
*
 Corresponding author: dsarsito@gd.itb.ac.id 

WALANAE FAULT KINEMATIC DEDUCED FROM GEOMETRIC 
GEODETIC GNSS GPS MONITORING  

Dina Anggreni Sarsito 1*, Susilo Susilo 2, Alfend Rudyawan 3, Norman Arif  Muhammad1 , Heri Andreas 1 and Dhota 

Pradipta1  

1 Geodesy Research Division,  Faculty of Earth Science and Technology, Institute of Technology Bandung, 
  Jl. Ganesha 10 Bandung 40132 – Indonesia 
2 Geospatial Information Agency, Jl. Raya Jakarta-Bogor KM.46, Cibinong 16911-Indonesia 
3 Geodynamic and Sedimentology Research Division, Faculty of Earth Science and Technology, Institute of Technology Bandung,  

  Jl. Ganesha 10 Bandung 40132 – Indonesia   

Abstract. The western Sulawesi region has the main structural boundary, the Palu Koro Fault which divides 

from Palu Bay at the northest part to Central Sulawesi and continues into the Bone Gulf in southest part. In 

the southern part of this region, namely the South Sulawesi Arm zone, there is a Walanae fault which is 
defined as a sinistral wrench with a NW-SE direction that divides the South Arm of Sulawesi. This fault in 

the northern part is expected to continue to the northwest intersecting the Makassar Strait and unite with 

Paternoster-Lupar (Kalimantan) sutures and at the southest ending in Flores thrust fault. Walanae fault system 

did not only have one strand but was divided into 4 parts, namely the northern East Walanae Fault with a slip 
rate of 6.634 mm/year and the southern part with a 7.097 mm/year of slip rate, as well as the northern part of 

West Walanae Fault with a slip rate of 4.528 mm/year and the southern part with a slip rate of 3.270 mm/year. 

The northern part of Walanae fault system has opening or spreading pattern occurs that is in harmony with 

the formation of Walanae depression. By using simple geometric modeling, we found the fault system have 
2 strain partitions with dominant sinistral strike slip pattern at southern part and combination between left 

lateral strike slip with thrust fault pattern at northern part. 

1 Introduction  

The region of Eastern Indonesia is known to be an active 

tectonic region with high seismic activity which often has 

a negative impact in the form of material losses up to the 

loss of life after earthquakes hit the area. Sulawesi Island, 

which is located in this location, is in the western 

boundary between Eastern Indonesia and Sunda Blok 

which is relatively stable compare to the eastern area. This 

island is a result of triple junction convergence 

phenomena between Eurasian Continental-Sunda Block, 

Indo-Australian Plate and Pacific Ocean Plate, that creates 

several major faults across the island. Collision between 

Australian Craton Eastern Arc and Sunda Block Western 

Arc are dominated in Sulawesi and the region also divided 

into four different Mesozoic-Cenozoic stratigraphic 

provinces namely West-Southwest Sulawesi, East 

Sulawesi-Northon, North Sulawesi and Banggai Sula 

block [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] . The Sulawesi western 

region has a main structural boundary, the Palu Koro Fault 

which divides from Palu Bay at the northest part to 

Central Sulawesi and continues into the Bone Gulf in the 

southest part. In the southern part of this region, namely 

the South Sulawesi Arm zone, there is a fault which is 

defined as a central wrench with a Northwest-Southeast 

direction that divides the South Arm of Sulawesi. This 

fault in the northern part is expected to continue to the 

northwest intersecting the Makassar Strait and unite with 

Paternoster-Lupar (Kalimantan) sutures and at the 

southest ending in Flores thrust fault.  

 

The fault system kinematics have been studied 

geologically by [11, 12, 13, 14] but has never been done 

in the details of the geodetic method. This fault system 

consists of two parallel faults with Walanae depression 

separated it, namely the East Walane Fault and the West 

Walanae Fault. [14] mentioned that both faults formed at 

the end of the Middle Miocene with Bone Mountains as 

an eastern boundary and Western Divide Mountain as 

western boundary. [13] conclude that a sinistral strike slip 

motion of East Walanae Fault has played a major role in 

motion and geological structural developments 

nowadays. All of the above explanations are represented 

by Figure 1. Geodetic prior research using GNSS-GPS 

data from 1994 - 2009 by [15] estimated one slip-rate for 

the entire fault system by used 2 monitoring stations, 

namely is [east: 4.3 ± 0.6 mm / year, north: 2.0 ± 0.4 mm 

/ year] with a sinistral / left lateral pattern and slip deficit 

of [east: 0.7 ± 0.3 mm / year, north: 0.2 ± 0.1 mm / year]. 

Thus, the Walanae fault system can be active with a total 

velocity of 5.1 ± 0.6 mm / year. To learn more details 

about the Walanae fault kinematics, the long observation 

data with GNSS-GPS with robust distribution stations are 

used in this paper. The validation of the geodetic results 

are from geological studies that have been carried out by 

previous researchers. 
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Fig 1. Tectonic of Indonesia modified from [8], Simplified feological map modified from [16], Structural and topographic 

map modified from [17] and Earthquake Seismicity from NEIC Catalogue (1973-2018) 

 

2 Data and Method  

GNSS-GPS Observation 

 

The observation of GNSS-GPS in the South Arm of 

Sulawesi region was carried out using two methods, the 

first method is campaign or episodic type that carried out 

by the collaboration between Bakosurtanal (former) / 

BIG, ITB, DEOS-TU Delft and Paris ENS since 

GEODYSSEA Research Collaborations in 1994. This 

campaign type are done even though not routinely once 

per year for all stations in the area (UJPD, C018, C025, 

C026, C036 and C042). Another method we used in here 

is a continuous method that is managed by BIG using a 

fixed station measurement (CMAK and CPRE). Initially 

this deformation monitoring network design was 

dedicated to get a better understanding the kinematic 

pattern of the South Sulawesi Arm motion related to the 

need for deformation studies and the implementation of 

geodetic control network for mapping purposes. 

Furthermore, by using both episodic and continuous 

stations in the South Arm with a more complete and 

dispersed station distribution than the GNSS distribution 

from [15], it is expected that the Walanae fault pattern can 

be detected in more detail. 

 

Data processing in this study uses GAMIT / GLOBK 10.6 

GNSS processing using a multi-baseline tight constraint 

strategy for reference stations located outside the Eastern 

Indonesia zone and located in a relatively stable zone. The 

ITRF-2008 global terrestrial framework was mapped to 

obtain georeference and to obtain a local domination 

deformation pattern, a mapping was conducted by 

referring to the relatively stable Sunda Block Euler pole 

compared to the study area. The distribution of the 

observation station was originally designed to determine 

the rigid deformation pattern of the South Sulawesi Arm 

(euler pole position and rotational speed), then used for 

geometric initial detection of the Walanae fault movement 

which divides the South Arm with Northwest-Southeast 

direction. Since in this study two types of data were used, 

namely episodic and continuous, the strategy carried out 

would experience a slight difference in handling data for 

estimating survey solutions (campaign solution for 

episodic types), weekly solutions (weekly solution for 

continuous types) and time series analysis stages (time-

series analysis) for estimating velocity values by 

correcting seismic effects of special earthquakes only for 

the type of continuous station using the equation of [18] 

as follows 

 

𝑦(𝑡𝑖) = 𝑎 + 𝑏𝑡𝑖 + 𝑐 sin(2𝜋𝑡𝑖) + 𝑑 cos(2𝜋𝑡𝑖) + 

𝑒 sin(4𝜋𝑡𝑖) + 𝑓 cos(4𝜋𝑡𝑖) 

+ ∑ 𝑔𝑗𝐻(𝑡𝑖 − 𝑇𝑔𝑗)

𝑛𝑔

𝑗=1

∑ ℎ𝑗𝐻(𝑡𝑖 − 𝑇ℎ𝑗)

𝑛ℎ

𝑗=1

𝑡𝑖  

+ ∑ 𝑘𝑗𝑒𝑥𝑝(−(𝑡𝑖 − 𝑇𝑘𝑗)/𝜏𝑗)
𝑛𝑘
𝑗=1 𝐻(𝑡𝑖 − 𝑇𝑘𝑗) + 𝑣𝑖        (1) 
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where ti for i = 1 ... N is the epoch of the daily solution, H 

is the heaviside step function, coefficients a and b are the 

position and velocity rate of the station, coefficients c and 

d are annual periodic motions, coefficients e and f are 

semi-periodic annual motion, ng is the number of offsets 

with magnitude g in the epoch Tg. Motion due to an 

earthquake is modeled as an exponential h and / or 

exponential decay with magnitude k in the epoch of 

earthquake T. The observation error v is assumed to be 

independent (not affect), identically distributed and 

random with error E (v) = 0. Furthermore, geometric 

deformation parameters are estimated using the results of 

the estimated diplacement vector or velocity vector of the 

above motion. 

 

Geometric Deformation 

 

To study the deformation pattern of a tectonic region, 

several models can be applied in order to quantify and 

analyze the displacement or deformation phenomena of 

the earth that are monitored using the GNSS-GPS 

geodetic method. The method of analysis in this study is 

a geometric method based only on observational 

geometric data through a simple representation of changes 

in the coordinates of the observation station with respect 

to a reference frame and homogeneous- isotropic strain 

parameters within a specified zone. The realization is 

through interpolation-extrapolation between stations 

without involving crustal physical parameters. From the 

difference between epochs for each station, we can obtain 

the displacement vector d (equation 2) or velocity rate v 

(equation 3).  

 

𝑑(𝑛, 𝑒, 𝑢) = (𝑛, 𝑒, 𝑢)𝑡𝑗 − (𝑛, 𝑒, 𝑢)𝑡𝑜                (2) 

 

𝑣(𝑛, 𝑒, 𝑢) =
(𝑛,𝑒,𝑢)𝑡𝑗−(𝑛,𝑒,𝑢)𝑡𝑜

𝑡𝑗−𝑡𝑜
                       (3) 

 

Where (n, e, u) are north, east and up displacement or 

velocity component, and to and tj are the initial epoch and 

later epoch. From equation (2) or (3) it can derive 

translation T, rotation of R and dilation of D (equation (4)) 

deformation parameters. 

 

𝑣(𝑛, 𝑒, 𝑢) = 𝑇 + 𝑅 + 𝐷      (4) 

 

From equation (4), another deformation parameter can be 

described, namely Magnitude Translation TM (equation 

(5)) which shows the translation magnitude in the 

horizontal direction and strain tensor (equation (6)) which 

shows the dilatation of εmean (equation (7)), pure strain εpure 

(equation (8)) and simple strain εsimple ( equation (9)) as 

follows 

 

𝑇𝑀 = ((𝑣(𝑛))
2

+ (𝑣(𝑒))
2

)
0.5

                  (5) 

𝑆𝑡𝑟𝑎𝑖𝑛 𝑇𝑒𝑛𝑠𝑜𝑟 = |

𝜕𝑣𝑛

𝜕𝑛

𝜕𝑣𝑒

𝜕𝑛
𝜕𝑣𝑛

𝜕𝑒

𝜕𝑣𝑒

𝜕𝑛𝑒

| = |
𝜀𝑛𝑛 𝜀𝑛𝑒

𝜀𝑒𝑛 𝜀𝑒𝑒
|    (6) 

𝜀𝑚𝑒𝑎𝑛 =
1

2
(𝜀𝑛𝑛 + 𝜀𝑒𝑒)                        (7) 

𝜀𝑝𝑢𝑟𝑒 =
1

2
(𝜀𝑛𝑛 − 𝜀𝑒𝑒)                          (8) 

𝜀𝑠𝑖𝑚𝑝𝑙𝑒 =
1

2
(𝜀𝑛𝑒 + 𝜀𝑒𝑛)                       (9) 

 

The above equations are then used for the geometric 

deformation analysis for the Walanae Fault System. The 

velocity rate used as the basis for the calculation is 

estimated in global terrestrial reference ITRF2008 to find 

out the consistency of the monitoring network. And to 

find out the deformation pattern more clearly, the velocity 

rate is estimated relatively to the recent Sunda Block 

Euler poles (51.9910, -96.4950, 0.2910/My). 

3 Result and Discussion  

 

The velocity rate estimation results are divided into 

two part, for continuous CMAK and CPRE stations that 

have high reliability for the degree of solution accuracy in 

the ITRF2008 mapping for horizontal components 

namely postrms 0.003 m and 0.007 m for campaign type 

stations (UJPD, C018, C025 , C026, C036, C042). Figure 

(2 left) shows the magnitude of the velocity rate vector in 

the ITRF2008. From the distribution of observation 

stations, it can be seen that CMAK, UJPD and CPRE 

located in the western part of West Walanae Fault, have 

almost the same rate pattern (25.800 ± 0.24; -6.660 ± 

0.18) mm / year, (24.720 ± 1.07; -7.630 ± 0.54) mm / year 

and (24.020 ± 0.17; -7.090 ± 0.29) mm / year where this 

indicates that the three stations are in the same region. In 

the Walanae Depression zone, there are three stations that 

also have almost the same rate stretching from north to 

south, namely C042, C036 and C025 with velocity 

rates(28.540 ± 2.06; -5.920 ± 1.60) mm / year, (28.040 ± 

1.60; -5.090 ± 1.12 ) mm / year and (28.240 ± 1.87; -4.460 

± 1.35) mm / year. The rate of all station shows a tendency 

to be in the same region even though there is a slight 

velocity rate decreasing on the northern component of 

station C042 which is located northern part of C025 

station in southernmost. For stations located in eastern 

part of the East Walanae Fault, they are C026 and C018 

with velocity rate (34.890 ± 2.63; -4.190 ± 1.79) mm / 

year and (31.370 ± 1.87; -2.500 ± 1.35) mm / year 

indicating a faster velocity rate pattern compared to the 

stations located in Walanae Depression and in western 

part of West Walanae Fault. In general, it can be seen that 

for east-west velocity rate component, there is an increase 

in rate of the stations located in the western part of the 

South Arm to the station located on the left side of the 

South Arm. As for the north-south velocity components, 

there is generally a slowdown in the rate of motion for 

stations located in the northern part of the South Arm to 

the stations located in the southern part. A more detailed 

representation of the deformation pattern, the global 

regional effect is then eliminated by estimating the 

velocity rate with respect to the Sunda Block Euler Pole 

(Figure 2 right). Stations located in the western part of the 

South Arm, namely CMAK, UJPD and CPRE have 
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velocity rate (1.815 ± 0.24; 5.037 ± 0.18) mm / year, 

(0.708 ± 1.07; 4.107 ± 0.54) mm / year and (-0.332 ± 0.17 

; 4.676 ± 0.29) mm / year shows a slight decrease in 

absolute rate  from 5.354 mm / year in the southern part 

to 4.678 mm / year in the northern part. For stations 

located in Walanae Depression, namely C042, C036 and 

C025, they have velocity rate of (4.111 ± 2.06; 5.907 ± 

1.60) mm / year, (3.671 ± 1.60; 6.792 ± 1.12) mm / year 

and (4.077 ± 1.87; 7.397 ± 1.35) mm / year, which shows 

the pattern of absolute velocity rate decrease from 

southern part to the northern part, with rate 8.446 mm / 

year to 7.197 mm / year. For C026 and C018 stations 

located at eastern part of East Walanae Fault, the velocity 

rate are (10.701 ± 2.63; 7.766 ± 1.79) mm / year and 

(7.375 ± 1.87; 9.425 ± 1.35) mm / year, that shows 

increasing rate pattern compare to the stations which are 

located in Walanae Depression and in western part of 

West Walanae Fault. This increasing rate show different 

pattern compare to the previous, from southern part to the 

northern part, we can see the absolute increasing rate are 

11.967 mm / year to 13.222 mm / year. 

 

 

 

Fig. 2. Horizontal velocity rate of South Sulawesi Arm with respect to ITRF2008 (left) and Sunda Block – ITRF2008 (right) 
 

 

Fig. 3. Translation magnitude of horizontal velocity rate (left) and vertical velocity rate (right) 
 

To get a clearer picture of the deformation pattern in 

the South Arm of Sulawesi, the horizontal velocity is 

described as translation magnitude (Figure 3 Left). The 

translation magnitude in this region ranges from 0.004 m 

to 0.016 m with the general pattern for the West Walane 

Fault region up to Walanae Depression have decreasing 

rate from the southern part which ranges from 0.008 m in 

the Makassar area to northern part up to 0.004 at the west-

end of West Walanae Fault with a counter-clockwise 

rotation pattern for the entire South Arm. The dominance 

of rigid block rotation from the region above is very 

visible, and the velocity constraint in the northern part are 

estimated to be due to a collision with the Plutonic Arc 

Mountains in Central Sulawesi. For the eastern region of 

East Walanae Fault, namely Bone Mountain to the 

transition zone to the west at the Walanae Depression, the 

translation magnitude have increasing pattern from 0.008 

m around Sinjai to 0.012 m in the East Sengkang Basin 

with counter clockwise rotation direction. The magnitude 

translation has gradually decrease northward to around 

0.004 m in the Plutonic Arc Mountain region in Central 

Sulawesi. Translation magnitude generally increases from 

the western part of the West Walanae Fault to the eastern 

part of the East Walanae Fault, with a slight eastward turn 

in the Watampone area and looks back to the west 

approaching the Plutonic Arc Mountain region in the 

Sengkang anticline region. This indicates a long widening 

of the baseline dividing the east-west across Walanae 

Depression or showing the opening pattern. The vertical 

velocity rate from South Sulawesi Arm is shown in figure 
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3 right, where for the western part of West Walanae Fault 

increase vertical rate from 1.060 mm / year in the 

Makassar area to 2.900 mm / year in the Pare-pare area 

that located in the northern part. Whereas for the Walanae 

Depression and Bone Mountain areas located in the 

eastern part of the East Walanae Fault, have decreasing 

rate from the southern region around Sinjai with a vertical 

rate of 4.750 mm / year to the north, namely in the 

Walanae Depression area at 2.880 mm / year and East 

Sengkang Basin around -10,750 mm / year. This shows a 

difference in the increasing and decreasing patterns 

vertical velocity with the West Walanae Fault as a barrier, 

and the pattern of decline increasingly enlarges eastwards 

through East Walanae Fault. 

 

Understanding the geometric pattern of deformation 

of the South Arm of Sulawesi is further described in 

Figure 4 which shows a pattern of dilation, simple shear 

and pure shear from the research zone. The pattern of 

dilatation in Figure 4 (left) shows a change of pattern that 

is very clearly trending north-south, namely from the 

region with very small dilatation approaching -0.2µs to 

0.0 µs in the Plutonic Arc Mounting in the northern part, 

and ranging from 0.0 µs to 0.2 µs in the central region of 

the Sulawesi Arm which was passed by the Western 

Divide Mountain-Walanae Depression-Bone Mountain-

East Sengkang Basin, each of which was accommodated 

by West Walanae Fault and East Walanae Fault. For the 

southernmost region of the Arm region, there is the largest 

dilatation pattern reaching 0.7 µs which is accommodated 

by Lompobattang Volcano mixed with interpolation 

effects due to limited data in the south. The dilatation 

pattern is seen to divide the Walanae Fault System into 

two parts, namely the northern part which has an 

intermediate rate and southern dilatation pattern which 

has a larger dilatation pattern. 

 

 

Fig. 4. Dilatation (left), simple shear (center) and pure shear (left) of South Sulawesi Arm 
 

For the southernmost part of South Sulawesi Arm, the 

dominance of the high simple shear pattern (Figure 4 

center) ranges from 0.3-1.3 µs and is divided into two 

parts pure shear pattern (Figure 4 right) which is between 

0.1-0.2 µs in the Makassar region and -0.1-0.0 µs in the 

Bulukumba area with Lompobattang Volcano as the 

boundary. To the north of this region, changes in simple 

shear patterns can be seen that are almost homogeneous 

towards a minimum of 0.0 µs in the plutonic mountainous 

region. The change of pattern is seen to occur again 

separating the Walanae Fault System to the south with a 

high rate of simple shear and the northern part with a 

smaller simple shear. For the northern East Walanae Fault 

there is a change in the pattern in the northern part of 

Watampone, which is in the Sengkang East Basin that 

shrinks to the east, and in the northernmost part of the 

boundary this simple shear pattern is known to have 

Masupu Fault. This region's pure shear pattern shows a 

more varied pattern than simple shear. For northern 

Makassar, the pure shear pattern changes slightly up to 

0.05 µs in Western Divide Mountain and decreases to 0.0 

µs in the Bantimala area and then increases again in the 

area around Pare-pare. This increasing rate of pure shear 

did not take place because it subsequently decreased in the 

Plutonic Arc Mountains at northern part. As for the 

northern region of Bulukumba, the change in pattern has 

increased in the area of Walanae depression to 0.15 µs but 

has decreased in the easternmost region around 

Watampone. The value of pure shear in the Walanae 

Depression region has decreased again after collide with 

the Plutonic Arc Mountains. The change of pattern in pure 

shear is seen to separate the Walanae Fault System to the 

south with a small pure shear and the northern part with a 

larger pure shear, and a small pure shear pattern cutting in 

the east-west direction, where this indicates a widening 

process in Walanae Depression which is in line with the 

formation of the West Sengkang Basin in the eastern part 

of the South Arm. 
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Fig. 5. Slip rate and slip deficit 

 

Based on the dilation pattern, simple shear and pure 

shear described above, it can be seen that the Walanae 

Fault System can be divided into several strands, namely 

the northern and southern regions. By using a simple 

geometric modeling that is comparing the velocity rate of 

the station located in a different zone bounded by fault, 

we can estimate the slip rate of the fault and calculating 

the slip deficit based on the deficiency of the supposed 

rigid velocity of the Sunda Block on the station. Figure 5 

shows the slip rate and slip deficit from the Walanae Fault 

System. The northern East Walanae Fault has an absolute 

slip rate of 6.634 mm / year with a slip deficit of 21.420 

mm / year, and the southern part has a 7.097 mm / year of 

absolute slip rate with slip deficit of 21.536 mm / year. 

The northern part of West Walanae Fault has an absolute 

slip rate of 4.528 mm / year with a slip deficit of 29.979 

mm / year and the southern part with an absolute slip rate 

of 3.270 mm / year and a deficit slip of 27,929 mm / year. 

The northern part of Walanae fault system has opening or 

spreading pattern occurs that is in harmony with the 

formation of Walanae depression and West Sengkang 

Basin at eastern part. By using simple geometric 

modeling, we found the fault system have 2 strain 

partitions with dominant sinistral strike slip pattern at 

southern part of Walanae Fault System (for both East and 

West Fault) and combination between sinistral / left 

lateral strike slip with thrust fault pattern at northen part 

of Walanae Fault System especially at East Walanae 

Fault. This is in line with the vertical movement of the 

fault system which indicates a graben pattern in the form 

of a surface drop in Walanae depression and a thrust fault 

positive (increasing) rate for the boundary area that limits 

this graben which is eastern part of the East Walanae Fault 

and in the western part of West Walanae Fault. 

 

4 Conclusion  

 
Walanae fault system did not only have one strand but was 

divided into 4 parts, namely the northern East Walanae 

Fault with a slip rate of 6.634 mm/year and the southern 

part with a 7.097 mm/year of slip rate, as well as the 

northern part of West Walanae Fault with a slip rate of 

4.528 mm/year and the southern part with a slip rate of 

3.270 mm/year. The northern part of Walanae fault 

system has opening or spreading pattern occurs that is in 

harmony with the formation of Walanae depression. By 

using simple geometric modeling, we found the fault 

system have 2 strain partitions with dominant sinistral 

strike slip pattern at southern part and combination 

between left lateral strike slip with thrust fault pattern at 

northern part. This is in line with the vertical movement 

of the fault system which indicates a graben pattern in the 

form of a surface drop in Walanae depression and a thrust 

fault positive (increasing) rate for the boundary area that 

limits this graben which is eastern part of the East 

Walanae Fault and in the western part of West Walanae 

Fault. 
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