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Abstract: The Sumatran Fault Zone (SFZ), Indonesia is a tectonically active region charac-
terized by frequent seismic activity and significant geological features. In this study, we con-
ducted a preliminary analysis using the Interferometric Synthetic Aperture Radar (InSAR)
to asses the slip rate on the Manna Fault in the Sumatran Fault Zone (SFZ). We used ALOS
PALSAR 1 satellite imagery to obtain information on deformation from the period 2007 to
2011 using the Small Baseline Subset (SBAS) method. Fault parallel velocities estimation
from InSAR show the typical right-lateral slip of the Manna Fault. The slip rate of the Manna
Fault estimated from this study is 8.6 mm/year. This study shows the potential of using In-
SAR with ALOS PALSAR I in monitoring slip rate in the Sumatra region. The InSAR tech-
nology can improve our understanding of seismic activity and potential earthquake hazards
in the south Sumatra.
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Introduction

Sumatra Island is located in the Sumatran fault Zone (SFZ) which stretches 1900 km and
is divided into 19 major fault Faults (Sieh & Natawidjaja, 2000). The Sumatran Fault rep-
resents a major dextral strike-slip fault zone which has the potential for earthquake hazard
along the active fault line (Natawidjaja, 2018). Based on the history of earthquakes in the
Sumatran Fault Zone, several significant events have been recorded over the past century.
One notable earthquake occurred along the Kumering Fault on 24 June 1933, known as the
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Liwa Earthquake (Mw 7.5), which caused severe damage in the Lake Ranau area (Hu-
rukawa et al., 2014). Another major event was the earthquake along the Manna Fault in the
highlands of Benkoelen, southern Sumatra, on 12 June 1893, with a magnitude of Mw 7.0,
which also had a considerable impact on the surrounding region (Hurukawa et al., 2014).
On February 15, 1994, the Liwa earthquake occurred with a magnitude of M 6.8 and caused
severe damage to the surrounding area (Duquesnoy et al., 1996; Widiwijayanti et al., 1996).
The Liwa area has the potential for significant potential hazards in the future (Triyoso &
Suwondo, 2023). The last recorded earthquake along the Manna segment occurred in 1893,
with a magnitude of Mw 7.0. This segment remains active and is considered to have the
potential to generate future earthquakes.

The Manna Fault stretches for 196 km with a maximum credible magnitude of M 7.8
(Burton & Hall, 2014). The primary estimate of the slip rate of the Sumatran Fault system-
atically increases from south to north (Genrich et al., 2000; Prawirodirdjo et al., 2000),
However, geological studies suggest that the average slip rate along the Sumatran Fault
Zone is approximately 15—16 mm/year (Bradley et al., 2017; Natawidjaja, 2018). The GNSS
data suggests that the overall present-day slip rates of the Sumatran Fault in Semangko
Fault is 16.5 + 2 mm/yr (Alif et al., 2020) and Kumering Fault is 18.2 + 10 mm/yr (Alif et
al., 2022). Geodetic data are needed to estimate the deformation along the Manna Fault
and improve our understanding of its tectonic activity.

Many studies have calculated the slip rate of the Sumatran Fault using geological and
geodetic methods (Alif et al., 2020; Bradley et al., 2017; Genrich et al., 2000; Ito et al., 2012;
Meilano et al., 2012; Meilano et al., 2021; Alif et al., 2022; Natawidjaja, 2018; Sieh & Na-
tawidjaja, 2000). However, slip rate estimation for the Manna Fault is limited due to the
region's lack of detailed geodetic observations and geological investigations. This limitation
highlights the need to estimate crustal deformation rates in the region to better understand
its tectonic dynamics, especially considering that this segment still possesses significant
earthquake potential, such as in the East Anatolia Fault Zone (EAFZ) with Mw 7.7 earth-
quake also exhibited left-lateral strike-slip characteristics (Liu et al., 2024). Slip rate esti-
mation is very important for understanding the seismic potential of a region, as a basis for
disaster mitigation planning, and for regional tectonic deformation modeling.

The deformation determination method can use GNSS (Alif et al., 2021; Anggara et al.,
2025) and Interferometry Synthetic Aperture Radar (InSAR) (Elliott et al., 2008), such as
volcanic activity (Anggara et al., 2023; Natadikara et al., 2023) and tectonic activity (Chlieh
et al., 2008; Prawirodirdjo et al., 2010). The InSAR method is used to measure interseismic
surface deformation (Liu et al., 2011), especially in Manna fault there is not sufficient dis-
tribution of GNSS observation points. The slip rate estimation using InSAR has been
proven as a powerful tool in determining slip rate, such as in the Altyn Tagh Fault, northern
Tibet (Elliott et al., 2008), The Ganzi-Yushu-Xianshuihe fault (Zhang et al., 2022), the
Gyaring Co fault (GCF) in the central Tibetan Plateau (Zhang et al., 2023), the Garze—Yushu
fault belt in the Tibetan Plateau (Liu et al., 2011), and Sumatran Fault (Tong et al., 2018).
Interferometric Synthetic Aperture Radar (InSAR) can be used to measure crustal defor-
mation, with an ablility to penetrate clouds, and an accuracy of millimeters per year (Elliott
et al., 2016; Song et al., 2019). Permanent GNSS stations around the Manna Fault are still
very rare, the available geodetic data is not sufficient for accurate estimation of crustal de-
formation rates. Due to the limitations of geodetic data, this study uses InSAR data as a slip
rate analysis. The use of ALOS PALSAR-1 data fill the gap in geodetic observations in the
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Manna Fault area and provide an initial estimate of its slip rate. This study uses ALOS PAL-
SAR-1 images from 2007 to 2011. The use of ALOS PALSAR is based on the that Sumatra
Island is covered by tropical rainforest, where temporal decorrelation poses a challenge for
InSAR, L-band observations (such as ALOS PALSAR-1) are more effective in capturing
ground deformation in densely vegetated areas (Tong et al., 2018). We processed the data
using the Small Baseline Subset (SBAS) method to estimate time series of surface defor-
mation for the Manna segment, then applied velocity corrections based on continuous
GNSS observations. The corrected time series were used to calculate the fault slip rate, re-
sulting in a more accurate and reliable estimate. This research uses ALOS PALSAR 1images
is preliminary to estimate the slip rate in the Manna Fault to provide an overview of esti-
mates from InSAR. This research provides further insight into fault deformation activity in
the Manna segment and its contribution to the potential for future earthquakes.

Materials and Methods

This study estimates slip rates in the Manna Fault located in southern Sumatra which are
shown in Figure 1. We obtained 13 ALOS PALSAR 1 images with an observation period of
2007 to 2011, L-band specifications with ascending, as shown in Table 1. Data collection
from 2007 to 2011 were obtained from https://search.asf.alaska.edu (accessed on 1 Febru-
ary 2023) the ALOS PALSAR I images. We performed a time series analysis using contin-
uous GNSS velocity data from the CBKL station, provided by the Indonesian Geospatial
Information Agency (BIG), to improve the InSAR time series.
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Fig. 1. Research area in the Sumatran Fault Zone (Manna Fault). The red lines represent the Suma-
tran Fault Zone (SFZ) and the Mentawai Fault (PuSGeN, 2017)
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Table 1. Data Alos Palsar 1 Acquisition Details

No Image Acquisition Time
1 ALPSRP118677100-H1.0A 16/04/2008
2 ALPSRP098547100-H1.0A 30/11/2007
3 ALPSRP199197100-H1.0A 20/10/2009
4 ALPSRP259587100-H1.0A 08/12/2010
5 ALPSRP252877100-H1.0A 23/10/2010
6 ALPSRP246167100-H1.0A 07/09/2010
7 ALPSRP239457100-H1.0A 23/07/2010
8 ALPSRP219327100-H1.0A 07/03/2010
9 ALPSRP212617100-H1.0A 20/01/2010

10 ALPSRP192487100-H1.0A 04/09/2009
11 ALPSRP185777100-H1.0A 20/07/2009
12 ALPSRP165647100-H1.0A 04/03/2009
13 ALPSRP145517100-H1.0A 17/10/2008

Then, we use GNSS data provided by the Geospatial Information Agency (BIG) (CBKL
stations). GNSS data are processed using BERNESE 5.2 to obtain daily solutions of GNSS
sites (Dach et al., 2015). The reference sites refer to the International GNSS Service (IGS)
sites (e.g., Alif et al., 2025), in the International Terrestrial Reference System (ITRF) 2014
(Altamimi et al., 2016), then the velocity was calculated by linear regression. We conducted
the analysis using the Small Baseline Subset (SBAS) technique to extract time-series ground
deformation from the InSAR data (e.g., Orhan, 2021), to analyze interseismic deformation
in the Manna Fault. In this study, we performed time-series InSAR analysis using the Small
Baseline Subset (SBAS) method (e.g., Anggara et al., 2025). The processing was conducted
using the open-source software GMTSAR (Sandwell et al., 2010) to generate interferogram
images. Shuttle Radar Topography Mission (SRTM) with a 30 m resolution dataset is used
to remove the topographic phase (Farr et al., 2007), and all differential interferograms are
unwrapped using the Statistical-cost network-flow method for phase unwrapping
(SNAPHU) (Chen & Zebker, 2002).

The SBAS algorithm is a robust InSAR time series analytical approach that uses inter-
ferograms with small baselines to minimize spatial decoration effects and topographic er-
rors (Lingyun et al., 2013; Qu et al., 2022). Then, GNSS velocity was converted from 3D
(Easting. Northing, Up) to 1D Line of Sight (LOS) to correct the LOS InSAR results, respec-
tively (e.g., Struhar et al., 2022). To compare GNSS velocities with InSAR measurements,
the horizontal GNSS observations were converted into Line-of-Sight (LOS) deformation
using the local incidence and azimuth angles (Zhu et al., 2021), then the calculate decom-
position fault-parallel (Dong et al., 2020; Song et al., 2019; Zhu et al., 2021). We model the
fault slip rates using a screw dislocation model (Qiu et al., 2019; Savage & Burford, 1973)
which is defined equation below:

S=Ytan~1% (1)
T D

Where S is the fault parallel velocity InSAR, V is slip rate, D is fixed to 30 km, x is distance

from the fault. The slip rates is ranging from o mm/yr to 30 mm/yr with an interval of 0.2

mm/yr. Then we find the best values that minimum (x2) the misfit between the calculated

profile by the model and the observed profile by InSAR observation.
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Results and Discussion

ALOS PALSAR 1 using the larger L-band band wavelength (approximately 23.5 cm), which
is in areas with high vegetation affects the results of coherence and co-registration (Alif et
al., 2023; Grzovic & Ghulam, 2015). In our study, we mitigated this by reducing these effects
through processing (coregistration and atmospheric filtering) to produce a good interfero-
gram time series. We then obtained multi-temporal data by using least squares inversion
to estimate a constant rate on each pixel (Biggs et al., 2007; Zhu et al., 2021). The LOS
results show that the satellite visibility is getting further away or closer from the ascending
direction. Data acquisition was carried out on an ascending track, where the satellite moves
northward and observes eastward. In this configuration, positive line-of-sight deformation
values indicate motion toward the satellite, which can correspond to eastward horizontal
displacement or vertical uplift. respectively, negative values indicate motion away from the
satellite, reflecting westward displacement or vertical subsidence. Line of Sight (LOS) dis-
placement results from the ALOS PALSAR 1 image show that the interseismic rate map
value in the Manna Fault area is relatively large with a maximum LOS value of 2314.83
mm/yr and a minimum value of 308.27 mm/yr shown in Figure 2. Line of sight (LOS) dis-
placement results, the empty LOS value has been corrected by considering coherence data,
where low coherence values are generally caused by high vegetation cover which results in
temporal decorrelation (Alif et al., 2023).
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Fig. 2. Line of Sight (LOS) displacement Manna Fault derived from 13 interferograms. Areas of
movement away from the satellite are shown by positive values (red), and areas of movement to-
ward the satellite are represented by blue values

The parallel fault results are calculated based on the Line of Sight (LOS) displacement
value in the ascending direction. The fault-parallel velocity component was calculated from
ALOS PALSAR-1 InSAR data by projecting the line of sight (LOS) displacement velocity to
the local strike direction of the Sumatra Fault Zone (SFZ) in the Manna segment. The fault
parallel projection results show velocity values ranging from o mm/year to 480 mm/year,
indicating significant differential movement along the Manna segment (Figure 3). The es-
timation assuming only horizontal motion with each LOS velocity observation is converted
to a fault-parallel velocity by considering the incidence angle for the pixel measured (Garth-
waite et al., 2013). Fault parallel results show the Manna Fault on the western side of the
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SFZ is directed northwestward and on the eastern part of the SFZ is directed southwest-
ward. The deformation distribution pattern shows the typical characteristics of strike-slip
deformation in the SFZ. The highest values are concentrated around the main fault line,
indicating a zone of stress accumulation (Rafie et al., 2023).
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Fig. 3. Parallel Faults Manna Fault from ALOS PALSAR 1

The fault parallel results are corrected for LOS velocity, we combine continuous GNSS
station data near the Manna segment. The GNSS-corrected velocity field is used to calibrate
the LOS results from the fault parallel to reduce possible atmospheric bias and improve the
reliability of the slip rate estimates. The Parallel Fault results were corrected using the ve-
locity of the GNSS station, in the Manna Fault using the CBKL station. Correction LOS ve-
locity with GNSS velocity data can improve the spatial resolution (Wang et al., 2019). The
results show that the fault-parallel value for the Manna Fault is ~0 mm/yr to ~24 mm/yr
(Figure 4). This corrected range shows more reliable slip rate estimates, consistent with
previous geodetic observations along other segments of the Sumatran Fault Zone.
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Fig. 4. Parallel Fault corrected GNSS
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In the preliminary study, in Toba (2.2° N) based on GNSS velocity indicated a slip rate
of ~30 mm/yr (Prawirodirdjo et al., 2000), the results were similar to the approach using
campaign GNSS with slip rates (0.8°S to 2.7°N) of 22 to 26 mm/yr (Genrich et al., 2000).
The slip rate in Aceh is 4.0°N to 5.5°N with an estimated slip deficit rate of 20 mm/year
(Tto et al., 2012). These results indicate a consistent increase from southward to northward
(Mccaffrey, 1992; Sieh & Natawidjaja, 2000). However, the obliquity of underthrusting be-
neath the forearc, this velocity component is sensitive to both the strike-slip fault and the
frictionally related Sunda megathrust (Bradley et al., 2017). According to the most present-
day estimations, the value of slip rates has not consistently increased as estimated previ-
ously (Alif et al., 2020; Bradley et al., 2017; Meilano, 2021; Alif et al., 2022; Natawidjaja,
2018). The estimation GNSS slip rates from previous estimates in nearly with Manna Fault
such as, the Semangko Faults is 16.5 + 2 mm/yr (Alif et al., 2020) and 14+3 mm/yr (Mei-
lano et al., 2021) and the Kumering Fault is 18.2 + 10 mm/year (Alif et al., 2022). This study
estimation of the slip rate derived from InSAR data results shows that the Manna Fault is
8.60 mm/yr with a minimum y2 value of 2.25 (Figure 5). In the Manna Fault, the estimate
is preliminary with the slip rate value using InSAR which still needs to be elaborated with
geological slip rate results or estimates using GNSS slip rate. However, in the Manna Fault,
earthquakes occur with a maximum credible of M 7.8 (Burton & Hall, 2014), The magnitude
of the earthquake is obtained from relation rupture, length, and magnitude (Wells & Cop-
persmith, 1994). The estimated potential for earthquake energy accumulation with a
Manna Fault with a rupture length of 85 km with a 100-year return period of Mw 7.2 and a
200-year return period of Mw 7.4 (Natawidjaja, 2007), which has a high earthquake poten-
tial in the Manna Fault in the future. These findings support the interpretation that the
Manna segment is actively undergoing interseismic deformation and indicate a tectonic po-
tential that has not been widely observed before.
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Fig. 5. The model sliprate of Manna Fault. Black points are fault parallel velocities. The red thick
line shows Manna Fault. Red point show the fault parallel velocities derived from GNSS. Blue line is
the slip rate of Manna Fault
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Conclusion

In this study, the slip rate analysis of the Manna Fault in the Sumatra region was conducted
using ALOS PALSAR I images. The results of our preliminary analysis provide valuable in-
sights into the slip rates of these faults. Our findings reveal that the slip rate along the
Manna Fault is estimated at approximately 8.60 mm/yr, with a corresponding minimum
x2 value of 2.25. These findings provide a preliminary understanding of the fault activity in
the region. It is important that the slip rate estimate for the Manna Fault presented in this
study is preliminary and would improve the estimation through further validation and elab-
oration through geological slip rate and geodetic slip rate.
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