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In summer of 2015 we had completed a geophysical survey complemented by borehole drilling near the right-bank slope of the
Rogun Dam construction site, Tajikistan. These data were first processed and then compiled within a 3D geomodel. The present
paper describes the geophysical results and the 3D geomodel generated for an ancient mass movement located immediately
downstream from the construction site. The geophysical survey included electrical and seismic profiles and ambient vibration
measurements as well as earthquake recordings. The electrical and seismic data were processed as tomographic sections, the
ambient vibrations as horizontal-to-vertical spectral H/V ratios, and the earthquake data mainly in terms of standard spectral
ratios. By estimating the average shear wave velocities of the subsurface, we computed the local soft layer thickness from the
resonance frequencies revealed by the H/V ratios.Three seismic stations had been installed for ten days along a profile crossing the
intermediate plateau. Standard spectral ratios inferred from ten processed earthquake measurements confirmed the presence of a
thick soft material layer on the plateau made of weathered rocks, colluvium, and terrace deposits, which produce a medium-level
amplification at about 2Hz.The 3D geomodel was first built on the basis of new topographic data, satellite imagery, and a geological
map with two sections. Then, the various electrical resistivity and seismic refraction tomographies were inserted in the geomodel.
The soft layer thickness information and borehole data were represented in terms of logs in the model. The site is crossed by the
Ionakhsh Fault that could bemodeled on the basis of the geological inputs and of a lateral resistivity gradient found on one electrical
profile along the steep lower slope. The integrated interpretation of all results reveals that probably only a relatively small part of
the ancient giant mass movement is really exposed to slope instability phenomena.

1. Introduction

The Rogun dam construction site is located in central
Tajikistan within the Vakhsh River valley at about 100 km
in the Northeast of Tajikistan’s capital Dushanbe and 40 km
upstream from the Nurek reservoir. The project of the
construction of the dam and the associated hydropower plant
(HPP) had already started when Tajikistan still belonged to
the Soviet Union. It was part of a much wider project of
hydropower plant construction that was completed by the
Soviet Union in Central Asian countries, including also other
dams and HPPs constructed along Vakhsh River in Tajikistan

as well as the large hydropower cascade along Naryn River
in Kyrgyzstan (Figure 1). There, the last construction of the
(relatively small) Kambarata 2 dam had been completed in
2012; at present, it is the only ‘blast-fill’ dam within the two
hydropower cascades (a full description of the blast event,
construction works, and geophysical investigations on the
dam is provided by Havenith et al. [1]).

The Rogun dam construction project was relaunched in
the beginning of this century (2005) under the present-day’s
(2018) government. As for many other types of dams, the site
for this one had been selected in a very narrow part of the
VakhshRiver valley (to reduce the amount ofmaterial needed
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Figure 1: Map of Tien Shan and Pamir Mountains in Central
Asia with location of major faults and earthquakes (white circles
show all recorded M>=6.9 earthquakes with the year of occurrence;
the magnitude is indicated for analysed events) and related major
mass movements (stars). Highlighted by red dashed lines are the
Naryn HPP cascade in Kyrgyzstan and the one of Vakhsh River in
Tajikistan; the locations of the Rogun dam construction site and of
the Baipaza landslide, as well as the epicentral areas of the 1949 Khait
earthquake and the 2015 Sarez earthquake (red circle) are indicated
(modified from Havenith and Bourdeau, 2010).

for construction). The associated Rogun HPP will be part
of the cascade of already existing HPPs, including those of
Nurek, Baipaza, Sangtuda 1+2, and the “Golovnaya” (head, or
final). The Rogun dam, just as Nurek dam, is designed as a
rockfill dam with a clay core. At the end of the 70s, Nurek
dam had been the tallest dam in the world (with a height
of 300m); right now Nurek is the second tallest one after
Jinping-I dam in China. After completion, the Rogun dam
would be the future tallest dam on Earth (design height of
335m).

The present paper is focused on a geophysical survey
that had been completed in summer 2015 on a large slope
downstream and a smaller one upstream from the Rogun
dam construction site. This survey included electrical and
seismic profiles as well as ambient noise measurements and
earthquake recordings supported by differential GPS posi-
tioning (methods are detailed under Section 3). Results from
related data processingwere then combined in a 3Dgeomodel
of the site. A very similar type of site characterization has been
completed with the samemethods byUlysse et al. [2] for a hill
site in Port-au-Prince, for which topographic amplification
effects had to be assessed.

The objectives of this survey are related to the general
hazard situation of the Rogun HPP that is now under
construction. The obviously most important regional type of
hazard to which the selected site is exposed (just as the other
HPP sites downstream) is the one related to earthquakes: the
site is located at 100 km in the southwest of the epicentral zone
of the catastrophic 1949 Khait earthquake, and at 300-350km
in the West of the 1911 Sarez earthquake (see summary of
events in Havenith and Bourdeau [3]). It should be noted that

only a few months after our survey in 2015, the Sarez region
was hit by another M>7 earthquake.

At local scale, the site is affected by multiple types of
mass movement-related hazards; such hazards are perfectly
exemplified by those that had been induced by the two largest
aforementioned events, in 1911 and 1949: rock avalanching
and river damming. The M=7.4 Khait earthquake triggered
several large mass movements, including the Khait rock
avalanche that had partly covered the town of Khait [4, 5],
while the Sarez earthquake triggered a giant rockslide that
formed the presently tallest (intact) natural dam on Earth, the
Usoy dam [6].

The interest in the slope site downstream from the
construction area is also related to the risk of formation of
a landslide dam near the exit of the spillway of the Rogun
dam. This risk is exemplified by an event that occurred in
2002 near the Baipaza dam and hydropower plant (HPP)
that also belong to the Tajik HPP cascade. At that time, a
massive failure affected the already existing and identified
Baipaza landslide at 4.5 km downstream from the Baipaza
HPP (see also Havenith et al. [7]). The first displacement of
this landslide had been observed in 1968 when it partially
blockedVakhshRiver, even before design and construction of
the Baipaza HPP. In 1969, the volume of the Baipaza landslide
was assessed to be 20-25millionm3. InMay, 1992, the Baipaza
landslide moved again as a result of heavy rains, and the
Vakhsh River was dammed. After the March 3, 2002, deep-
focal Mw=7.4 Hindu Kush earthquake (with an epicentre
located in Afghanistan at a distance 250 km from the Baipaza
site, and with an intensity of shaking of 6 degrees on EMS-
98 scale), this landslide started to move and partially blocked
again the Vakhsh River (Figure 2). As a result, a lake formed
upstream from the dam and partly inundated the Baipaza
HPP,which could not operate at a normal level for onemonth.
The use of high explosives was required to clear the river bed
after this landslide. Note that the view of Baipaza rockslide of
2007 in Figure 2 still shows the presence of the cascade across
the dam that had been breached in 2002. Now, the cascade
cannot be seen anymore due to river erosion.

As introduced above, the larger downstream zone (Site
1) of the Rogun dam construction site was studied to assess
the probability of occurrence of a massive failure event
similar to the one observed downstream from Baipaza HPP
in 2002; the smaller upstream Site 2 that can be seen on
some maps (Figures 6 and 7) was investigated due to the
possibility of a potentially tsunamigenic impact of an existing
mass movement on the lake. Investigations on both sites are
described below (see also Torgoev et al. [8]), with focus on
the larger Site 1.

2. The Seismic Hazard and Geological Context
of the Dam Site

As seismic hazard maps can provide a more general overview
on the seismotectonic activity of a region and its effects on
the surface than singular events, and, over a certain period of
time, it is important to situate the Rogun site in its regional
seismic hazard context. Relatively recent seismic hazardmaps
for the target region have been produced by Abdrakhmatov
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Figure 2: Google Earth� view (to N) of the Baipaza rockslide and upstream Baipaza HPP. This image of 2007 still shows the cascade that
Vakhsh River formed after crossing the dam that had been formed and actively reopened in 2002.
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Figure 3: Seismic hazardmap of the Southeastern part of Central Asia, entirely including the countries of Kyrgyzstan andTajikistan (modified
from Ischuk et al., 2018). Indicated are the locations of the Khait earthquake epicentral region, the Rogun and Nurek sites, and the Baipaza
landslide just downstream from the Baipaza HPP.

et al. [11] and Bindi et al. [12], the first one covering only
the northernmost part of Tajikistan while the second fully
covers Tajikistan. The most recent seismic hazard map has
been computed by Ischuk et al. [13]. Actually, Ischuk et al.
[13] produced several maps for this part of Central Asia
(calculated for a 475-year return period), one considering a
75% contribution by regional (or zonal) and 25% by fault-
related seismic ground motion hazards, one considering a
25% regional and 75% fault-related contribution, and the
seismic hazard map shown (Figure 3) for a 50% zonal
and 50% fault-related contribution. This map shows that
the entire Vakhsh hydropower cascade is exposed to a
minimum seismic hazard of about 0.3 g. As the Rogun site
is located in the northern part of the cascade, it is closer
to the active fault zones of the southern Tien Shan, which
induce a seismic hazard of even more than 0.4 g (with 10%
exceedance probability in 50 years). Comparable high values
are displayed on the two other maps (not shown here, the
first with stronger regional seismicity and the second with
a stronger fault contribution) and were also obtained by the

two other assessments, noting that Bindi et al. [12] expressed
their results in terms of Intensities: 7 for the southern
part of the Vakhsh HPP cascade and 9 for the northern
part.

It should be noted that such large dam structures due to
the deep lakes formed upstream are often not only exposed
to the effects of natural seismicity, but also to those due to
reservoir-triggered seismicity during and just after reservoir
filling (generally during the first years after filling—but this
could also last longer in the case of Rogun as filling will take
a long time and as the lakewill be particularly large and deep).
For instance, extensive induced seismicity had been observed
after the filling of the Nurek reservoir in the 70s [14].

Here, we will not discuss in detail the possible effects
of the reservoir-triggered seismicity related to the future
filling of the Rogun reservoir. Large-scale effects are generally
not expected as a consequence of the reservoir-triggered
seismicity, due to the limited magnitudes of related earth-
quakes (M<5 for the Nurek case); note that exceptional
magnitudes of up to 6 had been observed after filling of
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Figure 4: Simplified geological map of the Tien Shan (from Havenith et al. [9]). Views of 3D model of site with geological map ((b): green:
Cretaceous sandstone bedrock; yellow: quaternary surface deposits, terraces, and colluvium) and a Pleiades image (of September 2015, (c))
projected on the surface, showing also the location of the dam and of the Ionakhsh Fault and elements of the ancient Sackung-like massive
slope failure.
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Figure 5: Field photographs showing elements of the large ancient Sackung-like mass movement. (see orientation and location of views in
Figure 4: (a) view in western part to ENE; (b) view in eastern part to WSW).

the Koyna dam (see paper by Chopra and Chakrabarti [15]).
Nevertheless, seismic ground motions can be locally very
intense as the hypocentres of those medium-size earthquakes
are generally located close to the surface (at depths that
can be less than 5 km); if located near the dam structure,
shallow M>4 events could cause fractures within the dam
(e.g., according to Chopra and Chakrabarti, 1973, the Koyna
M=6.5 earthquake had caused damage on the concrete Koyna
dam) and neighbouring slopes.

Massive failures along the neighbouring slopes could,
however, only occur if a natural M>=7 earthquake (similar
to the aforementioned Khait earthquake) hits the Rogun
region. Anyway, the investigations described below were
designed to provide inputs for estimates of possible slope
failures of multiple origins, induced by purely static (mainly
on groundwater pressure depending) factors or by small
(or higher frequency) or stronger (lower frequency) seismic
ground motions.

The general geological context of the Rogun site is related
to its position near the southern border of the Tien Shan.
Immediately to the north of the site, the pre-Mesozoic rocks
of the Tien Shan are outcropping, while the site itself is
located in Mesozoic rocks (see general geological map of the
Tien Shan in Figure 4(a)). Most of the right-bank slopes are
made of Cretaceous sandstones (green layers in Figure 4(b))
widely covered by colluvium and along the central plateau
(see location in Figure 4(c)) also by terrace deposits. Along
this plateau also two lakes can be found (one is shown in the
photograph in Figure 5(a)). In the central part of the lower
slope also upthrusted Jurassic clayey rocks can be found.They
are markers of the presence of the Ionakhsh Fault that crosses
the site from ENE to WSW.

The origin of the intermediate plateau on the right-
bank slope downstream form the dam construction site
can be explained by an ancient Sackung-like movement
of that slope. Another interpretation would be that the
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Figure 6: Overview of investigated sites with types of measurements indicated. Measurement locations plotted on a hill-shade map, with
locations of landslides (reddish) extracted from the geographic-geological database (by Havenith et al. [10]) with overlay of a new 8m
resolution DEM. See detailed site survey views in Figure 8.
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Figure 7: Overview of the two investigated sites (Google Earth� views, see detail on types of surveys in Figure 8). Also shown: approximate
outlines of the future Rogun dam structure and of the two main reservoir levels (darker and light blue filling of reservoir outlines) after an
intermediate and the final construction.

plateau is just the remnant of a river terrace—especially
as terrace material is found on this plateau. The interpre-
tation of the whole slope as a major Sackung therefore
requires additional elements—the most important one is the
presence of multiple crests and graben structures on top
of the upper slope (above the plateau, see photograph in
Figure 5(b)) that can be considered as the main scarp of the
Sackung.

3. The 2015 Rogun Geophysical Field Survey

Anoverview of theRogundam site (in 2015, before the start of
dam construction in 2016) and the neighbouring investigated
areas is shown in Figures 6 and 7. The first presents an
overview map; the second includes Google Earth� imagery
views of the investigated sites, with an approximate represen-
tation of the future dam structures (that are now being built
and would be completed in two stages) and respective lake
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slope stability calculations (not shown in this paper).

levels. A more detailed overview map of the investigated sites
with indication of the survey types is shown in Figure 8.

In 2015, our teams had been asked by local officials to
study specifically those two sites as both of them present
geomorphic features of ancient mass movements: as intro-
duced above, Site 1 presents a terrace-like plateau above the
middle part of the slope that could be related to a very
old (≫1000y) massive Sackung; Site 2 has characteristics of
an old rockslide with clearly destroyed rock structures. The
main “risk” question concerns the reactivation potential of
those two ancient massive failures; in this regard, we have
to consider that for Site 2 the stability conditions would
drastically change with reservoir filling as the toe of the
rockslide would be inundated (after complete filling), while
for Site 1 the situation will not really change after reservoir
filling. The external factor that could contribute to instability
on both sites is a major earthquake event near the dam
site. Such an earthquake could be either natural as we are
located in a seismically active area or induced by the reservoir
filling. In both cases, the presence of weak structures such
as a fault zone and of groundwater reduces slope stability in
general while groundmotion amplification effects specifically
contribute to the seismic slope failure triggering potential.
Therefore, our investigations targeted the detection of both
weak zones and wet zones as well as the determination of
seismic ground response characteristics. This was achieved
through the combination of electrical and seismic methods,
combined with seismological measurements.

In total, on both sites up- and downstream from the future
dam, we completed a dozen electrical resistivity tomography
(ERT) and about the same amount of seismic refraction
tomography (SRT) profiles, as well as 92 single station ambi-
ent noise (H/V)measurements. In addition to the geophysical
measurements, we carried out earthquake recordings during
10 days (only on Site 1); in addition, geotechnical tests were
completed on samples collected from two new boreholes (one

120mdeep borehole on Site 1 and one 100mdeep borehole on
Site 2).

After processing of all geophysical data, the survey results
(including also the borehole data) have been inserted in a 3D
geological-geophysical model that was completed with the
GOCAD software [16], which will be described in the next
section. To support modeling, a new 8m resolution digital
elevation model had been constructed (produced upon order
by Apollo Mapping) and new orthorectified high-resolution
remote imagery (recent Pleiades and Spot images) had been
acquired.

The electrical resistivity survey included 12 ERT profiles
(using a GeoTom system with four cables and 100 electrodes)
with a total length of 4150 meters and installation of 1035
electrodes (7 profiles on Site 1 and 5 profiles on Site 2, see
Figure 8, with some profiles being along the same line to
get longer profiles). All electrodes (with a spacing of 4m
between electrodes on all profiles) had been located with a
differential GPS (DGPS) with a precision of about 20 cm. For
the measurements, we used for all profiles the Wenner array
configuration. In the laboratory, data were then processed
with the 2D inversion algorithm of Loke and Barker [17]
implemented in the RES2DINV software. Four processed
ERT profiles on Site 1 are presented in Figure 9.

Examples of ERTs shown in Figure 9 show that the electri-
cal resistivity values are highly variable over Site 1. Along the
uppermost profile (ERT near upper scarp, Figure 9(a)) and
along the intermediate crest (ERT in Figure 9(b)), relatively
high resistivities (>500 ohm.m) were measured all along
the investigated profiles. Much lower resistivity values (<100
ohm.m) have been measured along profiles completed on
the intermediate plateau (ERT in Figure 9(d)) and along the
lower steep slope (ERT in Figure 9(c)). Those lower values
are probably indicative both of the presence of soft rocks
and/or deposits and of groundwater in the subsoil. Along the
plateau it is more likely that these wet soft materials are made
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Figure 10: Examples of P-wave SRT profiles and MASW results on Site 1: (a) SRT for seismic profile SP07 parallel to the valley orientation,
with shots S01 (at 0m, near first geophone G01) and S24 (at 115m, near last geophone G24), with 100m offsets to both sides (S01-100, S24+100)
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Figure 11: (a) Overviewmap of 92 ambient vibrationsmeasurements (for both studied sites); circles are colored according to the fundamental
resonance frequency (see scale in the middle) and with a size proportional to the peak amplitude; see also the double arrows indicating the
main vibration orientation (polarization). See also the black Ionakhsh Fault outline crossing the lower slope from NE to SW. (b-d) Three
examples of H/V results of processed ambient vibrations, in terms of simple H/V spectral ratios and ofH/V azimuth spectra (with polarization
information).

of colluvium and/or terrace deposits, while along the slope
the material is probably made of wet fractured rocks. We can
also see the slight lateral change of resistivities in the middle
part of the ERT profile “03” in Figure 9(c), which could point
to the presence of a subvertical fault, possibly the Ionakhsh
Fault crossing the target region in this area.This lateral change
roughly corresponds to the location of the Ionakhsh Fault that
is shown on the geological section in Figure 12(c).

The seismic refraction survey included 13 SRT profiles
(with Daqlink seismograph and 24 4.5Hz geophones) with
a total length of 4210 meters (8 profiles on Site 1 and 5
profiles on Site 2; see Figure 8). In total, 40 hammer shots
and 25 small (250-500g dynamite) explosions (with min.
40m offset) were used to trigger seismic waves. Along each
profile at least 10 DGPS measurements had been completed
to measure the profile position, and all shot points were
located by means of DGPS measurements. In the laboratory,
the seismic data (recorded over 2.5s, with a time interval
of 0.5ms) were processed with the Sardine software (by

Demanet [18]) in terms of P-wave SRT profiles on Site 1;
two examples of SRTs are presented for two long seismic
profiles (with several distant explosive shots) in Figure 10. For
the seismic profile SP07 (Figure 10(a)) also a multichannel
analysis of surface waves (MASW) had been performed (with
the SeisImager software, fromABEM company) to determine
S-wave velocity (Vs) logs in themiddle part of the slope of Site
1 (see Vs-logs and digitized surface wave dispersion diagrams
in Figures 10(a1) and 10(a2), respectively, for explosive shots
triggered at 100 m from the end and the beginning of the 115 m
long profile).

Both SRT profiles in Figure 10 show that in some places
relatively lowP-wave velocities (Vp) have beenmeasured near
the surface, often less than 1000m/s. These results are also
confirmed by low Vs (<500m/s) measured near the surface,
as proved by a few MASW analyses, such as those shown
in Figures 10(a1) and 10(a2). Higher Vp-values (>1500m/s)
near the surface were only observed near the upper steep
slope below the main crest. At a depth of more than 30m
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Figure 12: (a, b) Overviewmaps ((a) with Pleiades image; (b) with geological map) of 92 ambient vibrations measurements (for both studied
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only in a few places Vp-values of more than 3000m/s have
been measured. Those results are not typical for a rock slope
and point to a general weakening of the rocks over large
depths, probably due to intense fracturing. The lowest Vp-
values had been measured along the intermediate plateau
and along the lower steep slope (see the SRT profiles shown
in Figure 10) which are also marked by the lowest electrical
resistivities.Thus, for these zones, the presence of deep-seated
weak materials has been confirmed by both (electrical and
seismic) types of investigations.

By combining all SRT and the two MASW results,
we estimated mean Vp- and Vs-values for the first rel-
evant (for slope stability analysis) 60m, of, respectively,
1500 and 750m/s (for a Poisson ratio of 0.33) for Site

1 (the values are lower for Site 2, i.e., Vp
60
=1000m,

Vs
60
=500m).

92 ambient noise H/Vmeasurements (using a sampling
frequency of 200Hz, completed with a Lennartz L5s seis-
mometer connected to a CitySharkII station) included 62
points on Site 1 and 30 points on Site 2. All H/V points
were located with a normal GPS with a precision of about
5 to 7m. Ambient vibrations data were processed with the
Geopsy software (by Wathelet [19]). An overview map of
all measurements and three examples of H/V results are
shown in Figure 11. The overview map (Figure 11(a)) shows
already processed H/V results as circles colored according
to the fundamental resonance frequency and with a size
proportional to the measured peak amplitude. The three
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Figure 13: (a, b) Overview maps ((a) with Pleiades image; (b) with geological map) of seismological station locations and of seismic profiles
(green lines and shot points) on Site 1. (c) CitySharkII station and battery.

examples of H/V results shown in Figures 11(b), 11(c), and
11(d) are presented in terms of both simpleH/V spectral ratios
and H/V azimuth spectra (with polarization information).

Those examples show that in the upper slope mainly
higher resonance frequencies had been measured (>5Hz, see
also green circles in overview map in Figure 11(a), indicating
high frequency resonances), marking the presence of a rel-
atively thin (<30m) cover of potentially weaker materials on
top of amedium shallow hard rock, while on the intermediate
plateau and also along the steep lower slope some areas are
characterized by clear, relatively low frequency, resonance
peaks (<4Hz; see also numerous large red, yellow, and orange
circles in those areas in the overview map in Figure 11(a)).
Figures 11(b) and 11(c) also show polarization diagrams which
clearly indicated a dominant NW-SE oriented shaking of the
ambient vibrations, which is likely due to the general NW-
SE orientation of the entire slope. In the overview maps in
Figure 11(a) and also in Figure 12, this polarization of the
horizontal shaking is marked by the azimuth of the double
arrows.

From the H/V resonance frequency values, f0, we made
average soft material thickness, h, estimations, using the
equations h=Vs/4/f0. Related results are shown in Figure 12.

For Site 1 we estimate that the thicker soft materials
on the intermediate plateau and in some parts of the steep

lower slope mark the general weakness of the rocks in these
areas. The map of depths of hard rock indicated by circles
is reproduced in Figure 12, together with the same circles
plotted on the geological map of the area. Along the red
line in Figures 12(a) and 12(b), a geological cross-section
(shown in Figure 12(c)) has been established by the Southern
Tajik Geological Prospecting Expedition [20]. On this cross-
section, we plotted soft layer thickness logs inferred from
the H/V resonance frequencies. By interpolating the bottoms
of these logs, the body of soft material most exposed to
instability phenomena (indicated by a fine dashed line) can be
outlined. By comparing H/V results with the geological data,
we can also see that the deepest logs are located in the center
of a syncline structure within the bedrock. In the middle of
this syncline a thick deposit of colluvium/terrace material
is marked by the yellow layer in Figure 12(c). Additionally,
the 2012 geological survey identified a fault zone in the
SE of the Syncline center; this fault zone has also been
detected in at least one of our ERT profiles (the one shown in
Figure 9(c)); according to our estimates, this fault zone should
be subvertical while the geological survey assumed a NW-
oriented dip. However, more detailed investigations would
be necessary to confirm the precise location of the fault, its
dip, and the presence of a certain amount (still uncertain) of
Jurassic clayey rocks along the fault.
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break in the south; (b) on flat area behind the lake; (c) near crest, on hard rock in the north. Amplitudes are scaled.

Seismological recordings have been completed during
10 days with three mobile seismic stations (3 CitySharkII
stations, two connected to a Lennartz L1Hz seismometer
and one connected to an L5s seismometer; see location in
Figure 13) in the area of the intermediate plateau, near the
central part of the Syncline structure. During this period
of seismic observations, a total of 20 earthquakes had been
recorded within a distance of 450 km from the site, including
15 seismic events, which had been measured simultaneously
by all three seismic stations; according to the Tajik catalogue,
4 events had a magnitude of 4 or larger. The data recorded
on/near the plateau (Stations Middle and South in the maps
of Figure 13) had been processed in terms of standard spectral
ratios (SSR) computed with the Geopsy software with respect
to the measurements on a hard rock site above the slump
area (Station North in the maps in Figure 13, with the highest
location where a CitysharkII station with an L1Hz had been
installed).

From the common 15 identified earthquake recordings
we finally selected 10 events that produced the strongest

amplitudes on our sites. Figure 14 presents an example of
an event of 20/08/2015 at 0120 am UTC that was recorded
by all three stations. This figure also explains the calculation
of epicentral distance on the basis of S-P time lag (time
difference between P-wave and S-wave arrival) and estimated
average values of Vp andVs for the Earth crust (Vp= 6.9 km/s
and Vs=3.75 km/s for all events with epicentral distance
smaller than 300 km and Vp=7 km/s and Vs=4 km/s formore
distant events), estimations being based on calibration with
the 4 known event locations (included in the Tajik catalogue).
The comparison between those recordings shows that the
Southern and Middle Stations are affected by larger shaking
amplitudes (here unit-less, but scaled to the same maximum)
than theNorthern Station that is actually located on (shallow)
bedrock.

The spectral analysis applied to the event of 20 August
2015 at 0120 am is documented in Figure 15. This figure
shows that the H/V ratios and spectral amplitudes are
clearly the smallest at Station North located near outcrop-
ping bedrock, which may thus be used as reference station
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Figure 15: August 20, 2015, event analysed with Geopsy software: (a) map with plots of seismograms and 5 selected S-wave windows for
spectral analysis; H/V spectral ratios (left) and amplitude spectra (right) calculated for 5 S-wave windows, for Station North (b), Station
Middle (c), and Station South (d). See indicated H/V level = 2 and Spectral Amplitude, SA = 0.06.

for site amplification analyses applied to the two other
stations.

For each of the 10 analysed events, average EW-NS
spectral ratios were computed for Station Middle and Station
South with respect to the reference Station North. The
procedure is schematically described in Figure 16.

Then, the average of all ten ratios has been computed
to determine the site amplification at Station Middle and
Station South, as shown in Figure 17. The final average ratios
for both Stations Middle and South reveal that the main
site amplification (of about 2-3) appears at around 1.5-2.5Hz
(as already shown by the H/V ratios in Figure 11). The
strongest amplification is observed for Station Middle (∼3)
that can only be explained by the presence of deepweak rocks,
possibly covered by loose deposits.

Two boreholes had been drilled in autumn 2015, a 120m
deep borehole on Site 1 and a 100m deep borehole on Site
2. Every 10m rock samples were taken from the borehole.
In total 14 rock samples were used for geotechnical tests
completed in two geotechnical laboratories (one belonging
to the Rogun HPP construction company and one belonging
to the Institute of Geomechanics and Mining of the National
Academy of Sciences of the Kyrgyz Republic).

On the basis of the developed 3D geomodels and geotech-
nical data, slope stability calculations and seismic ground

motion simulations had been completed with the UDEC
(Itasca) software. However, those simulations are not the
target of the present publication; therefore, below,wewill only
present some views of the 3D geomodel that has been used as
a basis to establish the 2D numerical models.

4. Integrated Geophysical 3D Models
and Rock Fall Simulations

All data processed have been inserted in a 3D geological-
geophysicalmodel completedwith theGOCADsoftware.The
core of the 3DGeomodel is the digital elevation surfacemodel
extracted from the 2D GIS software in point format and
reinterpolated in GOCAD (as 3D surface). Raster mapping
data such as geological maps and satellite images were then
projected on this 3D surface (see upper parts of Figures
18 and 19). All geophysical profiles and geological sections
(by Southern Tajik Geological Prospecting Expedition, 2012)
were imported as vertical Raster profiles disposed in the right
position; in addition, all H/V soft layer thickness logs have
been inserted as vertical borehole logs (see lower parts of
the Figures 18 and 19). In addition, we represented a section
of the Ionakhsh Fault in the model (brown surface in the
lower parts in Figures 18 and 19); the 3D views show that
this fault would cross the middle-upper part of the Southern
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Slope of Site 1 (denoted as “Landslide 1” in Figures 18 and
19).

A closer view showing the spatial relationship between
the Ionakhsh Fault, the site geometry, geophysical profiles,
and the existing geological sections is shown in Figure 18.
Here, we can see that one ERT profile along the slope crosses
the fault (see yellow bar in yellow outline). The large along-
slope seismic tomography also crosses the fault (see lower
parts of Figures 19(a) and 19(b)), but outside the location
of geophones where the Vp variations are weakly controlled.
Therefore, no particular Vp changes are shown by this long
seismic tomography as all geophones are located on the
East side of the fault. However, the ERT profile (shown
in Figure 9(c)) displays a change of resistivity from low
resistivity in the East (<60 ohm.m) to medium resistivity in
theWest (>130 ohm.m).This contact seems to be subvertical.
Also, our observations in the field combined with analyses
of satellite images (Pleiades) confirm a roughly vertical
contact of outcropping reddish sandstones in the East (lower
Cretaceous) to outcropping grey sandstones in the West
(Upper Cretaceous, also found in the borehole). So, we do

not follow the interpretation of the Southern Tajik Geological
Prospecting Expedition [20] indicating a fault dip (of less
than 60∘) to the Northwest (see red line on their profile in
Figure 12). The consequence is that, with a vertical dip, the
fault also crosses amajor part of the upper dam slope (while it
would barely “touch” the dam if a dip to the NW is assumed).
However, as indicated above, a series of uncertainties affect
those interpretations; to confirm the strike and dip of the fault
more detailed investigations would have to be completed on
the site (also to the East and West of the main slope).

5. Discussion and Conclusions

The main result of the geophysical survey (combined with
geological data that were briefly introduced above) is the
identification of a large weak zone (roughly 800 by 450m,
along the steep lower slope, starting above the intermediate
slope break) on the main investigated Site 1 that is outlined in
yellow in the 3D geomodel views in the Figures 18 and 19.

This conclusion is based on previous studies summarized
in the report of the Southern Tajik Geological Prospecting
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Figure 17: (a) Spectral ratios for averaged NS and EW spectra computed for 10 events recorded on all 3 stations, for Stations South and
Middle with respect to Station North (used as reference station). (b) Final average spectral ratios for combined NS and EW spectra (from all
10 events), for Stations South (blue curve) and Middle (orange curve) with respect to Station North (used as reference station).

Expedition [20], combined with our geophysical results. The
past studies highlighted the morphological and structural
features of Site 1, on the right-bank slope of the Vakhsh
River above the spillway exit of the Rogun HPP, which
characterize a very large potentially unstable zone. Those
studies concluded that the total area of the right-bank slope
exposed to landslide processes would be about 1.4 106m2
(1700∗800m: this includes the entire plateau and upper steep
slope); the unstable mass would have a thickness of up to
500m; consequently, the total volume of this mass could
be up to 700 106m3. Actually, these estimates are close to

ours when we consider the whole ancient mass movement
covering almost the entire investigated slope.

Within this zone, our geophysical results confirmed the
presence of a soft layer (weak material) near the surface.
However, the extent of the area that is really marked by
unfavorable geophysical properties (low resistivity values
of less than 100 ohm.m observed in several parts of the
intermediate plateau and along the lower steep slope, Vp and
Vs of, respectively, less than 1000 and 500m/s, up to a depth
of 20m as well as low resonance frequencies of less than 4Hz
in the same zones) is far less than what has been estimated
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Figure 18: Views of 3D geomodel for Site 1 with location of ERT profiles, geological sections, Ionakhsh Fault, H/V logs, and borehole log ((a)
view from SSW; (b) view from E). The yellow outline (∼800m long, ∼450m wide) marks the zone that we estimate to be most exposed to
slope instability phenomena.
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Figure 19: Views of 3D geomodel for Site 1 with location of SRT profiles, geological sections, Ionakhsh Fault, H/V logs, and borehole log ((a)
view from SSW; (b) view from E). The yellow outline (∼800m long, ∼450m wide) marks the zone that we estimate to be most exposed to
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by previous studies and of the amount of 350 103m2 (800 by
450m yellow outline in the Figures 18 and 19). Figure 14(c)
shows that this unstable mass can locally have a thickness of
up to 100m, but on average it is 20-40m thick. According to
those data, the volume of the unstable mass could be up to
10-15 106m3.

Certainly, also our estimates are affected by numerous
uncertainties. First of all, all geophysical measurements
highlighted the great variability of electrical, seismic, and
resonance properties over Site 1. We observed an absence
of resonance peaks in the western part (roughly in the west
of the lake of the plateau) which hints at the presence of
outcropping hard rock, while along the slope break of the
plateau and all over the eastern part of Site 1, resonance
frequencies of 1 to 4Hz indicate the presence of more deeply

fractured-weathered rocks with possible presence of soft
deposits (colluvium as well as the terrace material on the
plateau). This information combined with morphological
aspects such as the deep graben-like depression along the
southern border of the plateau might indicate the presence
of a deep-seated instability responsible for a more intense
fracturing of this part of the slope compared to the western
zone. Most probably the Ionakhsh Fault crossing the site and
identified on one of the ERT profiles (with subvertical dip)
would also contribute to the general instability of the steepest
part of the southern slope and of the border of the plateau
above the same.

Here, we have not presented the outcomes of numerical
studies that had been completed to estimate the likelihood
that a major mass movement could be triggered from Site 1
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(see a short summary in Havenith et al. [21]). Also, the main
question at the origin of our study has not been answered in
this paper that is focused on the geophysical results obtained
for Site 1: could amajormassmovement thatmay be triggered
by an earthquake also form a dam onVakhsh River and could
the dammed lake block the exit of the spillway tunnel? We
intend to publish those results in a follow-up paper.
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