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Topography reveals seismic hazard
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The devastating earthquake in the Chinese province of Sichuan struck an area that was not
expected to suffer seismic activity of such magnitude. Yet topographic analyses of the region
indicate active deformation, suggesting a way of refining maps of earthquake risk elsewhere.

he earthquake that shook the
flank of the Longmen Shan
mountain range in China’s
Sichuan Province on 12 May 2008
poses a challenge to geoscientists.
Although the margin of the Sichuan Basin
was known to be seismically active,
an event of this magnitude was not
anticipated on published seismic hazard
maps’, probably because such events are
relatively infrequent in this setting and
because the earthquake occurred along
one of the more enigmatic mountain
fronts in the world. The topographic front
across the Longmen Shan — Chinese
for Dragon’s Gate Mountains — rivals the
Himalayas in relief, yet measurements
made using global positioning system
(GPS) satellites reveal little to no active
convergence across this range’™. This
is a surprising and unusual result as
most mountain ranges of this scale
are associated with rapid convergence
between opposing crustal blocks;
the Himalayas, for example, absorb
a significant portion of the ongoing
deformation resulting from the India-Asia
collision®. Thus, the GPS measurements
imply that deformation rates across the
range are slow, indicative of relatively
modest strain accumulation and
seismic hazard.
This observation is at odds with the
impression of active tectonic upheaval
created bY the rugged topography (Fig. 1). Figure 1 Rugged topography of the Sichuan region of China. View towards the southwest showing rapids through
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Indeed, previous studies in the region a landslide deposit in the Dadu river gorge and snow capped mountains of the Gonga Massif in the distance. Here,
dating back to 2000 and 2003 that focused  the Dadu River is at ~1,100 m in elevation. Mountain peaks to the west rise to elevations of over 7,000 m within a
on geomorphic analysis®” inferred that distance of less than 30 km, making this region one the most dramatic examples of topographic relief on earth.

faults in the region must be active, and
identified regions of high rock uplift

rate®. The 2008 earthquake struck along therefore provide a crucial tectonic the most likely locations of future events
one of the fault systems that had been and geomorphic context for the recent in the region.

suggested to accommodate high rates earthquake. And they carry potentially More generally, we argue that

of rock uplift. The topographic analyses important implications for anticipating topography itself may signal tectonic
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activity at depth that is not well recorded
by short-term satellite measurements.
Several lines of evidence suggest that

the mode of crustal thickening in this
region of the Tibetan Plateau is unusual
in that it is largely driven by flow and

deformation in the lower crust®. If this
hypothesis is correct, faults within the
Longmen Shan range could be active,

even in the absence of evidence for
significant shortening across the mountain
range. In such settings, where shortening
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Figure 2 Tectonic and geomorphic setting of the 12 May 2008 Sichuan earthquake. a, The red box shows the
location of the area discussed in the text. The figure was produced using SRTM (Shuttle Radar Topography
Mission) global digital topographic data with a nominal resolution of 90 m. b, A shaded relief map of the

eastern margin of the Tibetan Plateau derived from topographic data. Active faults are shown as black lines and
historic ruptures are colour coded (blues segments show primarily vertical motion and yellow segments show
primarily lateral motion). The Sichuan rupture occurred along the Yingxiu—Beichuan fault. The epicentre and focal
mechanism (‘beachball’) for the earthquake is from ref. 9. Changes in motion during this rupture are derived from
the USGS finite fault inversion®, whereas thrust motion along the Huya fault is inferred from ref. 19. Highlighted
topography shows the region of high rock uplift (0.5 mm yr~") inferred from landscape analysis’. Note the
correspondence between this region and the location and distribution of slip during the 12 May rupture. This
lends credence to the general use of tectonic geomorphology in the identification and characterization of active

deformation in mountain belts.
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rates are slow and satellite data may be
equivocal, topographic analyses can
help guide the identification of potential
earthquake risks.

THE SICHUAN EARTHQUAKE

The magnitude 7.9 Sichuan earthquake
occurred along the Yingxiu-Beichuan
fault system, one of a series of faults
that bound the western margin of the
Sichuan Basin (Fig. 2). Preliminary field
observations suggest that the surface
rupture extended for at least 200 km (X.
Xiwei, personal communication). The crust
to the northwest of the fault was thrust
over that to the southeast by almost 5 m.
Furthermore, this thrusting occurred in an
oblique fashion such that the northwestern
block also moved in a northeasterly
direction by ~5 m relative to the Sichuan
Basin (X. Xiwei, personal communication).
Although details of the rupture process
during the earthquake remain unclear,
preliminary models’ suggest that the event
evolved in time and space from dominantly
vertical motion along the southwestern
portion of the fault to dominantly
lateral motion along the northeastern
fault segments.

This transition appears to have taken
place approximately midway through
the rupture, near the town of Beichuan
(Fig. 2b). Although the change in direction
of movement along the fault could be
exaggerated by modelling a geometrically
complex fault array as a single plane, the
spatial distribution of aftershocks exhibits
a similar pattern' (Fig. 2b), suggesting
the result is fundamentally robust.
Additionally, preliminary investigations of
the surface rupture appear to confirm that
the vertical component was greater than
the lateral component of motion in the
south (X. Xiwei, personal communication).
This complicated rupture process is
significant in that it may have analogues in
active mountain ranges elsewhere'.

TOPOGRAPHICANALYSIS

Characterization of the pace, tempo and
history of movement on active faults
traditionally relies on deformational features
that developed within relatively young
sediments’. Because these records of faulting
tend to be confined to low-lying regions
where sediments accumulate, assessing the
locations and patterns of active deformation
within mountainous topography has been
notoriously difficult. But powerful new
dating tools, such as cosmogenic isotopes,
and high-resolution digital elevation

models have recently helped decipher the
topographic signature that arises from the
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competition between vertical motion caused
by faulting or folding and erosion.

The landscape adjusts to vertical
movement in active mountain ranges
primarily by changes in the gradients
along the bedrock-based river network.
Therefore, the steepness of channel
profiles extracted from digital elevation
models can be used to identify zones
that are anomalously steep, which may
reveal underlying variations in the rate at
which rock is being uplifted'?. Although
the interpretation of such data is not
always straightforward'?, these methods
have been tested successfully in regions
where the pattern of tectonic activity
is known a priori". And in a way, the
2008 Sichuan earthquake affords one of
the highest-fidelity tests of the method
to date.

Prior to the tectonic geomorphic
work in the Longmen Shan®’, little was
known about the degree of activity along
faults within this mountain range. Ancient
deformation more than 65 million years
ago is evident from the rock record, but
whether there was significant movement
along the faults during the past 2 million
years has been equivocal®. In this situation,
analysis of the profiles of bedrock-based
rivers throughout the region’ indicated
systematic changes in channel steepness
and topographic relief. These changes
are most likely to be the manifestation
of active rock uplift at the edge of the
Tibetan plateau. Moreover, the dramatic
change in the steepness of river profiles
in the eastern margin of the zone of
rugged topography coincides almost
exactly with the surface trace of the
Yingxiu-Beichuan fault (Fig. 2). This spatial
agreement is compelling evidence that this
fault — the one that eventually ruptured on
12 May 2008 — is active. Long-term vertical
motion along the fault is thus responsible
for maintaining steep topography in the
Longmen Shan in spite of rapid erosion.
Subsequent field work, guided in part by
this topographic interpretation, provided
confirmation of active deformation along
the Yingxiu-Beichuan fault'.

The transition from vertical slip to a
greater lateral component of displacement
during the Sichuan earthquake coincides
with inferences from the topographic
analyses’ that indicate a change in the
orientation and location of active uplift.
North of the city of Beichuan, the core
of high uplift rates that characterize the
Longmen Shan margin turns away from the
Sichuan Basin and follows the Min Shan
north along the topographic margin of the
plateau (Fig. 2). The coincidence between
the distribution of deformation due to the
earthquake and the pattern of long-term

rock uplift identified by topographic
analyses is remarkable. Because high uplift
rates indicate regions experiencing active
deformation that are thus susceptible to
earthquakes, analysis of topography in the
manner described here may reveal some of
the more subtle details of seismic hazard in
active mountain ranges.

Topographic analyses cannot stand in
isolation. Direct field documentation of active
deformation, as available in the case of the
Yingxiu-Beichuan fault' provides critical
corroboration. Although researchers are often
quick to (rightly) point out difficulties in the
interpretation of tectonics from topography,
this event makes clear that landscape analysis
can help with the initial identification of
active structures and, in some cases, provide
constraints on the nature of deformation
along them.

FUTURE EARTHQUAKES INSICHUAN

Collectively, several studies using different
methodology have obtained consistent
erosion rates”'>""” that constrain the vertical
motion along faults in the Longmen Shan
to at least 0.5 mm yr’, suggesting that large
earthquakes such as the Sichuan event with
an average vertical fault slip of 2-4 m could
occur once every 4,000 to 8,000 years. These
same analyses also highlight additional areas
in this region that may be at risk of future
earthquakes. In a similar setting to that
along the Yingxiu-Beichuan fault, relatively
high rates of rock uplift inferred along

the Min Shan north of the Sichuan Basin’
coincide with active faults that flank this
margin of the plateau — the Min Jiang and
Huya faults (Fig. 2). Both of these fault
systems are steep, west-dipping thrust faults
that are considered active®'¥, but because
their surface traces are located across
rugged topography, little is known about
their potential for earthquake generation.
The easternmost of these faults, the Huya
fault, is a likely candidate source of a series
of earthquakes that occurred in 1976".
Moreover, Late Quaternary sediments along
the western flank of the Min Shan record
relatively recent tilting across the range that
may be associated with movement along this
fault system®.

Although the Huya fault is not
typically considered an important seismic
hazard in the region (and it does not even
appear on some maps), the extent and
continuity of the region of high uplift
rates (Fig. 2) suggests that this structure
may exhibit similar slip rates to those
on the Yingxiu-Beichuan fault and
thus a similar potential for earthquake
hazard. Understanding the paleoseismic
history of the Huya fault as well as
possible interactions of this fault with
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the Yingxiu-Beichuan fault should be an
urgent priority.

LESSONSFROMSICHUAN

The 12 May 2008 earthquake that struck
the Sichuan Province was a surprisingly
large and devastating event. However, it
also provides a ray of hope in perhaps the
most compelling evidence to date that the
landscape itself encodes information about
the rates and patterns of tectonic activity.
Our ability to read these tectonic signatures
in erosional landscapes has progressed to
the point where quantitative topographic
analyses can be a quick and useful tool

for identifying zones of active rock uplift
and the seismic hazards associated with
them. Such analyses can be particularly
insightful above blind or hidden faults,

in remote mountainous landscapes, and,

as the Sichuan event makes all too clear,

in regions where even dense geodetic
networks indicate little strain accumulation
in the upper crust.

doi: 10.1038/nge0265
Published online: 20 July 2008.

References

1. Global Seismic Hazard Assessment Program
(http://www.seismo.ethz.ch/GSHAP/eastasia/)

2. Burchfiel B. C,, Chen, Z., Liu, Y. & Royden, L. H. Int. Geol. Rev.
37, 661-735 (1995).

3. Shen, Z.-K,, L, J., Wang, M. & Burgmann, R. J. Geophys. Res.
110, B11409, doi: 10.1029/2004JB003421 (2005).

4. Burchfiel, B. C. et al. GSA Today
18, doi: 10.1130/GSATG18A.1 (2008).

5. Zhang, P. et al. Geology 32, 809-812
doi: 10.1130/G20554.1 (2004).

6. Kirby, E. et al. Geol. Soc. Am. Bull. 112, 375-393, (2000).

7. Kirby, E., Whipple, K. X., Tang, W. & Chen, Z. J. Geophys. Res.
108, doi: 10.1029/2001JB000861 (2003).

8. England, P. & Molnar, P. Geology 18, 1173-1177 (1990).

9. http://earthquake.usgs.gov/eqcenter/eqinthenews/2008/
us2008ryan/

10. Achenbach, J. Similarity of Chinese, California Fault Systems
Raises Concerns The Washington Post A02 (11 June 2008).

11. Burbank, D. W. & Anderson, R. S. Tectonic Geomorphology
(Blackwell, Malden, Massachusetts, USA, 2001).

12. Whipple, K. X. Ann. Rev. Earth Planet. Sci.
32, 151-185 (2004).

13. Wobus, C. et al. in Tectonics, Climate, and Landscape Evolution:
Geological Society of America Special Paper 398
(eds Willett, S. D., Hovius, N., Brandon, M. T. & Fisher, D. M.)
55-74 (Geological Society of America, 2006).

14. Densmore, A. L. et al. Tectonics
26, doi:10.10292006 TC001987 (2007).

15. Ouimet, W., Whipple, K. X. & Granger, D. Eos
87 (Fall Meeting Suppl.), H21H-01 (2006).

16. Godard, V. et al. Eos 88 (Fall Meeting Suppl.), T12D-03 (2007).

17. Kirby, E. et al. Tectonics 21, doi:10.1029/2000TC001246 (2002).

18. Chen, S. E, Wilson, C. J. L., Deng, Q. D., Zhao, X. L. & Luo, Z. L.
J. Geophys. Res. 99, 24025-24038 (1994).

19. Jones, L. M. et al. ]. Geophys. Res. 89, 7697-7707 (1984).

Acknowledgements

Our work in Sichuan was spearheaded by colleagues at MIT and
supported by funding from the Continental Dynamics program
at NSE It benefitted from collaboration with researchers from
the Chengdu Institute of Geology and Mineral Resources,
particularly Z. Chen. Subsequent work by E.K. on active faults
in eastern Tibet was conducted collaboratively with E. Wang
(Chinese Academy of Sciences) and supported by the Tectonics
program at NSE.

487




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG WEB PDF Job Options. 150dpi. 22nd September 2004. PDF 1.4 Compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


