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Abstract — The Xiaoxia anticline is a basement-cored fold in the northeastern Qinghai-Tibetan
Plateau. It formed during the Middle-Late Cenozoic in a NNE-orientation oblique to prevailing
WNW-striking thrusts in the surrounding region. The fold lies within the fault-bounded Xining
Basin, which has behaved as a clockwise rotating and internally deforming block during the mid—
late Tertiary. Proterozoic crystalline basement rocks and Jurassic—Cretaceous—Cenozoic terrestrial
sediments exposed within the fold record three separate oblique-slip deformation events as determined
by cross-cutting generations of faults and folds. The modern Xiaoxia anticline developed by: (1)
outward-directed thrusting on the two fold limbs and, (2) oblique-slip thrusting on closely spaced
minor NNE-striking faults that caused distributed uplift and passive shear folding of the sedimentary
cover within the fold core. Tilted and thrusted river terraces on the flanks of the Xiaoxia anticline dated
by optically stimulated luminescence and electron spin resonance indicate that folding has continued
into the Late Quaternary (post-45.5 £ 5.5 ka) and therefore may still be active today. The development
of the Xiaoxia anticline appears to be best explained in the context of the kinematic evolution of
the Xining Basin’s bounding strike-slip faults. Formation of the Xiaoxia anticline demonstrates that
partitioned transpression in an evolving transpressional setting can invert intra-montane basins and
produce basement-cored folds, thereby contributing to regional plateau uplift.

Keywords: basement-cored fold, Qinghai—Tibetan Plateau, oblique-slip thrust, transpression, Xining
Basin.

1. Introduction fault zone (Mitra & Mount, 1998) or by closely spaced
minor faults (Spang & Evans, 1988; Garcia & Davis,
2004; Otteman & Snoke, 2005); (2) what the role
of structural reactivation is in the fold development
(Huntoon, 1993; Marshak, Karlstrom & Timmons,
2000; Stone, 2002; Garcia & Davis, 2004); (3) whether
the anticline formed in one stress field (Varga, 1993)
or in several different stress fields involving separate
deformational events (Wise & Obi, 1992), and, (4) in
what tectonic settings do basement-cored folds form
outside of ‘thick-skinned’ foreland regions.

In addition, the processes that have contributed to
the development of the Qinghai—Tibetan Plateau are
still poorly understood, especially in the northeastern
corner of the plateau where structural trends are
variable and where strike-slip faults, thrusts and folds
have generated basinal compartments and thrusted
ranges in a complex geomorphological arrangement
that differs from the consistent NW-striking Qilian
Shan fold-and-thrust belt to the NW (Fig. 1; England
& Molnar, 1990; Tapponnier et al. 2001 and references
therein; Yin et al. 2008). An important tectonic
problem in the northeastern Tibetan Plateau region
is how intermontane basins are structurally inverted
within the context of overall plateau development
(Tapponnier et al. 2001). In this study, we consider
these issues through detailed examination of cross-
T Author for correspondence: zhangjinem@sina.com cutting structures within a basement-cored anticline

Basement-cored anticlines are prominent orogenic
elements in many mountain ranges and understanding
their development is important for studying the
geometric and kinematic relationships between deep
crustal displacements and contractional deformation
of cover sediments (Stearns, 1978; Brown, 198S;
Schmidt, Genovese & Chase, 1993; Stone, 1993; Miller
& Mitra, 2011 and references therein). Most studies
of basement-cored anticlines have focused on the
Laramide foreland region of North America or the
Sierras Pampeanas in Argentina (e.g. Jordan & All-
mendinger, 1986; Schmidt, Genovese & Chase, 1993)
and have generally used kinematic and mechanical
models to explain the observed styles of deformation
(Brown, 1988; Spang & Evans, 1988; Schmidt,
Genovese & Chase, 1993; Narr & Suppe, 1994; Mitra
& Mount, 1998; Tindall & Davis, 1999; Bump, 2003;
Garcia & Davis, 2004). However, considerable debate
surrounds the mechanisms of basement-cored fold
growth and the range of tectonic settings in which such
folds form (Brown, 1988; Paylor & Yin, 1993; English
& Johnston, 2004; Garcia & Davis, 2004). Outstanding
questions include: (1) whether contractional strain in
the basement transfers to cover layers via a single
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Figure 1. (a) Regional topography and major faults in the northeastern Qinghai—Tibetan Plateau. (b) Lithological map. (c) Stratigraphic
column of Xining Basin, NE Tibet. Note location of NNE-striking Xiaoxia anticline.

that has evolved within an intraplate transpressional
setting in the northeastern Qinghai—Tibetan Plateau.

2. Geological setting

The Xiaoxia anticline is located in the eastern Xining
Basin located at the extreme northeastern corner of the
Qinghai-Tibetan Plateau (Figs 1a, b, 2). The basin is
a Mesozoic—Cenozoic clastic depocentre structurally
bound by the Laji Shan Fault to the south, the
Daban Shan Fault to the north and the Reshui-
Riyue Shan Fault to the west (Fig. la). Proterozoic
metamorphic rocks including grey staurolite-mica
schist and garnet-biotite schist dated at 1250-1122 Ma
(whole-rock Rb—Sr isochron age; BGMRQP, 1985,
p. 17) and Early Palaeozoic fine- to medium-grained
granodiorite dated at 434 £+ 23 Ma (biotite K—Ar
age) (BGMRQP, 1985, p. 153) directly underlie the
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basin. The granodiorite intrudes the schist, whereas
grey-black lamprophyric dykes (0.1-2 m wide) locally
intrude the granodiorite.

The Xining Basin fill includes Jurassic, Cretaceous
and Cenozoic terrestrial sediments (Fig. 1b, c¢), which
non-conformably overlie the basement rocks. Middle
Jurassic sediments mainly occur on the northeastern
limb of the Xiaoxia anticline, and Cretaceous sedi-
ments unconformably overlie the Jurassic section. The
Cenozoic sediments conformably cover the Cretaceous
rocks (Fig. 1b, c).

The Xiaoxia anticline is one of several basement-
cored folds in the Xining Basin (Fig. 1b). The
granodiorite and schist constitute the main rock types
within the Xiaoxia anticline core, and are exposed over
an area c. 9 km long and 0.2-2.3 km wide (Fig. 2).
Structural relief between the anticlinal core and the
basin floor to the west is about 4000—4500 m (Fig. 3).
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Figure 2. (a) Geological map of the Xiaoxia anticline within the Xining Basin. See Figure 1 for location. (b—d) NW—SE-striking

sections across the Xiaoxia anticline.
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Figure 3. 3-D model of top-of-basement surface of the western
Xining Basin. The red lines are interpreted to be NNE-striking
faults bounding basement uplifts. The depth data are compiled
from gravity modelling, drill holes and seismic reflection surveys
in the Xining Basin (Wang et al. 2006). Depth scale indicates
elevations above and below the modern land surface.

Owing to its recent development and good exposure,
the Xiaoxia anticline provides an excellent opportunity
to study the geometric and kinematic relationships
between different generations of structures that formed
in the basement and cover during fold development.
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3. Structures in the basement
3.a. Structures in the basement schist

The schistose rocks of the Xiaoxia anticline experi-
enced several deformation events. In addition to an
early schistosity-forming event (1250-1122 Ma), the
rocks contain minor folds and are cut by NNE-striking
thrusts. The minor folds typically plunge southeast
(163°/20°), oblique to the NNE strike of the main
Xiaoxia anticline.

3.b. Structures in the granodiorite

The granodiorite within the fold core is intensely
fractured and faulted. Several sets of faults were
distinguished based on their attitudes and cross-cutting
relationships (Figs 4, 5). From old to young, they
consist of an early set of dextral oblique-slip thrusts (Set
A), a cross-cutting set of sinistral oblique-slip thrusts
(Set B) and late set of dextral oblique-slip thrusts (Set
C) that cuts the other two fault sets. The most abundant
faults are dextral oblique-slip thrusts (sets A and C;
Figs 4a, 6a, c).
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Figure 4. (Colour online) (a) Early dextral oblique-slip faults
(Set A) and slickenlines in the basement. (b) Fault plane solution
for Set A faults.

3.b.1. Early dextral oblique-slip thrusts (Set A)

Early dextral oblique-slip thrusts of Set A typically
strike NW and dip SW with slickenline rakes ranging
from 3° to 42° (Fig. 4a). These faults are common
in the granodiorite on the SE limb of the Xiaoxia
anticline (Fig. 2a). To the west of the Xigouxia Valley
(Fig. 2a), faults of Set A cut both the granodiorite
and the overlying NE-dipping Cretaceous sandstone
and conglomerate. A fault plane solution indicates
that the principal compression direction leading to the
development of the faults of Set A was N-S striking
(Fig. 4b).

Late right-lateral oblique
thrust (Set C)
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On the SE limb of the Xiaoxia anticline, there
are several kilometre-scale folds of Jurassic and
Cretaceous strata plunging to the southeast (Fig. 2a).
Faults of Set A in the granodiorite occur in the same
location as these SE-plunging folds. To the west of
Xigouxia Valley (Fig. 2a), the relationship between
the faults of Set A and overlying sedimentary layers
can be observed in a small quarry. At this location
(36°31"45"N, 101° 55’ 15" E), the faults cut both the
granodiorite and the overlying NE-dipping Cretaceous
sandstone and conglomerate indicating that the faulting
postdates the Cretaceous rocks (Fig. 7a); some small
NE-dipping normal faults are also present.

3.b.2. Sinistral oblique-slip thrusts (Set B)

In the granodiorite and schist in the fold core, NW-
striking sinistral oblique-slip thrusts (Set B) are also
present, but are less abundant than those of sets A and C
(Fig. 8). An important example of this fault generation
crops out along the Huangshui River where it cuts
through the core of the Xiaoxia anticline. This fault
zone contains abundant slip surfaces with slickenlines
and kinematic indicators suggesting sinistral shearing
(Fig. 2a), and slickenline rakes range from 11° to
35° (Fig. 8b). A fault plane solution for faults of Set

Looking NE

Ll

(SetB)
L Al

Figure 5. (Colour online) Photos showing cross-cutting relationships between different generations of brittle oblique-slip thrusts in the
Xiaoxia basement. (a) Early dextral oblique-slip fault (Set A) cut by later dextral oblique-slip fault (Set C). (b) Sinistral oblique-slip
fault (Set B) cut by late dextral oblique-slip fault (Set C). (c) Early dextral oblique-slip fault (Set A) cut by sinistral oblique-slip fault
(Set B); the pen is 15 cm long. Small white arrows are parallel to fault plane slickenlines.
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Figure 6. (Colour online) (a) Field views looking towards the N of closely spaced dextral oblique-slip faults in the granodiorite (arrows
point to fault planes). (b) View S of a fold in Terrace II of the Huangshui River in the core of the Xiaoxia anticline (Fig. 2a) suggesting
recent and possibly ongoing fault activity (Set C). (c) Late dextral oblique-slip faults (Set C) and slickenlines in the granodiorite. (d)
Fault plane solution for Set C faults.
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Figure 7. (Colour online) Photograph (a) and sketch (b) of early dextral oblique-slip fault (Set A) cutting the granodiorite and overlying
Cretaceous sandstone in the east limb of the Xiaoxia anticline. The Brunton compass for scale in (a) is 16 cm long. Equal area
stereographic projection (lower hemisphere) plot of faults shown in (a).

B shows that compression was NE-SW during their indicators. They mainly strike NNE and dip westerly
formation (Fig. 8c). at high angles (60-75°), and are sub-parallel to the

regional fold hinge of the Xiaoxia anticline. Slickenline

rakes range from 10° to 20° (Fig. 6¢c). Faults of Set
3.b.3. Late dextral oblique-slip thrusts (Set C) C are most abundant in the fold core and east limb
of the Xiaoxia anticline. However, fewer faults of
this type are present in the west limb. Fault plane
solutions indicate that NE-SW compression generated
the dextral oblique-slip displacements (Fig. 6d).

Faults of Set C are closely spaced (c. 25-500 cm) in the
granodiorite, separating many fault blocks (Fig. 6a).
These faults are the most common brittle structures
in the anticlinal core and provide good kinematic
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Figure 8. (Colour online) (a) Equal area lower hemisphere plot of sinistral faults (Set B) in the granodiorite (circles are all faults
including faults without visible slickenlines; black triangles are faults of Set B that present visible slickenlines and clear kinematic
indicators). (b) Sinistral oblique-slip faults (Set B) and slickenline orientations. (c) Fault plane solution for Set B faults.

Looking NW

Figure 9. (Colour online) Major bounding faults of the Xiaoxia anticline. (a) Western bounding thrust zone showing its displacement
sense; (b) equal area stereographic projection (lower hemisphere) plot of slip surfaces within fault zone; the hammer is 30 cm long. (c)
Nearly vertical eastern bounding thrust with thick zone of fault brecciation, and equal area lower hemisphere stereoplot of slip surfaces

within fault zone.

3.b.4. Bounding thrusts of the Xiaoxia anticline

Besides the abovementioned faults in the core of
the Xiaoxia anticline, the western limb is cut by
a major NNE-striking, E-dipping thrust which cuts
the granodiorite (Figs 2, 9a, b) and Cretaceous—
Cenozoic cover strata. Cretaceous strata are thrust over
Eocene strata with at least 400 m of throw based on
documented formational thicknesses and stratigraphic
offset across the fault (Fig. 1c). East of Fujiazhai,
this thrust crops out along a valley to the north of a
paper mill (36° 34" 30.7” N, 101°53"47.3"” E; Fig. 2a,
b). The hanging-wall is composed of thickly bedded
Cretaceous sandstone and mudstone dipping to the
west, and the footwall consists of thickly bedded
mudstone, siltstone and gypsiferous sediments of the
Eocene Honggou Formation. The footwall strata dip
steeply to vertically near the fault, but away from
the fault, the Honggou Formation strata are sub-
horizontal. The Cenozoic strata in the hanging-wall
are almost completely eroded off (Fig. 2a, b). The
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overall geometry suggests a fault-propagation anticline
verging to the west (Fig. 2b—d). This major thrust
cuts the whole NW limb of the Xiaoxia anticline
and is therefore an important structure responsible
for regional uplift (Fig. 2). The fault is also parallel
to the metamorphic fabric in the nearest exposures
of the schistose basement, raising the possibility that
this major structure reactivates the schistosity at depth
(Fig. 2a, b).

On the eastern limb, the eastern thrust is a near-
vertical fault characterized by a 5m thick fault
breccia and gouge zone (Fig. 9¢). To the south, this
thrust is exposed in the Xigouxia Valley (Fig. 2a),
where subsidiary splays of the main fault cut the
overlying Cretaceous sandstone within a single 12 m
long outcrop (Fig. 10a—c). The main thrust displaces
the granodiorite over the Cretaceous sandstone. The
amount of displacement is unquantified because of
a lack of offset markers that can be correlated and
because most of the fault zone is covered by Quaternary
sediments.
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Figure 10. (Colour online) (a) Subsidiary splays of eastern bounding thrust that cuts basement and cover strata and contributes to
uplift of the Xiaoxia fold core. Hammer for scale in (a) and (b) is 30 cm long. (b) Close-up view of yellow rectangular area shown in
(a); (c) sketch looking NNW of the whole outcrop indicating dip amount and dip direction for four measured faults, and equal area
stereographic projection (lower hemisphere) plot of faults. See Figure 2 for location.

4. Structures in the cover strata
4.a. Folds

Folds with two different trends and scales affect the
cover strata. The larger-scale fold is simply the main
NNE-SSW-trending Xiaoxia anticline. The regional
geometry of Cenozoic strata across the fold is clearly
anticlinal (Fig. 2a—d). On the eastern limb of the
Xiaoxia anticline, Terrace 111 of the Huangshui River is
tilted to the NNE (Fig. 11a). It occurs on the N-plunging
part of the Xiaoxia anticline (Fig. 2a), which suggests
that it is related to the development of the anticline.

Smaller-scale SE-plunging folds with ¢. 1.5 km
wavelengths involving Jurassic and Cretaceous sedi-
ments occur on the eastern limb of the Xiaoxia anticline
(Fig. 2a; see Section 3.b.1).

4.b. Normal faults in Cenozoic strata

In the Xiaoxia basement-cored anticline, there are
also many mesoscale normal faults in Cenozoic strata,
especially cutting the terraces of the Huangshui River
(Fig. 11b—d). These normal faults mainly developed in
the hanging walls of the two main bounding thrusts.
On the western fold limb, Terraces IV-V of the
Huangshui River are cut by almost vertical normal
faults (Fig. 11b). Most of these normal faults dip to
the west and are generally parallel to the strike of Set C
thrusts and the overall anticline trend (Fig. 11b, ¢). The
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measured displacement on these faults ranges from 20
to 60 cm. On the eastern limb, normal faults also were
observed, including non-degraded, 3 m high surface
fault scarps (Fig. 11d), which may have formed during
an earthquake in 1893 in the region (Tu et al. 1998).

5. Dating results

Because Quaternary river terraces on both limbs of
the anticline are cut by major thrust faults or normal
faults or are tilted by folding (Fig. 11a—d), samples were
collected from Terraces II-V from both fold limbs to
constrain the minimum age of anticline development.
The dating was carried out at the State Key Laboratory
of Earthquake Dynamics, Institute of Geology, China
Earthquake Administration. For Terraces IV and V,
samples were dated by electron spin resonance (ESR;
Table 1), and for Terraces II and 11, samples were dated
by optically stimulated luminescence (OSL; Table 2).
The samples used in the dating were all fine sands
or silts collected above gravel beds from the different
terraces (Tables 1, 2; Fig. 11a—d). The detailed sample
preparation and OSL dating procedure including the
different parameters used in the dating calculations are
the same as those described by Wang, Lu & Li (2005).
The ESR dating method is the same as that used by Yin
et al. (2002).

Calculated ages for Terrace V ranges from 896 =+
89 ka BP to 1187 & 118 ka BP, and for Terrace IV from
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Table 1. Terrace ages dated by ESR in the study region

Annual
Sample name Sample name dose
No. in the field in the Lab Latitude, Longitude Terrace Lithology Method Palacodose (Gy) (Gy/ka) Age (ka)
1 H4-1V-2 8412 36° 36.267' N, 101° 59.364'E IV Siltstone ESR 1957 + 195 3.35 584 £+ 58
2 HI1-TV-1 8416 36° 33.525' N, 101° 58.229'E IV Finesands ESR 2276 £ 227 3.61 630 + 63
3 H2-1V-4 8417 36° 33.525' N, 101° 58.229'E IV Siltstone ESR 2005 £ 200 3.42 586 + 58
4 WXX-V-1 8407 36° 33.905' N, 101° 54.494' E Siltstone ESR 2748 + 274 291 944 + 94
5 EXX-V-1 8410 36° 34.281' N, 101° 54.630' E Fine sands ESR 4371 £ 737 3.68 1187 £ 118
6 EXX-V-2 8411 36° 34.281' N, 101° 54.630' E Fine sands ESR 2655 £ 265 2.96 896 + 89

Terrace lll

994+94ka
7z

b o

Figure 11. (Colour online) (a) View NNW of tilted Terrace III of the Huangshui River at the N-plunging end of the Xiaoxia anticline.
Red star is the sample location for OSL dating and the field notebook shown for scale is 22 cm long. (b) View NW of normal faults
cutting Terrace V of the Huangshui River on the western limb of the anticline. Equal area stereographic projection (lower hemisphere)
of measured faults is also shown. Red star is the sample location for ESR dating. (c) View NE of normal faults cutting Terrace IV of the
Huangshui River on the western limb of the anticline and equal area stereographic projection (lower hemisphere) of measured faults.
Red star is the sample location for ESR dating. (d) View S of normal fault scarp on eastern limb of the Xiaoxia anticline possibly
suggesting Holocene—Recent co-seismic surface faulting (see Figure 2 for locations).

584 + 58 kaBP to 630 £ 63 ka BP. Terrace I1I was dated
at 138.1 4= 16.1 ka BP and Terrace II was dated at 45.5
+ 5.5 kaBPto 64.2 = 7.7 kaBP (Tables 1, 2). These age
ranges for different terraces are similar to previously
published ages for terraces of the Huangshui River west
of this study region (Li ef al. 1996; Lu et al. 2004).

6. Discussion and conclusions

6.a. Ages of different sets of faults, major thrusts and
normal faults

Structures in the granodiorite and overlying sediments
and their cross-cutting relationships reveal a sequence
of deformation events that can account for the
development of the basement-cored Xiaoxia anticline.

https://doi.org/10.1017/50016756812000866 Published online by Cambridge University Press

The older oblique-slip thrusts (Set A) are dominantly
NW-striking (Fig. 4a). This fault array formed under N—
S compression (Fig. 4b) and affects Jurassic and Lower
Cretaceous cover sediments, but not Upper Cenozoic
strata (Fig. 2a). The close spatial relationship between
SE-plunging folds on the eastern limb of the Xiaoxia
anticline and NW-striking early dextral oblique-slip
thrusts (Set A), suggests that they may be kinematically
related; the folds possibly formed as strike-slip related
en échelon folds or as a passive response to oblique-slip
thrusting at depth (Figs 2, 7).

Younger sinistral oblique-slip thrusts (Set B) which
formed under NE-SW compression (Fig. 8c) cut the
oblique-slip thrusts of Set A (Fig. 5c), but are in turn
cross-cut by the oblique-slip thrusts of Set C (Fig. 5b),
which cut not only all overlying Mesozoic—Cenozoic
strata including at least Terrace II of the Huangshui
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River in the core (Fig. 6b), but also faults of Set A in
the basement (Fig. 5a). Therefore, this youngest array
of NNE-striking dextral oblique-slip thrusts (Set C)
represents the most recent deformation event in the
anticline, and may be still active.

The two major thrusts that cut the limbs of the
Xiaoxia anticline were observed to cut Cenozoic
sediments (Fig. 2) and faults of sets A and B, but not
Set C faults. Thus they are interpreted to have formed
during or before the formation of the Set C faults.

The normal faults that cut the Quaternary terraces
on the two limbs of the Xiaoxia anticline appear to
be the youngest fault generation because they are only
observed cutting the youngest Quaternary cover strata
such as the mid-late Quaternary Huangshui terraces.
For this reason, we interpret these normal faults to have
been caused by outer-arc stretching during continued
uplift and fold growth of the Xiaoxia anticline.

These documented cross-cutting field relationships
indicate that faults of Set C, the two major thrust faults
and young normal faults were mainly developed in
the Late Cenozoic period. However, faults of sets A
and B are older and therefore may have been active
earlier in the Tertiary. Their depth of formation is
unconstrained, but they are likely to be shallow upper
crustal faults (active at < 4 km depth) because they cut
un-metamorphosed Cretaceous sediments which are
overlain by a maximum of 2—4 km of post-Cretaceous
Tertiary infill deposited during slow protracted periods
of basin subsidence (Fig. 1; Horton et al. 2004).

6.b. Mechanism of folding within the Xiaoxia anticline

The field observations indicate that at first-order, the
Xiaoxia anticline is bound by two major NNE-striking
thrusts, which have played a major role in elevating the
fold’s basement core (Fig. 2b—d).

In addition, in the fold core, thrust components of
displacement on the abundant and widely distributed
Set C dextral oblique-slip thrusts are likely to have
also contributed to overall fold growth. The cumulative
displacements on these minor faults are unknown,
but because they occur within the fold core and
strike parallel to the hinge, they also generated some
uplift and anticlinal arching of the NNE-striking
Xiaoxia anticline. Regionally, the top of the basement
outcrops is a convex-up curved surface (Fig. 2); the
nonconformity is cut by a large number of minor faults
with components of dip-slip displacement. Thus the
behaviour of the basement and cover strata is like that
of a passive shear fold. The basement has deformed as
a fold at a large scale because of cumulative minor
displacements on abundant mesoscale faults. Cover
sediments responded to inhomogeneous shear from
below by bending and local faulting.

6.c. Evolutionary model linking faults in the Xiaoxia
anticline with basin-bounding faults

Although the Xiaoxia anticline formed within the
Xining Basin centre and cannot be linked at the
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Figure 12. Three-stage evolutionary model for development of the Xiaoxia anticline. (a) Early—Middle Cenozoic period (4922 Ma).
(b) Middle—Late Cenozoic period (22—13 Ma). (c) Late Cenozoic period (13 Ma — Present).

surface with deforming belts that bound the basin
such as the Dabanshan and Lajishan to the north and
south, respectively, palacomagnetic data from Dupont-
Nivet et al. (2004) indicate that the basin interior has
rotated in a clockwise sense since the mid-Tertiary,
and therefore the evolution of the basin interior is
likely to be related to the bounding structures that
accommodated the block rotation. Thus, we prefer
an evolutionary model for the Xiaoxia anticline that
connects with the wider tectonic development of the
Xining Basin block.

Generally, the deformed Upper Cenozoic strata in
the anticlinal ridge indicate that the Xiaoxia anticline
mainly developed during the Late Cenozoic period
(Fig. 2). Based on the above interpretations, and
combined with the palacomagnetic study of the Xining
Basin by Dupont-Nivet et al. (2004) and the uplift ages
of basin-bounding mountain ranges in the study region
(Lease et al. 2007, 2011; Hough ef al. 2011), a three-
stage evolutionary model for the development of the
Xiaoxia anticline is presented that accounts for the
different generations of structures documented in the
basement and cover and which takes into consideration
the regional tectonic context (Fig. 12).

During stage 1 (49-22 Ma; Fig. 12a), dextral
displacements along NW-striking regional dextral fault
systems such as the Reshui-Riyue Shan Fault and
Wenquan Fault to the west of the Xiaoxia anticline
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(Fig. 1a) drove clockwise block rotation and caused
initiation (and/or reactivation) of NW-striking base-
ment structures in dextral oblique-slip mode (Set A).
Dextral displacements along NW-striking faults may
have been related to approximately N—S SH,,.x (max-
imum horizontal compressive stress) acting on NW-
striking basement block boundaries around the NE
Tibetan Plateau margin and diffuse dextral shear along
the eastern margin of the Tibetan Plateau (England &
Molnar, 1990).

During stage 2 (22—13 Ma; Fig. 12b), following 24°
of clockwise rotation of the Xining Basin (Dupont-
Nivet et al. 2004), NE-directed SH,,x drove sinistral
displacements along the northern and southern basin-
bounding faults (Dabanshan and Lajishan faults,
respectively; Fig. 8c; cf. Lease et al. 2011). During
this stage, the Xining Basin compartment developed
sinistral displacements on NW-striking faults (Set B)
that were possibly synthetic faults (P shear faults)
related to the bounding sinistral Dabanshan and
Lajishan faults.

During stage 3 (13 Ma — Present; Fig. 12¢), SHy.x
changed from the previous NNE direction to NE
(Fig. 6d), which is also similar to the direction of
SH,,.ax suggested by Lease et al. (2011) for this period.
Outward-directed thrusting on the limbs of the evolving
Xiaoxia anticline developed in addition to distributed
displacements on NNE-striking dextral oblique-slip
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thrusts (Set C). These densely developed NNE-striking
basement structures were favourably oriented for con-
tinued dextral oblique-slip thrust displacements in re-
sponse to continued sinistral strike-slip displacements
along the basin-bounding Dabanshan and Lajishan
faults and continued NE-directed regional SH,;,, driven
by India’s continued NE indentation further south (Fang
et al. 2005; Lease et al. 2011). Therefore, during
the Late Cenozoic, the Xining Basin crust in the
Xiaoxia region was dominated by antithetic bookshelf-
style strike-slip faulting with thrusting components
similar to what has been reported for other internally
deforming strike-slip bounded compartments (e.g.
Newberry et al. 1995; Leonard, Mazzotti & Hyndman,
2008). It is worth noting that NNE-trending faults have
also been documented by seismic reflection surveys
elsewhere in the Xining Basin basement (Fig. 3). The
initial Late Jurassic — Cretaceous stage of Xining
Basin sedimentary accumulation is interpreted to be
extensional fault-controlled (Horton ez al. 2004), thus
raising the possibility that some Set C faults originated
as older normal faults that were later reactivated in
dextral oblique-slip mode.

6.d. Transpressional deformation and NE Tibetan plateau
growth

Geological observations and structural data from the
Xiaoxia anticline indicate that the fold has some
geometrical characteristics reminiscent of flower struc-
tures, including outward-directed thrusts cutting the
fold limbs and an inner zone dominated by steep faults
with strike-slip and oblique-slip components (Harding,
1985; Schreurs & Colletta, 1998). Activation of many
small faults in the Xiaoxia fold core may be due
to partitioning of the regional transpressional strain
between the two major outward-directed bounding
thrusts and smaller oblique-slip and strike-slip faults.
The Xiaoxia anticline differs from other basement-
cored folds such as the Rawlins uplift in the Laramide
foreland region (Otteman & Snoke, 2005) and the
Sierra de Hualfin uplift in NW Argentina (Garcia
& Davis, 2004), which are more dominated by
contractional dip-slip displacements in an orogenic
foreland. However, the Xiaoxia basement-cored fold
and the classic Laramide thick-skinned uplifts both
developed in an intracontinental setting as a crustal
response to compressional stresses derived from a
distant convergent plate margin. In both settings,
topographic inversion of basin sediments occurred as
the orogen grew outward and the crust thickened. In the
case of the Laramide uplifts, flat-slab subduction and
a thin sedimentary veneer in a distant foreland setting
promoted crustal shortening that involved deep-seated
thrusts (Dickinson & Snyder, 1978; Allmendinger et al.
1987). However, the Xiaoxia anticline is different in
that it is forming within a region that is developing
into a major plateau and therefore it is possible
that deeper crustal displacements and lower crustal
thickening in the plateau are also coupled with the
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upper crustal transpressional deformation within the
Xining Basin (Royden ef al. 1997). In addition, the
structural relationships exposed in the Xiaoxia anticline
indicate that basin inversion and 4-5 km of rock uplift
were caused by oblique-slip deformation within a basin
that occurs within a larger region characterized by
thrusting of basement blocks, sedimentary infill of large
intra-montane basins and lateral displacements along
regional strike-slip fault systems (Meyer et al. 1998).
In the Xining Basin, there are other basement
uplifts in addition to the Xiaoxia anticline that act to
structurally compartmentalize the crust. These uplifts
include the Daxia anticline and other un-named NNE-
striking uplifts that are revealed by the geological and
top-to-basement map (Figs 1b, 3). Also, in the wider
Xining Basin region (including the Minhe sub-basin
and Ledu sub-basin, Fig. 1b), there are other NNE—
SSW-striking active oblique-slip thrusts that bound
basement uplifts (Tu et al. 1998). Thus, the complex
internal structure of the Xining Basin indicates that
the uplift of the northeastern Qinghai—Tibetan Plateau
is not simply due to NE-directed thrusting associated
with the Qilian Shan, but also involves a more complex
history of polyphase transpressional faulting, basin
inversion and basement-cored fold development.
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