Monitoring of the Palu-Koro Fault (Sulawesi) by GPS

A. Walpersdorf^1 and C. Vigny

Ecole Normale Supťerieure, Laboratoire de Gťeologie, Paris, France

C. Subarya and P. Manurung

BAKOSURTANAL, Cibinong, West-Java, Indonesia

Abstract. 5 years of GPS measurements across the Palu-Koro fault (Sulawesi, Indonesia) state left lateral strike-slip (3.4 cm/yr) with a small normal component (0.4 cm/yr). The measurements on intermediate points of the transect show that the fault is locked, at a depth estimated around 8Ű16 km by a very simple model. The best measured baseline linking the two most separate sites (Watatu and Toboli) shows very interestingly a constant rate of 2.6 cm/yr from 1992 to 1995, and an increased rate of 6.3 cm/yr since then. This increase is due to an earthquake on January 1, 1996 in the Minahasa trench, presumably affecting station Toboli’s position by 2 cm of co-seismic and 2 cm of post-seismic displacement, which is added to its long term velocity. We interpret this phenomenon as additional stress loading on the Palu fault, driven by the slip during the earthquake 100 km to the North-East.

Introduction

The Palu-Koro fault is a major transform zone in the region of convergence of three major tectonic plates with high relative motions, in Eastern Indonesia. Here, the Australian and the Philippine plates are colliding with velocities as high as 7.5 and 9 cm/yr respectively with the Eurasian plate, or more precisely, the South- East Asian block. For simpli^cation, we consider it in this study to be part of the Eurasian plate. In the triple junction area is situated the Sula block, showing the high residual motion (more than 5 cm/yr) of both the Philippine and the Australian plate with respect to Eurasia. The intrusion of the Sula block [Rangin, 1989; Walpersdorf et al., 1998] into the Eurasian plate is transfered at its western and south western limit by the Palu-Koro and the Matano fault (features 2 and 3 in Figure 1), and accommodated at its northern limit by the North Sulawesi trench (feature 1). Long term velocities across the Palu-Koro fault have been estimated by Silver et al. [1983] and Rangin et al. [1997] to 5 cm/yr left lateral strikeslip motion over 5 Ma. On the other hand, geological ^eld studies based on the datation of uplifted coral terraces show displacement rates on single fault planes of about 2 cm/yr, but each of these estimates has a high uncertainty [Bellier et al., 1998]. This paper presents the observation of the present day activity across the Palu- Koro fault inferred from two years of GPS observations on a transect of 13 stations, and from ^ve years of observation on the main baseline.

GPS data from the Palu transect

The 50 km long Palu transect was installed in 1992 and measured yearly until 1994 by American RPI (Rensselaer Polytechnic Institute) and SIO (Scripps Institution of Oceanography), and Indonesian BAKOSURTANAL teams [Stevens et al., 1998]. In this

1Now at Delft University of Technology, Delft Institute for Earth- Oriented Space Research, The Netherlands

Figure 1. The area of convergence of the Eurasian, Philippine and Australian plate is characterized by the Sula block motion. Active block boundaries are the North Sulawesi trench (1), the Palu- Koro (2) and the Matano (3) faults. The Palu transect is indicated by the box, with a zoom presented in the inset. Furthermore, the two largest earthquakes (CMT) occurring during the observation period are indicated.

paper, data acquired by French ENS (Ecole Normale Supťerieure) and BAKOSURTANAL on 13 transect stations (inset of Figure 1) are shown, measured during 6 days in September 1995 and 4 days in December 1996. Four roving Ashtech Z12 receivers were used to occupy the stations in 4 to 12 hour long sessions. The furthermost stations WATA and TOBO, and the central station PALU were occupied during several sessions, the other (intermediate) stations once or twice in each campaign. Additionally, for the main baseline WATAŰTOBO, we combined RPI results from 1992 to 1994 [Stevens et al., 1998] with ours from 1995 to 1996. We also included 3 days of continuous observation on WATA, TOBO and PALU in April 1996, executed with Trimble SSE receivers in the framework of the GEODYSSEA ’96 campaign [Wilson and Rais, 1998; Walpersdorf et al., 1998].

The GPS data have been processed in individual observation session with MIT’s GAMIT 9.4 software [King and Bock, 1993]. Data from the 5 closest permanent stations of the IGS network have been included in the analysis (YAR1, TIDB, TAIW, TSKB, KIT3). Precise IGS combined orbits were held ^xed in the data analysis. The processing strategy applied is described in details by Walpersdorf et al. [1998] and Angermann et al. [1998].

Since the earlier RPI and ENS solutions are obtained with the same software with only slight differences in strategy, no persistent

Figure 2. Time evolution of the three WATA-TOBO baseline components. Error bars indicate formal uncertainties. Straight lines represent the mean rates of motion on each component. On the strike-slip component are shown additionally an initial and a present day rate.

biases are expected between the respective solutions, as is veri^ed by an independent analysis of the 1995 data set, showing excellent coherence.

Time evolution of the Palu main baseline

The 5 years average rates of the three baseline components North, East and Vertical obtained in the data processing are

3.4 � 0.4, -0.5 � 0.4 and -0.3 � 0.7 cm/yr, respectively. Assuming

a fault’s azimuth of 165ffi at the transect’s latitude [Bellier et al., 1998], this yields a strike-slip rate of 3.4 � 0.3 cm/yr and a rate of opening of 0.4 � 0.4 cm/yr. The time evolution over the 6 measurement campaigns is shown in Figure 2. The average present day strike-slip rate over the last 5 years is 3.4 cm/yr, well in between the two geological values (2 and 5 cm/yr).

In detail, however, on the strike-slip component, two different rates have been observed: A low rate of 2.6 cm/yr from 1992 to 1995, and a much higher rate of 6.3 cm/yr since 1995. These different displacement rates seem to be related to the seismic activity in the North Sulawesi region. While no large earthquake is reported in this region since the beginning of the measurements in 1992 until 1995 (after USGS, ISC, CMT data), two major earthquakes took place in 1996 (Mw = 7.9 on January 1 and Mw = 7.0 on July 22), related to the subduction along the North Sulawesi trench (Figure 1). Modeling of elastic deformation in an in^nite half-space shows that the larger January earthquake may have caused an instantaneous differential displacement of about 1.5 cm on the Palu main baseline. The weaker and more distant July earthquake could account for a maximum of 0.2 cm (J.-M. Gomez, personal communication, 1997). To explain the additional motion we propose post-seismic relaxation following the Mw = 7.9 earthquake. Post-seismic relaxation over many months as large as the co-seismic displacement have already been observed and reported (e.g.[Heki et al., 1997]). The faster northward propagation of the TOBO station results in an increase of the stress loading on the presently locked Palu-Koro fault.

The weak tendency of opening across the Palu fault becomes recognizable on the perpendicular component since the last epochs of the ^ve year observation period. This is in agreement with clear geomorphological traces. With the related vertical offset observed by geological methods as well, geologists estimate the Palu fault inclination to about 60ffi- 80ffi facing east [Bellier et al., 1998]. The expected vertical motion on the WATA-TOBO baseline according to these geologic observations would be a downward movement of TOBO with respect to WATA. With TOBO being situated at a higher altitude than WATA, this corresponds to a decrease of the vertical WATA-TOBO baseline component. However, this decrease of the vertical WATA-TOBO baseline component has only been observed between the last four measurement epochs, while the ^rst epochs suggest an increase above the limits of uncertainty. This could be explained by either systematic errors like monument instability after the installation, or by an underestimation of the real uncertainty by the formal error bars in the ^rst three campaigns.

We can evaluate a prediction for the vertical rate by combining the geologically observed fault inclination of 60ffiŰ 80ffi with the 4 mm/yr of opening, resulting from our observations and coherent with the geologic study. This yields a vertical displacement rate of -7 to -23 mm/yr. Since 1995, we obtain a linear vertical rate of -16 mm/yr. Therefore we would suggest that the ^rst three measurements are less signi^cant than postulated by their formal error bars, and that especially the last three epochs of measurement (because since then precise IGS orbits have been used), are more signi^cant for the vertical movement than the formal errors might indicate. With the change of tendency in the vertical baseline evolution appearing approximatively in the seismic period, one could suggest that the new negative rate is earthquake triggered. However, the modeling of the surface deformation in the Palu region due to the subduction zone earthquake predicts a very small uplift (1 mm) of TOBO with respect to WATA, in opposite sense to the observed vertical motion. Unlike the horizontal displacements, the vertical motion is therefore not signi^cantly in~uenced by the January 1996 earthquake.

Velocities on the intermediate transect stations

An estimate of the velocities of the intermediate transect stations during the period of increased strike-slip velocity on the main baseline is established by combining the results of the 1995 and 1996 PALU campaigns. The resulting velocities with their uncertainties are shown by the vectors and error ellipses in Figure 3.

The locking of the Palu-Koro fault is demonstrated by the pattern of vanishing parallel velocities when approaching the fault. The high displacement rates on the WATA-TOBO baseline since 1995 are therefore not due to a seismic event on the Palu-Koro fault itself, but rather to a transmission of elastic deformation from seismic slip on the subduction zone along the North Sulawesi trench.

Some large velocity components perpendicular to the fault (PL03 and PL04) contrast with the expected velocity pattern of a simple strike-slip fault. Here, a part of the observed opening across the Palu-Koro fault could take place on a secondary fault. Another possible explanation would be a gravity collapse of the coral reef supporting the sites due to the steep relief. Moreover,

Figure 3. Velocities of the Palu transect stations, with respect to the PALU station. Error ellipses correspond to formal uncertainties of the global solution with a con^dence level of 90%.

the displacement rates on the intermediate transect stations are only weakly constrained by just two measurement epochs. Only WATA and TOBO have been observed more often. Systematic measurement errors are not taken into account by the formal error ellipses and can only be deduced by repeated measurements.

Nevertheless, a combination of the two ENS epochs of observation (1995 and 1996) with the results of Stevens et al. [1998] on the previous three campaigns (1992, 1993, and 1994), to reduce the uncertainties of the station velocities, could only be done at the cost of a precise modeling of the earthquakes effects since the rates before and after these events clearly differ. Precise modeling of the deformation ^eld associated to the earthquakes in this very complex area is currently under process but is complicated by poor localization and recording of the seismic events due to sparse network. In a ^rst attempt, modeled co-seismic displacements of the transect stations due to the January 1996 earthquake on the North Sulawesi trench (J.M. Gomez, personal communication, 1997) have been taken into account in the analysis of the deformation in the fault zone Figure 4.

A simple model for the deformation around a locked fault [Savage and Burford, 1973] is applied to analyze the 1995 to 1996 vector ^eld and to detect outliers. A locking depth of 12 km was determined, but some systematic mis^ts occurred by comparing model and observations. To clarify the origin of these residuals we subtracted in a second study the modeled co-seismic motion mentioned above from the station displacements before comparison with predicted values. The remaining displacement rates agree slightly better with the model, but the deformation pattern in general is not signi^cantly affected by the co-seismic displacements. Therefore also this case evaluates the same locking depth of about 12 km. Figure 4 is based on the motions remaining after correction for the earthquake and shows by the dark grey line theoretical displacement rates parallel to a fault with as model parameters a locking depth of 12 km for a vertical fault plane and 5.5 cm/yr far-^eld velocity.

To compare our observations with this simple model, in Figure 4 only the velocity components parallel to the fault are indicated with the Palu fault oriented 165ffi and located just west of station PL14 [Bellier et al., 1998]. The error ellipses indicate the formal uncertainty in fault parallel direction. The locking depth of 12 km seems to ^t best the data, the variation of this model parameter evaluates an uncertainty of about 4 km. The value of 12 km is not unlikely for the continental seismogenic layer in North-West Sulawesi with

Figure 4. Transect station velocity components parallel to the fault, with the co-seismic deformation due to the Jan. 1996 earthquake removed. They are indicated in function of their distance to the fault. The dark grey line shows best model values (5.5 cm/yr total velocity, 12 km locking depth). Lighter grey lines correspond to locking depths of 8 and 16 km, marking an uncertainty of � 4 km. a slightly thinned lithosphere due to an increased heat ~ow by magmatic arcs [Polvťe et al., 1997]. By geodetic observations in California, Feigl et al. [1993] determine locking depths of the San Andreas fault between 10 and 25 km. Here, a similarly thinned lithosphere is found.

Stevens et al. [1998] deduced from the 1992 to 1995 observations a shallower locking depth of 3 to 6 km by adjusting location and orientation of the fault to their velocities. In contrast, in our modeling, we did not want to base the analysis uniquely on our observed displacement rates inferred from only 2 measurement campaigns. We preferred introducing additional information and reducing the number of free parameters by ^xing fault location and orientation to their well de^ned geological values.

Coherently to Stevens et al. [1998], the deformed zone is found to extend beyond the furthermost points of the Palu transect. The far-^eld velocity across the fault evaluated by modeling of the original velocity observations (without subtracting co-seismic motions) re~ects with 7.5 cm/yr the increased present day rate on the main baseline WATA-TOBO of 6.3 cm/yr. Deducing the co-seismic displacements, a baseline rate of 4.5 cm/yr remains, and the model evaluates a far-^eld velocity of 5.5 cm/yr. This rate might still be affected by post-seismic relaxation following the Mw=7.9 event, which could be as large as the co-seismic displacement, as mentionned before. Therefore, the average strike-slip rate over 5 years on the WATA-TOBO baseline, which we believe is the most signi^cant for a long term motion on the Palu fault, is still slower (3.4 cm/yr). A far-^eld velocity of 4 Ű 4.5 cm/yr is probably the most realistic estimate, clearly indicating that Palu-Koro is a major fault.

Conclusions and discussion

The GPS measurements on the Palu-Koro transect have shown a displacement rate of 3.4 cm/yr in a 5-year average, with an acceleration in the last two years, which might be interpreted as seismic loading triggered by the increased earthquake activity in North Sulawesi in this time interval.

No seismic activity was observed on the Palu-Koro fault itself,

WALPERSDORF ET AL.: MONITORING OF THE PALU-KORO FAULT BY GPS 4

as con^rmed by observations of micro seismicity on a local seismic network (Meteorol. and Geophys. Agency, Bandung, and Lab. de Gťeoph., CEA, Saclay), as well as by the lack of displacements between the inner transect stations close to the fault. From the existing seismicity catalogs (USGS, ISC, CMT,..) it can be inferred that no important earthquake (Mw ¿ 4.5) occurred on the Palu-Koro fault since at least 100 years. Until now, no evidence of accommodation of the deformation by aseismic slip or active secondary faults has been found. This means that at present the displacement at the minimum rate of 30 mm/yr is accumulated to at least 3 meters. The magnitude of an earthquake generating a 3 m displacement on a segment of about 50-100 km can be easily estimated to around 7 ! Such an earthquake could have disastrous impact on the neighbouring city of Palu (150,000 inhabitants). From trenches, excavated just 20 km south of Palu we know that at least 2 earthquakes of this magnitude happened around 1000 and 2000 years ago [Bellier et al., 1998]. One could have expected more earthquakes of this kind to have happened in the past, given the high slip rate of the fault. According to present day knowledge, the possibility of an imminent large earthquake occurring in the area cannot be denied, but it is very likely that a part of the large discrepancy between the earthquake recurrence and the high strike-slip rate is caused by still undetected aseismic slip or secondary faults. The assessment of seismic hazards on the Palu-Koro fault is not yet accomplished with the available observations, and its great importance for the nearby city of Palu demands the continuation of the investigations in the future.

Perspectives

Permanent GPS sites would help to acquire the information necessary to understand the process of deformation and seismic loading in North and Central Sulawesi. A good example for the ef^- ciency of permanent GPS networks for this task is given by Bock et al. [1997]. A ^rst permanent station is operated in Sulawesi (Pare-Pare) by BAKOSURTANAL, the installation of more sites to monitor the deformation in the Palu-Koro area is already prepared. Then, the relation between the tectonic activity on the North Sulawesi trench and the Palu-Koro fault could be analyzed, allowing to quantify the seismic risk in the Palu region.

Acknowledgments. Many thanks are due to Rob McCaffrey (RPI, New York) and Endang (BAKOSURTANAL, Cibinong, Java) for installing the transect sites. We are grateful to SIO and RPI, and there especially to Colleen Stevens, to make the results of their transect campaigns available to us, and for Rob’s and Colleen’s help in data analysis and tectonic interpretation. Many thanks to the BAKOSURTANAL team for the data collection in Sulawesi. A part of the data presented have been achieved in the framework of the GEODYSSEA project, thanks to the support of the GFZ Potsdam, Germany, especially Jĺurgen Klotz. We thank the geologists of Irwan Bahar’s team at GRDC Bandung for their help on the installation of the Sulawesi densi^cation sites.

References

Angermann, D., M. Becker, W. Simons, and A. Walpersdorf, The solutions of the European analysis centers, GEODYSSEA �nal report, P. Wilson and G.W. Michel (eds.), Commission of the European Community, EC contract CI1*CT93-0337, 1998.

Bellier, O., M. Sťebrier, T. Beaudouin, M. Villeneuve, E. Puntranto, I. Bahar, and I. Pratomo, Active faulting in Central Sulawesi (Eastern Indonesia), GEODYSSEA �nal report, P. Wilson and G.W. Michel (eds.), Commission of the European Community, EC contract CI1*CT93-0337, 1998.

Bock, Y., S. Wdowinski, P. Fang, J. Zhang, S. Williams, H. Johnson, J. Behr, J. Genrich, J. Dean, M. van Domselaar, D. Agnew, F. Wyatt, K. Stark, B. Oral, K. Hudnut, R. King, T. Herring, S. Dinardo, W. Young, D. Jackson, and W. Gurtner, Southern California Permanent GPS Geodetic Array: Continuous measurements of regional crustal deformation between the 1992 Landers and 1994 Northridge earthquakes, J. Geophys. Res., 102(B8), 18013Ű18033, 1997.

Feigl, K. L., D. C. Agnew, Y. Bock, D. Dong, A. Donnellan, B. H. Hager, T. A. Herring, D. D. Jackson, T. H. Jordan, R. W. King, S. Larsen, K. M. Larson, M. H. Murray, Z. Shen, and F. H. Webb, Space geodetic measurements of crustal deformation in central and southern California, 1984-1992, J. Geophys. Res., B12(98), 21677Ű21712, 1993.

Heki, K., S. Miyazaki, and H. Tsuji, Silent fault slip following an interplate thrust earthquake at the Japan Trench, Nature, 386(6625), 595Ű 598, 1997.

King, R. W., and Y. Bock, Documentation for the MIT GPS analysis software: GAMIT, Massachussetts Institute of Technology, Cambridge, 1993.

Polvťe, M., R. C. Maury, H. Bellon, C. Rangin, B. Priadi, S. Yuwono, J.-L.

Toron, and R. Soeria Atmadja, Magmatic evolution of Sulawesi (Indonesia): Constraints on the cenozoic geodynamic history of the Sundaland active margin, Tectonophysics, 272, 1997.

Rangin, C., The Sulu Sea, a back-arc basin setting within a neogene collision zone, Tectonophysics, 161, 119Ű141, 1989.

Rangin, C., R. C. Maury, M. Polvťe, H. Bellon, B. Priadi, R. Soeria-Atmadja, J. Cotten, and J.-L. Joron, Eocene to miocene back-arc basin basalts and associated island arc tholeiites from Northern Sulawesi (Indonesia): Implications for the geodynamic evolution of the Celebes basin, Bull. Soc. Geol. France, t. 168(no. 5), 627Ű635, 1997.

Savage, J. C., and R. O. Burford, Geodetic determination of relative plate motion in central California, J. Geophys. Res., 78, 832Ű845, 1973.

Silver, E. A., R. McCaffrey, and R. B. Smith, Collision, rotation, and the initiation of subduction in the evolution of Sulawesi, Indonesia, J. Geophys. Res., 88(B11), 9407Ű9418, 1983.

Stevens, C., R. McCaffrey, A. Walpersdorf, C. Vigny, Y. Bock, J. Genrich, Endang, C. Subarya, S. S. O. Puntodewo, and Fauzi, GPS evidence for rapid rotation about a vertical axis in a collisional setting: the Palu fault of Sulawesi, Indonesia, submitted to Geophysical Research Letters, 1998.

Walpersdorf, A., C. Vigny, P. Manurung, C. Subarya, and S. Sutisna, Determining the Sula block kinematics in the triple junction area in Indonesia by GPS, Geophysical Journal International, in press, 1998.

Wilson, P., and J. Rais, The GEODYSSEA project : An investigation of the geology and geodynamics of South and South East Asia, GEODYSSEA �nal report, P. Wilson and G.W. Michel (eds.), Commission of the European Community, EC contract CI1*CT93-0337, 1998.

A. Walpersdorf, Delft University of Technology, Delft Institute for Earth- Oriented Space Research Kluyverweg 1, 2629 HS Delft, NL. (e-mail: andrea.walpersdorf@lr.tudelft.nl)

C. Vigny, Ecole Normale Supťerieure, Laboratoire de Gťeologie, 24, rue Lhomond, 75005 Paris. (e-mail: vigny@geophy.ens.fr)

C. Subarya and P. Manurung BAKOSURTANAL Cibinong Bogor, Jl. Raya Jakarta Bogor km 46 Cibinong 16916 Jawa Barat (e-mail: geodesi@server.indo.net.id)

(Received November 10, 1997; revised May 14, 1998; accepted May 19, 1998.)

To appear in the Geophysical Research Letters, 1998.