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• In 2018, four deadly (Mw 6.2-6.9) earthquakes struck the 

north coast of Lombok Island.

• The proximity of the earthquake sequence to the volcano, 

coupled with the stress change, raises the question of how 

the earthquake sequence influenced the Rinjani volcano's 

deformation. 

• The highly active Rinjani volcano is located at the north Lombok 

Island, which is the second largest volcano in Indonesia.  

• The island of Lombok is located at the eastern Indonesia, tectonically 

bounded by Flores back-arc thrust fault and Sunda subduction 

megathrust.
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• In 1257, a catastrophic eruption occurred on the former Mt Samalas, 

leading to the caldera collapse, with volcanic activity shifting 

to Barujari volcano on the caldera rim (Lavigne et al., 2013). 

• The Segara Anak lake filling the caldera of Rinjani volcano, 

surrounding the Barujari cone. The lake covers an area of 11 km2, which 

is one of the largest hot volcanic lakes in the world.
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• In 2015, a series of eruptions occurred from 25 October to 24 December with 

the maximum height of the ash reported to reach up to 6 km, along with 

pyroclastic and lava flow. 

• In 2016, a similar eruption occurred on 1 August, generating a 10 km high ash 

plume; follow-up small-scale explosive activity occurred in September 2016. 

• In 2018, the earthquake sequence occurred, characterised by an irregular 

shaped seismogeneric fault and long-persisted afterslip (Zhao et al., 2024).

(Zhao et al., 2024, RSE)

Eruption in 2015
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InSAR Time Series

Loa (2012) 

• InSAR technology detects the ground 

deformation based on the phase 

difference.

• LiCSAR (Lazecký et al., 2020) were 

used for the interferometric processing 

of Sentinel-1 data from 2014 to 2025.

Re-unwrapping

Nullify bad 

unw values

InSAR processing 

using LiCSAR

Revised from Morishita et al., (2020)

• The InSAR interferograms 

were analysed using 

LiCSBAS (Morishita et 

al., 2020), which 

implements the re-

unwrapping (Lazecký et 

al., 2022) and nullification 

approaches (Lazecký et 

al., 2024) . 

• In this study, 1215 

descending and 1578 

ascending Sentinel-1 

interferograms are used to 

build up the time series of 

the over ten-year’s 

deformation. TanDEM-X 

high-resolution DEM are 

used to mitigate the 

topography effects for 

caldera region.
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Ground 

deformation

Lake Surface 

Temperature

Subaerial SO2

Subaqueous 

volcanic gas

Source Modelling

OMPS-

NOAA20

Optical satellites 

(Landsat-8 and Sentinel-2)

Sentinel-1

Landsat satellites 

(7 and 8)

Radar backscatter

TROPOMI – 

Sentinel-5P

Water 

colour/turbidity 

change

ASTER- TERRA 

satellite

Degassing

Ohsawa et al., (2010)
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Subaerial SO2

[0.0 :  4.1)

[4.1 :  8.2)

[8.2 :  12..3)

[12.3 :  16.3)

> 20.4

[16.3 :  20.4)

• The SO2 flux was calculated by integrating the measurements from the Ozone Mapping and Profiler Suite 

(OMPS) and TROPOspheric Monitoring Instrument (TROPOMI) using the special averaging method (disk 

method; Grandin et al., 2024).

• In addition to the TROPOMI Level 2 (L2) products, more sensitive TROPOMI-COBRA (Covariance-

Based Retrieval Algorithm) products (Fioletov et al., 2023) were employed. 

• Data were filtered based on European Centre for Medium-Range Weather Forecasts Reanalysis V5 (ECMWF 

ERA5) wind azimuths and the SO2 Vertical Column Density (VCD) is retrieved assuming a plume 

centre‐of‐mass at 1 km. 

Rinjani
Merapi
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Subaqueous volcanic gas
  --Lake colour/turbidity remote sensing

Forel-Ule Index

The FUI is an index for describing the colour of a body of water, which is 

calculated from satellite reflectance according to the band settings of different 

spectrometers.

2014 2017 2018 2024

Modified Forel-Ule Index (FUI) value

HLS Products: These are 

processed data products created by 

the Harmonized Landsat Sentinel-

2 project, which aims to provide 

consistent land surface 

information from both Landsat and 

Sentinel-2 satellites (Ju et al., 

2025).

Cloud-independent SAR backscatter were used to analyse the turbidity 

changes caused by colloidal sulphur particles, comparing with lake 

colour changes derived from optical satellite time series. 

2015-10-23

2015-11-16

Descending

Descending
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Source Modelling

• Two fixed-radius scenarios of 2.5 km and 6.0 km 

were tested, representing the approximate spatial 

extents of the caldera lake and the broader volcanic 

edifice, respectively.

• We performed grid searches algorithm to solve for 

a coarse depth solution, and inverted for the 

dimensionless excess pressure changes (∆𝑃/𝜇).

• Penny-shaped sill-like source models.
• Optimal depth for a compact 2.5 km radius source was 

found to be 5.4 km, whereas the optimal depth ascends to 

0.1 km when the radius was expanded to 6.0 km, roughly 

equivalent to the bathymetric depth of the crater lake.

• If the shallow hydrothermal system is a primary volumetric 

driver, it should extend beyond the boundaries of Segara Anak 

Lake (radius > 2.5 km). 
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Impact of the earthquake sequence on the magmatic 

and hydrothermal systems

• Subsidence of the volcanic edifice.

• A rapid increase in SO2 flux following the eruption.

• A steady increase in lake temperature, which peaked in 2016.

• Lake water turbidity reaches its peak during the eruption period.

• Red hue of the lake FUI can be observed in 2015.
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Impact of the earthquake sequence on the 

magmatic and hydrothermal systems
• When prior eruptions fail to 

adequately release pore pressure 

within the hydrothermal system, 

shallow inflation can persist 

continuously during the post-
eruption period.

• Inward flow from the bottom and 

sides pushes against this rigid 

elastic lid, contributing to surface 

uplift 

• Uplift of the caldera region.

• SO2 ​ emissions increase until the earthquake occurred. 

• Lake colour changes, showing an increase in blue-related hue.

• A substantial decline in lake temperature and turbidity.
• The inflation was restricted solely 

to the caldera region and coincided 

with a significant decrease in lake 

temperature, implying that the 

deformation was predominantly 

driven by the shallower 

hydrothermal system rather than 

direct magma chamber recharge.



25/06/2026 13

Impact of the earthquake sequence on the 

magmatic and hydrothermal systems

• Ground deformation became subtle.

• SO2 ​ emissions show a substantial decrease.

• Lake colour return to the pre-eruption baseline green.

• Land surface temperature and turbidity rose until 2020, and then stabilized.

The earthquake-induced fracturing increased the permeability of the edifice, allowing deeply 

sourced magmatic heat and SO2-rich fluids to continuously vent into the lake, maintaining high 

thermal flux while preventing the buildup of mechanical strain. 



• Subsidence of the volcanic 

edifice.

• A rapid increase in SO2 flux 

following the eruption, then 

a substantial decline.

• A steady increase in lake 

temperature, which peaked 

in 2016.

• A notable decrease in lake 

water clarity.

• Red hue of the lake FUI can 

be observed in 2015.

• Uplift of the caldera region.

• SO2​ emissions increase until 

the earthquake occurred (July-

2018)

• Lake colour changes, showing 

an increase in blue-related hue.

• A substantial decline in lake 

temperature and clarity.

• Ground deformation became subtle.

• SO2​ emissions show a substantial 

decrease.

• Lake colour return to the pre-eruption 

baseline green.

• Land surface temperature and clarity 

rose until 2020, and then stabilized.

• The earthquake-induced decrease in hydrothermal 

pore pressure would generally trigger surface 

subsidence directly above it and cease the ongoing 

uplift, independent of magmatic movement. 

• The earthquakes may have also generated shallow 

open cracks that relieved internal pressure. These 

strain changes temporarily enhanced degassing, 

aligning with our time series data showing subaerial 

SO2 and the blue hue area peaking in July 2018. 

• Rather than triggering a volcanic eruption, the 2018 

tectonic earthquakes ceased the mechanical inflation.

• Earthquake-induced crustal fracturing significantly 

enhanced the vertical permeability of the volcanic 

edifice. This fracturing effectively releases trapped 

magmatic-hydrothermal overpressure while 

facilitating continuous, efficient advective heat 

transfer to the surface. 

Interpretations

Eruption period

(before Jul 2017)

Pre-/Co-EQ period

(Jul 2017~Aug 2018)

Post-seismic period

(After Aug 2018)

Take home messages:
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