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INTRODUCTION
A number of geodetic and morphotectonic 

techniques are available to estimate crustal 
deformation over periods ranging from the 
coseismic time scale to tens of thousands of 
years. Describing quantitatively crustal defor-
mation over the million-year time scale over 
which fi nite geological deformation develops 
remains a challenge of particular relevance 
to problems such as fault propagation, fault 
interactions, folding mechanisms, mountain 
building, or rift development. If the context 
is favorable, syntectonic sedimentary layers, 
commonly called growth strata, can provide a 
record of tectonic deformation over this long-
term time scale (e.g., Storti and Poblet, 1997; 
Suppe et al., 1992), but it is often diffi cult to 
identify growth strata and interpret them quan-
titatively. Moreover, identifying growth strata 
is also important to correctly estimate regional 
sedimentation rates for local tectonics.

Here we describe a case example where the 
history of folding and thrusting across an active 
anticline, the Huerguosi anticline in the northern 
Tianshan (Fig. 1), can be recovered due to con-
straints on the subsurface geometry and age of 
pre-growth and growth strata derived from seis-
mic imaging and magnetostratigraphy.

TECTONIC SETTING
The Tianshan, a 2500-km-long mountain 

range in Central Asia, has an average elevation 
of 2500 m, with summits higher than 7000 m. 
The present topography resulted from the late 

Cenozoic reactivation of a Paleozoic mountain 
range (Burtman , 1975; Tapponnier and Molnar, 
1979; Windley et al., 1990). Reactivation started 
ca. 23–24 Ma, and accelerated ca. 15 Ma and 11 Ma 
(Charreau et al., 2008; Heermance et al., 2007; 
Sobel et al., 2006a, 2006b; Hendrix et al., 1994). 
Geodetic data indicate a shortening rate across 
the range, at the longitude of the study area, of 
~6 mm/yr (Reigber et al., 2001; Wang et al., 
2001). A signifi cant fraction of the shortening is 
accommodated by folding and thrusting along 
the southern and northern piedmonts of the range 
(Avouac et al., 1993; Burchfi el et al., 1999).

Our study focused on the Dushanzi-Shawan  
area along the northern piedmont, where two 
rows of active anticlines have been recog-
nized (Avouac et al., 1993; Burchfi el et al., 
1999; Molnar et al., 1994) (Fig. 1). The most 
frontal  one along the section investigated in this 
study (A-A′ in Fig. 2) is the Anjihai anticline, 
which formed at the tip of a blind décolle ment. 
The analysis and modeling of growth strata 
show that north-south shortening across that 
Anjihai  anticline started slowly ca. 7–8 Ma, and 
accelerated over the last 1 m.y. from ~0.1 to 
~1.1 mm/yr (Daëron et al., 2007). The Huer-
guosi anticline, which is the focus of this study, 
is a more mature structure that evolved into a 
fault-bend fold, with the thrust ramp breaking 
through the surface and offsetting Holocene 
river terraces (Avouac et al., 1993) (Fig. 2).

STRUCTURE OF THE 
HUERGUOSI ANTICLINE

The Jingou He River has exposed a con-
tinuous section of south-dipping late Cenozoic 

conti nental strata. These include, from bottom 
to top, the Anjihaihe, Shawan, Taxihe, Dushanzi, 
and Xiyu Formations (Bureau of Geological 
and Mineral Resources of the Xinjiang Uygur 
Autonomous Region, 1985). These forma-
tions are all continental clastic, grading upward 
from mudstone and siltstone to the coarse con-
glomerate of the diachronous Xiyu Formation 
(Charreau  et al., 2008). Deposition ages are 
well constrained from dense magnetostratig-
raphy (Charreau et al., 2008), and range from 
ca. 23.6 Ma to ca. 1 Ma (Fig. 2).
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ABSTRACT
We combine surface structural measurements, subsurface seismic imaging, and magneto-

stratigraphic dating to retrieve, through geometric modeling, the detailed history of fold 
growth and sedimentation across the Huerguosi anticline, on the northern Tianshan pied-
mont, taking advantage of a beautifully exposed section of growth strata. The model assumes 
a fault-bend folding mechanism, consistent with subsurface fold geometry. The shortening 
history is obtained by least-squares fi tting of the measured dip angles of the growth strata. The 
shortening rate across the anticline is shown to have been remarkably constant: it increased 
only slightly from 0.84 ± 0.04 mm/yr between 10 and 4 Ma to 1.14 ± 0.02 mm/yr over the 
past 4 m.y. This approach also allows correcting syntectonic sedimentation rates for the effect 
of the fold growth and shows that the sedimentation rates in the piggyback basin increased 
abruptly from ~0.4 to ~0.7 mm/yr ca. 4 Ma.
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Figure 1. A: Geological map of northern Tian-
shan piedmont with locations of Huerguosi, 
Anjihai, and Qigu anticlines, magnetostrati-
graphic study (dashed line) (Charreau et al., 
2008), and seismic profi le (He et al., 2005). 
B: Cross section derived from seismic pro-
fi le (line drawing interpretation shown by 
red lines). No vertical exaggeration.
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To constrain the fold geometry, we measured 
the bedding attitude at 148 sites along the sec-
tion, located with a real-time kinematic global 
positioning system. Strikes are fairly uniform, 
showing a nearly cylindrical fold structure strik-
ing ~N85°E on average. Dip angles are con-
stant, ~55°S over a distance of ~4–5 km south 
of where the Huerguosi fault breaks the surface. 
Farther south, dip angles shallow gradually to 
near horizontal (Fig. 2).

The deep structure of the hanging wall, as 
revealed by a seismic line along the Jingou 
He River (GSA Data Repository Fig. DR11; 
He et al., 2005), is consistent with a simple 
fault-bend fold model (Suppe, 1983) (Fig. 2; 
Fig. DR1). The deeper refl ectors show no sig-
nifi cant bed thickness variations and can be 
assumed to parallel a curved fault ramping up 
from a subhorizontal décollement at a depth of 
~7.8 km. The dip angles measured at the surface 
along the few kilometers south of the fault are 
consistent with those predicted from the deep 
fold structure and the fault-bend fold model 
(as indicated by the dashed lines in Fig. 2), and 
thus indicate that these pre-growth layers were 
deposited either before the onset of folding or 
far away from the zone of active folding. Farther 
south, dip angles are shallower than expected 
for pre-growth strata, suggesting that these lay-
ers are growth strata that have recorded a frac-
tion of the history of folding (Fig. 2).

The seismic profi le also reveals a footwall 
anticline beneath the ramp (Figs. 1 and 2). The 
geometry of this anticline is typical of a fault-
tip fold, like the Anjihai anticline located to the 
north (Fig. 1) (Daëron et al., 2007). Following a 
scenario initially deduced from the analysis of 
structural sections across other anticlines along 
the northern Tianshan piedmont (Avouac et al., 
1993), we interpret it as a relict of the early 
phase of development of the Huerguosi anti-
cline: the early anticline was preserved in the 
footwall as the fold evolved toward a fault-bend 
fold when the ramp broke behind the initially 
formed fault-tip fold.

FORWARD MODELING AND 
SHORTENING HISTORY ACROSS 
HUERGUOSI ANTICLINE

The onset of the development of the growth 
strata is estimated to be ca. 9–10 Ma; thanks to 
the high-resolution chronology provided by the 
magnetostratigraphy (Charreau et al., 2008), a 
detailed history of shortening across the Huer-
guosi anticline can be derived. To do so, we 

model the fold structure assuming a fault-bend 
fold model in which only bed-parallel shear is 
allowed (Suppe, 1983). Following Suppe et al. 
(1997) and Hubert-Ferrari et al. (2007), we con-
sider an axial surface of fi nite width limited by 
entry and exit axial surfaces that bound a curved 
fold (Fig. DR2). In such a setting, the depositional 
pattern then refl ects the hinge zone migration 
within the hanging wall. The trajectory of any 
point during folding corresponding to a short-
ening S can be computed from the equations in 
Appendix DR1. The key parameters are the radius 
of curvature of the hinge zone, Rc = 5600 m, 
and the opening angle of the curved fold, β = 55°, 

which are determined from the geometry of pre-
growth strata at depth (Fig. 2).

We consider 14 growth-strata layers (G
1
 to G

14
 

in Fig. 2) initially deposited horizontally across 
the Huerguosi fold at a given elevation above the 
décollement (Z

1
 to Z

14
), each assumed to have 

undergone a varying amount of shortening (S
1
 to 

S
14

). The effect of compaction is ignored in the 
modeling but can be corrected for (see Appen-
dix DR4). For each layer, Si is determined by 
least-squares adjustment between the observed 
dip angles, θobs and the modeled dip angles, 
θmod (see Appendix DR2 for the calculation of 
uncertainties). The age of each modeled layer 

1GSA Data Repository item 2008223, Appendices 
DR1-DR4, and Figures DR1 and DR2 (kinematic 
model, calculation of uncertainties and shortening 
rates, and compaction effect), is available online at 
www.geosociety.org/pubs/ft2008.htm, or on request 
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 2. A: Line drawing of seismic profi le across Huerguosi anticline (He et al., 2005), and 
measured dip angles along Jingou He River. Traveltimes were converted to depth assum-
ing uniform velocity of ~2900 m/s so as to obtain shallow refl ectors within the hanging 
wall parallel to beds measured at surface. Pre-growth (black continuous and dashed line), 
and growth (continuous gray line) strata predicted by fault-bend folding are also shown. 
Measured  magnetic inclinations and inferred chronology are at top. B: Measured (red dot) 
and predicted (continuous line or gray dots) dip angles from fault-bend folding, assuming 
curved fold and fi nite width hinge. Dashed line shows dip angles predicted by fault-bend 
folding for pre-growth strata. Sediments deposited south of 4891.5 km are clearly growth 
strata. UTM—Universal Transverse Mercator.
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(t
1
 to t

14
) was estimated by linear interpolation 

of the ages derived from the magnetostrati-
graphic study assuming a constant sedimenta-
tion rate within each chron (see Appendix DR3 
for the calculation of uncertainties). Uncertain-
ties on shortening values account for dip angle 
measure ment errors, but ignore uncertainties 
on the model geometry or on the validity of the 
bed-parallel shear assumption.

While our model was constrained from sur-
face measurements only, it also reproduces 
remarkably well the geometry of seismic refl ec-
tors within the pre-growth strata (Fig. 2). This 
shows that the model is probably appropriate.

DISCUSSION
Development of the Huerguosi Anticline

Strata older than ca. 10 Ma are clearly pre-
growth strata and underwent a minimum short-
ening of ~9425 m. Folding may have started 
earlier, but there is no direct record left in the 
hanging wall. The earlier history of the fold is 
probably recorded in the footwall anticline, 
which reveals that it probably developed ini-
tially as a fault-tip fold, like the Anjihai anticline 
(Daëron et al., 2007). Later a ramp broke through 
the sedimentary cover behind the footwall anti-
cline and the fold evolved as a fault-bend fold. 
The monoclinal dips of the pre-growth strata 
both in the seismic profi le and at the surface 
suggest that the ramp thrust is nearly linear 
and has not been affected by the growth of the 
underlying footwall anticline. This likely indi-
cates that the footwall anticline stopped being 
active when the ramp formed. Also, because 
our model predicts surface dip angles as well at 
the subsurface geometry, it is probable that the 
growth strata were entirely associated with the 
fault-bend folding phase. Furthermore, the suc-
cession of an early phase of fault-tip folding and 

later phase of fault-bend folding is also observed 
in analogue experiments (e.g., Bernard et al., 
2007). Despite that, our analysis does not bring 
much constraint on the onset of formation of the 
footwall anticline; by analogy with the Anjihai 
anticline model, it is possible that the footwall 
anticline developed over a very long period of 
time at a relatively slow pace.

Shortening History Across 
Huergueosi Anticline and 
Interaction with Anjihai Anticline

The growth strata show that over the past 
10 m.y., slip on the Huerguosi thrust fault has 
absorbed a nearly constant shortening rate, 
 estimated to be 0.96 ± 0.01 mm/yr (at the 67% 
confi dence level). This rate was calculated by 
adjusting the shortening-time data set in Fig-
ure 3 from a straight-line S = Rsh·t  (see Appendix  
DR3 for details). The data suggest a somewhat 
larger shortening rate (Rsh) after ca. 4 Ma and a 
slower one before. If we now assume a different 
shortening rate for these two periods, we get a 
rate of 1.14 ± 0.02 mm/yr from 0 to ca. 4 Ma and 
0.84 ± 0.04 mm/yr from 4 to ca. 10 Ma. From 
an F-test, the probability that the two periods 
have the same rate is <1%. So, although the data 
show only slight temporal variations of shorten-
ing rates, it seems that these variations are sig-
nifi cant in view of the estimated uncertainties 
(Appendix DR3).

It is interesting to note that the estimate from 
0 to 4 Ma is rather coherent with Holocene 
rates of ~1.3 mm/yr deduced from the vertical 
throw rate of 1.1 mm/yr determined from offset 
terraces  whose ages were estimated from mor-
phologic dating (Avouac et al., 1993), and the 
55º fault dip angle.

The Anjihai and Huerguosi anticlines probably 
both root in the same décollement, and their his-

tories reveal how they have contributed to absorb 
thrusting at the front of the northern Tianshan 
piedmont (Fig. 1). Some fraction of the short-
ening across the piedmont is missing, however, 
because the Qigu anticline has also probably 
been active over this period of time (Burchfi el 
et al., 1999) (Fig. 1), and the shortening accom-
modated by the fault-tip fold in the footwall of 
the Huerguosi thrust fault is ignored. Nonethe-
less, it is clear that deformation had started by 
ca. 10 Ma and that the shortening rate across the 
piedmont was a minimum of 0.84 mm/yr at the 
time. It increased to at least 1.24 mm/yr when 
the Anjihai anticline became active, increased to 
~1.5 mm/yr when the slip rate on the Huerguosi 
thrust fault increased ca. 4 Ma, and increased to 
~2.2 mm/yr over the past ~1 m.y.

These shortening rates are comparable to the 
shortening rate across the nearby Dushanzi anti-
cline, the main active structure across the pied-
mont just east of our study area, estimated at 
between 1 and 5 mm/yr over the Quaternary and 
Holocene (Burchfi el et al., 1999; Molnar et al., 
1994; Poisson and Avouac, 2004).

Interaction Between Fold Growth and 
Sedimentation

The pre-growth strata indicate sedimenta-
tion rates (not corrected for compaction) of 
0.18 mm/yr on average between 15–16 and 
10–11 Ma (Charreau et al., 2008). The sedimen-
tation rate within the growth strata (red curve 
in Fig. 3) can be corrected for the fold growth, 
using our kinematic fold model, to estimate the 
sedimentation rate in the piggyback basin (blue 
curve in Fig. 3). If the effect of the fold growth 
is taken into account, the picture is signifi -
cantly modifi ed. It shows an amplifi ed increase 
in sedimentation rate ca. 10 Ma, fi rst identifi ed 
in the complete magnetostratigraphic section 

Figure 3. A: Inferred time 
evolution of shortening 
(black line and symbols) 
across Huerguosi anti-
cline. Blue line shows 
best least-squares fit 
to data assuming con-
stant shortening rate 
over past 10 m.y. Red 
line shows best linear fi t 
assuming two periods 
of constant shortening 
rate. Age of the transition 
between the two periods 
was adjusted so as to 
maximize the fi t to data. 
Data fi tting procedure is 
detailed in Appendix DR3 
(see footnote 1). B: Time 
evolution of sedimenta-
tion during deposition 
of growth strata (orange 
line). Green line shows estimated sedimentation history in the piggyback basin, where it is not diminished by fold growth rate. Rsed—sedi-
mentation rates derived from least-squares linear fi t (dashed lines).
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(Charreau et al., 2008), from ~0.2 mm/yr to 
0.4 mm/yr, and an even more obvious increase 
from 0.4 to 0.7 mm/yr ca. 4 Ma.

The coeval increase of sedimentation rate and 
shortening rate would suggest a causal relation-
ship, probably because the growing topography 
of the anticline may have contributed to trapping 
sediments in the piggyback basin. However, 
similar and coeval increases of sedimentation 
rate ca. 10 Ma are observed in a number of dif-
ferent sections across the northern and southern 
piedmont of the Tianshan (Charreau et al., 2006; 
Heermance et al., 2007). It is therefore more 
probable that this increase refl ects a regional 
effect rather than a local cause. The 0.26 mm/yr 
increase of shortening rate ca. 4 Ma seems too 
small (it corresponds to a 0.2 mm/yr increase of 
uplift rate) for this trapping process to explain 
entirely the 0.3 mm/yr increase in sedimen-
tation rate ca. 4 Ma. Therefore, this increase 
may refl ect a more regional effect, for example 
related to global climate cooling described for 
2–4 Ma (Zhang et al., 2001).

CONCLUSION
This study demonstrates how subsurface 

imaging, precise magnetostratigraphic dating 
of pre-growth and growth strata, and simple 
structural models of fold development can be 
combined to retrieve a fold history and sedi-
mentation rates with accuracy. This is a power-
ful approach to study the development of fold-
and-thrust belts at the fronts of active mountain 
ranges, and investigate the mechanics of fault-
related folding and fault interactions. This study 
also demonstrates that sedimentation rate pro-
fi les derived from magnetostratigraphic sections 
must be interpreted with caution, because local 
tectonic effects can lead to sedimentation rates 
either lower or larger than the regional rates, 
depending on whether deposition occurred 
within the piggyback or in the section affected 
by folding. In any case the kind of modeling 
described here offers a way to assess quantita-
tively these effects.
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