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SUMMARY

To estimate the seismic hazard, the geometry (dip, length and orientation) and the dynamics
(type of displacements and amplitude) of the faults in the area of interest need to be understood.
In this paper, in addition to geomorphologic observations, we present the results of two ground
penetrating radar (GPR) campaigns conducted in 2010 and 2011 along the Emeelt fault in
the vicinity of Ulaanbaatar, capital of Mongolia, located in an intracontinental region with
low deformation rate that induces long recurrence time between large earthquakes. As the
geomorphology induced by the fault activity has been highly smoothed by erosion processes
since the last event, the fault location and geometry is difficult to determine precisely. However,
by using GPR first, a non-destructive and fast investigation, the fault and the sedimentary
deposits near the surface can be characterized and the results can be used for the choice of
trench location. GPR was performed with a 50 MHz antenna over 2-D lines and with a 500 MHz
antenna for pseudo-3-D surveys. The 500 MHz GPR profiles show a good consistency with the
trench observations, dug next to the pseudo-3-D surveys. The 3-D 500 MHz GPR imaging of
a palaecochannel crossed by the fault allowed us to estimate its lateral displacement to be about
2 m. This is consistent with a right lateral strike-slip displacement induced by an earthquake
around magnitude 7 or several around magnitude 6. The 2-D 50 MHz profiles, recorded
perpendicular to the fault, show a strong reflection dipping to the NE, which corresponds to
the fault plane. Those profiles provided complementary information on the fault such as its
location at shallow depth, its dip angle (from 23° to 35°) and define its lateral extension.
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1 INTRODUCTION

Central Asia is known for its high level of seismic hazards, espe-
cially Mongolia, which has been one of the most seismically active
intracontinental regions in the world with four large earthquakes
(magnitude around 8) along its active faults in the western part of
the country during the last century (Khilko et al. 1985). The de-
formation in Mongolia is located between compressive structures
related to the collision and penetration of the Indian plate into the
Eurasian plate and extensive structures in the north of the country
related with the Baykal rift (Tapponnier & Molnar 1979; Baljinnyam
et al. 1993; Schlupp 1996; Bayasgalan & Jackson 1999).

The seismic activity observed in the vicinity of Ulaanbaatar (UB),
capital of Mongolia, is relatively low compared to the activity ob-
served in western Mongolia. Nevertheless, since 2005, the seismic
activity around UB not only has increased, but is also organized (see
Fig. 1) at the west of UB along two perpendicular directions, which

determine two active faults: Emeelt fault, discovered in 2008 (NN'W-
SSE direction, 25-km-long minimum and situated about 10 km W
of UB) and Hustai fault (WSW-ENE direction, 80 km long, with
its NE tip at less than 20 km west of UB); their length and mor-
phology indicate that they can produce earthquakes of magnitude
6.5-7.5 (Schlupp et al. 2012). Most of the Mongolian population
(1.2 million over 3 million) is concentrated at UB, which is the
main political and economical centre of the country. Hence, the
study of seismic hazard and the estimation of the probability of
future destructive earthquakes are of primary importance for the
country (Dugarmaa et al. 2006). Since the last large earthquake,
the faults geomorphology has been highly smoothed by erosional
processes and the exact location of the fault plane surface rupture
is thus hidden within a several metre wide strip.

The GPR method has been proven to give good and useful re-
sults to characterize faults by identifying offsets of radar reflections
(Malik et al. 2007; Christie et al. 2009; Yalginer ef al. 2013) and
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Figure 1. (a) Map of Mongolia with location of the capital, Ulaanbaatar. (b) Zoom over the area of Ulaanbaatar. Yellow lines surround the two main active
faults (Emeelt and Hustai) and Ulaanbaatar urban area. Red dots represent the seismicity since 2005 (after NDC data, RCAG). Note the strong alignment of

the seismicity defining the Emeelt fault.

buried fluvial channel deposits (Ferry et al. 2004). Many studies
have shown that pseudo-3-D and 3-D GPR allow a better and reli-
able interpretation than 2-D GPR profiles (e.g. Gross et al. 2000,
2002, 2003, 2004; Tronicke et al. 2004; McClymont et al. 2008b).
Beauprétre ef al. (2012) used a pseudo-3-D survey in order to image
a buried channel network, which allows the reconstruction of the
past slip history. McClymont ef al. (2008a) have used geometric
attributes of 3-D GPR data to improve the visualization of active
faults. Dentith ef al. (2010) compared GPR data with trench results
in order to study palacofault scarps in the case of deeply weathered
terrains. The concept of radar facies developed and mainly used in
sedimentology (Neal 2004; Pellicer & Gibson 2011) is now widely
considered in active tectonic context (e.g. McClymont ef al. 2008a,
2010).

Nevertheless, none of these studies were performed on active
fault zones showing low slip rate. It is the first time that we use GPR
to explore and reveal the buried traces of an active fault in such a
context. Our study is focused on the Emeelt fault (Fig. 1), which is
associated to an intracontinental context, with moderate deforma-
tion very likely much less than 1 mm yr~!' (Calais et al. 2003, 2006;
Vergnolle et al. 2007). After some preliminary geomorphologic
observations and a trench dug in 2009, two GPR campaigns were
conducted in 2010 and 2011. Pseudo-3-D profiles were recorded
with a 500 MHz antenna over an alluvial fan and a palaeochan-
nel crossed by the fault, to look for the displacement and/or the
deformation of reflections and horizons. In addition, several long
50 MHz 2-D lines (about 200 m long) were realized perpendicular
to the fault in a much wider area. The objective of these profiles was
to look for the geometry and lateral extension of the fault at greater
depth and to verify the presence of other branches.

2 CONTEXT AND PURPOSE

The geomorphologic features shown by the picture in Fig. 3 are
clearly visible on the satellite view (Fig. 2). The scarp generated by
the fault is clearly seen. The trace left by the fault on the surface
(black arrows, Fig. 2) is a couple of metre wide. It has a N143°
direction and can be followed about 10 km on the satellite image
(Fig. 2, from Google Earth). If we include the seismic activity, we

can consider its length to be 25km minimum. From the picture
(Fig. 3), we observe a valley in the centre that is surrounded by
two hills on both sides. The scarps separate those hills and the
valley. This specific geometry recalls a collapsed basin such as
a normal graben system (in an extensional tectonic context) or a
reverse graben (in a compressional tectonic context) or even in a
transtensional context. However, due to the low slip rate (less than
1 mm yr~') and the long recurrence time, the fault scarp has been
heavily smoothed by erosional processes, hiding the precise location
of the fault on the surface. In addition, no clues on the direction of
the fault dip are yet observed. However, recent deposits recognized
in the area allow possible dating in palacoseismology. Thus, a first
trench (referred to as trench T1) was dug in 2009 on the edge of an
actual alluvial fan (Fig. 2c). GPR surveys were performed only in
2010 near the trench to, on the one hand, compare both data sets and
connect GPR facies with geological units and, on the other hand,
identify the fault rupture at depth. Furthermore, we investigated
a palacochannel, by combining the trenches and GPR results, to
estimate the cumulative displacement along the fault. A second
trace, parallel to the first one, is observed on a smaller area (white
arrows, Figs 2 and 3). Both traces show a similar signature on the
surface, and raise the question of a possible second branch.

3 DATA ACQUISITION AND
PROCESSING

3.1 Methodology of GPR acquisition

Ground penetrating radar (GPR) is a geophysical method based
on the propagation, reflection and scattering of high-frequency
(from 10 MHz to 2 GHz) electromagnetic (EM) waves in the Earth
(Daniels et al. 1988; Jol 2009). For non-magnetic rocks, it allows
imaging of the electric and dielectric contrasts of the shallow sub-
surface. The depth of investigation depends on the EM attenuation
of the medium and the frequency used. The lower the frequency, the
greater the penetration depth, which varies from a few centimetres
in conductive materials up to 50 m for low conductivity (less than
1 mS m™!) media (Davis & Annan 1989; Jol 2009). The vertical
resolution depends on the velocity of EM waves and the frequency
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Figure 2. Aerial view of the studied area (satellite image digital globe, Google Earth 2009). Red lines indicate the location of the 50 MHz profiles (RTA).
Black arrows highlight the fault trace and white arrows highlight a morphological scarp at the opposite side of the basin. Camera pictogram indicates the
viewpoint of the Fig. 3. (b) and (c) Zoom of areas Z1 and Z2. Trench locations are in black and the border of pseudo-3-D 500 MHz GPR cubes are with black
dashed lines. The C1 and C2 cubes were recorded in 2010, while the C3 and C4 cubes were recorded in 2011 (see the text for more details). The blue line in

Z2 area represents the 500 MHz profile shown in Fig. 6.

Figure 3. Picture of the survey area (see Fig. 2 for location). Black arrows highlight the Emeelt fault scarp and white arrows show another morphological

scarp. The trenches are visible on the right side.

of the antennae used. Following the A/4 criterion (Widess 1973;
Jol 1995; Zeng 2009), it varies from 70 to 5 cm for frequencies of
50-500 MHz and velocities of 0.1-0.14 m ns~!. In general, features
such as sedimentary structures, lithological boundaries, fractures
and/or faults are clearly visible with GPR (Gross ef al. 2004; Neal
2004; Deparis et al. 2007; McClymont et al. 2010), even when these
features differ only by small changes in the nature, size, shape, ori-
entation and packing of grains (Guillemoteau et al. 2012).

After the geomorphologic recognition of the Emeelt fault and a
preliminary trench (T1) realized in 2009 (Fig. 2), we decided to use
GPR measurements to investigate subsurface deposits potentially
affected by the fault on a wider area. The GPR observations should
help us to decide location of future trenches. Our first objective was

to study an alluvial fan situated close to the trench T1 (referred to as
Z1 area) for three reasons. First, the sedimentary deposits provide a
stratigraphy that, if offset by the fault, can give us information on the
geometry and dynamic of the fault, such as the dip, amplitude and
direction of displacement with a non-destructive method. Secondly,
sediments are usually favourable to EM propagation and thirdly, the
proximity of the trench will allow us to perform a direct compar-
ison of both data sets (geology and GPR). In this survey, we used
a 500 MHz antenna to get detailed features at shallow depth and to
have a depth of penetration and a wavelength consistent with the
trench observations. We recorded 25 profiles of 40 m long on both
sides of the trench T1 and parallel to it with the aim to cut through
the fault. The space between profiles was 1 m and the recoding step
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Figure 4. (a) Same as Fig. 2(c) with the location of the GPR profiles (¢ and d) and the alluvial fan in yellow. (b) Log of the southern wall of trench T1 situated
in Z1 area and dug in 2009. (c¢) and (d) 500 MHz GPR profiles. The profiles and the log are equally scaled; the vertical exaggeration is 1.9. Red lines in the log
represent ruptures dipping mostly to the north—east from 20° to subvertical. The three first units, purple, blue and yellow in (b) are superimposed on the profile
(c) for comparison. Black arrows show horizontal reflections and grey arrow shows dipping reflection (contact between blue and yellow units). Horizontal

black brackets show the position of the fault scarp at the surface.

was 0.03 m. Only 15 profiles situated south of the trench show inter-
esting results and two of them are presented and discussed later on
(Fig. 4).

About 300 m north of Z1 area, the morphology shows two small
streams crossing the fault and evidence of recent sedimentary de-
posits (Fig. 2). To check for the presence of hidden palaeochannels
filled by sediments and cut by the fault, we recorded 11 profiles
across and perpendicular to both streams using the 500 MHz an-
tenna. The profiles were 80 m long with a recording step of 0.03 m.
The profiles show a clear palacochannel under the northernmost
stream, well imaged by GPR (blue line in Figs 2b and 6). Con-
sequently, we decided to perform the pseudo-3-D GPR survey in
this area crossed by the fault (Z2 area). We opened simultaneously,
due to field constraints, three trenches (T2, T3 and T4) in Z2 area;
one across the fault (T2) and two parallel to it (T3 and T4). Their
location and geometry are shown in Fig. 2(b). The GPR survey was
separated in four distinct pseudocubes, denoted 1-4. Cubes C1 and
C2 were recorded in 2010, while complementary cubes C3 and C4
were recorded in 2011. An overlap of five profiles was performed
between the cubes C2 and C3 in order to assess the reliability of
GPR data recorded at two different periods (2010 and 2011). The
main objective of this survey was to image the palaeochannel in
3-D in order to characterize any horizontal/vertical displacement
caused by the fault. The pseudo-3-D approach has become a com-

Table 1. Details of the pseudo-3-D surveys.

mon procedure and has successfully been used in the case of active
fault studies (e.g. Malik et al. 2007; Beauprétre et al. 2012). A full
3-D acquisition schema requires an interval of a quarter wavelength
grid spacing (Grasmueck et al. 2005) in both inline and cross-line
directions of the 3-D cube. This would require one profile every
5 cm (for a mean velocity of 0.1 m ns~!) with a 500 MHz antenna.
The number of profiles would then be multiplied by five compared
to our current survey. As a result, and due to time constraints on the
field, we have chosen the pseudo-3-D approach rather than a full
3-D schema.

The profiles were parallel to the fault direction and spaced each
25 cm (see Table 1 for more details about the acquisition geometry).
In addition, long 2-D lines were recorded with a 50 MHz rough ter-
rain antenna (RTA). The acquisition geometry is shown in Table 2.
The purpose of those lines was to provide additional information
such as the geometry and behaviour of the fault at greater depth, the
lateral extension of the fault and to test the hypothesis of a second
branch in the area of investigation, which could take place along the
second scarp.

The topography of all GPR profiles was recorded using differ-
ential GPS. The GPS antenna was mounted on a backpack carried
by an operator who was following GPR paths. The recording step
of the GPS was set to twenty centimetres. Saw-tooth effects were
observed on the topographic profiles due to the small movements

C1(2010) C2(2010) C2(2011) C3(2011)
Size (inline x cross-line) 25mx265m 24mx10m 24mx95m 20mx22m
Number of inlines 107 41 38 45
Space between inlines 25 cm 25 cm 25 cm 50 cm
Number of cross-lines 26 25 9
Space between cross-lines 1m Im 3m
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Table 2. Details of the acquisition parameters.

Frequency S0 MHz 500 MHz (Z1) 500 MHz (Z2)
Antenna separation 42m 0.18 m 0.18 m
Step Interval 0.2m 0.02 m 0.03m
Samples 512 528 528
Stacks 16 16 16

Time window (ns) 535 82 82

of the operator while he was walking. In order to get rid of these
undesirable effects, a high degree polynomial curve fitting for the
data was used, instead of using raw topographic profiles.

3.2 Methodology of GPR processing

The processing of all GPR profiles has been performed with in-
house software (Girard 2002) written in Matlab. We used a common
flow procedure involving a constant shift to adjust the time zero;
a dc filter to remove the low frequencies; a flat reflections filter
to remove some clutter noise (ringing caused by multiple reflec-
tions between shielded antennae and the ground surface); a time
varying gain function and finally a bandpass filter (elliptic-tapered
filter). The time varying gain function is a smoothed version of the
trace envelope calculated by Hilbert transform. Bandpass filters are
of 20-150 and 100-800 MHz for the 50 and 500 MHz antennae,
respectively. A velocity analysis, which is not presented here, has
been done over the surveying area by analyzing diffraction hyper-
bolae present in the GPR data. It gives a mean velocity of 0.135 and
0.095 m ns~! for the data collected in 2010 and 2011, respectively.
These values are constant and consistent for both frequencies (500
and 50 MHz antennae). The difference in velocity is explained by
the unusual humid period during the survey in 2011 compared to
the 2010 dry summer. Afterwards, a Kirchhoff migration, which
accounts for the topography (Lehmann & Green 2000; Heincke
et al. 2005; Dujardin & Bano 2013), has been applied before load-
ing the data into seismic interpretation software (OpendTect). The
topographic migration of each profile has been performed with a
constant velocity.

4 GPR IMAGING RESULTS
AND INTERPRETATION

4.1 500 MHz antenna, Z1 area, description of the profiles

The filtered radar sections were visually analysed for data interpre-
tation, and two of them are presented in Fig. 4. They are equally
scaled and are presented with a vertical exaggeration of 1.9. Their
locations are shown in Fig. 4(a). The investigated alluvial fan is
highlighted in yellow in Fig. 4(a). The beginning of the profiles
is on the NE to be in agreement with the map. The x-axis is also
from NE to SW to stay consistent with the recording path of the
GPR. For the interpretation, we used a combination of reflections
picking with radar facies recognition. Four facies, used in the inter-
pretation, are presented in Fig. 5. Despite the very low penetration
depth of the profiles (up to 1.5 m), special features are observed
and are related to the local geology. They give us information that
helps to understand the fault behaviour. The first facies is visible on
both the profiles, it is either horizontal (pointed by black arrows)
or with a slight dip in the direction of the topographic slope (grey
arrow). Horizontal ones are related to the inner stratigraphy of the
alluvial fan and were slowly deposited probably during rainfall or
snow thaw. The dipping one is only observed in the first profile and

Figure 5. Facies used in the interpretation of the 500 MHz data. (a) Fa-
cies having subhorizontal to slightly dipping reflections with a clear lateral
continuity. (b) Subhorizontal to slightly dipping reflections with a moder-
ate lateral continuity. (¢) Chaotic background with no lateral continuity.
(d) Strongly attenuated signal.

is aligned with the uphill topography. This reflection is interpreted
as palaeotopography before being wrapped up by the recent allu-
vial fan. Looking at the location of the profiles (Figs 2 and 4a), we
note that profile (c) is on the edge of the fan, whereas profile (d)
is much more on its central part. The sediment cover, undoubtedly
greater in the central part of the alluvial fan (combined with the low
penetration depth), results in the disappearance in the GPR profiles
of the dipping reflection, which are either deeper or eroded. The
third facies, the discontinuous-chaotic background, is observed on
profile (d) at the beginning and the end. It also appears in-between
the horizontal reflections (profile (¢): from 23 m to the end; profile
(d): from 20 to 25 m). On profile (d), a special feature has to be
noted: at the meeting point of facies 1 and 3, horizontal reflections
are bent upward (circle in Fig. 4d). This curvature can be due to the
warping of the reflectors during the last fault rupture.

4.2 Comparison with the trench

Trench T1 was dug in 2009 on the edge of an actual alluvial fan
(Fig. 2c), just before the GPR survey. It is around 2 m deep and
displays mainly typical alteration from dry and cold climate. In the
first metre, we find clay and silty material, which can be responsible
for the low depth of penetration the GPR signal. On the south wall
of the trench, a network of synthetic and antithetic ruptures and
displacing deposits has been mapped (see red lines). The dip of
these ruptures ranges from 20° to subvertical and most of them
are dipping toward the north—east. The upper units of the trench
(purple, blue and yellow) have been reported on profile (c) to allow
comparison. Although the profile is 5.5 m away from the trench,
interfaces between units are relatable to particular reflections in
the GPR profile. The dipping reflection (grey arrow) is then well
aligned with the top of the yellow unit and on the left is following the
bottom of the light blue one. The interface between the purple and
the blue units is rather flat and fits the observed horizontal reflections
(from 16 to 13 m). This is relatable to both reflections indicated by
black arrows on profile (d) of Fig. 4. The chaotic background in
the middle of the profiles (24-29 m on profile (c) and 20-25 m
on profile (d)) corresponds to the location where the purple-blue
interface is dipping. However, due to the low penetration of the
500 MHz antenna, it is not possible to link the deeper units and
ruptures with the GPR data.

To sum up, two different types of reflections were observed (the
dipping one and the horizontal ones), and a chaotic facies is breaking
off their continuity. The dipping reflection observed on the first
profile is related with a previous palaeosurface, wrapped up by the
alluvial fan sediments. The horizontal reflections, overlapping the
dipping one on the right, are related to the inner sedimentation of
the fan. However, in the middle, a chaotic facies is observed and
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Figure 6. Example of a 500 MHz profile crossing palacochannels and recorded in 2010 to verify the presence of the palacochannel in the GPR data before the
precise work on ‘cubes’. Its location is displayed in Fig. 2 (blue line). Black arrows highlight dipping reflections (with facies, Fig. Sa), which are related to the

flanks of the channels.

interpreted in terms of crushed or disorganized material destroying
the continuity of the layers. The location of it, in the fault zone
(black brackets, Figs 4c and d), is considered to be the result of
the movement of the fault underneath. The horizontal reflections
are bent where they meet the chaotic facies. As the fault seems
to have an important strike-slip component, we cannot use these
observations as a measure of displacement but only as a deformation
zone.

4.3 500 MHz antenna, Z2 area, pseudo-3-D cubes

4.3.1 Description of the profiles

On the north of the Z1 area, we recorded 11 profiles of 80 m long
across the two streams to verify the presence of the palacochannel

in the GPR data and to help choose a location for the precise 3-
D work. One of these profiles is presented in Fig. 6. The dipping
reflections showing moderate continuity are indicated by black ar-
rows. The middle and the right ones clearly define the flanks of a
palaeochannel. Subhorizontal reflections with moderate continuity
and many diffraction hyperbolas lie in-between and are related to
the sedimentary filling of the channel and the presence of many
rocks. On the left side, another dipping reflection is observed. It is
related to the edge of a second palaeochannel crossed by the pro-
file. From those results, we decided to investigate the first channel
in depth with the pseudo-3-D surveys (Dujardin et al. 2012). The
acquisition geometry is presented in Table 2.

A selection of five profiles, extracted from the pseudo-3-D cubes,
equally scaled and with a vertical exaggeration of 1.4 is displayed
in Fig. 7. The depth axes of the profiles are related to the most
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Figure 7. Selection of 500 MHz profiles from the pseudo-3-D cubes in Z2 area (profiles (a)—(e) in Fig. 7f), respectively. They are equally scaled and the
vertical exaggeration is 1.4. Although the depth of penetration is low (from 1 to 1.5 m), many reflections, organized in two groups, are observed. The dipping
reflections are related to the flanks of the channel (black arrows), while the horizontal reflections, confined between the flanks, are related to the sedimentary
filling of the channel. Note on profile (b) a second deeper flank (grey arrow) probably due to interlocked channels. Profiles (b) and (c) are the same (b was
recorded in 2010 and c in 2011), and display very consistent image. Note the much smaller wavelength in (c) due to the lower velocity in 2011 (soil more
humid). Profile (e) is a cross-line showing only subhorizontal reflections dipping slightly downstream, which are related to the sedimentary filling.
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elevated point for the four GPR cubes; thus, the zero does not ap-
pear in the presented profiles. As observed in the map (Fig. 7f),
profiles (a)—(d) are inline profiles (from downstream to upstream).
Profile (e) is a cross-line profile. Profiles (a) and (b) were recorded
in 2010, and profiles (c), (d) and (e) in 2011. GPR sections (c) and
(b) are both presenting the same profile, but recorded at different
periods (2010 and 2011, respectively). They allow a comparison
between the 2010 and the 2011 surveys. The location of the ac-
tual stream is at the lowest point of the topography in the profiles
(between 6 and 10 m in profiles (a)—(c)). Once again, for the inter-
pretation, we use the combination of reflection picking with facies
recognition as presented in Fig. 5. The first facies (having subhor-
izontal to slightly dipping reflections) show strong continuity and
are observed in the central part of each profile. Their edges are
highlighted by dipping reflections (black arrows) towards the centre
of the profiles except for profile (a). The dipping reflections are
the signature of the flanks of the channel. On profile (b), a second,
deeper reflection is observed (grey arrow). This feature is proba-
bly due to interlocked channels. Horizontal reflections are related
to the sedimentation within the channel. Facies having subhorizon-
tal reflections with moderate continuity and facies showing chaotic
background with no lateral continuity are interlocked in between
(profile (a): 14-18 m; profile (b): 11-14 m; profile (c): 13—15 m)
and on the extremities of the profiles (profile (a): before 9 m and
after 21 m; profile (b): before 8 m; profile (c): before 7 m). On pro-
file (d), the extremities are characterized by a strong attenuation of
the GPR signal corresponding to the bedrock in which the channel
has been incised and filled. EM waves are then attenuated by a dif-
ferent lithology. The last profile (e) presents a cross-line from north
to south; it shows many continuous reflections subparallel to the
topography and consistent with the first facies. They are the GPR
response of the sedimentary deposition in the direction of the flow.
Cross-line profiles are of great importance in the later interpretation
as they allow a strong connection with inline profiles.

4.3.2 Comparison of the 2010 and 2011 data

The 2010 and 2011 profiles were then compared to check for their
consistency. In 2011, the weather was very wet with heavy rainfall.
This translated into a soil much more humid and a decrease in the
EM wave velocity from 0.135 m ns™' in 2010 to 0.095mns™' in

Depth (m)

Distance (m)

2011. Profile (c) is the repetition of profile (b) (Fig. 7). The most
striking feature is the difference in the wavelength, a direct conse-
quence of the change in the velocity. The first facies is recognized
in both profiles. In profile (b), it is restricted between 14 and 20 m,
with the chaotic facies lying from 9 to 14 m. In profile (c), the first
facies is observed in the whole channel and the dipping reflection
on the left, related to the flank of the channel, is better resolved until
the surface. On the right, the deeper flank is not observed on profile
(c). The electrical conductivity of the ground is higher due to the
increased water content and the depth of penetration has decreased,
masking the deeper flank on the 2011 data. It is not possible to
connect specific reflection in both profiles, but the location of the
facies is in good agreement and the channel flanks are very similar
in both the profiles.

4.3.3 Comparison between profiles and trenches

Fig. 8(a) presents a photomosaic from the north wall of trench T4.
White wires in vertical and horizontal directions highlight the 1 m
spacing gridding of the trench. The profile shown in Fig. 8(b) is
the northern most profile of the cube C1 and is 2.5 m away from
the trench T4 wall. The photomosaic and the GPR profile have
the same scale, and there is no vertical exaggeration. Three main
units were identified in the trench and highlighted here by brown,
yellow and orange colours. The brown unit is a homogeneous silty—
sandy material with some gravel scattered inside it. In some areas,
gravels are gathered in thin horizontal layers, highlighted by red
lines. It corresponds to the filling of the channel. The two next units
are characterized by yellowish coarser material. The first one (the
yellow unit) is a layer of around 50 cm thick with centimetric stones.
The last unit (orange one) is very similar to the yellow unit, but
with many scattered centimetric stones. The consistency between
the GPR profile and the photomosaic becomes evident when we
superimposed the interpretation of the trench on the profile. Bound-
aries of the units match reflections observed in the GPR profiles.
The gravel lens (red lines) is almost perfectly aligned with a reflec-
tion in the GPR profile. The left flank of the channel (limit between
the yellow and the orange unit) is as well matching a reflection
and the yellow unit corresponds to an attenuated signal. On the
east side, the units interfaces seem to match with dipping reflec-
tions but with a lateral offset that can be explained by the distance

East

10 15 20

Distance (m)

Figure 8. (a) Photomosaic of the north wall of T4 trench and (b) northernmost profile of cube C1, 2.5 m away from the trench wall (see location at Fig. 2).
Three main different units were identified in the trench highlighted here by brown, yellow and orange colours. They are superimposed on the trench and the
profile for comparison. The brown is a thin brownish unit filling the channel, the yellow is a yellowish coarse deposits unit (centimetric sized) and the orange is
a yellowish unit with fine material. Within the brown unit, a gravel lens is observed and highlighted by the red lines. A good consistency is observed between
the GPR data and the trench. The gravel lens (red lines) is almost perfectly aligned with a reflection in the GPR profile. The left flank of the channel (limit
between the yellow and the orange unit) is as well matching a reflection and the yellow unit corresponds to an attenuated signal. On the east side, the units
interfaces seem to match with dipping reflections but with a lateral offset that can be explained by the distance between the trench and the GPR profile (2.5 m).
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Figure 9. Four GPR profiles with the palacochannel picked in green. The 3-D surface (in colours) of the palacochannel was deduced from the picking on all
the profiles of the cube C2, C3 and C4. The red arrow shows the palacoflow direction.

between the trench and the GPR profile (2.5 m). It is worthwhile to
do the comparison for two reasons: first, it confirms our interpre-
tation and secondly, it allows the connection of GPR facies with a
specific lithology. Thus, first and second facies (Fig. 5) are linked to
the brownish, massive unit of silty sands where gravel-sized lenses
are found sporadically. Third facies is linked to a coarser-grained
material (centimetric size stones) showing no evidence of layering.

4.3.4 Picking of the palaeochannel

After processing, all the profiles were merged in one single survey
and loaded into seismic interpretation software (Opendtect) which
allows 3-D representations, depth slices and horizon picking. We
tried depth slices representation and attribute analysis to improve
the quality of the interpretation, but the results were disappointing
due to the space between the profiles. Horizon picking was much
more time-consuming but gave much more interesting results. Ow-
ing to the strong disparity of the reflections, which did not allow a
semi-automatic picking, we picked the channel’s flanks manually.
During this step, cross-line profiles were of great importance as
they permit a strong correlation of the reflections from one profile
to the next one. The result of the manual picking is the 3-D surface
presented in Fig. 9 in relation with GPR profiles (three inlines and
one cross-line). The depth (from the most elevated point in the to-
pography) is presented by colour scale. Green lines on the profiles
represent the picking, thus the intersection between the surface and
the profiles. The red arrow indicates the flow direction. The dis-
played surface is obtained by interpolating the picked profiles taken
from cubes C2, C3 and C4. Afterwards, the main slope of the chan-

nel was subtracted to provide a better interpretability of the data. The
removal of the main slope straightens the channel, and the geometry
of the flanks is greatly enhanced. The result is superimposed on the
aerial view (Fig. 13). The channel appears very heterogeneous and
many bumps are observed at its bottom. The penetration depth, from
1.5 to 2m, is often lower than the depth of the channel. Thus, the
bumps are related either to a mispicking of the base of the channel
or to the collapse of a flank during storm weather. The SE flank is
fairly straight on its upper part and starts enlarging at around 27 m
distance from the south—east corner of cube C1 (scale on Fig. 13a).
This enlargement is linked to the arrival in the sedimentary basin.
The NW flank is as well fairly straight in its deepest part except
for the shift at around 49 m distance with right lateral amplitude of
about 2 m (black arrow, Fig. 13).

4.4 RTA (50 MHz antenna)

RTA profiles (50 MHz) were interpreted in a similar way as the
500 MHz profiles. They were visually analysed and interpreted us-
ing a combination of GPR facies with reflection picking. The four
facies used in the interpretation are shown in Fig. 10. They represent
reflections parallel to the topography with strong and moderate con-
tinuity, facies with chaotic reflections, and finally, facies strongly
attenuated. All the RTA profiles presented in Fig. 11 were equally
scaled with a vertical exaggeration of 1.8. The x-axis is from right
to left to match the direction of the profiles on the map (Figs 2
and 11f). Black lines on the map are the intersection of the fault
scarps with the profiles. Their locations are reported on the profiles

Figure 10. Four facies (extracted from the GPR images) used in the interpretation of the 50 MHz GPR profiles. (a) Reflections showing clear lateral continuity;
(b) reflections showing moderate lateral continuity; (c¢) chaotic background and (d) strongly attenuated signals.
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Figure 11. 50 MHz GPR profiles (RTA). All the profiles are equally scaled with a vertical exaggeration of 1.8. Location of profiles (from top to bottom) is
shown by red lines on the map (Fig. 11f). Letters (a)—(e) show the place where morphological scarps are observed on the surface. Black arrows show the
reflections from the fault plane and the change in the GPR facies that highlight the location and geometry of the fault (see the text for more details).

with the brackets. Despite the low penetration depth (10 m in the
best case), much information is recovered from those profiles. First,
a strong north—east dipping reflection was observed in almost every
profile (indicated by black arrows). This feature is interpreted as a
direct reflection from the fault plane, it gives access to the dipping
direction (north—east), its dip and the exact location of the fault

(from near the surface up to 10 m depth). The dip ranges from 27°
in the north (profiles b and c), to 23° (profile d) increasing up to
35° in the south (profile e). Those reflections are exactly located
under the brackets, which mean that the rupture reaches the surface.
On profile (a), the reflection is not observed. However, a strong
separation (white arrow) between the chaotic facies (at NE) and
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Figure 12. Synthesis figure of area Z1. (a) Map, displaying the RTA profiles (red lines) with the location of the fault at surface (black lines perpendicular to
the profiles). Trench T1 and the 500 MHz profile are drawn in black. (b) Trench T1, (¢) 500 MHz profile from Z1 (Fig. 4c) and (d) RTA profile (Fig. 11d). They
are all equally scaled and the vertical exaggeration is 1.9. Black brackets at the top of the profiles show the location of the scarp as observed on the field and
satellite image. The dashed line, surrounded by yellow zone, highlights the fault as observed in the RTA profile. It is reported as well on the 500 MHz profile

and corresponds to a chaotic facies between clear horizontal reflections.

the reflection with clear continuity (at SW) is observed at the base
of the scarp. Discontinuities in the reflections (pointed by grey ar-
rows) are the results of the collapse of diffraction hyperbolae after
migration. Reflections, showing a clear continuity, are also present
in other profiles, especially in their central part (in the valley) and
in profiles (c) and (d), in their upper part as well. Around the fault
reflections, a chaotic facies is always observed on a width of around
30-40 m.

On the other side of the valley, neither reflections nor a change in
facies are observed on profiles (a) and (b) where they cross the sec-
ond scarps. However, profile (c) displays an abrupt variation as well
with a change in the penetration depth (white arrow). Reflections
with lateral continuity on the right are contrasting with a chaotic
background on the left. This sharp contact is in good agreement
with the location of the geomorphologic scarp but is not enough to
conclude on its origin.
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Figure 13. (a) Interpretation map of Z2 area. The interpolated 3-D surface of the channel (after subtraction of its main slope) is superimposed on the satellite
image. An offset of 2 m horizontally is observed on the NW flank of the channel (see black arrow), which is consistent with a right lateral strike-slip. The
pink asterisk shows the location of picture (b) in the trench where an evidence of the fault is observed. The closest RTA profile (upper left corner) shows the
record and the location of the fault plane in depth. (c) Illustration of the evolution of the channel flanks due to the right lateral strike-slip. The down left flank
is preserved while the down right flank is eroded after the shift. The filling of the palacochannel fossilizes the palacomorphology.

5 DISCUSSION

In addition to geomorphology and trench observations, the GPR
images obtained by using 500 and 50 MHz antennae give us impor-
tant information about the Emeelt fault, which was discovered in
2008 (Schlupp et al. 2012).

The GPR profiles across the fault with the 50 MHz antenna show
the structure between 3 and 12 m depth. The location of the fault
is consistent with the surface observations. The strong reflection,
observed on all the profiles and related to the fault plane, confirmed
the stability of the fault geometry in depth along the structure over
about 2 km. This reflection is probably due to the contact between
base rock on top and sedimentary deposits underneath. It gives us
a good estimation of the near surface slope of the fault (23°-35° to
the NNE) in addition to the observations done at the bottom of the
trench T1 (in area Z1) at depth between 1.5 and 2.5 m but showing

steeper angle, mainly from 30° to 45° (Fig. 4b and 12b). The picture
in Fig. 13(b) has been taken inside the trench T2 (area Z2), at the
position of the pink asterisk. It shows evidence of the fault within a
gravel layer with a dip towards the NNE. This dip direction was also
determined at the surface as the fault trace moves upstream when
crossing a local valley.

The 500 MHz profiles across the fault, imaging a small alluvial
fan (Z1 area), highlight a chaotic facies, interpreted in terms of
crushed or disorganized material destroying the continuity of the
layers, and located in the fault zone but no ‘fault reflection’ has
been observed with this antenna (Figs 4b and d). However, the ‘fault
reflection’ observed in the 50 MHz profile crossing the area is totally
consistent with the location of this chaotic facies (Figs 12¢ and d).
The locally apparent vertical offsets of reflections on some of these
profiles cannot be directly related to a vertical component of the slip.
First, it is impossible to associate the reflections observed on each
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side of the fault zone because of the shallow penetration of 500 MHz
signal and the very few subhorizontal reflections. On the other hand,
the right lateral component can bring itself apparent vertical offsets
in a context of interlocked alluvial deposits. However, a vertical
component is suspected by the morphology and the dip of the fault
near the surface but its amplitude cannot be quantified by our data.

On Z2 area, we observed a deep palacochannel with a few
500 MHz profiles (down to about 2.5 m depth) fossilized by the
filling material and crossing the fault. As we suspected a horizontal
slip component from the linearity of the seismicity and the fault
morphology, we decided to map the channel flanks across the fault
by a pseudo-3-D approach with numerous 500 MHz inline and
cross-line profiles that were acquired during 2010 and 2011 sum-
mers. A right lateral offset of about 2 m was imaged on the right
downstream flank; it was preserved on the downstream right flank,
while it has been eroded on the downstream left flank (schema,
Fig. 13c¢). Afterwards, the filling of the palacochannel fossilizes the
palaeomorphology.

This horizontal displacement could have been produced by one
event (at least of M,, = 7) as it is observed for the Mogod earthquake
(in 1967, about 280 km west of UB) of M, = 7.1 with a mean
horizontal slip of 1.5 m (Baljinnyam et al. 1993; Bayasgalan et al.
1999) or by several of M,, > 6. In the 3-D channel reconstruction,
we did not observe any clear vertical offset. Nevertheless, it does not
prove its absence as the bottom of the channel was locally difficult
to follow due the low penetration depth, which was more or less of
same depth as the bottom of the channel.

6 CONCLUSION

This work is a part of numerous studies on the characterization
of active faults near the capital of Mongolia, UB. For the first
time, we used GPR to explore and reveal the buried traces of a
newly discovered active fault in area showing low slip rate. It is a
challenge as we are in a context where the geomorphologic features
have been heavily smoothed since the last event due to erosion
processes combined with a very long return period probably of
several thousands of years. Despite the low penetration depth of the
GPR (up to 12 m for the 50 MHz antenna and 1.5 m for the 500 MHz
antenna), it clearly provided several important pieces of information
that improve our understanding of the Emeelt fault geometry and
horizontal displacement. The combination of 500 with 50 MHz
antennae produces two complementary and consistent data sets as
they allow the imaging of different structures.

A good consistency is observed between the 500 MHz GPR
profiles and trench results. Pseudo-3-D profiles, recorded with a
500 MHz antenna over a palacochannel crossing the fault, provided
information about the lateral displacement of 2 m caused by the
fault. It could be associated with an earthquake with magnitude M,,
of about 7 or several with magnitude M,, > 6.

The 50 MHz GPR profiles show a direct reflection, coming from
the fault plane, giving access to the location, the dip angle and
direction of the fault. The dip is towards NNE and it ranges from 23°
in the north to 35° in the south part of fault segment investigated.
In contrast, the linearity of the actual seismicity indicates a near
vertical fault plane. To clarify that point, we need to investigate
more in depth the active structure, by combining GPR with high-
resolution seismic profiles and very precise 3-D relocation of the
seismicity.
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