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surface uplift across the Dien Bien Phu Fault,
northwestern Vietham, and its implications

on crustal dynamics in the southeastern Tibetan
Plateau
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Abstract

At the southeastern frontier of the propagating India—Asia collision, the Dien Bien Phu Fault in northwestern Vietnam
provides a good opportunity to study the growth and crustal dynamics of the Tibetan Plateau; however, full activ-

ity of the fault remains poorly constrained, particularly the vertical component. This study offers, for the first time,
new constraints on surface uplift pattern across the fault based on quantitative tectonic geomorphology analyses
(normalized steepness index, and erosion rate from fluvial shear stress) combined with mapping of river terraces. The
results from geomorphic indices exhibit a conspicuous concurrence between regions of high normalized steep-
ness index and of high erosional rate values that are spatially concentrated on the W/NW side of the Dien Bien Phu
Fault. The results from the preliminary terrace mapping are also consistent with the spatial trends of the geomorphic
indices, indicated by the larger elevation separations between terrace levels on the W/NW side of the fault. Since
non-tectonic factors including climate and lithology do not systematically vary across the Dien Bien Phu Fault, such
spatial consistence indicates a significant higher uplift on the W/NW side of the fault. Considering that the observed
uplift is not concentrated near the fault trace but distributed in the whole fault block, we postulate crustal thick-
ening in the W/NW side of the Dien Bien Phu Fault through arrival of ductile mid-to-lower crust flow propagating
from the Tibetan Plateau.

Keywords Normalized steepness index, Fluvial erosional rates, River terraces, Differential surface uplift, The Dien Bien
Phu Fault, India—Asia collision

Introduction

The tectonic evolution of the Tibetan Plateau and sur-
rounding regions has attracted much attention over the
past few decades to gain insights to continental geody-
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Molnar and Tapponnier 1975; Wu et al. 2023). After the
collision, the Asian continent was broken into large crus-
tal fragments which extruded laterally along major strike-
slip faults as envisaged in the rigid block extrusion model
(e.g., Akciz et al. 2008; Tapponnier et al. 1982, 1986),
taking the continental lithosphere as rigid micro-plates
with strain concentrated along block boundaries delin-
eated by large strike-slip faults. The continuing under-
thrusting of the Indian continent also caused significant
crustal thickening to around 70-90 km in southern to
central Tibet (e.g., Allégre et al. 1984; Rai et al. 2006; Wit-
tlinger et al. 2004). With such anomalous crustal thick-
ness, roughly doubled from a normal continental crust,
rheology is expected to alter with occurrence of a weak
ductile mid to lower crust (e.g., Burchfiel 2004; Royden
et al. 1997, 2008) which might form outward flow due to
the continuing indenting Indian continent. This chan-
nelized ductile flow has been proposed to be responsible
for the observed E-W extension, causing normal faulting
activities in central Tibet and left-lateral slips along N-S
trending strike-slip faults in eastern margin of the plateau
(e.g., Liu 2003; Royden et al. 2008; Wang et al. 2010a, b).
In this perspective, this thickened continental lithosphere
can be viewed as a ductile medium of distributed strain,
and has been propagating eastward and southeastward
via the Kunlun Fault and the Haiyuan Fault to the Long-
menshan—Minshan margin, and southeastward trans-
port via the Xianshuihe—Xiaojiang Fault and the Dien
Bien Phu Fault to Indochina regions, respectively (e.g.,
Burchfiel 2004; Pan and Shen 2017; Wang and Barbot
2023). While characteristics of active tectonic deforma-
tion of the Xianshuihe—Xiaojiang fault system have been
studied in detail (e.g., Chen et al. 2020; Liu et al., 2021; Yu
et al. 2022), those for the Dien Bien Phu Fault, particu-
larly surface uplift patterns, remain poorly documented
and are key to constrain plateau propagation processes at
the southeastern frontier of the India—Asia collision (Bui
et al. 2017; Lai et al. 2012; Zuchiewicz et al. 2004). Hence,
assessing active differential vertical movement across the
Dien Bien Phu Fault is expected to provide better under-
standing on crustal dynamics as consequence of the con-
tinent—continent collision, and can be achieved through
river geomorphological analyses.

As the southeastern boundary of the plateau associated
with crustal materials transporting toward southeast of
Tibet, the Dien Bien Phu Fault in northwestern Vietnam
provides an exceptional opportunity to study far-field
effects of the India—Asia collision and tectonic processes
responsible for propagation of the Tibetan Plateau. The
Dien Bien Phu Fault is the most seismically active fault
in the Indochina region, with two large recorded earth-
quakes of estimated Mw 6.0-7.0 happened in 1935 and
1983 (Chevalier et al. 2022). Tectonic geomorphology
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studies (e.g., Lai et al. 2012; Zuchiewicz et al. 2004) indi-
cated that the Dien Bien Phu Fault is predominantly a
left-lateral strike-slip fault. However, the vertical com-
ponent of fault offsets remained generally unrecognized
while significant in understanding the crustal geodynam-
ics. Here we attempt to bridge this gap by investigat-
ing presence of active differential surface uplift across
the Dien Bien Phu Fault through river geomorphol-
ogy: (1) normalized steepness index of stream profiles
is extracted for a preliminary survey of tectonic signals
across the fault; (2) erosional rate from fluvial shear stress
of the drainage systems is calculated and integrated with
the normalized steepness index values to better reveal
the pattern of differential surface uplift; (3) river terraces
are identified and mapped using DEM topography cross-
checked with satellite imagery and published geological
maps. The results indicate higher surface uplift in the W/
NW side of the Dien Bien Phu Fault, and such vertical
offset might imply differential crustal thickening across
the fault as a major tectonic boundary.

Geological setting

Northern Vietnam, located to the southeast of the east-
ern Himalayan syntaxis, is tectonically linked to the
Tibetan Plateau as evidenced in activities along the Red
River Fault (Fig. 1a, e.g., Lee and Lawver 1995; Li et al.
2020; Schoenbohm et al. 2006; Tapponnier et al. 1982,
1990a, b). This region experienced two main tectonic
events: the first Indosinian event began with the clo-
sure of the Paleo-Tethys and followed by the collision of
the Indochina and the South China in the Triassic time
(e.g., Faure et al. 2014; Lepvrier et al. 2004), and the sec-
ond Himalayan event as the collision between the Indian
and Asian continents in the Cenozoic time (e.g., Lee and
Lawver 1995; Searle 2006; Searle et al. 2010; Tapponnier
et al. 1990a, b). The assembly of lithologies and the thrust
contacts among them were largely achieved during the
Indosinian episode (Faure et al. 2014), while the south-
eastward propagation of Himalayan collision has led to
reactivation of these structures into strike-slip faults (e.g.,
Leloup et al. 2001; Schirer et al. 1990; Tapponnier et al.
19904, b) or strike-slip faults with normal slip component
(Jolivet et al. 2001; Viola and Anczkiewicz 2008; Yeh et al.
2008). Among these structures, the Dien Bien Phu Fault
is the most active one in geodetic and seismic perspec-
tives (e.g.,Cong and Feigl 1999; Lu et al. 2016), and may
connect northward with the sinistral Xiaojiang and Xian-
shuihe faults (Fig. 1b).

The Dien Bien Phu Fault, located in the west of north-
ern Vietnam, is approximately 150 km long, with rup-
ture zone around 6—10 km wide, and north-to-northeast
trending. Along the fault trace, the Dien Bien Phu Fault
cuts through sedimentary and metamorphic rocks of
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Fig. 1 aTectonic sketch showing active faults and recent movements of the Tibetan Plateau and its surrounding regions (Modified from Zhang
et al. 2004). Black arrow indicates movement of the faults. Big white arrows present relative movement of blocks with respect to stable Eurasia.
b Topographic map showing location of the main faults and seismicity in northern Vietnam. Seismic events (1980-2020) were downloaded
from website http://www.isc.ac.uk/. Focal mechanisms of the earthquakes occurred on: a—1983, Mw 6.7; b—1985, Mw 5.7; c—1989, Mw 3.7;
d—1989, Mw 4.9; e—1989, Mw 4.0; f—2001, Mw 5.1; g—2020, Mw 5.0 (Compiled from Chevalier et al. (2022) and Cong & Feigl (1999)

Paleozoic to Mesozoic times, as well as intrusives of Pale-
ozoic and Triassic times named the Dien Bien Phu com-
plex (Fig. 2a, e.g., Lin et al. 2009; Zuchiewicz et al. 2004).
Among them, the Dien Bien Phu complex has attracted
much attention as evidence of a right lateral displace-
ment along the fault (e.g., Bui et al. 2017; Lin et al. 2009;
Roger et al. 2014), for which the timing is constrained
to be Early Jurassic and considered as a response to the
far-field effects of successive collisions between the Indo-
china, Simao, and Sibumasu continental blocks following
the Indosinian Orogeny (Lin et al. 2009). Recent activ-
ity of the Dien Bien Phu Fault is left-lateral with exten-
sion that commenced in the Pliocene (Lai et al. 2012).
The activity of the Dien Bien Phu Fault is suggested to

be related to the Xianshuihe—Xiaojiang fault system, the
most seismically active fault in the southeastern border
of Tibetan Plateau, as they have consistent spatial align-
ment and shear sense (Burchfiel 2004; Lai et al. 2012;
Zhang et al. 2004). The occurrence of left-slip and exten-
sion along the Xianshuihe—Xiaojiang and Dien Bien Phu
faults has been proposed to result from lower crustal
flow and clockwise rotation around the eastern Hima-
layan syntaxis and the Dien Bien Phu Fault is, therefore,
considered the southeastern frontier of the current pla-
teau propagation (e.g., Burchfiel 2004; Royden et al. 2008;
Zhang et al. 2004). Hence, understanding characteristics
of active tectonic deformation of the Dien Bien Phu Fault
is critical in gaining insights to the crustal/lithospheric
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Fig.2 a Simplified geological map of the study area with locations of Da River and the observed terraces. b Topographic swath profiles AA,
BB; CC, DD, and EE’ Locations of their swath profiles are shown in a. The lithology units are shown above the swath profiles—CC, DD, and EE’
with the colors corresponding to the same color in the geological map as shown in a
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dynamics driving active growth and development of the
plateau.

Methodology

This study analyzes geomorphic indices including nor-
malized steepness index and erosional rate from fluvial
shear stress, as well as surveys of river terrace geomor-
phology based on the ALOS PALSAR 12.5-m, ASTER
30-m DEMs data (downloaded from the websites https://
asf.alaska.edu and https://search.earthdata.nasa.gov/
search, respectively) in conjunction with high-resolution
Google Earth optical imagery (from https://earth.google.
com), to constrain spatial variations in relative surface
uplift across the active Dien Bien Phu Fault.

Normalized steepness index

The normalized steepness index of rivers is analyzed to
investigate the spatial distribution of differential surface
uplift pattern (e.g., Kirby et al. 2007; Kirby and Ouimet
2011; Whipple and Gasparini 2014). The fundamental
idea of this method is that the change in river channel
elevation is the result of interaction between erosion and
uplift (Wobus et al. 2006), and can be expressed as the
following equation:

dz/dt = U(x,t) — KA™S"

where dz/dt is the change in elevation through the time;
U (x, t) is the rock uplift rate relative to a fix base level;
K is the erosion coefficient; A is upstream drainage area;
S is gradient; and m, n are positive constants. Under a
steady state (dz/d¢=0), the above equation can be rewrit-
ten as

S = [Uxt)/K]Y"A™™/" = k,A®

where O indicates the concavity index; and the steep-
ness index (k) is expressed by a function of rock uplift
rate: ksz[U(x,t)/Iq””; and therefore, it is considered as
useful ones to derive quantitative estimates of relatively
uplift rate. As the concavity index varies among riv-
ers, to compare steepness of different rivers, the river
steepness should be converted to normalized steepness
index (k,,) by adopting a reference concavity (©,.) often
set to 0.45 (e.g., Kirby and Whipple 2012; Wobus et al.
2006). Normalized steepness index values (k) can thus
be derived utilizing MATLAB functions on the DEMs
data and mapped to infer variations in relative tectonic
uplift across the study area assuming similar K and
precipitation.

Erosional rate from fluvial shear stress
Because of postulated feedback between surface erosion
and tectonic uplift in equilibrium topography, analysis
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of erosional rate from fluvial shear stress was also car-
ried out for an independent tectonic uplift evaluation.
Due to a strong correlation with river incision, fluvial
shear stress was widely invoked to estimate erosional rate
(e.g., Godard et al. 2010; Lavé and Avouac 2001; Ye et al.
2022). The fluvial shear stress of river channel (1) can be
expressed by the following equation:

(QN)3/587/10
w3/5

where p is water density; g is gravitational acceleration; S
is channel slope; Wis channel width; N is channel rough-
ness coefficient correlated with grain size of river bed
sediments; and Q is discharge that can be expressed as a
power-law function of drainage area (A) as follows:

Q = kPA*®

where P is the annual precipitation; and k is an empirical
constant. The fluvial shear stress of river (t) can be con-
verted to erosional rate (i) via a non-dimensional param-
eter, Shields stress (1*). Shields stress (t*) and erosional
rate (i) can be calculated as follows:

T
(ps — 0)gDs0

=

I = K(T%—1T%c)

where p, and p is density of bedrocks and water, respec-
tively; Dg, is grain diameter of materials; K is erodibility;
1%, is the critical Shields stress values and the approxi-
mate value of the critical Shields stress is about 0.03.
Once the required parameters including S, W, N, Q, P, A,
D, p,, and K are determined, the values of fluvial shear
stress and erosional rate can be calculated. In this study,
river channel slope (S) and drainage area (A) are derived
using ALOS PALSAR 12.5-m, ASTER 30-m DEM data,
processed with ArcGIS software. Channel width (W)
is extracted from Google Earth images. The average
annual precipitation over the catchment was estimated
using monthly climate data (1970-2000) provided by
WorldClim 2.1 (Fick and Hijmans 2017), processed with
ArcGIS software for spatial analysis. The empirical con-
stant k was derived using a 21-year data set of discharge
(1989-2010), with an average value of around 55.5% 10°
m?/year, obtained from the Hoa Binh station, the larg-
est gauging station on the Da River (Vinh et al. 2014). As
the largest gauging station located downstream on the
Da River, Hoa Binh station may serve as a representative
site for discharge estimation. To estimate discharge (Q) at
ungauged locations, we apply the relationship Q=kPA*%
(e.g., Lavé and Avouac 2001; Ye et al. 2022), where P is
average precipitation and A is drainage area. Using the
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known discharge value at the Hoa Binh gauging station
with its corresponding P and A values, we calculated the
empirical constant k. This value was then used to esti-
mate discharge (Q) at other survey points within the Da
River system. Due to the rugged topography and limited
accessibility of the Da River, field measurements of sedi-
ment grain size (Dg,) were not feasible. However, field
observations and previous report (e.g., Nguyen 2006)
indicate that sediments in the upstream section are
dominated by gravels and cobbles. Accordingly, the cor-
responding sediment grain size (D5;) of 0.5 cm and chan-
nel roughness coefficient (N) of 0.1 are adopted (Whipple
2004). The erodibility (K) values of~1.6 and ~3.2 mm/
yr, along with density (p,) of 2700 kg/m? and 2500 kg/m?
for granitoids and sedimentary bedrocks, respectively (Ye
et al. 2022) are incorporated. Detailed parameter values
used for calculating the erosion rate along the Da River
can be found in Supplementary Appendix S1. Negative
values of erosion rate were obtained at certain locations
where the computed Shields stress (t*) was lower than
the critical threshold (tc*). These values are considered
non-physical meaningful and reflect the limitation of
the linear relationship i=K (t*-1c*). In this study, such
values were set to zero to ensure consistency and compa-
rability across the data set. Given the scale of the study,
this simplified adjustment is not expected to significantly
impact the overall results.

River terrace mapping

River terraces are step-like landforms resulting from river
system responses to regional uplift and climatic influ-
ences, and are thus considered key geomorphic features
recording climate changes and tectonic activities (Bur-
bank and Anderson 2011). Systematic investigation of
river terraces was lacking in the concerned northwestern
Vietnam, which is pivotal in constraining differential sur-
face uplift across the region of rather uniform humid sub-
tropical climate. In this research, river terrace mapping in
northwestern Vietnam is attempted by interpreting DEM
data and Google Earth images with aids from published
literatures and geological maps. We first identify areas of
low relief and quasi-planer surface along river channels
on Google Earth images as examples shown in Fig. 3, and
verify our mapping by crosschecks with detailed maps
along (segments of) the Red River Fault (Trinh et al.
2012) and the Dien Bien Phu Fault (Lai et al. 2012). Eleva-
tions of these preliminary-mapped terrace surfaces are
extracted by integrating Google Earth with the ALOS
PALSAR 12.5-m and ASTER 30-m DEMs data. Once
the elevation values are obtained, terrace locations are
plotted along longitudinal river profiles and the primary
sequence of terrace system can be established.
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Results

Normalized steepness index value

To illuminate differential surface uplift surrounding the
Dien Bien Phu Fault, normalized steepness index (k)
has been calculated for the entire river network with a
drainage area greater than 10" m? The resultant kg, val-
ues for the whole study area are exhibited in Fig. 4. Dis-
tribution of kg, values on opposing sides of the Dien Bien
Phu Fault are quite distinct: high kg, values of over 250
m®®, marked by orange and red colors, are more frequent
on the W/NW side of the fault; the E/SE side of the fault,
with a few exceptions, is characterized by relatively lower
kg, values marked in blue to green with the values of less
than 200 m®® (Fig. 4). Similar trend can be found along
the main channel of the Da River, a major river draining
orthogonal across the fault, with conspicuously higher k,
value (22 m®?) in the upstream segment W/NW of the
fault than in the downstream part to the E/SE (around 10
m®?) as shown in Fig. 5b. Overall, the value of ky, on W/
NW side of the fault is relatively higher than that on the
S/SE side, suggesting the presence of a relatively high sur-
face uplift rate on this side of the Dien Bien Phu Fault.

Erosional rate derived from fluvial shear stress

The erosional rate values determined from fluvial shear
stress are calculated along the Da River across both sides
of the Dien Bien Phu Fault (Figs. 4 and 5a). The derived
erosional rate ranges from 0 to 2.0 mm/yr on the W/NW
side of the fault, compared with 0 to 0.6 mm/yr on the E/
SE side. Higher values of erosional rate, shown by dark
blue color (Fig. 4), are more frequent on the W/NW side
of the fault; similar pattern is exhibited in the histogram
(Fig. 5a) showing values scattered with ~30% more than
0.2 mm/yr to the W/NW of the fault, while over 90% less
than 0.2 mm/yr to the E/SE. Overall, the result from ero-
sional rate values is in good agreement with kg, values
with relatively higher values on the W/NW side than the
E/SE side of the Dien Bien Phu Fault.

River terrace distribution and characteristics of terrace
sequences

The distribution of the observed river terraces along
the Da River based on Google Earth imagery interpre-
tation and ALOS PALSAR 12.5-m, and ASTER 30-m
DEM data cross-check is presented in Fig. 3 and the
detail information of terrace data is listed in Supple-
mentary Appendices S2 and S3. The elevation of the
observed terraces is also plotted along the longitudinal
profile of Da River (Fig. 5¢), and up to 3 terrace levels
can be recognized. Vertical separations among terrace
levels and riverbed are rather constant among each
other E/SE of the fault, with the first terrace level close
to the river bed at approximately 100 m above sea level
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Fig. 3 aTopographic map showing distribution of the observed terraces along the Da River. b-g Satellite imagery (Downloaded from Google
Earth, 2023) shows examples of the observed terraces along the Da River

and the second and the third terrace levels at around  with increasing vertical separations from the fault trace

120-130 m and 140-150 m, respectively; in contrast, toward the divide, likely implying different tectonic

this regular pattern disappears W/NW of the fault characteristics with respect to the E/SE side of the Dien
Bien Phu Fault under rather uniform regional climate.
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Discussion
Differential surface uplift patterns across the Dien Bien
Phu Fault
Key observations that emerge from our geomorphic anal-
yses are: (1) high kg, values are mostly distributed on the
W/NW side of the Dien Bien Phu Fault (Figs. 4 and 5b);
(2) the erosional rate extracted from fluvial shear stress
is higher on the W/NW side of the fault compared to the
other side (Figs. 4 and 5a); and (3) the elevated vertical
separations between different terrace levels also observed
on the W/NW side of the fault (Fig. 5¢c). Besides tectonic
factors, effects from lithology and climate have to be dis-
cussed for these observed data variations.

Different lithology and climate (particularly precipita-
tion variations) settings can alter the shape of river pro-
file and thus may affect values of kg, in the study area.

(See figure on next page.)
Fig. 5 a Erosional rate values (black dots) and their frequency distributions (

d erosional rate values along the Da River

Data compiled from the official geological map (Fig. 2)
and the published literatures (e.g.,Lai et al. 2012; Roger
et al. 2014) exhibit that (meta-) sedimentary rocks are
the most common rock type in the study area, indicating
that the observed variations of k, values are not primar-
ily contributed by lithology effects. Regional precipitation
data (Do et al. 2020) demonstrates that no substantial
changes exist in rainfall amount across northwestern
Vietnam with an average annual precipitation value of
around 1500-1800 mm/yr. Therefore, non-tectonic fac-
tors including lithology and climate alone are unable to
account for the observed kg, value changes in our study
area, particularly across the Dien Bien Phu Fault. In other
words, tectonics is likely to be the main factor for dif-
ferential k, values in the study area and thus, the con-
centrated distribution of high k, values on the W/NW

gray lines and rectangles) in the NW and SE of the Dien Bien Phu Fault.

The lithology units are shown below with the colors corresponding to the same color in the geological map as shown in Fig. 2a. b Longitudinal

river profile of the Da River (black line) and the values of the normalized stee

pness index (k) in the different sides of the Dien Bien Phu Fault.

The triangles show the beginning and the end of the regression. Upper right rectangle shows log-log plots of gradient and drainage area data,
which were used to calculate the kg, values of the regressed segments. ¢ Longitudinal river profile (black line) and the analyzed terrace correlations

along the Da River. Black circle, red triangle, and green square—with bar sho

w different levels of terraces
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side of the Dien Bien Phu Fault implies a relatively higher
uplift rate compared to the other side.

The values of erosional rate are similarly affected by cli-
mate, bedrock lithology and tectonics. Climate forcing
plays a vital role on controlling extent of surface erosion
by runoff intensity. Considering the average temperature
and precipitation data (Schmidt-Thomé et al. 2014), the
climate condition is rather constant over the entire study
area, suggesting that climate forcing seems not capable in
producing the observed erosional rate differences. Vari-
ation in lithology may influence erosional rate values, as
river flowing across different rock types with different lev-
els of erodibility. Thus, to evaluate the potential influence of
lithology on erosional rates, we imposed lithological units
on the resulting erosion rates values (Fig. 5a). In general,
high values of erosional rates would be expected in areas
dominated by sedimentary/metasedimentary rocks, which
are typically less resistant to erosion than igneous or high-
grade metamorphic rocks due to their fine-grained com-
position and weaker consolidation. However, our results
show no significant correlation between erosional rate and
lithology as high erosion values observed in both igneous
and sedimentary/metasedimentary units. In addition, the
highest erosional rates of approximately 2 mm/yr, that typi-
cally be expected in areas dominated by sedimentary/meta-
sedimentary rocks, are instead occur in regions of igneous
rocks as shown in Fig. 5a. Therefore, we suggest that lithol-
ogy has minimum influence on the spatial variation of
erosional rates in our study area. Similarly, to examine the
potential control of lithology on topography, we also over-
laid lithological units onto the swath profiles CC; DD; and
EE’ (Fig. 2b) to observe how elevation varies across differ-
ent rock types. The results indicate that elevation patterns
appear largely independent of lithology. For example, in
swath profile CC; the elevation of sedimentary/metasedi-
mentary unit (SW side of Da River) is even higher than that
of igneous rocks (NE side of Da River). In swath profile DD;
although lithology varies along the profile, the elevation
remains nearly constant. Conversely, in swath profile EE,
where a significant difference in elevation is observed, the
lithology remains largely the same across the profile. These
examples further support the interpretation that lithology
is not primary factor effected spatial variation of erosional
rates in this study. Since forcings of climate and lithology
are insufficient to explain the observed spatial variation of
erosional rate across the Dien Bien Phu Fault, differential
tectonic uplift enhanced on the W/NW side is considered
the major factor. This agrees with documented positive cor-
relation between tectonic uplift and erosion in many oro-
genic and tectonically active regions, including the eastern
margin of Tibetan Plateau (e.g., Cook et al. 2018) and the
northern Andes (e.g., Ott et al. 2023), based on the ration-
ale of equilibrium topography.
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Formation of river terrace is controlled not only by
neotectonics, but also by non-tectonic factors, such as
sea-level fluctuations and climate changes. However,
the study area located far from the sea, both in terms
of geographic distance and elevation perspectives, eus-
tatic sea-level changes are unlikely to have a significant
impact. In addition, since the region has a relatively uni-
form subtropical monsoon climate, climatic factors are
not deemed capable in triggering the observed expand-
ing vertical separations among the three terrace levels
W/NW of the Dien Bien Phu Fault. The diverging and
elevated terrace levels are thus primarily the result of sur-
face uplift, likely driven by ongoing crustal movements.
This pattern is similar to other river terrace systems in
tectonically active regions, such as the Himalayas and
Taiwan, where dramatic vertical separation of terraces
occurs due to intense tectonic uplift (e.g., Dutta et al.
2012; Joshi et al. 2022; Liew et al., 1990).

In summary, the most striking observation regarding
geomorphic analyses across the Dien Bien Phu Fault is
the concurrence among the region of high normalized
steepness index, high erosional rate, and high vertical
separations of river terraces spatially distributed on the
W/NW side. Given that non-tectonic factors, including
climate, lithology, and sea-level effects having negligible
influences, the spatial association of the high values of
normalized steepness index, erosional rate, and vertical
separations between terrace levels are best attributed to
a relatively higher tectonic uplift rate on this side of the
fault as compared to the E/SE side.

Tectonic implications for crustal dynamics

As previously discussed, the spatial correspondence
between regions of high normalized steepness indices,
high erosion rates and wide terrace level separations
suggests relatively higher uplift rate on the W/NW side
of the Dien Bien Phu Fault as compared to its E/SE side,
while the relative uplift detected is not concentrated in
the near-fault area as commonly seen in elastic fault dis-
locations (e.g., Geist and Yoshioka 2004; Qiu et al. 2024).
Such spatially distributed uplift in the entire western fault
block, even with likely westward/northwestward increase
as seen in the amplifying terrace elevation separations
upstream (Fig. 5c), suggests ongoing crustal thickening
on this side of the fault.

In addition, seismic data from northern Vietnam
(Ha et al. 2024) indicate the occurrence of a low veloc-
ity zone of both P and S waves beneath the W/NW side
of the Dien Bien Phu Fault. The lowest S-wave velocity
anomaly occurs at depths of around 20 km to over 30 km
and terminates almost under the fault trace, with little to
no extension into the E/SE side (Fig. 6). This low veloc-
ity zone implies the presence of weak ductile materials in
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mid-to-lower-crust beneath the W/NW side of the Dien
Bien Phu Fault. The spatial coincidence between this
deep weak crust and surface uplift inferred from geomor-
phic analyses led us to speculate that the underlying weak
crustal zone, part of the deep ductile mass arriving from
the Tibetan—Himalayan collision, may have facilitated
crustal thickening on the W/NW side of the Dien Bien
Phu Fault.

A similar geodynamic scenario has also been docu-
mented along the Xianshuihe—Xiaojiang Fault, where
several geological and geophysical studies indicate that
the western region of this fault has experienced crustal
thickening and a low-seismic velocity in the mid-to-lower
crust, which have been further interpreted as indicative
of ductile mid-to-lower crustal flow propagating from the
Tibetan Plateau (e.g., Bai et al. 2010; Wang et al. 2010a,
b; Yang et al. 2020). Notably, the Dien Bien Phu Fault is
widely regarded as the southeastern continuation of the
Xianshuihe—Xiaojiang Fault system, based on both spa-
tial alignment and kinematic characteristics (e.g., Burch-
fiel 2004; Lai et al. 2012; Shen et al. 2005). Given this
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tectonic linkage, it is plausible that the ductile channel
flow along the Xianshuihe—Xiaojiang Fault could extend
into the Dien Bien Phu region. This ductile channel flow
could be resulted from thermal weakening of rheol-
ogy through anomalous thickening of continental crust
(e.g., Clark et al. 2004; Royden et al. 2008) and/or asthe-
nosphere upwelling during lithospheric delamination
(Chung et al., 1998). Under the bulldoze of Indian con-
tinent, the weak ductile mid-to-lower crust of adjacent
Tibetan Plateau would be driven eastward and southeast-
ward as channelized flow accompanied by tugged move-
ments of the overlying brittle crust fragments (Royden
et al. 2008; Tan et al. 2017). In this context, the Dien Bien
Phu Fault may represent a part of the current front of the
propagating mid-to-lower crust ductile flow, which thick-
ens the crust west of the fault and facilitates enhanced
differential uplift (Fig. 6). The hypothesized channelized
ductile flow and the resultant surface uplift may still be
advancing southeastward with the Dien Bien Phu Fault
merely serving as a temporary propagation front, or may
be buttressed along the fault if it constitutes a significant
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Fig. 6 Plausible tectonic model illustrating surface uplift and recent movements along the Dien Bien Phu Fault. S-wave velocity structure

beneath northern Vietnam is modified from Ha et al. (2024). As the India continually bulldozing the Asia continent, the weak ductile mid-to-lower
crust could be induced as a consequence of an over-thickened continental crust beneath the Tibetan Plateau (Royden et al. 2008). This weak ductile
layer is expected to propagate eastward and southeastward as channelized flow, accompanied by the related movement of the overlying brittle
crustal fragments. The arrival of such a channelized flow together with movements of the upper crustal fragment from the southeastern Tibetan
Plateau could have accounted for differentially thickening the crust with relatively high uplift on the W/NW side and left-lateral displacement

along the Dien Bien Phu Fault. Please refers to section "Tectonic implications for crustal dynamics" for more details
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upright crustal discontinuity as reactivation of a major
Jurassic dextral fault (Lin et al. 2009). The presence of
differential surface uplift across the the Dien Bien Phu
Fault, and the possible crustal thickening due to existence
of mid-to-lower crust ductile flow W/NW of the fault,
have significant implications for seismic hazard assess-
ment and crustal rheology of northern Vietnam and also
offers a valuable contribution to understanding the defor-
mation processes in SE Asia. We acknowledge that this
tectonic interpretation remains a speculative hypothesis
and is proposed here as a plausible model rather than a
definitive conclusion. More geophysical studies, such as
seismic tomography, crustal receiver function analysis, or
magnetotelluric imaging, are needed to verify the rheo-
logical constituents and presence of the ductile chan-
nel flow beneath our study area, and further elucidate
regional tectonic dynamics.

Conclusions

We present a new geomorphic data to constrain vertical
displacement of the Dien Bien Phu Fault, northwestern
Vietnam. The results from this study show a significant
association among regions of high normalized steepness
indices, high erosional rates and wide terrace separa-
tions spatially distributed on the W/NW side of the fault.
Given that non-tectonic effects appeared to play minimal
roles, tectonics seems to be the dominant factor driving
the observed differential geomorphic pattern. Thus, the
spatial variation of geomorphic pattern is possibly associ-
ated with differential surface uplift across the Dien Bien
Phu Fault with a significant high uplift rate on the W/NW
side as compared to the E/SE side. Integrating our results
with existing data, we postulate that active movements of
the Dien Bien Phu Fault are associated with deep tectonic
processes of the Tibetan Plateau orogenic system. As the
India continually bulldozing the Asian continent, induce
the ductile mid-to-lower crust could be produced in the
thickened lithosphere beneath the Tibetan Plateau, which
would extrude radially outside the plateau and propagate
toward southeastward throughout the N-to-NE-trending
active faults. The arrival of a such channelized mid-to-
lower crust ductile flow could thus differentially thicken
the crust and uplift the W/NW side of the Dien Bien Phu
Fault.
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