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Abstract: Large faults in the Tien Shan give rise to significant seismic hazard for cities in Kazakhstan, Kyrgyzstan and China, but 
as yet little is known about slip rates and the relative importance of faults in the region, so seismic hazard is poorly constrained. 
We present a slip-rate study on the northern rangefront of the Khan Tengri Massif in the Kazakh and Kyrgyz Tien Shan, based on 
dating of fluvial river terraces offset by fault motion by up to 60 m. We demonstrate the utility of structure-from-motion based 
photogrammetry and satellite stereo photogrammetry in generating digital elevation models for the quantitative assessment of 
geomorphic offsets over a variety of scales. We find a preliminary slip rate of 1.6-3.5 mm/yr. 
 
Key words: Tien Shan, structure-from-motion, slip-rate, Kazakhstan. 
 
 
INTRODUCTION 
 
Establishing the spatial distribution of shortening within 
continental interiors is important both in the assessment 
of seismic hazard and to investigate the active tectonics 
of the initiation, growth and propagation of mountain 
ranges. In the Tien Shan and Dzungarian Alatau of 
Kazakhstan, tectonic shortening is driven by the India-
Eurasia collision, with approximately 10 mm/yr (around 
one quarter) of the total plate convergence is taken up 
across this region. This shortening is accommodated by 
a series of E-W oriented thrust faults and conjugate strike 
slip faulting, with faults extending up to several hundred 
kilometres in length (Tapponnier and Molnar, 1979; 
Thompson, 2002; Selander et al., 2012). 
Identifying the fastest moving and most important faults 
can give us an insight into the processes forming the 
mountains, but also holds important conclusions for 
earthquake hazard assessment - for example, in the past 
couple of centuries there have been a number of large 
(Mw >7) destructive earthquakes in the region (Campbell 
et al., 2013 and references therein). However, only a 
small fraction of the known active faults have failed in 
recorded history and recurrence intervals may be in the 
order of thousands of years. Thus current seismic hazard 
assessments based on instrumental records covering the 
last ~100 yrs are incomplete. 
 
STUDY SITE 
 
We present here a case study of the northern rangefront 
fault of the Khan Tengri Massif (figure 1) which, 
according to regional GPS (Zubovich et al., 2010), 
accommodates a significant portion of the regional 
convergence. This study aims to determine a geological 
slip-rate on the rangefront to determine its relative 
importance in the region. In the regional GPS velocity 
field, the majority of the faults in the region are not well 

resolved. However the rangefront at Karkara coincides 
with a drop of ~3-4 mm/yr in northwards velocity (see 
Mackenzie et al., this volume). 
 
 

 
 
Figure 1: An overview of the Ili, Issyk and Narynkol basins 
of SE Kazakhstan. Study sites on the karkara fault are 
shown in yellow. GPS velocity vectors are from Zubovich et 
al., 2010 and ellipses indicate the 95% confidence interval. 
A significant amount of shortening is accommodated by the 
reverse faults in the region. 
 
 
The fault is situated at an altitude of ~2300 m, rising to 
~4000 m in the hanging wall of the fault, though the 
larger massif reaches altitudes up to ~7000 m further 
south. The fault strikes E-W, dips to the south, and 
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extends around 60 km, though it is part of the much 
larger rangefront of the massif which extends over 500 
km into Kyrgyzstan and China and forms the boundary 
of the Issyk and Narynkol Basins. It is unclear how far 
ruptures could propagate. The range is cored with 
Palaeozoic bedrock, but the surface expression of the 
fault has propagated ~2-3 km north from the Palaeozoic 
contact and tertiary basin deposits are uplifted in the 
hanging wall.  
Near the town of Karkara, the uplift associated with the 
rangefront fault has resulted in a series of fluvial terraces, 
formed as a response to past climate conditions, in each 
river valley crossing the fault. The terraces are cut into 
Neogene sediments and are capped with fluvial gravels, 
with a thick soil development on top. These terraces 
provide a geomorphic marker, with each terrace being 
progressively uplifted by movement on the fault (figure 
2). By dating the terrace formation and measuring the 
offset on the terraces, we constrain the vertical 
displacement rate. 
 
DISCUSSION 
 
In order to accurately establish the terrace offsets and 
correlate terraces over the scale of the river valley (~1x4 
km), it is necessary to construct a digital elevation model 
(DEM) of the valley. 
 
 

 
 
Figure 2: (A) An overview of the stepped terraces, T1-4, 
with the fault in the foreground. (B) We sampled for 
radiocarbon dating of sediments from each of the four 
terraces. (C) The Helikite used to obtain aerial photos for 
photogrammetric reconstruction to produce an elevation 
model of the river valley. 
 
 
To achieve a DEM of sufficient resolution, we implement 
a workflow using photogrammetric reconstruction, by 
structure-from-motion (SfM) based on methods by 
James and Robson (2012) and Johnson et al. (2014). We 
use a compact digital camera (Ricoh GR Digital II) 
suspended from a helium filled Helikite (Allsopp Helikite 
Ltd.) to collect the aerial photographs for the 
reconstruction. The resulting DEM has a resolution of 

~0.3 m (figure 3), with a scale accuracy of ~1%, 
demonstrating the utility of this method in assessing 
geomorphic structures. 
 
 

 
 

Figure 3: Shaded relief of the 0.3 m-resolution DEM 
produced by structure-from-motion photogrammetry. Yellow 
dots represent sampling locations. 
 
 
In addition to the SfM DEM for the field site, we use 0.5 m 
Pleiades satellite stereo imagery to generate a wider area 
DEM at a resolution of ~1 m over a 30 km stretch along the 
rangefront in order to correlate the river terraces between 
valleys along a larger portion of the fault. Both of these 
methods also generate a high resolution orthoimage which 
is extremely useful for detailed mapping. 
 
 

 
 

Figure 4: Terrace profiles for the fluvial terraces at Karkara, 
extracted from SfM elevation point cloud. Red and blue 
show the sections to the East and West of the river channel 
respectively. A linear river gradient has been removed to aid 
visualisation. Residuals in the river fit are shown as a faint 
line and are less than 1 m. 

Fault 
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The DEM of the river valley (figure 3) and kinematic 
differential GPS (DGPS) profiles reveal that the terraces 
T1, T2, T3, T4 are offset vertically by ~10, ~22, ~45 and 
~57 metres respectively (figure 4). We also note the 
back-tilting of T1 and T2 near the scarp (within ~100m) 
and attribute this to a steepening in the fault dip 
towards the surface in the uppermost 50-100 m of 
sediments. 
 
 

 
 
Figure 5: (left) Sampling pit in T4, generally poorly defined 
stratigraphy, with a soil unit overlying soft red/brown clay 
interspersed with some gravel. (right) Sampling pit in T1. 
~0.45 m Soil thickness, overlying fluvial gravels. 
 
 
Radiocarbon dating of the material retrieved (figures 2 
and 5) from the terraces is ongoing and preliminary 
results show a spread in ages, but suggest a lower 
bound on the uplift rate of ~1-1.5 mm/yr.  
Estimating a slip-rate and shortening rate for the fault 
remains difficult however, as were unable to find fault 
plane exposures from which to estimate the dip. The 
relatively sinuous fault trace suggests a low dip in the 
shallow sediments, though this may be higher at depth 
(c.f. basement faults are often found to be >45° at depth 
(Avouac and Tapponnier, 1993)). So taking a conservative 
dip range of 25-40°, this would result in a slip-rate of 1.6-
3.5 mm/yr, making this fault likely to be the most 
significant in the region. 
In order to constrain the fault dip and provide further 
constraint on the fault activity, we carried out a second 
study on a site ~30 km further east, in Kyrgyzstan. A 
hammer seismic survey was carried out across a 14 m 
terrace offset, along with further collection of material 
for dating. These data are still being processed, but the 
shallow stratigraphy should provide a constraint on the 
shallow fault dip. 
 
CONCLUSIONS 
 
We find a lower bound on the slip rate of the Karkara 
Fault, the northern rangefront of the Khan Tengri Massif 
of the Tien Shan, of 1.6-3.5 mm/yr. This is the fastest 
known slip-rate in the northern Tien Shan. We also 
demonstrate the utility of structure-from-motion 
photogrammetry in creating digital elevation models, 
especially in extremely remote locations, with resolution 
of better than 0.3 m. These elevation models allow us to 

accurately quantify offsets in features displaced by faults 
at a variety of scales. This study forms part of a larger 
study to quantify fault slip rates across the Kazakh Tien 
Shan and Dzungarian Alatau (Mackenzie et al., This 
volume). 
 
Acknowledgements: DM, RW, GC, and CG are part of COMET+: 
http://comet.nerc.ac.uk/. This study was conducted in the 
framework of the Earthquakes without Frontiers project: 
http://ewf.nerc.ac.uk/. 
 
References 
Avouac, J. and P. Tapponnier, (1993). Active thrusting and 

folding along the northern Tien Shan and late Cenozoic 
rotation of the Tarim relative to Dzungaria and Kazakhstan. 
J. Geophys. Res. 98 (B4), 6755-6804. 

Campbell, G.E., R.T. Walker, K. Abdrakhmatov, J. Schwenninger, 
J. Jackson, J.R. Elliott and A. Copley, (2013). The 
Dzhungarian fault: Late Quaternary tectonics and slip rate 
of a major right-lateral strike-slip fault in the northern Tien 
Shan region. J. Geophys. Res. Solid Earth. 118, 5681-5698, 
doi:10.1002/jgrb.50367. 

James, M.R. and S. Robson, (2012). Straightforward 
reconstruction of 3D surfaces and topography with a 
camera: Accuracy and geoscience application. J. Geophys. 
Res. 117 (F3), F03017, doi:10.1029/2011JF002289. 

Johnson, K., E. Nissen, S. Saripalli, J.R. Arrowsmith, P. Mcgarey, P. 
Williams and K. Blisniuk, (2014). Rapid mapping of ultrafine 
fault zone topography with structure from motion. 
Geosphere. 10 (5), 969-986, doi:10.1130/GES01017.1. 

Selander, J., M. Oskin, C. Ormukov and K. Abdrakhmatov, 
(2012). Inherited strike-slip faults as an origin for 
basement-cored uplifts: Example of the Kungey and 
Zailiskey ranges, northern Tian Shan. Tectonics. 31(4), 
doi:10.1029/2011TC003002. 

Tapponnier, P. and P. Molnar, (1979). Active faulting and 
Cenozoic tectonics of the Tien Shan, Mongolia, and Baykal 
regions. J. Geophys. Res. Solid Earth. 84 (B7). 

Thompson, S.C., (2002). Late Quaternary slip rates across the 
central Tien Shan, Kyrgyzstan, central Asia. J. Geophys. Res. 
107 (B9), 2203, doi:10.1029/2001JB000596. 

Zubovich, A.V. et al., (2010). GPS velocity field for the Tien Shan 
and surrounding regions. Tectonics. 29 (6), TC6014, 
doi:10.1029/2010TC002772. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

273

View publication statsView publication stats

https://www.researchgate.net/publication/275711936



