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Tremor along the Dead Sea Transform
remotely triggered by the 2023MW7.6
Kahramanmaraş earthquake

Check for updates

Asaf Inbal 1

Tremor signals are weak and emergent, and the physics governing their generation is not well
understood. Here, I report on tremor occurring along the Dead Sea Transform (DST), and a
microearthquake on the Carmel-Fari’a Fault (CFF), both remotely triggered by the 2023 MW7.6
Kahramanmaraş earthquake. The triggered events location coincides with maxima of long-period
velocity gradients, concentrated in the CFF-DST intersection and near a CFF fault-jump. Relative to
other remotely triggered tremors, the DST tremor is strong and deficient in high-frequency seismic
energy. Furthermore, analysis of several remotely triggered tremor episodes suggests that tremors
spectral fall-off rates are not universal. I discuss the seismological attributes thatmay give rise to these
observations in the context of twomodels. In the first, tremor is produced due to inertial vibrations of a
frictionally-controlled oscillator, and in the second it is produced by a swarm of Low-Frequency
Earthquakes.

Tectonic tremor spectra are notoriously difficult to model. At fre-
quencies lower than about 1 Hz the signal is masked by the ambient
seismic noise, and at frequencies exceeding 1 Hz, it is obscured by the
coda waves excited by multiple nearly collocated tremor sources. The
resulting spectra are enriched in low-frequencies, peak between 2 to 8
Hz, and decay sharply at higher frequencies. Several models have been
proposed to reproduce these observations, some are deterministic1–3,
and others statistical4,5 or stochastic6,7. According to some models, tre-
mor is composed of a sequence of low-frequency earthquakes (LFEs),
such termed since they are depleted in high-frequencies relative to
similar-magnitude regular earthquakes4,5,8. In another model, tremor is
produced due to inertial vibrations of a frictionally-controlled
oscillator3. Both models reproduce the first-order temporal and spec-
tral observations of tremor, but carry different implications with regards
to the tremor source physics.

For elucidating the physics controlling tremorgenic fault behavior, it is
instructive to classify tremor into one of two categories: spontaneous and
instantaneous remotely triggered. The former is mostly contemporaneous
with days-to-weeks-long episodic slow-slip events (SSEs), and the latter
occurs only during the passage of seismic waves excited by large earth-
quakes. Thus, spontaneous tremors are often correlated with geodetically-
detectable slow fault slip, but triggered tremors are not9. Despite the lack of a
geodetic signal, two factors facilitate the analysis of triggered tremors relative

to their spontaneous counterpart. First, their amplitude is usually larger, and
second, the transient stresses leading to remote triggering are much better
constrained than the stresses promoting spontaneous tremorgenicbehavior.
These properties are useful for deriving and validating tremor source
models.

The 2023 Kahramanmaraş earthquake pair dramatically altered the
seismicity rates in Palestine and Israel10. The structure most affecting that
region is the Dead Sea Transform (DST), a major plate boundary accom-
modating about 5mm/yr of relativemotion between the Sinai sub-plate and
the Arabic plate. Large earthquakes, which rarely occur around the DST,
generate long-period energy that interacts with deep geologic structures,
offering the opportunity to probe seismogenic processes along the slowly-
deforming DST. This study provides the first account of tremor along the
DST. The tremor episode, located in the Jordan Valley section of the DST,
was triggered by theMW7.6Kahramanmaraşmainshock. The fault segment
nearest to the tremor source is a seismic gap, which was ruptured by large
M > 7 earthquakes in the past, but has not produced any significant earth-
quakes for about 1000 years11. The tremor spectra are analyzed, and com-
pared to the spectra of previously reported remotely triggered tremors. This
comparison highlights differences in the tremors strength and the ground-
motion spectral fall-off rates. Finally, two mathematical tremor source
models that give rise to the observed variability in the spectral fall-off rates
are introduced, and their mechanical implications are discussed.
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Results
Tremor identification and location
The 2023 destructive Kahramanmaraş earthquake doublet in south-east
Turkey consisted of aMW7.8 mainshock followed 9 hours later by aMW7.6
mainshock. Stresses induced by these two mainshocks triggered vigorous
seismic activity at remote sites located along theDST fault system, especially
along the Carmel-Fari’a Fault (CFF) system10. To search for remotely trig-
gered tremor, I scanned acceleration and velocity seismograms recorded by
TRUAA, a dense network recently installed in Israel and Palestine12. Fol-
lowing ref. 13, I filtered the acceleration time-series between 8 to 16 Hz, and
visually inspected these seismograms to look for tremor-like signals arriving
during the passage of the surface waves excited by the two Turkish main-
shocks (see “Methods”).

Tremor-like signals were detected on several seismograms from
the Jordan Valley section of the DST, north of the Dead Sea lake (Fig. 1).
Figure 2a shows the ground acceleration and velocity, derived by integrating
the accelerations, recorded at HMDT (location indicated in Fig. 1a). The
low-pass filtered, rotated velocity time-series clearly show the surface-wave

arrivals. The top trace in panel 2a contains two high-frequency bursts
aligned with the Love wave amplitudemaxima, and that are apparent on all
three-component band-pass filtered acceleration time-series (Fig. 2b).
Similar to triggered tremor recorded elsewhere13–16, the DST signals are low
amplitude, emergent, correlated with maximum surface-wave energy, and
do not contain any visually discernible body-wave arrivals. The duration of
each tremor burst is about 10 s, close to the dominant Love wave period. I
found that tremor signal only exceeded the noise level in the interval con-
taining the strongest Love wave energy. Once the surface wave energy had
decayed the tremor signal vanished.

The tremor-like signals are markedly different from signals due to
regular local DST earthquakes. Figures S4–S8 present a comparison between
the seismograms of the tremor-like signal to the seismograms of a regular
M2.1 earthquake that occurred within about 5 km from the tremor source
(see Table S1 for the earthquake’s hypocentral parameters). This comparison
highlights significant differences in the temporal attributes of the two signals:
the duration of detected signal is longer than the duration of a typical
earthquake S-wave and its coda (e.g., vertical component at stations MEHL

Fig. 1 | The location of triggered tremor, triggered earthquake, and strong-
motion stations, and the ground-motion excited by the 2023Turkishmainshocks
in the Jordan and Jezre’el valleys. Insetmap show the EasternMediterranean region
with the theMW7.8 and theMW7.6 locations indicated by stars.The rectangle indicates
the location of the study area, and dashed lines are for political borders. a Yellow
triangles, star, and diamond indicate the location of the TRUAA strong-motion (SM)
stations, triggered tremor, and triggered earthquake, respectively. Purple lines are for
mapped faults59. Digital elevation model provided by the Advanced Land Observing
Sattelitemission60. DSF:Dead Sea Fault; CFF:Carmel-Fari'a Fault;MS:Mediterranean
Sea; SG: Sea of Galilee; JE: Jenin; KS: Kirbhet Samara; JEV: Jezre'el Valley. b, c The
surface-wave induced ground motions in the Jordan and Jezre'el valleys. The

difference in percent between the PGVs of theMW7.6 and theMW7.8 mainshocks is
denoted by ΔPGV and equal to 100× ðPGVMW7:6 � PGVMW7:8Þ=PGVMW7:8 is shown
by the black dashed curve. The root-mean-square of the dynamic velocity gradients
due to theMW7.8 and theMW7.6 are shown by the red and dashed red lines,
respectively. The axes convention is shown in the legend in panel (a), with the radial
and transverse directions denoted x and y, respectively. The location of the triggered
tremor projected onto profile A–A' is indicated by the yellow star in panel (b), and the
location of the triggered earthquake projected onto profile B–B' is indicated by the
yellow diamond in panel (c). b The 64 to 32 s transverse ground velocity gradient,
denoted by _uy;x , as a function of position along profile A–A'. c The 32 to 16 s radial
ground velocity gradient, denoted by _ux;y , as a function of position along profile B–B'.
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andHMDT, horizontal components at stationROI), the detected signal lacks
clear P- and S-wave arrivals (e.g., horizontal components in station RGMN,
HMDT, BRSH, and MEHL), and does not exhibit the ubiquitous
exponential-like temporal decay associated with the coda of regular-
earthquake seismograms (e.g., stations RGMN, MEHL, ROI, and BRSH).
Given the short distance between the two sources, it is hard to attribute their
temporal differences to the gross properties of the attenuation structure or to
wave scattering effects. In addition to the difference in temporal attributes,
spectral analysis points out to significant differences between theDST tremor
spectra to regular DST earthquake spectra, which are further analyzed below.

For analyzing low signal-to-noise (SNR) signals such as tremor, it is
often useful to inspect the signal’s envelope. In this study, the envelope is
computed by integrating, filtering, and squaring each accelerogram, then
summing across the three components in each station, and smoothingusing
a running median window (see “Methods”). The amplitude of these
envelopes is proportional to the signal’s energy, and their SNR is improved
relative to the SNR of the raw data. Figure 2c presents the tremor envelope
from a set of 10 stations along the DST strand (see Fig. 1). The strongest
tremor is observed on stations separated by as much as 60 km, and weaker
tremor is only well-observed on stations located between 0 to 30 km along

the fault’s strike. I locate the strongest tremor source (e.g., 220 s; Fig. 2b) by
using Envelope Cross-Correlation (refs. 14,16; see “Methods”). Although the
network geometry is almost linear, the epicentral location is quite well
constrained to lie within the Jordan Valley, near the Palestinian village of
Kirbhet Samara (see Fig. 1 andFigure S1), between themainDSTstrandand
the CFF. The depth of the source, which is less well constrained, lies within
10 to 20 km, roughly at the bottom edge of the seismogenic zone of that
section of theDST17. The resolved depth indicates the signal wasmost likely
excited by a tectonic source, and its temporal and spectral attributes suggest
itwasnot excited by a regular earthquake, butmore likely by a source similar
to the ones frequently associated with tectonic tremors.

The search for triggered tremor also revealed an earthquake located in
the southern edge of the Jezre’el Valley, whichwas instantaneously triggered
during the passage of theMW7.6 surfacewaves, andwas not registered in the
regional catalog (Figs. 1, 2d, and S2). Due to the proximity of the two
triggered sources, some of the northern Jordan Valley stations show both
signals (c.f. Fig. 2c, d), but inmost cases the signals do not overlap,making it
possible to locate the sources separately. I use the Envelope Cross-
Correlation approach to locate the earthquake, and find that it occurred
about 5 km north of the city of Jenin (Fig. 1a).

Fig. 2 | Velocity and acceleration time-series in the Jordan and Jezre’el valleys.
Times are referenced to the MW7.6 origin time. E, N, V, T, and R denote the east-
west, north-south, vertical, transverse, and radial components, respectively. The star
and diamond indicate the arrivals from the triggered tremor and the triggered
earthquake, respectively. Question marks indicate unidentified arrivals. a Top trace
is for the 8 to 16 Hz band-pass filtered acceleration time-series at HMDT, shifted to
account for the source-to-station S-wave propagation time. Second, third, and
fourth traces from the top are for the 0.1 Hz low-pass filtered velocities at HMDT.

b The three-component 8 to 16 Hz band-pass filtered acceleration time series at
HMDT. c The 8 to 16 Hz band-pass filtered energy envelopes at stations located in
the Jordan Valley recording the triggered tremor (location indicated by a star in
Fig. 1). Vertical axis indicates distance along profile A–A' shown in Fig. 1. d The 8 to
16 Hz band-pass filtered energy envelopes at stations located in the Jezre'el and
Jordan valleys recording the triggered earthquake (location indicated by a diamond
in Fig. 1). Vertical axis indicates the hypocentral distance.
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Interestingly, despite its larger magnitude, the MW7.8 mainshock did
not instantaneously trigger seismic activity within the study area, nor did it
trigger other sites that were remotely triggered by theMW7.6. Owing to its
source properties, the MW7.8 triggering potential is low compared to the
MW7.6 source.Muchof theMW7.8 fault ismisorientedwith respect to Love-
wave radiation towards theDST, and its static stress drop is smaller than the
one associatedwith theMW7.6

18. Consequentially, theMW7.8 is expected to
excite weaker groundmotions than theMW7.6mainshock, possibly too low
to trigger seismicity at remote sites along the DST. That expectation is only
partly accounted for by the observed ground motions. The MW7.6 Peak
Ground Velocities (PGVs), which are often used as a proxy for dynamic
stress changes, are on average only 5% higher than theMW7.8 PGVs in the
Jordan and Jezre’el valleys (Fig. 1b, c). Moreover, the maximal relative PGV
increase, which is close to 15%, does not coincide with the instantaneously
triggered source locations. To better understand why instantaneous trig-
gered events are only associated with the MW7.6, I analyzed the dynamic
velocity gradients (see “Methods”). The results, presented in Fig. 1b, c,
indicate that the gradients associated with the surface waves of theMW7.6
are locally amplified by up to a factor of 2 relative to theMW7.8, and that the
triggered events locations coincide with the along-fault long-period defor-
mation gradientmaxima. Given its smaller magnitude, the observation that
theMW7.6 locally induced stronger long-periodmotion is surprising.At this
preliminary stage, it is unknown which source property and structural
anomalies are responsible for this amplification.

Triggered tremor ground-motion spectral characteristics
In order to characterize the DST triggered tremor source I analyzed its
ground-motion spectra, and compared them to the spectra of local earth-
quakes and tremor instantaneously triggered along the San-Andreas Fault
(SAF) in Parkfield, California (CA), the San-Jacinto Fault (SJF), CA, and in
the Hikurangi subduction zone in New-Zealand. Panels 3a, b and Figure S9
present the ground-displacement spectra of the DST tremor (derived from
doubly-integrated accelerations), and the S-wave spectra from 10
1.9 <M < 3 local earthquakes (see Table S1). The earthquake spectra are
typical, showing amodest decay between 3 to 8 Hz at HMRA, or 3 to 10 Hz
atHMDT, followedby a rapiddecay above 10Hz,which canbe attributed to
inlastic attenuation. They are, however, distinct from the DST tremor
spectra. In the 4 to 13 Hz frequency band, the tremor spectra fall off rapidly
with frequency, at a rate that is inversely proportional to frequency cubed
(see “Methods” and Figure S3), whereas the earthquake spectra decaymuch
slower. Given the proximity between the tremor and the microearthquake
sources, it is unlikely that the difference in the spectral fall-off rates is the
result of the gross properties of attenuation structure, but rather that it
manifests a property of the tremor source or of themedium in its immediate
vicinity.

TheDST tremor spectral shape was compared to the spectral shapes of
other triggered tremor episodes. I analyzed tremor episodes triggered along
theParkfield section of the SAF14, along the central sectionof the SJF13,16, and
in the Hikurangi subduction zone15. The results are illustrated in Fig. 3c,
which presents spectra corrected for geometrical spreading and averaged
over the recording stations (see “Methods”). Relative to other triggered
tremors, the DST tremor is found to be strong and extremely high-
frequency energy deficient. I find that the DST tremor spectra in the fre-
quency range below 4 Hz is dominated by coda waves due to the MW7.6,
which makes determining the magnitude of the tremor source very chal-
lenging. I therefore used forward-models of tremor generation in order to
roughly estimate the source properties (see Discussion).

Previous studies suggest that at frequencies higher than 1 Hz, the
displacement spectra of ambient tremor decay with frequency as f−1 19, but
results shown here suggest that some triggered tremor spectra behave dif-
ferently. InspectionofFig. 3c reveals that the SAF, SJF, andHikurangi 1 to 10
Hz tremor spectra are distinct from the DST tremor spectra. The SAF
spectra exhibit decay approximately proportional to f−1 below 5 Hz, and
approximately proportional to f−2 above it, and the SJF spectra decays
approximately as f−1.5 between 1.5 to 8 Hz. The Hikurangi tremor spectral

shape is similar to the SJF tremor spectral shape, yet its amplitude is much
stronger. Note that the amplitude difference between the SAF and Hikur-
angi tremors is larger than the scatter in the recorded spectra (illustrated by
the clear strips around each curve), so the inferences drawn here are likely
not affected by local site amplifications. Additionally, it is unlikely that the
comparison between the different spectra is biased by un-modeled inelastic
effects, which are generally observed to be mild below 6 Hz20,21. It is also
found that none of the analyzed triggered tremor spectra are as loud and as
high-frequency-depleted as the JV tremor. To further investigate the physics
giving rise to the tremor far-field body-wave spectral shapes, I discuss two
theoretical models that capture the prominent features of the tremor source
dynamics.

Discussion
The far-field tremor source spectral models
Seismic source models are often parametrized in terms of the source body-
wave spectral properties. The seismic moment rate spectra are commonly
written as22:

_Mðf Þ ¼ C
Mo

1þ f
f c

� �n ; ð1Þ

where f is the frequency,Mo is the seismic moment, determined by the low-
frequency spectral amplitude, and C is a constant which accounts for wave
propagation and the source radiation pattern. The parameters fc and n are
properties of the source: n describes the rate of change in spectral amplitude
with frequencies well above the source characteristic frequency, and fc,
commonly referred to as the “corner-frequency", defines the intersection
between the low- and high-frequency asymptotes.

Seismic source theory predicts the far-field body-wave displacement
takes the shape of a pulse whose amplitude is proportional to the seismic
source moment rate _Mo, and its duration inversely proportional to fc. At
frequencies higher than fc, the spectra decay as f

−n 23. The value ofn ismodel-
dependent, and, mathematically, it is determined by the strongest dis-
continuity in the far-field displacement pulse. For example, in models
assuming a jump discontinuity in fault slip-rate resulting from abrupt
application of stress onto the fault surface or from the termination of slip
along the crack’s edge, the fall-off rate decay constant n is equal to 224,25.
Conversely, models in whichmoment accelerates gradually with time yield
spectra with n equal to 326. Regular earthquake’ spectra are characterized by
high-frequency fall-off rate constant n = 223, but may sometimes be fitted
withn = 3. Tremor spectra, on the other hand, are distinct.Over the range of
frequencies between 1 to 10 Hz, where regular M < 2 earthquake far-field
displacement spectra are flat, tremor spectra are reported to decay as
f−1 5,8,19,27, and in the range above 10 Hz, tremor spectra decay as f−2 21,28 or
f−3 20. Understanding what determines those spectral shapes is essential for
elucidating the tremor source.

Source models of tremor far-field body-wave spectra
I consider two models that reproduce the observed tremor spectra: in the
first, tremor is modeled as the result of inertial vibrations of a frictionally-
controlled oscillator, and in the second, tremor is modeled as a swarm of
LFEs with prescribed ω2 source-time functions23,24. In the first model, the
spectral shape is determined by the frequency of oscillation and by the
duration of moment acceleration after rupture initiation, and in the second
model the spectral shape is a function of the of the LFE moment rates and
recurrence intervals (see “Methods”). For discussing the source properties, it
is more convenient to analyze the spectra of the far-field ground displace-
ments rather than the ground velocities, since the formerare proportional to
the seismic source moment rate.

Frictionally-controlled oscillatory motion has been observed in the
lab29, and analyzed theoretically30,31 and numerically3,32. From a seismolo-
gical perspective, oscillatory motion will give to a distinct seismic moment
rate function _MðtÞ. Because _MðtÞ is proportional to the time-derivative of
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the product between slip, δ, and area A, it is instructive to consider two
variants of this model, termed here as the constant-area and the constant-
slip-rate models, and shown schematically in Fig. 4a. The moment-rate
functions corresponding to these models are identical. They are shown in
Fig. 4b, and their spectra are shown in Fig. 4c. Note that the spectra are
determined by the oscillation period τc and by a phase of accelerationwhose
duration is denoted τa. Spectral decay proportional to f−2 is obtained for a
jump-discontinuity in the moment rate (blue curve in Fig. 4a), whereas
spectral decay rates proportional to f−3 are obtained for moment-rate
functions increasing linearly (blue curve) or quadratically (thin red curve)
with time. The duration of the acceleration phase determines the first-order
features of tremor spectra at low frequencies. When τa is sufficiently larger
than τc then the spectral decay rate below 1/τc is proportional to f

−1.

The mathematical LFE-swarm model was introduced by Gomberg et
al.4, and ismotivated by observations suggesting that tremor is composed of
multiple nearly-collocated LFEs8. The spectra are computed for LFE
moment-rate functions convolved with a comb function whose duration is
set equal to τe, and that contains non-zero values whose amplitude is
exponentially distributed, at intervals that are drawn from a Poissonian
distributionwhose scaleparameter is equal toτs (see “Methods”andFig. 4d).
The LFE-swarm spectra can be expressed as the convolution of two func-
tions. The first, denoted by E, modulates the LFE amplitude and the inter-
LFE time intervals, denoted by τs. The second, denoted by S, is the LFE
source time function whose duration, given by 1/fc, equals τc. Setting n = 2
(e.g., the ω2-model24) and τs < τc yields spectral amplitudes proportional to
f−1 and f−2 below and above fc, respectively (c.f. Fig. 2 in ref.

4). The decay rate

Fig. 3 | Triggered tremor and earthquake ground displacement spectra. Black,
dashed black, gray, and dotted curves in panels (a) and (b) are for the Jordan Valley
triggered tremor, Jordan Valley local earthquakes, the background signal in the
window preceding the tremor arrivals, and the ambient noise, respectively. Panel (a)
is for station HMRA and panel (b) is for station HMDT. See Fig. 1a for station
locations. c The displacement spectra of triggered tremor episodes, after correcting
for attenuation due to geometrical spreading along the source-to-receiver path,
denoted by r. The spectra were averaged over several recording stations (see
“Methods”). The light strip behind each curve indicates amplitudes within ± 1

median abolute deviation from themedian. Black, green, blue, and red curves are for
the Jordan Valley triggered tremor, the southern Hikurangi subduction zone, New-
Zealand, tremor triggered by the 2010MW8.8Maule earthquake, the Anza, Southern
CA, tremor triggered by the 2002MW7.8 Denali earthquake, and the Parkfield, CA,
tremor triggered by the 2007MW8.1 Kuril Island earthquake. To remove the surface
wave signal, the Anza and Jordan Valley spectra were high-pass filtered above 1.5
and 4 Hz, respectively. SAF: San Andreas Fault; SJF: San Jacinto Fault; NZ: New
Zealand; JV: Jordan Valley; DST: Dead Sea Transform.
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below fc is determined by the number and amplitude of superposed LFE
sources, which sum constructively at frequencies well-below 1/τe, and
destructively at intermediate-frequencies between 1/τe to 1/τc. The DST
tremor (and also some tremor in Cascadia, (c.f., ref. 20), high-frequency fall-
off rates are, however, faster. The LFE-swarmhigh-frequencydecay rate can
be increased by setting n to a value larger than 2, or by smoothing E. Here I
opt for the second alternative, and require E to decay as f−1 at frequencies
above fc. This is obtained by convolving Ewith a first-order zero-phase low-
pass Butterworth filter, whose corner frequency is equal to τe/2 (see
“Methods”). The resultingmoment-rate functions and spectra are shown in
Fig. 4e, f. The light red and blue curves are for the cases τs < τc and τs > τc,

respectively. Note that, although each LFE source time function high-
frequency decay rate constant n was set equal to 2, the high-frequency
portion of the spectra of the convolution E*S are proportional to f−3. Note
also that the ratio τs/τc only affects the low-frequency portion of the spectra,
which is not constrained by the Jordan Valley data set (see Fig. 3 and
discussion in Section “Triggered tremor ground-motion spectral char-
acteristics”). If fc ≈ 5Hz4, then the SAF, SJF, and the Hikurangi tremor
observations (Fig. 3c), suggest the portion of the spectra below fcmay be flat,
or may decay as f−1. In the context of the LFE-swarmmodel, the spectra are
flatten by increasing τs relative to τc (i.e., little temporal overlap between LFE
sources).

Fig. 4 | Tremor modeled moment-rate functions and resulting spectra. Left col-
umn is for the dynamic oscillator model, and right column is for the LFE-sawrm
model. aA sketch of the spatial distribution of slip. Left: Slip rate ( _δ) as a function of
along-fault position L for the Constant Area model. Right: Location of the rupture
front in the Constant Slip-Rate model. The isochronous are indicated by colors. The
fault radius is denoted R. b The moment rate as a function of time. Thick red, blue,
and light red curves are for a Heaviside, ramp, and quadratic moment rates,
respectively. The duration, acceleration, and oscillation periods are given by τe, τa,
and τc, respectively. c The spectral amplitude corresponding to the moment-rate
functions in panel (b). The frequencies associated with the duration, acceleration,
and oscillation periods are denoted fe, fa, and fc, respectively. d A sketch of the
functions constructing the LFE-swarm model. The star indicates the convolution

operator. Left: A comb function with duration given by τe, whose inter-spike times
follow a Poissonian distribution with a scale parameters equal to τs. The amplitudes
of the spikes follow an exponential distribution. The inset shows a zoom-in on two
adjacent spikes and the definition of τs. Middle: The low-pass filter response. Right:
The Brune ω2 moment-rate function with duration given by τc. E and S denote the
functions convolved to produce the moment-rate funtcions in panel (e). See Section
“The LFE-swarmmodel” for further details. e The LFE-swarm tremor moment-rate
functions. Left: The LFE-rich model with τs < τc. Right: The LFE-poor model with
τs > τc. fThe spectral amplitude corresponding to themoment rate functions in panel
(e), averaged over 20 simulations. Dashed curve is for the ω2 moment-rate function
shown in panel (d).
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The LFE-swarm and the inertial-oscillation models are kinematiclly
different, yet both can reproduce the DST-triggered tremor high-frequency
spectra. In the LFE-swarm model, the ratio between the LFE recurrence
intervals, τs and theLFEdurations, τc, controls the spectral decay ratesbelow
fc. Low-frequency enrichment emerges due to superimposed LFE sources.
Conversely, episodes enriched in high-frequencies, can be interpreted as
being LFE-poor (i.e., τs > τc). The Parkfield episode (Fig. 3c) could result
from LFE-poor tremor, reflecting a situation with few LFE interactions
leading to diminished rates. This situation may arise if surface-wave trig-
gering is confined to a compact area, in which the number of triggered LFE
sources, and hence their interactions, are limited. Clearly, the high-
frequency fall-off rate of the LFE-swarm model discussed here is tuned by
filtering applied to themodulation functionE. In reality, that behavior could
be the result of strong near-fault attenuation, as has recently been observed
in Japan33. Like the LFE-swarm model, the inertial-oscillation model
behavior is controlled by friction. However, assuming laboratory values for
the constitutive parameters, sustained oscillations emerge under high
loading rates or loweffective stresses3. In the simplemodel exploredhere, the
oscillations result in a distinct monochromatic moment-rate function, but
results from 2-D simulations of 3 suggest the model can also produce more
realistic spectra. The low-period behavior (observed during the Parkfield
and Hikurangi triggered tremors) can be compatible with observations if
moment accelerates over an interval before the fault slip-rate or rupture area
reach their peak.More evidence is required in order to discriminate between
these two rupture modes. If slip-rate is constant, then the observations are
reproduced if the rupture area oscillates. Back- and forward-propagating
ruptures are frequently observed during Cascadia34, Japan35, and Cholame36

SSEs, and thus may also characterize sources of triggered tremors.

Summary and conclusions
This is the first account of instantaneous triggering along the DST and the
CFF.The triggered events epicentral locations coincidewith localmaxima in
the MW7.6 Kahramanmaraş surface-wave induced deformation rate gra-
dients. The causes of this amplification are presently unknown. The Dead
Sea Lake, bordering the study area to the south, lies within a 15 km deep
sedimentary basin, however, the structure of theDST in the JordanValley is
not well studied37, and previous work does not point to structural, thermal,
or gravitational anomalies that can induce suchamplifications. I suspect that
this local amplification is due to a structure associated with the intersection
of theDSTand theCFF,which could give rise to focusing of the surfacewave
energy or that is causing the Jordan Valley or Dead Sea Lake basins to
resonant at periods of tens of seconds. Alternatively, this is the result of
body-to-surface wave conversion at the basin edge, as has been reported to
occur in the Kathmandu basin following the 2015 Gorkha earthquake38.

I find that triggered tremor spectral shapes are variable. In frequencies
between 1 to 7 Hz, the Hikurangi and SJF triggered tremor displacement
spectra decay approximately as f−1.5. Parkfield triggered tremor spectra
decay as f−1 below 5Hz, and as f−2 at higher frequencies. This, perhaps, is an
additional manifestation of tremorgenic behavior of the Parkfield section,
which is the only SAF section on which ambient tremor has been observed
so far. The SJF, which is the most seismically active fault in southern Cali-
fornia, sporadically produces triggered tremors16,39, but whether it produces
spontaneous tremors is still being debated40–43. However, that fault does host
triggered44–46 and spontaneous46,47 non-tremorgenic SSEs. One possibility is
that the SJF becomes tremorgenic under the relatively high stressing rates
associatedwithpassing surfacewaves,whereas under lower loading rates the
fault slips aseismically. TheDST is themost high-frequency energy depleted
among triggered tremors occurring on continental transform faults. It
exhibits spectral fall-off rates proportional to f−3. Whether the DST also
produces spontaneous tremors is currently being investigated.

The tremor location indicates it is associated either with the main
strand of the DST or with the CFF system. The former accommodates 4
mm/year of lateral faultmotion, and is thought to be locked from the surface
down to a depth of about 16 km48. It was last ruptured by a large earthquake
about 1000 years ago11, and thus is considered to be a seismic gap. The latter

faultmoves at about 1mm/yr and is associatedwith diffused seismicity. The
epicenters reported here delineate an area hosting vigorous remotely trig-
gered seismicity following the Kahramanmaraş earthquake doublet. Col-
lectively, these observations attest to thehigh levelof interactionbetween the
Kahramanmaraş faults and the DST fault system. That the DST faults were
brought closer to failure underscores the importance of future seismo-
geodetic monitoring in that area.

Methods
Tremor identificationand locationviaenvelopecross-correlation
I restricted the analysis to data recorded by the accelerometers because the
broad-band velocity seismograms across the TRUAAnetworkwere clipped
during the surface wave train. I compute the envelopes by integrating to
velocity, band-pass filtering between 8 to 16 Hz, squaring, summing the
three components, and smoothing using a 2 s running median window.

Unlike previous reports of triggered tremor, which contain multiple
visible bursts, only two of the triggered tremor bursts reported hare have
SNRs that are clearly above one. However, the Jordan Valley tremor is
detected on accelerometers, which are not ideal for detecting weak seismic
motions. Thus, the SNR levels during the coda of the MW7.6 allow the
detection of relatively strong bursts, while other smaller-amplitude bursts
may be below the noise level. Note that curvature of themove-out of thefirst
burst (205 s; Fig. 2b) is slightly stronger then the secondburst (220 s; Fig. 2b),
indicating thefirst source is slightly shallower than the second. I focus on the
second triggered tremor burst recorded at HMDT around 220 s after the
MW7.6 origin time, since its SNR is higher than the first triggered
tremor burst.

The cross-correlationbetween twoenvelopes is computedafter shifting
the traces according to a pre-computed time table. I assume a uniform
S-wave velocity equal to 3 km/s and a constant depth, and compute the
travel-times fromagrid of possible source locations separated by 2 km in the
north-south and east-west directions to each of the stations. I then shift all
the traces relative to a reference stations, compute the cross-correlation, and
stack. I repeat this process after varying the source depth, and associate the
source location with the grid point for which the maxima of the stacked
cross-correlation is maximal. Maps showing the stacked cross-correlations
as a function of the tremor and earthquake source location for various
source depths are presented in Figures S1 and S2, respectively.

The small number of tremor bursts associated with peak Love-wave
amplitudes raises the suspicion that these signals might have been mis-
identified. The tremor signal is low-amplitude, and its duration and fre-
quency content may sometime resemble the ones associated with man-
made signals excited by freight trains and trucks41. The Jordan Valley is a
sparsely inhibited, train-less area, and so it is unlikely that the signal is due to
train or truck traffic. The area does, however, contain a number of active
quarrieswhich regularly use explosives forminingpurposes, thusproducing
blasts that are well-recorded across the network. These blasts sometime
occur around the same hours as the tremor identified here (12 am local
time). However, for the reasons listed below, I consider the possibility that
the signals reportedherewere causedbyquarry blast tobeunlikely. First, the
detected signal coincided twice with the Love wave maximum amplitudes
within 15 s. Second, the signal can be correlated among distant accel-
erometers located tens of km apart. Third, the signal locations are more
consistentwith adeepsource thanwith a shallow source, in anareadevoidof
knownactive quarries.And forth, the spectra of registeredquery blasts differ
significantly from the spectra of the signal I associate with deep tectonic
tremor. In light of these observations, I conclude that the signals reported
herewere excitedby a tectonic source. In Section “Triggered tremor ground-
motion spectral characteristics” I show that the significant differences
between the temporal and spectral attributes of these tremor signals to the
attributes of localmicroearthquake seismograms also rule out the possibility
that the signals I identify as tremor were actually due to an instantaneously
triggered local earthquakes.

Seismograms from the nearest stations GNNR and IZRL, show two
precursors to the Jezre’elValley instantaneously triggered earthquake.These
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are likely small-magnitude earthquakes also triggeredby theLovewaves, but
theyare tooweak to be accurately located.The triggered earthquake signal at
station CVYN was preceded by two strong precursors (indicated by the
question marks in Fig. 2c, d), however, their timing and amplitude suggest
they are probably not associated with the precursors recorded on GNNR,
and I did not make further attempts to detect their origin.

Spectral analysis
The tremor spectra were computed for 1.5 s windows with 50% overlap
encompassing 10 s of the strongest tremor, averaged over the three com-
ponents. The spectra are computed using the multitaper spectral
approach49,50. For the DST tremor I used integrated-accelerations from the
IS network starting from February 6, 2023, at 10:28:2751. For Parkfield
tremor I use seismograms recorded at borehole stations from the PB andBP
networks starting from January 13, 2007, at 04:49:47UTC52–54. For theAnza
tremor I use seismograms from the AZ network starting fromNovember 3,
2002, at 22:34:04 UTC55. For the Hikurangi, New-Zealand tremor I used
seismograms from the NZ network starting from February 27, 2010, at
07:12:35 UTC56.

Tofind the bestfitting value of the spectral decayparametern, I assume
the tremor and surface wave signals are uncorrelated (i.e., their power sum
constructively). I model the observed 4 to 13 Hz ground velocity power-
spectral-density (PSD) as the sum:

∣ _uðf Þ∣2 ¼ ∣Af n∣2 þ ∣Nðf Þ∣2; ð2Þ

whereA is afitting coefficient, andN(f) is the noise of the ground-velocity in
the window preceding the tremor arrivals (see Fig. 3a, b). I find the value of
the coefficients A and n by minimizing the differences between the right-
and left-hand-side of Equation (2). The results are shown in Figure S3. The
value of n best-fitting the HMRA and RGMN velocity spectra is 1.99 and
2.05, respectively. Integrating from velocity to displacement is equivalent to
differentiating the spectra. Thus, the displacement spectra are approxi-
mately inversely proportional to frequency cubed for both these spectra.

Dynamic deformation gradients
The velocity gradient is computed by taking the differences betweenparticle
velocitymeasured at neighboring stations. Give stations i and j separated by
distance measured along direction l, the k component of the velocity gra-
dient is given by:

_uk;l ¼
_ujk � _uik
Δl

; ð3Þ

where _ujk and _ujk are the ground velocities in direction k at station i and j,
respectively. To compute the gradients along profiles A–A’ and B–B’
(Fig. 1b, c), I first band-pass filter, integrate the accelerations, and rotate the
stations to the radial and transverse directions (shown by the arrows in the
inset in Fig. 1a). I then compute the gradients between each twoneighboring
stations using thedistancemeasuredalong the profile according toEquation
(3). That results in velocity gradients time-series. For each of these time
series I find the maximum amplitude, and bracket them with a window
whose length is equal to 1.5 times the filter’s mean period, and compute the
root-mean-square (RMS) of the windowed data. The velocity gradients
measurement locations are taken as the distance halfway between the two
station. I apply a series of octave-band filters to the velocity gradient time-
series. Thefilters rangebetween128 s to4 s.The amplification is observedup
to about 6 s. I report in Fig. 1b, c the frequency bands for which the ratio
between the RMS of theMW7.6 and the RMS of theMW7.8 is the largest.

Mathematical models
TheLFE-swarmmodel. The far-field spectral shape is determined by the
two time-scales associated with the functionmodulating the LFEs, τe and
τs, and by the shape of the source time function, determined by the LFE
duration τc and the high-frequency decay constant n. The spectra can

therefore be expressed as the following convolution4:

_Mðf Þ ¼ Eðf ; τs; τeÞ× Sðf ; τc; nÞ; ð4Þ

where the function E(f, τs, τe) is responsible for the temporal modulation of
the LFEs, and the function S(τc, n) is the LFE source time function. Because
generally τs, τc < < τe, and τe is of the order of a few tens of seconds, the ratio
Tr = τs/τc determines the tremor source spectral behavior in the frequency
band that is of interest here. In order to mimic the effect of superimposed
sources, which may be thought of as a sequence of LFEs whose duration is
longer than their inter-event time, I set τc equal to 0.5 s, and select τs from a
random set of inter-event times that follow a Poissonian distribution with a
scale parameter is equal to 0.02 s, thus producing about 300 to 500 LFEs per
10 s of tremor. For the LFE-poormodel I set themean τs equal to 1 s, which
yields about 10 LFEs per 10 s of tremor. Setting n = 2, I obtained spectral
decay rates equal to 1 and 2 for the frequency range f < fc and f > fc,
respectively. To obtain spectral decay rates proportional to f−3 I convolved E
with a zero-phase low-pass Butterworth filter whose corner frequency is
equal to 0.2 s. I run 20 iterations, compute their spectra, and report the
average values in Fig. 4c.

The dynamic oscillator model
Seismic fault motion is the result of a dynamic frictional instability, which
requires the frictional strength to decrease with accumulated sliding57 or
with the sliding rate30,58. In addition of being slip- or velocity-weakening, to
be able to nucleate earthquakes, faults must also be frictionally unstable57.
They are said tobe so if their dynamic stiffness is belowacritical value,which
can be defined in terms of the slip-rate driving the fault30,31. At low slip-rates,
the critical stiffness is given by the ratio between the frictional strength drop
and the slip-weakening distance. In this regime, instability is manifested as
earthquake-like stick-slip events57. At high slip-rates, however, the critical
stiffness increases quadratically with the sliding-rate, and failure style is
controlled by inertia31,32. That theory is corroborated by lab experiments
demonstrating that the response of a frictional interface changes gradually
with the transition from one regime to the other29, a phenomena that has
came to be known as the “spectrum of slip behavior”. Numerical modeling
shows that rapid stress changes imposed on weak seismic faults will cause
them to resonate at particular eigenfrequencies, thereby producing tremor-
like signals3. Note that, due to the strong sliding-rate dependency, any
velocity weakening fault may be become unstable if driven at high enough
slip-rates. In this study, I simulate the tremor spectra by assuming the
surface waves induced loading rate, which is of the order of mm/s to cm/s,
puts the tremorgenic fault in the inertia-dominant regime. This seems to be
a reasonable assumption given the long-term slip-rate on the Jordan Valley
section of theDST is 5 to 6 orders ofmagnitude lower than the surface-wave
induced rate. I set the source duration τe equal to 10 s, and the period of
oscillation τc equal to 0.5 s. I damp the oscillations by multiplying with an
exponential. The duration of the moment acceleration phase τa is 1 and 5 s
for the linear and quadratic moment acceleration functions, respectively.

Data availability
Data from the IS network data recorded during the 2023 Kahramanmaraş
earthquakes are available at the following https://doi.org/10.5281/zenodo.
7980346.Other data used in this studywere recorded andmaintainedby the
following networks: the Northern California SeismicNetwork (http://www.
fdsn.org/datacenters/detail/NCEDC/), the Plate Boundary Observatory
Borehole Seismic Network (http://www.fdsn.org/networks/detail/PB),
Tremorscope (http://seismo.berkeley.edu/research/tremorscope.html), the
ANZA Seismic Network (10.7914/SN/AZ), and the New Zealand National
Seismograph Network (https://doi.org/10.21420/G19Y-9D40).
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