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ABSTRACT

Paleo-ground ruptures, fissures, liquefaction and geomorphic features in the Xilinhot district, Inner Mongolia, northern
China, are documented and seismic intensity for the meizoseismal areas and magnitudes of paleoearthquakes are estimated.
Trenching investigations revealed a huge paleoseismic ground rupture and fissure zone with a width of more than 200 m. Field
investigations and interpretation of remote sensing images demonstrate that active faults related to paleoearthquakes appear
to be about 200 km long. Geologic and geomorphic evidences indicate that one large earthquake with a magnitude of about
7.5 at about 13 ka BP or multiple paleoseismic events of M = 6.0 have occurred in the studied area since 53 ka BP. One of the
paleo-meizoseismal areas is determined to be near Xilinhot. Seismic intensity in Modified Mercalli scale (MM) is estimated to
be larger than VI in the vicinity of the study area and at least VIII in the epicentral region. This is consistent with seismic ac-
tivities in and around the Xilinhot district in recent years, but higher than anything yet reported. The results provide important
data for design engineering and regional planning in order to resist damage from potentially large earthquakes in the future.
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1. INTRODUCTION

Since 2000, several disastrous earthquakes have oc-
curred in continental regions where active faults that have
displaced since 100 ka BP had not been previously mapped
in detail (Fu et al. 2004; Gonzdlez de Vallejo et al. 2005). For
example, the M,, 6.6 Bam earthquake struck southeastern
Iran on 26 December 2003, which killed over 43000 people,
injured 20000, left 60000 homeless, and destroyed most of
the city of Bam (Fu et al. 2004). The 12 May 2008 M; 8.0
Wenchuan earthquake occurred in the region where seismic
intensity was estimated to be VII (MM), but approached XI
in the epicentral area, and left about 100 thousand persons
dead. Likewise, the Xilinhot district, Inner Mongolia, lacks
a seismic network and was considered to have very low seis-
micity. However, recent seismic activity and the new found
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liquefaction in the Xilinhot district indicate that the seismic
intensity of this area needs to be reevaluated. Therefore, it is
necessary to investigate active faults and seismic activities
in order to mitigate earthquake hazard in the region.
Geologic and geomorphic features related to seismic
faults are widely used to determine the location, size, and
frequency of strong paleoearthquakes and to understand
both short-term and long-term seismic hazards (McCalpin
1996; Obermeier 1996; Yeats et al. 1997; Prestininzi and
Romeo 2000; Huang et al. 2008). Additionally, for study-
ing earthquake-induced/seismogenic active faults and seis-
mic hazards, high-resolution satellite remote sensing tech-
niques are very useful, especially in arid regions (Peltzer
et al. 1999; Fu et al. 2003). Liquefaction, sand blow, sand
dikes and fissures resulted from ground shaking are very
commonly related to seismic activity and are classified as
secondary features of large earthquakes (McCalpin 1996;
Yeats et al. 1997). Therefore, active faults, paleo-ground
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ruptures, fissures and liquefaction features are important
geological records of paleoearthquakes, which can extend
our knowledge of seismic activity into the prehistoric period
(McCalpin 1996; Yeats et al. 1997; Ran and Deng 1999;
Tuttle 2001). Prehistoric seismic events can be studied by
investigating surface-rupturing history, identifying seismic
liquefaction effects, and trenching active faults (Obermeier
1998; Vanneste et al. 2001; Olson et al. 2005). Obermeier
(1998) and Obermeier and Pond (1999) addressed many
current technical issues in using liquefaction features for pa-
leoseismic analysis. For estimating quantitatively the peak
ground acceleration and paleoearthquake magnitude based
on liquefaction features, Olson et al. (2005) briefly evaluated
the most widely used techniques, the cyclic stress method
(Green 2001) and the magnitude-bound method (e.g.,
Ambraseys 1988), and proposed a new approach. Green et
al. (2005) discussed the techniques for estimating ground
surface acceleration and paleoearthquake magnitude, and
for verifying the estimated provisional location of the en-
ergy center of paleoearthquakes.

Very few active fault investigations have been con-
ducted in the Xilinhot district, Inner Mongolia Autonomous
Region, because the region is located in a remote area of
northern China (Fig. 1). This is why the Xilinhot district
was considered to be lacking in strong earthquakes and ac-
tive faults (Ding 1991). The seismic intensity in the Xilinhot
district was estimated to be less than VI (MM) on the seis-
mic zoning map of China in 1990 (CSB 1991), and the value
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of peak ground acceleration was less than 0.01 m s on the
zoning map of ground vibration parameters in China in 2001
(CSB 2001). Engineering geology investigations have been
conducted in recent years in order to evaluate the suitability
of locations for several planned power plants in the Xilinhot
district. This paper aims at reporting new findings related to
paleoearthquakes and seismic faults in the area and presents
the current understanding of seismic activity and intensity
in the Xilinhot district.

2. SEISMOGEOLOGICAL SETTING

The Xilinhot district is located along the southeastern
tectonic boundary of the Bayinhesuo basin which is part of
the NE-SW-trending tectonic zone of Daxinganlin Moun-
tain (Ding 1991). The active faults can be classified into
three groups: the first one extends NE-SW, the second with
a strike of NW-SE, and the third striking near E-W. These
faults have been designated as Early Pleistocene in age, and
only one fault, oriented NE, crosses the southeast part of the
study area (Fig. 1). Active faults, which activated after the
beginning of Holocene (11.5 ka; Ding 1991; Ran and Deng
1999), have not been thoroughly described in the Xilinhot
district. There are many Early Pleistocene craters and plenty
of basalts that were derived from the upper mantle in the
Xilinhot district (BGMRIM 1991) and formed the flat tops
of many hills. This indicates that faults penetrate the crust
and an abundance of heat derived from the mantle could
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Fig. 1. Active faults and seismic activity in the study area and vicinity. Active faults (modified after Ding 1991) and epicenter distribution of
M, = 4.0 earthquakes in the Xilinhot district (the insert square corresponding to Fig. 2) and vicinity from January 1970 to April 2005 (data from the
Data Base of CEA), the insert showing the location of the study area (dashed square), and red thick circles No. 1 to 5 are earthquakes occurred in 20
October 2002 (M, 4.7), 16 August 2003 (M; 5.7), 24 March 2004 (M, 6.0), 25 July 2005 (M, 5.2) and 3 May 2006 (M; 4.2), respectively.
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have been carried to the crust and up to the surface. Distri-
butions of epicenters of M; = 4.0 earthquakes from Janu-
ary 1970 to April 2005 in the Xilinhot district and vicinity
indicate that historically, strong earthquakes rarely occurred
before 2001. However, several strong earthquakes have
occurred in the region in the past years (Fig. 1). Our field
investigations indicated that no ground ruptures occurred
after these strong earthquakes, but a few small fissures were
found in the epicenter areas.

Quaternary slack sediments are distributed in the in-
termountain basins such as the Bayinhesuo basin. Mesozoic
indurated continental deposits and igneous rocks are ex-
posed on mountains and hills in the study area and vicinity.
Quaternary sediments in the profiles consist of three layers;
the lower layer belongs to the Middle to Lower Pleistocene
Series (Q,.,), the middle layer to the Later Pleistocene (Q3),
and the upper layer to Holocene (Q,) soil. The Middle Pleis-
tocene Series (Q,) are absent in the study area (BGMRIM
1991). The Quaternary sediments contain the thick lami-
nated sands with about 5% silt and clay, revealed in the four
profiles of P1, P2, P3 and P4 in Fig. 2, providing proper ma-
terials for liquefaction (Fig. 3). Correlation of Quaternary
sediments is briefly described as follow.

In Fig. 3, strata from the top to the bottom of profile
No. 1 (P1), revealed by trenching, are: (a) 15 to 20 cm thick
brown sandy soil; (b) thick laminated grey coarse sands; (c)
laminated gray gravel interbedded with coarse sand, with a
maximum thickness of 110 cm, pinching out gradually from
SW to NE; and (d) the bottom layer of buff coarse sand
showing small folds and disturbed structure, which is un-
conformable with the laminated gravel layer (c).

Profile No. 2 (P2), located about 11 km northeast of
P1, contains mainly coarse sands: (a’) about 10-cm thick
brown soil of Holocene; (b’) thick yellow coarse sands; (c)
laminated coarse pelitic sand; and (d’) thick gray coarse
sand (Q5).

Profile No. 3 (P3), located about 50 km southwest of
P1, contains three layers from the top to bottom: (1) 20-cm
thick Holocene-age soil, unconformable with (2); (2) 30-cm
laminated coarse sands embedded with medium-grained
sands; (3) 100-cm thick laminated medium-grained sands
embedded with fine-grained sands; and (4) gray coarse
sands with a disturbed structure.

At profile No. 4 (P4), located some 150 km northeast
of P1, the strata from top to bottom of the section are: (A)
15-cm brown soil of Holocene age; (B) 40 cm thick light-
brown pelitic and silty medium to coarse grained sands with
disturbed structure; (C) 60-cm thick grayish-yellow coarse
sands, the upper boundary was strongly deformed by lique-
faction; and (D) > 150 cm thick yellow medium to coarse
grained sands without clear lamination.

3. EVIDENCE FOR LARGE PALEOEARTHQUAKES
3.1 Geomorphic Features of Active Faults

Landsat Enhanced Thematic Mapper (ETM) and
Digital Elevation Models (DEMs) from the Shuttle Radar
Topography Mission (SRTM) were employed to identify
geomorphic features related to active faults in this study.
Spatial resolutions for Landsat ETM and SRTM’s DEM
data are 15 - 30 and 90 m, respectively. The remote sensing
data were processed using ER-Mapper software. Two large

Fig. 2. Image generated from the SRTM DEM data showing the geomorphic features of the active faults, corresponding to the insert square
area in Fig. 1, the red dashed lines show the active faults (F1, F3 and F3). The coordinates of the sites of P1, P2, P3 and P4 are 43°49°48.8"°N,
116°05°09.82°E; 43°50°33.5°N, 116°07°37.5’E; 43°37°23.9’N, 115°39°38.8"’E; and 44°31°28.9°’N, 117°41°14.8"’E, respectively.
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Fig. 3. Correlation of Quaternary strata, detailed stratigraphic description in the text.

NE-SW trend faults (F1 and F2) and one NW-SE fault (F3)
were recognized from the satellite remote sensing image in
which clear linear features of faults are displayed (Fig. 2).
For verifying the faults, field investigations for F1 and F2
were conducted, and lateral offset of streams, paleo-ground
ruptures and paleo-surface fissures are described here.

Xilinhot reservoir on the Xinlinhot River appears as
a “Z” shape which can be ascribed to erosion along zone
F1 as well as faulting displacement (Fig. 2). Some small
streams 1 - 2 km to the southwest of site P1 were displaced,
and the individual offsets range from 2 to 5 m (Fig. 4). At
site P2, the occurrence of Quaternary sands on the two sides
of a small valley oriented NE-SW is different. The sands
have a dip direction of 180° and dip angle of 20° on the SE
side, but a dip direction of 160° and dip angle of 15° on the
NW side, indicating that the fault (F1) passes through the
small valley, although no vertical dislocation of sand layer
was evident there. Other strong evidence of displacement,
such as a fault scarp or large stratum dislocation, was not
observed in the field due to geomorphic changes, Holocene
sediment covering, and lack of trenching.

3.2 Paleo-Ground Ruptures and Fissures

About 30 paleo-ground ruptures and paleo-surface fis-
sures were observed along a 185-m long trench (P1) about
1.5 to 2 m deep with a surface dip of 10°NE (Fig. 5). Dif-
ferent paleo-liquefaction features observed at P1 are illus-

trated by Figs. 6 to 9. The paleo-surface is demonstrated by
the unconformity between the soil layer and the underlying
sands. The bottom of the soil developed in the sand-blow
with a maximum thermoluminescence age of 15.2 + 1.3 ka
(Fig. 6, Table 1: R1) which is about 3.7 ka older than the be-
ginning of the Holocene (11.5 ka). Beneath the sandy soil,
sand dikes, sand blows, filled clast, intruded sands, and de-
formed sediment layers were encountered. Sand dikes com-
monly root in the depth range from 150 to 230 cm. The widths
of dikes and sand-filled paleo-ground ruptures/fissures range
from several centimeters to 120 cm, and the wider fissures
can be attributed to surface waves and surface oscillation.
Dike sands were transported upward, displayed on the verti-
cal section, and some dikes have top terminations similar to
the features of hydraulic fractures described by Obermeier
(1996), indicating hydraulic fracturing. The sand-filled fis-
sures with nominally constant width with depth (Figs. 6 - 9)
were almost certainly caused by surface oscillations. The
vertical displacement on the profile is slight. However, the
upper part of the profile is severely folded (Figs. 7, 8). On
detailed field observation, some sand dikes marked in Fig. 5
display structures that were formed by upward liquefied
sand flow (e.g., Figs. 6 to 9). Paleo-ground ruptures and fis-
sures with different strikes in P1, mainly 45, 10, and 80°NE,
were found on both sides of the railway. Therefore, the zone
of paleo-ground rupture and fissures is NE-SW trending.
The fold and fissures, combined with linear distribution of
evident displacement of river and streams, imply that the ac-



Prehistoric Liquefaction in Inner Mongolia, China 771

tive faults (Fig. 2) are related to large paleo-earthquakes. at the NW part of P3 is 20 cm wide at 50 cm and 2 cm wide

At P3 (Hobugoukou), there is a ditch of approximately at 120 cm under the surface, and pinches out at a depth of
15-cm-deep and more than 300 m formed long on the top of 150 cm. The sand dike overlain by surface soil appears
a ground fissure. The ground fissure with a strike of 40°NE gravitationally deposited in liquid because of winnowing

Rail' way

Fig. 5. Schematic diagram and photo at the site P1, showing paleo-ground ruptures, fissures, sand dikes and the sites of Figs. 6 to 9.
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Fig. 6. Photo and corresponding charcoal drawing of a ground rupture of about 20-cm wide and 230-cm deep on P1, displaying sand dikes covered
by thin soil, convoluted sands caused by liquefaction, and the sites of dating samples R1, R2 and R3.

Fig. 8. Photo and drawing of a ground rupture, displaying displacement of bedded gravel and geometric features of sand dikes and sand blows. The
gravel on the upper plate was uplifted from near level to a slope of about 30° by upward hydraulic force and horizontal compression.
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onvoluted beddin

Fig. 9. Photo and drawing of a ground rupture, showing features of sand dike, broken gravel layers and liquefied sand, upward hydraulic force

deformed gravel layers with small vertical displacements.

Table 1. Thermoluminescence ages of sand samples.

Sample No. Sample site Age (ka)
R50 Top of ruptured sand, P3 134+ 1.1

R1 Bottom of soil layer, P1 152+13

R2 Sand flow, P1 193+1.7

R4 Sand dike, P1 19.1+1.6

R3 Sand dike, P1 32327
R150 Clast in ground rupture, P4 52645

structure (Fig. 10), which was caused by upwards hydraulic
flow that carried away small-grain sands, but the larger
grains remained in the fissure. The larger grains are derived
from the fluvial sediment as found at the SE part of this
profile (Fig. 11). In the middle part of the profile, fluvial
strata were severely disturbed, and there are some small
intruded-sands consisting of sands and fine-grained gravels,
indicating a hydraulic origin. In the SW section, disturbed
structures in interlaminated coarse and fine-grained sands
at a depth of 50 to 150 cm were found. A dike composed of
fine-grained gravels and coarse sands was likewise found
at a depth of 150 to 190 cm, with maximum width of 8 cm,
and unconformably covered by a deformed thin gravel layer
and 5-cm thick gravel fill at the top of the ground fissure
(Fig. 11), indicating that this fissure was formed earlier than
the fissure in the NW area of P3 (Fig. 10). In addition, the
host sands of the deeper sand dike are older than those at the

NW part of the profile. The fissures and sand dikes at dif-
ferent depths were formed by at least two events of ground
shaking, indicating that seismic recurrence has occurred in
the study area after the Late Pleistocene.

At the SE end of P4, a ground fissure of 11 cm wide at
the top was found within a depth of 100 - 150 cm. A sand
clast with grayish dark spots, 10 cm in diameter, exists in
the fissure and has an age of 53 ka (Table 1). The 5-cm wide
dike consists of medium-grained buff sand, which is adja-
cent to the left (SE) of the sand clast (Fig. 12). The clast has
the same mineral composition of the top part of host sands.
At the NW end of P4, two ground fissures are 1 m apart and
covered with surface soil. The fissures are 50 to 80 cm wide
and more than 70 cm deep. They are filled with medium
to coarse yellow sands, clasts of host sediments consist-
ing of siltic brown and gray blocks, and about 1-cm-thick
fine-grained gray gravel distributed discontinuously at the
bottom of the dikes (Fig. 13). The dikes may be seismically
intruded because their structures are related to sand flow,
which are different from those filled by human activity or
other mechanisms. The materials could be derived from the
liquefied fluvial sediments. The fissures and sand blows at
different depths could have been caused by multiple past
occurrences of ground shaking and hydraulic flows.

4. DISCUSSION

When estimating the strength of a paleoearthquake,
one fundamental task is to identify whether the features
are of seismic origins (Obermeier 1996). The effects of
fluidization are first discussed in the following section. Two
techniques for estimating the magnitude and intensity of
paleoearthquakes are the magnitude bound method, which
uses the most distal site of liquefaction from the energy cen-
ter (Ambraseys 1988; Obermeier and Pond 1999), and the
other uses the empirical relationship between earthquake
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magnitude (M) and the length (L, in km) of the rupture zone
in eastern China (Dong et al. 1993).

4.1 Origin of Liquefaction Features

Sand dikes, ground ruptures and fissures can be of
seismic or aseismic origins. Aseismic causes, such as volca-
nic activity, glacial ice wedge, artesian pressures, aseismic
landsliding, and preferential weathering cannot be attributed

i, Sand wi
¥ laminated beddin

the aforementioned liquefaction features in the study area,
as discussed below.

Volcanic activity associated with earthquakes can re-
sult in sand liquefaction. Volcanic activity can generate
structures that give rise to vents or tubular conduits, and can
cause injection of materials, fractures, infills, alterations,
etc., as a consequence of the ejection of fluids, gases, and
other materials (Gonzdlez de Vallejo et al. 2005). There are
many volcanoes in the study area. The volcanoes are older

Fig. 10. Photo shows a ground fissure on which an approximately 15-cm deep ditch with a strike of NE formed; the charcoal drawing describes a
ground fissure and the dating sample position (R50), location: 43°37°23.9”N, 115°39°38.8”E.

Fig. 11. Diagram of the ground fissure and deformed gravel layer on P3. The minus scale numbers denote the depths from the surface.
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than the host strata of dikes and deformed layers, thus ruling
out a direct relation between any volcanic activity and the
observed liquefaction effects.

Ice wedge casts are characterized by downward-
pinching, planar, nearly vertical features that originated by

Disturbed pel'itic sand

thermal contraction of frozen ground. Ice wedges grow
wider during cold episodes. Conversely, host sediments
slowly replace the melting ice when permafrost melts
(Obermeier 1996). The latitude of the study area is from
about 43 to 44°N, and elevation ranges from about 1000 to

Fig. 12. Photo and drawing of the features of ground fissures and liquefaction at P4 in Fig. 2 (44°31°28.9”N and 117°41°14.8”E). Sand liquefaction
resulted in paleo-surface fissures and the layer boundary is severely deformed at a depth of 60 - 80 cm. The sandy lump with grayish dark spots at a
depth of 100 - 110 cm is 10 cm in diameter and 53 ka BP (R150). Note that the patterns in the Figs. 12 and 13 have no sediment structure meaning,

just stand for what are marked and described in the text.

Fig. 13. Photo and corresponding drawing of two 70-cm width ground fissures filled with colorful sandy and pelitic lumps and buff sand, and gravel

at the top of the disturbed sand at P4 in Fig. 2.



776 Du et al.

1300 m. The maximum thickness of the frozen ground layer
in the shade is 120 cm during the winter (generally 80 cm in
recent years), which is much shallower than most of the ob-
served sand dikes. Neither glaciers nor glacial tills are found
in the region. Currently, the liquefied sands are tens of me-
ters above the water table in the study area where ground
water is rarely exploited. The Xilinhot district has been tec-
tonically uplifted since the middle of the Pleistocene, indi-
cating the elevation was lower before the fissure formation
and the climate was warmer. Additionally, at about 500 m
northeast of P1, no fissures were found in another trench
which contains the same Quaternary strata. Therefore, the
liquefaction effects, such as the older age of dike sands, up-
ward hydraulic flow and dike sands, and folds were unlikely
to be caused by glaciers or ice wedges.

The study area is categorized as a highland and arid
area. The deformed strata that host the sand dikes and paleo-
ground ruptures/fissures are clastic alluvia. The liquefied
sands, deposited originally in lacustrine and fluvial envi-
ronments, widely occurred in the area and the gravel layer
contains folds. The sands in the dikes are the same as the
liquefied sands, excepting P1. Additionally, the surface
tip angle is less than 15° in the sites except for P2, and no
evidence of landslides were observed in the field. Thus it is
implausible that landslides caused the observed features in
the area.

Artesian pressure in confined aquifers may cause arte-
sian sand flows. However, the important fact is that no aqui-
fuge on the liquefied sands was observed, but coarse sands
and gravels (Fig. 3), indicating the liquefied sands act as a
phreatic aquifer. The hydraulic pressure of liquefied sands
in the area should not be high because the relative differ-
ences in elevation are small in the plateau region where the
climate is generally arid. Therefore, the observed features of
liquefaction can not be attributed to artesian sand flows.

Consequently, the geological evidence shows that the
dikes, paleo-ground ruptures and fissures are most likely
resulted from ground shaking associated with seismic fault
activity.

4.2 Age of Paleoseismic Events

Sand samples for dating were collected with opaque
plastic cassettes for thermoluminescence dating because
sedimentary organic materials for '*C dating were unavail-
able. The ages of the samples were determined using ther-
moluminescence technique (Fattahi 2008) with a F427-A
thermoluminescence dosimeter at the Institute of Crustal
Dynamics, China Earthquake administration (Table 1).

The Holocene surface soil can be considered as a ho-
rizon marker that covers the surface ruptures and fissures
directly. Fissures and sand blows in the observed sites may
correspond to the last seismic event. Therefore, for esti-
mating the upper and lower age bounds of the last seismic

event, we determined the maximum age of the soil and the
minimum age of the ruptured sand layer.

The age of sands at the soil bottom developed in the
sand blow is 15.2 = 1.3 ka (R1) in P1, which is attributed
to mixture of older sand from the lower liquefied source
sands. However, the top of the host sands (R50) was dated
as 13.4 + 1.1 ka old in P3. The upper part of sand dike has
an age of 19.3 + 1.7 ka (R2) and the lower parts of the sand
dikes have ages of 19.1 + 1.6 ka (R4) and 32.3 + 2.7 ka
(R3). Additionally, the age of the clast in an older rupture
in P4 is 52.6 + 4.5 ka (Table 1: R150). Samples (R3 and
R4) of sand dikes are older because of a mixture of older
sands from the liquefied source sands, as shown in Fig. 5,
ruling out the possibility that surface sands or upper sands in
the vertical section fell into the fissures. The paleo-surface
that formed on the fissured strata is unconformable with the
Holocene soil layer that was formed by erosion after the
last paleoearthquake and can be considered as a key bed in
the region (Fig. 3). Therefore, the maximum age of the last
seismic event is possibly about 13 ka based on the dating re-
sults (Table 1) and assuming that these features were caused
by either one earthquake or more earthquakes and rapidly
covered by the Holocene soil.

The older age of the sand clast filled ground fissures
(R150) and paleo-ground ruptures and fissures of different
ages found in P3 and P4 (Figs. 10, 12) may indicate that
multiple paleoearthquakes occurred in the area since the
middle Pleistocene. Additional data will be needed to con-
firm the timing of paleoearthquakes.

4.3 Magnitude of Paleoearthquakes

Surface ruptures and fissures along active faults are
considered one of the most important types of evidence for
strong earthquakes. For example, the 1931 Fuyun M; 8.0
earthquake, Xinjiang, northwestern China produced a rup-
ture zone approximately 170 km long (XJUARBS 1985);
The 8 November 1997 Manyi M,, 7.6 earthquake caused a
170 km-long rupture zone (Peltzer et al. 1999); as well as
the 14 November 2001 Kunlun M,, 7.8 earthquake in the
northern Tibet produced a 430 km-long surface rupture zone
(Xu et al. 2002; Fu et al. 2005). The epicenter location and
the magnitude of the earthquake are related to geometric pa-
rameters of surface ruptures (Deng et al. 1992; Wells and
Coppersmith 1994; McCalpin 1996; Ran and Deng 1999). A
number of upper bounds for earthquake magnitude that de-
scribe the relationship between earthquake magnitude (M)
and epicentral (R.) and fault (R) distances of liquefaction
have been proposed (Ambraseys 1988; Papathanassiou et al.
2005). As mentioned before, the geological and geographic
evidence along fault F1 suggests that two possible scenarios
to explain these paleoseismic features: the observed paleo-
ground ruptures/fissures, sand blows, and sand dikes were
caused by one seismic event. Assuming that the hydrologi-
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cal and sedimentary conditions were similar at the observed
sites, the values of peak ground acceleration decrease with
increasing epicentral distance, so the other scenario to ex-
plain our observations is that resulted from multiple seismic
events having magnitudes greater than 6.0.

In the first case, the magnitude of this paleoearthquake
is estimated to be M, 6.6 to M, 7.5 based on an assumed
rupture zone length of 150 to 200 km and the relationship
M =4.09 + 1.699 x 102 L between large earthquake mag-
nitude (M) and length (L in km) of rupture zone in east-
ern China (Dong et al. 1993). Otherwise, using a epicentral
distance (R.) of 150 km, the paleoearthquake magnitude
is estimated at M; 6.7 according to M, = 4.742 + 4.655 x
107 Repax + 0.8907 log (R )(Papathanassiou et al. 2005).
Using the formula from log(R,) = 0.77(M) - 3.60 (Ambra-
seys 1988), the estimated magnitude would be M 7.5. There-
fore, considering the uncertainty, these results suggest that
the maximum magnitude between 6.6 and 7.5 for the most
recent earthquake which likely occurred at about 13 ka BP
along faults F1 or F2.

The width of surface rupture zone is more than 200 m
at P1 and becomes narrower and narrower with increasing
distance from P1. In addition, the widths of ground ruptures/
dikes become smaller away from P1. These may indicate
that the values of ground peak acceleration decreased away
from P1 (assuming that sediment conditions at the sites were
similar). Similarly, Audemard et al. (2005) reported that the
23 June 2001 Arequipa M,, 8.4 earthquake on the southern
coast of Peru caused highly asymmetrical distributions of
liquefaction features, with the width of isolated sand blows
decreased with increasing epicentral distance. An excellent
example of using dike widths to approximate the location of
the meizoseismal region was given by Munson et al. (1995).
Therefore, we infer that there may be the possibility that site
P1 is located in the meizoseismal area for the most recent
large paleoearthquake based on the limited observations
available thus far.

In the second case, resulting from multiple seismic
events with magnitudes = 6.0, is also reasonable because
ground rupture and sand liquefaction in northern China has
usually resulted from earthquakes with magnitudes = 6.8
(Deng et al. 1992; Dong et al. 1993). The fissures and lig-
uefaction features in P3 and P4 illustrate the reoccurrence
of large earthquakes since the Middle Pleistocene. Two
earthquakes with M 5.7 and 5.9 occurred within the vicin-
ity study area in 2003 and 2004 (Fig. 1) did not result in
any ground ruptures, large fissures and liquefactions in the
valleys.

Bonilla (1988) suggested that the threshold magnitude
for triggering surface faulting is around 6. The epicentral ar-
eas for the strong paleoearthquakes may be near the differ-
ent segments of the active faults (F1 and F2 in Fig. 2), and
possibly at least one of the meizoseismal areas is located
near P1. The number and scale of fissures and rupture are

large in meizoseismal areas, which agrees with the results
of Obermeier and Pond (1999), interpreting dikes spread-
ing laterally and extending more than a kilometer at many
places in the meizoseismal zone of the 1811 - 1812 New
Madrid earthquakes in Missouri.

4.4 Seismic Intensity

Paleoearthquake magnitudes and the sizes of active
faults and ruptures are important parameters for estimating
the intensity of paleoearthquakes. The observed ruptures
and fissures, combined with the remote image, suggest that
seismic intensity was at least VIII (MM) in the meizoseis-
mal area, as discussed below. An intensity of about VI is
the threshold for widespread development of small-scale
soft-sediment deformation features (Obermeier 1996). The
minimum intensity for inducing liquefaction features is
commonly considered VII, and values of VIII and IX were
generally required before liquefaction-induced ground fail-
ure become severe enough to cause damage to buildings
(McCalpin 1996; Obermeier 1996). The length of the ac-
tive fault (Fig. 2) and estimated magnitude of the last large
prehistoric earthquake indicate that the epicentral intensity
in the studied area would likely be at least VIII (MM). This
is also supported by the fact that the intensity of the 16 Au-
gust 2003 M; 5.9 earthquake which occurred in the study
area (Fig. 1) was VIII (MM) in the epicentral area of about
170 km? (Gao et al. 2005). Moreover, using a paleoearth-
quake magnitude range from 6.6 to 7.5, the epicentral inten-
sity is estimated to be from about X to less than XII (MM)
using the simple equation of epicentral intensity (I,) and
surface wave magnitude (M, = 1.06 + 0.561, + 0.37, Romeo
and Pugliese 2000). Therefore, the intensity in the paleo-
meizoseismal area could reasonably have been larger than
IX (MM), and seismic intensity in a majority of the Xilinhot
district likely would be higher than VI (MM).

5. CONCLUSIONS

Geological and geographic evidences in the Xilinhot
region demonstrate that there is a huge surface rupture and
fissure zone with a maximum length from 150 to 200 km
and a width of larger than 200 m along fault F1 related to
paleoearthquakes. The huge surface rupture zone and dating
data indicate that a large paleoearthquake likely with a max-
imum magnitude from 6.6 to 7.5, or multiple seismic events
with M = 6.0 possibly occurred at about 13 ka BP, and that
strong earthquakes and fault activities likely repeatedly oc-
curred after the Middle Pleistocene. The new findings of
active faults, paleoseismic liquefaction features and seismic
activity of M, > 5 in recent years in the Xilinhot district and
vicinity demonstrate that seismic activity and intensity have
been underestimated in the region. The epicentral intensity
from a repeat of one of the paleoearthquakes likely would



778 Du et al.

be at least IX (MM), and seismic intensity would be larger
than VI in the study area, but seismic intensity in the region
has been estimated to be less than VI (CSB 1991). Thus,
the engineering constructions should be designed to resist
future potentially large earthquakes. Further investigations
of segmentation and displacement of faults and additional
knowledge regarding the recurrence and intensity of earth-
quakes in the Xilinhot district will be needed to better un-
derstand seismicity in this region.
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