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Estimation of active fault during the 2004-2005 earthquake events

Introduction

The magnitude ~9.2 earthquake on December 26, 2004, followed by a large tsunami, initiated at a depth
of ~50 km offshore Aceh, occurred along a portion of the subduction zone from Sumatra to the
Andaman Islands. Three months later, March 2005, another earthquake occurred south of 2004's
epicenter, with a magnitude ~8.7. There was no large tsunami on the latter earthquake event. After the
2004 earthquake, there was an unprecedented effort from multinational research institutions of data
collection in this region. Various studies have been conducted as well as many hypotheses in
explanation of tsunami height and precise location of epicenter.
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Figure 1. Bathymetric data covering the 2004 and 2005 earthquake events (red stars-USGS, yellow stars-
relocated as published by Engdhal, 2007) offshore of Aceh Province, Indonesia. The color bar display
depths in meter. Inset figure show the study area with respect to Southeast Asia region.

Figure 1 shows the coverage of bathymetric data available. The area of coverage is 1°-7°N and 93°-98°E.
The red stars denote the epicenters of 2004 (Mw 9.2) and 2005 (Mw 8.7) earthquakes as reported by
USGS. The yellow stars are reported by Engdhal, et al (2007) from recalculation based on teleseismically
well-recorded earthquakes. The position accuracy of an earthquake depends on the distribution of
seismometers and/or GPS around earthquake event. Region to the west of Aceh is Indian Ocean with
limited seismometers installed.

The study area is a subduction zone with subduction rate of 5-6 cm/year and at an oblique angle. Figure
1 also shows that the accretionary prism offshore of Aceh is quite wide (~¥190 km on the northern
section) and highly deformed with areas of high and low topography. The scale bar displays depths on
meter. The Sunda trench is ~4,600 m and the shallowest part of the wedge is < 1,000 m. Each fold is
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caused by thrust faults. The aim for this project is to investigate whether earthquake epicenters may be
used to estimate the location of fault plane(s) that are active or reactivated during the respective
earthquake events using earthquake epicenter locations published by USGS and the various tools
available in ArcGIS. Since there is no bathymetric data near the epicenters of either 2004 or 2005
earthquakes, it was decided to use the foreshock (up to 15 days before) and aftershock (up to 2 months
after) epicenters and focused on earthquakes located within the yellow rectangle in figure 1 because
any earthquake at any depth may occur within a fault plane (Figure 2).
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Figure 2. Description of rupture area within a fault surface. Area of rupture increase with magnitude
(Ref. http://egseis.geosc.psu.edu/~cammon/HTML/Classes/IntroQuakes/Notes/faults.html)

Data resources and collection

1. Bathymetric data from five research cruises conducted from January 2005-March 2009 were
cleaned and merged is processed prior to this GIS project. The spatial resolution of this data is 50
meter. Figure 1 shows the bathymetric data coverage. The color bar shows depth in units of meter.
The bathymetric data is in grid/ascii format as a result from GMT software. ArcGIS can’t open this
file format so the data is converted to csv format using Matlab software. The preprocessing of this

data is discussed in the preprocessing section.

2. The coordinate of earthquakes is downloaded from the internet, the NEIC-USGS earthquake
epicenters: http://earthquake.usgs.gov/earthquakes/eqarchives/epic/
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Figure 3. NEIC earthquake search template.

Figure 3 shows the website to search earthquake events for the period of 2004-2005 with
magnitudes between 3 and 10. The global earthquake information is available from 1973 until now.
The format of search result can be chosen from various types. Figure 4 shows the first few
earthquake events resulting of this search displayed in the spreadsheet format (comma delimited)
output type.
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File it Format View Help

Year ,Month,Day, Time (hhmmss. mm)UTC,Latitude,Longitude ,Magnitude,Depth,Catalog
2004,01,01,003201. 30, 37.760, 21.070,3.4, 5,PDE
2004,01,01,003652.09, 19.384, -64.453,4.1
2004,01,01,005220.70, 40.042, 38.746,3.7
2004,01,01,005654. 34, 51.637,-177.653,4.
2004,01,01,010619.68, 71.001, -14.658,4.
2004,01,01,012616. 52,-22.117, -70.578,4.
2004,01,01,013739. 30, 37.151, 36.313,3.
2004,01,01,014150.70, 47.034, 154.071,5.
2004,01,01,014344 , 38.380, 21.540,3
2004,01,01,020837.01, 47.218, 154.049,4.
2004,01,01,022546. 30, 38.892, 26.701,3.
2004,01,01,031436.40, 38.540, 20.640,3
2004,01,01,031521.14, 23.315, 121.613,5.
2004,01,01,040314. 80, 39.152, 29.472,3.
2004,01,01,043912.15,-21.476, 169.859,5.
2004,01,01,055901.12, 46.999, 154.188,5.
2004,01,01,061154.65, -6.422, 147.068,4.
2004,01,01,065808. 54,-22.042, 169.556,5
2004,01,01,070704. 80, 34.350, 25.470,3.
2004,01,01,070749.65,-22. 308, 169.671,4.
2004,01,01,072610.70,-31.683, -71.958,3.
2004,01,01,074101. 38, 47.017, 154.171,.4.
2004,01,01,081557.86,-22.013, 169.289,5.
2004,01,01,081846.23, 17.664, -64.000,4.
2004,01,01,082551. 39,-22.055, 169.178,4.
2004,01,01,082746.14, 60.498,-150.902,3.
2004,01,01,090023.90, 35.634,-117.580,3.
2004,01,01,090747. 80, 38.390, 21.890,3.
2004,01,01,095237.90, 38.671, 31.074,3.
2004,01,01,101748.96, 47.165, 154.038,4.
2004,01,01,104900.91, 17.653, -64.014 ,4.
2004,01,01,110712.15, 63.556,-147.117,3.
2004,01,01,111023.10, 39.341, 40.057,3.
2004,01,01,111329.16, 35.720,-121.057,3.
2004,01,01,111413.10, 23.277, 102.993,4.
2004,01,01,120654.06, 2.925, -79.169,4.
2004,01,01,124350.60, 36.540, 27.540,3.
2004,01,01,135324.
2004,01,01,140308
2004,01,01,140617.
2004,01,01,143041. % s
2004,01,01,143649.19, 47.243, 153.876,4.
2004,01,01,154657.53, 36.170, 21.910,3.
2004,01,01,171438.40,-39. 860,-179.160,4.
2004,01,01,180607.63,-38.966, 78.083,4.
2004,01,01,182435.04, 5
2004,01,01,183922.46, 8
2004,01,01,190714.51, 46.
2004,01,01,192828.70, 40.940, 32.809,3.

38

38

2004,01,01,193655. 40,
2004,01,01,194529. 80, 38.
2004,01,01,202830. 35, 47.162, 154.215,4.
2004,01,01,204431.30, 40.681, 30.644,3
2004,01,01,205931.91, -8.310, 115.788,5
2004,01,01,224502.77, 63.329,-145.441,3.
2004,01,01,231912. 20,-37. 310, 178.610,4.
2004,01,01,232130.95, 35.664,-121.104,3.
2004,01,01,233150.05, 17.488,-101.303,6.
2004,01,01,233218. 69,-21. 949, 169.976,4.
2004,01,01,235801. 55, 17.420,-101.315,5.

Figure 4. Result of search from the NEIC-USGS catalog.

The result of search is in spreadsheet format, comma delimited, which is easily opened by MS Excel,
then the file is saved as in xIs format which can be read by ArcGIS using the ‘add xy data’: File -> Add
data -> add xy data.

ASTER DEM data

Aster DEM data were downloaded from ERSDAC website (http://www.jspacesystems.or.jp/ersdac/
GDEM/E/index.html). After login, search for DEM tiles is as shown in figure 5. For the northern part
of Sumatra Island, there are 17 tiles to download. These files are compressed and after
uncompressed, can be opened in ArcMap, this is shown in Figure 6. All 17 tiles are shown before
conducting mosaic into one raster file.
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Figure 5. Window to search DEM tiles to download and general information of ASTER-DEM tile.
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Figure 6. Seventeen tiles of ASTER DEM that overlap with the study area.
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Figure 7. Window on stea to raster mosaic
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Figure 7 displays the step of mosaicking the 17 tiles DEM data. After processing, the mosaicked data
result is shown in Figure 8 with a color symbol ‘Elevation # 1’ to highlight the elevation change in the
Island of Simeulue (the small on the west in the figure 8). To display this DEM with the bathymetric data
without blocking one another, the pixel values of ASTER DEM that is on sea level and below is converted
to NoData. The step to do this conversion is using raster reclassification. This step is shown in Figure 9a
and 9b.

Input raster " | Reclassify

[ He\gis_project novaT\aster dem\mos_sster.tif = B]
Redass field Reclassifies {or changes) the values in a
Value - raster.
Redassification
- [
A7 - 134.752841 1 | | Cossify...
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1095.447059 - 1381 05882 § Add Entry
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Figure 9a. Originél raster values.
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and so on)
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[ o ][ caned | [Enweoments...|| ccrdendp | [ Toolnep |

Figure 9b. Change pixel values of zero and below to NoData.
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Figure 9c. Result of changing data of Mosaic Aster

Figure 9c displays the result of reclassifying the ASTER DEM data and now it is able to show all data
without overlapping. The ASTER DEM data is shown using 10 classes with manual classification method.
In figure 9c, it is shown that there are numerous aftershock data occurring on Simeulue Island. It Is
unfortunate that there are no more detailed DEM data for that area.

Data preprocessing
All of the data used in this project is in geographic projection and WGS84 datum.

Earthquake locations

There are more than 1,600 earthquakes between 2004 and 2005 with magnitudes ranging from 3 to 9.5.
This study will limit earthquakes that occurred around the big events and that are on marine area and
not on land (Sumatra Island). From the original number of earthquakes, these are reduced to
earthquakes that occur 15 days (foreshock) and 2 months after (aftershock) the big earthquake event.
For the 2004, the main earthquake occurred in 26 December, the number of earthquakes between 11
December 2004 and 26 February 2005 is 471. The second big earthquake occurred in 28 March 2005,
the number of earthquakes between 13 March and 28 May is 294. Figure 10 shows the before reduction
of number of earthquakes based on date of occurrence. Figure 10 on the right shows the result of the
reduction process. In general, one can group the earthquake clusters into 3 big clusters: on the
northeast, on the southwest, and on the southeast. It is decided to investigate the clusters on northeast
and southwest only considering the bathymetric data coverage on these two clusters.
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Figure 10. (Left) Distribution of 2004-2005 earthquakes events. (Right) Cleaned earthquake distribution
within the study area according to 2004 period (shades of blue) and 2005 period (shades of red).

Bathymetric data

The bathymetric data is in grid/ascii format as a result from GMT software. ArcGIS can’t open this file so
the file has to be converted in Matlab and exported in csv format. Because of the large data points and
ArcGIS can’t handle the large data size (~427 MB), the bathymetric data used for this project is cropped
to the boundary of 93.212-95.093° E and 2.500-4.620 N. Data reduction or resizing is conducted using
Matlab, which then exported in csv format that can be read by ArcGIS. After this resizing, it is again too
large to be uploaded into ArcGIS, so the bathymetric file is further reduced to the boundary of boundary
0f 93.212-95.093° E and 3.806-4.620 N. Figure 11 shows the window in Matlab for the data content
(upper left window) and export command to csv format (lower left window). After resizing, then using
notepad insert the header for the 3 columns: Long, Lat, Depth. This is shown in figure 11 (right figure).
The step to input the data into ArcGIS is using the ‘add xy data’: File -> Add data -> add xy data. This step
is shown in Figure 12 (left). The imported bathymetric data is shown as black dots that make up the
black rectangular shape in figure 12 on the right.



. Variable Editor - all_bathy_points
LF] | PN - | - smh Base v \-plm(a:r bathy_points(; 2))

' all_bathy_points <1278069:3 double>

1 3 4 5 6
1 94,5280 -20421e+03 |
2 94,4953 [N -2.2947e-03
3 944870 228340403
4 | sl 55009 -2.2677¢-03
5 94.4890| -2.2641e+03
6 9s4500) 3 -2.2616e+03
7 osssa 5002 -16258e-03
8 oassal 161326403
9 946600 15961403
10 94 6609 5 156226+03
1 94,4908 -2.2615e+03
122 osaon| -2.2608e+03
13 94,4931 -2.2571e+03
14 94,4940 5 -2.2504e+03
15 94,4948 -225326403
16 94490 -2.2353e+03
17 944971 -22217e+03
18 94,6620 5 -15671e+03
19 gae6n 04_-1.5584e+03
< [ [ J

Command Window

@ New to MATLAB? Watch this Video, see Demos, or read Getting Started.

* csvwrite does not accept cell arrays for the input macrix M. To
export cell arrays to a text file, use low-level functions such as

FPRINTF.
See also gsvread, dlmread, dlmwrite.

Reference page in Help browser
doc csvwrice

>> csvwrite(all_bathy_points,test_csv):
Undefined function or variable 'test_csv'.

>> csvwrite(all bathy points, "testc_csv'):
Error using csvwrite (line 31)
FILENAME must be a string.

>> csvwrite(all_bathy_'test_csv');
csvwrite (all_bathy 'tesc_csv'):
1
Error: Unexpected MATLAB expression.

>> csvwrite('test_csv',all bathy points);

>> help csvwrite

csvwrite Write a comma-separated value file.
esvwrite (FILENAME, M) wrictes matrix M into FILENAME as
comma-separated values.

£
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Figure 11. (Left) Matlab display for exporting to csv format. (Right) insert of header to csv file.
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Figure 12-(Lef-t‘) imp_o?t of bathymetric data in csv format. (Right) display of bathymetric data points.

After importing, then the point data is then converted to raster. This step is shown in figure 13 on the
left. And on the right shows the cropped bathymetric data using Green to Blue symbology.
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Figure 13. (Left) Step to convert point to raster. (Right) display of raster bathymetric data.
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ArcGIS processing

Figure 14 displays the displacement area as observed on land surface with respect to the location of
hypocenter and epicenter during an earthquake. As can be seen, the observed displacement is not at
the same location of the epicenter but at a distance away. So estimating the fault activated during an
earthquake require interpolation among the hypocenters to find the fault plane and then extrapolate
that plane to meet the seafloor topography.

Epicenter

Earthquake waves

Figure 14. Location relationship among hypocenter (focus), epicenter, and fault plane.
(ref. http://www.kids-fun-science.com/earthquake-epicenter.html)

Analysis using ArcScene

Earthquake hypocenter, bathymetric data, and ASTER DEM are loaded into ArcScene. The plan is to
produce fault plane from the earthquake points and then extrapolate the fault plane onto the
bathymetry surface to estimate the displaced area on seafloor.
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Figure 15. Depth distribution of earthquakes during the 11 Dec 2004 — 26 February 2005 period.
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Figure 16. Depth distribution of earthquakes during the 13 March - 28 May 2005 period.

Figure 15 and 16 shows the distribution of earthquake in depth. The shades of darker green occurred
between 0 — 25 km, shades of lighter green to orange occurred between 25 — 35 km, and shades of red
occurred between 35 — 60 km. Both of these figures show that the earthquakes occurred in depths
considered as shallow depths. Earthquakes that occur shallower than 70 km is the most destructive and
the two earthquakes were quite destructive.

From the point distribution of hypocenters, calculation of interpolation between these points to create a
‘surface’ that may represent the fault plane is using the natural neighbor (spatial analyst) tool. Figure 17
shows the window to calculate the interpolation. Figure 18 show the result where dark blue is deepest
and yellow is shallowest.
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Figure 17. Step for raster interpolate from points for earthquake during the 13 March - 28 May 2005.
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Figure 18. Plane of fault using the natural neighbor.

By looking at figure 18, it can be estimated that if an extrapolation is conducted toward the seafloor,
then the meeting line between the bathymetric data and the extrapolation plane will be around the
trench (blue region on the bathymetric data). The extrapolation process was not successful.

Analysis using ArcGIS
Another way to estimate the fault activated during an earthquake is by using buffer of the epicenters
and investigate with the bathymetric data of the buffered area.

The first step is to find the steepest slope on the bathymetric data. The maximum slope is created using
the tool: slope (spatial analyst) that can calculate the rate of maximum change in z-value. Figure 20
display the window on slope calculation. Figure 21 displays the result of slope calculation where the
slope values are displayed in stretched symbology (color green). Figure 22 shows the result of the slope
processing in 9 class classification symbology, where the light green area represent high rate change of
slope. By comparing between figure 21 and 22, the areas with largest slope change is well represented.
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Figure 20. Slope calculation of bathymetric data.
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Figure 22. The result of slope measurement with light green shows the maximum slope rate of change.

The next step is to create a region around the epicenters that may represent a possible part of fault
plane on the seafloor that is the extension of the fault plane near the hypocenter in deeper subsurface.
This is done by using the buffer tool: Multiple ring buffers (analysis). Figure 23 display the window to
create multiple buffer rings. In this step, three rings are created that represent diameters of 10, 25, 50
km. Figure 24 shows the buffer rings where 10 km buffer ring is colored black (not visible), 25 km buffer
ring is orange, and 50 km buffer ring is red. The negative numbers are depth for each epicenter (red
dots).
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Figure 23. Window to calculate multiple buffer rings.
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Figure 24. Result of multiple ring buffer overlay with bathymetric data.
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Discussion

Figure 25 shows the overlay of the collected data for this project. The bathymetric coverage displayed in
the background is a tiff file. The elevation data is from ASTER DEM showing the Aceh province and the
island of Simeulue. Looking at Figure 25, earthquake locations are displayed according to the month it
occurred. The red dots occurred in December 2004, light green dots in January 2005, and blue occurred
in February 2005. The large light blue dot is the main earthquake, magnitude 9.2, on 26 December 2004.
Considering the distribution of earthquakes, about the same locations occurred during foreshock and
aftershock events. Furthermore, there seems to be clustering of earthquakes on the Aceh Basin, close to
the deformation front on the southwest area, and around the Simeulue Island.

Figure 26 shows the distribution of earthquakes before and after the 28 March 2005 event. These
locations are for the 13 March - 28 May 2005 period. The big light blue dot designate the 28 March (8.7
Mw) event. The pink dots occurred in March, yellow dots are in April and light green dots are in May
2005. From this distribution, there are basically two clusters of earthquakes, one on the north (on the
Aceh Basin) and one around the Simeulue Island. Further analysis is conducted only around the
December 26, 2004 earthquake since the cropped bathymetric data is located in this area with more
earthquake locations.

The final step on estimating the faults that are active during big earthquakes is to overlay the epicenters
and its buffer rings, with the bathymetric data. This is shown in figure 27. A simplistic interpretation for
estimating the activated fault is to ‘see’ the overlap area between the zone of maximum rate of change
of slope and buffer ring area. Looking at figure 27, for epicenters located on the northeast, the buffer
with diameters of 25 and 50 km are shown to reach the nearest maximum slope (light green area). For
the epicenter on the southeast, only 50 km buffer reach the nearest maximum slope zone. For
epicenters on the west, all buffer rings reach some part of the maximum slope zone. Considering the
2004 earthquake produced a big tsunami, where large water displacement occurred. It may be
concluded that the fault zone that was active extended toward the trench where it is located on deeper
water. This is consistent with existing theories of the tsunami height.
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Figure 25. Bathymetric data, ASTER DEM, and earthquake locations during 11 Dec 2004 — 26 February
2005 period. The light blue dot is the mega thrust (Mw 9.2) earthquake on 26 December 2004.
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Figure 26. Bathymetric data, ASTER DEM, and earthquake locations during 13 March - 28 May 2005
period. The light blue dot is the Mw 8.7 earthquake on 28 March 2005.
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Conclusion

This project aimed to investigate the possibility to estimate or map fault plane(s) activated during a
period of foreshock and aftershock around a big earthquake. It is proven to be a challenging task, for
example with file size limitation for import data. But there are various tools in ArcGIS that are very
useful for this project also the ArcGIS discussion is beneficial. As shown in Figure 1, there are differences
in epicenter locations from USGS and Engdhal, et al (2007). One reason for this discrepancy is the
distribution of seismometers in this area. There are several seismometers installed in the Sumatra Island
and the Simeulue Island but there are no seismometers in the Pacific Ocean which is to west side near
these islands. So the epicenters are not well constrained. This project used the epicenters from USGS
which is not well constrained. Considering the epicenters may not be located correctly, more confidence
can be placed on the bathymetric data. This project shows that it may be possible to locate the fault
plane but may require more hypocenter data, i.e., longer period than 3 months. While using the
multiple buffer rings method may be easier, it does not give good certainty.
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