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Chapter 1

Intracontinental orogens







1.1 Basic concepts of intracontinental orogen

The term “orogeny” appeared in the middle of théhk@ntury. It refers to forces
and events leading to build mountains on contindtdsmeaning and content have
been developed with the whole geosciences, andaahsformed new hotspots and
new arguments. During 1857-1960s, most geologists the orogenesis as the results
of the closure of geosynclines (Schuchert. 1925%)erAthat, in early 1960s, it was
considered as the results of subduction and amilisit the margin of plates,

associated with the development of the “Plate tect (Dewey and Bird, 1970;
Sengor, 1991). The orogenesis is often related to the sttimu and collision of

plates in the marginal area to form the intercaarital orogeny. However, the rigid
plate characteristic was challenged by extensivioroation in plates interior
(Molnar, 1988). Simply stated, interaction at pldteundaries could produce
deformation, magmatic activity, and metamorphismaaonsiderable distance from
those boundaries (Molnar, 1975; Tapponnier, 19F: example, the Atlas in
Morocco, northern Africa, the Pyrenees between ¢dgaand Spain, in southwest of
Europe, Canadian Rocky mountain, located in the daae

A wide variety of tectonic models have been suggksto explain the
intracontinental orogeny. These models assume rath of the contemporary
tectonic activity is controlled by pre-existing degical features. The crustal
homogeneities serve to localize in a passive matireedeformation resulting from
stresses generated by a variety of tectonic fortlesse forces may be and probably
are completely alien to those initially responsiftadethe features, and, therefore, these
models are grouped under the general term “restitgetonics” (Hinze et al., 1990;
Figure 1-1).

(1) Crustal Rifting.Rifting of the continental crust and its commoalsociated
igneous events are a major source of large-scaktatrdisturbance and are therefore
particularly susceptible to resurgent tectonicshds become increasingly clear that

rifting of the crust has played a major role in tfe®logical history of central North
7



America and the Pyrenees.

CRUSTAL RIFTING LOCAL BASEMENT INHOMOGENITIES
A. Active TR Stress '
i i Concentration
/W —> /@\ <
=\
< @
o &
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CONTRACTIoN
B. Reactivated A. Heating Uplift
—> \n/ Crust — _
Moho7 Hm T w gl t i
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B. Cooling .
ZONES OF WEAKNESS AND . Subsldence.
CRUSTAL BOUNDARIES A\ R/
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7 T
T Loy
NI OURRRATIIO
B. Warping
C. Lithologic Boun_clary -
A o

Figure 1-1 Some possible mechanical models for the intrapledgen (Hinze et al.,

1990).

(2) Zones of weakness and crustal boundari@&l zones of weakness are
widespread in many plates, such as crustal thickmasgation, ancient fault zone or
lithologic boundary. They may have significant ughces on subsequent structural
development.

(3) Local basement heterogeneitiédafic or ultramafic intrusive bodies which
are probable sources of major gravity and magretnalies have been suggested to
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be some influence of the intraplate orogeny.

(4) Thermal expansion and contractiohhermally induced forces are generally
recognized as an origin of stress within the eafthmajor method of translating
thermal energy into stress is by thermal expanaiwh contraction. Thus, it is to be
expected that this mechanism could be used to iexgh@® geodynamics of plate
interiors. It could be the results of igneous istoms or the mantle penetrative
convection.

(5) Isostatic warping.Regional variations in loading or unloading of ttreist
cause isostatic deviations, leading to crustal wgr@and the possibility of relatd

crustal rupture and earthquake activity.

1.2 Some examples of intracontinental orogens

An early hypothesis of plate tectonics was thatgslanoved as rigid pieces of
lithosphere and that the relative motion betweextesl was taken up at narrow zones
along their boundaries. However, intraplate defdiomais universal in the world. For
example, the Atlas in Morocco, northern Africa; tAgrenees between France and

Spain, in southwest of Europe; Canadian Rocky naannkocated in the America.

(a) Atlas

The High Atlas and part of the Middle Atlas corresg to an intracontinental
mountainous system that developed on a former s&W®W-ENE and NE-SW
striking Mesozoic grabens.

These grabens were approximately initiated contear@musly with the Trias to
Lias rifting (Laville et al., 2004) that led to tlmpening of the Atlantic and Tethys
Oceans. This graben-related thinned crust appdes to have behaved as a
weakened lithosphere that has subsequently lodalire compressional deformations
during the Cenozoic inversion resulting from theiéd—Eurasia convergence. The

major High Atlas inversion occurred during Neogane Quaternary and developed a



bi-vergent mountain chain (Jacobshagen et al., 1@8&ez et al., 2000; Teixell et al,

2003; Sébrier et al., 2004).
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Figure 1-2. (a) Location sketch map of the Atlas Mountainshia North African
foreland. (b) Geological map of the central HigHa&t (c) Geological cross sections
through the High Atlas of Morocco (location in Frgb) (Modified after Teixell et al.,
2003; Missenard 2006).

In the core of the chain, the basement upliftigggred by a fan of steep reverse
faults, most of which are inherited from Triassiadsic rifting. Deformation
propagated to the proximal basins by four differ@étollement levels (Missenard et
al., 2007). The Shortening in the High Atlas, whigmainly localized on its southern
and northern border faults, is overall small anages between 10 and 25% (Figure
1-2) (Teixell et al., 2003; Missenard 2006). Thdodmation style varies laterally
along the two northern and southern fronts, whialised by the competition of
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different rocks, the thickness of Mes-Cenozoic setiits and the inherited structures
(Missenard et al., 2007). However, section resimmaindicates that shortening
decreases along strike from east to west in theh Higlas (Fig 1-1a), while

topographic elevation generally increases. Thiselis® correlation suggests that
crustal thickening does not fully explain the obser topography and suggests a

mantle contribution to uplift (Teixell et al., 2003

(b) Pyrenees

4w aw 2w 1w 0 1E 2E 3E
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] ] 1 \
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Figure 1-3. (a) Structural map of the Pyrenees and its maitotac units (Sibuet et
al., 2004). Also shown are the locations of the RSQChoukroune and ECORS

Team, 1989) deep seismic reflection profiles. Ni®Rh Pyrenean fault; NPFT, north
11



Pyrenean frontal thrust; NPZ, north Pyrenean zd8BFT, south Pyrenean frontal
thrust; SPZ, south Pyrenean units; sPZ, sub-Pymerzeme. (b) Interpretation (on
depth section) without vertical exaggeration baseadhe ECORS profile (Roure et al.,

1989; Sibuet et al., 2004).

The Pyrenees is a 400-km-long but relatively narfe®b0 km) trending fold belt
located between France (part of European plat#)emorth and Spain (part of Iberia
plate) in the south (Figure 1-3). It formed in Laf¥etaceous—Eocene times in
response to the collision between the European eplaand the
Iberian-Sardinian-Corsican block (Arthaud and Ségui981; Choukroune et al.,
1989). The deep seismic ECORS (Etude Continentaldcéanique par Réflexion et
réfraction Sismique) profile suggests that Ibefeégsubducted beneath the Europeen
plate (Roure et al., 1989). Above, the chain ioters composed by an antiform of
Variscan basement and the thrust propagate tootietahd basins, Aquitaine basin to
the north and Ebro basin to the south. The amofirghortening cross the total
Pyrenees is considered in the order of 100 to Dd@xramond et al., 1985; Roure et

al., 1989; Specht, 1989; Muiioz, 1992).

(c) Rocky Mountain

The Rocky Mountains stretch more than 4800 km ftbennorthernmost part of
British Columbia, in western Canada, to New Mexigothe southwestern United
States. They were formed in the late Cretaceouthdyaramide orogeny (English et
al., 2004). The structural styles are very diveadeng the front of the Rcoky
Mountains (Erslev et al., 2004). In the southerrt,dacated in USA, the high-angle
dipping basin-bounding faults separate the corerbaat and adjacent basins (Figure
1-4a). The basement-cored uplift by these revefae#is, caused by intraplate
compression. In contrast, the Canadian Rocky Maositalisplay asymmetry
structures, with much uplifted Paleozoic basemanthe western and less uplifted

with cretaceous sedimentary in the east. The @uale thrusts propagate up to upper

12



crust by a ramp, forming a décollement in the bakesediments (Figure 1-4b).
Delaminations with up-concave thrusts were inditdig seismic profiles and drilled

wells (Debelmas et al., 2008).

~ |
WYOMING |
\ " ;
A
! \

|
/ @70\
] ‘?’,9_
7
! ‘. \

N
A

cross-section

‘W alwele’]

I
[
]
|
1
I
l‘ Galgary
]

I

Cross-section

Front
(=P A ;
1T
Coal Coal

Precambrian basement in light gray, tertiary voleanism and magmatism in light gray,

The positional of the Canadian Rockies montains (in light gray), granedioritic batholiths.
J-T, Triassic and Jurassic sediments, K, Cretaceous sediments

of the Cordillera (in dark gray), RMT, Rocky Mountain Trench, basement in cross
Figure 1-4. (a) Simplified geological map of the rocky mountaituSA and the
geological cross-section traverse the mountainGapadian Rocky Mountains with

cross-section (After Debelmas et al., 2008).

There are some characteristics of the chains imttaeental as presented above.
First, they reactive in the weak place of lithogehevhere may be the ancient suture
or rifts. For example, the Pyrenees and the Atlasevbuilt by the inverted structural
in the ancient rifts. Second, the driving force bly is the far-effect of the plate
margin, e.g. subduction and collision. The objext¥ above brief introductions is to
compare attributes of different kinds of intraplat®untains with the Tian Shan

Mountain, which will be described in the followijDiscussion see chapter 6).

1.3 Deformation in fold-and-thrust belts

As discussed above, Fold-and-thrust belt is onthefcharacteristic in the fronts
of almost of the compressional orogens, also isdhrtracontinental orogens. They
are commonly strongly deformed and the key to wtdad the characteristics and

evolutions of the intracontinental orogens. Hehne, discussion of crustal deformation
13



was limited to the surface scale (~15 km in deg#fprmation in the fold-and-thrust
belts. Therefore, the mainly deformation typeshrs tarea are of faults and folds.
Many studies in thrust belts have shown that molsisfare ultimately generated by
fault movement at depth (Rich, 1943; Dahlstrom, % %&il, 1973; Dahlstrom, 1990).
Thus, we can use the geometry of an exposed falufeo the position and geometry
of a fault at depth. The kink-like character ofd®ln thrust belts can be generalized in
cross-section construction by used of the “kinldfanethod developed in the early
1980s by Suppe (1983). This method assumes thatottds are produced by a
flexure-slip mechanism so that bed thickness damschange, and the footwall

remains undeformed during the formation of foldsthie hanging wall. There are

; several kinds of structures as
g A kink band k‘gk;a“d |
described below.
—— ~J
i~ =
y‘l\l |
S~ __(a) Fault-bend folds
|
% g Migrating
§ | S axial trace Fault-bend folds occur where a
Fixed
' [Saxaltrace thrust fault steps up from a
. /T—ﬂl‘_\\,—‘ structurally lower flat to a higher flat.
N\r' Two kink bands form in the hanging
~ -

wall, one above the base of the ramp,

Ramp anticline

and the other above the top of the
ramp (Figure 1-5a). With continued

slip on the fault, these two kink

bands grow in width (Figure 1-5b).

As the truncated hanging wall moves

Figure 1-5. Progressive development ofup the ramp, and the two kink bands
a fault-bend fold as the thrust sheetviden, an anticline forms at the top
moves over a ramp in a decollemen®f the ramp. This anticline terminates
(after Suppe, 1983). Letters A, A’, B, andlownward into the upper flat (Figure

B’ denote the axial trace 1-5b and c).
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(b) Fault-propagation folds

a ad L Fault-propagation folding occurs
Q:S-L Slip

' \ﬁ— <— when a propagating thrust fault loses

e———

Fault tipZ == = . . .
slip and terminates upsection by
A B’

EEE—

b A" ‘ B transferring its shortening to a fold
Slip

| — -— developing at its tip (Mitra, 1990;

- &\ ping p(

:

! Figure 1-6). This model is developed

S

by Suppe and Medwedeff (1990),

keeping the constant thickness and

fixed axis fault propagation folding.

_ _ However, several other modes are
Figure 1-6. Progressive development of a

fault-propagation fold at the tip of a built: trishear folding (Erslev, 1991;

thrust, as the thrust sheet moves over ﬁardy and Ford, 1997: Allmendinger
ramp in a decollement (after Supper,

1983). Letters A, A', B and B’ denote thel998); and basement-involved (triple
ax!allsurfac.:es. Not.e that the fault t'r_’junction) folding (Narr and Suppe,
coincides with the hinge of an asymmetric

syncline. 1994).

velocity
vectors

Fault

trishear zone
N

Figure 1-7.(a) The geometry of trishearing (after Shaw et 2003). The dark area
(a-b-c) indicates trishear zone. (b) Influence abpagation/ slip ratio on fold

configuration (after Shaw et al., 2003; Allmendin@®04).
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Trishear folds form by distributed shear withinrengular (trishear) zone that
expands outward from a fault tip (Erslev, 1991;urgg1-7 a). Folds develop in the
trishear zone, the bed thickness or lengths aregpmserved during deformation. The
geometry of the structure is a function of the apangle, the fault dip, and the fault
propagation to slip (P/S) ration (Figure 1-7 b).

Narr and Suppe (1994) proposed another kinemadioryh fault-fault-fold triple
junction, in which fold growth is governed by theigmation of fault-fold triple
junction (Figure 1-8). The main monocline in theastied cover forms as a drape
fold over a triple junction in the basement. Theelepment stages are composed by:
i) layer-parallel shortening in the early time andextension in the cover sequence

later.

footwall

monocline
X ] /
T y |
1 |
! v |
== forelimb
i Shea
— rzOnE'
triple junction

Figure 1-8 The evolution stages of basement-involved mod&dr(&haw et al.,

2003).

Basement Cover
!

Forced-folding has also been proposed as the miscthaior some of these
structures (Johnson and Johnson, 2002). Forcethdottefined by Stearns (1978) as
‘folding in which the final overall shape and trenfithe fold are dominated by the
shape of some forcing member below’. This is défgrfrom the normal buckle folds
by layer-parallel compression. The essential festuof the mechanism are a
sedimentary cover deformed more or less passivatize rigid basement blocks that
are displaced along planar or listic faults. Theirmdeformation mechanism is
‘bending’, defined as the flexuring of a layer arface by a compression at a high
angle to the layering. However, many folds in natwill compose components of
compression both parallel to (viz. bulking) andmal to the layering (viz. bending)

(Mohammed and Ameen, 2000).
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(c) Detachment folds

Detachment folds form when a thrust fault contings displace above a
bedding-parallel detachment and transferred intdirig of the hanging wall layers.
They are different from fault-bend and fault-progtgn folds, because they are not
directly related to thrust ramps but rather to riisted deformation above
detachments. In the core of fold, an incompetent @urctile basal unit is thickened.
Growth units, if present, will thin onto the foldest and exhibit a fanning of limb
dips (Shaw et al., 2003). They generally occur abagood detachment such as the
gyps or coal. Poblet et al., (1997) proposed thkireematic models to account for the
geometry and kinematics of detachment folds inv@va homogeneous competent
layer detached over a ductile unite: 1) variabiablidip-constant limb length, 2)

constant limb dip-variable limb length, and 3) aaie limb dip- variable limb length

(Figure 1-9).
Variable limb dip Constant limb dip Variable limb dip
constant limb length variable limb length variable limb length

T

= N COmpetent unit

i ductile unit
’

o - passive axial passive axial passive axial passive axial passive axial
limited activity | % curfage surface —™  + < surface surface — , , -=— surface
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Figure 1-9. Three different models for asymmetric kink detactimilds. A
homogeneous competent layer has preserved thehlangt the ductile unite shorted

in the core of the anticline (after Shaw et al.02p
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(d) Shear fault-bend folds

Shear fault-bend folds are similar with the norrfallt-bend folding, but it is
distinguished by a long back-limb that dips lesantlthe fault ramp (Figure 1-10). It
was developed by Suppe et al., (2004), reflecthrgy gignificant non-flexural slip
component to the deformation. This structure i® abaracteristic by a significant
stratigraphic section covered the back limb dufiolg growth, moreover the front

limbs are quite narrow relative to their long béokbs.

Mixed fault-bend fold Classic fault-bend fold

Figure 1-10 The models of shear fault-bend folds, two end-meiwwibsimple-shear
and pure-shear, mixed model of the two end-memberve the classic normal

fault-bend fold (after supper et al., 2004).

Two end-member theories are used to explain thectsiie, simple-shear and
pure-shear (Figure 1-10). In the simple-shear membee décollement layer
undergoes bedding-parallel simple shear with noahdiasal fault, just a distributed
zone of shear. In the contrast of the pure-sheanlyee the décollement layer slides
above a basal fault and shortens and thickengriarggular area above the ramp. The
mixtures between these are possible as well, showhRigure 1-10. The model
becomes to classic fault-bend fold when the ductilde (gray light) is competent

with thickness preserved.
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(e) Imbricate structures

When thrust structure is characterized by the stgckf two or more thrust
sheets, they are referred as the imbricate faulttiields. Two types of this structure
are proposed, the break-forward propagation andkdpackward thrusting, or with

coeval motion on both deep and shallow faults (Seeal., 1999; Figure 1-11).

Break-forward imbricate Break-backward imbricate

incipient thrust_—
N ;

Figure 1-11 The evolution models of break-forward imbricate dmwdak-backward

imbricate fault-bend folds (after Shaw et al., 2D03

(f) Structural wedges

Structural wedges could occur at a variety of scdleis often associated with
mountain fronts in large scale or decameter fandt fald belt in small scale. Here, we
limited the structural in the hectometer geologicactions. Structural wedges
composed by two connected fault segments that ba@urdangular fault block.
Folding developed in the wedge zone pin to the wddgyg (shaw et al., 2003; Figure
1-12).
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Figure 1-12.The structural wedges contain two faults, foretharsd back thrust.

¥
-

(g) interference structures

Interference structures have been studied

since several decades (e.g. Dewey, 1965;

Paterson and Weiss, 1966; Stewart and Alvarez,

1991) and they are considered as the origin of

structure in seismic profiles interpretations (e.g.

Novoa et al., 1998; Shaw et al., 2003).

Interference structure refers a typical

geometry when two or more monoclinal kink

\\ bands intersect and yied distinctive paterns in

\ cross section with anticlines perched above

synclines (Shaw et al., 2003). Interference

Figure 1-13 Interference structures . .
structure can induce complex structures, which

twi n % n fault . - .
by two bends above a bended fau sometimes are difficult to explain. Here we

(Shaw et al. 200 present a simple example, interfering
developed above two bends in the same fault (Figjir8).

In a summary, these structures could help us tenstahd the geometry in depth
and the deformation processes. However, it is wadhnotice that these models are
based on two basic assumptions. First, folds amdymed by a flexure-slip
mechanism so that bed thickness is constant. Secthre footwall remains
undeformed during the formation of folds in the diag wall. Moreover, the

deformation in fold-and-thrust belts is always céempand affected by variety kinds

of factors. It forces us to analysis local struetwith considering every local
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characteristic and obtain as much as data in deptth as seismic profiles and drilled

wells.
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Chapter 2

Geological setting and history of Tian
Shan

f







2.1 Cenozoic tectonics in Asia

Asia constitutes two broad Cenozoic deformationesoihe India-Asia collision

zone in the east and the Arabia-Asia collision zortbe west (Yin et al., 2010).
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Figure 2-1 Cenozoic structures and distribution of volcanicks (Yin et al., 2010).

The India-Asia collision zone consists of the faliog major tectonic domains: 1)
the Himalayan orogen, 2) the Tibetan Plateau, &)sthutheast Asia extrusion system,
4) the Central Asia deformation domain stretchiragrf the Tian Shan in the south to
the Baikal rift zone in the North, 5) the North @hideformation domain, and 6) the
eastern Asia margin deformation domain extendirgnfrthe eastern continental
margin of Asia to the western Pacific trench systeitine E-W direction and from the
Sea of Okhotsk in the north to South China Seaensbuth in the N-S direction (Yin

et al., 2010; Figure 2-1). The Arabia-Asia collisibone will not be discussed here in
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details.

2.1.1 The collision of the India-Asia
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Figure 2-2 (a) Cenozoic northward drift of India, relative rwt of India with
respect to Eurasia, kept arbitrarily fixed in itgegent position. The two traces
indicate two points located on the Indian continerdar the northern margin.
Black-bold outlines indicate the initiation of l@dAsia collision. (b) The velocity of
the two points above move toward the Asia platdiabAsia collision time was
suggested by the sudden decrease (~ 50 Ma) (PamtAchache, 1984; Avouac and

DeWver, 2002).
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The most recent dramatic structure in the earthasdevelopment of the Tibetan
plateau resulting from the India-Asia collision, iath is firstly documented by
paleomagnetic study of Patriat and Achache. (1%84ure 2-2). The Himalya belt
isolates the Indian subcontinent from the rest ofaRia, with the world’s highest
mountain Mount Everest (8844.43 meter in altitudé)is among the youngest
mountains of the world, and it is still undergoisguctural changes and growing
(Sorkhabi, 2003).

However, the onset age of collision India-Asia tidl g1 debates. Stratigraphic
research suggested that the western part of Himaleggion the collision age is well
constrained as starting in the Late Ypresian (~ M&J. However, the most eastern
sections are younger than Lutetian (< 48 Ma) (Rgyw1896).

Yet, Beck et al. (1995) report that accretionangiprand trench strata were first
thrust onto the northwest Indian passive margier&6 Myr but before 55.5 Myr, and
suggest that suturing was complete by 49 Myr. Yid Barrison. (2000) reviewed the
stratigraphic, paleontologic evidences and agdefGangdest batholiths, suggesting
that the initial collision between India and Astzuld have stated as early as the latest
Cretaceous time (~ 70 Ma). However, Aitchison et @007) recently suggested by
stratigraphic study that the India-Asia collisiad dot start until about 35 Ma, which
is not consistent with most of the geologic obseoves (Garzanti, 2007).

Though, the exact onset age of the collision remdgbated and as it is out of
scope of this study, most acceptable range froml&%o ~ 50 Ma (e.g., Rowley, 1996,
1998; Najman et al., 2001; Zhu et al., 2005; Yidl@) is referred in this dissertation.
Regardless of this uncertainty, the deformationesg\won the Cenozoic will discussed

below.

2.1.2 The deformation by the India-Asia collision

The India-Eurasia collision caused a high stresbetdransmitted over a broad
area (Molnar et al., 1973). Two end member modélsowv the high elevations in
Tibet formed are (i) continuous thickening and wgigead viscous flow of the crust
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and the mantle of the entire plateau and (ii) tole@endent, localized shear between
coherent lithospheric blocks (Tapponnier et al§2)9

The crustal shortening amount due to the India-Aslbsion is mainly controlled
by the paleomagnetic studies. Besse et al. (199#)rred that order of 550 km and
400 km convergence amounts were found in sutureiindcontinental thrusting
respectively between the major Himalayan thrust$ the india-Tibet suture zone.
Chen et al. (1993) estimated ~ 2700 km of crudtairtening between India and
Siberia and documented that the Tibetan plateayiudmbly experienced the internal
deformation of different scales from 1 to 1000 kRozzi and Feinberg. (1991)
proposed that the post-collision continental shonig of the north of the Tajik basin
did not exceed a few hundred kilometers and wabgtiy between 100 and 300 km.
This displacement amounts were absorbed not oniyntogcontinental thrusting and
internal deformation but also by subduction of goenital crust and lateral extrusion
(Patriat and Achache, 1984). Reconstruction oiriti@l geometry of the Indian crust
shows that at least 670 km of shortening have beeammodated at the scale of the
Himalayan belt (e.g., DeCelles et al., 2002).

The crustal shortening due to the India-Asia ciohisare essentially absorbed by
reactivation of the ancient suture zones, suchwaguf, and Tian Shan ranges (Chen
et al.,, 1993). Quaternary faulting and seismicihow that most of the active
deformation of Central Asia is partitioned betwehbrusting in mountain belts and
sliding along great strike-slip faults (Tapponngrd Molnar, 1977; 1979). Avouac
and Tapponnier (1993) modeled the velocity field ppésent-day deformation in
Central Asia by four rotating blocks: Siberia, TariTibet and India on a spherical
earth. It implies that nearly all the present cogeace between India and Asia can be
accounted for by slip-partitioning on these foune®, with as much as 50% absorbed
by northeastwards extrusion of Tibet. The resultiieformation of Asia apparently
occurred in several discrete phase. Harrison €1882) suggest that rapid uplift and
unroofing of southern Tibet began about 20 millars ago and that the present

elevation of much of the Tibetan plateau was atthiny about 8 million years ago.
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Zhong and Ding (1996) proposed four stages of ufpbin the onset of the collision:
45-38 Ma; 25-17 Ma; 13-8 Ma and 3 Ma-today. A fuméatal switch in the latest
Oligocene-early Miocene in the tectonic style &f tollisional system is suggested by
multidisciplinary studies from the collision zondgnhdrix et al., 1994). Numereous
studies of the Himalyaya and Tibet suggest a n&l)dt from extrusion-dominated to
crustal thickening-dominated tectonics occurrethat time, which is approximaltely
coincident with the start of unroofing in the Ti8han. For example, major left-lateral
movement on the Red River fault system of Southéasa ceased at ~23 Ma
(Tapponnier et al., 1990). Exhumation rates wittia Trans-Himalayan batholiths
(Copeland et al., 1987; Richter et al., 1991) aadspof the western Himalaya (Zeitler,

1985) increased in that time.

2.2 Geological setting and history of Tian Shan

70E BOE 90 E 100E 10E

Figure 2-3.The topography of the central and southern AsiaTMINASA).

Tian Shan (Shan is Chinese for mountain) is theepmgnent mountain range of
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Central Asia, over 2500 kilometers in length, witkaks in excess of 7000 meters in
elevation. The range locates in the border regiokazakhstan, Kyrgyzstan and the
Xinjiang Uyghur Autonomous Region of western Ch{Regure 2-3).The highest peak
in Tian Shan is the Victory Peak up to 7,439 metensthe Kyrgyzstan-China border.
The eastern part of Tian Shan is bounded by thggarrbasin to the north and Tarim

basin to the south.

2.2.1 The origin of basement and Paleozoic assemluy

Tian Shan

The Paleozoic Tian Shan is a major orogenic domaiihin the Central Asian
Orogenic Belt (CAOB) (e.g. Jahn et al., 2000; 2002@04b; Xiao et al., 2004;
Kréner et al., 2007; Windley et al., 2007) or Adtasrogenic collage (Sengor et al.,
1993; Sengor and Natal'in 1996). It is bounded iy Kazakhstan microcontinent to
the northwest, the Junggar basin to the northeast,the Tarim basin to the south
(Coleman 1989; Xiao et al., 1992; Konopelko et2007; Kréner et al., 20@reur !
Source du renvoi introuvable). It extends east-west for over 2500 km and exhibi
the highest relief in Central Asia. The presentotwpphy is due to the Tertiary
Asia-India collision (Tapponnier et al., 1986; Nwiset al., 1987; Avouac et al., 1993;
Sobel and Dumitru 1997). In addition, the Cenozeutonism is responsible for the
recent northward underthrusting of Tarim below &dbhinese Tian Shan, and for the
southward underthrusting of Junggar below NortmTshan (Windley et al., 1990;
Avouac et al., 1993; Hendrix et al., 1994; Burchéeal., 1999; Allen et al., 1999; Li
et al., 2009). From the Neoproterozoic to Paleqgzaccretion of several continental
blocks, island arcs and accretionary complexesh& southern margin of Eurasia
formed the CAOB, within which the Tian Shan Belsukted from amalgamation of
the Tarim, Junggar and Kazakhstan-Yili blocks antervening microcontinents
(Wang et al., 1994; Gao et al., 1998; Chen et1809; Charvet et al., 2007; Wang et
al., 2007; Windley et al., 2007).
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Figure 2-4.Geological map of the Chinese western Tian Shan(&iger Wang et al., 2008). Numbers in circle ratethe main faults: 1, North
Tian Shan fault (NTF); 2, Main Tian Shan shear zGM&SZ); 3, Qingbulak-Nalati fault (QNF); 4, Sangshanzi fault; 5, Jinghe fault. Inset
shows location of the Tian Shan Belt in CentrabAgsiodified from Jahn, 2004). Abbreviations: CA@Bntral Asian Orogenic Belt; EEC,
Eastern European Craton; KZN, Kazakhstan; QQ, Qaidainling.

31



According to previous works (e.g. Windley et aB90; Allen et al., 1993; Gao et
al., 1998; Chen et al., 1999), several ophioliettthave been used to define an Early
Paleozoic South Tian Shan Suture (STSS, correspgndifaults 3 and 4 i&rreur !
Source du renvoi introuvable) and a Late Paleozoic North Tian Shan suture (NTSS
corresponding to faults 1 and 2Emreur ! Source du renvoi introuvable.), dividing
the Chinese Tian Shan belt into North Tian Shamt@eéTian Shan and South Tian
Shan zones. In the literature, there is often afusion on the suture zone that
represents an initial plate boundary and also th&esslip fault resulted from a
reworking of the plate boundaries during Permian,after accretion and collision.

In addition, the tectonic evolution of this complesogen remains controversial,
and numerous geodynamic models have been proposssl the last two decades.
According to Coleman (1989), the Tian Shan resuiteoh the closure of an oceanic
basin during the early Paleozoic. Ma et al. (1998)gested that the southern Tian
Shan evolved from a back-arc basin that formed duthsvard subduction of the
Paleo-Junggar Oceanic lithosphere, whereas Cad €1992) considered that the
southern Tian Shan represents oceanic crust ttoruke south upon the Tarim Block
during the late Paleozoic. According to Windleyakt(1990) and Allen et al. (1993),
in the eastern Chinese Tian Shan, the north-duestdduction occurred during the
late Devonian-early Carboniferous along the STS$6tha south-directed subduction
occurred in late Carboniferous-early Permian tinomg the NTSS. In western Tian
Shan, Gao et al. (1995, 1998) proposed a nortletdilesubduction along the southern
Tian Shan suture zone. According to Chen et aBg),%he southern Tian Shan was
originated from the closure of an early Paleozaeanm located between Tarim and the
Central Tian Shan and subsequent late Paleozoiquabkollision. More recently,
Charvet et al. (2007), Wang et al. (2008) arguadl tithe Paleozoic Chinese Tian Shan
is a polyorogenic belt formed by the closure oke#hioceanic basins that separated
four continental blocks, namely from north to squibinggar, Yili-North Tian Shan,
Central Tian Shan, and Tarim. The three subdudistems were not coeval, but all

directed to the south. However, these models &en afontroversies, many of them
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are still in debates.

(a) The Altaid tectonic collage

Sengor (1993) suggested that all the independergeos within the Altaid
edifice, including Tian Shan, have evolved domihaalong a single subduction zone
that developed during the Cambrian along the easteargin of a unified
Baltico-Siberian continent. Most units are bountgdarge strike-slip faults. Passive
consolidation of the southern margin of Paleo-Asiamarked by accretion and
subduction of the Paleo-Tethys oceanic basins grikbelopment of volcanic arcs. It
highlighted the function of strike-slips and thentinental growth in the evolution
processes, which is different from Alps and in tHenalaya belts (Sengor and

Natal’in, 1996; Figure 2-5).
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Figure 2-5. Simplified and generalized tectonic map of the id#taand related
surrounding units. Numbers refer to different ggatal units (see reference Sengor

and Natal’in, 1996).
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(b) Multi-subduction and collision

An alternative model of with the Altaid model cont® multi-subduction and
collision ones are proposed by different authorsebdaon different evidences
(Windley et la., 1990; Allen et al., 1993; Gao &t 4998; Laurent-Charvet, 2001,
Xiao et al., 2004; Wang et al., 2008). The all hgt the function of
multi-subductions, arcs and collisions in the etiolu of the Paleozoic Tian Shan.
However, several important issues are still unadrate, such as the suture locations,
the age of (U) HP metamorphism and the polaritgudiduction and so on. A recent
geodynamic model seems to be commonly recognizedgithe international field
excursion and workshop in Urumgi, China on the ®ad& Tian Shan evolution
(September 9-18, 2009, Wang et al., Z&xt8ur ! Source du renvoi introuvable.). It
may be briefly described as follows.

(1) Early Paleozoic closure of the Central TianrS0&ean.

The oceanic basin separating the Tarim and KazalidN§rth Tian Shan block
began to close in the Ordovician. The closure wastd a south-directed subduction
below the Tarim block. Later, the northern margintiee Tarim block suffered
extensional tectonism that resulted in the fornmaté the South Tian Shan back-arc
basin during Late Silurian-Middle Devonian (Figa-® (1)).

(2) Devonian-Early Carboniferous collision betwaha Kazakh-Yili-North Tian
Shan and Central Tian Shan blocks.

This early collision in the evolution of the Tial&h orogen was responsible for
the development of the high to ultra-high pressustamorphism along the Central
Tian Shan suture. The collision was followed byarge lithosphere consumption,

deep subduction and coeval with top-to-the-Nortttiteishearing (Figure 2-6 (2)).
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(2) Continental collision, exhumation of HP metamorphism rocks and opening
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Figure 2-6. A multi-subductins and collisions geodynamic evolutmodel for the

Paleozoic Chinese Tian Shan (after wang et al. 320¢ang et al, 2010).
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(3) Early Carboniferous closure of the South Tidamars back-arc basin, and
formation of the North Tian Shan magmatic arc.

The welding of the Kazakh-Yili-North Tian Shan a@éntral Tian Shan blocks
collided with the Tarim block and induced closufetiee South Tian Shan back-arc
basin. Southern Tian Shan ophiolitic mélange forrbgdsedimentary rocks (chert,
siliceous mudstone, limestone), remnants the oceanist (pillow lava, diabase,
gabbro), and the underlying mantle (serpentinizexdptite) of the South Tian Shan
back-arc basin mixed together with sedimentary saakthe Tarim block. This unit
crops out as klippes emplaced from South to Noptbnuthe Central Tian Shan block
in the current Tian Shan. Furthern north, high gues eclogitic rocks along the
Central Tian Shan suture are retrogressed intongobest facies during their
exhumation. Finally, the northern boundary of thaz#kh-Yili-North Tian Shan
became an active margin along the North Tian Sltanetionary complex, coeval
with the North Tian Shan ophiolitic melange, and thorth Tian Shan magmatic arc
developed (Figure 2-6 (3)).

(4) Late Carboniferous tectonics in the Kazakh-Mérth Tian Shan block.

During this period, Most of the tectonic activity asv located in the
Kazakh-Yili-North Tian Shan block. The end of Nofflan Shan arc magmatism is
probably the consequence of subduction of the wental part of the Junggar
basement. Late Carboniferous sedimentation wasactesised by shallow marine
terrigeneous and carbonated rocks in the Centad Bhan. South-directed thrusts
and folds that developed in the Kazakh-Yili-Nortta Shan and Central Tian Shan
blocks can be considered as back-folding and baalsting due to the north Tian
Shan subduction (Figure 2-6 (4)).

(5) Permian dextral strike-slip faulting.

During the end of the Carboniferous, the variougoi@c elements, including
magmatic arcs, continental blocks, and ophiolitielanges, were already welded
together. Later in Permian, all these units expeed major dextral wrenching

parallel to the strike of the orogen. The Altai dF@elt underwent sinistral strike-slip
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faulting to the norther. The two strike-slip systeaccommodated an opposite motion
of Tarim and Siberia as suggested by paleomagnesisrdies. This strike-slip
tectonics was accompanied by pull-apart basin oygeand post-tectonic magmatism
expressed by volcanic rocks and granitic plutomm& doeval emplacement of Permian
calc-alkaline and alkaline suites suggest the enfbe of the mantle metasomatism
during the Carboniferous subduction (Figure 2-9.(5)

During the Mesozoic, deformation resumed, as dootede by Triassic and
Jurassic unconformities. But these tectonic evemie purely intracontinental, like

the Cenozoic event responding to the Asia-Indiéisioh.

2.2.2 Mesozoic activity and inactivity

Up to now, most of the previous studies in Tian rBlhi@cused on either the
Paleozoic evolution of the range linked to the aggration of Central Asia and the
accretion of Central Asia Orogenic Belt or its Canio intracontinental evolution
linked with the India-Asia collision. Few studiesuhd in the literature essentially
concern the sedimentological studies on Mesozaorents of these basins adjacent
to the Tian Shan (Hendrix et al., 1992, 2000; Lalet 2004, 2010). The Mesozoic of
the Tian Shan are poorly studied. Explanation ler iegional Jurassic sedimentation
is at odds. Some Chinese geologists have the hggistlof a Mesozoic Tian Shan
(Huang 1978; 1949) with long time. They proposeat the Mesozoic-Tian Shan was
the remains of eugeosynclinal variscides and lefty by erosion, associated by
intermountain basins interior. Watson et al. (198r9pposed that the Tarim and
Junggar Basins were flexural, foreland basins i@ Jdlrassic, loaded by thrusts

originating within the orogenic belts at their masy
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Figure 2-7. Summary diagram of indicators of timing of defonimatn Chinese Tian
shan. Subsidence history in northern Tarim basiowshrapid subsidence during

collisions at southern margin of Asia (After Dunigt al., 2001).

Several stratigraphic evidences suggest that thggan and Tarim basins
continued to be physiographically separated by d@heestral Tian Shan during
Mesozoic contractile deformation (Hendrix et a92; Figure 2-7). However, basing
on Jurassic basins without fault control, Allenadt (1991) suggested that it was
proceeded a phase of thermal subsidence associtiefluvial and lacustrine
sedimentation throughout the Jurassic, Cretacendigarly Tertiary. Shu et al. (2004)
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take notice of the coaly Jurassic deposited widelgn in the Tian Shan without

molasse of marginal facies. He proposed that ininterval of Jurassic-Paleogene,

extensional tectonic activity within plate splietpeneplaned Tian Shan region into a
series of sub-E-W-striking extensional basins. elial. (1997) related the Chinese
northwest basins to the evolution of the Tethyaagenic belt. He proposed the

extension in early to middle Jurassic, whereas cesgon in latest later Jurassic to
Cretaceous.

Low temperature thermochronology approach (fisgsracks and (U-Th)/He) is
widely used to constrain the Triassic to preserdgtony of the range. The
thermochronolgy ages distributed in various periddeng Mesozoic and Cenozoic
(Dumitru et al., 2001; Wang et al., 2009; Jolivetk, in press). These ages indicate
the multiphase uplifting in the Tian Shan areaislhoteworthy that the ages vary
along the orogen strike in the Tian Shan and diffee between the northern and
southern sides along faults (Figure 2-8).
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Figure 2-8. Low temperature thermochronology ages in the TihanSarea. The

numbers denote the cooling ages (Ma). Red linestlaefaults in the mountain

basement (faults from XBGMR, 1993).
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2.2.3 The current Tian Shan

(a) Seism
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Earthquakes during 1964-2010 (= 5ML)
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Figure 2-9.Seismicity map of the Tian Shan (IRIS).

The biggest documented earthquakes in Tian Shdnpte@e on Decembre®3
1906, with M=8, in Manasi area, north piedmont of Tian Shan (Moland Deng,
1984; Avouac et al., 1993; Wang et al., 2004).d~ialvestigations indicate that this
earthquake occurred along a blind thrust fault @etal., 2004).

Figure 2-9. presents about 500 seisms in Tian $inaa science 1965 @B;

82°-88.5°E in longitude; 40.5°-45°N in Latitude;
http://www.iris.edu/data/event/eventsearch.htm)isThap show that the deformation
in the Tian Shan is mainly located in both the Inem and southern fronts. Seismic
moment tensors of major earthquakes in this cerguggest an average shortening

rate of 7 (+ 2) mm yt across the Tian Shan (Molnar and Ghose, 2000).
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(b) GPS measurement

P R &
— T TiTien Shan —
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Figure 2-10.GPS vectors with respect to stable Eurasia. Fergand&otation pole of

FGB, TFF: Talas Fergana Fault, CHR: Chatkal rangd,R: Alai range (Reigber et
al., 2001).

GPS (Global Positioning System) is used to meathegresent-day kinematics
of deformation on the surface of earth. The resaflSPS network in the Republics of
Kyrgyzstan and Kazakhstan suggest that the totalteshing of Tian Shan is
approximately 20 mm ¥ This result also indicates that most of Tian Shas been
constructed during the past 10 Myr (Abdrakhmatowalet 1996). Later, more dense
GPS network measurement suggested 20 mm/yr N-Srghoate in the west of Tian
Shan and 10 mm/yr in Chinese Tian Shan (Reigbak,2001; Figure 2-10). Chinese
GPS measurements taken from 1992 to 2006 in the Sten mountains and their
adjacent areas show that slip rates on east-waxlitrg detachment vary from 10-13
mm/yr in the southwest of Chinese Tian Shan tor@R/yr in western Chinese Tian
Shan (Yang et al., 2008). The rotation clockwiseTafim basin was proposed by
paleomagnetic results and structural analyses théhpole in the west of Tian Shan
(Chen et al., 1991; Avouac et al., 1993), whicltasresponding to the GPS results
(Reigber et al., 2001).
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(c) The deformation along the piedmont.

Based on fault scarp offsets (16®7m) and the Holocene age £0kyr) for
highest terrace surface, Avouac et al., (1993) gseg the surface shortening rate is
about 1.2%0.5 mm/yr and the mean depth shortening rate haea B.@1.5 mm/yr.

They also estimated the Cenozic shortening amowast thhe order of 30 km in the
northern piedmont Cenozoic shortening, assuminig antimaged antiformal stacking
in the front. The differences of relative heigh&dvieen two terraces could reach 100
to 120 m over the crests of anticlines in the remhpiedmont, Morlnar et al., (1994)
infer that this spacing is due to alternating stagé valley widening and rapid
incision associated with climate changes with aogsity of 100 kyr. Hence, the
average vertical rate of is about 1 mm/yr. Burdhéal., (1999) constructed four
cross-sections in the northern piedmont of TiannSHae southern part of the Hutubi
River, Tugulu anticline, Tuositai anticline and [bDaszi anticline. The balanced
cross-sections show that the shortening amount$.2ten, 5.5km, 4.6-5.0 km and
2.12-2.35 km respectively. Calculating large-s&lertening rate is difficult, because
the four profiles are spare and not lined. Morepteeir structures are active and
laterally vary significantly. The range interior p@orly studied as well. A minimum
shortening rate of >5.7 to 7.2 mm/yr was proposssiiaing the time of initiation of
deformation is 2.5 Ma (Burchfiel et al., 1999).

Along the southern piedmont, at least 20-40 km roist@l shortening with a
hozizontal shortening strain of 20-30% was propolsedyin et al. (1998). It was
suggested that these estimates are minimum becatisboth conservative
extrapolation of the thrust geometries and pad@ilerage of the thrust belt by the
cross sections. A shortening strain of 1.0-1.9 nrmd yas obtained, assuming the
initiation thrust begin about 21-24 Ma (Yin et al998). Burchfiel et al. (1999)
constructed cross-sections of Kalasu River, Qigditanticline in the west part and
Boston Tokar in the east and suggested the shogerfi 12-14 km, 6-7 km and

10.3-13.0 km, respectively. Deng et al (2000) aggpBystem studies in the Tian Shan
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area on the active tectonics. Based on geologiegping and technique of balanced
cross-section, the amounts of shortening in Tulufdarumgi and Kuche foreland
basins are calculated with 10-12 km, 17 km andr@3dspectively.

The reason of these diversity values of shortemimgunts and rate are due to
lacking of reliable geometry data in depth, such sassmic profiles or other
geophysics data. Most of the cross-sections arstiearted by surface observations,

combining with theoretical models.

2.3 Problems and methodology

The northern and southern piedmonts of Tian Sharclaaracterized by foreland
thrust-and-fold belts, which are the key areasndeustand the multiphase mountain
building. Geodesic measurement shows the decreBSev@locity from the southern
Tibet plateau, to the northern Tian Shan area (Reigt al., 2001; Wang et al., 2001,
Niu et al., 2007; Figure 2-10). The northern piedtnaf Tian Shan has been proposed
to be the north end of the far-effect by India-Asalision (Tapponnier and Molnar.,
1977; Avouac et al., 1993; Tapponnier, 2001). Wditlthe northern piedmont
depression of Tian Shan, three sub-parallel foltsh@olong along east-west strikes
due to the north-south convergence. North-flowingers incise the anticlines
perpendicular to strike where they expose successiof deposited series.
Magnetostratigraphy studies have been carriedrothid Cenozoic series of some of
these anticlines to find out the sedimentary rated defined the growth strata ages
(Charreau et al., 2005; 2006; 2008; 2009; Sun.e2@04; Huang et al., 2006; Ji et al.,
2008; Li et al.,, 2010; Lu et al., 2010). Numerowrpleum seismic profiles and
drilled wells are located in this area by profitvén. Furthermore, the structural and
the sedimentary characteristics in the northerdmant of Tian Shan may offer direct
evidences of the far-effect by India-Asia collisiand the Cenozoic tectonic evolution
history of Central Asia. This is the the reason wigychose the northern piedmont of
Tian Shan as the study area. Up to now, structiualies along the northern front of
Tian Shan are mostly modern—driven than data-dr{@eouac et al., 1993; Burchfiel
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et al., 1999), which were essentially based onaserfstudies. The structural profile
published from seismic profiles lack often surfamstraints and, moreover, with

limited extent to the piedmont of Tian Shan thaymeake missing of information on

the contact between the range basement and bagn @ang et al., 2005; Chen et
al., 2007; Lu et al., 2007). The results from poeng studies by different methods are
often therefore contradictory, such as shortenatgsr along the northern piedmont
(Avouac et al., 1993; Burchfiel et al., 1999; Deztaal., 2000). This study focuses on
the field observations along the northern froniain Shan, especially in the contact
zones between the mountain basement and basin esgdinto define their tectonic

and geometric relationships. Following major protégic subjects are evoked in this
study:

1, What are the relationships between the Paleamointain basement and the
Meso-Cenozoic basin sediments in the northern fwbitan Shan?

2, What is the nature of Tian Shan during Mesozagianost of previous studies
are concentrated on its Paleozoic and Cenozoicorleas? Moreover, a good
understanding on its Mesozoic nature will help écognize better the Cenozoic
evolution of Tian Shan;

3, Consequently, how much the deformation has oedudue to the Cenozoic
tectonics along the northern piedmont of Tian Shan?

4, What is the mechanism of the Cenozoic deformatiahe northern piedmont
of Tian Shan?

To answer these questions, multidisciplinary stsidaége carried out in the
northern piedmont of Tian Shan. Two types of theadae obtained, the surface and
subsurface data (Figure 2-11). The surface dataistoof (1) available geological
maps, which were digitized in Arcgis (ESRI) withodggical limits, faults, strikes and
dip angles. (2) detailed geological observationslena the northern front of Tian
Shan. Subsurface data consist of available seigmufiles and drilled wells. For
following reasons, the gravity measurements hawen bearried out along certain

profiles and then integrated into subsurface dajaQutcrops cannot be continuously
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observed in the field because of the important @eiwocover; (2) Seismic profiles
are often limited in the basin and there is no data available on the depth close to
the mountain; (3). Seismic method becomes lesstsento the strongly deformed
zone. These gravimetric data are treated to Bougnemaly and two dimensional
(2D) forward gravity modeling has been performedngsthe Geosoft-GM-SYS
software. With these surface and sub-surface damt8D model of the northern

piedmont of Tian Shan is possible to construct vi@domodeller or Gocad softwares

(Figure 2-11, see Annexes).

Surface Subsurface

Data: | Geological maps | Observation | Seismic profiles| | Gravimetry |
in field

¥ 9 9 9

Analyse: |Digitalisation Geometry Interpretation

SIG kinematics @
A A
2D Modeling
‘Surface Geometry’ Geometry in depth

3D Modeling
Figure 2-11.The methods applied in this study and the prosesse

45



46



Chapter 3

The Mesozoic paleo-relief of the northern
Tian Shan - submitted manuscript

(D







The Mesozoic Paleo-relief of the Northern
Tian Shan —submitted manuscript

Ke CHEN"? Charles GUMIAUX, Romain AUGIER, Yan CHEN, Qingchen
WANG ?, Wei LIN? , Shengli WANG ,

1 Université d'Orléans, CNRS/INSU, Université Fr@agRabelais - Tours, Institut
des Sciences de la Terre d'Orléans - UMR6113, Cam@eosciences, 1A rue de la
Férollerie, 45071 Orléans cedex2, France

3 State Key Laboratory of Lithospheric Evolutiomstitute of Geology and
Geophysics, Chinese Academy of Sciences, P.O. ,®#fng 100029, China

3 Department of Earth Sciences, Nanjing Univer@i0)093, Nanjing, China

3.1 Abstract

The Tian Shan mountain range offers a natural &Eboy to study orogenic
processes. Most of the previous studies focuseeitber the Paleozoic evolution of
the range or its Cenozoic intracontinental evohlutilmked with the India-Asia
collision. In this study, detailed stratigraphicdastructural investigations on the
relationship between sedimentary cover and basermalatv to constrain the
Mesozoic evolution of Northern Tian Shan. Strafoina field observations argue for
Jurassic sedimentation with very limited transportertain places of the range front.
Sections presented in this paper show that, in slocetions, Triassic to Jurassic
sedimentary series present a continuous onlapgggenentary unconformity on the
top of the basement. At different scales, obseyuatclearly evidence the existence
of a major paleo-relief during Mesozoic. Accordittgthe present study, the actual
Tian Shan nature and the associated movements aomgrthern front structures

cannot be considered as the consequence of Cerreagitvation alone.

3.2 Introduction

The modern Tian Shan is one of the Major mountairge in Central Asia belt.
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The current structure of the Tian Shan results fteim principal tectonic phases: i)
subductions, arc-accretions and continental colisiuring Paleozoic (e.g. Windley et
al., 1990; Songor et al., 1993; Gao et al., 19%8rent-Charvet et al., 2002; Charvet
et al.,, 2007; Wang et al., 2007) and ii) intracoetital reactivation linked with the

India-Asia collision, during Cenozoic (e.g. Tappmmrand Molnar, 1977; Avouac et
al., 1993). At first order, this finite structurdasplays a remarkable uprising of
Paleozoic ‘basement’ rocks — as a crustal-scalp-tgm — surrounded by two closed
intracontinental basins (Figure 3-1). The preseay-tigh topography of the Tian

Shan, with a mean altitude of ~2500m and summitnafre than 7000m, is

traditionally related to the latest intracontinéntaactivation of the range (e.g.

Tapponnier and Molnar, 1977; Avouac et al., 19@®)es constraints for the onset of
this intracontinental reactivation range from 10 Ma24Ma (Avouac et al., 1993;

Hendrix et al., 1994; Abdrakhmatov et al., 1996¢iMér and Gaudemer, 1997; Sobel
et al., 1997; Dumitru et al., 2001; Charreau et2009). In spite of this relative age
discrepancies mostly related to the method applab,ages estimated for the
deformation and the associated relief erosion stggjeat the mountain range
reactivation and relief creation began during EarlMiocene at

oldest.
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Figure 3-1 Simplified geological map of the northern Tian SHemm Wusu to
Urumgi area. Mesozoic series are most exposed enstbuthernmost parts of the
Junggar basin along the adjacent Tian Shan rangk’ indicates river in Chinese

(geological map modified after He et al., 2005).
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However, recent fission track analyses suggest
that uplifting may have existed well before the eins
of the Tertiary reactivation through Tian Shan,hwit
exhumation ages as: 160-120Ma in central Tian Shan,
200-250 Ma detritus cooling age in the Manasi River
valley (Dumitru et al., 2001) or 140-120Ma from
Bayanbulak intracontinental basin, in the southern
Tian Shan (Wang et al., 2009). Moreover, Triasgic t
Cretaceous sediments are composed of thick series
often coarse grained continental sediments within
both foreland basins, suggesting rather high enosio
rate at that time (Hendrix et al., 2000; Carrollaét
2010).

This study considers the Mesozoic tectonic and
morphologic evolution of Tian Shan through a
combined stratigraphic and structural analysis of
Mesozoic deposits. It focuses on the northern
piedmont of the range, along a ~280Km west-east
trending segment (Figure 3-1); thanks to deep
incisions of seasonal rivers, contacts between

Paleozoic basement and Mesozoic-Cenozoic

sedimentary cover are particularly well

stratigraphic log of the study exposed along several north trending sections
area (Modified after Hendrix et iy this region (Figure 3-1). A better
al., 1992). The Mesozoic lie understanding of the Mesozoic Tian Shan

unconformably over the

Paleozoic basement.

would lead to highlight the real role of
Cenozoic tectonics and the relative
contribution of the paleo-topographic

remained in the mountain range building.
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3.3 Stratigraphy of Mesozoic sediments within the
study area

Sedimentary series can be extensively observedhamd already been studied
within the Junggar basin, as summarized below (€ig41l and Figure 3-2; Hendrix
et al., 1992 and references therein; XBGMR, 19Bakement units of the north Tian
Shan mainly consist of Paleozoic volcanic and sedtary rocks. From bottom to top,

the entire Mesozoic series is composed of contalestic deposits (Figure 3- 2). In

the study area, the Triassic series is mostly mgsaiong the piedmont though locally

—

exposed (Figure 3-1). Where it crops
out Triassic displays alluvial or
braided-fluvial sandstone and siltstone
intercalated with conglomerate and

! mudstone.

Figure 3-3. Landscape pictures of
representative features of the Mesozoic
series (see position in the Fig.1) (a)
Coarse-grained conglomerate bars in the
lowermost Jurassic (southern Qingshui He
area); (b) Uppermost Jurassic breccias
(J3k) unconformably overlie the Upper
Jurassic Qigu formation (Hutubi He area);
(c) Detailed view of the Uppermost

Jurassic breccias (west to Hutubi He area).




Lowermost Jurassic layers are characterized bk thnd coarse conglomeratic
layers which can be observed in numerous placegyaioe northern front of Tian
Shan, as to the south of Qingshui He (Figure 343@a)er Jurassic thickness reaches
1000m over an area extending from Manasi to Urumaigd decreases westwardly
and eastwardly. Series become finer upward, grattg a very thick series of
Lower/Middle Jurassic gray sandstone, siltstone ahdle (Figure 3-2). Middle
Jurassic sandstone and mudstone locally contanysricé coal layers consistent with
a lacustrine environment deposit (Hendrix et a@92). Upper Jurassic comprises
typical fine-grained red beds. Transition from 3gra to Cretaceous series is marked
by up to 800m thick breccias (Kalaza formation;ufeg3-3b). Clasts forming these
particular layers are dark, 5 to 30 cm in width ahsplay highly angular shapes
(Figure3-3c) suggesting very short transport distanof material before deposition.
The basal contact of this formation is sharp anemopresents unconformity on top of
the finer-grained Upper Jurassic red beds (Fig3-Bhg Kalaza formation laterally
grades to finer deposits and is exclusively madgaafistone within the Junggar basin
itself.

In this study, Mesozoic sediments have also bedensively observed within
internal parts of the range, and more particularlthe eastern half part of the study
area (Figure 3-1). Triassic to Jurassic sedimeyitygylin direct contact with the
Paleozoic basement can be found at rather higkudds (2000 to 3000 m) in
comparison with the mean altitude of the forelantt-and-thrust belts (1000 to
1500 m high). In the Houxia valley — 65km SSW ofulhugi — a Lower to Upper
Jurassic continuous sedimentary series is presarvedsyncline structure (Figure
1-4a). According to the map (Figure 4-4a; XBGMR93) a south verging thrust
developed along one limited central segment ofrtbithern limb of the fold while,
elsewhere, sediments unconformably rest on tophef €arboniferous volcanic
sediments. Besides, according to the geological, hawer Jurassic formations
directly lie on top of basement units to the nomty with no preserved sediments

owning to Triassic or to the lowermost Jurassianation (Figure 3-4a). Along a
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section made to the north of the syncline, in a lsmauth trending valley,

sedimentary
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series can be continuously observed with no intestnactural contact. To the south,

its upper and main part is composed of fine grasemudstone with mudstone layers
with a constant stratification dip-angle of abou® 3o the south. To the north,
stratifications progressively straighten up andrawreed below the thrust displayed

on the map (Figure 3-4a, b).
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Close-up view of the Lower Jurassic breccias, imeagnly composed of carboniferous
basement detritus (see location on the cross-g@ctio

There, the lowermost deposits of the series compimserbedded levels of
sedimentary breccias with coarse grained conglae®rand both rich in highly
angular clasts of Carboniferous tuffaceous sands(bigure 3-4c). Local abundance
of these breccias and the common lithological matfrthe clasts with the adjacent

basement unit strongly suggest a very small distéransport.

3.4 Structural analysis of the Mesozoic basal conta

Deformation of northern Tian Shan has already betmdied through the
structural analysis of sedimentary series, withim proximal foreland basin (Avouac,
1993; Deng, 1996; Burchfiel et al., 1999). Yet,described above, Mesozoic series
restricted to the piedmont fold-and-thrust beles @so widely preserved on top of the
basement units, within range (Figure 3-1). As shawnthe map (Figure 3-1),
classical frontal thrust structures can be pointetl over some segments of the
piedmont. In that case, the structure marks outbinendary between the uplifted
basement Paleozoic units and the relatively subgigroximal foreland basin. For
other segments, following Mesozoic layers, strutaontinuity of the sedimentary
series can be observed from basin until more iatesind higher parts of the range
(Figure 3-1). Structural analysis of such unstrdihasal contact of Mesozoic series is
presented for two of the studied sections constcufrom field work, seismic profiles
and drill-holes data: the Hutubi He and the Wusiiiges.

At first order, to the north of the Hutubi He ardaassic to Neogene sedimentary
series forms a rather simple monocline structuiggidg 15-20° to the north (Figure
3-5a). The first fold-and-thrust belt is composddne gentle upright anticline and
associated syncline with only very limited thrudeveloped (Figure 3-5a). These are
second order structures which can be regardedfasltapropagation fold structure
according to the available seismic data (FiguréoB-5urther south, entering within
the interior parts of the range, sub-horizontal bowWurassic strata lie on top of the
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Carboniferous units (Figure 3-5b). While basemsr#tiongly deformed as evidenced
by sub-vertical cleavage, overlying sedimentargtayform very gentle upright folds
as marked by the curved outline of the Mesozoiesdyottom, few kilometers west
of the river (Figure 3-5a). No décollement struethias been observed between the
basement top and the sedimentary cover. Besidssjtaward backthrust of basement
rocks above sediments can be observed to the sdutie section, but the net slip
must be limited as it rapidly dies out and faulstveardly transforms to a fold (Figure

3-5a).
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Figure 3-5. (a) Simplified geological map of the Hutubi He aré& indicates the
unconformity between Middle Jurassic and Carbooiisrbasement. There, Triassic
and Lower Jurassic are apparently lacking. (b) Ggotal cross-section of along the
Hutubi He constrained by field data, seismic peoéihd drill well W1.

Unconformity of the basal contact of Mesozoic sezhis on top of basement
units is observed to the southernmost part of éeiien (Figure 3-5a and Figure 3-6a).

As a whole, the successive sub-horizontal and mimesegments draw a hinge fold
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at regional scale (Figure 3-5b). Nevertheless,evh800m thick of Triassic sediments
have been drilled along the W1 well (Figure 3-5b)the basin, no series of Triassic
exist further south, toward the range (Figure 3-Sanilarly, Jurassic of contrasted
ages have been observed and mapped on top ofgbmbat units (Figure 3-5a). In a
similar situation to that of the Houxia area, basahtact of the Mesozoic series
suggests its onlap deposit, from basin to rangeleast during Triassic and

Lower-Middle Jurassic.
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Figure 3-6. Landscape pictures (corresponding field sketcbé#f)e contacts between
the Jurassic series and the basement. (a) Genexsthe/ard onlap of the Jurassic
sediments over the folded basement. In the Norbasement block is back thrusted
over the sediments (see Fig. 5b). (b) Meso-scaserant relief coved by Jurassic
sandstones as evidenced by onlaps over a steepitéathe-150 m high basement

paleo-relief. Basement rocks are deformed withrgdanclined Paleozoic fold.
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More local-scale evidences for onlap sedimentateanbe observed in the Hutubi
He area. First, to the south end of the sectionydroJurassic strata display a
kilometer scale onlap type structure on top of bws® units, i.e. with younger
sediments progressively covering basement, fronthntar south (Figure 3-5a and
Figure 3-6a). Second, ~10 km west of the Hutuberrisubhorizontal layers of the
Lower Jurassic formation, which can be continuouitowed all along few
kilometers in this small valley, structurally diea deformed Paleozoic basement units

(Figure 3- 6b).
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Figure 3-7. Structural and sedimentological features of the Warea. (a) Simplified

geological map of the Wusu area. (b) Geologicalssreection constrained by field
data, seismic profile and drill well W2 (locatioeesFigure 3- 7a). (c) Picture and the
corresponding field sketch of the unconformabletacinbetween Jurassic layers and

the carboniferous basement.
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There, stratification planes are markedly obliquéhwhe top of the Paleozoic
units and no deformation has been observed aloisgctintact. In the landscape,
younger Jurassic sediments progressively extendhwardly, on top of the
Carboniferous units. From bottom to top, sedim@ntgressively overlie and cover a
~150 m high drop of the basement units that wamifog a relief when Jurassic
sediments deposited.

To the north of the Wusu section, first order dinoe of the Mesozoic-Cenozoic
series displays as a 40-45° north dipping monodlifigure 3-7a, b). To the south,
stratification is sub-horizontal and structure bé tsedimentary series displays as a
large hinge fold. As drawn on the geological mapust faults are observed at surface
but seismic data show that these do not extend dowre Mesozoic series, which is
compatible with the limited throw they display (Eig 3-7a, b). While ~400 meters of
Triassic sediments have been found along a wdledriin the basin, close to the
section (see W2 on Figure 3-7a), Triassic serie®rnes much thinner to the south
and Jurassic sandstones sometimes directly lieopnot the Carboniferous rocks
thought an erosional unstrained contact (Figure)3-@On the map, the curvilinear
shape of the outline of the top of the basementsumsults from their southward

progressive covering by Triassic and Jurassic sextisn

3.5 Discussion and conclusions

In parallel to rather classical view of frontal i@rd thrust systems, this study
highlights that the northern piedmont of Tian Shanalso characterized by full
segments where Mesozoic series are preserved wmomlfly on the basement
though onlap-type relationships. Such features pamited out along two distant
cross-sections and have also been clearly showoutmirop-scale. Sedimentary
breccias showing very limited transport distancasehbeen found within Lower
Jurassic sediments of the internal parts of thgeahVhatever the scale, all these
observations argue for the existence of proximdéieves when Triassic/Jurassic
sediments deposited in this area.
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Figure 3-8 Conceptual models of the paleo-relief evolutiothie Northern piedmont
of Tian Shan during the Early, Middle and Late Xsgia times. ‘A’ indicates the
locality of Figure 3-3a; ‘B’ indicates Figure 3-4¢C’ indicates Figure 3-5a-A; ‘D’
indicates Figure 3-3b, c.
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Our direct observations are consistent with preslypyoublished indirect ones,
such as paleocurrent measurements, heavy minergdasition and sedimentological
source analyseswithin sediments of the JunggaiTanoh basins show that Tian Shan
could already have existed as a positive physidgcaeature during Mesozoic times
(Hendrix et al., 1992, Graham et al., 1993; Hend2BOO; Li et al., 2004).

At outcrop scale, the studied onlap architectusesaits that the paleo-altitude
difference can be as important as 100-150m in dohexter horizontal distance
highlighting local steep slope see cliffs (cf. Higu3-6¢). This and the
sedimentological observations within the Houxialeslsuggest that small-scale
ridges with intercalated intramountainous basinsbably have existed during
Mesozoic (Figure 3-8a).

The drill well W1 (Figure 3-4a, b) displays ~130@fLower Jurassic sediments.
A comparable Jthickness has also been observed in the Manas] 20&m west of
the Hutubi section (Figure 3-2). In the southermt paf the Hutubi River, the
geological map shows that the Middle Jurassic tyrgest unconformably onto the
Carboniferous basement, with no Triassic or Lowgassic sediments preserved (see
location A in Figure 3-4a). The thickness differeraf Jurassic sediments achieves
1300 m between the location A and the drill welsigion, for a horizontal distance of
about 50 km (Figure 3-4a). Such thicknesses diffezemay result from three distinct
mechanisms: thermal subsidence, tectonic subsidamedief infilling.

If considering thermal subsidence, the latest majidectono-magmatic event
occurring before Mesozoic is dated around 240 Man(let al., 1999), which is about
100 Ma earlier than Jurassic sedimentation. Moneavavelength of the subsidence,
as highlighted by the altitude difference calcwatiis not large enough to be properly
explained by a thermal type subsidence. Therefollewing Hendrix et al. (1992) it
seems that thermal driving mechanism for Early lsliddle Jurassic subsidence may
play a weak role for the Jurassic sedimentationoifsidering tectonic subsidence, as
described above, Jurassic strata often overliectiren Carboniferous by onlap,

without fault or others syn-sedimentary deformatiambserved. Seismic profiles
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across the southern margin of the Junggar basinotiechow any fault controlling

sedimentation for the Early Jurassic period (Alenal., 1991; Wang et al., 2005).
Furthermore, compressional flexure subsidence rnsayl@e negligible as lithosphere
buckling process would result in much larger wangth (~100 km) than observed in
this study (~50 km). Finally, in the Kuga sub-bassouth of the Tian Shan,
mineralogical maturities of conglomerate and samustincrease from Triassic to
Middle Jurassic (Li et al., 2004; 2010), indicatithgit the tectonics is relatively calm
at that time. In other words, Jurassic sedimentatould not be considered as
controlled by tectonic processes across northean $han.

Accordingly, the 1300m thickness difference may gomcipally produced by
infilling of a relatively high lasting relief of ~A00 m high in this region, during
Triassic/early Jurassic times (Figure 3-8a). Durigddle Jurassic times, finer
grained sediments conformably deposited on topefLiower Jurassic strata, within
the basin, and deposited onlap of the Paleozoienbast toward the mountain interior
(Figure 3-5a and Figure 3-8b). Middle Jurassicrsedits extend to a larger area with
respect to the Lower Jurassic and the paleo-rigiefal extension was certainly less
important during Middle Jurassic than during Trie&sarly Jurassic (Figure 3-8b).
During uppermost Jurassic to Lower Cretaceous, loamgrates and breccias
deposited onto the Middle Jurassic sediments witleak angular discordance. These
conglomerates are geographically confined alongftbet of Tian Shan and this
particular formation becomes finer toward the badihis behaves as very thick
alluvial fans deposited down of a major reliefmgpito the south, as the ones currently
deposited along the modern Tian Shan range, wititdd northward transport of
sediments (Figure 3-8c). This uplifting movement atso recorded by AFT
chronology studies: fission-track modeling indicata. 160 and 120 Ma cooling age
along a Dushanzi-Kuga corridor, in the mountaireiiir (Dumitru et al., 2001).
Apatite sampled from Bayanbulak in the northerrt gaald the earliest cooling ages
of Early Cretaceous (Dumitru et al., 2001; Wangakt 2009). Finally, the main

morphological front of the current Tian Shan ramgmuld correspond to an ancient
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one that might be stable from early Cretaceous.

Results from this study show that the topographyhef current Tian Shan can
probably not be considered only as the consequeinttee Cenozoic intracontinental
reactivation alone. Physiography of the range dlgtuesults from a combination of
Cenozoic deformations superimposed on a reminidd@sozoic paleo-range. These
new results question on the total amplitude ofrtttyements along the northern front

structures that could be attributed to the Cenolrmm-Asia collision.
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Chapter 4

Structural pattern along the northern
piedmont of Tian Shan







In the previous chapter, field observations andagcal maps evidence that a
significant relief existed, during Mesozoic timés;ough northern Tian Shan. Such a
paleo-relief has probably significantly contributeéd the presently observed
topography of the Tian Shan range; in other wotds, Mesozoic relief influence
cannot be ignored when considering the morpholagid tectonic evolution when
Cenozoic reactivation occurred. As the whole presky topography can not be
solely attributed to Cenozoic tectonic history, aloservations and interpretations
also imply that the Cenozoic deformation along T&man front may be less important
than what has been estimated in previous studisugc et al., 1993; Burchfiel et al.,
1999).

In northern Tian Shan region, most of the strud¢tiamalyses have been
performed within the folded and thrusted forelanshghar basin and the “front”
contact zone in-between basement Paleozoic units Masozoic to Cenozoic
sedimentary series has only been poorly studiedghasvn by seismic activity (Figure
2-9) modern deformation likely concentrates aldmg front of the range. On another
hand, our new field observations, has presentashapter 3, highlight unconformity
structures, in some places of the range front, waitftrict structural prolongation of
sedimentary layers from basin to more internal oaft the range onward. This
suggests only limited movement along this zoneorter to clarify this point and
misunderstanding, detailed geological observativege been made on the contact
between the range basement and basin cover alengottthern front of Tian Shan
(Figure 4-1). Mesozoic sediments are widely expasadl the Jurassic to Cretaceous
strata, in particular, make very good markers faraldying and quantifying
post-Mesozoic deformations. The structural analyieh is presented in this chapter
has been applied thanks to several river vallegssing the contact zone of the
northern front of Tian Shan and, also, thanks talypepen roads which facilitate
access and rather continuous observations of gugdrom west of Wusu to the east
of Urumqi (Figure 4-1a). Structural field work hlasen performed during three field

trips (Sept.-Oct. 2007, 2008, 2009) and more thdd Butcrops have been visited
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(Figure 4-1).
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ological map of the northern piedmont of TianrBWéh locations of field observations along thenfr The upper map (a) shows
the observed locations of cross-sections and opscfmodified after He et al., 2005). Red trianglgth numbers: thrust contact outcrops,
purple squares: fold-type contact outcrops, oramgeersed triangle: backthrusts in the mountain dide circles: unconformity contact
between range basement and basin sediments. Aluhders will be found in the pictures displayed gmesented in this chapter.Lower
framed map (b) is the DEM of the northern piednadrian Shan with red circles points indicating 8@6ited outcrops during 3 field trips.



As detailed below, rather classical forward thrusise been identified for some
segments of the piedmont, delineating the bounfatween the uplifted basement
units and the relatively subsiding proximal foreldyasin.

On the contrary, for other segments, Mesozoic sedisplay as structural
continuous layers from basin to higher parts of ithege, showing regional scale
unconformity on top of the Paleozoic basement urBinthesizing the numerous
structural observations made during this work, fogores of contact can be drawn
along the northern front of Tian Shan: thrust, urioomity, large fold and backthrust
types. Based on the most representative and thé coogprehensive data that could
be used among hundreds observation points, seatmmesponding to each one of
these types of contact are detailed and interprietéde following four parts of this

chapter.

4.1 Thrust contact

Thrust type contacts have been observed in selosallties and are presented in
detail, as follows. These observations are locatiemg rivers flowing down the
mountain: Taxi He, Toutoun He and its western seétojihai He, Jingou He, Kuitun

He and its eastern section (Figure 4-1).

4.1.1 Taxi He

The southern end of the Taxi He section shows @dyphrust fault between the
basement and the Jurassic series of the Junggar(bagire 4-1 and Figure 4-2, N°1).
As shown on the panoramic picture of Figure 4-8, lbundary can be easily drawn
in between the Paleozoic basement, to the southirendurassic basin sediments, to
the north. From north to south, the roughly eastiayy Jurassic strata become steeper
(from 30° north to vertical), and even overturnesb®( south) close to the
Carboniferous basement rocks. This fan shape likectsre is preserved for a

horizontal distance of about 500 to 1000 meters.
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Figure 4-2.(a) Geological map (b) DEM of the Taxi He and Hutdk area.
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Figure 4-3. The Carboniferous basement thrusts onto the Jwassiies. The dip
angles of Jurassic sediment strata are overturndgaent to the basement, to the

south.

Here, the structure exposed along the Taxi He @ectbviously shows
deformation associated with the development ofradod, south directed thrust of the
basement units on the foreland basin domain. Thidcpkar structure within the
sedimentary series suggests a significant netaslgociated with. However, the deep
structure along such a thrust fault contact cagussstioned. If considering overturned
series in front of the thrust, two alternative miedeould be proposed for the
kilometer-scale structure in this contact zonethe first model, a concentric type
folding is considered with the sedimentary seriesphng parallel strata under and
adjacent to the thrust fault (Figure 4-4a). In cast; a second model type shows a
similar fold type development in front of the thusith thickening of the layer strata
in the hinge and thinning in the limb, along thgaadnt thrust fault (Figure 4-4b).
The first type model is typical of nappes stackamg implies much more net slip than
for the second model type. As shown on our strattumterpretation (Figure 4-4b),
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the Taxi He section displays clear variable Jucassdiment thickness adjacent to the
thrust fault, which is compatible with the seconddal type for the deep structure of
the frontal thrust contact (Figure 4-4b, c). Theesticial pattern of such structure
within the sediment strata (Figure 4-4c) has bdeser/ed along several sections in
front of the range and is a typical deformationtgrat for this kind of front contact in
north Tian Shan. This will be detailed and discdgselow.

P basement | Ee‘"é}ﬂqems [ basement | Egcsiglr}wents

~5km ‘ ~ 5km

(b)

mountain —— basin
- basement u sediments
~50 m

CABAD_ ,

Figure 4-4. Deep structure of a range basement thrusting oasirbsediment cover.

(@). In the first model, the frontal sedimentaryise keeps parallel strata under the
thrust and adjacent to it, (b) the second modek tgpsplays variable thickness of
strata, thicker in the drag fold axis area and thén in the limb, close and along the
thrust fault. (c) Close-up on the surface structafehe second model (b), which is
displayed by several examples along the northean Bhan front. Numbers refer to
locations where such deformation pattern has bdxeved (see Figure 4-1a and 4-2

for location).
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4.1.2 Toutun He West
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Figure 4-5.(a) Geological map (b) DEM of the Toutun He and tdgi He area.

This section is located about 5 km west of the Goutle valley (Figure 4-1,
Figure 4-5, N°6). In its middle segment, this sactilisplays a sharp and straighten up
contact in-between the Paleozoic rock units, tostieh, and the Mesozoic sediments,
to the north (Figure 4-6a). To its southernmost,faaleozoic rocks are well layered
Carboniferous turbidites with no or only limitedfdenation observed (Figure 4-6a
and b). When approaching the contact, these setimsecome deformed with
cleavage and associated shear planes developede.in3ihese planes form
sigmoid-shapes indicating top to the north sheawtin this contact zone (Figure

4-6¢ and e).
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N113, 65s

N133, 20s

Figure 4-6. Structural analysis along the “west” Toutun He sent (a) Panoramic

view of the section, (b) undeformed Carboniferaubitites of the basement units, (c)
and (d)different scaled pictures and drawings o ttuctilely deformed basement
rocks, along the thrust zone, (f) overturned Jukassandstone evidenced by

crossbeding geometry, (g) straighten up sheared loed
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Figure 4-6 (Continued)

Due to a topographic depression formed in the leaqols, the Paleozoic/Mesozoic
contact is only poorly exposed along the sectiondmarce outcrops display highly
brecciated rocks. Northeast, close to the condacgssic sandstone and conglomerate
layers display straighten up stratification planatgpng ~300m long, and clear
overturning as evidenced by cross-bedding attitwit@in thick sandstone layers
(Figure 4-6f). Northward, beyond limits of the sent presented here, the bedding
progressively flattened within this series, disphagy‘fan like” geometry. Here again,
the “west” Toutoun He section highlight a cleartherto northeastward thrusting of
Paleozoic basement units on Mesozoic sedimentaigss@f. Figure 4-1. and Figure
4-5). Hence, the thrust contact can be well chareed here: it is in fact composed
of a ~50m thick deformation band with development rather “cold” ductile
structures within the upper basement unit to moitdebtype ones toward lower unit.

Moreover, several coal beds are interstratified between coarse grain
white/yellow-colored Jurassic sandstones for a ~é&mulated thickness (Figure
4-6a). Coal display strong breccias and cleavagegsl developed (Figure 4-6e) while

on both sides, Jurassic clastic layers are notrohefd at all (Figure 4-6a and f). This
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deformation analysis is well compatible with thedabof similar/drag fold presented
on Figure 4-6c¢; the contrasted mechanical behafisedimentary layers allows the
development of internal décollements necessargrm similar folds, in front of the

thrust, within the Jurassic series.

4.1.3 Toutun He

A 2 Photoab (3) Photo ¢ /4 Photo d /5 Photoe

EES

Dushanzi Fm.

[:I Taxihe Fm. Quaternary 5 km

Lower Lower - i 1 xi
Jurassic Cretaceous [J Shanwan Fm. ‘ | AT

Middle [ |Upper
Jurassic | Cretaceous

& & b A @ oM

S

Figure 4-7. Geological cross section of the Toutun He basedthen geological
observations. Bar symbols on the top of the sedhdicate the dip direction. See

photos in Figure 4-8Continued.8 for 2 to 5 and Figure 4-1 for the sactiocation

The Toutun He flows about 20 km west of Urumgi anehds North-South
parallel to the Urumqgi He (N° 2 to Sigure 4-1 and Figure 4-5). Lower- to
Upper-Jurassic series are widely exposed all atbisgsection. At first order, layers
display as sub-horizontal ones to gentle upriglgnofolds, which explains how the
sedimentary layers of the same age could be oltemd followed along tens of
kilometers in this particular sector of the nortedmont (Figure 4-7 and Figure 4-5).
This section also exposes several contacts in-leetwdesozoic sediments and
Paleozoic basement units. Contact studied to tlwhemmost end of the section

looks sharp and upright even if not strictly expgb#®ere (Figure 4-8a).
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=== Carboniferous 1 Jurassic
= it sandstone Thrust o

~20m

Figure 4-8. Pictures of several outcrops all along the Toutodle and the
corresponding interpretation drawings. (a) Carba&ndus basement thrusts
northwards onto the Jurassic deposits, (b) defordhwedssic series showing steep dip
angle to overturned stratification planes, (c) mmmtal Jurassic deposits resting on
the basement rocks and showing neither internard&ition nor basal décollement,
(d) backthrust within the mountain internal part$ the southern margin of a
basement “pop-up”, (e) tectonic breccias along therthern boundary of the
basement “pop-up”. SeErreur ! Source du renvoi introuvablelocations in Figure

4-7.
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Figure 4-8.Continued.

However, Jurassic sediments show local verticaMverturned strata just north of
the contact zone (Figure 4-&ontinued3a and b) while bedding progressively
flatten northward to become horizontal few kilomstaorth of the contact (Figure
4-8. Continued3c and see n°3 on Fig.4-1a). The deformed zonehndytends 1 to 2
kilometers north of the Paleozoic rocks and, intipalar, the straightening up and
overturning of Jurassic sedimentary layers closehto contact argue for a thrust

movement developed along this southernmost extensioundary of Jurassic
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sediments (see Figure 4-1). Forming local sumnkitdeozoic units also outcrop at
about one third south of the Toutoun He sectioralbout 5 km long (Figure 4-5 and
Figure 4-7). Here again, the Jurassic strata besosteeper on both sides of the
basement. Along the northern contact, tectonicdi@sdn a ~30m thick deformation
band were observed in the basement turbidites (&igt8. Continued3d) and this
kilometer scale structure as been analysed as@upbof basement units limited by
two steep WNW striking thrust faults (Figure 4-B)s said before, the rest of the
section highlights only gentle deformation withiedsmentary series. Hundreds of
meters north of the Paleozoic pop-up, Jurassitastest horizontally (Figure 4-8e).
Summarizing, the structure of the north half of sleetion is characterized by two
principal anticlines (FigureErreur! Source du renvoi introuvable.4-7): the
southern one is a gentle and upright anticline Wwath limbs dipping about 25-30° to
the north and south, respectively. The northernisra® asymmetrical one with about
40° dip angle of stratification along the southémb and 60° in the northern limb
(Figure Erreur! Source du renvoi introuvable.4-7). We proposed a northward

thrust under the anticline developed in the Paledzasement (Figure 4-7).

4.1.4 Jingou He

Thanks to deep incision two major and well studiaticlines, the Anjihai (north)
and Huoerguosi (south) anticlines are exposed albegAnjihai He and Jingou He
(Charreau et al., 2008; Figure 4-1 and Figure 4FBwever, Quaternary alluvial
terraces and loess deposits cover a large ardesafttidied segment of the north Tian
Shan piedmont (see white color on geological magurgE 4-9a). When accessible,
stratification planes orientations have been meakalong those valley. In the contact
area in between the Paleozoic units and the basiess outcrops are very scarce
within the river bed of the Jingou He and the ratfgent” can not be directly studied

there.
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Figure 4-10. Structure of the Jurassic and Triassic sedimentdrgta of the basin
along the main contact with the Paleozoic unitsngla N-S oriented small valley,
west of the Jingou He: (a) Geological cross sectmmd (b) field structural

observations.

However, ~10 km west to the main valley, a secorakrriver valley allows
analyzing this contact area (see N° 7 in Figureahd Figure 4-9). Along the right
bank of this river, Triassic to Jurassic stratglaig a continuous evolution of bedding

orientation from steep, north oriented dip angtethie north, through vertical and to
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overturned strata, in the southernmost part of gbetion (Figure 4-10). There,
Jurassic series is made of a rhythmic alternatiaroarse grain thick sandstone layers
with shales (see differential erosion of layerstloa picture of Figure 4-10b). To the
south, Paleozoic meta-sedimentary units are ircdaentact with an overturned thick
layer of Triassic purple shales and marls. In aolditsecond order chevron folds can
be observed within the sedimentary series as the strown on the top hill of
Figure 4-10b. These folds well underline a nortldvdragging of the sedimentary
layers compatible with a northward thrust moveme&wen not exposed, though, the
front contact can be identified here as a northwhrdst of the basement Paleozoic
units onto Mesozoic sedimentary series; againissttsplay a typical fan like type
deformation in front of the thrust that can be deped in favor of the contrast in

competency of the layers forming the series (guFe 4-4 and discussion before).

4.1.5 Anjihai He

The Anjihai He flows north-northeast in the eastpart of the studied area
(Figure 4-1). The contact area in-between basemmeok units and foreland
sedimentary basin is marked by a strong slope boéake topography (Figure 4-9,
N°8). Close to the contact, the western side ofviddéey highlight a dragging type
structure within the Jurassic sediments: bedding atigles increase rapidly from
basin toward the northern boundary of the basenmengbout 1.5 km distance along
the section (Figure 4-9). The sharp and straightami in-between the basement rocks
and the Mesozoic sediments combined with the iatetaformation of the strata most
probably result from a northward thrusting of thee®zoic units (Figure 4-11). On
the other hand, the east bank section display a@asimragging structure of the
Jurassic strata showing a continuous increaseeobéading dip angle, from north to
south (Figure 4-11, bottom). It must be pointed loere that i) both pictures/drawings
have been strictly made perpendicular with the begdeast striking direction and ii)
both valley sides display the same segment of uh&s3dic sedimentary section which
mean that one section, as illustrated on Figur#&,4slexpected to be the strict lateral
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prolongation of the other one. However, both sestido not exactly display the same
structure as, along strike of the sedimentary Byeedding systematically dips more
along the western bank than along the eastern corap@are the two pictures and
drawings of Figure 4-11). To be more precise, $tmes are in fact comparable on
both sides of the valley but do not present theesamplitude in their development.
Finally, the thrust occurring in-between basemertt sedimentary rocks as identified
along the western bank (see above) do neither extknther east; the
basement/sedimentary rocks contact is mapped ahéewired meters further south
along the eastern bank section and is not visibleh@ corresponding picture of
Figure 4-11.

The Anjihai He section displays a dragging typeudtrre, as presented on
Figure 4-4b and c, within the Jurassic sedimensanes and this can be regarded as
resulting from a forward thrust developed in fraftthe uprising basement units of
the range. The particularity of the Anjihai He smctis that the structure is not
cylindrical at local scale. Thrust fault map trasewell as the bedding attitude can not
be extended from one side to the other of this thnoriented valley. As far as the
valley is only ~500 m wide, it seems difficult tov@sage a continuous transition from
one side to the other; better, a strike slip faulist have developed perpendicularly
with the thrust contact and sub-parallel with theal principal shortening direction,
acting as a small transform zone during deformationfront of the range
(Figure 4-12). Nowadays, the trace of this rightedal transform fault does
correspond to the one of the river bed and/or @satterraces. Such structural local
observations can highlight modes of deformatiorhinithe specific segments of the

piedmont where frontal forward thrust display cuhahape at map scale.
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West bank

Figure 4-11 Panoramic views of the Anjihai He banks. Along western bank (top
picture) the Jurassic strata displays as a “farelikype structure; on about 1.5 km
long, gently northward dipping bedding become eaitand even overturned close to
the contact with basement units. The eastern bdnknghai He (bottom picture)
displays a similar and compatible structure withire Jurassic sediments. Pictures
have been made perpendicularly to the strike oflibdding orientation and both
correspond to the same section segment within tla¢giggaphic column; note that,

however, the two banks do not display strictlyghme structural pattern.

Basement

Jurassic

Basement

Figure 4-12.Block-diagram illustrating the structural patternitin the Anjihai He
valley, in the contact area in-between the basements, to the south, and the
Jurassic sediment, to the north. A strike-slip sfanm fault developed in-between the
western and eastern bank, perpendicular with thracsires (i.e. main thrust and
associated drag fold structure, in front of thisepnSeeErreur ! Source du renvoi

introuvable.for the corresponding photographs and interpretatdrawings.
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4.1.6 Kuitun He

In the area comprised in-between the Kuitun andAthghai rivers, the contact
between the Paleozoic basement units and the Is#siments displays a great
northward convex arc shape in map view (Figure.4=@ing from south-southeast to
north-northwest along this front, Paleozoic rocktsimre observed in contact with
sediments of younger and younger age, from loweas3ic to upper Neogene series,
as clearly shown on the geological map (Figure.4-8ld structural measurements
highlight overturning of the sedimentary layerseveral locations, all along and just
at the contact with Paleozoic rocks (Figure 4-9prdbver, note that, along this
peculiar arc shape in front of the basement utfits,bedding measurements strike
oblique to the map direction of the contact (FigdH@).

The first structural observations detailed heretfog sector are located at mid
distance in-between the Kuitun and Anjihai rivet8 km east of Kuitun He, N°9 in
Figure 4-1 and Figure 4-9). Strictly speaking, tentact between the Paleozoic
basement rocks and the sediments is not outcropihiege but the contact area
displays as a rather thin corridor with a steeguatt (Figure 4-13). The Tertiary
green shale of the Taxihe formation is overturnémha@ the contact itself (see
southward dipping layers on Figure 4-13) and tltksieale and silt clastic sediments
of the Dushanzi formation steeply dips to the ndstie measurements displayed on
Figure 4-9 for this particular location) which, @n@gain, is compatible with a
northward thrusting of the basement on the bagimsentary series. As said before, it
must be pointed out that bedding planes strike N@Bite the thrust contact at the

base of the basement units strikes ~southeast.

basement
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Figure 4-13.Northward thrusting of the Paleozoic basement ond2eic sediments

observed ~13km east of the Kuitun river, alongribihern front of the Tian Shan.

In the same area, geological observations haveba&leo carried out along the
Kuitun He valley. In the basin, the Northern pdrthos section exposes the Dushanzi
anticline which has been already extensively sth@d@&harreau et al., 2005; He et al.,
2005) and which belongs to the third and more esldrelt of the northern Tian Shan
piedmont (N°10 in (Figure 4-1 and Figure 4-9). Atorit of the mountain
green—brown-colored upper Neogene taxi He fromatrondstone layers are
straightened up and overturned along the contath Wwasement Carboniferous
turbidites (Figure 4-14). Few hundreds meters noftthe contact, toward the basin,
Tertiary series displays normal strata (Figure }-aad bedding becomes even
horizontal about 1 to 2 km apart from this studiechtion. Note that thick dark and
coarse conglomerates of the Xiyu formation resiziomtally on top of the straight
Neogene series, with a clear angular unconfornutfase at the base (see Figure 4-14
and geological map on Figure 4-9). This geometricahfiguration shows that
Cenozoic thrusting and associated deformation amtfrof the range must have

occurred before the local age for onset of the Xgrmation deposit.

\:Q ////

\/n\l

Figure 4-14. Carboniferous basement turibidites thrusting onteoljene sediments
along the Kuitun river. Close to the contact, basadimentary strata are overturned

and progressively flatten northward.
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4.2 Unconformity contact

As detailed in the first part of this chapter, fard thrusting of Paleozoic
basement has been observed at numerous locatantsthke northern Piedmont of the
Tian Shan range. This systematic northward thrgsti® associated with the
development of large-scale drag folds which resutts“fan like” type typical
structures within the underlying sedimentary seoiethe Jungar basin (see Figure 4-4
and the relative discussion in the text). Most wéhs northward thrusting has been
observed at the boundary contact in-between Paleancks and sediments of
Jurassic age but certain front geometrical conéigans, like the “arc” shape in the
Kuitun/Anjihai He area, display younger sedimenfstite basin in direct thrust
contact with the basement. As shown before, clasiitmentary series are composed
of alternations of rather coarse grained and temkdstone and conglomerate layers
with shale and/or marls sediments. Such layeringfigoration and competency
contrast certainly allows the initiation and amiphtion of the “drag folds” structures
in the sedimentary series, below the thrust contketally, all of the sections
presented before show rather steep dipping of linests (45° to 60°), either as
directly displayed in the field or as can be dedufem section construction and
deformation analysis within sediments. From ouldfiwork, northward thrusting has
been locally evidenced all along the northern frmmte of the range, i.e. from west to
east, at locations N°: 10, 9, 8, 7, 1, 6, 5 and 2.

Yet, along the northern front of Tian Shan, theireettary series of the basin are
not always thrusted by the range basement as Hedcabove. In some valleys, the
Jurassic series can be continuously followed frobekasin to the mountain interior.
The Jurassic sediments are unconformably depositeldpreserved on top of the
range basement, in the contact zone. During old fierk, such configuration has
been analyzed at several locations (cf. Figure datl) examples of unconformity type
contact between basement units and sedimentargssefithe Jungar basin will be

illustrated, along different studied sections aalions, as follows.
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4.2.1 Houxia east

The Houxia valley is an east striking small vallegated close to the Urumgi He
valley, in the southern part of the map of the istdicirea (Figure 4-1 and Figure 4-5,
N°15). There, a thick series of Jurassic detrigaliments is preserved at rather high
altitude within internal parts of the range (Figdr®). The northern boundary contact
of this Jurassic small “basin” is pretty well expdsalong the western side of the main
Urumgi He valley (Figure 4-15). While Carboniferoosetamorphic rocks display
steep ancient fabric, the Jurassic sedimentarydagee only slightly tilted to the
south (Figure 4-15). The interpreted picture of uFgg4-16 shows a clear
unconformable stratigraphic contact in-betweendim@assic series and the underlying
Carboniferous basement units. Here, the unconfgroaibtact presents an orientation
roughly parallel to the one of the bedding withime tJurassic sedimentary pile

(Figure 4-15).

S

Carboniferous

Figure 4-15. Jurassic sediments unconformably deposited on tdp the
Carboniferous basement rocks at the northern maagithe Houxia basin preserved

at rather high altitude within the range interiors.

4.2.2 Changji He

This section is located ~20 km west to the Touten(Hgure 4-1, N°16). In the
geological map, along the northern contact zonevdxmt the Jurassic sediments and
the Paleozoic basement, Triassic sediment spe@aliyrop in this area (Figure 4-5,

N°16). In this piedmont area, the Jurassic sequsedigenorthwards stably with about
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20-30° (Figure 4-5). In the field observation tce thouth, typical purple Triassic
mudstone layers outcrop along a small valley (Fglwl3). The dip-angle is about
20° towards northeast, which is different genegdt-@vest trending direction in the

basin sediments. Its gentle dip-angle and the tilin@ndicate the Triassic here seems

weakly deformed during Cenozoic (Figure 4-16).

Figure 4-16. Purple Triassic sediments with northeastward gedife angle in the
contact area between the Paleozoic basement anMésezoic basin sediments. The

location of photo 16 see Figure 4-17 and Figure.4-5

In the section scale (Figure 4-17), Paleozoic basg¢nocate to south of the
Triassic sequences. Our field work and the geodgiap show not obvious structure
deformation between the Mesozoic sediments andP#ileozoic basement. North
basinward, the dipping-angles of the Mesozoic sanerease slowly northwards and
form a kink fold near the Cretaceous series. Ifttimast front in the northern Tiansahn
prolong parallels along the mountain strike fromgdu He and Taxi He to this
section (Figure 4-1), the *“front” along this sedatids characterized by an
unconformity without obvious structure deformati@igure 4-17). This section
suggests that the contact zone between the baseamehtthe basin are not

continuously separated by an obvious thrust fault.
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Figure 4-17.Geological cross-section along the valley of theghHe. Location see

Figure 4-1 and Figure 4-5.

4.2.3 Hutubi He

The detailed structural observations along Hutubnilley has been described in
Chapter 3. This river flows down from the southerountain and through the Hutubi
city to the north (Figure 4-1 and Figure 4-2). Adathis river, the northern sediments
form an anticline, where the core consists of Meddbwer Jurassic. Its southern limb
dips 20-30 ° southwards, while the dipping-angléhef northern limb is gentle close
the core and increase to ~60° within the Cenozeies. This asymmetric geometry
probably indicates the northern-propagation thfask in of the basement (Burchfiel
et al.,, 1999). To south of this anticline, a paimahcline formed with Cretaceous
series in the core. The southern limb of this dpeclis characterized by stable
northward dipping-angle about 20° in ~ 10 km togdbath. In the southern end of this
section (Figure 4-2), the Jurassic sediments suizdrdal deposit on the
Carboniferous turbitites without deformation, whilee Paleozoic basement are with
vertical fabrics (Figure 4-18, Figure 4-2, N°17).

These location correspond the northern front oh B&an, such as Jingou He and
Taxi He (Figure 4-1 and Figure 4-2). The sub-hartab Jurassic deposed on the
mountain basement and the very gentle dipping-aimgléurassic sediments in the
contact area suggest that no significant tectonittact between the basin and the

mountain basement at “front”.
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Figure 4-18. Jurassic sediments unconformably overlie on thebaaiferous

basement. See Figure 4-1, N°17 for the location.

4.2.4 Tugulu He

About 10 km west to Hutubi He, a minor valley irctbe contact zone between the

Lower Jurassic and the Paleozoic basement (Figararntl Figure 4-2 N°17).

a8
S - N

Figure 4-19.The Jurassic series onlaps the Carboniferous basemghout visible

Cenozoic deformation. See Figure 4-1, N°18 forldleation.
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This outcrop present well deformed Paleozoic baseéméth vertical fabrics.
However, the Lower Jurassic sandstone deposit stibemtally to north side of the
Paleozoic basement. Moreover, the Jurassic coulddserved overlying on the
basement (Figure 4-19). This structure present®m@lap”’ sedimentary structure and
it probably indicate a Mesozoic Paleo-relief (sdw@@ter 3). This structure is similar
with above mentioned Hutubi He section, which alsalicates not obvious
deformation along the contact zone between theoPaie basement and the Jurassic

sediments.

4.2.5 Dabaiyanggou

About 20 km westward to the Taxi He section, Lowerassic sediments are
located adjacent to the Paleozoic basement. A +soukh trending fault offsets the
contact line between the Jurassic sediments anBdlemzoic basement (Figure 4-2).
To the east, it is characterized by a thrust feuly. Taxi He, Figure 4-2 N°1).

Ne (9 :

Basement

Figure 4-20.Jurassic sediments sub-horizontally deposit onstkeep basement. On
the top of the southern basement, the Jurassitastiee horizontal extent southward
to the mountain interior.

To the west, along the Dabaiyanggou valley, thitktevsandstone Jurassic layers
show about 5° dipping northwards (Figure 4-20; Fegd-2, N°19). In the right and
southern part of this photo, the basement is cortpby thin turbitites layers dipping
~60° northwards. Moreover, the sub-horizontal Xicassediments have been
observed on the top of the basement. Thereforepthiap’ structure is showed here
as well as the Tugulu He section (Figure 4-19). Thatact zone between the
basement and the sediments is indicated by thedpagraphy minor valley (Figure
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4-20). This structure of unconformity in contactear indicates no obvious

deformation between the basement and the basimenats.

4.2.6 Wusu

Along the northern piedmont of Tian Shan, the T@osinticline is the main structure

feature, which shows high topography as well (Fegtil and Figure 4-21).
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Figure 4-21.Geological map (b) DEM of the Tuositai anticlinetie Wusu area.

The Tuositai anticline has a northern limb dipp8@f in Cenozoic series and a
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southern limb characterized by ~ 10 km synclingFé 4-21). The syncline is most
coved by Quaternary terraces in the field, excgptinnarrow fold and two fault
developed within it. The detailed structure of thigea is presented by seismic and
gravity measurements in Chapter 5. In the soutlesrth of the basin sediments,
Mesozoic series of Jurassic and Triassic outcrg@cadt to the Paleozoic basement.
Field observations are carried out along the nomtmeargin of basement and two
outcrops are presented as follows (Wusu east arsili\Wast).

Wusu east section is located at the southern etideotuositai anticline (Figure
4-21, N°20). As showed in the photo, the Jurassiinsents containing with coal
layer dip northward with ~30 ° (Figure 4-22). Pale@ basement is observed at the
left hand in the photo (Figure 4-22). This charastE of monocline in the sediments
indicate that no significant movement between thesdZoic Jurassic and the

Paleozoic basement.

~ Jurassic i _;'? -

Basement
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Figure 4-22.Jurassic sediments deposit on the basement wittlegeorthward dip
angle at Wusu East.

About 15 km west to the Wusu east section, sinsteucture is observed in the
Wusu west section. As showed in the photo (Figufe ahd Figure 4-21, N°21),
Jurassic sediments deposit on the carboniferousenteE® without obvious
deformation. The basement is dark in color and wiéntical fabrics, while the
Jurassic consist of white and yellow sandstoneufEigl-23). The dip angle in the

sediments is about 20° northwards (Figure 4-23)thien north, red and green
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Cretaceous sediments are sub-horizontal in the \naek of the photo. It suggests the
weak deformation along the northern margin of tlade®zoic basement within the

basin area.

S

Figure 4-23. Jurassic series overlie on the Paleozoic basemaettt & monocline

towards north at the southern end of Wusu area.

4.3 Fold contact

Previous studies show the thrust and the unconftgreontacts between the
mountain basement and the Mesozoic sediments. Hawe two kinds of structures
along the northern piedmont of Tian Shan indicatifferent deformation
characteristics. For the first one, the basemamuistion the basin sediments and the
sediment layers always show a local drag fold. bnteast, the second, i.e.
unconformity, suggests very weak deformation bebwmé® mountain basement and
the basin. Therefore, a kind of transition struetig necessary for the two structure
types. In fact, folds in the contact zone have baleserved in several sections along
the northern front of Tian Shan. These folds a@atterized by faults developed in
the underlain basement. However, they does notheusediments and not thrust on
the basin sediments yet. Therefore, the amplitddieformation in the fold structure
is between the faults and the unconformity confalsts kind of fold contact probably

plays the role of the transition zone of the prasistructures. From our field work,
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two examples of fold contact are presented hegethe Manasi He (C-C’) and the

Qingshui He (D-D’).

4.3.1 Manasi He

The study of the Manasi He section focused on thehern part of the contact

zone between the Paleozoic basement and the lmBments (Figure 4-1, C-C’).
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Figure 4-24.Geological cross-section along Manasi He.

The northern most of this section is characteribgda nomocline within the
Cenozoic and Mesozoic series, dipping northward®@0-To the southern, the dip
angels in Lower Jurassic decrease and then becootbward with ~15° (Figure
4-24). This turning in dip-angles build an antieliwith lower Jurassic in the core
(Figure 4-24 and Figure 4-25a). The dipping-angihiw the southern limb of this
anticline turns into vertical and overturned inki8 southwards (Figure 4-25b and c).
Further south, the purple Triassic mudstones sheertarned as Jurassic series
(Figure 4-25 c). Moreover, the thrust of basemeckron the Triassic has not been
observed on the surface. Instead, Triassic becomoeshal dip northwards and
deposed directly on the Paleozoic basement witlonfoemity (Figure 4-24). At the
most end of this section, the Triassic sedimergsdrthwards with ~ 50°. This rapid
change from northern overturned to southern norfadssic is less than 1 km

distance, suggesting a fold and probably a fauk.he
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~100m

Terrace

Figure 4-25(a) A gentle anticline in Jurassic. (b) Rapid chargf the dip angles in

Jurassic. (c) Sub-vertical contact between Juraasit Triassic.
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Nevertheless, the net faulting lag should be sraalthe Triassic strata deposit on
the hangingall yet. The geometry here shows a Wott a limited fault along the
contact zone between the basement and the sedinrentmtrast, in the fault contact
case, the basement thrust on the basin sedimedttharoverlying sediments of the
hangwall have been eroded, suggesting more net Jlips kind of the fold contact is
less deformed than thrust fault ones but more thramonformity ones as presented
above. Therefore, it could be an important traositstructure along the northern

piedmont of Tian Shan.

4.3.2 Qingshui He

The Qingshui He section is located ~ 13 km westhi® Manasi He section

(Figure 4-1, D-D’).
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Figure 4-26. Geological cross-section along Qingshui He. Thatlsernmost basin
sediments show a monocline but without any visédive movement with respect to

the Paleozoic basement.

The geometry of the Qingshui He section is similéth the Manasi one. The
northern part shows a monocline, including Eocendurassic sediments. The dip
angles change from steep 50-70° in the north t8@0in the south, building a kink

fold. The southern limb of the kink fold dips ab@®° close to the core but increase
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southwardly closed to the basement (Figure 4-26 basal Jurassic competent
conglomerates layers dip northward ~ 70° at thehswo this section (Figure 4-26).

This steep Meszoic form the southern limb of a Bgaowith deformation showing a

kink fold in the contact zone (Figure 4-26).

4

\ 70 Lower Jurassic

Figure 4-27. Jurassic conglomerates show steep northward digearadong the

Qingshui He section.

4.4 Backthrust contact

Backthrust are the faults with contrast directimmparing with most forward
thrust in the foreland thrust belt. They are commonthe strongly deformed
fold-and-thrust belts (Coward et al., 1988; Pfiffret al., 2000; Kapp et al., 2005;
Marquer et al., 2006). However, this type of teatdmas been only observed in the
interior of the Tian Shan, but has not been discmVen the northern piedmont of
Tian Shan during our field trips. Two locations lmdckthrust contact between the
basement and the sediments are presented as folltmsia West and Hutubi He

South, locations N°22 and 23 (Figure 4-1).
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4.4.1 Houxia West

In the interior of the Mountain, Jurassic sedimeot®rlie on the mountain
basement with ~2000-2300m high altitude in HouxieaaFigure 4-5). The Jurassic
series are good marks to record the deformatiorcgss during Mesozoic and
Cenozoic. The Houxia West section is located 3 kastwo the Urumugi He along a

minor vallay flowing from northern to southern (&ig 4-1 and Figure 4-5, N°22).
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Figure 4-28.The Carboniferous basement thrust southward ordtin@ssic sediments.
Sedimentary breccias, with clasts of Carboniferoasement rocks, have been locally

found at the bottom of the Jurassic series

The Jurassic sediments consist of sandstonesnértbed mudstones, with dip
angle ~ 35° in the southern part of this sectiagufe 4-28). Jurassic layers become
steeper and overtured closed to the basement. Menesome sedimentary briccas,
consisting of basement coarse anglar clasts, heae tbserved close to the basement.
The sedimentary breccias in the Jurassic serieisaiteda range marginal facies,
suggesting here is the ancient Mesozoic piedmonh@fMountain (see Chapter 3).

Briefly state, the basement thrust southward orbdsn of the interior of Tian Shan
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by a thrust fault. The feature of the backthrusisilar with forward thrust contact in
the northern piedmont of Tian Shan, where the sedisnshow a drag fold and rapid

change of dip angles in ~ 500m close to the fa&tigure 4-28).

4.4.2 Hutubi He South

In the southern part of the Hutubi He, Jurassiensedts widespread overlie the
Paleozoic basement (Figure 4-2). Within the Jucassver, basement outcrops along
the southern of the Hutubi He. A southward thrastrawn between the Jurassic cover
in the south and the middle buck of basement inntiv¢h (Figure 1 and Figure 4-5,
N°23).
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Figure 4-29.To the south of the Hutubi He valley, the Carboniis basement thrusts
on the Jurassic sediments. However, the fault ghsags to the west and the Jurassic

sediments directly deposit on the basement witlkileak” type folding.
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In field, the basement with vertical fabrics shoertical fabrics and the Jurassic
sediments are overturned dipping northward adjaterihe contact (Figure 4-29).
About 200m to south, the sediment layers turn tonab and dip northward ~ 30°. It
forms a drag fold closed to the backthrust as previforward thrust or backthrust.
However in the back view, the fault disappeardiwest and the Jurassic sediments
deposit on the basement with weak “kink” type folgli(Figure 4-29). This rapid
lateral change of faults to less deformed fold sstgylimited net slip along the fault.
This lateral variation of deformation is very poguin the northern piedmont of Tian
Shan in different scales. Moreover, the kink fotdthe west of this location also
indicates that the fold-contact in-between the s and the sediments is located in

the interior of mountain as well.

4.5 Discussion

The structural observations along the northern mat of Tian Shan are
presented above with four distinguishable contgmeg, thrust, unconformity, folding
and backthrust. The backthrust contact has begnabderved in the interior of the
Tian Shan mountain and rare seen in the southermeoflunggar foreland basin.
However, several important structure problems aised. Firstly, did décollement
develop as backthrust in the zone of unconformdawptact? Secondly, what is the
contribution of the Mesozoic relief to the pres&i@n Shan topograpy? Thirdly, what

is the mechanism of the deformation along the fodthe Tian Shan.

4.5.1 Backthrust in the northern piedmont of Tian $ian

The backthrusts play important role in the deforaraprocesses in the contract
faults and thrust belts. They can absorb an impbamount of shortening during the
deformation, which is important to study the shioirig amount (Coward et al., 1988;
Pfiffner et al., 2000; Kapp et al., 2005; Marquerk, 2006). Backthrust faults were

proposed in the northern piedmont of Tian Shan xplagn the importance of
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shortening in the foreland Junggar basin (He et2805). The Jurassic coal and
Tertiary evaporates, such as gypsum, are oftenidenesl as layers of backthrust
décollement (Deng et al., 1999; Chen et al., 20®hg et al., 2007; Lu et al., 2007).
In the northern Tian Shan front, the basin sedimenainly consist of Mesozoic
sediments, therefore, the Jurassic coal beds widlifcussed below.

The well deformed coal bed is presented in the doltte West section (N° 6 in
Figure 4-1). The coal bed is well deformed withastgge and sandwiched by the
overturned sandstone adjacent to the northwardstth(tigure 4-6). However, the
sandstones are not deformed at all, suggestingahlelayer is rather easy to deform
with deformation. Therefore, the backthrust, ifst&d, should be active at coal layers
at first.

Carefully observations are taken out in the north@edmont of Tian Shan. In the
Tugulu He area (No. 24 in Figure 4-1), the Jurasamdstone dips gentle northward
with ~15° and this stratigraphic slope extends s#vkilometers northwards and

southwards (Figure 4-30).

Figure 4-30. Gentle northward dipping Jurassic sandstone extematthwards and

southwards several kilometers.

Moreover, the observed coal bed is interbedded with Jurassic sandstone,
where the vertical fractures indicate there is hotizontal shearing movement

(Figure 4-31, No. 25 in Figure 4-1). Compared witl deformed coal bed adjacent to
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a fault in Toutun He West section, this undefornecedl! bed indicates there is no
décollement movement in the contact zone in théhean piedmont of Tian Shan. In
other words, the deformation just focuses on thesting area and the unconformity

contact zone is without significant deformation.

Figure 4-31 Coal bed inbedded in Jurassic sandstone. The atftiactures indicate

no horizontal movement.

4.5.2 The effect of Mesozoic paleo-relief on the @ezoic
deformation

The geological and tectonic evidences illustratedChapter 3 show that the
present Tian Shan may be importantly inherited fitb Mesozoic relief. It is thus
guestionable for the importance of the Cenozoiowmhedtion of the northern Tian
Shan due to the India-Asia collision. Two thrustdels are proposed in Figure 4-32.
The first one concerns the horizontal basin botsomd another concerns the inclined
basin basement with onalp sedimentary structuree fdimer one produces an
important net slip and big shortening when the tes# thrusts on the sedimentary
cover (Figure 4-32a). In contrast, the latter pamduless relative displacement
(Figure 4-32b). For example, the Houxia West sacsbows that this section is
located at the ancient Mesozoic Tinashan piedmadt activated during Cenozoic
(Figure 4-1, N°22, Figure 4-28). A part of the pneistopography should be the

influence of the Mesozoic mountains as shown ingdeond model (Figure 4-32).
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This Mesozoic relief effect should be taken int@camt for the evaluation of the
amplitude of the Cenozoic deformation of the modgam Shan due to the India-Asia

collision.

a mountain | | basin
(a) [ | basement L] sediments

~

277 mountain basin
(b) 22 [ basement [ ] sediments ~5 km

7

7

Figure 4-32.(a) The thrusting of the basement on the sedimgmaver produces an
important net slip in the horizontal base of bagb). The thrusting of the basement on
the sedimentary cover produces less net slip inoalapping contact in a high

Paleo-relief area. See the example of N° 22 in feiglil.

4.2.3 Mechanism of the deformation along the northra

Tian Shan

Three main structural types of the contact in theghern piedmont of Tian Shan
have been identified, thrust, unconformity and foltiese structures are marked by
the originally horizontal Mesozoic and Cenozoic iseghts. It is difficult to
distinguish the Paleozoic deformation style of Hasement during subduction and
collision processes. However, the field observatiom the basement reveal some
characteristics during their Cenozoic deformation.

Along the Urumugi He, the Carboniferous basemensists of turbidites. They
are well deformed by many parallel joints and faulthere quartz veins show reverse
faulting steps (Figure 4-1, N°26, Figure 4-33a af)d Moreover, in the south of the
Taixi He valley, the basement shows some high-arelersed faults. Quartz veins
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are grinded into powders during the fault moven{éigure 4-1, N°27, Figure 4-33).
These powders deposit on the surface by about #h ¢hmckness, suggesting that the
fault is still active now. These structural chaeaistics show that the basement is
deformed as a kind of rigid blocks with faults goahts. This deformation of block

can be also observed in larger scales.

= < 3

Figure 4-33. (a) Joints and faults in Carboniferous turbiditesoss the deformed
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basement as blocks. (a’) Faulting steps in quaeiny on the surface of faults. (c)
Quartz veins were grinded into powders along thdt$a

Four section sketches are constructed based o die$ervations in a ~100
km-wide zone along the northern front of Tian Sfimam Manasi He to Hutubi He
(Figure 4-34).

These four sections are spatially controlled byehreverse faults from south to
north, F1, F2 and F3, respectively. The F1 faulth@ mountain interior is presented
in the Chinese geological maps (XJGB, 1993). Otfearks in the basin are observed
in field or inferred from the geometry of their elay anticlines. In the western part,
the southern fault (F1) is located in the basentleat can be easily identified by
published geological maps. In the eastern secBewt{ons ¢ and d in Figure 4-30), F1
is marked on the contact between the basementwadsic sediments. Basinwards,
the fault F2 is limited in the basement and did cudtthe sedimentary cover (Sections
a and b in Figure 4-34).

Although this fault can be well observed on thefeme in the Taxi He section
(Section c in Figure 4-30), it is disappeared irct®a d with very gentle dipping
northwards without deformation. The fault F3 in déaent is inferred from the
anticline of the sediments. This fault is betteveleped in the eastern two sections ¢
and d (Figure 4-34). By the geometry of the sediargncover, it seems clear that the
sedimentary structures of the basin layers areraited by these three faults in the
basement. These faults are sub-parallel with ttwet fof the mountain and separated
by a sub-equal interval of 15-20 km (Figure 4-34).

The basement is therefore cut by these faults Ge20 km-wide blocks
northwards and these blocks of the basement thitisteach other by faults between
them. The faults show often a lateral componemetfslip, where an obvious thrust

disappears laterally.
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Shan.
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These above characteristics are observed not orihei tens-kilometer scale, but
also in kilometer scale and even in outcrops. Hudt$ can turn laterally into a gentle
fold in a short distance to the later side (Figdf85). An example of this fault is
presented in southern Hutubi backthrust fault (Fegd+1, Figure 4-26N° 23. This
shows that the fault displacement is limited beeatiss constrained by continuous

sediments in lateral side.

Figure 4-35.Sketch diagram shows the lateral structural vadatiThis example can

be seen in the southern Hutubi (Figure 4-1, N° 23).

For the same reason, the lateral structural vanalong the northern front of
Tian Shan indicates that the northward thrustingentent in the frontal contact zone
should be limited (Figure 4-36). The boundary betvéhe mountain basement and
the basin sediments does not show a clear thritsadeften illustrated by a front of
maturated range-basin (e.g. Pyrenees, Barrier 20ffioz, 1992; Teixell, 1998;
Vergés, 1999). The fault contact in the front oftmtomes a fold extending laterally
or unconformity contact. This structural variatisaggests that the deformation and
the faulting are establishing and will be reinfafcdue to the future ongoing
deformation by India-Asia collision. However, thieostening could be absorbed by
fault-and-thrust belt in the foreland basin as wEHe next chapter will focus on the
basin structure by filed observation, seismic peofdrilled well and gravimetric
measurement, and then on the estimation of Cenalgfarmation in the northern
piedmont of Tian Shan.
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Figure 4-36. The structural geological map of the northern piedinof Tian Shan. The frontal structures of thrdetd, unconformity and

backthrust are marked by red, blue, violet and geanolored symbols, respectively
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Chapter 5

Regional geological sections along the north
piedmont of Tian Shan and guantification of
the Cenozoic deformation







Chapter 4 has presented the characteristics dilyhigariable structural styles of the
contacts between the range basement and Junggarcbasr along the northern Tian Shan,
indicating that the Cenozoic deformation is rativeiak in the contact zone in-between the
basement and the basin. Moreover, the thrust falgteloped in the piedmont turn rapidly
into kink folds, and then die out laterally. Howevemportant amounts of Cenozoic
deformation may have been absorbed by folds angttvelts in the Junggar foreland basin.
To quantify shortening and to understand how théordeation is distributed in the
fold-and-thrust belt in the basin, large-scale ggimlal sections have been constructed by
integrating field observations, gravity measurersgaiailable seismic profiles and drilled
wells. To illustrate the structure of the whole thern Tian Shan piedmont and show the
lateral distribution of deformation along the ran@mur sections have been chosen from east
to west in this study, i.e. Hutubi He, Qingshui Hegou He and Wusu section (Figure 5-1).

Iz
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Wusu  Kuitun
e s1

2 . Shawan , Manasi
S2

sS4

A Hutubi
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Figure 5-1.Location of the four sections chosen to illustriéite deformation in the northern
piedmont of Tian Shan. S1: Hutubi He section; Sihg&hui He section; S3: Jingou He

section; S4: Wusu section.

5.1 Approach of the construction of regional geolog ical

sections

The principal aim of this study is to estimate enozoic deformation in the northern
piedmont of Tian Shan. To realize it, the firstpsie to recognize geological structures and
then make geological sections from the front ofrdigge to the basin and from the surface to
the substratum of the basin. The following thremplementary methods have been applied

to the construction of geological sections.
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(1) Surface structural observations

The field observations can provide the importarforimation on tectonic structure,
stratigraphic geometry, kinematics of the defororatias well as key structural measurements
needed for a good reconstruction of the crosseaextiA good geological section may be
constructed where the geological outcrops areivelstcontinuous. However, it is not the
case for the northern piedmont of Tian Shan. Tlyb hate erosion produces thick Quaternary
deposits that cover the majority of the basin siafand prevent the continuous surface
observations (e.g. Figure 4-9). This is reason sgigmic profiles have been used to complete
the gaps. Moreover, the seismic profile may offerennformation on the structure variation
in the depth.

(2) Seismic profile

e  ———— _ HESER ¥ % @

o | quaternary
58 Xiyu Fm,
{=55 Conglomerates !
8 = Teniary i
=l B Trinssic ==
Cretacsous —
" 7 Upper and Migdie ¢ | Paleczoic basement
Jurassic
T Lower Jurassic || Thrust Faults

Figure 5-2. (a) Uninterpreted line drawing of the seismic pfalong the Jingou River
section presented with the structural data measwmedhe field. (b) Interpretation of the
seismic profile. The southern part of the proéiimains unclear. It is then noteworthy that
gravimetric data is the only way to propose rel@bllk geometry.

As the Junggar basin is a hydrocarbon-producingnpasimerous seismic profiles are
fortunately available in our study zone. Seismiflectors have been well identified,
presenting the main interfaces within the sedimantsallowing defining the structure of the

basin, even better with the surface structural ofag®ns (the right part of Figure 5-2);
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However, for different reasons, such as the defdrsteata making sightless of the seismic
method, or the economic reason, the seismic psofite sometimes absent, especially, in the
range-basin contact zone (Figure 5-2), that mal@sesdifficulties on the structural
interpretations of this zone and, consequentlyldemisunderstanding of the deformation
mechanism. To ensure the reality of the construgtamlogical sections, the gravity method

has been complementary applied as well in thisystud

(3) Gravity measurement
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Figure 5-3. An example to illustrate the importance of gravitgthod in the interpretation of
geological section. (a) 2D gravity model computétdrantegration of geological and seismic
data; (b) alternative model fitting to the gravapomalies.

Figures 5-2 and 5-3 present a good example foutiliey and efficiency of the gravity
method. The left part of Figure 5-2 shows a blimehez for both seismic method (inclined
and/or strongly deformation) and surface obsermati@uaternary cover), this blank space
may be structurally interpreted by two distinguisleatypes of contact between the range
basement and sedimentary cover: (1) thrusting efrémge basement on the weakly or no

deformed strata with a rather large faulting disptaent (Figure 5-3a); (2) thrusting of the
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range basement on the overturned strata with @matmall faulting displacement (Figure
5-3b). The interpretation of the gravity measuret®@arried out along this profile favorites
the second model with better fit between the gyasitomalies and modeling (Figure 5-3),
that presents also a good certainty to the corgiruof the geological section.

According to above experiences, gravity measuresnieave been systematically carried
out along all four sections. Moreover, field obsgions, seismic profiles and available drilled
wells have been integrated into the constructiotheil 2-D geological sections.

Time to depth conversion has been computed fomseigrofiles. Gravity measurements
have been carried out along these sections witG-& Qravimeter. These gravity data in each
station are treated as Bouguer anomaly and moaatedsM-SYS of Geosoft. For details of
the data processing on seismic reflections anditgrmeasurements, please see Appendixes 1

and 2, respectively.

5.2 Geological sections

Integrating all available field (structural and fggpcal) and subsurface (seismic, gravity
and drilled well) data, four 2-D geological secgdmave been constructed and presented in

following.
5.1.1 Jingou He Section

The Jingou He section is located to the west ofShawan city and along the Jingou He
(Figure 5-4). It crosses two anticlines in the hahd the contact zone in-between the Tian
Shan basement and basin in the south. The nortlestnamticline is named the Anjihai
anticline, which is characterized by gently dippsynmetric limbs (about 15°). It exposes
the coarse-grained Xiyu and Dushanzi formationgufé 5-4). The seismic profile running
along the anticlinal reveals a smooth, rather sytrimsubsurface structure favoring with
detachment-driven folding and the finite shortenmgl.55km (He et al., 2005; Daéron et al.,

2007). Moreover, faults lie in the depth and doattain to the surface or shallow subsurface.
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Figure 5-4. Geological map of the Jingou He and Qingshui Heaaravith locations of
seismic profiles and gravity stations.

The southern anticline concerns the Huoerguosclami (Figure 5-4, Figure 5-5), which
presents a clear asymmetric geometry with northwamkts. In the outcrop-scale, the core of
this anticline is well deformed (Figure 5-6). Twhrusts can be identified by field
observations and satellite image. The southern isndlustrated by the thrusting of the
greenish Anjihai formation on the redish Shawamfation (Figure 5-6). The upper unit of
the thrust, to the southern Anjihai formation, ssaavmonocline, while the northern Shawan
formation presents an asymmetric anticline. Thelsoa limb dips southwards with about 30
degrees, but the northern limb is vertical or ewserturned. In the northern limb, the
Shawan formation is on contact with the sub-vertcaenish Taixihe formation. To the west,
the motion along this thrust reduced rapidly, and kilometers further west of the river it
displays only the Shawan formation. Further noghput 50 m-thick Dushanzi formation
thrusts on Quaternary terraces by the northwardsthiault (Figure 5-6). It is difficult to
precisely estimate the net slips of these two $attowever, the compressive displacements
along these faults could be limited because obvalhg reasons. Firstly, these thrust faults are

quite superficial and only located in the Cenozmdes, the underlain Mesozoic strata are not
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thrust on the surface. Secondly, the faults aredhagisappeared from the surface eastwards
and westwards (Figure 5-5). For example, the Anjibanation, located and well developed
in the central part of the Huoerguosi anticlinepisched out to both west and east sides,
suggesting that the net slip of these fault deeeaapidly. Finally, but not the least, the
eastern and western ends of this anticline show gentle dips like the edge of a dome
(Figure 5-4; Figure 5-5), indicating a small amoohtdeformation here. Therefore, the net
fault slip in the central part of the anticline shbbe limited. Moreover, this fault does not
exceed 10 km laterally neither westwards nor easisva his characteristic of the Huoerguosi
anticline corresponds to the typical basin strielong the northern Tian Shan (Chapter 4).

Figure 5-5. (a) Landsat TM image and (b) geologic interpregatmap showing the
Huoerguosi anticline along the Jingou He. See Eigu4 for its location.
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Figure 5-6. (a) Interpreted section of the Huoerguosi anticlinem Figure 5-5 and (b) the
photo of its central part showing the anticline ¢gincomplicated by thrust faults.

As mentioned in Approach Section, because of tltespread Quaternary deposits, that
can sometimes been several hundred of meters thitke northern piedmont, the deep
structure cannot be continuously observed on thiaai from the front of Tian Shan to the
basin (Figure 5-4). Gravity measurements have besefore carried out and existed seismic
profiles have been interpreted along this sectioguie 5-4).

Time to depth conversion of the seismic profiles baen computed along this section
using velocities estimated from corresponding lilgacal facies. The geological map and
observed stratigraphic geometry are integrated timointerpretation of this profile (Figure
5-7). Gravity measurements were carried out altwegseismic profile and prolonged further

south into the range (Figure 5-8).
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The Anjihai anticline presents as a detachment faudeismic reflection profile. Gravity
profile does not show obvious anomaly here, becadisthe weak deformation and weak
contrast in density within the whole Cenozoic seridevertheless, the Huoerguosi anticline
position shows positive anomaly along the graviioeprofile, indicating an upward
movement of deeper and denser rocks by foldingoarfddllting. In seismic profiles, Tertiary
strata are well deformed with two northward thrusthich are also visible on the surface
(Figure 5-6). Under these two thrusts, a fault-pggtion fold is developed in the lower
Mesozoic series (Figure 5-7b). A thrust fault dimes northern limb and probably connects the
Anjihai anticline by underlain the detachment falidigure 5-7). Two thrusting faults visible
on the surface could be prolonged untile to theetmest (Figure 5-7). However, the net slip
should be limited, because this fault cannot beetesl in another parallel seismic profile
located 5 km to east (Li et al., 2010b). In thetBern part of the seismic profile, reflectors are
not clear for unknown reasons (Figure 5-7a). Thectiral section is only constrained by
surface observations and the gravity data. Fivenkdters west to the section, Jurassic layers
show an overturned structure close to the mourbasement (Figure 4-10). Gravimetric
profile shows higher positive anomaly values onttirest with respect to that of the normal
stratigraphic contact (Figure 5-8). Moreover, tlosipve anomaly here is less bounced than
the model with basement in the footwall in the 2ibnfard model (Figure 5-8). It suggests
that less dense Mesozoic sediments underlay thactoend show an overturned synform in
the front of the thrust.

The restored cross-section has been constructéatdgyrating data from the geological
profile (Figure 5-7c). As discussed above, the t8mang in the Cenozoic series is limited as
shown by the rapid decrease of lateral deformatiotihe Huoerguosi anticline, though It is
difficult to precisely estimate the shortening. @moore, the Jurassic strata can be used as a
mark layer of deformation. The main deformed pdrthis section is concentrated on the
second fold-and-fault belt and the thrust contattivieen the mountain and the basin (Figure
5-7b). All the layers are restored to their initterizontal geometry, and the thickness and
lengths are reserved (Figure 5-7c). The bottomhefdroded Mesozoic level was assumed
about 3000m on the mountain basement. This assoimigtbased on field observations in the
southern Manasi area, where the Jurassic sedintemisontally deposed about 2500 to
3000m over on the mountain basement. The Jurassiessthat could extend 40 km
westwards to the Jingou He at the approximatelyesaititude was eroded at the actual
section. The comparison between the geologicaiseend the restored one indicates an

about 12 km of shortening on this 72.4 km-long ieoftaking the Jurassic layers as the
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marker. Therefore, the shortening rate on this@edcs about 16.5%.
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Figure 5-8.Bouguer anomalies modeling along the Jingou Hei@ecin the upper panel, the
natural gravity data has been fitted to Bouguer rmiaty data using densities indicated in the
figure legends to construct the structural section.

5.2.2 Qingshui He section

The Qingshui He section is located about 25km & e&the Jingouhe section (Figure
5-4). This section crosses the contact betweemdsement and the Junggar basin sediments
in the south and two anticlines in the north (Fegbi¥4). The northern one, namely the Manasi
anticline, is similar with the Huoerguosi anticliime structure. Its southern limb dips about
45° southwards, while the northern limb dips stedpl the north or even overturned. A
south-dipping thrust cuts the northern limb of thigicline. To south of the Manasi anticline,
this section passes beside the eastern end of gloergliosi anticline. Farther south, the
Cenozoic to Mesozoic series compose a monoclingirdipabout 60° northwards. It passes
beside the western end of an anticline in Jurassies. The Jurassic and Triassic sediments
deposed on Paleozoic basement by stratigraphicamipping 60 to 70° north (Figure 5-4).

Gravity measurements have been carried out alasgitler, where, moreover, a seismic
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profile is available. The seismic profile of Figuse9 shows the Manasi anticline with faults
and the Tertiary series in the core. Below thetfaMesozoic series forms a very gentle and
asymmetric anticline. The northern limb is sub-bontal and the southern limb dips 15°
southwards, probably indicating a north-dippingigttoward to south (Figure 5-9). However,
this fault stops in the basement and doesn’t attathe basin sediments, which show a gentle
anticline instead. To south of the Manasi anticlire pair of small wavelength
syncline-anticline is presented, extending untiinahe eastern end of Huerguosi anticline
where the deformation is weak with respect to @st@al part (Figure 5-4). The southern
part of this section is characterized by a gentiéchne in Jurassic sediments (Figure 5-4).
The contact is characterized by a fold of the Megphasement without visible thrust fault in
the field. Figure 5-10 presents the gravity measergs corresponding the seismic profile
shows consistent geological interpretations.

A restored cross-section has been constructed tegrating data from the geological
profile. The space-continuous Jurassic strata eaaldp used as a mark of deformation. The
main deformed part of this section concentrateg@nmtle folds in the northern part and the
fold contact between the mountain and the basihtlh® layers are restored to their initial
horizontal geometry, and the thickness and lengtesreserved (Figure 5-9). The bottom of
the eroded Mesozoic level was also assumed 300@mtbe mountain basement. The same
argument has be used to this assumption, the dussestiments horizontally deposed about
2500 to 3000m over the mountain basement accorthnthe field observations in the
southern Manasi area. The Jurassic could exteridril#estwards to the Manasi He section
with the approximately same altitude. The resuitsasa shortening of ~6 km along this 63.1
km-long profile,taking the Jurassic layers as ttekar. Therefore, the shorting rate is about

9.5% on this section.
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Figure 5-10 Modeling of Bouguer anomalies along the Qingshuiddetion. In the upper
panel, natural gravity data has been fitted to Beerganomaly data using densities indicated

in the figure legend to construct structural sewtio

5.2.3 Hutubi He section

Hutubi He flows northeastwards to the Junggar basisub-perpendicularly cuts the
structures of the fold-and-thrust belt in the nerth piedmont of Tian Shan. Structural
observations have been carried out in the soutparnof this section. A seismic reflection
profile is available for its northern part whileagrity measurements have been carried out to
complement the profile at the vicinity of the basstnalong the river (Figure 5-11).

To the north of the Hutubi He area, an anticlinemely the Tugulu anticline, can be
observed to the west of the river (Figure 5-1X¥) shuthern flank dips ~35 to 50° southwards,
and the northern flank shows 45 to 60° northwappitig. The dip angle increases near the
core and is even overturned due to the motion av8rdipping thrust (Figure 5-11). While
this anticline not extend eastward on map viewdlmvered by recent deposits, the seismic
profile along the river shows similar structuresdapth highlighting its lateral equivalent
(Figure 5-12). The net slip of the thrust appeansilker than the outcropping west Tugulu
anticline, evidenced by the lack of steep or ovedd layers. The gravimetric profile also

presented negative anomaly, indicating the fault e anticline (Figure 5-13). The core of
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the anticline is composed of the Cenozoic Dushémmation along the river, while older

Anjihai formation presents in the central of Tugabhticline.
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To the southern part of this section, Cenozoic tsbdkoic rocks uniformly dip to the
north with an intermediate dip (~ 40 to 60°; Fig&rédl). It composes the northern flank of a
second anticline farther south (Figure 5-12). Tdn$icline is a gentle upright fold associated
with a syncline in the south with only very limitdatust development. Further south, entering
within the inner parts of the range (basement);lsuizontal Lower Jurassic strata directly lie
on the top of the Carboniferous units (Figure 4-16)addition, a southward backthrust of
basement rocks above Jurassic sediments can bev@dbse the south of the section, but the
net slip must be limited as it rapidly dies out dhe fault laterally transforms westwards to a
kink fold (Figure 5-11 and Figure 5-12). The grgvirofile along the southern part of the
section shows positive anomalies in the anticlinsipn (Figure 5-13). Bouguer anomaly
modeling stops while entering the basement areausecof the major influence of the steep
topography in both sides of the valley.

Restored cross-sections has been constructed éyrating data from both geophysical
and field data. The Jurassic strata can be conisiydollowed from the basin to the top of
the basement. Therefore, they can be used as @awoms marker of deformation. A
calculation for the initial length of the sectioashbeen made from the northernmost part of
the section to the first outcrops of the Paleobaisement (Figure 5-12). The main deformed
part of this section concentrates on the two mald-&nd-fault structures. All the layers are
restored to their initial horizontal geometry armdckness and lengths are reserved (Figure
5-12). The comparison of two sections shows a shorg of about 5 km along this 83.2

km-long profile, taking the Jurassic layers as rearkdicating a shortening rate is about 6 %.
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Figure 5-13 Modeling of Bouguer anomalies along the Qingshuiddetion. In the upper
panel, natural gravity data has been fitted to Beeilganomaly data using densities indicated
in the figure legend to construct structural sewtio
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5.2.4 Wusu section

The Wusu section is located southeast to the Witgutice westmost of the study area
(Figure 5-14). In the field, the northern part betsection is characterized by monoclinal
layers, composed of Cenozoic sediments dippingtad@unorthwards (Figure 5-14). Further
south, a large wavelength syncline is present inmgl some faults and small-scaled folds
(Figure 5-14). A geological section has been hultintegrating field surface observations,

seismic profile and drilled wells (Figure 5-14).i3Isection has been strengthened by gravity
measurements and 2D forward modeling realized aloegnain road.
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Figure 5-14.Geological map of the Wusu area. Shown are thetimes of the seismic profile
and the gravimetric stations.
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In the Wusu area, the total thickness of the pweskdurassic strata is reduced to about

1km according to drilled wells. Both seismic prefiind gravimetric measurements show a
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horizontal stratigraphic geometry for the northeosmpart of this section without obvious
deformation (Figure 5-14, Figure 5-16 and Figur&6y- Moving southwardly, conformingly
with the Hutubi He and other sections, the firstesrstructure of the Mesozoic-Cenozoic
series displays a 40-60° northward dipping monecl{frigure 5-16 and Figure 5-15).
Continuously to the south, the stratification beesnsub-horizontal and the structure of the
sedimentary series displays as a large hinge fasddrawn on the geological map, thrust
faults are visible in the field in this segment.wé&wver, seismic data do not show any extend
of the faults to depth into the Mesozoic seriedjaating a limited thrust displacement along
the faults. In the southernmost part of the Wusttice, sediments are directly covering
basement units with a 20 to 40° diping northwasis.a whole, the structure of this section
show a trishear fault-propagation fold, which irades a thrust fault northwards in the deep
basement (Figure 5-16 and Figure 5-16).

Taking the lower Jurassic as marker, the similésutation on the balanced cross-section
shows that the shortening is about 2.0 km on thé& R®-long profile (Figure 6-16b). Minor
deformation recognized in the field is neglectagihsas the two south dipping reverse faults
that do not extend to depth on the seismic rethecfirofile. The shortening rate calculated

along this section is then of the order of 9.8%.
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5.3 Discussion

5.3.1 Mechanism of deformation in the northern piechont of

Tiansahn

(a) Is the northern Tian Shan characterized by a st  ructural

front?

The structure of the northern Tian Shan range leas lwarefully observed in the field.
These observations together with structural measemés have been complemented with an
important set of drilling well and geophysical dateluding seismic profiles and gravity
measurements. Intracontinental orogens, such agh#hePyrenean mountain ranges and
Canadian Rocky mountain, are often characterizeohdy frontal structures that concentrate
most of the strain and most account for the ovetadirtening. Unlike this traditional view of
a mature range front, the northern front of TiaarSts characterized by a variety of structures
within the contact with the Junggar basin, inclgdihrust fault contact, kink fold contact and
even still preserved unconformity, sedimentary aont

First, thrust fault type contact between the basgraed the Junggar basin sediments can
be observed in several places, such as Taixi HgpdiHe and Kuitun He sections. Second,
kink fold type contact with normal steep dip angiesediments are located in Qingshui He
and Manasi He sections. Last, sedimentary typeacbrwith sub-horizontal unconformity
between strongly deformed basement and overlyidgremts without obvious deformation
are widespread over the study area and mainly vbddo the south of Hutubi He and Wusu
sections. These three types of contracts betweenTidn Shan basement and the Junggar
basin sediments are displayed laterally along tivéharn front of the mountain belt (Figure
5-17). These types mostly depend on the local dedtion intensity (local shortening) which
fastly evolve laterally. Such local variations bbstening gives rise to the different structural
geometry along the front of the northern Tian Sharch as thrust to sedimentary contact
from strong to weak deformation intensity.

These rather rapid lateral variations are alsmgtsosuggested by Bouguer anomaly map
in the northern piedmont of Tian Shan highlightstgpbng unexpected lateral gradient (Figure
5-18). Along a single structure, at this local scal clear range front can not be pointed out as

deformation is distributed over a rather large eregarallel stripe where overall shortening
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may reasonably been the same. The northern Tian, Siale characterized by a spectacular
orogenic front corresponding more or less to bounth@tween the basement rocks and the
Junggar sediments is, to date, devoid of a cleactsiral front. The most probable reason may
be due to the immaturity of the belt, tectonicalyersed during the Neogene and as seen in

the previous chapter from an existing relief.
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Figure 5-17. Conceptual structural sketch showing how, on a eatlocal scale (100km
along the range), the structure may principally wé&om a thrust to a unconformity through a
fold observed at Jingou He, Qingshui He and Hutdei between the basement and the

Junggar sediments, respectively.
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Figure 5-18.Bouguer anomaly map in the northern piedmond aof Baan with locations of gravity stations (red jlotéajor geological limits
are drawn. See Figure 4-1 for details of geolodicaindaries.
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(b) The structure of the fold-and-thrust belt in th e basin

Since the Junggar region has been widely investigfdr oil and gas resources,
seismic profiles and drilled wells are particulaglyundant. These data together with
field observations, structural studies permittecséttle the overall geometry of the
fold-and-thrust belt developed along the Tian Staange into the front zone (Avouac
et al., 1993; Fu et al., 2003; Deng et al., 1996 cBfiel et al., 1999; Molnar, 2004,
He et al., 2005; Li et al., 2010b; Lu et al., 20IMe southernmost fold belt is located
in the north of the basement-basin contact, sucthea<Qigu and the Qingshui He
anticlines. Theses folds are basement-involved wihtle asymmetric anticlines.
This belt is not well developed along the Jingouardd Kuitun He sections, where the
contract is characterized by large-displacementisthfault. In contrast, this first
southern fold belt is well displayed along Manasi, Hutubi He and Changji He in
the east part of the study area where the soutbemtacts are less deformed.
Therefore, this first southern fold belt is prohablell deformed when the contact is
less shortened, while it is weak deformed whencthrgact area absorbed the mainly
shortening.

The second fold belt is mainly a fault-bend foldt.b&he mechanisms to produce
this fold require a décollement zone in Jurassyerns, such as coal layer or marls,
with emerging ramps often observed in the field aashin-skin deformation or
deduced from the seismic profiles (Burchfiel et 4899; He et al., 2005). However,
this fault-bend fold is accompanied and visibly twolled by basement fault at depth,
such as the Huoerguosi anticline along Jingou Hhés Tault of rather high angle in
basement reaches a flat décollement zone in theoMés series and propagates
northwards.

The third fold belt is composed, for example, bg thushanzi and the Anjihai
anticlines along the Kuitun He and Jingou He, respely. The Dushanzi anticline is
a fault-bend fold and the Anjihai anticline is a@atdment fold. The basement is not

involved in the deformation here (Daéron et alQ20
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Fault-propagation fold accounts for most of thershong in the first fold belt,
while these faults are located in the Paleozoieta&st. For the two fold belts in the
north, the critical mechanism problem is where fdwglts come from. One model
concerns the detachment in the basal Jurassicraitips located in the second and
third fold belts (Deng et al., 2000; Figure 5-198ased on our geological sections, an
alternative deformation and propagation model isppsed (Figure 5-19b). It is
characterized by: 1) the basement is deformedgas blocks; 2) no large-movement

décollement in the basin; 3) the shortening istiohin the northern “front” and in the

foreland basin as well.

I s D DS (b)

Third belt

e First belt Second belt

e

| Paleozoic Mesozoic and Cenozoic o .
| basement sediments _{/ Main fault ’/ Minor fault

Figure 5-19 (a) Sketch diagram proposed prior to this studytf@ northern of Tian
Shan. A main décollement zone at the base of Jarksgrs accounts for a rather
large shortening involving a main intrabasemenndlfault (after Deng et al., 1999).
(b) Model proposed in this study where deformatistil| gentle is localized over
pre-existing basement structures whose reactivatieiorms the sedimentary cover.

Deformation and slip over these faults may be aapitby decollement zones.

5.3.2 The shortening in the foreland thrust-and-fal belt

Shortening estimates have been previously calaifatemost of the anticlines in
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the northern Tian Shan foreland from seismic dBten@ et al., 1991; Molnar et al.,
1994; Deng et al., 1996; Burchfiel et al., 1999nBet al., 2000; Wang et al., 2004;
Daéron et al., 2007; Charreau et al., 2008). Howdhese local shortening values,
rather high for individual structures in these éifeld belts, could not be simply
summed up to reach the total account of shortefunthe whole fold-and-thrust belt
(Table 5-1), because of not only the laterally a@on of the structures (Burchfiel et
al., 1999), but also the different deformation elaéeristics in depth. For example, the
shortenings in the northernmost (third) and sectimdst belts, which is mostly
calculated with Cenozoic layers, could not summeadvith that in the southernmost
(first) thrust belt, which is calculated with Mesiz layers. Moreover, theses studies
are most concept model-driven rather than data hkdrdeen (Avouac et al., 1993;
Burchfiel et al., 1999). Therefore, in this stutbyver Jurassic strata as a marker are

restored and are used to calculate the regionaieshing.

South belt Middle belt North belt

Qigu . ~6.2km B |Huoerguosi  _ Dushanzi 2.12-2.35 B

anticline ~5.5km DI anticlirgle 10km C anL%iScleilrrllg1 M

Nan’anjihai >4.2 km D1 Manasi ~6.5 km DI ~2.9 DI

anticline ~5 km L |anticline ) s {3

Tuostain ~ 4.6-5km B Tuguluanticline~6.0km Y | anficline =~ D2

anticline ~55km B L
M D3

B: Burchfiel et al., 1999; D1: Deng et al., 2000; L: Li et al., 2010; C: Charreau et al., 2008
Y: Yang et al., 1996; M: Molnar et al., 1994; D2: Daéron et al., 2007; D3: Deng et al., 1991

Table 5-1.Shortening estimates of anticlines in the northgiedmont of Tian Shan
(Lu et al., 2010).

Besides the deformation of the three successivkelts in the foreland basin,
the shortening is also located in the intramounita@sin areas as presented in Chapter
4. However, this fault varies to an unconformityntaxt along strike suggesting a
various and limited displacement. In fact, along tiorthern piedmont of Tian Shan,
relatively important shortenings in the contactedmetween the range and the basin
can be only observed in the Junggar southern thgutults of the Kuitun He and
Jingou He sections. Other sections did not showooisvfault in the contact zones,

and Jurassic sediments can be continuously folldweed the basin to the inner parts
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of Tian Shan.

In summary, the comparison of geological sectionth wheir corresponding
restored ones shows shortenings of 12 km (16.5%) @.5%), 5 km (6%) and 2 km
(9.8%) for the Jingou He, Qingshui He, Hutubi Hed awusu He sections,
respectively. This data are fairly weak with regpecthe well developed foreland
basin. However, though these estimates, derivingm frmultidisciplinary yet
consistent studies, are rather accurate for tredefod basin, the total shortening in the
front zone or event the whole intercontinental eantay be highly underestimated as
the main intrabasement thrust and, more genethkydeformation in the basement

remain unexplored.
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Chapter 6

General discussions, conclusions and
perspectives







The current high relief of the Tian Shan rangeraglitionally considered as a
far-field consequence of India-Asia collision (eTapponnier and Molnar, 1977;
Avouac et al., 1993) which is responsible for thetdnic reactivation of the Paleozoic
range (Avouac et al., 1993; Hendrix et al., 19%*ppagation of the deformation to
the north and inception of the reactivation throughthe Tian Shan area is still a
matter of debate. Based on numerous and multidilsaiy observations, the effective
onset of deformation seems, in any case, younger2b Ma, leading some authors to
suggest high rates of deformation (Avouac et @931 Molnar and Ghose, 2000;
Charreau et al., 2008; Lu et al., 2010). Field wazkrried out during the last 3 years
in this PhD thesis all along the northern piedmohffian Shan show rather weak
deformation in the piedmont and conversely poirtt the existence of a significant
Mesozoic paleo-relief. To better understand thdwam of the northern piedmont of
the Tian Shan, a brief review of new data acquimetthis study will firstly be exposed
in this chapter. Then, a synthetic analysis is nmad#iscuss the main results. Finally,
general conclusions on this work will be exposedvalt as some ideas on the future

research needed on this topic.

6.1 Persistence and contribution of a Mesozoic
paleo-relief

Basement rocks encountered in the Tian Shan raargg eunambiguous traces for
a long-lived subduction, accretion and collisiostbry during Paleozoic times and
several sutures have been described as well as stggar zones of various geometry
and kinematics (Windley et al., 1990; Gao et @98, Xiao et al., 2004; Charvet et
al.,, 2007; Wang et al.,, 2007). The present-day doggmhy of the Tian Shan is
traditionally related to the Neogene intracontiaénteactivation of such main
inherited structures within the Tian Shan rangepftanier and Molnar, 1977;
Avouac et al., 1993). Mesozoic history of the nerthTian Shan is characterized by
thick continental sediments deposits. Despite pleisod remains widely unexplored,

it appears devoid of any major deformational ev@ihis study along the northern
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piedmont of Tian Shan, however, unambiguously destnates new and clear field
evidences for the existence of a significant Megozelief before the Neogene
uplifting. The Jurassic series are mostly charamdr by thick coarse-grained
continental deposits. Within intramountain basissgdimentary breccias carrying a
significant contribution of Carboniferous basemelasts characterise the base of the
series, arguing for the presence of a rather pralikpaleo-relief of basement rocks
along the range front and the occurrence of prokimteamountain basins. In parallel,
while a major thrust system is traditionally evokegtween Junggar basin deposits
and the basement units, some of the studied secsioow unconformable deposit of
Triassic to Jurassic sediments overlying deformaskement rocks with a continuous
extend of sedimentary series from basin to therémme. Some of sections clearly
show “onlap” type deposits of Jurassic clastic wexlits on top of the Paleozoic
basement that was thus significantly sloping dowrhie north at that time. These
results are strengthened by the attitude of théogesal outlines of lower Mesozoic
series that clearly display regional onlaps at rmegde. A major paleo-relief along the
northern Tian Shan is thus progressively sealethguat least, a part of Mesozoic
times, and particularly during Triassic and Lowearassic times (Figure 3-8a).

At the outcrop scale, the “onlap” architecture @dgdocal drastic paleo-elevation
difference of at least of 100-150m for some hectensehorizontal distance (see
example in the Hutubi He area). At a larger scalekm), the thickness difference of
Jurassic sediments reaches around 1300 m betweesutbropping series along the
Tian Shan and drill well data basinward (Figure B+&hapter 3). In addition, while
the entire Mesozoic sedimentary sequence is pregavithin the basin, from Triassic
to Cretaceous, Triassic to Middle Jurassic stregarassing within most interior parts
of the range. No major internal deformation is obsd within the sedimentary series
and layers of Mesozoic sediments remain almostllphia the northern Tian Shan
piedmont. These latter features argue for the excst of a relatively high relief
during Early Jurassic time and its progressivdlingj, or covering during Mesozoic

times (See chapter 3 for detail arguments). Thisgealevation difference of 1300m
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indicates a minimum for the relative altitude ofetAian Shan early Mesozoic
paleo-relief.

This major result from this thesis work is in agrnemt with published indirect
studies that emphasized a probable Mesozoic relfted within the present day
basement range. Firstly, Mesozoic paleocurrent catdrs highlight northward
sediments transport along the southern Junggan llasiks and southward transport
along the north Tarim basin area (Hendrix et &92 Li et al., 2004). Secondly, due
to the agglomeration of “terranes” from differemtigmn during Paleozoic times, the
basement of Tian Shan is made of several contrédigtetbgies (Windly et al., 1990;
Gao et al., 1998; Wang et al., 2007). Clastics, iarghrticular sandstone deposits can
thus be tied to specific source terranes withinTiaa Shan basement complex. The
mineralogical composition of sandstone layersfigidint in the southern Junggar and
north Tarim basins, indicating that a Mesozoic Ti@han mountain was most
probably separating the two basins (Hendrix et 2000). Thirdly, the apatite
fission-track cooling ages reported by recent ssidiuggest the unroofing of Tian
Shan during Mesozoic (Dumitru et al., 2001; Gualet 2007; Zhang et al., 2007,
Wang et al.,, 2009; Jolivet et al., in press). Adtlasopach maps show that the
Mesozoic series in the southern Junggar and norffemim basins are thicker on both
sides of the Tian Shan range (Gu, 1994), indicdtivag an ancestral Mesozoic Tian
Shan would be present and i) was the source ofmseds, ii) controlled the
sedimentation location in the adjacent basins @anthe range was roughly striking
parallel to the current one.

Thus, field observations and large-scale map aesalgisne in this study argue for
i) the persistence of a paleo-relief from early blasic times and during Triassic and
Jurassic times and ii) relief “infilling” by a cantious clastic sedimentation, with no
deformation and/or vertical movement associateth,vdtrring that period. From this
and from available sedimentological data, the foifgy scenario may be proposed for
the Mesozoic relief evolution along the northeredmont of Tian Shan. During

Middle Jurassic times, clastic sediments conformalelposited on top of the Lower
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Jurassic strata within the basin, while they pregineely deposited onlap of the

Paleozoic basement toward the mountain interioguife 3-8a). Middle Jurassic

deposits extend to a larger area with respectad.tlwer Jurassic and the paleo-relief
latitudinal extension was certainly less importdoting Middle Jurassic than that
during Triassic/Early Jurassic (Figure 3-8b). Dgrithe latest Jurassic to Early
Cretaceous, conglomerates and breccias depositedrenMiddle Jurassic sediments
with a weak angular discordance. These conglongei@te geographically confined

along the front of Tian Shan and this particulamfation becomes laterally finer,

toward the basin. This behaves as very thick alufans deposited downwards from
a major relief rising in the south, as the onegenily deposited along the modern
Tian Shan range, with limited northward transpdrteximents (Figure 3-8c).

This study brings the first and numerous field-lblasebservations that
unambiguously demonstrate the persistence of armpajeo-relief during Mesozoic
times that is currently passively integrated ifte imodern Tian Shan. As shown here,
the altitude difference for this Mesozoic paleaaktan be computed to a minimum
of 1300 m for a horizontal distance of 50 km aldimg northern Tian Shan piedmont.
Consequently, a preexisting relief must be consudierhen studying either tectonic or
geomorphological Cenozoic evolution of the Tian iShHadeed, both the shortening
amount over the main structures of the front and-&md-thrust belt and the bulk Tian
Shan modern topography are traditionally assigiedst Cenozoic reactivation but

results from this study show that these must baaed.

6.2 The immature fold-and-thrust belt of the northe rn
front of Tian Shan

6.2.1 Analysis of the range-basin contacts

As shown before field analysis shows that remnahtsnconformable Mesozoic
deposits over the Paleozoic basement, rather Imigthe range, are still preserved

along the northern Tian Shan (Figure 6-1).
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Figure 6-1 The geological map of the northern piedmont of Tsyan with Satellite
image. G1-G3 indicat the locations of magnetostyraphy studies of growth strata
(Charreatu et al., 2005; 2008; Lu et al., 2010) &&d indicat the manetostratigraphy
study of Xiyu formation (Charrea et al., 2007).

Structural analysis held in this thesis has alewgn particularly instructive for
analyzing the contact between the Tian Shan badesmdrthe Junggar basin. In brief,
three types of contact can be recognized amongsdiveral studied sections and
outcrops and the two corresponding end-memberdeatefined as i) unambiguous
northward thrust faulting of the Paleozoic basemiils on the sedimentary series of
the Junggar basin and, conversely, ii) pure uncamfg contact of the clastic
sediments above the basement and structural congnextension of the layers from
basin toward the range uplands. Such continuousorioanity basal contact
in-between the mountain basement and the basimseats argues for no significant
deformation along those corresponding segmentfiefrange front (Figure 4-35 in
Chapter 4, Figure 5-17 in chapter 5). Between W@ ¢énd-members, intermediate

case of front deformation results in fold developmehese folds display as large

147



scale chevron type folds which geometry itself geel from gentle upright fold to
strongly asymmetric kink fold and ultimately to dist fault (Figure 6-1 and Figure
4-1 in Chapter 4). Moreover, the different types aointacts show rapid lateral
variations along strike (e.g. Figure 4-35 in Chapt® Consequently, shortening
accumulated over front thrust faults must be wesakh&se faults rapidly turn into
folds, along the strike, within about 10 km distarfEigure 4-35 in Chapter 4). In the
northern Tian Shan, the outcropping basement rgeksrally display steep to vertical
fabrics and appear as more mechanically competémtr@spect to Junggar sediments;
they are faulted and comprise a significant amodipgints (Figure 4-33 in Chapter 4).
This kind of deformation is well illustrated in thigshear fault propagation folding
(Figure 1-8 in Chapter 1). These observed structdnaracteristics of a giving
structure that presents rapid lateral evolutioruarfpr an overall weak deformation,
during Cenozoic, along the northern front of th@ga and suggests a relative
immaturity of the orogenic fold-and-thrust belt.

Such character is a first order difference fromeotimtracontinental mountain
ranges, such as French Pyrenees piedmont. Thes ilaitacontinental collision range
has been extensively studied and the deformatitterpaobserved at surface can be
quite well linked with the deep crustal-scale stnoe which has been imaged through
geophysical investigations (Roure et al., 1989xdliet al., 1998). In the Pyrenees
(Figure 1-3a), the range basement is separated th@mAquitaine basin by the
northward North Pyrenean thrust (Sibuet et al., 4200The basement thrusts
northwards and the Aquitaine sediments are deepied) under the thrusting fault
(Figure 1-3b), as illustrated by the correspond@PORS deep seismic profile (Roure
et al., 1989; Figure 6-2a). This structure suggdisés the northern piedmont of
Pyrenees is characterized by i) a large amount hafrtening, ii) strain and
displacement very localized at crustal-scale, cotrang on few main structures
along the front range and iii) a cylindrical chdaexof the deformation pattern in the
piedmont with main structures extending on sevienas of kilometers along the range

front. As such, the structure of the northern piedtrof Tian Shan presents a different
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nature with respect to the Pyrenean front (c.furFedL-3b, Figure 6-2a and b).

North pyrenean North pyrenean Aquitaine Basin
n Fault Frontal thrust (@)
e
-0
km
European continental crust
-20
0 20km
Basement Basin sediments Faults
S -40
\T‘ianshan Southern Firstbelt ~ Section belt Third belt
R \Jﬁu\r/]ggar fault Junggar basin (b)
0

~20km ~20km ~20km

20

Basement Basin sediments \ Faults

Figure 6-2. (a) Crust scale geological section interpreted frtm ECORS seismic
profile in the northern piedmont of Pyrenees (Reoetral., 1989; Sibuet et al., 2004).
(b) Interpreted section of the northern piedmonflan Shan; finite deformation is
rather weak and the structural front of the rangmuld not strictly be defined and
localized in that case. As discussed in the teahversely with the case of the
Pyrenees, the deformation is not (yet) localizeshgla major crust scale structure
but would better be distributed over several basema/erse faults.

In Tian Shan, the Jurassic sediments can be cantstyifollowed, from the basin

to the interior of Tian Shan, along several sedi@ng. the Hutubi section in Figure
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5-12; Figure 6-2b). The deep structure of the resrtilian Shan does not present any
northward thrusting fault crossing over the crigim Moho to the surface, as the
northern Pyrenean front does. Instead, the streiadfirthe middle and lower crust
show sub-horizontal attitude in the northern piedtvad Tian Shan (Zhao et al., 2003).
This feature can also be shown on deep seismidgwafrossing the northern Tian
Shan fold-and-thrust belt (Lu et al., 2000; Xu let 2002; Zhao et al., 2003; Wang et
al., 2004).

6.2.2 Deformation pattern within the fold-and-thrust belt

Integrating data from field observations, gravitgaaurements, seismic profiles
and drilled wells several “regional scale” sectidra/e been built crossing over the
northern front and piedmont of the Tian Shan, wittie foreland basin of the range.
The Mesozoic-Cenozoic series, with low mechanicahpgetence, overlie on the
basement and certain parts of the series can logetos®nstrain the deformation as a
mark layer along the studied cross sections. Thoees of fold-an-thrust belts are
recognized in the southern of Junggar forelandnbagth strikes roughly parallel to
the Tian Shan mountain range (Figure 6-1; Figurg) &and showing different
structural styles.

The first southern belt is well developed and erplas the east of the study area,
such as along the Hutubi He and Chanji He vallelgere a rather large anticline is
mapped (Figure 6-1). The structure of this belt In@sn proposed to develop above a
major thrust fault which is limited to depth a®itly involves the basement and does
not cut through the sedimentary cover (Deng etl8B6; Burchfiel et al., 1999; Deng
et al.,, 2000; Lu et al., 2007). However, such foklt structure does not extend
westwardly: instead, in the Jingou He area, fotaimse, the sedimentary series
displays a single north gently dipping monoclinewimg that the above mentioned
basement thrust must die out laterally, along stakthe range front. This feature is
compatible with field observations made along ttentf zone of the northern Tian
Shan, which highlight quick lateral transitions déformation pattern. Besides,
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shortening of the foreland fold-and-thrust beltprg) the Jingou He section, is
accommodated by another northward reverse faulttwtieveloped further south of
the monocline (Figure 6-1; Figure 4-1). This lattarust fault could hardly be
considered as the prolongation of the blind thasstdescribed above as it does not
extend in the same prolongation and, in turn, sodhterally dies out eastwardly
(Figure 6-1; Figure 4-1).

The second and middle belt, displays as a serigamailel and inline anticlines
developed in the Mesozoic to Cenozoic series ofbtmen: the Huoerguosi anticline
along the Jingou He, the Manasi anticline along Menasi He and the Tugulu
anticline along the Taixi He (Figure 6-1; Figurel}}- These anticlines are often
interpreted as fault-bend fold (Deng et al., 200Barreau et al., 2008)

At surface, the third and northernmost belt is Igomposed of two inline
anticlines striking ~east-west. The Anjihai antieli displays as a typical right
detachment fold with gentle dipping angle (~ 30f)the south and north limbs
(Figure 5-4; Figure 6-1). Similarly, ~30 km to thest, the Dushanzi anticline shows
gentle dip-angle in the southern limb but a revéasét cut across the northern limb
of the fold in that case.

At the first order, the whole of the Cenozoic faldd-thrust belt, displays only
limited shortening, structures marking strong defation, such as recumbent fold,
overlapping nappes, duplex or thick overturnedreedtary series, have never been
observed along the northern Tian Shan. They haxstaicly not yet been developed
within the basin cover, at that stage of the Ceimodeformation history. The total
shortening calculated from the four studied redistale cross sections reach a
maximum of ~12km in the study area of northern Tman, for ~70 km long

sections.
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Figure 6-3. (a) Contour map of the Cenozoic sedimentary thiskne the northern
piedmont of Tian Shan and with the locations ofr feactions. (b) Diagram of

shortening amount and rate for four studied sedialong the northern piedmont of

Tian Shan.

Structural analysis highlights clear uncylindrigaattern of the deformation
within the fold-and-thrust belt. Indeed, along lstriof the structures — i.e. east to
east-southeast striking — the three fold belts gresa series of repeated structural
culminations, where local shortening is locallyr@ximum, flanked by less shortened
areas that, finally, vanish to the lateral endshwit~ 15-20 km (Figure 5-19 in
Chapter 5; Figure 6-1). Moreover, the total shartgramount presents high lateral
variations. From west to east, the geological eastdisplay shortening amounts of: 2,
12, 6 and 5 km for the Wusu section, the Jingowsétdion, the Qingshui He section
and the Hutubi He section, respectively (Figure) .@f3he total length of each section
is measured from the front of mountains to the ehtbpographic slope (i.e. to the
zero topographic gradient), the corresponding defdion amount has been

calculated for each section varying from a minimoh®% to a maximum of 16.5%
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(Figure 6-3). A similar study has been carried antl consistent results have been
obtained for the Jingou He, i.e. ~15 km of shorigrand 22% of shortening amount
(Li et al., 2010b). Figure 6-3 presents these sinamy rates obtained from the four
sections compared with the contour map of the Cainaedimentary thickness in the
study area. The variation of the shortening raoiselated with the lateral thickness
variation of Cenozoic sediments. In particular, divegou He section, with a maximal

shortening amount of 16.5%, corresponds to thekaisicdeposit zone for Cenozoic
sediments. Shortening amount decreases eastwardswastwards, while the

thickness decreases in the same manner. This ssgbes the shortening amount
would control location of the maximum subsidendeng the northern front of Tian

Shan, during Cenozoic.

6.2.3 Which tectonic model could apply for Cenozoic
north Tian Shan deformation?

Different types of models have been proposed tda@xpghe development and
mechanisms of deformation through the foreland-#osid-thrust belt of northern Tian
Shan. As shown on figure 6-4, the first model tigoeharacterized by a rather large
movement along a main frontal crust-scale thrustis Tmovement is propagated
forward through a horizontal décollement localizad the bottom or within the
sedimentary series and a significant amount of tshorg is thus accommodated
within the two frontal external belts (Figure 6-4h) the particular case of northern
Tian Shan, this décollement is assumed to be kexhlin the basal part of the
Mesozoic sedimentary series and it merges, to tlwths with a main front thrust
system at the basement/sediments boundary (Avouat,€l993; Burchfiel et al.,
1999; Deng et al., 2000; Charreau et al., 2008et_al., 2010). Such tectonic model
induces a great displacement either i) along tbet&l main thrusts, ii) over the flat
décollement and through one or the other extereklld iii) both (see Figure 26b in
Avouac et al., 1993). An alternative model has atmen proposed with the

development of duplex structures in the basemeit$,yast below the range “front”
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(Figure 6-4b). In this model, shortening is accordated in the fold-and-thrust belt
through a flat décollement and associated shorjesminoss the two external belts (He
et al., 2005). This shortening is smaller in thisdal than in the previous one and a
consequent part of the shortening imposes by thmemus basement duplex is
accommodated by large movement localized along ckthiaust system developed
within the north dipping sedimentary series, patalb the layers orientation and

emerging along the range front (Figure 6-4b; Hal €22005).
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Figure 6-4. Models of deformation within a foreland fold-andttst belt with: (a)

movement along a main frontal, crust scale threemtgmitted through a décollement
structure within the sedimentary series and largegvements in the frontal external
belts (Modify after Deng et al., 2000), (b) constron of duplex type structures

within the basement, below the range front. Shantewf the fold-and-thrust belt is
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accommodated by an horizontal décollement and nfiovéded movement in the
external belts in that case but large movement@larackthrust developed parallel

with the sedimentary layers (Modify after He et 2005).

However, as discussed below, structural analysdsohservations made during
this thesis work do not allow applying one or thieen of these two proposed tectonic
models.

First, the present study highlights a rather lishitleformation of the northern
Tian Shan fold-and-thrust belt, if compared withatvivould previously be admitted.
Based on combined geological and geophysical ttaiaregional scale sections have
been built. The maximum shortening amount calcdlaeross the belts is of 12 km
along the Jingou He section, which is 16.5% shartefor a 72.4 km initial section
length. Other sections show 2 km (9.8% shorteram@0.4 km initial section length),
6 km (9.5% shortening for 63.1 km initial lengtmda~5 km (6.0% for 83.2 km initial
length) in the Wusu, Qingshui He and Hutubi He isest respectively. The nature
front contact in-between the basement and the ksediments has been taken into
account for these calculations as, for instancghé@ Hutubi He section where the
Jurassic series can be followed from the basirnéoMountain interior, which is an
important marker for deformation analysis and nmegiton. These results highlight
very small shortening amount within the forelanttlfand thrust belt in the southern
Junggar basin and, as a whole, this first ordegufeas not compatible with one or the
other of the two proposed models implying ratheigdanet shortening amount
through the front of the northern Tian Shan andidiek-and-thrust belt.

Second, both above presented models, and in partithe first one (see
Figure 6-4a) imply a significant shortening througihe or the other of the external
belts and, thus, rather large movement along threegponding thrusts emerging
within these belts (Figure 6-4a and b). Howeveg, phesent study shows that these
folds of the basin display as uncylindrical foldirAs discussed in chapter 5 (Figure
5-2), such as the Huoerguosi anticline along Jingeuthe limits of Cenozoic series
in the two limbs forms ellipses shapes in map véaw closed to the two sides of the
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fold, along strike. A reverse fault, located in tbentral part of the anticline, thus
rapidly disappears eastwards and westwards sidestfie centre. Therefore, the net
movement along such thrust fault must be limited #re deformation in the fold
laterally dies out, along strike, in ~ 15-20 kmtdige. Other folds of the second belt
— Manasi anticline and Tugulu anticline — are samih geometry and the associated
local shortening amount is also limited for the samason. In the third fold belt, the
width of the Anjihai and of the Dushanzi anticlime about 20 km and 10 km,
respectively. The gentle dip angles of the strata tibe two limbs and their
uncylindrical geometry suggest these folds are atsdy weakly deformed.
Uncylindrical folding within the fold-and-thrust beclearly shows only weak
shortening. As the surface deformation rise from ‘thasal” basin flat décollement
(Figure 6-4a and b), the weak deformation indicdleg the movement along this
décollement must also be limited, which is not catiippe with, at least the first of the
models previously proposed.

Third, shortening within the fold-and-thrust belanc be accommodated by
significant movement along a backthrust systempraposed in the second of the
models. These backthrusts would localize eithehiwithe base of the sedimentary
series or along the basement/sediments contalft(fFégure 6-4b). However, among
the overall study sections and outcrops visitedh work, backthrust movement has
never been observed within the Mesozoic sedimerdaries. Coal layers are the
weakest layers of the Mesozoic sedimentary serigighnis the more represented
along the contact interface with the basement paltslong the range piedmont. This
feature is particularly well expressed where frbmarthward thrust occurred:
underlying and overturned sediments present arigynal deformation contrats in
between these coal layers and the others intefigidacoarse clastic sediments. Yet,
coal layers located close to the front area whermamocline structure of the
sedimentary series is observed are undeformedHigeee 4-31). These segments of
the piedmont where the development of a duplexeaystould be assumed, to depth,

do not show the backthrust systems conditioning tégtonic model (Figure 6-4Db).
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Fourth, regional sections, integrated with seisnmterpretation and gravity
modeling, suggest that, in addition to their folflisome reverse movement affected
the Jurassic layers in depth. Along the Jingou étgi@n, the steep basement fault cut
the Jurassic layers in the middle segment of tlcose (Figure 5-7). Moreover, a
steep thrust crosses and offset the basal surfatieedbasin (Figure 5-12). These
structures questioned the previously proposed rsodiebwing large regional flat
décollement in Mesozoic series within, the forelathggar basin (Figure 6-4a and
b).

Thereby, tectonic models implying large total sbonimg amounts for the belts,
large thrust movements within the external beltgl/@n significant backthrust
movements along the front of the range are alnmagiplicable to the case of northern
Tian Shan.

By consequence, an alternative model for developmwiethe deformation within
the fold-and-thrust belt can be proposed from tresgnt work study. Summarizing
principal observations and interpretations, a “nibdeoss section can be drawn for
the north Tian Shan piedmont, as displayed on Eigus. From south to north this
one can be detailed as follows: Jurassic sedimeabnformably deposed on the
basement and can border with reverse faults imtbentain interior, such as along
the Toutun He section (Figure 4-5, Figure 6-5) anthe Houxia valley (Figure 4-18,
Figure 6-5) . Going north, in some places, the sBicaseries can be continuously
followed on top of the interior mountain basemenits (cf. Hutubi section; Figure
5-9; Figure 6-5), while Jurassic sediments havenleeded in other sections (e.g.
Jingou He section; Figure 5-4, Figure 6-5). Alohg basement/basin boundary, either
thrust fault or unconformity contact are observéoh@ the northern front of the
mountain (Figure 6-5). Northward, deformation rigesm the basement faults and
propagates into the basin. Geophysical data highligat the basement thrust may
exist below the sedimentary cover. Yet, movemem@lhese faults is limited to the
base of the sediments and only rarely crossestheezntire series. Movements along

flat décollements are limited in the sediments anty developed for propagating
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local shortening between the main faults of theebnt and the belts (Figure 6-5).
As well displayed on study sections and on Figuke Basement blocks are separated
by important inverse faults with an interval distanof ~15-20 km (Figure 4-34;
Figure Figure 6-5; and see Qi et al., 2007). Alntbhstsame interval distance can be
measured in between the three fold belts in theldod basin of Junggar and we
propose that the location of these belts could ined by the one of underlying
basement faults which would play an important ialéhe deformation propagation
process. This feature is compatible with the medahibehavior of basement units:
indeed, field study in mountain interior suggekbtst the basement is principally made
of competent rocks and that few localized mainctmes cut these basement units
into rigid blocks. This new image of the mechanisinging deformation within the
north Tian Shan fold-and-thrust belt is highly catiple with a schematic model
published by Lacombe and Mouthereau, 2002 for treldnd tectonics of ranges
(Figure 6-6a). Their model display deep detachnbertbnics in forelands of orogen
as recognized in Taiwan or western Alps belts (balo® and Mouthereau, 2002).
Basement shortening in forelands are accommodatdte ascale of the upper crust,
which requires that it is partially decoupled frahe deeper lithosphere levels by a
crustal detachment (Figure 6-6a). This detachmeasymably occurs along the
midcrustal, thermally weakened brittle-ductile s#ion. In the previous exampled
belts, the detachment ramps toward the surface antshallow detachment and
propagates far away from the orogen. However, @nrtbrthern front of Tian Shan,
present-day microseismicity shows a hypocentrattddistribution between 5 and 35
km, with a peak at 20 km (Wang et al., 2004). Tbhevadays geothermal gradient
follows a “modern type” gradient of ~ 22°C/km sugtgl by borehole (Hendrix et al.,
1994). At a depth of ~20 km, a weakened brittletitfudransition zone may be
concerned with the temperature of about 440°C aedptessure about 500Mpa (27
MPa/km) (Horii and Nemat-Nasser 1986; Byerlee 1968pur model (Figure 6-6b),
the main detachment would be located ~15-20 kmejtld and ramps to surface in

the foreland. These ramp faults cut basement igtd blocks which have also been

159



evidenced by field observations and well displagadyeological sections. The basin
sediments couple with the sectoried basement infitee southernmost fold belt.

While in the second and third belts, the sediméetsouple with basement by some
shallow décollements (Figure 6-6b). In these twadel®, the first one show large
displacement along the front of the mountain ancherous faults rise from the deep
detachment to surface, suggesting amount of shogen the front. However, in

northern piedmont of Tian Shan, large displacenf@mit is absent in the front, and
only two or three ramp faults rise from the deefadement fault. This characteristic
confirms that the fold-and-thrust belt in the nerth piedmont of Tian Shan is fairly

weakly deformed than the examples in the first mhoglech as Taiwan, western Alps,

Pyrenees belts.

Foreland thrust belt (a)
-

Shallow detachement

Deep detachement

Shallow detachement
First belt
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- Basement Sediments - Faults

Figure 6-6. (a) Schematic model of superimposed shallow arep déetachment
tectonics in orogen forelands of (Lacombe and Merghu, 2002). (b) Adaptation of

this scheme to the Tian Shan structure.
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6.2.4 Structural characteristics of an immature
fold-and-thrust belt

Front of a collision orogens are commonly charaoéer by fold-and-thrust belts,
which is critical to establish the relationship vbeén the range and the adjacent
foreland basin (Davis et al., 1983; Dahlen etXE84; Vann et al., 1986; Tozer et al.,
2006; Lacombe et al., 2007). Strongly deformed ensg such as Pyrenees, Canadian
Rocky Mountains present highly folded foreland hasind fold-and-thrust belts, with
important front thrusts developed between the rabgsement and the adjacent
foreland basins, deep décollements as well as reennfolds, duplex and nappes
(Price, 1981, 2001; Teixell, 1998). Contrarily,sthsitudy highlights that the Cenozoic
shortening is very limited in front of the northefimn Shan range, in comparison
with these others intracontinental collision rangfésce, 1981, 2001; Teixell, 1998).
In comparison to these well known examples whiahloa considered as mature front
of collision orogens, the active northern Tian SHald-and-thrust belt can be
regarded as an ‘immature’ range front structuree Tharacteristics of an immature
fold-and-thrust belt and relative front range chuastbe drawn, from the example of
the northern Tian Shan piedmont, as follows:

- First, Shortening within the belts developed witthe foreland basin is rather
small. Thus, movements along the potential frotitalsts associated with these folds
are limited. This limited shortening indicates thihé inception of deformation is
young or that the rate is low,

- Second, resulting from the preceding point, deftiron pattern displays as very
uncylindrical through the fold-and-thrust belt,

- Third, no backthrust developed within or at tlasé of the sedimentary series in
front of the range, which would be the result gfoaing, weak deformation. This is a
structural feature that may initiate and ampliffetaon during the evolution of the
deformation process in piedmont areas,

- Fourth, as discussed above, no backthrust moveraed limited thrust

movement within the belts indicate limited devel@mnof a potential horizontal
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décollement structure within the sedimentary seAe®gional décollement would be
associated with more localized deformation, alorgyust-scale structure, in front of
the range; such décollement can propagate muchesivag deformation, in the basin
area, which is commonly developed in more stromigiformed orogen front, such as
Canadian Rocky mountains (Debelmas et al., 20QfrEil1-4b),

- Finally, Localization of the belts could be cailed by the location of basement
deep thrusts which would imply the characteristgtahce separating these belts (the
same mean distance than in-between the thrustsfaisible within the range
interiors). It indicates that deformation of thesbment is distributed over a large
band in front of the range, with several reversat$aactive in the interior parts of the
range and below the foreland basin sediments. dltnasacteristic is contrasted with
more strongly and mature collision range fronts mehgeformation in the basement
levels is better localized along a main front thretsucture that likely cross over the
entire continental crust (e.g. northern front ofdfees; Teixell, 1998).

The immature character of the northern Tian Shardcbe explained by several
reasons as follows. First, the far-effect of Indsia collision decreased by a
progressive northward propagation of deformatioapfbnnier and Molnar, 1977;
Tapponnier et al., 2001). The northern Tian Shadmpont may be almost considered
as the northern end of this far field compress®aodetic measurements in central
area show the total shortening rate between lodg#B1°E and 85°E is only 4.7+1.5
mm/year. Eastwards, this rate decreases to <1 nambgtween longitudes 86°E and
87°E (Abdrakhmatov et al., 1996; Wang et al., 20&Econd, the southern piedmont
of the Tian Shan may have 20-40 km of crustal smong with a horizontal
shortening strain amount of 20-30% during the @é&mozoic (Yin et al., 1998). The
net horizontal shortening through the Tian Shaa amild thus be accommodated by
southern foreland fold-and-thrust belt. Deep seisprofiles cross the whole Tian
Shan show the Tarim block is bended and subductddruhe Tian Shan, while the
Junggar block is much less deformed showing agéstmetry (Zhao et al., 2003).

This indicates that the northern piedmont may rexerienced less deformation than
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the southern one. Third, several estimations ofo€eic shortening in the interior of
the Tian Shan have been estimated across Tian 5@a80 km (Allen et al., 1994),
100 km (Molnar and Tapponnier, 1975), 124+30 kmguac et al., 1993), and 330
+760 km (Chen et al., 1991). Despite the importhfiérence among these values, the
basement of the interior mountain could absorbrgelaart of the total shortening.
Finally, the northern piedmont of Tian Shan is\agtievidenced by seismicity
studies (Molnar et Deng, 1984, Avouac et al., 1998ng et al., 1996; Ghose et al.,
1998; Wang et al., 2004). The shortening in nodits direction will be ongoing with
the continuously northward displacement of Indiatgl therefore, the northern
piedmont of Tian Shan will be more and more devetband become a mature

fold-and-thrust belt.

6.3 Deformation timing and shortening rate in the
northern piedmont of Tian Shan

The northward propagation of the deformation anecige timing of the Tian
Shan Cenozoic reactivation have been largely quesdi during last decades (Avouac
et al., 1993; Hendrix et al., 1994; Métivier andu@emer 1997; Abdrakhmatov et al.,
2001). To estimate the onset of the Cenozoic ramgiting and the deposition of
sediments, several geochronological methods hase agplied in both northern and
southern Tian Shan flanks, such as fission trasiagnetostratigraphy, and results
become more and more available (Zhou et al., 198i7et al., 1998; Sun et al., 2004;
2007; 2009; Charreau et al., 2005; 2007; Ji et 2008; Charreau et al., 2009).
Meanwhile, some current strain rates in this aweelalso recently published by GPS
kinematical studies (Wang et al., 2001; Niu et 2007; Yang et al., 2008). After
discussing how those data can be used to detethmenenset timing of the Cenozoic
foreland deformation, the shortening amounts catedl for the present study area
will be confronted to the deformation rates estedaand accepted for the northern
piedmont of Tian Shan though the uncertainties didad relatively large due to the

important discrepancies of estimations coming faifferent methods. Such analysis
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is still important to better understand the defdroraprocesses in front of the Tian
Shan or for intracontinental collision settingsgeneral. In future works, much more

detailed and multidisciplinary work needs, therefdo be reinforced.

6.3.1 Onset timing of Cenozoic foreland deformation

The timing of deformation in the northern piedmohfian Shan is evidenced by
the development of fold-and-thrust belts, unconftem and growth strata. Age
determinations for these particular structuresadien approached using sedimentary
sequence, fission tracks and magnetostratigrapbye ldre briefly summarized the
recent results.

A 400-m-thick Latest Jurassic coarse conglomerabesbreccias unconformably
overlay on the early Jurassic series indicatinggaificant deformation and/or uplift
of the ancient Tian Shan during Latest Mesozoicafiiér 3; Hendrix, 2000; Dumitru
et al.,, 2001; Jolivet et al., in press). Howewbese conglomerates are wedging
rapidly out and are only deposited in the piedmohimountains. The dip angle
difference between the conglomerate series andriynttg layers is less than 5°, the
deformation seems, therefore, very weak at thag.tikhoreover, in the basin cover,
the Cretaceous through Neogene sedimentary seeems@stly parallel and display
conformable contacts, suggesting that no signifid@formation occurred during that
time interval (Burchfiel et al., 1999; Bullen et,&001; Bullen et al., 2003; Sobel et
al., 2006). It seems that the deformation didnbgamgate to the interior of the
foreland basin at least until Neogene.

By extrapolating the current shortening rate detifrem GPS measurements to
the past and assuming that the total shorteniregyaatoss the western Tian Shan is
around 200 km, Abdrakhmatov et al., (1996) sugge#tat most of Tian Shan was
constructed during the past 10 Ma. By comparing wative crustal shortening
across Tian Shan with current deformation rateguae et al. (1993) estimated that
the initiation of the deformation began at 16 +22¥4a. According to the calculated
mass accumulation rates in the Junggar basin, Metwnd Gaudemer (1997) placed
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the beginning of the major uplift at 16 Ma. Thanatyses show that the accumulation
rate has been accelerated at around 5 Ma, whidd cadicate an acceleration of the
Tian Shan uplift at that time. In situ apatite isstrack analyses from sediments
exposed in both north and south of Tian Shan suiggatsthe unroofing of the Tian

Shan began ca. 24-25 Ma (Hendrix et al., 1994; Buret al., 2001). More and more
recent fission track results seem confirming thge dor the onset of Tian Shan
topographic reactivation (Guo et al., 2006; Zhahgle 2007; Wang et al., 2009;

Jolivet et al., in press). This commonly acceptgd #or the reactivation and new
uplift of the Tian Shan range relief may relatetlte onset time of the deformation
within the foreland fold-and-thrust belt. Howevégnt deformation along the range
is not obligatory directly linked with the upliff the range interiors.

An alternative method for estimating the onset afijeshortening within the
foreland fold-and-thrust belts consists in analgzithe growth strata structures
developed within foreland basins. In northern T&tran, growth strata structures are
particularly well expressed through within the Xiganglomerates formation (Xu et
al., 1992) such as in the Tuositai anticline, tbatllernmost fold belt along Wusu
section, at the bottom of the Xiyu formation (Lu at, 2010; Figure 6-1, G1).
However, age of this series along this sectionoisavailable up to now. Yet, about
10 km east to the Tuositai anticline, the sedinmgrit@undary between the Dushanzi
formation and Xiyu conglomerate has been magneitiigtaphically dated at 4.8 Ma
in the Dushanzi anticline along Kuitun He (Charredual., 2005; Figure 6-1, G4).
This 4.8-Ma-old boundary is located ~ 10 km nortitdvao the basal Xiyu
conglomerate of the Tuositai anticline. Assuming tiorthward propagating rates of
3.9 mm/yr (Charreau et al., 2009), the Xiyu congtoate limit of ~10 km southwards
should be about 2.5 Ma older, in other words, tee@f the growth strata extrapolated
at the basal Xiyu conglomerate, in the Tuositaiciing, could be about 7.3 Ma. This
may suggest that the study area experienced antedtwcing starting at that time. In
the middle and second fold belt, Charreau et 2008) have identified growth strata

in the Huoerguosi anticline (Figure 6-1, G3) byssac profiles along the Jingou He
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and estimated its age at ~10 Ma by the magnetmgaphic study and stratigraphic
correlation. In the same second fold belt, but &abéd km to the east, two

magnetostratigraphic results have been reportethéoifugulu anticline (Figure 6-1,

G2). Li et al. (2010a) proposed that the sedimentiaulation rates increase at ~ 4
Ma and that growth strata of the Xiyu formationrstd ~2 Ma ago, which provides a
minimum age for folding here. Another study by Liuaé (2010) also reported the
same acceleration of sediment-accumulation rate4aMa. Moreover, the age of

growth strata in the upper Taxi He formation isireated at about 6 Ma. The

significant dispersion in age even for the growthta from folds of the same belt (at
lateral distance of ~70 km (Figure 6-1), confirthe heterogeneous and uncylindrical
pattern of the deformation along the northern piedinof Tian Shan.

In summary, several growth strata marking tectomovements have been
identified and dated directly and indirectly alothgee sections. Two of them have
been studied in the same Taxi He section, onetis&®d at 2 Ma and another at 6
Ma, suggesting that multiphase tectonic forcingl@dduave taken place along the
northern Piedmont of Tian Shan. Three oldest afjgsoovth strata observed in these
sections are about 10 Ma in the Huoerguosi anédailong the Jingou He section, 7.3
Ma at the Tuositai anticline along the Wusu sectiod 6 Ma at the Tugulu anticline
along the Taxi He section. It is worthy to notid¢es tage of growth strata in the
Huoerguosi anticline located in the middle foldthslabout 3 Ma older than that of
the Tuositai anticline located in the southernnfokt belt, but ~ 70 km westwards.
As shown in this study, the southernmost belt iseab in the Jingou He section.
These laterally heterogeneous ages of growth singligate that the deformation
within the southern Junggar basin do not propagataellel with respect to the front
range, in other words, folds from the same foldtdbehay not be necessarily
developped simultaneously.

It should be noticed here that most ages menti@iee come from growth
strata analysis made on the surface. It is stibsfme that other growth strata

structures may be masked by younger sedimentargrcwd unexposed due to the
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weak deformation.

6.3.2 Qualitative shortening rates

The deformation rate is a key parameter to studgesses of the uplifting of
Tian Shan and the deformation of its foreland haSieveral rather heterogeneous
rates have recently been proposed, based on diffenethods. Geodetic survey
shows a deformation rate of ~5 mm/yr across thgaamnd at the longitude of the
Jingou He area (Reigber et al., 2001; Wang e280]; Niu et al., 2007; Yang et al.,
2008). However, Inferred from theoretical modelargl geological investigations, the
deformation rate ranges from about 1 to 3 mm/yro{fac et al., 1993; Molnar et al.,
1994; Charreau et al., 2008).

If two extreme oldest ages of growth strata mayctwesidered as the possible
range of the earliest tectonic forcing in the saluhggar basin, i.e. 10 Ma and 6 Ma,
the deformation rate in this study area may bemedgéd as well according to the

shortening amounts observed along four geologacians (Table 6-1).

Shortening rate (mm/yi)

Section Shortening for 6 Ma for 10Ma
(km) onset Age onset Age
Jingou He 12 2 1.2
Qingshui He 6 1 0.6
Hutubi He 5 0.8 0.5
Wusu 2 0.3 0.2

Table 6-1.The shortening rates calculated with different aragges.

The higher values of these estimations (0.3-2 ms@@m quite consistent with
those estimated by other methods (1-3 mm/y). Howediie difference between the
lowest values from this study and other methodsfactor of 5. This may question if
the shortening in some sections, such as Wusu ddmilinderestimated by this study.
In fact, these geological sections are essentedtymated with seismic profiles and

Jurassic sediments as marker layer. Moreover, gmalostructures in this area are
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relatively simple. If there were an error on thstoeation of geological section and an
underestimation on the shortening, it would noabeémportant as a factor of 5. If the
estimated results in Table 6-1 are qualitativelyndieed, one of conclusions can be
made is that the deformation rates are lateralfialobe as we observed for the contact
types along the piedmont and ages of growth salatag the fold belts.

Based on the shortening amounts estimated in thidysand on the above
mentioned deformation rates defined by other methoe can calculate the tectonic
onseting age of deformation within the north Tidra® foreland. Taking the extreme
values of deformation rate, i.e. 1 and 3 mm/yr, rifieimum and maximum possible
deformation onset time can be estimated for the $tudied sections of this study, in

the northern piedmont of Tian Shan (Table 6-2).

Onset Age(Ma)
Section Shortening for 1 mm/yr for 3 mm/yr
(km) shortening rate shortening rate
Jingou He 12 12 4
Qingshui He 6 6 2
Hutubi He 5 5 1.7
Wusu 2 2 0.7

Table 6-2.The onset age of deformation calculated with dfieshortening rates.

The calculated results show a relative late deftomaonset age. The maximal
age is about 12 Ma for the Jingou He section whehatening rate of 1 mml/y is
applied, even only 4 Ma when 3 mm/y applied.

Two possibilities may be proposed to explain the kstimated ages, assuming
the shortening has been well estimated. (1) therdeition rate estimated by GPS
measurements is temporary for a very recent and geoiod and it could not be
representative of the whole deformation historysithe last reactivation of the Tian
Shan, saying that the deformation rate should terddhan the actual one; (2) The

deformation rate estimated by the growth stratdystuay varies from 1 to 3 mmly.
168



These deformation rates, corresponding to the nectvents, may be discrete instead
of continuous. In other words, these rates presemtensive deformation nature only
for a short period. After such intensive deformatjgeriod when the growth strata
formed, the deformation rate may decrease. If ls®,initial deformation onset time
may be earlier than the results presented in Tad#e(3) as the shortening has been
estimated only from the geological section of tlasib cover, the deformation onset
time of in the basin may be significantly delayeithwespect to that in the mountain
range (cf. ~25 Ma for uplifting estimated by fissivacks).

It is worthy to notice that the calculated onsetds are very heterogeneous, even
gualitatively. This may indicate that the deformatmay start at different times, even
for folds owning to the same row of fold belt. Fostance, the Jingou He and Taxi He
anticlines, located both in the middle fold below onset ages of 12 and 6 Ma,
respectively (Figure 6-1). These folds are isolaad do not connect each other in
the depth. This may reveal that these folds seewinpaspatial relationship
(equidistance to the front of the range), but aoé coeval. As illustrated for the
contact zone which displays rapid lateral variabbeontact types, the deformation in
the basin is also highly uncylindrical and alsoiafale in time. Once more, this
character indicates that the deformation in thehson fold-and-thrust belt has not
been well developed, yet, and the study area i®reqring the beginning of a
foreland deformation process. As discussed abdneeappearance of three fold belts
parallel to the Paleozoic structure may be jusiteel to basement thrust that could be
inherited Paleozoic structures.

In summary, according to relatively comprehensiwelyg (detailed field observation,
geophysical investigation, drilled well, etc...), dhm@amounts of shortening in the
basin cover of Junggar have been calculated frostomed geological sections.
Considering previous studies on geochronology,rkiai&c motion from the study area,
the first obvious conclusion made is that the deftron is highly variable along the
strike of the range in age of the tectonic onsgftdeformation rate and amount. This

may emphasis again the immature nature of the aorthiedmont of Tian Shan as an
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orogenic belt and the ongoing process of forelaadirb development in south

Junggar.

6.4 Influences of inherited structures and paleo-re lief
on the development of Cenozoic Tian Shan

6.4.1 Influence of the Mesozoic paleo-relief

In the northern piedmont of Tian Shan, marginaireedtary breccias and coarse
conglomerates were deposited in Jurassic seriggur@i3-3 in Chapter 3). The
Jurassic “onlap” structure has also been deducdterfront of modern Tian Shan
from the present field analysis, as illustratedFigure 3-6. These characteristics
indicate that a significant relief existed duringesbzoic times. The range piedmont
was certainly located close and along the nortmeodern Tian Shan front during
latest Jurassic, early Cretaceous times as the&akedimentary breccias locate along
the present northern front of the modern mountalong a N100-110° strike (see
Chapter 3). Moreover, some locations describedhia thesis work display the
Paleozoic basement units thrusting over overturh@@ssic sedimentary breccias,
such as in the Houxia section (Figure 4-26a). Siadervation suggests that, at local
scale, the Mesozoic paleo-relief may have coniotlee location of the Cenozoic
thrust faults, as illustrated on Figure 6-7. Indesathlysis of these coarse sedimentary
breccias highlighted i) erosion of the Paleozoisdmaent units and ii) a very limited
transport of those clastic sediments, both featunekerlining the location of foothills
during Mesozoic times (Figure 6-7a and Figure 3@). the other hand, structural
observations made such as in the Houxia valleyrlgleshows that Cenozoic
deformation could have localize exactly along thpa&eo-foothills as illustrated on
figure 6-7b (Figure 3-4). In that case, Cenozo@nTshan “front” structures may be
influenced by the piedmont of the Mesozoic pald®feHowever, while segments
where Jurassic series deformed during Cenozoidesting, the northern Tian Shan

front also displays continuous Mesozoic series praserved onlap type structures
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(Figure 3-6) which highlight, conversely, only pooontrol of the paleo-relief
structure on the location of Cenozoic deformatici lutubi He section illustrated in

Figure 6-7b and Figure 3-6).

Figure 3-4
Interbedded breccias

Sedimentary
breccias

Interbedded breccias

Sedimentary
breccias
- Basement

Figure 6-7. (a) An active Cenozoic thrust between the Paleohasement and the

Coarse
Breccias

Fine grained
Sandstone

Jurassic sedimentary breccias. (b) inactive CewoZobnt” of the northern Tian

Shan.
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Besides, several previous studies, such as Avouat €1993), Burchfiel et al.
(1999) and Deng et al. (2000), have suggestedahsgnificant displacement has
occurred along the thrust of the northern frontTedn Shan, assuming that the
mountain basement rises from the deep basal basthikm in depth) and thrusts onto
the sediments. However, evidences for the persisteri a Mesozoic paleo-relief
indicate the mountain basement was shallowly busietbcated at a similar altitude
with sediments along the Mesozoic front (Figure b§-7 Therefore, the thrust
between the mountain basement and the basin sedinoeuld be much less
important with respect to the previous estimatiathwather small accounts of slip,
such as observed in Houxia section (Figure 3-4 kigdre 4-28). Therefore, the
deformations in the front, even though thrust coistacan be sometimes observed
between the mountain basement and the basin sedinaga less important than that
estimated by previous studies because of the rtegiiebe paleo-relief in Tian Shan

front.

6.4.2 Influence of the Paleozoic structure

The importance of inherited structures in the ggiclal evolution of Tian Shan
has been pointed out by numerous studies (Molnaalet 1973; Molnar and
Tapponnier, 1975; Hendrix et al., 1992; Dumitralet 2001; Sobel et al., 2001; Wang
et al., 2009; Jolivet et al., in press). For insgnearthquake analyses show that
location of the current deformation can be relatedsome extent, to the one of
ancient structures (Molnar et al., 1973; Molnar daagponnier, 1975). With only few
exceptions, most authors consider that the Tiam Senozoic activity is related to
the reactivation of crust structures inherited frihra Paleozoic collision (Allen et al.,
1993; Avouac et al., 1993; Hendrix et al., 1994 ¥i al., 1998; Allen et al., 1999;
Dumitru et al., 2001). Yet, up to now, only poosdission have been exposed and
details for such a reactivation are often lacking.

Recent statistic studies on the Quaternary defoomaghow that the current
maximum shortening axis in Tian Shan area is sulztital and strike ~ NO° (Holt

172



et al., 1995; Holt, 2000; Kreemer et al., 2003)pther words, the resulting structural
must strike at about N90°. On the other hand, enstudy area, the major Paleozoic
shear zones, in the interior of the range, strik@ud N105-110° (Figure 6-8; Carroll,

1990; Charvet et al., 2007; Gao et al., 1998; Shal.e2004; Kréner, 2007; Wang et
al., 2007; 2008). These shear zones display higpHtly angles and dextral strike-slip
movements until, at least, late Permian (Wang.e2808; Shu et al., 2010).

If considering deformation pattern of the basemamits in the study area: the
chapter 4 of this thesis show that the basemeis ané faulted and clearly separated
into blocks with an interval of 15 to 20 km widedére 4-34 and Figure 5-19). Field
observations show that localized brittle deformatiathin basement rocks cut across
the pervasive ductile structures lasting from taée®&zoic evolution of the range; few
indicators — e.g. fault planes and tension gashalse-point out that basement units
most probably behave as brittle and rather strdogkb, within the upper crust level,
during Cenozoic intracontinental reactivation oé trange. In addition, this study
highlights that the Cenozoic shortening in front thie range results in very
uncylindrical deformation pattern and presentsrgriateral variations of the nature
of the structures developed along-strike. Yet, ymsalof the resulting structural map
clearly shows that the brittle thrust developedimithe mountain interiors, along the
boundary in between basement rocks and Mesozoiameats, can often be
continuously extended in strike of an ancient, iited basement shear zone.
Rectangle zone A in the central part of Figure pa8ticularly well highlight such
configuration; the corresponding ductile shear zenéocated to the north of the
major North Tian Shan Fault (NTF) and was active a$rike-slip shear zone during
Permian (Wang et al., 2006; Charvet et al., 2007).

If considering now the deformation pattern throtigg fold-and-thrust belts:

i) in the eastern part of the study area, from Uguto Shawan, fold axes and
thrust faults developed within the foreland seditagnseries also show a N100-110°
mean striking orientation, sub-parallel with resgedhe inherited Paleozoic structure

(Figure 6-8). The southernmost fold belt is chaazed by basement-involved
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structure. The basement is “cut” by reverse faiuliis rigid blocks (Figure 6-5) with
also a parallel strike. It must be pointed out rbaeg the thrusts developed within the
interior parts of the range, within basement urbtg, also the ones observed within
the foreland fold-and-thrust belts systematicaligpthy very steep dip angles. This
feature, which is a rather peculiar one for theemiation attitude of reverse faults,
may certainly be influenced by the orientationted Paleozoic structures (shear zones
or more penetrative steep cleavage developed widmement rocks).

i) Conversely, in the north-western part of thedst area, from Anjihai to Wusu,
the northernmost anticline belt shows E-W strikaxges (see Anjihai and Dushanzi
anticlines; Figure 6-8). This orientation is welbnsistent with the one of the
maximum shortening axis direction deduced from @umry structures analysis, as
exposed above. Within that particular area, i.estved the study area and rather far
from the range “front”, 10° to 20° angle differencan be measured in between the
Paleozoic structure and the fold axis orientatiwhich contrast with the rest of the
studied fold-and-thrust belt. It is noteworthy thlaits feature coincides with parts of
the foreland basin where Cenozoic sediments aréhtblkeest along the study area of
the northern Tian Shan piedmont (Figure 6-8). Thange in fold orientations is
progressive in-between the eastern and westers parthe study area which also
corresponds to a progressive variation of the Ceinogediments thickness (Figure
6-8). Indeed, in the easternmost part, Jurassiesseutcrops directly at surface while
the same series is buried in depth (~10 km), belmmozoic strata, in the western
area (Figure 6-8). As the difference in fold oradiins looks correlated with the
thickness variation of the Cenozoic sediments itween the eastern and western
parts of the study area, we propose that the Ceangedimentary pile may act as a
decoupling layer. Yet, where the sedimentary thésisnis the less important, in the
eastern part of the basin as well as all alongrdmge front, orientation of the
structures observed at surface seems controlledebgne of the underlying basement
structures, inherited from the Paleozoic tectongtony; shortening deformation of

the cover may thus be coupled with the basememived structure in that case.
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Conversely, where the sedimentary thickness isntbee important, in the western
part of the basin, orientation of the structuree. (folds and thrust faults) only
depends on the maximum shortening orientation; ntateon of the inherited
Paleozoic structures seem not to have any comrahat case as they are deeply
buried below the Cenozoic sediments much certainting as a decoupling layer in
that case.

From the all above discussed points, this studyvshbat the localization of the
Cenozoic deformation — and in particular the lama&nd orientation of reverse faults
and folding — must be controlled, in most part bé tstudy area, by Paleozoic
inherited structures, including crust scale ductleear zone as well as more
penetrative ductile deformation. On the other h&®hozoic sedimentary series may
act as a decoupling layer where they display tlekéist deposits. Structures east-west
mean striking is thus solely controlled by the ah¢he regional north-south striking

maximum shortening direction in that case.
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6.5 Conclusions

The Tian Shan mountain range, located in the nashvof China, has experienced
successive tectonic events. The most attentionbleas, up to now, concentrated on the
Paleozoic subduction-collision related block adoretof the range and its Cenozoic
reactivation. Its contrasted topography and obvimld-and-thrust belts along its piedmont
have attracted attention of geoscientists sinceraédecades and the ongoing deformation of
the northern piedmont of Tian Shan offers an idestural laboratory to study the active
mountain building. Moreover, the obtained resultecerning the deformation amount, rate
and mechanism are still in debate, in order toebethderstand the uplifting process and the
deformation mechanism of Cenozoic Tian Shan, we ltavried out a multidisciplinary study
along its the northern piedmont from Urumgqi to Wuseas integrating detailed structural
observations on the field as well as subsurface datluding seismic profiles, gravity

measurements and drilled wells. The main conclgsadrthis study can be made as follows:
(a) About the “immature” northern front of Tian Sha n

The observations along the range-basin contacts shoable structural types between
the basement range and the basin sediments,llg.fédd and unconformity that admits rapid
lateral evolution. The basin structure is mainharetterised by discrete and uncylindrical
folds in the Meso-Cenozoic series. By integratitig azailable data, restored geological
sections show rather weak shortening amounts rgrigpm 12 km (16.5%) to 5 km (6%) for
the Jingou He and the Hutubi He sections, respagtibove observations argue that the
deformation should be weak with a significant latesariations along the northern piedmont
of Tian Shan.

In the depth, the structure of the basement isaci@rnsed by parallel high-angle-dipping
thrusts characterised by a rather steady 15-20 kihe weriodicity. No any low-angle and
important amplitude thrust (nappe) neither baclghiias been observed in the northern
piedmont of Tian Shan despite previous interpretati(Avouac et al., 1993; Burchfiel et al.,
1999; Deng et al., 2000). Moreover, only few-kildmescaled décollements have been
identified within the basin.

Assuming the modern shortening rate is 1-3 mmiyggssted by the geodetic surveying

and geological investigations (Avouac et al., 1998jnar et al., 1994; Wang et al., 2001; Niu
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et al., 2007; Charreau et al., 2008; Yang et @Q82 and admitting the shortening amount
obtained from this study, the oldest deformatiosetrage may be extrapolated to about 12
Ma (for about 12 km in shortening) among four stddgeological sections. This result may
be representative for the northern Tian Shan piedras these sections are extended about
170km east-westwards. Therefore, this represeptatnset age of modern deformation may
indicate the northern piedmont is “young” with respto onset age of unroofing age of Tian
Shan (~25 Ma by fission tracks; e.g. Hendrix et E94; Dumitru et al., 2001; Jolivet et al.,
in press).

Comparing to well-developed fold-and-thrust-bettsother ranges, such as Pyrenees
(France) or Rocky Mountains (Canada), the featafébe surface and deep structures, weak
deformation and “younger” age may characterisenibrehern piedmont of Tian Shan as an
immature orogenic front. As this area is still exipecing characterised by the ongoing
India-Eurasia convergence, and the deformationigsatelatively high, the deformation will,
therefore, become stronger and its ‘maturity’ Wik, consequently, better and quickly

developed.

(b) Consequences of Mesozoic Paleo-relief in presen  t Tian
Shan

Our study clearly has evidenced, at different eingascales, the existence of a major
Mesozoic paleo-relief along the northern Tian Shamge. A minimal difference of relative
altitudes of about 1300m has been estimated bettirechbasin and the mountain range based
on the thickness variation and onlap sedimentanyctire of the lower Jurassic series. The
concept that the far-effect of the collision Indiaia is the only responsible for the present
topography of the Tian Shan should be, therefonestioned. In other words, the Mesozoic
paleorelief has probably influenced the present Bhan topography. The Cenozoic uplifting
of Tian Shan, due to the India-Asia collision, ntegytherefore reduced.

(c) Mechanism of the deformation in the northern “f ront”

Field observations and restored geological sectsuggest rather weak deformation in
the northern piedmont of Tian Shan. The basemerthersurface is deformed by joints or
steep faults and is appears to behaviour as rigickb. Large-scaled sections show that the

basement is cut into rigid blocks with a roughlyripdic interval of ~15-20 km. As the
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overlying sediments are sub-horizontal, the basérskauld be weakly deformed though
some joints and minor faults have been observeamit. Moreover, in the contact zones, all
visible tectonic contacts are of reverse faultsgi®®al detachment, proposed in previous
studies (Avouac et al., 1993; Burchfiel et al., 99Peng et al., 2000) with large movement
has yet not been traced in the study area. Thexgtoe deformation in the northern piedmont
of Tian Shan is most probably controlled by theeasnt structures, which are mostly
characterized by the steep dipping reverse faults.

A tentative model has been proposed for the defoomanechanism in the northern
piedmont of Tian Shan. The reverse fault featuressaparated by ~15-20 km suggests that
these reverse faults may be considered as rampleapbduced by a deep detachment fault.
This detachment may be located about 15-20 kmerd#pth where it is localised below the
traditional depth of brittle-ductile transition zvifWang et al., 2004). In the upper and more
brittle zone, the basement may be cut by reverdésfanto rigid internally unstrained blocks.
The northward compressive deformation is mainlyppgated by the relative movement
among these blocks. These reverse faults, visibkbhe contact zone and into the basement
range have mainly deformed the basin cover anduoexti the fold belts in the basin. This
model is significantly different from previous pged ones: large detachment of the basin

cover with respect to the basement.
(d) Paleozoic inherited structures on the presenti&in Shan

Cenozoic structures, such as fold axes of thmastes in the southern Junggar basin
presents a general N90° strike in the western sneg where the series are characterized by
thick Cenozoic cover. To the East, with an extent530 km in distance along the range
Cenozoic cover disappears and Mesozoic rocks fireaips out. There, structure strikes are
consistently N 100-110° and appear parallel tontlaén Paleozoic shear zones in the northern
Tian Shan with strike direction around N100-110°vasdl. Some of these Paleozoic shear
zones have been rejuvenated during Cenozoic amatndehe basin sediments along this
direction when the sedimentary cover in thin. Hogreto the West, where sedimentary cover
is rather thick with ~5 km of Cenozoic series, dil@n of the structures, while probably
linked to the same reactivation at depth, are raiitbogonal to the main shortening direction
(i.e. N90°) and appears as newly formed. The Dughard Anjihai anticlines show east-west
orientated strikes by a difference of about 10-2@h respect to the Paleozoic structure. It

indicates that the basin cover in the western sagahye may be decoupled with the basement
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structure and the far-effect of the north-south poeasion probably plays a main role here.

6.6 Perspectives

Though this study has made progresses in the uaddisg of the Cenozoic evolution of
the northern piedmont of Tian Shan, such as the gblfar-effect of India-Asia collision on
the present topography of Tian Shan, the procedsnathanism of deformation along its
northern piedmont of Tian Shan Cenozoic, onsetodgectonic forcing in the Junggar basins,

etc., several essential problems still remain warcle

(a) Relationship between Paleozoic Inherited and Ce  nozoic

structures

The control of the Paleozoic structure on the Cemozne seems having been
demonstrated, but still qualitatively. Much detdiMork is need in geometrical relationship,
relative kinematic movements, and active age caimstboth the Paleozoic and Cenozoic

faults are necessary to clarify their relationships

(b) The 3D modelling of the southern Junggar basin

Though four geological sections have built up fréme basin to the range along the
northern piedmont of Tian Shan, the observatiotisretain discrete, especially because of
highly lateral variations of deformation style,aand shortening the 3D modelling will help
to better reveal structural characteristics of shedy zone and understand the deformation
mechanism. Furthermore, this work may also allowneding the sedimentary volume,
understanding the foreland basin processing, aodserjuently, probably erosion and

uplifting history of Tian Shan.

(C) Cenozoic evolution of the southern piedmont of Tian Shan

The northern piedmont of Tian Shan has been clarsetl as an immature orogenic belt.
Its southern piedmont seems having undergone stradgnozoic deformation suggested by
previous studies (e.g. Yin et al., 1998). Howevdrat are the characteristics of the front in

the southern piedmont? What is the difference betvike northern and southern piedmont in

180



deformation? Much more field works are needed tewan these critical questions and to
understand the deformation propagation of due eocttilision India-Asia and the Cenozoic
uplifting history of Tian Shan.
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Appendix 1. Interpretation of seismic data

The seismic method is by far the most importantpggsical technique in terms of
expenditures and number of geophysicists involitsgoredominance is due to high accuracy,
high resolution, and great penetration (Telfordhlet 1990). The basic technique of seismic
exploration consists of generating seismic waves @easuring the time required for the
waves to travel from the sources to a series oplgees, usually disposed along a straight
line directed toward the source. From a knowledfy¢raveltimes and the velocity of the
waves, one attempts to reconstruct the paths o$efsmmic waves. Structural information is
derived principally from paths that fall into twoam categories: headwave (refracted) paths,
in which the principal portion of the path is aloting interface between two rock layers and
hence is approximately horizontal, and reflecteth@ain which the wave travels downward
initially and at some point is reflected back te turface, the overall path being essentially
vertical (Figure A-1). For the both types of pathe traveltimes depend on the physical
properties of the rocks and the altitudes of thdsb&he goal of seismic exploration is to
deduce information about the rocks, especially aliba attitudes of the beds, from the
observed arrival times and from variation in amydlé, frequency, phase, and wave shape. In

this thesis, we focus on the seismic reflection.

(a) Seismic Refraction N (a) Seismic Reflection

Hammer™ Hammer™

To Seismograph To Seismograph
= —

ET:-:{J Plate Geophones
L = =57 = =
Sediment / /? / / 4
Sesmic Wave Raypaths

Bedrock

*“1\{:,;5‘ Plate Geophones
L,
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Bedrock

Figure A-1. Seismic refraction model, (b) seismic reflectiondeio(Modified from USGS
website).

Seismic methods are widespread used in variety sheam@ihe mainly goal is exploring
for petroleum: the locations for exploratory welsely are made without seismic information.
Seismic methods are also important in orogeniccsiras study, such as ECORS (Etude
Continentale et Océanique par Réflexion et réfoacismiques) in Pyrenees (Roure et al.,
1989; ECORS Pyrenees Team, 1988), ECORS-CROP iAlpise(Bayer et al., 1987; Schmid
and Kissling, 2000) and COCORP profile in Rocky Mtains (Allmendinger, et al., 1982;

Brewer et al., 1982). Seismic profiles are wideagrased in foreland fold-and-thrust belt (e.qg.
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Bally et al., 1966; Tozer et al., 2006; McClellaartd Oldow, 2004).

The original profiles are come from some Chineseopeompanies. In this study, we
concentrate in the interpretation of seismic pesfilAbout 200 drilled well are come from
some source. These seismic profiles were wellgédey commercial processes, such as stack,
migration and noise attenuation. They present wWweway travel reflection times in y-axis.
So it has to translate the two-way time to depth.

Local stacking velocities derived from the refleatisurvey are used for the conversion of
seismic wave travel times into depths. Moreoverdvides an indication of the lithology of a
rock or, in some cases, the nature of the pordslabntained within it. Several methods are
used for the conversion of the time sections tdldep

Firstly, it could be treated in Adobe software Risbiop with another plugin, namely
seismic plugin by Jay Lieske (1998). It is softw#nat works within Photoshop 5 or 6 to
depth-correction and unfold scanned seismic reflegtrofiles. One channel in photoshop of
filled gray presents the velocity of a seismic peofThe values in the gray channel must be in
the range of a byte, 0...255. The values in the chlacould associate with real velocities by
arbitrary factor. For example, if we choose a pixalue of 40 to represent the seismic
velocity of air (2000 m/s one-way) then pixels wahvalue of 50 represent 2500 m/s, 100
represent 5000 m/s, etc. Finally, the original imagll be pushed off or up by rubbersheeting
each column according to the velocity model channel

Secondly, original seismic profile could be congdrto depth by “DIY” computer
programmers. For example, Matlab could be easigdusr bitmap treating. Every pixel is
calculated and relocated to their real verticaltdegccording to velocities. All the pixels
locate in their really depth in the seismic pro{iBhengli Wang, personal communication).

Finally, time profiles are converted to depth by first methods when they are with
simpler velocities structure. In contrast, somefif@® are complex to describe by different

velocities by blocks, which are treated by the sdamethods.
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Appendix 2. Methodology of gravity data

2.1 Basic theory

The basis of the gravity survey method is Newtdm®/ of Gravitaion, which states that

the force of attractiorF between two masses,m, andm, m, whose dimensions are

small with respect to the distangbetween them, is given by
_ Gmym,
TE
where G is the Gravitational Constant

(6.676.67 x L0 mikg s 76,67 X 10 mikg s 7).

Consider the gravitational attraction of a spherinan-rotating, homogeneous Earth of

mass M and radiusk on a small massn on its surface. It can be simply considered that

the mass of a sphere acts as though it were coatemtat the centre of the sphere and by

substitution in the last equation:

P oM
=—m=m
FE 4

Force is related to mass by acceleration and the te= 6M/R%*g = GM/R? is known

as the gravitational acceleration, namely gravibe weight of the mass is given by mg.
On the Earth, gravity should be constant. Howether Earth’s ellipsoidal shape, rotation,
irregular surface relief and internal mass distitucause gravity to vary over its surface.
The gravitational field is most usefully definedtérms of the Gravitational potential U:
g1

r

Whereas the gravitational acceleratignis a vector quantity, having both magnitude and
direction, the gravitational potentidl in any direction gives the component of gravityhat

direction. The sea-level surface, or geoid, isrtwest easily recognized equipotential surface,
which is everywhere horizontal, that is, at righgkes to the direction of gravity. The shape of

the Earth, determined by geodetic measurementsaitedlite tracking, is nearly spheroidal,
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bulging at the equator and flattened at the pdies. term “reference spheroid” is an oblate
ellipsoid that approximates the mean sea-levehsar{geoid), with the land above it removed.
This theoretical model was described by the Intgwnal Union of Geodesy and Geophysics

with a formula in 1930.
g, = 978,049(1 + 0.005,2884sin’ @ — 0.000,005,9sin® 20

This formula has been superseded by the Geodeteréhce System 1967 (GRS67).
g, =978,031.846(1+ 0.005,278,895sin” @ + 0.000,023,462 sin* @)mGal

where @ is latitude.

Because of the excess mass in depth, the geoideder@nce spherioid do not coincide
and the local mass anomalies warp the geoid (Figu2a). The geoid is expedted to be
warped upward under the continents because ottttgamaterial above and downward over
the ocean basins because of the low density ofrwitgure A-2b). The deviation between

the two surfaces is as much as 100m.

(a) Reference Geoid
spheroid

Excess
mass

(b) Continent

Reference
spheroid

Geoide

—_—
—

QOcean

Figure A-2. Reference spheroid and geoid. (a) Local excess maspe the geoid. (b)

Continent and Ocean warp the geoid.

2.2 Gravity anomalies of simple-structures

The gravitational attraction of a point maas at a distancer from the mass and the

209



gravitational attractionAg_ in the direction of the mass is given kg = Gm/r* from
Newton’s Law. The gravity anomalgg caused by the mass isg, = Gmcos8 /+* (Figure

A-3).

Gravity anomaly (gu)

km

Figure A-3. The gravity anomaly of a point mass or sphere.

4

(xy.2)

-+

Figure A-4. The gravity anomaly of an irregular shape.

In general, the gravity anomaly of a body of angmhcan be determined by summing
the attractions of all the mass elements which mgkée body (Figure A-4). Considering a

small prismatic element of such a body of dengifythe anomaly of whole body gz is then

found by summing all such elements which make egbthdy, then
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Ag = J j J dx"dv'dz'

Where r=[(x'—x)?*+ (y' —¥)* + (2’ —=2)?

Some forward models are presented here. For exarhpten square with 0.07 gm/cc
more in density could cause a 0.09 mGal anomalgunfiace. The anomaly curve shows a
symmetric curve below the denser mass. The anomahgases when the square moves

upward and decreases when it moves downward (FAgde

018 = —0.28 mGal
0.12
0.06 PO . i

Gravity (mGals)
\

0.00 — —————

Depth (km)

/"
10 2.67gm/cc - 2.6gm/cc
.

| |
—f

20 1km
Figure A-5. The gravity anomaly of an square with 1 km and @®7cc density contrast.
A fault could also cause the gravity anomaly irnfate. For example, a fault reverse with

one layer denser could cause a rotationally symemetrve (Figure A-6). The lighter layer

in this section also results in a similar modelffigo

0 0.20
3 0.00
E
. -0.20
E -0.40
&)
0 2.6 gm/cc
2.5 gm/cc (2.7 ma/cc)
£ 2
= 2.6 gmlcc
o
Q
(=]
40
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Figure A-6. The gravity anomaly of a reserve fault, which dfitadess or more 0.1 gm/cc in

density.

The folds could be identified by the profile of tigeavity anomaly. For example, a
detachement fold with 0.1 mg/cc lighter in densihd with 4 km wave length cause 1 mGal
anomaly (Figure A-7).

0.00
-0.30
-0.60

Gravity (mGals)
b

-0.90 ~1 mGal

2.6 gm/cc
2.5 gm/cc

20 7
4 km 2.6 gm/cc

Depth (km)

40

Figure A-7. The gravity anomaly of a detachment fold, whichafti less or more 0.1 gm/cc

in density.

Finally, the forward simple model of a foreland ibas constructed. We assume that the
density of the basement it 2.6 gm/cc and the bsesgiiments is 2.4 gm/cc. The profile of the
anomaly is controlled by the contract of the basid basement. The anomaly increase to the

mountain direction but decreased when the thickok#®e basin increase (Figure A-8).
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53.41 mGals \

-40.00 i
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Gravity (mGals)
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]
o

2.6 gm/cc

Depth (km)

40

Figure A-8. The gravity anomaly of a foreland basin (2.4 gmam) a mountain basement.

2.3 Density analysis

Gravity anomalies result from the difference in slgn or density contrast, between a
body of rock and its surroundings. The sign ofdeasity contrast determines the sign of the
gravity anomaly. Most common rock types have dessitange from 1.60 and 3.20 Mdm
The density of a rock is dependent on both its mln@mposition and porosity.

Several methods are used to determine the densitid®e northern piedmont of Tian
Shan. The direct measurements on rock sampleseisceammon way, which is usually
necessary to measure several tens of samples lojpaaiicular rock type in order to obtain a
reliable mean density and variance. Moreover tlageesome indirect methods, providing a
mean density of a particular rock unit which may ib&rnally quite variable. They are
measured in boreholes, Nettleton's method of dgmgtermination, and also by the P-wave
velocities of rocks.

We carried out the direct measurement by electroaliance (

Figure A-9). The rocky samples are dried in a baker duringh@drs. They are then

weighted on the balance and obtain the value ingair.. After that, they are weighted in

water g ,. They are placed in a dry plate about 30 minutesveeighted wet on the balance
g.... then weighted in wateg__,. Finally, two type of the densities can be caldathe dry

and the wet.
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Density dry = gd,}-f (92 v 1)
Density dry = gd,}-f (92 v Gur1)

However, the Cenzoic are the sandstone and mudsiitimaut well compression. They

would dissolve in water. We measured their volumes measuring cup and the density will

— rock be:
éh_ﬂ sample
/ Balance \ Density dry = Hdry!'f v
| L]
II
\ |
|
Water
e
= Figure A-9. Cartoon shows the direct measurement of
rock densities with.

Nettleton’s method of density determination invalaking gravity observations over a
small isolated topographic prominence. Field da& reduced using a series of different
densities for the Bouguer and terrain correctidghgure A-10).The density value that yields a
Bouguer anomaly with the least correlation (positiv negative) with the topography is taken
to represent the density of the prominence. Thehatkis useful in that no borehole or
mineshatt is required, and a mean density of thiema& forming the prominence is provided.
A disadvantage of the method is that isolated frééatures may be formed of anomalous

materials which are not representative of the arggneral.

30

(gu)

Bouguer anomaly

Elevation datum

Elevation (m)

214



Figure A-10. Nettleton’s method of density determination over ismlated topographic
feature.The profile corresponding to a value of Z®/cc shows least correlation with
topography so this density is taken to represemtinsity of the feature (Kearey et al., 2002).

Densities are also provided from the P-wave vakxibf rocks obtained in seismic
surveys. P-wave velocities are related with varioteck densities by empirical
velocity-density formulas (Gardner et al., 1974rcBi1960; 1961; Christensen and Fountain
1975; Figure A-11). Nafe and Drake (1963) suggetitatlvelocities estimated from seismic

are probably no more accurate than abé@t10 g/cc . However, this is the only method

available for the estimation of sensibilities ofedly buried rock units which cannot be
sampled.

Bulk density, p(Mgm™)
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Number

Cen3:
Cent
Cent
Ceni
Cen¢
Cenl
TS123/k
J3¢
J4¢
Jar
J3clA
J3c(B
Jar
K130
K148
T1
T2¢
T2b
K146B
P1¢
P1c
P2
P3
K104
Cile
Clh
C2
C3
C4
K107
K82
K89
K168
K137
K91

Lithology

microconalomate
mames Ssi
marnes silteus:
sandstone carbon:
sandston
Greenish sansto
sandston

marne:

marne:

marne:

medium sandstot
medium sandstot
red sandstor
sandston
sandston

Marres
conalomerate and ara\
sandston
Puddinaston
andsit _
volcanoclastit
red silsite

red sandstor
sandston _
andésite massi
conalomerate of ands
marbre

Andsite

Andsite
sandston
sandston
limestont
limestont
sandston
limestont

Age
Cenozoi
Cenozoi
Cenozoi
Cenozoi
Cenozoi
Cenozoi
Cretacou
Jurassi
Jurassi
Jurassi
Jurassi
Jurassi
Jurassi
Jurassi
Jurassi
Triassic
Triassic
Triassic
Permiar
Permiar
Permiar
Permiar
Permiar
Permiar
Carboniferou
Carboniferou
Carboniferou
Carboniferou
Carboniferou
Carboniferou
Carboniferou
Carboniferou
Carboniferou
Cretacou
Carboniferou

W1

0.1652

0.16%
0.165~2
0.1651
*0.1652

*

0.1651
0.1651
0.1651

* ok % X *

0.16%

¥ % 3k % % 3k S % 3k X X ok X X 3k X X * F

Table A-1. The measurement data of density samples with balanc
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W2

0.430¢
0.367¢
0.34:
0.486:
0.4204
0.281~
0.1627
0.5551
0.347¢
0.366¢
0.4211
0.432¢
0.455¢€
0.733:
0.513¢
0.571:
0.87
0.672¢
0.621¢
0.416¢
0.250¢
0.4041
0.545¢
0.574
1.018¢
0.657
0.731
0.587¢
0.945¢
0.338¢
0.833¢
0.693:
0.746¢
0.406¢
0.505~

W3

0.491¢
0.422¢
0.481¢
0.5687
0.4861
0.160~
0.096¢
0.572¢

0.51¢F
0.498¢
0.2491
0.256¢
0.275¢

0.451
0.296¢
0.584¢
0.5277
0.407¢
0.374¢
0.256¢
0.1561
0.2467
0.3381
0.352:
0.649¢
0.4191
0.458¢
0.364¢
0.5827
0.210¢
0.5222
0.426¢
0.4697

0.251
0.305~

w4

0.756¢
0.6251
0.6591
0.889~
0.7457
0.282¢
0.163:
0.961¢
0.697:
0.700~
0.424¢

0.43€
0.4567
0.7352
0.518:
0.990¢
0.872:

0.674
0.6264
0.417¢
0.251¢
0.404¢
0.546¢
0.576~
1.019:
0.657¢
0.7321
0.591¢
0.946¢
0.339¢
0.834¢

0.694
0.747¢
0.407¢
0.5071

W5

0.610:
0.509~
0.5601
0.698~
0.590¢
0.1631
0.098¢
0.724¢
0.596¢

0.57¢
0.259¢
0.267:
0.278¢
0.4531
0.3107
0.757¢
0.532¢
0.4107
0.385¢
0.257¢
0.156¢
0.2472
0.338¢
0.353¢
0.650~
0.419¢
0.4591

0.374

0.58%
0.211¢
0.522¢
0.426¢
0.469¢

0.252
0.3091

W6

0.491:
0.3752
0.363¢
0.494¢
0.428¢
0.285¢
0.165¢
0.560¢
0.356¢
0.370:
0.434¢
0.446¢
0.4601
0.7372
0.531¢

0.61¢
0.877¢
0.677¢
0.636:
0.4181
0.2522
0.405¢
0.5477
0.577¢
1.019¢
0.658:

0.73%
0.6021

0.947
0.341¢
0.835¢
0.6967
0.748¢
0.408¢
0.511%

D1

2.24
2.35
2.26
2.48
2.44
2.30
2.44
2 .56
2.23
2.54
2.3¢9
2.40
2.51
2 .58
2.32
2.35
2.52
2.52
2.46
2.5¢
2.62
2 .55
2.61
2 .56
2.75
2.75
2.67
2 .58
2 .5¢9
2.62
2 .66
2 .5¢9
2 .68
2.59
2.50
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In this study, absolute densities are measuredttlirey electronic balance. Two methods
are used to two types of samples: the incompactrandolid. For the first one, six values are
obtained, weight of cup dry (W1), weight of samptieg with cup dry (W2), weight of cup
and water (W3), weight of samples , cup and waiéd)( weight of more water without
sample (W5) and weight of samples wet, cup andn&{é).

D1=(W2-W1)/(W5-W3); D2=(W2-W1)/[W5-W3+(W6-W2)].

Secondly, for the solid sample, also six valuesoltained without W1 in the Table A-1.
They are weight of dry sample (W2), weight of saenipl water (W3), weight of wet sample
(W4), weight of wet sample in water (W5) and weiglitwet sample after previous step
(We6).

D1=W2/(W4-W3); D2= W2/(W6-WS5).

Two results of density are calculated and comp#recerify the effect of the porosity in
measurement (D2). D1 is the original density result

P-wave velocities are also used for determiningds itensities (Table A-2). It is based on
the formula:

plgm/cc) =031V % (from Gardner et al., 1974).

sel Sn.“ ¢ Density(gm/cc)

velocity
Q24 2500 2
Q1x 3600 2.4
N2d 3400 2.37
N1t 3500 2.38
N1s 3700 2.42
BE23a 3150 2.32
El2z 4100 2.48
Kad 4750 2.57
Kitg 4230 2.5
33 4300 251
N2 4300 2.51
J1 4500 2.54
T 4600 2.55
Basement 5000 2.61

Table A-2. Densities of every formation obtained from Seidpielocities.

The density of the northern Tian Shan has beeniestudn previous studies
(B-U- Tchaikov, 1951; Li et al., 1958; Gao et al., 19%@ng et al., 1983; Zuo et al., 1999,
Figure A-12). Those results were obtained by a tgoeml of measurements and they

correspond to our measurement and velocity results.
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The density of formations in the northen piedmont of Tianshan
—8— P-wave velocity
28 ! == — ——Zuo et al.,1999
> 28 /*F ——— /"’ : Jiangetal,, 1983
g 24 B8 i i ~—Lietal., 1958
W g -
: —+—Gaoet al., 1958
2 1
i ——B-H- Tchaikov et al., 1951
0 5 10 15 = ek

Figure A-12. Density distribution from different resoures. 116 indicate Quaternary (1),
Xiyu Fm. (2), Dushanzi Fm. (3) , Taxi He Fm. (4dhaBan Fm. (5), Anjihai Fm. (6),
Ziniquanzi Fm. (7), Dongou Fm. (8), Tugulu Fm. Qpper Jurassic (10), Middle Jurassic

(11), Lower Jurassic (12), Triassic (13), Permia(l4),

and crystal basement.

Carboniferous (15), Devonian (16)

Finally, the densities which are implied to graviydels are showed following (Table

A-3). They are much simpler than really formatioariation in density but show the

characters of density variation in the southerrgdanarea.

Basement

Triassig Jurassic Cretaceolsrtiary | Xiyu Fm.| Quternary

Densities

(gm/cc)

2.6

2.55 2.5 2.45 2.4 2.5 2.0

Table A-3. The densities of southern Junggar basin used fdlowing gravity modeling.

2.4 Gravity measurement

2.4.1 Field measurements

The measurement is carried out by SCINTREX CG-5
(Figure A-13), the reading error is aboupGal. The error of
100 m in longitude or latitude could result in amnoe of 0.1
mGal in maximum. In contrast, the altitude variatids
important to the gravity study, an error of 30 could cause

the same error value.

Figure A-13. Gravimeter of Scintrex CG-5.
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ProMark 3 RTK, a Post-processing differential GR#®agellan®, has less than 10 cm in
error with full of signal. It worked with a basexéid and the rover on the point to be surveyed
(Figure A-14).

Before interpretation of the gravity data, all ations in the Earth’s gravitational field
which do not result from the differences of dengityhe underlying rocks are corrected, such
as latitude correction, elevations correction andalT correction (details see Joly 2005;
Kearey et al., 2002).

Figure A-14. Post-Processing Surveying of GPS Promark 3 RTK.
2.4.2 Crust-scale structure.

The crust-scale structure of Tian Shan has beetiestlby several methods, such as
seismic topographic image (Xu et al., 2002; Lilet2009) or by deep seismic sounding (Lu
et al., 2000; Wang et al., 2004; Zhao et al., 206sults show that the depth of Mono
present a shift of 10 km from the Junggar basitheo Mountain area. In this study, these
results are used to constrain the deep Moho syrfalcieh have regional effect in gravity
measurement.

In western part of the Mountain, the geometry ofhldas based on the deep seismic
sounding result of Lu et al.(2000). This profilawersed Tian Shan along the Dushanzi and
Kuitun road. It shows that Moho is offset by 10 kmthe northern Tian Shan region, 62 km
deep in the south while 52 km deep in the Moho eatmthe Tian Shan Mountain (Figure
A-15). Following 2D forward models include the stiwre in depth. The upper mantle is 3.3
gm/cc, while 3.0 gm/cc in the lower crust. This pigeofile is parallel to the Wusu section,

Kuitun section and Jingouhe section.
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Figure A-15. Schematic crustal structure along the Kuitun-Shayaefife in the Tian Shan

area. The overstriking line indicates the Mohodattu et al., 2000).

In the eastern part, the deep seismic reflectiafilprin the front of Tian Shan was
published (Wang et al., 2004). This profile is @aoine Manasi He, about 20 km to the
Qingshui He (Figure A-16). The offset of the Molmatihe basin along this section is different
with the Kuitun profile.

L =, ————
—_ - — 10+
Junggar Tianshan

5t @ 20
\— 30~

Moho \ 40-
50-
445N 440N 435N km)

70 km 60‘ 50 40 30‘ 20 10 0 10
| | | | | | \ \ l

Figure A-16. Sketch of the crustal structure in the northeasf@ian Shan margin along

Manasi He (after Wang et al., 2004).
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Appendix 3. Methods of 3D modeling

Traditionally in geology, both stratigraphic andustural analyses have been carried out
in one or two dimensions. 3D geological models asaally achieved integrating surface,
wells and seismic data. Due to the difficulty oflecting these data, reliable 3D models are
generally realized by oil companies for exploration production and by engineering
companies for major infrastructural works, sucldass and tunnels. 3D models can improve,
at different scale, our capability of understandimg geometry of complex geological settings:
they also permit to compute volumes and parametegeological data for further
applications.

Recently, the 3D approach to geology has been expppb field data with interesting
results following different work flows (Berra et.aP008; Bistacchi et al., 2008; De Donatis,
2001; Dhont et al., 2005; Fernandez et al., 200, €k al., 2008; Martelet et al., 2004; Tonini
et al.,, 2008; Zanchi et al., 2009). Several commkrsoftware were developed for 3D
geological modeling. For example, Gocad (Geolog@hlect Computer Aided Design) of
CRPG; 3D Move by Midland Valley Exploration; Geonetidr by BRGM; Earthversion by
Dynamic Graphics, Inc. and so on. Most of thembased on the interpolation in every point
to construct boundary surfaces then in 3D volurirethis chapiter, 3D modeling procedure is
focused on work with 3D GeoModeller and Gocad.

The 3D Geomodeller is a software that take intmant the limited shape and topology
geological objects. This tool construct geologig@lmodel by complex implicit functions. To
do this, it combines not only the available strugkalata on interfaces, but also data in depth
(e.g., drilled wells, sections of geophysics). Hhgorithm is based on the interpolation of a
scalar field defined in the space, the gradienwlch is orthogonal to the orientations. The
modeled interfaces are shows as isovalues of tieepwlated field (Lajaunie et al., 1997).
Geological body geometry is described by discmagisireference isovalues. Faults are
modelled by the same method of inserting discortteriin the potential field(Calcagno et al.,
2008).

Geostatistical methods

Geostastic method of Kriging allows estimatingeddiknowing spot values of a field by

isovalues of potential-field. There are spatialrelations between a field and its derivatives.
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So interfaces are finally represented as isolime$wio dimension or isosurfaces in three
dimensions by interpolation (Figure A-17).

Cubic covariance function of the potential fieldused in this software. In practice, date
is defined by varies methods as followings. An miaion is translated into three partial. Data
polarity can complete the gradient of the poterfigld. If two points belong to the same

interface, it indicates that the value of poteriilald between these two points is zero.

Figure A-17. Principle of the potential-field interpolation meitth (in 2D). (a) An anticline
mapped by two formations outlines and their dip sneaments. (b) The geological formation

modelled by the potential-field method.

Faults are presented with a spatial function disnanus in the system for cokriging, as a
function of drift. Its value is 1 in one side dfetfault and decrease to O on the other side
depending on the distance to the fault and theaniist along the fault. For example, if a
translation is rigid, the function would be zero éme side and one for other side. Otherwise,
if it is wished to model a gradual deformed fatlig function depends on its distance from the
edge and along the fault (Figure A-18).

(@) (b)
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Figure A-18. Graphical profiles of the drift function took intihe cokriging equations to
model the effect of offsets to geological formatianross faults. (a) Infinite fault. The drift
function is 1 on one side of the fault and O on thieer side (transverse profile). The

longitudinal profile shows that the fault is infi@i (b) Finite fault. The domain of fault was
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influenced in an ellipsoid. The drift function v@sifrom 1 or-1 to 0 when moving away from

the fault (transverse profile). Along the faultetdrift function decreases from the centre to

the fault limits (longitudinal profile).

In real cases, it is rare that the interfaces aralfel or subparallel within a study area. It

must interpolate these separately interfaces arggrof interfaces. It is reduced to interpolate

as many potential fields there are distinct groopsnterfaces intersecting. For example,
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modeling structures complexes such as folds or
granitic intrusions, which can be modeled by
surface elevation of the type z = f (X, y), n idyon
possible by the introduction of polarity on
orientation data. We then define a series as afset
layers (formations) concordant and one uses a
potential field series.

It remains to impose the rules specific to geology
to determine the relationship between

series and thereby solving the problems of contact
between them. There are two rules: erosion (Erode)
and deposit (onlap). Such rules can solve all
situations encountered. The formations of a series
of type onlap will only be deposited in the space
left by the previous series. The formations of a
series of type Erode will both erode existing serie
and settle. Erode combines two events: a sequence
of erosion then a phase of deposition (Figure
A-19)

Figure A-19. (a) Formation 1 (basement) and

potential field of Formation 2. (b) Interpolated foation 2 by an Onlap relation and data for

potential field of formation 3. (c) Interpolatedrfoation 3 by an Erode relation.

As reliable sections constructed in the southemggdar basin, 3D modeling could be

built in the the software of Geomodeller (BRGM). 8iwdeling in the foreland basin could

used to calculated the sediments volumes durinigrdiit periods and show the variation
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sedimentary and structural variations along then B&an front. So far the 3D modeling is
primary constructed along the Jingou He (FigureO)-2As more reginal sections to be built in
the future, the whole fold-and-thrust belt in tbeeland could be present in three dimension.

Figure A-20. The 3D model in the southern Junggar basin, integtdy three north-south

trending sections.
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Ke CHEN
Le piedmont nord du Tian Shan : cas d'école d'un frertichine immature

La chaine actuelle du Tian Shan (Asie centralef@ssidérée comme une conséquence directe
réactivation d'une ceinture orogénique du Paléamodpe a la collision Inde-Asie, au Cénozoic
Un travail détaillé a été réalisé le long du piémoord de la chaine en intégrant les observat

gravimétriques et des données de forages.

particulierement pendant le Jurassique. Deuxiemente@rguantité de raccourcissement calculé
travers cette ceinture de plis et chevauchementd do Tian Shan est relativement faible et
structures reconnues le long du front de la chpigsentent une hétérogénéité latérale forte. A

cénozoiques du bassin est remarquablement expdeé@dede certaines vallées, d'autres sect
montrent que les séries sédimentaires du Triasuaassique peuvent étre suivies de man

relativement haut dans la chaine. Quatre coupdsgigoes ont été construites par l'intégration
données pluridisciplinaires acquises. La restaumatie ces coupes montre que les taux
raccourcissement sont inférieurs a 20% et peuvestahdre a un minimum de 6%. Ces observal
suggeérent que le piémont nord du Tian Shan esbdtpkjeune» et que la chaine d’avant pays
encore a un stade primaire de son évolution tegt@niEn d'autres termes, le piémont nord du ’
Shan peut étre considéré comme un exemple typ@iede chaine immature.

Mots-clés Tian Shan, déformation, front, ceinture de chehaments et de plis, basin d’avant-pa
immature.

The northern piedmont of Tian Shan: a case studyfature range front

The modern Tian Shan (Central Asia) is considesed direct consequence of the reactivation
Paleozoic orogenic belt due to the India — Asidisioh, during Cenozoic times. A detailed work I
been investigated along the northern piedmont ah T$han, integrating the field work, structu
analysis, seismic profile data, gravity anomaly sseeaments and drilled wells. Firstly, this stu
brings new and direct evidences, at different scdt® the existence of a major paleo-relief altmg
northern Tian Shan range during Mesozoic, and qaatily during Jurassic times. Secondly,
calculated shortening amount in the northern pietrob Tian Shan is rather small and the struct
pattern of its front is heterogeneous along-strikile, thrusting of the Paleozoic basement on
Mesozoic or Cenozoic sedimentary series of thenbisiremarkably exposed along several ri
valleys, other sections display continuous Triagsidurassic sedimentary series from the basinet
range where they unconformably overlie on the Qaifboous basement. Four cross-sections are n
by integrating multi-method data, showing that $éi@ing amounts are less than 20% and coul
even until to6%. This suggests that the Tian Shan intracontaeamnge is rather “young” and still at
primary stage of its tectonic evolution. In otherds, its front may be considered as a typical gte
of an immature range front.

Keywords Tian Shan, deformation, front, fold-and-thrusit bereland basin, immature.
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