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Abstract
Located in northern Vietnam, the Fansipan mountain range is the highest topography in the Indochina area. Until recently, 
there has been limited research regarding the tectonic deformation of the Fansipan mountain range and whether there are 
notable surface ruptures or active faults in the area. This study provides the first insight into the deformation patterns and 
potential active movements of the Fansipan mountain range, and may improve our understanding of the overall tectonic 
activities in northern Vietnam. Our observations from ASTER 30-m DEM show a symmetrical mountain form in the north 
and an asymmetrical form in the south. The analysis of river profiles indicates similar patterns on both sides in the north 
and different patterns in the south with short and steep rivers on the SW side and long and gentle rivers on the NE side. The 
results of the normalized steepness index (ksn) also show higher values on the SW side of the south part than the values from 
the other sides. These results suggest a spatial variation in rock uplift patterns of the Fansipan mountain range. Notably, the 
mountain front of the SW side of the southern Fansipan mountain range is associated with the Phong Tho-Nam Pia normal 
fault, suggesting that the normal faulting activity likely played an important role in tectonic uplift of this high mountain range. 
Our investigation of the stress field using fault kinematics indicates that the Fansipan mountain range and its surrounding 
areas are undergoing an inhomogeneous mixture of strike-slip and normal faulting. It is proposed that the strike-slip and 
normal motions alternated because of a permutation of σ1/σ2 under the same extensional stress regime of approximately 
NE–SW σ3. This kinematic pattern may effectively control the recent tectonic movements in northern Vietnam.

Keywords Fansipan mountain range · River profile · Normalized steepness index (ksn) · Stress field analysis · Active normal 
faulting · Stress permutation

Introduction

As a consequence of the collision between the India and 
Eurasian plates, many strike-slip faults and deformation 
structures developed in central and eastern Asia (Molnar 
and Tapponnier 1975; Tapponnier et al. 1982). Located 

in the southern part of the collisional deformation zone, 
northern Vietnam is considered among the most crucial 
regions for studying the tectonic evolution of SE Asia. The 
deformation structures of northern Vietnam are mainly 
characterized by several strike-slip faults (Fig. 1) includ-
ing the Red River Fault (RRF) and the Dien Bien Phu 
Fault (DBPF). The RRF is an active right-lateral strike-
slip fault with hundreds of kilometers in length, extending 
from southernmost China to northern Vietnam (Allen et al. 
1984; Wang et al. 1998; Schoenbohm et al. 2004; Zuchie-
wicz et al. 2013). The DBPF is the most active strike-slip 
fault in northern Vietnam with large earthquakes greater 
than magnitude Mw 6.0 occuring in recorded history 
(Duong et al. 2013). Between these two active faults, the 
approximately 40 km wide, 150 km long Fansipan mount-
ian range is topographically high region, comprising the 
highest mountian peak of 3143 m in the Indochina area 
(including Vietnam, Laos, and Cambodia). Although many 
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research papers have explored the tectonic activities of 
the RRF and the DBPF (Allen et al. 1984; Wang et al. 
1998; Schoenbohm et al. 2004; Lai et al. 2012; Duong 
et al. 2013; Zuchiewicz et al. 2013), studies regarding the 
tectonic deformation of the wide Fansipan mountain range 
remain limited. A detailed investigation of tectonic defor-
mation in the Fansipan mountian range is necessary to 

improve our knowledge about recent tectonic movements 
in the greater area of northern Vietnam.

While the deformation structures of northern Vietnam 
are mainly controlled by strike-slip faulting (Fig. 1) with 
a dominant horizontal movement, the Fansipan mountain 
range comprises high mountains among well-known strike-
slip lineaments. Therefore, the question raised is what is the 

Fig. 1  a Tectonic map showing locations of major plates related to 
the collision of India and Eurasia. Black lines indicate major faults. 
Dash lines indicate different zones related to the Emeishan Man-
tle Plume. Black area represents the location of the Ailao Shan-Red 
River shear zone. The abbreviations of names are as follows: RRF 
Red River Fault, AS-RRSZ Ailao Shan-Red River shear zone, XSHF 
Xianshuihe Fault, EMP Emeishan Mantle Plume. b Active fault sys-
tems and seismicity of northern Vietnam, after Tran et  al. (2013). 
Seismic events (1980–2016) were downloaded from the website https 
://www.isc.ac.uk. The colors of the circular symbols indicate differ-
ent depths of earthquakes. The size of the symbol indicates the earth-

quake magnitude (Mw 1.0–5.1). Focal mechanisms of the earthquake 
data (1903–1990) were from the published study of Cong and Feigl 
(1999). The red lines indicate faults. The red arrows show the direc-
tions of movement along the strike-slip faults. The black arrow indi-
cates GPS vectors after Tran et  al. (2013). The dark-grey area indi-
cates the location of the Song Ma zone (SMZ). The abbreviations of 
fault names are as follows: DBPF Dien Bien Phu fault, MR Ma River 
fault, DR Da River fault, SL Son La fault, RRF Red River fault, LR Lo 
River fault, CR Chay River fault, CH-HG Chi Linh-Hong Gai fault, 
CB-TY Cao Bang-Tien Yen fault. The location of the study area is 
shown in the rectangle

https://www.isc.ac.uk
https://www.isc.ac.uk
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main tectonic mechanism responsible for the high topogra-
phy of the Fansipan mountain range, and whether the defor-
mation of the Fansipan mountain range and the movement 
of strike-slip faulting are related. In this study, methods of 
tectonic geomorphology are applied to extract information 
regarding the patterns of active deformation in the Fansi-
pan region. First, DEM data derived from satellite imagery 
are utilized to generate interactive 3D perspective views of 
the topographic surface. Features that are representative 
of recent active fault activities, such as offset of mountain 
ridges or rivers, consistent sharp triangular facets, straight 
linear features that crosscut lithological boundaries are used 
to map possible fault traces in the Fansipan mountain range. 
Furthermore, field investigations were carried out in acces-
sible places to verify the mapped fault scarps or traces. We 
investigated lineaments through exposed outcrops where off-
set of rocks or fault slickensides can be observed. Second, 
river systems in the Fansipan mountain range are analyzed 
through river profiles as well as their normalized steepness 
index values to infer the relative uplift pattern. Third, kin-
ematics and associated stress field of the mapped fault sys-
tems in the field are documented and analyzed. Combining 
the aforementioned approaches, we attempted to explore the 
mechanism that may be responsible for the sustained high 
topography of the Fansipan mountain range, as well as to 
understand recent tectonic movements that are still unclear 
in northern Vietnam.

Geological background

Northern Vietnam is a part of the Indochina and South China 
plates resulting from the Permian–Triassic Indosinian Orog-
eny. The boundary between the South China and Indochina 
plates is classically represented by the Ailao Shan-Red River 
shear zone (AS-RRSZ) (Tapponnier et al. 1986). However, 
since ophiolites and eclogites were discovered, the Song Ma 
zone has been interpreted as a suture zone between the South 
China and Indochina plates (Shu et al. 2008; Zhang et al. 
2013; Faure et al. 2014). As a result, a large part of north-
ern Vietnam was affected by the Indosinian Orogeny event 
during the Permian–Triassic Time. During the Cenozoic, 
tectonic structures of northern Vietnam were dominated 
by the development of many strike-slip faults. Among the 
strike-slip faults, the RRF and DBPF have been intensively 
studied during recent decades (Allen et al. 1984; Wang et al. 
1998; Schoenbohm et al. 2004; Cong Duong et al. 2006; Lai 
et al. 2012; Zuchiewicz et al. 2013). The RRF, commonly 
associated with the indentation of the India plate into the 
Eurasia plate, is one of the most significant discontinuities 
in SE Asia. In this study, we restrict the use of the name RRF 
as an active strike-slip fault and consider the RRF to be a 
separate structure from the left-lateral shearing of the older 

AS-RRSZ. The geomorphic and geologic data (Allen et al. 
1984; Wang et al. 1998; Schoenbohm et al. 2004) indicate 
that the RRF is currently undergoing transtensional deforma-
tion with a combination of normal and right-lateral strike-
slip movements. The DBPF is the most seismically active 
fault in northern Vietnam (Fig. 1). The north- to northeast-
trending DBPF connects to the Xianshuihe Fault, which is 
a large strike-slip fault in southwestern China. It has been 
proposed that the movement of the DBPF is related to the 
Xianshuihe Fault with the same slip sense and spatial align-
ment (King et al. 1997; Chen et al. 2000; Shen et al. 2005). 
Current geomorphologic and geodetic data indicated that the 
DBPF is an active left-lateral strike-slip fault (Cong Duong 
et al. 2006; Lai et al. 2012).

Among these active faults, the Fansipan mountain range 
is a high topographic region, stretching in the NW–SE direc-
tion, parallel to the strike of the RRF (Fig. 2). Formed in a 
complicated tectonic region, the Fansipan mountain range 
has a long geological history. The Fansipan’s rock ages range 
from the Precambrian to the Cenozoic (Lan et al. 2001; Nam 
2001; Dung et al. 2012; Usuki et al. 2015; Tran et al. 2015). 
Most of the rock types in the Fansipan mountain range are 
granitoids; the remainder are volcanic, sedimentary, and 
metamorphic rocks that occupy small parts in the central 
region and outer edges of the mountain. Petrogenesis analy-
sis (Usuki et al. 2015; Tran et al. 2015) has indicated that 
the Late Permian plutonic rocks of the Fansipan mountain 
range have a genetic relationship with the alkaline granites 
of the inner zone of the Emeishan Mantle Plume (EMP) in 
China. The formation of the Fansipan magmatic rocks has 
been interpreted to be related to the EMP, and the movement 
of the Fansipan block to the current position is the conse-
quence of the left-lateral shearing along the AS-RRSZ (Tran 
et al. 2015). Even though lots of research has been done to 
investigate petrology, geochemistry and geochronology of 
the Fansipan mountain range (Tapponnier et al. 1990; Lel-
oup and Kienast 1993; Leloup et al. 2007; Usuki et al. 2015; 
Tran et al. 2015), the recent tectonic movements of this high 
mountainous area are less well understood. In this study, 
we used new Advanced Spaceborne Thermal Emission and 
Reflection Radiometer (ASTER) 30-m digital elevation 
models (DEMs) for the tectonic analysis of the Fansipan 
mountain range.

Methodology

This study analyzed 30-m resolution DEM data derived from 
ASTER imagery (https ://gdem.ersda c.jspac esyst ems.or.jp/
searc h.jsp) to interpret the geomorphic characteristics of the 
Fansipan mountain range. With the ArcSence 10.2 software, 
an interactive 3D perspective view allows one to easily visu-
alize the pattern of surface deformation and interpret the 

https://gdem.ersdac.jspacesystems.or.jp/search.jsp
https://gdem.ersdac.jspacesystems.or.jp/search.jsp
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existence of major faults, which played an important role in 
understanding the recent movements of the study area. To 
detect the change of elevation of the topographic surface, 
the swath profiles have been analyzed within the Fansipan 
mountain range. The swath profiles were automatically 
delineated showing statistical values such as the minimum, 
mean, and maximum of elevation using the Swath Profiler 
tool in the ArcGIS software.

To obtain a tectonic signal on the different sides of the 
mountain range, we focused on analyzing the river profiles 

of channels that have a longitudinal trend perpendicular to 
the trend of the mountain range. Although river channels 
occupy a small part of the land surface, a longitudinal river 
profile is a more sensitive indicator of rock uplift rate than 
other morphological properties (Whipple 2004). A common 
procedure for river network extraction is described briefly in 
the following. The ASTER DEM data can be downloaded 
for free from the website https ://gdem.ersda c.jspac esyst ems.
or.jp/searc h.jsp. Once the DEM data have been obtained, 
pits and holes in the DEM need to be filled to create raster 

Fig. 2  Simplified geological map of the Fansipan mountain range and 
adjacent regions. The geologic units were regrouped to better illus-
trate the regional geology. The map was compiled and simplified 
from the geological maps of China (Zhou et  al. 2013) and Vietnam 

(1:1,500,000 geological map from General Geological Department 
of Vietnam, 1983). The name of outcrop was described in Fig. 8 as 
shown by black rectangle

https://gdem.ersdac.jspacesystems.or.jp/search.jsp
https://gdem.ersdac.jspacesystems.or.jp/search.jsp
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files of flow direction and then flow accumulation. Using 
a threshold value, a river network can be delineated using 
the data from the raster file of flow accumulation. All these 
steps can be processed using the Hydrology tools in the Arc-
GIS software. In this study, the threshold drainage value of 
 105 m2 was used for automated river network delineation. 
The quality of the delineated river network is highly depend-
ent on the quality of the used DEM data. In this study, the 
ASTER 30-m DEM was used for automated extraction of 
the river network in the Fansipan mountain range. Based 
on some studies (e.g. Mukherjee et al. 2012; Santillan and 
Makinano-Santillan 2016), the vertical accuracy of elevation 
from the ASTER 30-m DEM in the Root Mean Square Error 
(RMSE) ranges from 11.98 to 12.62 m. Although the studies 
about the accuracy of elevation are not comprehensive, they 
give an estimate about the quality of the used DEM data. 
The vertical accuracy of elevation is applicable to our study 
in terms of the vertical scale and it may reflect the quality 
of the river network values presented in this study. Once 
the river network has been created, a suite of Matlab codes 
downloaded from the website https ://geomo rphto ols.geolo 
gy.isu.edu/Tools /StPro /StPro .htm can be used to extract river 
profiles.

To extract quantitative information on the rock uplift rate, 
we also calculated the normalized steepness index of the 
rivers. The value of the normalized steepness index can be 
affected by lithology. The contrasting lithology between the 
Fansipan mountain range and its surrounding areas may lead 
to differences in the normalized steepness index. However, 
in this study, the normalized steepness index was mainly 
analyzed within the Fansipan mountain range where the 
dominant lithology is plutonic rocks from the EMP. Thus, 
the similar lithology within the Fansipan mountain range is 
considered to have minimal influence on the differences of 
the normalized steepness values in this study. The analysis of 
normalized steepness index followed the method of Wobus 
et al. (2006) and Whipple et al. (2007). The fundamental 
idea is that the relative change in elevation is balanced with 
uplift and erosion. The change in elevation can be expressed 
as the following equation:

where dz/dt defines the change in elevation according to 
time, x is the horizontal distance along the river, U is the 
rock uplift rate, and ε is the erosional rate. However, the 
erosional rate ε is often expressed as a power law function 
of the drainage area (A) and slope gradient (S) as follows:

where K is a dimensional coefficient of erosion, and m and n 
are positive constants related to the basin hydrology, hydrau-
lic geometry, and erosional process (Howard et al. 1994; 

(1)dz∕dt = U(x, t) − �(x, t),

(2)� = KA
m
S
n,

Whipple and Tucker 1999). Under a steady-state condition 
(dz/dt = 0), with a uniform U and K and constant m and n, 
Eqs. (1) and (2) can be solved for the equilibrium slope (Se) 
as follows:

where θ describes the concavity of the river and the coef-
ficient (U/K)1/n is the river steepness index. The steepness 
index (ks) and concavity (θ) are determined by a linear 
regression of the slope (S) and area (A) data. To compare 
rivers of different areas, the steepness index can be normal-
ized into the normalized steepness index (ksn) using a fixed 
reference concavity (θref). In our study, we used a reference 
concavity (θref) of 0.45 for all channels analyzed. This value 
is a typical value of concavity of equilibrium bedrock chan-
nels under conditions of uniform uplift (Snyder et al. 2000; 
Kirby and Whipple 2001). Combining the Matlab and Arc-
GIS programs, the normalized steepness index can be shown 
on a spatial map to readily compare the values of different 
areas. All codes for running the program were downloaded 
from https ://geomo rphto ols.geolo gy.isu.edu/Tools /StPro /
StPro .htm.

In addition to using digital topographic data to extract quan-
titative information regarding the tectonics, we also conducted 
field investigations to observe and measure active deformation 
of the Fansipan mountain range and surrounding areas. Some 
field photographs containing indicators of fault striations to 
delineate fault movement are shown in Fig. 3. In the field, we 
focused on recognizing fault planes and identifying the sense 
of relative movement as well as slickenside striations to obtain 
the stress field of the study area. The measurement data were 
analyzed by a computer program using the inverse method 
as described in detail by Angelier (1979, 1989, 1990) and 
Angelier et al. (1982). The assumption of the inverse method 
is that all faults moved independently but consistently under a 
single homogeneous stress regime expressed by a unique stress 
tensor. The stress tensor is calculated using a set of field data, 
including the strike and dip of several faults and the direc-
tions and senses of slip on these fault surfaces (as indicated by 
slickenside striations). The orientations of the three principal 
stress axes (maximum—σ1, intermediate—σ2, maximum—σ3) 
and the ratio Φ of the differences of the three principle stresses 
(Φ = (σ2–σ3)/(σ1–σ3)) are thus determined. In this study, we 
mainly focus on measuring the fault slip data at two transects 
across the Fansipan mountain range, along road QL4D from 
Lao Cai city to Sa Pa town and along road QL279 from the 
Than Uyen district to Bao Ha district.

(3)Se = (U∕K)1∕nA−m∕n = ksA
−� ,

https://geomorphtools.geology.isu.edu/Tools/StPro/StPro.htm
https://geomorphtools.geology.isu.edu/Tools/StPro/StPro.htm
https://geomorphtools.geology.isu.edu/Tools/StPro/StPro.htm
https://geomorphtools.geology.isu.edu/Tools/StPro/StPro.htm
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Results

Topographic analysis

Topographic and field observations

In this study, topographic lineaments and surface features 
have been visualized and recognized based on interactive 3D 
perspective views derived from the ASTER 30-m DEM. To 
overcome the existence of anomalies and artifacts from the 
DEM, we utilized Google Earth images for more detail in 
searching topographic features. These topographic features 
had also been compared with previous mapped faults from 
the geological map and published studies. Most importantly, 
field investigations had been carried out to verify whether 
the mapped topographic features are proper faults or not. 
Combining the ASTER 30-m DEM, Google Earth images, 
geological maps and field observations, we identified and 

remapped new linear locations of faults within and sur-
rounding the Fansipan mountain range (Fig. 4). The NE 
and SW sides of the Fansipan mountain range are bounded 
by two major faults: the RRF and the Phong Tho-Nam Pia 
Fault. Both strike NW–SE and are parallel to the trend of 
the mountain range. The north- to northeast-trending DBPF 
appears to the west of the mountain range. Within the moun-
tain range, minor faults cut and divide the Fansipan moun-
tain range into smaller portions.

From the ASTER 30-m DEM imagery, we noticed that 
the topographic features of the Fansipan mountain range are 
heterogeneous from the north to the south (Fig. 4a). In the 
north part, the shape of the topography tends to be sym-
metrical with the crests of the mountain in the middle of the 
range. However, in the south part, the topographic shape 
becomes asymmetrical with the crests nearer the SW side of 
the mountain range. The topographic variation in the Fan-
sipan mountain range was further confirmed by the swath 

Fig. 3  Field photographs showing fault traces and slickenside stria-
tions of some outcrops. The red arrow indicates the direction of rock 
movement on the opposite sides of the fault plane. The white dashed 
line indicates the orientation of the striations on the slickenside. a 
Field photograph taken from outcrop 02–01 indicating right-lateral 
strike-slip movement. b Calcite veins on the fault plane suggesting 

normal fault movement in outcrop 08–23. c Fracture steps on the fault 
plane indicating right-lateral strike-slip movement in outcrop 02–04. 
d Slickenside striations and fracture geometries on the fault plane 
suggesting right-lateral strike-slip movement on outcrop 02–05. The 
outcrop locations are shown in Fig. 8
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profile analysis (Fig. 4b). The swath profile extracted from 
the north part shows a symmetrical form with a high eleva-
tion in the middle part and similar slope on both flanks of the 
profile. However, in the south part, the swath profile shows 
an asymmetrical form with steep and high relief on the SW 
flank and gentle and low relief on the NE flank. Altogether, 
our geomorphic analysis revealed a significant asymmetrical 
form of the Fansipan mountain range, which may be indica-
tive of movements of the fault systems underlying it.

Moreover, on the SW side in the south part of the Fan-
sipan mountain range along the inferred Phong Tho-Nam 
Pia Fault, there are well-developed triangular facets that 
are easily observed in the field as well as from 3D perspec-
tive views derived from ASTER DEM (30 m) (Fig. 5). 
Triangular facets are topographic features frequently 

observed at normal fault scarps. The development of tri-
angular facets and the fresh surface without vegetation 
cover on the fault scarp is shown in Fig. 5c. It suggests 
recent movements of the inferred normal faulting along 
the Phong Tho-Nam Pia Fault. In addition, a pronounced 
topographic contrast such as a steep and high escarpment 
of a mountain and a gentle slope of alluvial fans occurring 
across the inferred Phong Tho-Nam Pia Fault suggests a 
range-front fault scarp on the SW side in the south part of 
the Fansipan mountain range. The gentle topography on 
the SW side of the inferred Phong Tho-Nam Pia Fault may 
be a result of subsidence of the hanging wall and deposi-
tion of alluvial sediment covering the top of the footwall. 
From our observations, we considered the Phong Tho-Nam 

Fig. 4  a Topographic map showing river system and distribution 
of major and minor faults (red lines) within the Fansipan mountain 
range and surrounding regions. The blue line indicates river. The 
number before the river labels the name of the river used for river 
profile and normalized steepness index analyses. Dash line indicates 
line connecting the crests of mountain. b Swath profiles (for their 
locations see a) showing the maximum, mean, and minimum eleva-

tion. The swath profile of the north part of the Fansipan mountain 
(profile A) shows a symmetrical form of land surface with a similar 
topographic relief on both sides of the mountain range. In the south 
part, the crests of the mountain shift to the SW side. The swath pro-
file of the south part of the Fansipan mountain range (profile B) 
shows an asymmetrical form with a steep slope on the SW side and a 
gentle slope on the NE side



42 International Journal of Earth Sciences (2021) 110:35–51

1 3

Pia Fault to be a tectonically active fault that bounded the 
footwall mountain range. Although no large earthquakes 
resulting from slip along the inferred Phong Tho-Nam Pia 
Fault have been recorded since 1980, the youthful land-
forms with newly formed fault scarps suggest that it may 
generate large earthquakes in this area in the future.

Analysis of longitudinal river profiles

The longitudinal profiles of 19 rivers have been extracted 
using 30-m DEM data (Fig. 6). The prominent topographic 
appearance of the Fansipan mountain range is expressed by 
a symmetrical form of topography in the north part and an 
asymmetrical form in the south part as shown in Fig. 4b. 

Fig. 5  Field photographs (a, c) and topographic map (b) showing 
geomorphic indicators of active normal faulting along the Phong 
Tho-Nam Pia fault. a Landform indicators of normal movement along 
the Phong Tho-Nam Pia fault including the fault trace, triangular fac-
ets, flat alluvial surface in the footwall, and high relief of the moun-
tain in the hanging wall. b Topographic map of the SW flank on the 

south part of the Fansipan mountain range, generated from ASTER 
30-m DEMs, showing a pattern of triangular facets along the Phong 
Tho-Nam Pia fault. The red line represents the active fault trace. c 
Zooming in photograph of (a) shows well exposed fault scarps with 
fresh surface with minimal plant cover indicating recent normal fault-
ing
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Fig. 6  Longitudinal profiles and log–log plots of gradient versus 
drainage area of the analyzed rivers. The locations of the analyzed 
rivers are shown in Fig.  4a. The knickpoints separating river seg-
ments are shown as black circles (both on the longitudinal profiles 

and log–log plots). The colored lines represent the regressed seg-
ments of rivers. Different colors represent different values of normal-
ized steepness index (ksn)
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Based on this characteristic, we classified the rivers of the 
Fansipan mountain range into two regions: the north part 
includes rivers 1A, 2A, 3A, and 4A on the SW side and riv-
ers 1B, 2B, 3B, and 4B on the NE side, and the south part 
includes the remaining rivers. The names of the rivers and 
their positions are shown in the topographic map of Fig. 4a. 
The analysis of longitudinal river profiles based on some 
morphologic features such as shape, length, and slope gradi-
ent. We recognized that in the north part, the morphologic 
features of the rivers on both sides of the mountain are quite 
similar. The length of the rivers on both sides ranges from 
20 to 40 km. The slope gradient and the shape of the rivers 
on both sides are also similar. In contrast, in the south part, 
the river profiles are very different from the SW to the NE 
sides of the mountain range. While the rivers on the SW 
side are steep and short, the rivers on the NE side are long 
and gentle. In particular, all the rivers on the SW side in the 
south part are less than 25 km in length; however, the length 
of the rivers on the NE side in the south part range from 20 

to greater than 40 km. Furthermore, reviewing the elevation 
of the downstream area, all of the rivers on the SW side in 
the south part have a minimum elevation higher than 400 m, 
while the minimum elevation of the other rivers on the NE 
side is lower than 300 m. The different elevations may be a 
consequence related to different uplift patterns on different 
sides of the mountain.

Analysis of normalized steepness index (ksn)

To obtain tectonic information about the uplift pattern of 
the Fansipan mountain range, the normalized steepness 
index (ksn) values have been calculated along 19 selected 
rivers. The ksn values along the individual rivers are shown 
in Figs. 6 and 7. Each river shows one to three different ksn 
values related to different regressed segments separated 
by the river’s knickpoints. In general, high values of ksn of 
more than 200 m0.9, indicated by the red color in Figs. 6 
and 7, are much more common on the SW side of the south 

Fig. 7  Topographic map showing the normalized steepness index (ksn) values and the locations of knickpoints along the rivers as indicated in 
Fig. 6. The different colors represent different values of ksn
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part of the mountain range adjacent to the Phong Tho-Nam 
Pia Fault. In contrast, on the other sides of the mountain 
range, only a few river segments have high values of ksn. 
Most of the river segments on these sides show relatively 
low ksn values ranging from 20 to less than 200 m0.9. In 
addition to the steepness index, we also determine knick-
points in terms of both channel profile and slope-area scal-
ing (Wobus et al. 2006 and Kirby and Whipple 2012). 
If knickpoints are selected using only channel profiles, 
we may obtain several knickpoints that are tectonically 
irrelevant. However, if we consider the log–log diagrams 
of slope and area as shown in Fig. 6, the knickpoints can 
be significantly reduced and provide relevant information 
about tectonic uplift as argued in Wobus et al. (2006). 
Based on the longitudinal profiles and the log–log dia-
grams of the slope and area data, we identified 23 major 
knickpoints along the main rivers flowing cross the Fan-
sipan mountain range. Most of the identified knickpoints 
locate at variable elevations and they are spatially associ-
ated with the location of faults, which clearly separate the 
zones of the high and low ksn values.

Analysis of stress field

To investigate the orientation of the stress field in the 
Fansipan mountain range and understand the patterns of 
tectonic deformation, we measured fault slip data at two 
transects within the study area. The results of the stress 
investigation using fault kinematics are shown in Fig. 8. 
The Fansipan mountain range and its vicinity are char-
acterized by three main sets of stress pattern. The first 
pattern is a set of nearly horizontal maximum principal 
stress (σ1) trending NW–SE and minimum principal stress 
(σ3) trending NE–SW, which is pervasive across the entire 
regions. Notably, this kinematic pattern is consistent with 
the published GPS data (Tran et al. 2013; Minh et al. 2014) 
for recent strike-slip movements in northern Vietnam. The 
second pattern is a set of a vertical to sub-vertical maxi-
mum principal stress (σ1) and horizontal minimum prin-
cipal stress (σ3), which is observed in some outcrops such 
as 08–07; 08–21; 08–22; 08–24; 08–26; 08–28; 08–32 
as shown in Fig. 8. This orientation of stress pattern is 
in good agreement with the topographic observations in 
explaining the normal faulting activity along the Phong 
Tho-Nam Pia Fault. The third pattern is a complex system 
of mixture between the strike-slip and normal motions. 
The orientations of the maximum principal stress (σ1) 
and the intermediate principal stresses (σ2) are not tightly 
constrained while the orientation of the minimum princi-
pal stress (σ3) is consistently in the direction of NE–SW 
and nearly horizontal as observed in the outcrops: 02–02; 
02–03; 02–05; 08–06; 08–29; 08–30.

Discussion

Deformation pattern of the Fansipan mountain 
range

The Fansipan mountain range is near the boundary 
between the Indochina and South China plates that has a 
complex tectonic setting and geological history. Although 
there has been some research completed regarding the 
petrology and geochronology of the Fansipan mountain 
range (Leloup et al. 2001; Usuki et al. 2015; Tran et al. 
2015), investigation and analysis of the tectonic defor-
mation has been limited. The topolineaments within the 
Fansipan mountain range and its surrounding areas have 
been preliminarily interpreted using LANDSAT images 
and SRTM data (Zuchiewicz et al. 2013); however, the low 
resolution of DEM data may hinder the mapping preci-
sion of geomorphic features. Instead of using SRTM 90-m 
DEM data, the ASTER 30-m DEM data were used in this 
study to identify the geomorphic features in the Fansipan 
mountain range with a desirable precision. In addition, 
field investigations were carried out to re-examine the 
geomorphic features inferred from the higher resolution 
DEM data. Combining the ASTER 30-m DEM data and 
field observations, we identified and remapped new loca-
tions of faults more precisely as compared to those of the 
previous study.

Utilizing the ASTER 30-m DEM imagery, we recog-
nized that the topographic surface of the Fansipan moun-
tain range is spatially variable with steep and high relief on 
the SW side of the south part. The interaction between the 
tectonics and the topographic surface has been discussed 
in many previous studies (Whipple et al. 2007; Burbank 
et  al. 2011; DiBiase et  al. 2012; Escamilla-Casas and 
Schulz 2016). It is possible to infer differential tectonic 
deformation from variations in the topographic surface. 
In the past, some case studies using the change in sur-
face topography to constrain fault movements beneath the 
surface have been completed (Burbank et al. 2011; Kirby 
and Ouimet 2011). For example, an asymmetrical form of 
surface topography in the Himalaya can be interpreted as 
a result of a thrust-generated mountain range as mentioned 
in the CHILD model (Burbank et al. 2011). Therefore, the 
topographic variation in the Fansipan mountain range in 
our study may be related to distributed faults underlying 
the mountain range.

Rivers are a sensitive geomorphic indicator from which 
meaningful tectonic information can be extracted. The 
divide of drainage basins is strongly shifted from a mid-
dle position toward an active normal fault (Leeder and 
Jackson 1993). Thus, among the most important criteria 
to distinguish the relative activity of different flanks of 
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Fig. 8  Topographic map showing outcrop locations and stress recon-
structions around the Fansipan mountain range and surrounding 
areas. Fault planes are represented by solid lines and slickenside stria-
tions are represented by small dots with arrows indicating the sense 
of motion (double arrows for strike-slip, outward-directed arrows for 
normal slip, and inward-directed arrows for reverse slip). The inver-

sion of fault slip data followed the method of (Angelier 1990). The 
axes of maximum principal stress (σ1), intermediate principal stress 
(σ2), and minimum principal stress (σ3) are 5-, 4- and 3-branch stars, 
respectively. The large black arrows indicate the trend of compression 
and/or extension
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mountain ranges bounded by different fault systems is to 
examine the size and the slope of the rivers on both sides. 
The result from our analysis indicates that the rivers on the 
SW side of the south part of the Fansipan mountain range 
are shorter and steeper compared to those on other sides. 
The length of the rivers on the other sides ranges from 20 
to 40 km, while nearly all the rivers on the SW side in the 
south part are less than 25 km in length. The relatively 
short and steep rivers on the SW side in the south part of 
the Fansipan mountain range resemble those of normal 
faulting regions described in the case study of Leeder and 
Jackson (1993). The resemblance between the data from 
the published research and our study suggests a normal 
faulting activity on the SW side in the south part of the 
Fansipan mountain range.

The value of the steepness index of river systems can be 
affected by both tectonic and non-tectonic factors. The non-
tectonic factors, such as lithology, climate and base-level 
change, are possibly important factors in changing the shape 
of topography. Contrasting lithology may lead to differences 
in rock erodibility that may affect the steepness value of 
rivers or produce knickpoints. Nonetheless, the petrologic 
studies (Usuki et al. 2015; Tran et al. 2015) indicate that 
the dominant lithology of the Fansipan mountain range is 
plutonic rocks with the same petrologic origin from the EMP 
in China. Therefore, the influence of lithology is considered 
minimal on the spatial variation of steepness values within 
the Fansipan mountain range. Climate change, especially 
the variation in precipitation, is a possible mechanism for 
knickpoints to form and can affect the values of the steep-
ness index. The average annual precipitation (Vu et al. 2018) 
shows almost similar values within the Fansipan mountain 
range and the data of climate change during the last 50 years 
(Schmidt-Thomé et al. 2015) were also similar within the 
region. Thus, to the best of our current knowledge, the cli-
mate change is interpreted to have minimal influence on 
the spatial variation of steepness index within the Fansi-
pan mountain range. The base-level change is also among 
the factors for knickpoint formation or affecting the steep-
ness index values along the rivers. If the perturbation by 
the base-level change occurs, we expect to observe transient 
river systems with a set of knickpoints in the river profiles at 
almost similar elevations (Niemann et al. 2001; Wobus et al. 
2006). However, we did not find such patterns of knickpoint 
locations in the Fansipan mountain range. Thus, we consider 
that the tectonic process is the dominant factor driven the 
topography as well as the spatial variation in the steepness 
index of the Fansipan mountain range. The results from our 
analysis show a considerable variation in the normalized 
steepness index among the different areas of the Fansipan 
mountain range. The region of high normalized steepness 
index is mostly distributed on the SW side of the south 
part of the Fansipan mountain range. The variation in the 

distribution of the normalized steepness index can provide 
constraints on the inferred uplift pattern of the range. The 
high steepness index on the SW side in the south part of the 
range suggests a high rock uplift rate on this side compared 
to that of the other sides.

Overall, the results from our analysis show a significant 
correlation between topography, river profile, and normal-
ized steepness index that allow us to preliminarily interpret 
the deformation pattern of the Fansipan mountain range. We, 
therefore, infer that the uplift pattern of the range is spatially 
variable with a higher uplift rate on the SW side of the south 
part near the Phong Tho-Nam Pia Fault.

Co‑existence of normal and strike‑slip faulting 
and interpretation of stress permutation

Two main fault systems were observed to be distributed 
within and surrounding the Fansipan mountain range. The 
first fault system is dominated by strike-slip faults that 
were found in veins and brittle slickenside surfaces in the 
field. The stress pattern is compatible with a nearly hori-
zontal maximum principal stress (σ1) trending NW–SE and 
minimum principal stress (σ3) trending NE–SW. The stress 
pattern is also consistent with recent right-lateral and left-
lateral strike-slip movements of the RRF and the DBPF, 
respectively. The second fault system is dominated by nor-
mal faults as suggested by the stress pattern of the vertical 
to sub-vertical maximum principal stress (σ1) and horizon-
tal minimum principal stress (σ3) at approximately NE–SW 
direction. The normal fault system is also suggested by the 
topographic observation and river profile analysis. The two 
main fault systems in the Fansipan mountain range are likely 
active in recent geologic time based on the following rea-
sons. First, topographic observations and river profile anal-
yses show aspects of tectonic geomorphology that record 
surface deformations at the time scales ranging from days to 
millions of years (Burbank et al. 2011). The observed topog-
raphy-related data in the Fansipan mountain range are most 
relevant to the youngest deformations that have changed 
the geomorphic surface of the study area. Second, our field 
investigation indicates youthful landforms with clear and 
sharp offsets of mountain ridges. There is little vegetation 
cover within the observed fault scarps suggesting that these 
faults were displaced recently and being tectonically active. 
Third, the stress investigation from our field survey indi-
cates that almost all the observed faults have shown brittle 
deformation. The brittle-natured faults should have recorded 
deformation at relatively shallow depths and subsequently 
being uplifted onto the surface. The brittle deformation and 
youthful fault scarps observed from the field suggest that 
the analyzed faults have been displaced recently. Although 
both the normal and strike-slip faults are considered to be 
active, the timing relationship between these faults is not 



48 International Journal of Earth Sciences (2021) 110:35–51

1 3

obvious. Based on the cross-cutting relationship, some out-
crops indicate earlier movement of normal faulting than that 
of strike-slip faulting, whereas others indicate the opposite. 
To properly interpret the combination of the observations in 
topography and stress patterns, we proposed that the Fansi-
pan mountain range may experience a permutation of σ1/σ2 
under the same extensional stress regime of minimum prin-
cipal stress (σ3) that trends at the direction of NE–SW. The 
pattern of stress permutation results in alternating and inter-
fering strike-slip and normal faulting motions through recent 
geological times. Such stress permutations are common in 
brittle tectonics and have been intensively studied in the last 
few decades (Angelier et al. 1985; Lee et al. 1997; Hu and 
Angelier 2004; Tranos 2013). The permutation of σ1 and σ2 
with fairly consistent σ3 orientation in our study resembles 
those of extensional tectonic setting in the western United 
States as described in the study of Angelier et al (1985). The 
origin of their permutations may relate to several sources 
that can be caused by actual modifications in the stress field 
or even little change in tectonic environmental conditions 
(Hu and Angelier 2004). The extensional deformation with 
components of normal and strike-slip faulting was also 
inferred in published studies of the RRF (Allen et al. 1984; 
Wang et al. 1998; Schoenbohm et al. 2004; Zuchiewicz et al. 
2013). The deformation was generally interpreted to have 
occurred in a transtensional only stress environment. How-
ever, under such a stress environment, it is difficult to explain 
the deformation pattern with a mixture of normal and strike-
slip faults and no obvious timing relationship as observed 
in our study area. Therefore, we propose that the recent tec-
tonic deformations of northern Vietnam may be controlled 
by an alternating stress environment with a permutation of 
σ1/σ2 and a consistent NE–SW-trending σ3 instead of a tran-
stensional only stress environment.

Tectonic mechanism for uplift of the Fansipan 
mountain range

The Fansipan mountain range is located within a compli-
cated tectonic setting where active or potentially active 
strike-slip faults, such as the DBPF, the RRF, the Da River 
fault, and the Chay River fault are adjacent to the mountain 
range. Geophysical observations from a dense broadband 
seismic array using the teleseismic receiver function analy-
sis (Nguyen et al. 2013) indicated that the crustal layer of 
this mountainous region is the thickest comparing to that of 
its surrounding areas in northern Vietnam. Previous study 
(Zuchiewicz et al. 2013) has inferred that northern Vietnam 
was dominated by a transtensional stress environment, which 
only requires a consistent horizontal maximum stress axis 
(σ1). However, the results of our study suggest that both the 
observed strike-slip and normal faults were likely caused by 

a permutation of σ1/σ2 with a consistent σ3 as discussed in 
the previous section.

The tectonic mechanism of co-existence of normal and 
strike-slip faulting is consistent in explaining the differential 
uplift pattern in the Fansipan mountain range as inferred 
from the overall analyses of the topographic surface. The 
SW side of the south part of the mountain range shows 
elevated topography, steep and short rivers, and high nor-
malized steepness index values, signifying relatively high 
uplift rates that is spatially associated to the footwall of the 
Phong Tho-Nam Pia normal faulting. The spatial association 
between the Phong Tho-Nam Pia Fault and the inferred high 
uplift rate on the footwall of the fault suggest that normal 
faulting likely played a role in the uplift of the Fansipan 
mountain range. On the other sides, the rivers are long and 
gentle with relative low steepness index values, signifying 
relatively low uplift rates. Our mapping using the ASTER 
30-m DEM imagery shows that the Fansipan mountain range 
is bounded by the RRF and the DBPF on the NE and NW 
sides, respectively. Although these two faults are tectonically 
active, the deformation is dominated by strike-slip move-
ment instead of vertical uplift (Replumaz et al. 2001; Lai 
et al. 2012; Duong et al. 2013; Tran et al. 2013), that prob-
ably was a reason for relatively low uplift rate on these sides 
of the Fansipan mountain range.

Based on the interpretation from field investigations, 
DEM data, and river profile analyses, we propose a concep-
tual tectonic model for the recent movement of the Fansipan 
mountain range as shown in Fig. 9. The variation in the 
inferred rock uplift rates along the range is considered as 
a response to the varying tectonic movements of the fault 
systems on its different sides. The inferred high uplift rate 
on the SW side in the south part is suggested to be a result 
of normal faulting along the Phong Tho-Nam Pia Fault, cre-
ating steep and high relief, short and steep rivers, and high 
normalized steepness index values. On the other side, the 
movement is dominantly horizontal, resulting in a relatively 
slow rock uplift rate as compared to the SW side of the south 
part.

Conclusions

We present a new topographic analysis and stress field data 
to decipher the tectonic mechanism related to the deforma-
tion of the Fansipan mountain range in northern Vietnam. 
The normal faulting mechanism is proposed to be related 
to the tectonic uplift of the Fansipan mountain range based 
on the following observations and analyses: (1) asymmet-
rical form of topography on the south part of the Fansipan 
mountain range with short and steep rivers on the SW side; 
(2) relatively high normalized steepness index values on 
the SW side of the south part of the range; (3) evidence of 
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active normal faults along the Phong Tho-Nam Pia fault 
revealed by field observations and stress analysis. The 
investigation of fault kinematics at two transects across 
the Fansipan mountain range shows an inhomogeneous 
mixture of strike-slip and normal faulting with no obvi-
ous timing relationship. The mixture of deformation is 
interpreted to have occurred in an alternating stress envi-
ronment with a permutation of σ1/σ2 axes and extensional 
minimum principal stress (σ3) in the NE–SW direction. 
Our finding also shows that the deformation pattern is not 
limited in zones of large strike-slip faults (e.g., the RRF), 
but distributed across the whole study area. Previous stud-
ies have shown that the RRF was experiencing both strike-
slip and normal faulting in a transtensional only stress 
environment. But under such a stress environment, it is 
difficult to interpret the deformation pattern as observed 
within the Fansipan mountain range and the surrounding 

areas. Thus, this study suggests that an alternating stress 
environment with extensional stress in the NE–SW may 
dominate recent tectonic deformations of northern Viet-
nam. Detailed work, such as seismic activities and surface 
geodesy, may be needed to further constrain most recent 
deformations in the complex regions of northern Vietnam.
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Fig. 9  a A conceptual deformation model for the asymmetrical 
form in the south part of the Fansipan mountain range. The verti-
cal red arrows indicate the relative uplift movement of the Fansipan 
mountain range. Both the solid and dashed red lines represent faults 
or inferred faults with the thin arrows indicating direction of move-
ment. This conceptual model is based on the interpretation of topo-
graphic observations, river profile analyses, and stress field investi-
gations. The south part of the Fansipan mountain range is bounded 
by the Phong Tho-Nam Pia fault on the SW side and the Red River 
fault on the NE side. On the SW side of the mountain, the horizontal 

extension is accompanied by active normal faulting along the Phong 
Tho-Nam Pia Fault, which is associated with the relatively high uplift 
rate on this side of the mountain. On the other side of the mountain, 
the active strike-slip faults such as the Red River Fault and the Chay 
River Fault may play a role in the relatively low uplift rate on this 
side of the mountain. b Proposed models for stress permutation of 
σ1/σ2 under the same extensional stress regime of the minimum prin-
cipal stress (σ3) that trends at the direction of NE–SW in the Fansipan 
mountain range
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