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ABSTRACT

Geodetic constraints on the present-day motions of the Arabian plate

and the southern Red Sea region

Renier Ladrón de Guevara Viltres

The present-day kinematics and deformation of the Arabian plate and the south-

ern Red Sea region involves interaction of tectonic and non-tectonic processes includ-

ing plate subduction, continental collision, seafloor spreading, intraplate magmatism,

continental transform faulting, microplate rotation, hydrological loading cycles, and

anthropogenic activity. Therefore, good constraints on the rates and directions of rel-

ative plate motion, plate boundary locations, and rheological properties in the area

are essential to assess seismic and volcanic hazards in the region.

In this thesis, I combine Global Navigation Satellite System (GNSS) measurements

from over 200 stations with kinematic block modeling to provide updated estimates

of the present-day motions of the Arabian plate and the southern Red Sea region.

Using the non-rigid residual motions and changes in GNSS station baselines, I provide

quantitative constraints on the internal deformation for the Arabian plate at different

spatial scales. In addition, I use the GNSS station response to seasonal water exchange

in the Red Sea to make inferences of the lithospheric elastic properties beneath Arabia.

The GNSS-derived velocity field indicates coherent motion of both the Danakil

block in the southern Red Sea and the Arabian plate at present. Current motions

in the southern Red Sea region, however, are inconsistent with previous interpre-

tations and require an additional plate boundary in the area. My updated fault

slip rates improved earlier estimates limited by the number and spatial distribution

of GNSS stations, particularly for the Arabian-Indian plate pair, for which slower
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right-lateral strike-slip motions are predicted. Non-rigid residual velocities within the

Arabian plate interior indicate that large-scale internal deformations are compensated

internally. However, at a smaller scale, I identify several localities accommodating

significant strain, mostly related to anthropogenic activity. Ground response to sur-

face mass loading associated with water transport in the Red Sea suggests that the

Earth’s elastic structure beneath the Arabian plate is 20% to 30% less stiff than

global averaged (i.e., AK135-F planetary model). Still, the lithosphere beneath both

the Danakil block and the Arabian plate remains strong despite being affected by sig-

nificant faulting and magmatism associated with the Nubian-Arabian-Eurasian plate

interaction.
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Chapter 1

Introduction

Both the deduced long-term and measured present-day motions for more than most

of the Earth’s surface are well described by the interaction of ∼25 major tectonic

plates separated by narrow boundaries accommodating all the relative deformation

(Gordon, 1998; Kreemer et al., 2014). This assumption provides the paradigm for

the study of forces driving the Earth’s lithosphere motion and their implications

for geologic processes occurring at plate boundaries since the plate tectonics theory

was recognized in the 1960s (e.g., Reilinger et al., 2015). Precise quantification of

plate motions is, therefore, crucial for the understanding and assessment of natural

hazards associated with tectonic plate interaction, including seismic and volcanic

activity (ArRajehi et al., 2010; Altamimi et al., 2017). The improvements in the

precision level of the Global Navigation Satellite System (GNSS) technique by four

orders of magnitude during the last decades make such quantifications possible, and

allow to observe plate tectonics as it happens (Blewitt, 2015).

The Arabian plate’s present-day motion and boundaries arise from a unique in-

teraction between several processes shaping tectonic plates and involve significant

tectono-magmatic activity along its margins. The plate boundaries encompass the

Bitlis-Zagros-Makran collision-subduction zone to the east and northeast, the East

Anatolian fault to the north, and the Dead Sea transform fault to the northwest, all

belonging to the seismically most active fault systems affecting the Middle East (e.g.,

Bellahsen et al., 2003, Fig. 1.1).
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Figure 1.1: Map of the Arabian plate and surrounding areas with rates and directions
of relative plate motion derived from ArRajehi et al. (2010); Altamimi et al. (2017);
Rodriguez et al. (2019); Gomez et al. (2020). The plate boundaries were drawn after
Bosworth et al. (2005); Schettino et al. (2016); Doubre et al. (2017); Rodriguez et al.
(2019); Viltres et al. (2020); Ribot et al. (2021). Background hillshaded topography
and bathymetry is from http://topex.ucsd.edu/.

Recent seismic activity along these boundary segments includes the Mw 7.4 Az-

gleh (Iran) earthquake in 2017, the Mw 7.2 Gulf of Aqaba (Saudi Arabia) earthquake

in 1995, and the Mw 8.1 Makran Subduction Zone earthquake in 1945, which gener-

ated the second deadliest tsunami in the Indian Ocean (e.g., Al Tarazi et al., 2011;
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Hoffmann et al., 2020; U.S.G.S, 2021). The southwestern and southern margins of the

Arabian plate include the Red Sea and Gulf of Aden rifts, where tectono-magmatic

activity has accounted for several rifting episodes, earthquake swarms, magmatic in-

trusions, and volcanic eruptions during the last two decades (e.g., Xu et al., 2015a;

Ahmed et al., 2016, Fig. 1.1).

The rapid expansion of GNSS stations within the plate interior since the early

2000s provides a unique opportunity to significantly improve knowledge of the present-

day motion and deformation of the Arabian plate. Better quantification of the rates

and directions of relative motion is essential to assess the tectonic and magmatic

hazards along the plate boundaries and can provide important insights about its

geodynamic evolution (e.g., ArRajehi et al., 2010; Reilinger et al., 2015). In addi-

tion, differential motions between GNSS stations allow for both the quantification

of the plate’s rigidity and to identify sources of active deformation associated with

internal faulting and magmatism, transient forces and/or anthropogenic activity. Fur-

thermore, the combination of GNSS with complementary remote sensing data (e.g.,

Gravity Recovery and Climate Experiment, GRACE) provides the ratio of geometri-

cal to gravitational response to surface processes from which the rheological structure

beneath the plate can be inferred.

1.1 Kinematics

The rigidity assumption in plate tectonic theory allows to describe the plate mo-

tion as an axial rotation about a common fixed point relative to the Earth’s surface,

generally the long-term average center of mass of the entire Earth system (Blewitt,

2015). The axis of rotation is represented by three parameters defining an Euler vec-

tor (angular velocity), either by its Cartesian components (earth-centered, earth-fixed

coordinates), or by an Euler pole (latitude, longitude) and rotation rate parameters

(spherical coordinates). Prior to satellite geodesy techniques like GNSS, estimations
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of angular velocities relied on rate (spreading rates at mid-ocean ridges) and direc-

tion (transform fault azimuths and earthquake slip vectors) datasets (e.g., DeMets

et al., 1990). However, due to the spatial distribution of tracking stations around the

globe and the ability to resolve surface displacement rates with a precision level of

<1 mm/yr, GNSS has emerged as the adopted method to study present-day plate

kinematics (e.g., Blewitt, 2015).

Several studies have addressed both the long-term and present-day motions of the

Arabian plate either directly by using data from within the plate only (best-fitting

vector) or indirectly by using data from closed tectonic plate circuits (closure-fitting

vector), for which the sum of the relative angular velocities equals zero (e.g., DeMets

et al., 1990). Despite the differences between the time-scale of motions represented by

each dataset, an overall consistency exists across kinematic models constraining the

long-term (DeMets et al., 1990, 1994; Chu and Gordon, 1998; McQuarrie et al., 2003;

Fournier et al., 2010; Schettino et al., 2016) and present-day (e.g., McClusky et al.,

2003; Vernant et al., 2004; Vigny et al., 2006; Reilinger et al., 2006; ArRajehi et al.,

2010; Kreemer et al., 2014; Altamimi et al., 2017) motion of the plate. At the data

uncertainty level of the studies above, the Arabian plate has no measurable large-scale

internal deformation and the predicted motions along its boundaries appear to have

been steady since at least ∼11 Ma (ArRajehi et al., 2010; Reilinger and McClusky,

2011).

The accepted standards for the present-day kinematics of the Arabian plate mostly

rely on angular velocities of relative motion derived from continuous and survey-mode

GNSS observations from within the plate interior and neighboring tectonic plates

(e.g., Vigny et al., 2006; ArRajehi et al., 2010; Altamimi et al., 2017). These mod-

els predict ∼26-28 mm/yr of frontal shortening along the Makran subduction zone;

transpressional motions in the Bitlis-Zagros fold and thrust belt with the compres-

sional component decreasing northward from ∼19-22 mm/yr to ∼3-5 mm/yr; ∼9-11
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mm/yr of almost pure left-lateral strike-slip along the East Anatolian fault; transten-

sional motions along the Dead Sea transform fault consistent with ∼4-7 mm/yr of

left-lateral strike-slip and ∼1-2 mm/yr of extension rates; oblique opening along the

Red Sea and Gulf of Aden, reaching ∼18 and ∼24 mm/yr in the southernmost Red

Sea and west of the Aden-Owen-Carlsberg triple junction, respectively; and ∼2-4

mm/yr of primarily right-lateral strike-slip motion along the Owen Fracture Zone

with a mild extensional component of ∼1-2 mm/yr (Fig. 1.1).

These studies, however, suffer from sparse geographic distribution of GNSS sta-

tions, limited observation time spans, and inclusion of GNSS-derived velocities that

may not represent the steady-state motion of the plate because of their proximity to

plate boundaries. In addition, most of them do not take into account the role of sev-

eral adjacent microplates that have formed since the separation of Arabia from Nubia

at ∼24±4 Ma (e.g., Vernant et al., 2004; Reilinger et al., 2006; McClusky et al., 2010;

Gomez et al., 2020), in particular the Danakil block, located within the Afar depres-

sion extensional province, which also hosts the Arabian-Nubian-Somalian plate triple

junction (McClusky et al., 2010; Reilinger and McClusky, 2011, Fig. 1.1). Integrating

this area is crucial not only because of its implications for the Arabian-Nubian plate

relative motion, but also because it is one of the few places on Earth allowing to study

microplate formation and all the evolution stages of a divergent plate boundary on

land (Eagles et al., 2002; McClusky et al., 2010; Varet, 2018).

1.2 Internal deformation

The occurrence of great intraplate earthquakes (e.g., in the New Madrid region, US)

and regional-scale continental basin subsidence, as well as lithospheric uplift over

hotspots swells (e.g., Hawaiian islands), show that tectonic plates are not fully rigid

(Gordon, 1998). Plate non-rigidity can bias both the best- and closure-fitting Eu-

ler vector estimations, resulting in incorrect relative motion predictions along plate
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boundaries (e.g., Gordon, 1998). Therefore, its quantification is essential not only for

the assessment of natural hazards associated with plate boundary processes, but to

set constraints on the extent and origin of internal differential motions.

Despite the generally accepted stability of the Arabian plate, several intraplate

earthquakes and one rifting event have been recorded during the last three decades,

indicating active normal faults and off-rift volcanic activity within the plate interior at

present (e.g., Pallister et al., 2010; Xu et al., 2015b, 2016). GNSS-derived deformation

fields also suggest ≤1.5 mm/yr of shortening motions along the Palmyride Mountains

and extensional motions in the northern and western margins of the plate, respectively

(ArRajehi et al., 2010; Reilinger and McClusky, 2011; Aldaajani et al., 2021, Fig.

1.1). Besides, significant ground subsidence, shallow seismicity, opening cracks, and

sinkholes in response to groundwater over-exploitation and rapid urbanization has

been documented in recent years (e.g., Othman et al., 2018). Lastly, the Red Sea forms

a ∼2000 km long and ∼280 km wide semi-enclosed basin to the west, where water

exchange induces measurable transient deformations that could influence earthquake

activity through changes in the state of the stress within the area under the transient

loading (e.g., Johnson et al., 2017; Alothman et al., 2020, Fig. 1.1).

The attempts to quantify the rigidity of the Arabian plate (Vigny et al., 2006;

ArRajehi et al., 2010; Aldaajani et al., 2021) have been limited due to the lack of

sufficient data capable of resolving for the small differential motions expected within

the plate interior (<10−9 strain/yr, e.g., Vigny et al., 2006). Moreover, the poor

spatial distribution of GNSS stations make recent estimates questionable, since the

identification of possible internal deformation within the western margins of the plate

depends on whether or not a single station is considered in the estimation (e.g.,

Aldaajani et al., 2021). Furthermore, none of the studies above have addressed the

contribution from anthropogenic activity to possible internal deformations.
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1.3 Rheological structure

Tight constraints on the present-day kinematics of tectonic plates is essential, but not

sufficient to fully understand time-dependent processes occurring along plate bound-

aries like the earthquake and rifting cycles (Bürgmann and Dresen, 2008). The crustal

deformation associated with these localized and episodic processes is coupled to vis-

cous asthenospheric flow in the lower crust and mantle, therefore, precise information

about the rheological layering is required for a proper hazard assessment. Current

standard models of the Earth’s elastic structure (e.g., PREM, STW105, AK135f)

mostly rely on shear (Vs) and compressional (Vp) wave velocities tomographic imag-

ing (e.g., Ito and Simons, 2011; Martens et al., 2016). However, they represent the

globally averaged structure of the Earth and often include a water layer where conti-

nental crust is observed (e.g., Martens et al., 2016).

Seismic tomographic imaging results for the Arabian plate consistently show a

sharp contrast between the elastic properties beneath the Arabian Shield in the west

and the Arabian Platform in the east (e.g., Tang et al., 2019; Lim et al., 2020; Ka-

viani et al., 2020, Fig. 1.1). The differences have been interpreted to result from

the upwelling of hot asthenospheric material in the west, and the presence of cold

and thick lithosphere in the east (Lim et al., 2020). Crustal thickness beneath the

plate is thought to range from ∼27 to 45 km, but lithospheric material beneath the

Arabian Platform has been mapped until depths of ∼200-250 km (Lim et al., 2020).

Seismic wave velocities suggest the presence of upper mantle rocks in the western and

southwestern margins of the plate at crustal depths <15 km, indicative of a larger

degree of crustal thinning in this direction (e.g., Kaviani et al., 2020). The rheological

structure of this area appears to be dominated by the presence of northward astheno-

spheric flow beneath Afar, the southern Red Sea, and the western Arabian shield at

depths ranging from ∼100-300 km (Lim et al., 2020). Crustal depths along the north-

western, northern, and northeastern margins of the plate ranges ∼35-45 km, except
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for the southern Zagros and Persian Gulf where mantle velocities have been mapped

at depths of ∼70-90 km (Fig. 1.1). The crustal and upper mantle structures for

the southern (∼12-21◦N) and northern (>21◦N) Red Sea regions exhibit significant

differences that have been interpreted as a southward transition from continental to

oceanic crust (e.g., Kaviani et al., 2020).

The studies above, however, suffer from heterogeneous ray coverage due to uneven

station distribution and data access limitations (e.g., Tang et al., 2019; Kaviani et al.,

2020). Moreover, except for the analysis based on ambient noise recordings, they rely

on the occurrence of moderate to large earthquakes (M>5.5) generating enough seis-

mic energy at recording stations located at large distances (∼30-90◦, Tang et al.,

2019; Lim et al., 2020). Since geodetic observations of surface response to transient

forces like mass loading provide an independent method to assess subsurface rheo-

logical properties (e.g., Martens et al., 2016; Chanard et al., 2018), they could be

used in validating the seismically-derived results and in calibrating the global refer-

ence models to represent regional-scale elastic properties. Therefore, GNSS-derived

surface displacements induced by annual sea level variations in the Red Sea allow

to constrain not only the timing, amplitude, and spatial extent of the induced de-

formations (e.g., Alothman et al., 2020), but also to retrieve information about the

rheological layering of the material responding to the transient loading.

1.4 Methods

GNSS has emerged as the main method to study plate kinematics, plate bound-

ary strain accumulation, earthquake/rifting cycles, and surface mass loading, due to

the spatial distribution of tracking stations around the globe, and the ability to re-

solve surface displacement rates with a precision level of <1 mm/yr (e.g., Blewitt,

2015). The system is currently composed by 6 satellite constellations including the

U.S. Global Positioning System (GPS), the Russian Global Navigation Satellite Sys-
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tem (GLONASS), the European Galileo, the Chinese BeiDou/Compass, the Japanese

Quasi-Zenith Satellite System (QZSS), and the Indian Regional Navigation Satellite

System (IRNSS). Each constellation consists of ∼20-30 satellites orbiting the Earth

twice a day, allowing for at least 5 satellites per constellation to be simultaneously

tracked at anytime from anywhere in the world (Blewitt, 2015).

Modern GNSS satellites transmit signals in 2-3 frequencies with a time accuracy

of <0.1 ns and are synchronized with ground-based atomic clocks with even higher

time accuracy. For each frequency, two observables are generated by 1) measuring

the time shift between a local replica at a GNSS-capable station on ground and

the original signal transmitted by the satellite, and 2) differencing the phases of the

satellite’s carrier wave and the signal generated by the receiver (Blewitt, 2015). The

two quantities are multiplied by the speed of light and the carrier wave wavelengths

to produce the pseudorange and the carrier phase observables, respectively. Linear

combinations (data editing) and double differences of the 4-6 observables from at least

five satellites in view are then used to estimate station positions with an accuracy

of ∼1-2 mm for the horizontal, and 3-10 mm for the vertical component by means

of the trilateration method over measuring sessions generally lasting 24h (Blewitt,

2015; Reilinger et al., 2015). The station motion is represented by time-series of the

daily coordinates relative to a global reference frame, allowing to study geophysical

processes at different tectonic plates in a consistent way (Blewitt, 2015). Depending

of the application, a trajectory model is fitted to the position time-series from which

secular trends (a, b), seasonal signals (cj, dj), and co-seismic/dyking offsets (ei) can

be determined (Blewitt, 2015).

y(t) = a+b ·t+
2∑

j=1

[
cj ·sin(j ·2π ·t)+dj ·cos(j ·2π ·t)

]
+

n∑
i=1

ei ·H(t−ti)+ε(t). (1.1)
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For plate kinematic studies, the secular trends from GNSS stations located within

plate interiors (at least ∼50 km from plate boundaries) are used. As mentioned in

section 1.1, the plate tectonics theory describes the movement of a rigid tectonic plate

on the surface of the Earth as a rotation around an axis that passes through its long-

term average center of mass (Blewitt, 2015). In spherical geometry, this allows to use

a simple kinematic model (e.g., Larson et al., 1997) to describe the station velocities

(forward problem) as:

vp
i = Ωp × xi (1.2)

where vp
i (vxi

, vyi , vzi) and xi(xi, yi, zi) are the velocity and position of station i within

tectonic plate p, and Ωp(wp
x, wp

y, wp
z) is the angular velocity (Euler vector) describing

its motion in an Earth-Centered Earth-Fixed Cartesian Coordinate System. The

matrix form of equation 1.2 can be written as a linear relationship between multiple

GNSS station velocities and the plate’s angular velocity using the properties of skew-

symmetric matrices. Therefore, the angular velocity components can be estimated

with the weighted least squares method (inverse problem). Since axial rotation on a

spherical surface does not involve vertical motions, the radial velocity component does

not contribute to the solution, thus, observations from at least two GNSS stations

are needed to retrieve the 3 components of the Euler vector (e.g., Blewitt, 2015). The

angular velocity (Euler vector) is often represented in a geocentric reference frame

by its direction (Euler pole) and magnitude (rotation rate) using the transformation

between the Cartesian and the Spherical Coordinates Systems:

ωx = a·cos(λ)·cos(ϕ) λ = tan−1

(
ωz√

ω2
x+ω2

y

)
ωy = a·cos(λ)·sin(ϕ) ⇐= =⇒ ϕ = tan−1

(
ωy

ωx

)
ωz = a·cos(λ) ω̇ =

√
ω2
x + ω2

y + ω2
z

Deviations of GNSS station velocities form rigid plate motion predictions are

used not only to constrain the nature and extent of intraplate processes, but also

to identify plate boundaries not clearly defined by seismic and/or bathymetry data,
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e.g., because of their slow relative motion (e.g Stein and Gordon, 1984b). This is

achieved by estimating the statistical significance of the misfit improvement resulting

from assuming more rigid plates to explain the observed velocity field (e.g., Stein and

Gordon, 1984b; Gordon et al., 1987).

Before the Earth’s gravity field measurements made available by the GRACE

mission in the early 2000s, GNSS measurements were used to estimate surface mass

redistribution by assuming the structure and rheology of the area under load (forward

problem, Blewitt, 2015). However, it is now possible to use GRACE-derived sources

of mass loading to make inferences on the elastic structure and rheology of areas

responding to surface mass loads using the ratio of the gravitational to geometrical

response (inverse problem, Blewitt, 2015; Martens et al., 2016). Both, the forward

and inverse problems involve the convolution of displacement load Green’s functions

derived from combination of load Love numbers (i.e., Farrell, 1972, LLNs) for a self-

gravitating, spherically symmetric, non-rotating, elastic, and isotropic Earth model

with a spatiotemporally variable load model generally derived from gravity measure-

ments (e.g., Martens et al., 2016).

The LLNs are dimensionless parameters relating the load-induced surface dis-

placements to the changes in gravitational potential associated with the surface mass

redistribution (Blewitt, 2015; Martens et al., 2016). They are estimated using the

spherical harmonics approach, with the maximum degree and order of expansion de-

pending on the geometry and spatial resolution of the mass load, as well as the GNSS

station geographic distribution (Mitrovica et al., 1994; Blewitt, 2015). Despite this

limitation, both current satellite-based gravity measurements and global distribution

of GNSS stations allow for continental-scale studies addressing the forward (mass

redistribution) and inverse (Earth’s elastic properties) problems in many places, in-

cluding for the Arabian plate (e.g., Blewitt, 2015) .
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1.5 Aims of the Thesis

This thesis aims to provide updated constraints on the present-day motion and de-

formation of the Arabian plate and the southern Red Sea region using primarily

GNSS-derived velocity fields. More specifically, it aims to:

• Refine the present-day motion of the Arabian plate and the southern Red Sea

region to determine the relative rates and sense of motion at the different plate

boundaries.

• Determine possible internal deformation of the Arabian plate associated with

subsurface tectono-magmatic processes, transient forces, and anthropogenic ac-

tivity.

• Constrain rheological parameters of the Arabian lithosphere from the elastic

response to surface mass loading induced by water exchange in the Red Sea.

1.6 Thesis Outline

The current chapter, in which I have provided an introduction to the area of study,

the main datasets, and the methods associated with this dissertation, is followed by

three chapters dedicated to updated constraints of the present-day kinematics and

deformation of the Arabian plate and the southern Red Sea region.

In Chapter 2, I combine new GNSS observations acquired by the King Abdullah

University of Science and Technology (KAUST) in 2016 with existing geodetic data

to produce an updated velocity field for the southern Red Sea region. Using the

improved velocity field, I revisit the current block model providing the standards

for the present-day kinematics of the area (e.g., McClusky et al., 2010), and test

whether or not it can explain the observed motions along the southernmost margins

of the Arabian plate. In a second analysis I provide the first quantification of active
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deformation along a diffuse plate boundary segment in northern Eritrea. The content

of this chapter has been published in the Geophysical Journal International (Viltres

et al., 2020).

In Chapter 3, I use GNSS observations from 189 stations within the Arabian

plate interior to provide tight constraints on its present-day motion. Then I combine

the new estimates with similar studies for the neighboring tectonic plates within a

kinematic block model to retrieve the rates and azimuths of relative motion along

the plate boundaries surrounding the Arabian plate at present. In addition, I use

the updated velocity field to provide the first quantification of both plate-wide and

localized internal deformation for the entire Arabian plate. The content of this thesis

chapter is currently under peer-review by the Tectonics journal (Viltres et al., 2021a,

in review).

In Chapter 4, I use seasonally varying station heights of GNSS sites spanning

at least 2.5 years of continuous data recording to constrain the amplitude, timing,

and spatial extent of the seasonal surface deformations induced by water exchange

in the Red Sea. By comparing with the expected motions derived from convolu-

tion of displacement load Green’s functions derived for several planetary models with

loading models obtained from Mass Concentration block solutions based on grav-

ity measurements made by the Gravity Recovery and Climate Experiment satellites

(GRACE-mascons) and Global Land Data Assimilation System (GLDAS) datasets,

I make inferences of the lithospheric elastic properties beneath the Arabian plate.

The content of this thesis chapter is currently in preparation to be submitted to

the Journal of Geophysical Research: Solid Earth journal (Viltres et al., 2021b, in

preparation).

This dissertation includes a supplementary chapter (Chapter 5) in which I report

on my work on the main event (Mw6.4) of an earthquake sequence in the northeast-

ern Caribbean, nucleating within an area subjected to slow strain accumulation. I
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combine GNSS, InSAR, and seismic data to sample for the earthquake’s source fault

parameters using the Bayesian inference approach and employ data-specific sensitiv-

ity tests to evaluate the influence of each dataset in the model parameter retrieval.

The content of this thesis chapter is currently under peer-review by the Seismological

Research Letters journal (Viltres et al., 2021c, in review).

Chapter 6 includes a summary of the key findings and recommendations for future

work. In appendix sections, I provide additional tables, figures, and supplementary

information that are useful for reproducibility and implementation of the results pre-

sented in this dissertation but not fundamental for its discussion.
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Chapter 2

Kinematics and deformation of the southern Red Sea region

from GNSS observations

2.1 Abstract

The present-day tectonics of the southern Red Sea region is complicated by the pres-

ence of the overlapping Afar and southern Red Sea rifts as well as the uncertain

kinematics and extent of the Danakil block in between. Here we combine up to 16

years of GPS observations and show that the coherent rotation of the Danakil block is

well described by a Danakil-Nubia Euler pole at 16.36°N, 39.96°E with a rotation rate

of 2.83 °/My. The kinematic block modeling also indicates that the Danakil block is

significantly smaller than previously suggested, extending only to Hanish-Zukur Is-

lands (∼13.8°N) with the area to the south of the islands being a part of the Arabian

plate. In addition, the GPS velocity field reveals a wide inter-rifting deformation zone

across the northern Danakil-Afar rift with ∼5.6 mm/yr of east-west opening across

Gulf of Zula in Eritrea. Together the results redefine some of the plate boundaries

in the region and show how the extension in the southern Red Sea gradually moves

over to the Danakil-Afar rift.

2.2 Introduction

The tectonics in Afar and its surrounding regions of the southern Red Sea and Gulf of

Aden is dominated by the Arabia-Nubia-Somalia ridge-ridge-ridge triple junction. It

is the only place on Earth allowing for inland observations of all evolution stages of a
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divergent plate boundary: from the continental rifting to the onset of an oceanic ridge

(e.g., Wolfenden et al., 2005; Stab et al., 2016; Varet, 2018). This makes the region

a unique location to study divergent plate kinematics and processes of microplate

formation in a young and active triple junction (Eagles et al., 2002; Schettino et al.,

2016; Doubre et al., 2017).

The Oligocene to present tectonic evolution of the triple junction has involved

several phases of spreading-center reorganization that have led to the formation and

isolation of microplates (Cochran, 1983; Courtillot et al., 1987; Acton et al., 1991;

Manighetti et al., 2001a; Bosworth, 2015), similar to what has been observed at other

divergent plate boundaries like the East Pacific Rise and the Pacific-Nazca-Antarctic

triple junction (Anderson-Fontana et al., 1986; Engeln et al., 1988). The Danakil

and Ali-Sabieh blocks are examples of such isolated continental microplates (Fig.

2.1), associated with the propagation of the Red Sea and Gulf of Aden rifts into

Afar (Le Pichon and Francheteau, 1978; Courtillot et al., 1984; Garfunkel and Beyth,

2006).

Several studies have focused on the plate kinematics of the southern Red Sea region

over the past decades (e.g., Chu and Gordon, 1998; Collet et al., 2000; Eagles et al.,

2002; McQuarrie et al., 2003; ArRajehi et al., 2010; McClusky et al., 2010; Reilinger

and McClusky, 2011; McQuarrie and van Hinsbergen, 2013; Schettino et al., 2016;

Doubre et al., 2017). However, the present-day plate boundary configuration and

the relative plate motions are still not well resolved for the entire area (Schettino

et al., 2016). The main difficulties include (1) that the plate boundary deformation

is broadly distributed over hundreds of kilometers rather than being focused at sharp

boundaries (CNR and CNRS, 1975; Hayward and Ebinger, 1996), (2) that parts of

the Nubia-Arabia plate boundary in the Red Sea are buried under thick salt deposits

(Frazier, 1970; Carbone et al., 1998), (3) that small transform fault offsets (less than

5 km) along with incipient structures characterize the Red Sea spreading center and
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the Nubia-Arabia-Somalia plate boundaries, respectively (Chu and Gordon, 1998;

Ebinger et al., 2010), (4) lack of continuous geodetic observations (particularly in

Yemen), and (5) that many tectonic structures within Afar are covered by young

(∼1-4 Ma) volcanic deposits (Barberi and Varet, 1977; Acton et al., 1991).

In addition, the mechanisms controlling the plate kinematics in the region appear

to be scale-dependent (Manighetti et al., 2001a): While large- and regional-scale (100-

1000 km) deformation is well described by steady-state rotation of rigid lithospheric

blocks (McKenzie et al., 1970; Acton et al., 1991; Chu and Gordon, 1998; Eagles et al.,

2002; McClusky et al., 2010; Saria et al., 2013; Schettino et al., 2016; Altamimi et al.,

2017; Doubre et al., 2017), the crust beneath Afar is too dissected by faulting and

magmatic intrusions for rigidity concepts to apply at smaller (∼10 km) spatial scales

(Makris and Ginzburg, 1987; Ebinger and Hayward, 1996; Bastow and Keir, 2011).

Adding to the complex tectonic settings of the region, the southern Red Sea

rift steps on land south of ∼17°N, progressively transferring the Nubian-Arabian

extension over to the Danakil-Afar rift, which consists of several active spreading

centers, e.g., Erta’Ale, Ta’Ali, Alayta and Dabbahu-Manda Hararo (Mohr, 1970;

Tazieff et al., 1972; Barberi and Varet, 1977; Tapponnier et al., 1990; Beyth, 1991;

Keir et al., 2013; Doubre et al., 2017, Fig. 2.1). The southern Red Sea rift continues

south of 17°N to Zubair Islands (∼15°N) and Hanish-Zukur Islands (∼13.8°N), and

possibly all the way through Bab-el-Mandeb Strait connecting to the Gulf of Aden rift

(Mohr, 1970; McKenzie et al., 1970; Schettino et al., 2016). The overlapping southern

Red Sea and Danakil-Afar rifts define a ∼600 km long and ∼200 km wide zone of

unstretched crust (Fig. 2.1), i.e., the so-called Danakil block (Manighetti et al.,

1998). The differential motions between the two rift branches are fully accommodated

by rigid rotation of the block (Mohr, 1970; Le Pichon and Francheteau, 1978), and

therefore, its kinematics is key for the overall Nubia-Arabia relative divergence (Varet,

2018). Models aiming to describe the present-day kinematics of the Danakil block
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include progressive tearing (Courtillot, 1980), “crank-arm” tectonics (Sichler, 1980;

Souriot, 1992; Collet et al., 2000) and microplate models (Barberi and Varet, 1977;

Acton et al., 1991; Eagles et al., 2002; McClusky et al., 2010; Schettino et al., 2016)

that consider rigid rotation of the block about a single Euler pole (Fig. 2.2).

McClusky et al. (2010) pioneered using GNSS observations to constrain the present-

day kinematics of the Danakil block. Their model used a single Euler pole (17.0°N;

37.9°E; rate: 1.9 °/Myr) for the Danakil-Nubia relative motions, in line with earlier

microplate models (Fig. 2.2). A plate reconstruction about this pole resulted in a

microplate age of ∼9.3 Ma, but involved substantial overlap of unextended terrain

along the northern part of the Danakil block. They suggested that this overlap im-

plied a northward migration of the Euler pole of ∼200 km to its current location since

the isolation of the Danakil microplate. Following this suggestion, Reilinger and Mc-

Clusky (2011) estimated an initiation of opening of Gulf of Zula at ∼5 Ma and initial

separation of the Danakil block from Nubia at 11 ± 2 Ma. The results from Schettino

et al. (2016) also indicate migration of the Danakil-Nubia Euler pole (∼390 km since

4.6 Ma), although their plate boundary configuration and Euler pole migration his-

tory differs from those in McClusky et al. (2010) and Reilinger and McClusky (2011)

(Fig. 2.2).

In this study we use GNSS observations acquired in March 2016 to extend GNSS

position time-series resulting in an improved velocity field for the southern Red Sea

region. From the velocity field, we analyze the present-day kinematics of the Danakil

block, e.g. by revisiting the kinematic block-modeling approach of McClusky et al.

(2010), and report on active deformation near the Gulf of Zula in northern Eritrea.

After describing shortcomings of earlier kinematic block models, we propose an alter-

native model where the southernmost part of the Red Sea is considered as a part of

the Arabian plate.
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Figure 2.1: Tectonic settings of the southern Red Sea, Afar and Gulf of Aden region.
Major active rift segments defined after Manighetti et al. (1998) and Pagli et al.
(2014) and the Hanish-Dubbi transverse zone after Barberi and Varet (1977) and
Varet (2018). Background hillshaded topography and bathymetry from [http://
topex.ucsd.edu/] and offshore free-air gravity anomalies (version 27) from Sandwell
et al. (2014).

2.3 GNSS Data Processing

We analyzed GNSS data from both continuous/permanent stations and measurement

campaigns within our study area collected during the period 2001-2016 (Fig. 2.2).
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Most stations and survey sites were installed by the MIT, the Eritrea Institute of

Technology (data available at Ghebreab et al., 2010a,b; Ogubazghi and Reilinger,

2010a,b,c,d; ArRajehi et al., 2013) and the French mobile network (data available

at [https://gnsscope.dt.insu.cnrs.fr/spip/]) in the early 2000’s and the survey

sites have been measured several times since then. In March 2016 we re-occupied all

the Saudi Arabian and Eritrea GNSS sites (except DEBA), extending the observations

at 19 locations. A similar data set exists for the GNSS locations in Djibouti and

Ethiopia, but no observations have been made at the Yemeni GNSS sites since 2008.

The updated data set doubles the time span covered by McClusky et al. (2010) and

includes observations from four new sites (BOTA, MAN2, DAHE, DAHW, Fig. 2.2,

Table 2.1.

We used the GAMIT/GLOBK software (Herring et al., 2015) to analyze the GNSS

data and followed the approach described by Floyd et al. (2010) and Kogan et al.

(2012). A total of 18 IGS core stations were added to the processing in order to es-

timate a consistent transformation (translation and rotation) stabilizing our network

to the ITRF2008 reference frame (Altamimi et al., 2012). We then combined daily

solutions for each continuous GNSS station and survey site into position time-series,

leading to a set of velocities with respect to ITRF2008. Angular velocities from the

Altamimi et al. (2012) plate motion model were used to rotate the velocity field into

a Nubian-fixed reference frame (Fig. 2.2). To estimate realistic uncertainties for the

GNSS velocities, we included the character of the time-series noise in the analysis

(see Floyd et al. (2010) for details), which yielded horizontal velocity component

uncertainties of <0.5 mm/yr for most of the survey sites.
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Figure 2.2: Horizontal GNSS velocities for the time period 2001-2016 with respect
to Nubia (with 95% confidence ellipses). The spatial extent of the Danakil block
in different microplate models is shown by the green (Chu and Gordon, 1998; Eagles
et al., 2002), yellow (McClusky et al., 2010) and blue (Schettino et al., 2016) polygons
as well as the Danakil-Nubia Euler pole locations of these models.
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Prior to the GNSS velocity estimation, we checked each position time-series for

possible changes associated with the volcano-tectonic events that occurred in the

area during the observation period. In particular, we checked for possible response

to the 2004 Dallol dyke intrusion (Nobile et al., 2012), the 2005-2010 Dabahu-Manda

Harraro rifting episode (Wright et al., 2006; Grandin et al., 2009; Hamling et al.,

2010), the 2008 Alu-Dalafilla volcanic eruption (Pagli et al., 2012), the 2007 Jebel

at Tair and 2011-2013 Zubair islands eruptions (Xu and Jónsson, 2014; Xu et al.,

2015a), the 2010-2011 Gulf of Aden rifting episode (Ahmed et al., 2016) and the

2011 Nabro volcanic eruption (Hamlyn et al., 2014; B. et al., 2015). None of the

position times-series show significant rate changes that correspond to these events

nor to post-dyking deformation in the area (e.g., Doubre et al., 2017), except those

of the southernmost stations PGMD, PTDJ and RSB0 (Fig. 2.2). These stations are

located on the northern margins of the active Asal-Ghoubbet, Tadjoura and Obock

rift segments (Fig. 2.1), associated with the inland propagation of the Aden Ridge into

Afar (Manighetti et al., 1998; Doubre et al., 2017). Moreover, the observed velocity

change at RSB0 (near the Obock rift segment, Fig. 2.1), which occurred about a

year before the 2010-2011 Gulf of Aden rifting episode (Ahmed et al., 2016), was

also identified by Doubre et al. (2017) and remains poorly understood. Therefore, we

suggest that the three stations are affected by some transient motion and we removed

the affected parts of the position time-series to ensure that the estimated velocities

represent the steady-state motion at these locations.

2.4 GNSS Velocity Field

Estimated velocities relative to the Nubian plate along with their 95% confidence

ellipses are shown in Figure 2 (see also Table 2.1). The Euler vectors between the

ITRF08 and major tectonic plates in the area (Arabia, Nubia, Somalia) were defined

after the Altamimi et al. (2012) plate-motion model due to the limited number of sta-
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tions outside the Danakil block. GNSS stations located in stable Nubia (west of sta-

tion MAIA, Fig. 2.2) show small residual velocities below 0.6 mm/yr, indicating that

our solution is broadly consistent with the Altamimi et al. (2012) plate-motion model.

Likewise, the estimated velocities at GNSS stations within the Arabian plate match

the predicted motions (∼18.0 mm/yr at ∼14.6°N and ∼14.5 mm/yr at ∼19.0°N) by

their Arabia-Nubia Euler vector. In contrast, GNSS stations located along the Er-

itrean coast (Fig. 2.2) show motions that deviate from the large-scale rigid plate

model of Altamimi et al. (2012).

At least four sites in the north of our GNSS network (GEDE, HIRG, GURG,

MASZ) show small but significant motions towards Gulf of Zula (Fig. 2.2). These

departures from the Nubian-fixed reference frame suggest elastic inter-rifting coupling

of the plate boundary (Joffe and Garfunkel, 1987; Vigny et al., 2006; Smittarello et al.,

2016), with a clear east-west velocity gradient across the gulf, consistent with present-

day opening motions across the Zula-Bada corridor (Frazier, 1970, Fig. 2.2). Further

evidence for plate divergence and active rifting in the area is provided by well-exposed

extensional structures (e.g., Sani et al., 2017) and recent seismic activity (e.g., Illsley-

Kemp et al., 2018) throughout the area.

From the Dahlak islands in the northwest (Fig. 2.1), the GNSS velocities increase

towards southeastern Eritrea and Djibouti, where they equal the observed rates in

stable Arabia (Fig. 2.2). Similar GNSS velocities of ∼20 mm/yr toward ∼N53°E

on both sides of the Bab-el-Mandeb Strait (Fig. 2.2), in addition to the suggested

termination of the southern Red Sea ridge at ∼14.8°N (Barberi and Varet, 1977;

Schettino et al., 2016; Varet, 2018) or at Hanish-Zukur Islands (∼13.8°N, Fig. 2.1),

indicate no significant opening motions across the southernmost Red Sea at present

(also suggested by Vigny et al., 2006, 2007; Doubre et al., 2017) and thus a full

transfer of extension from the southern Red Sea rift into the subaerial Danakil-Afar

rift. The increase of the station velocities toward southeast is also consistent with
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that expected from a small rigid block rotating around a near-by Euler pole (Acton

et al., 1991), supporting the microplate models (e.g., Chu and Gordon, 1998; Eagles

et al., 2002; McClusky et al., 2010; Schettino et al., 2016).

Table 2.1: Horizontal GNSS velocities with respect to the Nubian plate.

Site (°) (mm/yr)
Lon. Lat. Ve Vn σVe σVn Rho

ADEN 45.040 12.812 14.85 12.03 0.43 0.39 -0.006
ADER 38.119 15.655 0.46 0.93 0.33 0.32 -0.004
ADIK 39.325 14.883 1.02 -0.23 0.39 0.37 -0.000
ASAB 42.654 13.063 15.90 12.43 0.24 0.24 0.000
BOTA 42.167 13.614 14.29 12.20 0.46 0.42 -0.039
DAHE 40.110 15.639 4.40 1.58 0.41 0.39 -0.007
DAHW 39.955 15.737 4.88 -0.74 0.40 0.38 -0.008
DEBA 42.346 12.703 16.76 12.73 0.61 0.57 -0.017
DHMR 44.392 14.571 13.46 12.26 0.55 0.51 -0.017
EDIL 41.677 13.845 15.95 8.33 0.41 0.38 -0.002
EDTI 41.353 14.359 11.82 7.40 0.40 0.38 -0.011
GEDE 39.583 15.296 3.77 0.25 0.35 0.32 -0.007
GELA 40.088 15.114 6.65 0.63 0.36 0.34 0.002
GOOZ 41.383 19.042 9.95 11.14 0.39 0.37 -0.007
GURG 39.465 15.657 1.55 0.63 0.40 0.39 -0.009
HABR 38.715 15.638 0.46 0.40 0.33 0.32 0.005
HIRG 39.458 15.456 2.80 1.09 0.41 0.39 -0.006
JIZN 42.104 16.699 11.37 10.99 0.37 0.37 -0.001
JNAR 43.436 13.317 16.27 13.51 0.62 0.53 0.004
MAIA 39.255 15.578 1.31 0.08 0.33 0.32 -0.003
MAJR 41.829 19.096 9.95 11.47 0.38 0.37 -0.003
MAN2 42.184 12.416 16.44 10.82 0.38 0.36 -0.004
MASZ 39.379 15.652 1.77 0.57 0.41 0.40 -0.010
MAYN 38.776 15.233 0.84 0.48 0.42 0.40 -0.011
NAFA 38.504 16.670 0.04 1.17 0.44 0.40 -0.017
NAMA 42.045 19.211 9.97 11.89 0.21 0.21 0.004
PGMD 42.556 11.617 16.12 10.01 0.42 0.42 0.003
PTDJ 42.884 11.789 15.02 10.89 0.63 0.46 -0.002
RSB0 43.362 11.980 15.67 12.88 1.62 1.44 0.010
SANA 44.190 15.348 14.48 13.35 0.56 0.54 -0.027
SHEB 39.054 15.853 0.80 0.22 0.21 0.21 0.000
TIGE 40.477 14.891 7.81 3.22 0.41 0.39 -0.006
TIO1 40.961 14.615 10.26 4.98 0.37 0.35 -0.029
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2.5 Rigid Block Model

In this section we use our improved GNSS velocity field in and around the Danakil

block and revisit the block-rotation model of McClusky et al. (2010). As previously

mentioned, our velocity field is based on longer GNSS time-series than in the previous

study and includes four new stations at both the northern (DAHE, DAHW) and

southern end of the Danakil block (DEBA, MAN2, Fig. 2.2) operating in the area

since late 2007. In addition, we integrated results from recent studies (e.g., Doubre

et al., 2017; Sani et al., 2017; Illsley-Kemp et al., 2018) in defining the Danakil block

boundaries used in our kinematic model. The software package Tdefnode (McCaffrey,

1995, 2002, 2009) was used for all the elastic block modeling presented hereafter. It

allows for relative motions between rigid blocks to be specified by poles of rotation

and node sets defining block boundaries. Model parameters as angular velocities are

estimated by least squares fit to the GNSS data. Similar to former studies (e.g.,

Eagles et al., 2002; McClusky et al., 2010; Schettino et al., 2016), our regional-scale

kinematic model assumes rigid blocks with free-slipping block boundaries.

We begin by comparing our updated GNSS velocity field to the velocities predicted

by the block model of McClusky et al. (2010), which we term as Model 1. The residual

velocities near the southern edge of the Danakil block (south of ∼12°N, stations

PGMD, PTDJ, RSB0) show a systematic rate overestimation in the EW direction

(Fig. 2.3a). In contrast, velocities at stations located further north between ∼12°N

and 14.5°N appear to require a higher block-rotation rate than Model 1 predicts.

Velocities at the new stations in the Dahlak islands (DAHE and DAHW) and station

GELA are, on the other hand, well described by the model (Fig. 2.3a), suggesting

that the block boundary is effectively further west than the one proposed by Eagles

et al. (2002) and Schettino et al. (2016) (Fig. 2.2).

Before re-estimating the Danakil-Nubia angular velocity using our new GNSS

velocity field, we slightly modified the Danakil block boundaries of Model 1 (McClusky
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et al., 2010) by integrating results from several other studies (here termed as Model

2). The southernmost boundary was defined after the Doubre et al. (2017) block

model for Central Afar, constrained by dense and recent geodetic measurements in

the area. It follows the en echelon segments of the Aden ridge (Obock, Tadjoura and

Asal-Ghoubbet, Fig. 2.1) and continues westward until the southeastern border of

the Tendaho graben (Fig. 2.1). The Doubre et al. (2017) block model includes a

northwest continuation of this boundary (dashed-brown line in Fig. 2.3b) connecting

the Tendaho graben with the recently activated Dabbahu-Manda-Hararo rift segment.

This continuation has been proposed as the westernmost Danakil-Nubia boundary at

present (e.g., Bird, 2003; Schettino et al., 2016), with seismic activity in the area

(e.g., Illsley-Kemp et al., 2018) illuminating its path towards the Danakil Depression

(dashed-purple line in Fig. 2.3b). However, the GNSS data in this area do not

provide reliable information on the steady-state motion of the plates, due to the

co- and post-dyking deformation caused by the 2005-2010 Dabbahu-Manda Hararo

rifting episode, associated with several meters of horizontal displacement (Wright

et al., 2006; Grandin et al., 2009; Hamling et al., 2010; Pagli et al., 2014; Doubre

et al., 2017). Therefore, we defined the Danakil-Nubia western boundary along the

central Danakil Depression, similar to McClusky et al. (2010). Further north in the

Gulf of Zula area, the boundary of Model 2 follows earthquake locations from recent

seismicity (Illsley-Kemp et al., 2018) and runs roughly parallel to the mean strike

orientation of tectonic structures in the area (e.g., Sani et al., 2017, Fig. 2.3b). North

of Dahlak Islands the plate-boundary location of Bird (2003) correlates well with both

earthquakes offshore Massawa and strike-slip focal mechanisms close to the ridge axis

(McKenzie et al., 1970, Fig. 2.1). Thus, we located the northernmost block boundary

segment of Model 2 using the above references.
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Figure 2.3: Results for Models 1 (a) and 2 (b) using our updated GNSS velocity
field. Yellow lines mark block boundaries (dashed lines show less certain boundary
locations), green arrows show residual GNSS velocities (with 95% confidence ellipses),
and red arrows indicate predicted model velocities at the block boundaries (reference
block is to the west/south). Red triangle and blue hexagon depict the Danakil-Nubia
Euler pole from McClusky et al. (2010) and Model 2 (stations PGMD, PTDJ, and
RSB0 were excluded in the estimation), respectively. Likewise, dashed brown and
purple lines show the southwestern Danakil block boundary according to Doubre
et al. (2017) and lineations of recent seismicity (e.g., Illsley-Kemp et al., 2018).

Using our improved GNSS velocities and updated block boundaries, the Model 2

yields almost identical angular velocity results as for Model 1 when using the same set

of Danakil GNSS stations. However, when excluding the three southernmost sites, the

estimated pole location moves∼42 km to the south from the previous estimate (Model

2, 16.62°N, 39.73°E) and the angular rotation rate is 21% higher (2.3 °/Myr) than

for Model 1. Albeit balanced by the southward location of the Euler pole in Model

2 relative to Model 1, the higher rotation rate decreases the residual velocity WRMS

error for GNSS stations located north of ∼12°N by 26%. Yet, the residual velocity
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map still shows the same change in polarity north and south of GNSS station ASAB,

with the model underpredicting observed velocities in central Danakil while slightly

overpredicting the two velocities just south of ASAB (Fig. 2.3b). One explanation for

the specific behavior of the three southernmost stations could be elastic coupling at

the trans-tensional Gulf of Aden plate boundary. However, GNSS studies focusing on

Djibouti have concluded that the elastic coupling at these locations is limited (e.g.,

Vigny et al., 2006; Doubre et al., 2017). Therefore, the updated velocity field may

rather suggest the two regions north and south of ASAB are moving independently of

each other. Furthermore, the compression the models predict across Bab-el-Mandeb

Strait is not compatible with the kinematics of the southern Red Sea (Manighetti

et al., 1997; Schettino et al., 2016) as well as with the limited differential motions in

our updated velocity field and in those from previous studies (e.g., Vigny et al., 2006,

2007; McClusky et al., 2010; Doubre et al., 2017).

2.6 Alternative Block Model

The shortcomings of Models 1 and 2 and the somewhat different behavior of the

northern and southern Danakil GNSS stations suggest the need for more than one

Euler vector in explaining the current motions of the entire Danakil region (Barberi

and Varet, 1977; Courtillot, 1982). In line with this, the suggested termination of

the southern Red Sea rift at ∼14.8°N (Schettino et al., 2016) or at Hanish-Zukur

Islands (∼13.8°N) and the absence of seismic activity in Bab-el-Mandeb Strait (Al-

Amri et al., 1998, Fig. 2.1) have been related to a possible connection between the

southern Red Sea and Danakil-Afar rifts via the so-called Hanish-Dubbi transverse

zone (Barberi and Varet, 1977; Varet, 2018, Fig. 2.1). Here we test whether or not

the updated velocity field supports such a plate-boundary configuration.

Our alternative block model configuration (Model 3) considers the Hanish-Zukur

volcanic islands as the southeastern edge of the Danakil block. Differently from the
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Bab-el-Mandeb Strait, seismic activity in the area between the Zubair and Hanish-

Zukur groups (e.g., Hofstetter and Beyth, 2003; ISC, 2019) is consistent with an

active plate boundary along this portion of the Southern Red Sea axis (Varet, 2018).

The block boundary configuration is further supported by the clear N40°E alignment

of volcanic landforms within the islands, numerous submarine volcanic vents to the

southwest and the island group itself (e.g., Gass et al., 1973), all located along a

band of high magnetic anomalies (Fig. 2.4). Although similar well-expressed struc-

tures are absent within Afar (e.g., Varet, 2018), the Nabro and the Dubbi volcanoes

strike almost parallel to the Hanish-Zukur islands and are important geomorpho-

logical markers crossing the Danakil block. These volcanoes locate along transverse

alignments in the area (e.g., Hanish-Dubbi, Fig. 2.1), which have been proposed to

represent the surface expression of a NE-SW oriented “leaky” transform fault, al-

lowing for spreading segments within Afar to totally replace the oceanic Red Sea

rift zone (Barberi and Varet, 1977). Considering the information above, we defined

the southernmost Danakil block boundary from the Hanish-Zukur volcanic lineations

(Fig. 2.4) and in such a way that presently stabilized margins within Afar (defined

after Varet, 2018) remain parts of the Arabian plate (Fig. 2.5). The less constrained

on land segment of this boundary minimizes predicted compressional motions towards

the Danakil Depression while remaining broadly consistent with zones of separation

between different crustal domains (inferred from S-wave seismic tomography, e.g.,

Guidarelli et al., 2011; Hammond et al., 2014) and high shear strain rates determined

from InSAR (e.g., Pagli et al., 2014). The rest of the block boundaries are the same

as in Model 2 (Fig. 2.5).
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Figure 2.4: Offshore volcanic vents (orange circles) and alignments (black lines) in
and near Hanish-Zukur Islands. The rose diagram shows the dominating strike of
vent alignments, crater elongations, eruptive fissures and/or volcanic ridges in the
area (all structures were mapped in Google Earth). Several volcanoes in the Nabro
volcanic area are labeled and inland volcanic vent locations are highlighted by red
dots. Continuous GNSS stations and survey sites are depicted by blue and yellow
triangles, respectively. Marine-satellite magnetic anomalies after Maus et al. (2009).

The results of the angular velocity optimization for Model 3 are presented in Fig.

2.5 (see also Table 2.2) as residual velocities and predicted relative motions between

interacting tectonic plates. As expected from the GNSS velocity residuals of Models

1 and 2 north of Hanish-Zukur Islands, the modeling here results in a higher angular

rotation rate (2.83 °/Myr) for the Danakil-Nubia relative motion, an increase that is

also due to the ∼38 km southward shift of the pole position (16.36°N, 39.96°E).
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Figure 2.5: Results for Model 3 with a smaller Danakil block. The Danakil-Nubia
(DA-NU) and Danakil-Arabia (DA-AR) Euler poles of relative motion are shown
by purple squares. Yellow lines mark block boundary locations (dashed yellow lines
show less certainty boundaries), green arrows show residual GNSS velocities (with
95% confidence ellipses), and red arrows show model-predicted velocities at block
boundaries (reference block is to the west/south).
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Table 2.2: Angular velocities and uncertainties for the motion of the Danakil block
relative to neighboring tectonic plates derived from our preferred model results (Model
3).

Plate pair (°) (°/Ma) Covariance matrixa (×10−3)
Lat. Lon. ω̇ σxx σxy σxz σyy σyz σzz

DANA-NUBI 16.36 39.96 2.83 2.67 2.30 0.92 1.99 0.80 0.32
DANA-ARAB 13.80 41.92 2.45 3.19 2.93 1.32 2.76 1.28 0.63
DANA-SOMA 15.08 39.96 2.88 2.74 2.36 0.91 2.06 0.78 0.34
DANA-ITRFb 20.76 36.82 2.82 2.68 2.30 0.92 1.99 0.79 0.32

a Elements of the angular velocity covariance matrix have units of (°/Ma)2, b describes the motion
of the Danakil block relative to the ITRF08, constrained after the Altamimi et al. (2012) plate
motion model.

The predicted velocities by Model 3 explain the GNSS data north of station ASAB

with a 53% and 36% WRMS error reduction relative to Model 1 and 2, respec-

tively (Fig. 2.5). Likewise, GNSS velocities at stations located to the south of the

Danakil block are better described by the Arabia-Nubia Euler vector (defined af-

ter Altamimi et al., 2012), for which the WRMS error of Model 3 is reduced by

39% and 49% compared to Models 1 and 2. Four stations across the Bab-el-Mandeb

Strait (ASAB, DEBA, JNAR, MAN2, Fig. 2.5) show residual velocities of ∼2 mm/yr

toward ∼N45°E, confirming for null differential motions in the area at present. A

possible explanation for these departures from the frame realization may be that the

angular velocity of the Arabian plate in the Altamimi et al. (2012) plate motion model

is constrained by only 4 GNSS stations, differently from the Nubian plate, for which

11 stations were used.

We tested the significance of the decrease in χ2 by Model 3 relative to Models 1

and 2 by means of the F-ratio test described in Stein and Gordon (1984a). From the

set of 14 GNSS velocities along the entire Danakil block, F-ratios of 17.8 and 17.0 were

obtained respectively. Both estimates are higher than the f0.001 critical value (7.8)

at 99.9% confidence level, supporting our new Model 3 with a significantly smaller

Danakil microplate than previously suggested (Varet, 2018).



46

2.7 Inter-rifting deformation in Gulf of Zula

The Gulf of Zula is characterized by recent tectonic structures (∼1 Ma) in the area

forming two left-stepping grabens, where the east-west oriented extension associated

with the Danakil-Nubia relative motion is accommodated (Sani et al., 2017, Fig. 2.6).

Given the absence of significant volcano-tectonic events in the area during the time

span of our measurements and in the historical archives, the steady-state component

of deformation is well represented by our GNSS velocity field. The clear velocity

gradient of GNSS stations across the gulf confirms extensional motions in the area

(Fig. 2.2 and 2.6) and indicates a rather diffuse deformation pattern at this part

of the Danakil-Nubia boundary (e.g., Garfunkel and Beyth, 2006, Fig. 2.6). The

GNSS velocities, after correcting for the Danakil-Nubia relative block motion (Model

3, Table 2.2, Fig. 2.6) and projected along a ∼N84°E profile (Fig. 2.7), suggest a

typical inter-rifting signal, similar to what has been observed in Afar and Iceland

(e.g., Smittarello et al., 2016; Drouin et al., 2017).

We assess the spatial distribution of active deformation in the Gulf of Zula area

by means of a one-dimensional arctangent model, modified after Savage and Burford

(1973) for the case of divergent plate boundaries. In this model, the velocity com-

ponent into the spreading direction Vsp(x) at any location x on a profile crossing the

boundary can be expressed as a function of the full plate relative velocity Vr and the

effective plate-boundary locking depth D (modified after Heimisson et al., 2015):

Vsp = a0 +
Vr
π
× arctan

[
(x− s)
D

]
(2.1)

with parameters a0 and s allowing for a reference frame adjustment and a shift

in the center location of the plate boundary, respectively. This elastic inter-rifting

model has been successfully applied in describing the horizontal velocity field at the

plate boundary in Iceland (e.g., Islam and Sturkell, 2015; Drouin et al., 2017), while
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an equivalent approach has been implemented for magmatic segments within Afar

(e.g., Smittarello et al., 2016).

After removing the rotational velocity component from GNSS stations on the

Danakil block (Model 3, Table 2.2), the velocity vectors were projected into the N84°E

direction, roughly parallel to the mean strike orientation of tectonic structures in the

area (e.g., Sani et al., 2017, Figs. 2.6 and 2.7). The predicted steady-state Danakil-

Nubia velocities change somewhat within the study area, due to the proximity of

the Danakil-Nubia Euler pole (Fig. 2.5), and we thus used an average opening-rate

value from Model 3 of Vr = 5.6 mm/yr in the inter-rifting deformation modeling.

Parameter a0 was introduced to correct for the small residual velocities observed at

the far-field stations (e.g. ADER, HABR) with respect to the Nubian-fixed reference

frame. From Vsp in Equation 2.1, we also subtract a Heaviside-step function term

H(x − s) of amplitude Vr to account for the rigid block motion that has already

been removed from stations on the Danakil block. Finally, a weighted non-linear

least-squares optimization was used to find model parameters a0, s and D and their

associated covariance matrix.

This modeling yields an effective locking depth of D = 12 ± 3 km and locates the

Danakil-Nubia center of deformation about 10 km west of the Gulf of Zula coast (i.e.,

GNSS station GEDE falls within the Danakil block, Figs. 2.6 and 2.7). Similar values

of D have been estimated for the Eastern and Northern volcanic zones of Iceland (e.g.,

Islam and Sturkell, 2015; Drouin et al., 2017), consistent with the anomalously thick

and elevated crust beneath both Afar and Iceland (Wright et al., 2012). The high

effective locking depth results from the large width of the inter-rifting deformation

zone, with ∼90% of the deformation taking place within ±75 km distance from the

plate boundary (Fig. 2.7). In northern Afar, such broad regions of distributed defor-

mation have been found to characterize areas where mechanical extension is dominant

over magma assisted extension (e.g., Bastow et al., 2018), with faulting in the upper
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crust and ductile flow in the lower crust being the main deformation drivers (Bastow

and Keir, 2011; Ebinger et al., 2017). The modeling provides first-order constraints

on the distribution of active deformation in the Gulf of Zula area without accounting

for possible local complexities within the deformation field (e.g., Ghebreab and Tal-

bot; Sani et al., 2017). Associating the deformation with individual faults or other

structures would require observations at more sites. Nevertheless, the results show

that the inter-rifting deformation is not focused in the gulf itself (Fig. 2.7). The

presence of volcanic vents and distributed faults to the west of Zula further support

this model results (e.g., Sani et al., 2017, Fig. 2.6).

Figure 2.6: Fault locations, volcanic vents (orange circles) and local seismicity (grey
dots) during 2011-2013 of the Gulf of Zula area (after Illsley-Kemp et al., 2018)
along with horizontal GNSS velocities (red arrows with 95% confidence ellipses) after
removing the steady-state rotation of the Danakil block from stations located east
of HIRG. East-dipping normal faults are shown in green and west-dipping faults in
blue (Sani et al., 2017), with additional tectonic structures shown as solid black lines.
The thick grey line marks a profile parallel to the mean strike orientation of tectonic
structures in the area (after Sani et al., 2017) and used for Fig. 2.7.
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Figure 2.7: GNSS velocities (blue circles with 1-σ bars) in the ∼N84°E direction
(see Fig. 2.6) after the Danakil-Nubia relative block motion has been removed, in
comparison to the best-fitting inter-rifting model prediction (solid red line) and the
profile topography (top).

2.8 Discussion

Our geodetic observations and modeling confirm the present-day coherent rotation of

the Danakil block between the southern Red Sea and Danakil-Afar rifts. However,

the size of the block appears to be smaller than in earlier models, with the south-

ernmost Red Sea and eastern Afar being parts of the Arabian plate (Vigny et al.,

2006; Varet, 2018, Fig. 2.5 and Table 2.2). This result is further supported by the

lack of evidence for an active plate boundary south of Hanish-Zukur Islands, i.e., the

GNSS velocity field shows no opening south of the islands, the Bab-el-Mandeb Strait

appears to be seismically inactive, with no record of moderate or strong earthquakes

in the instrumental seismicity archives (e.g., Hofstetter and Beyth, 2003; Varet, 2018;

ISC, 2019), and there are no morphological or volcanological expressions of the rift
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axis extending this far south (Schettino et al., 2016; Almalki et al., 2016). Further-

more, vent alignments, crater elongations and eruptive fissure and/or volcanic ridge

orientations in and around the Hanish-Zukur Islands and the Nabro-Dubbi volcanoes

(N40°E, Fig. 2.4) suggest a possible en echelon plate boundary connecting the two

rift branches within Afar.

The northward migration of the Danakil-Nubia Euler vector (∼200 km during

recent geological times, McClusky et al., 2010; Reilinger and McClusky, 2011) and

the stability of the Afar eastern margins during the last ∼8 Ma (Varet, 2018) are also

consistent with the addition of the southernmost Danakil block to the Arabian plate.

However, the boundary of the Danakil block at this location, extending from the

Hanish-Zukur Islands into Afar, is not well defined. Our modeling primarily suggests

shear motion along this boundary (Fig. 2.5), not directly supporting its likely “leaky”

nature (Barberi and Varet, 1977; Courtillot, 1982), evident by the extensive volcanism

(Fig. 2.4). Further west Model 3 even predicts transpressional motion within Afar,

contrasting with extensional features observed in the area (e.g., Doubre et al., 2017;

Polun et al., 2018; Pagli et al., 2019; La Rosa et al., 2019). GNSS observations from

a denser geodetic network would allow for more accurate strain quantification in the

area, and therefore, provide further constraints on the block boundary location.

Looking at the other parts of the Danakil block boundary, the current GNSS

velocity field in the Gulf of Zula area is dominated by broad inter-rifting deformation

extending ∼75 km away from the plate boundary (Figs. 2.6 and 2.7). Similarities

with other areas in northern Afar (e.g., Bastow et al., 2018), suggest that mechanical

extension is dominant over magma assisted deformation around the gulf. Tectonic

structures in the area (e.g., Drury et al., 1994; Ghebreab and Talbot; Sani et al., 2017,

Fig. 2.6) show similar horsetail terminations as seen at other rift segments within

Afar (e.g., Manighetti et al., 2001b, 2009, 2015), supporting distributed deformation

away from the main rift-bounding faults (Perrin et al., 2016). In line with the latter
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observation, we determine the center location of the spreading boundary ∼10 km

west of the Gulf of Zula shoreline (Figs. 2.6 and 2.7). The optimal boundary location

correlates well with a NNW-SSE sediment-filled graben bordered by normal faults of

opposite dip orientation (e.g., Sani et al., 2017), located between the Ghedem block

to the East and the basement units to the west (e.g., Drury et al., 1994, Figs. 2.6 and

2.7). This suggests that the active deformation may be gradually moving west away

from the Zula-Bada corridor (Frazier, 1970, Fig. 2.6) and/or shifting between tectonic

structures during different inter-rifting periods (Metzger and Jónsson, 2014). Note

that the city of Massawa, that has been destroyed several times in the past (e.g., 1884,

1921) by earthquake swarms (Gouin, 1979), is located near our proposed boundary.

The relatively thick seismogenic layer estimated for this part of the Danakil-Nubia

plate boundary (12 ± 3 km) is also consistent with the crust beneath the Danakil

Depression being 5-10 km thicker than normal oceanic crust (e.g., Hammond et al.,

2011; Ebinger et al., 2017) and thus resulting in more diffuse inter-rifting deformation.

The rotation parameters of our preferred Model 3 predict left-lateral strike-slip

motion at the northernmost edge of the Danakil block, with increasing transpression

towards the Red Sea rift (Fig. 2.5). The transform motion is consistent with earth-

quake focal mechanisms in this area, which have been interpreted as occurring on

north-south oriented sinistral strike-slip faults (Chu and Gordon, 1998). The small

magnitude of the shear conjointly with the presence of thick evaporite deposits (∼4 km

around the Dahlak islands, Carbone et al., 1998) correlate well with the moderate seis-

micity and the lack of well-developed tectonic structures and/or tectonically-driven

seafloor topography (Varet, 2018). Yet, our block boundary in this area is rather

speculative since the tectonic structures connecting the Red Sea and Danakil-Afar

rifts are still unknown Varet (2018).
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2.9 Conclusions

Combining up to 16 years of GNSS observations for an improved velocity field of the

southern Red Sea, Afar, and Gulf of Aden region has allowed us to determine an

updated kinematic block model for the entire study area. The velocity field reveals

the diffuse character of the Danakil-Nubia plate boundary in Gulf of Zula, where

inter-rifting deformation extends over more than 100 km wide deformation zone. Our

results also suggest that the Danakil block is significantly smaller than previously

reported and only extending south to the Hanish-Zukur Islands in the southern Red

Sea. GNSS velocities on the northern part of the block show a coherent rotation

relative to the Nubian plate about the Euler pole located at 16.36°N, 39.96°E and

rotating at 2.83 °/Myr. South of the of Hanish-Zukur Islands, on the other hand, the

GNSS velocities are better described by the Arabia-Nubia relative motion, supporting

the addition of the southernmost part of Eritrea and northern Djibouti to the Arabian

plate.
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Chapter 3

Present-day motion of the Arabian plate

3.1 Abstract

The present-day motions in and around the Arabian plate involve a broad spectrum

of tectonic processes including plate subduction, continental collision, seafloor spread-

ing, intraplate magmatism, and continental transform faulting. Therefore, good con-

straints on the relative plate rates and directions, and on possible intraplate deforma-

tion, are crucial to assess the seismic hazard at the boundaries of the Arabian plate

and areas within it. Here we combine GNSS-derived velocities from 168 stations lo-

cated on the Arabian plate with a regional kinematic block model to provide updated

estimates of the present-day motion and internal deformation of the plate. A single

Euler pole at 50.93±0.15◦N, 353.91±0.25◦E with a rotation rate of 0.524±0.001◦/Ma

explains well almost all the GNSS station velocities relative to the ITRF14 reference

frame, confirming the large-scale rigidity of the plate. Internal strain rates at the

plate-wide scale (∼0.4 nanostrain/yr) fall within the limits for stable plate interiors,

indicating that differential motions are compensated for internally, which further sup-

ports the coherent rigid motion of the Arabian plate at present. At a smaller scale,

however, we identified several areas within the plate that accommodate strain rates

of up to ∼8 nanostrain/yr. Anthropogenic activity and possible subsurface magmatic

activity near the western margin of the Arabian plate are likely responsible for the

observed local internal deformation. Put together, our results show a remarkable

level of stability for the Arabian lithosphere, which can withstand the long-term load
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forces associated with active continental collision in the northeast and breakup to the

southwest with minimal internal deformation.

3.2 Introduction

The Arabian plate began its independent motion in the late Oligocene, likely fa-

cilitated by extensional forces associated with plume-related volcanism beneath the

African lithosphereand northward subduction of the Neo-Tethys ocean in response

to the Indian-Eurasian continental collision (McClusky et al., 2003; Bellahsen et al.,

2003; Bosworth et al., 2005; Fournier et al., 2010). The location of the plate bound-

aries, as we know them today, resulted from several phases of structural reorganization

taking place since the early Miocene including: 1) simultaneous rifting along the Red

Sea and Gulf of Aden at ∼25 Ma, 2) seafloor spreading in the Gulf of Aden and

the Red Sea since ∼17.6 Ma and ∼13 Ma, respectively, 3) continental collision along

the Bitlis suture and the Bitlis-Zagros fold and thrust belt since ∼14 Ma, 4) connec-

tion of the northern Red Sea with the East-Anatolian fault through the Dead Sea

transform fault at ∼14 Ma, 5) formation and isolation of microplates including the

Danakil and Sinai (∼13 Ma) blocks, 6) stabilization of the southernmost Red Sea

and full transfer of the Nubian-Arabian extension west of the Danakil block ∼8-5

Ma, and 7) formation of the ∼800 km long Owen Fracture Zone (OFZ) connecting

the Aden-Owen-Carlsberg triple junction to the Makran subduction zone at ∼2.4-6

Ma (Vernant et al., 2004; Bosworth et al., 2005; Garfunkel and Beyth, 2006; Fournier

et al., 2008; McClusky et al., 2010; Fournier et al., 2010; Reilinger and McClusky,

2011; Leroy et al., 2012; Robinet et al., 2013; Reilinger et al., 2015; Varet, 2018b;

Bosworth et al., 2019; Rodriguez et al., 2019; Gomez et al., 2020; Augustin et al.,

2021, and references therein, Fig. 3.1).

Subduction of Nubian and Arabian oceanic lithosphere beneath Eurasia continues

at present and is the main driver of the observed oblique opening along the Red



55

Sea and Gulf of Aden rifts, right-lateral strike-slip motion along the OFZ, frontal

shortening along the Makran subduction zone, transpression along the Bitlis-Zagros

fold and thrust belt, and predominantly left-lateral strike-slip motion along the Dead

Sea and East Anatolian faults (Vernant et al., 2004; Reilinger et al., 2006; ArRajehi

et al., 2010; Rodriguez et al., 2019; Hamiel and Piatibratova, 2019; Gomez et al., 2020,

Fig. 3.1). Earlier studies combining GNSS measurements, magnetic anomaly profiles,

earthquake slip vectors and plate paleo-positions indicate that the relative motions

involving the Arabian-Nubian, Arabian-Somalian, and Arabian-Eurasian plate pairs

have been unchanged since at least 11, 15, and 24 Ma, respectively (Chu and Gordon,

1998; McQuarrie et al., 2003; ArRajehi et al., 2010; Fournier et al., 2010; Iaffaldano

et al., 2014; Schettino et al., 2016). Nevertheless, temporal variations in the Arabian-

Nubian-Eurasian relative motion has been suggested based on GNSS-derived angular

velocities from stations in Yemen, Bahrain, Oman, and Iran, finite rotations of the

ocean-floor along the Eurasia-Nubia-North America plate circuit, as well as global

dynamic models (e.g., Calais et al., 2003; Austermann and Iaffaldano, 2013). This

change in the convergence rate is interpreted to have initiated since ∼5-3.2 Ma, coeval

with the most recent phase of orogenic uplift within the Zagros and adjacent regions

(Austermann and Iaffaldano, 2013).

Estimates of the relative motion at the plate boundaries surrounding the Arabian

plate, which provide important inputs for regional earthquake hazard assessments,

mostly rely on GNSS observations and kinematic block modeling (e.g., Vigny et al.,

2006; ArRajehi et al., 2010; Reilinger and McClusky, 2011; Kreemer et al., 2014;

Altamimi et al., 2017). However, despite an overall consistency between kinematic

models, differences in GNSS site numbers, geographic distribution, and observation

time spans have resulted in some discrepancies between the predicted relative motions.

Adding to that, the present-day motion and boundary configuration of an increasing

number of microplates surrounding the Arabian plate are still not fully resolved (e.g.,
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Sinai, Carmel, Mt. Lebanon, Syrian Coast, Helmand, Lut, Central Iran, Reilinger

et al., 2006; ArRajehi et al., 2010; Gomez et al., 2020, Fig. 3.1).

Figure 3.1: Main plate boundaries around the Arabian plate defined after Bosworth
et al. (2005); Schettino et al. (2016); Doubre et al. (2017); Rodriguez et al. (2019);
Viltres et al. (2020); Ribot et al. (2021) and A. Afifi (pers. comm.). Background hill-
shaded topography and bathymetry from http://topex.ucsd.edu/. The Carmel
(Cr), Mt. Lebanon (ML), Syrian Coast (SC), Central Iran, Lut, and Helmand blocks
were drawn after Gomez et al. (2020), Reilinger et al. (2006) and Vernant et al. (2004).
Other abbreviations: Harrat Rahat (HR), Khaybar (HKh), Ithnayn (HI), Kishb
(HKb), Hadan (HH); Alula-Fartak (AFT), Socotra-Hadbeen (ST) transform fault;
Aden ridge (AR), Aden-Owen-Carlsberg triple junction (AOC), Dalrymple Trough
(DT), Beautemps-Beaupré pull-apart basin (BB).
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Furthermore, GNSS-derived differential motions have indicated that the Arabian

plate is coherently moving as a single block, although localized strains consistent

with shortening in the Palmyride Mountains and extension within the western Ara-

bian margins have been observed (e.g., ArRajehi et al., 2010; Aldaajani et al., 2021).

All the studies above, however, relied on a limited number of GNSS stations from

within the plate interior or included sites spanning only up to 18 months of measure-

ments, yielding results with limited resolution.

Here we report on the analysis of measurements from 189 GNSS stations spanning

up to 17 years of continuous and survey mode observations and provide updated

constraints on the present-day motions of the Arabian plate. We re-estimated the

angular velocity describing the current Arabian-ITRF14 relative motion using our

new GNSS-derived velocities for stations free from plate-boundary effects. Then, we

combined our results with similar estimates for the neighboring tectonic plates into

a kinematic block model to address the present-day relative motions at the plate

boundaries surrounding the Arabian plate. From the same set of GNSS stations

we present a horizontal strain-rate field for the interior of the Arabian plate on a

calculation grid of 0.5◦ in latitude and longitude. Finally, we discuss the implications

of our new results for the plate’s motion during recent geological times, as well as

for the possible relation of the estimated internal strains with anthropogenic activity,

and subsurface magmatic activity.

3.3 Data and Methods

3.3.1 GNSS datasets and processing

The geodetic data we used for both the Euler pole and the strain-rate tensor es-

timations are from 189 GNSS stations spanning up to ∼17 years of continuous or

survey-mode observations (Fig. 3.1). The longest time-series (>5 years) belong to

continuous GNSS stations installed in the area by MIT (data available at https:
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//www.unavco.org), King Abdulaziz City for Science and Technology (KACST), and

the IGS (data available at https://cddis.nasa.gov/archive/gnss/data/daily).

Most of the station data, however, only span up to 2.5 years, and were provided by

the Saudi Arabia General Authority for Survey and Geospatial Information (data

available at https://ksacors.gcs.gov.sa/). Additional datasets include GNSS

observations from East Africa acquired by MIT, King Abdullah University of Sci-

ence and Technology (KAUST), and the French mobile network (data available at

King et al., 2019; Jónsson, 2020, and https://gnsscope.dt.insu.cnrs.fr/spip/,

respectively), and three GNSS stations installed in Yemen and Oman during the

YOCMAL project (e.g., Leroy, 2013). Observations from a total of 19 IGS fiducial

GNSS stations complemented the geodetic dataset and were used for reference frame

stabilization.

The GNSS observations were analyzed with the GAMIT/GLOBK GNSS analysis

package (Herring et al., 2018), following the processing steps described by Floyd et al.

(2010) and Kogan et al. (2012). In the first step, daily loosely constrained station co-

ordinates and their associated covariance matrices (quasi-observations) were obtained

from the double difference GNSS phase observations. In the next step, we used the

GLOBK Kalman filter (Herring et al., 2018) to combine daily quasi-observations into

position time-series aligned to the ITRF14 reference frame (defined after Altamimi

et al., 2017). The daily solution alignment was achieved by estimating a six-parameter

Helmert transformation constraining the positions of the 19 fiducial IGS stations to

their ITRF14 values. At this step, outliers were removed from the daily position

time-series and appropriate weights to the observations determined. In the final step,

the cleaned daily solutions from the survey-mode and continuous observations were

combined into single survey or 7-day position time-series, respectively, to minimize

short-term noise effects.
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To better constrain the GNSS stations secular motion given that most of the

time-series only extend up to 2.5 years, and to take the station-specific noise struc-

ture into consideration, we used the HECTOR-v1.7.2 software package (Bos et al.,

2013) instead of the GLOBK Kalman filter for the velocities estimation. It allows

for automatic offset detection and outlier removal while estimating trajectory model

parameters with realistic uncertainties in time-series with temporally correlated noise

(Bos et al., 2008, 2013; Williams, 2003, 2008, and references therein). For each compo-

nent, we described the temporal variations in the position time-series by a trajectory

model composed by a linear trend, annual and semiannual oscillations, and step func-

tion terms to account for earthquakes and/or hardware change. Likewise, the noise

within each position time-series was assumed to derive from a linear combination of

white and power-law components. For the limited number of survey-mode observa-

tions, the trajectory model only included the parameters defining a linear trend to

describe the time-series. In addition, we added random walk process noise compo-

nents that predict the same uncertainties as the median values of the noise structure

derived from the continuous GNSS stations prior to the velocity estimation. Finally,

angular velocities from the Altamimi et al. (2017) plate motion model were used to

rotate the estimated absolute station velocities relative to the Nubian plate (Fig. 3.2).

3.3.2 Angular velocity and strain-rate tensor estimation

For the estimation of the Arabian-ITRF14 angular velocity, we constructed a simpli-

fied block model based on the plate boundaries shown in Fig. 3.1 using the TDEFN-

ODE software (McCaffrey, 1995, 2002, 2009, Fig. 3.2). Then, we used similar es-

timates for the neighboring tectonic plates to estimate the rates and azimuths of

present-day motions at the major plate boundaries in the region (e.g, Red Sea-Afar,

Dead Sea Transform Fault, Zagros-Makran collision zone, Owen Fracture Zone, etc.,

Fig. 3.1). Since the GNSS observations are mostly from the Arabian plate (Fig. 3.2),
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the angular velocities for the major neighboring tectonic plates (Nubian, Eurasian,

Indian) were taken from Altamimi et al. (2017) and DeMets et al. (2019), and the

microplates (Danakil, Sinai, Anatolian) angular velocities were taken from Viltres

et al. (2020), Hamiel and Piatibratova (2019), and Gomez et al. (2020), respectively

(see paragraph below for details). Our regional-scale kinematic model considered

free-slip along the fault segments defining the block’s boundaries, while the Euler

vectors (angular velocities) were estimated assuming both (1) rigid block motion,

and (2) internal deformation, by including the parameters defining a uniform hori-

zontal strain-rate tensor in the optimization. In both cases, the model parameters

were estimated by minimizing the residual horizontal velocities at GNSS sites located

at least 50 km away from the prescribed block boundaries by means of the weighted

least squares method.

The motion of the Arabian plate was constrained by 168 sites after removing

11 GNSS stations from within 50 km of the plate boundaries and three GNSS sites

(HL04, TB06, MK94) with time-series affected by transient signals, and therefore, not

representing the steady state motion of the plate (Table S1). The angular velocities

for the Nubian and Eurasian plates were defined after the Altamimi et al. (2017)

plate motion model and constrained by 24 and 97 sites, respectively. For the Indian

and Somalian plates, we used the angular velocities from DeMets et al. (2019). Their

estimates include 29 and 11 GNSS sites, respectively, and are better constrained than

the estimates in Altamimi et al. (2017), which include only 3 stations on each plate.

The motion of the Danakil, Sinai, and Anatolian microplates were constrained by 8

(Viltres et al., 2020), 7 (Hamiel and Piatibratova, 2019), and 11 (Gomez et al., 2020)

GNSS stations, respectively.

We estimated the strain-rate tensor and rotation rates for the entire Arabian plate

at a spatial resolution of 0.5◦ using the “strain tensor from inversion of baselines”,

STIB method (Masson et al., 2014). The STIB method derives from the “inversion of
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baseline variations” method, developed by Spakman and Nyst (2002), and has been

successfully used in regions like Iran, Afar, and the French Alps (e.g., Doubre et al.,

2017; Masson et al., 2014; Henrion et al., 2020). It uses relative baseline changes

between all possible pairs of GNSS stations within a network to derive the velocity

gradient at each computation node, independently of any reference frame (Doubre

et al., 2017; Masson et al., 2014). This approach makes the method less dependent

on the network geometry and the quality of the velocity field, compared to similar

methods like the triangle and the gridded approaches (Wu et al., 2011; Masson et al.,

2014; Doubre et al., 2017). Similar to the angular velocity estimation, only GNSS

stations at least 50 km away from the prescribed block boundaries were used in the

inversion. The inversion was performed without regularization (spatial smoothing),

and the covariance matrix for the a priori model was set to be diagonal with a constant

value of 10−9yr−1, i.e., of the order of magnitude of the expected internal deformation

within the plate (e.g., Vigny et al., 2006).

3.4 Results

3.4.1 GNSS velocity field

The GNSS station velocities show a consistent northeast motion and rotation of the

Arabian plate, relative to the Nubian plate (Fig. 3.2). The motion is ∼19 mm/yr

towards ∼N51◦E in the southernmost Red Sea, ∼12 mm/yr towards ∼N40◦E at

∼21.5◦N, and ∼7 mm/yr towards ∼N23◦E in the Gulf of Aqaba area (Fig. 3.2). The

horizontal velocity uncertainties for GNSS stations within the Arabian plate interior

(>50 km from plate boundary) average to 0.42 mm/yr, and reach up to 1.13 and

1.35 mm/yr for the north and east component, respectively. GNSS velocities in the

southernmost Red Sea, i.e., north of the western part of the Aden ridge along the

Arabia-Somalia plate boundary confirm the full transfer of the Nubian-Arabian rel-

ative extension into Afar (Vigny et al., 2006; Doubre et al., 2017, Fig. 3.2). Their
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present-day motions are well described by the Nubian-Arabian angular velocity, in-

dicating that the area in southern Eritrea and northern Djibouti currently represents

a part of the Arabian plate (Barberi and Varet, 1977; Courtillot, 1982; Viltres et al.,

2020, Fig. 3.1).

Figure 3.2: Horizontal GNSS velocities with 95% confidence ellipses rotated into a
Nubian-fixed reference frame defined after the Altamimi et al. (2017) plate motion
model. Black solid lines mark the simplified kinematic block model derived from the
plate boundaries in Figure 3.1. Abbreviations: Lebanon restraining bend (LRB);
Alula-Fartak (AFT), Socotra-Hadbeen (ST) transform fault. Background hillshaded
topography and bathymetry are as in Figure 3.1.
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3.4.2 Kinematic model

The estimated angular velocity for the Arabian plate relative to the ITRF14 reference

frame is consistent with counterclockwise rotation around an Euler pole located at

50.93±0.15◦N, 353.91±0.25◦E at a rate of 0.524±0.001◦/Ma (Table 3.1). Our new

estimate is within the 2-sigma uncertainties of the Altamimi et al. (2017) angular

velocity, but significantly different from the Kreemer et al. (2014) results. The differ-

ence likely derives from the low number and distribution of GNSS stations used in the

latter study, i.e., only 5 stations in the ESE part of the plate, including two redundant

locations (See Table S1 in Kreemer et al., 2014, for details). The WRMS for the 168

sites used in the Arabian plate realization is 0.48 mm/yr, marginally better than the

0.60 mm/yr for 21, and 0.56 mm/yr for 5 GNSS sites used by ArRajehi et al. (2010)

and Altamimi et al. (2017), respectively.

Our angular velocity estimates predict counterclockwise rotation of Arabia relative

to the Nubian plate around an Euler pole located at 31.61±0.24◦N, 24.22±0.31◦E at

a rate of 0.387±0.002◦/Ma. The resulting Euler pole locates within ∼0.4 angular

degrees, but rotates ∼5% faster compared with the Euler poles in ArRajehi et al.

(2010), Reilinger and McClusky (2011), and Altamimi et al. (2017). However, at the

2-sigma uncertainty level the angular velocities are indistinguishable. As expected

from the previous results, we find significant discrepancies with Kreemer et al. (2014),

which estimated Euler pole locates ∼7 decimal degrees eastward and requires ∼29%

faster rotation rate.

The agreement between our results and the estimates from ArRajehi et al. (2010),

Reilinger and McClusky (2011), and Altamimi et al. (2017) stands for the Arabian-

Eurasian and Arabian-Somalian angular velocities of relative motion. However, our

resulting Arabian-Indian angular velocity is significantly different from all the previ-

ous studies. The associated Euler pole locates up to ∼43 and ∼47 angular degrees

southward and eastward, respectively, and requires a rotation rate up to ∼3 times
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smaller relative to the former studies. Our predicted relative motions along this plate

boundary are at the lower limit of the earlier estimates, but represent better the

almost pure strike-slip tectonics of the Owen Fracture Zone (e.g., Rodriguez et al.,

2019, Fig. 3.3).

Similar to the Arabian-Indian estimates, the Arabian-Sinai, and Arabian-Anatolian

angular velocities reflect clear differences between recent studies addressing the present-

day plate kinematics (e.g., ArRajehi et al., 2010; Reilinger and McClusky, 2011;

Kreemer et al., 2014; Hamiel and Piatibratova, 2019; Gomez et al., 2020). In these

cases, internal deformation (e.g., western Anatolian, Reilinger et al., 2006) combined

with limited number of GNSS stations, and the small size of the microplates (e.g.,

Sinai, ArRajehi et al., 2010) result in the variety of estimated angular velocities in the

studies above. These elements may also contribute in the ∼2/4 and ∼6/12 angular

degree north and west shifts of the Danakil/Sinai microplate instantaneous Euler pole

relative to the long-term estimates for the last ∼4.62 Ma by Schettino et al. (2016).

The updated velocity field rotated into an Arabian-fixed reference frame defined

after the angular velocities estimated in this study (Table 3.1) is shown in Figure

3.3. The residual GNSS velocities within the Arabian plate interior fall within the

95% confidence interval for most of the stations, confirming the coherent rotation of

the plate at present. Some exceptions to this are observed across the plate and will

be described in Section 3.4.4. As previously mentioned, the WRMS for the 168 sites

used in the Arabian plate realization is 0.48 mm/yr, indicating that our single Euler

vector explains well almost all the observed station motions.
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3.4.3 Relative motion at plate boundaries

In addition to GNSS residual velocities, Figure 3.3 shows the rate and direction of the

predicted current motions along the Arabian plate boundary (blue arrows). Following

the strategy described in McClusky et al. (2010), we estimated the relative motion

(strike-slip and normal components) along the Arabian plate boundary associated

with our set of Euler vectors. As from our kinematic model, free-slip and vertical

faults are assumed, and therefore, the effects of the dip angles and elastic strain

accumulation are not accounted for. Besides, our block configuration provides a

simplified description of the plate boundary zones, particularly for the Levant and Iran

regions, where present-day motions suggest the interaction of additional microplates

(e.g., Carmel, Mt. Lebanon, Syrian Coast, Helmand, Lut, and Central Iran blocks,

Vernant et al., 2004; Gomez et al., 2020, Fig. 3.1) not considered in this study.

The predicted velocities along the Arabian-Sinai plate boundary indicate primarily

transtensional motions along the Dead Sea transform fault, consistent with 4.4-4.7

± 0.3 mm/yr of left-lateral strike-slip, and ∼0.8 ± 0.4 mm/yr of extension, except

for the Lebanon restraining bend area (Fig. 3.1 and 3.3). Our estimates are in good

agreement with recent studies in the region constrained by GNSS (e.g., Mahmoud

et al., 2005; Reilinger et al., 2006; ArRajehi et al., 2010; Al Tarazi et al., 2011; Sadeh

et al., 2012; Masson et al., 2015; Hamiel and Piatibratova, 2019; Gomez et al., 2020;

Castro-Perdomo et al., 2021), InSAR (e.g., Li et al., 2021) and geological data (e.g.,

Klinger et al., 2000; Niemi et al., 2001; Ferry et al., 2007), particularly south of the

Lebanon restraining bend (Fig. 3.1). At the center latitude of the Lebanon restraining

bend (∼34◦N) where the block boundary turns eastward, our angular velocities predict

average compressional motions of ∼1.1 ± 0.4 mm/yr, consistent with the suggested

shortening of the bend and in the Palmyride Mountains area (e.g., Alchalbi et al.,

2010; ArRajehi et al., 2010, Fig. 3.3).

For the Arabian-Nubian and Arabian-Danakil plate pairs, the kinematic model-
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ing indicates a gradual transfer of the Nubian-Arabian relative extension from the

Red Sea into Afar (Fig. 3.1 and 3.3). From north to south, the extensional motions

increase from ∼7.2 ± 0.1 mm/yr at the latitude of the Nubian-Arabian-Sinai triple

junction (∼27.5◦N) to ∼15.0 ± 0.1 mm/yr at the Nubian-Arabian-Danakil triple

junction (∼17.0◦N). From ∼17.0◦N to the Hanish-Zukur Islands group (∼13.8◦N)

the Arabian-Nubian relative extension gradually dies out along the main axis of the

southern Red Sea rift, simultaneously with a southward increase in differential mo-

tions on the western Danakil margin (Fig. 3.3). Going inland from the Hanish-Zukur

Islands group, the predicted relative motions indicate primarily left-lateral strike-slip

tectonics, with an fading extensional component as the block boundary cuts trough

Central Afar towards the inland axis of the southern Red Sea rift (Fig. 3.1 and 3.3).

Here, the Arabian-Nubian predicted motions match the GNSS-derived velocities (0.8

mm/yr of WRMS for the 6 GNSS stations), indicating that the area is coherently

moving with the Arabian plate at present (Fig. 3.3).

From west to east the Arabian-Somalian predicted opening motions range from

∼15.2 ± 0.2 mm/yr in the Gulf of Tadjoura to ∼22.9 ± 0.2 mm/yr near the Aden-

Owen-Carlsberg triple junction (Fig. 3.1 and 3.3). The predicted extension rates

are consistent with geodetic estimates of the relative plate motion by ArRajehi et al.

(2010) and Altamimi et al. (2017). Likewise, the azimuth of the relative motion

predicts the expected oblique extension along the Aden ridge, and pure strike-slip

along the Alula-Fartak, and Socotra-Hadbeen transform faults (e.g., Leroy et al.,

2004; D’Acremont et al., 2010; Ahmed et al., 2016, Fig. 3.1 and 3.3).
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Figure 3.3: Observed GNSS velocities (red arrows), with 95% confidence ellipses,
rotated into the Arabian-fixed reference frame from the kinematic block modeling
results (Table 1). Blue arrows show predicted motions along the plate boundaries.
Black solid lines mark the simplified kinematic block model derived from the plate
boundaries in Figure 3.1. Background hillshaded topography and bathymetry are as
in Figure 3.1.
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The azimuths of the predicted relative motion along the Arabian-Indian plates

boundary are in agreement with the right-lateral strike-slip motions prevailing over

the last millions of years along the OFZ (Fournier et al., 2008; Rodriguez et al., 2019).

The model predictions indicate opening motions of ∼0.7 ± 0.5 mm/yr and ∼1.8 ±

0.5 mm/yr for the northern and southernmost extremities of the OFZ, respectively,

consistent with the active normal faults associated with the Dalrymple Trough and

the Beautemps-Beaupré pull-apart basin (Fournier et al., 2008; Rodriguez et al., 2014,

Fig. 3.1 and 3.3). The kinematic modeling results predict mild compression at

∼17.8◦N, in contrast with former estimates (e.g., ArRajehi et al., 2010), but in line

with the presence of restraining bends between ∼16.5-20.3◦N (Fournier et al., 2011).

The average right-lateral strike-slip component for the OFZ (∼2.2 ± 0.5 mm/yr) is at

the lower limit of the MORVEL plate motion model (DeMets et al., 2010), and falls

below former estimates constrained by GNSS (e.g., ∼2.5-3.2 ± 0.5 mm/yr, ArRajehi

et al., 2010) and multibeam and seismic data (e.g., ∼4.2-5 mm/yr, Rodriguez et al.,

2019).

For the northeastern Arabian plate boundary our kinematic model shows a first-

order description of the current regional-scale relative motions. A full description of

the patterns of strain accumulation along this boundary requires updated constraints

on the present-day motions of the Helmand, Lut, and central Iran blocks (e.g., Vernant

et al., 2004; Reilinger et al., 2006; Khorrami et al., 2019). Using the Arabian-Eurasian

plate boundary configuration and their associated angular velocity we estimate ∼29.0

± 0.1 mm/yr of roughly frontal shortening along the Makran subduction zone, and

shortening motions decreasing towards northwest from ∼22.0 ± 0.1 mm/yr to only

∼3.0 ± 0.1 mm/yr along the Zagros collision zone (Fig. 3.1 and 3.3). Despite the

omission of the central Iran block, the relative motion in the Zagros collision zone

indicates the expected oblique convergence characterizing the complex stress regime

of the area (Reilinger et al., 2006; Vernant and Chéry, 2006).
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Our kinematic model predicts predominantly left-lateral strike-slip (∼14 mm/yr)

with a small opening component (<1.5 mm/yr) between the Arabian and the Ana-

tolian plates (Fig. 3.3), similar to Reilinger et al. (2006) and Gomez et al. (2020).

Compared with the former studies, our estimates result in a larger strike-slip, but

smaller normal component at this location. This suggests that a trade-off resulting

from differences in the directions of relative block motion with respect to the local

fault strikes are the main driver of the observed discrepancies.

3.4.4 Internal deformation

As discussed in Section 3.4.2, a single Euler pole can explain almost all the observed

station motions within the Arabian plate interior (Fig. 3.3). Exceptions to this in-

clude 16 GNSS sites (9.5% of the stations) with residual velocities larger than 1.0

mm/yr. To test whether or not plate-wide internal motions could explain these resid-

ual velocities, we included the parameters defining a uniform strain-rate tensor in

our kinematic modeling. The resulting uniform strain-rate tensor predicts 0.4 nanos-

train/yr of ∼N94◦E oriented shortening, consistent with the magnitude of internal

motions proposed by Vigny et al. (2006). The predicted internal motions fall, how-

ever, below the upper bound for stable plate interiors (e.g., Argus and Gordon, 1996;

Gordon, 1998), confirming the broad-scale rigidity of the Arabian plate. Therefore,

the major contributions to the observed differential motions are related either with

locally straining areas that balance each other out within the plate (e.g., ArRajehi

et al., 2010) or noise within our updated velocity field.

The results from our second analysis using the STIB method (Section 3.3.2) are

shown in Figure 3.4. For visualization, the 0.5◦ grid estimates for the areal strain-

rate (first invariant) were oversampled to 0.1◦ by means of the adjustable tension

continuous curvature splines method (GMT5, Wessel et al., 2013). The resulting

map shows effects from single isolated GNSS stations in the northern, and south-
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southeastern parts of the computational domain (Fig. 3.4). Thus, we focus our

discussion mostly to the central part of the plate where the station coverage yields

the highest baselines density.

Figure 3.4: Principal horizontal strain rates and directions (black arrows) and areal
strain-rate (first invariant, extension positive) estimated from the spatially-variable
horizontal strain-rate tensor in Arabia. Black solid lines mark the simplified kinematic
block model derived from the plate boundaries in Figure 3.1. Faint solid grey lines
and circled dots indicate main roads and cities, respectively. Background hillshaded
topography and bathymetry as in Figure 3.1.

At the plate-wide scale, the areal strain-rate map shows areas under extension

neighbored by regions undertaking compressional motions. This is consistent with
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our previous result, as these competing differential motions almost entirely compen-

sate within the plate, resulting in insignificant plate-wide strain rates. Still, several

locally straining areas can be identified within the region of good spatial coverage of

GNSS stations (numbered 1-9 in Fig. 3.4). Except for the extensional area close the

Harrat Rahat volcanic field (4), there are no obvious tectonic structures that can be

associated with the internal strains observed elsewhere within the plate. However, the

remaining areas are either located near agricultural fields (1-3, 5, 7, 9) or cities (6, 8).

What is more, their spatial distribution correlates well with areas of known groundwa-

ter over-exploitation in Saudi Arabia, where 83-90% of the total water demand comes

from agriculture (Abderrahman, 2001, Fig. 3.5). Besides, areas 6 and 8 locate near

the cities of Riyadh and Al Hofuf, respectively, where significant ground subsidence

resulting from rapid urbanization over units characterized by karst geomorphology

have been identified (Amin and Bankher, 1997; Aljammaz et al., 2021).

3.5 Discussion

Our estimated Arabian-ITRF14 angular velocity implies consistency between recent

derivations of the Arabian-Nubian-Eurasian relative plate motions (e.g., ArRajehi

et al., 2010; Reilinger and McClusky, 2011; Altamimi et al., 2017), confirming the

steady motion of the Arabian plate at present. The Arabian-Nubian Euler vector is

also consistent within the 95% confidence interval with former estimates derived from

combination of magnetic anomaly profiles and earthquake slip vectors (e.g., Chu and

Gordon, 1998; Schettino et al., 2016). This indicates that the present-day motions

between the plates have remained unchanged since at least the time of the oldest mag-

netic lineation identified in the Red Sea (∼4.62 Ma, Schettino et al., 2016). This time

more than doubles when considering the agreement with the ArRajehi et al. (2010)

and Reilinger and McClusky (2011) estimates, setting the time for steady motion of

the Arabian relative the Nubian and the Eurasian plates back to ∼11 ± 2 and ∼24
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± 4 Ma, respectively. We support this interpretation of steady motion between the

plate triplet for the last ∼11 ± 2 Ma, as the suggested 30 degree northward shift of

the Nubian-Eurasian Euler vector during recent geological times (e.g., Calais et al.,

2003) would have become evident for at least one of the plate pairs, given the differ-

ences in number, geographic distribution, and observation time spans of the GNSS

sites constraining the relative plate motion.

In addition to the Arabian-Somalian angular velocities reported by ArRajehi et al.

(2010) and Reilinger and McClusky (2011), the updated estimates are consistent with

the noise-reduced Euler vector obtained by Iaffaldano et al. (2014). Based on the plate

paleo-positions during the last ∼20 Ma (defined after Fournier et al., 2010) their study

indicates that the plate pair relative motion remained stable since at least ∼15 Ma.

Likewise, the analysis of high-resolution sequences of finite rotations between the

Indian-Somalian and Indian-Eurasian plates during the same time period indicate

stationary poles of rotations for the two plate pairs since ∼12.5 Ma (e.g., Iaffaldano

et al., 2018; DeMets et al., 2019). Together, the results above imply the steady state

motion of the Arabian plate relative to the Nubian, Somalian, Indian, and Eurasian

plates since at least the beginning of seafloor spreading along the full extent of the

Red Sea ∼13 Ma (Augustin et al., 2021).

The major discrepancies between our estimated angular velocities and recent esti-

mates from ArRajehi et al. (2010) and Reilinger and McClusky (2011) are associated

with the Arabian-Indian plate pair. Our new estimate predicts better the almost pure

strike-slip tectonics of the OFZ, but seems to underestimate the magnitude of relative

motion. At the predicted present-day slip rate (∼2.2 mm/yr), our kinematic model

yields an age for the formation of the OFZ of 4.5-5.4 Ma, consistent with the age range

estimated by Fournier et al. (2008). However, recent analysis combining structural

and stratigraphic studies indicate that the 10-12 km morphological offsets observed

along the present location of the OFZ date only ∼2.4 Ma, requiring dextral motions
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of 4.2-5 mm/yr along its entire length during this time (Rodriguez et al., 2019). A

literal interpretation of the differences between the instantaneous and long-term pre-

dicted relative motion for the Arabian-Indian plate pair involves either increase in

the Arabian-Eurasian and/or slowdown of the Indian-Eurasian convergence rate. We

consider these scenarios rather unlikely taking into account the apparent steady mo-

tion between the plate triplet during the last ∼13 Ma (e.g., McQuarrie et al., 2003;

ArRajehi et al., 2010; Reilinger and McClusky, 2011; Iaffaldano et al., 2014, 2018;

DeMets et al., 2019). Another direct interpretation that needs to be tested is whether

or not more than one Euler vector (additional blocks) are needed to fully explain the

present-day motion of the Indian plate.

The predicted fault slip vectors for the Arabian-Anatolian and Arabian-Sinai are

well represented by the focal mechanisms associated with the largest instrumental

earthquakes nucleating along these boundaries, i.e., the 2020 Mw 6.7 Elazig, and the

1995 Mw 7.2 Nuweiba earthquake, respectively (U.S.G.S, 2021). The predominantly

left-lateral strike-slip relative motions between the Arabian-Anatolian plate pair has

been interpreted by Reilinger et al. (2006) as a result of lateral lithospheric transport

out of the Arabia-Eurasian convergence zone associated with slab rollback forces along

the Hellenic and Cyprus trenches (Fig. 3.1). As previously mentioned in Section

3.4.2, the updated Arabian-Sinai angular velocity simultaneously predicts well the

predominant left-lateral strike-slip of the Dead Sea transform fault, while supporting

the shortening motions around the Palmyride fold-thrust belt suggested by Alchalbi

et al. (2010) and ArRajehi et al. (2010).

The Arabian-Danakil angular velocity predicts reducing opening motions to the

southeast that vanish at the latitude of the Hanish Zukur Island group, consistent

with the lack of seismic activity and oceanic crust beneath the Rea Sea south of

∼13.8◦N (e.g., Schettino et al., 2016; Augustin et al., 2021, Fig. 3.3), and the full

transfer of the Nubia-Arabia relative extension into Afar (Vigny et al., 2006; McClusky
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et al., 2010; Doubre et al., 2017; Viltres et al., 2020). This result is further supported

by the small WRMS for the 6 GNSS stations in central Afar (0.8 mm/yr, Section

3.4.2) that include 3 sites not considered in the angular velocity estimation because

of their proximity the plate boundary (Fig. 3.3). Along the same line, our kinematic

model results provide support for the addition of the southernmost part of Eritrea

and northern Djibouti to the Arabian plate at present (Varet, 2018; Viltres et al.,

2020, Fig. 3.3).

The stable motion of the Arabian-Nubian plates since ∼11 ± 2 Ma and the north-

ward migration of the Danakil-Nubian Euler pole at ∼5 Ma (e.g, McClusky et al.,

2010; Reilinger and McClusky, 2011) implies a change of the Arabian-Danakil Euler

pole at that time. Reilinger and McClusky (2011) associated this shift with the ini-

tiation of seafloor spreading in the southern Red Sea based on oceanic crustal ages

derived from magnetic anomalies (e.g., Cochran, 1983; Garfunkel and Beyth, 2006).

However, recent results indicate that seafloor spreading along the entire length of

the Red Sea dates back to ∼13 Ma (Augustin et al., 2021), meaning that the Euler

pole shift responds to a distinct geodynamic process in the area. We speculate that

the Danakil-Nubia, and therefore, the Arabia-Danakil Euler pole shifts at ∼5 Ma

are related not to seafloor spreading in the southern Red Sea, but to the addition of

the southernmost part of Eritrea and northern Djibouti as stabilized margins of the

Arabian plate (Varet, 2018b, Fig. 3.3).

The horizontal strain-rate results suggest that the internal strains building up

within the Arabian plate at present have mostly anthropogenic origin. Eight of about

nine areas showing measurable strain rates are located either near areas known for

groundwater over-exploitation or rapid urbanization, characterized by karst geomor-

phology (Amin and Bankher, 1997; López Valencia et al., 2020; Aljammaz et al.,

2021; Müller Schmied et al., 2021, Figs. 3.4 - 3.6). The extensional strains estimated

for some these areas (i.e., 3, 6, 7, 9) are consistent with reports of shallow seismicity,
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opening cracks, and sinkholes in response to land subsidence mostly induced by wa-

ter pumping (e.g., Youssef et al., 2014; Othman et al., 2018; Othman and Abotalib,

2019). Field observations show that extensional strains can develop in subsiding areas

as a consequence of both vertical differential compaction and horizontal fluid flow in

the subsurface (e.g., Sheng et al., 2003; Holzer and Galloway, 2005; Pacheco et al.,

2006).

Figure 3.5: Changes in groundwater level for the time period 2000-2016 derived after
the WaterGAP v2.2d model (Müller Schmied et al., 2021). Numbers 1-9 refer to
areas showing significant local strain rates (see main text). Black solid lines mark
the simplified kinematic block model derived from the plate boundaries in Figure 3.1.
Faint solid grey lines and circled dots indicate main roads and cities, respectively.
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Looking at the vertical velocity field, systematic upward motions are found in the

Buraydah area, which may indicate some degree of aquifer recovery in the 2017-

2019 period (Figs. 3.5 and 3.6). For the rest of the extensional straining zones (i.e.,

Riyadh, Jizan), the vertical velocities show downward motions. Thus, we suggest that

differential compaction enhanced by well depths below 1000 meters (e.g., Othman and

Abotalib, 2019) may provide the driving forces for the observed deformation.

Figure 3.6: Vertical velocities for the continuous GNSS stations used in the block
modeling presented in Section 3.4.2 and generalized age and rock type domains where
the stations are located defined after Pollastro (1998).
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Even the straining area in central-west Saudi Arabia (4) is flanked by zones sug-

gesting groundwater depletion, and therefore, the observed strains may include con-

tributions from anthropogenic activity (Figs. 3.4 and 3.5). The horizontal strain-

rate tensors for this area suggest roughly E-W oriented extension at the center and

NW-SE extension at the sides. For the central part, the observed E-W oriented

extension is consistent with the N-S direction of the proposed asthenospheric flow

beneath the western margin of the Arabian plate, well expressed by volcanic vent lin-

eations in Harrat Rahat, Harrat Khaybar, and Harrat Ithnayn, respectively (Camp

and Roobol, 1992a; Pallister et al., 2010, Fig. 3.1). The strains on the eastern part

indicate clockwise rotation of the direction of extension, in line with the overall orien-

tation of volcanic vents in Harrat Kishb, and Harrat Hadan, relative to the volcanic

fields mentioned before (Figs. 3.1 and 3.4). The maximum horizontal strains for this

area reach ∼5-6 nanostrain/yr within the Harrat Kishb and the northernmost Harrat

Hadan volcanic fields, respectively (Fig. 3.1 and 3.4). This may indicate subsurface

magmatic activity at present in an area that accounts for several volcanic eruptions

during the last kiloyears, including two historical eruptions in 641 and 1256 AD,

respectively (Camp and Roobol, 1989).

Taken together, the results above show that the Arabian lithosphere is sufficiently

strong to withstand large-scale forces associated with plate boundary processes (i.e.,

active continental collision and seafloor spreading on the northeastern and southwest-

ern margins, respectively), gravitational potential energy differences, and basal drag

(McClusky et al., 2000). This long-term stability of the plate likely results from a

crust-lithosphere thickness combination that strengthen the plate interior and con-

centrate most of the deformation along its weaker margins (e.g., Jackson et al., 2021).

Although very small, the estimated ∼N94◦E plate-wide shortening does not support

for extensional forces associated with the Afar mantle plume and rifting along the

Red Sea and the Gulf of Aden to be driving the Arabian plate into Eurasia as they
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will produce N-E oriented compression (e.g., Reilinger et al., 2006). Thus, we en-

dorse the interpretations that the motion of Arabia is driven by far-field slab-pull

forces resulting from the subduction of Afro-Arabian oceanic crust beneath Eurasia

(Bellahsen et al., 2003).

3.6 Conclusions

In this study we analyzed GNSS measurements for 189 stations spanning between

∼2.5 to ∼17 years of continuous and survey mode observations to constrain the

present-day motion and deformation of the Arabian plate. Our tightly constrained

angular velocity for the Arabian-ITRF14 relative motion (ω̇x = 0.3284 ± 0.0013, ω̇y

= -0.0350 ± 0.0013, and ω̇z = 0.4068 ± 0.0010 ◦/Ma) confirms that only one Euler

vector is needed to explain the current station velocities. The kinematic modeling

resulted in fault slip rates that are generally consistent with earlier estimates (e.g.,

ArRajehi et al., 2010; Reilinger and McClusky, 2011), except for the Arabian-Indian

plate pair, for which slower right-lateral strike-slip motions are predicted. The small

plate-wide internal strains (∼0.4 nanostrains/yr) corroborate the large-scale rigidity

of the Arabian plate, however, at a smaller scale several areas of localized internal

deformation can be identified. We postulate that differential compaction resulting

from fossil groundwater over-exploitation and subsurface magmatic activity are the

main drivers of the observed internal deformation. The Arabian lithosphere shows a

remarkable long-term level of stability despite being affected by load forces associated

with active continental collision in the northeast and breakup to the southwest.
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Chapter 4

Seasonal deformation induced by water exchange in the Red

Sea constrained by GNSS and GRACE measurements

4.1 Abstract

The seasonal cycle of surface waters exchange in the Red Sea has a predominantly an-

nual component as it develops from the seasonally overturning Indian Monsoon winds.

The average annual sea level variation is ∼40 cm and produce measurable surface de-

formations at inland GNSS sites. Here we pioneer in combining GRACE-mascons,

GNSS, and GLDAS data to better constrain the ground response to the seasonal

loading, and to provide insights on the rheological properties beneath the Arabian

plate. The observed seasonal surface deformations indicate elastic ground response

only to the seasonal loading, with possible contributions from local effects and spatio-

temporal sampling differences between the geodetic techniques. The GNSS-derived

vertical annual oscillations are well explained by the predicted motions inferred from

the GRACE-mascons dataset up to a scale factor difference ranging between 1.29 to

1.44. We suggest that the Earth structure beneath the Arabian plate is less stiff than

world averaged, consistent with the abnormally high mantle temperatures and the

presence of partial melts at subcrustal depths.

4.2 Introduction

Independent observations from the Gravity Recovery and Climate Experiment (GRACE)

and Global Positioning System (GNSS) are increasingly being used in the study of
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the Earth’s elastic response to seasonal variations in surface mass (e.g., Davis et al.,

2004; King et al., 2006; Tregoning et al., 2009; Tesmer et al., 2011; Fu et al., 2013;

Drouin et al., 2017). The induced ground displacement estimates from both GRACE

and GNSS affect primarily the height component (e.g., Tesmer et al., 2011; Fu et al.,

2013), however, significant horizontal motions are expected in areas of large mass

loading (Tregoning et al., 2009; Fu et al., 2013; Wahr et al., 2013). Surface water ex-

change in high-flux regions like the Amazon River Basin can produce centimeter-scale

vertical seasonal oscillations (e.g., Davis et al., 2004), while ∼4-7 mm of horizontal

oscillations are expected from analogies with other studies (e.g., Fu et al., 2013). Such

oscillations are superposed to the tectonic stress field and can represent an additional

component of time-dependent seismic hazard for areas near large surface mass loading

(e.g., Craig et al., 2017; Johnson et al., 2017; Birhanu et al., 2018; Panda et al., 2018).

Furthermore, the amplitude, timing and spatial extent of these motions carry infor-

mation about the rheological properties of the material under load (e.g., Tregoning

et al., 2009).

The Red Sea is a ∼438,000 km2 semi-enclosed basin resulting from the Oligocene

to present divergence between the Nubian and Arabian plates (Bosworth et al., 2005;

Feng et al., 2014). Water exchange with the Gulf of Aden and the Indian Ocean occurs

through the Bab-el-Mandeb straight, located at its southernmost end (Sofianos and

Johns, 2001; Feng et al., 2014; Yao et al., 2014, Fig. 4.1). The exchange flow through

the Bab-el-Mandeb straight is controlled by the seasonally reversing Indian Monsoon

winds, and produce annual sea level variations of up to one meter in the central Red

Sea (Bower et al., 2005; Churchill et al., 2018; Wahr et al., 2014; Xie et al., 2019).

During winter, prevailing monsoon winds blow from south-southeast, forcing water

masses to intrude into the Red Sea (Bower et al., 2005; Wahr et al., 2014; Sofianos

and Johns, 2015). In summer the monsoon winds direction reverses, resulting in a net

water outflow through the Bab-el-Mandeb straight (Smeed, 2004; Feng et al., 2014;
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Yao et al., 2014, Fig. 4.1). It’s spatial dimensions (∼2000 km long and ∼280 km

wide, Siddall et al., 2002) allow for GRACE-derived seasonal variations in water mass

exchange through the Bab-el-Mandeb straight (e.g., Feng et al., 2014; Wahr et al.,

2014). Moreover, the crustal deformations resulting from the seasonal loading can be

resolved by GNSS measurements at continuous stations (e.g., Alothman et al., 2020).

Former studies using GRACE data over the Red Sea are limited to quantifying

the mass-induced sea level variations resulting from water flow through the Bab-el-

Mandeb straight (e.g., Feng et al., 2014; Wahr et al., 2014, Fig. 4.1). The effects of the

hydrological loading at coastal areas using GNSS measurements was first addressed

by Alothman et al. (2020). Despite the good correlation found between the predicted

and the GNSS-derived station height oscillations, their conclusions are based on only

10 cGNSS sites sparsely distributed along the Red Sea shorelines. In their study,

altimetry satellite data instead of GRACE was used in estimating the vertically in-

tegrated water mass. A uniform annual amplitude of 5 cm sea level change resulting

from steric effects was assumed, contrasting with the significant differences observed

between the northern and southern Red Sea (e.g., Wahr et al., 2014). Moreover, the

GNSS data processing strategy assumes zero intersite coordinate covariances, while

strong correlation between GNSS station coordinates have been found over baselines

of several thousands of kilometers (e.g., Calais et al., 2006).
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Figure 4.1: Spatial distribution of the continuous GNSS stations used in this study.
Generalized age and rock type domains where the GNSS stations sit are shown in
pink, green, dark grey, and yellow. Light grey lines depict the origin (solid) and
extent (dashed) of the profiles shown in Fig. 4.8. Background hillshaded topography
and bathymetry from http://topex.ucsd.edu/.

Here we combine GRACE-mascons, GLDAS and GNSS observations from 132

continuous stations mostly distributed over the Arabian plate to better constrain

the seasonal surface deformations induced by water exchange in the Red Sea. We

use GNSS-derived vertical position time-series to estimate the timing, amplitude and

spatial extent of the surface mass loading cycle effects. Then, we compare the ob-

served annual oscillations with surface displacements predicted by convolution of load

Green’s functions estimated for several elastic and dispersive planetary models with
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loading models derived from the GLDAS and GRACE-mascons datasets to retrieve

the nature of the ground response. Lastly, we use the differences in zero phase lag

amplitudes and the scalar admittance (defined after Chanard et al., 2018) evaluated

over the entire seasonal cycle to estimate the calibration factor that need to be applied

to the global planetary model to better represent the regional-scale elastic properties

beneath the Arabian plate.

4.3 Datasets and processing

4.3.1 GNSS

We analyzed data from 132 continuous GNSS stations within our study area with 2.5

years or more of geodetic observations (Fig. 4.1). Most of the data comes from geode-

tic networks managed by the MIT (data available at https://www.unavco.org), the

King Abdulaziz City for Science and Technology (KACST), and the Saudi Arabia

General Commission for Survey (data available by request at https://www.gcs.gov.

sa). Data from the latest network accounts for the ∼76% of the entire dataset, how-

ever, the geodetic observations span less than three years of temporal baseline. GNSS

observations for the southernmost stations YRS1, MUKA, and SALP were obtained

by personal communication with Sylvie Leroy (currently at the Sorbonne Univer-

sity, France). Likewise, David A. Stowers (currently at the NASA Jet Propulsion

Laboratory, USA) provided access to the observations for the southeastern station

SQUO. The dataset was complemented by 28 additional IGS fiducial stations used

for reference frame stabilization.

The GAMIT/GLOBK analysis software (Herring et al., 2018) was used to pro-

duce daily position time-series for all the geodetic sites, following the first two steps

described by Floyd et al. (2010) and Kogan et al. (2012). In the first step, the raw

GNSS observations, precise satellite orbits and Earth’s orientation parameters were

used to derive loosely constrained station coordinates and their associated covari-
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ance matrices (quasi-observations). In the latter step, final station positions aligned

to the ITRF2008 (Altamimi et al., 2012) were obtained from the combination of

quasi-observations using the GLOBK Kalman filter (See Herring et al., 2018, for de-

tails). In this step, the frame stabilization was achieved by estimating a six-parameter

Helmert transformation constraining the positions of the 28 fiducial IGS stations to

their ITRF2008 values. The station’s final positions estimation also included correc-

tions for tropospheric delay (estimated from the Vienna Mapping Functions 1, Boehm

et al., 2006a), oceanic (FES2004, Lyard et al., 2006) and atmospheric loading (data

from the Global Geophysical Fluid Center, van Dam and Wahr, 1987; Tregoning and

van Dam, 2005; van Dam, 2010), and solid Earth and pole tides. The latest correc-

tion adopted the IERS2010 Petit and Luzum (2010) and the IERS2003 McCarthy

and Peti (2004) conventions for the tidal and non-tidal terms, respectively. Details

on the application of the above corrections are discussed by Fu et al. (2013); Bos et al.

(2015); He et al. (2017); Ferreira et al. (2020) and references therein.

The network’s global daily solutions were combined into weekly GNSS position

time-series to minimize short-term noise effects (e.g., Kogan et al., 2012). Combining

the daily solutions over longer time windows to match the GRACE and GLDAS data

binning resulted in limitations for estimating realistic annual component uncertainties

(see Section 4.3.5) because most of the GNSS stations became operational in early

2017. Finally, the center of figure (CF) reference frame was adopted for the GNSS

data since the network’s solutions are linked to the Earth’s center of mass (CM) on

secular timescale, but does not account for center of mass deviations on seasonal and

other short timescales (e.g., Blewitt, 2003; Dong et al., 2003; Ferreira et al., 2020).

4.3.2 GRACE-mascons

Monthly estimates of equivalent water thickness (EWT) from the JPL’s GRACE

Tellus (GRCTellus) Global Mass Concentration blocks (mascons) were used to assess
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the seasonal water mass evolution in the Red Sea (RL06M.MSCNv01 solutions, Tellus,

2018). The RL06M.MSCNv01 data is sampled at 0.5 degree resolution, however the

native size for independent cells is 3 degrees (Tellus, 2018). Since only mascons from

ocean areas are considered, the 0.5 degree gain factors compensating for geophysical

signal smoothening over continental areas were not applied to the data (see Wiese

et al., 2016, for details). We used the Coastline Resolution Improvement (CRI)-

filtered version, which reduces the effect of leakage errors for spherical cap mascons

containing mixed signals from land and ocean (Wiese et al., 2016).

The GRCTellus JPL-Mascons surface mass change data derives from the Level-

1 GRACE/GRACE-FO observations that similar to the GNSS daily solutions are

aligned to the ITRF2008 (Watkins et al., 2015). The contributions from the Earth’s

dynamic oblateness (spherical harmonic of degree 2 and order 0, Cheng et al., 2011),

geocenter motions (spherical harmonic coefficients of degree 1, Swenson et al., 2008;

Sun et al., 2016) and glacial isostatic adjustment (GIA, Peltier et al., 2018) have

been removed from the GRACE/GRACE-FO observations, previous to the equiva-

lent water thickness estimation. Additional corrections to the GRACE/GRACE-FO

observations include removal of the solid Earth, ocean and pole tides, as well as

atmospheric loading effects (see Watkins et al., 2015, for details).

4.3.3 GLDAS

In order to compare the GRACE and GNSS datasets, the latter has to be corrected

for the contributions from terrestrial water storage (TWS). Here we used data from

the Global Land Data Assimilation System (GLDAS)-v2.1 model with temporal and

spatial resolutions of one month and 0.25 degrees, respectively (Rodell et al., 2004;

Beaudoing and Rodell, 2020). The GLDAS data provides TWS in terms of soil and

plant canopy surface moisture and snow, but lacks for contributions from ground and

surface water (i.e., lakes and rivers, Ferreira et al., 2020). The major contributions
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from surface water within the study area are expected to come form the Lake Nasser

(Fig. 4.1), however, Wahr et al. (2014) found that those contributions are negligible

compared to the GRACE seasonal component. Taking into account the above infor-

mation, and the distance from Lake Nasser to our geodetic network, only the GLDAS

TWS time-series were considered in our hydrological loading model (section 4.3.5).

Finally, we parameterize the continental water density to a constant value of 1000

kg/m3 to express the GLDAS TWS data in terms of surface load height.

4.3.4 Seasonal components estimation

For comparison between the GNSS-derived and expected loading deformations, we

estimated the amplitude and phase lag (relative to January 1st) of the induced dis-

placements by seasonal variations in EWT (GRACE-mascons) and TWS (GLDAS)

at geodetic sites (Fig. 4.1). The GNSS time-series (section 4.3.1) analysis provides

direct estimates of the induced deformation. In contrast, the EWT and the TWS

datasets provide modeled hydrological masses that need to be convolved with a plan-

etary model Green’s functions before comparison (Ferreira et al., 2020, section 4.3.5).

Since the GNSS-derived annual motions contain contributions from the TWS, the

seasonal signal derived from the GLDAS hydrological model (See section 4.3.5 for

details) was removed prior to comparison with the expected surface deformations

inferred from the GRACE-mascons dataset. The annual components parameters de-

rived from the EWT and TWS time-series are shown in Fig. 4.2.

The Hector-v1.7.2 software package (Bos et al., 2013) was used in the time-series

analysis for the three datasets. It allows for automatic offset detection, outliers re-

moval, as well as linear trend, periodic signals and realistic uncertainties estimation

in time-series with temporally correlated noise (Bos et al., 2008, 2013; Williams, 2003,

2008, and references therein). We described the temporal variations in the datasets

by a trajectory model composed by a linear trend, seasonal oscillations (annual and
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semiannual components), and step function terms to account for earthquakes and/or

hardware change at GNSS sites, as presented in equation 4.1. More complex models

including trend changes, varying amplitudes, and logarithmic transient signals are

presented in Bevis and Brown (2014), Bennett (2008), and Ferreira et al. (2019b),

respectively. However, secular trends explain well the long term time-series, while

the seasonal oscillations appear to be constant for all the datasets. Besides, large

earthquakes have not been recorded in the area during the study period (e.g., ISC,

2020); thus, significant transient deformations are not expected to affect the GNSS

time-series. Here we focus on the one-year period signals only, since the seasonal cycle

of the surface water transport in the Red Sea have a dominant annual component

(Sofianos and Johns, 2001; Sofianos et al., 2002; Sofianos and Johns, 2007; Yao et al.,

2014).

y(t) = a+b · t+
n∑

i=1

ci ·H(t− ti)+
2∑

j=1

[
dj ·sin(j ·2π · t)+ej ·cos(j ·2π · t)

]
+ ε(t) (4.1)

Realistic uncertainties for the model parameters were estimated by including the

character of the noise in the three datasets time-series. We used a linear combination

of white and Power-law noise components specific to each station/node. The Hector

software (Bos et al., 2013) requires a critical number of data points within the time-

series to successfully retrieve the noise components. Therefore, aggregating the GNSS

daily solutions into position time-series with the same data binning as the GRACE

and GLDAS datasets was not possible because most of the GNSS data span less than

3 years.
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Figure 4.2: Amplitude (a,c) and phase lag relative to January 1st (b,c) of the annual
component derived from the equivalent water thickness (EWT) and the terrestrial
water storage (TWS) time-series, respectively.

4.3.5 Seasonal surface displacements estimation

The induced displacements by the annual variations in EWT and TWS estimation

was implemented using the LoadDef v1.1.3 toolkit (Martens et al., 2019) by convo-

lution of displacement load Green’s functions (LGFs) with the load models resulting

from section 4.3.4 (for details refer to Martens et al., 2016, and references therein).

The LGF’s were estimated from combinations of load Love numbers (LLNs) gen-

erated for several radially heterogeneous planetary models, i.e., AK135-F, IASP91,
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PREM, and STW105, after Farrell (1972). For the STW105, we considered three

scenarios by replacing the ocean layer with the elastic properties of the upper crust

(STW105 Crust), and the soft (STW105 Soft) and hard (STW105 Hard) sediments

from the CRUST 2.0 (Bassin et al., 2000b) crustal model (Fig. 4.3). The estimations

were made relative to the CF reference frame to make the datasets comparable. By

doing so, we account for the alignment of the ITRF2008 (Altamimi et al., 2012) with

the CM for long-term secular motions, but to the CF for seasonal and other short

time scales (Blewitt, 2003; Dong et al., 2003; Ferreira et al., 2019a).

Figure 4.3: Young’s modulus of the upper 150 km for the reference planetary models
used to estimate the expected surface deformations induced by annual changes in
equivalent water thickness (EWT) and terrestrial water storage (TWS).



91

As shown by Bos et al. (2015) and Chanard et al. (2018), transient viscoelas-

tic rheologies can produce detectable changes to the surface displacements induced

by harmonic loads at the annual time scale. To include the viscoelastic effects in

the asthenosphere, we adjusted the elastic parameters of the above planetary models

following the method described by Bos et al. (2015). A frequency-independent ab-

sorption band was adopted to account for physical dispersion and new LGF’s were

estimated for the resulting planetary models. These adjustments result in an effective

asthenospheric shear modulus reduction that can be seen as changes in the ampli-

tude and phase lag of the expected induced seasonal deformations compared with the

elastic reference models (Bos et al., 2015; Chanard et al., 2018).

4.4 Results

Several studies have shown that the horizontal oscillations can complement the ver-

tical observations in constraining the location of load sources and the rheological

properties of the material under load (e.g., Chanard et al., 2018; Fu et al., 2013;

Wahr et al., 2013). However, the ratio of horizontal to vertical oscillations for both

the GNSS-derived and inferred from GRACE data is 2 to 3 times smaller even near

broad areas under large mass loading (e.g., Fu and Freymueller, 2012; Fu et al., 2013;

Wahr et al., 2013; Gahalaut et al., 2017). Moreover, the GNSS-derived horizontal sur-

face deformations are often poorly predicted (e.g., Chanard et al., 2018), likely related

to their sensitivity to the geometry of the load distribution, local effects, technical

artifacts, and processing strategy (Steigenberger et al., 2009; Tesmer et al., 2011; Fu

et al., 2013; Drouin et al., 2017). Thus, we focus on the vertical component to test

the agreement between the GNSS-derived and predicted seasonal oscillations induced

by water exchange in the Red Sea. As discussed in section 4.3.3, the GNSS-derived

seasonal oscillations were corrected for the expected terrestrial water storage (TWS)

loading deformations previous to comparison with the annual motions inferred from
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the GRACE-mascons dataset.

Fig. 4.4 shows the amplitude of the annual vertical oscillations obtained by con-

volving the spatiotemporally varying surface loads inferred from the GRACE-mascons

dataset (Fig. 4.2a,b) with the LGF’s associated with the AK135-F model elastic struc-

ture (a), compared with those using the LGF’s for the rest of the planetary models

(b-f). Except for the area directly under load, the choice of Earth’s elastic parame-

ters is arbitrary, since the differences between the estimated amplitudes are negligible.

The same holds for the phase lag parameter, with the largest intermodel differences

below 0.5 degrees.

Figure 4.4: Amplitude of the vertical seasonal surface oscillations derived from the
GRACE-mascons dataset for the elastic AK135-F (a) planetary model, compared with
the IASP91 (b), PREM (c), STW105 Soft (d), STW105 Hard (e), and STW105 Crust
(f) reference models.

Because of the coarse spatial resolution of the GRACE acquisitions (300-400 km),

only long-wavelengths (∼700 km) mass load variations can be resolved (e.g Chanard

et al., 2018; Tesmer et al., 2011; Fu et al., 2013). Therefore, the surface displacements

inferred from the EWT loading model (Fig. 4.2a,b) are not sensitive to changes in
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the elastic structure at shallow depths (<40 km), where the planetary models differ

the most (Fig. 4.3).

The same comparison between vertical annual oscillations, but estimated by con-

volution of the planetary models LGF’s with the load model inferred from the GLDAS

dataset (Fig. 4.2c,d) is shown in Figure 4.5. The vertical surface displacement esti-

mates are dominated by large signals resulting from monsoonal rainfalls in east Africa

and snow load in the Zagros mountains area in western Iran. Two more areas with rel-

ative high annual water mass variations are highlighted by the intermodel differences

(Fig. 4.5b-f). One is spatially correlated with the mountainous area in southwestern

Yemen, where topographic heights can reach over 3500 meters. The other corre-

lates with large agricultural fields extending across the northwestern borders between

Jordan and Israel (Fig. 4.5b-f).

Figure 4.5: Amplitude of the vertical seasonal surface oscillations derived from the
GLDAS dataset for the elastic AK135-F (a) planetary model, compared with the
IASP91 (b), PREM (c), STW105 Soft (d), STW105 Hard (e), and STW105 Crust
(f) reference models.

Similar to the loading deformations inferred from the GRACE-mascons dataset,
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the intermodel differences are significant under areas of maximum load. However,

the ingestion of higher resolution land surface parameters (e.g., vegetation classifi-

cation, soil parameters, elevation and slope, Rodell et al., 2004) appears to make

the GLDAS dataset marginally sensitive to the elastic structure choice (e.g., note

intermodel differences west of the Persian Gulf, Fig. 4.1 and Fig. 4.5b-f).

The best L2-norm of residuals reduction between the GRACE-derived and GNSS-

corrected annual vertical oscillations are obtained when using the AK135-F planetary

model elastic parameters. However, the amplitude of the resulting GNSS+GLDAS-

based loading deformations are still underpredicted by the estimates inferred from

the GRACE-mascons dataset (Figs. 4.6 and 4.7). This suggests that all of the con-

sidered planetary models were too rigid, particularly at subcrustal depths, where

the elastic properties will govern the estimated surface displacements. Likewise, the

corrected GNSS vertical oscillations peak generally later than expected, with a net-

work’s global mean of ∼35 days, and ∼19 days for the stations neighboring the Red

Sea shores (Fig. 4.7). The phase lag differences may respond to a combination of

local and anthropogenic activity. For example, GNSS stations HAQS, MK92, MK06,

AS94 and QS06 (Fig. 4.7) show phase lags that are different from neighboring sta-

tions; while GNSS stations TB01 and those around the Riyadh area (see station RY94

for reference) suggest correlation with underground water extraction, mostly associ-

ated with agricultural activity. In addition, there are several oil fields neighboring

Riyadh (e.g., Ghawar and Khurais), which may locally impact the estimated GNSS

surface displacements. Another group of stations with large discrepancies in both

phase, and amplitude are the southern GNSS sites YRS1, MUKA, SALP, and SQUO

(Fig. 4.7). Their phase lags correlate well with the time of minimum monsoonal load-

ing in the area (Fig. 4.2c,d), while their amplitudes may result from local site effects

including thermal expansion in response to the monsoonal winds, and/or unmodeled

tropospheric zenith delays (e.g., Tesmer et al., 2011; Steigenberger et al., 2009).
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Figure 4.6: Top panel (a) shows the amplitude and phase lag relative to January 1st

of the annual vertical surface displacements derived from convolution of the GRACE-
mascons loading model and the AK135-F planetary model LGF’s at the GNSS station
locations. Bottom panel (b) shows the seasonal cycle of the vertical surface displace-
ments in (a) relative to its minimum with the time of the maximum represented by
the lines color.
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Figure 4.7: Top panel (a) shows the amplitude and phase lag relative to January 1st

of the GNSS-derived annual vertical surface displacements corrected by the terres-
trial water storage loading component estimated by convolution of the GLDAS-based
loading model and the AK135-F planetary model LGF’s. Bottom panel (b) shows
the seasonal cycle of the vertical surface displacements in (a) relative to its minimum
with the time of the maximum represented by the lines color.
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A possible reason for the observed discrepancies in amplitude and phase lag are

viscoelastic effects within the asthenosphere (e.g., Martens et al., 2016). Viscoelastic

rheologies involve an effective asthenospheric shear modulus reduction that will result

in both larger amplitudes and delayed response to the loading at the GNSS sites (Bos

et al., 2015; Chanard et al., 2018). We tested this hypothesis by comparing the results

obtained from using the elastic and dispersive planetary model LGFs (section 4.3.5)

in terms of their relative likelihood. Overall, the amplitude of the GNSS-derived

vertical annual oscillations were better predicted by the dispersive models. However,

the elastic AK135-F planetary model was significantly preferred (p-value ≤0.05) for

the phase lag component compared with both the dispersive and the elastic model

setups. Based on these results, we suggest that the observed discrepancies are not

related to viscoelastic effects.

The amplitudes of the GNSS-derived (red triangles) and predicted (blue circles)

vertical annual oscillations projected along the north (a), center (b), and south (c)

profiles (Fig. 4.1) are shown in Fig 4.8. Both the predicted annual surface deforma-

tions and the hydrological component correction applied to the GNSS seasonal cycle

were obtained by convolution of the elastic AK135-F planetary model LGFs with

the loading models derived from the GRACE-mascons and the GLDAS datasets, re-

spectively (section 4.3.4). As suggested in Figs. 4.6b and 4.7b, the amplitude of the

annual cycle derived from the GNSS measurements are systematically underpredicted

by the expected motions. The GNSS stations with larger departures (e.g., SQUO,

YIBL, SALP, ES02) locate within sedimentary rock type formations (Fig. 4.1). How-

ever, except for these cases, the seasonal amplitudes are equally underestimated even

at GNSS stations located on competent rocks within precambrian basement (Figs. 4.1

and 4.8), supporting for softer elastic properties beneath the Arabian plate compared

with the reference global models.
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Figure 4.8: Amplitude of the GNSS-derived (red triangles) and predicted (blue cir-
cles) vertical annual oscillations projected along the north (a), center (b), and south
(c) profiles in Fig. 4.1. The predicted annual oscillations and corrections for the hy-
drological loading component were estimated by convolution of the elastic AK135-F
planetary model LGFs with the loading models derived from the GRACE-mascons
and the GLDAS datasets, respectively (section 4.3.4. GNSS-derived amplitude un-
certainties are depicted by the grey error bars.
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We used both the zero phase lag amplitudes (Fig. 4.9) and the scalar admittance

(defined after Chanard et al., 2018) evaluated over the entire seasonal cycle to quan-

tify by how much the observed vertical annual oscillations are underestimated. The

weighted least squares regression of the zero phase lag amplitudes indicate that the

GNSS-derived amplitudes are underestimated by ∼29%.

Figure 4.9: Amplitude of the GNSS-derived and predicted vertical annual oscillations
using the elastic AK135-F planetary model LGF’s color-coded by the phase agree-
ment factor estimated after Männel et al. (2019). Dashed black line shows the 100%
agreement line between the observed and predicted zero phase lag amplitudes.

By estimating a phase agreement factor (defined after Männel et al., 2019), we also

find that the GNSS stations with poorly described phase lags correlate with sites of

small annual vertical oscillations. For example, the 5.7% of GNSS stations with phase

agreement factor lower than 25% have amplitudes <1.5 mm. The scalar admittance

estimates, on the other hand, define a positively skewed distribution with mean and

median values of 1.44 and 1.31, respectively. This means that taking the observed
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and predicted phase lag disagreements into account, the GNSS annual oscillations are

underestimated by an additional 15% on average. We consider these values as the

lower and upper bounds by which the elastic AK135-F planetary model LGFs need

to be scaled in order to match the observed and predicted amplitudes of the vertical

annual surface deformations.

4.5 Discussion

The results presented above represent the first attempt of quantifying the surface

displacements induced by surface mass load resulting from water flow in the Red

Sea combining GRACE-mascons, GNSS and GLDAS data. The choice of Earth’s

crust elastic parameters is arbitrary when estimating load surface displacements from

the GRACE-mascons, resulting from the coarse GRACE acquisitions being limited

to resolve for long wavelength mass load variations only (e.g, Chanard et al., 2018;

Tesmer et al., 2011; Fu et al., 2013). Surface displacements derived from the GLDAS

dataset, on the other hand, appear to be marginally sensitive to the elastic properties

at crustal depths (<50 km). This differences likely derive from the integration of

higher resolution datasets like vegetation classification, soil parameters, elevation and

slope, in addition to ground-based observational data products (e.g., Rodell et al.,

2004).

Despite the amplitude of the observed vertical annual oscillation being systemat-

ically underestimated, and a delayed response to seasonal loading at the GNSS sites,

we find no evidence of viscoelastic effects influencing the GNSS-derived ground re-

sponse to surface mass loading. Similar discrepancies have been found in Iceland and

Europe with no evidence of viscoelastic ground response to seasonal loading (e.g.,

Drouin et al., 2017; Tregoning et al., 2009). Most of the stations (∼64%) have phase

agreement factor above 75%; while those with the larger discrepancies correlate with

GNSS sites where the annual oscillations are below 1.5 mm. This suggests that lo-
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cal effects could play a role in the observed time of the annual peaks. The latter

is further supported by the stations with the larger departures showing phase lags

that are different from neighboring stations (e.g., HAQS, MK92, MK06, AS94 and

QS06), apparent response to unmodeled monsoonal rain signals (e.g., YRS1, MUKA,

SALP, and SQUO), or close to areas with agricultural activity (e.g., TB01, RY94,

Fig. 4.7). Moreover, differences in the spatio-temporal sampling between the GNSS

and GRACE-mascons datasets are source of phase inconsistency, since the monthly

sampled GRACE-mascons time-series involve a ∼30◦ phase sampling, compare to the

∼7◦ resulting from the combination of the GNSS daily solutions (e.g., Wang et al.,

2017). It is worth noticing that the GNSS dataset is limited to less than 3 years for

most of the stations, therefore, possible bias associated to year-specific signals cannot

be discarded. Finally, the GNSS estimates are influenced by differences in processing

techniques (e.g., Steigenberger et al., 2009; Chanard et al., 2018), monument instabil-

ities (e.g., Tesmer et al., 2011), and local effects like compaction, decompaction (Fu

et al., 2013) and ground water level variations not included in the GLDAS dataset

(e.g, Hsu et al., 2020).

The systematic underestimation of the GNSS-derived annual vertical surface de-

formations indicate that the elastic properties from global planetary models (i.e.,

AK135-F) are not representative of the Earth’s elastic structure beneath the Arabian

plate. Using the zero phase lag amplitudes and the scalar admittance metric defined

after Chanard et al. (2018), we find a scale factor difference between the observed

(GNSS+GLDAS) and predicted (GRACE-mascons) vertical annual oscillation rag-

ing from 1.29 to 1.44. This finding is not unique to the Arabian plate, since similar

results have been reported for Greenland, the Amazon Basin, Nepal, and Iceland

(Khan et al., 2010; Fu et al., 2013; Drouin et al., 2017). In these studies, the scale

differences have been suggested to result from dominating short wavelength loading

signals, proximity of the GNSS stations to the loading area, and anomalously high
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mantle temperatures.

Dominating loading signals of short wavelengths (e.g., ice loss) are not to be ex-

pected within the Arabian plate due to the roughly steady arid weather conditions.

Besides, the annual oscillations at GNSS sites within both the competent precam-

brian basement (away from the load) and sedimentary rock types (coastal stations)

are equally underestimated, suggesting minimal effects from loading-station relative

positions. The mantle temperatures beneath the Arabian plate, on the other hand,

have been found to be abnormally high (e.g., Yao et al., 2017; Kaviani et al., 2020).

These abnormally high temperatures result from lateral spreading of hot material

sourced from large-scale mantle flow associated with the African superplume (Lim

et al., 2020; Kaviani et al., 2020). As a consequence of this active upwelling, the

degree of partial melts beneath Arabia ranges between 2-15%, significantly lowering

the asthenospheric shear velocity (e.g., Tang et al., 2019), and therefore the material

rigidity. Base on that, we suggest that the GNSS-derived vertical annual motions

underestimation derives from the crust and upper mantle beneath the Arabian plate

being less stiff than world averaged, in particular compared with the elastic AK135-F

planetary model.

Our estimated scale factor, however, provides a constant scaling that has to be

applied to the elastic properties of the reference planetary model (AK135-F) in or-

der to better represent the regional-scale lithospheric elastic properties beneath the

Arabian plate. A proper assessment of the material rigidity differences will involve a

local Earth model estimation considering depth-dependent elastic properties scaling.

Adding to that, the temperature differences at subcrustal depths between the eastern

and western Arabian plate (Kaviani et al., 2020) likely involve lateral heterogeneities

in the elastic moduli that will requite discrete grids of local LGFs computation to be

resolved (e.g., Martens et al., 2016).
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4.6 Conclusions

For the first time, we combined GNSS, GLDAS and GRACE-mascons data to study

the vertical annual oscillations induced by water mass exchange in the Red Sea. Up to

a constant scaling factor, the GNSS-derived ground responses to surface mass loading

are well explained by the expected surface deformations inferred from the GRACE-

mascons dataset, providing complementary constraints to the annual cycle of water

flow in the Red Sea. Annual variations in station heights induced by water exchange in

the Red Sea reach up to 10.7 mm at coastal areas, which could represent an additional

source of time-dependent seismic hazard for inhabited zones near by the shorelines

(e.g., Johnson et al., 2017). The GNSS-derived surface deformations suggest elastic

only ground response to seasonal loading, with the phase lag discrepancies likely

associated to local effects and differences in the spatio-temporal sampling between

the GNSS, GLDAS, and GRACE-mascons datasets. The scale difference between

the observed (GNSS+GLDAS) and predicted (GRACE-mascons) annual oscillations

suggest that the Earth’s structure beneath the Arabian plate is 20% to 30% less

stiff than the global AK135-F planetary model, consistent with the abnormally high

mantle temperatures and the presence of partial melts at subcrustal depths.
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Chapter 5

Transtensional rupture within a diffuse plate boundary zone

during the 2020 Mw 6.4 Puerto Rico earthquake

5.1 Abstract

On January 7, 2020, a Mw 6.4 earthquake occurred in the northeastern Caribbean, a

few km offshore of the island of Puerto Rico. It was the mainshock of a complex seis-

mic sequence, characterized by a large number of energetic earthquakes illuminating

an east-west elongated area along the southwestern coast of Puerto Rico. Deformation

fields constrained by InSAR and GNSS data indicate that the coseismic movements

affected only the western part of the island. To assess the mainshock’s source fault

parameters, we combined the geodetically-derived coseismic deformation with tele-

seismic waveforms using Bayesian inference. The results indicate a roughly east-west

oriented fault, dipping northward and accommodating ∼1.4 m of transtensional mo-

tion. Besides, the determined location and orientation parameters suggest an offshore

continuation of the recently mapped North Boquerón Bay - Punta Montalva fault in

southwest Puerto Rico. This highlights the existence of unmapped faults with mod-

erate to large earthquake potential within the Puerto Rico region.

5.2 Introduction

On December 28, 2019, a seismic sequence started in the northeastern Caribbean,

southwest of the Puerto Rico island, with a Ml 4.7 earthquake (Fig. 5.1, Liu et al.,

2020). At least 650 events with magnitude ≥3, including 95 with magnitude ≥4
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occurred in the next 40 days (Fig. 5.2d, University of Puerto Rico, 1986). Most of

the events nucleated at shallow depths (< 20 km) over an east-west elongated area

(∼30 x 50 km2) ∼30 km south-west of the city of Ponce, in front of Guayanilla bay

(Fig. 5.2 a, b & d). The earthquake locations align along three main directions, NNE-

SSW, NNW-SSE, and E-W, while their focal mechanisms suggest two main families:

1) pure strike-slip, and 2) normal faulting with a strike-slip component (Fig. 5.2a-c,

University of Puerto Rico, 1986; USGS, 2020).

Figure 5.1: Tectonic setting of the Puerto Rico (PR) - Virgin Island (VI) microplate
(light gray) after Piety et al. (2018). Black arrows represent the plate motion rel-
ative to the PR - VI microplate defined after Jansma et al. (2000) and Huérfano
et al. (2005). Orange stars are Mw > 4.5 earthquake locations whose focal mecha-
nisms indicate the general stress regime of the region. The cyan, green and magenta
boxes mark the footprints of the Sentinel-1 (S1A, S1D), and ALOS-2 (A2D) images,
respectively. Inverted triangles are the GNSS stations of the Puerto Rico geodetic
network with AOPR in white. The dashed-black box corresponds to the area in
Fig. 2a & b. Abbreviations: Annegada Deep (AD), Cerro Golden fault (CG), Great
Northern Puerto Rico fault (GN), Great Southern Puerto Rico fault (GS), Mona
Deep (MD), Muertos Trough (MT), North Boquerón Bay - Punta Montalva fault
(NBBPM), Puerto Rico Trench (PRT), Salins fault (SL), South Lajas Valley fault
(SLV), Caribbean Plate (CA), Coco Plate (CO), North American Plate (NA), North
Andes Plate (ND), Nazca Plate (NZ), South American Plate (SA).
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Figure 5.2: Information about the 2019-2020 Puerto Rico earthquake sequence. a)
Spatial distribution of M> 3 earthquakes occurred between December, 28, 2019 and
February, 4 2020 color-coded by date (after USGS, 2020a). b) Location and focal
mechanisms for the largest 33 events of the earthquake sequence (USGS, 2020a). c)
The focal mechanisms in b) shown in a chronological order. d) Number of M≥3
earthquakes per day (grey bars) and M≥4 events (circles) in the corresponding day.
Vertical dashed lines mark the SAR acquisition dates and the orange star depicts the
sequence’s mainshock.

The mainshock of the sequence struck on January 7, 2020, with a seismic moment

release consistent with a Mw6.4 earthquake (e.g., University of Puerto Rico, 1986).

It was preceded by one day by a Mw 5.8 foreshock, and followed by four Mw ≥ 5
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aftershocks in less than 12 hours. The ground-shaking associated with these events

produced significant damage to buildings and infrastructure in southwest Puerto Rico,

and cost at least 1 casualty (Miranda et al., 2020; López et al., 2020). After February

4, the daily number of earthquakes continued to decrease with time as the sequence

shifted to sporadic bursts of seismicity accompanied by stronger events (University of

Puerto Rico, 1986). The latest energetic aftershocks occurred on July 3, 2020, with

a seismic moment release consistent with a Mw 5.3 earthquake, and two with Ml ≥

4.5 on December 24 (University of Puerto Rico, 1986).

Since the early 90s, Interferometric Synthetic Aperture Radar (InSAR) and Global

Navigation Satellite System (GNSS) techniques have been widely used to study the

earthquake-induced ground deformation, providing constraints on the location, orien-

tation, extent and slip associated with the rupturing faults (Massonnet et al., 1993;

Hudnut et al., 1994; Jónsson et al., 2002; Calais et al., 2010; Dalla Via et al., 2012;

Fielding et al., 2020). InSAR is more sensitive to vertical movements and inefficient

in measuring displacements along the satellite’s flight direction (approximately north-

south) (e.g., Hanssen, 2001); while GNSS provides better results for the horizontal

components (Floyd et al., 2010). Besides, the sparse 3D deformations with mm-level

accuracy resolved by continuous GNSS observations enhance the cm-level accuracy

line of sight (LOS) deformation imaging by InSAR. Thus, the two techniques are

complementary, and their combination allows to produce cross-validated deformation

measurements. Furthermore, GNSS ancillary data, like tropospheric signal delay es-

timations can be used to reduce atmospheric signals in SAR interferograms (e.g., Li

et al., 2006; Cheng et al., 2012). These datasets can be combined with seismological

recordings in order to resolve for the spatio-temporal evolution of the rupture prop-

agation (Delouis et al., 2002; Salichon et al., 2004; Delouis et al., 2010; Konca et al.,

2010).
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Here we report on the on-land coseismic deformation generated by the most ener-

getic events of the 2019-2020 southwestern Puerto Rico seismic sequence using SAR

images from the Sentinel-1 and the ALOS-2 satellites, and GNSS measurements from

the Puerto Rico geodetic network. We then combined these independent deforma-

tion datasets with teleseismic waveform recordings to estimate the mainshock’s source

fault parameters using the Bayesian Earthquake Analysis Tool (Vasyura-Bathke et al.,

2019, 2020, BEAT). Finally, we compared our results with former geomorphological

(e.g., Prentice and Mann, 2005; Mann et al., 2005a; Roig-Silva et al., 2013; López

et al., 2020), kinematics (e.g., ten Brink and López-Venegas, 2012; Symithe et al.,

2015; Yang et al., 2016; Wang et al., 2019) and seismic (e.g., Huérfano et al., 2005;

Clinton et al., 2006; Liu et al., 2020) studies in the area to constrain the tectonic

framework associated with the rupture.

5.3 Tectonic Setting

The Puerto Rico Island lies on the Puerto Rico - Virgin Islands (PR - VI) microplate,

located along the convergent boundary between the Caribbean and the North Ameri-

can plates (Fig. 5.1). In particular, ENE oriented oblique double underthrusting takes

place north and south of Puerto Rico at a convergence rate of ∼2 cm/yr (Jansma

et al., 2000; Mann et al., 2002; Jansma and Mattioli, 2005; Granja Bruña et al., 2009).

The oblique convergence direction along the plate boundary results in a complex geo-

dynamic setting, characterized by oblique collision to the west, oblique subduction

at the longitude of Puerto Rico, and frontal subduction to the east (Fig. 5.1, Calais

et al., 2016). As a consequence of this plate boundary setting, the transpressional

strain regime in Hispaniola gradually becomes transtensional in the Puerto Rico area

(Calais et al., 2016).

The PR - VI microplate is bounded to the north by the Puerto Rico Trench and to

the south by the Muertos Trough, resulting from the double underthrusting (Fig. 5.1).
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South of the Puerto Rico Trench, the deformation is mainly accommodated by three

E-W oriented strike-slip fault zones, suggesting strike-slip instead of compressional

strain regime north of Puerto Rico (Grindlay et al., 2005; Mann et al., 2005a). These

structures accommodate ∼85% of the relative motion between the North American

and the Caribbean plates; while the remnant motion is accommodated by the southern

Muertos Trough boundary and/or the on-land fault systems in Puerto Rico (Fig. 5.1,

Prentice and Mann, 2005; Mann et al., 2005b). Their dominant strike-slip strain

regime, on the other hand, is consistent with the overall left-lateral strike-slip relative

motion between the tectonic plates at the Puerto Rico longitude (DeMets et al.,

2000; Jansma et al., 2000; Mann et al., 2002; Jansma and Mattioli, 2005). The

microplate is bounded to the west by the Mona Deep, where N-S oriented normal

faults accommodate 1.5–3.9 mm/yr of E-W extension relative to the Hispaniola since

a few million years (Fig. 5.1, Jansma and Mattioli, 2005; Mann et al., 2005b; Calais

et al., 2016). To the south-east, the PR-VI microplate is bounded by the Anegada

Deep (Huérfano et al., 2005). The kinematics of this structure is still unclear, however,

block models constrained by GPS measurements suggest a possible transtensional

strain regime (Jansma and Mattioli, 2005; Symithe et al., 2015; Calais et al., 2016).

The stronger earthquakes in this region (4.5 ≤Mw ≤ 6.4 ) have mainly been located

along the boundaries of the PR - VI microplate (Clinton et al., 2006; University of

Puerto Rico, 1986).

Despite the PR - VI microplate being usually considered a rigid block, several

internal active faults are present within Puerto Rico (Huérfano et al., 2005; Mann

et al., 2005b; Grindlay et al., 2005, Fig. 5.1). Inland, the Puerto Rico Island is

affected by two major NW-SE oriented fault zones (hundreds of kilometers long)

parallel to each other, the Great Northern (GN) and the Great Southern (GS) Puerto

Rico, respectively (Piety et al., 2018). The GS continues offshore both westward and

eastward, where at least two Quaternary ruptures have been identified (Piety et al.,
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2018, Fig. 5.1). Eastward, the GS strike curves to the NE, as a consequence of the

strain regime changing from strike-slip to mainly extensional (Mann et al., 2005a).

Moreover, offshore faults with a similar orientation are considered seismically active

(Jansma and Mattioli, 2005, and references therein).

Another potentially active fault is the E-W oriented Cerro Golden (CG, Laó-

Dávila et al., 2000; Mann et al., 2005b, Fig. 5.1). This fault is considered a splay

structure of the GS affecting both the onshore and offshore part of western Puerto

Rico (Jansma and Mattioli, 2005). Both normal and left-lateral strike-slip motions

have been identified along the onshore and offshore parts of this fault zone during the

Quaternary (Laó-Dávila et al., 2000; Piety et al., 2018). According to (Mann et al.,

2005a), the CG belongs to a large apical graben formed after the early Pliocene as a

consequence of crust arching in the western part of Puerto Rico.

An additional E-W oriented fault zone, affecting the south-west Puerto Rico, is

the South Lajas Valley Fault (SLV, Huérfano et al., 2005; Mann et al., 2005b, Fig.

5.1). This structure continues westward offshore to the south of Mona Deep and

show a normal kinematics with a strike-slip component (Prentice and Mann, 2005;

Grindlay et al., 2005). Motion along the onshore faults of Puerto Rico is inferred to be

≤2mm/yr, but the SLV has been considered a possible locus of the highest permissible

on-land deformation (Jansma and Mattioli, 2005). This is consistent with the fact

that this is the area with the highest amount of microsesimicity, although with only

8 instrumental earthquakes with 4 ≤Mw ≤ 4.6 (Huérfano et al., 2005; Clinton et al.,

2006; University of Puerto Rico, 1986).

The SLV is crosscut by the recently discovered WNW oriented North Boquerón

Bay - Punta Montalva fault (NBBPM, Roig-Silva et al., 2013; Adames-Corraliza,

2017). The fault zone shows strain partitioning between a dominant left-lateral strike-

slip kinematics with E-W oriented displacements and smaller N-W oriented normal

faults and extensional fractures. Although most of the deformation along the NBBPM
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is older than the Holocene, it is considered an active fault system (Roig-Silva et al.,

2013). Indeed, the 2019-2020 seismic sequence located offshore along the south-

eastward continuation of this fault system (López et al., 2020; Miranda et al., 2020).

Adding to that, the offshore area south of Puerto Rico reveals the presence of

N-E oriented normal faults accommodating S-E directed extension (Mann et al.,

2005a). This observation is consistent with two successive phases of tectonic ex-

tension with NNE-SSW and NW-SE oriented motions, respectively, being identified

in south-western Puerto Rico (Mann et al., 2005a). The first phase took place during

the Oligocene – Miocene and can be responsible for the formation of E-W trending

tectonic features like the SLV (Mann et al., 2005a). Faults related to the second

phase of extension crosscut pre-existing tectonic structures and suggest a post-early

Pliocene to Quaternary age of the deformation (Mann et al., 2005a). This last NW-

SE oriented extension is expected to induce extensional motions on neighboring NE-

trending faults and left-lateral strike-slip motions along N-W oriented faults such as

the GS (Mann et al., 2005a).

5.4 Data and Methods

5.4.1 InSAR

The SAR images analyzed in this study come from the Sentinel-1A and ALOS-2

satellites, and were provided by the European and Japanese space agencies (ESA and

JAXA), respectively. The Sentinel-1 satellites regularly acquire data over Puerto Rico

every 12 days from both ascending (S1A) and descending (S1D) orbits in Interfero-

metric Wide swath mode. We selected two pairs of images with 24 day time-span (Fig.

5.2d), one for the ascending (January 4 to 28) and one for the descending (January 2

to 26) orbit, which provided interferograms with higher coherence and fewer artifacts

than the 12 days observations. ALOS-2 acquires sporadically over the area, with only

one ScanSAR Wide mode acquisition in descending orbit (A2D) available after the
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mainshock (January 20, 2020) and the pre-seismic image acquired four months before

(September 16, 2019).

We processed all the interferograms with the GAMMA software (Wegmüller,

1998). To evaluate and remove the phase topography component from the inter-

ferograms, the SRTM 1 arcsec DEM (Farr and Kobrick, 2000) was used. The inter-

ferograms were multilooked to obtain ∼30 m x 30 m pixels and filtered to partially

remove the noise, increasing the coherence (Goldstein and Werner, 1998). To convert

the interferometric phases into LOS displacement, we used the minimum cost flow un-

wrapping algorithm (Werner et al., 2002). Finally, the three selected interferograms

were carefully checked and obvious unwrapping errors were manually corrected.

The Puerto Rico Island is located within a tropical environment characterized

by highly variable water vapor content in the troposphere that results in strong at-

mospheric signals in the interferograms (Hanssen, 2001). To partially remove this

contribution we used the GNSS-derived zenith delay estimations at each SAR ac-

quisition time (e.g., Li et al., 2006; Cheng et al., 2012). The resulting maps are

still affected by a residual orbital ramp and topography correlated signal (Hanssen,

2001). We thus evaluated and removed a 3D surface that describes the interferometric

phases as a linear combination of each pixel position (x,y,z) obtained by least-squares

method. The three final deformation maps were referred to the same reference point

that is considered stable, and corresponds to the location of the AOPR GNSS station

(Fig. 5.1). The remnant residual noise, here considered as the displacement error, was

quantified by estimating the standard deviation in the area within 5 km of the stable

reference point. This resulted in ±2.3 cm for the S1A, ±2.7 cm for S1D, and ±3.8 cm

for A2D, respectively. Detailed information about all the corrections steps along with

the cross-validation with the GNSS data are described in the supplementary material

(Text S1 and S2; Figs. S1-S4).

Combining two or more different looking geometries allows to obtain the near- east
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and vertical components of the ground displacement vector (Dalla Via et al., 2012;

Fuhrmann and Garthwaite, 2019). Since A2D and S1D images have similar looking

geometries, they provide redundant information for this estimation. However, A2D

has a larger coverage and higher coherence, and thus is more reliable in resolving cm-

level displacements in relatively small areas. Hence, we combined the A2D and S1A

deformation maps to retrieve the near- east and vertical components of the InSAR

displacement.

5.4.2 GNSS

We analyzed observations from 17 continuous GNSS stations belonging to the Puerto

Rico’s geodetic network (see Data and Resources, Fig. 5.1). The GNSS observables

span the time window from January 1, 2019 to July 31, 2020, are sampled at 30 sec-

onds interval, and stored into 24 hours session files. We used the GAMIT/GLOBK

analysis software (Herring et al., 2018) to produce daily station position time-series

and hourly total zenith delay estimates during the GNSS observation time span.

These estimates provide independent constraints on the coseismic deformation asso-

ciated with the main events of the earthquake sequence, and the APS, respectively.

The GNSS measurements were analyzed following the first two steps described

by Floyd et al. (2010) and Kogan et al. (2012). In the first step, loosely constrained

station positions and their associated covariances were estimated from the raw GNSS

observations using precise satellite orbits and Earth’s orientation parameters. This

step included 18 additional IGS fiducial stations used to align the network’s daily

solutions to the ITRF2014 (defined after Altamimi et al., 2017). In the second step,

final station positions in the ITRF2014 reference frame were obtained from combining

the loosely constrained daily solutions using the GLOBK Kalman filter (See Herring

et al., 2018, for details). The reference frame was established by estimating a 6

parameter Helmert transformation constraining the positions of the 18 fiducial IGS
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stations to their ITRF2014 values. Finally, we combined the network’s global daily

solutions into GNSS position time-series. After time-series generation, outliers were

removed using the 3-σ rule, and the coseismic offsets were estimated by fitting a

trajectory model that includes a linear trend and Heaviside step function terms at

the dates of the earthquake sequence main events (equation 5.1).

P (t) = a+ b · t+ ci ·
n∑

i=1

H(t− ti) + ε(t) (5.1)

This trajectory model describes well the GNSS time-series for all the stations

except two (P780 and PRMI) which required an additional exponential term to de-

scribe signals suggesting postseismic deformation. The character of the noise within

the GNSS time-series was included in the model parameter estimation by using a lin-

ear combination of white and Flicker components with the Hector software package

(Bos et al., 2013). The median error for the GNSS-derived coseismic offsets is 1.2 mm

for the horizontal and 3.2 mm for the vertical components, respectively. Details on

the total zenith delay estimation are presented in the supplementary material (Text

S1; Figs. S1b, S2b, S3b).

5.4.3 Seismic data

The waveform data we used in the source parameter estimation come from seismic

stations located at teleseismic distances within a range of 30◦-90◦ from the earthquake

location reported in the USGS catalogue (University of Puerto Rico, 1986, Fig. 5.3).

We selected 51 P and 35 SH waveforms providing the best signal to noise ratio and

azimuthal coverage from seismic recordings accessed through the IRIS, GEOFON,

and the ORFEUS data centers (see Data and Resources). The raw waveforms were

restituted to true ground displacement and rotated into the radial (R), transverse (T)

and vertical (Z) components. The resulting waveforms were then bandpass-filtered

from 100s to 20s to decrease effects associated with high-frequency noise (Steinberg
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et al., 2020).

For the model parameter inference (see section 5.4.4) the vertical (Z) and trans-

verse (T) components were used to fit the P and SH waveforms over a time win-

dow covering 10 seconds before and 60 seconds after the body- and surface-wave

arrivals, respectively. To account for measurement and theory errors we applied non-

toeplitz covariance matrices during the model parameter inference (Dettmer et al.,

2007; Vasyura-Bathke et al., 2021).

Figure 5.3: Locations of seismic stations providing the 51 P (a) and 35 SH (b) wave-
form recordings used in this study.

5.4.4 Bayesian inference of earthquake source parameters

We applied the Bayesian Theorem (Bayes, 1763) to infer the source parameters of the

mainshock using the open-source software BEAT (Vasyura-Bathke et al., 2019, 2020)

by using seismic waveforms and geodetic data from InSAR and GNSS, jointly. In the

following, we use dobs
k as variable for expressing a dataset k being a seismic waveform

component at a station, a displacement field of an unwrapped interferogram in LOS,

or the static offset of all GNSS stations for a displacement component.

Under the assumption of Gaussian distributed residuals rk(m) = dobs
k − dk(m)
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with dk(m) being predicted synthetic data for dataset k, the posterior probability

density of model parameters m is given by

p(m|dobs) ∝ p(m)
K∏
k=1

1

(2πσ2
k)N/2|Ck|1/2

exp

[
− 1

2σ2
k

[rk(m)]TC−1
k [rk(m)]

]
, (5.2)

for all datasets k. Here C−1
k is the covariance matrix describing the noise statistics

of residual errors, that are considered noise. Note that we account for a hierarchical

scaling σ to also estimate the standard deviation of the residuals. We then sample

the posterior probability density using a sequential Monte Carlo algorithm (Del Moral

et al., 2006; Vasyura-Bathke et al., 2020), which is a special variant of Markov Chain

Monte Carlo sampling.

We simulated synthetic static and transient displacements dk(m) assuming a lay-

ered elastic halfspace using CRUST2 (Bassin et al., 2000a) and AK135 (Kennett et al.,

1995) for the crustal and deeper Earth structures, respectively. To ensure numerical

efficiency we pre-calculated Green’s Function stores (Heimann et al., 2019). These

Green’s Functions are stored on a distance-depth grid and allow to create synthetics

for any given source-receiver configuration. For the static data we used PSGRN/P-

SCMP (Wang et al., 2006) to calculate Green’s Functions for a depth-distance range

of 0-50 km and 0-500 km with half a kilometer spacing in both directions. For the

transient data we used QSSP (Wang et al., 2017) to calculate station-specific Green’s

Functions for a 1-km spacing grid extending laterally to 100 km around each station

and covering a depth range of 0-25 km. All the Green’s Functions were calculated

relative to an arbitrary event reference location defined at 66.81◦W and 18.08◦N.

For the model parameter sampling, the full-resolution InSAR deformation fields

were reduced to their statistically significant fractions following the two-dimensional

quantization algorithm (Jónsson et al., 2002). We thus decreased the number of data

points from millions to 59 for S1A, 57 for S1D and 76 for A2D (Fig. S5). Then,
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data-specific covariance matrices were estimated following the method in Sudhaus

and Jónsson (2009). Before downsampling, the orbital ramp and offset components

described in section 5.4.1 were added back the InSAR data, and re-estimated together

with the source fault parameters. This allowed to use the derived covariance matrices

as data weighting in the model parameter estimation.

For the seismic data, on the other hand, we estimated station-specific time-shifts

during the optimization to account for phase shifts resulting from velocity model

uncertainties (Mustać et al., 2020; Vasyura-Bathke et al., 2021). Finally, only GNSS-

derived horizontal coseismic offsets were used in our optimization, considering the

distance from the geodetic network to the locus of vertical deformation, and the

better performance of the GNSS measurements in resolving for horizontal motions

(e.g., Dixon, 1991; Floyd et al., 2010, and references therein).

5.5 Results

5.5.1 Coseismic ground deformation

The interferograms time-span cover several days of the seismic sequence (Fig. 5.2

d), and therefore, the InSAR-derived co-seismic displacements are affected by all

the events nucleating within the SAR acquisition time-frames. However, all the

InSAR-derived deformation maps show localized coseismic displacements around the

Guayanilla Bay (Fig. 5.4). On the western part of the bay, the LOS displacements

indicate movements away from the satellite for the three looking geometries, suggest-

ing that the majority of the deformation is along the vertical direction. However,

the maximum displacement in the S1A (-14 cm) is smaller than that in the S1D and

A2D (-23 cm and -26 cm respectively), indicating a significant horizontal displace-

ment component as well. The eastern part of the bay moved towards the satellite for

the S1A (5 cm) and away for the S1D and A2D (-17 cm and -19 cm, respectively),

indicating primarily westward horizontal motions.
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Figure 5.4: Unwrapped InSAR images from a) ascending b) descending Sentinel-1
(SA1 and S1D), and c) descending ALOS-2 (A2D) data. Black boxes in a) and c)
corresponds the area in Fig. 5.5. The orange star marks the USGS mainshock loca-
tion. Arrows indicate the satellites’ heading (AZ) and the looking (LOS) directions,
respectively. The inverted white triangle is the reference point for the unwrapping
and corresponds to the AOPR GNSS station. Black lines are the main faults.



119

This is confirmed by the InSAR-derived near-east and near-vertical ground dis-

placement components (Fig. 5.5), showing that the entire bay subsided and moved

westward with the maximum vertical (27 cm) and horizontal (20 cm) displacements

on its western and eastern parts, respectively. The near-vertical displacement field

also shows two uplifting areas flanking the Guayanilla bay (Fig. 5.5b) suggesting

an additional component of northward motion, consistent with normal faulting along

a E-W oriented fault dipping inland. Furthermore, the near-east displacement field

(Fig. 5.5a) shows ∼9 cm of relative motion in the Punta Brea area, consistent with

left-lateral strike-slip faulting along the NBBPM fault.

Figure 5.5: Near-east (a) and near-vertical (b) displacements derived from the combi-
nation of the Sentinel-1 ascending (SA1) and ALOS-2 (A2D) deformation maps (Fig.
5.4b and c).

Most of the GNSS stations of the Puerto Rico geodetic network are distant from

the region of maximum displacement highlighted by InSAR, with only three sites

(PRMI, PRGY, and P780) located within 10 km from the Guayanilla bay. However,

away from the bay, where small coseismic deformations are expected, they provide

more reliable estimates than InSAR. In addition, the daily solutions provide better

constraints on the coseismic offsets compared with the InSAR-based displacements.

The GNSS-derived coseismic offsets indicate horizontal motions mostly in the western

half of the island reaching up to ∼4.2 cm near the Guayanilla bay and ∼0.8 cm at

distances over ∼65 km from the region of maximum deformation (Fig. 5.6). Their
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azimuths show a direction shift from SW to NW oriented roughly east and west of

the earthquake’s longitude, respectively (Fig. 5.6). This deformation pattern is con-

sistent with a northward dipping normal fault with a significant left-lateral strike-slip

component as previously suggested by the InSAR-based deformation maps (Fig. 5.5).

Their small magnitudes and azimuths lying at close angles from the SAR satellites’

heading directions, may explain why they are not well resolved by InSAR.

Figure 5.6: Observed (red arrows) and predicted (blue arrows) horizontal coseismic
offsets by the source fault parameters with the maximum a posteriori probability
(MAP) at the GNSS station locations. Ellipses show the 95% confidence interval of
the horizontal coseismic offsets. The red box shows the surface projection of the MAP
source fault with the solid black line indicating the upper edge. Dashed black line
marks the full extent of the profile shown in Fig. 5.8.

The cross-validation of the GNSS- and InSAR-derived coseismic displacements

indicate consistency between the independently derived datasets (Fig. S4), except

at few coastal stations (e.g., EMPR, PRAR, PRLP, PRLT). This implies that the

applied corrections removed most of the artifacts in the InSAR deformation maps,

with the remnant noise probably associated with local atmospheric signals.
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5.5.2 Source model

The source model used to assess the main event of the 2019-2020 Puerto Rico earth-

quake sequence considers uniform slip on a single rectangular fault embedded in a

layered elastic halfspace. The model setup responds to the large amount of seismic

energy released by the mainshock, as well as the presence of several indistinguishable

aftershocks within the geodetic data. All the source fault parameters were loosely

constrained before sampling, however, the priors defining the location, orientation

and faulting style include information from the focal mechanism reported by the Uni-

versity of Puerto Rico (1986). The source fault parameters were sampled in 33 stages

in which the forward model was evaluated ∼10 million times.

The combination of model parameters (along with the 0.5 and 99.5 percentiles)

with the maximum likelihood of explaining the three datasets simultaneously results

in a 12.5+2.2
−0.7 km long and 9.7+1.2

−1.0 km wide (between 5.9+0.3
−0.6 and 12.9+1.3

−1.1 km of depth)

fault accommodating ∼1.4+0.1
−0.3 meters of fault slip (Fig. 5.7). The fault strikes at

273.0◦+1.3
−0.9 and dips towards the Guayanilla bay at an angle of 46.8◦+1.0

−0.3 (Figs. 5.7

and 5.8). The estimated rake angle (-47.2◦+0.6
−1.1) indicates a combination of roughly

equal normal and left-lateral strike-slip faulting components. By assuming a constant

rupture velocity of 3.5 km/s and a half-sinusoidal source time function we estimated

that the rupture nucleated in the lower east quadrant of the fault and propagated up-

and westward for 10.6+0.5
−0.4 seconds. The seismic moment associated to the modeled

fault is 5.1×1018 N·m, consistent with the reported Mw 6.4 earthquake. The model

parameters with the maximum a posteriori probability (MAP) are shown in Fig. 5.7.
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Figure 5.7: 1D and 2D marginal posteriors for the fault source model parameters con-
strained by combination of the GNSS, InSAR, and teleseismic data. The red vertical
lines in the histograms and the red dot in the 2D correlation maps mark the max-
imum a posteriori probability (MAP) solution. In the correlation plots, blue colors
are regions of high probability. East and North shifts are relative to the reference
location defined in section 5.4.4.

The predicted coseismic displacements projected into the LOS direction of the

three SAR geometries can explain ∼61% of the total InSAR signal observed around

Guayanilla bay (Fig. 5.8). The resulting modeled ground deformation for the S1D

and A2D is comparable due to their similar acquisition geometries, however, the

maximum displacements are underestimated for A2D (Fig. 5.8). The cross section

in Fig. 5.8j supports this outcome and shows the poorer fit to the S1A data due to

stronger residual noise still present in the deformation map, particularly at distances

between 18 and 30 km from the coast. The MAP fault parameters explain all the

GNSS-derived horizontal coseismic offsets within the 95% uncertainty level of the

dataset, except for the PRGY, and PRMI stations (Fig. 5.6).
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Figure 5.8: Upper panel: Left column (a, d, g) zoom on the area affected by the
largest coseismic displacement (around Guayanilla bay) for the S1A, S1D and A2D
deformation maps, respectively. The dashed lines are the cross-sections shown in
j. Center column (b, e, h): Predicted LOS displacements for each orbit. The red
box is the surface projection of the MAP source fault with the black line indicating
the top. Right column (c, f, i) the residual LOS displacements. Bottom panel:
j) shows a cross-section of the topography and bathymetry (plotted according to a
different colorscale), the MAP source fault (red), along with the observed (circles)
and predicted (dashed lines) LOS displacements profiles for the S1A (cyan), S1D
(green), and A2D (magenta) orbits, respectively. Orange star depicts the sequence’s
mainshock location (USGS, 2020a).

dgfgf
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In both cases, the predicted directions depart from the observations, while the

magnitude is overestimated for PRMI and slightly underestimated for PRGY, re-

spectively. This discrepancy could result from local displacements associated with an

aftershock nucleating within the same day of the mainshock, and therefore, aliased

in the offset estimate.

The weighted variance reduction for the teleseismic waveforms indicate a better

fit to the vertical (P waves) than to the transversal (S waves) component data (Fig.

5.9). Moreover, the variance reduction values obtained for most of the stations (up to

99%) suggest that the estimated time-shifts successfully accounted for the phase shifts

expected from the velocity model uncertainties (see Mustać et al., 2020; Vasyura-

Bathke et al., 2021, for details).
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Figure 5.9: Waveform fits at selected seismic stations for 9 body (top) and 6 surface
(bottom) wave seismic recordings. Grey/red solid lines depict the filtered (0.01-
0.05 Hz) observed/synthetic displacement waveforms. The brown shading shows 200
randomly selected synthetic waveforms from the posterior predictive distribution.
Red lines with filled polygons show the residual waveforms. Traces are annotated
with station name, component, epicentral distance, and azimuth from the center of
the MAP source fault. The arrival time and the duration of each window are shown in
the lower left and right, respectively. The grey and orange histograms on the lower left
and top right corners of each plot show the station-specific time-shift and the weighted
variance reduction (VR) for the posterior predictive distribution, respectively.
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5.6 Discussion

Both the alignments and focal mechanisms of earthquakes during the 2020 south-

west Puerto Rico seismic sequence indicate activation of different fault segments and

secondary faults located both inland and offshore (Fig. 5.2 a-c). This is further sup-

ported by the horizontal displacements derived from the InSAR deformation maps

on the southernmost La Brea peninsula, indicating up to ∼9 cm of eastward motion,

consistent with left-lateral strike-slip faulting (Fig. 5.5). The above, in combination

with the spatial distribution of events (∼50 km long and ∼30 km wide east-west

oriented area), suggest a diffuse rather than a sharp boundary accommodating the

Caribbean - PR - VI relative motion (e.g., Jansma et al., 2000; Prentice and Mann,

2005; Jansma and Mattioli, 2005). Moreover, the magnitude of the main event, and

the large number of moderate aftershocks suggest a high coupling of the fault system,

consistent with the expected strain partitioning resulting from oblique convergence in

the area as previously proposed by Jansma et al. (2000); Jansma and Mattioli (2005).

Using a conceptual physical model for permeability dynamics in the crust, Miller

(2020) demonstrated that long-duration and rich-aftershock sequences are expected

at zones of dilatation that have limited tectonic ability to re-seal the co- and post-

seismically generated fracture networks. On this basis, a complex evolution domi-

nated by fluid-driven earthquakes resulting from pore pressure diffusion was proposed

for the 2020 SW Puerto Rico seismic sequence, which occurred within a transten-

sional tectonic regime with potentially abundant deep fluid sources (e.g. Peacock,

1990; Jansma and Mattioli, 2005). The above interpretation is further supported by

the fact that the largest event of the seismic sequence (Mw 6.4) accounted for only

∼60% of the total seismic energy released (e.g., University of Puerto Rico, 1986).

The MAP fault parameters of the Mw 6.4 January 7, 2020, Puerto Rico earth-

quake indicate normal faulting with a left-lateral strike-slip component on a roughly

east-west oriented, northward-dipping fault offshore the Guayanilla bay (Figs. 5.8 and
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5.6). The predicted displacements around the bay represent about two thirds of the

InSAR-derived deformation fields, in agreement with the ratio of mainshock/after-

shock seismic energy release (e.g., University of Puerto Rico, 1986). Furthermore,

the fault orientation (strike, dip) and slip direction (rake) are consistent with pat-

terns of strain accumulation estimated for southwestern Puerto Rico (e.g., Jansma

and Mattioli, 2005; Huérfano et al., 2005).

Our estimated strike, dip and rake angles are ∼6, ∼4, and ∼11 degrees larger

than the solutions from the University of Puerto Rico (1986) and Liu et al. (2020).

Likewise, the depth of our estimated nucleation point (∼12 km) is slightly deeper than

the hypocentral depth reported by the University of Puerto Rico (1986). However, our

fault location parameters (north- and east-shift, Fig. 5.7) imply a northward shift

of ∼18 km towards the Guayanilla bay, consistent with the hypocenter relocation

derived from regional seismic data by (Liu et al., 2020, Fig. 5.6 and 5.8j). The

rupture time yielded by our analysis (∼11 s) is significantly longer than reported by

the (University of Puerto Rico, 1986, ∼4 s), but is in good agreement with the Liu

et al. (2020) results (∼11s). The difference with respect to the University of Puerto

Rico (1986) estimate may result from non-double couple seismic energy being radiated

in response to fault complexities like bending and change of dip angle with depth.

Alternatively, it may indicate fault rupture within a soft material with relatively low

shear wave velocity.

Drawing 1200 random samples of the source fault surface intercepts with a straight

continuation of the NBBPM fault (Fig. 5.10) suggests that either the mainshock

ruptured along a subparallel planar fault south of the NBBPM fault, or both the

strike and dip of the latter fault changes as it get offshore. The presence of several

offshore E-W trending faults in southwestern Puerto Rico (e.g., Grindlay et al., 2005)

and the strain partitioning between left-lateral strike-slip and compression inferred

from earthquake focal mechanisms in the southeast of the Lajas Valley (Roig-Silva
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et al., 2013, Fig. 5.2a, b) support fault bending along the strike direction around the

Guayanilla bay area. Moreover, onland shallow seismicity on the eastern part of the

NBBPM fault indicates mostly subvertical fault planes (e.g., Huérfano et al., 2005),

supporting the proposed changes in dip angle with depth, and likely explaining our

estimated relatively long rupture time. Based on the information above, we postulate

that the Mw 6.4 January 7, 2020, Puerto Rico earthquake likely nucleated on an

offshore continuation of the NBBPM fault, which bends northward and changes dip

with depth as it runs beneath the Guayanilla bay.

Figure 5.10: Surface fault trace along the strike a) and dip b) directions obtained
by drawing 1200 random source fault samples. Black dot depicts the earthquake
nucleation point. Fault surface projection is represented as in Fig. 5.6. Orange star
depicts the sequence’s mainshock location by USGS (2020a).

Despite the intensive microseismicity, neither instrumental nor historical major

earthquakes have been localized in this area (e.g. Huérfano et al., 2005; Prentice and

Mann, 2005; Clinton et al., 2006; University of Puerto Rico, 1986). However, onshore

paleoseismic trenching indicate Holocene surface ruptures requiring magnitude 6 or

greater earthquakes in southwestern Puerto Rico (e.g., Prentice and Mann, 2005).

Kinematic models constrained by GNSS-derived velocities suggest that internal de-

formation within the PR - VR microplate falls below the uncertainty level of the
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observations (∼0.5 mm/yr, Symithe et al., 2015). Yet, differential motions between

GNSS stations in southwestern Puerto Rico reach 1-2.3 mm/yr (ten Brink and López-

Venegas, 2012; Yang et al., 2016; Wang et al., 2019). Projecting these values onto our

modeled source fault yields a recurrence time ranging from ∼700 to ∼1500 years for

the nucleation of an earthquake of similar magnitude within this diffuse plate bound-

ary in southwestern Puerto Rico. These values, however, provide lower bounds of the

earthquake cycle recurrence time since a single fault is assumed to accommodate all

the relative motion.

The lack of near field measurements combined with geodetic observations being

limited to the hangingwall, prevents solving for the distributed slip on the source fault.

We considered several model scenarios using different fault discretizations and param-

eter sampling approaches including: 1) user-defined fault patch sizes, 2) resolution-

based discretization following the method described by Atzori and Antonioli (2011),

3) Laplacian smoothing weights and 4) velocity model variations. However, in every

case, this resulted in over-parameterization of the fault plane, with only marginal

improvements of the variance reduction.

Together with the former parameter sampling scenarios, we performed sensitivity

tests to address the influence of each individual dataset in the MAP parameter results

(Figs. S6-S9). Using only the InSAR data for the parameter inference resulted in a

fault oriented in an oblique direction relative to the fault obtained from combination of

the three datasets, consistent with the presence of NE-SW oriented aftershocks within

the SAR acquisitions (Figs. 5.2 and S7). The GNSS data alone appears to constrain

well the fault orientation, but it provides limited constraint to the fault slip and

geometry (Fig. S8). These tests highlight the need for combination of independent

datasets when estimating earthquake source parameters, since explaining well a single

dataset may result in biased parameter estimates due to the lack of data (Salichon

et al., 2003; Delouis et al., 2010). This is particularly important in our case, since most
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of the coseismic surface displacements occurred offshore, and therefore, are missing

in the geodetic data.

5.7 Conclusions

We combined InSAR, GNSS, and teleseismic waveforms to constrain the source fault

parameters of the January 7, 2020 Mw 6.4 Puerto Rico earthquake using a Bayesian

inference algorithm. The location and orientation parameters yield an offshore blind

fault, striking roughly east-west and dipping northward below the Guayanilla bay

in southwestern Puerto Rico. Our results suggest that an offshore continuation of

the NBBPM fault zone could have generated the earthquake. Still, the aftershocks

distribution and focal mechanisms evidence a complex fault network in southwest

Puerto Rico accommodating the relative plate motion along a diffuse rather than

sharp boundary (e.g., Prentice and Mann, 2005). The slip direction implies normal

faulting with a left-lateral strike-slip component, consistent with transtentional pat-

terns of strain accumulation in the area (e.g., Jansma and Mattioli, 2005). Together

the results indicate transtensional faulting in southwestern Puerto Rico in response

to active diffuse deformation affecting the PR - VI microplate, and highlight the exis-

tence of unmapped faults with moderate to large earthquake potential in the Puerto

Rico region.
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Chapter 6

Concluding Remarks

6.1 Summary

In this thesis, I have provided updated constraints on the present-day kinematics of

the Arabian plate and the southern Red Sea region (Ch. 2 and 3) based on the combi-

nation of GNSS-derived velocity fields with kinematic block modeling. This resulted

in a better description of the plate boundary locations in the area and improved esti-

mates of the rates and directions of relative plate motions, which are essential for the

region’s earthquake and volcanic hazards assessments. Using both the nonrigid resid-

ual motions and changes in GNSS station baselines, I quantified the current internal

deformation for the Arabian plate at different spatial scales (Ch. 3). This analysis

provided quantitative constraints on the plate’s large-scale rigidity and insights of the

magnitude, nature, and extent of intra-plate differential motions. In a separate study

(Ch. 4), I used the GNSS station response to surface mass loading associated with

seasonal water exchange in the Red Sea to make inferences on the lithospheric elastic

properties beneath Arabia.

The combination of up to 16 years of GNSS observations distributed around the

southern Red Sea, Afar, and the Gulf of Aden provided an improved velocity field

that is incompatible with former interpretations of the kinematics of the region. The

updated deformation map indicates that the Danakil block, which accommodates the

Nubia-Arabia relative extension in the region by rigid counterclockwise rotation, only

extends south to the Hanish-Zukur Islands group (∼13.8°N) and not all the way to
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the Bab-el-Mandeb Strait in the southernmost Red Sea as previously reported (Eagles

et al., 2002; McClusky et al., 2010; Schettino et al., 2016). North of the Hanish-Zukur

Islands group, the GNSS-derived station motions relative to the Nubian plate are

well described by counterclockwise rotation around an Euler pole located at 16.36°N,

39.96°E with a rotation rate of 2.83 °/Myr. South of ∼13.8°N, the Arabia-Nubia

angular velocity describes better the observed station motions, supporting that the

southernmost part of Eritrea and northern Djibouti are parts of the Arabian plate

(e.g., Varet, 2018). The updated velocity field also revealed a >100 km wide zone of

diffuse deformation along the Danakil-Nubia plate boundary in the Gulf of Zula area

(∼15.3°N), suggesting that mechanical extension is dominant over magma-assisted

deformation along this boundary segment.

A single angular velocity vector is sufficient to describe almost all the GNSS ve-

locities of 162 stations within the Arabian plate interior, confirming its large-scale

stability. The updated velocity field indicates counterclockwise rotation of Arabia

relative to the ITRF14 around an Euler pole located at 50.93°N, 6.09°W at a rota-

tion rate of 0.52 °/Myr. Using similar estimates for the neighboring tectonic plates

yields predicted relative motions consistent with 4.4-4.7±0.3 mm/yr of left-lateral,

and ∼0.8±0.4 mm/yr of extension along the Dead Sea transform fault, except at

the latitude of the Lebanon restraining bend (∼33.5-34.5°N) where ∼1.1±0.4 mm/yr

of shortening motions are anticipated by the modeling. From north to south along

the Red Sea, the predicted Nubia-Arabia relative extension increases from ∼7.2±0.1

mm/yr at ∼27.5°N to ∼15.0±0.1 mm/yr at the Nubian-Arabian-Danakil triple junc-

tion (∼17.0°N). In central Afar (∼12.0°N) the model predictions equal the full rate

of Nubia-Arabia relative motion, confirming the transfer of extension from the main

branch of the southern Red Sea rift into the subparallel inland branch west of the

Danakil block. Along the Arabian-Somalian plate boundary, the kinematic modeling

anticipates opening motions increasing eastward from ∼15.2±0.2 mm/yr in the Gulf
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of Tadjoura area (∼43.0°E) to ∼22.9±0.2 near the Aden-Owen-Carlsberg triple junc-

tion. For the Arabian-Indian plate boundary, predominantly right-lateral strike-slip

motions averaging ∼2.2±0.5 mm/yr are predicted. Exceptions to this include the

northern and southernmost extremities of the Owen Fracture Zone, where opening

motions of ∼0.7±0.5 mm/yr and 1.8±0.5 mm/yr are expected, respectively. The

model predictions for the Arabian-Eurasian plate boundary yield ∼29.0±0.1 mm/yr

of frontal shortening along the Makran subduction zone and transpressional motions

with a decreasing shortening component towards northwest from ∼22.0±0.1 mm/yr

to ∼3±0.1 mm/yr along the Bitlis-Zagros fold and thrust belt. These rates, however,

represent total rates across the broad plate boundary zone in Iran, which includes

multiple faults and tectonic blocks (e.g., Lut, Central Iran) that have been identified

and need to be included in future studies.

The non-rigid GNSS velocity residuals within the Arabian plate interior require a

plate-wide internal deformation of only ∼0.4 nanostrains/yr, corroborating the large-

scale rigidity of the plate. This implies not only that large-scale differential motions

are compensated internally, but that the Arabian plate lithosphere has remained

strong despite being subjected to plate boundary processes like active continental

collision and seafloor spreading, as well as gravitational potential energy differences

and basal drag forces. At smaller scales, however, changes in GNSS station base-

lines illuminate at least ten areas where localized differential motions result in intra-

plate areal strain rates of up to ∼8 nanostrains/yr. The spatial distribution of all

the straining localities, except one, correlates well with areas of known groundwater

over-exploitation and rapid urbanization in Saudi Arabia. Therefore, the estimated

internal deformation in these areas most likely has an anthropogenic origin. The

estimated areal strain-rate for the remaining locality suggests roughly E-W oriented

extension, consistent with the proposed N-S oriented asthenospheric flow beneath the

western margin of the plate. Volcanic activity in this area during the last kiloyears in-
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cludes two historical eruptions (641 and 1256 AD, Camp and Roobol, 1989), thus, the

estimated localized strains may result from subsurface magmatic activity at present.

The combination of GNSS, GLDAS and GRACE-mascons datasets allowed to con-

straint better the timing, amplitude, and spatial extent of the surface deformations

induced by water mass exchange in the Red Sea, as well as to retrieve information

about the lithospheric elastic properties beneath Arabia. The surface mass loading

associated with water transport in and out of the Red Sea induces annual vertical

motions of up to 10.7 mm at coastal areas, which could result in changes in the

state of stress sufficient to trigger seismic activity (e.g., Johnson et al., 2017). Thus,

adding a time-dependent component of seismic hazard for coastal areas along the

Red Sea. The observed and predicted surface deformations exhibit a phase lag that

cannot easily be explain by assuming a viscoelastic rheology, therefore, they may

result from local effects and/or differences in the the spatio-temporal sampling be-

tween the GNSS, GLDAS, and GRACE-mascons datasets. This implies that the

observed ground deformations primarily represent elastic-only ground response to

the mass loading. Differences between the observed (GNSS+GLDAS) and predicted

(GRACE-mascons) annual oscillations suggest that the Earth’s structure beneath the

Arabian Peninsula is 20% to 30% less stiff than the global AK135-F planetary model,

consistent with the abnormally high mantle temperatures and the presence of partial

melts at subcrustal depths.
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6.2 Future Research Work

The new GNSS-derived constraints on the kinematics of the southern Red Sea region

highlighted the important role of microplates surrounding Arabia in accommodating

the relative plate motion. Owing the availability of similar datasets in the near

future, it is essential to incorporate additional lithospheric blocks (e.g., Carmel, Mt.

Lebanon, Syrian Coast, Lut, and Central Iran blocks) not considered in this thesis

into the kinematic models. This will provide a better description of the rates and

directions of relative motion for the northwestern and northeastern Arabian plate

boundaries. Besides, it will improve the understanding on the implications of current

motions in the Levant and Iran regions for the overall kinematics of the Nubia-Arabia-

Eurasia plate triplet. The biggest challenge for future works is probably to reconcile

the 2-3 mm/yr difference between the estimated long-term and instantaneous relative

motions along the Arabia-India plate boundary. Since an acceleration/deceleration

of the Arabian/Indian plate during the last few hundred thousand years is rather

unlikely (e.g., ArRajehi et al., 2010; Iaffaldano et al., 2014; DeMets et al., 2019),

it will involve better constraints on the India-Eurasia convergence and likely testing

whether or not more than one block is needed in explaining the present-day motions

of the Indian plate.

The current geographic distribution of GNSS stations within the Arabian plate

allowed to highlight several areas accommodating internal deformation. However,

the estimated strain-rate map suggests additional areas that are not well sampled by

geodetic observations. Besides, most of the GNSS stations became available one year

after the time period covered in the groundwater level changes calculations (2000-

2016). Therefore, the latter estimate provides only a way to compare the spatial

distribution of the deforming areas, but not the estimated differential motions. In

this context, incorporating complementary geodetic data like InSAR time-series, as

well as in-situ measurements of groundwater levels spanning the same time period as
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the GNSS observations will allow for both spatial and quantitative validation of the

proposed internal strain-rate field.

Seasonal vertical oscillations of similar amplitudes to those induced by water ex-

change in the Red Sea (up to 10.7 mm) have been found to produce enough stress

changes to modulate seismic activity in coastal regions like California (e.g., Johnson

et al., 2017). Therefore, representing an additional component to consider in the

seismic hazard assessment, particularly for areas near the Red Sea shorelines. The

constraints on the amplitude, timing, and location of the annual surface deforma-

tions provided in this study set the grounds to evaluate the degree to what seismic

activity within the Red Sea responds to stress conditions associated with the hy-

drological loading cycle. The findings in this study also opens an opportunity for

geodetic tomography within the Arabian plate. Currently, a constant scaling factor

provides the calibration to be applied to the global Earth models to better represent

the regional-scale elastic properties of the Arabian lithosphere. However, the com-

bination of GNSS with seismic data could help in mapping lateral variations in the

elastic properties expected between the eastern and western parts of the plate (e.g.,

Liu et al., 2019; Tang et al., 2019; Kaviani et al., 2020; Lim et al., 2020), as well as

to constrain the rheological layering.
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APPENDICES

A Supporting information for Chapter 2: “Kinematics and

deformation of the southern Red Sea region from GNSS

observations”

Table A.1: Horizontal GPS velocities with respect to the ITRF2008 (defined after
Altamimi et al., 2012)

Site (°) (mm/yr)
Lon. Lat. Ve Vn σVe σVn Rho

ADEN 45.040 12.812 39.07 27.17 0.43 0.39 -0.006
ADER 38.119 15.655 24.44 17.29 0.33 0.32 -0.004
ADIK 39.325 14.883 25.05 15.94 0.39 0.37 -0.000
ASAB 42.654 13.063 40.01 28.01 0.24 0.24 0.000
BOTA 42.167 13.614 38.42 27.86 0.46 0.42 -0.039
DAHE 40.110 15.639 28.52 17.61 0.41 0.39 -0.007
DAHW 39.955 15.737 28.99 15.31 0.40 0.38 -0.008
DEBA 42.346 12.703 40.82 28.37 0.61 0.57 -0.017
DHMR 44.392 14.571 37.82 27.52 0.55 0.51 -0.017
EDIL 41.677 13.845 40.06 24.09 0.41 0.38 -0.002
EDTI 41.353 14.359 35.95 23.21 0.40 0.38 -0.011
GEDE 39.583 15.296 27.84 16.37 0.35 0.32 -0.007
GELA 40.088 15.114 30.74 16.66 0.36 0.34 0.002
GOOZ 41.383 19.042 34.34 26.95 0.39 0.37 -0.007
GURG 39.465 15.657 25.62 16.77 0.40 0.39 -0.009
HABR 38.715 15.638 24.49 16.66 0.33 0.32 0.005
HIRG 39.458 15.456 26.87 17.23 0.41 0.39 -0.006
JIZN 42.104 16.699 35.70 26.67 0.37 0.37 -0.001
JNAR 43.436 13.317 40.45 28.95 0.62 0.53 0.004
MAIA 39.255 15.578 25.36 16.25 0.33 0.32 -0.003
MAJR 41.829 19.096 34.38 27.20 0.38 0.37 -0.003
MAN2 42.184 12.416 40.46 26.49 0.38 0.36 -0.004
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Table A.1: Continued.

Site (°) (mm/yr)
Lon. Lat. Ve Vn σVe σVn Rho

MASZ 39.379 15.652 25.84 16.72 0.41 0.40 -0.010
MAYN 38.776 15.233 24.85 16.73 0.42 0.40 -0.011
NAFA 38.504 16.670 24.10 17.46 0.44 0.40 -0.017
NAMA 42.045 19.211 34.43 27.59 0.21 0.21 0.004
PGMD 42.556 11.617 40.10 25.61 0.42 0.42 0.003
PTDJ 42.884 11.789 39.03 26.43 0.63 0.46 -0.002
RSB0 43.362 11.980 39.72 28.33 1.62 1.44 0.010
SANA 44.190 15.348 38.88 28.65 0.56 0.54 -0.027
SHEB 39.054 15.853 24.86 16.42 0.21 0.21 0.000
TIGE 40.477 14.891 31.91 19.18 0.41 0.39 -0.006
TIO1 40.961 14.615 34.38 20.86 0.37 0.35 -0.029
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B Supporting information for Chapter 3: “Present-day

motion of the Arabian plate”

Table B.1: GNSS-derived station velocities relative to the ITRF14 (defined after
Altamimi et al., 2017) and rotated into an Arabian-fixed reference frame after the
angular velocities estimated in this study.

Site (◦) (mm/yr)
Lon. Lat.0 VeITRF VnITRF VeARAB VnARAB σVe σVn

ABHA 42.48 18.24 35.44 27.37 0.09 -0.16 0.29 0.23
ABOO 37.81 8.99 23.97 17.50 -16.57 -7.97 0.40 0.38
ADEN 45.04 12.81 39.24 27.49 0.24 -1.10 0.61 0.50
ALWJ 36.38 26.46 28.64 24.72 0.21 -0.07 0.12 0.11
ARRA 41.03 30.95 26.33 26.92 0.39 0.01 0.24 0.27
AS01 42.90 18.54 35.41 28.82 0.18 1.11 0.36 0.50
AS02 42.60 19.98 33.72 27.81 -0.51 0.23 0.47 0.48
AS03 43.53 19.51 34.67 27.88 -0.02 -0.09 0.47 0.45
AS06 42.82 19.44 34.73 27.98 0.11 0.31 0.31 0.25
AS94 43.29 18.89 34.05 28.32 -1.01 0.45 0.44 0.42
AS99 42.27 19.55 34.74 27.57 0.28 0.12 0.82 0.88
ASAB 42.65 13.06 39.58 27.70 0.99 0.10 0.22 0.21
AULA 37.92 26.61 29.22 25.85 0.60 0.33 0.20 0.21
BAHA 41.47 20.01 34.26 27.30 0.24 0.21 0.37 0.29
BAHR 50.61 26.21 31.44 30.60 -0.24 -0.09 0.17 0.14
BAQA 42.36 27.91 29.01 27.87 0.44 0.39 0.28 0.29
BDMT 37.36 11.60 23.50 17.12 -15.45 -8.13 0.49 0.46
BEJD 35.67 28.52 27.32 24.33 0.65 -0.13 0.50 0.83
BH99 41.04 20.29 33.49 26.69 -0.27 -0.23 0.54 0.60
BIRK 41.53 18.21 34.83 27.09 -0.40 -0.03 0.33 0.39
BSHA 42.69 20.25 34.80 28.14 0.74 0.52 0.35 0.32
BURD 43.95 26.35 30.00 28.52 -0.07 0.37 0.28 0.27
DEBA 42.35 12.70 40.61 28.59 1.84 1.12 0.72 0.68
DEBK 37.89 13.15 24.75 17.64 -13.29 -7.86 0.41 0.35
DHMR 44.39 14.57 37.96 27.83 0.06 -0.50 0.55 0.51
ES01 49.97 26.83 30.50 30.93 -0.61 0.46 0.49 0.46
ES02 49.31 27.31 30.82 30.29 0.20 0.06 0.41 0.43
ES04 50.52 25.28 31.82 31.91 -0.45 1.25 0.66 0.56
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Table B.1: Continued.

Site (◦) (mm/yr)
Lon. Lat.0 VeITRF VnITRF VeARAB VnARAB σVe σVn

ES05 51.44 24.57 32.35 31.17 -0.59 0.19 0.48 0.39
ES06 47.16 28.99 29.57 27.82 0.65 -1.61 0.51 0.46
ES07 45.96 28.43 28.19 28.49 -0.83 -0.46 0.32 0.37
ES08 47.68 27.51 31.45 29.88 1.36 0.26 0.59 0.62
ES09 49.50 24.89 30.85 30.08 -1.44 -0.21 0.44 0.44
ES10 48.96 23.30 33.35 30.60 0.13 0.50 0.54 0.56
ES11 50.19 22.91 34.30 30.09 0.57 -0.46 0.37 0.35
ES12 53.93 22.51 34.01 31.81 -0.75 0.00 1.35 1.13
ES19 48.51 27.46 30.83 30.04 0.51 0.11 0.60 0.61
ES20 44.89 27.86 29.41 27.83 0.23 -0.70 0.62 0.73
ES96 49.56 25.35 31.06 30.15 -0.95 -0.17 0.32 0.28
ES97 48.83 25.85 31.13 30.44 -0.37 0.39 0.48 0.48
ES99 49.53 26.26 31.01 30.43 -0.38 0.13 0.75 0.74
ETDD 41.86 9.61 28.50 15.28 -11.99 -11.99 0.43 0.31
GOOZ 41.38 19.04 34.40 27.03 -0.26 -0.03 0.47 0.45
GZAN 42.54 16.88 35.20 27.14 -1.04 -0.42 0.34 0.28
HAIL 41.67 27.52 28.17 27.06 -0.54 -0.13 0.22 0.20
HALY 36.10 29.14 26.71 24.22 0.45 -0.44 0.11 0.11
HAQE 34.94 29.30 24.12 22.79 -1.77 -1.31 0.29 0.32
HAQS 34.93 29.05 25.97 23.32 -0.12 -0.78 0.23 0.23
HL01 41.18 27.37 28.65 27.43 -0.06 0.46 0.58 0.58
HL02 42.90 28.24 28.30 28.29 -0.15 0.58 0.63 0.60
HL03 43.01 27.07 30.77 28.64 1.44 0.88 0.38 0.45
HL04 40.82 26.00 33.10 26.37 3.44 -0.45 0.87 1.04
HL05 41.49 26.87 30.17 26.49 1.02 -0.62 0.39 0.60
HL06 43.1710 27.61 30.26 29.55 1.28 1.73 0.34 0.34
HL95 42.23 26.57 29.35 27.98 -0.18 0.55 0.34 0.41
HL96 42.18 27.03 28.42 27.03 -0.76 -0.37 0.20 0.20
HL97 42.48 27.43 29.30 28.10 0.35 0.57 0.49 0.45
HQLS 35.06 29.30 25.96 22.72 0.05 -1.44 0.32 0.36
ISBA 44.44 33.34 24.93 28.73 -0.03 0.38 0.28 0.29
ISER 44.01 36.16 23.44 28.99 0.82 0.82 0.42 0.40
ISNA 44.35 32.01 25.98 28.49 0.02 0.18 0.28 0.20
ISSD 43.67 34.60 23.86 28.17 0.10 0.14 0.56 0.56
JEDD 39.63 21.37 32.94 26.30 0.16 0.02 0.28 0.20
JIZN 42.10 16.70 35.77 27.15 -0.52 -0.22 0.24 0.21
JNAR 43.43 13.32 40.56 28.63 2.03 0.70 0.62 0.53
JOUF 40.20 29.96 26.59 26.65 0.07 0.10 0.49 0.41
JW01 40.02 29.78 27.63 26.28 1.01 -0.18 0.44 0.47
JW02 41.44 29.25 27.41 28.00 0.06 0.91 0.40 0.28
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Table B.1: Continued.

Site (◦) (mm/yr)
Lon. Lat.0 VeITRF VnITRF VeARAB VnARAB σVe σVn

JW03 38.43 29.78 26.75 24.76 0.49 -0.98 0.46 0.49
JW04 37.09 31.42 23.44 24.87 -1.20 -0.26 0.50 0.46
JW05 39.29 29.91 27.59 25.27 1.25 -0.87 0.34 0.54
JZ02 41.82 16.83 36.31 26.35 0.14 -0.90 0.54 0.43
JZ03 42.23 17.64 35.42 26.48 -0.28 -0.95 0.48 0.44
JZ04 42.68 17.49 35.82 28.05 -0.05 0.43 0.69 0.54
KAFJ 48.46 28.48 29.73 29.32 0.14 -0.60 0.44 0.39
KUWT 47.97 29.32 28.47 29.65 -0.41 -0.08 0.21 0.20
MAJR 41.83 19.10 34.50 27.27 -0.19 0.02 0.38 0.37
MAN2 42.18 12.41 40.31 26.71 1.39 -0.69 0.45 0.43
MD02 37.61 24.35 30.20 25.79 -0.06 0.42 0.47 0.49
MD03 39.30 25.65 28.76 25.37 -0.85 -0.77 0.70 0.63
MD04 40.89 23.49 31.34 27.25 -0.16 0.40 0.49 0.46
MD15 39.71 24.48 30.41 27.21 -0.15 0.89 0.44 0.41
MD99 39.54 23.22 31.36 26.11 -0.09 -0.14 0.59 0.44
MK01 39.27 20.99 32.81 27.08 -0.18 0.95 0.47 0.45
MK02 39.09 22.76 31.14 26.67 -0.56 0.62 0.30 0.45
MK03 41.08 19.17 34.91 26.96 0.38 0.03 0.65 0.54
MK04 40.53 20.71 32.90 26.06 -0.49 -0.63 0.93 0.77
MK05 40.44 21.83 32.52 26.66 -0.08 0.01 0.37 0.37
MK06 42.03 21.97 33.84 26.39 1.02 -0.94 0.19 0.18
MK07 42.35 23.41 31.60 28.41 -0.22 0.93 0.41 0.39
MK08 41.67 22.93 33.06 27.87 1.03 0.69 0.58 0.51
MK76 41.69 20.77 34.01 27.09 0.47 -0.11 0.62 1.07
MK77 41.20 20.93 34.35 26.49 1.00 -0.49 0.45 0.67
MK82 41.02 21.88 32.59 27.06 -0.07 0.16 0.50 0.47
MK85 40.26 20.13 33.77 27.06 0.03 0.49 0.58 0.46
MK86 40.14 20.84 33.52 26.01 0.28 -0.50 0.43 0.50
MK87 39.72 20.45 33.74 27.08 0.30 0.75 0.28 0.37
MK88 39.91 21.11 33.25 26.17 0.24 -0.24 0.49 0.64
MK89 40.83 21.35 32.73 26.96 -0.27 0.14 0.31 0.26
MK90 40.40 21.28 32.86 26.43 -0.11 -0.20 0.47 0.76
MK91 39.96 21.56 32.23 26.82 -0.47 0.38 0.46 0.56
MK92 40.02 22.08 31.57 26.64 -0.78 0.18 0.54 0.43
MK93 39.37 21.97 31.80 26.64 -0.51 0.47 0.47 0.40
MK94 39.63 22.58 31.21 28.33 -0.71 2.04 0.59 0.52
MK95 38.84 23.12 30.32 25.96 -1.07 0.03 0.60 0.53
MK96 39.11 22.28 31.28 26.23 -0.76 0.17 0.41 0.47
MK97 39.24 21.56 32.26 25.98 -0.33 -0.14 0.38 0.31
MK98 39.54 21.45 33.24 25.95 0.53 -0.30 0.33 0.11
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Table B.1: Continued.

Site (◦) (mm/yr)
Lon. Lat.0 VeITRF VnITRF VeARAB VnARAB σVe σVn

MK99 39.13 21.76 32.73 26.06 0.31 -0.00 0.39 0.33
MUKA 49.13 14.54 38.01 30.97 -0.51 0.81 0.46 0.36
MUZH 46.23 24.47 31.45 29.77 -0.42 0.71 0.44 0.30
NAMA 42.04 19.21 34.72 27.79 0.07 0.44 0.12 0.12
NB01 40.91 31.02 26.41 26.79 0.55 -0.06 0.36 0.41
NB02 43.55 29.64 28.38 27.62 0.83 -0.36 0.41 0.58
NB03 39.20 32.14 25.20 25.66 0.64 -0.43 0.49 0.47
NJ01 44.19 17.52 35.57 27.31 -0.50 -0.93 0.58 0.53
NJ02 44.20 18.53 35.01 27.89 -0.42 -0.36 0.57 0.48
NJ03 45.10 18.97 34.27 27.99 -1.02 -0.63 0.44 0.40
NJ05 51.10 18.90 35.83 31.19 -0.52 0.33 0.62 0.50
PGMD 42.55 11.62 41.19 26.42 1.77 -1.14 0.42 0.47
PTDJ 42.88 11.79 39.77 27.50 0.42 -0.20 0.43 0.46
QATD 50.12 26.42 31.08 30.70 -0.34 0.18 0.20 0.15
QLAB 37.93 27.85 27.96 25.89 0.30 0.37 0.32 0.30
QS02 42.64 25.11 30.96 27.75 0.27 0.14 0.30 0.30
QS04 44.09 26.99 30.31 29.15 0.68 0.94 0.91 1.10
QS06 42.12 25.95 31.41 27.52 1.44 0.15 0.63 0.80
QS07 43.95 25.61 31.18 27.40 0.59 -0.74 0.38 0.40
QS95 44.59 25.83 30.11 28.28 -0.47 -0.13 0.43 0.42
QS96 43.35 25.56 30.01 27.87 -0.49 -0.03 0.35 0.37
QS97 43.29 26.03 29.38 27.45 -0.77 -0.42 0.41 0.41
RAMO 34.76 30.60 23.53 19.63 -1.27 -4.39 0.05 0.04
RASH 34.80 28.30 26.48 23.55 -0.19 -0.49 0.10 0.13
RIYD 46.76 24.68 31.52 29.88 -0.32 0.61 0.30 0.26
RSB0 43.36 11.98 39.72 28.38 0.43 0.48 1.62 1.44
RY01 46.36 24.92 31.27 29.38 -0.32 0.26 0.49 0.48
RY02 46.16 25.32 31.64 29.71 0.37 0.67 0.38 0.30
RY03 48.06 24.21 32.58 29.62 0.14 -0.14 0.41 0.30
RY04 46.15 26.13 30.93 28.57 0.22 -0.46 0.35 0.40
RY05 45.61 23.57 31.94 28.00 -0.41 -0.82 0.51 0.36
RY06 45.32 26.88 31.24 29.11 1.25 0.41 0.34 0.20
RY07 43.92 23.40 31.91 28.01 -0.23 -0.12 0.37 0.36
RY09 44.89 20.42 34.40 28.12 0.08 -0.41 0.42 0.30
RY10 46.65 25.16 31.84 28.80 0.34 -0.42 0.61 0.60
RY11 47.09 23.56 32.69 28.83 0.02 -0.56 0.33 0.20
RY13 47.52 24.19 32.53 28.81 0.20 -0.75 0.38 0.30
RY15 43.23 24.56 31.71 27.72 0.52 -0.13 0.35 0.40
RY18 47.23 26.37 30.57 29.77 -0.22 0.32 0.46 0.48
RY70 44.18 24.26 31.69 28.45 0.10 0.20 0.39 0.30
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Table B.1: Continued.

Site (◦) (mm/yr)
Lon. Lat.0 VeITRF VnITRF VeARAB VnARAB σVe σVn

RY72 44.23 24.72 31.29 28.36 -0.00 0.08 0.40 0.39
RY73 43.68 24.67 31.26 27.83 0.06 -0.20 0.46 0.40
RY74 43.48 25.14 30.33 27.05 -0.50 -0.90 0.48 0.52
RY75 44.82 26.25 30.19 29.42 -0.14 0.92 0.37 0.44
RY77 46.49 23.21 32.17 29.33 -0.61 0.17 0.37 0.33
RY82 47.17 24.30 31.58 29.51 -0.60 0.09 0.45 0.41
RY83 46.83 24.40 32.12 29.46 0.08 0.16 0.36 0.30
RY84 46.29 24.02 31.43 29.07 -0.76 -0.01 0.30 0.35
RY85 44.76 23.76 31.34 28.50 -0.71 0.02 0.52 0.49
RY86 45.27 24.06 31.77 28.66 -0.19 -0.02 0.31 0.32
RY87 45.81 24.34 31.61 28.78 -0.26 -0.11 0.30 0.32
RY89 45.25 24.61 31.73 29.00 0.16 0.33 0.34 0.30
RY90 45.86 24.92 31.40 28.82 -0.09 -0.10 0.32 0.26
RY91 45.24 25.24 30.94 28.61 -0.19 -0.06 0.34 0.31
RY92 45.42 25.86 30.67 28.87 -0.07 0.13 0.34 0.34
RY93 46.55 25.69 30.71 29.34 -0.39 0.16 0.32 0.32
RY94 45.79 25.59 31.08 28.68 0.08 -0.21 0.35 0.30
RY95 47.15 25.57 30.68 28.97 -0.64 -0.45 0.37 0.37
RY96 47.55 25.10 31.35 29.16 -0.37 -0.42 0.45 0.46
RY97 46.97 24.93 31.73 29.62 0.00 0.26 0.56 0.50
RY99 46.69 24.67 31.54 29.38 -0.29 0.13 0.38 0.32
SALP 53.98 16.97 37.38 31.98 -0.53 0.16 0.27 0.25
SERB 37.02 12.51 23.91 17.90 -14.44 -7.19 0.59 0.50
SHAR 47.12 17.49 36.15 29.29 -0.38 -0.11 0.18 0.15
SHEB 39.05 15.85 24.72 16.43 -11.72 -9.60 0.20 0.18
SHML 46.56 22.03 33.95 28.89 0.37 -0.30 0.21 0.30
SHRM 35.24 28.04 26.12 23.53 -0.84 -0.72 0.55 0.54
SOLA 46.40 24.91 31.71 29.50 0.10 0.38 0.15 0.10
SQUO 58.18 23.58 34.81 33.23 -0.26 0.15 0.27 0.20
TAYS 34.87 28.55 26.79 23.54 0.32 -0.53 0.15 0.14
TB01 36.48 28.38 26.80 24.51 -0.13 -0.33 0.26 0.35
TB02 34.92 29.23 26.24 22.41 0.30 -1.69 0.34 0.35
TB03 34.74 28.40 26.06 23.09 -0.51 -0.92 0.34 0.40
TB04 35.54 27.56 27.89 24.28 0.49 -0.11 0.36 0.40
TB05 36.37 26.37 28.85 24.46 0.35 -0.32 0.41 0.50
TB06 38.54 27.61 27.40 23.35 -0.57 -2.45 0.55 0.62
TBKS 36.55 28.23 27.01 25.35 -0.06 0.48 0.27 0.35
TBUK 36.56 28.41 27.08 25.13 0.15 0.25 0.16 0.10
YIBL 56.11 22.19 34.33 32.35 -1.08 -0.14 0.15 0.13
YNBU 37.96 24.16 30.08 24.81 -0.39 -0.72 0.24 0.21
YRS1 44.21 15.39 37.73 28.93 0.35 0.68 0.36 0.30
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C Supporting information for Chapter 5: “Intraplate

transtensional rupture during the 2020 Mw 6.4 Puerto Rico

earthquake”

In this supplementary material section we describe in details the corrections applied

to the InSAR deformation maps to reduce the atmospheric phase screens, residual

orbital ramps and topography-correlated signals, as well as the cross-validation of the

InSAR and GNSS datasets. Next, we show the quadtree-derived downsampled InSAR

dataset used for the Bayesian parameter sampling. Finally, we provide the results for

the data sensitivity tests we performed before combining the three datasets.

C.0.1 InSAR corrections

As discussed in Section 3.1, strong atmospheric phase screen artifacts are expected to

affect the InSAR-derived deformation fields because of the high and unstable water

vapor content in the troposphere (Hanssen, 2001; Doin et al., 2009). To reduce these

effects we derived corrections from hourly estimates of Total Zenith Delay (TZD) at

the SAR acquisition epochs for the 17 GNSS stations of the Puerto Rico geodetic

network (Li et al., 2006; Cheng et al., 2012, Fig. 1). The model parameters were

estimated within the GAMIT/GLOBK analysis software (Herring et al., 2018) in the

form of a piecewise linear model with stochastic constraints during the observation

time-span, instead of a single parameter for each station form. The GNSS observables

were used down to a cut-off angle of 10◦ and the atmospheric mapping function

coefficients were obtained from the Vienna Mapping Functions 1 (VMF1, Boehm

et al., 2006b). Prior information on the hydrostatic zenith delay was defined after
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(Boehm et al., 2006b), and derive from the ECMWF numerical weather model (Dee

et al., 2011). Thorough information on the atmospheric delay models and parameters

estimation is discussed in Herring et al. (2018) and references therein. The sparse

TZD estimations at the GNSS station locations were resampled to the interferogram

spatial resolution (∼30 m) using a spline interpolation, and then converted to LOS

displacements. Before applying the corrections, we expressed the atmospheric delay

maps relative to the same reference point of the interferograms by substracting the

value at the AOPR GNSS station location (Figs. C.1b, C.2b, and C.3b).

For S1A, the estimated atmospheric delay varies from -2.5 to 10 cm and the

stronger positive signal is on the south-western part of the island. The atmospheric

delay for S1D is smaller (±3 cm) with a larger effect on the northern coast (C.2b).

For A2D, the atmospheric delay increases from north-west to south-east with the

amplitude ranging from -4 to 8 cm. Once the atmospheric delay have been removed,

the resulting maps (Figs. C.1c, C.2c, and C.3c) still include local atmospheric arti-

facts, effects of inaccurate orbital information and errors related to the DEM used

to remove the topographic phase component during the interferometric processing

(Hanssen, 2001; Elliott et al., 2008). We thus evaluated a 3D surface that fits the

signal with the position (x,y,z) of each pixel (Figs. C.1d - C.3d).

The total residual ramp for S1A is ∼5 cm and is NE-SW oriented, instead for S1D

it is ∼6 cm and SE-NW oriented (Fig. C.1d and C.2d). Moreover, both deformation

maps show obvious topography-correlated signals. For A2D, the residual ramp is

very large, reaching up to ∼36 cm across the image (Fig. C.3d). The residual maps

were referenced to the AOPR GNSS station and removed from the atmospherically-

corrected maps to obtain the final coseismic LOS displacements (Figs. C.1e - C.3e).
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Figure C.1: a) S1A original deformation map. b) GNSS-derived atmospheric delay
map. c) S1A original deformation map corrected for the GNSS-derived atmospheric
delay. d) residual orbital ramp and signal/topography correlation. e) S1A corrected
deformation map. f) circular area around AOPR GNSS station used to evaluate the
residual noise, and the distribution of the signal values within this area.
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Figure C.2: a) S1D original deformation map. b) GNSS-derived atmospheric delay
map. c) S1D original deformation map corrected for the GNSS-derived atmospheric
delay. d) residual orbital ramp and signal/topography correlation. e) S1D corrected
deformation map. f) circular area around AOPR GNSS station used to evaluate the
residual noise, and the distribution of the signal values within this area.
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Figure C.3: a) A2D original deformation map. b) GNSS-derived atmospheric delay
map. c) A2D original deformation map corrected for the GNSS-derived atmospheric
delay. d) residual orbital ramp and signal/topography correlation. e) A2D corrected
deformation map. f) circular area around AOPR GNSS station used to evaluate the
residual noise, and the distribution of the signal values within this area.

C.0.2 InSAR - GNSS cross-validation

To cross-validate the GNSS- and InSAR-derived coseismic deformation we estimated

the cumulative deformation over the S1D acquisition dates (2-28 January) using a

unique Heaviside step function term. Next, we rotated the cumulative 3D GNSS

displacements estimated along the three looking geometries of the SAR aquisitions

(Fig. C.4a, b and c). For the InSAR corrected deformation maps, we extracted the
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mean signal of a circular area covering 100 m around each GNSS station C.4d, e and

f). We then evaluated the residuals by subtracting the rotated GNSS displacements

from the InSAR estimates C.4g, h and i).

Figure C.4: First row: (a, b, c) displacements extracted from the S1A, S1D and A2D
corrected deformation maps at the GNSS station locations. Second row: (d, e, f)
coseismic offset at the GNNS stations in the period January 2 to 28, 2020, rotated in
LOS of S1A, S1D and A2D, respectively. Third row: (g, h, i) the residuals between
InSAR and GNSS data.

C.0.3 InSAR dowsampling

Figure C.5 shows the downsampled InSAR deformation maps used for the model

parameter estimation. The deformation fields have been corrected for the GNSS-

derived atmospheric delay and topography-correlated signals but include the orbital

ramps.
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Figure C.5: Quadtree downsampling for the a) S1A, b) S1D and c) A2D deformation
maps corrected for the GNSS-derived atmospheric delay and topography-correlated
signals.

C.0.4 Data-specific sensitivity tests

To test the influence of each dataset in the final MAP parameters we performed data-

specific sensitivity tests using 1) InSAR only, 2) GNSS only, and geodetic (GNSS +

InSAR) only data. The results are presented in Fig. C.6 - C.9 and discussed in
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Section 5 of the manuscript.

Figure C.6: 1D marginal posteriors for the fault source model parameters constrained
by GNSS (salmon), InSAR (blue), and geodetic (green). The vertical lines in the his-
tograms mark the MAP solution. East and North shifts are relative to the earthquake
reference location defined in Section 3.4.
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Figure C.7: Upper panel: Left column (a, d, g) zoom on the area affected by the
largest coseismic displacement (around Guayanilla bay) for the S1A, S1D and A2D
deformation maps, respectively. Center column (b, e, h) predicted LOS displacements
using InSAR data only. Right column (c, f, i) shows the residual LOS displacements.
Bottom panel (j) shows the observed (red arrows) and predicted (blue arrows) hori-
zontal coseismic offsets by the MAP source fault parameters. Ellipses represent the
95% confidence interval of the horizontal coseismic offsets. The red box marks the
surface projection of the fault with the black line indicating the top.
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Figure C.8: Upper panel: Left column (a, d, g) zoom on the area affected by the
largest coseismic displacements (around Guayanilla bay) for the S1A, S1D and A2D
deformation maps, respectively. Center column (b, e, h) predicted LOS displacements
using GNSS data only. Right column (c, f, i) shows the residual LOS displacements.
Bottom panel (j) shows the observed (red arrows) and predicted (blue arrows) hori-
zontal coseismic offsets by the MAP source fault parameters. Ellipses represent the
95% confidence interval of the horizontal coseismic offsets. The red box marks the
surface projection of the fault with the black line indicating the top.
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Figure C.9: Upper panel: Left column (a, d, g) zoom on the area affected by the
largest coseismic displacements (around Guayanilla bay) for the S1A, S1D and A2D
deformation maps, respectively. Center column (b, e, h) predicted LOS displace-
ments using the geodetic (GNSS + InSAR) data only. Right column (c, f, i) shows
the residual LOS displacements. Bottom panel (j) shows the observed (red arrows)
and predicted (blue arrows) horizontal coseismic offsets by the MAP source fault pa-
rameters. Ellipses represent the 95% confidence interval of the horizontal coseismic
offsets. The red box marks the surface projection of the fault with the black line
indicating the top.
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