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ABSTRACT

In this paper we present a probabilistic seismic hazard assessment (PSHA) and results for Kyrgyzstan. These PSHA results
were obtained through new hazard models that were developed for Central Asia as part of a recently concluded project, based
on a larger and improved earthquake catalogue for the region. Area sources were used to account for diffuse seismicity, while
fault sources characterize larger magnitude earthquakes occurring on known active faults. Ground motion models (GMM)
developed from global strong motion databases were used to characterize the ground motion component. Seismic hazard in
Kyrgyzstan is solely associated with shallow earthquakes within the continental crust. Results in some of the major cities show
that nearby seismic sources (within 40 km) dominate the contribution to hazard. The smaller seismicity has a particularly
important contribution to hazard at short periods, which diminishes at longer periods, where active faults start dominating the
hazard in the larger magnitude range. This is the case observed in Bishkek, the capital of Kyrgyzstan. The seismic hazard in
other cities like Karakol and Osh is mostly associated to nearby faults, mainly due to their large geologic slip rates. The region
around Naryn exhibits smaller earthquake occurrence rates and faults with lower slip rates, resulting in lower spectral
acceleration values compared with the other cities.
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INTRODUCTION

With the goal of improving seismic hazard assessments in Kyrgyzstan, Kazakhstan, and Tajikistan, a major collaborative
project led by the Lawrence Livermore National Laboratory was carried out for the region, involving local and international
participants. The project started with the compilation of new earthquake detections from local sources in Central Asia, following
with a location procedure using the available wave arrival times [ 1]. Then, non-tectonic events were removed from the catalogue
and magnitudes were harmonized to Mw [2]. This resulted in an improved earthquake catalogue between 1900 and 2017 that
contains nearly 450,000 earthquakes, which is roughly nine times the number of earthquakes included in the event catalogue
of the International Seismological Centre [3] for the region.

Prior to the development of seismic hazard models for PSHA, [2] carried out a completeness analysis on the earthquake
catalogue. This analysis defines magnitude ranges that vary temporally, where all the earthquakes within each magnitude range
are effectively reported. The set of earthquakes outside of the range is not complete, and therefore it is filtered out from the
catalogue. Considering the variations in earthquake detection capabilities over time, a completeness magnitude was defined for
different time intervals, starting from Mw > 5.3 in the early 1900’s to Mw > 3.2 in the recent decades. This resulted in a
“complete” earthquake catalogue for Central Asia that can be used for PSHA applications.

This paper presents the development and associated results of the seismic hazard models for Central Asia, with particular focus
on Kyrgyzstan. Seismic source characterization was carried out using the complete earthquake catalogue of Central Asia
mentioned earlier [2], as well as geologic information on known active faults. The ground motion component was characterized
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using a set of GMMs that were deemed appropriate for the tectonic structure of the region. PSHA results from these models
are shown in terms of hazard maps, uniform hazard spectra (UHS), and hazard deaggregations that depict the contribution to
hazard of the seismic sources (in terms of magnitude-distance pairs) at a particular location.

PSHA MODEL DEVELOPMENT

To better address modeling uncertainty in PSHA, two models were formulated for Central Asia: a merged model and an
alternate model. For the former, local experts from each country developed a national hazard model for their respective territory,
delineating their own seismic sources and selecting the associated GMM logic trees. The seismic sources of these three national
hazard models were harmonized at their borders to allow for a posterior merge. Therefore, the merged model is a single hazard
model that combines the individually developed seismic sources and GMM logic trees of the three national hazard models,
keeping the original formulation intended by the local experts for each of their territories. At the same time, the alternate model
was developed by international experts for the entire region of Central Asia. In this model, the GMM logic tree includes sets
of GMMs for each tectonic regime, but they do not change from country to country, as in the merged model.

Seismic source characterization

The seismic source component of the models was formulated using both area sources and fault sources. Area sources are
polygons that account for the diffuse seismicity within their areas that cannot be associated to specific well-characterized active
faults. These polygons are delineated following the seismicity patterns shown in the “complete” catalogue, tectonic features,
and lineaments of known fault systems. Seismicity within the area sources is assumed to be homogeneous within its boundaries.
Fault sources were delineated following the mapped strikes of active faults and the current knowledge of their geometry, slip
kinematics, and geological slip rate. When combined in a hazard model, area sources generally contribute to the hazard
associated with earthquakes of smaller magnitudes, while fault sources account for the hazard of larger earthquakes.

Starting at Mw 4.5 as minimum magnitude for hazard analysis purposes, the observed cumulative annual rate of earthquakes
within each area source was modeled using a bounded Gutenberg-Richter relationship, which decreases asymptotically towards
a maximum magnitude. If no faults are overlapping with the area source, the maximum magnitude was defined based on the
largest observed earthquakes, physical and tectonic considerations appropriate for the region, and the polygon size, which sets
the physical bounds of a hypothetical maximum rupture length that would fit within the polygon. Conversely, if a fault overlaps
with the area source, the maximum magnitude of the area source was set as Mw 6.6, and the hazard of larger earthquakes was
accounted for by the fault (see examples in Figure 1). This avoids double counting hazard when seismic sources are overlapping.
This formulation was followed in both, the Kyrgyzstan national hazard model and the alternate model.
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Figure 1. Earthquake recurrence in two example area sources. Blue dots are the observed seismicity, the green line is the
linear fit to the observations, and the red squares represent the modelled seismicity (bounded Gutenberg Richter relation).
(a) Area source without a fault source overlapping it. (b) Area source with an overlapping fault source. Despite the observed
samples at larger Mw, the threshold for the modeled seismicity was set at Mw 6.6 (last sample trimmed out for being too
small), since larger earthquakes are accounted for by the fault source.

Significant earthquake occurrence within the continental crust is observed in Kyrgyzstan and its nearby territories. Therefore,
its area sources and their associated seismic recurrence were formulated using these earthquakes (Figure 2), as well as the main
physiographic trends of its mountainous geography. The existence of numerous mountain ranges in Kyrgyzstan is associated
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with a significant number of crustal active faults across its territory. Most of these faults are oriented east-west (following the
directions of the northern Pamirs and Tien Shan mountain ranges) and have reverse faulting mechanisms, except for the Talas-
Fergana fault system, which is oriented NW-SE in western Kyrgyzstan and has a strike-slip mechanism. These faults have been
well studied by local experts, with direct field observations of geometries, kinematics, and geological slip rates for most of
them. The national hazard map of Kyrgyzstan features 97 faults within its territory, while the alternate model only includes the
most relevant and well-studied faults (Figure 2), modelling the rest of the seismicity with area sources.

@) (b)

Figure 2. Fault sources and area sources shown along the earthquakes of the complete catalog (circles). The Kyrgyzstan
territory is highlighted in brown. (a) Cyan area sources and red fault sources were delineated by the Kyrgyz team for their
national hazard model. The rest of the merged model developed by the other teams is shown with grey area sources and blue
fault sources. (b) Cyan area sources and red fault sources correspond to the alternate hazard model.

Ground motion characterization

Earthquakes occur frequently in the continental crust within Kyrgyzstan and surrounding territories. The deep earthquakes that
occur under the Hindu Kush mountains [4] have a minor impact in Kyrgyzstan due to their distance (at least 150 km away from
the border with Tajikistan). The ideal case would be to empirically derive region-specific GMMs. But the lack of enough strong
motion data from moderate/large earthquakes in the region does not allow the development of this type of GMMs. Therefore,
a set of active shallow crust GMMs derived with global databases was selected, considering their applicability to the seismic
and site conditions of the region, and their ability to provide predictions for the magnitudes, distances, and periods of interest
for this project.

Five GMMs were selected, which is the same set for both the national hazard model of Kyrgyzstan and the alternate model:
ABI10 [5], Aeal4 [6], Beal4 [7], CY14 [8], and Zeal6 [9]. For each model, GMM weights were selected through expert
interpretation, based on the fit to the limited available observations and the trends of predictions in several scenarios. Table 1
summarizes the GMMs used in both hazard models with their respective weights. Figure 3 shows their predictions as a function
of period for different magnitude and distance scenarios.

Table 1. Weights of the GMMSs used in each hazard model. For each model the sum of the weights equals one.
GMM National Model weights Alternate Model weights

ABI10 0.15 0.225
Acal4 0.2 0.225
Beal4 0.15 0.225
CYl4 0.1 0.225
Zeal6 0.4 0.1
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Figure 3. Set of active shallow crust GMMSs used in the hazard models. Spectral acceleration (SA) predictions are shown as a
function of period for different distance and magnitude scenarios. Green (AB10), red (Aeal4), cyan (Beal4), magenta
(CY14), and blue (Zeal®6).

HAZARD RESULTS

For each model, the seismic source and ground motion components were integrated and implemented as input files compatible
with the OpenQuake Engine [10]. In this work, probabilistic hazard analyses were carried out using this software, which
calculates different ground shaking intensity types (e.g., peak ground acceleration: PGA, and spectral acceleration as a function
of period: SA(T)) for given probabilities of exceedance, among other results. PSHA results were obtained separately for each
hazard model (merged and alternate) and then averaged with equal weights.

The national hazard map of Kyrgyzstan was obtained by running the PSHA for multiple locations arranged as a 5 km x 5 km
grid, which is presented in Figures 4 and 5 for 2% and 10% chances of exceedance in 50 years, respectively. The first probability
corresponds to a return period of 2,475 years and the latter one to a 475-year return period. The region with the largest hazard
is the southwest, along the border with Tajikistan. This is the mountainous region of the northern Pamirs and the Trans-Alai
range, where significant seismic activity is observed within the continental crust. Crustal seismicity in this area presents higher
recurrence rates than other regions of Kyrgyzstan, resulting in higher probabilistic hazard values. Towards the center of the
country, the influence of the Talas-Fergana fault in the hazard can also be observed as the spectral acceleration values are higher
along its NW-SE trace, particularly at SA(0.2) and SA(1.0), where the contrast is more visible with respect to the surrounding
areas (Figure 4). The regions of lower hazard are observed around the Song-Kul Lake to the northwest of Naryn city and the
northern flank of the Tien Shan mountains along the border with China, due to the lower seismicity rates in these areas. The
main hazard patterns are similar at a larger probability of exceedance (Figure 5), but intensity values are smaller, since they are
associated with a shorter return period. In general, values of a 10% chance of exceedance in 50 years are a bit over half of the
values of a 2% chance of exceedance for the same number of years.
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Figure 4. National hazard maps of Kyrgyzstan for a 2% chance of exceedance in 50 years. (a) PGA, (b) SA(0.2), and (c)
SA(1.0).
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Figure 5. National hazard maps of Kyrgyzstan for a 10% chance of exceedance in 50 years. (a) PGA, (b) SA(0.2), and (c)
SA(1.0). The color scale ranges are the same as those of 2% in 50 years, to highlight the contrast between these two cases.
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Considering the intensity ranges observed in Kyrgyzstan, some of the major cities are located in regions of intermediate/higher
hazard values. The capital Bishkek is located near the north foothills of the Kyrgyz Alatau range, close to the trace of the
Chunkurchak fault. This is a region that exhibits intermediate levels of seismicity, particularly near the mountains. For a 2%
chance of exceedance in 50 years, PGA is about 0.5 g and spectral accelerations can reach about 1.3 g at SA(0.2), as shown in
Figure 6. Osh and Karakol cities exhibit the largest spectral accelerations among the selected cities, while Talas shows the
smallest, with slightly smaller values than Bishkek.
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Figure 6. UHS of selected cities in Kyrgyzstan, shown for the two probabilities of exceedance analyzed in this work.

Hazard deaggregation plots show the contributions of the seismic sources based on distance and magnitude (Figure 7). In all
the selected cities the hazard is contributed mainly by nearby seismic sources, i.e., within the nearest ~40 km. At larger
probabilities of exceedance, the contribution from farther seismic sources slightly increases, but the difference is not significant.
In Bishkek, area sources show a significant contribution to hazard in the lower magnitude range at short periods (PGA and
SA(0.2)), but their contribution decreases towards longer periods (SA(1.0)), where the nearby Chunkurchak fault dominates
the hazard in the larger magnitude range, with its 260 km length and its geological slip rate of 2.4 mm/yr. A similar pattern is
observed in Karakol and Osh regarding the variation of area source contributions to hazard with respect to period. But in these
two cities the nearby faults dominate the contribution to hazard at all periods. For the case of Karakol, the important contribution
at large magnitudes is mainly associated to the nearby North Terskey Fault, which is a 170 km long fault with a slip rate of 2
mm/yr. Also, north of the city, the Tasma Fault poses an important hazard with its slip rate of 1.5 mm/yr. In Osh, the Mady
Fault runs through the urban area with a measured slip rate of 0.9 mm/yr, dominating the contribution to hazard at that location.
A contrasting case is Talas, where the smaller seismic occurrence rates and the small slip rates of the nearby faults (no larger
than 0.2 mm/yr) resulted in smaller UHS values and a more balanced contribution to hazard between area sources and fault
sources.
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Figure 7. Hazard deaggregations for four selected cities in terms of PGA, SA(0.2), and SA(1.0) for a 2% chance of
exceedance in 50 years.

CONCLUSIONS

The recently published earthquake catalogue for Central Asia with a significant increase of earthquake detections, as well as
the detailed fault characterization work by local teams, allowed the possibility of developing a new generation of seismic hazard
models for probabilistic seismic hazard analyses in Kyrgyzstan, Kazakhstan, and Tajikistan.

This work presents PSHA results in Kyrgyzstan. PGA and SA(T) values vary significantly within the territory, highly
influenced by local seismic sources within the continental crust. The mountainous region along the border with Tajikistan
exhibits the highest hazard in the country. However, the main cities in Kyrgyzstan are relatively far from that region. The
assessment of selected cities shows an important contribution to hazard of nearby seismic sources (within 40 km), which is
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typical of active crustal tectonic regimes. When faults are significantly active (large slip rates), they usually dominate the
contribution to hazard near them at large magnitudes. Area sources usually account for smaller-magnitude seismicity, and their
contribution to hazard is more prominent at short periods. The four analyzed cities show important contributions of both types
of sources. But the faults near Karakol, and Osh pose the largest hazard to population at those locations.

These new hazard models developed with an enhanced and richer seismotectonic database are an important improvement for
PSHA in the region. The PSHA results from these models will be essential to improve site hazard assessments, as well as for
future building code updates, which can include guidelines for different intensity types and probabilities of exceedance.
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