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Abstract The Sayan and Tunka faults are located at the boundary between the northernmost mountain
belt of Central Asia (the Sayan-Baikal ranges) and the Siberian platform. These prominent crustal structures
were involved in the opening of the southern Baikal rift system since the beginning of the Cenozoic and
define large-scale sharp morphotectonic features. Despite low instrumental seismic activity, Late
Pleistocene-Holocene morphotectonic features along the two faults indicate that the faults are active and
have the capacity to produce strong earthquakes. A careful mapping of the most recent trace of activity,
within the south-eastern parts of the two faults where theymerge within a relay zone, demonstrates that they
correspond now to left-lateral-reverse faults, suggesting a recent inversion of their vertical component. We
also show that the two faults are now structurally connected via a young surface rupture and that no obvious
post-Last Glacial Maximum ruptures are observed along the central part of the Sayan Fault beyond its
junction zone with the Tunka fault. This suggests that the left-lateral strike-slip deformation is transferred
from the eastern Sayan fault to the Tunka fault. A detailed morphotectonic study along the south-eastern
Sayan fault allows estimating a left-lateral slip rate between 1.3 (min) and 3.9 mm/year (max). Finally, a critical
review of Russian paleoseismic data, combined with our paleoseismological investigations, allows us to
propose that the mean recurrence time along the two faults is on the order of 4 kyr and that they may have
either ruptured together or during seismic clusters.

1. Introduction

The Sayan and Tunka faults are located at the boundary between the northernmost mountain belt of Central
Asia (the Sayan-Baikal ranges) and the Siberian platform (e.g., Tapponnier & Molnar, 1979). These faults are
several hundred kilometer long with sharp large-scale morphological traces (Figure 1). Usually, such morphotec-
tonic features are characteristics of active faults (e.g., Baljinnyam et al., 1993; Berryman et al., 1992; Tapponnier &
Molnar, 1977). The Sayan and Tunka faults display a microseismic activity, and a few paleoearthquake ruptures
have been described notably at their junction zone (e.g., Chipizubov & Smekalin, 1999; Chipizubov et al., 2003;
Ivanov et al., 2010) showing that these faults can produce strong earthquakes, like nearby faults within the
south-Baikal rift system (e.g., Delouis et al., 2002; Déverchère et al., 2000; Sankov et al., 2004). They represent
therefore potential strong seismic hazards for the city of Irkutsk and its suburbs (about 900,000 inhabitants)
located 70 km to the north-east (station “IRKT” in Figure 1a). Nevertheless, both faults remain poorly
described in terms of their present-day kinematics, their slip rate, and their earthquake potential.

In this paper, we present new morphotectonic and paleoseismic observations at the eastern parts of the
Sayan and Tunka faults within their relay zone at the southwestern tip of the Baikal Lake. Our results allow
characterizing the distribution and the kinematics of the most recent deformations. Combined with a synth-
esis of the main paleoseismological investigations carried out in the region, our observations also allow
discussing the question of the seismic activity associated with the two faults.

2. Seismotectonic Setting

The Sayan fault extends several hundred kilometers northwestward from the Baikal Lake (Figure 1). This fault
zone defines a major geological boundary between the Siberian platform to the north, and the orogenic
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domain of the Sayan-Baikal ranges to the south. The Siberian platform corresponds mainly to the Angara
Archean craton (Melnikov et al., 1994) and has been poorly deformed since the Paleozoic (e.g Berzin, 1967;
Zorin et al., 1993). The Sayan-Baikal orogenic belt results from Precambrian to Mesozoic subduction-
collision processes between three domains: the Eurasia (Angara craton) to the north, the Mongolia-
northern China block to the south, and the Mongol-Okhotsk Ocean to the east (Delvaux et al., 1995;
Sengöret al., 1993; Zonenshain & Savostin, 1981; Zonenshain, Kusmin, & Natapov, 1990; Zorin et al., 1993;
Zorin, 1999). The Sayan-Baikal orogenic belt is made of granitic, granodioritic, and ophiolic Precambrian ter-
ranes with volcano-sedimentary rocks of arc origin and Precambrian to Cenozoic ages (Melnikov et al., 1994).

During the beginning of the Cenozoic, the belt was affected by a large domal uplift associated with NW-SE
extension that led to the opening of the Baikal basin and its south-westward associated basins (e.g.,
Logatchev, 1993). The origin of these large deformations is thought to be related to an asthenospheric
diapirism process (e.g., Ermikov, 1994; Gao et al., 1994; Ionov, 2002; Logatchev & Zorin, 1992) and/or the
far field effects of the India-Eurasia collision and/or the eastern Pacific subduction (e.g., Chemenda et al.,
2002; Molnar & Tapponnier, 1975; Nataf et al., 1981; Tiberi et al., 2008). During this extensional tectonic phase,
left-lateral strike-slip movement occurred along the Sayan fault allowing the opening of the Baikal rift (e.g.,
Lamakin, 1968; Logatchev, 1993; Misharina et al., 1983; Sherman et al., 1973; Sherman, 1978).

One of the associated basins that formed contemporaneously with the opening of the Baikal rift is the Tunka
Basin, which defines a 200-km long and 30-km wide E-W depression at the southwestern extremity of the
Baikal rift (Figure 1b). The Tunka basin corresponds to a northward tilted half-graben filled with Oligocene to
Quaternary sediments (Logatchev & Zorin, 1987). To the north, the basin is clearly controlled by the Tunka fault,
which defines typical facets spurs in the landscape (e.g., Larroque et al., 2001), with a 2-km difference in height
between the crest of the Sayan Range and the basin surface. If themain normal component associatedwith the
Neogene tectonics along the Tunka fault is obvious, its present kinematics is still under debate: some authors
describe the fault as a normal-sinistral or pure normal fault (e.g., Lunina & Gladkov, 2004; McCalpin &
Khromovskykh, 1995; Sherman, 1978); others mention reverse faulting along some parts of the eastern E-W
trending section of the fault (e.g., Chipizubov et al., 2003; Ruzhich et al., 1972; Sankov et al., 1997).

Several works have pointed out a present-day transpressional tectonic to the west of the Baikal Lake in the
transition area between the compressional tectonics in Central Mongolia and the extensional deformation
in the central Baikal rift (Arjannikova et al., 2004; Arzhannikova et al., 2005, 2011; Delouis et al., 2002;
Larroque et al., 2001; Parfeevets & Sankov, 2006; Sankov et al., 2004; Shchetnikov, 2016). These

Figure 1. (a) Map of the main active faults (black lines) in northern Mongolia-southwestern Baikal region with focal mechanisms of M > 4.5 earthquakes and GPS
velocities (mm/year) from Calais et al. (2006). The dashed black line shows the border between Mongolia and Russia; the blue lines are the main rivers. The green
and red stars represent the locations for the 1742 and 1814 historical events, respectively, according to Chipizubov (2017), and Radziminovich and Shchetnikov
(2016). Note, however, that these two locations bear wide uncertainties. (b): SRTM topomap of the Sayan and Tunka faults with seismicity (1960–1997 M ~ 2.2–6.3,
catalog of the regional seismological network, Institute of the Earth Crust, Irkutsk). SF: Sayan fault, TF: Tunka fault, O-J F: Oka-Jombolok fault, BF: Bulnay fault, TB:
Tunka basin, BL: Baikal Lake. The white frames locate Figures 2a, 3a, and 4a–4d.
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observations concern mainly the region located at the westernmost part
of the Tunka basin and its westward junction with the Hovsgol rift (i.e.,
the E-W trending Mondy valley; see station “MOND” in Figure 1a).

Several historical earthquakes occurred in the Tunka-Sayan area
(Chipizubov, 2010; Kondorskaya & Shebalin, 1982; Shebalin & Leydecker,
1997). Nevertheless, as highlighted by Radziminovich and Shchetnikov
(2013) and Tatevossian et al. (2013), many problems related to the reliabil-
ity of data sources led to mistakes in the parametric catalogs. These
authors concluded that the parameters of many known earthquakes in
the eighteenth to nineteenth centuries in the Baikal region have to be
refined. In Figure 1a, we only mention the 1742 Common Era (CE) and
the 1814 CE events, which were recently reappraised. The macroseismic
epicenter of the 27 June 1742 earthquake would be located at
51.8°N–103.4°E with an estimated magnitude between 7 and 8
(Chipizubov, 2017). After Chipizubov (2017), this historical event would
be associated with the Sayan fault. The macroseismic epicenter of the 2

September 1814 (Gregorian calendar) earthquake would be located at 51.9°N–102.4°E with an estimated
magnitude of 6.4 (Shebalin & Leydecker, 1997). This event is often attributed to a fault inside the Tunka basin
(Radziminovich & Shchetnikov, 2013). However, the uncertainty on the macroseismic location being in the
range of several tens of kilometers (Shebalin & Leydecker, 1997), it cannot be excluded that the eastern
Tunka fault may not be the source of the 1814 historical event.

The instrumental seismicity recorded over the last 50 years by the regional network of the Institute of the
Earth Crust in Irkutsk within the southwest Baikal rift region (e.g., Radziminovich et al., 2013) shows microseis-
mic activity along the Sayan fault and within the Tunka basin (Figure 1b). The magnitudes of earthquakes are
lower than Mw 5, with few events with magnitude close to 6 recorded in the Tunka basin and the southwes-
tern Baikal Lake. The Sayan fault is characterized by an alignment of epicenters from the Baikal Lake to the SE
until the junction with the Okino-Jombolok fault to the NW (“O-J F” in Figure 1a). The focal depths are
between 5 and 50 km, as within the whole Baikal rift system region, which attests to the thickness of seismo-
genic crust (Déverchère et al., 1991).

From Baikal to Mongolia, the inversion of focal mechanisms (Delouis et al., 2002; Radziminovich et al., 2013)
shows the variation of the deformation, from extension in the south Baikal area to compression in the
Sayan area, while strike-slip deformation characterizes the southern Tunka and Mongolia regions. Focal
mechanisms of M > 4.5 earthquakes point out the complexity of this deformation (Figure 1a and Table 1).
In the Tunka basin, the stress tensor inversion from 18 focal mechanisms allowed Delouis et al. (2002) to deter-
mine a strike-slip stress regime with σ2 close to vertical, while σ1 and σ3 are nearly horizontal with N212°E and
N309°E directions, respectively. Earthquakes located at the southwestern end of the Baikal Lake suggest the
continuation of the Sayan fault offshore with epicenters that are aligned along a NW-SE direction (Figure 1b).
The Mw 6.3 Kultuk earthquake that occurred on 27 August 2008 in this area shows a left-lateral-normal fault-
ing mechanism along a N104°E fault plane (Figure 1a), which is consistent with this interpretation.

Several papers analyzed the large-scale deformation of Asia including the Baikal area from Global Positioning
System (GPS) measurements (Calais et al., 2003, 2006; Lukhnev et al., 2010; Vergnolle et al., 2003). Lukhnev
et al. (2010) derived the strain pattern in the Baikal-Mongolia region from horizontal GPS velocities measured
between 1994 and 2007. For the Hovsgol-Tunka-Sayan area, their study shows a transitional strain with a
dominant shortening oriented N-S to NE-SW, while east of 104°E in the Baikal, the deformation is extensional
with a stretching axis oriented NW-SE. These results are consistent with the stress analysis of Delouis et al.
(2002) from focal mechanisms of earthquakes. At the longitude of 102°E, the ~5mm/year displacement (east-
wards component) between the north Chinese block and the Siberian platform is distributed along several
major EW trending strike-slip faults: that is, the Bogd, Bulnay, Tunka, and the Sayan (Figure 1a). However,
the lack of GPS stations near and on both sides of the Sayan and Tunka faults precludes determining precisely
howmuch slip is accommodated along those faults. Sankov et al. (2004, 2014) stated that the present-day slip
rate along the Sayan fault should be less than 3–5 mm/year. From GPS measurements (i.e., Calais et al., 2006;
Lukhnev et al., 2010), the elastic left-lateral interseismic loading distributed between the Tunka and the Sayan

Table 1
Focal Mechanisms of M > 4.5 Earthquakes in the Baikal-Mongolia Region

Date Lat (°N) Lon (°E) M Strike Dip Rake Ref

4/4/1950 51.77 101.00 6.9 100 75 0 1
30/8/1966 51.36 100.61 5.0 25 48 102 1
1/4/1976 50.62 100.22 4.5 293 48 72 1
1/12/1981 52.18 101.00 5.0 203 40 �168 1
6/4/1985 51.36 100.61 4.8 25 48 �102 1
13/5/1989 50.17 105.34 5.7 31 82 �155 2
5/2/1992 50.16 99.97 5.6 206 42 116 1
13/1/1993 51.68 102.14 4.5 167 46 155 1
29/6/1995 51.71 102.70 5.8 84 44 �40 2
25/2/1999 51.64 104.82 6.0 249 70 �88 2
27/8/2008 51.60 104.04 6.3 104 63 �47 2

Note. Date, latitude, longitude, magnitude, strike and dip of the fault
plane, rake of the slip vector, and reference: 1: Delouis et al., 2002; 2:
Radziminovich et al., 2013).
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faults, northward the Bulnay fault, should be less than 2 mm/year. Paleoseismic investigations in the region
suggest that five to six events would have occurred along the Sayan fault during the past 10 ka (Chipizubov &
Smekalin, 1999; Sankov et al., 2004), while five events would have occurred along the Tunka fault during the
past 11 ka (Chipizubov et al., 2003). These investigations also suggest that both faults are able to produce
Mw7.3–Mw 8 earthquakes.

3. Analyzing the Present-Day Activity of the Tunka and Sayan Faults at Their
Relay Zone
3.1. Distribution and Kinematics of the Most Recent Deformations

We used GoogleEarth and Bing satellites images to map carefully the scarps associated with the Sayan and
the Tunka faults at their eastern termination (Figure 1b). Along the eastern Sayan fault (Figures 2a and S2
in the supporting information), the scarps define a N110°E trending almost-linear structure that crosses
ridges, gullies, and basin catchments (Figures 2b–2d). These features show that the fault dip is close to the
vertical. In a few places, we can observe displaced shutter ridges with horizontal offsets of several tens of
meters attesting of the present main left-lateral movement along the fault (Figure 2c).

Along the easternmost part of the fault (Figure 2d), the scarps are distributed along two rupture lines show-
ing different kinematics: along a northern line bending to the north, displacements appear mainly vertical
and characterized by counterslope scarps affecting southward verging hillslopes (Figure 2e); along a south-
ern N110°E trending line, at the base of the hillslope, aligned mole tracks indicate horizontal strike-slip displa-
cement (Figure 2f). We interpret these features as the expression of a local surficial partitioning process of the
deformation between steep reverse faulting along the northern surface rupture and left-lateral strike-slip
faulting along the southern surface rupture.

Along the Tunka fault, clear fault scarps are found at the foothills of the Tunka ridge bounding the Tunka
basin to the north (Figures 1 and 3). However, within the eastern part of the basin, the scarp line is clearly
crossing through the alluvial plain associated with the Irkut River (Figures 3a and S3 in the supporting infor-
mation). This feature suggests that the Irkut River has eroded part of the Tunka reliefs, but the fault remains
active and affects alluvium. Three sites allow analyzing the kinematics of the fault:

1. At Bielly Camin, aligned mole-tracks define a linear surface rupture line located at the foothills of the
mountain slope, without obvious vertical displacement from one side or the other (Figure 3b, left).
About 1 km further east, the surface rupture defines a counterslope scarp cutting through two smooth
interfluves (Figure 3b, right, and 3e). Here the fact that the apparent vertical component is larger eastward
of the interfluves than westward attests of a left-lateral component (~8 m) in addition to the ~2m uplift of
the southward compartment.

2. Further east, 5 km northward of the village of Tory, the rupture defines also a counterslope scarp behind
which a large sag pond has formed (Figure 3c). The pond is drained southward through a small channel
incising the uplifted southern block. The morphology of the fault scarp and the structures affecting the
fluvial material within a small trench, dug across the scarp, indicate that the ~2 m vertical uplift of the
southern block is associated with reverse faulting (Figure 3f). Therefore, the features observed in Bielly
Camin and Tory suggest that the normal component associated with the Tunka fault has been reversed
very recently, during the Late Pleistocene-Holocene period.

3. About 10 km eastward the pond site, the fault seems to split into two branches: one scarp cuts through
the Tunka ridge with a N070°E direction and connects with the Sayan fault zone (Figures 3a, 3d, and 3g).
The formation of a lake due to the damming of the drainage suggests an uplift of the eastern block
(i.e., the easternmost part of the Tunka ridge). The other scarp has a WNW-ESE direction following the
foothills of the block and suggests also an uplift of the ridge (Figures 3g and S3 in the supporting informa-
tion). We do not have field observations of these features; hence, we cannot conclude about their kine-
matics. However, taking into account that they correspond to the eastern extensions of the fault scarp
observed within Tory, along which a clear reverse component is observed, we may assume that a reverse
component is also present along the two fault scarps.

The fact that the present Tunka fault connects the Sayan fault raises the question of the transfer of the defor-
mation between the two faults and also the question of the activity of the Sayan fault further to the NW,
beyond the relay zone. To analyze whether the Sayan fault is still active nowadays within its central part,
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we used Bing and Digital Globe satellite images (with an estimated resolution of ~1 m per pixel), 12-m digital
elevation models TanDEM-X, and 1/30,000-scale aerial photographs to map Last Glacial Maximum (LGM) and
post-LGM morphotectonic features within sites where the drainage network is intersecting the Sayan fault
(see Figure S4 in the supporting information). Figure 4 shows four sites studied in details where
morphological features such as LGM moraines, kame terraces, and post-LGM geomorphic markers as
fluvial terraces and terrace risers have been mapped.

Our analysis within the Dayalik river (Figure 4a), the Onot river (Figure 4b), the Malaya-Belaya river (Figure 4c),
and the Kitoi river (Figure 4d) show that while the Sayan fault is clearly visible within the old markers in the
landscape, no obvious deformation affects the LGM moraines and post-LGM fluvial markers (given the reso-
lution of satellite images, we estimate that if a left-lateral offset was affecting these markers, it would be smal-
ler than ∼5 m (i.e., five pixels). This suggests that a large part, if not all, of the left-lateral deformation observed
along the 70-km-long south-eastern part of the Sayan fault is transferred along the Tunka fault. Considering
the age constrains for the LGM in the region (e.g., Arzhannikov et al., 2012, 2015), this suggests that the trans-
fer is only 14–16 ka old.

Figure 5 summarizes our investigations in terms of distribution, geometry, and kinematics of active faulting
along the eastern sections of the Sayan and the Tunka faults during the Holocene period. The two faults have
a left-lateral kinematics with a reverse component, suggesting a recent inversion of their vertical component
—at least along the Tunka fault where the long-term normal faulting is still well expressed in the large-scale

Figure 2. (a) Morphotectonic map interpreted from satellite images (see Figure S2 in supporting information) showing the drainage, the crest lines, and the fault
lines in the morphology. (b) Bing satellite image seen in oblique view showing the Sayan fault scarp crossing in straight line through a basin catchment. (c) idem
with evidences of left-laterally displaced shutter ridges. (d) Easternmost fault scarps associated with the Sayan fault showing the partitioning of the deformation
between a steep dip-slip fault to the north (field picture e: 51°43.9350N, 103°38.9700E; the white dashed line follows the base of the fault scarp) and a linear sinistral
strike-slip fault to the south (field picture f: 51°43.8700N, 103°38.8900E).
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topography. The Sayan and the Tunka faults appear now connected within a NE-SW trending fault. Further,
the fact that we do not observe large cumulated deformations associated with these recent morphotectonic
features suggests that this tectonic pattern emplaced recently, supposedly contemporaneously with the stop
of the deformation along the central Sayan fault.

3.2. Estimating the Horizontal Slip Rate Along the Eastern Sayan Fault

Mapping morphotectonic features along the south-eastern section of the Sayan fault, we found out a small
southward-oriented catchment basin affected by the fault where quaternary geomorphic markers and
deposits could be used to estimate the horizontal slip rate along the fault (see Figure 5 for location). We sur-
veyed the 50 × 400 m2 area using an optical station and measured 2,430 topographic points from which we
built up a digital elevation model (Figures 6 and 7a and Table S6 in the supporting information). The shaded
relief in Figure 6 highlights a southwards scarp within the west-facing catchment slope (see field picture in
Figure 7b) and a counterslope scarp within the east-facing catchment slope (see field picture in Figure 7c).
These features attest of themain left-lateral horizontal movement along the Sayan fault. Note that the slightly
southward arcuate shape of the scarp (Figure 6) indicates that the fault is dipping steeply toward the south.

To determine the cumulative left-lateral horizontal offset, we used the fact that there is no scarp in the topo-
graphy along the fault between the coordinates 75 and 95m, where the east-facing catchment slope becomes
west facing (Figures 6 and 7a). This featuremeans that the slip vector is parallel to the topographic slope along
the fault line (e.g., Nazari et al., 2009; Figure 8). We therefore determined the slip vector inclination (α) with
respect to the horizontal by measuring the topographic slope between coordinates 75 and 95 m on the

Figure 3. (a) Morphotectonic map interpreted from satellite images (see Figure S3 in the supporting information), same captions than Figure 2a. (b–d) Detailed views
of Bing satellite images showing the fault scarps (white arrows). (e and f) Field pictures of the fault scarp in Bielly Camin (51°51.4800N, 102°59.0000E) and Tory
(51°50.5350N, 103°4.5800E) sites, respectively. (g) Oblique NE view of a Bing satellite image showing the split of the Tunka fault rupture into two scarps lines around
latitude 103°150E (see location in Figures 3a and S3 in the supporting information).
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Figure 4. Satellite images of the four sites studied in details along the central part of the Sayan fault, and their corresponding morphological maps. (a) Dayalik river
(center of the image: 52°28.3400N, 101°33.3300E). (b) Onot river (52°23.8220N, 101°43.7180E). (c) Malaya-Belaya river (52°10.5310N, 102°0.2570E). (d) Kitoi river
(52°5.2490N, 102°27.4800E). 1: LGM and post-LGM deposits; 2: ridge and crests; 3: drainage; 4: lake; 5: terrace riser; 6: kame terrace; 7: moraine; 8: landslide; 9: Sayan
fault (NB: no obvious LGM and post-LGM morphotectonics features were observed on 1/30,000-scale aerial photographs; we did not get authorization for their
reproduction).
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DEM. This yielded an inclination α of 13 ± 1° toward thewest. Then, we estimated the cumulative vertical offset
from topographic profiles across the fault scarp (Figure 7d). We obtained a mean value (V) of 8.6 ± 1.2 m. The
horizontal offset (H) was eventually determined using the function H = V/ tang (α), which yielded a left-lateral
cumulative offset of 37.5 ± 2.5 m. We obtained this same amount of horizontal offset when fitting piercing
points (i.e., topographic features) from parallel profiles on both sides of the fault scarp (Figure 7e).

To estimate the age of formation of the scarp, we opened a trench (ST) in the sediments that were ponded
against the north facing counterslope scarp in order to collect and date the first trapped deposits (Figures 6,
7a, and 7c for location; Figure 8). Figure 8d sketches the main units and the faulted zone (thick redline) that
we observed in the 3-m-deep trench (depth at which we reached the permafrost). We distinguished four
main detrital units that are affected by the fault in the lower part of the trench (units 60, 70, 80, and 100)
and four units that are not affected in the upper part (units 50 to 20). The lithologic boundaries of the lower
affected units (U60, U70, U80, and U100) are dipping southward. These deposits are bended against the fault
zone suggesting that they have been deformed along the fault. The upper units (U50–U20) are dipping to the
north. We interpret them as corresponding to scarp-derived colluvium associated with at least two surface-
rupturing events (see next section).

We found few charcoals spread out in the different units allowing to constrain the age of the deposits
(Table 2 and Figure 8d). Except two samples (SA11-13 and SA11-14), calibrated radiocarbon ages of
samples are in stratigraphic order. Given the geometry of the trench with respect to the fault scarp
(Figure 8c) and the change of size of the deposits at the bottom of the trench (i.e., fine deposits in unit
100 versus coarse deposits in unit 80; Figure 8e), we interpret unit 100 as corresponding to the colluvium
covering the slope within the northern fault compartment (footwall) before the scarp formation. We there-
fore consider that sample (SA11-1), collected in unit 100, predates the scarp and represents therefore a

Figure 5. Synthetic sketch map of the present-day/Holocene deformations within the relay zone between Sayan and Tunka faults. 1: Faults and sense of motion
(dashed fault lines indicate likely active features), the black frame indicates Figure 6 location (see section 3.2). 2: Trench sites and their names (the yellow circles
are trenches analyzed during this study).

Figure 6. Shaded relief topographic map of the studied site along the Sayan fault for slip rate determination (see Figure 5 for location). The red dots correspond to
the 2,430 topopoints from which was interpolated the topographic map using Surfer software and a Kriging gridding method. Note that indicated elevations (in
meters) are approximate, N-S and E-W graduations also in meters.
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maximum age for the scarp formation. Dividing the cumulative horizontal offset (37.5 ± 2.5 m) by the age
of SA11-1 sample (27,340–27,710 calendar (cal) years before present [BP]) yields a minimum left-lateral slip
rate along the Sayan fault of 1.4 ± 0.1 mm/year.

Conversely, the samples SA11-21a and 21b were collected into unit 80, which corresponds to trapped depos-
its (see Figures 8c and 8e). We therefore consider that they postdate the formation of the scarp. Dividing the
cumulative horizontal offset by the age of SA11-21b (10,160–10,440 cal years BP) yields a maximum slip rate
of 3.6 ± 0.3 mm/year. The left-lateral slip rate along the Sayan fault is therefore comprised between 1.3
and 3.9 mm/year.

3.3. Analyzing the Past Seismic Activity Along the Sayan and Tunka Faults Within Their Relay Zone

In order to analyze the seismic potential associated with the eastern Sayan and eastern Tunka faults, we ana-
lyzed the past seismic activity of the two faults within their relay zone. We compiled and synthetized themain

Figure 7. (a): 3-D view of the DEM of the studied site along the Sayan fault; the white arrows point out the base of the fault scarp (note that the slip vector [red arrow]
is parallel to the topographic slope along the fault line between 75 and 95 m horizontal coordinates); L1 and L2 are parallel longitudinal profiles on both sides of the
fault (L1 is located a few meters northward [upslope] the scarp to avoid the pond at the base of the scarp; L2 is located on top of the fault scarp); T1 and T2 are
two cross profiles, locations, and orientation of the fault scarp pictures shown in b and c are indicated. (b) View of the fault scarp within its eastern part (scarp facing
south, 51°47.1950N, 103°26.8400E). (c) Panoramic view of fault scarp (counterslope scarp facing north, 51°47.2800N, 103°26.6600E). (d) Cross profiles T1 and T2;
(e) Longitudinal profiles L1 (blue line) and L2 (orange line); the blue and orange triangles point out piercing points (topographic features) between blue and dashed
orange profiles before displacement; the red arrow shows the slip vector with its horizontal and vertical components (note that the two profiles mismatch vertically
because they are not on the fault line).
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paleoseismological results published in Chipizubov and Smekalin
(1999), Chipizubov et al. (2003), and Smekalin (2008), which we
reinterpreted together with our data. Figure 9 presents trench-logs
for which there is clear evidence of event horizons (i.e., ancient
ground surface(s) affected by surface ruptures; e.g., McCalpin,
1996) with age constraints (Tables 2 and 3). Seven trenches are
presented from the east to the west: K-5, K-6, ST, and K-11 for the
Sayan fault (note that trench ST has already been described in
section 3.2) and BKT, ZT-3, and ZT-2 for the Tunka fault (see
Figure 5 for location).

As concerns the paleoseismological investigations along the eastern
part of the Sayan fault, the main observations are as follows:

Figure 8. (a): Picture showing the counterslope scarp and the trench (white dashed line) opened in the trapped deposits (51°47.2250N, 103°26.7550E, circled peoples
for scale). (b) Picture showing the fault zone sealed by unit (U50). (c) Geometry of the trench with respect to the scarp. (d) Log of the trench showing the main
stratigraphic units, the faulted zone (redline), and collected samples. (e) Assembled photos and interpretation of the lower part of the trench (photomosaics of the
trench walls were precluded given the trench narrowness).

Table 2
Calculated Dates From Radiocarbon Analysis of Charcoals Collected in Trench ST

Sample Unit 14C age year BP ± Calibrated age, year BP (2σ)

SA11-1 U100 23,270 90 27,340–27,710
SA11-14 U70 29,030 140 32,840–33,640
SA11-13 U50 5,090 40 5,740–5,920
SA11-10 U60 8,720 40 9,550–9,820
SA11-20 U50 4,805 30 5,470–5,600
SA11-21a U80 8,465 40 9,440–9,530
SA11-21d U80 9,100 70 10,160–10,440

Note. Dendrochronologically calibrated calendar age ranges were calculated
using the program Calib Radiocarbon Calibration (Stuiver et al., 2018) with 2
standard deviations uncertainty. The age ranges are rounded off to the nearest
decade.
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In trench K5 (Figure 9a), three events can be interpreted from both fault termination criteria and strati-
graphic evidence (i.e., faulted buried soil horizons). Radiocarbon dating of organic-rich material allows
constraining a first event (the most recent) after 660 cal years BP, and a second event (the penultimate)
between 520 and 5470 cal years BP. A third event bracketed between 5,320 and 8,540 cal years BP can
be interpreted from a buried soil horizon that is faulted and buried below a colluvium unit, itself
overlain by the faulted and buried soil horizon defining the second event. Although there are no fault
termination criteria allowing to clearly individualize this third event, this old faulted buried soil was con-
sidered as an event horizon given that it is not observed in the southwestern part of the trench below

Figure 9. Synthetic logs of the seven studied trenches across the eastern Sayan and Tunka faults showing the event horizons (numbers are successive event hor-
izons) and their age constraints (Figure 5 for location). K5, K6, K11, ZT3, and ZT2 logs were reproduced as they are in Chipizubov and Smekalin (1999) and
Chipizubov et al. (2003). More details about these logs are given in Smekalin (2008).
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the second event horizon. Moreover, the occurrence of an event in
this time range is also suggested in the three other trenches
(see below).

In trench K6 (Figure 9b), with the same kind of paleoseismic evi-
dences, three events can be interpreted as well: the younger one
occurred after 1,810 cal years BP, while the second and third events
are bracketed between 1,560 and 5,950 cal years BP, and 5,720 and
10,220 cal years BP, respectively.

In trench ST (Figure 9c)—the trench that we dug to date the cumula-
tive fault scarp presented in Figures 7 and 8—we identified at least
three events: The two younger events occurred after 5,600 cal years
BP, which corresponds to the age obtained for a charcoal collected
at the base of the colluvial wedge unit U50 described in Figure 8d
(NB: a colluvial wedge unit is postdating an event, but because it is
scarped-derived, its constitutive detrital material such as clasts or
charcoals predates the event). The third event occurred between
5,470 and 9,530 cal years BP. A fourth event occurred before
10,160 cal year s BP.

In trench K-11 (Figure 9d), a minimum of three events occurred in the
past 13,600 years. They are materialized mainly by stratigraphic evi-
dences (i.e., colluvium units sealing faulted structures). The younger
event observed in the trench occurred after 8,050 cal years BP. Two
older events are bracketed between 7,680 and 11,410 cal years BP,
and between 10,740 and 13,590 cal years BP, respectively.

As concerns the paleoseismological investigations along the eastern
part of the Tunka fault, the main observations are as follows:

In trench BKT (Figure 9e) we identified four events: We interpreted the small colluvial wedge unit interstrati-
fied with ponded sediments in the upper part of the trench, as corresponding to the most recent event
(although we did not observe rupture criterion associated with it). Using the same interpretation of charcoal
reworking than in trench ST along the Sayan fault (see above), we interpreted this event to be post
2,780 cal years BP. The second event is also defined by a colluvial wedge unit associated with an uncertain
rupture criterion. Radiocarbon ages suggest that it occurred between 2,420 and 6,900 cal years BP. Two older
events are materialized by thick colluvial wedges (with clear rupture terminations) and occurred before
7,490 cal years BP (age of trapped organic-rich material interstratified with the colluvial wedge deposits post-
dating the third event).

In trench ZT-3 (Figure 9f), located few hundred meters to the west from our trench BKT, Smekalin (2008)
identified three events based on colluvial wedge occurrences and fault termination criteria. From radio-
carbon ages, the first observed event occurred after 3,450 cal years BP. A second event occurred
between 3,170 and 5,470 cal years BP, while an older event occurred before 12,010 cal years BP. Note
that these data suggest a fairly long gap between the second and the third events. This is not
consistent with our observations made within the nearby BKT trench and suggests that an event may
have been missed.

In trench ZT-2 (Figure 9g), located slightly to the west from trench ZT-3, four events can be interpreted from
Smekalin (2008) trench log: a fault termination criterion allows identifying a younger event (the most recent)
that occurred after 740 cal years BP. A second event (the penultimate) occurred between 650 and
6,350 cal years BP. A third event occurred between 6,000 and 9,540 cal years BP. A fourth older event, materi-
alized by an alluvial unit eroding and laying unconformably above a colluvium unit, occurred before
9,240 cal years BP.

Figure 10 shows the age constraints for the events interpreted from the four trenches presented for the
eastern Sayan fault and the three trenches presented for the eastern Tunka fault. Combining the results for
each fault allows tightening the timing of the latest events that occurred along them.

Table 3
Calculated Calibrated Dates From Radiocarbon Analyses

Fault Trench Sample

14C age
year BP ±

Calibrated age,
year BP (2σ)

Sayan fault K-5 LU-2997* 580 60 520–660
LU-2998* 4,670 30 5,320–5,470
LU-2999* 7,570 90 8,190–8,540

K-6 LU-3026* 1,760 50 1,560–1,810
LU-3027* 2,000 40 1,870–2,060
LU-3029* 5,110 60 5,720–5,950
LU-3025* 8,920 60 9,890–10,220

K-11 LU-3045* 7,070 100 7,680–8,050
LU-3044* 9,340 60 10,380–10,710
LU-3043* 9,760 110 10,740–11,410
LU-3004* 11,420 180 12,860–13,590

Tunka fault ZT-3 GIN-9604** 3,110 60 3,170–3,450
GIN-9603** 4,550 90 4,960–5,470
GIN-9602** 9,390 110 10,270–11,080
GIN-9601** 10,700 210 12,010–13,050

ZT-2 GIN-9600** 750 40 650–740
GIN-9599** 5,440 70 6,000–6,350
GIN-9598** 8,400 80 9,240–9,540

BKT H2660*** 2,562 72 2,420–2,780
H2661*** 5,898 73 6,530–6,900
H2662*** 5,982 69 6,660–6,990
H2659*** 6,790 84 7,490–7,800

Note. Dendrochronologically calibrated calendar age ranges were calculated
using the program Calib Radiocarbon Calibration (Stuiver et al., 2018) with 2
standard deviations uncertainty. The age ranges are rounded off to the nearest
decade. (*), (**), (***): Data from Chipizubov and Smekalin (1999), Chipizubov
et al. (2003), and this work, respectively.
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Along the eastern Sayan fault, the most recent event (1) has occurred between 1901 CE (i.e., 49 years before
1950 when referring to calibrated radiocarbon ages) and 660 cal years BP. The date of 1901 corresponds to
the installation of the first “Irkutsk” seismological station and can be considered as the upper limit of the his-
torical period (Radziminovich & Shchetnikov, 2013). Therefore, it is possible that the paleoseismic feature
characterizing the first event in trench K5 (Chipizubov & Smekalin, 1999, our Figure 9a) corresponds to the
27 June 1742 historical event. The penultimate event (2), prepenultimate (3), and fourth (4) events would
have occurred between 1,870 and 5,470, 7,680 and 8,540, and 10,740 and 13,590 cal years BP, respectively.

Along the eastern Tunka fault, the most recent event (1) would have occurred between 1901 CE and
740 cal years BP. Although there is no consensus on the precise location of the historical earthquakes in
the Tunka region, the recent reappraisal of the 1814 CE earthquake by Radziminovich and Shchetnikov
(2013) suggests that this event could be associated to the eastern Tunka fault. Therefore, the paleoseismic
observations, notably in trench ZT2 (Chipizubov et al., 2003; Smekalin, 2008, our Figure 9g), could correspond
to the 22 August 1814 historical earthquake. The penultimate event (2) and prepenultimate (3) would have
occurred between 3,170 and 5,470, and 7,490 and 9,540 cal years BP, respectively. A fourth event occurred
before 12,010 cal years BP. When comparing the temporal distribution of large events between the two faults
(Figure 10), we note that they are overlapping. Both faults ruptured 4 times during the past 15 ka and show
the same mean ~4 kyr return period for surface-rupturing earthquakes (i.e., 4.2 ± 0.3 kyr for Sayan and
3.9 ± 0.6 kyr for Tunka). This distribution of events suggests that the two faults may have ruptured together
or during clustered events.

Figure 10. Sketch synthetizing the age constraints for the four past earthquakes observed in trenches K-5, K-6, ST, and K-11 along the Sayan fault and trenches BKT,
ZT-3, and ZT-2 along the Tunka fault. The grey boxes correspond to calibrated ages, and the black arrows indicate the predating or postdating of the events.
The light blue, green, purple, and pink colors define the time ranges duringwhich themost recent, the penultimate, the prepenultimate, and the pre-pre-penultimate
events occurred, respectively. The two central columns with denser colors combine the age constraints for each fault.
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4. Discussion

The careful mapping of the fault scarps along the Sayan and Tunka faults within their relay zone allows show-
ing that the two faults have a left-lateral kinematics with a reverse component. This suggests a recent inver-
sion of their vertical component, from normal to reverse, notably along the eastern Tunka fault. This is
consistent with our previous morphotectonic studies within the western part of the Tunka basin
(Arjannikova et al., 2004; Larroque et al., 2001; Ritz et al., 2000) as well as the observations published in
Chipizubov et al. (2003) about the central and eastern parts of the Tunka fault, and Chipizubov and
Smekalin (1999) and Sankov et al. (2004) about the eastern part of the Sayan fault. The analysis of the most
recent morphotectonic features suggests that the Sayan and the Tunka faults are now connected within a
NE-SW trending fault. The careful analysis of satellites images and aerial photographs show that no obvious
deformations are observed within the post-LGM geomorphic markers along the Central Sayan fault, beyond
the 70 km long south-eastern section. We may wonder whether this section of the fault could have stayed
quiescent, without producing large surface-rupturing events during a period of 14–16 kyr. However, consid-
ering our slip rate estimate (1.3–3.9 mm/year), this would represent a slip deficit comprised between 24 and
62 m. It seems therefore difficult to consider that the Central Sayan fault is still producing large earthquakes
(at least regularly) and suggests that a large part, if not all, of the left-lateral strike-slip deformation observed
along its eastern part is transferred along the Tunka fault since the past ~15 ka.

The 1.3–3.9 mm/year left-lateral slip rate estimated along the Sayan-Tunka fault system, together with the slip
rates estimated along the Bogd fault and the Bulnay fault in Mongolia (i.e., ~1 and ~2.5 mm/year, respectively;
Ritz et al., 1995, 2006; Rizza et al., 2011, 2015), is consistent with the ~5 mm/year eastward component of
displacement of the north Chinese block relatively to the Siberian platform (Calais et al., 2003).

Our synthesis of the main paleoseismic observations made along the eastern Sayan and eastern Tunka faults
shows that four events occurred within the past 15 ka along the two faults with a mean return period of
3.9–4.2 ka for both faults. Our interpretations differ with previous ones: Chipizubov and Smekalin’s (1999)
study, reinterpreted in Sankov et al. (2004), concluded that five events had occurred along the eastern
Sayan fault during the past 10 ka, with the following bracketed ages: ~400–1,100 (1), ~1,800–2,600 (2),
4,200–5,100 (3), 7,000–7,700 (4), and 8,400–9,700 (5) years BP. Along the Tunka fault, Chipizubov et al.
(2003) concluded that six events had occurred during the past 11 ka, with the following bracketed ages:
1,315–1,742 (1), 2,464–2,809 (2), 5,227–5,907 (3), 7,091–7,385 (4), 9,214–9,902 (5), and 10,386–11,187 (6).
These results suggest smaller recurrence intervals (i.e., ~2,000 years) for earthquakes, along both faults.
Although some of these results are consistent with ours—it is the case, for instance, for the third and fourth
events on both faults—we think that paleoseismic features presented in the above-mentioned works have
been incorrectly interpreted and/or overinterpreted.

Multiplying the lower and maximum bounds of the slip rate (i.e., 1.3 and 3.9 mm/year) by the mean recur-
rence time yields an average horizontal slip per event comprised between 5 and 16 m. When compared with
Chipizubov and Smekalin’s (1999) slip observations along the Sayan fault (i.e., 4–10 m of horizontal slip for a
single event) and Chipizubov et al.’s (2003) observations along the eastern Tunka fault (i.e., 3.5–8 m of hori-
zontal slip for a single event), this suggests that the slip rate of the Sayan-Tunka fault system within its relay
zone is closer to the lower bound.

The distribution through time of events along the two faults suggests that they can rupture contempora-
neously during strong events, or successively during earthquakes clustering. This is supported by the paleo-
seismic records. For instance, the third event along both faults occurred in the time range of 7.5–9.5 ka and is
materialized by thick scarp-derived colluvium (it is particularly clear along the Tunka fault; see Figures 9e and
9f). This is also the case for the fourth event. This shows that the corresponding scarps were big and were
probably produced by large surface rupturing events.

This interpretation is consistent with offsets equal to or larger than 4 and 3.5 m that were estimated for strike-
slip events along the Sayan and the Tunka faults, respectively (Chipizubov et al., 2003; Chipizubov & Smekalin,
1999). After statistical functions (e.g., Wells & Coppersmith, 1994), these offsets correspond to earthquakes
with moment magnitudes Mw ≥ 7.5 that are associated with surface rupture length of at least 100 km. This
suggests that large events would break both the 70-km-long active section of the eastern Sayan fault and
a part of the Tunka fault.
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Conversely, the stratigraphic signature for the two more recent events, with thinner scarp derived-colluvium
units (Figures 9a, 9e, 9f, and 9g), suggests smaller surface rupturing events, and therefore independent rup-
tures between the two faults. However, the similar time ranges between events from a fault to another sug-
gest that they could form a clustered sequence.

5. Conclusions

Our study brings new insights on the present-day kinematics, the slip rate, and the earthquake potential of
the Tunka and Sayan faults within their relay zone:

The careful mapping of the most recent traces of activity, using Google Earth and Bing satellites images
within the south-eastern parts of the two faults, shows that at present, the two faults are left-lateral strike-slip
faults with a reverse component and are spatially connected. This confirms the establishment of a new tec-
tonic regime within the southwestern edge of the Siberian platform during the Quaternary period.

Along the Central Sayan fault, beyond the 70-km long south-eastern section, our morphotectonic analysis
including also aerial photographs shows that no obvious deformations are observed within the post-LGM
geomorphic markers. This suggests that a large part of the left-lateral movement observed along the eastern
Sayan fault seems now to be transferred along the Tunka fault, involving a diminution, if not an interruption
of the activity along the central part of Sayan fault.

The detailed morphotectonic study of a fault scarp along the south-eastern Sayan fault (building up a digital
elevation model with a total station for determining the cumulative horizontal offset and opening a trench
for dating the trapped sediments) allows bracketing the left-lateral slip rate along the fault between 1.3
and 3.9 mm/year.

The compilation and reinterpretation of the main paleoseismological results published in Russian literature
along with our own paleoseismological investigations show that the eastern Sayan and Tunka faults have
produced magnitude Mw 7–8 earthquakes separated by mean recurrence periods of ~4 kyr during the past
15 ka. The similar time ranges between events from a fault to another suggest that they may have ruptured
together or during clustered sequences. The 1745 CE and 1814 CE historical events, if they occurred on Sayan
and Tunka fault respectively, could represent such a sequence.
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