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The Fansipan and Tule mountain ranges, northern Vietnam, are regions with high
elevations and are adjacent to the Red River Fault, which is an important structure that
is related to the India-Eurasia collision. How mountain elevations are maintained today
under a humid subtropical climate is important for improving the knowledge of the tectonic
deformations in northern Vietnam and may have broader implications for the crustal
dynamics of circum-Tibetan regions. We therefore utilized observations from field and
digital elevation model (DEM) data and geomorphic analyses to constrain the active fault
systems that have likely contributed to the uplift of mountain ranges. Our observations from
DEM and field data indicate potential active normal and strike-slip faults such as the Phong
Tho-Nam Pia Fault, Tule Fault, and Nghia Lo Fault. In addition to these observations, the
results from geomorphic indices, which include both the stream-length gradient index (SL)
and normalized steepness index (ksn), present high values for the footwalls of the inferred
normal faults and low values for the hanging walls. Most of the identified knickpoints are
related to the locations of mapped faults. Correlations of these data indicate that recent
movements of the Fansipan and Tule mountain ranges are dominated by strike-slip and
normal faulting under a NE-SW minimum extensional regime. We therefore propose that
extensional tectonics associated with isostatic rebound likely plays a role in maintaining
mountain elevations over long periods despite the continuous weathering and erosion
present in monsoon-affected areas.

Keywords: stream-length gradient index, normalized steepness index (ksn), Fansipan and Tule mountain ranges,
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INTRODUCTION

Over the last few decades, there has been increasing interest in how the Earth’s crust deforms on the
Tibetan Plateau and its surrounding regions as a result of the collision between the Indian and
Eurasian plates (e.g., Burchfiel, 2004; Kirby and Ouimet, 2011; Molnar and Tapponnier, 1975; Shen
et al., 2005; Tapponnier et al., 1982). Many studies have been carried out in mountainous areas within
and surrounding major strike-slip faults, which are some of the most important structures related to
the India-Eurasia collision (e.g., Schoenbohm et al., 2004; Wang et al., 2016, 2017). Most of these
studies focused on analyzing the tectonic deformations in the central and eastern Tibetan Plateau to
the Chinese Yunnan regions. There have been few studies in northern Vietnam despite this area
being one of the key regions for understanding crustal deformation related to this collisional event,
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where the well-known Red River Fault (RRF), which is an
important tectonic structure formed by the collision, cuts
though the region (Tapponnier et al., 1990). In northern
Vietnam, the abrupt high elevations of the Fansipan and Tule
mountain ranges, which comprise mountain peaks that are more
than 3,000 m above sea level, are present adjacent to the RRF,
which is a strike-slip dominated fault. How such high elevations
formed and were maintained under a humid subtropical
monsoon climate is central to understanding the tectonic
deformation in this area and may have implications for crustal
dynamics in the circum-Tibetan region.

The elevations of mountain ranges are controlled by three
main processes: tectonic forces, climate-controlled erosion and
isostasy (Wang, 2020). Tectonic forces either push mountains up
against gravity or prevent mountains from falling under their
own weight. Climate-controlled erosion is the process of
removing material and limits mountain heights. Isostasy
maintains a balance between mountains and the viscous fluid
of the mantle. Isostasy acts in response to the other two processes;
thus, to explain how the elevations of mountains are maintained,
it is necessary to understand the tectonic activities and erosional
processes present in the study area. In northern Vietnam, the
climate is subtropical monsoon, which is characterized by
relatively high temperatures and humidity. Erosion in this
region is intense and effectively removes materials from
mountain ranges, as is proven by the thick soil layers with
thicknesses up to a few meters. Under the intense impact of
erosion, tectonic activities have a dominant role in maintaining
the high elevations of mountain ranges. The mountain ranges
were likely thickened in the subsurface with basal accretion of
materials as shown in the case studies of Byrne et al. (2011) and
Chen et al. (2018, 2019). At the same time, extensional
mechanism may also accompany exhumation of mountains as
indicated in the case studies of Crespi et al. (1996) and Stern et al.
(2005). Therefore, in this study, we attempt to provide new data
on the tectonic activities in the Fansipan and Tule mountain
ranges to address the question of the driving mechanism that
maintains the high elevations of these mountain ranges.

With the availability of digital elevation model (DEM) data,
tectonic geomorphology studies have provided more insights for
determining surface deformations and locating tectonic
movements in active regions, especially in regions that are not
easily accessible to mountainous areas (e.g., Kirby et al., 2000;
Chen et al., 2015; Giletycz et al., 2015; Gaidzik and Ramírez-
Herrera, 2017). DEM data are considered to be a powerful tool for
visualizing the shapes of land surfaces and for quickly identifying
geomorphic features, such as surface ruptures or offsets of rivers.
As technological advances have dramatically improved, ALOS
PALSAR 12.5-m and ASTER 30-m are the most recent freely
available high-resolution DEM data in the world. Although
applying these data to explore surface deformations and fault
systems is widely used in active regions, this methodology is still
new for studying tectonic deformations in Vietnam. This study
used the DEMdata fromASTER 30-m andALOS PALSAR 12.5-m,
which are the most recent high-resolution datasets available for
northern Vietnam. The ASTER 30-m DEM is developed from
stereo-pair images obtained by the Terra satellites that were

launched to the space in December 1999. The ALOS PALSAR
12.5-m DEM is produced by the Advanced Land Observing
Satellite launched in 2005. By using the DEM data from ASTER
30-m and ALOS PALSAR, we attempt to visualize the land
surface and detect possible active movements in the Fansipan
and Tule mountain ranges. To extract tectonic signals from
topography, we analyzed geomorphic indices, including the
stream-length gradient index (SL) and normalized steepness
index (ksn), which are useful to investigate and explore the
spatial distributions of tectonic activity in active areas (e.g., Font
et al., 2010; Di Naccio et al., 2013; Chen et al., 2015; Gaidzik and
Ramírez-Herrera, 2017). Combining the geological maps,
Google Earth images, DEM data and field observations, we
attempt to provide new data on the tectonic activities in the
Fansipan and Tule mountain ranges to better constrain how
mountain heights are maintained today, which may have
broader implications for tectonic deformations in and
surrounding the Tibetan Plateau.

GEOLOGICAL BACKGROUND

There are two main tectonic events that influenced the structural
deformations in northern Vietnam (Figure 1). The first is the
Indosinian Orogeny event that is related to the closure of the
Paleo-Tethys Ocean, which was followed by the collision of the
South China and Indochina plates during Permian-Triassic Time.
Its boundary is defined in the Song Ma Zone (SMZ), where
eclogite-bearing ophiolites are documented (Zhang et al., 2013).
The second event is related to the southeast extrusion of the
Indochina plate along the Ailao Shan-Red River shear zone (AS-
RRSZ) as a result of the India-Eurasia collision in Cenozoic time.
The Red River Fault (RRF) is located on the flank of the AS-RRSZ
and is an active strike-slip fault that is associated with recent
crustal deformations that were affected by the India-Eurasia
collision. In this study, the RRF and AS-RRSZ are separated
into two different structures. The RRF exhibits active right-lateral
movement (e.g., Allen et al., 1984; Schoenbohm et al., 2004),
while the AS-RRSZ is an older structure that is characterized by
left-lateral ductile shearing movement that occurred in the
Oligocene-Miocene (e.g., Schärer et al., 1990; Tapponnier
et al., 1990; Leloup et al., 2001). Numerous studies have
addressed the influence of these two tectonic events on the
tectonic deformations in northern Vietnam (e.g., Leloup et al.,
1995; Chung et al., 1997; Leloup et al., 2001; Searle et al., 2010;
Faure et al., 2014; Yeh et al., 2014). However, most of them
focused only on the deformations at tectonic boundaries such as
the SMZ, AS-RRSZ, and RRF, which have left a knowledge
vacuum regarding the transition zones among them. The
Fansipan and Tule mountain ranges are located between the
RRF to the northeast and SMZ to the southwest (Figure 2,
Figure 3) and may serve as an important area to bridge the
gap in the structural evolution of the transition zones of these
tectonic boundaries.

The Fansipan and Tule mountain ranges are approximately
30–50 km wide and 200 km long NW-trending topographically
high regions with a highest elevation of 3,143 m above sea level.
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The Fansipan mountain range mainly consists of intrusive
igneous rocks. The Permian-Triassic rocks in this mountain
range are predominantly igneous rocks, but the ages of all
igneous rocks present a range from Neoproterozoic to
Cenozoic (Lan et al., 2001; Nam, 2001; Tran et al., 2015;
Usuki et al., 2015). In contrast to the Fansipan mountain
range, the Tule mountain range consists mainly of extrusive
igneous rocks with Permian-Triassic ages (Shellnutt et al.,
2020). Petrogenesis studies (Tran et al., 2015; Usuki et al.,
2015) have indicated that the Permian-Triassic igneous rocks,
including both the intrusive and extrusive rocks in the Fansipan
and Tule mountain ranges, have a genetic relationship with rocks
in the Emeishan Mantle Plume (EMP) in China. It is suggested
that the displacement of the Fansipan and Tule blocks from the
original location (China) to the current position (northern
Vietnam) is due to shearing of the AS-RRSZ (Tran et al.,
2015). The Fansipan and Tule mountain ranges are now
known as a region with the highest elevations and thickest
crust in northern Vietnam with a crustal thickness of
approximately 40 km beneath these mountain ranges (Nguyen
et al., 2013), but the source of crustal thickening remains unclear.
Based on the literature, there are several explanations for the
source of crustal thickening in these mountain ranges. One is that
the crust in these mountain ranges thickened during the
Indosinian episode and was related to the collision between
the Indochina and South China plates (Carter and Clift, 2008).

The second is that the great crustal thickness accumulated as a
result of magmatic activities related to mantle plumes (Tran et al.,
2015). This is possible because the major rock type in these
mountain ranges is the Permian-Triassic igneous rocks, and their
origin is interpreted as being from amantle plume associated with
the EMP (Shellnutt et al., 2020; Tran et al., 2015). The other
possibility is that the high elevations and thickened crust of the
Fansipan and Tule mountain ranges formed as a result of crustal
deformations related to the India-Eurasia collision (Leloup et al.,
2001). This may have occurred because these mountain ranges
are spatially associated with the Himalayan syntaxis through the
RRF, which is one of the largest strike-slip faults that resulted
from the India-Eurasia collision. Although the onset of crustal
thickening that may have caused surface uplift in the Fansipan
and Tule mountain ranges is uncertain, when considering the
present high elevations of the Fansipan and Tule mountain
ranges under humid subtropical monsoon climates, it is
suspected that uplift of these mountain ranges has continued
to this day. The discussion concerning about the role of erosion
and tectonics on the mountain range have been mentioned in
many published research works (Hooke, 2003; Clark et al., 2004;
Burbank and Anderson, 2011; Wang, 2020). The erosion reduces
the high elevation of themountain by removing crust material. To
maintain high elevations of the mountains for such a long time
under erosional processes, the tectonics is the dominant factor
driven uplift of the mountain range. Therefore, a detailed

FIGURE 1 | Geographic reconstructions of two main events controlled tectonic deformations of northern Vietnam. (A) A series of Tethyan sutures relate to
Gondwanaland dispersion and Asian accretion in Permian-Triassic time (Modified from Faure et al., 2014). In northern Vietnam, Triassic-Permian event relates to the
closure of Paleo-Tethys and subsequent collision of Indochina and South China blocks as defined as Indosinian Orogeny. The evidence of that event was recognized in
Song Ma suture and Sam Nua arc. (B) Cenozoic tectonic deformation of Southeast Asia (Modified from Tapponnier et al., 1982). Solid lines represent major faults.
Black arrows indicate direction of strike-slip faults. Large colorless arrows present relative movement of blocks respect to Central Asia. Small colorless arrows indicate
direction of extrusion-related extension. Barbed lines are thrust fault. Number refers to extension phase: 1–50–20 Ma; 2–20–0 Ma. EMP is Emeishan Mantle Plume, AS-
RRSZ is Ailao Shan-Red River Shear Zone; RRF is Red River Fault.
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investigation of active movements in the Fansipan and Tule
mountain ranges is necessary to understand the tectonic
mechanism that maintains mountain elevations under
intensive erosional processes. In this study, which is based on
our previous work in the Fansipan mountain range (Dinh et al.,
2020), we analyzed geomorphic features using high-resolution
DEM data to provide constraints on the active movements in the
Fansipan and Tule mountain ranges and to further understand
the mountain building processes not only in Vietnam but also
throughout the world.

METHODS

In this study, the ALOS PALSAR 12.5-m and ASTER 30-m
DEMs were utilized to detect topographic features and surface
lineaments. To identify whether the topographic features and
surface lineaments detected are faults, we also compared them
with the previous mapping of faults shown in geological maps
and double-checked them from field data and high-resolution
Google Earth images. Longitudinal river profiles were also
constructed by using the DEMs. To obtain the tectonic

deformation signals from the landscape, fifteen longitudinal
river profiles were constructed. The names and locations of the
analyzed rivers are shown in Figure 10. The procedures used
to extract river profiles from DEM data are described in Dinh
et al. (2020) and briefly below. A drainage system with flow
direction and flow accumulation is constructed on a DEM, and
data omissions and anomalies are removed. A stream network
can then be delineated by setting the threshold value for flow
accumulation (105 m2 for this work). Once the stream
networks have been obtained, the river profiles can be
extracted for stream-length gradient index (SL) and
normalized steepness index (ksn) analyses (Figure 4).

The SL index was developed to reflect stream power in the
pioneering study of Hack (1973) and was later developed into a
method to detect tectonic signals from landscapes (Merritts and
Vincent, 1989; Troiani and Della Seta, 2008; Font et al., 2010).
The SL index is expressed as:

SL � (ΔH/ΔL) pL (1)

where ΔH is the elevation difference, ΔL is the difference in
length, and L is the horizontal distance from the center of the
reach to the drainage divide. This index easily detects slope

FIGURE 2 | (A) Tectonic map of northern Vietnam showing distribution of themajor structures and faults: SMZ- SongMa Zone, MRF-Ma River Fault, DRF- Da River
Fault, RRF- Red River Fault, and DBPF- Dien Bien Phu Fault; (B) Simplified geological map within and surrounding the Fansipan and Tule mountain ranges, northern
Vietnam (After 1: 1,500,000 geological map, General Geological Department of Vietnam, 1983). Red solid line presents fault. Dashed polygon indicates the study area.
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changes, so it is usually used to assess the impacts of tectonics and
lithological contrasts on elevations. In a study area where the
lithology is uniform, the SL index is widely used to detect
differential tectonic uplift in active regions.

Analyses of ksn are also carried out for comparison with the
results from the SL index. This index is established based on the
relationship between the slope (A) and drainage area (S) of a
river. The river slope the can be expressed as follows:

S � ksA
−θ (2)

where ks is the steepness index and θ is the concavity. The basis of
the method is that in active regions, tectonic forces can steepen
rivers, which increases the river slope and impacts the drainage
area. As a consequence, ks has a higher value in those areas than in
places with nontectonic activity. Recently, ks has been widely used
to detect the response of rivers to changes in tectonic activities
(e.g., Wobus et al., 2006; Kirby and Ouimet, 2011; Chen et al.,
2015). ks values can be determined by regressions of the slope and
drainage area data (see Equation 2). This value has a mutual

relationship with θ. Therefore, to interpret the steepness index,
the reference concavity (θref) is used to normalize the ks value. In
this study, a reference concavity (θref) of 0.45 was used for all
analyzed rivers. The normalized steepness index (ksn) can be
expressed as:

ksn � ks Acent−(θref−θ) (3)

where Acent is the area of the midpoint of the analyzed segment
(Wobus et al., 2006). To easily discern anomalies, ksn values are
commonly presented on map view by using MATLAB and
ArcGIS software.

In addition to analyzing geomorphic indices, we also mapped
knickpoint locations, which are considered as important
locations to detect possible fault lineaments. Based on the
longitudinal river profiles and slope-area data, the knickpoints
are classified into two main groups: vertical-step and slope-break
knickpoints (see Figure 4C and Kirby andWhipple, 2012;Wobus
et al., 2006 for a detail discussion). Vertical knickpoints are
related to discrete heterogeneities along river profiles and often

FIGURE 3 | (A) Topographic map showing drainage network, major active strike-slip faults complied from literature, and possible active normal fault inferred from
topography and field observations. Thin blue lines indicate river system. Yellow triangles represent triangular facets. Dashed orange line is the line connecting the crests of
the mountain ranges. Red line with directions indicate active strike-slip fault. Red lines with barbs represent the inferred normal faults. (B) Swath profiles with the strip
width of 10 km on the cross-section lines A-A′ and B-B’.
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do not have tectonic significance (Kirby and Whipple, 2012).
However, slope-break knickpoints are related to persistent
changes in forces along rivers, which are possibly related to
the tectonic activity of fault systems (e.g., Wobus et al., 2006;
Kirby and Whipple, 2012). Therefore, mapping knickpoint
locations plays an important role for tectonic interpretations
in active regions.

RESULTS

Observations From Digital Elevation Model
and Field Surveys
The prominent geomorphic feature in the Fansipan and Tule
mountain ranges is an asymmetrical form of the entire ridge
expressed by steeper, narrower hillslopes on the southwestern
sides and wider, gentler hillslopes on the northeastern sides, as
is shown in Figure 3. The crests of the mountain ranges are
located close to the southwestern sides of the mountain
ranges. The drainage systems are also different on the two
sides of the mountain ranges. The rivers on the southwestern
sides are shorter and steeper than those on the northeastern
sides. Despite occupying a small percentage of the land
surface, rivers serve as the most sensitive indicator of

active tectonics when compared to other morphological
features (Whipple, 2004). In active mountain ranges, rivers
tend to be shorter and steeper on the flanks adjacent to faults,
as was proven in the development of drainage systems in the
western United States and central Greece (Leeder and Jackson,
1993). The short, steep rivers on the southwestern sides of the
Fansipan and Tule mountain ranges are similar to the rivers in
the western United States and central Greece, which probably
suggest that active faulting is present on the sides of the
mountain ranges. In addition to river systems, the
markedly linear southwestern flanks of the Tule and
Fansipan mountain ranges present impressive range-front
scarps with well-developed triangular facets, as observed
from the field and satellite images (Google Earth)
(Figure 5, Figure 6). The triangular facets, which generally
form due to erosion of fault-bound mountain ranges, are one
of the most prominent geomorphic features that indicate
active normal faulting (Burbank and Anderson, 2011). The
steep triangular facets along the southwestern flanks of the
Fansipan and Tule mountain ranges resemble those described
in tectonically active range fronts elsewhere, such as in
northern Norway (e.g., Osmundsen et al., 2009) and
eastern Pamir (e.g., Brunel et al., 1994). Therefore, it is
possible that the pattern of steep triangular facets on the

FIGURE 4 | (A)Measurement of the stream-length gradient index (SL); (B)Measurement of the normalized steepness index (ksn); (C)Classification of knickpoints in
terms of both river profile and slope-area data (After Kirby and Whipple, 2012).
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southeastern sides of the Fansipan and Tule mountain range is
associated with active normal faulting.

In the southeastern part of the Tule mountain range, a
transtensional-like structure was found in the Nghia Lo Basin
(Figure 7A). Left-lateral movements appear to have created
river offsets that are easily observed in the Ngoi Hut and Ngoi
Thia Rivers. Our mapping results show left-lateral offsets of
up to 15 km in the Ngoi Thia River and 18 km in the Ngoi Hut
River (Figures 7B,C). In addition to left-lateral movement
inferred from river networks, traces of normal fault
lineaments can also be mapped using 3D perspective views
derived from the 12.5-m DEM (Figure 7D). The triangular
facets are probably related to active normal faulting and have
been observed on both sides of the Nghia Lo Basin. It seems
that transtensional displacement, as indicated by both normal
and strike-slip movements (Figure 7E), is probably a driving
mechanism for basin formation and evolution in the Nghia Lo
area. Furthermore, field surveys also carried out to double
check our interpretations of faults derived from the DEM
data. In the field, evidence for transtensional displacement, as
presented by strike-slip motion with normal component, has
been observed in the outcrop near Nghia Lo town (Figure 8).
Based on the morphological characteristics of the river
system, triangular facet pattern, youthful landform, and
observations of rock offsets and fault slickensides, the
inferred normal and strike-slip faults have been mapped
along the southwestern side of the mountain ranges and
the Nghia Lo Basin, as shown in Figure 3.

Geomorphic Analyses
Stream-Length Gradient Index
The SL index is calculated for every point at distances of 2 km
along the length of the main trunk of each analyzed river. A
map of interpolated SL values is shown in Figure 9. On the
interpolated SL map, the SL values range from 0 to more than

900 m. A significant correlation was not found between
lithology and the SL index (see Figures 2, 9). High SL
index values have been documented for all rock types
exposed in the study region, such as intrusive igneous
rocks (on the SW side and some on the NE side of the
Fansipan mountain range), extrusive igneous rocks (on the
SW side of the Tule mountain range), metamorphic rocks (on
the NE side in the southern part of the Fansipan mountain
range), and sedimentary rocks (south of the Da River Fault).
Instead, the SL index values increase toward the inferred
normal faults, such as the extremely high values (e.g.,
higher than 900 m, marked by red color in Figure 9) that
are adjacent to the inferred normal faults such as the Tule
Fault, Nghia Lo Fault and Phong Tho-Nam Pia Fault, as well
as close to the strike-slip Da River Fault. High SL index values
are not found along the RRF, except for the area close to the
NE side of the Fansipan mountain range.

Normalized Steepness Index (ksn) and Knickpoint
Distribution
Analyses of ksn values were carried out for the main rivers, as
indicated in Figure 10. The results of estimated ksn values for 15
rivers are presented in Figure 11. Each analyzed river has two to
four different ksn values that are associated with different
segments separated by main knickpoints. The results from our
study indicate that the ksn values vary from ∼13 m0.9 to more than
350 m0.9, as shown in Figure 11. However, despite such
variations, with the exception of river #15, the highest ksn
values were found for the second segments from river
confluences. In river #15, the highest ksn value of 136 m0.9

occurred in the last segment, and the lowest ksn value of
33.9 m0.9 occurred in the third segment. We also overlaid the
ksn values on the topographic map to obtain tectonic information.
In general, high ksn values were located on the footwalls of
inferred normal faults, whereas low ksn values were mostly

FIGURE 5 | (A, B) Satellite imagery (from Google Earth, December 18, 2019) and sketched map showing triangular facet pattern on the southwestern side of the
Fasipan mountain range (see Figure 3 for location); (C) Field photograph showing geomorphic indicators of possible active normal fault along the Phong Tho-Nam Pia
Fault.
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concentrated on their hanging walls. In rivers #9 to #12, where a
portion of the RRF cuts the mountain range, the ksn values on the
two sides of the fault are different, with higher values on the west
side and lower values on the east side. It seems likely that such
variations in ksn values are associated with the tectonic forces that
underly the high mountain range.

Based on the longitudinal river profiles and slope-area
graphs, 26 major knickpoints were identified along the
analyzed rivers. The types of knickpoints and their
distributions are shown in Figures 11, 12. Most of the
knickpoints are spatially associated with locations of
homogeneous lithology, with only a few exceptions for some
knickpoints in rivers #5, #8, #12, #14, and #15 (Figures 11, 12).
By following the method described in the study of Wobus et al.
(2006), the knickpoints in this study were also classified into
vertical knickpoints and slope-break knickpoints. All of

identified knickpoints in the study area are slope-break
knickpoints and most of them are spatially correlated with
the locations of the inferred normal and strike-slip faults
(Figure 12).

DISCUSSIONS

Tectonic Signals From Geomorphic Indices
The morphological features of rivers are products of both
tectonic and nontectonic factors (Burbank and Anderson,
2011). Nontectonic factors such as contrasting lithologies
and climate variations, which may lead to differences in river
gradients, can affect the values of the applied geomorphic index.
Therefore, to interpret tectonic information from geomorphic
indices, we first need to consider the potential influences of

FIGURE 6 | Satellite imagery (downloaded from Google Earth, December 18, 2020) shows an impressive range-front scarp with triangular facets on the
southwestern flank of Tule area. While line with barbs indicates inferred normal fault. White line presents triangular facets. White dash line shows drainage divides.
Number refers to slope value (in degree).
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other factors. Climate variations, especially changes in
precipitation, may influence geomorphic index values and
can affect knickpoint formation. However, in the Fansipan
and Tule mountain ranges, the subtropical monsoon climate
that is characterized by hot and humid environments dominates
the entire area. The monthly average precipitation is rather
uniform for the whole study area, with the lowest value of
∼50 mm in January and highest value of ∼1,000 mm in July
(Phan et al., 2009). Therefore, the climate does not appear to be
a cause for the observed differences in the SL and ksn values in
the Fansipan and Tule mountain ranges.

Variations in lithology may affect the SL values when rivers
flow across contacts with different rock types with different
rock strengths (Hack, 1973). Thus, we must consider the SL
values based on the effects of lithological variations. The

results of our study show that high SL index values are
observed for most rock types, such as intrusive igneous
rocks (on the SW side and some on the NE side of the
Fansipan mountain range), extrusive igneous rocks (on the
SW side of the Tule mountain range), metamorphic rocks (on
the NE side in the southern part of the Fansipan mountain
range), and sedimentary rocks (south of the Da River Fault). It
is possible to infer that lithology has a limited impact on the
spatial patterns of SL values in the Fansipan and Tule
mountain ranges.

Similar to the SL values, the ksn values are probably affected
by variations in lithology along the rivers. Thus, to determine
the potential influence of lithology variations, we overlaid the
lithological mapping results on the ksn value distribution, as
shown in Figure 11, and no clear correlation can be observed.

FIGURE 7 | (A) 12.5 m DEM imagery showing topographic features and fault systems in the northeastern side of the south part of the Tule mountain range (for
location see in Figure 3); (B, C)River offsets in Ngoi Hut andNgoi Thia River imply left-latearal movements along the Nghia Lo fault (images fromGoogle Earth, November
11, 2020); (D) 3-D image from 12.5 m DEM data showing possible fault traces and patterns of triangular facets on two sides of Nghia Lo basin that probably indicate
normal faulting in this area; (E) A proposed model for formation of Nghia Lo basin with both strike-slip and normal displacements.
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The ksn values do not vary significantly across lithologies but
may differ within the same rock type at the locations of
potential faults. In addition, the knickpoints do not seem to

be correlated with variations in lithology, and most knickpoints
are located in locations with homogeneous lithology (Figures
11, 12). Thus, lithology contrasts do not seem to exert

FIGURE 8 | (A, B)Normal faults exposed along roadcuts in outcrops VN01 and VN04, respectively; (C) Filed photo taking in themountain front of the SW side of the
Fansipan mountain range showing triangular facet pattern; (D, E) Calcite slickensides on the fault planes indicating normal fault movement in outcrops VN02 and VN03,
respectively; (F) Negative flower structure in outcrop VN05 shows extensional movement with a combination of normal and left-lateral movements in the Nghia Lo area.
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FIGURE 9 | The map showing the stream-length gradient index (SL) values within and surrounding the Fansipan and Tule mountain ranges.

FIGURE 10 | Topographic map showing the distribution of major faults (black lines) within the Fansipan and Tule mountain ranges and adjacent areas. The thin blue
lines show the river systems. The thick blue line shows the rivers used for the river profile and normalized steepness index analyses. The number before the river labels the
name of the analyzed river.
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conspicuous effects on ksn value variations and knickpoint
formation in the study area.

Therefore, tectonic processes are the main controlling factor
for the variations in SL and ksn in the study area. In other

words, the differences in landscape characteristics as well as
geomorphic index values observed in our study possibly reflect
tectonic activities, e.g., the fault systems underlying mountain
ranges.

FIGURE 11 | Longitudinal river profiles and the values of the normalized steepness index (ksn) along the analyzed rivers. The lithology units where the river flows
through are presented above the longitudinal river profiles with the color corresponding to the same color as shown in geological map (Figure 2). Upper right rectangular
represents log-log plots of gradient and drainage area data. The locations of the analyzed rivers are shown in Figure 3. The back circles on both the longitudinal river
profiles and log-log plots of gradient and drainage area represent knickpoints. The values of the normalized steepness index are indicated by different colored lines.
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New Constraints on Active Movements of
the Fansipan and Tule Mountain Ranges
The Fansipan and Tule mountain ranges are located in the
southeasternmost region of the Himalayan syntaxis, which is
spatially associated with the Tibetan Plateau through the RRF, an
important structure related to the Cenozoic collision of the Indian
and Eurasian blocks (Allen et al., 1984; Replumaz et al., 2001).
Many studies have been carried out in the Fansipan and Tule
mountain ranges that have focused on igneous geochemistry and
petrogenesis (e.g., Lan et al., 2001; Dung et al., 2012; Usuki et al.,
2015; Shellnutt et al., 2020). However, the knowledge of active
tectonic deformation in these regions remains limited. A GPS
study (Trần et al., 2013) was performed to determine and map
active and potential active faults in northern Vietnam. However,
the uncertainty of the vertical component of the GPS velocity is
too large to be useful for this study in the Fansipan and
Tule mountain ranges. Thus, one of the principal efforts of
this work was to use geomorphic indices and characteristics
to constrain the active deformations of the high mountain
ranges in northern Vietnam.

The Fansipan and Tule mountain ranges show asymmetrical
form of topography with different geomorphic features on the
SW and NE sides of the ranges. It is possible that the
asymmetrical form of topography relates to the underlying
structures within asymmetrical fold belts. However, in the
study area, the regional geology and our research findings do
not support a folding system for the asymmetrical form of the
mountain ranges. The different geomorphic features on the SW
and NE sides of the Fansipan and Tule mountain ranges likely

reflect active fault movements as suggested in this study. . The
rivers on the SW sides of the Fansipan and Tule mountain ranges
are shorter and steeper than those on the NE sides, which possibly
indicate higher uplift rates on the SW sides of the mountain
ranges. Steep triangular facets, which are typical landforms of
normal faults (Stewart and Hancock, 1990), were also observed
on the SW sides of the mountain ranges. The short, steep rivers
together with the triangular facet patterns are probably a response
to the recent tectonic activity of normal faults on the
southwestern sides of the Fansipan and Tule mountain ranges.
In the central Tule mountain range, river systems indicative of
left-lateral offset can be observed by using satellite images
(Google Earth), particularly in segments along the Ngoi Hut
and Ngoi Thia Rivers. Moreover, in the Nghia Lo region, the
triangular facet patterns are similar to those that result from
normal faulting in areas with extensional tectonism. The north-
to-northeast trend of the inferred Nghia Lo fault is similar to that
of the Dien Bien Phu fault, which is an active strike-slip fault with
left-lateral motion and a normal slip component (Lai et al., 2012;
Trần et al., 2013). Furthermore, the left-lateral oblique
movements of the north-to northeast-trending faults in the
Nghia Lo fault and Dien Bien Phu fault are in good agreement
with the stress pattern of a permutation of σ1/σ2 under the same
extensional stress regime of NE-SW σ3 as proposed in Dinh et al.
(2020). The Nghia Lo fault should therefore be considered as an
active fault with recent movement consisting of left-lateral
oblique faulting with both normal and strike-slip movements.
As the mountain ranges are bounded by right-lateral strike-slip
faults of the Da River Fault and Red River Fault, the possibility
that the left-lateral Nghia Lo fault could be a result from the

FIGURE 12 | Topographic map showing distribution of the knickpoints as identified in Figure 11 and the normalized steepness index (ksn) values along the
analyzed rivers. The values of ksn are indicated by different colors, corresponding to ksn color scale in Figure 11.
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rotation of fault-bounded blocks can be considered. If this
possibility occurs, we expect to observed a set of small left-
lateral strike-slip fault and rotated sigmoid structures in the
deformed zone as shown in the classic study of Schreurs
(1994). However, we did not find such patterns of deformed
structures in the Fansipan and Tule mountain ranges. Thus, we
consider the possibility of the rotation of fault-bounded block
caused left-lateral strike-slip movement along the Nghia Lo fault
is not likely to happen. Overall, by combining our observations
and knowledge from the literature, we have mapped the potential
active faults within and surrounding the Fansipan and Tule
mountain ranges, as shown in Figures 3, 9, 12.

The SL index pattern also fits well with the fault systems
inferred from topography and field observations. In particular,
the SL index values that indicated high uplift rates are mostly
distributed in the footwalls of the inferred normal faults.
However, not all faults are spatially associated with locations
with high SL values. As seen in Figure 9, high SL values are mostly
lacking in the RRF. There are two possibilities for this lack of high
SL values. First, this probably indicates the absence of recent
movement on the RRF. The second possible reason is that the
RRF is a strike-slip fault dominated by horizontal movement
instead of by vertical movement, while minor vertical movement
causes limited changes in uplift rates on both walls of the fault,
which results in low SL values along the RRF. High SL values were
also found along the Da River Fault and along the north branch of
the RRF adjacent to the Fansipan mountain range. These
probably indicate that the faults are possibly oblique-slip faults

with both strike-slip and dip-slip motions instead of being pure
strike-slip faults.

Similar to the SL index, the results from the ksn index and
knickpoint distribution seem to correspond with the faults that
were inferred from topography and field observations. In general,
most of the knickpoints in the downstream regions are spatially
associated with fault locations. The river profile analysis also
indicates that most of these identified knickpoints are slope-break
knickpoints, which suggests a possible change in tectonic forces
along rivers. In contrast to the knickpoints in the downstream
regions, most knickpoints in the upstream regions are not
associated with fault locations. A potential explanation for this
phenomenon is that these knickpoints possibly formed as a result
of interactions among bedrock and river systems instead of being
related to the activities of fault systems. We also found that the
general trend of ksn index values implying uplift rates was likely
correlated with active fault movement. For most of the analyzed
rivers, high values of ksn indicating relatively high uplift rates
were recorded in the footwalls of the inferred normal faults,
whereas low values of ksn suggesting relatively low uplift rates
were found in the hanging walls. The systematic changes in these
values likely reflect different uplift rates across the inferred
normal faults, which indicate the presence of active slip.

Overall, the potentially active faults inferred from DEM and
field observations match well with the results obtained from
analyses of geomorphic indices and knickpoints. Such
consistency provides important constraints on the tectonic
movements of the Fansipan and Tule mountain ranges. The

FIGURE 13 | Cartoon of the interpreted model for repeated cycles of normal and strike-slip faulting as a result of interaction between tectonics and erosion in the
Fansipan and Tule mountain ranges.
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differences in the SL and ksn index values reflect the differences in
rock uplift rates driven by the activities of fault systems that
underlie the high mountain ranges. Recent tectonic deformation
of the Fansipan and Tule mountain ranges is dominated by active
movements along both normal and strike-slip faults under
extensional tectonics.

Tectonic Implications for Uplift of the
Fansipan and Tule Mountain Ranges
As mentioned in the Introduction section, the Fansipan and Tule
mountain ranges are topographically high regions that mostly have
exposed Permian-Triassic igneous rocks. Under intense weathering
in the monsoon-affected areas, the Fansipan and Tule mountain
ranges still stand high with peaks higher than 3,000 m above sea
level. This therefore raises the question of why these mountain
ranges are able to maintain such high elevations under intense
weathering and erosion next to a strike-slip dominated fault, RRF.
Our results indicate that the active movements of the Fansipan and
Tule mountain ranges are dominated not only by strike-slip faults
but also by normal faults, including the Phong Tho-Nam Pia and
Tule normal faults and the Nghia Lo strike-slip fault with a normal
slip component. Activemovement of normal and strike-slip faulting
was also found north of the Fansipanmountain range in the Lao Cai
segment (Phan et al., 2019), within and surrounding the Fansipan
mountain range (Dinh et al., 2020) and in the active RRF that is
bounded by the Fansipan and Tule mountain ranges on the
northeastern side (Replumaz et al., 2001). The horizontal velocity

determined from the GPS network in northern Vietnam (Duong
et al., 2013; Trần et al., 2013) suggested extensional movement in
the Fansipan and Tule mountain ranges, that shows a significant
consistency with the findings of this study. Based on our study and
other published research, we suggest that the Fansipan and Tule
mountain ranges and surrounding regions are subject to extensional
mechanisms with a combination of both normal and strike-slip
faulting, which contribute to their pronounced uplift.

In the majority of cases, mountain building processes usually
go through two stages: the constructional stage as crustal
thickening and the destructional stage as crustal thinning
(Stephenson and Lambeck, 1985); the Fansipan and Tule
mountain ranges are no exception. The recent findings of
active extensional structures in these mountain ranges prompt
us to relate the extensional mechanism to the second stage of the
mountain building process when the geodynamics changed from
crustal thickening to crustal thinning. The observed strike-slip
movements of the faults are probably related to the current
movement of crustal materials from the Tibetan Plateau into
the southwestern China regions, as supported by field paleostress
reconstruction (Dinh et al., 2020) and the GPS velocity field (Shen
et al., 2005). As the Fansipan and Tule mountain ranges are under
subtropical monsoon climates, erosional processes also play an
important role in not only shaping the topography but also in
altering crustal mass balance at a million-year scale, which leads
to isostatic rebound and may produce strong rock uplift.
Mechanistically, isostatic rebound of thick material in the
lower crust is similar to an iceberg that is underneath the

FIGURE 14 | Schematic 3-D diagram showing fault systems within and surrounding the study area. The uplift of the Fansipan and Tule mountain range was
probably controlled by extensional tectonics that created the space in upper crust to make lower materials moving upward by isostatic rebound.
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ocean: when the upper material of the crust is removed, the
crust rebounds, and mantle materials flow back (Stern et al.,
2005; Champagnac et al., 2007). The flow of mantle materials
together with the gravitational force of thick mountain ranges
causes crustal stretching that is accompanied by normal fault
systems. Normal faulting will stop and switch to strike-slip
faulting when the stretching force is lower than the horizontal
compressional force produced by tectonic movements on the
Tibetan Plateau. The cycles of strike-slip and normal faulting
would continue as a result of the interaction between tectonics
and erosion after a period of time. Such cycles of alternating
strike-slip and normal faulting (Figure 13) produced the stress
permutations discovered and discussed in Dinh et al. (2020).
From these interpretations, we propose that the recent uplift of
the Fansipan and Tule mountain ranges is controlled by
extensional tectonics (Figure 14) with alternations of
normal and strike-slip faulting as a consequence of the
interactions between the tectonics induced by movements of
the southeastern regions of the Tibetan Plateau and erosional
processes.

The findings of both normal and strike-slip faulting in this
study may provide constraints on how the crustal lithosphere
deforms in the Tibetan Plateau and its surrounding regions
where several competing dynamic models have been proposed.
One model regards the lithosphere as rigid and deformation
mainly concentrates in plate boundaries delineated by large-
scale and high slip rate of strike-slip faults (named as the
indentation-extrusion model; e. g., Armijo et al., 1989; Leloup
et al., 2001; Tapponnier, 2001; Tapponnier et al., 1982).
Another model suggests that thickened crustal lithosphere,
e.g., the Tibetan plateau, behaves as a ductile medium where
the mid-to lower crust is so weak that the upper crustal
deformation is decoupled from the mantle (named as the
mid-to lower crustal flow model; e.g., Burchfiel, 2004;
Royden, 1997; Shen et al., 2005). The observations of upper
crust in the Fansipan and Tule mountain ranges seem to be
consistent with the one proposed in the mid-to lower crustal
flow model. We found that the deformation of the Fansipan
and Tule mountain ranges is not limited in block boundaries
with dominated horizontal movements as proposed in the
indentation-extrusion model, but distributed across many
active or potential active faults with both vertical and
horizontal movements. Additionally, our field investigation
indicated that nearly all of observed faults in this area show
brittle deformation. It is possible that the faults have formed at
shallow depths which are similar to those mentioned in the
mid-to lower crustal flow model. We recognize that the
indentation-extrusion model is an important model for
understanding tectonic evolution of the Tibetan plateau and
its surrounding regions. However, instead of considering the
deformations in two-dimensions, it is suitable to interpret
them in three-dimensions, especially in the thickened
crustal regions such as the Tibetan plateau region or the
Fansipan and Tule mountain ranges. We believe more
measurements of deformation and rheology of the lower
crust should be done to further constrain the tectonic
dynamics of this region.

CONCLUSION

We used observations from satellite images (Google Earth), field
data and river morphology analyses, including the stream-
length gradient index (SL), normalized steepness index (ksn),
and knickpoint distributions, to identify possible active faults in
the Fansipan and Tule mountain ranges in northern Vietnam.
Our topographic observations from Google Earth imagery, 30-
m and 12.5-m DEM data, and field surveys suggest notable
active normal and strike-slip faults within and surrounding the
Fansipan and Tule mountain ranges, e.g., the Phong Tho-Nam
Pia fault, Tule fault, and Nghia Lo fault. The results from the
geomorphic indexes used appear to be in good agreement with
the topography observations. The high values of the SL and ksn
indices are spatially associated with the footwalls of the inferred
normal faults. The distributions of the analyzed knickpoints are
also spatially related to the fault locations. We found that
climate and lithology have negligible effects on the spatial
variation in geomorphic index values; thus, the geomorphic
index patterns probably reflect the active movements of fault
systems that underly the Fansipan and Tule mountain ranges.
By combining these results, we suggest that the active
movements of the Fansipan and Tule mountain ranges are
dominated by extensional tectonics with a combination of
both normal and strike-slip faults. We therefore propose that
the recent uplift of the Fansipan and Tule mountain ranges may
be related to the last stage of orogenic evolution when the
dynamics changed from crustal thickening to crustal
thinning. Within monsoon-affected regions, the influence of
erosion plays an important role in the driving mechanism for
the uplift of mountain ranges. Unloading of materials in the
upper crust by erosion causes materials in the lower crust to
move upward due to isostatic rebound to maintain the high
elevations of mountain ranges for a long span of geological time.
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