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Abstract. A first block modeling study of the Mongolian Altay is presented, based on a new GNSS dataset acquired across
the range with an innovative setup. Our results show that approximately 4—6 mm.yr' of dextral strike-slip motion is
accommodated across the ~400 km-wide Altay deformation zone, consistent with previous geodetic estimates. Compared to
the more scattered and heterogeneous slip rate estimates from morphotectonic studies, our results provide improved constraints
on slip rates along the main Altay faults. Combining knowledge about fault activity across Altay with our results we also
discuss the potential role of other unmodeled intra-block structures in accommodating deformation in the Altay and its
periphery. This also leads us to question the highest previously reported slip rates—particularly along the Har-Us-Nuur and
Fu-Yun faults.
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1. INTRODUCTION

Understanding the mechanisms driving continental deformation across Central Asia has long been a central focus in the field
of active tectonics (e.g. Molnar & Tapponier, 1975; Tapponier & Molnar, 1979; Tapponier, 1982; England & Molnar, 1997;
Peltzer & Saucier, 1996). While numerous paleoseismological, morphotectonic, and geodetic studies have targeted the major
fault systems associated with the Himalayas, Tibetan Plateau, Kunlun, and Tien Shan—directly linked to the India—Asia
convergence—regions located farther into the continental interior, such as the Altay and Gobi-Altay ranges, have received
comparatively less attention (e.g. Tapponier & Molnar, 1979; Baljinnyam et al., 1993; Cunningham et al., 1996; Cunningham
et al., 2010). Yet, the Mongolian Altay and Gobi-Altay represent major intracontinental deformation zones in Central Asia,
shaped by large-scale, right-lateral strike-slip fault systems extending over several hundred kilometers and capable of

generating large-magnitude earthquakes (e.g. Walker et al., 2007; Klinger et al., 2011; Rizza et al., 2015; Kurtz et al., 2018).

From a geodetic perspective, the region has long suffered from limited GNSS data coverage, preventing the development of

detailed studies capable of accurately characterizing fault kinematics and regional strain distribution (Calais et al., 2003, 2006;
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Lukhnev et al., 2010, 2025). Since the pioneering studies of Calais et al. (2003), GNSS coverage in the area has remained
limited to fewer than five stations, while the Junggar region immediately to the south has undergone a substantial densification

of its GNSS network (e.g. Wang and Shen, 2020).

35 In this study, we present a new kinematic analysis of active deformation across the Mongolian Altay by quantifying the
interseismic deformation field and modeling fault slip using a block modeling approach. To this end, we acquired new GNSS
data during multiple field campaigns conducted since 2019 along two transects crossing the Altay range. This modeling, based
on improved geodetic constraints, allows us to better resolve the regional strain rate field and evaluate fault slip rates through
direct comparison with previously published morphotectonic estimates.
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Figure 1. Major active fault systems, seismicity (ISC-GEM Global Instrumental Earthquake Catalogue (1904-2020)), velocity fields
45 (Eurasia-fixed reference frame, (Wang & Shen, 2020; W. Wang et al., 2017)), and GNSS transects used in this study. HUNF: Har-
Us-Nuur Fault, HF: Hovd Fault, OF: Olgiy Fault, FYF: Fu-Yun Fault. Stars correspond to earthquakes (red) and main known
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surface ruptures documented (white). Earthquakes: FY: Fu-Yun, Mw=8.0, 1931; CH : Chuya, Mw=7.3, 2003. Known surface
ruptures: AR : Ar-Hotol, SU : Sutai, JI : Jid. The large white arrow indicates the principal stress axis associated with India-Asia
convergence. Green triangles represent GNSS measurement sites for the southern and northern transects implemented in this study.
Yellow triangles represent continuous permanent stations.

2. TECTONIC SETTING

The Altay massif marks the western boundary of Mongolia, where its relief forms an orographic frontier with Russia to the
north and China to the south (Fig. 1). This intracontinental, transpressive mountain range is structured by major right-lateral
strike-slip faults, restraining bends, and fault terminations giving rise to positive flower structures (Cunningham et al., 1996,
2003, 2005; Tapponnier & Molnar, 1979). The Altay is regarded as a deformable block sandwiched between the rigid domains
of the Siberian platform to the north and the Junggar basin to the south (Cunningham et al., 2005; Huangfu et al., 2023). The
ancient NW-SE-oriented tectono-stratigraphic boundaries of Paleozoic units structuring the Altay act as zones of weakness
where current deformation is localized (Buslov et al., 2001; Badarch et al., 2002; Sengér et al., 1993; Windley et al., 2007; W.
Xiao et al., 2010, 2015, Cunningham et al., 1996, 2003). The tectonic activity in the region is associated with the far-field
effects of the India-Asia convergence, which has led to the development of Central Asia’s relief, including the Tibetan Plateau,
Tien Shan, Altay, and Gobi-Altay, throughout the Cenozoic (Molnar & Tapponnier, 1975; De Grave et al., 2007). To the east,
the Hangay dome is interpreted as a rigid block with a Precambrian basement, against which the Altay and Gobi-Altay domains
are pushed and deformed (W. D. Cunningham, 2001). Tectonic activity in this region is documented, but the proposed
mechanisms—whether lithospheric or asthenospheric in origin—remain debated (Chen et al., 2015a; W. D. Cunningham,

2001; Demouchy et al., 2019; R. Walker et al., 2007; R. T. Walker et al., 2008).

2.1 Active Tectonics in the Mongolia-Baikal Region

The complex kinematics of the Mongolia-Baikal region, where dextral and left-lateral strike-slip and extensional domains
coexist—represented by the Altay, Gobi-Altay, and Baikal, respectively—make this area zone of major interest for studying
intracontinental deformation in Central Asia (Fig. 1).

The occurrence of four major earthquakes of Mw > 8.0 during the 20" century in western Mongolia (Baljinnyam et al., 1993)
has sparked decades-long debate about the mechanisms driving this exceptional seismicity (Chery et al., 2001; Shao et al.,
2024). Over the past 20 years, morphotectonic studies were carried out on the faults of Bolnai (Rizza et al., 2015; Choi et al.,
2018), of the Gobi-Altay (Ritz et al., 1995, 2003, 2006; Prentice et al., 2002; Vassallo et al., 2006; Rizza et al., 2011; Kurtz et
al., 2018), and Fu-Yun (Klinger et al., 2011; Fan et al., 2022). They revealed the existence of slow faults with slip rates of

about 1 mm.yr! capable of generating large earthquakes separated by quiescent periods of several thousand years. Based on
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GPS surveys, Calais et al., (2003, 2006) and Q. Wang et al., (2001) estimated that approximately 10-20% of the shortening

induced by the India-Asia convergence is accommodated along the major faults of the Altay.

2.2 Active Tectonics in the Altay

Several studies dated between 20 and 5 million years ago the onset of Altay massif formation linked to the transpressive
reactivation of ancient Paleozoic structures (De Grave et al., 2007; De Grave & Van den Haute, 2002; Howard et al., 2003,
2006; Vassallo, 2006; Yuan et al., 2006). Although characterized by moderate seismicity, the Altay experienced two major
earthquakes in the last century: the Mw 8.0 Fu-Yun earthquake in 1931 and the more recent Mw 7.3 Chuya earthquake in 2003
in the Russian Altay.

The chain’s four main fault systems—Har-Us-Nuur, Hovd, Olgiy, and Fu-Yun—provide evidence of tectonic activity. Indeed,
numerous historical and Holocene surface ruptures have been documented, such as Fu-Yun (Klinger et al., 2011), Ar-Hot61
(Davaasambuu et al., 2022), Jid (Walker et al., 2006) and Sutai (Ramel et al., 2025). Morphotectonic studies along the Altay’s
faults, based on absolute dating, have yielded slip rates ranging from 0.5 to 2.8 mm.yr'. Using terrestrial cosmogenic
nuclide (TCN), dating of offset fan surfaces (°Be), Nissen et al. (2009) estimated a horizontal slip rate of 2.4 + 0.4 mm.yr"!
along the central section of the Har-Us-Nuur fault over the past 75 kyr while Ramel et al., (2025) calculated a minimum slip
rate of 0.32 = 0.04 mm.yr"! along the southern section of the fault. Along the Hovd fault, Vassallo (2006), using ''Be
concentrations of surface boulders and depth profiles of fan-terraces, estimated a minimum horizontal slip rate of about 0.5
mm.yr! over the past 40-100 kyr for a site on the northern part of the fault and 1.2 = 0.7 mm.yr™! over the past 1540 kyr
within its central section. Ha et al., (2023) calculated a horizontal slip rate of 1.87°%, ; mm.yr! for the past 25 kyr by analyzing
1'Be concentrations of surface boulders along the central section of the same fault.

For the Olgiy fault, combining 23U-?**U-*Th and '°Be dating methods, Gregory et al., (2014) found a slip rate of 0.3 — 1.3
mm.yr"! over the past 20-30 kyr while Frankel et al., (2010) calculated a slip rate of 0.8 — 1.1 mm.yr"! over the past 15 — 25
kyr using '°Be concentrations from surface samples. Finally, along the Fu-Yun fault, Xu et al., (2012) and Wu et al., (2024)
estimated slip rates of about 1 mm.yr™! using '°Be and OSL dating, respectively.

The Sagsay fault system (SF), while exhibiting evidence of significant surface rupturing activity in the north and cumulative
displacements in the south (Baljinnyam et al., 1993; Gregory, 2012), has not yet been the subject of slip rate estimations.
These studies remain limited due to the fact they are long to carry out and often suffer from methodological heterogeneity.
Thus, when considering all studies based on absolute dating, estimates for the total right-lateral strike-slip component across
the Altay range from 2.0 to 9.0 mm.yr"!. A first-order estimate based on GPS data of Calais et al., (2003) provides values

between approximately 4 and 7 mm.yr' (see Table 1).
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HORIZONTAL SLIP RATES BASED ON ABSOLUTE DATING
Fault Min HSR | Max HSR : : :
system Segment fault (mm.yr) (mm.yr ) Slip-rate period Dating method Reference
Har-Us- G Ramel et al., 2025
NGO Sutai, Jargalant 0.3 2.8 75.0 kyr °Be Nissen et al., 2009
Tsambagaraav, |h 16.1 - 110 kyr 10 Vassalo, 2006 ;
Hovd Turgen 0.5 26 Be Haetal., 2023
o Hoh °Be ; #8U-U-2Th Serie Frankel., 2010 ;
Slgly Serh 0.8 18 13.9=70kyr and °Be Gregory, 2014
. Xuetal., 2012 ; Wu
Fu-yun Fu-yun 0.4 2.3 <150 kyr 9Be ; OSL etal. 2024
TOTAL HORIZONTAL SLIP RATES ACROSS ALTAY
From morphotectonics studies 2 9 References above
Calculations based on URUM and ULAA stations
From GPS data 3.8 6.6 from Calais et al., 2003 and on min and max values
for Altay fault orientations (315 - 345°)

Table 1. Summary table of slip rates estimated in the literature based on absolute dating and the total strike-slip displacement across
the Altay as derived from morphotectonic and geodetic data.

2.3 Contribution of GNSS Data and Modelling

The GNSS data available for the Altay and Mongolia provided by Calais et al. (2006) are about two decades old and offer
limited spatio-temporal coverage, insufficient for accurately modeling deformation within the Altay. More recently, M. Wang
& Shen (2020) published a new velocity field synthesizing available data across Central Asia, including additional data from
China. However, for our study, these data only improve coverage for the area south of the Altay, in particular the Junggar
region.

Over the past decades, several studies based on these data sets and block modeling approaches have been conducted to propose
kinematics models of Central Asian deformation. Using around ten blocks to model deformation across the Tibetan Plateau,
Thatcher (2007) estimated slip rates on major faults of the region. Y. Wang et al. (2017) and Li et al. (2017) focused on the
northern Tibetan region, while Gu et al. (2024) proposed a block model for the Tien Shan, including a block for Junggar.
Meade (2007) and W. Wang et al. (2017) modeled fault slip rates by defining blocks encompassing the entire India-Asia
region, extending to the Tien Shan in the former and to Siberia in the latter.

W. Wang et al. (2017) defined distinct blocks for the Junggar and Gobi-Altay regions but considered a single Siberia block
that encompasses the Altay region and its surroundings. All these studies show that no detailed modeling of Altay fault
velocities has been carried out to date. Here, we develop a first block model for the Altay, using blocks delineated by the major
fault systems of the region. This allows us to model the interseismic deformation distribution through the Altay range and

surrounding regions and to estimate geodetically derived fault slip rates.
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3. GNSS DATA AND ANALYSIS

We acquired new GNSS data over the past five years by installing two transects located to the south and north of the Altay
(Fig. 1). The transects consist of 10 and 13 measurement points, respectively, with a mean distance between the sites of
approximately 40 kilometers. Two field campaigns conducted in 2019 and 2020 were necessary to setup the sites along the

two transects and conduct the firsts surveys.

We designed an innovative setup to enable the precise repositioning of antennas from one campaign to another (Fig. 2a, b).
The selected sites for point implantation correspond to stable bedrock outcrops where holes are drilled and can be reused for
each measurement. The 8 mm diameter drilled holes are used to anchor a removable and repositionable mounting system (8
mm Petzl pulse) (Fig. 2¢). The hanger plate of the Petzl pulse was modified so as to keep only a roughly circular plate laying
on the rock (Fig. 2b). The short antenna mast (24.8 cm) tip is positioned in a hole centered at the top of the device. We consider
the bottom of the hole on top of the Petzl pulse to be the reference for the height of the site. But we warn that even though this
device is accurate for the horizontal positioning, the vertical emplacement suffers from a larger uncertainty related to the
surface of the rock surrounding the hole. We choose to use this setup in order to prevent the stealing of permanent benchmarks

that we could have glued in the bedrock.

We conducted three measurement campaigns for the southern transect (2019, 2022, 2024) and two for the northern transect
(2020, 2023). Measurements were taken over at least 3 UTC days with a minimum of 8 hours of recording the first day, 24h

the second one and at least 8 hours the third one.
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Figure 2. Repositionable setup for GNSS antenna installation. a: Photo of the antenna mounted on a tripod. b: Photo of the
repositionable device in place. c: Photo of the Petzl device used for antenna installation (Petzl).

The survey-mode profiles are complemented by data from the Mongolian continuous GNSS (¢cGNSS) network, managed by
the Mongolian IAG (Institute of Astronomy and Geophysics) (Figure 1). 45 cGNSS sites encompassing a period from the first
day of 2015 to the last day of 2024 with time series of at least 2.5 years of complete recording (i.e. at least 912 days of recorded

data) were computed.

We processed the GNSS data with the Jet Propulsion Laboratory (JPL) GipsyX software (release 1.3) in a Precise Point
Positioning mode (Zumberge et al., 1997). We used JPL’s final fiducial-free GPS orbit products. Each station data is processed
independently insulating it from potential problems at other individual stations. We apply the ambiguity resolution by using
the wide lane and phase bias method (Bertiger et al., 2010). We used antenna calibrations from the IGS (Schmid et al., 2007).
We also use standard models for tropospheric delay corrections (VMF1, Boehm et al., 2006) and solid Earth and ocean tide
loading corrections (FES 2004, Lyard et al., 2006). The daily positions are obtained in IGS14 reference frame.

For continuous sites we obtain GNSS velocities and their uncertainties by fitting a linear trend plus annual and semiannual
terms and offsets (if needed) to position time series, assuming a white + flicker noise stochastic model (Williams et al. 2003).
For survey sites we only fit a linear trend. To have a consistent Eurasia fixed reference frame with Wang and Shen (2020), we
align our velocity solution on theirs. We first combined Wang and Shen (2020) velocity solution (including velocities from
Kreemer et al., 2014, Ader et al., 2012, Ashurkov et al., 2011, Banerjee et al., 2008, Bettinelli et al., 2006, Calais et al., 2006,
Galahaut et al., 2013, Ischuk et al., 2013, Jade et al., 2004, Lukhnev et al., 2010, Mahanta et al., 2012, Mahesh et al., 2012,
Maurin et al. 2010, Mukul et al., 2010, Mullick et al., 2009, Paul et al., 2001, Ponraj et al., 2010, Schiffman et al., 2013,
Shestakov et al., 2010, Simons et al., 2007, Sol et al. 2007, Yang et al., 2008, Zubovich et al., 2010, Devachandra et al., 2014,
Gupta et al., 2015, Marechal et al., 2016) with Lukhnev et al. (2025) solution to have the most complete velocity field for the
region. The rms on the velocity residuals for the 32 common sites after alignment is 0.32 mm.yr~!. We processed in the same
way to combine our velocity field, the rms on the velocity residuals at the 16 common sites (see supplementary files for the
list of sites) is 0.50 mm.yr!. To define a Junggar-fixed reference frame and express the velocities of our study area relative to
one of the blocks bordering the Altay region, we use 39 sites to compute the Junggar/Eurasia Euler pole (75.687°E, 49.929°N,
0.301°/Myr, see supplementary material for the list of sites). Figures 3a and 3b show the calculated velocity fields for the
Eurasia-fixed and Junggar-fixed reference frames, respectively (see supplementary for velocity field data). The velocity field
for the northern transect reveals more heterogeneous direction and magnitude vectors, likely due to the fact that only two

measurements were conducted in this area over a shorter time interval.
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The velocity field in the Eurasia-fixed reference frame highlights shortening velocity gradients, particularly along the southern
transect (Fig. 3a). The direction of shortening aligns with the orientation of vectors observed farther south in the Tien Shan,
where it is interpreted as the far-field effect of India-Asia convergence.

The dextral strike-slip kinematics of Altay faults is especially well illustrated by the velocity gradient observed in the velocity
field in the Junggar fixed reference frame (Fig. 3b).
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Figure 3. GNSS velocity fields calculated from data compiled by (M. Wang & Shen, 2020) in blue and data acquired in this study in
red. a: Eurasia-fixed reference frame. b: Junggar-fixed reference frame. In black are the sites of the velocity field of (M. Wang &
Shen, 2020) used to define the Junggar-fixed reference frame.

4. MODELING THE INTERSEISMIC VELOCITY FIELD

Figure 5 shows block boundaries we used to model the interseismic velocity field in terms of relative block motions and
associated elastic strain accumulation on block-bounding structures (McCaffrey,2013; Meade and Hager, 2005). Block
boundaries are designed from mapped faults, seismicity, historic earthquakes, and the GPS velocities. All faults used in the

model must be associated with a block boundary, this implies that no slip on “unconnected” fault segments is allowed, and all
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the blocks must be closed. The models include block rotations on a sphere with elastic strain accumulation on block-bounding
faults following the formulation of Okada (1985). Relative block motions (relative Euler vectors) are estimated using the
TDEFNODE code (McCaffrey, 2002) by minimizing the GPS residual motions within the blocks in a least squares sense. Fault
slip rates are determined by decomposing relative block motions on block boundaries into fault parallel (strike-slip, positive
right-lateral) and fault-normal motions (normal and thrust, negative compression).

The model is centered on the Altay and includes adjacent blocks required for the purpose of modeling. For the Altay region,
three blocks are defined: FYUN, HOVD, and HUSN, named after the principal faults separating them. The same coupling and
locking depth parameters are used for both models investigated. These parameters imply that all the faults are fully coupled
down to a depth of 15 km.

Two models are explored to assess the potential role of processes associated with the Hangay Dome on regional deformation
and their potential impact on Altay’s faults activity. The first model uses the standard parameters described above and does
not allow internal deformation within the blocks, while the second model allows internal deformation within the MONG block,

which largely encompasses the Hangay region.

Both models exhibit very similar characteristics in terms of residuals and slip rates (Fig. 5b,c). Low residuals are observed
along the two transects, although they are slightly higher than those seen in neighboring regions like the Junggar, which benefits
from more GNSS data and longer time series. The stronger residuals found along the northern transect compared to the southern
transect can be attributed to the limited data of the former, based only on two surveys three years apart.

From a kinematic perspective, both models effectively reproduce the right-lateral strike-slip style of the major NW-SE faults
in the Altay. The modeled horizontal slip rates are around 0.5 — 1.5 mm.yr' along the majority of the NW-SE oriented fault
segments, while higher values are found along the Fu-Yun fault and along the HUN fault in the strain-free model for block
MONG, where values reach ~1.5-2.5 mm.yr'".

The main differences between the two models are the slip rates found along the HUN fault. The modeling shows that the NW-
SE-oriented internal compressive deformation within the MONG block reduces slip rates along the fault by at least | mm.yr-
1.

Modeled fault-normal components show more heterogeneity. Overall, the observed values are below 1 mm.yr! or less along
the NW-SE major faults. The kinematics are predominantly compressive in the south and west, except along the Olgiy Fault,
while extensional deformation is observed in the north. However, the very low extensive values (< 0.5 mm.yr") found along

this fault are not significant and prevent any conclusion on the possible normal component of the fault.

Notable differences are observed between the major NW-SE structures of the Altay and the E-W-oriented northern fault
terminations. Slip rates are generally higher along these terminations, especially for the normal fault components reaching up
to more than 3-4 mm.yr!, particularly at the terminations of the HUN and Hovd faults. The left-lateral kinematics observed in

these regions highlight a limitation of the models and the GNSS dataset, and may be attributed to the very limited GNSS

10
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coverage of this area. Consequently, the relative movements of the Altay blocks with respect to the SIBE block are poorly

constrained.
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Figure 4. Seismotectonic map of the Mongolian-Altay region used for block modeling. Gray polygons represent blocks defined for
modeling. Dashed lines represent either poorly constrained block boundaries or artificial boundaries introduced to close block
polygons. Thin black lines correspond to potentially active faults from the Eurasian Active Fault Database (Zelenin et al., 2022). Red
circles indicate instrumental seismicity from the International Seismological Centre (ISC) catalog (accessed 2025). Red stars point
out known surface ruptures in the Altay range.
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Figure S. Block model results. The map shows the geometry of the block model, residual velocities, modeled slip rates (blue: fault-
parallel component, red: normal fault component), and strain. a. Block model with standard parameters. b. Block model including
strain in the MONG block. Formal uncertainty provided by the TDEFNODE software (McCaffrey, 2002) are provided at 1¢ level
confidence interval, but Karakhanyan et al. (2013) from an extensive study suggested that realistic uncertainties are more on the
order of 0.8—-1 mm/yr.

5. DISCUSSION

5.1 Kinematic Analysis

Our study extends the characterization of the kinematics of intracontinental deformation in Central Asia. By focusing on the
Altay region, we clarify the interactions between the major lithospheric blocks of one of the key areas of intracontinental

deformation, located at the junction between the India-Asia convergence zone and the stable Siberian craton. The new GNSS

13
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dataset acquired through the implementation of two GNSS transects provides improved geodetic coverage of the region.
Moreover, our study demonstrates the potential of conducting short-term GNSS campaigns in areas characterized by low
deformation rates and the efficiency of our repositionable measurement device for such acquisitions. Our block model provides

the first detailed GNSS kinematic description of Altay deformation, with the following important observations:

From a kinematic perspective, the geomorphological right-lateral strike-slip motion observed along the major NW—SE faults
in the Altay region is well reproduced by our model. However, the modeled fault-normal components reveal contrasting
behaviors between the southern and northern segments. Compression is modeled along the southern faults, whereas extension
is observed in the north and along the Olgiy fault. This modeled extension decreases when deformation is allowed in the
MONG block. This suggests that this extension might be related to unaccounted for deformation due to the limited GNSS
network coverage along the northern transect. As the blocks in the Altay are narrow and elongated, uncertainties in the GNSS
velocities can easily induce a lever arm effect producing slight extension or compression where most of the deformation might
only be strike-slip. Without longer time series allowing better GNSS velocity estimates we cannot conclude whether or not

this extension should be considered as significant.

The fault terminations located north of the Altay, as well as the fault bounding FYUN block—generally oriented E-W—
exhibit sinistral kinematics in our model. For the northern fault terminations, this kinematic behavior is not consistent with
geomorphological evidence (e.g., Cunningham et al., 2003; Bayasgalan et al., 1999). However, the strong compressive
components modeled along these structures align well with the positive flower structures observed in the field. The sinistral
fault-parallel motion modeled along the segment corresponding to the Chuya fault, located north of the Olgiy fault system,
also appears inconsistent with the documented right-lateral displacement associated with the 2003 earthquake. However, the
very low magnitude of this component—approximately 0.5 mm.yr!' —and the near-zero value observed along the immediately
adjacent segment to the south, which moreover exhibits an opposite (right-lateral) kinematic, suggest that the discrepancy is
minor and likely reflects modeling uncertainties more likely related to the narrow and elongated block geometries. Similarly,
the high normal fault component modeled is incompatible with the observed oblique-slip mechanisms of the 2003 Chuya
earthquake sequence, which predominantly exhibit right-lateral strike-slip motion combined with reverse faulting (Nissen et

al., 2007).

The model including internal deformation within the MONG block shows only few differences compared to the standard
model. Indeed, in this configuration, residuals are slightly lower within the MONG block while slip rates are reduced by more
than 1 mm.yr! along the Har-Us-Nuur fault system. The lower residuals suggest that deformation occurs within the MONG

block with the implication of reducing the slip rate on the HUN fault. However, GNSS coverage for this block remains too
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scarce to allow us to determine if the deformation is distributed as in the current model or if it should be localized on a major
structure within the MONG block by splitting it in smaller blocks.

Several studies have documented active faults around and within the Hangay region, structures that could accommodate some
deformation. Cunningham (2001) documented numerous normal faults, mostly NE-SW oriented. Walker et al. (2007)
highlighted a large sinistral active fault system south of the Hangay dome. Based on their observations, they showed that the
normal faults south of Hangay connect to this structure as releasing bends. They pointed out that in this context, the kinematics
of active faults in the region are consistent with the shearing deformation field observed from GNSS data in the center of
Mongolia. More recently, Walker et al., (2017) documented a major surface rupture along a normal fault southwest of Hangay
dome with limited cumulative displacement and low slip rates, noting that such deformation is likely undetectable by all but
the longest-operating GPS networks. Van der Wal et al. (2021) also documented an active transpressive sinistral fault system
in the valley of the Great Lakes south of Hangay, suggesting deformation along previously unknown faults. These studies
highlight various expressions of sinistral transpressive kinematics in the region and their connection with inherited structures.
The internal deformation suggested by our model within the MONG block supports these findings. Indeed, the orientation of
the maximum compressive strain axis (NE-SW) is compatible with sinistral kinematics along EW structures and either
extensional or compressive deformation along NE-SW and NW-SE faults, respectively. Nevertheless, the origin of the current
tectonics in the Hangay region remains debated. It has been associated with a process of doming, and different lithospheric or
asthenospheric mechanisms have been proposed (Demouchy et al., 2019; Barruol et al., 2008; Chen et al., 2015b; W. D.

Cunningham, 1998, 2001) without reaching a consensus.

5.2 Slip Rates Estimates and Comparison with Geological Studies

Our modeling also provides estimates of slip rates along the Altay faults. To evaluate the total horizontal slip across the Altay,
we sum the modeled minimum and maximum slip rates—accounting for associated uncertainties—along segments of the major
NW-SE-trending Altay faults. Considering all models and transects, this yields a total estimated slip rate ranging between 4
and 6 mm.yr'!. These values confirm the preliminary estimates made two decades ago by Calais et al. (2003) and allow us to

further discuss the geological data on the different Altay faults.

If the deformation was evenly distributed across the four main fault systems of the Altay (HUNF, HF, OF, FYUF), our GNSS
results would yield slip rates of approximately 1 to 1.5 mm.yr™! per fault, but our models suggest otherwise.

For the Fu-Yun fault system, slip rates are the same for both models with the highest strike-slip rate reported for the central
segment (2.4 mm.yr™'), while the northern one has an intermediate rate (1.9 mm.yr") and the southern one the lowest rate with
1.6 mm.yr!. It implies that a significant portion of the regional deformation is accommodated by this fault. Unfortunately,

due to the heterogeneity of slip-rate estimates from morphotectonic studies, it is difficult to compare them directly with our
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results. Furthermore, part of the modeled deformation along Fu-Yun might be distributed across other structures. The Sagsay
fault system is a likely candidate (Fig.1). This lesser-known system exhibits numerous markers of recent activity, notably the
surface rupture of the same name to the north and various morphotectonic markers along the system’s southern extent
(Baljinnyam et al., 1993; Gregory, 2012). Sadly, the GNSS coverage in this area is too scarce and preventsthe modeling of an
additional block defined by the Sagsay fault system to estimate its potential role. It is also better to have larger blocks to
properly estimate their motion, and the elastic strain related to their boundaries. These conditions are not fulfilled in this case.
This highlights the importance of conducting morphotectonic studies along this fault system in the future to better characterize
its contribution to the regional deformation.

As for Fu-Yun fault, the Olgiy fault has the same slip-rates, independently from the model. The estimated strike-slip rates for
segments belonging to the Olgiy fault are fairly constant around 0.4 mm.yr'. This suggests that the Olgiy fault has the lowest
slip-rates of the modeled faults in the Altay. This is not in agreement with the reported morphotectonic slip rates which range
from 0.8 to 1.3 mm.yr!. But one should notice that given the uncertainties this discrepancy is barely significant.

For the Hovd fault, the modeled slip rates vary depending on the model, but the variations are not significant with a difference
of +0.2 mm.yr’! for the model where the MONG block has internal deformation. The estimated slip rates are on the order of
1.1 or 1.3 mm.yr"!. This is definitely lower than the morphotectonic estimate of 2.6 mm.yr™! (Ha et al., 2023), but close from
the 0.5 mm.yr™! proposed by Vassalo (2006). Given the narrowness of the HOVD block, the total geodetic slip rate across the
Olgiy and Hovd faults (~1.5 mm.yr™) is similar to the lower morphotectonic estimate (~1.5 mm.yr™).

For the HUN faults, the strike-slip rates are divided by about two when internal deformation is allowed for the MONG block,
hence, the strike-slip rates vary between 1.7 and 2.6 mm.yr!' (no internal deformation) or 0.8 and 1.1 mm.yr-1 (internal
deformation). Morphotectonic slip rates range from 0.3 mm.yr"! (Ramel et al., 2025) to 2.8 mm.yr"!' (Nissen et al., 2009). For
both models, the estimated slip rates along the segment studied by Nissen et al. (2009) are systematically lower (1.7 £ 0.1
mm.yr! or 0.8 + 0.1 mm.yr! with or without internal deformation, respectively). The geomorphic evidence of fault activity
along the major fault systems of the Altai does not support the dominance of any single structure in accommodating the regional
deformation. All these faults exhibit multiple surface rupture traces that have been dated or interpreted as Holocene in age
(Gregory, 2012). A slip rate of approximately 2.5 mm.yr-1 for the HUN fault alone would mean that it accounts for between
40 and 60% of the total strike slip across the Altay, which seems unlikely. This leads us to consider the slip rates obtained by
Nissen et al., (2009a) as too high. Usually, GNSS derived slip rates are consistent with morphotectonic ones (e.g. Vernant,
2015). Specific cases have reported variations of slip rates but based on short time periods, which could lead to differences
with the GNSS estimates (e.g., Weldon et al., 2002; Ferry et al., 2011). In the case of the HUN fault it does not seem to be the
case, which calls for a re-examination of the HUN slip rate.

The higher compressive slip rates observed south of the Hovd and HUN faults—particularly in the model without internal
deformation—compared to those in the north and along the Olgiy fault system, which are also kinematically distinct, is a

noteworthy feature. One possible explanation lies in the role of the Zereg and Tsetseg faults documented as active by Nissen
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et al., (2009b). These faults, located within the HUSN block, are not used in the model; as a result, their contribution to the

overall deformation is likely redistributed onto the bounding faults of the block, namely the HUN and Hovd faults.

6. CONCLUSION

The new GNSS dataset acquired along two transects across the Mongolian Altay represents a significant improvement in the
geodetic coverage of this region, with over 20 new measurement sites established using a novel, repositionable setup. This
technique has proven to be efficient and reliable over a short observation window and offers great potential for future
remeasurements that will increase the precision of the velocity field.

Our study presents the first block model focused on the Altay, enabling a refined analysis of the kinematics of intracontinental
deformation in western Mongolia. The model highlights a distributed dextral strike-slip deformation of approximately 4-6
mm.yr™! across a ~300-400 km-wide deformation zone, in line with previous first-order GPS estimates by Calais et al. (2003,
2006). This implies slip rates along the four major fault systems (Har-Us-Nuur, Hovd, Olgiy, and Fu-Yun) on the order of 1—
1.5 mm.yr!.

These results also provide a valuable comparison point with geological estimates derived from morphotectonic studies. While
some geological slip rates reach values as high as 2.8 mm.yr! (e.g., Har-Us-Nuur fault), our results suggest that such high
values may be overestimated. The model that allows for internal deformation within the central Mongolian (MONG) block is
characterized by lower residuals and yields lower fault slip rates for HUN fault that are more consistent with the average
Altay’s fault slip rates. This suggests that part of the deformation modeled along the HUN fault is potentially distributed along
other active faults within the Hangay Dome and surrounding areas.

Moreover, this work underlies the role of lesser known Altay intra-block structures such as the Zereg, Tsetseg and Sagsay
faults in accommodating deformation and the need for targeted geological studies along them.

The differences between geological slip rates and those modeled from GNSS data highlight the importance of integrating
morphotectonic and geodetic approaches to achieve more accurate quantification of deformation in slowly deforming regions.
Future efforts combining GNSS monitoring with detailed geomorphological investigations will be essential to refine models

of strain distribution and fault slip in this tectonically active yet poorly instrumented region of Central Asia.
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