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Abstract: Seismically triggered landslides are a major hazard and have caused severe secondary
losses. This problem is especially important in the seismic prone Mailuu-Suu catchment in Kyrgyzs-
tan, as it hosts disproportionately sensitive active or legacy uranium sites with deposited radioactive
extractive wastes. These sites show a quasi-continuous release of radioactive contamination into
surface waters, and especially after natural hazards, a sudden and massive input of pollutants into
the surface waters is expected. However, landslides of contaminated sediments into surface waters
represent a substantial exposure pathway that has not been properly addressed in the existing river
basin management to date. To fill this gap, satellite imagery was massively employed to extract
topography and geometric information, and the seismic Scoops3D and the one-dimensional nu-
merical model, Hydrologic Engineering Centre, River Analysis System (HEC-RAS), were chosen to
simulate the landslide-induced mass transport of total suspended solids (TSS) and natural radionu-
clides (Pb-210 as a proxy for modeling purposes) within the Mailuu-Suu river networks under two
earthquake and two hydrological scenarios. The results show that the seismically vulnerable areas
dominated in the upstream areas, and the mass of landslides increased dramatically with the increase
of earthquake levels. After the landslides, the concentrations of radionuclides increased suddenly
and dramatically. The peak values decreased along the longitudinal gradient of river networks, with
the concentration curves becoming flat and wide in the downstream sections, and the transport speed
of radionuclides decreased along the river networks. The conclusions of this study are that landslides
commonly release a significant amount of pollutants with a relatively fast transport along river
networks. Improved quantitative understanding of waterborne pollution dispersion across national
borders will contribute to better co-ordination between governments and regulatory authorities of
riparian states and, consequently, to future prevention of transnational political conflicts that have
flared up in the last two decades over alleged pollution of transboundary water bodies.

Keywords: natural hazard; Scoops3D; HEC-RAS; total suspended solids; Pb-210; cross-border;
Central Asia

1. Introduction

The uranium production in Central Asian countries between 1944 and 1995 has left
behind various active or legacy uranium mining sites with both radioactive mining and
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processing wastes (e.g., tailings ponds and dumps). After 1995, most of the conventional
mines were closed [1]. However, due to the presence of radioactive wastes, this region
has been exposed to a high risk of environmental contamination for decades, and even
worse is that most tailings ponds and dumps were not properly rehabilitated and show
a quasi-continuous release of dissolved and particulate radioactive contamination into
local surface waters [2]. In case of the sudden destruction of these tailings impoundments
in Kyrgyzstan, the propagation area of stored radioactive materials may be substantially
expanded through the drainage networks, transported towards the denser populated parts
of the Fergana valley, and further on across the Kyrgyz-Uzbek border, adding a politically
sensitive cross-border aspect to the existing environmental problems [3].

In Central Asia, tailings ponds and dumps are mostly located in mountain areas,
where they are prone to multiple types of natural hazards, for instance, earthquakes, heavy
rainfall- and snowmelt-induced flooding, as well as landslides [4–7]. Among the most
troublesome are landslides, which occur on mountain slopes and in narrow canyons [2,6,8].
In the Kyrgyz part of the Fergana basin, the first recorded massive activation of landslides
occurred in 1954 and was followed by other events in 1958, 1969, 1979, 1988, 1993–1994,
1998, 2003–2005, and 2017 [2,9]. The typical landslide is a translational slide in this region.
The translational landslide mass moves along a roughly planar surface with little rotation
or backward tilting, and the seismically triggered translational landslides are likely to cause
secondary losses associated with earthquakes, with effects sometimes exceeding those of
direct shaking [10,11]. In case of a landslide that occurs in the areas of tailings ponds and
dumps, the sudden release of radioactively contaminated sediments into the local surface
waters encompasses both physical and chemical processes and may cause instantaneous
hydraulic changes, redistribution of sediments, and an increase in suspended particulate
matter (SPM) [12–14]. Due to the significant societal, economic, and environmental impacts
related to landslide-induced mass movements, quantifying the mass underlying the sub-
sequence of landslides has become key to prevent radioactive pollution through surface
waters, particularly through river networks [13,15,16]. The methods for mass estimation
can be basically classified into five types: field surveys, physically-based modeling, empir-
ical modeling, multi-temporal digital elevation model (DEM) analysis, and geometrical
estimation [17,18]. Among them, physically-based modeling has been recently widely
used, and the estimation of mass depends upon the mechanism of slope stability [17].
Applications such as the script from Marchesini et al. [19], OpenLISEM [20], r.rotstab [21],
and Scoops3D [22] were developed for this purpose. In this study, Scoops3D was selected,
as this model could evaluate slope stability within a landscape represented by a remote
sensing approach (i.e., DEM). It provides the least-stable potential landslide for each grid
cell of DEM, as well the associated masses [18,22].

On the one hand, exposure to radioactive contaminants in surface waters might pose
a threat to the health of humans and wildlife [23,24]. On the other hand, it has long
been observed that there is unequal access to water resources between Central Asian
countries as well as regulatory and institutional deficits [25,26]. The lack of quantitative
environmental monitoring data in the field of radioactive pollution, which, importantly, are
mutually accepted by neighboring states, is seen as a major issue in transnational relations
of the region [27]. A reliable monitoring system for radioactive and other pollution of
transboundary rivers would provide the data that is necessary for the trustful collaboration
of riparian states [28]. In the specific context of transboundary pollution originating in
Kyrgyzstan and transported into Uzbekistan, it has been noted that “Kyrgyzstani experts
could work cooperatively with specialists from Western countries to identify the highest-
risk uranium impoundments” [29]. Emphasizing a step-by-step approach would make
the problem more manageable. Such a systematic multinational effort may demonstrate
that this environmental problem can provide a focus for regional cooperation [30]. If,
by contrast, sustained international efforts are not made to address this issue, another
landslide in the vicinity of a uranium tailings site may trigger unpredictable international
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consequences [31]. The need for quickly available, reliable data on radioactive pollution
has also been discussed recently in the context of terrorist attacks [32].

Numerical hydrological models are one of the tools for the impact assessment and
the regulatory decision-making process, such as assisting in the simulation of the trans-
port of landslide-induced contamination, quantification of the maximum contaminant
concentration in the water, or evaluation of different feasible remediation strategies [33].
As stated by numerous studies, numerical simulation is a useful and advantageous tool in
both the prediction and retrospective evaluation of mass transport of pollutants in surface
waters [12,34–36]. Transport models provide the possibility to simulate the concentration
changes along river networks and to evaluate the effects of different geological and hydro-
logical scenarios on water quality problems [34]. Furthermore, knowledge of dispersion
processes in flowing waters may also be useful for river modification, outlet design, or
river confluence design to mitigate potential negative influences on aquatic biological
communities [12].

Numerical hydrological models for fluvial flow evolved during the last decades.
Among them, one-dimensional numerical models based on discrete time and distance
steps have successfully been used for long river reaches. Such software includes HEC-RAS
(Hydrologic Engineering Centre, River Analysis System, version 5.0.7) [37]. This model
has been acknowledged as one of the most frequently utilized flood modeling approaches
in hydrodynamic simulation, where the geometric profiles could be measured either in
situ or extracted from satellite imageries [35]. As a spatially-resolved, mass balance, fate,
and transport modeling framework, HEC-RAS can be used to perform one-dimensional
steady flow and two-dimensional non-stationary flow simulations for a river flow analysis,
as well as sediment transport and water quality modeling [34]. Furthermore, it is capable
of carrying out one-dimensional hydraulic calculations for a full system of natural and
fabricated channels. The model uses the ultimate-quickest explicit numerical scheme to
solve the one-dimensional advection-dispersion equation (ADE) with a control volume
approach [36]. The ADE for the modeling of transport and spatial distribution of suspended
matter in rivers is a natural starting point. Traditionally, the ADE has been used to model the
concentration in rivers and how it evolves in time and space due to a pollution release [38].
Within the river channel, the suspended matter is assumed to be fully mixed, and its
concentration uniform over any cross section. Spatially, the concentration of suspended
matter follows a normal distribution, which propagates downstream with the water velocity.
Therefore, the concentration varies only along dendritic river networks [12,39].

In this study, two indicators were chosen to quantitatively describe the waterborne
transport processes along river networks. Besides the commonly used total suspended
solids (TSS), Pb-210 has been selected as a proxy of the radioactive load. Instead of U-238,
the selection of Pb-210 lies in that U-238 has been depleted in tailings due to the very
purpose of uranium mining and extraction, and that, consequently, the specific activities
of other nuclides such as Ra-226, Pb-210, and Po-210 are one to two orders of magnitude
higher than that of U-238 [40]. In the first approximation, the nuclides are in radioactive
equilibrium, and the determination of either of them will therefore provide a reasonable
estimate of the radioactive load caused by the release of tailings from uranium production.
Furthermore, a simple and robust method has been developed to determine Pb-210 and
Po-210 in suspended mineral solids [41], specifically adapted to the limited technical and
financial resources of laboratories in Central Asia.

To date, only a few studies have reported on the mass transport of suspended ra-
dioactive matter after landslides. Central Asian countries, due to limited research budgets
despite being burdened by radioactive legacy sites, are in particular need of research in this
field. One contribution to this field was provided by Kalka et al. in 2017 [42]. They assumed
that 30% of the tailings materials would be flushed into the river network and estimated
the transport of U-238 and Ra-226 along the Mailuu-Suu river network. However, the
assumed proportion should be tested using other seismic models, and as mentioned above,
Pb-210 is radiologically more relevant than U-238 in the context of tailings from uranium
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ore processing. These new questions will be answered in the current study. The study area,
the Mailuu-Suu catchment across Kyrgyzstan and Uzbekistan, is a landslide prone area
(Figure 1) [2,6,9]. This area is frequently affected by seismic activities (e.g., earthquake),
which is an important trigger of landslides [6]. Several strong earthquakes struck the Tien
Shan and its surroundings during the last century, including the strongest ones, like the
M (magnitude) = 8.2 Kemin earthquake in 1911, the M = 7.6 Chatkal earthquake in 1946,
the M = 7.4 Khait earthquake in 1949, and the M = 7.3 Suusamyr earthquake in 1992 [43].
Sherman et al. showed that the return period of large earthquakes (magnitude ≥ 7.0)
for the entire region of Central Asia under consideration is approximately 25 years [44].
Major landslides can affect, directly and indirectly, tailings deposited along the Mailuu-Suu
valley and have already destroyed or affected some tailings ponds in several instances
in the past decades. A landslide can push a tailings impoundment partially or fully into
the river and, as a consequence, increase the risk of fluvial erosion. The transport of ra-
dioactive pollutants through the Mailuu-Suu river could be problematic in both countries,
and particularly in the Fergana valley, which is just 24 km downstream from the town of
Mailuu-Suu, where farmers use the river water for irrigation [45]. Overall, the purpose
of this study is to simulate the mass transports of the suspended matters, namely TSS
and Pb-210, along the Mailuu-Suu river after earthquake-induced landslides using the
Scoops3D and HEC-RAS software. Our specific hypotheses were: (1) the areas vulnerable
to seismic events were expected to be predominantly located in the upstream areas of the
Mailuu-Suu catchment; (2) the mass of earthquake-induced landslides was expected to
increase dramatically with the increase of earthquake levels; (3) the transport speed of the
radionuclides would decrease along the river networks.

2. Materials and Methods
2.1. Study Area

The Mailuu-Suu river feeds the Syr Daria river, which is the major source of irrigation
water in the Fergana valley, the food basket of Uzbekistan (Figure 1) [2]. The catchment
is located in the Tien Shan Mountains at 600–4400 m altitude with a catchment area of
530 km2, and it is characterized by semi-arid climatic conditions [6].

The town of Mailuu-Suu is located in the north-eastern part of the Fergana valley. The
altitude of the town is between 900 and 1000 m a.s.l. [3]. Mailuu-Suu is a former uranium
mining area [9,45]. In and around the town, uranium mining and milling activities started
in 1946 and lasted until 1968. Most of the waste dumps and tailings ponds from mining
were deposited in the moderate mountainous terrain and gently sloping alluvial areas,
often in close proximity to the Mailuu-Suu river and its tributaries [3,46]. The processing
residues are stored in 17 ponds, covering an area of approximately 0.46 km2 and with a
total volume of around 2 million m3 [3,6].

The Mailuu-Suu valley is located in the tectonically and seismically active Tien Shan
Mountains [6]. The Tien Shan is a Cenozoic orogenic belt in Central Asia with a basin
and range structure caused by the post-collisional convergence of India with Asia [6].
The Mailuu-Suu valley is therefore particularly prone to translational landslide hazards
and was identified as the most landslide-prone and vulnerable of the entire territory of
Kyrgyzstan. This area is located on a propagation zone of Meso-Neozoic sediments, which
is strongly crushed in folds. Such sediments consist of lithologic (i.e., loess-like loams
and clays) and stratigraphic soils (i.e., water-permeable and waterproof soils), which are
predisposed to descending [2]. During the last 50 years, the valley has experienced severe
landslide disasters in the vicinity of numerous radioactive waste tailings, and more than
200 landslide sources distinct by genesis, age and development stages have been fixed
at present in the outskirts of the town of Mailuu-Suu within an area of 80 km2 only [6].
During the 1990s, three of the largest landslides in the Mailuu-Suu valley displaced more
than 5 million m3 of material [4].
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In this study, the focus was on the river sections at the largest tailings pond, namely
tailings pond 7 (TP 7) with a volume of 600,000 m3. TP 7 is located on the bank of the
Mailuu-Suu river. A river section with a distance of 38 km to the Kyrgyz-Uzbek border
was chosen, where TP 7 and the town of Mailuu-Suu were located at the river sections of
32.5 km and 24 km, respectively (Figure 2).
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2.2. Data Collection

The data collection was performed as a part of the TRANSPOND (Transboundary
Monitoring and Information System for Radioactive Contamination in the Event of Natural
Hazards) project. The collected data included input data for the Scoops3D (e.g., DEM and
soil parameters) and HEC-RAS models (e.g., geometric profile of the Mailuu-Suu river
network based on satellite imagery, discharge, and concentrations of TSS and Pb-210).
The collected DEM and soil parameters were used to perform the simulation of Scoops3D
under three simulation scenarios (i.e., baseline, destructive, and catastrophic). By means
of Scoops3D models, the volume of landslide for each grid cell of DEM and the landslide
susceptibility index was produced. The collected geometric profile and discharge data were
used to develop the mass transport models under two hydrological and two earthquake
scenarios. The scheme for the data process and modeling approaches are shown in Figure 3.
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mean discharge, HQ refers to the discharge with a 50-year return period, TSS refers to total suspended solids, ADE refers to
advection-dispersion equation, TP 7 refers to the tailings pond 7 in the Mailuu-Suu catchment, and HEC-RAS refers to the
Hydrologic Engineering Centre, River Analysis System.

The DEM data was obtained from the SRTM (shuttle radar topography mission)
dataset (resolution: 30 m; www.usgs.gov (accessed on 4 December 2020)) and further
downscaled into a resolution of 10 m using the bilinear resampling approach in the GIS
(geographic information system) software (ArcGIS version 10.4). The soil parameters were
obtained from the Scientific Engineering Centre “GEOPRIBOR” (SECG) in Kyrgyzstan. In
this dataset, six depth layers were determined in the Mailuu-Suu catchment. The measured
parameters included layer depth, cohesion, angle of internal friction, and specific gravity
(“unit weight” in the Scoops3D terminology). The averaged values were used to represent
the overall conditions of soil properties in the Mailuu-Suu catchment, and they were 3.7 m,
17.7 kPa, 30.3◦, and 19.7 kN/m3, respectively (Table 1). The detailed measurement methods
of soil parameters are available in the paper by Torgoev et al. [47].

Table 1. Input parameters of Scoops3D in the Mailuu-Suu catchment.

Layer Depth (m) Cohesion (kPa) Angle of Internal Friction (◦) Specific Gravity (kN/m3) Ru Coefficient

L01 4.0 11.6 36.0 19.2 0.13
L02 5.2 11.3 32.3 19.2 0.10
L03 4.0 8.8 31.0 20.0 0.12
L04 2.0 40.0 23.0 19.1 0.26
L05 2.5 - - 21.0 0.19
L06 4.3 16.7 29.0 19.6 0.12

Average 3.7 17.7 30.3 19.7 0.15

Besides soil parameters, the influence of groundwater on landslides was also incorpo-
rated in this study. The Ru coefficient refers to the excess pore water pressure ratio, ranging
between 0 and 1, and it was used to analyze this effect because it could simplify the pore
pressure as a fraction of the vertical earth pressure for each column in the sliding mass.
The calculation of the Ru coefficient is based on Equation (1)

Ru =
u

γz
(1)

www.usgs.gov
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where u is the pore-water pressure, γ is the specific gravity of the soil, and z is the depth
below ground.

For the specific gravity and depth, the above-mentioned soil parameters were used,
and the pore-water pressure was defined as 10 kPa according to the suggestions from the
SECG. Therefore, the values of Ru coefficient could be calculated for each depth layer with
an average value of 0.15 (Table 1).

As the basic input parameters of HEC-RAS, the geometric profile of the Mailuu-Suu
river was created. Within the entire length of the modeled river (i.e., 38 km), 13 cross
sections were extracted using the satellite imageries of Google Earth (Figure 2a). The
extracted parameters included the distance and slope between river sections, the elevation,
catchment area, water width, channel width, and the compositions of the land cover of the
river bed and left/right banks of each river section (Table 2). Water depth was estimated
based on the field survey, and the compositions of the land cover of the river bed and
banks were then converted into roughness according to the method provided by the State
Authority for Environmental Protection of Baden-Württemberg, Germany [48].

Table 2. Input parameters of HEC-RAS in the Mailuu-Suu catchment.

River
Section

Distance
(m)

Catchment
Area (km2)

Elevation
(m)

Slope
(m/m)

Water
Depth (m)

Water
Width (m)

Channel
Width (m)

Roughness (s/m1/3)

Left
Bank

River
Bed

Right
Bank

38 km 4000 379.5 1108.4 0.017 0.3 23.8 52.3 0.100 0.033 0.050
34 km 2000 486.9 1039.4 0.017 0.3 27.5 60.5 0.063 0.033 0.062
32 km 4000 530.0 1005.2 0.013 0.4 29.0 63.8 0.045 0.033 0.068
28 km 4000 576.6 951.5 0.012 0.4 32.5 71.5 0.048 0.033 0.071
24 km 2000 624.7 903.5 0.012 0.4 34.3 75.4 0.064 0.033 0.071
22 km 4000 640.2 879.1 0.010 0.4 37.5 82.5 0.071 0.033 0.071
18 km 4000 663.3 839.3 0.010 0.4 42.0 91.0 0.067 0.033 0.071
14 km 2000 678.7 798.8 0.010 0.4 45.0 105.0 0.063 0.033 0.071
12 km 4000 684.3 779.2 0.010 0.5 45.0 112.0 0.061 0.033 0.071
8 km 2000 697.9 738.3 0.010 0.5 47.0 126.0 0.056 0.033 0.071
6 km 2000 705.7 719.2 0.011 0.5 48.0 133.0 0.054 0.033 0.071
4 km 4000 713.5 697.2 0.010 0.5 50.0 140.0 0.052 0.033 0.071
0 km 0 721.9 656.9 0.000 0.5 51.0 156.4 0.071 0.033 0.071

For each cross section, several stations (i.e., measurement points across a given cross
section) were measured at an interval of 0.5–2 m in order to determine the station-specific
elevation, width, and depth, and ultimately to form a geometric profile for the given cross
section. Cross sectional data was then entered into geometric tables to capture changes in
area conveyance with respect to elevation. The 13 cross sections were then interpolated
into 77 zones with a uniform distance of 500 m (Figure 2b) in order to increase the precision
of the simulations.

Two hydrological scenarios were included in this study, namely MQ (i.e., mean
discharge) and HQ scenarios (i.e., the discharge with a 50-year return period during 1965
and 2015). The MQ was calculated based on the average value of monthly discharge within
15 non-consecutive years over 1965 and 2015 (see Table 3), and it was determined to be
11.9 m3/s at the river gauge station in the town of Mailuu-Suu (Table 3). During the period
of 1965 and 2015, the highest discharge of 108 m3/s was recorded in May 1969 [42,49].
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Table 3. Monthly flow discharge (m3/s) of the Mailuu-Suu river between 1965 and 2015. The gauge is in the town of Mailuu-Suu.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1965 2.5 2.5 3.5 8.4 10.8 6.4 4.2 3.3 3.2 5.0 10.9 5.5
1969 2.7 2.7 17.3 34.8 60.1 47.5 23.9 11.2 6.4 8.9 8.4 4.3
1980 2.5 2.5 4.8 24.7 24.7 16.7 8.0 4.5 3.6 3.2 3.3 3.4
1985 2.9 3.8 7.0 31.1 31.5 21.3 10.7 5.1 4.1 4.0 3.8 3.7
1986 2.5 2.5 2.8 9.2 14.2 11.7 8.0 4.9 3.6 4.6 3.6 4.3
1987 3.9 4.7 12.2 34.2 42.0 32.1 22.5 13.8 7.5 8.2 9.6 5.9
1988 6.2 5.0 8.1 24.7 47.2 37.5 17.5 7.4 5.3 4.8 4.5 3.5
1989 3.3 2.2 5.1 11.5 18.9 14.3 9.2 4.9 3.2 3.4 3.0 3.0
2009 - - - - 37.6 30.0 16.5 9.2 6.4 4.8 4.9 4.0
2010 3.7 4.7 16.0 38.8 37.2 43.7 22.0 11.7 7.2 4.9 4.3 3.9
2011 3.4 3.5 6.0 17.0 21.9 12.5 6.4 4.4 3.8 4.5 8.6 8.0
2012 4.2 4.8 10.0 37.5 35.5 41.5 15.5 8.3 4.8 4.4 4.3 4.3
2013 4.6 5.4 18.5 25.0 29.7 26.0 8.0 3.8 6.2 5.3 4.5 4.4
2014 3.2 3.9 12.5 31.5 33.2 16.0 8.5 3.2 2.9 3.6 4.5 5.1
2015 5.0 8.0 16.5 38.5 44.1 23.0 11.2 5.6 5.0 7.2 9.3 7.7

Average 3.6 4.0 10.0 26.2 32.6 25.3 12.8 6.8 4.9 5.1 5.8 4.7

Concerning the variations of the natural background concentration of TSS between
MQ and HQ scenarios, two field sampling campaigns in the Mailuu-Suu river were carried
out. Due to logistical reasons, the sampling campaigns were carried out in spring after
snowmelt in the mountains (Kyrgyzstan) and during the dry season in summer with
low flow rates (Uzbekistan). This way, the validity of the assumption of a homogeneous
distribution of suspended solids across the river’s cross section could also be confirmed for
two very different morphological situations of the riverbed, and different flow regimes.
In total, eight and six samples were taken across the cross section in August and May,
respectively. The water samples were filtered, dried, and finally weighed to determine the
background concentration of TSS. One sampling campaign was carried out on 5 August
2019, which coincides with the typical month of MQ scenarios, which is August. The HQ
refers to an extreme scenario, and it is impossible to perform the sampling campaign under
an HQ scenario during the implementation period of the project. Alternatively, a flooding
event was used as a substitute, which was on 15 May 2019. The sampling point of the
August campaign was under the pedestrian bridge in Izboskan on the Uzbek side of the
border with Kyrgyzstan, whereas sampling in May was carried out under the road bridge,
which was near TP 7 and north of the town of Mailuu-Suu. The sampling at different
sites provided first-hand information on the concentration of unpolluted suspended solids
(natural background) at critical points in both neighboring countries: in Kyrgyzstan at the
source of potential (hypothetical) release of radioactive material, and in Uzbekistan at the
point where the river has just crossed the border.

The natural background of radionuclides of the Uranium-238 series, including Pb-210
(its activity concentration can be expressed in Bq per kg of tailings material or per kg of
TSS), in solute and particulate form in the Mailuu-Suu river, was determined on sediment
samples taken in 2017 [50], using gamma and alpha spectrometry. The specific activity of
Pb-210 was in the range of 25 to 46 Bq/kg with an average of 35.5 Bq/kg, which coincides
reasonably well with the result of 20 Bq/kg obtained earlier by Passell et al. [51].

The activity concentration of Pb-210 in the tailings of TP 7 was determined by Kyrgyz
and Uzbek laboratories using the method developed by Kunze and Hummrich [41]. The
total activity of Pb-210 that is injected into the river during a disruptive event is calculated
by multiplying the specific activity of Pb-210 and the total mass of tailings released during
that event. It consists of flux-melt sample digestion, spontaneous deposition of Bi-210 on
stainless steel disks, and subsequent low-level beta counting. The method was validated
by gamma spectrometry in an ISO 17025:2018 accredited laboratory. The specific activity of
tailings material from TP 7 was 19,800 Bq/kg [50].
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2.3. Scoops3D Model

In order to quantify the mass of a landslide that may be activated at TP 7, the Scoops3D
model was used [22]. The Scoops3D stability calculation includes the effects of earthquake
or seismic loading in a pseudo-static analysis by adding a specified pseudo-acceleration.
The pseudo-acceleration coefficient (keq) is applied as a uniform horizontal force to repre-
sent the effects of ground acceleration from an earthquake [22]. In this study, simulations
of three earthquake scenarios were performed, namely a baseline scenario (keq = 0.0, no
earthquake), a destructive scenario (keq = 0.2, the earthquake magnitude ranges between
7.0 and 7.9), and a catastrophic scenario (keq = 0.5, the earthquake magnitude is 8.0 or
greater), respectively (www.geo.mtu.edu/UPSeis/magnitude.html (accessed on 4 Decem-
ber 2020)). A stability analysis was carried out using Bishop’s simplified method, which
can provide values of factor of safety (FOS) for each grid cell of DEM.

Two major outputs of this simulation were the landslide susceptibility index (LSI or
minimum FOS) and the mass of landslide for each grid cell. By means of FOS, maps of LSI
were developed for the entire Mailuu-Suu catchment. The total mass of landslides in the
area of TP 7 was calculated based on the sum of masses in each grid cell. As a baseline
scenario, the mass of its landslide was defined as zero. The difference in landslide mass
between the other two scenarios and the baseline scenario could then be calculated for
destructive and catastrophic scenarios.

2.4. HEC-RAS Model

In one-dimensional hydraulic modeling, all flows are assumed to move downstream
along the longitudinal gradient of the river network. To simplify the computation, the
HEC-RAS model assumed a horizontal water surface at each cross section [37]. As the
mass transport within this small mountainous catchment was considerably fast, the flow
discharge was thus relatively stable within the entire transport process. In this sense,
a constant discharge was used to perform the flow simulation for each measured river
section. To perform the flow simulation, the discharge value at each measured river section
was required. However, it was only available in the town of Mailuu-Suu (river section at
24 km). By means of a conversion method, the discharge values for other river sections
were estimated. Taking river section at 38 km as one example, the ratio of the catchment
areas between 38 km (379.5 km2) and 24 km (624.7 km2) was 0.61; by multiplying this ratio
with the discharge at 24 km (11.9 m3/s), the value of discharge at 38 km under MQ could
be then obtained, and it was 7.2 m3/s. In order to smooth the spatial pattern of discharge
along river networks, the function of uniform lateral inflow was employed. The upstream
boundary condition (i.e., river section at 38 km) is a flow hydrograph of discharge over
time (i.e., constant values: MQ = 7.2 m3/s and HQ = 65.6 m3/s), whereas the downstream
boundary condition (i.e., river section at 0 km or at the Kyrgyz-Uzbek border) was the
slope of the entire river section under consideration (i.e., 0.012 m/m). The time interval of
the outputs was set to 3 min.

The transport simulation was based on the ADE model in HEC-RAS, which describes
the mass conservation of substances transported in the direction of the flow [39]. The
dispersion of suspended matter is mathematically described by Fick’s law, where the
dispersion coefficient includes the combined effects of molecular diffusion, turbulent
mixing, and mixing due to transverse and vertical shear associated with cross-stream
velocity differences [12,52].

A number of riverine parameters have effects on the estimation of the dispersion
coefficient along the longitudinal gradient of river networks. The essential ones included
viscosity, density, water depth, channel width, shear velocity, mean velocity, bed slope,
horizontal stream curvature, bed shape factor, and bed roughness [38,52]. The suggested
equations (i.e., Equations (2) and (3)) for computing the dispersion coefficient from the
HEC-RAS user manual was used in this study [37]

D = 0.011 m
u2w2

d u∗ (2)

www.geo.mtu.edu/UPSeis/magnitude.html
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u∗ =
√

gdS (3)

where D is the dispersion coefficient, m is a user assigned multiplier (m = 1.0 in our case),
u is the face velocity (m/s), w is the average channel width (m), d is the average channel
depth (m), u* is the shear velocity (m/s), g is a gravitational constant (g = 9.81 m/s2), and S
is the friction slope (m/m). The values of u, w, d, and S were obtained from the outputs of
flow simulations.

The investigation of TP 7 showed that the mean sediment diameter (d50) was about
0.2–0.3 mm with a bulk density of 1600 kg/m3, corresponding to silt and sand [42]. Such
sediments could be considered the high potential of suspended ones once they were flushed
into river networks [42]. Therefore, the ADE model can be used to simulate the transport
of suspended matters along the Mailuu-Suu river.

In order to simplify the simulation, two basic assumptions were made: (1) all earthqua-
ke-induced landslide mass is assumed to flow into the Mailuu-Suu river and (2) the
landslide mass falling in the river does not modify the flow-rate. In this study, TSS (i.e.,
the sum suspended solids and tailings) was used as a substitution for the mass of tailings
landslides at the locality of TP 7, and it was estimated using Scoops3D as described in
Section 2.3. The activity mass of Pb-210 in the tailings of TP 7 was calculated by multiplying
the mass of TSS and the specific activity of Pb-210 in the tailings of TP 7. It should be noted
that in case of a sudden release of tailings materials into the river, the overwhelming part
of Pb-210 is bound to particulates, while only a small portion is present in solute form.

As outputs of transport models, the time interval of the concentrations of TSS and
Pb-210 were also set to 3 min, i.e., the concentration was recorded every 3 min during the
simulation of HEC-RAS. For each river section, the transport speed or the required time
duration of the mass transport after landslides could be determined by checking the point
in time where the concentration receded to the background level (the values of background
concentration were described in Section 3.2).

3. Results
3.1. Maps of Landslide Susceptibility Index

Overall, the upstream areas of the Mailuu-Suu catchment are more unstable than the
downstream areas under all three earthquake scenarios (Figure 4). Under the baseline
scenario, the entire downstream area (the location of tailings ponds) belonged to stable
or very stable (Figure 4a). However, with increasing earthquake strength, the entire
catchment became more unstable (Figure 4). Particularly under the catastrophic scenario,
most upstream areas were classified as unstable or very unstable (LSI ≤ 0.5), whereas
downstream areas were identified as quasi-unstable or medium (Figure 4). The average
values of LSI were calculated to be 2.17 (very stable, range: 0.16–100), 0.81 (medium,
range: 0.11–35.84), and 0.44 (unstable, range: 0.05–14.89) under baseline, destructive and
catastrophic scenarios, respectively. Concerning the area of TP 7, the average values of LSI
were 1.32 (stable, range: 1.20–1.79), 0.80 (medium, range: 0.74–1.03), and 0.45 (unstable,
range: 0.42–0.57) under baseline, destructive and catastrophic scenarios, respectively.

The landslide masses of tailings materials in TP 7 were calculated for each scenario.
Overall, it was expected that 0.00% (0 m3), 0.02% (131 m3), and 0.29% (1761 m3) of the
tailings materials would flow into the river network under baseline, destructive, and
catastrophic earthquake scenarios, respectively.
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Figure 4. Maps of landslide susceptibility index under (a) baseline, (b) destructive, and (c) catastrophic earthquake scenarios
in the Mailuu-Suu catchment. TP 7 refers to the tailings pond 7 in the Mailuu-Suu catchment.

3.2. Background Concentrations of TSS and Pb-210

Based on the measured concentration of TSS under both hydrological scenarios (MQ
and HQ), the averaged background concentrations of TSS were calculated, and they were
0.083 (ranged between 0.072 and 0.094 kg/m3) and 0.178 kg/m3 (ranged between 0.147
and 0.195 kg/m3) under MQ and HQ scenarios, respectively (Figure 5). The validity of the
assumption of a uniform TSS concentration across the river cross section that is vital for
the application of the HEC-RAS model has been confirmed by those sampling campaigns.
Furthermore, the background activity concentration of Pb-210 was 35.5 Bq/kg on average
under both hydrological scenarios [50].
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Figure 5. Background concentrations of total suspended solids (TSS) in the Mailuu-Suu river under
MQ (mean discharge) and HQ scenarios (the discharge with a 50-year return period). The blue
dashed lines indicate the averaged background concentrations for the hydrological scenarios.

3.3. Hydrological Outputs of HEC-RAS Models

The pattern of discharge increased smoothly from upstream to downstream (Figure 6a).
The calibration of the transport model could not be performed due to the missing of concen-
trations of TSS and Pb-210 measured on the spot after a landslide. Instead, the dispersion
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coefficient and flow velocity were used to check the quality of the developed hydrological
model. Overall, both variables were higher under HQ than under MQ scenarios (Figure 6b).
The dispersion coefficient increased along the longitudinal gradient of the Mailuu-Suu
river under both hydrological scenarios. A strong increase in the downstream section was
observed under both hydrological scenarios with a clearer increase pattern under the HQ
scenario (Figure 6b). The flow velocity was generally higher in the upper river sections
than the lower river sections, and the decreasing pattern was clearer under HQ than under
MQ scenarios (Figure 6c). Such patterns are in line with the measured spatial pattern of
slope (Table 2), indicating a good quality of hydrological simulations.
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Figure 6. Distribution patterns of (a) discharge, (b) dispersion coefficient, and (c) flow velocity
along the longitudinal gradient of the Mailuu-Suu river under MQ (mean discharge) and HQ
scenarios (the discharge with a 50-year return period). TP 7 refers to the tailings pond 7 in the
Mailuu-Suu catchment.

3.4. Spatial and Temporal Patterns of Mass Transport

The general spatial-temporal patterns of radionuclides were similar but with different
amplitudes (Figures 7 and 8). The radionuclides move together along the longitudinal
gradient of river networks, and both concentrations were higher under MQ than under
HQ scenarios. The concentrations increased dramatically at the river section of 32.5 km
(directly downstream the location of TP 7) and reached the highest concentration just
after the destructive earthquake-induced landslides, but it took about 261 and 78 min
until TSS passed through (i.e., the concentration of TSS receded to the background level)
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this river section under MQ and HQ scenarios, respectively (Figure 7a,b); whereas it took
longer (about 291 and 90 min) until TSS passed through the section at 32.5 km under the
catastrophic earthquake-induced landslides (Figure 7c,d). Furthermore, the peak value of
the concentration decreased along the longitudinal gradient of river networks, with the
concentration curves becoming flat and wide at the downstream sections (Figure 7).
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Figure 7. Mass transports of total suspended solids (TSS) and activity transport of Pb-210 along six river sections after (a,b)
destructive and (c,d) catastrophic earthquake-induced landslides. MQ refers to mean discharge; HQ refers to the discharge
with a 50-year return period.

As expected, the mass transport was faster under HQ than under MQ scenarios
(Figure 8). After the destructive earthquake-induced landslides, the radioactive materials
could arrive at the border within 165 min with the peak value after 384 min under the
MQ scenario; all tailings materials could completely pass the border after 1044 min of the
release of landslide mass; whereas under the HQ scenario, it took only 87 min to arrive
at the border with the peak value after 183 min, and the complete pass took only 438 min
(Table 4).

The variation of transport speed of the peak value along the longitudinal gradient
of the Mailuu-Suu river was calculated. Under the MQ scenario, the transport speed of
the peak value reduced from 83.3 m/min (between 0 and 30 min) to 79.2 m/min (between
240 and 360 min) under both earthquake scenarios (Figure 8a,c). A similar pattern was
observed under the HQ scenario; namely, the transport speed reduced from 183.3 m/min
(between 0 and 30 min) to 166.7 m/min (between 150 and 180 min) under both earthquake
scenarios (Figure 8b,d).
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Figure 8. Mass transports of total suspended solids (TSS) and activity transport of Pb-210 at six representative time periods
after (a,b) destructive and (c,d) catastrophic earthquake-induced landslides. MQ refers to mean discharge; HQ refers to the
discharge with a 50-year return period.

Table 4. The required time duration of the mass transport after landslides at three important time
points. MQ refers to mean discharge; HQ refers to the discharge with a 50-year return period;
difference refers to the difference in required time duration between the destructive and catastrophic
earthquake scenarios.

Earthquake
Scenario

Hydrological
Scenario

Arriving at
the Border (min)

Peak
Value (min)

Complete
Pass (min)

Destructive MQ 165 384 1044
HQ 87 183 438

Catastrophic MQ 159 384 1116
HQ 84 183 471

Difference MQ 6 0 72
HQ 3 0 33

The comparison between destructive and catastrophic scenarios showed that the
tailings materials arrived at the border earlier under catastrophic than under destructive
scenarios by 6 min (MQ) and 3 min (HQ), whereas it took longer under catastrophic than
under destructive scenarios by 72 min (MQ) and 33 min (HQ) until all tailings materials
completely passed the border (Table 4). However, the duration of the peak value remained
the same, both were 384 min (MQ) and 183 min (HQ) (Table 4). The schematic movements
of TSS and Pb-210 along dendritic river networks across a time series were shown in
Figure 9.
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4. Discussion

Based on the information extracted from satellite imagery, mass transports of radionu-
clides after potential earthquake-induced landslides were simulated using the seismic
Scoops3D and the one-dimensional ADE models in the Mailuu-Suu catchment [37], where
a large number of radioactive tailings ponds exists in the downstream areas, and which
pose relatively lower landslide vulnerability than the upstream areas. The simulations
made in this study can undoubtedly improve the understanding of the potential endan-
gered areas and the transport speed of radionuclides after natural hazards. Nevertheless,
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there are also shortcomings of the present simulations, and measures to improve such
simulations are discussed in Section 4.3. We are also aware that data obtained from in situ
samplings were equally important for the preparation of such simulations.

4.1. Landslide Susceptibility

Owing to the specificity of geologic and natural conditions, the Mailuu-Suu catchment
is a region with frequent high seismic and geodynamic activities. By means of the Scoops3D
earthquake simulation model, we estimated the landslide susceptibility variability that
refers to the spatial probability of landslide occurrence [53,54], under different seismic
scenarios and found that the unstable slopes under effects of seismic shaking were mostly
located in the upstream areas (Figure 4), and this confirmed our first hypothesis (i.e.,
the areas vulnerable to seismic events were expected to be predominantly located in the
upstream areas of the Mailuu-Suu catchment). In contrast, Torgoev et al. [2] reported that
landslide processes most frequently (at about 98%) occurred in a mid-stream of the Mailuu-
Suu river. The possible reason for the different findings lies in the involved parameters.
Besides the detailed soil parameter, the Scoops3D model considers also the topography
of the entire catchment and the influence of groundwater on landslides [22]. Concerning
the mass of landslides, we found that only 0.29% of tailings materials in TP 7 would be
transported into the river networks after a catastrophic earthquake. In April 1958, however,
due to heavy rainfall and a reported earthquake, about 50% of the entire volume of the
TP 7 tailings dam flowed into the Mailuu-Suu river, and which included 8 tons of uranium
and several tens of grams of radium. Such difference in volume could be explained by
(1) the mining and processing plants were still operational in 1958; (2) the poor design of
the tailings dam in 1958, and this design was improved afterward; and (3) the combined
effects of natural hazards (i.e., heavy rainfall and earthquakes) [4,8]. The waste after the
event in 1958 spread about 40 km downstream across the national border into Uzbekistan
then into the heavily populated Fergana Valley. Unfortunately, such an event could not be
prevented in this seismic area.

The entire area affected by landslides covered an estimated 6.4 km2 with the total mass
of landslide up to 260 million m3 over 1950 and 2005 [2]. By means of Scoops3D earthquake
simulation, it was expected that 131 m3 and 1761 m3 of the tailings from TP 7 would
flow into the river network under the destructive and catastrophic earthquake scenarios,
respectively (it supports the second hypothesis, namely, the mass of earthquake-induced
landslides was expected to increase dramatically with the increase of earthquake levels).
The question of considering inert (unpolluted, non-tailings) material also released into the
river during a seismic or landslide event and the practical implication for a radioactivity
monitoring program is discussed in Section 4.2 below. This amount of landslide may
seem small, but one has to bear in mind that this amount could increase dramatically with
the increase of the magnitude of an earthquake, and a single huge earthquake event can
trigger unbelievable mass transports [14,55,56]. Although it is difficult to compare the
results of a single tailings pond with the entire catchment, the simulated outcomes with the
state-of-the-art model are valuable, as the landslide susceptibility maps indicate potential
areas that pose a direct danger to the residents, infrastructure, as well as radioactive waste
tailings [6]. We are aware that we could not validate the developed landslide susceptibility
model due to the lack of site-specific surveys at TP 7. Furthermore, the study scale was
constrained to a single region. Using these model input data may neglect local stability
conditions at the study site. The applicability of the obtained results are therefore limited,
and more site-specific survey and stability assessment at TP 7 should be considered in the
follow-up studies.

4.2. Mass Transport of Radionuclides

More seriously, the landslides in the Mailuu-Suu catchment involve a former mining
area with high specific activities of natural radionuclides. Besides radioactive contami-
nation of the landslide itself, the run-out or generated impulse wave may further cause
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damage to nearby houses, infrastructure, or pasture land [24,57]. It was demonstrated that
the landslide could cause considerable change in water quality with large increases in the
concentration of suspended solids and toxic elements [33,39,58]. Therefore, the instanta-
neous release of Pb-210 that is associated with the release of the suspended sediment was
studied in this paper.

The longitudinal dispersion of solute contamination is commonly difficult to deter-
mine because it depends on various variables and their nonlinear inter-relationships [52].
Based on the measured geometric values, we found a negative correlation between the
dispersion coefficient and stream velocity. This is opposite to the correlation reported
by Khaled et al. [59]. However, besides the flow regime, other important variables such
as roughness (i.e., the composition of vegetation and substrate), lateral inflow from the
tributaries, and geography (e.g., slope, depth, and width) are also considerably impor-
tant [38,39,60]. Furthermore, the special geography of Mailuu-Suu, namely, on the one
hand, a narrow downstream with limited lateral inflow but broad channel width can
significantly reduce the stream velocity, on the other hand, the downstream is relatively
more flat in comparison to the upstream, causing a decreased slope and shear velocity, and
the shear velocity is negatively related to the dispersion coefficient.

However, as it was pointed out above, the activity load that is transported in the river
following a sudden release of tailings material is dominated by radionuclides attached to
particulates. In fact, during seismic events and landslide activation, the overall concentra-
tion of suspended solids is likely to increase significantly. The total load of particulates
transported by the river is then a combination of unpolluted solids and a fraction of radioac-
tive tailings. For the sake of conceptual simplicity of the model presented in this paper, only
the contribution of tailings released in a disruptive event is considered. If other sources of
suspended solids were taken into account, the resulting TSS would, in first approximation,
be a superposition of the model results obtained here, and an additional contribution of
unpolluted materials also mobilized. This consideration is important to bear in mind when
applying the model results to the planning and interpretation of radiation monitoring
campaigns after a suspected release of tailings material (which was actually the primary
reason for the model development). A monitoring program intending to determine the
degree of radioactive pollution transported downstream from a uranium mining or legacy
site upstream must be able to detect and quantify an increase of the specific activity of
suspended solids. It has been shown in Kunze and Hummrich [41] that the release of
radioactive tailings from a legacy site can be detected using the radiochemical methods
developed within the TRANSPOND project. The contrast between the specific activity of
the natural background TSS and the additional specific activity of radionuclides such as
Pb-210 resulting from the release of tailings is significant, as can be seen from Figures 7
and 8. However, if the peak caused by radioactive tailings is “diluted” by more unpol-
luted material that is also transported in the river, it may become increasingly difficult to
determine the additional load of radioactivity. Their transport behavior was considered
for different seismic and hydraulic scenarios in Section 3.4 above. Therefore, in order to
describe the landslide-induced transport of radionuclides in the river, the concentration of
TSS is multiplied by the specific activity of tailings material for the nuclide in question.

From a practical environmental monitoring perspective, an important conclusion from
this study is the fact that the delay between a disruptive event when tailings material
is released, and the moment the peak concentration of contaminated material reaches
the Kyrgyz-Uzbek border, is long enough to mobilize teams to take water samples. The
suspended solids in the water samples can then be rapidly analyzed to determine the
specific activity. If uranium processing tailings have been released in significant quantities,
the specific activity of the suspended solids reaches a peak height that is well measurable
against the natural background. Peak delay and peak height do depend on the flow
conditions of the river but are in the same order of magnitude under MQ and HQ conditions.
This allows the neighboring countries to base their decisions on mitigation or clean-up
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measures on reliable and mutually accepted data, thus meeting one of the overarching
objectives of the research project [41].

It is apparent that the fine particles from the tailings can travel long distances in this
mountainous river [12,33,35]. However, the reduced stream velocity along the longitudinal
river networks could slow down the transport speed of the tailings materials, and this
was supported by our simulations and could prove the third hypothesis (i.e., the transport
speed of the radionuclides would decrease along the river networks). However, the finding
of the present study is not in line with Paul and Hall [61], as they found that the transport
speed of fine particles increased with stream size along the Hubbard Brook in North
America. Nevertheless, Paul and Hall [61] also agreed that the particle transport distance
primarily depends upon the stream velocity.

As the required time duration to arrive at the border differed among scenarios, the
simulated results could only be compared with scenarios in the literature in which similar
tailings mass was mobilized under similar hydrological conditions. Kalka et al. [42]
simulated the transport of radionuclides of TP 7 under the MQ scenario (13.3 m3/s during
2009 and 2015) and found the required time duration to arrive at the border ranged
between 148 and 167 min. This range is in line with our findings, namely 159 min under
catastrophic earthquake and MQ scenarios, respectively. Similarly, Kirsch [62] simulated
the transport speed of the water at the river section nearby TP 7 along the Mailuu-Suu river
network and reported the required time duration to arrive at the border was about 213 min.
This simulated time of arrival is somehow longer than our simulation (165 min) under
destructive earthquake and MQ scenarios. The difference can be explained by different
modeling approaches and different geological and hydrological settings. In detail, (1) the
study of Kirsch focused on the simulation of flooding in the Mailuu-Suu catchment and
modeled the transport speed of water after a normal rainfall event and (2) instead of
satellite imageries, the study of Kirsch used the DEM to create the geometric profile for the
entire catchment, and this can reduce the precision of the developed geometric patterns.

Interestingly, the difference in time durations between the leading edge (or the time
of arrival, of 87 min under destructive earthquake and HQ scenarios) and peak value
(183 min) was shorter than that between the trailing edge (or the time point of the complete
pass, 438 min) and peak value (183 min), indicating that the concentration recedes much
slower than it rises. Instead of a normal distribution, such patterns cause a long tail of
decreasing concentration. A similar finding has been reported in the high mountain region
of the Central Nepalese Himalaya by Ries [63], where the concentration of the suspended
sediment increased just after the landslides, but it took about three days for the sediment
pulse to pass one of their gauging stations. During this period, the suspended sediment
increased by three orders of magnitude in this Central Nepalese Himalaya region, and was
in the range of our simulations, namely the peak values were 320 (destructive earthquake)
and 4274 times (catastrophic earthquake) higher than the background concentration under
the MQ scenario.

4.3. Shortcomings of the Simulations

Similar to most studies related to the simulation of mass transport, some limitations are
inherent to the present approach. First, the total content of the contaminants in the tailings
ponds, and the release rate were calculated either based on only several representative
samples or remained unknown and could not be precisely quantified.

Second, the sediment transport can be carried through the water channel without
deposition, and this depends not only upon sediment concentration but also upon the
grain size distribution and the prevailing bed slope [6]. To simplify the simulation, it
was assumed a uniform grain size and all sediments could be transported through the
river network. However, this question should be further studied to obtain a grain size
distribution and establish a functional dependency between transport capacity and grain
size [64].
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Third, a landslide can push a tailing partially or fully into the Mailuu-Suu river. As
TP 7 is located along the Mailuu-Suu river, it was assumed that the entire landslide-induced
mass (i.e., 0.02% and 0.29% under destructive and catastrophic earthquake scenarios)
would be transported along the river network. Nevertheless, the estimated release of the
entire landslide-induced mass (i.e., 0.02% and 0.29% under destructive and catastrophic
earthquake scenarios, respectively) might be overestimated because a part of landslide-
induced mass might not fall into the river channel. Instead, it might distribute along the
river banks. Consequently, this potential overestimation might influence the applicability
of the simulated results, e.g., it might increase the transport speed of the tailings materials
along the river network, as it was shown in the different transport speed between the
destructive (with a small landslide-induced mass) and catastrophic (with a large landslide-
induced mass) earthquake scenarios. Therefore, further studies should be carried out in the
context of landslide activation processes and quantification of the exact mass of landslide
which can finally reach the river channel.

Fourth, as the amount of tailings materials that are proposed to be flushed into the
river network is large, it may lead to ponding. The combined release of tailings and
additional landslide material from the hinterland in case of a seismic event may result in a
long period of material accumulation, and depending on the scenario, this may take up to
several days [17].

Fifth, two special flow assumptions were used in this study, namely (1) the discharge
value in the flooding month was used to substitute the HQ scenario and (2) the landslide
mass falling in the river is assumed to not modify the flow-rate; this could lead to an
underestimation of the amount of flow in the river network. Therefore, in the follow-up
studies, one sampling campaign under the actual HQ scenario can undoubtedly improve
the precision of the simulation, and in the meanwhile, the modified flow-rate should be
considered after the landslide mass falling in the river.

Last but not least, a calibration between the simulated and measured concentration
of TSS could not be performed due to the lack of monitoring data after a landslide in this
remote area. However, the installation of a turbidity monitoring system is currently being
investigated [65], which would allow calibration in the follow-up studies.

5. Conclusions

Central Asia is one of the most challenging places in the world where various natural
hazards can heavily impact people and infrastructure. More seriously, a large number of
radioactive and toxic mining waste sites in Mailuu-Suu and other areas of Central Asia
are located in the zone that may be affected by hazardous geological processes such as
earthquakes, landslides, avalanches, and mudflows. It is clear that an understanding of
pollutant transport coupled with earthquake and advection-dispersion equation modeling
is essential in dealing with such pollution events. These simulation models could be used
to systematically produce water quality predictions under different geological and hydro-
logical scenarios within a short period of time. The simulation results can be further used
to assist decision makers to prepare adequate mitigation and clean-up measures. Further-
more, the use of satellite imagery can save human resources for the in situ measurement
of the landscape and geometric profiles intensively, and this approach shall be therefore
recommended for the simulations in remote areas, particularly in countries that are less
endowed with financial resources.

This study concluded that landslides associated with radioactive tailings in Central
Asia might release a significant amount of pollutants with a relatively fast transport along
river networks. In comparison to the catastrophic earthquake, the release of radioactive
tailings is found to be less under the destructive earthquake. Nevertheless, even the
transport of small tailings masses may significantly affect the overall water quality, both in
terms of chemical and physical properties. Further studies are therefore needed to calibrate
the developed models and increase the precision of the simulations. This also indicates that
landslides are a possible source of water pollution in seismic areas and shall be considered
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in the follow-up risk analysis for landslide hazard, possible environmental consequences
in the near and far field, in a short- and long-term perspective, as well as for contaminated
land and water quality management along transboundary rivers. Last but not least, the
presented methodology represents an approach that might be applicable in other areas
where (a) it is difficult to reach due to the terrain or the lacking of traffic infrastructure or
(b) there is poor scientific-technical equipment regarding the measurement technology in
the study areas.
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