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[1] The Kashi anticline is a north vergent, asymmetric, doubly plunging detachment fold
located in the SW Tian Shan foreland. We combine structural, magnetostratigraphic,
and topographic data to define the fold’s lateral propagation, surface uplift, and
concomitant exhumation. Two new magnetostratigraphic sections indicate that the fold
began growing at ~1.4 Ma and by 1.07 Ma, deformation had propagated eastward

~13 km at an average rate of ~40 km/Myr. Subsequently, propagation rates increased at
least twofold, until the fold reached >60 km in length by 0.8 £ 0.3 Ma. Since then,
eastward fold propagation slowed to ~15 km/Myr, and the eastern 15-25% of the fold
remains buried in the rapidly aggrading foreland. The structure and topography of the
emergent fold support interpretations of fold growth in three stages: initial symmetric
lateral growth both east and west to a total length of ~30 km followed by, first, rapid and,
then, slower eastward lengthening to 72 + 10 km total length. Shortening rates as high as
1.97%% mm/yr characterize the western part of the fold but decrease toward the east.
Significant dissection of the emergent fold does not occur until topographic relief is
sufficient (~200 m) to permit stripping of protective conglomerates from across the fold’s
upper surface. As differential rock uplift continues following breaching of the
conglomerate, ~75% of the rock raised above local base level is subsequently eroded at
rates as high as 2.4 km/Myr. Despite extensive erosion, the modern fold topography
mimics spatial patterns of both long-term shortening and variations in rock uplift.
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1. Introduction

[2] Intracontinental mountain building in convergent
settings initiates with the nucleation, growth, and lateral
propagation of thrust faults and folds [Armstrong and
Oriel, 1965]. These tectonic processes interact with ero-
sion and deposition to create the morphology and the
long-term drainage patterns of active convergent regions
[Burbank et al., 1999; Gupta, 1997]. Growth of an
anticline as a geomorphic entity is driven by an evolving
relationship between shortening, rock and surface uplift,
sedimentation, and exhumation. In the early phase of
folding, rock uplift must outpace exhumation and sedi-
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mentation to create a fold morphology; in steady state
conditions, these reach an equilibrium, whereas in the
final, destructive phase of an fold, exhumation dominates
[Daéron et al., 2007; Willett and Brandon, 2002]. Temporal
changes in key controlling factors, such as fault geometry,
shortening rate, and erosion rate will influence the surface
uplift history [e.g., Abbott et al., 1997; Burbank and
Anderson, 2001; Burbank, 2002; Whipple et al., 1999].
Because time-dependent changes in these factors are diffi-
cult to document, their detailed evolution and interactions
are rarely delineated.

[3] When folds grow through lateral propagation and
amplitude increases, a space-for-time, e.g., ergodic, substi-
tution can illuminate the long-term spatial and temporal
distribution of erosion and surface uplift and can permit
reconstruction of progressive changes in the balance be-
tween rock uplift and erosion [Burbank et al., 1999].
Ergodic substitutions are most reliable when time con-
straints exist for several intervals of fold propagation, such
that rates of propagation, shortening, rock uplift, and
erosion can be determined [Bennett et al., 2006; Sobel et
al., 2006]. Such along-strike temporal control, however, is
commonly lacking in studies of fold-and-thrust belts. Only
when reliable ages can be assigned to various stages of

1 of 22



B03S16

Dinghai
eau

Figure 1.

CHEN ET AL.: QUANTIFICATION OF ANTICLINAL GROWTH

B03S16

it

20

Kilometers

Landsat image of the Kashi basin and southwest Tian Shan. Major thrust faults (thick black

lines with teeth on hanging wall) and anticlines are indicated. The South Tian Shan fault system includes
the Maidan and Muziduke faults to the north of the Kashi basin. KBT, Kashi Basin Fault; MKBT, Middle
Kashi Basin Fault; magnetostratigraphic sections, Boguzihe (B); Ganhangou (G); Kashi West (KW);
Kashi Town (KT); and Kashi North (KN), are indicated as thick black bars. Major river drainages
generally flow from the NW to SE across the image. Arrows on the east end of the Kashi Anticline
indicate that drainage diverge along the projected, but buried crest of the fold. Inset is an elevation map
(DEM) of the Tian Shan showing regional setting of the Kashi Basin and location of major range-
bounding faults (black lines with teeth on uplifted side). The cities of Urumqi and Kashi are shown by
black dots along the flanks of the Tian Shan. DEM varies from <1000 m (dark gray) to >8000 m (white).

fold growth can the validity of the substitution be
assessed.

[4] We report here a time-calibrated example of fold
propagation from the Chinese Tian Shan, central Asia. We
use magnetostratigraphy to directly date the age of growth
strata at two sections along the fold. Magnetostratigraphy
also allows us to determine local deposition rates that we use
to calculate the age of seismically imaged growth strata at a
third section along the fold. These data, in combination with
the geomorphically expressed and seismically imaged tip of
the fold, are used to determine propagation rates and to
constrain rates of shortening, surface uplift, and erosion along
the fold. We find that present fold shape is strongly influenced
by a significant contrast in rock erodability between the outer
(younger) conglomerate along the margins of the fold and the
inner, weaker fluvial sandstones and shales. In addition,
rivers that impinge on the fold margins enhance the topo-
graphic asymmetry of the fold. Overall, we show that since
the early Pleistocene, the Kashi anticline has propagated
eastward at variable rates and that the eastern fifth of the fold
remains buried within the aggrading foreland. Once the
resistant conglomeratic carapace is breached by erosion,
more than 75% of the rock thrust above local base level is
subsequently removed. Despite this erosion, the morphology

of the emergent fold mimics spatial variations in the mag-
nitude and rate of shortening and in differential rock uplift.

2. Regional Setting

[s] The Tian Shan represent the most active site of
modern intracontinental mountain building in the world, with
~40% of the Indo-Asian convergence being accommodated
across this range [Abdrakhmatov et al., 1996; Avouac et al.,
1993; Reigber et al., 2001; Wang et al., 2001]. Geodetic
results indicate that ~6—9 mm/yr of present-day shortening
occurs across the Chinese Tian Shan between the NW
Tarim basin and southern Kyrgyzstan [Reigber et al.,
2001; Wang et al., 2001]. In contrast to bedrock-cored
ranges of the Kyrgyz Tian Shan [4Abdrakhmatov et al.,
2001; Burbank et al., 1999; Thompson et al., 2002], the
style of deformation appears very different in the Chinese
Tian Shan on the southern flank of the range (Figure 1),
where folds and faults develop within the thick pile of
upper Cenozoic strata.

[6] The present topography of the Tian Shan in central
Asia was created during Cenozoic times as a result of the
India-Asia collision [Allen et al., 1999; Tapponnier and
Molnar, 1979; Yin et al., 1998]. The large-scale topographic
front of the Tian Shan is delineated by a major south vergent
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Figure 2. (a) An enlarged CORONA image of the central section of the Kashi fold immediately west of
the Baishikeremuhe water gap. Three paleomagnetic sampling sections, Kashi West, Kashi Town, and
Kashi North are shown. Normal (solid circles) and reversed (open circles) sites are depicted in their
appropriate locations, but only some of the sites are shown for clarity. Note that the lower contact of the
Xiyu conglomerate (white dashed line) cuts across strike as it interfingers with the Atushi Formation.
Kashi West contains 120 sampling sites/levels (E1—E100 collected in 2003, and E144—153, E180—190
collected in 2005). Kashi Town has 52 sampling sites/levels (TO—T52 collected in 2004), Kashi North
limb contains eight sites (KN-A to KN-H, 63 samples) sampled in 2003. G, Gauss chron; O, Olduvai
subchron; J, Jaramillo subchron; B, Brunhes chron. Black dashed lines depict stratigraphic correlation
based on bed tracing between the sections. (b) Photograph of growth strata on the southern limb of the
Kashi anticline at the Kashi Town paleomagnetic section. View is to the west. South of a ~700-m-thick
panel that dips 20°, offlapping dips of small-pebble conglomerates (darker gray) and sandstone interbeds
(light color) are interpreted to record the initiation of folding.
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reverse fault system that includes the Maidan and Muziduke
faults (Figure 1). These faults represent the Cenozoic
reactivation of a late Paleozoic thrust system [Allen et al.,
1999; Chen et al., 2000; Xinjiang Bureau of Geology and
Mineral Resources, 1993]. Fission track dating by Sobel et
al. [2006] suggests that exhumation commenced near the
Oligocene-Miocene boundary (~24 Ma) along this thrust
fault system and that deformation subsequently propagated
~20 km south to the Kashi Basin Thrust (Figure 1), which
was exhumed no earlier than 18.9 + 3.3 Ma.

[7] The Kashi foreland basin is ~160 km long by 70 km
wide. As much as 9 km of Cenozoic sediments accumulated
in the basin [Jia et al., 2004; Zhou and Chen, 1990] and are
folded into a suite of elongate anticlines and synclines
(Figure 1) [Li et al., 1996; Scharer et al., 2004]. Palinspastic
reconstructions across the basin indicate that >20 km of
shortening is accommodated on these major structures
[Heermance et al., 2004]. Two areas with contrasting
deformational styles are developed in the basin (Figure 1).
The northern area represents the westernmost expression of
the Kepingtage thrust system as identified by Yin et al.
[1998]. This area comprises fault-related folds associated
with a south vergent imbricated thrust stack (Kashi

Basin Thrust and Middle Kashi basin thrust fault), where
slices of Paleozoic strata making up the former Tarim
platform are thrust south toward the foreland [Chen et al.,
2001; Heermance et al., 2004; Qian et al., 2001; Scharer et
al., 2004; Sobel and Dumitru, 1997; Xinjiang Bureau of
Geology and Mineral Resources, 1993; Xiao et al., 2000].

[8] Lying south of the Kepingtage system, the Kashi-
Atushi fold system represents the southern deformational
area. It includes the towns of Kashi (Kashgar) and Atushi
(Artush), and is characterized by three sets of en echelon
and serial folds [Scharer et al., 2004]. The fold sets vary in
length from 80 to 150 km long and have a topographically
expressed width of ~10 km. Seismic lines across the folds,
however, indicate that the fold flanks are gently dipping in
the subsurface and that total anticline width is generally
13—20 km. Five en echelon anticlines, the Mushi (not
shown in Figure 1), Mingyaole, Kashi, Atushi-Talanghe,
and Mutule (Figure 1), make up three subparallel fold sets
that strike east-west from the northeast corner of the
external Pamirs to the west end of the Kepintage thrust belt
of the Chinese Tian Shan. Major transverse rivers that drain
the Tian Shan cut across the Kashi-Atushi fold system; none
are longitudinal.
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Figure 3. Line drawings from proprietary seismic sections (Figures 3a, 3c, 3e) from PetroChina and
corresponding interpreted cross sections for Kashi West (KF), the water gap (KD), and the eastern
emergent tip (KB) (Figures 3b, 3d, 3f). Growth strata are drawn as stippled region on the interpreted
sections and their thickness is based on the location of fanning dips at the fold flanks at (a, b) section KF
or the mapped surface location extrapolated to depth at (¢, d) section KD and (e, f) section KB.
(g) Landsat image showing the cross sections and seismic line (KS99-561, KS01-578, TA9402, JC-Al,
TA9403, TA9410) locations along the Kashi fold. Cross section G-G’ is from Scharer et al. [2004]. KB
and KC are the locations of the magnetostratigraphic sections.

[o] At the surface, the anticlinal structures vary from box-
like with ambiguous vergence to asymmetric folds display-
ing northward vergence [Scharer et al., 2004]. Neogene
through Pleistocene strata deposited in the Kashi foredeep
crop out in each fold. The outer layers of the anticlines
consist of the Xiyu Formation, a moderately well-indurated
conglomerate with significant lateral thickness variations
(Figure 2). The conglomerate interfingers into a generally
fining-down sequence of sandstones, mudstones, siltstones,
and gypsum that are well bedded, but weakly indurated

and easily eroded. Even where cross sections indicate that
2—4 km of structural relief has developed, the anticlines are
extensively dissected and exhibit <500 m of topographic
relief (Figure 3). Total reconstructed shortening over the last
1-2 Myr across both the Atushi-Talanghe and Kashi folds
decreases from ~7 to 1 km toward the east [Chen et al.,
2002; Scharer et al., 2004]. Overall, these anticlines repre-
sent north vergent detachment folds that developed during
late Cenozoic times and are interpreted to have accommo-
dated much of the recent shortening that has been shown
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Figure 4. Segments of seismic lines JC-A1 and TA9403 and their line drawing interpretations. All lines
are based on two-way traveltime, and depth conversions are based on the velocity model for the Kashi
basin foreland sediments provided by PetroChina. Note that the ground surface is not necessarily at
0 seconds s. (a) Northern part of seismic line JC-A1 (Figure 3g) at the eastern topographic nose of the
Kashi Anticline. (b) Line drawing interpretation of JC-Al showing the Kashi Anticline. Multiple
detachment levels and faulting are interpreted between 4000 and 6000 m, but strata above 4000 m behave
as a detachment fold. (c) Seismic line TA9403 located ~22 km east of the topographic nose of the Kashi
Anticline. (d) Line drawing interpretation of TA9403 showing north dipping beds that may be the
northern flank of the Kashi Anticline buried east of the topographic nose.

geodetically to occur south of the Kyrgyz Tian Shan [Chen
et al., 2002; Scharer et al., 2004]. Because these strata have
not been deformed by earlier orogenies, they provide a
pristine succession within which to discern the style, age,
and rates of shortening, as well as ongoing geomorphic
modification of the folds.

3. Structure and Stratigraphy of Kashi Anticline

[10] This paper refines the structural interpretation of the
Kashi fold presented by Scharer et al. [2004] based on
additional, improved seismic reflection profiles provided by
PetroChina and further structural mapping. The most sig-
nificant changes are our interpretations of the geometry of
faults underlying the fold. Located at the southernmost limit
of the Kashi-Atushi fold system, the Kashi anticline is a
doubly plunging anticline with an overall north vergence at
the surface. The major topographic expression of the fold
extends toward N85°E for ~60 km from near the eastern
end of the Mingyaole anticline to where its eastern nose
plunges into the depositional plain of the Tarim basin
(Figure 1). At the surface along its western half, the
anticline exhibits steep limbs dominated by dip panels
inclined between 50° and 80° (Figures 3d and 3f of Y. Z.
Kang et al., Structure feature and an assessment of hydro-
carbon potential of the Kashi depression of Tarim basin,
Xinjiang unpublished manuscript, 1978, hereinafter referred

to as Kang et al., unpublished manuscript, 1978) separated
by relatively flat dips near the axis, which give the fold a
box-like shape. Our geologic mapping reveals that reverse
faulting occurs locally along the fold flanks, but the faults
are neither laterally continuous nor pervasive, and displace-
ments on faults at the surface are much smaller than the
displacement at depth required to produce the structural
relief on the range itself. Thus folding must be controlled by
blind or subhorizontal detachment faults beneath the fold.
[11] Proprietary seismic data from PetroChina reveals that
the folds are underlain by at least two detachment levels at
~3 and ~6 km below sea level (bsl), equivalent to 4.5—
7.5 km depth (Figures 3 and 4). Low-angle faults are
common beneath the folds between these detachment levels,
and do not appear to cut strata above depths of ~4.5 km.
Despite changing fault dips, the higher structural levels of
the folds have a consistent north vergence and steep limbs
(>60°, Figures 3d and 3f) that are not parallel to the
underlying fault ramps. Where ramps occur below the upper
detachment, the strata appear discontinuous (faulted) across
the ramp. These geometries suggest that folding of the older
Tertiary strata is due to fault bend folding [Suppe, 1983]
with limited slip on the faults. Above the upper detachment,
the strata typically are not parallel to the underlying fault
ramps, the amplitude of folding increases upsection in
places, and tight folds occur in the absence of faults. These
characteristics suggest detachment folding dominates the
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deformation. Duplex structures between —3 and —6 km
elevation and flexural slip within the more competent layers
above —3 km depth complicate fold kinematics and suggest
that the overlying layers likely behave as faulted detach-
ment folds with moderate strain (similar to Figure 3c of
Mitra [2002]) or detachment folds above a fault bend fold in
the basal layer (analogous to Figure 13d of Gonzalez-Mieres
and Suppe [2006]). We therefore interpret these structures
as detachment folds above the upper detachment, with strain
accommodated below the upper detachment by both fault-
ing and layer-parallel shear. The crest of the Kashi fold
forms a broad, gently plunging (~1.8°) nose at its eastern
end, but an abrupt, steeply plunging anticlinal hinge at its
western end, where it interferes with two active folds as it is
squeezed between the Mingyaole and Atushi-Talanghe
anticlines (Figure 1).

[12] The Kashi anticline is underlain by three Tertiary
sedimentary sequences that unconformably overlie Creta-
ceous and/or Paleozoic strata: the Miocene Wugqia group,
the Plio-Pleistocene Atushi Formation, and the Xiyu For-
mation, which is traditionally assigned to the Pleistocene
[Jia et al, 2004; Kang et al., unpublished manuscript,
1978]. Although not exposed at the surface here, the Wugqia
Group in the Kashi Basin (~2500—-4000 m thick) consists
of predominantly fine textured, multicolored, interbedded
mudstone, siltstone, and fine sandstone, and it includes
numerous gypsum interbeds in its lower part [Jia et al.,
2004; Zhou and Chen, 1990; R. V. Heermance et al.,
Tectonic control on gravel progradation and the signifi-
cance of upward coarsening stratigraphy in the evolving
southwestern Chinese Tian Shan foreland, submitted to
Basin Research, 2006, hereinafter referred to as Heermance
et al., submitted manuscript, 2006]. It represents a fluvial-
lacustrine sequence with abundant fossils, including ostra-
coda, charophyte, and foraminifera, that indicate a Miocene
age [Hu, 1982; Jia et al., 2004; Zhou and Chen, 1990]. The
gypsiferous beds at the base of the Wuqgia Group and at
~—3 km elevation are likely detachment horizons that
correspond with the seismically interpreted detachment
levels (Figure 3).

[13] Conformably above the Wugia Group, the Atushi
Formation (1500—3400 m thick) is dominated by fluvial,
yellow-gray to tan mudstone, siltstone, and fine- to medium-
grained sandstone that generally coarsens both upward and
toward the west [Jia et al., 2004; Kang et al., unpublished
manuscript, 1978]. Thin beds, 5 to 50 mm thick, of gypsum
and gypsiferous mudstone are preserved within the lower
units and also increase in abundance westward (Kang et al.,
unpublished manuscript, 1978), whereas at stratigraphically
higher levels, pebble conglomerate layers are sparsely
interbedded. The age of the Atushi Formation is given as
Pliocene, based on magnetostratigraphic data [Chen et al.,
2002] and the presence of ostracoda in the Boguzihe
section [Jia et al., 2004]. Paleocurrent directions in the
upper part of this sequence at the Kashi West and Boguzihe
paleomagnetic sections are oriented predominantly east-
ward (Heermance et al., submitted manuscript, 2006) and
indicate a major change in the drainage network since the
Plio-Pleistocene.

[14] The top of the Atushi Formation is marked by an
abrupt coarsening and darkening of the lithology that is
easily mapped in the study area and indicates transition into
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the Xiyu Formation (Figure 2). The Xiyu Formation is
dominated by massive, thickly bedded, pebble-to-cobble
conglomerate typical of the channel and debris flow depos-
its of alluvial fans and gravel bedded braided rivers, locally
interbedded with minor lenticular sandstone and mudstone
beds in its lower part. The Xiyu and Atushi Formations
appear conformable, but the stratigraphic level of the
contact is highly variable along strike and becomes rela-
tively younger eastward (Kang et al., unpublished manu-
script, 1978). The lateral discontinuity of the Xiyu
Formation can be seen northwest of the city of Kashi in
the Landsat imagery (Figure 2a), where the dark Xiyu
conglomerate pinches out into the lighter Atushi sediments
to the east. The stratigraphic height of the Atushi-Xiyu
contact also appears to vary in a north-south direction. This
variation is expressed stratigraphically by the distance
between the axial trace of the fold and the position of the
Xiyu Formation on the fold’s north versus south flanks
(Figures 1 and 2a). Despite the essentially identical geom-
etry of the fold limbs and an absence of major thrust faults,
the Atushi-Xiyu contact on the north side of the anticline is
consistently and significantly closer to the hinge line than is
the contact on the south side [Scharer et al., 2004; Kang et
al., unpublished manuscript, 1978]. We interpret this contact
to be progradational and relatively younger on the southern
limb and eastern part than on the northern limb and western
part of the anticline [Scharer et al., 2004]. Paleomagnetic
results in the Kashi basin show that the conglomeratic Xiyu
Formation is clearly time-transgressive along its prograda-
tional contact with the underlying Atushi Formation, such
that the onset of conglomeratic deposition varies by ~1 Myr
across a distance of 10 km [Chen et al., 2002; Heemance
et al., 2004].

[15] Beneath and along the flanks of the Kashi fold
(Figure 3), beds of the Wugqia Group and in the lower part
of the Atushi Formation are seismically constrained to be
parallel and to display approximately constant stratigraphic
thickness [Qian et al., 2001]. Overall, folding of these beds
defines the structural geometry of the Kashi anticline, and
we interpret them as pregrowth strata. In contrast, beds of
the upper Atushi Formation to Xiyu Formation are arranged
in a fan-like pattern around the outer flank of the anticline,
and they thin as they approach the anticline crest (i.e.,
Figures 2b and 3a—3f). Syntectonic intraformational uncon-
formities [Riba, 1976] are common in these beds, and we
interpret them as growth strata.

4. Magnetochronology and Rate of Sedimentation

4.1. Paleomagnetic Sampling, Laboratory Methods,
Statistical Analysis, and Results

[16] In order to define the timing of fold growth and its
stratigraphic context, we established magnetic polarity strat-
igraphies of the associated sediment succession at two
measured sections along the southern limb of the anticline:
Kashi West (KB) and Kashi Town (KC), separated by
~13 km (Figure 2a). Within the framework of the local
Plio-Pleistocene fossil assemblage, the resulting succession
of reversals was then correlated to the geomagnetic polarity
timescale (GPTS) of Cande and Kent [1995] (Figure 5). The
stratigraphy of the sections was linked together by tracing
bedding along intervening strata. This correlation was

6 of 22



B03S16

G

(Cande and Kent, 1995)

0.5

(Ma)

Kashi West Section

41300 - Lithology Declination (°) VGP Latitude (°)
e Ts s o) SUke/diP oo o o0 180270 -w0-450 45 0 MPTS
S 90°/9°
©1200 A
©
= 70°/10°
(2]
<
1100 4 5 o4
9] .0
O] s
o £ oo ~1.4Ma 3
10 90°/39°
%1000 “J L (kink band) .4} i>.
= 3 95°/55° 1.5
> .
@ S Boguzihe
< X
% 900 =l oo | p716Ma MPTS
1<)
<
c
8 O 108°/57°
. - - ---- e - - mhmm -
O 500 gwos"/eo"% ._g?; n3
£ 96°/66°
O oziee
= 103757 o
700 <
i
< = 2
600 T

1

98°/66°

|
o el N At

100°/65°
93°/68°

100°/70°

n1

95°/55°
95°/24°

80°/23°

CHEN ET AL.: QUANTIFICATION OF ANTICLINAL GROWTH

B03S16

PTS Kashi Town Section

Declination (°) VGP Latitude (°)
90 0 90180270 -90-45 0 45 90

L3

B od

Lithology

900 1
Strike/dip
80°/10°

028, 00N S,
o LN

B
a“aohc o“a(?
Epo

MPTS

[

800 15 %

~0.73

Ma

80°/14° 700 7
84°/16°
79°721°

76°/120°

Atushi Formationl Xiyu Formation

60°/19°

Pregrowth strata § Growth strhta

64°/24°

I
i
H | T

Strike line correlation

75°/19°

80°/20°
100 1

Rgunion

Gauss |Matuyama/
&

69°/20°

Mammoth Kaena

Figure 5. Lithology and magnetostratigraphic results from the Kashi West and Kashi Town sections

with declination and virtual geomagnetic pole (VGP)

plotted against stratigraphic height and correlation

to the GPTS of Cande and Kent [1995]. The polarity record of the Boguzihe section in the Atushi-

Talanghe anticline to the north [Chen et al., 2002]

is shown. Strike line mapping correlates the two

sections at ~830 m (Kashi West) and ~285 m (Kashi Town). Given the Plio-Pleistocene age of these
strata, only the correlation of the youngest normal polarity zone (n4) at Kashi West is ambiguous, due to
the 200-m gap in sampling through the Xiyu conglomerate.

subsequently tested by matching the observed reversals
within the stratigraphic sequences between the two sections
(Figure 2a).
4.1.1. Sampling

[17] The paleomagnetic sampling for the Kashi West
section begins in the upper Atushi Formation and ends in
the lower Xiyu Formation, above which coarse-grained
facies prohibited further sampling (Figure 5). Strike line
mapping demonstrates that the upper Atushi succession of

the Kashi Town section is stratigraphically equivalent to the
Xiyu Formation at the Kashi West section (Figure 2a). At
the Kashi Town section, finer-grained sediments allow us to
sample across the syntectonic unconformity and to define
the initial age of the growth strata more precisely.

[18] Stratigraphic thicknesses were measured with either
tape-and-compass survey or Jacob staff and Abney level. At
least two to three oriented cores were drilled at each of
120 sedimentary horizons in the 1250-m-thick Kashi West
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section using standard techniques with gasoline-powered
drills and 2.5-cm-diameter diamond coring bits. Cores were
oriented in situ with a magnetic compass and, where
possible, by sun compass [Butler, 1992]. Sites were spaced
2—10 m apart stratigraphically. Similarly, two to three
oriented cores were drilled at each of 52 sites in the
800-m-thick Kashi Town section, with sample spacings
of 0.5—30 m. Variation in site spacing was necessary so as
to obtain suitably fine-grained lithologies and to avoid
disturbed or highly altered sediments. Sampling to the top
of either section was not possible due to the massive
conglomerates of the Xiyu Formation and the scarcity of
suitable lithologies.

[19] In order to perform a significant fold test, 63 samples
at eight sites were collected on the northern limb of the
Kashi anticline along the Baishikeremu He (Figure 2a).
These eight sites are in pregrowth strata and stratigraphi-
cally correlate to the lower part of the Kashi West paleo-
magnetic section.

4.1.2. Measurements

[20] The Kashi West section and the northern limb of the
Kashi anticline yielded 163 specimens that were measured
using a fully automated 2G Enterprises 755 SRM DC-
SQUID cryogenic long-core magnetometer with a back-
ground noise level of ~300—400 pA m? at the Laboratory
for Paleo- and Rock Magnetism, GeoForschungsZentrum
Potsdam. Another 98 specimens from the Kashi Town and
Kashi West sections were analyzed at the California Insti-
tute of Technology paleomagnetics laboratory, using a
three-axis DCSQUID moment magnetometer system
housed in a magnetically shielded p-metal room. The
background noise of this instrument is <I pA m? and it
is equipped with a vacuum pick-and-put, computer-
controlled sample handling system which can measure up
to 180 samples automatically [ Ward et al., 2005]. AF demag-
netization was performed with a computer-controlled, three-
axis coil system. Thermal demagnetization was performed in
a commercially built, magnetically shielded furnace.

[21] One specimen per sampling site/level was initially
measured for natural remnant magnetization, and then
subjected to low alternating field (AF) demagnetization up
to 10 mT at ~2 mT steps to remove low-coercivity magnet-
izations. The specimens were then treated with stepwise
thermal demagnetization using at least 9 to 12 demagne-
tization steps typically in (1) 150°C steps up to 300°C,
(2) 100° or 50° steps up to 500°C or 550°C, and (3) 40° or
30°0r 20° steps up to 680° or 690°C. At each site, a second
and third specimen was demagnetized if the first yielded
unstable or overprinted directions or if an interval of normal
or reversed polarity was defined by only one specimen.
4.1.3. Paleomagnetic Results

[22] The intensity of the natural remanent magnetism
(NRM) for these specimens was of the order of 10—
107> A/m. Progressive demagnetization successfully
resolved multiple components of magnetization. Equal area
projection and orthogonal vector plots reveal two clear
components for the vast majority of the specimens: a
high-temperature component (HTC) and a low-temperature
component (LTC) (Figure 6). The LTC, which is a low-
coercivity, low-blocking temperature component, is
removed by AF demagnetization at 30 or 60 gauss and
thermal demagnetization at 150°C or 300°C. Typically, the
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LTC does not decay toward the origin. The HTC is normally
completely unblocked at temperatures of 580°C, and the
magnetization commonly becomes unstable above 580°C
(Figure 6), which is characteristic of magnetite. The vast
majority of the specimens possess this type of demagneti-
zation. However, in some specimens (as seen elsewhere in
the Tian Shan foreland [Charreau et al., 2005]), 15% or
more of the original NRM intensity remains after 580°C,
and this magnetization persists until 670°C or 680°C
(Figure 6): a behavior characteristic of hematite. When both
magnetite and hematite were present in the same specimen
(Figure 6, E185.1), no significant difference in remanent
direction was observed when comparing the 400°—580° or
590°C with the 610—690°C parts of the unblocking spectra.
This suggests that both magnetic carriers recorded the same
paleomagnetic field when their remanences became fixed in
the rock.

[23] To determine characteristic remanence (ChRM)
directions, principal component analysis [Kirschvink,
1980] was performed for each specimen using paleomag-
netic software of Jomes [2002] and N. R. Nowaczyk
(personal communication, 2004). Data from a minimum
of four, and more typically five to eight, temperature steps
were used for least squares fits, in which the origin of the
vector component diagram was included as an additional
datum. Typical maximum angular deviation was between
1° and 6°. Magnetic characteristics were found to be
laboratory-independent. Because of unstable HTC, in the
Kashi West section, 19 out of 158 specimens yielded
ambiguous polarity and were rejected, whereas in the Kashi
Town section, 11 out of 70 specimens yielded ambiguous
results and were rejected.

[24] Only demagnetization lines with maximum angular
deviation values <10° were included in the statistical
analysis. Mean directions were obtained using Fisher sta-
tistics. Tilt corrections improve the grouping of ChRM
inclinations significantly when both sections are considered
together (Figure 7). Because both sections display generally
steep homoclinal dips, the grouping of site-mean ChRM
declinations within individual sections is only slightly
improved by tilt corrections.

[25] The reversal test followed that of McFadden and
McElhinny [1990]. Although the directions from both Kashi
West and Kashi Town sections pass the reversal test with a
“C” classification (Figures 7a and 7b), we note a significant
difference in inclination values, such that the mean reversed
polarity inclinations in both sections are 8°—9° less steep
than those of normal polarity. This difference is most likely
due to an unremoved overprint [Charreau et al., 2005;
Gilder et al., 2001; McElhinny, 1964; Quidelleur and
Courtillot, 1996] that because of the folding geometry and
the present magnetic field direction, steepens the normal
polarity directions and causes the reversed polarity direc-
tions to be gentler.

[26] The eight sites sampled on the north limb of the
Kashi anticline yielded similar demagnetization character-
istics as those from the Kashi West and Kashi Town
sections and possess both normal and reverse polarities
(sites KN-A-H in Table 1). These data pass the reversal test
with a “B” classification (Figure 7c). In order to perform a
meaningful fold test, we grouped the Kashi West and Kashi
Town magnetostratigraphic sections into three mean normal
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