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Abstract - Agung, Bromo, and Sinabung Volcanoes have high volcanic activity over the last decade, and have dif-
ferent eruption characteristics. Hence, it would be fascinating to study the characteristics of their volcanic activity
patterns based on SO, emission rates and thermal anomaly correlated with the seismicity data. The SO, emission rate
measurement was carried out using the Differential Optical Absorption Spectroscopy (DOAS), and calculated based
on SO, column density, distance of measurement, wind speed, and wind direction. In addition, SO, emission was
detected using Ozone Monitoring Instrument (OMI) images with daily global coverage. Thermal anomaly detection
was performed using Advance Spaceborne Thermal Emission and Reflection Radiometer (ASTER) of Thermal Infra-
red (TIR) subsystem with high spatial resolution (90x90 m). ASTER TIR images were corrected for radiometric and
thermal atmospheric. The emissivity and brightness temperature separation algorithm was applied to obtain surface
temperature of Agung, Bromo, and Sinabung Volcanoes. All the data were correlated with the seismicity of each
volcano. The SO, emission rates correlate with the magma ascent to the shallow depth in an open system volcano
(Bromo Volcano). In the closed-system volcanoes (early phase of Agung and Sinabung), SO, emission was detected
after the transition of closed to open system. Magmatic injection from the reservoir to the shallow depth was detected
as thermal anomalies, such as in Agung Volcano. Whereas in Bromo Volcano, the thermal anomaly was insignificant
since Bromo Volcano has an explosive eruption at a short period, so the ASTER image could not observe the thermal
anomaly on the eruption time. Thermal anomaly pattern in Sinabung Volcano was the manifestation of new magmatic
injection to the shallow depth. Therefore, their increase serves as indicators for the increasing magmatic activity prior
to the eruptions.
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INTRODUCTION These three active volcanoes were chosen as

representatives of the Sunda Arc segmentation

Agung, Bromo, and Sinabung are active  consisting of the Sumatra and Java Arc Zones
volcanoes located in the Sunda Arc which have  which have different plate movement speeds with
a high volcanic activities over the last decade.  different eruption characteristics (Figure 1). Since
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Figure 1. Sinabung, Bromo, and Agung Volcanoes lies in Sunda Arc with different velocity of plate movement (Hochstein
and Sudarman, 2008).

Indonesia’s volcanoes are dominantly located in
subduction zones, their SO, gas emissions were
considered as the largest part of the total global
SO, emissions (Textor et al., 2004).

SO, is one of magmatic gases that has an im-
portant role in volcanic activity (Shinohara, 2013).
SO, emission can provide information about the
magnitude of the eruptions, or the mechanism of
gas released from a volcano at a certain time (Gra-
nados et al., 2001), and can provide information of
pressure or the source depth (Burton ez al., 2007).
In addition, the composition of volcanic gases is
very useful for understanding the character of a
volcano (Aiuppa et al., 2007), besides it can pre-
dict when the eruption will occur (Glasow, 2008).

Similar with volcanic gases, thermal mani-
festations around the centre of volcanic activity
can be an important indication of the increasing
volcanic activity (Coppola et al., 2015). Detected
thermal from the centre of the volcanic activity
can be associated with the release of volcanic
gases, heated surfaces due to convection from
hydrothermal activity, induction of magma ascent
to shallower depths, or heat radiation from lava
flows on the surface (Harris, 2013). Therefore,
monitoring the surface temperature around the
centre of volcanic activity is mostly to identify
the precursor of the increasing volcanic activity
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and to understand the volcanic system (Harris and
Stevenson, 1997).

The measurement of surface temperature and
SO, emission rate methods has a very fast devel-
opment, starting from direct (in-situ) sampling
to remote sensing methods. A direct sampling of
volcanic gas carried out for analyzing in a labora-
tory is the most accurate method until nowadays,
because it can minimize contact between volcanic
gas samples and ambient air, so that gas dis-
solution can be neglected (Giggenbach, 1975).
However, direct measurement of volcanic gases
cannot always be carried out because the sam-
pling location access is difficult or the volcanic
activity increases, causing the risk of sampling
becomes too high. Therefore, the development of
temperature and volcanic gas measurements using
remote sensing methods based on space-based and
ground-based measurement data is very potential
in monitoring volcanic activity, because it can
provide long-term data set and safe even when
volcanoes are in a crisis phase (Rivera, 2011; Carn
et al., 2016; and Silvestri et al., 2020).

In this study, the SO, emission data was
integrated from DOAS measurement and OMI
images with the surface thermal anomaly derived
from ASTER TIR images to assess the eruptions
over the last decade.
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METHODS AND MATERIALS

Ground-Based Measurement of SO, Emission
Rate

The SO, emission rate measurement used two
types of DOAS: mobile DOAS (traverse method)
and scanning DOAS. Mobile DOAS in Agung
Volcano was used at 10-16 km in the north to the
south flank of Agung Crater, whereas in Bromo
Volcano, it was used at 2 - 4 km from the crater
rim. The measurement method used an Ocean
Optic S2000 (Ocean Optic Inc.) spectrometer
with spectral radiance and resolution between
280 - 420 nm and 0.6 nm, respectively. The on-
board spectrometer, a moving vehicle beneath
the plume, was connected to GPS and telescope
to record the measurement track positions, and to
measure the trajectory distance from the plume
source, respectively (Kantzas et al., 2010; Kern
et al., 2020). On the other hand, scanning DOAS
were installed permanently in three different sta-
tions at 5 - 7 km on the east and southeast sides
of Sinabung Volcano. Scanning DOAS used an
Ocean Optic USB2000 spectrometer with the scan
angle of 3 - 4°, spectral range of 245-385 nm, and
spectral resolution of 1.1 nm to measure the SO,
emission rate automatically during the typical
west-wind direction.

The DOAS method used the absorption char-
acteristic of SO, gas molecules along a path of
known length in the atmosphere. The method
applied the Beer-Lambert law by considering
Rayleigh and Mie Scattering as follows:

) =1n (ll(%))J (Za ) x ci (/))dl ........ (1)

where:

7' (1) is differential optical density,

1" (A) is derived from the measured spectrum by
applying a low-pass filter or interpolating across
the tops of narrow-band structure in the spectrum,
1 (1) is a measured spectrum,

L is total light path length,

o', (4) is the differential absorption cross-section,
c, (1) is the concentration of the absorber i (Kern,
2009).

Passive DOAS measurements used scattered
sunlight as the light source. Then, the differential
optical density was retrieved by using a solar
spectrum outside the atmosphere as the Fraunhofer
reference, applied to satellite measurements. How-
ever, for ground-based measurement, Fraunhofer
reference spectrum was measured by the instru-
ment by looking in a direction which the absorber
of interest is in lower abundance (Kern, 2009). In
this case, the reference was measured by looking
away from the plume.

The DOAS method measures the SO, column
density S rather than concentration as follows:

L

ci(ydl=E P 2)

5= o' (1)

o

where:

§'is SO, column density,

L is total light path length,

¢, (1) is a concentration of the absorber i,

7' (4) is differential optical density,

o', (4) is differential absorption cross-section
(Kern, 2009).

All the spectra were corrected by dark cur-
rent and electronic offset. The reference spectra
included in the nonlinear fit were obtained by
convolving high resolution SO, (Bogumil et al.,
2003) and O, (Voigt et al., 2001) cross-sections
with the instrument line shape. The Fraunhofer
reference spectrum and ring spectrum were calcu-
lated in DOASIS software integrated with mDOAS
software. Following the fitting reference spectrum
process, the SO, emission rate was calculated from
retrieved SO, column densities (S) as follow:

(:_'SOBZSxDwaxcos(Tu-Wa+%) ------------- (3)
where:

€s0. is emission rate,

§'is SO, column densities,

D is distance,

V'w is wind speed,

T is travel angle,

W is wind angle (Optical Sensing, 2007).
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The wind speed was obtained from the Na-
tional Oceanic and Atmospheric Administration
Global Forecast System (NOAA GFS) of wind
model re-analysis data reports.

Space-Based Measurement of SO, Emission
Rate

SO, emission from Agung, Bromo, and
Sinabung Volcanoes assessed by the Ozone Moni-
toring Instrument (OMI) is an ultraviolet/visible
(UV/VIS) spectrometer launched on July 2004 by
NASA Earth Observing System (EOS) Aura satel-
lite. OMI pixel size is 13x24 km? at nadir (along
x across-track). OMI spectral ranges between
270 and 500 nm in the UV/VIS region, using two
channels with spectral resolution of about 0.5 nm.
UV channel varies from 270 to 365 nm and VIS
channel ranges between 365 - 500 nm. There are
two subchannels of UV with the range o270 - 310
nm for UVI-1 and 310 - 365nm for UV-2. OMI data
in this study was available online (https://so2.gsfc.
nasa.gov/index.html). Principal component analy-
sis (PCA) has been applied to re-analyze the OMI
dataset with the latest retrieval algorithm (Carn et
al.,2017). The standard deviation of PCA retrieved
background SO, ~0.5 Dobson units (DU), where 1
DU=2.69x10* molecule km™ (Carn et al.,2017).

Land Surface Temperature Measurement
The surface temperatures of Agung, Bromo,

and Sinabung Craters were derived from ASTER

TIR in a spectral range between 8.125-11.65 um.

The ASTER TIR images in level 1T Precision
Terrain Corrected Registered At-Sensor Radiance
(AST _L1T) were processed to obtain surface
temperature in period of 2010-2020 (Table 1).
The ASTER TIR data were retrieved from the
NASA Earth Data centre (https://search.earthdata.
nasa.gov/search). The night-time acquisition data
were selected to obtain a high signal-to-noise ratio
and to decrease the solar heating effects (Reath
etal., 2019).

ASTER TIR images were inspected visually
for cloud cover of less than 10% over the three
volcanoes, corrected radiometrically and atmo-
spherically. The thermal emissivity separation
(TES) method was used to calculate the surface
temperature by excluding the surface emissivity
(Abrams, 2000; Reath et al., 2019).

Following Boori et al. (2015), the ASTER TIR
was calibrated by converting each image pixel to
radiance as follows:

L, =(DN-1) X UCC oovroreeoveeeeressesooeeeo (4)

where:

L, refer to spectral radiance,

DN is digital number,

UCC are the published Unit Conversion Coef-
ficients for each ASTER TIR channel (Table 2).

After converting the DN to radiance, the
thermal atmospheric correction was performed to
remove the atmospheric contributions. Assuming
reflection and scattering of solar radiation are

Table 1. ASTER TIR LI1T Data Collection for Ten Year Observation of Agung, Bromo, and after Converting the DN to
Radiance. Thermal Atmospheric Correction was Performed by Sinabung Volcanoes

Year Number of ASTER Images Acquisition
Agung Volcano Bromo Volcano Sinabung Volcano
2010 9 8 2 Night-time
2011 10 21 1 Night-time
2012 7 14 1 Night-time
2013 6 12 0 Night-time
2014 7 10 2 Night-time
2015 8 2 0 Night-time
2016 10 4 3 Night-time
2017 3 5 3 Night-time
2018 9 0 3 Night-time
2019 10 9 4 Night-time
2020 9 5 3 Night-time
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Table 2. ASTER Radiance Scale Factors

Band UCcC
Band 10 0.0068
Band 11 0.00678
Band 12 0.00659
Band 13 0.00569
Band 14 0.00522

ignored, the radiation from the surface received
by the sensor will be reduced by the atmosphere
transmission as follows:

[L (AT%) - L, (V)]
[t (D) & )]

L(AT) =

where:

L (4, T)) is radiance of targeted surface,

L (A, T") is radiation obtained from the sensor,
L (4) is atmospheric upwelling radiance,

T(4) is transmission, and &(41) is emissivity.

The radiation emitted from the surface in the
range of thermal infrared wavelength represents
their kinetic temperature and emissivity (Saepu-
loh et al., 2020) related to physical properties
of the surface. In this study, the emissivity nor-
malization technique has been used to calculate
the temperature for every pixel by taking an as-
sumption that surface emissivity is homogeneous.
Then, the brightness temperature was calculated

as follows:

oo (Ll D-U-8) LG o
' £T,

where:

¢ defined as reference emissivity,
1, is radiance measured in band 4 for pixel
Ld (1) is downward radiance,
7, 1s atmospheric transmissivity for A band (Ro-
lim et al., 2016).
In this study, brightness temperature was re-
trieved from TIR bands (8.125 pm - 11.65 pm).
All the remote sensing data derived from satel-
lites and field measurements were verified with

the seismic data as the real time measurement
from each volcano.

RESULT AND ANALYSIS

Agung Volcano

In Agung case, the increasing surface tempera-
ture around the crater showed the first sign of the
unrest phase of this volcano on November 15%,
2022. Thermal data analysis of Agung Volcano
was performed in the period of 2010-2020 and
the main eruptive events in the period of 2017-
2019 (Figure 2). ASTER night observations well
defined the increasing surface temperature at
Agung Crater area since they had low thermal
inertia (Figure 3). In the volcanic rest period
(2010-2016), the mean of surface temperature is
about 18°C. This value is defined as a background
temperature in this analysis. Based on quartile
analysis, the surface temperature was classified
into four main quartiles. The lower quartile (Q1)
is 17°C, the median (Q2) is 19°C, and upper
quartile (Q3) is 25°C, whilst the highest quartile
(Q4) is 114°C. The background temperature lies
in Q2, and the thermal anomaly was interpreted
to lie in Q3 and Q4 (Figure 4).

The surface temperature of Agung Crater on
September 12", 2017 - November 15", 2017,
increased up to 25° - 30°C. The increased surface
temperatures were not followed by the increasing
of SO, emission rate in this period. The SO, emis-
sion rate was detected by DOAS measurement
after the first eruption on November 21%, 2017,
and SO, emission rate was obtained to be 936 +
155 tons/day. The SO, emission rate increased
significantly after the second eruption on Novem-
ber 25", 2017, about 5422 + 876 tons/day, and it
was recorded as the highest emission (Figure 4).

The limitation of the optical sensor against
the cloud cover made it difficult to verify the in-
creased pre-eruptive thermal activity on January
2019 to March 2019. But on April 27", 2019, the
surface temperature increased up to 42°C, three
days prior to the eruption on April 30, 2019. The
high thermal anomaly was detected on May 13,
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Figure 2. Agung Volcano eruptions photographs of (a) First eruption occurred on November 21, 2017 (photo credit: Martanto,
2017); (b) Second eruption occurred on November 25, 2017 (photo credit: Martanto, 2017); (c) Eruption on January 15,
2018 (photo credit: Magma Indonesia); (d) Eruption on May 31%, 2019 (photo credit: Magma Indonesia).
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Figure 3. ASTER TIR images in the night-time acquisition detected thermal radiations at the summit of Agung Volcano
presented by bright tonal in the middle termed as hotspot prior- and syn-eruption periods.
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Figure 4. Correlation between SO, emission rate and surface temperature of Agung crater compared to eruption event during
2010 - 2020 period.
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2019, and the surface temperature was up to 95°C.
Detection thermal anomaly was not followed
by the increase SO, emission rate. The eruption
was continuing from May until June 13®, 2019,
and the surface temperature tended to decrease.
Eruptive phase terminated in 2019, and in 2020
Agung Volcano entered its relaxing phase.
Since the ground-based measurements were
not performed continuously, the observation of
SO, emission from OMI image was used to fill the
data gap. OMI image successfully recorded a big
eruption of Agung Volcano. From OMI data, it was
observed that this volcano had a strong SO, emis-
sion in the period of November 26" -November
29% 2017 (992-3,035 tons/day), and the highest
SO, emission occurred on June 29" - July 2, 2018
(661-11,249 tons/day). The OMI result has a strong
correlation with thermal anomalies detection. After
August 24", 2018, the SO, emission from Agung
Volcano was not detected by OMI images.

Bromo Volcano
In contrast with Agung Volcano that emit-
ted SO, gas only in its eruptive periods, Bromo

Volcano has persistent strong passive and active
degassing. In periods of 2010-2020, Bromo Vol-
cano has three eruption periods: 2010, 2016, and
2019 (Figure 5). In this study, SO, emission rate
measurement using mobile DOAS with traverse
method was performed at the radius of 1-5 km
on April 7" - 14", 2019, and the SO, emission
rate between 196 - 325 tons/day. Besides using
mobile DOAS, SO, emission rate in the period
of July - November 2016 was measured using
portable scanning DOAS which was 131-440
tons/day. In addition, Bani (2013) performed
DOAS measurement with traverse method, and
the SO, emission rate was 27 tons/day. Aiuppa et
al. (2015) obtained SO, emission rate of Bromo
Volcano was up to 168 tons/day using UV Cam-
era. All the measurements were performed on a
passive degassing of Bromo Volcano (Figure 6).

Since Bromo Volcano had lack of gas mea-
surement, OMI image complemented the SO,
emission data of Bromo Volcano. The results of
processing OMI image data were obtained from
the Global Sulfur Dioxide Monitoring page of the
Atmospheric Chemistry and Dynamic Laboratory

Figure 5. Photographs of Bromo eruptions showing an active degassing in (a) 2010 (Zaennudin, 2011), (b) 2016 (photo
credit: Aan Subhan, 2016) , (c) 2019 (photo credit: Magma Indonesia), and (d) a passive degassing in 2020 (photo credit:
Magma Indonesia) presented by magmatic material and steam ejections, respectively.
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Figure 6. Eruption events of Bromo Volcano presented by blue bars overlaid on temporal SO, emission rate and surface
temperature derived from OMI, DOAS, and ASTER TIR images.

(https://so2.gsfc.nasa.gov/). The SO, mass of
Bromo Volcano based on OMI images were dis-
tinguished between passive and active degassing.
The average of SO, mass in the passive degassing
phase was 174 tons. Prior to the eruption on De-
cember 23%, 2010, the SO, mass that was emit-
ted from Bromo Volcano increased significantly
up to 948 tons since December 12, 2010 (two
weeks before the eruption). On December 19" to
December 21%, 2010, the SO, mass increased up
to 2,105 tons and 2,001 tons, respectively. While
in the eruption phase, the highest SO, emission
(active degassing) was up to 7,472 tons (Figure 6).

Similar to the 2010 eruption, the SO, mass of
Bromo Volcano was observed significantly in-
crease on December 24%, 2015, up to 665 tons (two
weeks prior the eruption on January 8", 2016). The
highest SO, emission was 4,918 tons on January
2m. 2016, as the Bromo eruptive phase (Figure 6).

The surface temperature of Bromo Crater was
analyzed based on ASTER TIR images at the
night time acquisition in the period 02010 - 2020
(Figure 7). During its rest period (separating ther-
mal data when there is no eruption), the average
surface temperature of Bromo Crater was 18°C.
This value was set as the background temperature.
Based on the quartile analysis, the data set for
the surface temperature of Bromo Crater in the
last decade was classified into four quartiles. The
lower quartile (Q1) value was14°C, the middle
quartile (median) was 18°C, the upper quartile
(Q3) was 24°C, and the maximum value (Q4) of
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surface temperature data was 46°C. Based on the
quartile analysis, the background temperature of
Bromo Crater was in Q2, and the thermal anomaly
is interpreted to be in Q3 to Q4.

The surface temperature of Bromo Volcano did
not show a significant increment in the eruption
phase, especially in the 2010 eruption. However,
during the repose phase, the surface temperature
of this volcano increased several times and inter-
preted as a thermal anomaly. Compared with SO,
emission rate, there was a tendency that thermal
anomaly at Bromo Volcano was detected when
SO, emission were not detected.

Sinabung Volcano

Sinabung Volcano had five eruption periods
within 2010 - 2020. The first eruption occurred in
2010, the second eruption in 2013, the continuous
eruption lasted in 2015 - 2018, followed by the
eruption that occurred in 2019, and the last one
was the eruption in 2020 (Figure 8).

The first eruption occurred when Sinabung
volcanic activity was unmonitored. OMI images
helped to see SO, emission from this volcano.
The SO, mass of Sinabung Volcano was 127
tons on August 28", 2010, based on OMI image.
It recorded one day after the first eruption of the
volcano from the satellite. On the other hand,
ground based measurement of SO, emission from
Sinabung Volcano was performed on September
4™, - September 23", 2010, and the measured SO,
was 259 - 972 tons/day (Gunawan et al., 2019).
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21072010
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Figure 7. ASTER TIR images in the night-time acquisition detected thermal radiations at the summit of Bromo Volcano
presented by bright tonal in the middle termed as hotspot prior- and syn-eruption periods.

Figure 8. Photographs of Sinabung eruptions in (A) 2010 (Gunawan et al., 2019), (B) 2013 (Gunawan et al., 2019), (C) 2017
(photo credit: M.N Ashrori, 2017), and (D) 2018 presented by magmatic material ejections (photo credit: Magma Indonesia).

Furthermore, SO, emission from Sinabung
Volcano was detected in the 2013 eruption period.
The mass of SO, emitted by this volcano was in
the range of 14 - 26,282 tons on November 8,
2013 - February 16", 2014. The mass of SO, in
this eruption phase was detected to be very high.
When the eruption began to decrease, during the
relaxation phase for the period of February 18™,
2014 - March 7%, 2015, the SO, mass recorded
by OMI image data was in the range of 11 - 1,283
tons. Meanwhile, the measurement of SO, emis-
sion rate using the portable scanning DOAS was

carried out before the 2013 eruption events, in the
period of September 16™ - November 18", 2013,
and the SO, emission rate fluctuated between
121 - 814 tons/day (Figure 9).

For the SO, emission rate considered as the
valuable data, since August 20", 2016, three
permanent DOAS stations as part of Network for
Observation of Volcanic and Atmospheric Change
(NOVAC) instrument was installed in Sinabung.
The obtained data from scanning DOAS was re-
analyzed and re-filtered for more than 80% plume
completeness. The ground based SO, emission
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Figure 9. Eruption events of Sinabung Volcano presented by blue bars overlaid on temporal SO, emission rate and surface
temperature derived from OMI, DOAS, and ASTER TIR images.

rate data was fluctuating before the big eruption,
SO, emission rate data tended to decrease and
became higher when the eruption occurred.
Thermal data of Sinabung Volcano was
analyzed in the period of 2010 - 2020, and the
observation of ASTER TIR images at the night-
time acquisition showed the increment pattern of
the surface temperature around this crater. The
surface temperatures before the first eruption
of Sinabung Volcano were recorded on March
2010 and May 20™, 2010, about 16°C and 13°C,
respectively. Some data were not well recorded
since ASTER recycle time was sixteen days and
due to cloud cover around the Sinabung Volcano.
But overall, ASTER TIR images successfully cap-
tured the increase of surface temperature which

were detected as anomaly thermal that had a
strong correlation with eruption events. Besides
that, ASTER TIR images also detected the chang-
es of lava flow and Pyroclastic Density Currents
(PDC) direction in Sinabung (Figure 10).

DiscussioN

Agung Volcano

Based on the measurement of SO, emission
rate, both from the field and satellite images,
combined with thermal anomaly analysis that
compared to Agung seismicity in the period of
2010-2020 (Figure 11), Agung volcanic activity
was divided into four phases as follows:

16032010

Surface
Temp. ('C
p. ( )50

01082017

N
e A
5

Figure 10. ASTER TIR images in the night-time acquisition detected thermal radiations at the summit of Sinabung Volcano
presented by bright tonal in the middle termed as hotspot prior- and syn-eruption periods.
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1. Repose phase (January 1%, 2010 - September

14% 2017).

The background temperature was 18°C and the

maximum temperature was 22°C. The seismic-

ity was dominated by tectonic earthquakes,
and the SO, emission was not detected. This
condition related to magmatic state, no magma
movement. So, the SO, was not emitted to the
surface.

2. Dyke formation phase (September 15" - No-

vember 20%, 2017.

This phase was marked by the increase of
Deep Volcano-Tectonics (Deep VT) since Au-
gust 18", 2017, followed by Shallow Volcano-
Tectonics (Shallow VT) since September 20%,
2017, with thermal anomaly detected. These signs

A c
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0
Surface

temperature

‘..\..‘.‘..\.‘. Ll

Eruption

o Ut ity il b ool oy 0 o bl b bl o,
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Figure 11. Agung volcanic activity in the period 2011 - 2020
is divided into four main phases. (a) Repose period of Agung
Volcano, (b) Unrest phase is indicated by the swarm of Deep
VT and followed by Shallow VT. This correlated with the
formation of dyke (c) Magma is already near the surface
opening pathway process, and the conduit is drying out. So,
the SO, can be emitted from Agung Volcano. (d) Magmatic
phase released volcanic material, such as lava and pyroclastic
fall. (e) Relaxation phase was defined as a low magma sup-
ply in Agung Volcano tended to be back to repose phase.

were interpreted that the magma was moving into
the shallow depth but did not reach the surface
(Syahbana et al., 2019). InSAR results during
September-October showed the formation of a
dike at ~10 km depth between Agung and Batur
(Albino et al., 2019; Syahbana et al., 2019). The
result of the DOAS measurement from October
1% - November 14", 2017 showed that the SO,
was still not detected. It is assumed that in this
phase, the magmatic volatile was being scrubbed
by the hydrologic system beneath the Agung
Crater. Direct injection of magmatic gases into
meteoric water produced acidic hydrothermal
fluids. Magmatic gases were scrubbed involving
disproportionation reaction:

4S80

2(g)

+4H,0,, = H.S,

(aq)

+3HSO,,, ... (7)

3S02(g} + 2H2Omg) : Sﬂv,l) + 2H_7S04(aq) .......... (8)

Cooling temperature below 400°C will make
the equilibrium shifted to the right (Symonds et
al.,2001).

3. Ventclearing and drying-out the conduit (No-

vember 21%to0 22, 2017).

The third phase was marked by the eruption

of Agung Volcano on November 1%, 2017.

This eruption cleared the vent and created an

outgassing pathway, the high SO, emission

rate was detected on November 22", 2017.

The presence of SO, in the volcanic gas indi-

cated that magma migrated to the shallower

depth and the magmatic gases penetrated the
hydrologic system without being scrubbed by
the groundwater. The presence of SO, might
be due to the lack of groundwater in the shal-
low hydrologic system beneath the crater. This
condition allowed the SO, to be released into
the atmosphere. In this phase, it is assumed
that the shallow hydrologic system beneath

Agung Crater was drying out when the magma

was moving towards the surface allowing SO,

gas to pass through the system. This is a step
toward magmatic activity.
4. Magmatic activity (November 25™, 2017-June

15t", 2020).
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In this phase, ASTER TIR night-time images
showed the strong correlation of thermal
anomaly result corresponded with the eject-
ing of volcanic material, such as lava and
pyroclastic fall. A day after the beginning
of the continuous magmatic eruption event,
high SO, emission rate was detected. In the
period of August 2018 until June 2019, even
there was no explosive eruption, but strong
thermal anomalies were detected. These data
were interpreted to associate with effusive
eruption followed by another explosive
eruption on February - June 2019.

After June 15™, 2020, the seismicity of Agung
Volcano tended to decrease, anomaly thermal and
SO, emission were not detected. This relaxation
phase reflected a low magma supply, and hy-
drothermal system might be re-established. The
hydrothermal system might cause the magmatic
gas like SO, be scrubbed and not be released to
the surface. The four different eruption phases
were illustrated in Figure 12.

Bromo Volcano

Bromo Volcano has three eruptive periods in
2010-2020, which are in 2010, 2015-2016, and in
2019. Based on Bromo seismicity, there are dif-
ferent patterns from three eruptions (Figure 13).
In 2010, the increase of Bromo volcanic activity
started with the significant increase of shallow
volcanic earthquake. This phase was interpreted
as magma movement from the shallow depth to
the near surface. The increase of SO, emission
which were detected approximately two weeks
before the eruption indicated that the magma
was close to the surface and strong degassing
occurred, because the volatiles exsolved from
magma due to loss of pressure. The magma as-
cent usually followed by thermal anomaly, but
in this case, no significant thermal anomaly was
observed from the surface of Bromo Crater. These
phenomena were estimated because Bromo Vol-
cano has an open system, so there is a continuous
release of thermal energy.

The eruption of Bromo Volcano in 2015 was
preceded by the increase of volcanic tremor
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Figure 12. Illustration of magmatic plumbing system at
Agung Volcano (Syahbana et al., 2019) during period
of 2010 - 2020 based on seismicity, SO, emissions, and
surface temperature: (a) repose period; (b) initial ascending
magma; (c) interaction the heat transfer of magma ascent
with hydrothermal system; (d) opening conduit prosecuted
by the strombolian eruption.

amplitude. However, SO, emission was detected
two weeks before the eruption, but it was not
high. This phenomenon was interpreted that the
magma supply in 2015 eruption was not as high
as in 2010. In 2019, Bromo eruption occurred
without any clear precursor, neither from seismic-
ity nor SO, emission. The type were estimated
as the phreatic type, so water vapour was domi-
nated by the volcanic gas. These could reflect the
lower magma supply compared to the eruption
in 2015-2016.

Since the thermal anomaly has no strong cor-
relation with seismic signal and SO, emission
rate, Bromo volcanic activity was divided based
on the seismic signal and the fluctuation of SO,
emission rate into three main phases, which were
repose phase, passive degassing phase, and erup-
tive phase (Figure 14).

At the repose phase, Bromo magmatic system
was in equilibrium, and there was no magma sup-
ply. In passive degassing phase, there was magma
supply that allows passive degassing. Magma as-
cent caused decompression and increased magma
buoyancy. When decompression occurred, the
volatiles were exsolved from magma and al-
lowed nucleation, the growth and expanding of
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Figure 13. Three eruption periods (pink bars) overlaid on temporal volcanic activities of Bromo Volcano in 2010 - 2020
presented by seismicity statistics. The precursor seismic signatures to the 2010 - 2011 eruptions were identified by the
increase of Deep VT and Shallow VT and the significant increment of SO, emission rate; the 2015 - 2016 eruptions by the
increment both of tremor amplitude and SO, emission rate; and 2019 eruptions has the uncleared precursor neither seismic-

ity nor SO, emission rate.

bubbles, and coalescence created a pathway for
the gas loss (passive degassing). At the eruptive
phase, magma ascent triggered decompression,
and produced more bubbles that grew, expanded,
and caused the overpressure beneath the Bromo
Volcano. In general, Bromo eruptions were
categorized as phreatic, phreatomagmatic, and
strombolian eruptions. After the eruptive phase
ended, magma supply tended to decrease, and
Bromo Volcano entered a repose phase or passive
degassing phase (Figure 14).

Sinabung Volcano

Sinabung Volcano had five eruption periods in
2010 -2020 (Figure 15). After its long rest period,
the precursor of initial unrest phase on August
2010 was identified by 1.4 cm inflated summit
(Saepuloh et al., 2019). In general, in the last
decade, thermal anomaly patterns were detected
in the eruptive phase, and SO, emission rate
correlates with the eruption events of Sinabung
Volcano. The first SO, emission was recorded by
OMI image after the first eruption occurred in
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Figure 14. Illustration of magmatic plumbing system at
Bromo Volcano during 2010 —2020 based on seismicity, SO,
emissions, and surface temperature: (A) repose period; (B)
Initial ascending magma; (C) active degassing and explosive
eruption. After the eruption phase, Bromo Volcano will be
back to passive degassing phase or repose phase.

2010. The eruption destroyed the lava plug, and
volcanic gas could be emitted to the atmosphere.
The highest SO, emission rate was recorded in
2013-2014 eruption indicating that Sinabung vol-
canic activity had shifted from a phreatic eruption
in 2010 to phreatomagmatic 2013, and became
the magmatic eruption in 2014 (Gunawan ef al.,
2019). Thermal anomalies from magmatic activ-
ity were also successfully recorded by ASTER
images showing high surface temperatures from
the crater of this volcano.

After the first eruption of Sinabung Volcano in
2010, the seismicity was dominated by deep volca-
nic earthquakes and shallow volcanic earthquakes
that indicated magma movement to the shallow
depth. The eruptive periods occurred in a week,
but the seismicity showed an intermittent magma
supply (Figure 15). Sinabung eruptions in 2013
- 2014 were divided into five main phases. There
was phreatomagmatic phase (July - December
18, 2013), first dome and collapse phase that
caused pyroclastic density currents (PDCs) to the
south (December 18", 2013 - January 10™,2014),
lava flow and collapse phase (January 10" - mid-
September 2014), second lava dome and collapse
phase with PDCs to the south (mid-September
2014 - July 2015), lava dome collapse and ash
explosions with PDCs to the southeast and the
east (August 2015 - 2018) (Gunawan et al., 2019;
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Kriswati et al., 2020). Nevertheless, the eruptions
in 2019 was not preceded by significant increment
of seismicity (Figure 15).

Based on the correlation between SO, emis-
sion rate, thermal anomaly, and seismicity during
2010 - 2020, Sinabung was illustrated to have
four main phases. Sinabung has more than four
hundred years of repose phase, and in this phase
the conduit and magma chamber were in equilib-
rium condition. Sinabung entered a new eruptive
phase in 2010 and has a new injection magma.
The ascending magma caused decompression,
and magma buoyancy increase. The volatile was
exsolved, bubbles grew and expanded, and over-
pressure occurred triggering explosive eruption.
Since the Sinabung Volcano has a viscous magma
(Nakada et al., 2019; Suparman et al., 2021), the
lava dome was formed, and degassing occurred.
The growth of a lava dome caused destabilization
of the dome triggering explosive eruption coin-
ciding with effusive eruption. It can be assumed
that one decade data is representative to figure out
the cycling of Sinabung volcanic activity. After
the explosive and effusive eruption, and the re-
forming of lava dome, the cycle of explosive and
effusive eruption will be repeated, or Sinabung
Volcano will enter a repose phase (Figure 16).

In 2019, Sinabung eruption was not preceded
by the significant seismicity, and the SO, emission
rate tended to be low. The SO, emission rate was
then separated into passive degassing and active
degassing. The average of SO, emission rate in
passive degassing phase was 239 tons/day (Kunrat
et al., 2021). Based on the correlation between
the number of eruption and the SO, emission rate
in thirty-day interval before eruption, it showed
that if SO, emission rate was less than 239 tons/
day, the number of eruptions was getting bigger.
Otherwise, if the SO, emission rate was more than
239 tons/day, then the number of eruptions were
relatively lower. The number of eruptions were
assumed to correlate with the magma ascend rate
and the outgassing process beneath (Cassidy et al.,
2018), and these phenomena were considered to
relate with the lava dome forming in Sinabung.
When the lava dome grows and there are some



Characterizing SO, Emission Rate, Thermal Anomalies, from Opened
and Closed Vent System at Agung, Bromo, and Sinabung Volcanoes in Indonesia (H. Alfianti et al)

Surface temperature

AZ . AT TP NPT o Lo, |.‘.\ ......... “n ........... RARTHI

10000

8000 S0, (OMI)
6000
4000
2000
o " J
So,(DOAS)
2500 1
2000
1500
1000
500 | M
o n
Eruption
45£ M
25 :
il kd

450 .
350 Collapse
250
150

k E

-50

Gas Emission
”
|
50 ’ |
| |
0 B e ke 1
15 Tornillo
10
5|
0
Low Frequenc,
2600 q 1
1800
l()()()/
2007
100 i
o Lo e R MMM mm e
1700 ” Hybrid
900 2=
100
50
o L
110 Shallow VT
6()L ] ‘
g [

2=3
333
\

Deep VT
it b LMLUH' I | . L

=

2010-04-07
2010-07-12
2-02-08
2-05-14
2-08-18
2020-04-03
2020-07-08
2020-10-12

2010-01-01
20
20
20
20
20
2017-05-13
20
20
20
20
20
20

20
20
20
20
20
20

Figure 15. Sinabung volcanic activity in 2010 — 2020. Seismicity dominated by Deep VT and prior the eruption, often
followed by Shallow VT in period 2010-2016 that indicates the magma movement to shallow depth. Whereas the 2019 and
2020 eruptions were not preceded by the increment of seismicity.

fractures in the lava dome, volcanic gas can be  there will be an accumulation of pressure in the
emitted, so it does not cause a significant overpres-  conduit, so it can trigger a bigger eruption. The
sure. Meanwhile, if the growth of the lava dome  magnitude of eruptions will depend on the strength
is getting bigger and the fracture in lava dome  of the seal, which determines the accumulated
becomes sealed, then less gas will be emitted, and ~ pressure beneath it (Kunrat et al., 2022).

291



Indonesian Journal on Geoscience, Vol. 10 No. 2 August 2023: 277-295

Figure 16. Illustration of magma plumbing system in
Sinabung Volcano. (a) Repose phase; (b) The ascending
magma triggering explosive eruption; (c) The forming of
lava dome; (d) Explosive and effusive eruption phase. After
that phase, the re-forming of lava dome occurred, and the
cycle of explosive and effusive phase will be repeated, or
the Sinabung Volcano entered its repose periods.

Furthermore, the lava dome formed generally
characterizes high viscosity of magma. Magma
with high viscosity has volatile content distrib-
uted in the magma as small bubbles and limiting
permeability, so the growth of gas bubbles is not
interconnected and prevents the release of gas
into the atmosphere (outgassing), then the gas
emission rate is relatively low under normal con-
ditions. This causes overpressure in the conduit
which triggers an explosive eruption (Cassidy et
al., 2018).

Based on SO, emission and thermal anoma-
lies of three active volcanoes in this study,
Sinabung Volcano has the highest explosivity
emitting very high SO, gas. It considered to
relate with the active continental margin system
with granitic crustal thickness of about 50-100
km. So, when magma ascents into the shallow
system, it will go through a longer pathway
that allows magma differentiation phenomena.
In addition, magma has a longer time to allow
crystallization to occur that can increase the
magma viscosity. The increasing of magma
viscosity can inhibit the interconnectedness of
magmatic volatile bubbles to form the closed
system that increases the potential of explosive
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eruptions due to overpressure beneath the vol-
cano. Meanwhile, Bromo Volcano that also lies
in the active continental margin system, has a
thinner crust. Therefore, when the magma rises
to the surface, there is less contamination, lower
magma viscosity, and gas bubbles can grow
and connect to each other to form a degassing
pathway (gas loss). The passive degassing pro-
cess and the regular eruption period in Bromo
Volcano reduce the pressure accumulation in
the conduit and reduce the potential of large
explosive eruptions. Agung Volcano which
lies in an island arc system has a much thinner
crust, which is about 5-10 km. Thereby, magma
pathway that is shorter, has less contamination
and lower magma viscosity. However, magma
residence time can affect the crystallization
process which cause the increase of magma
viscosity. The increase in magma viscosity can
cause gas bubbles to form a closed system that
affect the overpressure in the conduit triggering
a large explosive eruption.

CONCLUSIONS

Long-term monitoring of SO, emission rates
and thermal anomaly detection compared to seis-
micity of each volcano could recognize the onset
of the unrest phase volcano, such as in Agung,
Bromo, and Sinabung Volcanoes. The long-term
data set helped to determine the anomalous signs
that required a baseline of volcano background
behaviour. The surface temperature background
was observed when the volcano was in the rest
phase. Additionally, quartile analysis was ef-
fective to define the thermal anomaly of the
volcanoes.

The SO, emission rate in the open vent sys-
tem was correlated with the magma ascent to the
shallow depth. As the open vent system, Bromo
Volcano has a persistent strong passive degassing
observed from the space base measurement. The
magmatic eruption in Bromo Volcano was pre-
ceded by the significant increment of SO, emis-
sion rate. On the other hand, Agung and Sinabung
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Volcanoes have closed vent systems, and the SO,
emission rate was detected after the transition
from closed vent to open vent system. However,
in closed vent volcanoes such as Sinabung, the
decreasing of SO, emission must be observed,
since it can cause bigger eruption due to pressure
accumulation beneath the volcano.

The low thermal anomalies were observed in
Bromo Volcano which indicated magma ascent
to the shallow depth. The intermittent magma
supply in Bromo Volcano was observed from
the seismicity data. Since Bromo Volcano was
dominated by explosive eruption that occurred in
the fast period, the thermal anomalies in eruptive
phase were not detected by the satellite image.
While in Agung and Sinabung Volcanoes that
have explosive and effusive eruption, the thermal
anomalies were observed very well.

Combining the remote sensing data from space
based and ground based measurement was very
potential to provide the comprehensive volcano
monitoring data. However, long data set of SO,
emission rate and land surface temperature based on
ground-based measurement are very important to
give more insight of volcano dynamic subsurface.
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