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Abstract Harrat Lunayyir is a volcanic field in Saudi Arabia that experienced aMw 5.4 earthquake driven
by an upper-crustal dike intrusion in May 2009. This volcanic field has exhibited numerous forms of volcanic
seismicity both prior to and since the 2009 dike intrusion. Significantly, earthquakes within the lithospheric
mantle and, rarely, the lower crust are present in the two-decade long seismicity catalog of Harrat Lunayyir.
Here we analyze 24 years of volcanic seismicity at Harrat Lunayyir from 1998 to 2022. We find that: 1) precur-
sory seismicity began at least eight years prior to the 2009 event, with a particularly notable seismic episode
one year prior; 2) lithospheric mantle seismicity is highly localized in space and in time, largely occurring in
discrete sequences lasting on the order of a few hours to a few days; 3) one seismic sequence clearlymigrates
upward from the lithospheric mantle to the upper crust, including seismicity within the nominally ductile
lower crust; 4) crustal seismicity has been slowly declining over time; and 5) lithospheric-mantle seismicity
does not show any apparent decline with time. From these observations we infer that the seismicity is driven
by magmatic fluids or volatiles, and seismic monitoring of this volcanic field should continue into the future.

1 Introduction
Earthquakeswithin the lower crust and the lithospheric
mantle are rare and therefore of scientific interest
(Chen and Molnar, 1983; Molnar, 2020). We distinguish
between two general types of seismic activity within
these regions: 1) tectonic earthquakes and 2) volcanic
earthquakes. We discuss each of these in turn.

1.1 Deep Tectonic Seismicity
Tectonic (non-volcanic) earthquakes within the conti-
nental lower crust and lithospheric mantle are rare and
attract scientific attention when well recorded. Some
of these deep earthquakes occur near the Moho, lead-
ing to a debate whether they have occurred in the lower
crust or the lithospheric mantle. The very existence of
lower-crustal earthquakes is controversial because the
lower crust is often assumed to be ductile (Chen and
Molnar, 1983; Molnar, 2020). Prominent examples are
deep-crustal and upper-mantle earthquakes recorded
beneath theTibetan plateau, a region of active tectonics
(Monsalve et al., 2009; Schulte-Pelkum et al., 2019; Song
and Klemperer, 2024; Wang and Klemperer, 2021).
Some earthquakes within the lithospheric mantle

have occurred in nominally inactive environments,
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such as the Mw 4.8 Wyoming intra-plate earthquake
of 21 September 2013, hypothesized to have occurred
within a localized region of concentrated slip at a mid-
lithospheric discontinuity or a brittle instability within
a compositional heterogeneity (Prieto et al., 2017). Deep
earthquakes also occur in volcanic settings, and it is the
origin of these that is the focus of our paper.

1.2 Deep Volcanic Seismicity
Volcanoes and volcanic seismicity are widely studied
due to their ability to profoundly impact humanity
(Chouet, 2003; Chouet and Matoza, 2013). Of partic-
ular note, White and McCausland (2019) developed a
model of volcano seismicity that is not simply empirical
but built upon inferred volcanic processes from a mul-
titude of multidisciplinary observations from around
the world. The model of White and McCausland
(2019), based upon 36 volcanic/seismic episodes at 26
volcanoes–predominantly island-arc and continental-
arc volcanoes–is separated into four distinct stages of
pre-eruptive volcanic seismicity:

Stage One: The first stage of volcanic seismic activ-
ity is driven by magmatic intrusions within the lower
crust—typically at depths of 10 to 40 km, though it can
reach deeper. The energy radiated from this seismicity
is dominantly low-frequency and usually devoid of high
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frequencies. However, this low-frequency energy may
go unobserved due to limitations of local short-period
seismographic networks.

Stage Two: Commonly, the first volcanic seismicity
observed is second-stage volcanic seismicity. It is com-
posed of volcano-tectonic (VT) seismicity of likely tec-
tonic (brittle-failure) origin triggered by volcanic activ-
ity. These events occur in the upper crust, near the loca-
tion of the eventual eruption, if an eruption occurs. VT
seismicity that occurs farther away (2–30 km) is called
distal VT seismicity.

Stage Three: As the eruption draws nearer, seismic-
ity associated with volcanic vent-clearing becomes ev-
ident. It is tied to the shallow upper crust (<3 km) and
is characterized by low-frequency earthquakes and seis-
mic tremor.

Stage Four: In the fourth and final stage, shallow,
repetitive seismicity/harmonic tremor coincides with
the final ascent of magma.
As we show in this paper, Harrat Lunayyir (Fig. 1)

provides examples of the first two stages, in particu-
lar demonstrating seismicity not only in the lower crust
but also in the lithospheric mantle (Blanchette et al.,
2018; Blanchette, 2022) (Fig. 2), as also documented
elsewhere (Molnar, 2020).

1.3 Harrat Lunayyir Geologic Background
TheArabian shield is the easternportionof theArabian-
Nubian shield (ANS) that formed by amalgamation of
numerous terranes along suture zones, including the
Yanbu suture beneath Harrat Lunayyir (Johnson et al.,
2013; Stern and Johnson, 2010). Roughly 500 Myr af-
ter its formation, the ANS rifted apart both due to
far-field plate forces and the impingement of the Afar
Plume at ∼30 Ma. This rifting separated Arabia from
the ANS by the Red Sea plate boundary, which extends
from the Afar Triple Junction to the Dead Sea Trans-
form (Fig. 1). The Arabian plate has experienced two
distinct phases of volcanism. During the first phase
(30–20 Ma), contemporaneous with Afar plume im-
pingement at the base of the lithosphere (Stern and
Johnson, 2010), tholeiitic-to-transitional lavas were em-
placed along rift-parallel dikes extending the entire
length of the Red Sea rift flank. The lithosphere
was significantly thinned prior to the second phase
(12 Ma to present) (Blanchette et al., 2018) in which
transitional-to-strongly alkalic lavaswere erupted form-
ing the youngerharrats (basaltic volcanicfields), includ-
ing Harrat Lunayyir (Fig. 1).
A dike intruded into the upper crust beneath Harrat

Lunayyir during April through June 2009 in amagmatic-
tectonic event. During this event there were >30,000
earthquakes, culminating in a Mw 5.4 earthquake and
an 8-km long surface rupture (Pallister et al., 2010). We
refer to the Mw 5.4 event and its aftershocks as the Har-
rat Lunayyir volcano-tectonic crisis. Interferometric
synthetic aperture radar (InSAR) data imply that this se-
quence occurred during the intrusion of a 0.13 km3 dike

Figure 1 DST–Dead Sea Transform, M—Medinah, J—
Jeddah, R—Riyadh. Black marks Cenozoic volcanic fields
(on all maps). Inset (white box) shows Harrat Lunayyir seis-
mic array, with stations operational prior to the 2009 intru-
sion labelled. Magenta line in the inset, and followingmaps,
is the Yanbu Suture (Johnson et al., 2013). Red box denotes
bounds of Fig. 2.

that reached from ∼12 km depth to within 1 km of the
surface with maximum dike opening of ∼4 m, equiva-
lent to a strain of ∼ 10−3 (Pallister et al., 2010). It is not
uncommon for a dike to come close to the surface with-
out erupting (Gudmundsson, 1990). In this case, the fail-
ure to erupt was perhaps due to a shallow layer of rigid
basalt (Koulakov et al., 2015) that effectively blocked the
final ascent. Following the Mw 5.4 mainshock, the lo-
cal seismic array was greatly expanded to monitor Har-
rat Lunayyir and provide early warning of a potential
volcanic eruption. Since this near-eruption, Harrat Lu-
nayyir has continued to be seismically active, especially
around the shallow dike intrusion, and seismicity has
not decayed following Omori’s Law as expected for tec-
tonic aftershock sequences.
Harrat Lunayyir has a crustal thickness of 34±2 km

(Blanchette et al., 2023a,c) and a lithospheric thick-
ness of 60.0±5.0 km (Blanchette et al., 2018). Reloca-
tion of lithospheric-mantle earthquakes for 2014, the
only year for which we have waveform data, show
them aligned along a plane striking N103°E and dip-
ping toward N193°E (Blanchette et al., 2018). Earth-
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quake geothermometry combined with local surface
heat flow shows that the lithosphere beneathHarrat Lu-
nayyir reached its present thickness 12±2 Ma and has
not yet achieved thermal equilibrium with the astheno-
sphere beneath it (Blanchette et al., 2018).
We find that prior to the 2009 volcanic crisis, there

were multiple similar, smaller episodes of increased
seismic activity beneath Harrat Lunayyir, with a par-
ticularly active episode approximately one year before
the crisis. Seismicity peaked during the 2009 crisis and
has since been weakly decaying over time. Once the
array achieved sufficient seismographic station density,
in mid-2010 (post-crisis), it began routinely detecting
earthquakes within the lithospheric mantle.
In this paper, we review the seismicity of Harrat Lu-

nayyir. We first discuss the seismic catalog prior to the
volcanic crisis, then the activity during the crisis. Fi-
nally, we look at the seismicity that continues for over a
decade beyond the crisis (Tab. S1). We categorize pre-
and syn-crisis seismicity only by depth. We can ana-
lyze post-crisis seismicity by spatial patterns as well as
depth, due to improved seismograph coverage, using
Bayesian-GaussianMixture Modelling (BGMM). For the
post-crisis analysis, we also apply a seismic-sequence
detection algorithm to study the temporal pattern of
seismicity and moment release to gain insight into the
evolution of Harrat Lunayyir over the 24-year-long seis-
mic catalog.

2 Data and Methods

2.1 Seismic Dataset
We used the earthquake catalog from the Saudi Geolog-
ical Survey (SGS) that begins on 16 September 1998 and
ends on 31 May 2022 (Fig. 2 and Tab. S1). Earthquake
locations and magnitudes were determined with Atlas
software (Nanometrics) and a regional seismic velocity
model. All post-2009 events were located using arrival
times at three or more seismic stations. The number of
seismic stations available for locating earthquakes ver-
sus time is indicated in Fig. 2b. The seismic network
can locate events greater than Ml 1.5, and the catalog is
complete for events over Ml 3.5.

2.1.1 Spatial Categorization of Seismicity

In our analysis of the seismic catalog, we separate the
earthquakes into different spatial categories. How-
ever, earthquakesprior tomid-2010 are lesswell-located
due to significantly fewer stations, and smaller events
are more likely to be missed. When discussing the
older portions of the catalog, or the entire catalog, we
can only bin the events into very general depth cat-
egories (upper crust, lower crust, and mantle litho-
sphere). More recent portions of the seismic catalog
are significantly better constrained due to the denser
network, which allowed us to detect finer-scale spatial
and temporal patterns of the earthquakes. Due to the
amount of data in the catalog (>50,000 earthquakes),
manual categorization would be non-trivial. Hence, we
employed three different methods of automatic catego-

rization common in data science (k-means, Gaussian
MixtureModelling, and BGMM). The results of all three
methods are quite similar, so we built our analysis from
BGMM, the most general of the three methods. Our
analysis would not change significantly if we had cho-
sen one of the other two methods instead.
BGMM (Roberts et al., 1998), as implemented in the

scikit-learn Python library (Pedregosa et al., 2011), was
employed to separate the post-crisis (better-located)
catalog into five categories of seismicity from July 2010
to January 2018: (1) dike, (2) lower crust, (3) mantle, (4)
distal VT, and (5) distal magmatic (Fig. 3). BGMM cat-
egorizes data points using a generalized form of Carte-
sian distance, by calculating amixture of Gaussians that
fit the data in a Bayesian framework. Both a limitation
and a strength of BGMM is the lack of any a priori con-
straints on the categorical separation of events, and we
imposed no categories prior to analysis.
Although we did not enforce a set number of cate-

gories for the BGMM algorithm (an important distinc-
tion from k-means analysis), we did initiate it with six
categories. Upon completion of BGMM, the different
groups were analyzed manually. Of note, in the raw re-
sults, the dike was split into three separate categories
(deep, mid-depth, and shallow), and the deep category
also included the spatially distinct lower-crustal events.
We manually split the lower-crust earthquakes into a
distinct category and merged the three dike categories
into one. While some events are likely to be incor-
rectly categorized, we assume that the number of er-
rors is low with respect to the total number of events
(55,639) in the catalog. The Gaussians overlap in space,
and for this reason, we cannot retroactively apply our
BGMM categorization to the pre-crisis and syn-crisis
seismicity (1998–2010). When studying the full catalog
(1998–2022), we therefore revert to a simple separation
into depth categories.

2.1.2 Magnitudes and Moments

The seismic catalog contains local magnitudes (Ml) for
each event (Deichmann, 2006; Ross et al., 2016). Due
to the small magnitudes, saturation is not an issue.
We calculated the frequency-magnitude distribution for
each type of event (distal VT, distal magmatic, dike,
lower crust, mantle lithosphere) assuming a standard
Gutenberg-Richter log-linear relation (Eq. 1, Fig. 4):

log10 (NM≥m) = a − bM (1)

We also plot a transformed version of the Gutenberg-
Richter relation, where we have rotated the plots such
that a value of b = 1.0 is a flat horizontal line to aid with
visualization (Eq. 2, Fig. 4):

log10 (NM≥m) + M = a − (b − 1) M (2)

We calculated the moment release (M0, in N–m), as-
suming that local magnitude and moment magnitude
(Mw) are the same for earthquakes in the catalog, for
each category and depth, and before and after the main
diking event (Fig. 4). We used the standard relationship
(Eq. 3; Hanks and Kanamori, 1979):
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Figure 2 Complete Harrat Lunayyir seismic catalog, 1998–2022. a) Map view, color-coded by event depth. Red lines are
the surface projection of the 2009 intrusion and the two graben-bounding normal faults from Pallister et al. (2010). Fiducial
blue ellipse is approximate location of lower-crustal earthquakes post-July 2010. Fiducial red ellipse bounds the majority of
mantle earthquakes. b) Depth-time plot of Harrat Lunayyir seismicity, color-coded by event magnitude. Larger magnitude
earthquakes are plotted on top of smaller magnitude earthquakes. Orange histogram is number of stations installed.

M0 = 10 3
2 Mw+9.1 (3)

2.1.3 Tectonic Seismicity

One possible hypothesis to explain the crustal seismic-
ity is that the dike intrusion was essentially a slow ex-
tensional earthquake and that the earthquakes within
the upper crust since then are merely aftershocks of

this episode. This phenomenon would be modeled via
Omori’s Law (Eq. 4; Ōmori, 1894; Utsu, 1961):

R(t) = A

(t + t0)p (4)

where R is the earthquake rate, A is a parameter for
scaling aftershock activity, t is time elapsed, t0 is a time
offset constant to prevent singularity, andp is a constant
exponent that is typically ∼1.
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Figure 3 Post-intrusion catalog seismicity distributions from July 2010 to May 2022. a) Isometric view of earthquake seis-
micity, color-coded by category, b) Map view of seismicity, c) W–E cross-section, d) S–N cross-section. Moho depth is 34 km.

2.1.4 Seismic Sequences

Wedefine an earthquake “sequence” using a histogram-
based approach if (1) there are ≥ 3 earthquakes in
12 hours, and (2) temporal gaps in seismicity are
< 5 days. We implemented this by first calculating the
number of earthquakes within 12-hour temporal bins
to generate a list of potential sequences. In the sec-
ond processing step, consecutive potential sequences
(i.e., neighboring 12-hour bins with ≥ 3 earthquakes)
are joined. Finally, potential sequences that are sepa-
rated in time by gaps of < 5 days are joined to create the
final set of sequences (Tab. S2).

3 Results

We describe the seismic activity in chronological or-
der: pre-crisis, syn-crisis, and post-crisis. The seismo-
graphic network around/withinHarrat Lunayyirwas ex-
panded dramatically over the course of the recorded
seismic catalog, thus the more recent data are more
reliable. Seismic waveform data from 2014 allowed
the relocation of mantle earthquakes using the pro-
gram Hypoinverse (Klein, 2002), with the average ab-

solute change in location of mantle earthquakes be-
ing ∼4 km to the west (maximum location change was
< 9 km) (Blanchette et al., 2018). The relative change
of earthquake location within the mantle cluster was
≤ 2 km. Mantle earthquakes are the least-well located
due to their low magnitudes and the relatively small
azimuthal coverage from the local array. Meanwhile,
earthquakes in the lower crust and around the dike are
better constrained as they are much closer to the array
and have better overall azimuthal coverage. In sum-
mary, the certainty of any particular earthquake loca-
tion increases with proximity to the array, both in terms
of time (most recent is better constrained) and distance
from the Earth’s surface (nearer to the surface is better
constrained).

3.1 Pre-Intrusion Seismicity

A three-station seismic array near Harrat Lunayyir be-
gan recording on 18 May 1998 (Tab. S1, Fig. 1). The
first earthquake near Harrat Lunayyir was detected on
16 September 1998; it was small (Ml = 3.1) and shallow
(10 km), and no further earthquake was detected un-
til October 2000. From then until 2008, pulses of seis-
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Figure 4 Magnitude andmoment distributions. TopMagnitude-frequency plot of Harrat Lunayyir seismicity fromJuly 2010
toJanuary2018. a) StandardGutenberg-Richterplot, color-codedbyearthquakecategory. b) TransformedG-Rplot, such that
b = 1 is a flat line. Bottom Seismic moment release from July 2010 to January 2018. c) Cumulative moment release for each
category. d) Histogram of moment release for each category (except distal VT) against depth.

micity, reaching from the Moho to within 2 km of the
surface, were repeatedly recorded beneath Harrat Lu-
nayyir (Fig. 5b). The hypocentral parameters are not as
well constrained as those after stabilization of the lo-
cal array (post-2010); however, the epicenters of these
earthquakes are collocated with the post-2010 mantle
events (Fig. 5a). We take this collocation as evidence
that the older reported locations are (at least) within
a few kilometers of their true locations. The magni-
tude of the earthquakes recorded at Harrat Lunayyir
during the 2000–2008 timeframe was 0.0 ≤ Ml ≤ 3.5.
The seismicity from 2000 through 2008 is highly local-
ized in space, dominantly located in a small (∼30-kmdi-
ameter) cluster just southeast of the southernmost por-
tion of the 2009 dike intrusion (Fig. 5). The seismicity
extends from near the Moho (34±2 km depth), likely
both above and below the Moho, to the shallow upper
crust, in bursts of activity (∼one week from start to fin-
ish) separated by gaps of up to a few years (e.g., March
2002–February 2005 in Fig. 5b). The apparent seismic
quiescence from July 2005 to August 2007 (Fig. 5b) is due
to there being no local array during that time (Tab. S1).

The local array began recording again on 19 August
2007, shortly after which multiple discrete episodes of
seismicity (1.0 ≤ Ml ≤ 3.0) were recorded. This final,
pre-crisis burst of seismicity is focused vertically above
the post-crisis mantle earthquakes (Fig. 5) and was not
associated with any detectable surface deformation (Xu
et al., 2016). The seismicity again paused for approxi-
mately one year before the well-known volcanic crisis
of 2009.

3.2 Seismicity during the 2009 near-eruption

Despite the bursts of seismicity in 2007 and earlier
(Fig. 2), and the proximity to the nearby town of Al-
Ays, which was evacuated in 2009, no additional seis-
mic monitoring stations were installed until the United
States Geological Survey (USGS) Volcano Disaster Assis-
tance Program (VDAP) team arrived to help assess the
situation in 2009 (Pallister et al., 2010).
Here, we discuss the seismicity of the volcanic cri-

sis itself, beginning on 19 April 2009 and continuing
through 25 July 2010, an end date chosen to mark the
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Figure 5 Pre-intrusion seismic history. a)Mapof epicentral locations. White triangle is closest active seismic station (Fig. 1).
2009 dike and graben bounding normal faults (red lines) from Pallister et al. (2010). Yanbu suture (thick magenta line) from
Johnsonetal. (2013). Blueellipse is locationofpost-intrusion lower-crustal seismicity. Redellipse is locationofpost-intrusion
mantle earthquakes. b) Depth-versus-time plot of pre-intrusion seismicity (no local stations were active from 07/2005 to
08/2007). Red circles are in sequences, blue are not in sequences. Circles scaled to seismic moment.

achievement of a stable earthquake-detection thresh-
old as the Harrat Lunayyir seismic array neared com-
pletion and close to the end of InSAR-detectable ground
deformation. The sudden start of seismicitymarked the
end of a 200-day period with zero nearby earthquakes
recorded. At the start of the volcano-seismic crisis, the
earthquake locations initially exhibited abimodal depth
distribution around 12 km and 23 km depth (Fig. 6).
The seismic zone at 12 km depth started off with two
distinct bursts of activity (20 April and 23 April 2009)
(Fig. 6; Fig. S1), located south of the eventual dike in-
trusion. The more temporally continuous, deeper zone
of seismicity activity was located in the lower crust di-

rectly above the location of the 1998–2008 seismicity
and themantle earthquakes recorded from2010 onward
(Fig. 6a).

Nine days after the start of the crisis, on 28 April
2009, both loci of seismicity beneath Harrat Lunayyir
shallowed. This upward sweep of seismic activity was
contemporaneous with an overall increase in seismic-
ity, both the number of earthquakes and magnitude of
earthquakes (Fig. 6b). A few days later, on 1 May 2009,
there was a pulse of seismic activity originating from
near-Moho depths (M 2.1 at 34 km depth) to 5 km be-
neath the surface (Fig. 6b). The loci of seismic activity
temporarily stabilized at depths of ∼5 km and ∼15 km
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Figure6 Weekly plots of seismicity during the 2009 intrusion episode. a) 19April–26April 2009. b) 26April 2009–3May2009.
c) 3 May 2009–10 May 2009. d) 10 May 2009–17 May 2009. e) 17 May 2009–24 May 2009. Left Inverted green triangles mark
the installation of a new seismographic station. Right Inverted white triangles are currently active seismographic stations.
Stars are earthquakes with magnitudes ≥ 4.
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depth through 7May 2009 (Fig. 6c). On 8May 2009, there
was a burst of small-magnitude earthquakes at ∼15 km,
after which the deeper band of seismicity disappeared
(Fig. 6c). There was no contemporaneous change in
array geometry to explain this change in the seismic-
ity. The shallower seismicity continued, with increas-
ing magnitudes, and the southern and northern groups
of seismicity joined (Fig. 6d). After 13 May 2009, the
southern seismicity turned off, and the earthquakes be-
gan to migrate to the location of the final dike intrusion
(Fig. 6d, Fig. S1), andM≤ 4 earthquakes began to occur,
always in the region of the dike intrusion. Beginning
on 20 May 2009, seismicity at depths of ∼20 km depth
began to again nucleate at the same location as future
lower-crustal earthquakes (Fig. 6e).
During the intrusion, the seismicity initially occurred

in twoareally separated clusters of activity (Figs. 6a,b,c),
roughly aligned with the Yanbu suture (Gahlan et al.,
2020; Johnson et al., 2013) (Fig. S1). On the 25th day of
the intrusion seismicity, the bimodal seismicitymerged
into a single location that swept northward, first east
of the eventual dike intrusion and then progressively
propagated along the entirety of the dike. On day 31,
the largest earthquakes occurred, and after that, the
seismicity remained fairly constant through time for
over a year, largely confined to and illuminating the en-
tirety of the dike (Fig. 7). The few exceptions are earth-
quakes slightly to the west of the intrusion, at the lo-
cation of the inferred upper-crustal magmatic storage
reservoir (Koulakov et al., 2014). Over time, the seismic-
ity rate decreased. We suggest that the relative paucity
of lower-crustal and mantle seismicity prior to August
2010 was due to the local seismic array not being suf-
ficiently dense to detect low-magnitude events at this
depth and that the locations of pre-dike intrusion events
are less well constrained due to the limited number of
seismic stations (just three) within ∼100 km of Harrat
Lunayyir (Fig. 1 inset).

3.3 Post-Intrusion Seismicity
3.3.1 Mantle Seismicity

Mantle earthquakes began to be detected beneath Har-
rat Lunayyir in July 2010 at depths of 40–50 km below
the Earth’s surface (Fig. 2b). These events are all in a
very small region between latitudes 25.08–25.20°N and
longitudes 37.85–38.10°E (Fig. 8), with a mean depth of
∼43 km (median andmode are also ∼43 km). The man-
tle seismicity occurs in discrete pulses that typically
have durations of less than a few days, with weeks to
months of quiescence between each sequence (Figs. 8
and 9). The events are not randomly located but oc-
cur along a plane that dips∼45° south (Blanchette et al.,
2018) with different pulses in slightly different locations
(Fig. 10).
Because earthquakes within the lithospheric mantle

occur episodically (Fig. 8), we used a histogram-based
approach to group distinct mantle sequences in time
(Fig. 9). We divided the time frame of well-recorded
mantle seismicity (July 2010–May 2022) into 12-hour-
long, non-overlapping bins (altering the start times of
the bins does not affect our results). We selected all bins

with at least three earthquakes as a “possible sequence”
(Fig. 9a). Consecutive bins weremerged to form longer,
single sequences. There were 12 sets of resultant se-
quences that had time gaps of less than five days be-
tween them, which we manually merged.
The resultant 24 sequences (Tab. S2) capture ∼46% of

the earthquakes within the lithospheric mantle. How-
ever, we miss the two largest earthquakes (Fig. 9b) be-
cause we did not use magnitude or seismic moment
in the determination of mantle sequences, only earth-
quake rate. The two largest earthquakes occur dur-
ing periods of relative BGMM quiescence; these and
many of the larger events not in sequences lie in the
deeper part of the depth distribution. To show that
our sequences (Fig. 9) are not random groups of unre-
lated earthquakes, we plot each sequence in map view
(Fig. 10). The mantle sequences occur in small, well-
defined regions (Fig. 10), despite their definition only
being based upon time. Hence, we presume that the se-
quences represent linked events.
Most sequences do not exhibit obvious depth migra-

tion patterns (Fig. 11), perhaps in part due to ∼1 km un-
certainties in the depth of individual events, though we
cannot rule out such behavior (Blanchette, 2022). Some
sequences are clearly composed of smaller episodes,
separated by less than a couple of days. Sequences 22
and 23 are the most seismically productive, lasting the
longest (7–15 days) and composed of numerous sub-
sequences (Fig. 12).

3.3.2 Lower Crust

The lower crust beneath Harrat Lunayyir has very few
episodes of seismicity. It is the least active depth range
beneath Harrat Lunayyir, both in terms of the number
of earthquakes and the amount of seismic moment re-
leased. The combined seismic moment release in the
lower crust from 2010 to 2018 is ∼ 1012 N–m, equiv-
alent to a single Mw = 2.0 earthquake (Fig. 4c). The
range of magnitudes within the lower crust is ∼0.3–1.4,
with a b-value of 1.2, though the number of events
and the limited magnitude range are both too small for
any certainty that the b-value is sufficiently elevated to
be reliably inferred to represent fluid-driven processes
(Wiemer and McNutt, 1997). Lower-crustal seismicity
is dominantly confined to two sequences: from January
to June 2012 and from January to March 2014, and for
the remaining 90% of that time range, it is sparse and
follows no apparent pattern (Fig. 8b).

3.3.3 Upper Crust

Themain post-intrusion dike seismicity detected by the
Harrat Lunayyir array is, as shown from our mixture
modelling, confined to a small region near the initial
dike intrusion (Fig. 3a). Some distal VT seismicity, as
characterized by BGMM, appears to form a halo around
the dike and may more correctly be deemed dike seis-
micity, though we lack waveform data to make a more
careful distinction. Other distal VT seismicity that is
farther from the dike appears to occur in two local re-
gions of weakness: one south of the intrusion striking
∼NNW–SSE and approximately collinear with the dike,
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Figure 7 Evolution of Harrat Lunayyir seismicity in the months following the 2009 intrusion, for the period immediately
following Fig. 6. a) 24 May 2009–24 June 2009. b) 24 June 2009–24 July 2009. c) 24 July 2009–24 November 2009. d) 24
November 2009–24 March 2010. e) 24 March 2010–24 July 2010.

and one northwest of the intrusion striking ∼NW–SE.
The distal VT seismicity since August 2010 has a total

seismic moment release of ∼ 1014 N–m, or approxi-
mately that of a single M 3.3 earthquake (Fig. 4c). Our
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Figure 8 Post-dike-intrusion seismicity. a) Map view including all seismic categories. Symbols as in Figs. 2 and 3. b) Depth-
time plot of catalog events, color-coded by category, excluding distal VT and distal magmatic events, with a depth histogram
of earthquakes. LAB is the lithosphere-asthenosphere boundary (Blanchette et al., 2018).

distalVTcategory of seismicity has aGutenberg-Richter
b-value of ∼1 (Fig. 4b), supporting our interpretation
that distal VT seismicity is standard tectonic seismicity
(Wiemer and McNutt, 1997) triggered by the nearby in-
trusion.
Dike seismicity occurs continuously from the surface

to 25-km depth with a bimodal depth distribution hav-
ing two dominant peaks, at 7 km and at 18 km (Fig. 8b).
The dike seismicity dominates the catalog, with an es-
timated moment release of ∼ 2 × 1014 N–m since
August 2010, the equivalent of nearly a Mw 3.5 earth-
quake during that time (Fig. 4c). For low magnitudes
(0.0–1.0), the b-value is ∼1.8, while for larger magni-
tudes (1.0–2.5), the b-value is ∼1.2 (Fig. 4b), but this
change does not appear correlated with depth. Re-
cent dike intrusions in Iceland (Bárðarbunga) showseis-

micity marking magma flow that is at the base of the
dike (Woods et al., 2019), in contrast to our post-crisis
seismicity at Harrat Lunayyir, which encompasses all
depths along the dike. The distal magmatic seismicity,
which encompasses the largest amount of seismic mo-
ment release in the post-intrusion catalog, includes a
shallow magma chamber centered at a depth of ∼5 km
that was inferred from tomographic imaging (Koulakov
et al., 2014) using data recorded from 30 April 2009–31
July 2009 (i.e., during the crisis).

3.4 Seismicity Decay Rates
We compared the seismic catalog against predictions
from Omori’s law (Ōmori, 1894; Utsu, 1961). The ini-
tial seismicity after the 2009 dike intrusion at a depth of
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Figure 9 Sequence-detection results for post-crisis near- and below-Moho seismicity, plotted against date. a) Earthquake
depths color-coded bymagnitude (left axis) above a histogram (vertical lines) of daily earthquakes (right axis). The histogram
is truncated to our cut-off of three earthquakes to make it easier to recognize sequences. White arrows are centered in time
on the detected sequences. b)Mantle earthquake depths color-coded as red: part of a sequence, andblue: not in a sequence.
Circles are scaled to earthquake moment.

0–15 km, through July 2010, can bemodeled as an after-
shock sequence (Fig. 13). This interpretation, however,
is not possible for the earthquakes within the lower
crust (25–34 km) and the lithosphericmantle (34–60 km,
Fig. 13). The rate of earthquakes within the mantle is
indicative of multiple discrete pulses of seismicity fol-
lowed by periods of inactivity (Fig. 13b), not a contin-
uous decay of seismicity back to distal volcano-tectonic
levels. After July 2010, the rate of seismicity experiences
a slight increase (Fig. 13), possibly due to array comple-
tion, and then in the shallow depth range maintains a
slow temporal decay. In contrast, the 15–25 km deep
seismicity drops off dramatically in a manner inconsis-
tent with a single Omori curve.

3.5 Magmatically Driven Seismicity

We assume the 2009 dike intrusion was associated with
the M 5.4 earthquake (Pallister et al., 2010). InSAR ob-
servations and modeling of ground deformation pro-
vide a volume of 1.3 × 108 m3 in a dike with a surface
area of ∼ 64 km2 and an average opening of ∼2 m (Pal-
lister et al., 2010). Assuming the dike-intrusion centroid
was at a depth of 5 km (spanning from 1 to 9 km), we ex-
pect the dike to have cooled and solidified in ∼10 days.
Comparing dike volume from geodesy to seismic mo-
ment, the aseismic moment release during the diking
episodewithin the cold and brittle upper crust (< 15 km)
was ∼75–93% (Pallister et al., 2010) or ∼86% (Baer and
Hamiel, 2010) of the totalmoment release. That is, most
of the moment released was aseismic.
Earthquakes within the lithosphericmantle are likely
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Figure 10 Map view plots of discrete mantle sequences. Red circles are the current sequence. Black circles are the past
sequences. Red arrows are visual guides to show the approximate change in location between successive sequences. Esti-
mated relative uncertainty (from the 2014 events) is roughly 4 km. Red ellipse is as in Fig. 2.

occurring just above the mantle brittle-ductile transi-
tion (Blanchette et al., 2018). These near-Moho earth-
quakes never achievemagnitudes larger than∼2.5 (with
the exception of the earliest recorded, in 2000, Fig. 5b),
and the lithospheric mantle is also significantly less
seismogenic than the shallow crust (Fig. 8b). Our obser-
vations suggest that a significantly larger proportion of
energy released in the lithospheric mantle is dissipated
aseismically when compared with the upper crust. Al-
though empirical estimates of magma volumes from
seismic moment have been made for upper-crustal in-
trusions (White and McCausland, 2019), extrapolation
to the lower crust or upper mantle is quite uncertain
(Blanchette, 2022).

4 Discussion

The dike beneath Harrat Lunayyir was relatively small,
0.13 km3 (Pallister et al., 2010), and should have frozen
and become seismically quiet within only a few weeks
tomonths of emplacement (Blanchette, 2022). Yet, it re-
mained the most seismically active region within Saudi
Arabia, even >10 years post-emplacement. The dike in-
trusion is nearly parallel to the Red Sea rift axis, sug-

gesting that its orientation was likely tectonically con-
trolled, or at least was stress-controlled since SHmax
is likely parallel to the rift. We hypothesize that seis-
micity may still be driven by magmatic fluids (such as
CO2 or melt) originating from mantle depths, as evi-
denced by the elevated b-value (Fig. 4), the close asso-
ciation between mantle earthquakes and the Yanbu su-
ture, and the lower-crustal earthquakes along the su-
ture, extending to the dike itself. Seismicity illuminates
the dike from the surface to a depth of ∼20 km (Fig. 8),
approximately at the crustal brittle-ductile transition
(Blanchette et al., 2018), and is directly above the much
rarer lower-crustal events (Fig. 8).

The pre-dike seismicity seemed to try to find a verti-
cal path through the crust, but failed until it migrated
∼10 km laterally, breaking into the middle crust dur-
ing the main diking episode (Figs. 5 and 6). It ap-
pears to have broken through along a SW–NE trending
ophiolite within the Yanbu suture zone (Gahlan et al.,
2020). The mantle seismicity is episodic, occurring in
short bursts, but is far more common than the lower-
crustal seismicity. The correlation between the loca-
tion of mantle seismicity and pre-intrusion seismicity
likely reflects focusing of melt migration from an as-
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Figure 11 Depth plot of earthquake sequences versus time relative to sequence initiation. µ: average depth in sequence.
σ: standard deviation of event depths in each sequence.

thenospheric source. The change in location of crustal
seismicity correlates well with the location of theYanbu
suture zone, which likely represents a zone of weakness
(possibly due to compositional heterogeneities). We
cannot determine whether magma passes through the
lower crust both seismically and aseismically (percolat-
ing upwards along grain boundaries), or whether fre-
quent magma pulses from the mantle via localized sub-
vertical channels pool near the Moho and only occa-
sionally rise upward seismically. Seismicity within the
lithosphere may occur via a fault-fracture mesh (Hill,
1977), with amixture of opening cracks and slip on nor-
mal/reverse faults linking cracks.
Repeated dike intrusions in the lithospheric mantle

provide a mechanism by which melt could accumulate
below the base of the crust, but the accumulated vol-
umes beneath Harrat Lunayyir are insufficient to un-
derplate the crust by observable amounts, neither ele-
vating the Vp/Vs ratio nor increasing crustal thickness
(Blanchette et al., 2023a; Tang et al., 2016) beyond those
of the surrounding area. Instead, the intrusion must
remain molten long enough to accumulate sufficient
melt to buoyantly force its way past the gravitational
stalling depth (∼40 km) and through the lower crust.

Even less frequently, melt later intrudes into the upper
crust at the deepest extent of the seismicity related to
the dike, such as the apparent sequence near the end of
2013 (Fig. 8). Similar vertically migrating seismicity has
been observed elsewhere and interpreted as due to up-
ward migration from depth of magmatic fluids (either
volatiles or melt) (e.g., Mammoth Mountain, Hotovec-
Ellis et al. (2018); Iceland, Ágústsdóttir et al. (2016)),
though perhaps nowhere else so clearly from the upper
mantle through the lower crust to the upper crust.

Harrat Lunayyir remains the most seismically active
region within Saudi Arabia. Well-documented trans-
crustal migration sequences continued to occur at least
through 2022. This is demonstrated both in the raw
number of earthquakes and in the seismic moment re-
lease (Fig. 13). The seismicity beneath Harrat Lunayyir
continues to occur at threemain depths: 1) upper crust,
2) mid-to-lower crust, and 3) within the mantle litho-
sphere, implying that there has been no appreciable de-
pletion of the asthenospheric magma source. We rec-
ommend that monitoring continue in the region, as we
havenomeans of knowingwhether diking or even erup-
tion will occur within the next decade(s).
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Figure 12 Evolution of earthquake depths in sequences 22 and 23. a) Sequence 22. b) Sequence 23.

5 Conclusion

The seismic catalog beneath Harrat Lunayyir provides
insights into the evolution of a young volcanic field ad-
jacent to the Red Sea rift. We have analyzed the patterns
of seismicity within the catalog against time, space, and
earthquakemagnitude. Our analysis leads to the follow-
ing conclusions regarding the seismicity beneath Har-
rat Lunayyir:
1)Mantle seismicity is likely drivenbymagma, orpos-

sibly volatiles, sourced from the asthenosphere.
2) Mantle seismicity appears to be confined to a local-

ized conduit or narrow planar zone and does not have
the same orientation as the shallow dike.
3) Much of the shallow (0–15 km depth) seismicity in

Harrat Lunayyir can be considered as aftershocks of the
2009 dike intrusion, in contrastwith themantle seismic-
ity which occurs in discrete episodes.
4) Lower-crustal seismicity is limited, and the lower

crust probably deforms aseismically when the flux-rate
ofmagmatic fluids is too low to generate detectable seis-
micity.
5) Vertical propagation of magmatic fluids can be

tracked from seismicity.
6) Greater spatial coverage of seismic monitoring in

the region following the first trans-crustal migration of
seismicity in 2001 could have increased awareness of
thepotential for a volcanic crisis and strong earthquake.
7) Had such monitoring been available, however, no

specific prediction could have been made, as the cri-
sis occurred following months of relative seismic qui-
escence, and most clear lower-lithosphere seismic se-
quences have not been followed by volcano-tectonic
crises.
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