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Abstract 

Tulu Moye is an actively deforming volcanic complex with a geothermal field in the Main Ethiopian 
Rift. We use InSAR between 2014 and 2022, integrated with other geophysical data, to investigate 
the temporal and spatial characteristics of the deformation signal in the area, and to model its source. 
Velocity maps and time-series analysis show a deformation signal consistent with uplift at a velocity 
of up to 50 mm/yr in the satellite line-of-sight (LOS) in 2014-2017, then decreasing to 12 mm/yr 
until 2022. The centre of deformation is located about 10 km west of a main geothermal drilling site 
at Tulu Moye, between the Bora, Berecha, and Tulu Moye volcanoes, with a NW-SE elongation 
direction. Our best-fit model suggests that the deformation is caused by an 8.7 km by 1.2 km sill 
situated ~7.7 km below the surface (~5.9 km below sea-level), elongate in the N54°W direction and 
dipping S11°W, and experienced an average velocity of volume change of ~8.9´106 m3/yr in 2014-
2017. The surface projection of the sill overlaps with local transverse faults and hydrothermal 
manifestations. The sill is ~1-2 km below clusters of microseismic swarms and a region of high 
resistivity, both indicating hydrothermal fluid flow. The location and geometry of the sill correlates 
with the upper edge of high conductivity interpreted as a zone of partial melt, and we therefore 
attribute the uplift at the Tulu Moye volcanic complex to inflow of magma in the sill. We also 
suggest that the transverse caldera rims faults may restrict magma flow, and also facilitate both 
vertical and lateral hydrothermal fluid flow.  

1. Introduction  
 
Volcanoes with a geothermal field are complex systems where the migration and accumulation of a 
variety of fluid phases (magma, hydrothermal fluids and gases) can potentially contribute to the 
surface deformation. Geodetic techniques, such as Interferometric Synthetic Aperture Radar 
(InSAR), have revealed spatial and temporal characteristics of volcano deformation in great detail 
and have improved our understanding of the underlying plumbing systems (e.g., Lundgren et al., 
2020; Albino and Biggs, 2021; Bato et al., 2021; Sigmundsson et al., 2022). However, determining 
the type of fluid involved from a deformation source from geodetic data alone is difficult, since 
multiple fluid types can act as a pressurised source. Therefore, independent subsurface constraints 
are useful to help interpret deformation sources. For example, Gottsmann et al. (2020) used 
microgravimetry data at Corbetti (Ethiopia) to determine that magma influx rather than 
hydrothermal fluids was most likely responsible for observed uplift detected in that area using 
InSAR. An additional information can be taken from the Gudjónsdóttir et al. (2020), who studied 
the Krýsuvík geothermal system (Iceland) and showed that periods of GPS detected crustal 
deformation were associated with elevated seismicity and elevated gas emissions, thereby 
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interpreting that the deformation was caused by migration of the hydrothermal fluids through 
fractures. Chiodini et al. (2015) studied an inflation period during 2014 in Campi Flegrei caldera 
(Italy) by comparing long term record of fumarolic compositions to ground deformation. The 
authors concluded that the gas plume in the hydrothermal system was the cause of inflation. 

The Main Ethiopian Rift (MER) is an area of magma-rich continental rifting that is at the northern 
end of the East African rift system. The MER links to the southern Red Sea Rift and western Gulf 
of Aden via the Afar depression, where the Nubian, Somalian and Arabian plates form a rift-rift-rift 
triple junction (Figure 1A; e.g., Chorowicz, 2005; Corti, 2009; Tortelli et al., 2022).  The MER has 
nearly 60 active volcanoes (Aspinall et al., 2011), many of which have vigorous hydrothermal 
systems fuelled by magmatic heat sources, and some that are deforming (e.g., Haledebi, Fentale, 
Kone, Aluto, Corbetti and Tulu Moye) (Albino et al., 2022). The hydrothermal systems of the MER 
host geothermal energy resources that have the potential to produce a significant amount of 
electricity (> 10,000 MW) from about 23 geothermal sites that have been identified (e.g., UNDP, 
1973; Kebede, 2016). Analysis of ground deformation at deforming volcanoes provides the 
opportunity to model the source of the deformation, and when interpreted with other geological and 
geophysical data allows to better understand the source of ground deformation and the relationship 
between the magmatic and hydrothermal systems. In this paper we integrate InSAR, magnetotelluric 
(MT) and seismic data to investigate the magmatic system that drives the geothermal field at the 
Tulu Moye volcanic complex in the MER. 

1.1 Geology and tectonic setting  

The MER started to form at ~6-10 Ma with extension thought to have been initially accommodated 
by the NE striking border faults (e.g., Woldegabriel et al., 1990; Wolfenden et al., 2004; Abebe et 
al., 2010). Extension has become more localised through time within the rift valley, and during the 
last 2 Myrs is thought to have been focused to ~20 km-wide, ~70 km-long magmatic segments that 
strike NNE and are arranged in a right stepping, en-echelon fashion in the rift (Ebinger and Casey, 
2001; Siegburg et al., 2020). The magmatic segments have volcanic centres such as the Tulu Moye 
volcanic complex, aligned cone fields, and lava flows. They are cut by the NNE striking Wonji Fault 
Belt (WFB) which is made of small-offset normal faults and fissures (Boccaletti et al., 1998). The 
MER also has ~NW to WNW-striking faults roughly transverse to the rift (Korme et al., 2004; Corti 
et al., 2009). The origin of these faults is debated, with alternative hypotheses proposed (e.g. 
Benvenuti et al., 2023). They may relate to reactivation of across-rift faults in the Precambrian 
basement formed during pre-Cenozoic mountain building and rifting events (Korme et al., 2004; 
Stern et al., 1990), presence of caldera faults (e.g. Casey et al., 2006; Acocella et al., 2002), and/or 
regional faults formed during Cenozoic Gulf of Aden/Red Sea rifting (Abebe et al., 1998).  

The Tulu Moye volcanic complex is of Quaternary age and and lies within the central sector of the 
MER. It is about 80 km from the capital city of Ethiopia, Addis Ababa (Figure 1A). It is surrounded 
by the rift Lake Ziway to the south, and Lake Koka and Gedemsa caldera to the north. The Tulu 
Moye volcanic complex consists of different volcanic edifices (Bora, Oda, Berecha, Werdi, Giano, 
and Tulu Moye) and calderas (Figure 1B). It is characterised by young volcanism, faulting and a 
hydrothermal activity.  Late Pleistocene-Holocene pyroclastic deposits, basaltic and silicic lava 
flows and domes are dominantly erupted from the main silicic edifices of Bora, Berecha, and Tulu 
Moye, as well as from Oda and Werdi edifices (Figure 1B; Di Paola, 1972; Abebe et al., 2005; 
Tadesse et al., 2022). The youngest fissure eruptions of silicic domes and scoria cinder cones are 
situated along the NNE-striking Salen range (Varet and Birba, 2018), where the main focus of 
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geothermal activity and drilling occurs (Figure 1B). The most recently erupted silicic dome from 
the Salen range is the Giano dome (Figure 1B), dated as 1900 CE (Gouin, 1979; Wadge et al., 2016). 
The volcanic rocks are intensely cut by both west and east dipping WFB faults, but also intersected 
by a population of the transverse faults (Figure 1B).  

  

 

 

Figure 1. A) Tectonic map of the Main Ethiopian rift, based on Agostini et al. (2011a) with the inset 
map of the East African Rift System. B) Tectonic map of Tulu Moye volcanic complex, adapted from 
Abera (2021). The locations of surface geothermal manifestation are modified from Ayele et al. 
(2002). 

The Tulu Moye volcanic complex includes evidence for caldera collapse events (Figure 1B; 
Gudbrandsson et. al., 2020; Abera, 2021), although the surface expression of the caldera collapse 
faults is debated (e.g., Korme, 1999; Varet & Birba, 2018; Gudbrandsson et. al., 2020). However, 
they can be broadly mapped based on the apparent remnants of the various caldera rims visible in 
satellite images (Gudbrandsson et. al., 2020; Abera, 2021). The innermost caldera is best defined 
and surrounds the Salen range (Figure 1B). It is elongated in a NW-SE direction, similar to most 
calderas in the MER (Acocella et al., 2002). The caldera is 17 km wide in the NW-SE direction and 
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11 km wide in the NE-SW direction, and it is intensely cut by the WFB (Figure 1B). The caldera 
collapse is dated to 107.7 ± 8.8 Ka, and it is the youngest caldera collapse event in the central MER 
(Tadesse et al., 2022). To the west and south-west of this caldera there are two inferred caldera 
structures that are not easily recognized at the surface, but rather can be traced from the satellite 
images following the patchy appearances of the caldera rim remnants (Figure 1B). South-west of 
the Salen range, there is the shortest caldera rim remnant. It extends from the foot of Mount Bora to 
the Oda crater, and dips NE toward the innermost caldera. The outermost caldera extends from the 
Oda crater, passes through Bora, and terminates near Lake Koka. This caldera rim bounds the 
western side of the Tulu Moye volcanic complex. In addition, the transverse faults occur between 
the caldera rims and follow the circular shape of the rims, suggesting that the origin of the transverse 
faults in Tulu Moye is related to the formation of the calderas (Figure 1B). 

Hydrothermal processes at the Tulu Moye volcanic complex are intense and expressed at the surface 
in the form of fumaroles, steaming, and altered grounds. These surface manifestations are mainly in 
the western part of the complex, along the transverse faults and near Tulu Moye volcano (Figure 
1B). Currently, geothermal exploration activities are in progress in the area by a private company, 
Tulu Moye Geothermal Operations plc (TMGO), aiming to generate electricity. MT surveying has 
revealed electrically conductive bodies at various depths (Samrock et al., 2018; Gudbrandsson et. 
al., 2020). The shallowest is in the upper ~2 km beneath most of the Tulu Moye volcanic complex 
and interpreted as a shallow clay cap. Below this, a more localised conductive body is imaged at ~4 
km depth beneath Tulu Moye volcano and is interpreted as a magma reservoir and  the heat source 
for the geothermal system (Samrock et al., 2018; Gudbrandsson et. al., 2020). Below, a south-west 
dipping conductive anomaly extends from 4 to 20 km depth, and is interpreted as related to a series 
of stacked bodies of partial melt (Samrock et al., 2018). A highly resistive body is also identified 
west of Tulu Moye volcano at about 2-4 km depth, and interpreted as related to the presence of hot 
hydrothermal fluids and associated rock alteration (Samrock et al., 2018). This location also 
corresponds to clusters of shallow (2-5 km-deep) microseismicity, interpreted to be triggered by the 
migration of the hydrothermal fluids (Greenfield et al., 2019a, b; Figure 6).   

On a regional scale, InSAR observations along the whole MER have identified deformation signals 
on several active volcanoes, including Haledebi, Fentale, Kone, Aluto, Corbetti and Tulu Moye 
(Figure 1A; e.g., Biggs et al., 2011; Hutchison et al., 2016; Lloyd et al., 2018; Temtime et al., 2018; 
Albino and Biggs, 2021). Other than the Haledebi volcanic area where deformation is likely caused 
by faulting, either episodic magmatic inflows or hydrothermal activity, or both were inferred as 
causes of the observed deformation. Biggs et al. (2011) used ENVISAT InSAR data to show that 
the Tulu Moye volcanic complex experienced two pulses of uplift in 2004 and 2008-2010 with 
intervening subsidence. These observations were modelled in terms of a 2.5 km deep penny shaped 
crack and interpreted as a magmatic heat source that drives hydrothermal activity and inflation. The 
uplift during 2008-2010 occurred at a velocity of about 2 cm/yr and although it was not formally 
modelled, it was interpreted as the result of inflation in the hydrothermal system, with fluids 
migrating along permeable paths of transverse faults and caldera rim (Samrock et al., 2018). An 
increased (3 cm/yr) uplift velocity was also observed between 2015 and 2020 using Sentinel-1 data 
(Albino and Biggs 2021), but in this case, it was not modelled and instead broadly interpreted to be 
caused by magmatic pressurization in the caldera system.  

Tulu Moye is an actively deforming volcanic area in the MER, with the deformation source 
attributed in the past literature to being both a magmatic source or related to hydrothermal activity. 
There remains debate regarding the locus, shape and origin of the deformation. In this study, we 
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invert InSAR observations during 2014-2017 and integrate our best-fit model with results from 
magnetotelluric methods and seismicity to explore the nature and geometry of the deformation 
source, and investigate the magmatic plumbing system of the Tulu Moye volcanic complex. 

2. Data Analysis and results 

2.1 InSAR data Analysis 

We used InSAR data  acquired by the European Space Agency (ESA) Sentinel-1A and 1B satellites 
during 2014-2022. Data from the two satellites in both ascending (track 087) and descending (track 
079) geometries were acquired for 2014-2017, with data for only the descending geometry available 
through to 2022. The interferogram processing and subsequent time-series analysis was performed 
on the ESA’s Geohazards Exploitation Platform (GEP), using the P-SBAS (Parallel Small BAseline 
Subset) Interferometry module (Casu et al., 2014; De Luca et al., 2015) to derive cumulative 
deformation time-series and average velocity maps in the satellite Line-of-Sight (LOS) (Figure 2). 
For the interferogram generation, the topographic phase contributions were removed using the 
Shuttle Radar Topography Mission (SRTM) DEM ) with a 1-arcsec pixel size (e.g., Farr et al., 
2007)). A Goldstein power spectrum filter of 0.5 was also used to filter the interferograms 
(Goldstein and Werner, 1998). Our interferograms have perpendicular baselines ranging between 
1-145 m and temporal baselines between 24-264 days for the descending track (079), and 
perpendicular baseline of 15-168 m and a temporal baseline range of 24-385 days for the ascending 
track (Appendix A. Supplementary Material, Fig. S1). 

The P-SBAS technique includes two main atmospheric noise filtering components. The noise 
component due to atmospheric stratification, which is highly correlated with topography but weakly 
in time, is first removed from the unfiltered time series (Fernández et al., 2009). Then, the noise 
component characterized by a high spatial correlation but a low temporal correlation is identified 
and filtered with APS (Atmospheric Phase Screening) while the pixels that exhibit time-progressive 
deformation (highly correlated temporally) are left unchanged (De Luca et al., 2022). The phase 
unwrapping was performed by using Extended Minimum Cost Flow (EMCF) algorithm (Pepe and 
Lanari, 2006; Manunta et al., 2019).  

For the 10/2014 - 03/2017 period a total of 197 interferograms were processed, with 94 and 103 
interferograms from ascending and descending, respectively. For the 03/2017-10/2022 an additional 
417 interferograms were calculated from the descending geometry only, as ascending acquisition 
ended in 2017.  

 

2.1.1 Deformation patterns and Time series  

A clear deformation signal is evident in both ascending and descending InSAR velocity maps, 
covering an area of ~100 km2, between the Bora, Berecha, and Tulu Moye volcanic edifices (during 
2014-2017) (Figure 2A, B). The signal in both tracks is characterized by a concentric pattern, 
elongated NW-SE and centred in an area to the west of the geothermal drilling site at Tulu Moye 
volcano. Both the descending and ascending velocity maps show LOS range decrease, consistent 
with a dominant uplift of the ground component, at a velocity reaching up to 50 mm/yr. To better 
visualize the spatial pattern of deformation, we made two profiles across the centre of the 
deformation signals (Figure 2C, D), parallel and orthogonal to the NW-SE elongation direction. 
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Profiles of both orbits show the highest values (~40-50 mm/yr) at the centre, gradually reducing 
away from it. 

   

Figure 2. A) LOS velocity maps for ascending track 087 and B) descending track 079 during 2014-
2017. C) Profiles across the ascending and descending velocity maps along the NE-SW and (D) 
along the NW-SE direction. E) Quad-tree partitioning of the ascending and F) descending tracks. 
The red dot in figure A and B represents the point where data for the time-series analysis was taken 
in figure 3.  

The time series of cumulative LOS displacements for 2014-2017 in ascending and descending tracks 
show a consistent time-evolving deformation pattern with deformation starting in mid-2015 with a 
rapid LOS velocity of about 50 mm/yr until 2017 (Figure 3). For the 2017-2022 time-period only 
descending data are available showing that the uplift velocity slowed and decayed until the end of 
2018. From 2019 onwards, the LOS change has continued at an approximately linear velocity of 
~12 mm/yr until 2022. The overall pattern shows some fluctuations with short periods of small-
scale uplift and subsidence that is sometimes rapid (Figure 3). 
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Figure 3). Time series of cumulative LOS displacements of a point in the centre of the uplift from 
the descending (blacl) and ascending (red) tracks and cumulative number of earthquakes (blue) 
during 2016-2017 modified from Greenfield et al. (2019). The x-axis ticks mark the start of each 
year  in January. 

2.2 Modelling  

To quantify the parameters of the deformation source beneath the Tulu Moye volcanic complex we 
jointly inverted the ascending and descending InSAR velocity maps, assuming a uniform 
rectangular dislocation sill model, (Okada, 1985) in a homogeneous, isotropic, elastic half-space 
with a Poisson’s ratio of 0.25. We chose the sill model to match the observed NW-SE elongated 
deformation pattern that would not be reproduced by symmetric sources (e.g. Mogi). We jointly 
inverted the velocity maps (Figure 4) to find the best fitting source parameters of the sill using a 
Monte-Carlo simulated annealing algorithm and then a derivative (quasi-Newton) based method 
(Cervelli et al., 2001; Wang et al., 2014). Before the inversion, the interferograms were quad-tree 
partitioned (Figure 2E, F) in order to reduce the data size (e.g., Jonson et al., 2002; Wang et al., 
2014), assuming a maximum standard deviation threshold of 2 mm for both the ascending and 
descending velocity maps.  
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Figure 4. Observed velocity maps in ascending (A) and descending (B) paths, predicted LOS change 
for best-fit horizontal sill model in ascending (C) and descending (D) paths, and residuals between 
observed and best-fit model LOS changes in ascending (E) and descending (F) paths. 

Furthermore, a Monte Carlo simulation of correlated noise was used to estimate the uncertainties 
on the source parameters (e.g., Wang et al., 2014; Wright et al., 2003). This is performed by creating 
100 simulations of spatially correlated random noise based on the variance-covariance matrices of 
each velocity map. The simulations are added to the observed data and inverted to get 100 model 
solutions. The uncertainty of each parameter is estimated from the statistical distribution of the 100 
solutions and the 90% confidence interval of each model parameter was calculated (Table 1).  

We find that a sill elongated N54°W at 7.7 km depth below the surface best match our data. The sill 
is 8.7 km long and 1.2 km wide with an opening of 0.8 m/yr corresponding to a volume change of 
8.9´106 m3/yr. We initially fixed the sill to be horizontal but in a second approach, we allowed the 
sill to dip. Overall, both best-fit models are similar and have a comparable RMS misfit (2.4, 2.8 and 
2.4, 2.7 mm/yr for ascending and descending tracks for the horizontal and dipping sill models, 
respectively). The best-fit dipping model has a dip of 11° towards the south-west, but the other 
model parameters show insignificant changes whether we assume the sill is horizontal or dipping.  
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Source 
paramet

ers 

Depth 
(km) 

Length 
(km) 

width 
(km) 

Opening 
(m/yr) 

Strike  (°) Dip  (°) Longitude 
(°) 

Latitude (°) Calculated 
Volume (m3/yr) 

Values 7.7 8.7 1.2 0.83 54 NW 0 39.0619 8.187 8.7x106 

90% CI 7.4 - 8 7.9 - 9.7 1.2 - 1.5 0.65 - 0.86 59 - 48 NW 0 39.061 - 
39.064 

8.186 - 8.189 8 x106- 9 x106 

Values 7.7 8.7 1.2 0.85 55 NW 11 SW 39.066 8.194 8.9x106 

90% CI 7.3 - 8.1 7.9 - 9.6 1 - 1.6 0.66 - 0.89 60 - 50 NW 17 - 6 
SW 

39.064 - 
39.068 

8.190 - 8.197 8x106- 9.6x106 

 

Table 1. Best-fit sill model parameters with their 90% confidence interval (CI). The best-fit values 
in the upper two rows are for the horizontal sill model and the lower two rows are for the dipping 
sill model. 

Figure 5 shows the inferred distribution of pairs of, and individual, model parameters. Source 
parameters that show trade-off with other parameters are less well constrained compared to 
parameters that do not trade-off. We observe negative correlation between width and opening 
(Figure 5A), indicating that a wider sill trades off with less opening. We also calculated the sill 
volume and observe a positive correlation of volume with depth (Figure 5A). Thus, model sources 
at different depths and experiencing different volume changes generate similar LOS patterns on the 
surface, and more specifically that deeper sill models require larger amount of volume change. 
Allowing the sill to dip introduces additional trade-offs between dip and latitude, and between dip 
and longitude (Figure 5B), indicating that the sill location is less well-constrained compared to 
solutions assuming a horizontal sill. A trade-off is also observed between width and length implying 
that majority of the wider sources trade off with a shorter sill and vice versa (Figure 5B). 
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Figure 5. Scatter plots and histograms of individual and pairs of model parameters for the sill fixed 
to be horizontal (A) and the dipping sill (B). The solid red line in the histograms represent the best-
fit solution for the given parameter. The red vertical dashed lines delimit the 90% confidence 
intervals. 

 

3. Discussion  

3.1   Deformation source 

Our model for the 2014-2017 InSAR data reveals a deeper (7.7 km) inflating body that can be 
explained by a sill shape expanding at a velocity of volume increase of ~8.9´106 m3/yr. The previous 
dedicated InSAR study at the Tulu Moye volcanic complex used data acquired from 2003 to 2010. 
The study showed inflation in 2004 and 2008-2010, which the authors modelled with a Penny-
shaped crack and interpreted as being caused by hydrothermal activities at a depth shallower than 
2.5 km (Biggs et al., 2011). The average uplift velocity during 2008-2010 was up to 20 mm/yr 
(Biggs et al., 2011; Samrock et al., 2018), lower than our observations of 50 mm/yr in 2014-2017. 
The fact that the majority of deformation is about 10 km west of the main active geothermal heat 
source near Tulu Moye volcano makes the understanding of the deformation source challenging. 
Our modelling indicates that an inflating sill is situated at a depth of 7.7 km below the surface, which 
is ~5.9 km depth Below Sea Level (BSL), and that it possibly dips towards the SW. This depth is 
~1-2 km below the base of the cluster of microseismicity identified from a dense network of seismic 
stations during 2016-2017, with the spatial and temporal character of the seismicity indicative of 
them being triggered by hydrothermal fluid migration (Greenfield et al., 2019a; Figure 6B).  

Interpretation of MT data (Samrock et al., 2018) has revealed a SW dipping conductive zone in the 
area of the modelled sill, interpreted as a region of partial melt with a series of stacked sills 
connecting a deep crustal melt reservoir to a ~4 km deep and localised magma reservoir (and 
assumed geothermal heat source) near Tulu Moye volcano to the east. Our modelled sill corresponds 
to the upper edge of the highly conductive zone in MT studies dipping to the SW (Samrock et al., 
2018; 2021). Our best-fit dipping sill has a dip angle aligned to the top edge of the dipping 
conductive body. We therefore interpret the source of the deformation as being the inflow of magma 
into a sill shaped magma body. A magmatic origin to the deformation is supported by global 
observations in that hydrothermal systems rarely reach to 7 km depth, but instead more commonly 
localised in the uppermost ~3 km of the crust (e.g., Teng and Koike, 2007; Chambefort et al., 2016; 
Gola et al., 2017; Teklemariam et al., 1996; Helgadóttir et al., 2010).  

The MT results show that above our modelled sill is a region of high resistivity and there is also 
microseismicity at ~2-5 km depth, both interpreted as indicative of the active hydrothermal system 
(Samrock et al., 2018; Greenfield et al., 2019a). Our results raise the possibility that the sill that we 
model from InSAR is an additional heat source that drives hydrothermal fluid circulation above it.  
The observed velocity of uplift is not constant but instead peaks during mid-2015 to 2017 and 
suggests that flow of magma into the sill shaped magma body is pulsed, and peaked during this time 
period (Figure 3). The pattern of uplift in the InSAR time series shares similarities to variations in 
rate of microseismicity, which peaks during 2016 but reduces in rate in early 2017 coincident with 
the reduction in uplift velocity (Figure 3). The correlation can be explained as the increase in magma 
flux into the sill thermally driving more vigorous hydrothermal circulation above it (e.g., Tolstoy et 
al., 2008), or from the increased velocity of crustal deformation stressing the faults in the 
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hydrothermal system to failure (e.g. Bell et al., 2021). Since 2018, the InSAR time series shows 
varying velocity of uplift followed by short periods of subsidence that may suggest episodic inflows 
in the system.  

 

Figure 6. A) InSAR velocity map 2014-2017 in the ascending path, with tectonic structures, the 
surface hydrothermal manifestations, the inferred caldera rim, the earthquakes, and the surface  
projections  of the horizontal (pink) and SW-dipping (white) modelled sills. The black horizontal 
line is the seismicity profile in part B.  (B) our  sill models, along with the hypocentral distribution 
of earthquakes from Greenfield et al. (2019a).  

3.2 The link between magmatic and hydrothermal systems 

The observed uplift and the modelled sill are located west of the NNE-oriented WFB, and instead 
lies beneath a caldera system of the Tulu Moye volcanic complex. The caldera system potentially 
exerts an important control on the magmatic system and overlying hydrothermal systems. Numerical 
models of the stress state beneath caldera topography shows that sill shaped magma intrusions are 
favoured beneath the caldera structure, with sub-vertical dikes instead favoured beneath and outside 
the caldera rims (Corbi et al., 2015), a model that partly explains the occurrence of our sill within 
the caldera system. In detail, our modelled sill is positioned below an area characterized by a series 
of NW-SE oriented faults, which appear to be part of a series of the remnant caldera rims. The 
modelled sill is locally sub-parallel to the nearby NW striking faults and placed between two 
concentric caldera rims (Figure 6A), corroborating the hypothesis that the orientation of the sill is 
fault controlled. More specifically the spatial association between the sill and NW striking faults 
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suggests the sides of the long axis of the sill are potential bound by faults. Studies from Thverfell 
magmatic complex of SW Iceland have shown evidence that the geometry of magma emplacement 
can be influenced by the existing tectonic structures (Pasquare and Tibaldi, 2007; Tibaldi et al., 
2008). A batholith emplacement controlled by the structures in Andes, Peru is an additional example 
of fault controlled magma intrusion (Pitcher and Bussell, 1977). We therefore interpret that the NW 
oriented across rift faults likely act to channel and restrict flow of magma into an elongate sill shape 
that we interpret as being fed from the SW dipping zone of partial melt imaged in MT studies 
beneath the complex. 

An additional observation is that the position and orientation of our modelled sill spatially correlates 
to the surface hydrothermal manifestations, which are mainly altered ground (clay deposits) and 
fumaroles that are aligned following the various inferred caldera related faults (Figure 6A). The 
spatial correlation is clearest in our dipping sill model in that the surface hydrothermal 
manifestations surround, within ~1-2 km distance, the edges of the sill. Such an observation suggests 
the NW-SE faults also provide a path for hydrothermal fluid flow above the sill. This interpretation 
would also imply further support that our modelled sill is the primary heat source in the western 
portion of the Tulu Moye volcanic complex. Alternatively, if our modelled sill is not driving 
hydrothermal circulation, the NW trending faults could act as westward migration pathways for 
hydrothermal fluids heated by the geothermal heat source located at a depth of 4 km near Tulu Moye 
volcano.   

  

3.3 Comparison to other systems   

The deformation signal observed in the Tulu Moye volcanic complex can be compared to other 
volcanic and hydrothermal systems of the MER as well as globally. The Aluto and Corbetti volcanic 
systems are active Quaternary calderas forming central volcanoes, situated south of the Tulu Moye 
volcanic complex within the central part of the MER (Figure 1A). Both are characterized by intense 
hydrothermal activity. Aluto is roughly 70 km south of Tulu Moye. Deformation at Aluto is 
episodic, which shows consistency with the seasonal precipitation and lake loading conditions 
(Albino and Biggs, 2021), and the signals are explained by a coupled magmatic-hydrothermal 
system (Biggs et al., 2011; Hutchison et al., 2016). Episodic magmatic intrusion cause inflation, 
while degassing of the hydrothermal system is responsible for subsidence. Before 2008, the depth 
of the deformation sources was found to be shallow (2.5 km; Biggs et al., 2011), while the depth of 
an inflation source between 2008 and 2010 was 5 km (Hutchison et al., 2016). The episodic 
behaviour and depth of the sources of deformation during 2008 makes the deformation at Aluto 
similar to the Tulu Moye volcanic complex. 

The Corbetti volcanic complex, about 145 km south of Tulu Moye, has been observed from InSAR 
time series of different time periods showing uplift with an intervening subsidence (Biggs et al., 
2011; Gottsmann et al., 2020; Albino, Lloyd et al., 2018). From interpretation of InSAR data and 
models along with MT and seismicity (Lloyd et al. 2018; Lavaysiere et al., 2019)  hydrothermal 
fluid flow on both WFB and across rift faults was interpreted as being driven by deeper magmatic 
processes. Gottsmann et al. (2020) was more specific, and used the increase in absolute microgravity 
during observed uplift to model the source of deformation to be intrusion of mafic magma at	~7 km 
depth, similar to our study. Apart from their similarities in geology, tectonics, and geothermal 
systems, the deformation in Aluto and Corbetti can be compared with the Tulu Moye volcanic 
complex by its style, source, and source depth. Overall, it is evident that the shallow (< 7 km) upper 
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crustal melt and/or hydrothermal activity, which are commonly focused in the WFB, are the sources 
of deformation in the central sector of the MER. 

Our InSAR study shows that observation and modelling of ground deformation at volcanoes can 
improve our understanding of subvolcanic and hydrothermal systems. Using multidisciplinary 
datasets we define a new model of the hydrothermal and magmatic system of Tulu Moye (Figure 
7). 

Conclusions 

This study has revealed the source and geometry of the deformation signal observed by InSAR from 
Sentinel-1A/B during 2014-2017 in the Tulu Moye volcanic complex. The InSAR observation from 
the ascending (087) and descending (079) tracks has defined the presence of an elongated inflating 
body between Bora, Berecha and Tulu Moye volcanoes. Inverse modelling of the inflation signal 
solved the geometry and depth of the deformation source, signifying the presence of a sill shaped 
body at a depth of ~7.7 km below the surface (~5.9 km below sea level) slightly dipping to the SW. 
The sill depth is below the shallow zone of microseismicity and highly resistive hydrothermal 
alteration zone, but within a conductive partial melt zone inferred from magnetotelluric studies. We 
therefore interpret a magmatic origin to the deformation. The inferred inflating sill is below the 
surface trace of NW-trending faults, and surface hydrothermal manifestations, indicating the 
orientation of the modelled sill may be structurally controlled and potentially be an important heat 
source in the western part of the hydrothermal system.  

   

 

Figure 7.  Schematic east-west cross-section for the Tulu Moye volcanic complex, demonstrating 
the locus of the modelled sill with respect to other elements of the magmatic, structural, and 
hydrothermal system. The zone of partial melt in red and the clay cap in pink are based on high 
conductivity zones from Samrock et al. (2018). The sill is a schematic view of our InSAR model. The 
hydrothermal boiling zone in blue is based on high resistivity zone from Samrock et al. (2018). The 
subsurface planes are interpreted faults. 
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