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Abstract Harmonic tremors are a unique class of seismic signals often attributed to subsurface fluid flow,
but can also be generated by anthropogenic processes. We present observations of a tremor with a harmonic
interval of ~12.75 Hz up to the 15th mode at ~191 Hz during a seismic-borehole-acoustic experiment at the
Oman Drilling Project Multi-Borehole Observatory, located on an ultramafic terrain of the Samail Ophiolite
with minimal human activities. The tremor persisted for the entire 9-month observation interval, with mode
frequencies varying by ~0.1% diurnally and by ~1% overall. We find that the tremor characteristics are
inconsistent with signals from documented anthropogenic sources and that sustained gas flow through a fluid-
filled, subsurface fracture is the most plausible source mechanism. Our results have potentially important
implications for free gas processes during low-temperature serpentinization and motivate further research to
investigate the seismic signals generated in these environments.

Plain Language Summary Harmonic tremors are a peculiar class of seismic signals consisting of
narrow spectral peaks whose frequencies follow a harmonic relation, similar to the sounds of musical
instruments and animal vocalization. The origins of harmonic signals are much debated, partly because they can
be generated by both natural processes and human activities. Harmonic tremors are often observed in places
where fluids move vigorously in the subsurface, such as active volcanoes. We observe a harmonic tremor that
lasted 9 months in a formation comprised of rocks from Earth's upper mantle, where active fluid-rock reactions
produce hydrogen and methane in the subsurface. We carefully examine the possible human activities that may
cause the tremor and find that none can explain its properties. We conclude that the tremor is most likely
generated by the sustained flow of free gas in the subsurface.

1. Introduction

Harmonic tremors are a class of seismic-acoustic signals with energy concentrated in narrow frequency bands that
are integer multiples of a fundamental frequency (“harmonic modes”). In contrast to regular earthquakes, whose
energy is concentrated in the time domain (short-lived) but distributed in the frequency domain (broadband), the
energy of harmonic tremors is distributed in the time domain but concentrated in the frequency domain, making
them difficult to analyze due to the lack of clear arrivals of seismic phases (i.e., P, S, and surface waves). The
origin of harmonic tremors is elusive and sometimes controversial, as highlighted by a recent debate over the
source of the tremors observed at a CO, injection site (Maher et al., 2024; Niyogi et al., 2023), because similar
signals can result from both human activities and natural processes.

Harmonic tremors attributed to natural causes were first and still most commonly observed on active volcanoes
(Benoit & McNutt, 1997; Hagerty et al., 2000; Hellweg, 2000; Hotovec et al., 2013; Ichihara et al., 2013;
Maryanto et al., 2008; Schlindwein et al., 1995), where other types of tremors are also frequently detected
(Konstantinou & Schlindwein, 2003). Other environments where harmonic tremors have been observed include
glaciers (Roosli et al., 2014; Winberry et al., 2013), geysers (Nayak et al., 2020), and a hydrocarbon reservoir
undergoing hydraulic fracturing (Tary et al., 2014). All these environments host active subsurface fluid flow. The
proposed physical mechanisms for harmonic tremors of natural origins generally fall into three categories: (a)
standing waves (resonances) in a fluid-filled cavity of finite dimensions (e.g., conduit or crack) (Chouet, 1988;
Ferrazzini & Aki, 1987; Kumagai & Chouet, 2000), (b) traveling waves along fluid-filled cracks destabilized by
rapid fluid flow (Balmforth et al., 2005; Dunham & Ogden, 2012; Julian, 1994), and (c) a series of transient
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Figure 1. Study site location and surrounding environment. (a) Ultramafic and mafic units of the Samail Ophiolite
(Nothaft, 2021) and the site location. (b) Satellite image of the area around the study site. The nearest human settlement, a
farm ~3 km south of the site, is marked in green.

processes (e.g., frictional faulting events) with semi-regular reoccurrence intervals (Dmitrieva et al., 2013;
Winberry et al., 2013).

Anthropogenic sources known to generate harmonic tremors include power generators and wind turbines, which
generate harmonic signals with fundamental frequencies equal to the rotation rates of the rotors (Bilek et al., 2023;
Marcillo & Carmichael, 2018), and transportation equipment, such as helicopters and freight trains, which
generate harmonic signals with rapidly changing frequencies (i.e., “frequency gliding”) (Li et al., 2018; Meng &
Ben-Zion, 2018). In addition, data from seismic instruments deployed near high-voltage powerlines or powered
by alternating current (AC) can contain “powerline noise,” comprising a harmonic series with a fundamental
frequency of 50 or 60 Hz, depending on the local AC frequency (Butler & Russell, 2003; Xia & Miller, 2000).
These anthropogenic mechanisms can complicate the interpretation of harmonic signals in seismic records,
especially if the records were obtained from sites near human activity.

Here, we present a harmonic tremor observed by a seismic and borehole-acoustic network deployed at the Oman
Drilling Project (OmanDP) Multi-Borehole Observatory (MBO). The MBO was established to study processes
associated with active serpentinization, an important and timely topic due to the capacity of ultramafic formations
to absorb CO,, produce hydrogen, and host chemosynthetic ecosystems (Kelemen & Matter, 2008; Osselin
etal., 2022; Rempfert et al., 2017; Templeton & Caro, 2023; Zgonnik, 2020). We carefully examine the properties
of the tremor and compare them with those expected for various anthropogenic and natural sources to assess the
origin of the tremor.

2. Data and Methods
2.1. Study Site and Instrumentation

The OmanDP MBO is located on a peridotite terrain of the Samail Ophiolite in the Sultanate of Oman (Figure 1)
and includes four ~400-m deep boreholes (BA1A-D), cased from the surface to ~20-m depth at the time of our
experiment (Sohn & Matter, 2023), within a 200-by-200-m area in Wadi Laywani, a dry wash with an average
water table depth of ~15 m (Figure 2) (Kelemen et al., 2021). The study site is located on the inactive NW-SE-
striking Issmaiya Fault Zone (Callegari et al., 2022). In May 2019, two years after the holes were established and
all downhole operations had concluded, we deployed two vertical hydrophone arrays with 70-m inter-element
spacing, extending from 30 to 380 m depths in Boreholes BA1A and BA1B (Figure 2b), to monitor seismic
activity for nine months until February 2020. The hydrophones were suspended in the borehole on a weighted
cable and recorded borehole fluid pressure perturbations. For the final 21 days of the deployment, we augmented
the hydrophone arrays with a dense network (~6 m minimum inter-element spacing) of oriented, three-
component geophones that were organized in two subarrays, A and B, around BA1A and BA1B, respectively
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Figure 2. Site map (a) Boreholes and geophones plotted on a satellite image of the study site. Spectra of the highlighted
geophones (red outlines) are shown in Figures 3 and 7, Figures S2 and S3 in Supporting Information S1. (b) Hydrophone
depth profiles in the two boreholes.

(Figure 2a and Figure S1a in Supporting Information S1), with all hydrophones and geophones sampled at 1 kHz.
The geophones were deployed on a low-seismic-velocity alluvium layer with a thickness varying from ~20 m
near BA1A to ~0 m (basement outcropping) near BA1B (Kelemen et al., 2021). All geophones and the two
hydrophone arrays operated independently and were powered by direct current (DC) supplied by solar panels
(Figure S1 in Supporting Information S1).

The MBO site is located in a remote, mountainous region of the Omani desert accessible only by foot or off-road
vehicles via several kilometers of dirt roads (Figure 1b and Figure S1a in Supporting Information S1). The nearest
infrastructure is a road that crosses a ridge ~2 km to the east and the nearest human settlement is a small farm
~3 km to the south (Figure 1b). At the time of our experiment, there was no equipment of any kind on-site other
than our instruments (Figure S1 in Supporting Information S1), but the site has subsequently been developed for
carbon sequestration and presently hosts infrastructure to support this activity.

2.2. Data Analysis
2.2.1. Spectrogram Construction

We convert the raw hydrophone and geophone time series in digital counts to mPa and nm s ™', respectively, using
frequency-independent gains and divide the time series into non-overlapping 300-s (5 min) segments. We remove
the linear trend from each segment, taper it using a Hanning window, and compute the power spectrum density
using the Fast Fourier Transform, which yields a frequency sampling interval of 0.003 Hz. For the geophone data,
we sum the spectra of the three components to produce a total power spectrum. We then construct the power
spectrograms using all five-minute segments, which are used for visualization (Figure 3 and Figure S2 in Sup-
porting Information S1), mode detection (Figures 4 and 5), and mode property extraction (Figure 6).

2.2.2. Mode Detection and Property Extraction

For the geophones, we detect a set of spectral peaks for each five-minute time window by finding the local
maxima that satisfy two criteria: (a) a prominence, as defined in the SciPy function scipy.find_peaks, greater than
15 dB, and (b) a reverse-bandwidth, defined as the reciprocal of the peak width (less than 3 dB below the peak
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Figure 3. Power-density spectrograms of Mode 2. Top panel: Nine-month spectrogram of Mode 2 recorded on Hydrophone A00.03 (170 m depth in borehole; Figure 2).
Bottom panels: 21-day spectrograms of Mode 2 recorded on Geophone B13 (left) and Hydrophone A00.03 (right). Horizontal lines in the hydrophone spectrograms are
due to instrument noise. Data gaps are marked in gray.

power), greater than 15 Hz ™!

, while excluding time windows with mean (frequency-averaged) spectral levels
greater than 15 dB to prevent erroneous detections during intervals with strong background noise. We determine
the frequency of each tremor mode in each time window by finding the frequency bin with the highest number of
peak detections (i.e., detected by the most geophone stations) within an empirically determined range (Table S1 in
Supporting Information S1) and note the mode power at these frequencies for each geophone (Figure 6). We

compute the quality factor of a peak using:

f

of M

Oops =

where f and Af are the peak frequency and bandwidth, defined as the frequency range where the power is above
half (~3 dB) of the peak power, respectively.

For the hydrophones, which have lower signal-to-noise ratios (SNRs), we use the data from the array in BA1A,
which has better SNRs due to lower noise levels from borehole organpipe modes (Aiken et al., 2022), to extract
the tremor modes. We detect spectral peaks using the same criteria as above except that (a) we use a —5 dB
threshold to remove noisy time windows, (b) we remove spectral peaks with constant frequencies (horizontal lines
in Figure 3 and Figure S2 in Supporting Information S1) that were caused by electrical noise, and (c) we only keep
spectral peaks detected by at least three hydrophones. We start with the 21-day time window of the contempo-
raneous geophone data and identify the peaks at frequencies corresponding to the geophone mode frequencies.
We then identify modal frequencies for each window prior to the geophone deployment by selecting the spectral
peak closest to the mean modal frequency of the 10 nearest time windows, using a 0.075 Hz threshold to reject
outliers. This method yields adequate mode detections from the hydrophone data despite the lower SNRs,
revealing the modal frequency variations over the 9-month deployment.

2.2.3. Multi-Taper Autospectra of the Tremor Signal

The multi-taper method provides more robust (and computationally expensive) spectral estimates than the
periodogram, and we use it for all subsequent spectral analyses, including the cross-spectral estimates described
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Figure 4. Temporal frequency variation for all modes detected from the spectrograms of all geophones. Text boxes contain
the order and mean frequency of each mode. Each dot represents a detection of the mode. White and gray vertical stripes
indicate daytime and nighttime intervals, respectively. See Section 2.2.2 for details of the mode-detection procedure.
in Section 2.2.4. We use the first five prolate spheroidal sequences with a time-half-bandwidth product (NW) of
three as the tapers (Thomson, 1982). We use the multi-taper method to compute the total power spectral density
(PSD) of the tremor signal recorded on Geophone A13 in the five minutes starting from 2020-01-13 19:50:00,
UTC (Figure 7 and Figure S4 in Supporting Information S1). We use the same method to compute the PSDs of the
signals recorded by Hydrophone B00.01 and Geophone BO2 in the five minutes starting from 2020-01-20
08:00:00, UTC (Figure S3 in Supporting Information S1).
2.2.4. Multi-Taper Cross-Spectral Coherence and Phase Difference
We compute cross-spectral estimates of the squared coherence and phase difference of Mode 2, the lowest
observed mode at ~25 Hz, between adjacent geophone pairs in the network. We use 900-s (15-min) time windows
for the cross-spectral analysis (three times the window length for computing the spectrograms) to increase the
statistical quality of the estimates, and we only analyze the 15-min windows that include at least two 5-min
windows with the mode detected on both stations. We estimate uncertainties of the cross-spectral parameters
using jackknife resampling of values obtained for the five individual tapers. We select a 0.02-Hz wide frequency
range centered around the average mode frequency for the 15-min window and extract the phase differences with
coherences greater than 0.85 within this range. We compute the phase difference of the window by averaging the
statistically independent phase differences (spaced NW = 3 frequency samples apart) weighted by the inverse of
their uncertainties. Time windows with no qualifying phase differences are discarded. Because the tremor signals
only exist in very narrow frequency bands, it is not possible to use the line-fitting method, which has been applied
to broadband volcanic tremors (Barajas et al., 2024), to estimate the differential travel times between station pairs.
Therefore, the estimated phase differences contain a cycle ambiguity, whose effects can be minimized by using
only the phase differences of the signals of the lowest mode between closely spaced stations (Section 2.2.7).
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Figure 5. Cross-spectral analysis of Mode-2 frequency and air temperature. CPD: cycle-per-day. (a) Power spectral densities
(Materials and Methods) of the frequency of Mode 2 (orange) and temperature (blue). (b) and (c) Squared cross-spectral
coherence (green) between the frequency of Mode 2 and temperature in the ranges 0.02—4.00 CPD and 0.70-1.50 CPD,
respectively. (d) Cross-spectral phase difference between the frequency of Mode 2 and temperature in the range 0.70-1.50
CPD. A positive phase difference indicates frequency leading temperature. Transparent colored areas indicate uncertainties.

2.2.5. Correlation Between Tremor Frequency and Air Temperature

The air temperature was contemporaneously measured in a recess on the hillside (just outside the boundary of
Figure 2a) at 15-min intervals during our seismic experiment (Sohn & Matter, 2023). We use the multi-taper
cross-spectral method described above to assess the correlation between the tremor frequency and air tempera-
ture for the 9-month interval of the hydrophone deployments. We use linear interpolation to up-sample the
temperature to the 5-min sampling interval of the Mode 2 frequency estimates extracted from the hydrophone data
and then compute the coherence and phase difference between the tremor frequency and the temperature using the
multi-taper method (Figure 5).

2.2.6. Correlation Between the Powers of Different Modes

Among the 12 observed modes, Modes 2, 3, 4, 6,9, 10, 12, and 13 are detected for enough time windows to enable
meaningful power-correlation analyses. For each mode pair at each station, we select the time windows during
which both modes are detected and compute the correlation between the dB values of the total powers of the two
modes recorded within these time windows. The correlation values of all stations are then averaged to produce the
averaged power-correlation values between each mode (Figure 6a).
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Figure 6. Mode power as a function of time at Geophone A13 for (a) Mode 2 and (b) Mode 3. Inset of (a) Correlation matrix
of the power of a selected set of modes. White and gray vertical stripes indicate daytime and nighttime intervals, respectively.

2.2.7. Localizing the Tremor Source

Although the tremor signal lacks clear phase arrivals, we can use horizontal apparent velocity vectors estimated

from phase differences between signals recorded on nearby stations to constrain the source location (Barajas

et al., 2024; Nava et al., 2023), with the caveat that (a) the estimates are based on signals of likley multiple wave

Al13, total power spectrum, 2020-01-13 19:50:00 - 19:55:00
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Figure 7. Total power spectral density (sum of the three components) of the signals recorded at Geophone A13 in a 5-min
time window, with the observed and missing modes marked in red and gray, respectively. The regular frequency spacing of
the modes, Af, is shown for selected modes.
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Figure 8. Horizontal apparent velocity vectors of Mode 2. The vectors are colored by absolute value and are plotted at the
centers of the corresponding geophone triads. Rose diagrams: Distribution of the vector directions in the two subarrays. The
temporal variations of the two triads highlighted in red are shown in Figure 9.

types (i.e., P, S, and surface waves), and (b) the phase-difference estimate, A®, contains a cycle ambiguity
(e.g., the actual phase lag canbe A® + 2nn;n = 0,1,2...). To minimize the potential for cycle skipping, we use
the lowest-frequency observed mode (Mode 2 at ~25 Hz) for the analysis and consider only closely spaced
(<30 m) station pairs. This setting can avoid cycle skipping for waves with horizontal apparent velocities greater
than ~750 m s,

We organize the geophone network into Delauney triads (Figure 8) and convert the three-component phase-
difference estimates described in Section 2.2.4 into travel-time differences for each geophone pair using:

_AO

At = —
2nf

@

Assuming that the distance between the source and each triad is significantly greater than the triad dimension
(<30 m), the wave field can be assumed to be locally planar, and the east and north components of the horizontal
slowness vector of the triad (s, and s,) are related to the travel-time differences between the two station pairs
forming the triad (At;, and At,3) by:

Sx

AIIZ
A[23

Axp Ay,

3)

Axyz Ayx ]Sy
where Ax and Ay are the differences in the two geophones' east and north coordinates. We then solve the linear
system to obtain the horizontal slowness vector for each data component of each geophone triad in each time
window and convert it to a horizontal apparent-velocity vector (hereafter “propagation vector”), parametrized by
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Figure 9. Temporal variation of propagation directions at two neighboring geophone triads (a) A01-A03-A04 and (b) A01-A06-A04 (Figure 8). Left: Propagation
direction as a function of time and the associated uncertainties, estimated for the three components. Vertical stripes mark days and nights. Right: Rose diagram of the
propagation directions in (a), colored accordingly.

an apparent velocity and a propagation direction (Figure 9). We calculate the uncertainties of the apparent ve-
locities and propagation directions using the jackknife method. We finally obtain the time-averaged propagation
vectors for each data component of each triad by taking the mean of the vectors of all time windows weighted by
the reciprocals of the uncertainties. For each geophone triad, we show the time-averaged propagation vectors of
the data component with the most qualifying time windows (Figures 8 and 9).

3. Results
3.1. Harmonic Modes and Frequency Variations

A careful inspection of the geophone and hydrophone spectrograms reveals the ubiquitous presence of signals
with energy concentrated in narrow frequency bands. Many of these signals are transient, but here we focus on a
harmonic sequence (hereafter “harmonic tremor”) with a frequency spacing of ~12.75 Hz that persisted for the
entire 9-month hydrophone deployment (Figure 3 and Figure S2 in Supporting Information S1). The harmonic
signal is strongest in the geophone data, where it can be intermittently detected up to the 15th mode at ~191.3 Hz
(Figure 4), and the lowest two observed modes, Modes 2 and 3 at ~25.5 and ~38.3 Hz, respectively, are
continuously detected in both the 21-day geophone records and the 9-month hydrophone records (Figures 3 and 4,
and Figure S2 in Supporting Information S1). All modes are detected at the same frequencies by all instruments
(geophones and hydrophones) (Figure 3 and Figure S2 in Supporting Information S1), indicating that they are not
caused by wave-propagation effects, such as resonances in a near-surface low-velocity layer. We are unable to
detect the putative first (fundamental), fifth, and seventh modes in any of the records (Figure 7), similar to the
mode structure reported for harmonic tremors observed on the Mt Semeru Volcano in Indonesia (Schlindwein
et al., 1995).

The mode frequencies exhibit a subtle yet robust temporal variation that is synchronized across modes and
independently operating instruments (Figures 3 and 4, and Figure S2 in Supporting Information S1). The fre-
quency variation includes a regular diurnal oscillation of ~0.1% that is highly correlated with air temperature
(Figure 5) and a larger, more gradual variation of ~1% over the 9-month hydrophone deployment (Figure 3 and
Figure S2 in Supporting Information S1) that is not correlated with air temperature or other known environmental
parameters. The mode frequencies are distinct from those generated by standing waves in the borehole water
column (e.g., St-Onge & Eaton, 2011), which have a fundamental mode at ~1 Hz and are clearly observed in the
hydrophone data but not in the geophone data (Figure S3 in Supporting Information S1; Text in Supporting
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Information S1), indicating that the borehole resonances do not radiate significant energy into the surrounding
formation.

3.2. Mode Power and Quality Factors

Our analysis of the 21-day geophone data reveals that the signal power of Modes 3 and above is correlated, but the
power of Mode 2, the lowest mode observed, is decorrelated with all other modes (Figure 6a). This decorrelation
between mode power has also been reported for the harmonic tremors observed on the Mt Semeru Volcano
(Schlindwein et al., 1995). The power of Mode 2 is relatively constant (5 dB) and typically peaks during daytime
(Figure 6a), whereas the power of Mode 3 is more variable (£15 dB) and typically peaks during nighttime
(Figure 6b). In addition, the power of Modes 3 and above is elevated during the multi-day intervals of January
10-15, January 18-26, and January 29-February 1 (Figure 6b). No apparent correlation between the mode power
and environmental factors is observed. The quality factors measured for the Mode 2 signal from spectral peak
widths are unusually high, ranging between 1,000 and 4,000. Unlike the power of Mode 3 and above, the quality
factor of Mode 2 exhibits no systematic temporal variation.

3.3. Tremor Propagation Vectors and Source Location

The time-averaged propagation vectors exhibit spatial variablility, but overall, the propagation vectors for
Subarray B point north-northeast, whereas those for Subarray A point north (Figure 8). The apparent velocities for
Subarray A (<1,000 m s™") are lower than those for Subarray B (up to 3,500 m s~'; Figure 8), consistent with the
local near-surface structure (~20 m thick low-velocity alluvium layer surrounding Hole BA1A vs. basement
outcropping at Hole BA1B), indicating that the tremor signal consists of both fast body waves traveling in the
basement and slow surface waves traveling in the alluvium layer.

The spatial variability of the time-averaged propagation directions is unlikely to result from statistical errors but
rather reflects complexities in source radiation and wave propagation since the statistical uncertainties of indi-
vidual time windows (typically <10°) are much smaller than the differences between the time-averaged results for
different triads (Figures 8 and 9). Propagation directions estimated from different data components in a single
triad can vary (Figure 9), likely because the signal contains a mixture of different wave types (P, S, and surface
waves), which have different particle motions and can propagate in different directions due to source and path
effects. Intriguingly, the estimated propagation directions for some geophone triads show systematic diurnal
variations that are greater than the statistical uncertainties (Figure 9). This diurnal variation is more pronounced in
Subarray A than in Subarray B, consistent with a source located closer to Subarray A. This feature is similar to the
temporal variation of particle motions of the harmonic tremors observed on the Arenal Volcano in Costa Rica,
which was interpreted as resulting from a change in source depth (Benoit & McNutt, 1997; Hagerty et al., 2000).

Overall, our propagation vectors indicate that the tremor source is to the south, or within the southern edge, of the
seismic network. The observation of strong high-frequency modes (>150 Hz; Figure 7), whose power attenuates
quickly during propagation, suggests a local source. Near-field effects could also contribute to the spatial vari-
ability of the propagation vectors (e.g., non-planar wavefronts), particularly for Subarray A.

4. Discussion

The seismic and borehole-acoustic data from the MBO site contain a harmonic sequence of resonances that
persisted for the entire 9-month observation interval. The harmonic series has a frequency spacing of ~12.75 Hz
and continues up to the 15th mode at ~191.3 Hz, but lacks the first, fifth, and seventh modes. The resonance peaks
have unusually high quality factors (>1,000) and exhibit subtle yet robust frequency variation with time,
including a consistent diurnal variation of ~0.1%. This unique set of characteristics raises questions regarding the
source mechanism and whether it was generated by anthropogenic or natural sources.

4.1. Potential Anthropogenic Sources

The high quality factors of the resonant modes and the observation that the frequency spacing (12.75 Hz) is nearly
an integer fraction (1/4) of the AC frequency in Oman (50 Hz) are suggestive of an anthropogenic source. We can
rule out powerline noise (e.g., Xia & Miller, 2000) because all instruments were powered by DC, the nearest
powerline at the time of the observations was more than 3 km away, and the tremor signal propagates across the
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array at elastic wave speeds (Figure 8), indicating they are not generated by electromagnetic perturbations. We
can also rule out transportation equipment because it generates transient signals (typically seconds to minutes)
with rapidly changing frequencies (Li et al., 2018; Meng & Ben-Zion, 2018), inconsistent with the characteristics
of the MBO tremor.

The most probable anthropogenic source mechanism for the MBO tremor is a machine with components that
rotate at a near-constant rate. Large-scale power-generating facilities, such as wind turbines and hydroelectric
plants, can generate narrow-band seismic signals that can be detected by seismometers tens to hundreds of ki-
lometers away (Bokelmann & Baisch, 1999; Hjortenberg & Risbo, 1975; Marcillo & Carmichael, 2018; Marcillo
& MacCarthy, 2020), and the frequency of the signals can vary slightly over time due to fluctuations in the power
grid's load, which affects the rotation rates (Hjortenberg & Risbo, 1975). At a smaller scale, diesel-powered
generators and water pumps can generate harmonic signals detectable at shorter distances (e.g., ~100 m)
(Bilek et al., 2023).

The closest large-scale power-generating facility is the Al Kamil natural-gas power plant (285 MW), which is
~66 km southeast of the MBO site (https://aenert.com/countries/asia/energy-industry-in-oman/), and the nearest
possible location for a machine of any kind is a small (~500-by-200 m) farm ~3 km to the south (Figure 1).
Machines at both sites could in principle generate detectable ground motions at the MBO site, but the mode
structure is difficult to reconcile with the MBO observations. Power spectra from machines typically contain a
high-power peak at the fundamental frequency, followed by a harmonic sequence, whose powers decrease near-
monotonically with frequency (Figure S4 in Supporting Information S1). The overtones also experience higher
attenuation during propagation with increasing frequency, which, combined with their lower power, often makes
them difficult to identify at a distance. Studies of seismic signals from large-scale power-generating facilities
usually detected only the fundamental modes at <10 Hz (Bokelmann & Baisch, 1999; Hjortenberg &
Risbo, 1975), and in the case of the small generator-pump system described in Bilek et al. (2023), the power of the
overtone at ~185 Hz drops close to the noise floor at a distance of only ~100 m from the source (Figure S4 in
Supporting Information S1). In contrast, the MBO tremor contains strong overtones at frequencies >150 Hz,
which can be stronger than Mode 2 (Figure 7 and Figure S4 in Supporting Information S1). If we assume that the
tremor source is a machine located at the farm 3 km away and use a quality factor of 30, which was estimated for
fractured granite in the top 3-km depth (Abercrombie, 1997), to extrapolate the power of each mode to the source
location, Mode 12 will be ~80 dB stronger than Mode 2 (Figure S4 in Supporting Information S1). This mode
structure is inconsistent with that of documented signals generated by machines with rotating components.

Moreover, since the rotating components in machines generate harmonic seismic signals through repeating
processes, the powers of different modes are expected to vary coherently, which is inconsistent with the
decorrelation between the power of Mode 2 and other modes of the MBO tremor (Figure 6a). The observation that
the power of the modes higher than two is higher during nighttime than daytime (Figure 6) is also inconsistent
with power grid's load variation. Finally, a distant machine cannot generate signals with time-varying propagation
directions (Figure 9). Although we cannot rule out an anthropogenic source that produces a previously undoc-
umented type of seismic signal, the characteristics of the MBO tremor are inconsistent with signals from known
human activities.

4.2. Potential Natural Sources

The MBO tremor shares several key features (complex mode structure, decorrelated mode-power variations, and
apparent source movement) with volcanic harmonic tremors (Benoit & McNutt, 1997; Schlindwein et al., 1995),
suggesting that it may be generated by subsurface fluid flow. The flow-instability model is unlikely due to the
high flow speed required (on the order of 10-100 m s™') (Balmforth et al., 2005; Julian, 1994). The repeating-
event model is implausible because the repeating events would have to occur at a high rate of ~12 per second
and persist for nine months and is inconsistent with the observed decorrelation of Mode 2 power with the other
modes (Figure 6a). Ongoing serpentinization at the MBO site produces hydrogen- and methane-rich alkaline
fluids (Kelemen et al., 2021; Nothaft et al., 2021), with some of the hydrogen and methane migrating as free gas
through the pervasive fracture network in the formation, as evidenced by episodic gas bubble releases into
Borehole BA1B during the hydrophone deployment (Aiken et al., 2022). Continuous discharge of gas bubbles is
also observed in hyperalkaline springs in the Samail Ophiolite (Leong et al., 2023), which are likely supplied by
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Figure 10. Conceptual illustration of subsurface gas flow at the MBO site inferred from seismic and borehole-acoustic observations. Free gas migration, both
episodically and continuously, generates seismic and acoustic signals detected by borehole hydrophones and surface geophones. Objects are not to scale.

similarly continuous gas flow in the subsurface. The continuous flow of free gas bubbles through a water-filled
fracture near the MBO site is thus a plausible mechanism for the tremor (Figure 10).

The evenly spaced harmonic modes of the MBO tremor indicate that the waves forming the resonances are non-
dispersive acoustic waves. This observation is consistent with theoretical predictions that the high compressibility
of the gas-water mixture in the fracture will cause waves propagating along the fracture to approach the sound-
wave limit, where the propagation velocity equals the sound speed of the fluid mixture and is frequency-inde-
pendent (Lipovsky & Dunham, 2015). Although the precise shape of the fracture cannot be constrained with our
observations, the evenly spaced modes suggest that they are caused by resonances along a certain dimension of
the fracture, whose length scale can be estimated using the simple acoustic-resonance model described below.

Considering the acoustic resonance of a fracture filled with a water-gas mixture, its fundamental frequency f, is
determined by the fracture dimension, L, and the effective sound speed of the mixture, c g

Jo = cest/2L. )

The effective sound speed of the two-phase fluid in the fracture and the quality factor of its resonance are both
controlled by the volume fractions of the phases and the fluid pressure, which is closely related to source depth
(Figure 11; Text in Supporting Information S1). The plausible depth range for a fluid-filled fracture at the MBO
site extends approximately from the water table at ~15 m depth (Kelemen et al., 2021) to a depth of ~150 m,
where a steep reduction in formation permeability is observed (Katayama et al., 2020; Lods et al., 2020). For
source depths of 15 and 150 m, the observed quality factors and resonant frequencies yield gas volume fractions of
0.76-0.95 and 0.95-0.99 and fracture dimensions of 2—4 m and 9-23 m, respectively (Figure 11; Text in Sup-
porting Information S1). Fractures of such dimensions are likely present in the subsurface near the study site due
to its location in the Issmaiya Fault Zone (Callegari et al., 2022) and the likely role of fault zones in facilitating the
migration of hydrogen in the Samail Ophiolite (Pasquet et al., 2024). The resonance of the fracture is forced by the
acoustic signals generated by the continuous flow of the two-phase fluid through the fracture, whose spectrum
determines the observed mode structure (lack of a fundamental, large high-frequency amplitudes; Figure 7).
Temporal variations in the forcing spectrum could also explain the observed decorrelation between the power of
Mode 2 and other modes. Given the strong high-frequency signals of the tremor, the fracture is probably located
very close to the study site.

The correlation between the tremor frequency and air temperature (Figure 5) suggests that thermal effects
modulate the tremor frequency. Diurnal surface temperature perturbations at the study site do not penetrate to
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Figure 11. Inferring the source properties from the observed tremor frequencies and quality factors (a) Observed and modeled
quality factors of the tremor source as a function of hydrogen volume fraction and source depth. Orange and gray shaded
areas: quality-factor ranges containing 95% of the observations for Mode 2 and those beyond the resolution limit,
respectively. (b) Inferred fracture dimensions as a function of hydrogen volume fraction and source depth. A fundamental
frequency of 12 Hz is assumed. Orange shaded area: gas-volume-fraction range inferred from the quality factor range in (a).

depths greater than ~1 m, but the thermoelastic strain caused by uneven surface heating can extend much deeper
(Berger, 1975). We find that the thermolelastic strain caused by a diurnal surface temperature variation of 10 K
with horizontal wavelengths of 10°-10* m produces fractional pressure changes of 107> to 1072 within the
15-150 m depth range (Figure S5 in Supporting Information S1; Text in Supporting Information S1). These
pressure perturbations are sufficient to generate the observed ~0.1% fractional variations in tremor frequency by
altering the effective sound speed of the fluid mixture within the fracture and/or by modifying the fracture
dimensions.

4.3. Implications of the Source Mechanism

The resonating-fracture mechanism requires a sustained flow of free gas through a well-established path, which
has important implications for the hydrogen resource potential of ultramafic formations (Templeton et al., 2024)
and for the biological processes they host (Ellison et al., 2021; Rempfert et al., 2017). Dissolved gas concen-
trations measured in the fluids of Hole BA1A were below saturation levels at all depth intervals (Nothaft
etal., 2021), suggesting that free gas is not widespread in the formation. However, episodic bubble discharge into
Hole BA1B was observed during our experiment (Aiken et al., 2022), and continuous bubble streams are found in
hyperalkaline springs in the area (Leong et al., 2023), providing clear evidence that free gas exists and migrates in
the subsurface. These observations can be reconciled if the free gas migrating through the fracture network is out
of equilibrium with the liquid phase, perhaps due to kinetic inhibition (Figure 10). Intriguingly, a diurnal variation
in surface hydrogen flux has been reported on a “fairy circle” in Brazil (Moretti et al., 2021), similar to the diurnal
power variation of the MBO tremor (Figure 6), which could also be caused by a diurnal variation in gas flux
through the fracture.
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4.4. Summary and Outlook

We observe a harmonic tremor at the Muti-Borehole Observatory of the Oman Drilling Project, which persisted
for the entire 9-month observation interval. We find the most plausible source mechanism to be sustained sub-
surface gas migration through the fracture network near the site. Our results, combined with those from previous
studies, suggest that the migration of free gas produced by serpentinization in ultramafic formations may be
vigorous enough to generate detectable seismic and acoustic signals, motivating further seismic and borehole-
acoustic studies to investigate these processes.
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