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ARTICLE INFO ABSTRACT

Observations of ground deformation in East Africa have been fundamental for unveiling the tectonics of
continental rifting, assessing the seismic and volcanic hazard to development, and identifying geothermal
resources. Here we investigate the active natural and anthropogenic processes in the Tendaho Graben, Afar
using Interferometric Synthetic Aperture Radar (InSAR) collected by the Envisat satellite in 2004-2010. We
used the Poly-Interferometric Rate And time series Estimation (m-RATE) method to calculate displacement
in satellite line-of-sight, and a least-square inversion to decompose the line-of-sight displacement into
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K‘—’J’V‘{"rds-' vertical and rift perpendicular components. We observe two zones of deformation: a 20 km wide circular
f\‘;:rs'dence region of subsidence located 10 km northeast of the town of Semera with a maximum displacement rate of
I0SAR ~5 cm/yr; and elongated zone (50 km) of subsidence in the area of the geothermal prospect, maximum rate
Geothermal of ~4 cm/yr. The temporal characteristics of subsidence varies between these zones, with an increase in sub-
Magmatic sidence rate observed in the circular region in August 2008. We used a Bayesian inversion to find the best

fitting source models and compared this to locations of seismicity and other geophysical observations. The
pattern of deformation is consistent with a combination of magmatic and geothermal processes, but there
does not appear to be a direct link to a sequence of dyke intrusions during 2005-2010 at Manda Hararo

graben ~60 km away, but dynamic stress changes or deep crustal flow could account for the observations.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In complex tectonic settings, numerous natural and anthro-
pogenic processes can cause surface deformation, including mag-
matic processes (e.g. Wright et al., 2006; Hamling et al., 2009),
volcanic processes (e.g. Biggs et al., 2011; Lu et al., 2010), hydrother-
mal circulation (e.g. Kwoun et al., 2006; Vilardo et al., 2010; Biggs
et al., 2011), fault processes (e.g. Hussain et al., 2016; Hamling et al.,
2017) and water pumping from, and recharge of, water aquifers
(e.g. Galloway et al., 1998; Gonzalez et al., 2012). When deforma-
tion is detected and monitored, it may provide important insight into
the extent, morphology, and dynamics of subsurface fluid reservoirs
(e.g. Fialko and Simons, 2000; Rosen et al., 1996; Vasco et al., 2002).
The deformation and its source mechanism enable us to under-
stand the role of magmatism in continental break-up, identifying
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resources, and informing hazard analyses (e.g. Ebinger and Casey,
2001; Vasco et al., 2002; Ayele et al., 2015).

The area of study is the 50 km wide Tendaho graben (TG) (Kidane
et al., 2003) which represents the south-eastern extension of the Red
Sea rift and is the largest basin in central Afar (Fig. 1) (Acocella et al.,
2008). Despite the tectonic and volcanic activity in this area, it is
rapidly developing, and major infrastructure development projects
include the recently-completed Tendaho Dam (Ayele et al., 2015)
and the Tendaho geothermal prospect (Aquater, 1996; Gianelli et al.,
1998; Battistelli et al., 2002; Didana et al., 2014). The Tendaho Dam
is built on the fault scarp of Tendaho Goba’Ada Discontinuity (TGD)
(Fig. 1) which is the northern end of Main Ethiopian Rift (MER) (Ayele
et al., 2015).This study was initially designed to investigate the load-
ing effects caused by the Tendaho Dam, which was known to have
triggered local seismicity (Ayele et al., 2015). Although no defor-
mation was identified associated with the dam, deformation was
detected associated with the nearby geothermal prospect, and is the
focus of this paper.

This study is the first to detect deformation of the Tendaho
geothermal prospect, and investigates the driving mechanism and
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links to other regional events. Here, we use InSAR to investigate
the spatial and temporal characteristics of deformation within the
Tendaho geothermal prospect. We compare the time-series of the
InSAR to a single GPS station located near the deformation signal. We
recover rift perpendicular and vertical components from ascending
and descending passes of the Envisat satellite and use simple elastic
models as first order estimation to explain the source of the deforma-
tion. We examine the effect of static stress changes due to the rifting
episode in the neighbouring rift segment. We compare the results
to recent studies of seismicity and other geophysical observations
to discuss a range of potential source mechanisms. Understanding
the spatially complex pattern of surface deformation is important
for unveiling the tectonics of the region, for assessing the seismic
and volcanic hazard to development, and for identifying geothermal
resources.

2. Tectonic and geological setting

Throughout the East African Rift (EAR) and Red Sea region, defor-
mation is seen associated with dyke intrusions (Wright et al., 2006;
Ayele et al., 2009; Hamling et al., 2009), volcanic eruptions (e.g. Xu
and J6énsson, 2015), volcanic unrest (e.g. Biggs et al., 2011) and earth-
quakes (e.g. d'Oreye et al., 2011; Belachew et al., 2013). The Afar
Depression is tectonically and volcanically active and is one of only
two places on the Earth where a spreading oceanic ridge can be
studied on land (Acton et al., 1991). The Red Sea, Gulf of Aden and
Main Ethiopian Rifts (MER) meet to form the triple junction between
the Arabian, Nubian, and Somalian plates (Fig. 1) (McClusky et al.,
2010). The Afar Rift consists of 60-100 km-long NW-SE orientated
magmatic spreading segments associated with volcanism and tec-
tonic activity (Acocella et al., 2008). The recent studies of geodesy,
seismicity, geophysics and geochemistry in the Afar highlight the
importance of magmatism in achieving extension during continental
breakup (e.g. Ebinger and Casey, 2001; Wright et al., 2006; Hamling
et al., 2009; Belachew et al., 2013).

The Tendaho graben lies in central Afar, close to the triple junc-
tion (Fig. 1) and hosts normal faults, eruptive fissures, hydrother-
mal vents and central volcanoes. Magnetic, gravity, surface geology,
geochronology and paleomagnetic studies shows that the upper
crust has been extensively modified by dyking and other magmatic
intrusions (Bridges et al,, 2012; Lewi et al., 2015). The extension
along Tendaho and Manda Hararo grabens is accommodated by dyke
intrusions, and faulting (Tapponnier et al., 1990; Acocella et al.,
2008), and the faults are mainly NW-SE and NNW-SSE striking
(Battistelli et al., 2002). The direction of fault motion in both the
Tendaho and Manda Hararo grabens are consistent with pure exten-
sion with the possibility of a small component of left lateral sheer
(Acocella et al., 2008). Hydrothermal vents are found at Alalo-Bad
and around Dubti (Fig. 1) (Battistelli et al., 2002; Ayele et al., 2015).
In the Tendaho geothermal prospect, three deep: TD-1 (2196 m),
TD-2 (1811 m) and TD-3 (1989 m) and one shallow: TD-4 (466 m)
(Fig. 1) wells were drilled during the years 1993-1995 and the
lithologies observed were Quaternary lacustrine and alluvial sedi-
ments and basaltic lava flows of the Afar Stratoid Series (Battistelli
etal.,, 2002). Drilling of deep and shallow wells for geothermal explo-
ration revealed the presence of a liquid-dominated shallow reservoir
within the active hydrothermal area (Battistelli et al., 2002).

Around 60 km northwest of the Tendaho graben lies the Manda
Hararo graben (MHG), which underwent a major rifting episode in
2005, associated with the emplacement of a 60 km long and up to
8 m wide dyke (Wright et al., 2006; Ayele et al., 2009). A magni-
tude (M) ~4.7 of earthquake was first reported and then a swarm
of earthquakes (magnitude 4.1-5.2) were recorded which coincid-
ing with the opening of a new 400 m long, 80 m wide volcanic vent
on the eastern flank of Dabbahu volcano (e.g. Wright et al., 2006;

Ayele et al., 2007, 2009; Grandin et al., 2009). A maximum horizon-
tal opening of 8 m perpendicular to the rift, uplift of ~1.5 m on both
rift flanks with respect to the far field and extended along most of
the segment surface deformation was estimated from InSAR (Wright
et al., 2006; Ayele et al., 2007). The observed seismicity and surface
deformation were in agreement with the injection of a 60 km long
dyke, between 2 and 9km depth along the length of the segment
(Wright et al., 2006; Ayele et al., 2007; Grandin et al., 2009; Hamling
et al., 2009). Repeated dyke intrusions have also continued occur-
ring during the period 2005-2010 (Hamling et al., 2010; Belachew
etal, 2011; Grandin et al., 2009). The cumulative displacements from
InSAR observations shows that the Ado’Ale volcanic complex at the
centre of the 60 km dyke experienced continuous uplift while the
Hararo volcanic centre ~35km to the SE of Ado’Ale subsided (Pagli
et al., 2014). The stress change caused by each dyke at MHG has been
shown to influence the location of the subsequent dyke (Hamling
et al.,, 2010) and we investigate the role this dyking sequence had on
the Tendaho geothermal prospect.

3. InSAR observation

Interferometric Synthetic Aperture Radar (InSAR) measures
ground deformation with high spatial resolution (~10 m) over a large
area (100- 1000 km) using repeatedly acquired space-borne Syn-
thetic Aperture Radar (SAR) images (e.g. Lu et al., 2003; Biirgmann
et al., 2002; Simons and Rosen, 2015; Elliott et al., 2016). The phase
change of an interferogram reflects surface displacement along the
line-of-sight of the satellite, but is also affected by orbital errors,
atmospheric delays, and noise (e.g. Biirgmann et al., 2002; Simons
and Rosen, 2015).

3.1. Interferogram processing

Interferograms were produced using the JPL/Caltech ROI_PAC
software (Rosen et al., 2004). Delft precise orbits were used to
subtract the orbital fringe pattern (Zandbergen et al., 2003), and
remove the topographic component using the 3-arcsec Shuttle Radar
Topography Mission (SRTM) digital elevation model (DEM) (Farr and
Kobrick, 2000). Interferograms were then filtered using a power
spectrum filter (Goldstein et al., 1998), unwrapped using a branch-
cut algorithm (Chen and Zebker, 2000) and manually checked and
corrected for unwrapping errors. Each interferogram is geocoded to
the 3 arcsec DEM (~90 m resolution).

In this study, we used 42 ascending (track-28) and 29 descend-
ing (track-278) radar images from the Envisat satellite covering
the period from 2004 to 2010 (Supplementary Table 1). We pro-
cessed a total of 220 interferograms, and selected a network of
interferograms with small temporal (<3 months) and perpendicu-
lar baselines (<300 m) (Supplementary Fig. 1). The Envisat satellite
made few acquisitions before 2006 for ascending and before 2007 for
descending tracks in our study region. We excluded interferograms
that suffer from loss of coherence due to 1) large perpendicular and
temporal baselines, and 2) the sugarcane plantation.

We looked at interferograms from 2004 to 2007 individually and
saw no significant deformation in the Tendaho geothermal prospect,
despite large magnitude deformation signals associated with the
Manda Hararo dyking sequence at the Ado’Ale and Hararo volcanic
complexes (see Supplementary Fig. 2). Individual interferograms
from 2007 to 2010 show significant deformation around the Ten-
daho area, and we consider only this time period in the subsequent
analyses.

3.2. Rate map formation and time series analysis

Events which cause large magnitude deformation, such as
large earthquakes (Biirgmann et al., 2002; ackson et al., 2006;
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Fig. 1. Location map of central Afar. The red solid line shows the Dabbahu 2005 mega dyke intrusion (Wright et al., 2006). Red triangles show stratovolcanoes (AY: Alayta, DB:
Dabbahu, MH: Manda Hararo, K: Kurub, MG: Manda Gorgori, B: Borawli, DA: Dama Ali) (Global Volcanism Program, 2013). AL: Alalo-Bad geyser. The black dashed line shows
gravity (Lewi et al., 2015) and MT profiles (Johnson et al., 2015). MHG: Manda Hararo graben, AVC: Ado Ale Volcanic Complex, TG: Tendaho graben, TD: Tendaho Dam, AR: Awash
River. Towns: S: Semera, D: Dubti, L: Logia, A: Asaita, SR: Serdo. Inset map shows the Nubian, Arabian and Somalian plates. The velocity vectors are after McClusky et al. (2010).
The red box shows the Afar depression. Acronyms: AA: Addis Ababa, S: Semera, DJ: Djibouti, RS: Red Sea, GA: Gulf of Aden. The topographic map is generated from SRTM DEM
data and ETOPO (inset map). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Wright et al., 2003) and dyke intrusions (Wright et al., 2006;
Hamling et al., 2009) can be detected using images acquired before
and after the event to form a single interferogram. However, stud-
ies of small magnitude deformation require multiple interferograms
that cover long periods of time so that the deformation signal can
be isolated from the noise. Many multi-interferogram methods exist
to mitigate unwanted signals and reduce noise levels. For example,
the time series of one-dimensional line-of-sight deformation can
be computed using the Small Baseline Subset algorithm (SBAS)
(Berardino et al., 2002; Lanari et al., 2007; Samsonov et al., 2011), the
multi-interferogram method (rm-RATE) (Biggs et al., 2007; Wang and
Wright, 2012) and persistent scatterer and small baseline approaches
(e.g. StaMPS) (Hooper, 2008).

We follow here the multi-interferogram method of Biggs et al.
(2007), Elliott et al. (2008), and Wang et al. (2009) to produce rate
maps using m-RATE (Poly Interferogram Rate And Time Series Esti-
mator) (Wang, 2012). m-RATE is an open source package of MATLAB
codes designed to estimate the linear displacement rate map, time
series, and their associated uncertainties using a set of geocoded
interferograms (Biggs et al., 2007; Elliott et al., 2008; Wang et al.,
2009). We averaged 10 geocoded neighbouring pixels to give a res-
olution of ~900 m, to improve the signal to noise ratio. A pixel-wise
approach is employed in m-RATE to calculate deformation rates at
pixels that are coherent at least in 5 interferograms. The time series
of cumulative displacements, average velocities and their associated
uncertainties are obtained for each pass. The detailed algorithm and
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processing steps are described in Biggs et al. (2007), Elliott et al.
(2008), and Wang et al. (2012) and a brief description follows.

From a network of geocoded unwrapped interferograms, non-
redundant observations are selected for the estimation of time series
and a linear rate map. A minimum spanning tree (MST) algorithm
is adopted to select non-redundant interferograms and increase the
coverage of the rate map. All interferograms are referenced to a ref-
erence point that is assumed to be stable on Nubian plate at the
southwest part of the scene (‘X’ sign in Fig. 2). To account for any
residual orbital errors (or long wavelength atmospheric effect), we
calculate and remove the best fitting quadratic plane for each inter-
ferogram based on a network approach (Biggs et al., 2007). DEM
errors are estimated and removed based on the baseline information
of each interferogram.

Atmospheric artefacts due to delay of the signal in the iono-
sphere and troposphere can have a significant effect (e.g. Hanssen,
2001). For C-band data, the ionospheric delay can usually be ignored
within a scale of 50km (Hanssen, 2001). The tropospheric delay
can be categorised into a vertical stratified component and a turbu-
lent component (Hanssen, 2001; Massonnet and Feigl, 1998; Jolivet
et al,, 2014). The stratified tropospheric delay, which is a function
of height difference, can be estimated empirically using a linear
function of the SRTM DEM (Elliott et al., 2008) or a power law cor-
rection method that accounts for spatial variability in atmospheric
properties (Bekaert et al., 2015).

In regions like central Afar, where the topography is relatively
flat (300 m-800m), the stratified contribution is small (<7 mm)
(Hanssen, 2001; Massonnet and Feigl, 1998; Parker et al., 2015).
In these circumstances, tropospheric artefacts are best estimated
using Atmospheric Phase Screening (APS), which consists of two
steps: a temporal high-pass filter followed by a low-pass spatial filter
similar to Ferretti et al. (2001). We used a Gaussian temporal filter
with a 10 of 0.5 years to observe long-term, steady state velocity and
a Butherworth spatial filter based on the wavelength from variance-
covariance matrix estimated using a best fit 1-D covariance function
(Hanssen, 2001). Before estimating the final time series analysis, the
residual APS and error due to decorrelation and thermal noise is
removed by further smoothing in time based on a smoothing factor
from a trade-off curve between weighted misfit and solution rough-
ness (Supplementary Fig. 4). The output rate maps show the average
velocity along the line-of-sight. The temporal resolution of the time
series is dictated by the satellite acquisition strategy determined by
the European Space Agency.

3.3. Spatial characteristics of deformation

We first estimate the line-of-sight linear rate maps and their
uncertainties for ascending and descending tracks independently. In
Fig. 2, the blue colour shows range decrease (i.e. motion towards
the satellite) and the red colour shows range increase (i.e. motion
away from the satellite). The deformation at Ado’Ale volcanic com-
plex (AVC) and Hararo volcano (Fig. 2a and b) are due to the mega
dyke intrusion which is started in 2005 and successive dyke intru-
sions up to 2010. These deformation events are discussed in detail in
Wright et al. (2006), Ayele et al. (2007, 2009), Hamling et al. (2010,
2014), and Grandin et al. (2009). Here, we focus on the smaller mag-
nitude deformation in the Tendaho graben (Fig. 2¢ and d), which is
indicated by a red box in Fig. 2a and b.

Both ascending and descending rate maps show a circular region
of deformation at the NE of the town of Semera and a narrow elon-
gated deformation pattern along the NW-SE Tendaho graben. The
circular deformation has a diameter of 20 km and ~50 mm/yr line-of-
sight average rate of deformation. Both tracks show range increase
in the line-of-sight of the satellite (Fig. 2), which suggests the defor-
mation is mostly subsidence. The narrow elongated deformation is
spatially highly variable with the average rate of deformation being

about 30-50 mm/yr. The spatially variable pattern of deformation
is similar to that observed at other geothermal fields, for example,
Coso, California (e.g. Fialko and Simons, 2000) and Brady, Navada
(e.g. Shevenell et al., 2012; Ali et al., 2016) and likely reflects the
influence of minor faults or fractures in the system. In the sugar-
cane plantation, the estimated error is <10 mm/yr, while elsewhere
it is <1 mm/yr (Supplementary Fig. 3c and d). The change is sur-
face cover in the sugarcane plantation region increase the error. The
network approach and stacking implemented in m-RATE, enables us
to recover the average deformation from interferograms with better
coherence.

We make profiles perpendicular to the rift axis to investi-
gate the spatial characteristic of deformation across the deform-
ing region (Fig. 3). Profile P1 is aligned with previously-published
profiles of gravity (Lewi et al., 2015), magnetics (Bridges et al.,
2012) and magnetotellurics (Johnson et al., 2015) and passes just
to the north of the observed deformation (see Section 1). Along
this profile, we observe maximum 10 to 15 mm/yr range increase
along the line-of-sight. Profile P2 located 8 km south east from
P1, crosses the centre of the circular deforming region and passes
through a Quaternary lava flow (Acocella et al., 2008), that covers
the northern part of town of Semera. This profile shows subsi-
dence of <50mm/yr at the centre. Profile P3 passes through the
geothermal field, including the deep geothermal wells and mag-
netotelluric profiles (Didana et al., 2014) and profile P4 lies 13 km
further southeast along the rift. Both these profiles show a ~15km
wide zone of deformation at the rift axis with 20 to 40 mm/yr of
subsidence.

3.4. Temporal characteristics of deformation

Next, we investigate the temporal variations in deformation along
the rift axis (Fig. 4), using time series analysis of pixels, each pixel
(~900 m resolution) with low magnitude error close to the point of
maximum deformation. Points A, B, C, D and E are pixels located
at the Hararo magmatic centre, a point northeast of Semera town,
the DASM continuous GPS station, the Tendaho geothermal wells,
and a point to the southeast of Tendaho respectively (Fig. 2b).
A to E are for descending images and F to ] are for ascending images.
For each point, we compare the time series with the time of dyke
intrusions (the vertical lines in Fig. 4) in the neighbouring Manda
Hararo segment to investigate the effect of a static (immediate) stress
change due to opening/unclamping of the dykes. We convert the
three dimensional GPS daily solution at site DASM in to the line-
of-sight of the satellite and compare the trend with the InSAR time
series (Fig. 4). The InSAR time series shows cumulative displacement
relative to the first date of the image used. In order to align the InSAR
time series with the GPS time series, we add a constant shift to the
InSAR time series.

Table 1 summarises the best-fit linear deformation rates. Pixel A
(Hararo), D (Geothermal Wells) and E (SE Semera) (Fig. 4) show sub-
sidence throughout the observation time period both in ascending
and descending images. Pixel B, which is ~30 km away from pixel A,
is located at the centre of the circular subsidence and Pixel C (DASM)
at periphery of the deformation show similar temporal variations,
and the time series can be divided into two distinct periods: (1)
before August 2008, where line-of-sight deformation occurred at a
rate of 21 mmy/yr (descending) and 11 mmy/yr (ascending) (2) follow-
ing August 2008 further deformation occurred at a rate of ~54 mm/yr
(descending) and 65 mm/yr (ascending) (Table 1). We compare the
InSAR time series (red in Fig. 4) with the GPS time series converted
to the line-of-sight of the satellite (grey in Fig. 4) at Semera (DASM)
and both demonstrate similar temporal patterns. The temporal pat-
tern at points B and C are different from A, D and F, which suggests
a different source mechanism, and a change in process around
August 2008.
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Fig. 2. Line-of-sight (LOS) average rate map of central Afar between 2007 and 2010. (a) Descending and (b) ascending tracks cover DMH and Tendaho. Blue is range decrease and
red is range increase. Pixels A, B, C (DASM), D, and E in (b) are points where time series is compared (Fig. 4). The red rectangular box in (a) and (b) is the study area. (c) and (d) are
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the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. Vertical and horizontal deformations

Multi-interferogram methods such as m-RATE only consider one-
dimensional displacement in the satellite line of sight and often
the three-component displacement field is more informative. Radar
satellites available for interferometry are in near-polar orbits and are
side-looking, so interferograms are mostly sensitive to vertical and
east-west motion, and only weakly sensitive to north-south veloci-
ties (Wang and Wright, 2012; Pagli et al., 2014). However, with more
than one viewing geometry, and suitable assumptions, it is possible
to separate horizontal and vertical contributions to the deformation.
In this case, we assume that there is no deformation parallel to the
rift axis (e.g. Hamling et al., 2014).

The vertical and horizontal components of deformation can be
decomposed from ascending and descending geometries using the
least square inversion technique of Wright et al. (2003) and Ham-
ling et al. (2014). The limitations of this method are as follows:
1) the two components of the displacement field can be separated
only in the overlapping regions, 2) assumptions has to be made
about the orientation of deformation, for example, there is no north-
south (rift parallel) motion. In our case, there is complete overlap of
the ascending and descending tracks covering the Tendaho geother-
mal prospect region, and the orientation of the Tendaho rift axis is
determined from structural and geophysical methods (Acocella et al.,
2008; Lewi et al., 2015). Therefore, it is possible to a certain degree to
retrieve the vertical and horizontal components of the deformation
by combining the tracks using certain assumptions (e.g. Wright et al.,
2003; Hamling et al., 2014). We assume here there is no motion par-
allel to the Tendaho rift axis and solve for the rift perpendicular and

vertical components using a least square inversion technique (e.g.
Wright et al., 2003; Hamling et al., 2014). Any rift-parallel motion
associated with tectonic motion is likely to be at least an order of
magnitude slower, and can be neglected in these calculations. We
use the viewing geometry of both ascending and descending passes
to calculate the line-of-sight velocity vector for each pixel.

The vertical (u;) and rift perpendicular (u,) components can be
determined by solving Eq. (1) using a least squares inversion for each
pixel.

€oSOslyg +sinbslyg Lg T[ur| _[1a (a
€08 Oslxg + sinbslyq L || uz |~ | 1a

~

where Iy, I, and [, are the three components of the unit vector
pointing from the ground to the satellite for the ascending () and
descending (4) passes, u; and u; are the vertical and rift perpendic-
ular components of the displacement respectively and r is the range
change measured by the satellite. 6 = 35° is the angle between the
rift perpendicular vector and the north.

We are able to recover the rift perpendicular and vertical rate of
displacement using Eq. (1). To the northeast of town of Semera, the
circular region of deformation, shows a significant localised horizon-
tal closing rate (~60 mm/yr) (Fig. 5a) and the vertical component
(Fig. 5b) shows subsidence (~50 mm/yr) consistent with a deflating
body. The assumption we made regarding the absence of rift parallel
motion, is not ideal for concentric deformation where the north-
south component of the displacement maps into apparent vertical
motion.
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(Battistelli et al., 2002). Other acronyms are described in Fig. 1.

In the elongated region of deformation, rift perpendicular defor-
mation shows variable eastward motion at rate of 30 mm/yr to
70mm/yr and localised westward motion at a rate of 50 mm/yr to
60 mm/yr. The vertical shows variable subsidence rate of 30 mm/yr
to 60mm/yr. The variable deformation pattern extends over the
elongated region of deformation where the majority of the Tendaho
geothermal wells were drilled and geothermal surface manifesta-
tions have been observed (e.g. Battistelli et al., 2002). As a result of
spatially complex deformation with patches of localised subsidence,
east-west motion is not recovered well.

We use the same profiles as in Section 3.3. to make profiles across
the deforming regions. Profiles P1 and P2 show more horizontal
motion than profiles P3 and P4. The profiles of vertical displace-
ment show a broad deformation area at profiles P1 and P2 (~25 km)
and a narrower deformation area at profiles P3 (~15km) and P4
(~10km). The width of the deforming area becomes narrower going
SE along the rift axis. The vertical component shows similar patters
to the line-of-sight profiles in Section 3.3, but decomposing in to
vertical and rift-perpendicular enables us to see that there is a signif-
icant horizontal motion with comparable order of magnitude to the
vertical component.

4. Geodetic source modelling

The spatial and temporal pattern of deformation demonstrates
two sources of deformation at the Tendaho geothermal prospect
with two distinct spatial and temporal patterns. To characterise
the source of deformation at the Tendaho geothermal prospect, we
use simple analytic solutions in an elastic half-space, including a
Mogi model (Mogi, 1958) and horizontal rectangular sill (Okada,
1985).These analytical models are widely used to calculate surface
deformation related to the pressurisation of a magma chamber or
the opening of a sill/dyke (e.g. Hamling et al.,, 2014; Sanderson
et al,, 2010; Stiros et al,, 2010; Grandin et al., 2010) but do not

consider, for example, topography, gravity, non-uniformity of the
elastic properties (e.g. Young’s modulus, Poisson’s ratio), vertical lay-
ering, time-varying material properties and lateral inhomogeneity
(Cayol and Cornet, 1998; Masterlark, 2007; Gottsmann et al., 2006b;
Manconi et al., 2007; Lisowski, 2007). Nevertheless, they provide a
good first order approximation of the geometry of the deformation
source.

We use an open source Geodetic Bayesian Inversion Software
(GBIS) (http://comet.nerc.ac.uk/gbis) to estimate deformation source
parameters from the ascending and descending average rate of sur-
face deformation. The software implements a Markov Chain Monte
Carlo algorithm, incorporating the Metropolis-Hasting algorithm
(Mosegaard and Tarantola, 1995; Hooper et al., 2013; Gonzélez et al.,
2015) to estimate the posterior probability distribution for differ-
ent model parameters based on a priori values of the source model
considered (Gonzalez et al., 2015). The optimal solution and its
uncertainty is determined for each model parameter based on the
estimated Gaussian distribution of the model parameter. Here, we
solve for the locations, depth, and volume estimate of point source
representing the circular region of deformation; and location, depth,
strike, opening and dimensions of the sill representing the elongated
region to the SE.

In Fig. 6, we show the comparison between observed rate of dis-
placements, model prediction, and residuals from each track, with
the corresponding model parameters in Table 2. The inferred depth
of the Mogi point source is ~12 £ 0.6 km and for the horizontal sill is
~3 £ 0.5 km. The model matches the observation well in the circular
region of deformation. Heterogeneity is evident in the spatial varia-
tion at the elongated region of subsidence as described in Section 3.3.
Although this simple model cannot accurately reproduce the defor-
mation pattern, it matches the overall extent and magnitude well.
The heterogeneous pattern of deformation may reflect the influence
of minor faults or fractures within the region (e.g. Fialko and Simons,
2000; Shevenell et al., 2012; Ali et al., 2016).
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Fig. 4. Cumulative line-of-sight displacement, pixels taken along the rift axis centre. (A) Hararo volcanic centre, (B) circular deformation at NE of the town of Semera, C (DASM)
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southeast from D, the black vertical lines are dates of the dyke intrusions. We added a constant value to the InSAR time series to match the GPS measurement, because the InSAR
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the web version of this article.)

5. Discussion
5.1. Deformation sources

Within the Tendaho graben, we observe a complex region of
deformation composed of circular region of deflation connected to
an elongated zone of subsidence along the Tendaho geothermal
prospect. The magnitude of the signal in both deformation regions
is much smaller than measured in the Manda Hararo magmatic

Table 1
Time series of selected pixels. Pre- and post-August 2008 trend change.

segment, but is comparable to that observed at silicic volcanoes and
geothermal systems within the Main Ethiopian Rift (e.g. Biggs et al.,
2011; Hutchison et al., 2015) and in the Kenyan Rift (Biggs et al.,
2009, 2016a; Robertson et al., 2016).

The deformation patterns indicate at least two separate sources
of deformation: (1) a deflating point source and (2) a closing sill like
body with estimated depths of 12 & 0.6 km and 3 4 0.5 km respec-
tively. The deflating point source corresponds to positive magnetic
and gravity anomalies and a region of high electrical conductivity

Pre-August 2008

Post-August 2008

Pixels Slope (mm/yr) RMSE (mm) R? Slope (mm/yr) RMSE (mm) R?
Descending A (Hararo) -33 4 0.97 -33 4 0.97
B (NE Semera) -21 1 0.98 —54 5 0.98
C (DASM) 16 1 0.99 -20 2 0.98
D (Geothermal Wells) -35 5 0.96 -35 5 0.96
E (SE Semera) -32 5 0.96 -32 5 0.96
Ascending A (Hararo) -38 3 0.98 -38 3 0.98
B (NE Semera) -11 2 0.85 —65 2 0.99
C (DASM) 12 2 0.91 -39 3 0.98
D (Geothermal Wells) -36 2 0.99 -36 2 0.99
E (SE Semera) =22 5 0.88 =22 5 0.88
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(Bridges et al., 2012; Lewi et al., 2015; Johnson et al., 2015) with
estimate depths of 8-15km. These observations suggest the defor-
mation here is caused by a pressure or volume decrease within a
deep magma chamber or a zone of partial melt. A well drilled in
this region (TD-3) exhibits cooler temperature of 170°C at 1km,
and mineralogy and fluid inclusions indicate a cooling process has
occurred in the shallow layers characterised by low permeability and
self-sealing (Gianelli et al., 1998).

Observed

0

Predicted

The elongated region of subsidence corresponds to the Tendaho
geothermal field, where geothermal exploration wells (TD-1, TD-
2, and TD-4) revealed the presence of a liquid-dominated shallow
hydrothermal reservoir. The reservoir is characterised by a tempera-
ture distribution close to a boiling-point-for-depth (BPD) curve down
to about 500 m, with temperature of 270°C at the wells bottom
depth of ~2km. Mineralogy and fluid inclusions at TD-2 and TD-
4 suggest this area is in the stable upflow zone, whereas at TD-1,

Residual

0S

L velocitf(cm/ir)

2.8

Fig. 6. Bayesian inversion modelling results of descending and ascending average rate map. (left column) Line-of-sight average rate map, (middle column) best-fitting models,

and (right column) residual maps. The data covers the period 2007-2010.
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Table 2
Estimated best-fitting optimal parameters for the presented models.
Model Length Width Depth Strike Latitude Longitude Volume Opening
(km) (km) (km) ) ) ) (km? Jyr) (cm/yr)
Mogi - - 12+0.6 - 11.856 41.072 —0.03 +0.006 -
Sill 36+0.6 6+0.2 3+0.5 314+1 11.669 41.267 - -4+0.8

there is evidence of a recent heating event (Battistelli et al., 2002;
Gianelli et al., 1998). The magnetotelluric data demonstrate that an
upper crustal zone of fractures and partial melt extends for depths
of 1-15km with a maximum width of 15km (Didana et al., 2014).
S-wave splitting measurements support that the presence of shallow
NW-SE trending cracks (and/or faults) affecting the Tendaho graben
(Keir et al., 2011). The shallow elongated deformation is likely asso-
ciated with the response of the geothermal system to changes in the
stress or thermal regime associated with magma withdrawal from
the nearby deep reservoir.

5.2. Local seismicity

Three separate seismic arrays have reported seismic activity in
the area over the past 40years (Fig. 7). These arrays are as follows:
1) in the 1970s to study local seismicity (Rigden, 1981); 2) in the
1990s, for geothermal energy exploration (Aquater, 1996; Gresta
et al.,, 1997), and 3) from 2007 to 2011 following the September
2005 mega dyke intrusion at Manda Hararo (Ayele et al., 2015, 2009;
Belachew et al., 2013). The epicentre locations correlate well with
the deflating point source with depths of 2-10 km, shallowest at the
centre of the deformation. Minor seismicity was also recorded at
Alalo-Bad geyser (Fig. 1), by the Tendaho dam, and may reflect stress
changes caused by the dam loading (Ayele et al., 2015). These obser-
vations demonstrate the region experiences frequent seismicity and
the deformation we observe may simply be the latest in an ongoing
sequence.

Localised seismicity was also observed on the northern side
of Kurub volcano during 1990s and 2007-2011 surveys (Fig. 7).
Belachew et al. (2011) suggest that the later activity has been
attributed to stress transfer from the dyke intrusions in the Dabbahu
Manda Hararo graben segment 60 km away. Neither Kurub volcano,
nor the other volcanoes of the Tendaho graben, Manda Gorgori
and Borawli (Global Volcanism Program, 2013), show significant
deformation during this time.

5.3. Comparison to other geothermal fields

Though the Tendaho geothermal field is at the exploration stage,
it shows deformation associated with sub-surface magmatic and
hydrothermal processes. In operational geothermal fields, deforma-
tion is associated with production-induced subsidence and likely
as a result of cooling and/or depletion of the geothermal reser-
voir (e.g. Coso geothermal field, in California (Vasco et al., 2013)).
In geothermal prospect areas, geodetic observations reveal that
active magmatic and/or hydrothermal systems show episodic uplift
and subsidence. For example, the Main Ethiopian Rift shows pulses
of deformation have occurred at four volcanic edifices (Aluto, Cor-
betti, Bora and Haledebi) (Biggs et al., 2011). The Aluto geothermal
field episodic deformation has explained by magma-driven uplift
amplified by increased activity in the hydrothermal field, followed by
subsidence associated with the hydrothermal field alone (Biggs et al.,
2011; Hutchison et al., 2016). The geothermal systems in Kenyan
rift show also such episodic nature of deformation with a pulse of
magma arriving in the shallow crust or change in the hydrother-
mal system triggered by magmatic pulses in the mid- or lower crust
(Biggs et al., 2009, 2016b).

A period of rapid inflation and deflation observed by gravity
and geodetic observations at Campi Flegrei, Italy, suggests volume
change in both magmatic and hydrothermal systems (e.g. Gottsmann
et al., 2006a; Lanari et al., 2004; Gaudio et al., 2010). One suggestion
is that overpressure of magma or fluids of magmatic origin beneath
an impermeable barrier causes uplift whereas when a major breach
of this zone occurs brine and gases migrated to the brittle, lower
pressure, colder aquifer which leads to efficient discharge of fluids
by lateral migration resulting in subsidence (Battaglia et al., 2006).
InSAR and GPS observation at the Taupo Volcanic Zone, New Zealand
show the majority of the observed subsidence is a result of cool-
ing and subsequent contraction of magma within the shallow crust
(Hamling et al., 2015).

Thus, magmatic and/or hydrothermal processes at geothermal
prospects produce complex patterns of deformation and better
observation, analysis and modelling is required to fully understand
the system at Tendaho. Deformation at the Tendaho geothermal
field is consistent with other geothermal prospecting regions and
might give insight to understand mechanism of subsurface pro-
cesses during exploration and future implications for hazards during
geothermal energy production.

5.4. Regional influences

We investigate the regional effects caused by the dyking sequence
from 2005 to 2010 in the Manda Hararo graben on the Tendaho
geothermal field. We initially use the data and method described
in Hamling et al. (2010) to consider static stress changes and then
consider other possible connections such as deep crustal flow or
dynamic triggering.

Stress changes on the order of megapascals are sufficient to open
pre-existing cracks and cause active magma migration (e.g. Wal-
ter, 2007). We calculate full tensor of stress change for the Manda
Hararo sequence at depths from 10km to 15km at 1km steps
and decomposed into isotropic (hydrostatic) and a deviatoric com-
ponents. The change in isotropic stress (mean normal stress) at
Tendaho geothermal prospect ranges from 0.2 to 1.6 kPa, except for
the September 2005 mega dyke, for which we estimate a maximum
stress change of 16 kPa. These stress changes are on the same order
of magnitude as stress variations due to Earth tides (Lockner and
Beeler, 1999, and references therein) so are considered insufficient to
open pre-existing cracks and allow magma migration (Walter, 2007;
Hamling et al., 2010, 2014). Hence, the deformation at the geother-
mal prospect area is unlikely to be directly caused by the stress
change during dyke intrusions at Dabbahu Manda Hararo.

Geothermal regions are susceptible to local earthquakes triggered
by regional and remote earthquakes (Aiken and Peng, 2014) suggest-
ing critically stressed faults and the presence of fluids in geothermal
regions are favourable conditions for triggering micro earthquakes
from distant, large amplitude earthquakes. The 2010 M,, 8.8 Maule
earthquake, Chile, induced a subsidence at southern Andes volcanoes
as aresult of static stress change that causes the release of hydrother-
mal fluids, increased streamflow and ground deformation (Pritchard
et al., 2013). Similarly, the 2011 My, 9.0 Tohuku earthquake, Japan,
triggered a volcanic subsidence regions located between 150 and
200km from the rapture area (e.g. Takada and Fukushima, 2014).
The earthquakes associated with the Manda Hararo dyking sequence
are magnitude (M) <5.6 (Ayele et al., 2007; Belachew et al., 2013)
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and is unlikely that dynamic stress from regional earthquakes signif-
icantly perturb the Tendaho magmatic and geothermal systems, but
the possibility cannot be discounted.

Hararo volcano, 30 km northwest from the Tendaho geothermal
prospect shows a linear subsidence for the time period of 2007-
2010 (Hamling et al., 2009; Grandin et al., 2010; Pagli et al., 2014)
which has been attributed to a deflating magma chamber at 17 km
depth (Grandin et al., 2010). Pagli et al. (2014) compared InSAR time
series at Ado’Ale and Hararo magmatic systems concluding that the
velocity changes at Hararo are coeval with an uplift in Ado’Ale. They
suggested that the signals are likely caused by magma flow at deep
crustal level than related to dyke intrusion processes occurring at
shallow depth. Thus, although the circular deformation at Tendaho
has a different temporal characteristics, it might also be associated
with this deep crustal magma flow considering the spatial proximity.

6. Conclusion

Here we present geodetic observations at a complex region of
deformation in the Tendaho geothermal prospect, Afar: a 20 km wide
region associated with a deep (12 + 0.6km) point source located
10 km northeast of the town of Semera with a maximum displace-
ment rate of ~5cm/yr; and a shallow (3 £ 0.5 km), elongated zone
(50 km) of subsidence in the area of the geothermal prospect, max-
imum rate of ~4cm/yr. The pattern of deformation is consistent
with deflation of a magma source or a zone of partial melt at 12 km
depth located close to the town of Semara, with subsidence in the
NW-SE elongated hydrothermal system at a depth of 3 km. The static
stress change during the dyking episode at Manda Hararo mag-
matic segment is too small to directly trigger the magma movement,
but the deformation might be due to deep crustal magma flow or
linked to shallow hydrothermal fluid circulation. The area is a major
import-export hub, has towns with large population, and new infras-
tructure such as Tendaho dam and sugar factory. The results have
implications for both the ongoing geothermal exploration and the

potential hazard to development. Observation of such a deformation
improves our understanding of the complex extent and dynamics of
geothermal prospect areas and may be key to unlocking resources.
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