsewhere,
deformation above the shallow décollement was characterized by foreland directed thrusts

locally linked with secondary backthrusts. These thrusts were more widely spaced that the
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detachment folds of the previous experiments and their locations were controlled by the
spatial distribution of both weak layers: one formed at the frontal pinch-out of the
synkinematic décollement and another developed above the contractional structure formed at

the foreland pinch-out of the underlying prekinematic weak layer (Fig. 4.7).

As already described, a frontal structure detached at the deep décollement developed
only above the eastern, weaker portion of this layer (structure number 1 in Fig. 4.5A-4.7A). Its
westward propagation into the area where the deep layer was stronger had a profound
influence on the deformation above the shallow, synkinematic décollement that is best see in
the top views: in Experiment A, a narrow soft transfer zone developed above the boundary
between the stronger and weaker deep level (structure number 1 in Fig. 4.5A); in Experiment
B, shallow structures trend highly obliquely in the soft transfer zone (structure number 1 in
Fig. 4.6A); and in Experiment D, with a higher sedimentation rate, there was wide relay of two

nearly parallel contractional structures in this area (structure number 1 in Fig. 4.7A).

The top views also depict differences in the evolution of the foreland propagation of
deformation above the pure polymer. In Experiment A, deformation only reached the foreland
pinch-out in the eastern part of the model whereas in Experiment B the frontal structure was
already well developed at 15.3 cm of shortening (compare Figs. 4.5A and 4.6A). However, in
experiment D, more rapid deposition hindered the foreland propagation of deformation above
the pure polymer and reached the foreland pinch-out significantly later (compare Figs. 4.6A
and 4.7A at 15.3 cm of shortening), and became well established across the entire model only

by the end of the experiment (Figs. 4.7A).

The intra-polymer deformation was quite similar as described in the experiment B.
However, it is worth noting that folds showed that there is hindward directed polymer flow in
the internal part underneath a forward directed thrust with a displacement of almost 4 cm

(Fig. 4.7, section Y-Y’).

4.4. ANALOGUE MODELLING DISCUSSIONS

Analysis of the roles played by various parameters in fold-and-thrust belts with more
than one décollement can be rather difficult. The complex structure and kinematics of these
belts makes it difficult to identify systematic trends and patterns. Moreover, both physical

experiments and the Kuga example show that their structure and kinematics is strongly
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controlled by the interaction of parameters that work simultaneously but in different ways
above each décollement. Hence, before tackling a global analysis of belts with multiple weak
horizons, we will discuss the roles played by weak-layer rheology and sedimentation rate in the

deformation developed over a single décollement.

4.4.1. Influence of weak-layer rheology on thin- and thick-skinned deformation

As our experimental program shows and as is well known through previous studies
(i.e., Bonini, 2003; Lujan et al., 2003; Gradmann et al., 2009; Allen and Beaumont, 2012), the
viscosity of the weak layer has a strong impact on the structure and kinematics of overlying
thin-skinned deformation. Low-viscosity weak layers (i.e., salt in nature and the pure polymer
in our experiments) serve as effective décollements with a high degree of decoupling between
the underlying and overlying deformation (Bonini, 2003) (Fig. 4.9). They also promote the
development of detachment folds without a consistent vergence (Davis and Engelder, 1985).
Depending on several factors such as the thicknesses of the weak layer and its overburden, but
also erosion of anticline crests (Darnault et al., 2016), they can evolve into salt walls as in our

experiment A (Fig. 4.5).

Elevation (mm)

0 20 40 60
FIGURE 4.9. Oblique view of the top of the pre and synkinematic packages at the end of

Experiment C. Note that the deep deformation curves and narrows toward the west, whereas
the shallow deformation narrows toward the east. The white dashed line indicates the
boundaries of the pure polymer.
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This mechanical behavior of the deformation changes with increasing viscosity of the
weak layer. As the viscosity increases, the weak layer become less effective as a décollement
and the degree of decoupling between deformation of the under- and overlying layers
decreases (Bonini, 2003). Thus, the higher-viscosity prekinematic layer (50% sand/50%
polymer) was significantly less effective than the 30% sand/70% polymer mixture and even less
effective than the pure polymer. Consequently, it manteined coupling much more than in the

other two cases (compare sections X-X" and Y-Y’ in Fig. 4.5B).

On the other hand, the increase of resistance to flow in higher viscosity weak layers
means that: 1) it is more difficult to form both detachment folds and diapirs; and 2) the
deformation propagates more slowly towards the foreland (Verschuren et al., 1996, Gradmann
et al., 2009). For this reason, higher-viscosity décollements promote the formation of thin-
skinned thrust systems with a major deformation front located more toward the hinterland
than those with lower viscosity. A good example of this is the deformation above the
prekinematic weak layer wich: 1) was characterized by foreland-directed thrusts (Figs. 4.5B,
4.6B and 4.7B); and 2) a major deformation front located over its foreland pinch-out when the
polymer mixture is more effective (30% sand/70% polymer) and the deformation front was
shifted towards the hinterland when its effectiveness decreases (50%sand/50% polymer; top

of the prekinematic sandpack in Fig. 4.9).

Moreover, the prekinematic layer also influences the geometry of the inner thick-
skinned domain when it is located above the thrust stack. The inner thick-skinned domain was
characterized by an antiformal stack when the prekinematic layer has a low viscosity and
becomes an imbricate thrust stack when the viscosity increases (Fig. 4.10). As a result, the
inner thick-skinned wedge was broader and lower and had a gentler thrust taper angle when
the thrust stack was overlain by the high-viscosity weak layer (50% sand/50% polymer; Fig.
4.10).
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Eastern side Western side
Prekinematic sandy polymer (30% sand/70% polymer) Prekinematic sandy polymer (50% sand/50% polymer)

0]

Experiment A

kinematic sedimentary rate
Experiment B

Experiment D

FIGURE 4.10. Geometry of the inner thick-skinned domain varying the syntectonic
sedimentary rate. Numbers indicate the sequence of thrust development in each experiment.

4.4.2. Influence of synkinematic sedimentation rate on thin-skinned deformation

Our experimental program setup was designed in order to analyze the influence of the
sedimentary load distribution on the structuring of the fold and thrust system when
synkinematic sediments display a wedge-shaped geometry. The influence of this distribution

on the deformation style and deformation kinematics is discussed below.

4.4.2.1. Deformation style

The total thickness of overburden above the décollements, whether pre- or
synkinematic, determines the deformation mechanisms and therefore the structural style
(Gutscher et al., 1996; Mugnier et al., 1997), including the geometry, size, number, and spacing
of the resulting structures (Storti and McClay, 1995; Nalpas et al., 1999; Bonini, 2001; Pichot
and Nalpas, 2009; Barrier et al., 2013). In experiments B-D, the overburden thickness was not
constant: it was relatively thin and uniform during the early stages of shortening, then

progressively increased over the outer thin-skinned contractional belt and adjoining
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undeformed areas, but at different rates in each experiment. Consequently, the deformation
style changed from one experiment to the next and also, albeit subtly, over time in each one.
From this, two main general conclusions can be drawn about the influence of synkinematic

sedimentation rate on the style of the deformation above a viscous décollement.

First, an increase in the sedimentation rate, and thus the resultant thicker overburden,
leads to a decrease in the number of structures as well as an increase of their size. In
particular, as shown in the final cross sections (Figs. 4.5B, 4.6B and 4.7B) and in previous
studies (Storti and McClay, 1995; Bonnet et al., 2008; Fillon et al, 2013), folds have a longer
wavelength and greater amplitude, thrusts sheets are thicker and wider, and both thrusts and
folds are more widely spaced. Second, different types of structures develop. If the décollement
is sufficiently thick and the overburden is relatively thin, shortening is accommodated by
detachment folds (Fig. 4.5B). As the overburden thickens, however, deformation is

progressively accommodated by thrusting rather than folding (Fig. 4.7B).

Both effects of varying synkinematic sedimentation rate described above influence the
relationship between supra and subsalt/subpolymer deformation. As mentioned before, the
location of the major subsalt deformation front (MSDF) was influenced by along-strike
variations of the rheology of the prekinematic weak-layer. However, the relay zone of the
MSDF and the deformation style of the overlying suprasalt structures is controlled by
synkinematic sedimentation rate (Fig.4.11). Increasing synkinematic sedimentary rate there is
a progressive change from a short relay zone where suprasalt structures formed parallel to the
MSDF and can easily link each other to a long transfer zone where suprasalt structures
mantein the same orientation but they are overlapped. In between these two extremes
(experiment B), the relay zone showed an intermediate length and suprasalt structures

become curved and oblique to the orientation of the MSDF (Fig. 4.11).

The geometry of individual folds and thrusts also evolves as the overburden thickens.
First, the transition from one to the other is gradual, so that early detachment folds are often
cut and transported by thrusts (Figs. 4.6B and 4.7B). Also, as shown in previous work (e.g.,
Baby et al. 1995; Nalpas et al., 1999; Bonnet et al., 2008; Graveleau et al., 2012; Barrier et al.,
2013), folds tighten and thrusts become steeper with an increase of overburden
thickness/synkinematic sedimentation rate. For example, the frontal thrust formed at the
foreland pinch-out of the prekinematic décollement changed from a ramp-flat geometry under

low sedimentation rates (Fig. 4.6B, section X-X’) to a steeper ramp under high sedimentation
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rates (Fig. 4.7B, section X-X’). Having made these distinctions about the influence of
sedimentation rate on structural style, however, it should be kept in mind that similar changes

are also influenced by the viscosity and thickness of the weak layer (see previous section).

r i

Without synkinematic sedimentation Low synkinematic sedimentation rate High synki tation rate

Mobile wall

Mobile wall Mobile wall

Experiment A Experiment B Experiment D

Hinterland Hinterland Hinterland

Foreland Foreland Foreland
- Major subsalt deformation front (MSDF) —a__ Thrust detached in the synkinematic polymer 3 $ Anticlines detached in the synkinematic polymer
- - - Synkinematic polymer pinch-out == Anticline detached in the prekinematic polymer ~ [__] Inner thick-skinned domain  [___] Outer thin-skinned domain

FIGURE 4.11. Plan-view comparison between experiments A, B and D at the end of shortening
(top) and their respective structural interpretations showing the suprasalt deformation style
in the relay zone of the major subsalt deformation front (bottom).

Even with a similar overburden thickness, thick or thin weak layers favor the development of
detachment folds or thrust faults, respectively (Steward, 1996; Nalpas et al., 1999; Costa and
Vendeville, 2002).

4.4.2.2. Deformation kinematics

The overburden thickness generated by the synkinematic sedimentation rate also
determines the deformation kinematics and, in particular, the sequence in which structures
develop (Baby et al., 1995; Storti et al., 2000; Bonini, 2001; Stockmal et al., 2007; Bigi et al.,
2010; Fillon et al.,, 2013). In our models, the increase of synkinematic sedimentation
rate/overburden thickness results in a modification of the deformation kinematics above the

synkinematic weak layer/salt similar to that described in previous works (Beaumont et al.,
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1992; Willett, 1999; Simpson, 2006; Fillon et al., 2013): formation of short-wavelength folds
progresses slowly towards the foreland when the overburden is thin and the sedimentation
rate is negligible (Figs. 4.5 and 4.12) but propagates rapidly as the overburden thickens by an
increase of sedimentation rate (Figs. 4.6 and 4.12). Interestingly, high synkinematic
sedimentary rate prevents further growth of these frontal structures and more hinterland

structures may be reactivated (Figs. 4.7B and 4.12).
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FIGURE 4.12. Frontal structure migration during the experiments. The horizontal axis
indicates shortening (in cm) and vertical axis the distance between the backstop and the
frontal structure (in cm). Values always taken from the same sections (Figs. 4.5A — 4.7A and
5.2A, sections X-X’ and Y-Y’).

The geometry and kinematics of contractional wedges developed above weak layers
are also influenced by the progressive tilting of the models toward the hinterland. Without
synkinematic sedimentation, this tilting results in shorter, thicker, and steeper contractional
wedges whose deformation front migrates very slowly forwards (Koyi and Vendeville, 2003).
However, synkinematic sedimentation thickens the hinterland wedge, thereby increasing the
taper angle in this area and enhancing the forward propagation of the tip of the thrust wedge
and thus the deformation front (Smit et al., 2003; Wu et al., 2014). In this sense, the lack of
wedge-shaped synkinematic sediments above the outer thin-skinned domain in experiment A
would partially explain the slow foreland propagation of the deformation above the pure
polymer (Figs. 4.5 and 4.12). This propagation was clearly faster in the experiments with

synkinematic sedimentation (Figs. 4.6, 4.7 and 4.12).

In other words, the addition of synkinematic sediments promotes propagation of the
deformation more quickly towards the foreland pinch-out of the salt. However, considering

the same taper angle and wedge-shaped configuration for the synkinematic sandpack applied
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in our experiments, we noticed that as synkinematic sedimentary rate increases, the vertical
thickness gradient decreases and the development of frontal contractional structures is

delayed (Figs. 4.12 and 4.13).

Whitout synkinematic sedimentation

[ ] Prekinematic sediments ] Sinkinematic sediments © Salt pinch-out

FIGURE 4.13. Relation between synkinematic load distribution and nucleation of thusts at the
foreland pinch out of the salt. A: Isopach thin overburden does not promote the activation of
the foreland salt pinch-out. B: Adding synkinematic sediments favours the activation of the
frontal structure. C: Increasing synkinematic sedimentary rate decreases the pressure head
gradient and delays the activation of the foreland salt pinch-out. H: vertical thickness.

4.4.3. Influence of synkinematic sedimentation rate on thick-skinned deformation

The total thickness of the overburden and consequently the synkinematic
sedimentation rate also determines the kinematics and geometry of deformation in the pile of
thick-skinned thrusts (Fig. 4.10). First, it reduces the critical taper angle of the wedge by
onlapping its forelimb, and second, it hinders foreland propagation of the deformation
because it affects the stress distribution by increasing the load in the foreland and piggy-back
basins (Storti and McClay, 1995; Storti et al., 2000). Thus, synkinematic sedimentation slows
down or even blocks the piggy-back propagation of thrusting, and new thrusts and backthrusts

form ahead the leading frontal structure in order to compensate for the reduction of the taper
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angle (Bonini, 2001; Duerto and McClay, 2009). Accordingly, in our experimental program, the
higher the synkinematic sedimentation rate/thickness, the smaller the displacement of the
younger, lower thick-skinned thrusts will be; as a result, using the top of the prekinematic
package as a reference, the wedge of thick-skinned thrusts was narrower and had a steeper

forelimb (Figs. 4.8 and 4.10).

4.4.4. Suprasalt/subsalt structural relationships

The influence of rheology and sedimentation rate/overburden thickness on the cover
deformation is valid for both décollements modeled in our experiments as well as for those of
the Kuga fold-and-thrust belt. Consequently, the structural style and deformation kinematics
associated with each is different since, among other factors, the rheology and thickness of the
overlying rocks is not the same. In general, disharmonic structures develop, with the degree of
decoupling of the two levels depending on several factors. The most common are the strain
rate, the viscosity and thickness of each décollement, and the thickness of the overburden
above each décollement (Couzens-Schultz et al.,, 2003; Gestain et al., 2004; Sherkati et al.,

2006; Hudec and Jackson, 2011; Borderie et al., 2018).

In our experimental program and in the Kuga fold-and-thrust belt, the synkinematic
décollement is indeed a very effective decoupling layer that separates two frictional layers
with different structures and deformation kinematics (Fig. 4.9). This might suggest that they
work independently, but as shown in our study, the structures developed beneath the
synkinematic décollement actually have a strong impact on those above this layer. First, the
early-formed thrusts and folds formed above the weaker (eastern) prekinematic décollement
controlled to some degree the areal extent of the synkinematic décollement and thus the fold-
and-thrust system detached on it. Second, the same early structures generate topographic
highs and thus areas of thinner synkinematic salt/polymer (Fig. 4.4); these hamper the
foreland propagation of shallow deformation in that they act as a barriers that induce the

formation of major thrusts and folds (Fig. 4.7, section X-X’).

A similar effect is produced when the structures above the lower décollement form
after sedimentation of the synkinematic salt/polymer. The geometry of these new thrusts in
turn has a strong impact on deformation above the upper décollement. Where these thrusts
form flats, deformation above the upper décollement consists of detachment folds and thrusts

developed over both this flat and the frontal subsalt structure (Figs. 4.5 and 4.6, sections X-X’).
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If, however, they form simple ramps, all deformation above the upper weak layer is
accommodated by the formation of a fault-propagation fold (Fig. 4.7, section X-X’). The
development of subsalt ramps or flats is dependent not only on the rheology and effectiveness
of the upper weak layer but also on the synkinematic sedimentation rate. Thus, low to medium
synkinematic sedimentation rates promote the formation of sub-polymer staircase-shaped
thrusts with an upper flat located in the upper weak layer (Figs. 4.5 and 4.6, sections X-X’), and
high sedimentation rates favor the formation of higher-angle sub-polymer thrusts that cut the

shallow décollement (Fig. 4.7, section X-X’).

In all cases, the degree of decoupling is partly controlled by the synkinematic
sedimentation rate because it is strongly dependent on the difference in thickness of the
frictional successions located above and beneath the shallow décollement (Couzens-Schultz et
al., 2003; Gestain et al., 2004; Sherkati et al., 2006; Hudec and Jackson, 2011; Borderie et al.,
2018).

In the above analysis, the prekinematic décollement is regarded to be continuous,
uniformly thick, and tilted slightly toward the hinterland prior to the onset of contractional
deformation. In addition, there is no consideration of any preexisting structures. Therefore,
the models and discussion address a simple scenario that does not match perfectly with most
real cases (i.e, Zagros, Apennines, Pyrenees, and even the Tarim Basin). In this sense, it is
evident that any departure from these assumptions would have a strong impact on the subsalt
contractional deformation and consequently on the suprasalt structures (Callot et al., 2012;

Graveleau et al., 2012; Lewis et al., 2013; Jackson and Hudec, 2017).

4.4.5. Internal deformation of the salt

Our experimental program setup includes a sand marker within the pure polymer/salt
in order to examine the evolution of the internal structures. The experiments results show that
variations in the synkinematic sedimentation rate/overburden thickness apparently do not
induce significant changes in the deformation style of the internal structures. Regardless of
what sedimentation rate was applied, the strong layer within the salt was always deformed by
asymmetric inclined to recumbent folds of similar wavelength and amplitude (Figs. 4.5B, 4.6B,
4.7B). However, it was more disrupted in the experiment without synkinematic sedimentation

in which the salt was deformed by detachment folds and diapirs (Fig. 4.5B).
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Internal deformation of polymer/salt highlights there is salt evacuation underneath the
piggy-back basins (Figs. 4.6B and 4.7B). Interestingly, there is hindward directed salt flow in
the internal parts underneath forward directed thrusts (Fig. 4.7B, section Y-Y’ and Fig. 4.14). In
other words, there is a balance between salt flow related to the thrust emplacement and salt
evacuation below the piggy-back basins. Contrary that to what was expected and according to
the vergence of intrasalt folds in our experiments, salt flow could prevail over salt evacuation
even though thrusts show displacements of several cm (3.7 cm) in our experiments which is
equivalent to displacements of more than 5 km in the crust (Fig.4.7B, section Y-Y’ and Fig.

4.14).
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FIGURE 4.14. Conceptual sketch based on experiments B, C and D showing the internal
deformation of the salt. Both hindward and foreland-directed salt flow underneath piggy back
basins. Note that towards the hinterland salt pinch-out there is hindward directed salt flow
below forward directed thrusts.

4.5. ANALOGUE MODELLING CONCLUSIONS

The four 3D experiments realized in this thesis have allowed us to obtain the following
conclusions about the role of synkinematic sedimentation rate and décollement rheology in
fold-and-thrust belts involving tow décollements: One synkinematic with low viscosity and

another located in a deeper position, precinematic with high-viscosity.

With respect to the outer, thin-skinned domain, considering wedge shaped configuration

for the synkinematic sandpack applied in our experiments we conclude that:

e Increasing synkinematic sedimentary rate there is a progressive change from
distributed shortening with development of several small wavelength and closely
spaced structures to fold-and-thrusts systems where deformation is localized into few,

longer wavelength fault-related folds located over décollement boundaries.
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The addition of synkinematic sediments promotes propagation of the deformation
more quickly towards the foreland pinchout of the salt. However, increasing
synkinematic sedimentary rate delays the development of frontal contractional
structures and favors the formation and reactivation of more hinterland thrusts and

backthrusts.

In addition to influencing the thin-skinned part of the contractional wedge, synkinematic

sedimentation and décollement rheology are also predominant factors controlling the shape

and deformation style of the hinterland, thick-skinned thrust stack.

The rheology of the deeper décollement influences the structuring of the inner, thick-
skinned domain when the deeper décollement overlies the thrust stack. As viscosity
increases, the geometry of the thrust stack changes from an antiformal stack to an
imbricate thrust stack. As a result, the inner thick-skinned wedge becomes broader

and lower and has a gentler thrust taper angle.

Higher synkinematic sedimenatation rates and thicknesses result in smaller

displacement of the younger (lower) thick-skinned thrusts.

In addition to the different deformation modes above each décollement, the interaction

between them results in:
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The distribution of the deformation above the deeper décollement, controlled in part
by its thickness and rheology, can generate structures that: first, determine the areal
extent of the salt and therefore of any fold-and-thrust system detached on it; and
second, hamper or even prevent the progressive foreland propagation of deformation

above the salt.

The degree of decoupling, which is partially dependent on the thickness difference
between the overlying and underlying frictional sequences, changes through time as

synkinematic sedimentation increases the thickness of the strata above the salt.

The relay zone of the major subsalt deformation front (MSDF), controlled by

synkinematic sedimentation and rheology, determine the geometry of the suprasalt
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structures. Increasing the length of the relay zone, the suprasalt deformation change
from structures formed parallel to the MSDF that easily link each other, then
structures that become curved and oblique to the MSDF, and finally, overlapped

structures that form again parallel to the MSDF.

Moreover, regarding the internal deformation of the polymer/salt we can conclude that:

e There is a balance between salt flow related to the thrust emplacement and salt

evacuation below the piggy-back basins. Contrary that was expected, the second one

could prevail over the first one even though thrusts show kilometric displacements.
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The experimental study presented in this thesis sheds some light on the influence of
various parameters in the structuring of fold-and-thrust belts involving multiple décollements
and developed under different synkinematic sedimentary rates. However, the analogue
modelling technique present inherent limitations that do not allow a direct application in this
regard. Therefore, to enable a better understanding of the processes involved in the
structuring of the Kuga fold-and-thrust belt an integrated analysis is needed. In this context,
and considering inherent limitations, this section discusses firstly the structural similarities and
differences between our sandbox experiments and the Kuga fold-and-thrust belt. Then, the
main factors controlling the contractional structure and dynamics of the Kuga fold-and-thrust
belt are pointed out, and finally, this section shows the applicability of an integrated structural

model and its incidence on the petroleum system characterization.

5.1. COMPARISON WITH THE KUQA FOLD-AND-THRUST BELT

Comparison of our experimental results with the geometries observed in the central
and eastern Kuga fold-and-thrust belt reveal the strongest similarities with Experiment C, i.e.,
that with a rate of synkinematic sedimentation intermediate between those of Experiments B
and D. Final synkinematic thicknesses in experiment C (3.3 cm over the rotation axis) are
comparable to those recognized in the hinge zone of the Baicheng Syncline or in the Tarim
Basin, to the South of the Qiulitage fold-and-thrust system (7.0 and 5.3 km that would be
analogue to 4.6 and 3.5 cm in the models if the applied length scale factor is considered).
Below, | discuss the similarities and differences as depicted in top/map and cross-sectional
views (Figs. 5.1 and 5.2). Note that the western parts of our models correspond to the central

part of the Kuga fold-and-thrust belt, but | will call both the western areas.

There is a noteworthy similarity between the plan-view geometry and spatial
arrangement of structures in the Kuqga fold-and-thrust belt and those in Experiment C (Fig.
5.1). In both cases, the zone of deformation in the east splits into two belts of structures in the
west, with the intervening syncline widening to the west. Moreover, the change of position of
the main deformation front, from above the foreland pinch-out of the prekinematic weak layer
to that of the shallower weak layer, resulted in a frontal zone with arcuate structures and an

overlapping relay.
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Fig. 4.1); and B: Experiment C at the end of shortening.
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FIGURE 5.2. Comparison of seismic-based sections (top) and model sections of Experiment C
(bottom). A: Eastern Kuga fold-and-thrust belt and eastern part of model. B: Central Kuga
fold-and-thrust belt and western part of model. See locations in Fig. 5.1.

To the west, the salt-detached structures are dominantly vergent towards the foreland
and are localized at both salt pinch-outs of the synkinematic layer, with a broad, flat-bottomed
syncline in between, just as seen in the model (Fig. 5.2B). Beneath the hinterland parts of the

salt layer, both the Kuga fold-and-thrust belt and the model have one major thick-skinned
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thrust that deforms the salt and its overlying structures; in its footwall there are minor thin-
skinned thrusts detached in the lacustrine mudstones and coals of the prekinematic weak layer
that are represented in the model by small folds. To the east, thin-skinned thrusts are better
developed in both the coal-detached system and its model equivalent. Above the areally
restricted Eocene-Oligocene salt horizon, most deformation is concentrated above the frontal

coal-detached thrust (Fig. 5.2A).

Comparison of our experimental results with the Kuga fold-and-trust belt also points
out general differences in part related to nonmodeled parameters and sandbox experiments
limitations. However, there also differences in geometry and spatial arrangement of structures

in top/map and cross-sectional views.

In this sense, regarding the geometry of the inner thick-skinned domain in the Kuga
fold-and-thrust belt, it is constituted by south-directed basement-involved faults defining an
antiformal stack (Fig. 5.2). These faults connect southwards with a thrust system detached
along the lower décollement in Mesozoic strata. In contrast, in our experiments, the inner
thick-skinned domain constitutes a thrust stack characterized by a north-directed backthrust

and south-directed thrusts cutting the whole synkinematic sequence.

Furthermore, there are also differences in the thin-skinned thrust system detached on
the Upper Triassic-Lower Jurassic coal layers. In the Kuga fold-and-thrust belt, thrusts and
backthrusts are generated rather than the detachment folds of our experiments, besides, the
number of thrust imbricates is higher (Fig. 5.2). On the other hand, to the East of the Kuqa
fold-and-thrust belt, deformation is transferred from the structure developed over the
foreland pinch-out of the weak prekinematic layer to the foreland pinch-out of the weak
synkinematic layer (Fig. 5.2) and shallow deformation can propagate southwards as observed
in the eastern part of Fig. 5.1. In contrast, major thrusts and folds developed over the foreland
pinch-out of the precinematic décollement in our experiments. These structures hamper the

foreland propagation of shallow deformation acting as a barrier (Figs 5.1 and 5.2).

Finally, there are some differences regarding the Eocene-Oligocene salt layer. In the
western Kuga fold-and-thrust belt there is a depletion beneath the Baicheng Syncline and salt
inflation in the western Qiulitage frontal structure that was not reproduced in our experiments
(Fig. 5.2). To the east, the Qiulitage frontal structure is defined by a backthrust whereas in our

experiments consist of a major uplifted fold (Fig. 5.2). Regarding intrasalt deformation, in the
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Kuga fold-and-thrust belt gentle folds and thrusts preferentially developed whereas intra-
polymer deformation in the experiments is characterized by tight, short-wavelength buckle

folds (Fig 5.2).

5.2. PARAMETERS CONTROLLING THE STRUCTURING OF THE KUQA-FOLD-AND-THRUST BELT

In this section, the observations in both the experiments and the natural analog are
integrated and the main parameters controlling the structuring of the Kuqga fold-and-thrust

belt are discussed.

5.2.1. Mechanical behavior of the lower décollement

The lower décollement in the Kuga fold-and-thrust belt is made by coal and lacustrine
mudstones within the Upper Triassic-Lower Jurassic sequence. This weak layer has a very high
viscosity and very low friction and behaved as the primary décollement and sole thrust of a
thin-skinned, piggyback thrust system. This weak layer shows a diminution of its effectiveness
as a décollement towards the west due to a decrease of the thickness of the coals and
lacustrine mudstones (Li et al., 2004) and/or an increase of the percentage of mudstones with

respect to coals and/or an increase of the maturation of the organic layers (Zhao et al., 2005).

The viscosity of the prekinematic weak layer has a strong impact on the structure and
kinematics of overlying thin-skinned deformation. The increase of resistance to flow in higher
viscosity weak layers means that: 1) it is more difficult to form both detachment folds and
diapirs; and 2) the deformation propagates more slowly towards the foreland (Verschuren et
al., 1996, Gradmann et al., 2009) (compare models in Fig. 5.2). For this reason, higher-viscosity
décollements promote the formation of thin-skinned thrust systems with a major deformation
front located more toward the hinterland than those with lower viscosity (compare Figs. 5.3G
and 5.3H). The behavior of the décollements and how they propagate deformation towards
the foreland is also, partly controlled, by the thickness of synkinematic units. As shown in the
analogue models presented in this thesis, the geometry of the structures detached in the
lower décollements strongly depends on the synkinematic sedimentary rate (compare Figs.

5.3G and 5.3F).
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Mismatches between model and Kuga fold-and-thrust belt geometries could be
partially related to the deformation-rate scaling, but there is no doubt that it is also controlled
by a difference between the mechanical behavior of the Upper Triassic-Lower Jurassic
lacustrine mudstones and coals and that of the analogue material used in the experimental
program. The mudstones and coals are more viscous and, unlike the sand/polymer mixture, do
not flow at upper crustal levels (Tang et al.,, 2007; Wang et al.,, 2011; Wang et al., 2017).
Moreover, they may comprise multiple, discrete and thin detachment levels rather than the
single thicker layer of sand/polymer mixtures. In any case, the results suggest that the coals
and mudstones were more effective as a décollement than the experimental equivalent,
therefore, a high viscosity and low basal friction weak layer could be more effective as a

décollement than a lower viscosity weak layer.

5.2.2. Syncontractional sedimentation and erosion

Sedimentation rate in the Kuga fold-and-thrust belt varies through time. A clear
distinction can be made between: an earlier contractional stage (from top Cretaceous to early
Miocene) that was dominated by lower shortening and sedimentation rates, and a later period

(spanning the late Miocene to Pleistocene) characterized by higher rates of both processes.

During the early deformation stage, the Kuga fold-and-thrust belt grew as a wide
thrust wedge formed by a main basement thrust that transferred shortening to the overlying
décollements (Fig. 5.3J). Deformation propagated slowly towards the foreland enabling the
growth of the fold and thrust system through frontal accretion. Under these low
sedimentation rates, shortening was distributed in several minor structures detached in the
inner domain of both the upper evaporitic and the lower décollements (i.e. they are not
localized over décollement boundaries; Fig. 5.3B). This feature is also recognized in the
analogue models A and B where null/low synkinematic sedimentary rates favor the formation
of multiple structures, more distributed over the décollements than in the models simulating
higher sedimentary rates. In the natural case study, the lower sedimentary rate enhanced thin-
skinned thrusting over the coal layers as recognized in the experiment A (Fig. 5.3E). Besides,
dip similarities between the analogue models and the natural case study are found regarding
the frontal limb of the thick-skinned thrust system: the dip of this limb is intermediate in
models/shortening stages involving low sedimentary rates but steepens when these rates
increase (both in the natural case study and the analogue models, compare Figs. 5.3 and

5.3K).
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Syntectonic sedimentation rate increases in the Kuga case study during the later
deformation stages. This rate increase has a strong impact in its geometry that changes with
respect to that depicted in the early stages. The Kuqa fold-and-thrust belt evolve into a
narrower and steeper thrust wedge, coal-detached thrusts are less developed whereas
basement thrusting played a major role. Besides, as predicted from the analogue models,
shortening was localized in a few structures that are separated from each other by the broad
Baicheng Syncline (Fig. 5.3D). As observed when experiments B and D are compared (Figs.
5.3A and 5.3C, respectively), high sedimentation rates lead to a decrease in the number of
structures as well as an increase of their size. In particular, folds have a longer wavelength and
greater amplitude, thrusts sheets are thicker and wider, and both thrusts and folds are more
widely spaced. Regarding the thick-skinned domain, high sedimentary rates promoted the
formation of steep frontal limbs in the analogue models, similarly to the steepening and
forwards rotation inferred during late deformation stages for the frontal limb of the South Tian

Shan Anticline (Fig. 5.3L).

Differences in suprasalt deformation between the Kuga fold-and-thrust belt and
sandbox models could be related to different parameters that remain constant or absent
during the experiments. The sedimentation and the shortening rates as well as the
accommodation space (tilting the baseplate) do not vary. In addition, differences in
deformation above the synkinematic weak layer may be related in part to erosion, which is not
modeled in our experimental program. Erosion enhances the effects of differential loading
between areas of sediment accumulation and uplifted areas, helping drive migration of salt
from beneath the synclines to the anticlines or thrust-fault hanging walls. Therefore, it could
explain the coeval Eocene-Oligocene salt inflation in the frontal Qiulitage area and depletion
beneath the Baicheng syncline that was not reproduced in our experiments (Fig. 5.2B). This
effect may have been magnified by the greater density contrast between overburden and
polymer (>1.4; Table 2) than the real contrast between overburden and salt, which can be less
than 1 in the case of thin, young siliciclastics; this might have impeded any loading-induced

polymer inflation in the structural highs.
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5.2.3. Inherited structure

The Mesozoic structure predating the formation of the Kuga fold-and-thrust belt is
influenced by the presence of inherited, Paleozoic and/or Mesozoic North-dipping extensional
faults. The presence of these early faults had a first-order impact on the structural evolution of
the Kuga fold-and-thrust belt because they determined the locus of most of the basement
thrusts acting during the Cenozoic and therefore the geometry of the thrust stack in the Kelasu
fold-and-thrust system. Furthermore, in the eastern and central section, inherited basement
faulting probably controlled the position of the Kumugeliemu salt pinch-out and contributed to
the late-stage uplift of the Qiulitage fold-and-thrust system. This indicates a feedback

relationship between basement-involved faults and salt-detached deformation.

Differences in the geometry of the basement-involved thrust system between the
Kuga fold-and-thrust belt and our models largely result from the absence of basement
anisotropies in the sandbox experiments. Thus, the models address a simple scenario that does
not match perfectly with most real cases (i.e, Zagros, Apennines, Pyrenees, and even the Tarim
Basin). In this sense, it is evident that in any departure model including structural inheritance,
these inherited structures would have a strong impact on the subsalt contractional
deformation and consequently on the suprasalt structures as shown by previous analogue
modelling studies (Callot et al., 2012; Graveleau et al., 2012; Lewis et al., 2013; Jackson and
Hudec, 2017).

5.3. APPLICABILITY

The integration of the structural and analogue model data for the Kuqa fold-and-thrust
belt presented in this thesis, together with a better understanding of the main parameters that
control the structuring of the thrust belt, provide new perspectives in terms of hydrocarbon

exploration and production in subsalt contractional environments.

5.3.1. Implications for traps development

The cross sections constructed in this thesis point out several implications in the
development of new traps. On the one hand, the recognition and characterization of a thin-
skinned fold-and-thrust system detached along Upper Triassic-Lower Jurassic coal means

(regarding previous interpretations) a higher compartmentalization of the reservoir unit
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beneath the Kelasu fold-and-thrust system (represented by the Bashijigike Formation) and a
higher number of thrust imbricates. Hangingwall anticlines related to these thrusts are

potential traps (Fig 5.4).

Furthermore, the interpretation of normal faults affecting the Mesozoic units that
underline the central Qiulitage frontal structure also opens new possibilities regarding trap

development in their footwalls (Fig. 5.4).
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FIGURE 5.4. New potential traps in: A: the central Kelasu fold-and-thrust system. Note that in
previous interpretations for the central Kelasu fold-and-thrust system the detachment level
for the thin-skinned subsalt system is located at a lower stratigraphic position and the
number of imbricates is lower. B: New sub-basement traps to North of the western Kelasu
fold-and-thrust system. C: Extensional footwall traps in western Qiulitage.
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5.3.2. Implications for source-rock distribution

The source rock in the Kuga fold-and-thrust belt (Upper Triassic-Lower Jurassic coal
layers) is coincident with the lower décollement. This correspondence gives us an additional
constrain when mapping the areal distribution of the source rock: if thin-skinned Mesozoic-
detached imbricates are recognized, the source rock will be present at that position. Mapping
of the distribution of the thin-skinned thrust system shows an excellent match with the
thickness of the source rock (Fig. 5.5, constructed from well data by Tarim Oilfield). This good
correspondence evidences how a good understanding of the structure is a potential and
powerful tool for the mapping of the source rock in the Kuga fold-and-thrust belt and in other

fold-and-thrust belts where source rocks behave as décollements.

Regional depth-migratedprofiles
Distribution of coal detachment
Basement boundary

Isopach

Wells

FIGURE 5.5. Correlation between the areal distribution of the coal-detached thin-skinned
thrust system (obtained exclusively from the cross sections presented in this project, without
well data) and the thickness map for the Lower Jurassic source rock (provided by Tarim
Oilfield, based on well data).

5.3.3. Implications for reservoir charge and oil migration

The palinspastic restorations realized in this thesis point out to a late expulsion and
migration of the hydrocarbons. This migration was probably coeval to the sedimentation of the
Kuga and Kangcun Fm., when the thin-skinned thrust system detached into Upper Triassic-
Lower Jurassic coal layers was already developed (Fig. 5.6). Two different migration paths took
probably place: (i) a short distance migration, charging the traps represented by the
hangingwall anticlines in the thin-skinned subsalt thrust system and (ii) a long-distance
migration path, updip from the northern part of the fold-and-thrust belt towards the foreland
basin. The latter, long distance migration could have charged the potential fault-related traps

beneath the Qiulitage frontal structure (Fig. 5.6).
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The detailed conclusions of the structural analysis of the Kuga fold-and-thrust belt as well
as the ones obtained from the experimental study are shown in chapters 3 and 4, respectively.
Here, a summary of these conclusions is pointed out together with the general conclusions

obtained from the integration of both studies.

e The Kuga fold-and-thrust belt is a thin-skinned thrust system that involves two main
décollements: The syncontractional salt layer (Eocene-Oligocene in age) and a deeper,
precontractional décollement comprising coal and lacustrine mudstones (Upper
Triassic-Lower Jurassic in age).

e Deformation in sub-salt units is strongly controlled by along-strike effectiveness
variation of the precontractional décollement and synkinematic sedimentation. In this
sense, analogue models validate seismic interpretation and confirm the roles of
décollement distribution/rheology and sedimentation rate.

e The Kuqga fold-and-thrust belt present two-stage evolution during the Cenozoic. The
first stage (Top Cretaceous-lower Miocene) with slow deformation (0.01-0.09
mm/year) and low syntectonin sedimentation rate (0.2-1 mm/year) and a later stage
(Upper Miocene-Pleistocene) with rapid deformation (0.05-0.4 mm/year) and high
syntectonic sedimentation rate (0.5-4.9 mm/year).

e The presalt structure of the Kuga fold-and-thrust belt is characterized by an inner-thick
skinned domain formed by a basement-involved thrust stack that cut and branches
with a thin-skinned fold-and-thrust system detached on the coal layers. Under low
synkinematic sedimentation rate, this thrust stack presents a low taper angle and the
dip of frontal limb is smaller. In contrast, when synkinematic sedimentation increases
the basement thrust stacking produce forward rotation of the frontal limb and its dip is
higher.

e The thin-skinned fold-and-thrust system detached on the prekinematic décollement is
well developed in the central and eastern part of the Kuga fold-and-thrust belt but
dies out to the West. In addition, under low synkinematic sedimentation rate, this
thrust system propagates southwards in a piggy back sequence whereas under high
sedimentation rate the lower décollement becomes less effective and the propagation
of the deformation towards the foreland is reduced.

e Suprasalt deformation is strongly influenced by synkinematic sedimentation rate.
Increasing synkinematic sedimentation rate leads to a progressive change from
distributed deformation to deformation localized in the pinch-outs of the salt. The

number of structures is reduced but its size increases. In addition, increasing
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synkinematic sedimentation rate promotes propagation of the deformation more
quickly towards the foreland. However, when sedimentation rate is very high, it can
slow down or even blocks the piggy-back propagation of thrusting, and new thrusts

and backthrusts form towards the hinterland.

Salt diapiric structures are mainly driven by erosion of the salt-cored anticlines and
thrusts and high pression head gradients produced between these eroding structures

and the adjacent synclines where thick synorogenic successions are deposited.

Our results emphasize that the evolution of fold-and-thrust systems involving
interbedded weak horizons should be understood in light of a continuous interplay
between the reactivation of inherited features, the behavior and extent of the

décollements, and the effects of systectonic deposition.
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