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Abstract: This article investigates the strain and stress
tensors of the Afar region using the integration of global
navigation satellite system (GNSS) and persistent scatterer
interferometric synthetic aperture radar (PSInSAR) data. We
first estimated the three-dimensional displacement field of
the Afar area using combined GPS and PSInSAR data for the
period 2006-2009. Secondly, the variance component esti-
mation is applied to the heterogeneous GNSS and PSInSAR
data and the displacement field is computed. Then, the beha-
viour of crustal movement within the study area is investi-
gated by dividing the region into several small triangles or
tetrahedrons using the Delaunay triangulation and applying
the finite element method (FEM) to estimate the strain and
stress tensors for each tetrahedron. The average stress
tensor elements 7y, 7y, and 7, of the study area are
0.067, 0.121, and 0.126 MPa in the North, East, and Up coor-
dinates, respectively. The result also shows that the nearby
post-diking deformation has been followed by the Afar
Tectono-Magmatic Event that happened in September 2005.

Keywords: finite elements, global navigation satellite system,
persistent scatterer interferometric synthetic aperture radar,
strain, stress
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1 Introduction

The separation of the Nubia, Arabia, and Somalia plates
has created Afar 30 Ma years ago (Courtillot 1980, Ebinger

* Corresponding author: Andnet Nigussie, Space Science and
Geospatial Institute (SSGI), Addis Ababa & Debre Berhan University
(DBU), Debre Berhan, Ethiopia, e-mail: andinigussie@gmail.com

Mehdi Eshagh: NTIS-University of West Bohemia, Pilsen, Czech Republic;
Division of Meterology Forecast & Observations, Swedish Meterological &
Hydrological Institute (SMHI), Norrkoping, Sweden

Andenet Ashagrie: School of Civil and Environmental Engineering, Addis
Ababa University, P.O. Box 1176, Addis Ababa, Ethiopia

et al. 2010). The East African Rift, the Red Sea, and the Gulf
of Aden are major structures that make extensions along
the three rift branches. The surface displacement in some
parts of the Main Ethiopian Rift (MER), is due to a succes-
sion of magmatic rift segments where there is an active
volcano and tectonic structure in the area, (Pagli et al. 2012,
Wright et al. 2012). This surface displacement rate and
strain field give an essential constraint on geodynamic
models of tectonic movement and in the assessment of earth-
quake hazards (Walters et al. 2011). Several geodetic measure-
ment methods including global navigation satellite system
(GNSS), Interferometric synthetic aperture radar (InSAR),
are currently applied to measure surface deformation
(Norin et al. 2018). GNSS provides absolute three-dimen-
sional (3D) dynamic changes of surface deformation infor-
mation, considering the coordinates of surveyed points. GPS
data give higher precision displacements vector at higher
temporal sampling rates and a moderate spatial sampling
(10 km) but it cannot describe deformation spatial variations
in the near-fault area because of its sparse observations.

Surface displacement caused by landslides, glacier
movements, land subsidence, earthquakes, and volcanic
eruptions can be monitored using InSAR (Miao et al.
2021). InSAR performs monitoring the rate and dispersion
of interseismic strain accumulation with a large number of
satellite data volumes (Elliott et al. 2008, Wang and Wright
2012) in Northwestern Tibet (Tong et al. 2013, Jin and Fun-
ning 2017), the San Andreas fault system (Kaneko et al.
2013), the Anatolian Fault system (Jolivet et al. 2013, Daout
et al. 2016), and the Haiyuan fault system in the north-
eastern margin of the Tibetan Plateau. Both GNSS and
InSAR are extremely complementary methods for moni-
toring crustal displacement (Wei et al. 2010).

So far a large number of researchers integrated GNSS and
InSAR data for different purposes such as investigating infra-
structures (Bakon et al. 2014, Tapete et al. 2015, Del Soldato
et al. 2021); tectonic and seismic investigation (Farolfi et al.
2019, Wilkinson et al. 2017); uplift and subsidence monitoring
(Tomas et al. 2014, Heimlich et al. 2015); seismic distractions in
infrastructure and loss in human life in the urban area (Suga
et al. 2001); volcanic deformation (Sandwell et al. 2008); post-
seismic deformation (Johanson et al. 2006); crustal deformation
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velocity and strain rate field estimation (Song et al. 2019); to
optimally monitor crustal deformation (Chlieh et al. 2004,
Nishimura et al. 2008, Decriem and Arnadéttir 2012, Gahalaut
et al. 2017).

Different models were used for estimating 3D displace-
ment vectors from combined GNSS and InSAR data. Weighted
least squares (WLS) model with variance component esti-
mations [(VCEs) see e.g. Hu et al. (2012) or Mehrabi et al.
(2019)]. Houseman and England (1986) applied the finite
element method (FEM) to determine strain and stress
rates in a thin viscous sheet, representing the continental
lithosphere. They showed the relationship between the
displacement rate field, the distribution of crustal thick-
ness, stress, and strain rate index. Kiamehr and Sjoberg
(2005) investigated the three-dimensional FEM to analyse
the surface deformation patterns of the Skane area in
Sweden based on GNSS data. The existing methods, while
useful, have limitations in fully capturing the intricacies
of deformation patterns in the area. They do not optimally
weight the data and simply using VCE and optimally
reweight the data to obtain a better and more realistic
optimal estimation for the displacement fields, and after
that, FEM is used to estimate the stress and strain tensors
incorporating geophysical information of the study area
obtained from seismic data.

In this article, we apply persistent scatterer interfero-
metric synthetic aperture radar (PSInSAR) and GNSS data
for crustal deformation monitoring in the Afar region,
Ethiopia. We first combine PSInSAR and GNSS displace-
ment data using least-squares with iterative VCE. After
that, the FEM is then applied to estimate the strain and
stress model from the combined displacement field to ana-
lyse the deformation pattern of the study area.

2 Theory

In this section, we present the mathematical model for
combining the line-of-sight (LOS) displacement of ascending
and descending InSAR data with GNSS time series data to
estimate the strain tensor using FEM.

2.1 GNSS and PSInSAR combination model

One-dimensional (1D) surface displacement d,,s in the LOS
direction can be obtained by using Permanent Scattering
InSAR. In order to derive 3D displacements in the north-
east-up (NEU) coordinate system, we need to use other
geodetic data such as GNSS with the LOS data. The LOS
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displacement velocities vos of a point can be expressed
in terms of velocity components in the NEU system by:

Vios = [Ve vw vuller ex ey]”, (1a)

where Vg, vy, and vy are the eastward, northward, and
upward components of the velocity vector and eg, ey,
and ey are the unit vectors of the NEU system. []* stands
for the transpose operator. These unit vectors have the
following relationship with 6;,. is the incidence angle of
satellite sight, and ay, is the heading angle, that is, the clock-
wise angle between the north and the flight of the satellite.

[er ey ey]T = [-sin Oinc €OS ay Sin Ojne Sin ay, €os Oiy].  (1b)

The three-dimensional displacement field is calculated
using the observation equations equation (2a) of the least-
squares model on the interpolated GNSS and PSInSAR
observations ascending and descending observation.

q
Ax=L+v, E{v}=0 and E{w'} = 6{Q = Y 6?Q, (2
i=1

where E{} is the statistical expectation, v is vector of
random errors, Q the co-factor matrix, 002 the a priori var-
iance factor, 67 variance component of the ith set of data
with the co-factor matrix Q;. Q is the total number of var-
iance components. The structures of A, x, and L are:

—sin 0A5C cos a5C sin 645C sin a®SC  cos 9ASC
—sin GPES cos aPES sin OPES gin aPES  cos QPES
A= 1 0 0 s
1] 1 0
0 0 1
ASC
Vios (2b)
DES
Vg VLoS
x =|Vn| and L = [vFP,
Vy GPS
VN
GPS
Vy

where v/s and vPE are, respectively, the LOS velocities of

ascending and descending tracks of the satellites. vSrs,
VS, and v§™ are the velocity of displacement derived
from GNSS in the NEU system. To determine the displace-

ment velocities, a WLS method is applied (Hu et al. 2012):
% = (ATQ'A)ATQ L. (20)

It is self-evident that the choice of the a priori variance
factor does not affect the estimated parameters. However,
the precision of the input data has a significant impact on
the results of a least-squares process. Data with higher
precision contribute more to the estimates than those
with lower precision. The critical question is how realistic
the data precision is. It can be unrealistically high, causing
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the solutions to be skewed towards such data, even if their
inherent quality is not that high. In such cases, a reweighting
scheme is necessary to balance the data precision with the
precision of the least-squares process. Such methods are
commonly referred to as VCE.

2.2 VCE

In this study, we divided our observations to three groups
and update the weight matrix of the observations itera-
tively using the VCE. Assuming that L;, L,, and L3 are,
respectively, the three observation groups of the PSInSAR
LOS velocities, the vertical and horizontal GNSS velocities,
and P;, P,, and Pjs their corresponding weight matrices,
three sets of residuals can be estimated after the solution
given in equation (3a).

Vv, =AX-L, i=1 2, and 3. (3a)

The vector of variance components can be derived by
solving the following system of equations

£ = Sytwg, (3b)
where
£=16f o &1, (30)
is vector of variance components and
W = [‘ATIP]‘AH ‘Afgpz“\fz “‘,;:P3“‘,3]T’ (3d)

m - 2tr(N"INy) + tr(NIN;)?
tr(N_lNlN_lNz)
tr(N_lNlN_lNg)

Syc =

where
3
N; = AJPA; and N = ) ATPA, (30
i=1
P, 0 0 A
P=|0 P, 0| and A =|A;|, (3g)
0 0 P As

where A;, Ay, and Aj are, respectively, the coefficients
matrices of the first, second, and third set of observations
with weight matrices of Py, P;, and Ps.

The new weight matrices are then determined from
the VC.

131 = Pl, (3h)
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where P, Py, and P; are replaced by Py, Py, and P, and the
WLS process and VCE are repeated until 67 = 62 = 62.

2.3 Strain and stress

Tectono-magmatic activities exert a force on the rock of the
earth causing deformation over different areas. Stress
and strain are tools for studying the deformable Earth.
Mathematically strain is defined as the change of the dis-
placement with respect to its position. Consider that the
displacement vector at a point with the position (x, y, z) in
the NEU system is presented by

s(x,y,2) = (a, B,y), (4a)
where (a, 5, y) are displacement components.
The strain tensor is defined as:
da ou da
ox 0y o0z
op 9B o
LI (ab)
ox ox 09y o0z
9 o %
ox 0y oz
tr(N_lNlN_lNg)
tr(N"IN,NIN3) , (3e)

2m — 2tr(N7'N;) + tr(N'N3)?

The displacement components at the point i can be
derived from the position and strain tensor by:

a; &x &y Ezl|[x 0 W, Wyl x;
Bi|= 8 &y &zf|Ni|+|-w, 0 wfX| o
Vi Ez Eyz &z Zi “Wy —wy 0 Zi

where (g, &y, and &;;) and (&y, &y;, and &) are unknown
normal strain tensor and shear strain tensor deformation
parameters, respectively, and w;, i = X, y, z are the rota-
tional deformations round x, y and z directions at each
point.

Equation (4c) consists of three equations for the dis-
placement and by considering the elements of the strain
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tensor are unknown at point i, equation (4c) is rearranged
in the following form:

Exx

Eyy

8ZZ
a; X0 0 ¥ 0 z 0 zi Y ey
Bl=10 0 x z 0 z 0 -x|&: @«

ki OOZiO_ini—yi—XiO &z
Wy
Wy
(2

Equation (4d) is a system of three equations and nine
unknowns and as such has infinitely many solutions.
Therefore, at least two more points are needed to have
nine equations and a unique solution, and in the case of
having more, the least-squares method can be applied to
solve the parameters. Here, the FEM is used meaning that
the area or the deformable object is divided into small
pieces, or finite elements (FEs), having with own strain
tensors. Let us consider all points of a piece in one system
of equations with the following form

d = Be, (5a)

where d is the vector of one vertex, e is the vector matrix of
deformation parameters, and B is the coefficient matrix of
deformation parameters.

Assuming the strain is uniformly spread all over the
deformable object, the area of study is divided into FEs
where the strain components are constant. We chose tri-
angles or tetrahedrons of geodetic benchmarks using the

Figure 1: A tetrahedron as a three-dimensional FE.
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Delaunay triangulation. The area of interest is divided
into small triangular FEs; e.g. in this study 21,070FEs of
tetrahedron shape are formed. One may associate the
illustrated tetrahedron in Figure 1 with any of those
elements.

In Figure 1, the vertices of the tetrahedron q, b, ¢, and
d represent any four irregularly located points in the
network, which forms an FE according to the Delaunay
optimal conditions. To determine six unknown strain com-
ponents three equations are formed for each vertex of the
FE and since there are four vertices, 12 equations are cre-
ated for solving the nine unknown strain components. Let
us rewrite equation (5a) in the following form:

D + V' = KBe, (5b)

where D stands for the vector of displacements of all four
vertices:

D=[dy, dy d, dy, dy, dyl", (50)

a

is a vector observation; v’ is the residual vector, K is a
design matrix element specifying which vertices should
be connected to each other and since we have six lines
for each FE then this design matrix has 6 x 3 rows and
based on the four vertices 4 x 3 columns:

-1 0 01 00000O0CO0O0

0 -1 001000O0O0OO0CO
0 0 -100100000°0O0
. (5d)
00000CO0O-100100
00000O0OO0C-10010O0
00000O0O0OO0O-10001

18%12

B is the coefficient matrix of the deformation model
equation (4d):

Xg 0 0 y 0 2 0 2z Y,
0 y, 0 X4 24 0 25 0 —Xq
0 0 2z, 0 y, Xa =Y ~Xa 0
B-= : , (e
Xg 0 0 y 0 2z 0z y
0 3 0 x4 25 0 24 0 -xqg
0 0 25 0 y Xa Y ~Xa 0 s
and finally

e =[x Ey &z & &z Ey Wy Wy wz]T- (50)
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The least-squares solution of equation (5d) is (Alizadeh
Khameneh et al. 2018):

é = (B'K'KB)'BTK"KD. (5)

The variance—covariance matrix of the estimated defor-
mation parameters for each FE is:

Cz: = (B'K'KB) 'B'K"KCpK"KB(B'K'KB) . (5h)

Finally, we estimated the strain tensor for each block
element. From a linear elasticity theory, the stress tensor
elements can directly be calculated from the strain tensor
elements (Eshagh et al. 2020).

We have computed the divergence of the displacement
vectors using the CRUST1.0 model and the given elasticity
parameters determined by the seismic velocities.

The mathematical relationship is

Tj = SjyV- s + ey, (6a)

where i,j = x, y, and z. y and u are elasticity parameters
that describe the mechanical properties of a material,
6 is the Kronecker delta and V-s is the divergence
of displacement vectors, and Ty, Ty, and 7, are the
normal stress tensor elements; and 7y, Ty;, and 7y, are
the shear stress tensor elements. The divergence of the
displacement vector (V- s) is calculated based on equation
(4d) where the divergence of the displacement vector is
equal to the trace of the diagonal stain tensor for normal
stress components and zero for shear stress components. The y
and p elasticity parameters are extracted from CRUST1.0 model
of the top surface (Laske et al. 2013).
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3 Study area and its tectonic
setting

The area is located in the North-East African Rift valley and
is among the seismically active regions of the earth. It
covers five districts of the Afar regional states, namely
Ewa, Gulina, Habru, Teru, and Yalo (Figure 2). In these
areas, we found the 4 years of GNSS and PSInSAR data.
In Afar, nucleation of the rock was taken place by thermal
anomalies related to mantle plumes that cause weakening of
the lithosphere and strain locations (Bellahsen et al. 2003). The
main causes of tectonics are normal faults and open fissures
(Abbate et al. 1995). These faults and volcanoes cover ~60 km
length and ~10km width segments with aligned chains of
basaltic cones (Ayele et al. 2009). The uplift and subsidence in
response to magmatic intrusions, or to the tectonic extension
are spread over the area (Saria et al. 2013). The Dabbahu mag-
matic segment (DMS) trends NW-SE from the area of Ado’Ale
and to the south, and it trends to the north, in a more northerly
direction. At the northern end, there are many active volcanoes
including the Dabbahu and Gab’ ho. A DMS segment is ~60 km
long and 15 km wide area which has been a place of the vol-
cano-tectonic episode during 2005-2010 (e.g., Ebinger et al
2010). The narrow, large faults and fissures of the rift axis are
flanked on both sides by silicic volcanoes forming the Ado’Ale
Volcanic Complex to the east, and the west (Ayele et al. 2009).
The present study confirms that the frequency of crustal defor-
mation of the type observed at the Dabbahutectono-magmatic
activities in 2005 can create strain and stress in the area.
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Figure 2: Map of the study area. The blue dots are GNSS stations with five districts of the Afar regional state.
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4 Result

In this section, the results of GNSS and PSInSAR data com-
bination using VCE, the strain tensor element, and the
stress tensor element of the Afar area obtained by inte-
grated GNSS and PSInSAR displacement are presented.

4.1 GNSS and PSInSAR data combination
using VCE

The PSInSAR and GNSS data were combined using equation
(2b). Initially, it was assumed that the variance of GNSS is the
same as the variance of PSInSAR for the first iteration. An
algorithm was used to estimate the variance of the para-
meters for each GNSS station, as shown in Table 1. The results
show the combined velocities in the East, North, and Up
directions, revealing that land deformation is dominantly
characterized by a northward movement or displacement,
which can be the result of tectonic plate interactions.

Table 1 provides important information regarding the
estimated standard deviations for each GNSS station before
and after VCE. The standard deviations of the estimated
parameters are denoted by og, gy, and oy for the East,
North, and Up directions, respectively. The columns aggyss
and opspmsar display the variance before the estimation
process in the three directions. After VCE, the standard
deviations are depicted in the last three columns, indi-
cating smaller results compared to the standard deviation
values before VCE.

The table also shows that the errors before and after a
combination of InSAR and GNSS data are generally in good
agreement, except for the DABB station, which has a large
variation due to the unavailability of sufficient GNSS data
during the study period. However, the combination of
PSInSAR and GNSS data provides a reliable estimate of
the velocity in most cases.

Table 1: Statistics of error before and after VCE (mm/year)

GPS stations OGps OpsSInSAR After
O On Oy Oa Op O On Oy

DA25 016 082 045 092 062 022 031 0.02
DA35 017 054 049 0.96 058 0.55 0.08 0.01
DA45 016 025 0.23 093 059 023 020 0.04
DA60 0.08 0.09 020 091 057 017 0.06 0.01
DABB 126 120 3.00 090 0.59 09 074 1.2
DABT 0.08 0.0 0.29 095 058 0.64 0.01 0.31
DATR 016 058 046 093 0.58 052 0.09 0.02
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The velocity difference between the East, North, and
Up directions before and after VCE was included in the
table. The maximum error of 33 mm/year is observed in
the DABB station, which is consistent with the large varia-
tion mentioned earlier. This indicates that the VCE method
is suitable for uncertainty investigation.

The velocities in the East, North, and Up directions,
combined with the PSInSAR and GNSS data, are, respec-
tively, displayed in Figure 3a—c. Figure 3a provides valu-
able insights into the combined velocity of the study area,
measured in the East direction. This movement is a mani-
festation of tectonic processes taking place beneath the
Earth’s surface, including continental drift and plate motion.
The displacement, measured in millimetres, offers crucial
information regarding the rate at which the land is moving
and deforming over time, which can be instrumental in
predicting future geological changes. The diagram displays
a range of velocity between -40 and 60 mm/year, indicating
that the area is experiencing a moderate level of movement
and deformation.

The observed velocity of 60 mm/year encountered
around the DABB station, and the velocity of —40 mm/year,
encountered around the DA25 station, can be explained by
the presence of geological faults in the area. These faults are
the places where the Earth’s crust has been broken, leading
to the formation of blocks that can move in different direc-
tions. The differences in velocity at the DABB and DA25
stations suggest that the blocks on either side of the faults
are moving relative to each other at different rates and
directions.

In addition to the East direction, Figure 3b shows the
combined displacement map in the North direction. The
range of velocity is between 1 and 90 mm/year around
DABB and DA45 GNSS stations respectively. This informa-
tion can offer important clues about the tectonic processes
that play in the area and the resulting deformation patterns.

Figure 3c displays the combined displacements in the
Up direction, with a maximum uplift of approximately
160 mm observed around the DA25 GNSS station and a
maximum subsidence of -40 mm around the DABT GNSS
station. This information is crucial for understanding the
vertical movement of the land and related geological pro-
cesses like uplift and subsidence. Figure 3a—c offer valuable
insights into the intricate tectonic processes happening
beneath the Earth’s surface and can aid in predicting future
geological changes. The results reveal that the movement of
the land in the study area is increasing, which highlights the
need for necessary precautions to mitigate the geo-hazard in
the area.

Figure 4 illustrates the variance components’ ratios
during the iterative VCE process. It demonstrates a
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descending pattern, commencing at a significant displace-
ment variance and aligning with two iterations. The con-
vergence of iterations occurs around the fourth iteration.

4.2 Strain tensor and stress tensor

Figure 5a—f illustrates the strain tensor elements computed
from the combination of 3D GNSS velocities and PSInSAR LOS
velocities gathered from 2006 to 2009, showing minimum
values of &y, &y, and &;, (-6.9 x 107° -12 x 107% and -2.3
x107) strain/year, and maximum value of &y, &y, and &,,, (7.4
x 107, 1.03 x 107%, and 5.43 x 107°) strain/year respectively.
Some residual deformation largely near Ado Ale and Dab-
bahu volcanoes is credited to a meshing size that is likely
too large-grained to precisely repeat focused signals at volca-
noes. We observed dominant strain tensor and stress tensor
elements near Dabbahu, which can possibly be the occur-
rence of the nearby post-diking deformation of 2005. This
deformation spreads up to a 200-km-wide area overlapping
many rift segments as Pagli et al. (2014) also pointed out.
Uplift subsidence was observed as a result of the continuous
flow of magma. This is in good agreement with the previous
research study results (Hamling et al. 2014, Pagli et al. 2014),
indicating that the transit post-diking deformation around
Dabbahu is the cause of the strain. The continuous magma
flows from the distinct portion of the segment to the Ado Ale
chamber in the rift also contributes to the deformation
detected in the area.

As we expected our estimated displacement fields agree
with those published so far, Pagli et al. (2014) used high-
resolution data and employed a 3D velocity field analysis,
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Figure 3: The map of combined displacement (mm) in the (a) east, (b) north, and (c) up directions of the selected GNSS stations.

providing extensive spatial coverage and real-time assess-
ment of displacements. Although our research covers the
same area and time frame as Pagli et al’s (2014) studies,
our investigation differs from Pagli et al.’s (2014) in several
respects. We provide a clear description of the methodology
for combining GNSS and PSInSAR data, utilizing variance
component analysis. Additionally, we estimate the strain
tensor using the finite element method and derive the stress
tensor from the strain tensor, incorporating the theory of
elasticity.

Furthermore, our study employs PSINSAR, emphasizing
a unique methodology focused on determining three-dimen-
sional crustal deformation through VCE to properly weigh
the data. This approach, not applied by Pagli et al. (2014),
has enabled us to achieve optimal estimations, capturing

2500

8 g

Variance of the displacement vector
3
8

Number of Iteration

Figure 4: The plot of variance components ratios’ behaviour during the
iteration and their convergence.
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(d) () (f)

Figure 5: Strain tensor elements: (a) &y, (b) &y, (C) &2, (d) &y, (€) &, and (f) &, computed from the GNSS and PSInSAR displacement results.

Figure 6: Rotational Strain tensor elements (rad/year): (a) wyy, (b) wyy, and () w,;, computed from the GNSS and PSInSAR displacement results.
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deformation patterns near fault areas with a level of detail
that was previously challenging using conventional methods.

Most importantly, our objective is to present the stress
and strain regimes over the study area. To achieve this, we
have incorporated the 3D finite element method, which
represents a novel approach to the study.

Figure 6a—c depicts the rotational strain elements
along the tensor components wy, )y, and w;. These
rotational deformation estimates manifest the values span-
ning the magnitude range of -1 x 10 *t0 1.5 x 1074, -1 x 10~
to1x 107 and -4 x 10~ to 2 x 10~ within the East, North,
and Up directions, respectively. This portrayal is indicative
of the dynamic movement of medium tectonic plates and
consequential seismic activities that transpire within the
study area.

The largest value of the stress tensor is detected in
Figure 7a revealing the highest magnitude of the stress
tensor, while the mean stress tensor components amount to
0.121 MPa in the East, 0.067 MPa in the North, and 0.126 MPa
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in the Up directions. The larger expansion of the stress tensor
element 7, across the Dabbahu region can be attributed to
the proximate post-diking deformation that followed the Afar
Tectono-Magmatic Event of September 2005. The observa-
tions also exhibit substantial similarity to the stress analysis
conducted by Gedamu et al. (2023).

The findings of this study indicate a predominant NW-SE
orientation for the maximum horizontal stress and an NE-SW
orientation for the minimum horizontal stress within the
region. Moreover, the researchers also observed localised
extensional deformation in the study area, proposing a likely
correlation with intrusive diking activities in line with the
work. Our findings harmonize with Hamling et al’s (2009)
outcomes, reinforcing the inference that stress redistribution
in the study area can be attributed to the diking event.

The spatial distributions of shear strain tensor ele-
ments (&y, &y, and &;;) and normal strain tensor elements
(& Eyy, and &), along with the corresponding spatial pat-
terns of shear stress tensor elements (zy, 7yy, and 7,;) and

Figure 7: Stress tensor elements in (Mega Pascal): (a) T, (D) Tyy, (€) Tz, (d) Ty, (€) T, and (f) 7y, computed from the GNSS and PSInSAR displacement

results.
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normal stress tensor elements (Ty, Ty, and 7;;) computed
from the combined 3D GNSS and PSInSAR displacement field
results are illustrated in Figures 5d-f and 7d-f, respectively.

Since the area of study is small, the comparative ana-
lysis between the spatial patterns of shear strain tensor &,
and shear stress tensor elements 7,, reveals a notable degree
of similarity. However, the strain tensor elements presented
in Figure 5e and f diverge from the stress tensor elements
displayed in Figure 7e and f. This divergence is attributed
to observed non-uniform horizontal displacement along the
Dabbahu region, which gradually attenuates towards the
segment boundaries.

In this experimental section, we delve into the unique
findings and advantages of our research approach in the
context of the Afar region’s complex geological dynamics.
Our study has unveiled several key insights that contribute
to a deeper understanding of crustal deformation in this
region.

Firstly, by combining PSInSAR and GNSS data in a
least-squares sense and using VCE we have optimally
weighted data, which was not applied so far over this study
area. In this case, more optimal displacements can be esti-
mated rather than a simple combination method using an
ordinary least-squares method. Having realistic and optimal
displacement fields is of vital importance for deformation
analysis to capture the patterns in near-fault areas with a
level of detail that was challenging for previous methods. In
addition, applying PSInSAR and GNSS data for determining
stress and strain tensors through the FEM is a novel applica-
tion over this study data. This advancement is critical for
assessing earthquake hazards and understanding tectonic
movements in the Afar region.

5 Discussion

In this study, the spatial trend of strain and stress tensor
elements of the Afar area was determined with the com-
bined GNSS and PSInSAR displacement results. We get
maximum normal strain rate (€,) and shear strain rate
(&) respectively, 0.74 x 107" and 0.1 x 1077 during the
same observation time which is the result of the post-
diking process. The 2005 rifting episode of Afar happened
by a large magma intrusion (2-2.5 km?). Bernie et al. (2016)
in their study showed that the maximum horizontal stress
in the Afar region is oriented NW-SE and the minimum
horizontal stress is oriented NE-SW which is similar to
our study results. We suggest that a continuous superim-
posed accelerated spreading of magma flow from a distant
part of the segment towards the Ado Ale chamber in the
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rift centre occurs, contributing to this strain (Hamling et al.
2014). The research work by Hamling et al. (2009) found
that the intrusion of a dyke causes stress transfer to the
surrounding area, leading to localised deformation and
uplift. The magnitude and orientation of the stress transfer
were found to vary depending on the orientation and posi-
tion of the dyke relative to other dykes and faults in the
region. They also identified variations in the strength and
orientation of the crustal stress field over time, indicating a
complex and dynamic tectonic regime in the region. Ebinger
et al. (2010) showed variations in the composition and prop-
erties of magma at different stages of the rifting process,
suggesting that magma evolution is influenced by changes
in tectonic and thermal conditions in the crust this result to
cause the stress and strain tensor in the area. Barnie et al.
(2016) found that the crustal stress field in the MER is char-
acterized by a dominant NNE-SSW compression, consistent
with the regional tectonic regime.

The reason for the presence of subsidence and uplift in
both the south (around Semera) and the north (around
Dabbahu-Manda-Hararo) could be attributed to the exis-
tence of shallow magma chambers and a deep magma
chamber in the respective areas. The stress release due
to dyke intrusion resulted in the associated subsidence in
one of the areas magma might be depleted from the
chamber in the other area to cause uplift. The deformation
pattern depicted a higher uplift in the northern part where
stations DABB are found.

Overall, the findings contribute to a better under-
standing of the complex mechanisms of magmatic activity.
This has important implications for assessing volcanic hazards
and understanding the tectonic processes underlying conti-
nental rifting, as well as the mechanisms of stress transfer
and deformation in the Afar region. These findings are con-
sistent with the results of other researchers who have con-
ducted studies in the study area.

6 Conclusion

In conclusion, the article has provided unique insights and
advantages within the intricate geological dynamics of the
Afar region. Through our research, we have uncovered key
findings that significantly enhance our comprehension of
crustal deformation in this area.

First and foremost, our innovative approach combines
PSInSAR and GNSS data using a least-squares method with
VCE, a technique previously unutilized in this region. This
approach optimally weighs the data, resulting in more accu-
rate displacement estimations compared to conventional
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methods that rely on ordinary least-squares. The significance
of this lies in the capacity to capture detailed displacement
patterns, especially in proximity to volcanically active areas,
and fault areas, where previous methods fell short.

Furthermore, our use of PSInSAR and GNSS data to
determine stress and strain tensors through finite element
method (FEM) represents a ground-breaking application
for this specific dataset. This advancement is pivotal in
evaluating earthquake hazards and gaining insights into
the complex tectonic movements occurring in the Afar
region.

Overall, our research not only enhances our under-
standing of crustal deformation in the Afar region but
also provides valuable tools and methodologies for future
studies in similar geological contexts.

7 Summary

Tectonic and magmatic deformation of the crust results in
the establishment of stress and strain over the area. These
parameters describe the intensity of crustal deformation,
which is used to monitor geodynamic processes and take
the necessary precautions to mitigate geodynamic hazards.
The deformation of deformable objects can be measured
using geodetic measurements. GNSS and PSInSAR are the
most widely used geodetic techniques to monitor the sur-
face displacement field. The combination of the two geo-
detic techniques can provide a high temporal and spatial
resolution to measure the three-dimensional displacement
field of the ground surface deformation. The strain and
stress tensors can also be calculated from the combined
3D displacement field results. This measurement of defor-
mation parameters needs an appropriate model of defor-
mation which must be fitted to the deformation of the area.
To measure the displacements, strain, and stress fields;
separate network points in different time intervals are
taken. From the relationships among the displacement,
strain, and stress field variations, the deformation para-
meters (strain and stress) were estimated.

In a global or regional network (large-scale areas), the
behaviour of crustal movement is not the same within the
object. Therefore, we have todiscretiseour study area into
small sub-areas using FEM. In FEM the region is divided into
several small triangles or tetrahedrons, and the approach is
Delaunay triangulation. In this study, we first estimated the
3D displacement field of Afar areas using combined GNSS
and PSInSAR data between 2006 and 2009. Then, the quality
control measures of combined heterogeneous (GNSS and
PSINSAR) data were estimated using the VCE method finally,
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applying the FEM approach, the strain and stress field tensor
were calculated and the results showed that the nearby post-
diking deformation followed by the Afar Tectono-Magmatic
Event that happened in September 2005 mainly affected both
the strain and stress tensor elements.
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