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Cenozoic deformation of the Qaidam basin, western China 

 

Abstract 

This thesis investigates the timing and structural styles of Cenozoic deformation of the 

Qaidam basin in western China. Chapter 2 documents the existence of a new class of contractional 

fault-related fold termed basement-involved structural wedges in the northwest Qaidam basin, and 

discusses how we can quantitatively describe and model them. We develop a series of forward 

models that illustrate the geometry and kinematic evolution of these wedge structures. Our results 

provide a better understanding of how to identify basement-involved wedge system and model 

their geometry and kinematic development in ways that can help us better understand regional 

tectonics. Chapter 3 explores the application of map-based restoration method to define the 

deformation of the Qaidam basin. We develop a new workflow to improve the capabilities of these 

methods to distinguish the tectonic component of deformation from other processes such as 

compaction and basin subsidence due to sedimentary loading. This improved methodology is used 

to document the style and magnitudes of deformation over late Cenozoic time in the Qaidam basin, 

and can be applied to other basins that are affected by large basin subsidence. Chapter 4 

investigates the deformation of the Qaidam basin based on regional seismic cross-sections. Our 

interpretation results indicate that the basin is controlled by both northeast and southwest dipping 

basement involved thrust faults that typically form fault-propagation folds and imbricated 

structural wedges. Despite the presence of both northeast and southwest dipping thrust faults 

throughout the basin, our analysis invoking wedge structures concludes that the dips of the basal 
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(basement-involved) thrust ramps are systematic, rooting beneath both the Qiman Tagh and Qilian 

Ranges. Activity of these mountain ranges is driven by the Altyn Tagh and perhaps Kunlun faults. 

We use syntectonic growth strata to document the timing and magnitudes of Cenozoic deformation 

throughout the basin, and show that deformation initiated at 37.8 Ma, concurrent with or shortly 

after the Himalayan collision. After a subsequent period of tectonic quiescence, the main phase of 

basin deformation initiated at 22 Ma. The overall tectonic shortening began in the northwest and 

propagated to the southeast over time, causing migration of the basin depocenter. The second phase 

of shortening corresponds with the inception of the Altyn Tagh fault, which accommodates 

eastward extrusion of tectonic blocks from the Tibetan Plateau. Thus, deformation in the Qaidam 

basin records the transition from north-south convergent to escape tectonics in the Tibetan Plateau. 
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CHAPTER 1 

Introduction 

This thesis investigates the timing and structural styles of Cenozoic deformation of the 

Qaidam basin, which lies in the northeastern Tibetan Plateau of western China. By 

integrating quantitative structural interpretation of geologic and geophysical data with 

forward models and cross section and map-based restorations, we define the nature of 

deformation associated with fold growth and fault activity. Better understanding of these 

deformational processes in the basin is important for understanding the tectonic history of 

the broader Tibetan Plateau and Himalayan orogen, and helps guide petroleum 

exploration effort in the basin by better characterizing the geometry, timing, and 

kinematics of structures that form prospective hydrocarbon traps. New capabilities of 

structural analysis developed in our study can also serve to help interpret other complexly 

deformed basins. 

The Qaidam basin is located at the northern margin of the Tibetan Plateau, the largest 

tectonic feature on the Earth. The Plateau formed as a product of India’s collision with 

Asia since Eocene time (e.g., Molnar and Tapponnier, 1975; Tapponnier et al., 1982; Yin 

and Harrison, 2000). With the collision still in progress, the Tibetan Plateau affords us 

the opportunity to examine the mechanism of large-scale continental deformation. 

Despite its tectonic importance and decades of study (e.g., Argand, 1924; Peltzer and 

Tapponnier, 1988; Harrison et al., 1992; Royden et al., 2008), controversy remains over 

even the most general characteristics of Plateau development (Tapponnier et al., 2001; 
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Wang et al., 2008). Syntectonic sediments often provide important constraints on the 

timing and kinematics of deformation in orogenic belts (Suppe et al., 1992; Shaw and 

Suppe, 1994; Shaw et al., 2005). However, there are few Cenozoic sediments preserved 

over most of the Tibetan Plateau due to the significant uplift and deformation throughout 

the region. A key motivation of our study is that the Qaidam basin is one of the few 

places in the Plateau that retain a significant Cenozoic sedimentary sequence. These 

strata have undergone substantial folding across the interior of the basin (Gu and Di, 

1989; Wang and Coward, 1990), providing a unique opportunity to constrain the style 

and timing of deformation in this part of the Tibetan Plateau, which will help us better 

understand the growth and expansion of the Plateau and test currently conflicting models 

for the Plateau growth. Characterization of the deformation history in the basin will also 

help define the process that controls the development and continuous subsidence of the 

basin under active contractional tectonics.  

Finally, the Qaidam basin is a prolific petroleum province, with an accumulated proven 

reserve of 630 million tons (4.5 billion bbl) of oil, and 388.7 billion m3 (13.7 Tcf) of 

natural gas. Despite some recent discoveries in the basin, a large part of the basin remains 

unexplored. Exploration efforts have been limited partly by a lack of understanding of the 

structural styles and their influence on the petroleum system, as the Qaidam basin has 

undergone significant folding over the Cenozoic Era, forming as many as 140 surface and 

blind anticlines. Thus, a detailed structural characterization of the geometry, timing, and 

kinematics of structures will help guide the hydrocarbon exploration efforts in the basin.  

By analyzing seismic reflection data, well logs, surface geological exposures, remote 

sensing images, and digital elevation data, this thesis interprets and models dozens of the 
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structures in the basin, constructs balanced and retrodeformable cross sections 

(Dahlstrom, 1969; Suppe, 1980), builds basin-scale models, and explores new 

methodologies to interpret these data. 

In Chapter 2, we propose the existence of a new class of fault-related fold called 

basement-involved structural wedges in the northwest Qaidam basin, and document how 

to quantitatively describe and model them. Structural wedges contain two connected fault 

segments, a forethrust and backthrust, that bound a triangular or wedge shaped fault 

block (Medwedeff, 1989; Jones, 1982, 1996; Soule and Spratt, 1996; Shaw et al., 2005). 

Coeval displacements on both faults drive the wedge into surrounding rock, causing 

distinctive patterns of uplift and folding. We identify a series of basement-involved 

(thick-skinned) structural wedges in northwest Qaidam basin, where syntectonic strata 

record deformation timing and kinematics. These wedge structures are distinguished by 

having elevated and deformed strata in the footwalls of the backthrusts, and synclinal 

folds that extend upward from the wedge tips. We propose a method of plotting the 

structural relief across the structures to distinguish the structural wedge style from other 

fault-related-folds. With the constraints of fold shape, growth strata, structural relief, and 

shallow fault geometry, we develop a series of forward models that describe the geometry 

and kinematic evolution of these wedge structures. The analysis suggests that some of the 

wedge structures reactivate pre-existing normal faults. Our results provide a better 

understanding of how to identify basement-involved wedge system and model their 

geometry and kinematic evolution. This serves to quantitatively define the deformation 

styles and characterize potential for deeper traps in the Qaidam basin, while also 
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providing a workflow to identify and characterize basement-involved structural wedges 

in other basins around the world. 

In Chapter 3, we explore the application of map-based restoration techniques to define 

the deformation of the Qaidam basin, and develop a new workflow to improve the 

capabilities of these methods. We employ a map-based restoration approach that uses a 

parametric method and restores deformed surfaces to a horizontal datum, by minimizing 

global area change and internal strain, calculated in a least-square sense (Massot, 2002; 

Muron, 2005; Plesch et al., 2007). The restoration effectively reveals the deformation -

both displacements and strains - of a geologic unit, and can account for both dip-slip and 

strike-slip components of folding and faulting. However, there are some limitations with 

the methodology due to its assumption of a horizontal restoration datum, because the 

original geological surface at its time of deposition may not have been horizontal due to 

the basin architecture and topography. In addition, sedimentary compaction might also 

affect the geometry of the deformed surface. Finally, in a basin with thick sediments and 

fast sedimentation rate like the Qaidam basin, basin subsidence due to sedimentary 

loading plays an important role in controlling the current shape of sedimentary horizons. 

Thus, we develop a revised workflow of map-based restoration, as demonstrated with 

application to the Qaidam basin. This new workflow helps to address the influence of 

these processes and factors, and thus distinguish and more accurately constrain the 

tectonic component of deformation. Our analysis shows that a significant fraction of 

restoration-derived shortening in the Qaidam basin may be the result of non-tectonic 

processes. The remaining tectonic shortening is primarily directed northeast-southwest 

and migrated over time from the northwestern to the southeastern portions of the basin. 
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This is consistent with the deformation in the basin being driven by activity of the 

bounding Altyn Tagh and Kunlun fault systems. The methodology that we develop can 

be applied to other basins that are affected by large basin subsidence to better understand 

their geologic history. 

Chapter 4 presents an analysis of the basin-scale deformation style and timing based on 

the interpretation of cross-basin seismic sections, and explores the implications of these 

findings for understanding the regional tectonics of the Tibetan Plateau. Through a 

detailed analysis of more than 45 geological structures, about a third of the structures in 

Qaidam basin, we propose that deformation is controlled by both northeast and southwest 

dipping basement involved thrust faults that typically form fault-propagation folds and 

imbricated structural wedges. Our results demonstrate that the structures in the southwest 

and northeast parts of the Qaidam basin are underlain by basal thrust ramps that root 

beneath both the Qiman Tagh and Qilian Ranges, respectively. This suggests that 

deformation in the basin is driven largely by both of these mountain belts. Activity of 

these mountain ranges, in turn, is driven by the Altyn Tagh and perhaps Kunlun faults. As 

these structures formed and propagated into the basin, they uplifted the northwestern part 

of the basin along northwest-southeast trending thrust sheets, ultimately driving 

migration of depocenters to the southeast of the basin. The deformation of these 

structures records two phases of deformation. The first initiated in Late-Eocene shortly 

after the India-Asia collision and represents deformation that occurred far from the plate 

boundary, possibly localized on pre-existing normal faults. The second phase began from 

Miocene associated with the emergence of the Kunlun and Altyn Tagh Ranges and 

associated eastward extrusion of tectonic blocks within the Tibetan Plateau. Thus, 
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deformation in the Qaidam basin records the transition from north-south convergent to 

escape tectonics in the Tibetan Plateau.  

  



7 
 

CHAPTER 2  

Development and growth of basement-involved structural wedges in the 

northwest Qaidam basin, China  

 

INTRODUCTION 

The Qaidam basin is located at the northern margin of the Tibetan Plateau in western 

China. Due to its low elevation during the Himalayan orogen and uplift of the Tibetan 

Plateau, a nearly complete sequence of Cenozoic sediments is preserved and records the 

timing and kinematics of India-Eurasia collision (e.g., Molnar and Tapponnier, 1975; 

Tapponnier et al., 1982; Yin and Harrison, 2000). Under regional compression, the basin 

developed a series of large anticlinal structures, many of which are being developed for 

oil and gas production. Thus, accurate definition of structural styles in the basin is 

important for understanding the regional tectonics and guiding industry exploration 

efforts.  

Characterization of both folding and faulting, and the relationship between these 

processes, is a critical element of defining the style and kinematics of deformation in 

convergent tectonic regimes. A series of geometric and kinematic models have been 

established to quantify these fold and fault relationships (e.g., Suppe, 1983; Suppe and 

Medwedeff, 1990; Erslev, 1991; Suppe et al., 1992; Allmendinger, 1998; Shaw et al., 

2005) including fault bend folding, fault propagation folding, and detachment folding. An 

additional class of fault related folds, known as structural wedges, is composed of two 
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connected fault segments, a forethrust and backthrust, that act in concert (Medwedeff, 

1989; Shaw et al., 2005). Natural examples of structural wedge have been documented in 

the Southern Alberta Triangle Zone (e.g., Jones, 1982, 1996; Soule and Spratt, 1996), the 

San Joaquin basin, California (Medwedeff, 1989; Guzofski et al., 2007), the Pyrenees 

(Sans et al., 1996), the Junggar basin (Xu and Zhou, 2007; Guan et al., 2016) and other 

areas around the world (e.g., Schoenborn, 1992; Sobornov,1996; Brennan and Shaw, 

2005). Most of these wedge structures are thin-skinned systems, with the forethrust soling 

to a flat decollement within the sedimentary sequences. Structural wedges in thick-

skinned (basement-involved) deformation zone are less well documented.  

By analyzing seismic reflection profiles and other geologic data in Qaidam basin, we 

identify a series of thick-skinned structural wedges and characterize their deformation 

style and kinematics with quantitative fault-related-folding theories and the constraint of 

growth strata. These structural wedges are thick-skinned, as the forethrust extends 

downward into the basement. Using insights from several examples that are well imaged 

by seismic reflection data, we develop a series of balanced cross sections and kinematic 

forward models to illustrate fault and folding relationships. This, in turn, provides a 

method to identify and interpret wedge structures where data quality is poor. We also 

explore why wedge structures are common in our study area, which offers insights into 

the factors that may control their development in other fold-and-thrust belts around the 

world. Our results provide a better understanding of how to identify thick-skinned wedge 

system and model their geometry and kinematic evolution. This serves to quantitatively 

define the deformations styles and characterize potential for deeper traps in the Qaidam 
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basin, while also providing a workflow to identify and characterize basement-involved 

structural wedges in other basins. 

 

GEOLOGIC SETTING 

The Qaidam basin is located at the northern margin of the Tibetan Plateau (Figures 2.1a, 

b), and spans an area of ~120,000 km2. The average elevation of the basin is 2,700 m, 

with the highest part being the Yingxiong Ling with an elevation of more than 4,000 m. 

The basin is therefore lower than the average elevation of 5,000 m for the Plateau (Figure 

2.1d), and was therefore able to accumulate a nearly complete Cenozoic sedimentary 

section that records the timing and kinematics of India-Eurasia collision in this region.  

The basin is bounded by the Altyn Tagh Range to the northwest, the Qiman Tagh Range 

to the southwest, the Eastern Kunlun Range to the south, and the Qilian Range to the 

northeast (Figure 2.1c). The Altyn Tagh Range is distributed along the left-lateral Altyn 

Tagh strike-slip fault, which has a total of 300-550 km of Cenozoic left-lateral 

displacement (e.g., Pan, 1984; Peltzer and Tapponnier, 1988; Cowgill, 2001; Yin et al., 

2002). The Eastern Kunlun Range parallels the left-lateral Kunlun strike-slip fault, which 

has a total displacement of ~100 km (Fu and Awata, 2007). A series of southwest- and 

northeast-dipping thrust faults are active across the Qiman Tagh and Qilian Ranges.  
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Figure 2.1. Topography of the study area (data from SRTM-3, Farr et al., 2007). (a) Topography of 
Tibetan Plateau and surrounding areas. Black square outline: location of (c). White line: location of 
(d). (b) Major faults on (a). (c) Topography of Qaidam basin. Major faults and surrounding ranges are 
annotated. Golmud: the largest city in the basin. YL: Yingxiong Ling. (d) Topography profile crossing 
the Himalayas, Kunlun Range, Qaidam basin and Qilian Range.  

 

The Qaidam basin has undergone significant internal shortening (Gu and Di, 1989; Wang 

and Coward, 1990; Zhou et al., 2006; Yin et al., 2008; Wei et al., 2016) during Cenozoic 

time. There are as many as 140 anticlines underlain by thrust and reverse faults that have 

been identified across the basin (Figure 2.2, QBGMR, 1991), and many of them are being 

developed for oil and gas production. Surface expressions of most of these folds correlate 

directly with subsurface structures imaged in seismic reflection data. The focus of this 

chapter is the northwestern part of the basin, where we have constraints on the geometry 

of these structures from seismic reflection data, well logs, surface geology and satellite 

images. The seismic reflection surveys were acquired from 1986 to 2006, and consist of 
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60 fold, pre-stack time-migrated data that were depth converted using velocity models 

based on well logs. These data define the structural and stratigraphic architecture of the 

wedge structures, and provide a unique opportunity to constrain the timing and 

kinematics of this deformation due to the presence of a thick section of growth strata. We 

analyze the deformation style as well as kinematics of the structures using fault-related 

fold theories. 

 
Figure 2.2. Geologic map of Qaidam basin. There are around 120 anticlines shown on the map with 
other smaller and blind structures not shown. Our study area is marked by the green square outline in 
the northwest part of the basin. Lines 1, 2 represent seismic sections shown in Figures 2.5a and 2.9a 
respectively. A zoomed-in elevation basemap of the green square outline area is shown in Figure 2.4. 

 

Outcrops of the ranges bounding the Qaidam basin are mainly composed of pre-Jurassic 

rocks (Figure 2.2). In contrast, Mesozoic units within the basin are generally Jurassic-

Cretaceous in age and are mainly present along the northern margin of the basin. The 

interior of the basin preserves a significant Cenozoic sedimentary sequence with 

exposures of mainly Neogene and Quaternary units. The average Cenozoic sediment 
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thickness is ~8 km, and exceeds 17 km in specific locales. These Cenozoic sedimentary 

strata were mainly deposited in non-marine settings, including lacustrine environments, 

alluvial plains and fan deltas (Jian et al., 2013, 2014; Li et al., 2015; Lou et al., 2016). 

These Cenozoic strata are divided into eight formations (QBGMR, 1991) that have been 

categorized based on age constraints from magnetostratigraphic studies and fossils 

(Figure 2.3, Huo, 1990; Huang et al., 1996; Sun et al., 2005; Fang et al., 2007; Lu and 

Xiong, 2009; Ke et al., 2013; Ji et al., 2017; Wang et al., 2017).  

Based on correlations of surface outcrop and well log data with seismic reflection 

profiles, we have mapped the boundaries between these formations. For simplicity, we 

use the seismic reflector labels (T0-T6) shown in Figure 2.3 that have been employed by 

previous authors (e.g., Yin et al., 2008; Cheng et al., 2014) when referencing different 

stratigraphic units and rock ages. Each seismic reflector that we analyze represents the 

boundary of a stratigraphic formation (Figure 2.3). For simplicity in expression, we also 

use the reflector name to represent the overlying unit. For example, unit T3 refers to the 

unit between reflector T3 and reflector T2. 

Through 2015, there have been 18 oil fields and 6 natural gas fields discovered in the 

basin. The accumulated proven reserves of oil is 630 million tons (4.5 billion bbl), and 

for gas is 388.7 billion m3 (13.7 Tcf). With the nearly continuous deposition and thick 

accumulations of sediments, there are multiple source sequences and reservoir units 

within the basin from Eocene to Pliocene age. In the northwest Qaidam, reservoir rocks 

are mainly Upper Eocene, Miocene and Pliocene sandstones and limestones. Source 

rocks are saline-hypersaline mudstone and limestone in Upper Eocene and Oligocene. 

Mudstone in those formations serves as the hydrocarbon seals (QBGMR, 1991).  
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Figure 2.3. Stratigraphic column and ages of Cenozoic units of Qaidam basin (modified from Cheng 
et al., 2014). T0-TR are seismic reflectors representing the bottom of the corresponding unit. The age 
of each reflector is given. T6 is not shown here, which is the bottom of sedimentary sequence (top of 
the basement). The Holocene Dabuxun and Yanqiao formations are unconsolidated sediments. 
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IDENTIFICATION AND CHARACTERIZATION OF STRUCTURAL WEDGES 

IN THE QAIDAM BASIN 

The Jianshan Structural Wedge  

The Jianshan anticline extends northwest-southeast for over 150 km in the northwest 

Qaidam basin, and is a representative structure in our study area (Figure 2.4). Digital 

elevation data and surface geology shows that the northeast limb is narrower and steeper 

than the southwest limb, indicating a northeast-directed fold vergence.  

A depth migrated seismic reflection profile across the structure confirms this fold shape, 

and indicates the presence of several blind fault splays beneath the structure based on 

cutoffs and offsets of seismic horizons (Figure 2.5). The section shows a southwest 

dipping thrust fault system (F1) in the shallow part of the section. Fault F1 dips roughly 

parallel to the backlimb of the fold and terminates upward into the northeast forelimb of 

the structure. The asymmetry of the anticline and the upward decreasing displacement on 

the F1 fault are diagnostic of fault propagation folding. Fault propagation folds form at 

the tips of faults and consume slip through folding (Suppe and Medwedeff, 1990; Erslev, 

1991; Hardy and Ford, 1997; Allmendinger, 1998; Shaw et al., 2005). Thus, faults may 

not reach the Earth’s surface, but rather terminate upward into the fold forelimb. The 

forelimb above the fault tip is typically steeper and narrower than the corresponding 

backlimb, as exhibited by the Jianshan fold.  
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Figure 2.4. Distribution pattern of the structures in the study area. In (a), structures are annotated and 
locations of the wells we used for the seismic data interpretation are marked. JS: Jianshan; DFS: 
Dafengshan; HLZ: Heiliangzi: CWL: Changweiliang; JDS: Jiandingshan; JBQ: Jianbeiqianfu; DP: 
Dongping. In (b), subsurface fault tip of the major forethrusts and backthrusts are projected vertically 
and plotted on the surface. Faults of same color stand for the forethrust and backthrust of the same 
wedge system. The northeast dipping faults are the forethrusts, and southwest dipping faults are the 
backthrusts.  
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Figure 2.5. Seismic section across the Jianshan structure and palinspastic restoration analysis. For line 
location, see trace 1 on Figures 2.2 and 2.4. (a) Uninterpreted section with fault cutoffs highlighted. 
The red arrows mark the location of backthrust F1 and forehthrust F2. The black lines mark the 
horizon dip contrast, indicating a fault between those two dip domains. (b) Seismic section with 
interpretation based on well and surface geology constraints. Green dashed line is the synclinal axial 
surface connected to the wedge tip. Tx (the uppermost continuous horizon slightly lower than T0) is a 
nominal horizon we tracked for thickness comparison used for Figure 2.7. Tx’ is another nominal 
horizon we tracked to show the condensed interval beneath horizon T4. (c) Palinspastic restoration of 
the Jianshan structure. The pin line is a fixed reference. The loose line is a reference line to which 
restored bed lengths are measured. Restored line length of T4 is 16.3 km. 
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While the dip direction of fault F1 is consistent with the vergence of the overlying fold, 

this fault does not explain the pattern of structural relief of horizons bounding the 

structure. Specifically, all of the stratigraphic horizons are structurally higher to the 

northeast of the syncline that bounds the forelimb of the structure (in the footwall of F1) 

compared to their elevation on the southwest side of the fold (in the hanging wall of F1). 

For lower horizons this structural relief is over 1.3 km (Figure 2.5a). This pattern cannot 

be explained by thrust displacement on the F1 fault. Moreover, because the strata outside 

the folding zone are nearly horizontal (< 3° regional dip), we conclude that the structural 

relief is not caused by regional basin subsidence, but rather is of local tectonic origin. 

This suggests the presence of another, northeast dipping fault (F2) below that F1 fault 

that extends into the basement. Similar basement-involved, northeast dipping thrust faults 

have also been identified in other parts of the Qaidam basin (Yin et al., 2008). The F2 

fault is also constrained directly by offset of the T4 horizon and older stratigraphic 

horizons. Based on the pattern of structural relief and absence of a backlimb above F2, 

this ramp extends to the base of the section without soling to a detachment. This indicates 

a thick-skinned, basement involved structural style. The two opposite dipping faults, F1 

and F2, appear to intersect at a point that is connected to the synclinal axial surface of the 

southwest fold limb (Figure 2.5b). This suggests that these two faults are linked and form 

a structural wedge (Medwedeff, 1989; Shaw et al., 2005). This pattern of coeval fore- and 

back-thrust faults is consistent with the model of interacting northeast and southwest 

vergent fold-and-thrust belts in the Qaidam basin proposed by Yin et al. (2008). Our 

interpretation extends this analysis to suggest that fore- and back-thrusts in the Jianshan 
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structure are geometrically and kinematically linked to form a basement-involved wedge 

system. 

Displacement on the upper segment of F1 is much smaller than the relief caused by the 

F2 fault. This suggests that a detachment acts as a second backthrust, which we term F3, 

accommodating a component of the displacement on the underlying forethrust system. 

The evidence for this fault, and its role in wedge development, will be addressed in our 

modeling of the structure.  

 

Defining structural wedges through patterns of structural relief 

To quantify the pattern of structural relief exhibited by wedge structures, and to contrast 

this with other types of fault-related folds, we analyze the structural relief of same 

horizon between different measurement locations (Figure 2.6). 

Relief I-III and relief II-III are defined respectively as the elevation difference of the 

same horizon at locations I and III, and locations II and III. Measurement locations I and 

III are located beyond the synclines that bound the structure, and thus outside the folding 

zone (Figure 2.6). Measurement location II is located at the crest of the fold above the 

backthrust. A positive value of relief I-III means horizon at location I is structurally 

higher than that horizon at location III.  
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Figure 2.6. Schematic fault-related fold models and corresponding relief analysis. These schematic 
models are constructed based on fault bend folding and fault propagation folding kinematics. Relief 
patterns are plotted based on the comparison of the elevation of the same unit across the model. Only 
the axial surfaces connected to the fault bend or wedge tip are marked. (a) Schematic model of a fault 
propagation folding with the fault soling to a lower flat detachment. There is no relative uplift outside 
the folding zone. (b) Schematic model of a fault propagation folding with the fault extending into the 
basement. The entire hanging wall is uplifted relative to the footwall. (c) Schematic model of a simple 
fault inversion. The pre-growth section of the hanging wall is lower than that of footwall. However, 
growth strata in the hangingwall are uplifted higher than that of footwall. It also includes a very thick 
interval of the growth strata. (d) Schematic model of a structural wedge, where the lower forethrust 
and upper backthrust are connected at wedge tip. Footwall of the shallow fault (backthrust) is uplifted 
relative to the horizontal part of the hanging wall. 

 

In typical fault-propagation folds where the fault soles to a lower horizontal detachment 

(Figure 2.6a), we expect to see uplift of horizons along the fold crest. However, on a 
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regional level, horizons of the same unit outside the folding area should not exhibit major 

structural relief. For both the pre-growth and growth strata in these structures, relief I-III 

will be zero (Figure 2.6a), as no vertical uplift is induced outside the folding zone. Relief 

II-III is a positive constant for pre-growth strata, as those horizons experienced same 

amount of uplift at measurement location II. Whereas for the growth strata, younger 

horizon experienced smaller amount of folding and uplift. Therefore, the plot shows a 

decreasing trend for relief II-III.  

If the fault does not sole to a horizontal detachment (Figure 2.6b), the hanging wall of the 

fault will be uplifted, making the hanging wall units structurally higher than the 

corresponding units in the footwall. On the relief plot, both relief I-III and relief II-III are 

positive due to the uplift caused by the thrust movement, while the value of the latter is 

larger, due to the extra uplift caused by folding. These structures also exhibit constant 

value for the pre-growth strata, and decreasing trend for the growth strata. The pattern of 

relief II-III is very similar to that of the previous scenario. 

We note that the models presented in Figures 2.6a and 2.6b do not exhibit a negative 

value for relief I-III, which is clearly present in Jianshan structure (Figure 2.5). Another 

model that might explain this pattern is an inversion structure, where the fault initially 

had normal displacement and was subsequently reactivated as a thrust (Figure 2.6c). 

After the initial rift caused subsidence of the hanging wall, a later stage inversion might 

still preserve part of this older, normal relief (negative relief I-III) while also driving 

contractional folding above the fault tip that yields positive relief II-III. Sediments would 

be required to fill the accommodation space in the hanging wall of the rift. After this 

accommodation space was filled, subsequent units, including growth strata for the 
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contractional folding, would exhibit positive relief I-III. While inversions structures are 

common in many settings, we suggest that this model does not adequately describe the 

patterns expressed in the Jianshan structure. Specifically, this model does not explain the 

negative relief I-III within the contractional growth strata. All of these growth units in the 

Jianshan structure are structurally lower in the hanging wall of the fault than in its 

footwall (negative relief I-III), whereas the model in Figure 2.6c shows a positive relief I-

III value for the contractional growth strata that extend across the fold. Moreover, the 

implied timing of the rifting would need to be younger than the age of unit T2’ in the 

Jianshan structure (Figure 2.5) to explain the constant, negative relief I-III values for 

T2’and older units. In contrast, T2’ and younger strata represent syntectonic, 

contractional growth strata above the Jianshan fold, consistent with regional tectonic 

studies (Yin et al., 2008; Zhuang et al., 2011) that show the basin is undergoing 

contractional deformation at this time. Thus, both the patterns of structural relief and 

implied sequence of deformation in the inversion model (Figure 2.6c) are inconsistent 

with the Jianshan fold.  

Given the inability of the two thrust models (Figures 2.6a, b) and the inversion structure 

(Figure 2.6c) to explain the pattern of structural relief in the Jianshan fold, we explore an 

alternative interpretation of a structural wedge. In contrast to the first two fault 

propagation fold models (Figures 2.6a, b), wedge structures exhibit distinctive pattern of 

structural relief (Figure 2.6d). Horizons at location III are uplifted due to the movement 

on the forethrust, while horizons at location I do not experience any uplift. Therefore, 

relief I-III is negative for all the horizons and decrease from pre-growth strata to the 

growth strata in the absolute values. Relief II-III shows similar pattern of positive value 
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and decreasing trend as the other two scenarios, while the values are smaller for the 

wedge scenario, due to the uplift of the location III.  

 
Figure 2.7. Plots of horizon relief and unit thickness variation ratio between different measurement 
locations on the Jianshan structure. I, II and III represent locations shown on Figure 2.5b. Relief II-III 
is not shown for T4, as T4 is within the wedge block and not present in the fold above the wedge. 
Both plots suggest units T4 and T3 are pre-growth strata, with no thickness difference and fixed 
amount of relief. Units T2, T2’ and T1 are growth strata, represented by larger thickness changes 
while smaller amount of relief.  

 

An analysis of structural relief on Jianshan supported the wedge-style interpretation. 

Similar to the analysis of the models we presented, we assess the relief between 

measurement locations I, II and III on the Jianshan structure (Figure 2.5b). Horizons at 

location I are always structurally lower than that of location III, marked by the negative 

value of the relief I-III (Figure 2.7a). T3 and T2 show constant difference for relief I-III, 

but there is a decreasing trend from T2 to T1 corresponding to growth of the structure. 

Similarly, horizons at location II is always higher than III, with relief II-III constant for 

T3 and T2, but the value of relief II-III decreases starting from T2. This decreasing trend 
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in the absolute values of both reliefs I-III and II-III are consistent with the kinematics and 

growth history of the structural wedge.  

Palinspastic restoration of the horizons in our cross section (Figure 2.5c) also supports the 

wedge interpretation of Jianshan structure. The restored line length of T4 is longer than 

the other lines, as extra line length of T4 was induced by the wedge block. T3 and T2 

have same restored line length, as they are pre-growth strata and located above the initial 

wedge block. The decreasing trend of restored line length from T2 to T2’ to T1 

corresponds to the syntectonic sedimentation. Naturally there is some uncertainty in the 

measurement of bed lengths. This arises both from uncertainty in our interpretation as 

well as possible distortions in the seismic image. The latter arises mainly from the depth 

conversion process. Thus, we quantified this uncertainty by vertically stretching and 

compressing the 1:1 seismic section on Figure 2.5 and observe how much this changes 

the line length. With the current 1:1 display setting on Figure 2.5b, the difference 

between the bed lengths of units T4 (within the wedge) and younger pre-growth units (T3 

and T2) is 13.5%. By assuming a ±20% uncertainty for our velocity model used during 

the depth conversion, we vertically stretched and compressed the seismic section and 

interpreted horizons by 20%. This yields a change in bed lengths of less than 2%. This 

analysis indicates that the measurement uncertainty is modest for our analysis of the 

Jianshan structure, substantially smaller than the shortening and differences in line 

lengths between T4 and the younger pre-growth units (T3 and T2) measured from the 

restored line lengths. This suggests that the changes in line length of bedding within the 

Jianshan fold are robust, and thus support a wedge structure interpretation. We will 
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explore this further in our kinematic modeling of the fold, and compare these observed 

and modeled patterns of bed length to evaluate the consistency of our interpretation.  

 

Determining deformation timing through layer thickness analysis 

As imaged on the seismic data and supported by well tops, the shallowest strata show 

thinning from the limbs toward the crest on Jianshan structure. This pattern is 

characteristic of growth strata in contractional settings due to decreased accommodation 

space on the structural high relative to the flank of the fold (Suppe et al., 1992; Shaw and 

Suppe, 1994).  

To define precisely which units represent growth, we quantify the thickness changes in 

each major stratigraphic interval across the folding. Specifically, we computed the 

thickness variance ratio of each individual unit at the different locations (I, II and III) 

(Figure 2.5). As these three locations exhibit nearly horizontal strata, we suggest that they 

are not significantly affected by regional stratigraphic thickness changes. For our 

analysis, the thickness variance ratio of (I-III)/III is defined as 

 L:ayer thickness at I−Layer thickness at III
Layer thickness at III

  

For pregrowth strata, this value should be approximately 0, reflecting no major changes 

in stratigraphic thickness. In contrast, growth strata exhibit non-zero values of the 

thickness ratios. Both (I-III)/III and (II-III)/III are 0 during T4 and T3, but transition to 

non-zero values from T2 to T1 (Figure 2.7b). This suggests that the Jianshan structure 

started to grow from the T2 unit, corresponding to Early Miocene time. Deformation 
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continued through deposition of the T1 unit in the Early Pliocene. (I-III)/III value 

increased from 20% at T2 to about 60% by T1, reflecting the significant uplift that 

occurred due to activity of northeast dipping forethrust F2. (II-III)/III shows small 

negative value for the growth strata, with those horizons at location II slightly thinner 

than that of III. This suggests that both II and III were uplifted relative to strata at 

location I due to activity of the wedge system. Moreover, units at location II are thinner 

than those at III as a result of the fault propagation folding above the wedge system.  

 

Modeling the Kinematic Evolution of the Jianshan Structure 

We seek to evaluate and refine our interpretation of the Jianshan structural wedge using 

constraints from the structural relief and thickness analyses through forward kinematic 

modeling. The geometry of the fold and fault F1 can be defined on the seismic section, 

providing constraint for our forward model analysis. Vertical components of the 

displacement on the backthrust and the forethrust are constrained by the structural relief 

across the fold. The approximate location of forethrust F2 is demonstrated by the fault 

cutoff of horizon T4 on the seismic data. The observation that the absolute value of relief 

I-III is larger than relief II-III suggests that forethrust F2 steepens its dip with depth. 

Given that the beds in the footwall of fault F1 (and hanging wall of F2) are not folded on 

the northeast side of the structure, this limits the bending of the F2 fault to beneath the 

anticline. Moreover, the location of the synclinal axial surface on the southwestern 

boundary of the fold defines the approximate location of the underlying wedge tip.  
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Structural wedges exhibit a variety of shapes and styles due to the initial geometries of 

the fore- and back-thrusts (Shaw et al., 2005) and folding mechanisms. As we discussed, 

the geometry and displacement on fault F1 implies that a detachment (F3) serves as an 

additional backthrust for the F2 fault. This suggests the structural wedge forming 

Jianshan initially was a flat-ramp type (Medwedeff, 1989; Shaw et al., 2005), with a 

dipping forethrust and horizontal backthrust. However, with the formation of the F1 fault, 

the structure involved two ramps similar to Figure 2.6c, with the wedge tip moving along 

a detachment level. 

Using MOVE software and the geometric constraints provided by the seismic reflection 

data, we generated a series of forward models of wedge systems to test how effectively 

they could replicate the geometry of the Jianshan structure. We modeled the folding using 

the inclined shear method, and tried different wedge parameters, including fault dip angle 

and detachment depth, in order to find the best-fit example. Inclined shear is a 

deformation modeling method that moves each point along lines that are parallel to a 

specified inclined shear orientation, with the amount of displacement varying laterally 

and defined by the folding vector (White et al., 1986; Shaw et al., 1999; Novoa et al., 

2000). The method has been used to model a range of fault-related fold geometries and, 

with proper consideration of fault kinematics, yields both balanced and retrodeformable 

structural solutions (e.g., Groshong, 1990; Nunns, 1991; Xiao and Suppe, 1992; Shaw et 

al., 1997; Suppe et al., 1997; Novoa et al., 2000). In contractional fault-related folds, 

deformation is often accommodated by parallel folding that preserves layer thickness.  

This serves as the basis for fault-bend folding theory (Suppe, 1983) and many other fault-

related folding methods. Given the complexity of these wedge systems, we were not able 
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to directly implement fault-bend folding theory in our modeling. Rather, we used inclined 

shear with shear orientations that reflect the geometry of axial surfaces that bounded the 

folds, which is 70 degree for the case of Jianshan. In cases where these axial surfaces 

approximate angle bisectors between the beds, this approach has been shown to largely 

preserve layer thicknesses through deformation and approximate fault-bend fold 

kinematics (Shaw et al., 1999; Novoa et al., 2000). For the fault-propagation folds that 

developed in the hanging walls of the backthrust F1, we implemented trishear method 

(Erslev, 1991; Allmendinger, 1998) to update the final deformation result. We also 

included growth strata in the forward modeling to help constrain the folding kinematics. 

Figure 2.8 presents a resulting kinematic forward model that represents the main 

geometric components of the Jianshan structure. The initial wedge includes a forethrust 

F2 that steepens downward to 20° northeast dip, while the initial backthrust F3 is layer 

parallel (Figure 2.8a). At Early Miocene, as T2 was being deposited, deformation started 

(Figure 2.8b) and displacement came from the northeast along the forethrust F2, uplifting 

the units above it. The bend in F2 causes anticlinal fault-bend folding of both the 

horizons and the upper backthrust F3. At the wedge tip, displacement transferred to the 

backthrust. Growth strata are deposited, and due to smaller accommodation space, the 

strata on the northeast side of the structure are thinner than on the south. Directly above 

the core of the anticline, growth strata are the thinnest. As shortening and sedimentation 

of unit T2’ continued during Mid-Miocene (Figure 2.8c), the structure grew larger. We 

then implement the steeply dipping splay fault (F1) in the hanging wall of the backthrust 

F3 and fault F3 becomes inactive (Figure 2.8d). 
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Figure 2.8. Sequential kinematic model of the Jianshan structure. (a) Initial model set-up, with a 
northeast dipping forethrust, and a flat backthrust. (b) Wedge related deformation during Early 
Miocene. (c) Wedge related deformation during Mid-Miocene. (d) Breakthrough of backthrust to a 
higher level after Mid-Miocene. (e) Wedge related deformation from Late Miocene to Quaternary. (f) 
Kinematic model result on top of the seismic data. This model result reproduces the main components 
of the Jianshan structure. Some detailed components caused by secondary structures (Figure 2.5) are 
not reflected in the modeled result. (g) Palinspastic restoration of the modeled Jianshan structure on 
Figure (e). The pin line, left boundary of Figure (e), is a fixed reference. The loose line, right 
boundary of Figure (e), is a reference line to which restored bed lengths are measured. Restored line 
length of T4 is 16.7 km. 
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We favor this relative timing of the backthrusts based, in part, on the geometry of the F1 

fault. If the F1 fault formed before F3, it would be folded above the anticlinal axis 

associated with the top of the F2 ramp. In contrast, F1 exhibits little if any folding, 

implying that it formed after the development of F3. In addition, we find that a younger 

relative age for F1 more readily generates the observed amount of folding for the 

shallower growth strata in the forelimb of the structure. With displacement on this 

backthrust splay F1 and continued deformation from Late Miocene to Quaternary, our 

final model result reproduces the main components of the Jianshan structure (Figures 

2.8e, f), including the fold geometry, structural relief, fault displacement and the overall 

horizon shapes and correlations. 

Palinspastic restoration (Figure 2.8g) of the forward model shows a distinct pattern of 

changing line lengths (i.e., curved loose line) within the structure. Specifically, bed 

length T4 is significantly greater than bed lengths for T3 and 2. Moreover, bed lengths 

decrease upward into the contractional growth strata (horizon T2’ and younger). These 

changes generally reproduce the pattern exhibited in the palinspastic restoration of the 

Jianshan structure (Figure 2.5c), and thus further support the wedge structure 

interpretation.  

Together, the seismic constraints on fault geometry, our analysis of the structural relief 

relationship and growth strata, and kinematic modeling support a thick-skinned structural 

wedge interpretation for the Jianshan structure.  
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The Dafengshan Structural Wedge  

The Dafengshan structure is located 15 km to the west of Jianshan fold in the northwest 

Qaidam basin (Figure 2.4). Dafengshan has both similarities and differences compared 

with Jianshan. A seismic section (Figure 2.9) across the center of the structure shows that 

the northeast limb is steeper and much narrower than the southwest limb.  

At depth, there is 1.65 km of structural relief on horizon T6 that is best explained by a 

southwest dipping thrust (F4). This fault extends upward into the forelimb of the fold, 

consistent with fault-propagation folding models and similar to the geometry of the F1 

fault in the Jianshan structure. Moreover, strata in the backlimb syncline of the 

Dafengshan structure are much lower than corresponding units in the footwall of fault F4. 

The magnitude of this relief is 4.5 km. This pattern is similar to the Jianshan fold, and 

cannot be explained by thrust motion on fault F4. Moreover, the horizontal beds in the 

footwall of the Dafengshan structure (Figure 2.9a) suggest that uplifted footwall of the 

fault F4 would be better explained as a local tectonic feature, rather than regional tilting. 

Like our analysis of Jianshan structure, we suggest that this pattern of relief indicates the 

presence of a second, northeast dipping fault (F5) beneath the structure. Considering the 

shape of the Dafengshan structure and the presence of the synclinal fold at the base of the 

southwest limb, we propose that the lower fault (F5) and the higher fault (F4) merge at a 

tip (Figure 2.9b) and thus constitute a structural wedge system, similar to the Jianshan 

structure.  

 



31 
 

 
Figure 2.9. Seismic section across Dafengshan and palinspastic restoration analysis. For the section 
location, see trace 2 on Figures 2.2 and 2.4. (a) Seismic section highlighting constraints on fault 
geometry. Red arrows mark the location of a southwest dipping thrust fault F4 that caused the 
displacement of T6. (b) Interpreted seismic section. Horizon TR is not tracked here. The black arrows 
mark the locations of the thickened interval below T4. (c) Palinspastic restoration of the section. The 
pin line is a fixed reference. The loose line is a reference line to which restored bed lengths are 
measured. Restored line length of T6 is 28.5 km. 
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Unlike the Jianshan structure, where the basement forethrust F2 was reflected in the 

offset of T4 and older horizons (Figure 2.5b), the inferred basement fault beneath 

Dafengshan is not directly constrained. Thus, we seek to define this fault and other 

aspects of the structural geometry using the modeling approach that was applied in the 

previous example. 

 

Figure 2.10. Plots of horizon relief and unit thickness variation ratio between different measurement 
locations on the Dafengshan structure. I, II and III represent locations shown on Figure 2.9b. Both 
plots suggest unit T4 represents growth, while unit T3 does not show growth. Units T2, T2’ and T1 
are growth strata, reflected by large thickness changes while smaller amount of relief.  

 

Deformation timing of Dafengshan is reflected in the palinspastic restoration of the 

horizons (Figure 2.9c) and plots of relief and thickness variation ratio (Figure 2.10). The 

longer length of the restored horizons T6 and T4 in Figure 2.9c, combined with the 

seismic interpretation, indicates these horizons are within the wedge block, similar to the 

T4 horizon in the Jianshan wedge (Figure 2.5c). There are some thickness changes below 



33 
 

T4, however in an opposite trend, thickening toward the northeast (Figure 2.9b). This 

suggests that the T4 and older strata are pre-contractional tectonic units that may have 

formed as part of an older rift sequence. Notably, horizon T6 is the top of basement, and 

potentially there are Mesozoic unit above T6. However, no well has drilled into this 

interval in Dafengshan. We will document these thickness changes between T4 and T6 in 

several adjacent seismic lines and propose possible mechanisms to explain them in a later 

part of this chapter when we address the origin of the structural wedges.  

Decreasing line length (Figure 2.9c) as well as relief (Figure 2.10a) from T4 to T3 and 

layer thickness change in unit T4 (Figure 2.10b) are modest. This slight change in line 

length could result from an early, modest phase of contractional growth or uncertainties 

in our measurement of bed lengths. The timing of this potential early stage (37.8 Ma) 

would coincide with, or occur slightly after the early onset of Himalayan tectonics 

(Molnar and Tapponnier, 1975; Tapponnier et al., 1982; Yin and Harrison, 2000). Several 

other lines of evidence also indicate possible Eocene tectonic event in the northern 

margin of the Plateau. Eocene outcrops in northern Qaidam basin are interpreted as 

synorogenic conglomerates deposited by high-gradient depositional systems (Zhuang et 

al., 2011). Synorogenic sediments of this time also occurred in the Tula basin to the west 

of Qaidam (Robinson et al., 2003; Dupont-Nivet et al., 2004b) and the Xining-Lanzhou 

basin to the east of Qaidam (Dupont-Nivet et al., 2004a; Dai et al., 2006). Fission track 

analysis on the Triassic detrital samples from the western Qaidam basin gave a rapid 

Eocene cooling age (Sobel et al., 2001). We incorporate this potential, early growth phase 

during Late-Eocene in our kinematic model, however, note that the magnitude of this 
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deformation is modest and does not have a significant impact on the final structural 

geometry.  

Horizons T3 and T2 have same restored length (Figure 2.9c) and relief value (Figure 

2.10a), and unit T3 does not show layer thickness change (Figure 2.10b), suggesting that 

unit T3 was deposited in a period of structural quiescence. T2, T2’, T1, T0 are the major 

growth sequences, marked by decreasing restored line lengths (Figure 2.9c), decreasing 

trend of the relief I-III and relief II-III (Figure 2.10a), as well as large layer thickness 

changes (Figure 2.10b).  

 

Modeling the Kinematic Evolution of the Dafengshan Structure  

Similar to the kinematic modeling analysis we conducted for Jianshan, we applied 

inclined shear to model the growth and deformation history of Dafengshan. We selected 

an inclined shear angle of 76 degree based on the axial surface orientations on the seismic 

data. Vertical components of the displacement on the backthrust and the forethrust are 

constrained by the structural relief across the fold. The forethrust F5 is not directly 

imaged on the seismic data, however, the pattern of folding and uplift provide constraints 

on the shape of this fault. Specifically, the observation that the value of relief I-III is 

much larger than relief II-III suggests that forethrust F5 steepens its dip with depth. 

Given that the beds in the footwall of fault F4 (and hanging wall of F5) are not folded on 

the northeast side of the structure, this limits the bending of the F5 fault to the region 

immediately beneath the back (southwest) limb of the structure. Moreover, the 

approximate final position of the wedge tip is defined by the location of the synclinal 
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axial surface on the southwestern boundary of the fold (Figure 2.9b). In the subsequent 

modeling, we test a range of different geometries for F5 to match these constraints.  

Figure 2.11 presents a resulting kinematic forward model that reproduces many of the 

geometric components of the Dafengshan structure. The initial wedge includes a 

forethrust F5 that steepens downward to a 36° northeast dip, while the backthrust F4 dips 

about 20° to the southwest (Figure 2.11a). Deformation started during Late Eocene while 

unit T4 was being deposited (Figure 2.11b). There was no shortening when T3 was being 

deposited (Figure 2.11b). Shortening and sedimentation continued from Early Miocene to 

Mid-Miocene when units T2’ and T2 were being deposited (Figure 2.11c). While this 

deformation effectively describes the broad fold and fault shapes, and the pattern of 

structural relief, it does not adequately reproduce the fault-propagation fold and its steep 

forelimb on the northeast side of the structure. Thus, we implement a steeply dipping 

splay fault geometry for fault F4 after Mid-Miocene (Figure 2.11d) and employ trishear 

kinematics (Erslev, 1991; Allmendinger, 1998) to model the final fold shape. This 

additional fault splay is supported by the presence of potential fault-plane reflections and 

horizons truncations in the steeply dipping forelimb of the anticline imaged on the 

seismic section (Figure 2.9a). With displacement on this backthrust splay and continued 

deformation, our final model result reproduces the main components of the Dafengshan 

structure (Figures 2.11e, f). 

While the kinematic model reproduces many aspects of the Dafenshan structure, there are 

several slight inconsistencies between the forward model and the seismic section that 

appear to be caused by other secondary faults (Figure 2.9). Cutoffs and bedding dip 

changes above the wedge system suggest that there is a second, smaller wedge above F4  
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Figure 2.11. Sequential kinematic model of the Dafengshan structure. (a) Initial model set-up, with a 
northeast dipping forethrust, and a southwest dipping backthrust that merges with an upper 
detachment. The thickened interval below T4 highlighted on Figure 2.9b is not included in this model. 
(b) Wedge related deformation during Late Eocene when T4 was deposited and a quiescence period 
during Oligocene with the deposition of the T3 unit. (c) Wedge related deformation during Early and 
Mid-Miocene. (d) Breakthrough of backthrust to a higher level after Mid-Miocene. (e) Wedge related 
deformation from Late Miocene to Quaternary. (f) Kinematic model result displayed on top of the 
seismic data. 
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in the backlimb of the Dafengshan fold. This implies that the structure is an imbricate-

wedge system, and thus somewhat more complex than our kinematic model. Structures 

controlled by this type of imbricate wedge system are also observed in the Junggar Basin 

in front of Tianshan, western China (Guan et al., 2016). 

 

Origin of Structural Wedges 

Mapping of the Jianshan and Dafengshan trends and others structures in regional seismic 

reflection surveys illustrate that wedge structures are common in parts of the 

northwestern Qaidam basin. In the vicinity of the Jianshan and Dafengshan trends, two 

other folds (the Heiliangzi and Changweiliang trends) exhibit similar wedge 

characteristics (Figure 2.4). This raises the question of why wedge structures are a 

prevalent structural style in this region of the basin, as opposed to more traditional 

foreland directed fault-related folds. A detailed analysis of seismic reflection profiles 

across Dafengshan anticlines exhibit some distinctive characteristics that shed light on 

this question. As highlighted in the seismic sections presented in Figure 2.12, the core of 

the Dafengshan anticline includes a thickened stratigraphic interval below T4. 

Specifically, these units thicken up-dip above the backthrusts within these structural 

wedges. The bottoms of these thickened cores are northeast dipping or nearly horizontal, 

while the tops of these thickened sequences are generally tilted and dip to the southwest. 

To the right of this sequence in the Dafengshan (Figure 2.12e), there is evidence of thrust 

displacement for the upper horizons, while normal displacement is preserved for the 

lower horizons. This suggests the presence of an inverted normal fault. During deposition  
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Figure 2.12. Seismic sections showing evidence of early normal faulting in the Dafengshan structure. 
(a) Basemap showing the lateral extension of the thickened interval. Black lines represent seismic 
sections we used for the analysis but did not included in the paper. (b), (c) and (d): Uninterpreted 
sections across Dafengshan, with the square outline marking the thickened interval. (e) Seismic 
interpretation of (d) based on well data constraints.  
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of the thickened sequence below the T4 horizon, this fault had normal displacement, with 

syntectonic growth strata thickened in its hanging wall. This fault was later inverted as a 

thrust fault forming the backthrusts in these wedge structures (e.g., Bally, 1984; McClay 

and Buchanan, 1992; Rivero and Shaw, 2011). The presence of these normal faults is 

consistent with early Cenozoic extensional tectonics documented in other parts of the 

basin (Xia et al., 2001). 

The syn-rift sedimentary sequence that we interpret on Figure 2.12 dates to between T4 

and TR horizons (37.8 Ma-53.5 Ma), and thus may be as young as Early Eocene (Figure 

2.3). India-Eurasia collision started during the Early Eocene (Molnar and Tapponnier, 

1975; Tapponnier et al., 1982; Yin and Harrison, 2000). If the syn-rift sequence we 

interpret was contemporaneous, this would imply that the study area was under local 

extension. As the Tibetan Plateau expanded from Eocene to Miocene, the Altyn Tagh and 

Kunlun strike slip faults also became active, corresponding to the emergence of the Altyn 

Tagh and Kunlun Ranges. Deformation of Altyn Tagh range may have begun as early as 

Oligocene, as suggested by comparison of stratigraphic sequences in the Qiadam and 

Tarim basins, which lie to the north and south of this range (Meng et al., 2005; Yin et al., 

2008). However, growing evidence supports that major left-slip movement began during 

the Miocene (Wu et al., 2012; Cheng et al., 2015, 2016). In parallel, the Kunlun Range 

uplifted in the Miocene, based on low-temperature thermochronologic data reflecting 

rapid Miocene cooling (Jolivet et al., 2001; Wang et al., 2004; Liu et al., 2005; Yuan et 

al., 2006), although some recent studies also documented cooling events of Kunlun range 

during early Cenozoic (Wang et al., 2016; Shi et al., 2018). Sedimentary source analysis 

based on detrital zircon dating also supports that Kunlun Range uplifted at Miocene 
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(McRivette, 2011), and apatite fission tack analysis indicates that Qilian Range 

experienced rapid uplift and exhumation since the middle Miocene (Zhuang et al., 2011). 

As these ranges uplifted, the Qaidam basin experienced contractional deformation. 

We propose that starting from Miocene, or as early as Late Eocene as documented in the 

previous analysis, the onset of Himalayan tectonics in this region led to the development 

of basement-involved, northeast dipping forethrusts as reflected in the deformation 

history of Dafengshan and Jianshan structures. We suggest that these northeast dipping 

forethrusts interacted with the pre-existing normal faults, as illustrated in Figure 2.13, 

displacing and offsetting hanging wall and footwall segments of the older faults. 

In cases where the hanging wall portions of these normal faults were tectonically inverted 

coincident with slip on the forethrusts (Figure 2.13c), this formed structural wedges. 

Notably, we cannot interpret these structures exclusively as an inverted system and 

explain the distinctive patterns of structural relief that we have documented. For a simple 

inversion scenario of the southwest dipping fault, post-rift sequence on the southwest part 

of the structure would be higher than that of the northeast part due to the uplift caused by 

the inversion and reverse displacements. This is not the case for the structures we have 

analyzed, where post-rift sequences are higher in the footwall of the normal faults but 

exhibit no significant thickness changes (Figures 2.7 and 2.10). 

Our mapping suggests that these normal faults are present in many of these wedge 

systems, but they don’t typically extend along the entire strike of the modern wedge 

structure (Figure 2.12a). Thus, the normal faults may have served as nucleation points for 

the formation of the backthrusts forming the structural wedges. We suggest that the 
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wedges subsequently propagated laterally to beyond the extents of the original rifts, 

forming the modern contractional structures.  

  
Figure 2.13. Schematic sequential model showing the formation history of the structural wedge that 
reactivates an older rift. The forward modeling was done with inclined shear, a process that was 
described in the text illustrating Figure 2.8 and 11. Inclined shear angle is 75 degree. (a) Syn-rift stage 
during Early or Mid-Eocene. (b) Post-rift stage (pre-compression) during Late Eocene and Oligocene. 
(c) Compressional stage with wedge formation from Miocene to Quaternary. 
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The identification of wedge structure in Qaidam basin helps us better understand the 

structural style and the deformation history in the study area. Moreover, this structural 

style has important implications for evaluation of the petroleum systems in the region. 

Specifically, these rift basins represent potential depocenters for source rocks, and wedge 

structures provide potential structural traps in the footwalls of the backthrusts that have 

yet to be fully tested.  

  

CONCLUSIONS 

We have identified a series of basement-involved structural wedges in Qaidam basin and 

analyzed their deformation timing and kinematics. Our study has the following results: 

1. Basement-involved structural wedges are common in the northwest Qaidam basin. We 

employ a method that uses thickness variations and structural relief to distinguish these 

wedges from other types of fault-related folds.  

2. Structures in the northwest Qaidam basin show that major contractional deformation 

occurred from the Miocene to present, associated with the emergence of the Kunlun and 

Altyn Tagh Ranges.  

3. We model the kinematics of structural wedges with the constraint of the fold and fault 

geometries and structural relief using inclined shear. Notably, this method yields viable 

geometries for the forethrusts and other lower elements of the structure, despite the lack 

of direct constraints on these features in seismic sections.  
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4. Pre-existing normal fault plays a role in facilitating the formation of wedge structures 

in this area. Specifically, portions of these normal faults are tectonically inverted as they 

interact with forethrust structures that develop during Miocene Himalayan tectonics in 

this region. Coeval activities of these forethrusts and the inverted normal faults, which 

serve as backthrusts, appear to have formed several of the thick-skinned (basement-

involved) structural wedges in our study area.  
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CHAPTER 3 

Application of map-based restoration to define the Cenozoic tectonic 

activity of the Qaidam basin 

 

INTRODUCTION 

Sedimentary basins are regions of prolonged subsidence of the Earth’s surface. 

Understanding their deformational history is an important part of basin analysis, helps 

define the tectonic activity of the region, and can guide natural resource exploration. The 

Qaidam basin, located at the northern margin of the Tibetan Plateau, experienced both 

basin subsidence and contractional deformation over the Cenozoic Era while the Plateau 

was uplifting, leading to the accumulation of thick sediments that record the tectonic 

activity of the region (e.g., Peltzer and Tapponnier, 1988; Yin et al., 2000; Yin et al., 

2008). In contrast, most other areas of the Tibetan Plateau have experienced Cenozoic 

uplift and erosion, and thus do not preserve a syntectonic sedimentary record. Moreover, 

the basin has been explored for hydrocarbon resources for more than seven decades, and 

extensive amount of seismic data and well data have been acquired (Figure 3.1). These 

data provide an opportunity to resolve the spatial and temporal distribution of strain 

within the basin’s sedimentary records over the full span of the Himalayan orogen. This, 

in turn, provides an opportunity to investigate the tectonic processes that have formed the 

basin and surrounding regions of the Tibetan Plateau.  
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Traditionally, structural analysis of sedimentary basins relies on development and 

analysis of geologic cross sections, which may be based on seismic reflection profiles, 

well control, and surface geology. Such methods have been applied to study the Qaidam 

basin (e.g., Xia et al., 2001; Zhou et al., 2006; Yin et al., 2008; Cheng et al., 2014; Mao et 

al., 2014), and these studies have helped to document the sedimentary and structural 

architecture of the basin, as well as constrain the timing and magnitudes of crustal 

shortening. However, these cross section-based approaches generally fail to resolve 

inherently 3D aspects of deformation, such as components of strike- and oblique-slip 

faulting. These processes may be important in the Qaidam basin, given that it is bounded 

by the Kunlun and Altyn Tagh faults, major strike slip systems that accommodate 

eastward block extrusion from the Tibetan Plateau (e.g., Molnar and Tapponnier, 1975; 

Tapponnier et al., 1982; Yin and Harrison, 2000). Thus, we explore the application of 

map-based restoration techniques (Massot, 2002; Muron, 2005; Plesch et al., 2007) to 

quantify the map-view distribution of strain within the basin. Our goal is to quantify the 

orientation, magnitudes, and gradients of shortening and strike-slip deformation across 

the entire Qaidam basin to help inform our understanding of its role in regional tectonics 

of the Tibetan Plateau.  

 

GEOLOGY AND TECTONICS OF THE QAIDAM BASIN 

The Qaidam basin spans an area of ~12,000 km2. The basin is bounded by the Altyn Tagh 

Range to the northwest, the Qiman Tagh Range to the southwest, the Eastern Kunlun 

Range to the south, and the Qilian Range to the northeast (Figure 3.1). All of these ranges 
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have a mean elevation of 5,000 m, while the average elevation of the basin is 2,700 m. 

With its low elevation, the Qaidam basin accumulated thick sediments that record the 

tectonic activity of the region. The basin averages Cenozoic sediment thicknesses of ~8 

km, and exceeds 17 km in specific locales.  

 

Figure 3.1. Study area and representative data used for the study. T3 horizon data points and border 
are shown on the map, while data for the other horizons T2, T2’, T1 and T0 are not shown on the map. 
Black lines mark the major 2D seismic profiles we analyzed to define fault surfaces. 

 

 The Altyn Tagh Range is distributed along the left-lateral Altyn Tagh strike-slip fault, 

which has a total of 300-550 km of Cenozoic displacement (e.g., Pan, 1984; Peltzer and 

Tapponnier, 1988; Cowgill, 2001; Yin et al., 2002). The Eastern Kunlun Range parallels 

the left-lateral Kunlun strike-slip fault, which has a total displacement of ~100 km (Fu 

and Awata, 2007). Deformation within the Qiman Tagh and Qilian Ranges are dominated 

by a series of southwest- and northeast-dipping thrust faults and associated fault-related 

folds (e.g., Dupont-Nivet et al., 2004b; Taylor and Yin, 2009; Allen et al., 2017). Within 
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the interior of the Qaidam basin there are as many as 140 surface and blind anticlines 

identified (Gu and Di, 1989; Wang and Coward, 1990; QBGMR, 1991). A majority of 

these structures are located in the western part of the basin, while the eastern part shows 

less deformation. 

The Cenozoic sedimentary strata within the study area were mainly deposited in non-

marine settings, including lacustrine environments, alluvial plains and fan deltas (Mao et 

al., 2014). We use the seismic reflectors to represent the major Cenozoic units in the 

basin, following the approach of previous studies (e.g., Yin et al., 2008; Cheng et al., 

2014). Each seismic reflector represents the boundary of a stratigraphic formation and is 

used to refer to the unit above it as well. The horizons we analyzed are: 

(1) T0, Quaternary Qigequan Formation, 2.5 Ma-present;  

(2) T1, Late Miocene and Pliocene Shizigou Formation, 8.1–2.5 Ma; 

(3) T2’, Late Miocene Shangyoushashan Formation, 15.3–8.1 Ma; 

(4) T2, Early to Middle Miocene Xiayoushashan Formation, 22.0–15.3 Ma; 

(5) T3, Oligocene Shanggancaigou Formation, 35.5–22.0 Ma. 

Because the main phase of tectonic activity began in the basin after T3 time, and due to 

the limited well and seismic constraints on the deeper horizons, we did not include units 

older than T3 in our analysis.  
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MAP-BASED RESTORATION METHODS 

We explore the application of map-based restoration in defining the deformation of the 

Qaidam basin. The goal of map-based restoration is to recover the folding and faulting of 

a geologic horizon and thus return it to an original, undeformed state. Typically, these 

approaches restore horizons to a horizontal datum or other geometry that is intended to 

represent the original depositional configuration of the units. There are several popular 

methods of map-based restoration, including approaches that parameterize surfaces into 

small regions (often triangles) then restore their dip and pack these elements together in 

manner that minimizes overlaps and gaps between the elements (e.g., Schwerdtner 1977; 

Cobbold, 1979; Gratier et al., 1991; Rouby et al., 1993). We apply a map-based 

restoration method that employs a parametric method and restores deformed surfaces to a 

horizontal datum (Massot, 2002; Muron, 2005). One of the key advantages of this 

approach is that it restores folding and faulting simultaneously, processes that are 

inherently linked and thus generally occur contemporaneously within a basin. This 

restoration function has been developed as a research plugin (Massot, 2002) that works 

on the SKUA-GOCAD platform, which we will use in our analysis. 

After defining the geometry of the deformed surface that has been faulted and folded 

(Figure 3.2a), the next step in the parametric restoration process is to define a set of fault 

vector links that connect hanging wall and footwall cutoffs. These serve as a guide for the 

parametric mapping of a 2D grid (referred to as a U-V grid) on the deformed surface in a 

manner that extends across faults, and thus ultimately can restore fault offsets. The 

restoration process in effect translates or maps all the points P(x,y,z) of a deformed 3-D  
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Figure 3.2. Map-based restoration methodology (modified from Muron, 2005). (a) The surface 
representing the present geometry, including the faults and folds. The short purple lines define the fault 
vector links, which will be closed after restoration. (b) Restoration vectors calculated during the restoration 
process. These vectors define how each particle needs to move during the restoration in order to restore the 
present geometry to a horizontal datum. A pin point from a relatively undeformed area is defined. (c) The 
restored geometry of the surface.  
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 [R3] surface S into a 2-D [R2] domain, called the parametric domain D or (U, V) space 

(Levy et al., 2000): 

 

where is the parametric representation of the deformed surface S in a flat space in 

terms of the unit vectors and ; in other words, the solution of the problem.  

The U-V grid is mapped onto this surface and constrained to achieve a global minimum 

of area change and internal strain, calculated in a least-square sense, between the 

deformed and undeformed representation of the horizon (Muron, 2005; Plesch et al., 

2007). A pin point is chosen, generally in an area that did not experience much 

deformation. Restoration vectors (Figure 3.2b), which define the motion of particles 

during the restoration process relative to the pin point, are calculated as the difference 

between the original (deformed) and restored locations of points on the surface. The full 

2D restoration strain can be calculated as well using the gradients in the restoration 

displacement field. Both the restoration vectors and strains are the same magnitude, but 

opposite sense, compared with the deformation vectors (displacements) and strain 

experienced by the rock units over geologic time. For example, extension in a restoration 

implies contraction in a forward geologic sense. Thus, when describing the displacements 

and strains that result from restorations, we will refer to them in the forward geologic 

sense unless explicitly stated otherwise.  

There are some limitations with the restoration methodology, due largely to the 

assumption of a horizontal datum for the restored geometry. While this may be a 
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reasonable assumption in some geologic environments, in other cases the original 

undeformed surface might not be initially horizontal due to the basin architecture. 

Moreover, in a basin with thick sediments and fast sedimentation rate like Qaidam, basin 

subsidence and sedimentary compaction may play important roles in controlling the 

current (deformed) shape of a horizon surface. For example, if basin subsidence and 

compaction yielded a bowl-shaped geometry for a horizon in the absence of tectonic 

deformation, a simple map-based restoration that conserve surface area and uses a 

horizontal datum as a restoration target would restore this shape to a larger area than the 

initial basin outline. This could incorrectly be interpreted to reflect a component of 

tectonic shortening. In cases where there is a true component of tectonic deformation, 

such processes might obscure its magnitude or orientation. Thus, we explore a revised 

workflow of the map-based restoration methods to better define the true signals of 

tectonic activity. This revised method, as demonstrated with application to the Qaidam 

basin, can help resolve the actual structural component that contributed to the 

deformation of a sedimentary basin. The methodology could be applied to other basins 

that are affected by large basin subsidence, to better understand their geologic history, 

which in turn will assist a better characterization of the regional tectonics. 

 

DATA PREPARATION 

To construct the surfaces for the horizons in Qaidam basin, we start by building a 3D 

topography model based on 90-meter resolution SRTM-3 DEM data (Farr et al., 2007). 

We then drape a 1:200000 scale geologic map on top of the topography (map compiled 
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by the PetroChina Qinghai Oil Company). This and the subsequent steps in the processes 

are carried out on SKUA-GOCAD platform. The 3D surface geology (Figure 3.3a) will 

be used to define the basin edges and as a reference to correctly register all the geologic 

surfaces mapped from subsurface data into the correct location and depth. To define the 

subsurface horizon geometries, we analyze 14 regional seismic sections to characterize 

the major shallow fault surfaces across the basin (Figure 3.3b). These 14 seismic sections 

are 2500 km long in total, and were acquired from 1986 to 2006. These sections are pre-

stack time-migrated data that were depth converted using velocity models based on well 

logs. The deeper basement-involved faults that do not cut the targeted 5 horizons were 

not included in this mapping. 

We incorporate in our analysis representations of the horizons mapped across the basin 

by PetroChina. These surfaces were developed in 2005 with the constraint of well tops 

and seismic data, and were provided by the PetroChina Qinghai Oil Company. We 

evaluated these surfaces using available geophysical data constraints, and modified them 

to include the locations and displacements of major fault surfaces that we defined 

previously. This process yielded a self-consistent set of the 5 horizons targeted for 

restoration, that include both fault offsets and major folds (Figures 3.4 and 3.5). The 

overall geometry of the surfaces reveals that they are deeper in the center part of the 

basin, while shallower near the margin of the basin.  
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Figure 3.3. Surface geology shown in 3D and major shallow fault surfaces within the Qaidam basin. 
(a) Surface geologic map draped on top of 3D topography. 5x vertical exaggeration. The major 
mountain ranges are noted. The high mountains outside the basin correspond to older units (red and 
green colors). (b) Major shallow fault surfaces in the basin. The fault surfaces are defined based on the 
constraint of a series of regional seismic sections, as well as the geologic map. Light green border 
marks the location of the T3 data border, which is also shown in Figure 3.1. For convenience of 
visualization, locations of the seismic sections are shown, but not the actual seismic data. 

 

We then perform the map-based restoration method by defining fault vector links for 

each horizon and using the implementation in SKUA-GOCAD to map the U-V grids onto 

the surfaces. We use pin points of all the surfaces that are located roughly in the center of 

the eastern part of the basin, where there are not many local structures and the horizons 

are nearly horizontal.  
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Figure 3.5. 3D perspective view of the constructed surface of horizon T3. 4x vertical exaggeration. (a) 
Full 3D representation of the T3 surface, as well as the fault surfaces. White solid circle marks the 
location of the pin point for map restoration. (b) Detailed view of the northwestern part of the T3 
surface. White lines mark the fault vector links connecting the gaps that are closed after the 
restoration. 

 

RESTORATION APPROACHES THAT ADDRESS NON-TECTONIC 

PROCESSES  

Figure 3.6 illustrates how we carry out the map-based restoration using a 2D cross 

section view (Figure 3.6). The default restoration plugin within SKUA-GOCAD (Muron, 

2005) restores a deformed surface to a horizontal datum (Figure 3.6a), which is assumed 

to be the initial, undeformed state of the surface. However, due to the architecture of the 
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basin, the original horizon might not be perfectly horizontal. As we can observe from the 

present-day topography (Figure 3.4a), the current basin still shows a general geometry of 

concave upward bowl shape, with the margin of the basin higher than the center. If the 

basin had such topography when older sedimentary units were deposited, restoring the 

horizons corresponding to these strata to a horizontal datum would introduce some errors 

in the analysis. We therefore test an alternative approach, by fitting a smoothed surface of 

the present topography and using this to represent the paleo-geometry of the restored 

horizons – and thus the target datum for the restorations (Figure 3.6b). While we note that 

the present topography of the basin is at best a coarse approximation of its 

paleogeometry, we explore this approach to test the impact that restoration to non-

horizontal datums may have on the restoration outcomes. We then unfold the horizon 

surface with the vertical shear defined by the difference between the horizontal datum 

and the smoothed topography (this data processing workflow is similar to the process in 

the following section on correcting basin subsidence and is explained in more detail 

there). The restoration of this unfolded surface using the default restoration tool will be 

approximately equivalent to the restoration of the present surface to the smoothed 

topography.  

Furthermore, the geometry of the present surface will also be affected by compaction of 

geologic units. Thus, we tested an alternative restoration approach where we de-compact 

the horizon before restoring it. To accomplish this, we apply an equation of compaction 

curve that defines a negative exponential loss of porosity with the burial depth (Sclater 

and Christie, 1980). The difference after decompaction is mainly shown in the amplitude 

of the structures (Figure 3.6c), where structural highs will be shifted upward compared 
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with the structure lows. We then restore this de-compacted surface with the default 

restoration tool. 

 

Figure 3.6. A schematic figure representing three different ways of restoration process. (a) 
Restoration to a horizontal datum. This is the default restoration process used in the restoration tool. 
(b) Restoration to the smoothed topography. (c) Restoration after the decompaction. Black line is the 
present geometry of the horizon. The red dashed line represents the horizon after decompaction. 

 

We analyze how these three different restoration workflows will affect the final 

restoration result by using T3 surface as an example. As most of the structures in the 

Qaidam basin are oriented northwest to southeast (Figure 3.7), the major shortening 

occurs roughly along an orientation that is 30 degree from north, which is perpendicular 

to the strike of major anticlinal structures (120 degree from north). To analyze the 

restoration results, we define 8 traces that are oriented 30 degree from north across the 

basin, where we measure the shortening amount. 
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Figure 3.7. Restoration result of the T3 surface. Blue solid line: current border of the T3 surface; red 
dashed line: restored border of the T3 surface. Light blue dashed line: restored border of the T3 
surface after correcting basin subsidence. This third blue dashed border is very close to the blue solid 
line. Black lines 1-8: measurement locations of the 8 traces along which shortening amount and 
percentage are measured. (b) has a smaller basemap than (a), and shows only the locations of the 
major anticlines. 

 

The restoration results of T3 surface with the three different processes (Figure 3.6) do not 

reflect substantial differences in shortening magnitudes (Figure 3.8). They all show a 

maximum magnitudes of shortening in the western part of the basin that decreases toward 

the southeast. The maximum difference in calculated shortening amounts between the 

methods (restoration to a horizontal datum; restoration to paleotopography; and with 
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decompaction) is less than 5 percent. This suggests that the datum issue and the 

decompaction process does not have a significant effect on the restoration results for the 

Qaidam basin. We speculate that for other basins with greater paleo-topographic relief, 

the effect of employing a horizontal restoration datum might be greater. For our 

subsequent analysis of the Qaidam basin we employ the simpler approach of using a 

horizontal reference datum and focus our attention on resolving the potentially more 

significant impact of non-tectonic basin subsidence on our restoration results.  

 

Figure 3.8. Comparison of the shortening amount of T3 surface after restoration using 4 different 
workflows. For the first three restoration results, i.e., restoration to a horizontal datum (blue circle), 
restoration to the smoothed topography (orange circle), and restoration after decompaction (grey 
circle), the results are very similar. The restoration after correcting basin subsidence (purple circle) 
shows a much more different result. 

 

A WORKFLOW TO ADDRESS BASIN SUBSIDENCE  

Despite the regional contractional tectonic environment, the Qaidam basin does not 

behave like a conventional foreland basin, where sediments are thickest at the basin 

margin next to the fold and thrust belt. In contrast, the depocenter of the Qaidam basin 
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has always been in the center part of the basin over the Cenozoic time (Mao et al., 2014), 

although it has gradually migrated from the western part to the eastern part of the basin 

center (Wang et al., 2006). This implies that sedimentary horizons have changed their 

shape due to basin-centered subsidence caused by sedimentary loading and perhaps other 

non-tectonic processes. Therefore, the current architecture of the surfaces incorporates 

the combined influence of folding and faulting, as well as the effect of basin subsidence.  

Our previous analysis of map restoration does not differentiate these two effects, as we 

restore the present horizon to a datum in a single step. We seek to design a method to 

differentiate the amount of true tectonic shortening from the effects caused by basin 

subsidence. This subsidence amount can be approximated by comparing the overall shape 

of the current horizon and the paleo-topography of the basin. By removing the difference 

between a smoothed version of the present-day horizon shape and the paleo-topography, 

we can modify the present horizon surface to a state where the first order effect of basin 

subsidence is removed while preserving smaller-scale folds and faults. To approximate 

the paleo-topography of the basin, we will use a smoothed version of the present-day 

topography of the basin. We can then apply the map-based restoration method to this 

modified surface to analyze the shortening caused by tectonic deformation within the 

basin. 

This process is illustrated with a cross section view in Figure 3.9. First, we construct the 

3D topography of the basin A using the DEM data (Figure 3.9a). We use the previously 

defined horizon surface B as mapped based on seismic data and well control. 
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Figure 3.9. Workflow to remove the effect of basin-scale subsidence. (a) Construction of the current 
topography A and the observed representation of the faulted and folded horizon surface B; (b) Fitting 
of a smoothed surface A’ and B’ to represent the first-order fold geometry of the topography A and 
that surface B respectively; (c) Calculation of the vertical shear vector by comparing B’ to A’; (d) 
Application of that same vertical shear vector to B, and getting a corrected C. 

 

Second, we fit a smoothed surface B’ of the present horizon surface to define the overall 

shape of the surface, which removed the smaller scale folds and faults (Figure 3.9b, and 

Figure 3.10). We use a 10-6 smaller fitting factor, which is a constraint weighting 

coefficient vs. rugosity of the surface, to interpolate the surface without the local 

structural features (i.e., folds and faults). This results in a smoothed surface that represent 

the overall shape of the original surface. Due to the size of the basin, as well as the deep 
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burial of the sediments, the exact paleo-bathymetry has not been well studied. The 

present basin topography shows a roughly similar shape to the overall sedimentary units 

(Figure 3.4), with the margin higher than the center. We therefore fit a smoothed surface 

A’ of the present topography to represent the paleo-bathymetry, using a 10-6 smaller 

fitting factor as well. 

 

Figure 3.10. A smoothed surface of T3 to represent the overall shape of the surface. 

 

Third, by comparing these two smoothed surfaces A’ and B’, we are able to define the 

amount of overall basin subsidence (Figure 3.9c). Finally, by removing this subsidence 

amount from the current surface B, we can then correct it to a surface C. Again, this 

process removes major relief across the basin (presumed to be due to basin subsidence) 

while the folds and faults are preserved (Figure 3.9d). The final two steps are carried out 

within Midland Valley MOVE by calculating the vertical shear that is needed to unfold 

the smoothed present horizon surface B’ to the smoothed topography A’, and then unfold 

the present surface B with that same vertical shear vector.  
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Figure 3.11. Correction of the T3 surface by removing the basin-subsidence effect. The lower part is 
the present surface of T3 horizon. The upper part is the corrected surface, which still preserves the 
major fold and fault geometry but has a much smaller relief difference within the surface. 4x vertical 
exaggeration. 

 

We correct the surfaces of the five horizons respectively. As demonstrated by comparing 

the original T3 surface and the corrected T3 surface after removing basin-subsidence 

(Figure 3.11), the basin scale vertical relief on horizon surface has been removed. We 

then restore this corrected surface using the default map-based restoration tool and 

analyze the amount of shortening after the restoration.  

 

RESTORATION RESULTS 

We restore the 5 horizon surfaces including T3, T2, T2’, T1 and T0 using the two 

different workflows: restoration to a horizontal datum without any correction of the 

surface and restoration after correcting basin subsidence. By measuring along 8 traces 
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that are 70 km away from each other and oriented perpendicular to the major structure 

strikes, we calculate the shortening across the basin by comparing the position of the 

original and restored basin boundary. 

After restoration of the surfaces without correcting basin subsidence, the restored borders 

are larger than the original borders, as illustrated by the border of T3 (Figures 3.7 and 

3.12). This implies that the basin has been shortening through geological time, consistent 

with the regional contractional tectonic regime. The total amount of deformation for all of 

the restored units indicates a decreasing shortening trend from the western to the eastern 

part of the basin. This trend correlates with the fact that there is less deformation in the 

eastern part of the basin, as demonstrated by fewer structures in the east (Figure 3.7). The 

greatest amount of shortening, 6.5km (equivalent of 6 percent of shortening), occurs for 

T3 surface along Trace 1, which is close to the Altyn Tagh fault, and crosses a series of 

contractional structures within the basin. Along the northwest-southeast orientation 

perpendicular to the major traces we defined, the shortening percentage is only about 

0.8% percent and does not vary substantially along strike. This indicates that strike-slip 

motion on the major, northwest-southeast trending structures in the basin was modest. 

Rather, deformation is dominated by shortening perpendicular to the trend of the major 

structures within the basin. 
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Figure 3.12. Comparison of the original T3 data border, with restored borders after the two map-
based restorations. The complete restored borders are shown in Figure 3.7. We zoom in on two 
regions to highlight the details of the results in (a) and (b). 
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Along Trace 1, the shortening amount decreases from T3 to the younger horizons and is 

only about 0.8 km for the T0 horizon. This indicates that there was deformation occurring 

in the western basin as early as T3 time (35.5 Ma), and that deformation continued 

through T0 time (2.5 Ma).  

The restorations that account for basin subsidence show systematically less shortening 

when compared with the original restorations (Figures 3.7 and 3.12). The shortening 

amounts generated from these basin-corrected restorations are only about half of that of 

the original shortening analysis (Figures 3.13 and 3.14). To explain this discrepancy, we 

consider two possible explanations: First, as much as 50 percent of the deformation is 

caused by basin subsidence, while the other half reflects the deformation caused by 

tectonic structures. This first explanation supports the restoration approach that we have 

implemented to remove the effects of basin subsidence, and suggests that traditional map-

based restorations applied at the basin scale may thus systematically overestimate 

tectonic shortening. However, we also consider a second possible explanation, 

specifically that a component of the overall basin shape, in addition to the local folding 

and faulting, is caused by tectonic processes. If this is the case, our approach would 

systematically underestimate tectonic shortening by removing a component of this in the 

correction for basin subsidence. However, in such situations we argue that the 

combination of the traditional approach and our revised method would effectively bracket 

the true shortening by providing upper and lower bounds effectively. We suggest that 

comparison of these map-based restoration outcomes with independent measures of 

tectonic shortening, perhaps from cross section-based methods might help resolve these 

issues.  
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Despite the difference in the absolute magnitude of shortening between these two 

restoration approaches, there is a strong agreement in the trend of decreasing shortening 

from the western to the eastern part of the basin. Thus, we will focus on this result for the 

remainder of our discussion. 

 

Figure 3.13. Shortening amount analysis of the 5 horizons after restoration to a horizontal datum.  

 

Figure 3.14. Shortening amount analysis of the 5 horizons after restoration of the surface that has 
been removed of basin subsidence. Note that for the younger horizons T2’, T1, and T0 along Trace 4-
8, this restoration result yields some crossing of the curves that were not present on Figure 3.13. This 
effect is likely due to uncertainties introduced to the process after removing the basin-subsidence. 
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Overall, both Figure 3.13 (uncorrected) and Figure 3.14 (corrected for basin subsidence) 

show that the T3 shortening amount is larger than that of T2 along Traces 1, 2, 3 and 4. 

This implies that this region was deforming between T3 and T2 times (35.5 to 22 Ma).  

In contrast, the shortening results for the T3 and T2 horizons are very similar along 

Traces 5, 6, 7, and 8. This indicates that deformation began in the eastern portion of the 

basin (corresponding to Traces 5-8) after T2 time (22 Ma). Moreover, the amount of 

shortening systematically decreases for each younger horizon (T2’, T1, T0) in this region 

(particularly in Figure 3.13). This suggest that deformation began rather abruptly after T2 

time in the entire eastern part of the basin, rather than by a slow process of lateral 

propagation.  

 

CONCLUSIONS 

We developed and apply a workflow to determine the amount of tectonic shortening in 

sedimentary basins using map-based restoration approaches. We developed new 

workflows in an attempt to differentiate the amount of deformation caused by tectonics 

and other larger-scale basin processes, such as sedimentary compaction and subsidence. 

This new workflow can be applied to basins that experienced large subsidence due to 

sedimentary loading or other processes to help distinguish the components of 

deformation that are tectonic in nature.  

We apply these methods to the Qaidam basin in western China. Applying established 

methods of map-based restoration, we find that the most intensely deformed part of the 
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Qaidam basin has experienced about 6.5 km of shortening since 35.5 Ma. We show that 

considering the influence of sedimentary compaction and non-horizontal restoration 

datums has a minimal impact on these results. However, by applying our revised 

workflow we suggest that up to one half of this shortening may be explained by basin 

subsidence, thus yielding smaller amounts of tectonic deformation. Both these traditional 

and modified workflows show that the Qaidam basin started to experience strong 

deformation in the western part of the basin between 35.5 Ma and 22 Ma, and that 

deformation expanded to the eastern part starting from 22 Ma. This general pattern of 

deformations is consistent with the southeastward migration of sedimentary depocenters 

in the basin, and the decreasing number of structures toward the southeastern part of the 

basin.  
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CHAPTER 4  

Deformation of the Qaidam basin based on regional seismic cross- 

sections and its implications for tectonics of the Tibetan Plateau  

 

INTRODUCTION  

The Tibetan Plateau is the largest tectonic feature on the Earth, with an area about one 

third of the conterminous United States and a mean elevation of 5,000 m. The Plateau 

formed as a product of India’s collision with Asia, which started approximately 45-55 Ma 

(e.g., Molnar and Tapponnier, 1975; Tapponnier et al., 1982; Yin and Harrison, 2000). 

Due to the tectonism at this convergent margin, the Tibetan Plateau crust is ~60-80 km 

thick, twice the thickness of mean continental crustal thicknesses (England and 

Houseman, 1989; Kind et al., 2002; Li et al., 2008). With the collision still in progress, 

the Tibetan Plateau affords us the opportunity to examine the mechanism of large-scale 

continental deformation. However, despite its tectonic importance and decades of study 

(e.g., Argand, 1924; Peltzer and Tapponnier, 1988; Harrison et al., 1992; Royden et al., 

2008), controversy remains over even the most general characteristics of Plateau 

development. One of these contentious issues is how the Plateau has expanded and grown 

since the onset of India-Asia collision. Tapponnier et al. (2001) proposed a stepwise 

northward growth model of the Plateau, which is supported by magmatic belts that are 

younger to the north. In contrast, Wang et al. (2008) has proposed an inside-out growth 
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pattern, arguing that the central part of the Plateau uplifted first, and then propagated both 

northward and southward.  

Syntectonic sediments often provide important constraints on the timing and kinematics 

of deformation in orogenic belts. However, there are few Cenozoic sediments preserved 

over most of the Tibetan Plateau due to the significant uplift and deformation throughout 

the region. One of the few places in the region that retain a significant Cenozoic 

sedimentary sequence is the Qaidam basin in the northern margin of the Plateau. The 

Qaidam basin averages Cenozoic sediment thicknesses of ~8 km, and exceeds 17 km in 

specific locales.  

The Qaidam basin has undergone significant folding across the interior of the basin (Gu 

and Di, 1989; Wang and Coward, 1990). There are as many as 140 surface and blind 

anticlines identified across the basin (QBGMR, 1991). Surface expressions of most of 

these folds correlate directly with subsurface structures imaged in seismic reflection data. 

These data were acquired by the petroleum industry as the Qaidam basin is a prolific 

petroleum province. Industry has drilled hundreds of oil and gas wells and acquired 

thousands of kilometers of seismic sections across the basin to image these subsurface 

fault and fold geometries. These subsurface data constraints and the structural and 

stratigraphic architecture of the basin provide a unique opportunity to constrain the style 

and timing of deformation in the Qaidam basin and broader Tibetan Plateau. We 

interpreted these data using fault related fold theories (e.g., Suppe, 1983; Shaw et al., 

2005). After analyzing specific structures in detail in terms of deformation style, we 

focus on six cross-basin seismic sections and present a balanced and kinematically viable 

(retrodeformable) interpretation of each section. These regional seismic sections, each 
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between 130-200 km long, extend to the basin margins, and together they image around 

45 individual structures and represent all the major structural components of the basin. 

Interpretation of these cross-basin seismic sections helps define the structural style of the 

basin and reveal the deformation history of the basin under the regional contractional 

tectonics over Cenozoic Era. Our work also helps guide the petroleum exploration effort 

in the basin by better characterizing the geometry, timing, and kinematics of structures 

that form prospective hydrocarbon traps. These results help refine our understanding of 

the depositional history of the basin which controls hydrocarbon generation.  

 

GEOLOGIC SETTING 

The Qaidam Basin spans an area of ~12,000 km2. The average elevation of the basin is 

2,700 m, with the highest part being the Yingxiong Ling (Hero Range) with an elevation 

of more than 4,000 m. The Qaidam Basin is bounded by the Altyn Tagh Range to the 

northwest, the Qiman Tagh Range to the southwest, the Eastern Kunlun Range to the 

south, and the Qilian Range to the northeast (Figure 4.1c). All of these ranges have a 

mean elevation of 5,000 m. The Altyn Tagh Range is distributed along the left-lateral 

Altyn Tagh strike-slip fault, which has a total of 300-550 km of Cenozoic displacement 

(e.g., Pan, 1984; Peltzer and Tapponnier, 1988; Cowgill, 2001; Yin et al., 2002). The 

Eastern Kunlun Range parallels the left-lateral Kunlun strike-slip fault, which has a total 

displacement of ~100 km (Fu and Awata, 2007). Deformation within the Qiman Tagh 

and Qilian Ranges are dominated by a series of southwest- and northeast-dipping thrust 

faults and associated fault-related folds (e.g., Dupont-Nivet et al., 2004b; Taylor and Yin, 

2009; Allen et al., 2017). 
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Activity on these faults is indicated by present-day seismicity throughout the region. The 

largest earthquake instrumentally recorded was the 2001 Mw 7.8 Kunlunshan earthquake. 

Its epicenter was located at the Hoh Sai Hu segment on the western edge of the Kunlun 

Fault, producing surface rupture length of ~426 km (Xu et al., 2006). Within the basin, 

the focal mechanisms (Figure 4.1c) indicate dominant thrust fault activity, much of which 

is localized in front of the Qilian Range. However, around the Hero Range area (Figure 

4.1c), focal mechanism solutions indicate oblique motion with small components of left-

lateral slip, perhaps suggesting that the western part of the Qaidam Basin is affected by 

the strike-slip movement of the Altyn Tagh Fault.  

 

Figure 4.1. Topography of the study area. (a) Topography of Tibetan Plateau and surrounding areas. 
Black square outline: location of (c). White line: location of (d). (b) Major faults on (a). (c) 
Topography of Qaidam basin. Major faults and surrounding ranges are annotated. Black-white focal 
mechanism (1962-2013) is from Global Centroid Moment Tensor (CMT) catalogue, and the purple-
white one is the largest event (the 2001 Mw 7.8 Kunlunshan Earthquake). The red-white focal 
mechanism is the most recent event (Ms 5, March 2019, data from China Earthquake Administration). 
Golmud: the largest city in the basin. YL: Yingxiong Ling (Hero Range). (d) Topography profile 
crossing the Himalayas, Kunlun Range, Qaidam basin and Qilian Range.  
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Outcrops of the ranges bounding the Qaidam Basin are mainly composed of pre-Jurassic 

rocks (Figure 4.2). In contrast, the interior of the basin preserves a significant Cenozoic 

sedimentary sequence with exposures of mainly Neogene and Quaternary units. 

Mesozoic units within the basin are generally Jurassic-Cretaceous in age and are mainly 

present along the northern margins of the basin.  

 
Figure 4.2. Geologic map of the Qaidam basin. There are around 120 anticlines shown on the map 
with other smaller and blind structures not shown. Locations of the six regional seismic sections 
(AA’–FF’) are shown with green lines. Thick blue lines represent detailed structures analyzed in 
Figures 4.4-4.6, 4.9-4.10. 

 

The Cenozoic sedimentary strata within the study area were mainly deposited in non-

marine settings, including lacustrine environments, alluvial plains and fan deltas (Mao et 

al., 2014). These Cenozoic strata are divided into eight formations (QBGMR, 1991) that 

have been categorized based on age constraints from magnetostratigraphic studies and 

fossils (Huo, 1990; Huang et al., 1996; Sun et al., 2005; Zhou et al., 2006; Fang et al., 
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2007; Lu and Xiong, 2009; Ke et al., 2013). These formations include the following 

units, for which we use seismic reflector names [T(x), where x is the unit number] to 

represent the bottom of each unit: 

 (1) Paleocene and Early Eocene Lulehe Formation, TR, >53.5–43.8 Ma (Yang et al., 

1992; Zhang, 2006; Ke et al., 2013);  

(2) Middle and Late Eocene Lower Xiaganchaigou Formation, T5, 43.8–37.8 Ma (Yang 

et al., 1992; Ye et al., 1993; Zhang, 2006);  

(3) Late Eocene Upper Xiaganchaigou Formation, T4, 37.8–35.5 Ma (Yang et al., 1992; 

Ye et al., 1993; Sun et al., 2005);  

(4) Oligocene Shanggancaigou Formation, T3, 35.5–22.0 Ma (Sun et al., 2005; Lu and 

Xiong, 2009);  

(5) Early to Middle Miocene Xiayoushashan Formation, T2, 22.0–15.3 Ma (Zhang, 

2006);  

(6) Late Miocene Shangyoushashan Formation, T2’, 15.3–8.1 Ma (Zhang, 2006);  

(7) Late Miocene and Pliocene Shizigou Formation, T1, 8.1–2.5 Ma (Zhang, 2006; Fang 

et al., 2007);  

(8) Quaternary Qigequan Formation, T0, 2.5 Ma-present (Fang et al., 2007).  

The top of basement corresponds to reflector T6. From T6 to T0, the depocenter migrated 

from the northwest to the southeast (Figure 4.3), but generally remained within the center 

of the basin throughout the Cenozoic (Yin et al., 2008; Mao et al., 2014). The depocenter 
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was in the center of the western part of the basin and had a northwest-southeast trend that 

shifted eastward by ~380 km during Oligocene to Quaternary time (Wang et al., 2006).  

 
Figure 4.3. Isopach maps of different units across Qaidam basin showing the migration of the 
depocenter (modified from Mao et al., 2014). Shaded area marks the location of the depocenter. 

 

The thickest Quaternary sediments are present in the eastern part of the basin, 

approximately 3,400 m thick in the depocenter, forming several giant biogenic gas fields 
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(Dang et al., 2008). Although the contractional environment and the surrounding ranges 

make the Qaidam basin an ideal candidate for a foreland basin to form (Bally et al., 

1986), foreland basins localize a depocenter immediately in the foreland of the mountain 

range. Thus, a different mechanism is likely required to explain the formation of the 

Qaidam basin (Meng et al., 2005).  

 

CHARACTERIZATION OF DEFORMATION STYLE AND DEFORMATION 

TIMING 

The seismic reflection surveys used in this study were acquired from 1986 to 2016 and 

consist of pre-stack time-migrated data that were depth converted using velocity models 

based on well logs. All of the seismic data are shown in 1:1 scale. Most of the data are 

2D data, while some are 2D traces extracted from 3D seismic data. Horizons on the 

seismic sections are based on either well tops directly or ties with neighboring wells 

through connecting seismic sections, as well as constraints from the surface outcrops 

based on geologic maps. Interpretation of these sections reveal that different structures 

across the basin share some common styles.  

Basement involved deformation and structural wedges 

The structures within the Qaidam basin are contractional fault-related folds associated 

with thrust and reverse faults (e.g., Suppe, 1983; Shaw et al., 2005; Yin et al., 2008). 

Most structures exhibit distinctive characteristics of basement involved deformation 

(Stone, 1993; Bergh et al., 1997). As shown by Figure 4.4 in the Dongchaishan structure, 

the top of basement, T6, and overlying units have been deformed into a northeast vergent 
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fold where the basement and stratigraphic units are uplifted in the hanging wall compared 

with the footwall. This pattern of folding and uplift is consistent with development of the 

structure above a southwest dipping thrust fault. As there are no direct constraints from 

seismic reflectors for the deeper fault, we define its geometry based on the overlying fold 

shape and forward modeled it using a combination of multi fault-bend-fold (Suppe, 1983) 

and trishear algorithm (Erslev, 1991; Allmendinger, 1998). This analysis yields the 

balanced and retrodeformable structural interpretation in Figure 4.4b, which describes the 

structures as a basement-involved fault-propagation-fold. The southwestern backlimb of 

the fold has a gradually changing bed dip and is wide (7 km) compared to the magnitude 

of uplift for the structure.  

Based on our fault-related fold modeling, this geometry indicates that the fault has 

multiple steepening upward bends resulting in a broadly listric geometry. The forelimb is 

narrower than the backlimb and beds are more steeply dipping. The T4 and older units 

appear to be displaced by the fault, whereas the T3 unit is folded but not displaced. This 

indicates that the thrust fault extends upward and terminates within the forelimb, 

consistent with fault propagation folding (Suppe and Medwedeff, 1990; Shaw et al., 

2005).  

As we will highlight in our regional seismic sections, many anticlines in the Qaidam 

basin share similar structural characteristics with the Dongchaishan structure, suggesting 

that basement-involved thrusting is a common structural style. These thrusts generally 

terminate upward within the sedimentary units and thus are blind, as was the case for the 

Dongchaishan structure. Alternatively, some faults displace all the sediments and are 
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exposed at the surface, such as the thrusts bounding the northern edge of the Hero Range 

(Figure 4.1c and Figure 4.2).  

 
Figure 4.4. Example of basement involved thrust fault in the southwest Qaidam basin. See Figure 4.2 
for the location of the seismic section. (a) Uninterpreted section. Horizon T6 (top of the basement 
rock) and horizon T4 are shown. (b) Interpreted section.  
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A second class of fault-related fold is also common in the Qaidam basin, consisting of 

shallow thrust faults that deform the sedimentary units which are linked to deeper faults 

that dip in the opposite direction and extend into the basement. Displacements on these 

shallow thrust faults are fed by slip on the deeper, basement-involved thrusts, forming 

structural wedges (Sun et al., 2019). Structural wedges are composed of two connected 

fault segments, a forethrust and backthrust, that have coeval slip which drives folding of 

surrounding rocks (Medwedeff, 1989; Shaw et al., 2005). 

 
Figure 4.5. Example of a structural wedge, the Jianshan structure in the northwest Qaidam basin. See 
Figure 4.2 for the location of the seismic section. 

 

The Jianshan structure, located in the northwest Qaidam basin, is a representative wedge 

structure (Figure 4.5). The shallow fault F1 dips to the southwest and its displacement 

produces a fault-propagation fold within the overlying sedimentary strata. However, the 

F1 fault does not extend directly into the basement and thus cannot explain the uplifted 

strata and basement rocks in its footwall. This requires a second, deeper fault, F2, which 
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dips to the northeast into the basement. Thus, F1 is considered the backthrust, and F2 the 

forethrust. F2 merges with fault F1 at the wedge tip, with displacement on both faults 

generating a synclinal fold. The geometry and kinematics of these basement-involved 

wedge structures are described in more detail in Sun et al. (2019). We will demonstrate in 

our analysis of regional sections that they represent common structural style in the 

Qaidam basin. 

Structural wedges not only form individual structures such as Jianshan, but also interact 

with each other, constituting imbricated structural wedge systems. These interactions 

form complicated structural geometries. Therefore, when interpreting the seismic sections 

in the Qaidam basin, we start with analysis of individual structure with good seismic 

reflection data control, and then extend the analysis to define the relationship of adjacent 

structures within this imbricated wedge systems. This approach is illustrated through our 

analysis of the seismic section in Figure 4.6, which extends across the Hero Range. 

The Hero Range is the most intensely deformed area in the basin, with an average 

elevation of 4,000 m. There are more than 10 distinct structures within the Range (Figure 

4.1c). Large oil fields such as Shaxi have been developed adjacent to the Range since the 

1970’s (Figure 4.6b). However, exploration efforts within the Range have been limited 

partly by the low-resolution seismic data, and a lack of understanding of the structural 

styles and their influence on the petroleum system. Recent major discoveries of giant oil 

fields such as Yingxi and Yingdong in ShiZiGou and YouShaShan structures, 

respectively, prove the hydrocarbon potential in the deeper part of the Hero Range. As a 

result, the Range is now the most important and active exploration target of the 

PetroChina Qinghai Oil Company operating in the basin. 
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Figure 4.6. Example of imbricate structural wedge across the western Hero Range in the western 
Qaidam basin. See Figure 4.2 for the location of the seismic section. (a) Uninterpreted section. (b) 
Annotated section highlighting T2 horizon and how the fault geometries are interpreted. Blue lines 
and black dashed line show the relief of T2 horizon across the region. (c) Interpreted section. Faults 
F3, F4 and F6 form an imbricate wedge system. 

 

The seismic section crossing the western Hero Range (Figure 4.6) imaged several 

structures including the XianShuiQuan, GanChaiGou and ShiZiGou. These structures 

have direct surface expression, and thus are also constrained by surface DEM (Farr et al., 

2007), remote sensing data, and geologic maps. Outside the Hero Range, to the south of 
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the ShiZiGou trend, a blind structure, Shaxi, is imaged on the seismic data. Applying the 

insights we gained from the interpretation of other well imaged basement involved thrust 

system and wedge structures, we interpret the structures in Figure 4.6 and explore how 

they interact to form the complex imbricated systems in the Hero Range.  

We interpret the location of the T2 horizon and use it as constraint to define the fault 

geometry. The T2 horizon is separated into different segments with names [T2-(x), where 

x is the segment number]. In Shaxi and ShiZiGou (Figure 4.6b), the overall geometry and 

displacement of the horizon segment T2-1, T2-2, T2-4, and T2-5 indicate the existence of 

two northeast dipping thrust fault segments F3-1 and F4-1. Based on reflector geometries, 

the elevations of the T2 horizon in their hanging walls and footwalls, and the presence of 

synclines defining the backlimbs of these folds, fault-bend fold theory (Suppe, 1983) 

indicates that both of the faults extend downward to flat detachments.  

In Shaxi structure, the footwall of fault F3-1 shows a large northeast vergent fold, with an 

overall geometry that supports the presence of an underlying, southwest dipping thrust 

fault. We interpret that this fault, F5, terminates upward in the F3-1 fault. This fault F5 

extends along strike with a larger displacement to the range front of western Hero Range 

and is separate from the shallower structure. The fault F5 is termed as XI fault by the 

PetroChina Qinghai Oil Company (Wang et al., 2012) and is one of the major structures 

in the region. 

The anticlinal limb T2-4 in the footwall of fault segment F4-1 at ShiZigou requires the 

existence of another fault segment (termed F3-2). Based on the fold shape, we interpret 

that F3-2 extends upward onto the same detachment level as the lower segment of F3-1. 
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This suggests that F3-2 feeds displacement into F3-1, forming an anticlinal fault-bend 

fold in the footwall of the F4-1. Thus, F3-2 and F3-1 are the same fault (termed F3 in 

Figure 4.6c). 

The GanChaiGou and XianShuiQuan structures can be explained by the fault segment 

F4-2 and F4-3, combined with some steeper splay faults (Figure 4.6c). The flat horizon 

segments T2-6 and T2-7, both located in the transition zone between the structures, 

implies that these faults also sole to a horizontal detachments. This provides a linkage 

between the F4-2 and F4-3 faults beneath the T2-7. F4-2 similarly connects to the fault 

F4-1 beneath T2-6. Therefore, F4-1, F4-2, and F4-3 belong to the same fault (termed F4 

in Figure 4.6c).  

The horizontal segment T2-8 is located at the northern edge of the Hero Range. The 

HongGouZi structure (Figure 4.11) to the northeast of the Hero Range is controlled by a 

different fault system, which is shown in the regional section AA’ in the latter part of this 

chapter. T2-3 marks the southern edge of the Hero Range. These two horizonal segments 

T2-3 and T2-8 exhibit a regional relief of 1 km, thus we interpret that a deeper southwest 

dipping basement fault (F6) is required to explain this relief. F6 extends upward from 

beneath T2-3 with a synclinal bend, and interacts with fault F3 and F4 at synclinal axial 

surfaces. Therefore, F6, F3 and F4 form an imbricate structural wedge. We define the dip 

angle of the fault F6 to balance overall displacement within the system, as the 

displacement from fault F6 feeds into both F4 and F3.  
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Deformation timing 

Growth or syntectonic strata are stratigraphic intervals that were deposited during active 

deformation. The age and thickness changes of growth strata therefore define the timing 

and rates of deformation (Suppe et al., 1992; Shaw and Suppe, 1994; Shaw et al., 2005). 

Here, we analyze the major structures imaged on the seismic sections using growth strata 

and summarize their deformation timing.  

 
Figure 4.7. Deformation timing defined by growth strata. Horizon name Tx shown next to the seismic 
sections represent the iniatiation of deformation of the structure. Blue lines mark the location of 
represenative seismic sections shown in Figure 4.8. 

 

We define growth strata in the Qaidam basin by identifying units in seismic sections that 

show thickness changes across the structures consisitent with syntectonic deposition. 

Based on this analayis, growth strata are present in the basin as early as the T4 and T3 

horizons (Figures 4.8b-d). However, these growth units are limited in the northwest part 

of Qaidam basin (Figure 4.7). Noticeably, the Dafengshan structure (Figure 4.8d) does 
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not show obvious thickness change of unit T3, indicating that the Dafengshan was not 

active at this time. The two structrues adjacent to the Altyn Tagh fault in Figure 4.8b and 

Figure 4.8c show growth strata in T3. These observations suggest that minor 

contractional shortening and uplift began around 37.8 Ma (corresponding to the age of 

the T4 horizon).  

Subsequently, widespread deformation across the basin structures started at 22 Ma 

corresponding to T2 horizon (Figures 4.8a, d-f, i). This deformation expanded to margins 

of the basin, and into the eastern Qaidam basin (Figure 4.7). Thus, we interpret that T2 

likely marks the initiation of major, widespread tectonism in the Qaidam Basin and its 

surrounding mountain belts. 

Figure 4.8i shows a segement of the seismic section located in the southern margin of the 

basin, an area closest to the Kunlun Range and Kunlun Strike Slip fault compared with all 

the other available seismic data. The units above T2 thins toward the south, 

corresponding to the widespread contractional growth stage that we have documented. 

Units beneath horizon T2, however, exhibit an opposite thickening trend toward the 

south, which is at present a structural high. This further supports that before T2, the 

contractional stage of deforamtion within the basin was limited to its western part. At this 

time, the eastern Qaidam basin was not yet deformed by contractional structures, but was 

affected by the pre-exsiting basin architecture. Starting from T2 time, deformation 

expanded from the west to the east. A majority of the structrues in the central part of the 

basin started to deform from T2’, T1 or T0 (Figures 4.7, 4.8g-h), generally younger  
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than the structures near the basin margin. The significance of this spatial and temporal 

pattern of basin defomation, and its implications for regional tectonics, will be discussed 

in the latter part of this chapter. 

 

Variations on the common structural styles 

Applying the basement involved thrust and structural wedge styles, we can effectively 

interpret most of the structures in Qaidam basin and model their kinematic evolution. 

However, some structures exhibit features that cannot be readily explained by these 

established contractional fault related folding theories. Here, we describe some of these 

structural complexities and explore ways to extend the established fault-related folding 

theories to explain them.  

Fault related folding geometries and models in contractional environments are often 

constructed as parallel folds, and with the assumption of layer thickness conservation 

across active axial surfaces (Suppe, 1983; Shaw et al., 2005). Although most of the 

structures in the Qaidam basin are formed by contractional deformation and can be 

effectively described by these conventional fault related fold models, some structures 

show transpressional features due to the basin’s proximity to the Altyn Tagh strike slip 

fault. The earthquake focal mechanisms also document the influence of the strike slip in 

the region, especially in the northwestern part of the basin.  

In the Alaer structure (Figure 4.9), located in the southwestern Qaidam basin, a south 

dipping thrust fault, F7, can be constrained by the general folding and uplift of the units 



89 
 

in the southern part of the section. Sedimentary thickness is over 8 km to the north side of 

the major fault, while the thickness changes to only half of that to the south of the fault.  

 
Figure 4.9. Example of transpressional structure and shear involved deformation in the western 
Qaidam basin. See Figure 4.2 for the location of the seismic section. (a) Uninterpreted section. The 
fault location and a pair of axial surfaces bounding a kink band are marked. (b) Annotated section 
highlighting the shear orientation, and the growth triangle. Dramatic thickness change and uplift 
occurs across the major fault. The fault F7 also extends upward splitting into several other high angle 
faults. (c) Model showing the growth triangle from a fault bend model (Shaw et al., 2005). Notice the 
growth triangle orientation is different from that of (b). (d) Interpreted section. The large thickness 
change across the fault represents a transpressional deformation feature. 
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The large thickness change across the fault, as well as the fault geometry, represents a 

transpressional deformation feature. The fault F7 extends upward splitting into several 

nearly vertical splay faults that have opposite dip directions. With the anticlinal form 

above these faults, it forms a positive flower structure that are common in a 

transpressional environment (Wilcox et al., 1973; Woodcock and Rickards, 2003; Van 

der Pluijm and Marshak, 2004).  

To the south of the section, a kink band defined by a pair of north dipping axial surfaces 

(Figure 4.9a) suggests that the fault F7 shallows its dip with depth. This fold exhibits a 

distinctive growth triangle that shows a south dipping, inactive growth axial surface 

across which growth strata thickness changes. The other side of the limb is bound by a 

north dipping active axial surface across which growth strata thickness does not change 

(Figure 4.9b). The shape of this growth triangle, however, is inconsistent with that 

produced by a conventional fault bend fold (Figure 4.9c), where the synclinal axial 

surface is active, while the anticlinal axial surface is inactive. A different deformation 

mechanism is thus required to explain this kink band and the unique growth triangle. 

Seismic reflectors beneath the kink band shows some north dipping features within the 

basement rock (Figure 4.9b). These reflectors potentially represent the orientation of 

faults that comprise a shear zone within the basement. The distributed shear involved 

deformation (Suppe et al., 2004; Shaw et al., 2005) combined with clockwise rotation of 

the active shear planes, could possibly explain this unique growth triangle geometry. 

Such deformation could be driven by basement faulting being pinned to the bend in the 

F7 fault plane at depth while the overlying fold limb rotates in a counter-clockwise sense 

due to folding.  
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Furthermore, the Qaidam basin persisted through Cenozoic Era and basin subsidence 

continued while the contractional deformation was occurring. Thus, sedimentary loading 

from the thick Cenozoic sediments likely caused some regional tilting, which is distinct 

from the process of folding that we have documented. This effect is more obvious in the 

eastern part of the basin as the depocenter migrated to this region around T2 time. As 

shown by a seismic section in the southeastern Qaidam basin (Figure 4.10), the section 

expands over 60 km, with a consistent dip angle of about 5 degree for units between 

horizon T2 and T6. Units above horizon T2 show a thickening trend and shallower dip 

angle toward the northeast. No obvious structures or large displacement of units can be 

found in this section, indicating that the general slope formed under the influence of 

sedimentary loading and basin subsidence. 

 

Figure 4.10. Example of a slope caused by basin subsidence and sedimentary loading in the 
southeastern Qaidam basin. See Figure 4.2 for the location of the seismic section. 
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INTERPRETATION OF THE CROSS-BASIN SEISMIC SECTIONS 

Based on the structural styles we established in the previous sections, we interpreted six 

regional seismic sections across the basin using fault-related folding methods. These six 

regional sections AA’, BB’, CC’, DD’, EE’, and FF’ (Figure 4.2), each between 130-200 

km long, extend to the basin margins, and together image around 45 individual fold and 

encompass all the major structural components of the basin. Most of these sections are 

oriented southwest-northeast, generally perpendicular to the strike of major structures. 

Part of the AA’ section is north-south oriented in its south segment, as the majority of 

structures in this local region are east-west trending (Cheng et al., 2015). 

All the sections have been interpreted in a manner that defines the kinematics of each 

individual structure, while being able to explain the regional relief change and 

interactions of multiple structures. These sections are area balanced and retrodeformable 

(Dahlstrom, 1969; Suppe, 1980), and thus provide viable geometric and kinematic 

descriptions of basin deformation. Overall, the six sections show that the basin is 

controlled by basement involved thrust system rooted to the Qiman Tagh and Qilian 

Ranges (Figures 4.11-4.18).  
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The structures that show evidence of Miocene and younger activity trend generally 

northwest-southeast. Moreover, roughly in the center of basin, there are distinct 

boundaries between structures underlain by northeast dipping as opposed to southwest 

dipping basal thrust ramps (Figures 4.12 and 4.18). This boundary appears to locally 

correspond to the center of the depocenter in the basin. While the dips of the shallow 

segments of the thrust faults vary their dip orientations, our recognition that many are 

structural wedges yields a more consistent pattern of thrust fault dip at depth. Based on 

this analysis, basement faults in the southwestern basin generally dip to the southwest, 

whereas basement faults in the northeast generally dip in that direction. This implies that 

structures in the southwest and northeast parts of the Qaidam basin are underlain by basal 

thrust ramps that root beneath both the Qiman Tagh and Qilian Ranges, respectively. This 

suggests that deformation in the basin is driven largely by both of these mountain belts. 

Activity of these mountain ranges, in turn, is driven by the Altyn Tagh and perhaps 

Kunlun faults. As these structures formed and propagated into the basin, they uplifted the 

northwestern part of the basin along northwest-southeast trending thrust sheets. This 

shifted the locations of the depocenters in the basin, ultimately driving migration of 

depocenters to the southeast of the basin. 

We analyze how much shortening occurred along the six regional sections. Flexural slip 

unfolding of all the six interpreted sections are conducted using T3 as a reference horizon 

for sections AA’, BB’, CC’, DD’ and EE’, as T3 is the most continuous horizon across 

the seismic sections. Moreover, given that major deformation started at T2 time, our 

shortening estimates based on the T3 horizon capture most, if not all, of the deformation 
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along these transects. For section FF’, T2 is used as a reference horizon, as T3 is not 

separately interpreted here.  

The present length of all the sections is measured as the maximum width of the 

interpreted horizons. The present length, shortening amount, shortening percentage are 

shown in Table 4.1. 

Table 4.1 The present section length, shortening amount and percentage of all the regional sections 

Seismic 
section 

Present section 
length (km) 

Shortening 
amount (km) 

Shortening 
percentage (%) 

AA' 130 15.2 10.5 

BB' 160 16 9.1 

CC' 199 7.3 3.5 

DD' 204 15 6.9 

EE' 160 4 2.5 

FF' 135 1 0.7 

 

Overall, both the shortening amount and shortening percentage decrease from the western 

sections to the eastern sections. This corresponds with our observation that deformation 

started early in the western part of the basin, before expanding to the eastern part of the 

basin. This is also consistent with the observation that more structures are formed in the 

western compared to the eastern part of the basin. The only exception to this general 

gradient in shortening is section CC’, which exhibits less shortening that section DD’, 

located immediately to its south. This could represent natural variability in shortening 

along the basin, or represent an artifact of the section orientations, which are not oriented 

perfectly perpendicular to all of the basin structures. For example, the large syncline in 
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between EBoLiang II and LengHu VI structures in the northern segment of section DD’ 

causes 5 km of shortening itself. However, the same syncline is not as dramatic and does 

not cause much shortening in section CC’. This emphasizes that a more thorough map-

based or 3D analysis could better constrain the detailed pattern of shortening across the 

basin. Nevertheless, the overall trend in basin shortening seems robust and consistent 

with the distribution of anticlines, patterns of growth structure, and sediment deposition 

in the basin. 

 

IMPLICATIONS FOR THE REGIONAL TECTONICS OF THE TIBETAN 

PLATEAU 

The range of different models proposed to explain the thickening and growth of the 

Tibetan Plateau (e.g., Argand, 1924; Dewey and Burke, 1973; Molnar and Tapponnier, 

1975; Zhao and Morgan, 1985; Royden et al., 1997, 2008) suggests that no single model 

effectively explains all aspects of Plateau growth (Harrison et al., 1992). Nevertheless, 

both the continuous model of uninterrupted outward growth (e.g., England and Housman, 

1989) and the discrete model of sequential outward jumping of the Plateau margin (e.g., 

Metivier et al., 1998; Meyer et al., 1998; Tapponnier, 2001) require that the northern 

portion of the Tibetan Plateau was the youngest expression of the deformation process. 

However, the possible initial phase of Late-Eocene deformation (~37.8 Ma) that we 

document in the Qaidam basin coincides with, or occurs slightly after, the early onset of 

Himalayan tectonics, despite occurring more than 1,500 km from the plate boundary. 

Several other lines of evidence support that this early deformation is a regional event in 
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the northern margin of the Plateau. Eocene outcrops in the northern Qaidam basin are 

interpreted as synorogenic conglomerate deposited by high-gradient depositional systems 

(Zhuang et al., 2011). Synorogenic sediments of this time also occur in the Tula basin to 

the west (Robinson et al., 2003; Dupont-Nivet et al., 2004b) and the Xining-Lanzhou 

basin to the east (Dupont-Nivet et al., 2004a; Dai et al., 2006). Fission track analysis on 

the Triassic detrital samples from the western Qaidam basin gave a rapid Eocene cooling 

age (Sobel et al., 2001). All of these suggest that during the early stages of collision, 

some component of the deformation occurred far from the plate boundary. This may 

reflect the reactivation of zones of weakness in the crust. In the case of the Qaidam basin, 

these structures may have been Mesozoic normal faults that have been previously 

documented in the area, or some other small-scale normal faults that existed before the 

Mid-Eocene time (Xia et al., 2001; Sun et al., 2019). Our results suggest that this early 

phase of deformation resulted in minimal shortening and uplift, and was followed by a 

relatively less intense deformation period during T3, which is also represented by fine 

lacustrine sediments during Oligocene-early Miocene in the basin (Zhuang et al., 2011). 

Presumably during this time, contractional deformation was mainly occurring elsewhere 

in the Plateau or along the proto-Himalayan range front.  

The initiation of the second, main phase of contractional deformation in the Miocene 

shown by growth strata in our study correlates with other evidence that supports a major 

tectonic change in the Qaidam basin during this time. Yu et al. (2014) used the anisotropy 

of magnetic susceptibility to analyze the stress direction and found that before Miocene, 

Qaidam Basin was mainly under south-north compression. They also proposed that after 

Miocene, the stress direction changed to NE-SW, which is consistent with the current 
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GPS velocity field (Wang et al., 2001; Zhang et al., 2004; Gan et al., 2007; Meade, 2007; 

Liang et al., 2013). Zheng et al. (2004) analyzed the sedimentation framework of the 

basin and, after taking into consideration of the erosion, they proposed that major 

depocenters had east-west trends during Paleogene that changed to northwest-southeast 

trends in the Miocene.  

 

Figure 4.19. Cartoon figure showing the two-phase evolution of the Qaidam basin. Black arrow 
represents the stress direction. Blue arrows represent the extrusion/escape direction (Tapponnier et al., 
1982). Except for India, other features are drawn based on their present-day locations. 

 

The Miocene also marks a major transition for the Tibetan Plateau. The convergence rate 

between India and Asia decreased since 20 Ma (Molnar and Stock, 2009). Escape of the 

SouthChina block (Figure 4.19) controlled by the Altyn Tagh Fault also began to be 

dominant during the Miocene (Tapponnier, 1982), with other strike slip faults on northern 

and eastern Tibet also becoming active. Deformation of the Altyn Tagh Range may have 

begun as early as Oligocene, as suggested by the correlation of rock packages between 

the Qiadam and Tarim basins (Meng et al., 2005, Yin et al., 2008). However, growing 

evidence supports that major left-lateral movement began during the Miocene (Wu et al., 
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2012). Displacement history analysis of Tertiary piercing points along the Altyn Tagh 

Fault indicates a late Oligocene-earliest Miocene inception of the fault (Yue et al., 2001). 

Biostratigraphy and apatite (U-Th)/He thermochronology also suggest a rapid uplift since 

15 Ma to 16 Ma (Ritts et al., 2008). In parallel, the Kunlun Range uplifted in the 

Miocene, based on low-temperature thermochronologic data reflecting rapid Miocene 

cooling (Jolivet et al., 2001; Wang et al., 2004; Liu et al., 2005; Yuan et al., 2006), 

although some recent studies also documented cooling events of Kunlun range during 

early Cenozoic (Wang et al., 2016; Shi et al., 2018). Sedimentary source analysis based 

on detrital zircon dating also supports that Kunlun Range uplifted at Miocene 

(McRivette, 2011), separating the KoKoxil Basin from the Qaidam Basin. Meanwhile, 

apatite fission track analysis indicates that the Qilian Range experienced rapid uplift and 

exhumation since the middle Miocene (Zhuang et al., 2011). As these ranges uplifted, 

sedimentation rate in Qaidam increased, infilling and driving rapid subsidence of the 

basin since the upper Miocene (Tapponnier, 2001). 

The activity of the Kunlun and Altyn Tagh Ranges was likely driven by the emergence of 

the faults that bear these names. These faults are strike-slip systems that accommodate 

eastward extrusion of crustal blocks from the Plateau (e.g., Tapponnier, 2001; Meade, 

2007; Loveless and Meade, 2011). These faults currently drive shortening in the Qiman 

Tagh and Qilian Ranges that bound the basin to the southwest and northeast, respectively. 

Thus, the Miocene phase of deformation in the Qaidam basin likely represents a 

transition from contractional to extrusion tectonics in this part of the Plateau (Figure 

4.19), corresponding to the emergence and activity of the Kunlun and Altyn Tagh faults.  
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CONCLUSIONS 

In summary, our analysis suggests that shortly after India-Asia collision, deformation 

occurred along the northern margin of the Tibetan Plateau in the Qaidam basin. 

Deformation became widespread across the basin in the Miocene, corresponding with 

activity of the Altyn Tagh and Kunlun Faults and the emergence of the Qiman Tagh and 

Qilian Ranges. This led to the formation of the numerous thrust sheets and anticlines 

within the basin, and the migration of the basin depocenter to the southeast. Specifically, 

our results demonstrate: 

(1) Deformation in the Qaidam basin is characterized by both northeast and southwest 

dipping basement involved thrust faults that typically form fault-propagation folds and 

imbricated structural wedges. 

 (2) The structures in the southwestern and northeastern parts of the Qaidam basin are 

underlain by basal thrust ramps that root beneath both the Qiman Tagh and Qilian 

Ranges, respectively. This suggests that deformation in the basin is driven largely by both 

of these mountain belts. Activity of these mountain ranges, in turn, is driven by the Altyn 

Tagh and perhaps Kunlun faults. As these structures formed and propagated into the 

basin, they uplifted the northwestern part of the basin along northwest-southeast trending 

thrust sheets, ultimately driving migration of depocenters to the southeast of the basin. 

(3) Deformation in the Qiadam basin records two phases of deformation in the northeast 

Tibetan Plateau. The first phase occurs in Late-Eocene shortly after the India-Asia 

collision and represents deformation that occurred far from the plate boundary, possibly 

localized on pre-existing normal faults. The second phase began from Miocene associated 
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with the emergence of the Kunlun and Altyn Tagh Ranges and associated eastward 

extrusion of tectonic blocks within the Tibetan Plateau. Thus, deformation in the Qaidam 

basin records the transition from north-south convergent to escape tectonics in the 

Tibetan Plateau.  
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