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ABSTRACT. Sarulla geothermal field is one of the largest geothermal fields in the world which has a
330 MW installed capacity. The field consists of three areas, namely Namora Langit (NIL)-1, NIL-2, and
Silangkitang (SIL) which operated from 2017 and 2018. It is situated precisely at the Sarulla graben
which is an active tectonic area composed of Quaternary Toba tuff and intermediate lava and extrusive
felsic pyroclastic Toru. This study aims to see whether land subsidence may emerge in the Sarulla
geothermal field and its environments in addition to determining whether the geothermal activity or
anthropogenic is responsible for the deformation. We used the persistent scatterer (PS) interferometry
synthetic aperture radar (InSAR) method to calculate the rate of subsidence in the area. 30 ascending
images from Sentinel-1 were gathered from 5 January to 18 December 2020 with a separation of 12
days to run the analysis. The results demonstrate that Sarulla is undergoing subsidence occurring at
NIL-1 and NIL-2 and SIL with a velocity of O to -32.9 mm/year. Although negative deformation occurs
in the geothermal area, there is no solid evidence indicating geothermal fluid extraction is the cause of

subsidence.
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1 INTRODUCTION

The Sarulla geothermal field is located
in North Tapanuli Regency, North
Sumatra province, Indonesia, which
currently has the largest power
generation capacity in the world, which
is 330MW (Wolf and Gabbay, 2015). It
consists of three power plants that
generated 110MW each: Silangkitang
(SIL) and Namora I Langit (NIL)-1 started
their operation in March and October
2017, respectively; meanwhile, NIL-2
began operation on May 2018. The
Sarulla geothermal field's exploration
already started in 1993 to develop at a
maximum of 1000MW (Gunderson et al.,
2000).

Geologically, Sarulla is situated at the
graben (well known as Sarulla Graben)
along the Great Sumatran Fault, the
large right strike-slip fault shifting
Sumatra Island, extending from north to
south (Figure 1), precisely at Toru
Segment with a length of 95 km yielded
a contractional bend structure (Sieh and
Natawidjaja, 2000). Sarulla is adjacent to

other geothermal potentials such as low-

temperature Tarutung-Sipoholon
(Nukman and  Hochstein, 2019),
Donotasik, and high-temperature

Sibual-buali (Gunderson et al., 2000).
Based on the geologic map, the NIL area
lies at the Toru Volcanic product and
Toba tuff, which consist of intermediate
lava and extrusive felsic pyroclastic.
However, SIL area situated at the Totolan
Formation and Young Alluvium. Totolan
Formation consists of Pleistocene
conglomerate, while the Young Alluvium
consists of unconsolidated materials.
SAR (Synthetic Aperture Radar) is a
radar that is installed on a plane or
artificial satellite. It sends pulse waves to
the Earth's surface and collects
reflections. D-InSAR (Differential
Interferometric SAR) has proven to be an
efficient instrument for assessing
topographic changes with high spatial
resolution across wide areas (Hanseen,
2001). However, the D-InSAR still shows
decorrelations caused by DEM, orbitals,
atmospheric errors, and other factors. A
time series analysis can help to improve
D-InSAR accuracy. In InSAR, time series
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analysis is utilized to reduce spatial and
temporal decorrelation. Using more than
two InSAR with the same master results
in a duplicate time series method, which
is classed as Persistent Scatterer (PS)
InSAR (Ferretti et al., 2001).

The main problem focuses on the
unexplored  potential for ground
subsidence in the Sarulla geothermal
field, induced by the extensive extraction
of geothermal fluids for power
generation, which can precipitate
substantial geological hazards (Igbal et
al., 2023), such as landslides and
surface ruptures, leading to
infrastructural damages and potentially,
loss of lives (Dai et al.,, 2001). In
geothermal fields, the extraction of fluid
leads to a decrease in reservoir pressure,
culminating in surface subsidence
(Amelung et al., 2000). Notably, the
Sarulla geothermal field, the world's
largest power generation site, has not
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been examined for such occurrences.
This study, therefore, proposes the
utilization of Persistent Scatterer
Interferometry Synthetic Aperture Radar
(PS-InSAR) technology to detect ground
subsidence in the Sarulla geothermal
field. PS-InSAR has demonstrated
efficacy in monitoring earth surface
deformation, particularly in geothermal
fields (Aly et al., 2012; Raspini et al.,
2022). This technology could provide
precise and continuous data concerning
ground  subsidence, offering an
invaluable preventative tool to alleviate
larger scale subsidence, akin to those
observed in the Taupo Volcanic Zone
(Hole et al., 2007). Through the
identification and  assessment of
potential subsidence areas, preventative
measures can be implemented to
mitigate associated risks, thus ensuring
sustainable geothermal operations and
the maintenance of regional safety in

INDO-AUSTRALIAN PLATE

Figure 1-1: Geology of the research area (simplified from Aspden et al., 1982).

2 MATERIALS AND METHODOLOGY
2.1 Location and Data

The research area is situated in
Sarulla  Geothermal Field, North
Tapanuli, North Sumatra. This study
utilizes ascending Sentinel-1 data IW

(interferometric wide) mode that was
retrieved from ESA (European Satellite
Agency). About 30 images with a
separation of 12 days from 5th January
to 18th December 2020 were collected,
orbiting at path 142 frame 1184 with
polarization VV+VH. Figure 2-1 shows
the perpendicular baseline of the satellite
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that was used in this research for PS-
InSAR processing. This time frame is
selected for the study because the
Sarulla  post-geothermal production
deformation will be investigated. Data
comparisons between before and after
geothermal production should be
conducted to optimize the assessment.
However, we could only detect
deformation based on 2020 data due to
time and data limitations.
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Figure 2-1: Perpendicular baseline of PS-InSAR
data used in this research.

2.3 Methods

In this research, we manage to identify
the displacement at the Sarulla
geothermal field and its surrounding by
applying PS-InSAR proposed by (Hooper,
2008; Hooper et al., 2007, 2004). PS
pixels are identified from interferograms
optimized for PS analysis (Hooper et al.,
2007). PS-InSAR achieves a better result
than conventional InSAR because it
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analyzes coherent pixels only with less
noise and omits the decoherent. By
considering topographic features, signal
noise, and environmental influences, PS-
InSAR measures land subsidence over
the period of a month or year.

The PS-InSAR approach analyzes SAR
data time-series. Detailed workflow for
this processing is shown in Figure 2-2.
The method relies on stable, point-like
scatterers that are free of specks and
provide a distinct response. These
persistent scatterers (PS) provide a
consistent phase history over the entire
acquisition time range (Ferretti et al.,
2001). The PS phases do not
demonstrate temporal decorrelation and
are stable over time, making it possible
to observe and monitor deformation over
an extended period of time. The following
equation represents the interferometric
phase @m: of the SAR signal of
wavelength lambda (A) between two
different images (Khan et al., 2022):

(PInt=(Ptopography+(pmovement+ (Porbit+ (Patmosphere+
Pnoise ( 1 )

where Qtopography iS the phase variation
driven on by height errors, @movement is the
element generated by terrain
displacement in the Line Of Sight (LOS)
path in between two SAR acquisitions,
Qorbit 1S the phase error caused by orbit
estimate errors, Qatmosphere 1S fluctuations
in atmospheric phase delay that affect
the phase component. Lastly, @noise refers
to phase noise, including thermal noise
and other error components.
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Figure 2-2: PS-InSAR processing workflow (adopted from Khan et al., 2022).
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In our study we only look at Line-of-
Sight (LOS) direction changes that may
be an indication of subsidence and uplift.
However, in active tectonic areas,
horizontal and vertical movements are
very common due to plate movements or
faults. The observed LOS changes are
compared with the master image
acquired on 17 June 2020. The master
image was selected by considering the
interferogram image that maximizes the
sum correlation and minimizes the sum
(Hooper et al., 2007).

3 RESULTS AND DISCUSSION

From the results of PS-InSAR
processing, we managed to obtain 29
displacement images from each period in
comparison to the reference image. Line
of sight (LOS) or displacement values
ranging from -67 to 50 mm (Figure 3-1).
A positive value indicates an uplift while
a negative value indicates a subsidence.

But more importantly, the results of the
PS-InSAR analysis also succeeded in
detecting objects around the NIL and SIL
geothermal areas which are the main
targets as objects that may be directly
affected by geothermal production. In
addition, PS-InSAR also detects objects
around urban areas/main roads located
around the Sarulla Graben.

The PS-InSAR method was successful
in detecting around 822 PS pixels at NIL
and 533 PS pixels at SIL which had LOS
<0 mm or subsidence. All the values for
these pixels are summarized in Figure 3-
2 which contains the average, maximum,
and minimum values. It should be noted
that the displacement value obtained is
the result of a comparison with the
reference image. In general, the
displacements in NIL and SIL did not
indicate a decrease with time; rather,
they increased at points and declined at
other times, but generally showing slow
declining.
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Figure 3-1: Displacement of Sarulla geothermal area and surroundings. The displacement value is

compared to the reference satellite image.

144



International Journal of Remote Sensing and Earth Sciences Vol. 20 No. 2 2023: 141- 150

60

40

20

0

-20

Displacement (mm)

-40
-60
-80

1/5/2020 6/5/2020 11/5/2020

——Average == Max Min

SIL
60

40

20

Displacement (mm)
°

-20

-40

-60
1/5/2020 6/5/2020 11/5/2020

e AVETAGE s Max Min

Figure 3-2: Summary of displacement in NIL and SIL geothermal area during 2020.

As shown in Figure 3-3, the PS-InSAR
analysis findings not only yield
displacement data but also the velocity of
displacement each year in mm/year.
However, since only images from 2020
were used to determine this
displacement rate, the value may change
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if data from other years are included. At
Sarulla, the rate of displacement varies
from -32.8 to 35.2 mm/year. As can be
seen, the geothermal area and the
Sarulla graben area contain the objects
that have been identified as suffering
surface changes.

515000 520000 525000

205000
=t

200000
0

195000

210000

200000

195000

Geothermal well and
power plant

Fault

[55%E] Geothermal area -
Displacement (mm/year) =

I 352

199000

190000

85000

500000 506000 510000

515000 520000 525000

Figure 3-3: Rate of displacement at Sarulla geothermal area and surroundings.

Positive LOS value will be removed
from the map in order to only show
objects or regions that are undergoing
subsidence since this research focuses
on this phenomenon. The rate of
subsidence in the Sarulla area and its
surroundings can be seen in Figure 3-4.
The majority of land subsidence occurs
in the NIL and SIL areas, which are
geothermal production areas consisting
of power plants, injection wells, and
production wells. In addition, subsidence
was also detected outside the NIL and SIL

areas. The velocity of land subsidence
varies from O to 32.9 mm/year.

Figure 3-4 shows a comparison
between terrain images (left) and true
color composite/TCC (right) in
subsidence areas. Buildings, roads, the
clearing of new land, and other
anthropogenic activities or land uses also
have a significant impact on subsidence.
It can be observed in the TCC image that
many  detected objects in  the
northeastern portion of the study region,
which is in a forest area, experience fairly
high subsidence. This is presumably
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because the PS pixel detects low
vegetation or large rock outcrops (Hooper
et al.,, 2007). It is estimated that the
region's high subsidence value, which
ranges from 19.7 to 32.9 mm/year and is
thought to be influenced by local
tectonics because the area is adequately
distant from geothermal production wells,

500000 505000 510000

makes it difficult to conclude that the
area's subsidence is directly influenced
by Sarulla's geothermal activities.
Additionally, it is also supported that the
Sarulla Graben is a tectonically active
region with a 9 mm/year rate of
movement (Hickman et al., 2004).
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Figure 3-4: Rate of subsidence at Sarulla geothermal area and surroundings. Upper figure shows
terrain image and the lower figure is TCC acquired from Landsat 8 OLI/TIRS.

The graphical representation in Figure
3-S5  underscores the significant
subsidence that is occurring in the NIL
geothermal region. Within the scope of
this geologically dynamic area, a wide
array of objects, detected as Persistent
Scatterer (PS) pixels, demonstrate
measurable subsidence varying between
6.6 mm to 32.9 mm per annum. The
concentration of subsidence is quite
marked within the red zone depicted on

Figure 3-5. This area encapsulates the
geothermal power plant and its
immediate environs, exhibiting the
highest subsidence rates. It is evident
that the exploitation of geothermal
resources in this area is affecting the
stability of the surface.

The northeastern section of NIL,
however, isn't spared from this
phenomenon either. It also demonstrates
a notable rate of subsidence, which we
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attribute to recent construction activities,
including building structures and new
roadway infrastructure. This observation
stresses the potential geological impacts
of human activities, extending beyond

the immediate vicinity of industrial
facilities.
Meanwhile, the blue 2zone (as

delineated in Figure 3-5) signifies an area
with less severe but still noteworthy
subsidence rates ranging from 6.6 to
13.1 mm per year. These figures
correlate with the excavation and
construction activities associated with
the establishment of power plants in this
sector, which has been ongoing since
2017. The fact that the excavation of
dump sites for these development
projects has resulted in subsidence
points towards an unintended
environmental consequence of such
large-scale operations.

However, it's important to note that
the NIL region's geographical isolation
from populated settlements mitigates the
potential impact of these subsidence
rates. Even though a slight degree of
sinking is evident, the location's
remoteness ensures that the risk of
human impact is considerably reduced.
Still, it wunderscores the need for
thorough geological evaluations prior to
the development of large-scale industrial
projects to better anticipate and manage
the environmental consequences.

On the contrary, the SIL area, as
shown in Figure 3-6, exhibits a much
more moderate subsidence rate, ranging
from O to 6.6 mm per year. Notably, this
subsidence is pri{pﬂ&trily constraint to the
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geothermal area, specifically around the
locations of power plants. Interestingly,
even though the geothermal areas are
situated in close proximity to a nearby
village, no PS pixel, indicative of
significant subsidence, is detected in the
surrounding residential areas.

This evidence leads us to infer that the
geothermal production activities within
Sarulla, at least thus far, have not had a
direct impact on the settlements lying
beyond the immediate operational areas.
This finding is significant given the
innate vulnerability of geothermal
regions to land subsidence, particularly
in cases of overproduction.
Overexploitation of these geothermal
resources can induce land sinking,
potentially imposing negative effects on
surrounding communities and
environments.

A case in point is the Taupo Volcanic
Zone in New Zealand, where research

Hole et al. (2007) has documented
notable land subsidence as a
consequence of geothermal activity.

There, aggressive geothermal production

has resulted in significant land
subsidence, disrupting the natural
landscape and underscoring the

potential ramifications of such activities.
Therefore, while the SIL area may not
presently show signs of extensive
subsidence, continuous monitoring and
careful management of geothermal
resources are crucial to ensure
sustainable operations and minimize
potential environmental impacts.

ﬁi;gure 3-5: Rate of shbsidence at NIL area.
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4 CONCLUSIONS

With 30 SAR pictures taken in 2020
using the PS-InSAR technique, this
study was able to successfully determine
the displacement rate that proceeded at
Sarulla Geothermal Field and the
surrounding area. We can conclude that:

I.  Line of sight detected the PS pixel

ranging from 35.2 to -32.8
mm/year, which means uplift and
subsidence happened in this
area. The majority of the positive
displacement, which 1is most
likely the result of strike-slip fault
activity, is located outside the
geothermal area in the Sarulla
Graben.

II.  Subsidence that occurred in the
geothermal area namely NIL and
SIL, vary between 6.6 to 32.9
mm/year. Although it comprises
a high rate, no further direct
evidence that the subsidence is
caused by geothermal production.
Recent anthropogenic activities
such as building and road
pavement presumably cause this
issue.

III. The geothermal power plant's
distant position far (#2 km) from
residential areas reduces the risk
of subsidence that is tightly
correlated to geothermal
production which could be
impacted the daily local activities.

*****

: Figure 3-6: Rate of subsidence at SIL area.

This study is severely restricted by
ground-truthing, a crucial component of
remote sensing analysis. Ground
checking is essential despite the fact that
the PS-InSAR analysis's confidence rate
was 68% (Hooper et al., 2007). A PS-
InSAR, ground truthing, and GPS
measurement combination could
improve the results and increase the
level of confidence.
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