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ABSTRACT 

This study analyzes horizontal crustal movements across the Red River Fault Zone (RRFZ), one of the major 

fault systems in northern Vietnam, using GNSS data collected over nearly 30 years (1994–2023). In the ITRF2008 

reference frame, GNSS stations along the fault show an average East-Southeastward motion at a rate of 

approximately 32.65±0.4 mm/yr, consistent with the general movement of the South China (SC) block. A slight 

velocity difference of about 2.5 mm/yr between stations on the SC and Sundaland (SU) blocks indicates relatively 

stable regional tectonic conditions, although localized deformation persists. Relative velocity analysis between the 

two fault flanks reveals a right-lateral strike-slip rate of approximately 2±0.5 mm/yr, accompanied by a minor 

extensional component of about 1±0.3 mm/yr. These findings suggest a generally stable tectonic regime for the SC 

block, while also implying possible contributions from subsidiary fault structures or local deformation zones. 

Keywords: Red River Fault Zone, GPS velocity, GNSS, Crustal deformation, Northern Vietnam. 

 

1. Introduction
1
 

The Red River Fault Zone (RRFZ) is a 

primary active strike‑slip fault system in 

Northern Vietnam, playing a crucial role in 

the region's tectonic evolution and 

geodynamic processes. It marks the boundary 

between the South China and Sundaland 

tectonic blocks. Numerous previous studies 

have demonstrated that this fault zone is 

directly associated with regional topographic 

development, seismicity, and crustal 

deformation (Tapponnier et al., 1986; Leloup 

et al., 1995; Trinh et al., 2012). As a result, the 
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RRFZ has been the subject of extensive 

research, particularly in geology and 

tectonics, employing a variety of approaches 

and methodologies. These studies have shed 

light on multiple aspects of the geological, 

tectonic, and geomorphic evolution of the 

region during the Neogene-Quaternary period.  

During the pre-Pliocene, the RRFZ was 

characterized by left-lateral strike-slip motion, 

as evidenced by numerous geological 

indicators along a discontinuous trace 

extending from southeastern Tibet to the Gulf 

of Tonkin (Tapponnier et al., 1990; Leloup et 

al., 1993, 1995, 2001). The total displacement 

along the fault has been estimated at 

https://doi.org/
mailto:liemnv@hus.edu.vn


Nguyen Viet Thuan et al. 

590 

700±200 km (Leloup et al., 1995), with 

tectonic activity dating back to at least 

~34 Ma (Gilley et al., 2003). The transition 

from ductile to brittle deformation around 

17 Ma marked a significant shift in the fault's 

evolution, after which the RRFZ remained 

largely quiescent until approximately 5.5 Ma 

(Trinh et al., 2012). Sinistral offset estimates 

along the fault range from 330±60 km 

(Lacassin et al., 1993) to 500–700 km (Leloup 

et al., 1995). 

Since the Pliocene, the RRFZ has 

undergone a kinematic reversal, transitioning 

to a dextral strike-slip fault (Allen et al., 

1984). This right-lateral movement is 

supported by diverse lines of evidence, 

including displaced streams, seismic and 

structural data, and repeated GNSS 

measurements. Estimates of total dextral 

offset vary considerably, ranging from  

20–57 km (Allen et al., 1984), 40 km 

(Schoenbohm et al., 2005), to 200–250 km 

(Leloup et al., 1995). Quaternary offsets of 

individual valleys along the fault span from 

6–9 km to more than 25 km (Allen et al., 

1984; Replumaz et al., 2001; Schoenbohm et 

al., 2006), and reach up to 57 km in the 

Yunnan segment (Leloup et al., 1995; Wang et 

al., 1998). In the Vietnamese section, smaller-

scale dextral displacements have been 

documented, ranging from 150–700 m (Trinh 

et al., 2012), 100–1300 m (Liem et al., 2011), 

and 0.3–2 km (Lacassin et al., 1994), to  

400 m–5.3 km (Cuong and Zuchiewicz, 2001; 

Zuchiewicz et al., 2013). Corresponding 

Quaternary slip rates have been estimated at 

approximately 1–9 mm/yr (Allen et al., 1984) 

and 1–4 mm/yr (Weldon et al., 1994). 

Regarding the study of modern tectonic 

displacement, several investigations and 

calculations have been conducted along the 

RRFZ and its adjacent regions. However, the 

results remain inconsistent, with noticeable 

discrepancies. Geodetic measurements 

suggest that current slip rates generally do not 

exceed 4 mm/yr (Cong and Feigl, 1999) or 

range from 0 to 3 mm/yr (To et al., 2001, 

2013). Therefore, the extent and 

characteristics of the modern RRFZ 

movement require further investigation to 

better understand its kinematic mechanisms 

and geodynamic implications. 

Nowadays, the Global Navigation Satellite 

System (GNSS) has become a vital tool in 

geodynamic research, enabling precise 

measurements of crustal displacement over 

time. This paper presents the results of GNSS 

data analysis collected along the RRFZ from 

1994 to 2023, aiming to determine the fault's 

modern displacement. By processing and 

analyzing nearly three decades of GNSS data 

(1994–2023), this study seeks to elucidate the 

displacement characteristics, including slip 

rates and directions, thereby contributing to 

the assessment of tectonic movement trends 

and the kinematic behavior of this region. The 

results contribute to an improved 

understanding of the fault's current tectonic 

behavior and its implications for regional 

geodynamics. 

2. Modern Tectonic Movement Setting 

Research on modern crustal deformation 

and tectonic motion in Southeast Asia has 

attracted considerable scientific attention, 

particularly following the pioneering use of 

GPS initiated by Tregoning et al. (1994). 

Subsequent large-scale geodetic campaigns, 

such as the GEODYSSEA project, have 

significantly improved our understanding of 

regional geodynamics (Chamot-Rooke and 

Pichon, 1999; Michel et al., 2001). Notably, 

GPS analyses by Bock et al. (2003) confirmed 

that the Sundaland block is moving 

independently relative to the Eurasian plate. 

Similar GPS-based and seismic studies of 

crustal deformation have since been carried 

out in adjacent regions, including China (King 

et al., 1997; Wang et al., 2001; Shen et al., 
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2005; Hu et al., 2007), Taiwan (Hsu et al., 

2009), the Philippines (Galgana et al., 2007; 

Yu et al., 2013), and Thailand (Iwakuni et al., 

2004). 

Simons et al. (2007) synthesized a unified 

GPS velocity field covering Southeast Asia 

using ten years (1994–2004) of observations 

from over 100 stations across Indonesia, 

Malaysia, Thailand, Myanmar, the 

Philippines, and Vietnam. Their results 

indicate that the Sundaland block behaves as a 

rigid entity with a clockwise rotation pole 

located at 49.0°N, 94.2°E and a rotation rate 

of approximately 0.34°/Myr. Intra-block strain 

rates within Sundaland were generally 

estimated to be less than 7 nanostrain/year. 

In Vietnam, GPS-based investigations of 

modern tectonic movements have also been 

undertaken. Based on GEODYSSEA data, To 

and Yem (2004) concluded that the 

Vietnamese territory is part of the Sundaland 

block, with a relative horizontal velocity of 

about 7 mm/yr, equivalent to a deformation 

rate of 15 nanostrain/year, representing an 

upper bound for horizontal crustal motion 

across Indochina. Cong et al. (2006) applied 

triangular strain analysis to assess horizontal 

displacement along the Red River and Lai 

Chau–Dien Bien fault zones. Trinh et al. 

(2011) utilized GPS data from four 

observation campaigns (2007–2010) from the 

East Vietnam Sea GPS network to 

characterize displacement trends and map 

deformation zones based on baseline length 

changes. These findings have been further 

refined by Trinh et al. (2015) and Huong et al. 

(2020), who assess crustal displacement and 

tectonic gradients in the Central Highlands 

and at the proposed site for the Ninh Thuan 

nuclear power plant. Minh et al. (2012, 2015) 

provided an integrated kinematic framework 

for the Indochina and Sundaland blocks. 

Stations across Southeast Asia were found to 

be moving generally southeastward, with 

northern Vietnamese stations (e.g., Hanoi, 

Hue) displaying faster velocities  

(32–35 mm/yr) compared to southern stations 

such as Ho Chi Minh City, NTUS 

(Singapore), and BAKO (Indonesia), which 

move at 22–26 mm/yr. 

Lau et al. (2020) used GNSS data from 

2016–2018 at seven CORS stations in 

Vietnam and three surrounding regional 

stations to determine tectonic velocities using 

the precise point positioning (PPP) technique 

with high reliability. The resulting velocities 

are consistent with existing plate-motion 

models and previous GPS observations, 

confirming the robustness of PPP for 

assessing contemporary tectonic deformation 

in Vietnam. Major stations such as Hanoi, Da 

Nang, and Ho Chi Minh City exhibit stable 

northeastward horizontal motions with 

magnitudes of approximately 27–33 mm/yr.  

More recently, Trong et al. (2023) 

presented detailed results on crustal 

displacement using data from the 

continuously operating GNSS reference 

station network (CORS). By analyzing 

continuous GNSS time series from 55 CORS 

stations between 2018 and 2021 using Precise 

Point Positioning (PPP) and velocity 

modeling, they reported a coherent velocity 

field. All stations exhibited southeastward 

motion, with velocities ranging from 25.3 to 

42.6 mm/yr and position accuracies between 

±0.1 and ±1.0 mm/yr in the ITRF2014 frame. 

Geodynamic analyses of the Red River 

Fault Zone from the Tibetan Plateau to the 

Vietnam border reveal spatial variations in 

tectonic activity. These differences allow the 

fault to be divided into three segments: the 

northern, middle, and southern segments. 

The northern segment, located in the 

southern Tibetan Plateau and Yunnan region 

of China, is considered the most active. It 

exhibits a high degree of locking (Lu et al., 

2021). GPS-based studies estimate a dextral 

strike-slip rate of approximately 4.7 mm/year, 
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significantly higher than in other parts of the 

fault. The combination of strong locking, 

elevated shear strain rates, and notable slip 

deficits suggests substantial stress 

accumulation, increasing the likelihood of 

moderate to strong earthquakes. 

The southern segment may be 

experiencing slow aseismic creep, gradually 

releasing energy without generating large 

earthquakes. Nonetheless, the degree of 

locking here is reported to be lower than in 

the northern segment (Lu et al., 2021; Xuhua 

Shi et al., 2018). 

In contrast, the middle segment is 

considered the least active, exhibiting low slip 

rates, minimal slip deficits, and weak 

indicators of strain accumulation. 

Accordingly, the probability of moderate-to-

strong earthquakes in this region is considered 

low (Lu et al., 2021). 

Turning to Northern Vietnam, To et al. 

(2013) analyzed GPS data from 27 stations 

collected between 1994 and 2007. Their 

results indicate that both the southwestern and 

northeastern sides of the Red River Fault 

Zone are moving eastward at a consistent rate 

of approximately 34.5±1 mm/yr, with slightly 

differing southward components of  

12±1 mm/yr and 13±1 mm/yr, respectively, 

estimates of relative right-lateral slip velocity 

of the RRFZ from morphotectonic studies 

(along active fault zones in the Late 

Quaternary) (Trinh et al., 2012) show minor 

differences (about 0–3 mm/yr) between these 

two structures. Minh et al. (2020) quantified 

absolute crustal displacement at seven GPS 

sites, yielding southeast-to-east-southeast 

velocities ranging from 34.10±0.17 mm/yr to 

35.05±0.18 mm/yr in the ITRF2014 reference 

frame. Relative motion analysis between 

MTEV and PHUT indicated a horizontal 

displacement rate of 3.78±0.19 mm/yr along a 

N45°W direction. Strain field analysis 

revealed extensional deformation 

(~10×10⁻⁹/yr) west of the Song Ma Fault and 

compressional strain of similar magnitude 

west of the Da River Fault. Of particular note, 

the Son La Fault exhibited the highest left-

lateral strike-slip strain (~30×10⁻⁹/yr), 

consistent with a sinistral slip rate of 

2.14±0.28 mm/yr. In contrast, the Da River 

and Song Ma Faults demonstrated dextral 

motion, with slip rates of 1.76±0.40 mm/yr 

and 2.44±0.47 mm/yr, respectively. Despite 

this coherent large-scale movement, 

differential motion across the Red River Fault 

Zone is relatively limited, often <4 mm/yr (To 

et al., 2001; Cong and Feigl, 1999), 

suggesting possible partial locking or slow 

creep.  

These findings collectively highlight the 

RRFZ as a complex tectonic feature where 

long-term motion trends are consistent, but 

localized strain and slip rates vary. The 

discrepancies may reflect methodological 

differences, limited temporal coverage, or 

intrinsic fault behavior. This study, based on 

nearly three decades of continuous GPS data, 

aims to refine the understanding of crustal 

dynamics in Northern Vietnam and its tectonic 

context within Southeast Asia.  

3. Materials and methods  

3.1. GPS data 

In this study, data were collected from ten 

GNSS stations (DOI1, HUN1, LAN0, LAP1, 

NAM0, NTH1, SOC1, SON1, XUY0, and 

VUA0), which were established in 1994 by 

the Institute of Geological Sciences now the 

Institute of Earth Sciences under the Vietnam 

Academy of Science and Technology (VAST), 

to study and evaluate active tectonic 

deformation along the RRFZ. The spatial 

distribution of these stations was determined 

based on tectonic and geological features as 

well as practical accessibility. Most stations 

are located along major geological structures 

associated with the RRFZ (Fig.1). 
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Figure 1. Map of GNSS stations in the study area 

Data from these stations were obtained 

through eight repeated GNSS survey 

campaigns conducted between 1994 and 

2023; an overview of these campaigns  

is presented in Table 1. Specifically, 

measurements from the 1994, 1996, 1998, 

2000, 2006, and 2007 campaigns were 

sourced from previous studies (Cong and 

Feigl, 1999; Feigl et al., 2003; To and Cong, 

2008; Hai et al., 2011). The 2010 survey 

was conducted under the national project 

"Neotectonics and Earthquake Hazards  

in Vietnam" (Project Code: 105.06.36.09), 

and the 2023 campaign was carried out 

within the framework of the national  

project Study on the Pliocene-recent 

tectonic geomorphology along the  

Red River-Chay River Fault Zones for the 

assessment of related geological hazards" 

(Project Code: ĐTĐL.CN-41/23). 

Table 1. GNSS measurement data of the 1994–2023 cycles of the RRFZ network 

Station name 
Number of measurements / Measurement time/receiver type used 

1994 1996 1998 2000 2006 2007 2010 2023 

NAM 8/16/A   8/16/A   4/24/T 9/24/TR 

LAN 4/16/A   4/16/A   4/24/T 4/24/L 

NTH 4/16/A 2/8/A  4/16/A   4/24/T 4/24/TR 

VUA 1/16/A   4/16/A 2/24/T  4/24/T 5/24/L 

DOI 4/16/A   4/16/A   4/24/T 4/24/TR 

XUY 8/16/A   8/16/A   12/24/T 9/24/TR 

LAP 2/5/T 2/8/A 2/10/T 2/16/A 4/24/T   2/24/TR 

SON 2/5/T 2/8/A 3/10/T 2/16/A 4/24/T 2/24/T  4/24/TR 

HUN 4/5/T 6/8/A 9/10/T 2/16/A 10/24/T 2/24/T  4/24/TR 

SOC 2/5/T 2/8/A 2/10/T 2/16/A 4/24/T   4/24/TR 

A: Ashtech receiver; T: Trimble 400SSI/SSE receiver; TR: Trimble R9 receiver. L: Leica GR25 

All campaigns followed a consistent, 

standardized data acquisition protocol:  

Dual-frequency receivers were used, with an 

elevation mask of 10° and a 30-second 
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sampling interval, and choke-ring antennas 

designed to minimize multipath interference. 

After each observation session, data were 

preliminarily reviewed in the field, edited and 

compiled, and then converted into RINEX 

format using the TeQC software (Estey and 

Meertens, 1999). 

To estimate station velocities within the 

International Terrestrial Reference Frame 

2008 (ITRF2008) (Altamimi et al., 2011), the 

RRF-GPS network was extended to include 

15 global GNSS stations from the 

International GNSS Service (IGS), namely: 

ALIC, BAKO, BJFS, COCO, GUAM, IISC, 

KIT3, PERT, POL2, SHAO, SUWN, TIDB, 

TSKB, USUD, and WUHN. The availability 

of IGS data varied depending on the station's 

establishment dates and operational status. For 

example, in 1994, only a limited number of 

IGS stations in the Asia-Pacific region were 

available, including ALIC, TSKB, KIT3, 

PERT, IISC, and USUD.  

3.2. GPS data processing   

In this study, initial coordinates for each 

observation day were estimated using the 

Precise Point Positioning (PPP) method 

(Zumberge et al., 1997), as implemented in 

previous works (Nadia et al., 2021; Soycan, 

2012). The average daily positions derived 

from the PPP solution were then used as a 

priori coordinates in the subsequent 

processing phase using the Bernese GNSS 

Software version 5.2. Providing accurate a 

priori coordinates accelerates the least-squares 

iterative solution by reducing the number of 

iterations when the initial approximation is 

close to the final solution. 

Following the PPP step, data processing 

was performed using the standard procedure 

in Bernese GNSS Software 5.2 (Dach et al., 

2017). Correction models and processing 

parameters applied at each stage are 

summarized in Table 2 (Danezis et al., 2020). 

The final station (ITRF2008) (Altamimi et al., 

2011). 

The ITRF2008 reference frame was 

adopted to ensure consistency and 

compatibility with global GNSS products and 

tectonic motion models, particularly those 

widely used in Southeast Asia (e.g., Simons et 

al., 2007; Kreemer et al., 2014). Although 

newer realizations of the ITRF (e.g., 

ITRF2014, ITRF2020) exist, ITRF2008 

provides a stable and well-documented 

reference epoch that aligns with the temporal 

coverage of most RRF network campaigns 

(1994–2023). Moreover, many previous 

regional geodetic and tectonic studies in 

Indochina and southern China were also 

referenced to ITRF2008, facilitating direct 

comparisons and the integration of velocity 

results across datasets. 

The Bernese software processes data under 

the assumption of a white noise model within 

a least-squares adjustment framework 

(Montillet et al., 2012). However, several 

studies have emphasized the impact of colored 

noise on velocity estimates, particularly for 

short or discontinuous time series (Soundy et 

al., 2020; He et al., 2021). Neglecting colored 

noise can lead to an underestimation of 

position and velocity uncertainties by up to a 

factor of 2 (Zhang et al., 1997; Klos et al., 

2018; Williams, 2003). In the RRF network, 

identifying an appropriate stochastic noise 

model remains challenging due to limitations 

in the dataset. These include inconsistent 

temporal spacing between campaigns (ranging 

from 2 to 13 years), and variable observation 

durations and data continuity among stations. 

Consequently, it is difficult to distinguish 

between and apply a reliable colored-noise 

model, and the reported velocity uncertainties 

should be interpreted as lower-bound 

estimates. In future work, we intend to use 

more robust noise modeling and time series 

analysis techniques to improve the reliability 

of velocity estimates. 
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Table 2. Daily GNSS Data Processing Parameters and Settings in Bernese 5.2 
Parameter Setting Input data 

Observation type 

GNSS carrier phase. Pseudo-range is used only for 

receiver clock synchronization and ambiguity 

resolution, and for linear combinations. 

RINEX Observation files (.obs): 

GPS station of Song Hong - Song 

Chay network, IGS station. 

Elevation cutoff angle 
10°; observation weighting dependent on satellite 

elevation (cosz). 
 

Data sampling rate 30 seconds in the final solution.  

Observation modeling 
Ionosphere-free linear combination to eliminate 

first-order ionospheric delay. 
GNSS dual-frequency phase data 

Antenna phase center 

corrections 
Absolute Phase Center Correction (APC) 

ANTEX files (igs20.atx) 

 

Tidal corrections 
- Solid Earth tides. 

- Ocean loading: FES2004 model. 

IERS2010XY.SUB 

IAU2000R06.NUT 

http://ftp.aiub.unibe.ch/BSWUSER5

2/GEN/ FES2004 Model Data 

http://froste.oso.chalmers.se/loading/ 

Orbit and Earth Rotation 

Parameters (ERPs) 

Final IGS precise orbits (GPS) and ERPs from 

CODE. 

IGS Final Orbit (sp3) & ERP files. 

https://cddis.nasa.gov/archive/gnss/p

roducts 

http://ftp.aiub.unibe.ch/CODE 

Ionospheric delay handling 

- First-order ionospheric delay is eliminated using 

the ionosphere-free L1/L2 linear combination. 

- Regional ionospheric maps are used to enhance 

ambiguity resolution in the Quasi-Ionosphere-Free 

(QIF) method, as well as in L5/L3 and L1/L2 

combinations. 

COD***.ION 

http://ftp.aiub.unibe.ch/CODE 

Ambiguity resolution 

Ambiguities are resolved per baseline: 

-Quasi-Ionosphere-Free (QIF) method (2000 km). 

- Wide-lane phase-based method (< 200 km). 

 

Tropospheric delay 

modeling 

- Dry GMF model (used as an a priori model). 

- Zenith total delay (ZTD) is estimated hourly for 

each station using wet GMF. 

- Horizontal tropospheric gradient estimated daily 

for each station following the Chen-Herring 

model. 

VMF***.GRD 

https://vmf.geo.tuwien.ac.at/trop_pr

oducts/GRID/2.5x2/VMF1/ 

Reference frame ITRF2008 
ITRF2008.CRD, ITRF2008.VEL, 

ITRF2008.FIX 
 

To evaluate positional accuracy, we used 
the Weighted Root Mean Square (WRMS) of 
the coordinate components (Larson and 
Agnew, 1991; Fotiou et al., 2006), which 
reflects the repeatability of measurements at 
each station within each campaign. The 

WRMS is computed as follows (1): 

            𝑊𝑟𝑚𝑠𝑁,𝐸,𝐻 = √

𝑛

𝑛−1
∑

(𝑦𝑖−𝑦)̅̅̅̅ 2

𝜎𝑖
2

𝑛
𝑖=1

∑
1

𝜎𝑖
2

𝑛
𝑖=1

,     (1) 

where 𝑦̅ =
∑

1

𝜎𝑖
2𝑦𝑖

𝑛
𝑖=1

∑
1

𝜎𝑖
2

𝑛
𝑖=1

  is the weighted mean of

the observations yi, yᵢ is the i-th observation, n 

is the number of independent values, and σᵢ is 

the standard deviation of the i-th observation 

We also assessed the accuracy of the 

baseline lengths using the model introduced 

by Savage et al. (1995) (2): 

𝜎𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 = √(𝑎2 + 𝑏𝐿2)      (2)  

where a is the fixed error term (independent of 

baseline length), b is the scale-dependent error 

term, L is the baseline length, and 𝜎𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is 

the baseline uncertainty. The results are 

presented in Table 3. 

file:///C:/$X/GEN/IAU2000R06.NUT
http://froste.oso.chalmers.se/loading/
https://cddis.nasa.gov/archive/gnss/products
https://cddis.nasa.gov/archive/gnss/products
https://vmf.geo.tuwien.ac.at/trop_products/GRID/2.5x2/VMF1/
https://vmf.geo.tuwien.ac.at/trop_products/GRID/2.5x2/VMF1/
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Table 3. WRMS Repeatability and Baseline Length 

Precision in GPS Campaigns 

Cycle 
WRMS Repeatability (mm) 

Precision of 

baseline length 

N E H a (mm) b (ppb) 

1994 0.98 1.03 1.98 2.20 0.55 

1996 0.43 0.47 1.09 1.71 0.35 

1998 0.52 0.48 1.23 2.18 0.44 

2000 0.42 0.41 0.96 1.90 0.41 

2006 0.25 0.24 0.60 1.66 0.25 

2010 0.26 0.27 0.62 1.75 0.33 

2023 1.01 1.05 1.75 2.11 0.47 

Table 3 provides an overview of GPS data 

accuracy across all campaigns. Overall, the 

precision levels are within acceptable limits 

for geodetic applications. WRMS values 

remained stable from 1996 to 2010, whereas 

larger uncertainties were observed in the 1994 

and 2023 campaigns, likely due to 

unmitigated noise. Several factors may have 

contributed to reduced accuracy in these 

specific years: 

- Ionospheric model limitations: The use of 

a regional ionospheric correction model rather 

than a global one in 1994 (due to the absence 

of CODE global ionospheric products at that 

time) may have led to larger baseline errors, 

especially on long baselines. 

- Changes in the observation environment: 

In 2023, decreased accuracy at the SON and 

HUN stations may be attributed to local 

environmental factors, such as nearby 

construction or radio interference, that 

affected signal quality. 

A breakdown of baseline accuracy by 

length reveals that short baselines (<25 km) 

had uncertainties of approximately 2.2 mm 

(~0.098 mm/km), while the longest baseline 

(7455.7 km) exhibited an uncertainty of  

5.32 mm (~0.00071 mm/km). These results 

suggest that for short baselines, the dominant 

error source is the fixed component aaa, 

typically associated with instrumentation or 

system noise. The scale-dependent component 

bL becomes more significant only for very 

long baselines (Cong et al., 2006). 

According to International GNSS Service 

(IGS) standards (Dach et al., 2022), 

acceptable precision thresholds are:   

WRMS ≤ 1.5 mm for horizontal components 

(N, E), ≤ 2 mm for the vertical component 

(H), and baseline uncertainties of a ≤ 2.5 mm, 

b ≤ 0.5 ppb. Based on these criteria, the 2006 

and 2010 campaigns yielded high-precision 

results, meeting the most stringent IGS 

standards. Campaigns in 1994, 1996, 1998, 

2000, and 2023 also yielded usable data, 

though some error parameters slightly 

exceeded recommended values. 

The study by Nguyen Thanh D. et al. 

(2022) used GNSS data to determine total 

precipitable water (TPW) in the Nghia Do 

area, showing only minor deviations from 

Aeronet and radiosonde measurements, 

thereby demonstrating the potential of GPS 

for atmospheric water vapor monitoring. 

Meanwhile, (Pham Le K. et al. 2024) 

identified quasi-biennial oscillations (QBO) in 

the TEC amplitude of the two equatorial 

ionization anomaly crests over Southeast Asia, 

with periods of 18–30 months and a clear 

correlation with the tropospheric QBO. Most 

recently, (Pham Thi Thu H. et al., 2024) 

investigated the occurrence rate of the Spread 

F phenomenon and the ROTI index at two 

GPS stations in Vietnam, revealing distinctive 

seasonal and nighttime variations 

characteristic of the equatorial ionization 

anomaly region. The results from these three 

studies help develop a spatiotemporal 

ionospheric correction model tailored for 

Vietnam, thereby reducing orbital and phase 

errors, improving the accuracy of GNSS 

positioning, and enhancing the reliability of 

derived products such as GPS velocity, TPW, 

and TEC. 

4. Results 

4.1. Absolute velocity results of the RRFZ 

GPS network 

The results of absolute velocity estimations 

at the GPS stations along the RRFZ network 

are presented in Table 4. The data show a 
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general East-Southeastward motion across the 

study area, with an average velocity 

magnitude of 32.65±0.4 mm/year in the 

ITRF2008 reference frame. This trend is 

consistent with previous studies on tectonic 

movements in the region (Simons et al., 2007; 

Hai et al., 2016). The velocity uncertainty 

ellipses indicate relatively high and spatially 

uniform precision across the network. The 

horizontal velocity uncertainties in both the 

East and North components at most stations 

are 0.4–0.5 mm/year, suggesting reliable 

results. All velocity components VE and  

VN in the ITRF2008 frame have  

minimal uncertainties (±0.4–0.5 mm/yr), 

corresponding to a confidence level of about 

95%. The VE component is slightly more 

reliable due to its larger magnitude, resulting 

in a smaller relative error. Therefore, the GPS 

velocities in ITRF2008 are highly reliable for 

analyzing block motion and comparing with 

Euler rotation models. 

Table 4. Summary of Absolute Displacement Results of the Red River - Chay River GPS Network Using 

Bernese 5.2 Software (ITRF2008) 

TT Station Lon Lat 

VE 

ITRF 

2008 

(mm) 

dVE 

Simons 

(mm) 

dVE 

Satrio 

(mm) 

dVE 

Ming 

(mm) 

VN 

ITRF 

2008 

(mm) 

dVN 

Simons 

(mm) 

dVN 

Satrio 

(mm) 

dVN 

Ming 

(mm) 

1 DOI 105.201 21.677 32.22±0.4 -2.93 -2.06 -0.42 -10.09±0.4 -1.85 -3.79 -0.95 

2 HUN 105.329 21.361 31.35±0.5 -3.74 -2.85 -1.24 -9.46±0.4 -1.16 -3.1 -0.28 

3 LAN 104.766 21.598 30.73±0.4 -4.43 -3.55 -1.92 -8.23 ±0.4 -0.16 -2.12 0.77 

4 LAP 105.032 21.383 30.89±04 -4.22 -3.33 -1.72 -8.28±0.4 -0.1 -2.05 0.8 

5 NAM 104.457 21.690 30.83±0.4 -4.37 -3.48 -1.85 -6.15±0.4 1.79 -0.18 2.75 

6 NTH 105.186 21.474 31.54±0.4 -3.58 -2.69 -1.07 -9.54±0.4 -1.3 -3.24 -0.41 

7 SOC 105.826 21.307 31.16±0.4 -3.89 -3 -1.39 -8.25±0.4 0.25 -1.67 1.09 

8 SON 105.181 21.191 30.43±0.5 -4.63 -3.73 -2.15 -10.23±0.4 -1.99 -3.93 -1.1 

9 VUA 105.015 21.610 31.61±0.4 -3.54 -2.66 -1.03 -8.32±0.4 -0.15 -2.1 0.76 

10 XUY 105.738 21.848 32.76±0.4 -2.4 -1.54 0.13 -12.55±0.4 -4.09 -6.01 -3.24 

 

The azimuths of displacement  

vectors (ranging from N101° to N111°)  

show minor differences among stations. Still, 

the dominant movement direction remains 

East-Southeastward (Fig. 2). For tectonic 

analysis, the GPS stations are grouped into two 

clusters representing the South China Block 

(XUY, DOI, SOC) and the Sundaland Block 

(NAM, LAN, LAP, SON). This classification is 

based on the stations' geographic locations and 

regional geological structures: DOI, SOC, and 

XUY are located in the Northeastern part of the 

study area, belonging to the SC block, while 

NAM, LAN, LAP, and SON are situated in the 

Southwestern part, closer to the Sundaland 

margin. The analysis reveals that the average 

velocity magnitude of the SC group 

(~33.7 mm/year) is slightly higher than that of 

the SU group (~31.8 mm/year). The velocity 

difference of ~2 mm/year between the two 

blocks reflects a small but measurable 

divergence in absolute motion. 

The values dVE Simons (mm), dVE Satrio 

(mm), and dVE Ming (mm) in Table 4 

represent the deviations in the horizontal 

velocity component (in the East direction, VE) 

between the actual GPS observations in the 

ITRF2008 reference frame and the theoretical 

velocities predicted by the respective Euler 

pole models of Simons et al. (2007), Satrio et 

al. (2024), and Minghao et al. (2019). 

In other words, these values indicate the 

discrepancy between model predictions and 

actual measurements of the East velocity 

component, thereby reflecting the degree of fit 

and each model's ability to describe tectonic 

motion in the study area. 
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Figure 2. Absolute displacement velocity field 

4.2. Relative velocity results across the RRFZ 

GPS network 

To assess relative motion across the RRFZ, 

we fixed stations on either side of the fault and 

compared velocity vectors between the two 

groups. Two reference scenarios were 

considered: (a) fixing the South China (SC) 

group, and (b) fixing the Sundaland (SU) group. 

As shown in Table 5 and illustrated in  

Fig. 3, clear relative displacements are 

observed between the two station groups: 

In scenario (a), with the SC group fixed,

stations NAM, LAN, LAP, SON, VUA, NTH, 

and HUN exhibit a dominant northwestward 

motion with an average velocity of 

approximately ~2 mm/year and an azimuth of 

~N320°. Station SON shows a more westerly-

oriented motion (~N272°). 
Conversely, in scenario (b), with the SU 

group fixed, stations DOI, SOC, XUY, VUA, 
NTH, and HUN tend to move Southeastward, 
with an average relative velocity of 
~1.8 mm/year and azimuth of ~N160°. 
Notably, VUA (~N96°) and SOC (~N93°) 
show significant deviation toward the East. 

Table 5. Intergroup relative displacement 

Station Lon Lat 
(a) (b) 

VE VN Azimuth VE VN Azimuth 

DOI 105.20 21.67    1.5 -1.87 141.23° 

HUN 105.32 21.36 -0.7 0.84 320.19° 0.63 -1.24 153.02° 

LAN 104.76 21.59 -1.32 2.07 327.48°    

LAP 105.03 21.38 -1.16 2.02 330.13°    

NAM 104.45 21.69 -1.22 4.15 343.62°    

NTH 105.18 21.47 -0.5 0.76 326.14° 0.82 -1.32 148.10° 

SOC 105.82 21.30    0.44 -0.03 93.58° 

SON 105.18 21.19 -1.7 0.07 272.47°    

VUA 105.01 21.61 -0.44 1.98 347.47° 0.89 -0.01 96.25° 

XUY 105.73 21.84    2.04 -4.4 154.76° 
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Figure 3. Relative displacements in two cases: (a) Fixing the points in group SC and  

(b) Fixing the points in group SU 

Fault-block reference comparisons: 

The relative symmetry of the motion 

vectors in the two scenarios suggests right-

lateral strike-slip motion between the two 

tectonic blocks (Fig. 3). However, directional 

deviations at stations such as SON, SOC, and 

VUA may reflect internal deformation within 

the fault zone or the influence of secondary 

faults. Stations located within or near the 

RRFZ, such as VUA, HUN, and NTH, show 

apparent relative motion, though with lower 

velocity magnitudes. In contrast, stations 

farther from the fault zone, such as XUY and 

NAM, exhibit more pronounced velocity 

magnitudes, possibly indicating subtle 

extensional strain away from the core fault 

zone. 

In both scenarios (a) and (b), stations 

VUA, NTH, and HUN are analyzed as 

dynamically responsive points, although they 

appear in both SC and SU groups. This is due 

to their location within or adjacent to the fault 

zone, where motions from both sides of the 

RRFZ influence them. Therefore, they are not 

rigidly classified into a single fault block, but 

instead function as sensitive markers of 

localized deformation and inter-block strain 

transfer. 

The inclusion of these stations in both 

reference frames also allows cross-validation 

of the fault model by comparing variations in 

azimuth and velocity magnitude under 

different reference conditions. Specifically, 

these stations exhibit significant azimuthal 

differences between the two scenarios, 

underscoring their sensitivity to strike-slip 

dynamics and their importance for 

characterizing fault activity. 

5. Discussions  

Based on absolute and relative velocity 

estimates derived from GPS data analysis, we 

further examine and interpret the tectonic 

dynamics of the study area. Specifically, we 

perform quantitative comparisons of observed 

GPS velocities with previously published 

tectonic models and assess their consistency. 

In parallel, the relative velocities between 

GPS stations are utilized to characterize intra-

block deformation trends and the kinematic 

behavior of the Red River Fault Zone (RRF) 

during the observation period. 
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5.1. Absolute Velocities 

To clarify the regional kinematics and 

evaluate the compatibility of existing tectonic 

models with observational data, we compare 

the estimated GPS velocities with models 

proposed by Simons et al. (2007), Hao et al. 

(2019), and Satrio et al. (2024)  (see Table 4). 

Model-predicted velocities were computed 

using the respective Euler poles and 

transformed to a common reference frame 

(ITRF2000 or ITRF2014) using transformation 

parameters provided by the IERS 

(https://itrf.ign.fr/en/solutions/transformations). 

This ensures consistency in the coordinate 

framework used for comparison. 

From the Euler poles defined in each 

model, we calculated predicted velocities at 

GPS stations and compared them with 

observed values. Discrepancies among models 

reflect not only methodological differences in 

data processing but also variations in tectonic 

deformation within the studied region. 

To evaluate model performance, two 

statistical indices were used: mean absolute 

error (MAE) and root mean square error 

(RMSE) (Willmott & Kenji., 2005)  

(see Table 6). Results indicate that the Hao et 

al. (2019) model exhibits the best agreement 

with the observed GPS velocities, as 

evidenced by the lowest MAE and RMSE 

values among the three models. 

Table 6. Evaluation criteria for model performance 
Evaluation criteria (mm/yr) Simons (2007) Minghao (2019) Satrio (2024) 

MAE VN  1.28 1.21 2.81 

MAE VE  3.77 1.29 2.88 

RMSE VN  1.74 1.53 3.19 

RMSE VE  3.83 1.43 2.96 

Trend interpretation Relatively stable Well captures the trend Shows signs of noise 

 

Notably, the RMSE values are consistently 

higher than the MAE across all models, 

indicating larger individual errors that 

disproportionately influence overall accuracy. 

Among the evaluated approaches, the model 

of Satrio et al. (2024) exhibits the highest 

error metrics, which may reflect the impact of 

uneven spatial coverage of input data on the 

robustness of the Euler pole estimation. 

Hao et al. (2019) established an 

independent reference frame for the SC block 

with Euler pole coordinates at 53.420°N,  

-101.102°W and a rotation rate of 0.311°/Myr 

in ITRF2008. The study concluded that the 

southern boundary of the SC block is 

relatively stable and exhibits limited 

deformation. The deviation of observed 

velocities from Hao's model indicates right-

lateral strike-slip motion on both sides of the 

fault and minor deformation along the RRFZ, 

with a clockwise rotational trend. 

When compared with previous velocity 

estimates in the region (e.g., Duong et al., 

2013; To et al., 2013), our results show 

general agreement in both magnitude and 

azimuth (N101–N111°E). The slight velocity 

discrepancies (~1.5 mm/year) may result from 

differences in input data, processing 

techniques, and correction models used across 

studies. For instance, Duong et al. (2013) 

accounted for postseismic effects from major 

earthquakes such as the 2004 Sumatra and 

2011 Tohoku events, which may influence 

velocity estimates. Overall, the absolute 

velocity results accurately reflect the general 

tectonic motion along the RRFZ, suggesting 

that the study area lies within the transitional 

zone between the SC and SU blocks but 

moves more coherently with the SC block. 

Uncertainty considerations in velocity 
estimation:  

Although the application of colored noise 

models (e.g., flicker noise or random walk 

noise) has been shown to significantly 

improve the reliability of velocity estimates in 
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continuous GNSS time series (Williams, 

2003), such modeling remains challenging for 

campaign-mode GPS networks like the RRF. 

The temporal sampling of campaign data is 

typically too sparse to support stable 

estimation of stochastic noise parameters. In 

future work, we aim to improve the stochastic 

characterization of the RRF network by: (1) 

extending the observation period or increasing 

campaign frequency to build longer and more 

continuous time series; (2) applying advanced 

noise modeling approaches such as Allan 

variance analysis and maximum likelihood 

estimation (MLE), or utilizing specialized 

time series analysis tools (e.g., CATS, Hector, 

or the GAMIT/GLOBK time series module) 

to separate the white, flicker, and random-

walk noise components; and (3) comparing 

results obtained under white and colored noise 

assumptions to assess the impact of noise 

models on velocity uncertainty. These 

improvements are expected to enhance the 

robustness of the velocity estimates and 

provide a more reliable basis for interpreting 

crustal deformation patterns in the study area. 

5.2. Relative Velocities 

Gan et al. (2021) estimated a total  
right-lateral slip rate along the RRFZ of  

1.8–2.5 mm/year, with GPS-derived slip rates 
of 1–2 mm/year. Their results support a 
dominant right-lateral strike-slip mechanism, 
coupled with east-west extensional 
deformation and spatial heterogeneity along 
the fault trace. Lu et al. (2021), using 

CMONOC GPS station data spanning from 
Jianchuan to Hekou, found relative velocities 
indicating northwest-side motion of  
4.7 mm/year, gradually decreasing 
southeastward, with minor extension  
(1–2 mm/year) perpendicular to the fault. 

In line with our findings, the RRFZ 

exhibits both strike-slip and extensional 

components. To better quantify the 

deformation pattern, we applied a projection 

method that decomposed the relative 

velocities between GPS station pairs along the 

baseline connecting each pair. This approach 

isolates the velocity component parallel and 

perpendicular to the fault, enabling clearer 

identification of strike-slip and extensional 

behaviors. 

We selected three station pairs  

NAM-XUY, LAN-DOI, and SON-SOC that 

represent different segments of the study area. 

These baselines were chosen to be 

approximately orthogonal to the main fault 

strike (N101E–N111°E) to optimize detection 

of extension components. The along-baseline 

component of relative velocity was computed 

as (3): 

                           𝑉|| = 𝑉𝑟𝑒𝑙
⃗⃗ ⃗⃗ ⃗⃗  ⃗. 𝑟 𝐴𝐵                  (3)  

 

Where 𝑉𝑟𝑒𝑙 is the relative velocity vector 
from station A to B, and  𝑟 𝐴𝐵 is the unit vector 
pointing from A to B. The quantity V|| is the 
scalar (dot) product of the relative velocity 
vector and the unit vector, yielding a scalar 

value. 
This method allows for determining 

whether point B is moving toward or away 
from point A along a specific direction, 
parallel to the baseline. A positive value of V|| 
indicates an extensional trend, whereas a 

negative value suggests compression. It 
provides insights into whether two stations are 
converging or diverging along the spatial 
vector defined by the station pair. 

Results show that all three baseline 
projections yield positive values:  

NAM-XUY: 1.05±0.3 mm/year, LAN-DOI: 
1.1±0.3 mm/year, and SON-SOC:  
1.1±0.3 mm/year. These consistently positive 
values indicate that the Eastern stations 
(XUY, DOI, SOC) are moving away from the 
Western stations (NAM, LAN, SON) in a 

direction roughly perpendicular to the fault. 
This consistent pattern reflects a mild 
extensional regime across the study area. 

Combined with the relative velocity field, 
which confirms right-lateral strike-slip 
behavior along the RRFZ, our analysis reveals 

both lateral and extensional deformation 
components. The projected velocities 
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perpendicular to the fault underscore a 
secondary extensional motion, commonly 
observed in strike-slip fault zones subjected to 
an extensional stress field orthogonal to the 
primary slip direction. The estimated 

extension rate (~1.1 mm/year) and a dominant 
strike-slip motion (~2 mm/year) indicate a 
hybrid deformation regime. This behavior 
may be attributed to the interaction between 
right-lateral slip of the Southern RRFZ 
segment in China and localized extensional 

processes along its Eastern periphery. 
Furthermore, the spatial variability of slip 
rates along the fault, as reported by Gan et al. 
(2021), reflects the inherent complexity of 
tectonic activity in this region. 

6. Conclusions 

This study analyzed GNSS data collected 
between 1994 and 2023 to assess present-day 
crustal movements along the Vietnamese 
segment of the RRFZ, one of the most 
significant tectonic structures in northern 
Vietnam. The main findings are as follows: 

- Absolute motion: GNSS stations along 
the RRF generally move toward the East-
Southeast, with an average velocity of 
32.65±0.4 mm/yr in the ITRF2008 reference 
frame. This motion is consistent with the 
movement of the South China block. A small 
velocity difference (~2 mm/yr) between 
stations situated on the South China and 
Sundaland blocks indicates relatively stable 
tectonics with minor localized deformation. 

- Relative motion: Analysis of relative 
velocities between the two flanks of the fault 
reveals a predominant right-lateral strike-slip 
motion at a rate of approximately 
~2±0.5 mm/yr, accompanied by a minor 
extensional component (~1±0.3 mm/yr) 
perpendicular to the fault. These results 
support a transtensional deformation regime, 
consistent with previous studies of the RRFZ. 

- Comparison with tectonic models: The 
GPS results confirm that both the South China 
and Sundaland blocks exhibit relatively rigid 
motion with limited intraplate deformation. 
However, minor discrepancies between 

modeled and observed velocities may reflect 
the influence of subsidiary faults or local 
deformation zones. 

- Limitations and future directions: Due to 

the discontinuous and spatially uneven nature 

of the campaign-mode GPS data, the results 

may be affected by uncorrected colored noise. 

Future work should incorporate continuous 

CORS data and employ more sophisticated 

noise models to improve velocity estimates 

and better constrain active deformation along 

the RRF. 
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