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Abstract

Harrat Rahat is a Cenozoic volcanic field in the west-
central part of the Kingdom of Saudi Arabia, 150 kilometers
east of the Red Sea, and is the site of the most recent eruption
in the country (1256 C.E.; 654 in the year of the Hijra). The
city of Al Madinah lies at the north end of Harrat Rahat, and
its volcanic and seismic risks are frequently reassessed. In
2009 C.E. an earthquake swarm at Harrat Lunayyir, 200 km
west-northwest of Al Madinah, produced significant shaking
and some building damage in nearby communities, which
prompted a revision of seismic hazard models for the region.
A network of seismic stations on this volcanically active
western side of the Arabia Plate was installed, and stations
were also added in the tectonically active northern part of
the country. Although regional earthquakes may be used to
determine the crustal structure of the western Arabia Plate,
such crustal models are hindered by insufficient numbers of
earthquakes in the stable plate interior. Tomography studies
can be used to infer material properties of the subsurface, such
as presence of partial melt, and are beneficial for volcanic
hazard assessments. We use ambient seismic noise to compute
Rayleigh and Love surface-wave dispersion maps between
5 and 12 second periods for a subset of seismic stations
within and near northern Harrat Rahat. The surface-wave
maps are inverted to produce shear-wave velocities using
a neighborhood algorithm and interpolated into a pseudo
three-dimensional model. The distributions of surface-wave
and shear-wave velocities are heterogenous, varying from
+3-8 percent. However, low velocities are not restricted to
Harrat Rahat. We observed a difference between Rayleigh-
and Love-wave velocities that extends north of the site of the
1256 C.E. eruption and coincides with a low gravity anomaly.
We obtain a shear-wave velocity increase of 10—15 percent
between 15- and 25-kilometers depth, which is consistent
with the presence of a transition between the felsic upper
crust and the mafic lower crust of the Arabian Shield. The
average shear-wave velocities of the upper and lower crust

'U.S. Geological Survey.

*Victoria University of Wellington, New Zealand.

are estimated to be 3.64 and 3.95 kilometers per second using
Rayleigh waves and 3.53 and 4.16 kilometers per second using
Love waves, which are in good agreement with the results of
other geophysical surveys in this area. The modest magnitude
of the low-velocity anomalies within the crust and their
locations extending well beyond the limits of Harrat Rahat
indicate that they are not caused by a crustal magma chamber.
If magma chambers exist, they are smaller than can be imaged
with our seismological method (resolution corresponds to

a 15-kilometer wavelength), deeper than 30 kilometers, or
shallower than 5 kilometers with a small velocity contrast.
The last possibility is discounted by weak-to-absent surface
geothermal activity and by a lack of shallow seismicity that
characterizes other areas with known shallow magmas, such
as Hawai‘i. We then expanded our work to the entire Arabian
Shield with principally the same methodology to look at large-
scale regional patterns. We found modest shear-wave velocity
deviations on the order of only #3 percent, which are within
expected ranges for lithological variation.

Introduction

Shear-wave (S-wave) crustal velocity models provide
critical information about the composition and other physical
properties of the crust (Christensen, 1996). Ambient seismic
noise tomography is a highly effective means of extracting
the S-wave velocity structure (Shapiro and Campillo, 2004)
in regions where earthquakes are scarce (Saygin and Kennet,
2010; Overduin and others, 2015). This method is useful
for the study of the crustal velocity structure of the Arabian
Shield because of the paucity of local earthquakes in the
interior of the Arabia Plate (Youssef, 2015), which severely
limits the application of local earthquake tomography. The
Saudi Arabia National Seismic network produces seismic
recordings that are well suited to the application of ambient
noise tomography. In this study, we focus on the northern
Harrat Rahat volcanic field, which is the site of the most
recent volcanic eruption in the Kingdom of Saudi Arabia
(1256 C.E.; 654 in the year of the Hijra [A.H]; fig. 1) (Camp
and others, 1987; Dietterich and others, 2019, 2023). Of
particular interest is the possible presence of substantial
seismic shear-wave velocity reductions (that is, 10 percent or
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greater reduction) that could indicate the presence of a crustal
magma chamber, which has been reported at some other
active magmatic systems (Flinders and others [2018] and
references therein).

The velocity structure of the mantle beneath Saudi Arabia
was recently determined using teleseismic earthquake data
with periods from 20 to 143 seconds, whose wavelengths are
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too large to effectively probe the crust (Yao and others, 2017).
In contrast, the ambient noise signal peaks approximately at
periods between 7 and 14 seconds (Bonnefoy-Claudet and
others, 2006), so it can provide details of the crust not detected
by Yao and others (2017). We use ambient noise methods to
determine surface-wave and shear-wave velocities for northern
Harrat Rahat (latitudes >24° N.). The northern part of Harrat
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Rabhat, also called Harrat al Madinah (Moufti and others,
2012a), will be referred to as northern Harrat Rahat throughout
this chapter (fig. 1). This project is part of an overall effort by
the U.S. Geological Survey (USGS) and the Saudi Geological
Survey (SGS) to assess volcanic and seismic hazards within
Saudi Arabia.

Harrat Rahat has a low level of background seismicity
(generally moment magnitude [M ] < 3) that is hypothesized
to be associated with faulting owing to crustal extension and
fluid movement at depth (Johnson and Kattan, 2012). Notable
seismic activity in this area includes an earthquake swarm
that occurred between November 11 and December 28, 1999,
which consisted of 500 events that ranged in local magnitude
(M,) from 1.1 to 2.3 (fig. 2) (Mokhtar and others, 2013).

The most recent earthquake swarm in Saudi Arabia
occurred at Harrat Lunayyir (fig. 1), which is located
approximately 200 kilometers (km) west-northwest of
Al Madinah (fig. 2). From April 18 to May 19, 2009, more
than 4,000 earthquakes as large as M 4 and seven events

larger than M 4 were recorded. The swarm, which was the
largest ever recorded in the region, had a peak magnitude of
M 5.7, and was caused by the intrusion of an approximately
12-km-long and 2.5-meter (m)-thick dike within the top 10 km
of the crust (Baer and Hamiel, 2010; Pallister and others,
2010). Owing to a pair of earthquake swarms (1999 and 2009),
the eruption in 1256 C.E. (654 A.H.) and geological evidence
for other relatively young volcanism (Camp and Roobol, 1989,
1991) in the vicinity of Al Madinah, a place of great cultural
significance, northern Harrat Rahat area has been the focus of
many geological and geophysical studies. These studies can be
used to test the accuracy of ambient noise tomography results
that can then be expanded to the rest of the country, where
supporting datasets are not available. A recent compressional
wave (P-wave) tomographic study hypothesized that two
magma chambers may be present in the crust below Harrat
Rahat (Abdelwahed and others, 2016). Our primary objective
is to use ambient noise methods to test this hypothesis and, if
correct, to image this feature.

. 39° 39. 5° 40° E
2°N | Figure 2. Map of northern
ARHTH Harrat Rahat study area
(location in fig. 1) showing
surface geology (Pollastro
and others, 1999, as in
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A and others, 2019, 2023). Cross
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in the text.
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Regional Geology and Tectonics

Harrat Rahat is located on the Arabian Shield, an
approximately 725,000-square-kilometer (km?) surface
exposure of Precambrian rocks that form the crystalline
basement of the Arabia Plate (fig. 1) (Johnson and Kattan,
2012). Since its separation from Africa, caused by rifting in
the Red Sea and the Gulf of Aden that began about 25 million
years ago, the Arabia Plate has rotated counterclockwise and
moved north at a rate of approximately 2—3 centimeters per
year (cm/yr) (Bird, 2002; Stern and Johnson, 2010).

In 1978, the USGS recorded a 1,000-km-long refraction
profile extending from Riyadh in the northeast to the Red Sea
coast at Jazan in the southwest to determine the P-wave seismic
velocity structure of the crust of the Arabian Shield (fig.1)
(Mooney and others, 1985). Using two-dimensional (2D) ray-
tracing techniques, Mooney and others (1985) found that the
crust of the shield is primarily composed of two layers, each
approximately 20 km thick, with average P-wave velocities
of 6.3 and 7.0 kilometers per second (km/s) in the upper and
lower halves, respectively. Mooney and others (1985) observed
velocities ranging from 7.3 to 7.8 km/s at the base of the lower
crust and 6.6 to 6.9 km/s in the top segment of the lower crust,
which they interpret to reflect compositional differences in the
lower crust: a plagioclase-rich upper portion and a pyroxene-
rich lower part. The bottom part of the lower crust will not
be addressed in this chapter because of insufficient depth
resolution owing to the wide seismometer spacing.

The Arabian Shield comprises 445,000 km? (about
60 percent of its total area) of exposed Precambrian rock
(Johnson and Kattan, 2012). Interior parts of the shield are
locally covered by Mesozoic and Cenozoic sedimentary rocks;
Cenozoic alluvium, aeolian sand, and evaporites (sabkha); and
Cenozoic basaltic lava fields. The Arabic word for “volcanic
lava field,” such as those that are formed by Cenozoic basaltic
lava, is “harrat.” Harrat Rahat is a Cenozoic alkaline volcanic
field that extends over an area of approximately 20,000 km?
and is bordered by the cities of Jiddah and Makkah in the south
and Al Madinah to the north (Coleman and others, 1983; Camp
and Roobol, 1989, 1991; Moufti and others, 2011, 2012a, b;
Moufti and Nemeth, 2016). The field consists dominantly of
alkalic basalt and hawaiite (about 90 percent) accompanied
by mugearite, benmoreite, and trachyte in sub-equal amounts
(Camp and Roobol, 1989, 1991; Downs and others, 2019).
Cenozoic volcanic rocks of Harrat Rahat average about 100 m
thick (Blank and Sadek, 1983; Camp and Roobol, 1989,

1991) but are locally as thick as 600 m where they conceal
an apparent depression in the Precambrian basement surface,
possibly a graben (Langenheim and others, 2019, 2023).

Summarizing after Camp and Roobol (1989, 1991),
Harrat Rahat consists of four regions of focused volcanism,
or sub-harrats, aligned south-southeast to north-northwest that
coalesced as they grew into a single, 300-km-long volcanic
field. Each of the sub-harrats, including northern Harrat Rahat,
contains a narrow but elongate belt of abundant volcanic vents
consisting of scoria cones, lava domes, craters, and fissures
that are also aligned in a generally south-southeast to north-
northwest direction. Frequent eruptions along these alignments

of abundant vents built up ridges of constructional volcanic
relief which form the crests of the sub-harrats, with lava flows
mainly extending west or east from the vent axes. These belts
of closely spaced vents of the sub-harrats range from about 40
to 60 km in length, becoming indistinct and lower elevation
at their north and south ends, and in their highest portions
standing about 250 to 450 m above valleys that flank the harrat
to the east and west where Precambrian basement is exposed.
The subordinate evolved magmas, consisting of mugearites,
benmoreites, and trachytes, mainly erupted from these raised
vent axes that were the sites of most abundant and protracted
volcanism. The most recent volcanic eruption in this area

was the 1256 C.E. eruption (654 A.H.; black box on fig. 2),

a 2.25-km-long fissure eruption that produced a 23-km-long
lava flow that stopped 8 km east of Al Madinah’s center
(Camp and others, 1987; Dietterich and others, 2019, 2023).
The hypocenters for the 1999 Harrat Rahat earthquake swarm
were recently relocated and found to be south-southeast of the
1256 C.E. eruption site at depths between 20 to 40 kilometers
(fig. 2) (Mokhtar and others, 2013).

There are several hypotheses for the origin of recent
Arabian Shield volcanism. Camp and Roobol (1992)
suggested that volcanism was due to a local mantle plume
beneath the Arabian Shield. However, the absence of
unidirectional volcanic migration and the north-northwest-
trending distribution of volcanic vents parallel to the Red Sea
suggests alternatively that volcanism in this region is related
to crustal extension along the reactivated Red Sea Fault
System (Moufti and others, 2012a). Chang and others (2011)
suggested that the volcanism may instead be due to lateral
flow from the Afar or Jordan plumes. Tang and others (2016),
using teleseismic P-wave receiver functions and fundamental
Rayleigh-wave group velocities, inferred high mantle lid
temperatures and slow velocities on the north and south tips of
the Arabian Shield. They attributed these features to thermal
conduction from the Afar and Jordan plumes and hypothesized
that the volcanism in the Arabian Shield is caused by small-
scale adiabatic ascent of magma diapirs. This hypothesis
was supported by observation of a low-velocity zone in the
upper mantle beneath western Saudi Arabia determined using
teleseismic Rayleigh-wave phase velocities (Yao and others,
2017). A study by Tang and others (2018) found local zones of
low shear-wave velocity at depths of 15-35 km underneath the
harrats using Rayleigh-wave group velocities from regional
earthquakes, which indicate the presence of partial melt.

On the basis of geochemistry (Sisson and others, 2023)
and radiogenic isotopes (Salters and others, 2023), the
mantle source for northern Harrat Rahat’s magmas appears
similar in most respects to the long-term geochemically
depleted asthenospheric sources of midocean ridge basalts,
but with possibly about 30 percent addition of material like
that postulated for the Afar mantle plume, with the alkalic
character of the harrat basalts resulting from low degrees of
partial melting at depths straddling the garnet- and spinel-
peridotite stability fields. Late Cenozoic harrats to the
south into Yemen seem to derive from sources with greater
proportions of Afar plume material (Salters and others, 2023),
consistent with greater proximity to the plume’s center beneath
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the southernmost Red Sea and Afar depression. If correct,

a simple and exclusive plume source for harrat volcanism

is ruled out, although a nearby major plume might promote
circulation in the ambient asthenosphere, leading it to partially
melt, as well as mixing with it.

Prior Geophysical Studies

Several geophysical analyses have been done in Harrat
Rahat, which include P-wave arrival time tomography
(Abdelwahed and others, 2016), receiver function studies
(Tang and others, 2016, 2018), a gravity survey (Langenheim
and others, 2019, 2023), and a resistivity survey (Bedrosian
and others, 2019; Peacock and others, 2023). The subsurface
was imaged at Harrat Rahat by Abdelwahed and others (2016)
using local and teleseismic earthquakes recorded at a borehole
array near seismic stations RHT14 and RHTO1 (fig. 2).

They found several high and low P-wave velocity anomalies
(+5-8 percent) below Harrat Rahat, which were interpreted to
be the result of basaltic and trachytic intrusions (Abdelwahed
and others, 2016). A joint inversion of P-wave receiver
functions and Rayleigh-wave group-velocity data by Tang
and others (2016) resolved a shear-wave velocity structure
for Harrat Rahat to depths of 60 km. They estimated a crustal
thickness of approximately 36 km and inferred a 10 km low-
velocity layer (approximately —13 percent) to be overlaying
a high-velocity layer (6 precent) in the upper crust at the
southwest edge of the Harrat Rahat seismic network.

The USGS and SGS collected 299 gravity measurements
at Harrat Rahat in November 2014 (Langenheim and others,
2019, 2023). Figure 2 displays the Bouguer gravity anomalies
overlain on the general surface geology of Harrat Rahat. The
anomalies form a high-low-high pattern from west to east, and
the lowest values occur southeast of the vent for the historical
1256 C.E. eruption (fig. 2). The gravity low is interpreted
to be caused by the combined effects of a depression of the
basement surface and by less-dense basement rocks beneath
the vent axis that continue beyond the northern limit of
volcanic cover (Langenheim and others, 2019, 2023).

In early 2016, a magnetotelluric survey was conducted
in Harrat Rahat by the USGS and SGS to determine the
resistivity structure of the lithosphere, which included
possible evidence for melt zones (Bedrosian and others,

2019; Peacock and others, 2023). A total of 119 sites were
deployed across a grid with a 2 km cell size, and data from
these sites were analyzed to resolve resistivity from depths of
200 meters to 70 km. Conventional three-dimensional (3D)
processing of the resistivity survey yielded several apparent
regional conductivity anomalies in the middle and lower crust.
Because of their large sizes, strengths, and orientation unlike
Precambrian structures, as well as their extension far beyond
the limits of the volcanic field, these anomalies were suggested
to be processing artifacts resulting from strong electrical
anisotropy owing to interconnected grain-boundary graphite in
the Precambrian crust (Bedrosian and others, 2019; Peacock
and others, 2023). The resistivity anomalies were absent on 2D
cross sections that are less susceptible to anisotropy artifacts,
and Bedrosian and others (2019) and Peacock and others

(2023) found no evidence supporting the presence of crustal
magma reservoirs detectable at the resolution of the survey.

Methods

The Harrat Rahat Seismic Array is a subset of the
200-station (as of 2019) Saudi Arabia National Broadband
Seismic Network. It contains 14 Nanometrics Trillium T120
instruments (Townsend, 2014) with an array aperture of
approximately 130 kilometers (fig. 2). The T120 instruments
are broadband seismometers with a frequency response range of
approximately 0.01-20 hertz (Hz) (Townsend, 2014). We used
ambient noise recordings to compute one dimensional (1D)
shear-wave velocities and interpolated the results to produce
a pseudo 3D velocity model of the region. The maximum
resolution depth of the model is approximately 30 km and
includes all of the upper crust and part of the lower crust. The
data used for this experiment were recorded between January
and December 2014 (seismic data used may be requested from
the Saudi Geological Survey, Jeddah, Saudi Arabia).

We processed the data using the following steps:

(1) calculation of cross-correlations; (2) determination of
dispersion curves through Frequency-Time Analysis (FTAN)
(Levshin and others, 1972, 1989); (3) computation of surface-
wave dispersion maps (Barmin and others, 2001); and (4)
computation of surface-waves to shear-wave velocity using
the neighborhood algorithm (Sambridge, 1999). Appendix 1 of
this report and Civilini (2018) provide a full description of the
processing parameters.

Cross Correlations

We computed daily cross correlations for each station
pair in the Harrat Rahat seismic network using the software
MSNoise (Lecocq and others, 2014) and the workflow
suggested by Bensen and others (2007). All the available
data were used, because increasing the number of stacked
cross-correlated segments improves the signal-to-noise ratio
of the result (Bensen and others, 2007). Each trace was
filtered to 0.005—1.1 Hz, spectrally whitened (amplitude of
the frequency spectrum is the same across all frequencies),
and one-bit normalized prior to computing cross correlations.
We computed cross correlations for the diagonal components
of the Green’s function matrix: radial-radial (RR),
transverse-transverse (TT), and vertical-vertical (ZZ). In this
terminology, the hyphen isolates the component assessed at
each station. For example, radial-radial means that the radial
component at station 1 was cross correlated with the radial
component at station 2.

Dispersive surface waves were not observed in any of the
cross-component correlations (for example, radial-transverse)
and were excluded from our analysis (Civilini, 2018) because
the cross-components of the Green’s function tensor represent
a combination of Rayleigh and Love waves that cannot be used
to extract a consistent dispersion curve. We differentiated the
seismogram into signal and noise parts corresponding to positive
and negative lag times (temporal output of the cross-correlation
function) faster and slower than 2 km/s, respectively. The
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signal-to-noise ratio was calculated by dividing the peak value in
the signal portion of the seismogram by the root-mean-squared
error of the noise. We discarded any cross-correlation stack

that had a signal-to-noise ratio less than 10. Some redundancy

is present in the inclusion of results for radial-radial (RR) and
vertical-vertical (ZZ) since both record Rayleigh waves.

Computing Dispersion Curves

Dispersion of surface waves is commonly characterized
as a function of velocity or slowness in the frequency domain.
FTAN (Levshin and others, 1972, 1989) is a method for
extracting dispersion curves from time-series data. The FTAN
methodology computes group-velocity dispersion curves via a
sliding Gaussian filter throughout the frequency domain of the
cross correlation. In this study, the positive and negative sides
of the cross correlation were stacked to increase the signal-
to-noise ratio prior to FTAN computation. Phase velocity
was calculated by using the envelope function of the group

0 I I

velocity and the phase of the analytical signal (Snieder, 2004;
Bensen and others, 2007).

Automatic frequency-time analysis (AFTAN) is a
set of Fortran subroutines and C functions implementing
an automatic FTAN for the inversion of dispersion curves
(Ritzwoller, 2013). Figure 2.1 of appendix 2 shows the group
and phase velocities obtained using the AFTAN procedure for
station pair RHT03 and RHTO06.

Sensitivity Kernels

We used the Senskernel software package of Levshin
(2013), which is based on the work of Levshin and others
(1989), to determine group and phase velocity sensitivity
kernels. The velocities from the northeast segment of shot
point 4 of the Mooney and others (1985) seismic refraction
line, located at lat 20.09° N., long 42.65° E., were used as
input models for the sensitivity kernel calculation (fig. 3). This
particular shot point was chosen because it lies near Harrat al

A B c
5 _ — — —
P-wave velocity
10— - _ N
15— - _ |
<
[«b)
©
£
=}
= 20 — — — |
£
=
a
[«})
[an]
25 - - _ h
EXPLANATION
Period, in seconds
—5
30 - — — 6 — .
7
—38
—9
35 - — — 0 — —
— 11
12
10 | | | | | |
6 6.5 7 75 0 0.05 0.1 015 0 0.05 0.1 0.15

Velocity, in kilometers per second

Rayleigh-wave phase velocity sensitivity

Love-wave phase velocity sensitivity

Figure 3. Graphs showing the P-wave velocity model of the northeast segment of shot point 4 modified from Mooney and others
(1985, their fig. 4a) (A), Rayleigh-wave phase velocity (B), and Love-wave phase velocity, (C) sensitivity kernels.
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Buquim, which is a location expected to have similar crustal
velocities to our study area.

The Senskernel codes also require input S-wave velocity
and density models. We calculated S-wave velocities from
the P-wave to S-wave velocity (V,/V) ratios determined
by Christensen (1996) and density from the empirical
relationships of Christensen and Mooney (1995). Figure 3
shows the phase-velocity sensitivity kernels alongside the
Mooney and others (1985, their fig. 4a) input model. The
sensitivity kernels for group velocities are displayed in
figure 2.2 of appendix 2.

The maximum depth resolution of all kernels is
approximately 30 km, and the greatest resolution typically
occurs within the top 20 km for periods of 512 seconds
(fig. 3). Assuming that this velocity model is representative of
the velocities beneath Harrat Rahat, surface waves (Rayleigh
and Love) can image the top two crustal layers but will not
resolve structures in the upper mantle (fig. 3).

Surface-Wave Inversion

We used the nearly linear tomographic codes of Barmin
and others (2001) to estimate 2D surface-wave velocity
maps from the dispersion curves. The dispersion curves
are inverted using spherical geometry, local basis functions
(nodes), and data-density-dependent regularization (Barmin
and others, 2001).

The main user-chosen inputs to the tomographic inversion
are the width of the Gaussian smoothing filter (¢ in km) and
the degree of amplitude smoothing (o), which are primarily
dependent on the node spacing and interstation distance. The
approximation outlined by Barmin and others (2001) was used,
whereby o = 2/, in which / is the separation distance between
the nodes within the analysis grid, and a =40. Although the
Harrat Rahat inversion was done with a node spacing of 0.1°
(about 11 km at the Equator), we increased the smoothing to
values of 0 = 60 km and a = 240 to prevent the low number of
paths from causing errors in the inversion.

Surface-wave tomography that uses ambient noise
requires that the seismic station spacing be large enough
to allow the full wavelength of the measured signal to be
coherent from one station to the next. Although some argue
that the separation distance needs to be at least three times
the wavelength of the signal (Bensen and others, 2007; Tsai,
2010), other studies have concluded that 1-2 wavelengths are
sufficient (Shapiro and others, 2005; Brenguier and others,
2007). A minimum interstation distance of one wavelength
was chosen to ensure that the surface waves completed a full
cycle while also maximizing the number of interstation paths.

In addition to producing dispersion maps, the Barmin
and others (2001) code automatically conducts a cone-
resolution analysis, which determines the minimum distance
at which velocity anomalies can be resolved. Areas that have a
resolution cone-radius greater than 50 km were removed from
our tomographic results. The number of paths used for each

tomographic map was kept constant throughout each period.
For example, if a path was unused for the 12-second period
map owing to the one-wavelength condition criteria, that path
was also removed for 1-11-second periods. The number of
paths was kept constant to limit the variation caused at nodes
of different paths, which was significant owing to the small
period range sampled by this study.

Shear-Wave Velocity Inversion

Dispersion maps show velocity as a function of period
and can be thought of as a depth-averaged horizontal cross
section. Owing to this averaging, features with low velocity
differences compared to the surrounding rocks and smaller
dimensions than the wavelength may be obscured. Shear-wave
velocity inversions are made using dispersion curves at each
node of the dispersion maps. We used the Dinver software
package (Wathelet and others, 2004; Wathelet, 2008) to invert
the RR and TT dispersion curves at each latitude and longitude
node into 1D S-wave velocity models. These new dispersion
curves are hereafter called node dispersion curves for clarity.
The ZZ nodal dispersion curves were not inverted to S-wave
velocity owing to the fewer number of paths compared to
the RR and TT components, as discussed in the “Dispersion
Maps” section. The cross-correlated components of the
empirical Green’s function tensor (that is, radial-transverse,
radial-vertical) did not display surface-wave moveouts and
were not included in the inversion (Civilini, 2018).

Dinver incorporates the neighborhood algorithm of
Sambridge (1999), which preferentially samples areas near
values of good time (¢) instead of using the random distribution
of Monte Carlo methods. Each inversion yields models that are
based on minimizing the misfit value for each model, which is
defined as the percentage difference from the measured node
dispersion curve. The number of layers in the parametrization
should be as few as possible to prevent overfitting (Wathelet,
2005). Using a minimum number of layers is especially
important for this study, which only uses dispersion curves
from 5- to 12-second period (only 8 points). Owing to this
limited sampling resolution, 2-layer to 5-layer inversion
models were computed (table 1.3 of appendix 1). The 4-layer
and 5-layer velocity models allow for velocity reversals.

The densities of the upper and lower crust in the region were
obtained from the literature (Al-Saad and others, 1992; Brew
and others, 2001; Stern and Johnson, 2010), and a half space
for each model was imposed to be the inferred plagioclase-rich
upper portion of the lower crust (Stern and Johnson, 2010). This
constraint was due to the limited resolution of the surface waves at
depths greater than 30 km (fig. 3). We computed a weighted mean
of the inversion models using a misfit threshold of 10percent
deviation from the measured node dispersion curve. This enabled
us to quantify the likelihood of a solution representing the true
velocity structure. The weighted mean from each node was
interpolated into a pseudo 3D model, which was used to derive
cross sections through Harrat Rahat.
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Results

Cross-Correlation Moveouts

Cross-correlation moveouts of northern Harrat Rahat
station pairs were computed and stacked across the entire time
period (1 year) using the algorithm described in the “Cross
Correlations” section (fig. 4). A first-order approximation of
the group velocity was determined by measuring the lag time
across cross correlations arranged by distance between seismic
station pairs. We found that RR, TT, and ZZ cross-correlated
components have group velocities of 3.0, 3.4, and 3.1 km/s
respectively (fig. 4). The higher velocity (fig. 4B) confirms
that the TT component corresponds to a Love wave, whereas
the RR and ZZ components reflect the horizontal and vertical
components of a Rayleigh wave. Asymmetry can be observed
in some of the cross-correlation pairs owing to azimuthal
heterogeneity in the strength of the ambient seismic noise
signal (fig. 4). For example, the top three cross correlations
with greatest station-interstation distance in the TT component
(fig. 4B) all have higher amplitudes in the acausal portion of
the cross correlation (negative lag times). This asymmetry is
due to less energy from the north and northeast (landlocked
directions) than from other azimuths.

Ambient noise Rayleigh-wave cross-correlation results
are sometimes affected by zero-point noise or near zero-time
signal (Landés and others, 2010), which is typically caused
by teleseismic body waves generated by distant storms in
deep oceans (Gerstoft and others, 2008; Landés and others,
2010; Nishida and Takagi, 2016) or Mohorovici¢ discontinuity
reflections (Zhan and others, 2010; Poli and others, 2012).
These natural phenomena produce large amplitudes near the
zero lag time in the cross correlation, which sometime result in
anomalously fast velocities in parts of dispersion curves. After
computing daily cross correlations for the seismic station pairs,
we observed that some cross correlations of the ZZ component
were affected by zero-point noise. We observed zero-point
noise with varying amplitudes in most Rayleigh-wave cross
correlations of the ZZ component. Typically, cross correlations
with large zero-point noise had low signal-to-noise ratios and
were removed by the minimum signal-to-noise ratio threshold
of 10. The AFTAN procedure for the remaining traces did not
seem to be affected by zero-point noise within the frequency
bounds of interest. The total numbers of paths used were 55
(RR), 44 (TT), and 40 (ZZ) for group velocities, and 60 (RR),
56 (TT), and 38 (ZZ) for phase velocities.

Figure 4. Cross-correlation moveouts for Harrat Rahat seismic
station pairs for radial-radial (RR) (A), transverse-transverse (TT)
(B), and vertical-vertical (ZZ) (C) components. The red dashed line
represents a moveout of the labeled velocity (in kilometers per
second [km/s]) for phase velocities. Lag-time corresponds to the
temporal output (in seconds) of the cross-correlation function,
and distance refers to the interstation distance between cross-
correlation station pairs.
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Checkerboard Tests

Standard checkerboard tests (fig. 54) were done to assess
the resolution of the tomographic inversion. Interstation
velocities were calculated through a synthetic model
composed of a checkerboard of low and high velocities.

The velocity values for these station pairs were inverted

using the method described in the “Surface-Wave Inversion”
section. The resulting dispersion map was then compared

to the original synthetic model. We used checkerboards

that consisted of 0.5° alternating blocks of 3.5 and 4.0 km/s
(fig. 54). Synthetic velocities for phase-velocity paths
through the checkerboard were computed using the computer
program Fatiando, which is an open-source Python library

for geophysical inversions (Uieda and others, 2013). The
synthetic velocities were inverted using the Barmin and others
(2001) code rather than Fatiando to maintain consistency with
our other results. Although each checkerboard test suffers
from smearing at the edges of the array, the boundaries

and velocities are well resolved in the center of the field

(fig. 5B—D). We found that the predicted surface-wave
velocity is typically slower than in the input model. These
slower velocities are due to the Fatiando software calculations
instead of the Barmin and others (2001) inversion as observed
in station pairs that were exclusively within high-velocity
segments, such as those between stations RHT08, RHT09, and
RHTI11. A checkerboard model using the paths of the group
velocities is displayed in figure 2.3 of appendix 2 and shows
approximately the same features as figure 5.

Dispersion Maps

Using the AFTAN procedure and the inversion methods
of Barmin and others (2001) discussed in the “Computing
Dispersion Curves” and “Surface-Wave Inversion” sections,
respectively, we obtained dispersion maps of Harrat Rahat
for phase and group velocities (figs. 6, 7, and figs. 2.4-2.7
of appendix 2). Velocity changes of as much as +3 percent
from the mean are observed in the phase-velocity surface-
wave maps.

The ZZ cross-correlated component had fewer paths
than the other two components (38 paths compared to 60 and
56 paths) (fig. 2.4 of appendix 2). The mean phase velocities
were 3.21-3.38 km/s for Rayleigh waves and 3.54-3.74 km/s
for Love waves, which indicates the measured 3 percent
change is approximately +0.1 km/s. We observed low
velocities at all periods for which the paths were not confined
to northern Harrat Rahat. However, the lowest calculated
velocities (approximately —3 percent) were near the 1256 C.E.
eruption location at 5- and 7-second periods for Rayleigh
waves (figs. 64, B) and at a 5-second period for Love waves
(fig. 7A). The group velocities show primarily the same
features as the phase velocities but vary as much as +4 percent
of the mean velocity values (figs. 2.5-2.7 of appendix 2).

We observed differences between the Rayleigh- and
Love-wave phase-velocity dispersion maps. A north-south
trending low-velocity feature, visible in Love waves (fig. 7
and fig. 2.6 of appendix 2) but not in Rayleigh waves (fig. 6
and figs. 2.4, 2.5, 2.7 of appendix 2), extends from station
RHT11 to RHT15 (fig. 2). The velocities are slowest through
the feature in the 5 second period band but are observed at
all periods (fig. 7). The feature that is responsible for the low
velocities may be located within the shallowest 5 km indicated
by the difference in depth sensitivity between the Rayleigh-
and Love-wave phase velocities (fig. 3). This low-velocity
feature coincides with the low-gravity anomaly of figure 2
that is interpreted to be the combined product of a basement
low beneath that part of the volcanic cover rocks and to low-
density sedimentary rocks of the Proterozoic Furayh Group
that crop out at the north edge of the volcanic cover as well
as in patches farther north (Pellaton, 1981; Langenheim and
others, 2019, 2023).

One Dimensional Shear-Velocity Inversions

1D S-wave velocity inversions were computed from node
dispersion curves for RR and TT cross-correlation compo-
nents using the Dinver software package (Sambridge, 1999;
Wathelet, 2005, 2008). The ZZ node dispersion curves were not
inverted owing to inaccuracies caused by a paucity of usable
paths. The dispersion curves at each node for the group veloci-
ties oscillate between values of low and high velocity, which
is a behavior that is thought to be due to a strong anisotropic
source off the interstation path (Tsai, 2009; Behr, 2010). The
oscillations of the group velocity make it impossible to obtain
reliable velocity models through inversion. Because of this,
only phase velocities were used for our velocity inversions.

Two- to five-layer velocity inversions (L2, L3, L4, and
L5 inversion models shown in table 1.3 of appendix 1) were
computed for the RR and TT phase velocities. Figure 8 shows
the RR node dispersion curve and weighted mean models
for lat 24.4° N., long 39.4° E., located approximately in
the center of the array in a zone of maximum station-path
azimuthal coverage.

Each inversion for this node produced an increase in
velocity between 15 and 25 km depth, which corresponds to
the transition between the upper and lower crust (table 1.3
of appendix 1). Although 15-25 km was set as the depth
of the lower-crustal half space, this velocity increase at
15-25 km depth is not likely to be an artifact of the inversion
owing to the wide velocity bounds of the parameter space
(2-5 km/s). Two- and three-layer inversion models (L2 and
L3, respectively) delineate sharp boundaries (despite being
S-wave-weighted averages produced from surface waves) and
are much slower than average crustal models (Mokhtar and
others, 2001; Park and others, 2008; Tang and others, 2016),
which indicates that these models lack a sufficient number of
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layers for a stable inversion. Four- and five-layer inversion
models (L4 and L5, respectively) produced similar results,
but the L4 inversion was chosen to minimize the number of
free parameters (Wathelet and others, 2004). The L4 inversion
model revealed two main crustal layers that had shear-wave
velocities of 3.55 and 4.06 km/s, which are similar to the 3.69
and 4.1 km/s values obtained by Mokhtar and others (2001)
through inversion of group velocities. A plot showing the
ensemble of models which produced the L4 weighted mean
for this point is displayed in figure 2.8 of appendix 2.

Similar to the phase-velocity used to produce the
dispersion maps in figure 6, the weighted means obtained
by the 1D inversions can be analyzed as a function of depth
through interpolation of the 1D models. The resolution of
the cells is 0.1° x 0.1°, the same as in the dispersion maps.
Figures 9 and 10 display the S-wave velocity inversions for
5, 15, 20, and 25 km using Rayleigh (RR) and Love (TT)
waves. We found that the weighted mean at depths from 5 to
15 km was consistent and rarely changed (fig. 8 and fig. 2.8
of appendix 2). The mean, minimum, and maximum S-wave
velocities are summarized in table 1.

The RR-produced S-wave velocities (fig. 9) show similar
features to the RR phase velocities (fig. 6) to depths of 20 km:
low velocities of approximately —3 to —4 percent extend north
and west from the 1256 C.E. eruption area (fig. 9). This pattern
changes for 25 km depth, where low velocities are primarily
distributed to the southeast and northwest edges of the field.

Table 1.

The inversion of the TT seismic components (fig. 10)
resolves different structures from the RR seismic components,
which is most likely due to the sampling difference between
the Rayleigh and Loves waves (fig. 3). Because the two
wave types sample different depths for each period, a joint
inversion of Rayleigh and Love waves is not advisable.

A high-velocity zone (1-3 percent) is observed near the

1256 C.E. eruption location at depths shallower than 15 km
(fig. 104, B). Although the velocities at 5—-15 km depth vary
within *+3 percent of the mean, greater depths have S-wave
velocity deviations of approximately 8 percent at field edges
(fig. 10). The velocity variations may be caused by a lack

of depth resolution for the Love waves at longer periods

(fig. 3C). The low-velocity feature extending northward from
the 1256 C.E. eruption area observed only in the TT dispersion
maps (fig. 7) is not observed distinctly in the inversion at
shallow depths (fig. 104). This feature may not be an artifact,
because the dispersion maps are the closest results to the data
and the feature is observed at most periods (fig. 7). The Love
waves sample large volumes of the crust (fig. 3C), so what
we observe for a single period in the surface-wave maps may
be an effect of multiple features. Additionally, there may not
be enough layers in the neighborhood algorithm inversion to
resolve the feature at all nodes. Locations that do not show the
low-velocity feature (for example, lat 24.5°N., long 39.6°E.)
may have had dispersion curves whose fit was better reduced
by placing layers at other depths or features.

Four-layer inversion model (L4) shear-wave mean, minimum, and maximum velocity for the radial-radial

and transverse-transverse components at 5-, 15-, 20-, and 25-kilometer depths.

[The percentage difference from the mean velocity is listed in parentheses. km, kilometer; km/s, kilometer per second;

%, percent]

Depth (km) Mean velocity (km/s) Minimum velocity (km/s) Maximum velocity (km/s)
Radial-radial
5 3.64 3.52 (-3.3%) 3.74 (2.7%)
15 3.64 3.52 (—3.3%) 3.74 (2.7%)
20 3.75 3.58 (—4.6%) 3.88 (3.4%)
25 3.95 3.73 (=5.7%) 4.22 (6.6%)
Transverse-transverse
5 3.53 3.44 (-2.6%) 3.65 (3.3%)
15 3.51 3.38 (—3.5%) 3.64 (3.7%)
20 3.80 3.51 (=7.6%) 4.11 (8.0%)
25 4.16 3.93 (—5.6%) 4.50 (8.1%)
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Figure9. Maps of the northern Harrat Rahat area showing shear-wave velocity as a percentage difference from the mean using the radial-radial
(RR) inversions (Rayleigh waves) for depths of 5 (4), 15 (B), 20 (C), and 25 kilometers (km) (D). Seismic stations are marked as yellow triangles, and
the traces of the harrats are displayed as black lines. The location of the 1256 C.E. eruption vents is displayed as a black box in part A. The depth
and mean shear-wave velocity for each panel, in kilometers per second (km/s), are displayed in an inset. Cross sections used in figures 11 and 12
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Figure 10. Maps of the northern Harrat Rahat area showing shear-wave velocity as a percentage difference from the mean
using the transverse-transverse (TT) inversions (Love waves) for depths of 5 (A), 15 (B), 20 (L), and 25 kilometers (km) (D).
Seismic stations are marked as yellow triangles, and the traces of the harrats are displayed as black lines. The location of
the 1256 C.E. eruption vents is displayed as a black box in part A. The depth and mean shear-wave velocity for each panel, in
kilometers per second (km/s), are displayed in an inset. Cross sections used in figures 11 and 12 are shown in part A.
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Cross Sections The cross sections obtained from the Rayleigh waves
indicate two relatively homogeneous crustal layers: an
The S-wave velocity maps were interpolated with upper crust with shear-wave velocities of 3.5-3.6 km/s and
depth to produce a pseudo 3D model of the S-wave velocity a lower crust with velocities of 3.9—4.1 kmy/s (fig. 11) that
distribution. Figures 2, 11, and 12 illustrate cross sections are separated by a transitional interval at depths between
across Harrat Rahat through the 1256 C.E. eruption (4-4") and 15 and 25 km. The cross sections show velocities of less
alongside the low-velocity feature (B-B'). than 3.6 km/s at distances 3050 km along profile 4-4' and
WEST EAST
A A ’
Ml
3.6 km/s
5 il
S w0 Al
@
g
= 15 3.7 km/s
£
g— 3.8 km/s
———%—‘\“ 3.9 km/s
M
25 il
4.0 km/s 4.0 km/s
30 |
0 10 20 40 50 60 70

37k
3.7 kmfs 36km/s

Depth, in kilometers

3.8 km/s
20
3.9 km/s
ELE N —

25

km/s
| | |
0 20 40 60 80

Distance, in kilometers

30

EXPLANATION

Gravity and shear-wave velocity, in kilometers per second

3.2 3.3 34 35 36 37 38 39 4.0 41 4.2

Figure 11. Cross sections A-A’ (A) and B-B' (B) showing gravity and shear-wave velocity from absolute
Rayleigh-wave phase velocities and inversion model L4. The location of the 1256 C.E. eruption is indicated by a
yellow square. Cross section locations are marked in figures 2, 94, and 10A. Shear-wave velocity contours for
3.6-4.0 kilometers per second (km/s) are displayed as gray lines.
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beyond 50 km along profile B—B' (fig. 11). Because of the lack  zones within the upper 7 km. These zones include the area
of resolution of the Rayleigh waves at depths shallower than beneath the locus of the 1256 C.E. eruption: 0—30 km and
5 km (fig. 3B), the thin low-velocity layer shown at the top of ~ 40-65 km along A—A4" and 0—60 km along B—B’, respectively.

figure 114 and 115 should not be over interpreted. Cross section A—A" of figure 12, constructed from Love-wave
Gravity and S-wave velocity cross sections constructed phase velocities, shows faster velocities in portions of the
from Love-wave phase velocities (fig. 12) show similar shear lower crust (4.3—4.4 km/s) than cross sections constructed
velocities to those constructed from Rayleigh-wave phase from Rayleigh-wave measurements (fig. 11). This velocity
velocities (fig. 11) but contain high-velocity (3.6-3.8 km/s) discrepancy could be due to a lack of depth resolution for
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Figure 12. Cross sections A-A’'(A) and B-B (B) showing gravity and shear-wave velocity from absolute Love-wave phase velocities
and inversion model L4. The location of the 1256 C.E. eruption is indicated by a yellow square. Cross section locations are marked in
figures 2, 94, and 10A. Shear-wave velocity contours for 3.6-4.0 kilometers per second (km/s) are displayed as gray lines.
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Love waves compared to Rayleigh waves. Similar to what was
observed using Rayleigh waves, the Love-wave cross section
shows layer transitions at depths of 15 to 25 km (fig. 12).
Faster velocities were observed on the edges of the field in the
S-wave velocity maps (fig. 10C, D).

Discussion

Assessment of a Crustal Magma Chamber

The surface-wave and S-wave velocity results can be
used to assess the presence of a crustal magma chamber in
northern Harrat Rahat. The presence of a magma chamber
in the top 30 km is unlikely owing to the observed modest
magnitude of the shear-wave velocity variations, the extent of
low- or high-velocity zones away from Harrat Rahat, and the
lack of velocity reversals in the L4 and L5 inversion models.
However, the methodology of ambient noise imaging and the
frequency of the ambient noise source used in our analysis
produce fundamental accuracy limitations at shallow depths
(< 5 km) and may average out structures with dimensions
smaller than 15 km.

The Rayleigh and Love surface-wave maps resolved
perturbations of about £3 percent from the mean for 5- to
12-second periods (figs. 6, 7). The computed S-wave velocity
measurements were between +3 and £5 percent for Rayleigh
waves and between +3 and +8 percent for Love waves.
However, the +8 percent deviations occurred at depths greater
than 20 km at the edges of the field and may reflect a lack of
depth resolution for the Love waves.

Surface and S-wave velocity studies of known magma
chambers typically exhibit a larger decrease in S-wave
velocity than we have determined at northern Harrat Rahat. An
ambient noise study of the Toba Caldera in Indonesia recorded
a maximum Rayleigh velocity deviation of about —24 percent
(using 2.5- to 12-second periods) correlated with the location
of a known magma chamber at 10-20 km depth (Stankiewicz
and others, 2010). Behr and others (2011) used ambient
seismic noise and the neighborhood algorithm of Wathelet
and others (2004) to compute a pseudo 3D tomographic map
of the central North Island of New Zealand. They found an
area of low S-wave velocity at shallow depths within the
Taupo Volcanic Zone, a volcanic area with active rifting
(Wilson and others, 1995). Behr and others (2011) observed
S-wave velocities between 2.6 and 3.1 km/s in the top 15 km
below the Taupo Volcanic Zone, which is an 11-26 percent
decrease compared to the surrounding S-wave velocities of
3.5 km/s. Similar results were found at depths shallower than
15 km below the Yellowstone Caldera by Stachnik and others
(2008): a 2.8 km/s low-velocity zone among approximately
3.4 km/s crust (18 percent decrease). A recent full-waveform
tomographic study using regional earthquakes in the Long
Valley Caldera in the U.S. State of California revealed a
S-wave velocity decrease of more than 20 percent at depths
of 5-20 km, which enables the percentage of melt within the
magma reservoir to be estimated (Flinders and others, 2018).

The 3-8 percent velocity changes we observed at northern
Harrat Rahat in the top 30 km are substantially smaller than
velocity changes observed in other tomographic studies of
magmatic systems (18-26 percent), but shallow structures with
a small velocity deviation are difficult for our methodology to
resolve. Solidified magma can produce high-velocity zones
in crustal tomography. For example, an active source study
revealed a high-velocity zone at 5 km depth below the Asama
volcano in Japan that was approximately 20 percent faster than
the surrounding crust and was attributed to cooled magma from
repeated intrusions (Aoki and others, 2009). Brenguier and
others (2007) imaged to a depth of 4 km beneath the Piton de la
Fournaise volcano of Réunion Island (Indian Ocean) at periods
less than 5 seconds and found a 5 percent S-wave velocity
increase that they attributed to the presence of a solidified
magma intrusion. The minimum source frequency in our study
was 5 seconds, which samples (and averages) approximately
the top 10 km of the subsurface (fig. 3B, ). If a crustal magma
chamber was present, as in what was observed at the Asama
volcano (Aoki and others, 2009), we would expect decreases in
velocities much greater than the 3—8 percent velocity variations
we observe in our study.

Low surface-wave phase velocities and shear waves
are not exclusively located below Harrat Rahat (figs. 67,
9—10). The checkerboard tests demonstrate that the extension
of the features away from the harrat is real and is not caused
by smearing owing to the station-path distribution (fig. 5).
Moderate low crustal velocities (3—8 percent reduction) that
extend away from Harrat Rahat argue strongly against the
presence of a localized crustal magma chamber. The presence
of liquids decreases shear-velocities by increasing the effective
density while keeping the effective shear modulus constant
(Jones, 1980), and would also produce measurements of high
conductivity. Our finding that modestly sub-average velocities
are neither restricted to, nor are concentrated beneath, the
harrat agrees with the resistivity survey of Bedrosian and
others (2019) and Peacock and others (2023), which found
apparent electrical conductors in the upper and lower crust
extending well beyond the Harrat Rahat area. Bedrosian
and others (2019) and Peacock and others (2023) showed
that those large, strong apparent electrical conductors were
artifacts of the 3D inversion method brought about by
anisotropic conductivity in the Precambrian crust. Those
authors confirmed this interpretation with 2D inversions
that are less sensitive to anisotropy and that showed no
such strong conductive anomalies beneath or beyond the
harrat. Importantly, the conductive anomalies in the 3D
inversion were not real, and the 2D inversions show that the
crust beneath the volcanic field is indistinguishable in its
conductivity structure from the crust beyond the field. Both
regions lack strong anomalies that could signal the presence of
a sizeable magma reservoir. The absence of sizeable magma
reservoirs also agrees with the gravity results of Langenheim
and others (2019, 2023), which indicate that the gravity low
is not restricted to Harrat Rahat but instead extends north into
the Precambrian basement.
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The low-velocity feature observed in the Love-wave
phase velocity maps (fig. 7) could be due to the presence
of seismic anisotropy. Northern Harrat Rahat is undergoing
northeast extension owing to slab-pull motion at the Zagros
collision zone approximately 1,000 km away (Stern and
Johnson, 2010; Reilinger and others, 2015), so cracks could
form perpendicular to this extension direction (that is, the
northwest fast direction). However, the Love-wave phase
velocities (fig. 7) show low velocities oriented north to south,
which indicate that this anisotropy is not likely due to crustal
extension. Another explanation for the observed anisotropy
between Rayleigh and Love maps could be vertically aligned
magmatic dikes that would, in principle, reduce the wave
speed of Love waves substantially more than the wave
speed of the Rayleigh waves (Jaxybulatov and others, 2014;
Hammond and Kendall, 2016). If vertically aligned magmatic
dikes were causing anisotropy, then they would need to form
a widespread system at least as broad as the 15 km minimum
wavelength of the surface waves that we are considering.
However, the feature may be produced by the different
sampling depth between the Rayleigh and Love waves (fig. 3).
If the feature is close to the surface, it will be observed with
the Love waves but not the Rayleigh waves. This could be
investigated in a future study by using shallow tomography
techniques and higher frequency signals.

The nodal dispersion curves were inverted using 2- to
5-layer models (L2-L5). L4 and L5 models allowed for
low-velocity zones within the parameter space (table 1.3
of appendix 1), which are typical in active magmatic areas
(Guidarelli and others, 2011), but no low-velocity zones were
required by the data. The period range of the dispersion curves
is only 5—12 seconds, so models using additional layers may
overfit the data. Instead of low-velocity zones, the Love-wave
L4 inversion modeled several high-velocity zones within the
top 5 km (fig. 12).

Although we are careful to quantify the systematic error
within our results, the methodology itself contains limitations
on imaging resolution. The four main sources of error in the
ambient noise methodology that could directly affect our
conclusions are (1) the limited seismic wavelengths of the
ambient noise source, (2) the sampling depth of the surface
waves, (3) the station distribution of the seismic network and
the interstation path lengths, and (4) tomography model spatial
sampling (discretization). The effect of the surface-wave
wavelength and sampling depth averaging on our final result
is difficult to quantify directly. Ambient noise peaks at periods
of 7 and 14 seconds (Bonnefoy-Claudet and others, 2006),
which correspond to wavelengths of 21 and 42 km assuming a
wave speed of 3 km/s, but its overall distribution varies from
station to station. We were able to obtain ambient noise signal
at a minimum of a 5-second period (fig. 2.1 of appendix 2),
or a 15 km wavelength. Similarly, the depth sensitivity of the
surface waves can only be estimated using sensitivity kernels,
which are calculated from empirical relations and an input
velocity model (fig. 3).

The effect of path lengths and the discretization of the
tomography model can be further assessed by quantifying the
minimum size of volcanic structure that can be observed with
our network configuration (0.1 decimal degree discretization)
and model smoothing parameters. We constructed an
additional checkerboard model with a single 0.2° x 0.2°
(22 x 22 km) low-velocity feature in the center of the field
(fig. 2.9 of appendix 2). The low-velocity feature is 2.8 km/s,
or a 20 percent decrease from the 3.5 km/s velocity of the
surrounding rocks. Despite the large amount of smoothing,
the feature can still be clearly observed in the surface-wave
velocity maps albeit with a degree of northwest smearing
(fig. 2.9 of appendix 2). The discretization of the velocities
and smoothing parameters only diminished the feature from
a 20 percent decrease to a 15 percent decrease. A 0.1° x 0.1°
(11 x 11 km) low-velocity feature produced even larger
degrees of smearing and could not be properly constrained but
still imaged a 10 percent decrease in the low-velocity feature,
which is more than three times the maximum negative velocity
change observed in the dispersion maps (figs. 6—7, 9—10).
These results indicate that our method has a spatial resolution
of about 15 km.

Comparison with Other Studies

The dispersion and shear-wave velocity maps of northern
Harrat Rahat were compared to results from prior geophysical
studies to assess potentially conflicting mechanisms. Cross
sections (figs. 11, 12) revealed a S-wave velocity increase from
3.5-3.6 to 4.0-4.1 km/s, representative of a change in density
in crustal layers at depths of 15-25 km. This interface depth
matches the boundary between a heterogeneous and broadly
andesitic upper crust with the mafic lower crust in the Arabian
Shield. This boundary has been inferred outside Harrat Rahat
from refraction surveys (Mooney and others, 1985) and is
consistent with xenolith data (Stern and Johnson, 2010).

We compared S-wave velocities obtained by other studies
with the average velocities at upper crustal (5 km) and lower
crustal (25 km) depths: 3.64 and 3.95 km/s (Rayleigh, RR
cross-correlation component) and 3.53 and 4.16 km/s (Love,
TT cross-correlation component) (table 1). These results are
similar to the average crustal values obtained from country-
wide surface-wave studies using regional earthquakes (3.69
and 4.1 km/s) (Mokhtar and others, 2001) and inverted
surface-wave phase velocities from teleseisms (3.75 and
4.07 km/s) (Park and others, 2008).

Abdelwahed and others (2016) obtained seismic P-wave
velocity deviations using travel-time residuals from local
and teleseismic earthquakes recorded using a borehole array
at Harrat Rahat and found several zones of low and high
velocities. They found two main low-velocity anomalies
with a reduction of 5 to 8 percent from the mean: (1) one
low-velocity was underneath the 1256 C.E. eruption location
at 2—10 km depth and (2) one was to the southeast from 22
to 46 km depth coinciding with the 1999 earthquake swarm
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location (black square and red outline of fig. 2, respectively).
Abdelwahed and others (2016) hypothesized that the low-
velocity zone in the lower crust is a magma reservoir fed

by a deeper source (at 60—100 km depth) and is connected
with another shallower reservoir located right underneath
the 1256 C.E. eruption location. In addition to the two low-
velocity zones, Abdelwahed and others (2016) found several
high-velocity zones: (1) widespread in the surface layer

(02 km); (2) southeast of the 1256 C.E. eruption at 4 km
depth; (3) south of the 1999 swarm at 16 km; and (4) north
of the 1256 C.E. eruption at 22-38 km depth. The size

and depth of both of the seismic low-velocity features
(aforementioned low-velocity features 1 and 2) and most of
the high-velocity features (high-velocity features 2 through 4)
observed by Abdelwahed and others (2016) should be within
our imaging resolution.

Areas of low velocity extend from the 1256 C.E.
eruption location to the west and northwest for Rayleigh
waves at 5—15 km depth (about —3 percent) (fig. 94, B) but
not for the Love waves (fig. 104, B), which may be due to the
increased sensitivity of the Love waves to the high-velocity
anomalies in surface layers. Neither the 25 km S-wave velocity
maps (figs. 6D, 7D) nor the B—B' cross section revealed a
low-velocity zone at depths greater than 22 km below the
1999 swarm location. High-velocity features observed by
Abdelwahed and others (2016) (features 2 and 3 as listed
above) are observed in both Rayleigh and Love waves
(figs. 94, B and 104, B) but the high-velocity feature north of
the 1256 C.E. eruption at depths 22—-38 km is only observed in
Rayleigh waves (fig. 9D). Although we observe similar features
to Abdelwahed and others (2016), we disagree with their
conclusion regarding the existence of a magma chamber. Their
imaged area is centered on the 1256 C.E. eruption location
and is less than half the size of our study area for most depths.
Hence, our coverage is more complete and robust.

Tang and others (2016) used seismic receiver functions
and surface-wave data to derive average thicknesses of 12 km
and 23.6 km for the upper and lower crust with average
S-wave velocities of 3.63 km/s and 3.92 km/s, respectively.
These S-wave velocities are in good agreement with our
Rayleigh-wave shear-velocity results (3.5-3.6 km/s and
4.0-4.1 km/s). However, several details of the Tang and
others (2016) analysis differ from our tomographic images.
The first is a 10-km-thick low-velocity layer overlaying a
10-km-thick high-velocity layer observed between depths
of 5 and 25 km depth at seismic station RHT0S (Tang and
others, 2016) (fig. 2) that is not discernible in our A-A4’
cross sections (figs. 114, 124). Additionally, the velocities
calculated by Tang and others (2016) at 5 km depth at RHT02
and RHTOS5 (about 4 km/s) (fig. 2) are much faster than in
our models (figs. 94, 104) and are instead values that would
be expected for the lower crust instead of near-surface layers.
We hypothesize that these differences may be due to three
factors: (1) the 2.5 km step of the inversion algorithm; (2)
the difficulty of the receiver function method used by Tang

and others (2016) to obtain absolute velocities, and (3)
insufficient short-period seismic energy (< 12 seconds) in the
group velocity dispersion curves obtained from regional and
teleseismic earthquakes.

Tang and others (2018) used Rayleigh-wave group
velocities to determine S-wave velocities across the Arabian
Shield. They found a 2—5 percent S-wave velocity decrease
underneath Harrat Rahat at depths shallower than 25 km.
This result was recently verified using S-wave velocities
obtained from a joint inversion of Rayleigh-wave group
velocity dispersion curves and P- and S-wave receiver
functions (Tang and others, 2019). We see similar decreases
in S-wave velocity in the upper crust for Rayleigh waves (-3
to —4 percent) (table 1, fig. 9), but the low velocities for the
inversion using Love waves are primarily off of the harrat for
the upper crust (fig. 10).

Seismic Structure of the Arabian Shield

Seismic Network and Instrument Information

In this section, ambient seismic noise tomography
is applied to determine the S-wave crustal structure of
the Arabian Shield, and data from the same period as the
Harrat Rahat subset are used (January through December
2014). Some stations were installed late in the year or had
frequent outages, and only stations that had at least 6 months
of data were considered. We used a total of 73 broadband
seismometers for this analysis (fig. 13). Unlike the northern
Harrat Rahat network, which was of a single instrument
type, this new dataset contains T120, T40, and STS2 seismic
instruments. The frequency response range is approximately
0.01-20 Hz for the instruments with the broadest bandwidth
(Streckeisen, 1995; Townsend, 2014; Passcal, 2016) and
0.1-10 Hz for the standard seismometers (Nanometrics,
2009). The differences in bandpass do not require changes to
the methodology because values produced are unaffected by
missing energy in certain parts of the frequency spectrum.
Instead, the signal simply would not coherently stack for those
frequencies in the cross-correlation function. The labels of
different station types in figure 13 were used to assess possible
instances of asymmetry owing to missing low-frequency
energy. Additional stations from the Saudi Arabia Seismic
Network were not included in this analysis, because the
interstation path between stations was too large, which would
cause smearing and loss of resolution in the tomographic
maps. As expected from the northern Harrat Rahat results,
both the primary (12- to 18-second periods) and secondary
(6- to 9-second periods) microseism bands (Friedrich and
others, 1998) were recorded at all stations and directional
components. Figure 4.1 of appendix 4 displays the probability
density functions, weighted mean, and the new high- and low-
noise models of Peterson (1993) for the vertical component of
one of the broadband stations (station AFFS) (McNamara and
Boaz, 2011).
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Methodology for Large Array

The methodology for this country-wide dataset was the
same as that discussed in the “Methods” section with slight
modifications to account for the increased number of paths and
interstation distance. About half of possible station-pair com-
binations (fig. 13) passed our stipulated threshold requirement
of a signal-to-noise ratio of 10:2,390 (RR component), 2,353
(TT component), and 2,607 (ZZ component). The positive and
negative sides of the cross-correlation function were stacked
together to increase signal-to-noise ratio, and AFTAN was used
to calculate group and phase-velocity surface-wave dispersion
curves for 5- to 25-second periods.

Errors in the tomography owing to inaccurate estimates
of surface-wave velocities are propagated through to S-wave
velocity inversions; therefore, careful selection criteria for the
dispersion curves are necessary to minimize error. Dispersion
curves may have some incorrect estimates of velocity for a
part of the analyzed periods. Unlike our result presented in
the “Cross-Correlation Moveouts” section of the results for
northern Harrat Rahat, the dispersion curves could not be
individually checked owing to the large number of interstation
paths. Three dispersion curve exclusion steps were done:

(1) partial exclusion of the AFTAN result, (2) an all-paths
velocity threshold exclusion, and (3) exclusion of individual
station paths. The purpose of these methods was to remove
incorrect estimates of velocity that could cause smearing in the
tomographic image.

A dispersion curve produced by the AFTAN of a cross
correlation may be entirely spurious or can be partly usable.
For example, certain dispersion curves with short interstation
distances may have unusable velocities at long periods but
correct velocities in the short period (and vice versa for large
interstation distances). The AFTAN result partial exclusion
is twofold: (1) if the value of the group velocity is greater
than the phase velocity or (2) if two times the wavelength is
greater than the interstation distance, then the velocity values
for that period are removed. The second part of the condition,
commonly called the two-wavelength criteria in ambient
noise literature, is to ensure that surface waves complete a full
cycle (Shapiro and others, 2005; Brenguier and others, 2007).
The dispersion curves are entirely removed if their minimum
period is 10 seconds or higher after the two exclusions.

We use another exclusion principle, referred to as the
all-paths velocity threshold exclusion, to sort the remaining
dispersion curves. Unlike the previous exclusion, which
assesses each dispersion curve individually, the all-paths
velocity exclusion assesses the dispersion curves from each
cross-correlation component as an aggregate. This step was done
to remove the dispersion curves whose velocities were much faster
or slower than what was expected for Rayleigh or Love waves.
Minimum and maximum velocity thresholds were selected for
each wave type (for example, Rayleigh-wave group velocities
and Love-wave phase velocities) on the basis of the distribution
of all of the dispersion curves (table 3.1 of appendix 3). If a
dispersion curve crossed or was outside these thresholds, then it
was removed. Figure 14 shows the result of this exclusion method

for ZZ component phase velocities. The number of cut dispersion
curves for each wave type is listed in table 3.1 of appendix 3.

Anomalously high or low dispersion curves can still be
present despite the first two dispersion curve exclusion steps. A
station-path exclusion criteria was established to find anomalous
dispersion curves within the all-paths velocity thresholds. The
standard deviation of station pairs using a fixed single station was
computed. If a dispersion curve was greater than 1.5 standard
deviations from the median at any period, it was removed (fig. 15).
The median was used to minimize the contribution of large
outliers (fig. 154). The threshold of 1.5 standard deviations was
chosen on the basis of trial and error. Larger standard deviations
did not exclude anomalous dispersion curves, which resulted in
high or low velocity streaks in the tomographic results, whereas
smaller standard deviations reduced the number of paths with no
apparent improvement.

The velocities at each period for the wave types were
inverted into tomographic maps using the same nodal
tomography algorithm used in the Harrat Rahat study (Barmin
and others, 2001). We discretized the grid using 0.2° nodes
(approximately 22 km at the equator). Barmin and others
(2001) recommend o = 21, in which [ is the separation between
the nodes. However, a o value of 50 km produced anomalously
high or low values in certain regions, so we used a wider value
(0 =200 km) as justified by the seismographic spacing. The
amplitude of the smoothing was set to 800, following the a=4c0
recommendation of Barmin and others (2001).

A checkerboard test was done using the paths available
for ZZ phase velocities at a 6-second period (1,722 total paths)
(fig. 16). We used 2°(222 km at the Equator) checkerboards
of alternating 3.0 and 3.5 km/s velocities and calculated
the expected velocity across each cross-correlation path
using Fatiando software (Uieda and others, 2013). To better
understand the accuracy, we excluded any nodes from the
color bar whose velocity was 0.1 km/s faster or slower than the
input velocities (that is, any velocities > 3.6 km/s or <2.9 km/s
that correspond to poorly constrained portions of the model).
The tomography underpredicted the input model in a region
near Harrat Khaybar. This error is most likely due to a lack
of stations and paths north of the harrat and should produce
similar underpredictions in the inversions of all wave types.

Sensitivity kernels were computed using the Senskernel
software package (Levshin and others, 1989; Levshin, 2013)
(fig. 17, fig. 2.2 of appendix 2). We used a simple three-layer
model as input, which consisted of P-wave velocity from
Mooney and others (1985); S-wave velocity from Park and
others (2008); and layer densities from Al-Saad and others
(1992), Brew and others (2001), and Stern and Johnson
(2010). The computed Rayleigh-wave kernels are more
sensitive to deeper structure compared to Love-wave phase
velocities, but each wave type should have at least partial
resolution down to at least 40 km depth (fig. 17, fig. 4.2 of
appendix 4). Despite this 40-km maximum resolution, sharp
seismic boundaries such as the Mohorovici¢ discontinuity
are difficult to interpret in these results owing to the large
wavelength of the ambient noise signal and poor resolution for
depths greater than 30 km.
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Seismic Shear- Wave Velocity Inversion

Rayleigh-wave and Love-wave velocities are extracted at
each node for 5- to 25-second periods. The dispersion curves
at each node are then inverted using the Dinver software
package (Wathelet, 2005, 2008). As previously discussed in
the “Shear-wave Velocity Inversion” section for the northern
Harrat Rahat dataset, geological or mechanical features with
dimensions smaller than the wavelength used to image may be
obscured. We chose a five-layer input velocity model with half
space on the basis of the results of a seismic refraction survey
(Mooney and others, 1985) (fig. 18, table 3.2 of appendix 3).
The Mooney and others (1985) model needed to be
implemented in the Dinver computer code as S-wave velocity

P-wave velocity, in kilometers per second

to obtain accurate 1D S-wave velocity inversions. The P-wave
velocity boundaries were converted to equivalent S-wave
measurements using V,/V; ratios from other crustal studies:
1.73 for the upper crust, 1.77 for the lower crust, and 1.78 for
the mantle (Mooney and others, 1992; Chulick and others,
2013). Low-velocity layers were allowed for each inversion.

We computed two inversions at each node on the basis of
the type of surface wave being considered: a joint inversion
of the RR and ZZ components (both Rayleigh wave) and an
inversion of the TT component (Love wave). An example of
the output of the Dinver inversion for the point at lat 23.0° N.,
long 41.0° E. is displayed in figure 4.3 of appendix 4. Each 1D
S-wave velocity inversion was then interpolated to produce a
pseudo-3D model.
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Figure 19. Cross-correlation moveouts with a signal-to-noise ratio greater than 5 for Arabian Shield
seismic station pairs for the radial-radial component (5,814 station paths). Surface-wave moveouts can be
observed at approximately 3.3 kilometers per second (km/s).
Arabian Shield Results 3.3 km/s and 10 km/s) are observed within the cross-

Cross correlations were computed for each of the
principal components of the Green’s function tensors.
Figures 19-21 display the cross-correlation moveouts
for traces with a signal-to-noise ratio greater than 5: RR
components, 5,814 pairs; TT components, 6,017 pairs; and
77 components, 7,252 pairs. Two signals (approximately

correlation moveouts of the RR and ZZ components.

The lower seismic velocity signal is observed in all three
components but has a higher seismic velocity in the TT
cross-correlation moveouts. The higher velocity signal is also
present in the RR cross-correlation moveouts at interstation
distances of less than 400 km (fig. 19) but is not observed in
the TT mveouts (fig. 20).
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Figure 20. Cross-correlation moveouts with a signal-to-noise ratio greater than 5 for Arabian Shield
seismic station pairs for the transverse-transverse component (6,017 station paths). In addition to surface-
wave moveouts, we also observe body-wave moveouts propagating at 10 kilometers per second (km/s).
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seismic station pairs for the vertical-vertical component (7,252 station paths). Surface-wave and body-
wave moveouts can be observed at approximately 3.3 and 10 kilometers per second (km/s).
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Several similarities in the RR, TT, and ZZ phase-velocity lower velocities at long periods (fig. 22, figs. 4.4, and 4.5C-E
dispersion maps can be observed (fig. 22, figs. 4.4, 4.5 of of appendix 4). Low velocities are observed east of 40°E. and
appendix 4). All three components vary between *3 percent. north of 24°N., which are co-located with the anomalous low-
The northern harrats (Harrats Khaybar, Lunayyir, and northern velocity zone in the checkerboard test (fig. 16). Similar features
Rahat) contain low velocities throughout all periods. The southern  are observed in the S-wave velocity inversions of the Rayleigh-
harrats (Harrats al Kishb, Hadan, al Buqiim, and middle and and Love-wave data (figs. 23, 24): S-wave velocities are low for
southern Rahat) are instead characterized by high velocities the northern harrats throughout all depths and southern harrats
at short periods (fig. 22, figs. 4.4, 4.54, B of appendix 4) and contain low velocities in the lower crust (figs. 23, 244, B).
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Figure 22. Maps of the Red Sea and Arabian Peninsula region showing the Rayleigh-wave phase velocity as a percentage difference from the
mean, from the vertical-vertical cross-correlated component, for 5- (A), 10- (B), 15- (£), 20- (D), and 25- (E) second periods. The length of period,
mean velocity in kilometer per second (km/s), and number of paths for each period are displayed in an inset. Figures 1 and 13 show the name and
positions of the harrats (outlined in black) on the Arabian Shield.
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Figure 23. Maps of the Red Sea and Arabian Peninsula
region showing the shear-wave velocity inversion using
Rayleigh-wave joint inversion (radial-radial and vertical-
vertical components) at depths of 5 (A4), 15 (B), 25 (C), 35
(D), and 45 (E) kilometers (km). Cross sections (C-C and
D-D') and harrat markers (yellow squares) also shown on
figure 25 are displayed in part A. The yellow squares, listed
northwest to southeast, represent Harrats Lunayyir, Rahat,
and al Bugdm.
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Figure 24. Maps of the Red Sea and Arabian Peninsula
region showing the shear-wave velocity inversions

using Love waves (transverse-transverse component) at
depths of 5 (A), 15(B), 25 (C), 35 (D), and 45 (E) kilometers

(km). Cross sections (C-C and D-D’) and harrat markers
(vellow squares) also are displayed in part A. The yellow

squares, listed northwest to southeast, represent Harrats
Lunayyir, Rahat, and al Bugim.
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Two cross sections of the Arabian Shield were made
using the S-wave velocities inverted from Rayleigh and Love
waves (fig. 25, fig. 4.6 of appendix 4). Cross section C—C’
trends approximately north to south, is parallel to the coast,
and crosses between Harrats Lunayyir and Khaybar through
to Harrat al Buqtim, and D—D' trends northwest to southeast
from Harrat Lunayyir through northern Harrat Rahat
(fig. 234). To facilitate interpretation, three markers (yellow
squares) are shown across the cross sections: one between
Harrats Lunayyir and Khaybar (labeled as Harrat Lunayyir on
fig. 25), one in middle of Harrat Rahat, and the last at Harrat
al Buqim.

NORTHWEST
c Harrat Lunayyir

The top 20 km of the Rayleigh S-wave inversion primarily
contain velocities of 3.6-3.8 km/s and increases to 4.3 km/s at
2040 km depth (fig. 25). Our results do not resolve any low-
velocity zones associated with the harrats for either the C—C'
or the D—D' shear-wave velocity cross sections from Rayleigh
waves. The shear-wave velocities from the Love-wave inversion
are similar to the Rayleigh-wave inversion: both inversions
show S-wave velocities of 3.6-3.8 km/s for the top 20 km and
3.9-4.5 km/s at greater depths (fig. 25, fig. 4.6 of appendix 4).
However, low velocities are observed in cross section D—D’ in
the area between Harrats Lunayyir and Khaybar (left yellow
marker on fig. 4.65 of appendix 4).
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Shear-wave velocities can be compared at different
depths with global average measurements for shields and
platforms (Christensen and Mooney, 1995). The velocity
changes observed in the Arabian Shield are within the typical
range of crustal models (table 2) when a V,/V ratio of 1.73
for the upper crust and 1.77 for the lower crust (Chulick and
others, 2013) is used. This agreement of data indicates that the
observed velocity changes could reflect lithological variation
within the shield.

Table2. Mean shear-wave velocity and deviation from mean
velocities for figure 25.

[Shear-wave velocities (V) were converted to compressional-wave velocity (V)
using V,/V ratios of 1.73 and 1.77 for the upper and lower crust, respectively
(Chulick and others, 2013), and compared to mean crustal ¥, velocities for
shields and platforms (Christensen and Mooney, 1995). km, kilometer; km/s,
kilometer per second]

Depth

(km) V; (km/s)' v, (km/s)' V, (km/s)
5 3.68+0.12 6.37+0.21 5.68+0.81
15 3.67+0.11 6.35+0.19 6.32+0.26
25 3.80+0.15 6.70+£0.27 6.65+0.27
35 3.97+0.11 7.03+£0.19 6.95+0.30

'Values are from this study using V,/V ratios of 1.73 and 1.77.

*Values are from Christensen and Mooney (1995).

Summary and Future Work

Northern Harrat Rahat Conclusions

We used ambient seismic noise tomography to obtain
S-wave velocity measurements for the top 30 km of the crust
beneath northern Harrat Rahat, the largest Cenozoic volcanic
field in Saudi Arabia. The primary geologic features in the
study area are the basaltic volcanic rocks of the harrat that are
underlain and surrounded by Precambrian rocks of the Arabian
Shield (fig. 2).

Rayleigh-wave and Love-wave dispersion maps were
computed for periods of 5-12 seconds and were used to
show high- and low-velocity perturbations of 3-8 percent
throughout the study area. A low-velocity feature coincides
with low-gravity measurements (Langenheim and others,
2019, 2023) (fig. 2) and was observed in the Love-wave
dispersion maps extending northward from the 1256 C.E.
eruption area to beyond the region covered by Cenozoic
volcanic rocks (fig. 74). This feature was most apparent at
the 5-second period (fig. 74) but was not observed in the
Rayleigh-wave dispersion maps (fig. 64), which indicates a
shallow origin where the Rayleigh waves do not have good
depth resolution (fig. 3).

Two- to five-layer 1D inversions (table 1.3 of appendix 1)
were done for Rayleigh- and Love-wave phase velocities
at each node of the dispersion maps using a neighborhood
algorithm code (Wathelet and others, 2004). The L4 inversion
yielded the best fit with fewest parameters. The 1D velocity
models were interpolated into a pseudo-3D volume, and cross

sections were taken east to west across the 1256 C.E. eruption
(A4—A") and north to south along the low-velocity anisotropic
feature (B—B"). The feature could not be modeled using the
neighborhood algorithm inversion, most likely owing to its
proximity to the surface.

A shear-wave velocity increase (3.5-3.6 km/s to
4.0-4.1 km/s) was observed across the depth interval of
approximately 15 to 25 km using both Rayleigh and Love
waves (figs. 8, 11, 12). This velocity increase corresponds
to the transition between the felsic upper crust and the mafic
lower crust (Mooney and others, 1985; Stern and Johnson,
2010). The average velocities at 5 and 25 km depth, 3.64
and 3.95 km/s for the Rayleigh-wave inversion and 3.53 and
4.16 km/s for the Love-wave inversion (table 1), are consistent
with findings from other tomographic studies (Mokhtar and
others, 2001; Park and others, 2008; Tang and others, 2016).
We do not find a significant reduction or increase in the
S-wave velocity within the crust and conclude that a magma
chamber is not likely to be present unless it is deeper than
30 km, has a spatial extent shorter than 15 km, or is shallower
than 5 km depth with a small velocity contrast. The third
possibility is discounted by the absence of surface geothermal
features, hydrothermally altered rocks, and a lack of abundant
seismicity that characteristically surrounds and overlies known
shallow magma reservoirs.

Saudi Arabian Shield Conclusions

Seismic ambient noise tomography was applied to
the entire Arabian Shield to determine its S-wave crustal
structure. As previously noted, the maximum surface- and
S-wave velocity deviations from the mean were approximately
+3 percent, which are similar to the measured S-wave velocity
deviations for the Harrat Rahat subset (see the “1D Shear-
Velocity Inversions” section).

Several mechanisms could induce the observed
+3 percent velocity deviation. Shear-wave velocity changes
that are due to subsurface magma are typically on the order
of 10 percent or greater (Stachnik and others, 2008; Flinders
and others, 2018), which indicates that no magma reservoirs
of appreciable size are present in the crust. The wavelength
of seismic data increases with period, meaning that widely
separated seismograph pairs, which are sensitive to long
periods, will produce wavelengths on the order of tens
of kilometers (for example, a 20-second period at 3 km/s
produces wavelengths of approximately 60 km). Owing to this
fact, a subsurface magma chamber could be present with a
smaller dimension than our shortest seismic wavelength (about
15 km) but would go undetected.

We observed a 10 km/s signal in the RR and ZZ
moveouts that likely corresponds to the arrival of teleseismic
P-waves generated by distant storms in deep oceans (Gerstoft
and others, 2008; Landés and others, 2010) or Mohorovic¢ié
discontinuity reflections (Zhan and others, 2010; Poli and
others, 2012). We hypothesize that the prevalence of this
signal in the Rayleigh-wave cross correlations is due to the
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low seismic attenuation of the crystalline Precambrian rocks
of the Arabian Shield. A subsequent study may be able to use
this signal to supplement traditional surface-wave tomography for
this region.
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Appendix 1. Harrat Rahat Seismic Ambient Noise Study Additional Tables

Table 1.1. Cross-correlation processing parameters.

[s, second; Hz, hertz]

Time normalization
type (s)
One-bit

Duration (s) of time  Cross-correlation  Correlation = Maximum lag-time
series analyzed sample-rate (Hz)  duration (s) (s)

86,400 20 1,800 700

Filtering (Hz) Whitening (Hz)

0.005-1.1 0.006-1.0

Table 1.2. Automatic frequency-time analysis processing parameters.

[km/s, kilometer per second; s, second; FTAN, frequency-time analysis; Db, decibel]

Parameter Description Value (Units)
piover4 Factor for pi/4 phase shift -1.0
vmin Minimum group velocity value 1.5 (km/s)
vmax Maximum group velocity value 5.0 (km/s)
tmin Minimum period 4.0 (s)
tmax Maximum period 30.0 (s)
tresh Threshold for second derivative of group velocity 10.0
ffact Factor to width of FTAN filters 1.0
taperl Factor for the left end seismogram tapering 1.0
snr Minimum signal-to-noise ratio 0.2 (Db)
fmatch Factor to compressed signal width 1.0

Table 1.3. Inversion parameter ranges used in the Dinver software

(Wathelet and others, 2004; Wathelet, 2008).

[Models L4 and L5 allow for low-velocity zones. km/s, kilometer per second; km, kilometer;
g/em?, gram per cubic centimeter, —, not applicable]

Layer Velocity (km/s)  Interface depth (km)  Density (g/cm?)

Model L2

Layer 1 0.150-5.0 15.0-25.0 2.67-2.73

Halfspace 2.0-5.0 — 2.86-2.92
Model L3

Layer 1 0.15-5.0 0.1-5.0 2.67-2.73

Layer 2 1.0-5.0 15.0-25.0 2.67-2.73

Halfspace 2.0-5.0 — 2.86-2.92
Model L4

Layer 1 0.15-5.0 0.1-5.0 2.67-2.73

Layer 2 1.0-5.0 1.0-20.0 2.67-2.73

Layer 3 1.0-5.0 15.0-25.0 2.67-2.73

Halfspace 2.0-5.0 — 2.86-2.92
Model L5

Layer 1 0.150-5.0 0.1-5.0 2.67-2.73

Layer 2 1.0-5.0 1.0-20.0 2.67-2.73

Layer 3 1.0-5.0 1.0-20.0 2.67-2.73

Layer 4 1.0-5.0 15.0-25.0 2.67-2.73

Halfspace 2.0-5.0 — 2.86-2.92
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Appendix 2. Harrat Rahat Additional Figures
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Figure 21. Graphs showing cross correlation between stations RHT03 and RHT06 radial-radial (RR) components
(A) and the group and phase velocities (B) obtained by the automatic frequency-time analysis (AFTAN) procedure
(Ritzwoller, 2013) for seismic station pair RHT03 and RHT07. The positive and negative sides of the cross correlations
were stacked to increase signal-to-noise ratio.
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Figure 2.2. Graphs showing the P-wave model (A), the Rayleigh-wave (B), and Love-wave (C) group velocity sensitivity
kernels computed for the northeast segment of shot point 4 from Mooney and others (1985).
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Figure23. Maps of the
northern Harrat Rahat

area overlayed by a
checkerboard model (4) and
surface-wave velocities,

in kilometers per second
(km/s), for 0.5° cells (3.0 and
3.5 km/s) for group-velocity
paths of radial-radial

(RR; 55 station paths) (B),
transverse-transverse

(TT; 44 station paths)

(0), and vertical-vertical
(ZZ; 40 station paths) (D)
components. Figures 1 and
13 in the main text show
the name and positions of
harrats (outlined in black)
near Harrat Rahat on the
Arabian Shield. Seismic
stations are marked as
yellow triangles and the
borders of nearby harrats
are displayed as black lines.
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Figure24. Maps of the
northern Harrat Rahat

area showing Rayleigh-
wave phase velocity as a
percentage difference from
the mean velocity using
vertical-vertical (ZZ) cross
correlations (38 station paths)
for 5-second (A), 7-second
(B), 10-second (C), and
12-second (D) periods. Harrat
Rahat seismic stations are
marked as yellow triangles,
and the borders of nearby
harrats are shown as black
lines. The location of the

1256 C.E. Al Madinah eruption
vents is displayed as a black
box in part A. The length of
period and mean velocity, in
kilometers per second (km/s),
for each subplot are displayed
in aninset, and station paths
are displayed in aninsetin
the lower left corner of part A.
Figures 1 and 13 in the main
text show the name and
positions of harrats (outlined
in black) near Harrat Rahat on
the Arabian Shield.
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Figure 25. Maps of the
northern Harrat Rahat area
showing Rayleigh-wave group
velocity as a percentage
difference from the mean
velocity using radial-radial
(RR) cross correlations (55
station paths) for 5-second
(A), 7-second (B), 10-second Rt Rahdy
(C), and 12-second (D) periods.
Harrat Rahat seismic stations
are marked as yellow triangles, ...\ | 2
and the borders of nearby | | A |
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Figure 26. Maps of the
northern Harrat Rahat area
showing Love-wave group
velocity as a percentage
difference from the mean
velocity using transverse-
transverse (TT) cross
correlations (44 station paths)
for 5-second (A), 7-second (B),
10-second (C), and 12-second
(D) periods. Harrat Rahat
seismic stations are marked

as yellow triangles, and the
borders of nearby harrats are
shown as black lines. The length
of period and mean velocity, in
kilometers per second (km/s),
for each subplot are displayed
in an inset, and station paths are
displayed in an inset in the lower
left corner of part A. Figures 1
and 13 in the main text show the
name and positions of harrats
(outlined in black) near Harrat
Rahat on the Arabian Shield.
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Figure 2.8. Graph showing shear-wave velocity inversion at lat 24.4° N., long 39.6° E. from Rayleigh-
wave phase velocities using the radial-radial correlation. The weighted mean is displayed as a solid
white line. Gray areas represent models below the misfit threshold.
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Figure 2.9. Maps of the northern Harrat Rahat area showing the checkerboard model (A) and surface-wave velocity (B),
in kilometers per second (km/s), for a 0.2° x 0.2° slow-velocity feature using radial-radial phase velocity paths (60 station

paths). Harrat Rahat seismic stations are marked as yellow triangles, and the borders of nearby harrats are shown as

black lines. Station paths are displayed in an inset in the lower left corner of part B. Figures 1 and 13 in the main text

show the name and positions of harrats (outlined in black) near Harrat Rahat on the Arabian Shield.
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Appendix 3. Arabian Shield Additional Tables

Table 3.1. Tabulated minimum and maximum velocity boundaries
used in the all-paths velocity threshold exclusion and the resulting
number of cut dispersion curves.

[km/s, kilometer per second; RR, radial-radial; TT, transverse-transverse; ZZ,

vertical-vertical]

Wave type Mil_limum Ma_ximum Cut dispersion
velocity (km/s) velocity (km/s) curves
RR phase 2.9-3.2 3.54.0 15
TT phase 32-34 3.8-4.6 37
ZZ phase 2.9-3.2 3.5-4.0 30
RR group 2.7-2.9 3.4-3.7 187
TT group 2.7-3.0 3.8-4.2 47
ZZ group 2.7-2.9 3.4-3.7 117

Table 3.2. Parameters used in the Dinver inversion software.

[V, compressional-wave velocity; Vg, shear-wave velocity; km/s, kilometers per
second; g/cm?, gram per cubic centimeter; km, kilometer; —, not applicable]

Layer V, (km/s) V; (km/s) I(J;/:::?), J:::: ?I::)
Layer 1 2.00-6.50 1.16-3.76  2.67-2.73 0.5-5.0
Layer 2 5.50-7.00 3.184.05 2.67-2.73 10-25
Layer 3 5.75-7.25 3.39-4.14 2.67-2.92 15-30
Layer 4 6.25-7.50  3.53-424  2.86-2.92 3040
Layer 5 6.50-8.50 3.67-4.80 2.86-2.92 35-50

Halfspace 7.50-8.50 4.21-478 3.2 —
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Appendix 4. Arabian Shield Additional Figures
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Figure 4.1. Diagram showing the probability density functions of station AFFS, vertical component. Each function is
computed using the program PQLX (McNamara and Boaz, 2011) and the probability distribution is provided by the color

bar. The new high and low noise models of Peterson (1993) are displayed as dashed lines.
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Figure 4.2. Graphs of Rayleigh-wave (A) and Love-wave (B) group velocity

Love-wave group velocity

sensitivity kernels computed using the Senskernel software package (Levshin and
others, 1989; Levshin, 2013).
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Figure 4.3. Graph showing shear-wave velocity using Dinver software inversions for the point at
lat 23° N., long 41° E. The weighted mean is displayed as a solid white line. Gray areas represent
models below the misfit threshold.
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Figure 4.6. Cross sections C-C (A) and D-D' (B) showing shear-wave velocity from an inversion of Love waves
(transverse-transverse component). Individual harrat markers are shown as yellow squares on A and B, and
locations of cross sections are shown on figure 23A in the main text.
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