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Abstract studies have found that earthquake timing often correlates with tides at mid-ocean ridges
and some terrestrial settings. Studies have also suggested that tidal triggering may preferentially happen
when a region is critically stressed, making it a potential tool to forecast earthquakes and volcanic eruptions.
We examine tidal triggering of ~100,000 microearthquakes near 9°50'N East Pacific Rise recorded between
October 2003 and January 2007, which encompasses an eruption in January 2006. This allows us to look

at how tidal triggering signal varies over an eruption cycle to examine its utility as a forecasting tool. We find
that tidal triggering signal is strong but does not vary systematically in the 2+ years leading up to the
eruption. However, tidal triggering signal disappears immediately posteruption. Our findings suggest

that tidal triggering variation may not be useful for forecasting mid-ocean ridge eruptions over a 2+ year
timescale but might be useful over a longer timescale.

1. Introduction

Studies on whether the periodic stress change of ~1 kPa produced by tidal forcing modulates global earth-
quake timing have produced conflicting results (e.g., Emter, 1997). Nevertheless, studies have found that earth-
quake timing correlates with tides for certain environments such as mid-ocean ridges (Bhatnagar et al., 2016;
Stroup et al., 2007; Tolstoy et al., 2002; Wilcock, 2001, 2009; Wilcock et al., 2016), shallow thrust faults (Cochran
et al., 2004; Tanaka et al., 2002a; Wilcock, 2009), and volcanic regions (McNutt & Beavan, 1984; Rydelek et al.,
1988). In subduction zones, studies have also suggested that tidal triggering of earthquakes appears in the
years preceding some large earthquakes and disappears after (Tanaka et al., 2002b, 2010, 2012, 2006). There-
fore, tidal triggering may happen preferentially when a region is critically stressed (Stroup et al., 2007; Tanaka
et al.,, 2002b, 2010, 2012, 2006; Wilcock et al., 2016), making it a potential tool to forecast earthquakes and
volcanic eruptions.

The East Pacific Rise (EPR) is a fast-spreading mid-ocean ridge (>9 cm yr~' at the full spreading rate). Near
9°50'N EPR, a seafloor spreading event in January 2006 ruptured at least 35 km of the ridge axis (Dziak et al.,
2009; Tan et al., 2016). The eruption was preceded by 2+ years of increasing seismicity rate (Tolstoy et al., 2006)
and was inferred to be largely controlled by the buildup of tectonic stress to a critical level instead of magma
overpressure in the underlying magma reservoirs (Tan et al., 2016). Looking at microearthquakes recorded
between October 2003 and April 2004, ~2 years before the eruption, Stroup et al. (2007) showed that micro-
earthquake timing at this site correlates with semidiurnal tides, occurring preferentially near times of peak vol-
umetric extensional stress. Subsequent detailed analyses showed systematic spatial variations in earthquake
tidal triggering (phase lag relative to times of peak volumetric extensional stress) that is consistent with pore
pressure perturbations generated by ocean tidal loading propagating through a hydrothermal system with
heterogeneous permeability structure (Crone et al., 2011; Stroup et al., 2009).

Looking at microearthquakes recorded between October 2003 and January 2007, Bhatnagar et al. (2016) sub-
sequently showed that microearthquake timing also correlates with fortnightly tides. While true fortnightly
tides have amplitudes of only about 10% that of semidiurnal tides (Agnew, 2007), fortnightly modulations of
diurnal and semidiurnal tides have amplitude ranges comparable to semidiurnal tides. Bhatnagar et al. (2016)
found that the microearthquakes occurred preferentially during times of increasing volumetric extensional
stress before the eruption, and during times of decreasing volumetric extensional stress after the eruption.
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Figure 1. (a—d) Locations of microearthquakes above M, for deployments 1-4. Station locations are shown as filled
black squares. Open black square shows station that only operated from May to July 2005 in deployment 3. Axial
summit trough is shown as a thin black line (Soule et al., 2007).

In this study, using ~100,000 microearthquakes recorded from 2+ years before to ~1 year after the eruption,
we look at how the microearthquakes’ response to semidiurnal tides changes over an eruption cycle at 9°50'N
EPR to examine its utility as a forecasting tool.

2. Microearthquakes

From October 2003 to January 2007, up to 12 ocean bottom seismometers (OBSs) were deployed and recov-
ered approximately annually in a 4 x 4 km region near 9°50'N EPR (Tolstoy et al., 2006) (Figure 1). The four
deployments were from October 2003 to April 2004, April 2004 to May 2005, May 2005 to April 2006, and April
2006 to January 2007. For deployment 3, because of multiple instrument losses and technical failures, there
were four stations operating from May to July 2005, two stations from July to October 2005, and three sta-
tions from October 2005 until the end of the deployment (Figure 1). When only two stations were operating,
no earthquakes were located.

~100,000 microearthquakes were located for all four deployments using a cross-correlation-based double-
difference method (Waldhauser & Ellsworth, 2000; Waldhauser & Tolstoy, 2011). Local magnitudes (M,) were
derived from peak displacement amplitude with attenuation and station correction terms applied. The mag-
nitude of completeness is M, —0.7 for deployment 1 and M, —1.0 for deployments 2-4. Approximately 33,000
events are above the magnitude of completeness (M,), with the largest event of M, 2.2.

The microearthquakes are inferred to be a result of hydrothermal cracking as well as fracturing from magmatic
and tectonic stresses (Tolstoy et al., 2008). Although previous studies in this region have found a range of
focal mechanism solutions (normal, thrust, and strike slip) (Sohn et al., 1999; Waldhauser & Tolstoy, 2011), we
believe the extension-dominated environment means that the earthquakes likely consist of predominantly
crack-opening and/or normal faulting events. The seismicity delineates an along-axis oriented hydrothermal
circulation cell and mostly concentrates above the axial magma chamber at 1.5 km depth (Tolstoy et al., 2008;
Waldhauser & Tolstoy, 2011). The seismicity rate increased in the 2+ years leading up to an eruption in January
2006 and decreased substantially posteruption (Tan et al., 2016; Tolstoy et al., 2006). Deployment 3 has signifi-
cantly fewer instruments because many were lost to the lava flow and unrelated instrument failure. Therefore,
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Figure 2. (a) Definition of tidal phase. The phase is 0° at peak tidal stress and ranges from —180° at the preceding
minimum to 180° at the subsequent minimum. (b-f) Frequency distributions of earthquake tidal phases for deployment 1,
deployment 2, deployment 3 before the eruption, deployment 3 after the eruption, and deployment 4. Only earthquakes
above M, are included. Horizontal black lines mark the expected frequency distribution if the earthquake times are
randomly distributed.

earthquakes located in deployment 3 are concentrated west of the ridge axis, reflecting an OBS array that
primarily covered the northwest flank of the study area (Figure 1).

3. Tidal Stress and Earthquake Tidal Phase

For the solid Earth tide, we estimate the horizontal strains using the SPOTL software (Agnew, 1997). We then
calculate the vertical strain from the horizontal strains using a plane stress condition assuming a Poisson’s
ratio of 0.25. For the ocean tide, we use the EOT11a ocean tidal model to obtain predicted tidal height for
the eight major short-period tidal constituents (K1, K2, M2, N2, O1, P1, Q1, and S2) (Savcenko & Bosch, 2012).
We calculate the vertical stress variations from ocean tidal loading directly from the tidal height, assuming a
constant water density of 1,025 kg/m?3. We then estimate the horizontal strains from ocean tidal loading using
the SPOTL software, which uses a mass-loading Green’s function for strain based on the Gutenberg-Bullen
Earth model (Agnew, 1997). Finally, we convert strain to stress using P and S wave velocities as well as density
of the top layer of the Gutenberg-Bullen Earth model (Alterman et al., 1961). Since the tidal wavelengths are
very long compared to the microearthquake depths of mostly <1.5 km, we assume the stresses modeled at
the seafloor are not significantly different from those in the earthquake source region.

The mode of failure of shallow microearthquakes (<1.5 km) in this region is predicted to be tensile or mixed
mode (Bohnenstiehl & Carbotte, 2001). Therefore, we focus on variations in volumetric stress, which have
estimated amplitudes of +2.5 kPa, with positive being extensional (Figure S1 in the supporting information).
Since our study area is close to an ocean tidal node, tidal stress variation is dominated by the solid Earth tide
(Figure S1). We then assign a tidal phase to each earthquake based on its origin time relative to the semidiurnal
tides. The phase is 0° at peak tidal stress and ranges from —180° at the preceding minimum to 180° at the
subsequent minimum (Figure 2a).

4, Results

For deployments 1-3 before the eruption, frequency distribution of earthquake tidal phases clearly shows
that microearthquake timing is modulated by semidiurnal tides (Figure 2). Microearthquakes occur preferen-
tially around times of peak tidal extensional stress (0° phase). We perform the Schuster test to test the null
hypothesis that the earthquake times are randomly distributed (Schuster, 1897). We obtain ps of <« 0.001
for deployments 1-3 before the eruption. We also perform the binomial test to estimate the probability p,
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Table 1

Tidal Cycle Statistics for All Deployments

Deployment Nenc Ngis Nt p value
1 262 81 343 < 0.001
2 509 178 687 < 0.001
3 (before eruption) 213 107 320 < 0.001
3 (after eruption) 57 47 104 0.378
4 178 142 320 0.050

Note. N is the number of tidal cycles with more earthquakes during times of
encouraging stress, —90 < 6 < 90. N is the number of tidal cycles with more
earthquakes during times of discouraging stress, 6 > 90 and 6 <—90. Ny is the
sum of Ng,c and Ng;s. Only earthquakes above M, are included.

of observing different numbers of earthquakes during times of encouraging stress, —90 <0 <90, compared
to during times of discouraging stress, #>90 and 6 < —90, if the earthquake times are randomly distributed.
We obtain p, of <« 0.001 for deployments 1-3 before the eruption. Therefore, both the Schuster and bino-
mial tests support our inference that microearthquake timing is modulated by semidiurnal tides before the
eruption. This is further supported by examining the frequency of earthquakes as a function of tidal stress
amplitude, which shows that for deployments 1-3 before the eruption, earthquake frequency increases
systematically with increasing tidal stress (Figure S2).

For deployment 3 after the eruption, we obtain a p, of 0.116 and a p, of 0.580 (Figure 2e). Therefore, we can-
not reject the null hypothesis that the earthquake times are randomly distributed. However, this change in
p value might be a result of change in sample size since we have significantly fewer earthquakes after the
eruption. We randomly draw 264 events (with replacement) from deployment 3 before the eruption and cal-
culate p, and p,,. This is repeated 1,000 times. We obtain a p, and a p, that are smaller than those obtained for
deployment 3 after the eruption 96% and 99% of the time. Therefore, this is consistent with the tidal trigger-
ing signal disappearing immediately after the eruption. This is further supported by the earthquake frequency
not increasing systematically with increasing tidal stress (Figure S2d).

For deployment 4, we obtain a p, of 0.028 and a p,, of 0.007 (Figure 2f). Frequency distribution of earthquake
tidal phases also shows that microearthquakes occur preferentially around times of peak tidal extensional
stress (Figure 2f). The earthquake frequency also increases weakly with increasing tidal stress (Figure S2e).
These are consistent with tidal triggering signal reappearing within a year after the eruption. However, when
we randomly draw 264 events (with replacement) from deployment 4, calculate p, and p,, and repeat this
1,000 times, we obtain a p, and a p,, that are smaller than those obtained for deployment 3 after the eruption
only 38% and 85% of the time. Therefore, the reappearance of tidal triggering signal in deployment 4 is not a
robust feature.

Earthquakes at mid-ocean ridges are dominated by swarm activities. Therefore, our data set is not amenable
to conventional mainshock-aftershock declustering methods. To address the potential effect of swarms on the
overall statistics, we look at each semidiurnal tidal cycle and compare the number of earthquakes occurring
during times of encouraging stress and discouraging stress. For the null hypothesis that the earthquake times
are randomly distributed relative to the semidiurnal tides, this reduces each tidal cycle to the equivalent of
one coin flip regardless of the number of earthquakes during the tidal cycle.

For each deployment, we calculate N,,., the number of tidal cycles with more earthquakes during times of
encouraging stress, and N, the number of tidal cycles with more earthquakes during times of discouraging
stress. We exclude tidal cycles where there are equal number of earthquakes during times of encouraging
stress and discouraging stress (~9% of cycles). We then perform the binomial test to estimate the probability
of observing the given N,,./N; where N; = N, + Ny, if the earthquake times are randomly distributed.
We obtain p values of <« 0.001 for deployments 1-3 before the eruption. This is again consistent with our
inference that microearthquake timing is modulated by semidiurnal tides before the eruption.

For deployment 3 after the eruption, we obtain a p value of 0.378 (Table 1). Since the change in p value
might be a result of change in sample size, we perform a two-sample z test to evaluate the probability that
Ngnc /N7 =213/320 (deployment 3 before the eruption) and N,,,. /Ny =57/104 (deployment 3 after the eruption)
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Figure 3. Temporal variation of N, /N7 (open circles) and P, (filled squares). Moving windows of 150 semidiurnal
tidal cycles, represented by horizontal bars, shifted by 75 tidal cycles. Vertical bars represent 1¢ limits estimated based
on 1,000 bootstrap samples of the population. Vertical dashed lines mark deployment changes. Gray bar marks the
eruption period (Tan et al., 2016). (a) Full catalog. (b) Only earthquakes above M,.

come from the same population. This yields a z score of 2.2 with a one-tailed probability of 0.015. Therefore,
this is consistent with tidal triggering signal disappearing immediately after the eruption. For deployment 4,
we obtain a p value of 0.050 (Table 1). Therefore, we cannot reject the null hypothesis that the earthquake
times are randomly distributed.

Finally, we examine how the microearthquakes’ response to semidiurnal tides varies with time. For each
semidiurnal tidal cycle, we calculate the percentage of excess events (P,,) (Cochran et al., 2004):
_ 0
=22 %100, (1)
nr

P

ex

where n,, is the number of earthquakes during times of encouraging stress, —~90<6<90, and ny is the total
number of earthquakes. We then compute the median P,, as well as N,,./N; for moving windows of
150 semidiurnal tidal cycles with 50% overlap (Figure 3). N,,./N; should be ~0.5 if the earthquake times
are randomly distributed. We use time windows of 150 semidiurnal tidal cycles to minimize the effect of
microearthquake timing being modulated by fortnightly tides (Bhatnagar et al., 2016). However, we get sim-
ilar results when using a smaller time window of 100 semidiurnal tidal cycles, but with larger fluctuations
(Figure S3). We examine both the full catalog and the catalog of only earthquakes above M, to evaluate the
temporal variation of P, and N,,,. /N;.

When using the full catalog, N,,,. /N is ~0.8 for both deployments 1 and 2 (Figures 3a and S3a). While N,,. /Ny
falls to ~0.7 for deployment 3 before the eruption, we think this is likely an effect of changes in earthquake
spatial distribution between deployments due to changes in station coverage (Figure 1). Compared to deploy-
ments 1and 2, earthquakes located in deployment 3 are concentrated farther west of the ridge axis (Figure 1).
However, in deployment 3, N,,./N; falls to ~0.6 after the eruption (Figures 3a and S3a). N,,./N; remains
low initially at ~0.6 in deployment 4 but increases toward the end of the deployment. N,,./N; toward the
end of deployment 4 is comparable to that of deployment 3 before the eruption, but smaller than that of
deployments 1 and 2 (Figures 3a and S3a). The temporal variation of N, /N is relatively similar when we only
examine earthquakes above M, but with larger short-term fluctuations (Figures 3b and S3b).

When using the full catalog, P, decreases with time in both deployments 1 and 2 (Figures 3a and S3a). This
could reflect weakening of tidal triggering leading up to the eruption due to changes in the dominant forces
driving the microearthquakes (magmatic versus tectonic) (Bhatnagar et al., 2016). However, this is not a robust
feature because we do not observe the same trend when we only examine earthquakes above M, (Figures 3b
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and S3b). Instead, P, shows short-term fluctuations which could be due to smaller sample size or temporal
changes in earthquake spatial distribution. Regardless, in deployment 3, P, decreases immediately after the
eruption (Figures 3 and S3). P, remains low initially in deployment 4 but increases toward the end of the
deployment. P, toward the end of deployment 4 is comparable to that of deployment 3 before the eruption,
but smaller than that of deployments 1 and 2. The error bars are also larger due to the lower seismicity rate
(Figures 3 and S3). The N,,./N; plot is generally flatter than the P,, plot because while N,,,./N; is expected to
correlate with P, this relationship levels off at high P, (Figure S4).

ex’

5. Discussion and Conclusions

When examining temporal variation in tidal triggering signal, it is important to consider changes in earth-
quake spatial distribution. This is because, at least in our study area, susceptibility to tidal triggering as quan-
tified by P, varies spatially (Figure S5). P,, is larger around 9.82°N, an inferred hydrothermal downflow zone,
and smaller around 9.84°N, an inferred hydrothermal upflow zone (Tolstoy et al., 2008). Therefore, especially
for deployments 1 and 2 where the differences in array configuration result in an earthquake distribution
across areas with very different susceptibility to tidal triggering (Figure S5), temporal variation in P, may be
due to changes in earthquake spatial distribution.

Our analysis suggests that before the eruption near 9°50'N EPR in January 2006 (Tan et al., 2016; Tolstoy
et al., 2006), the microearthquake timing is strongly correlated with the semidiurnal tides. This is consis-
tent with previous studies that found tidal triggering of earthquakes at mid-ocean ridges (Bhatnagar et al.,
2016; Stroup et al., 2007; Tolstoy et al., 2002; Wilcock, 2001, 2009; Wilcock et al., 2016). The susceptibility of
microearthquakes at mid-ocean ridges to tidal triggering may be explained in a few ways. First, the stressing
rate due to hydrothermal, magmatic, and tectonic processes may be relatively high, which would lead to a
shorter earthquake nucleation time (Dieterich, 1994). A short nucleation time relative to the period of tidal
stress variation would result in a system that is more susceptible to tidal triggering (Beeler & Lockner, 2003).
However, the occurrence of peak seismicity rate during peak semidiurnal tidal stress suggests that the earth-
quake nucleation times exceed the semidiurnal tidal period and a nucleation-dominated response instead
of a simple threshold failure is expected. In the nucleation-dominated response mode, the response of faults
to high-frequency stress change is damped (Beeler & Lockner, 2003). Alternatively, structural heterogeneities
at mid-ocean ridges may result in amplification of tidal stresses, such as adjacent to melt lenses, that are
significantly greater than the tidal stresses in a homogeneous elastic medium (Dieterich, 1987). Finally, the
microearthquakes might be occurring on very weak faults due to the presence of hydrothermal precipitates.

We also observe that the tidal triggering signal disappears immediately posteruption. This is consistent with
observations at Axial Seamount where the strong tidal triggering signal in the 4 months leading up to its 2015
eruption weakened after the eruption (Wilcock et al., 2016). The disappearance of the tidal triggering signal
immediately posteruption may be explained in a few ways. First, the eruption would have relieved a portion
of the accumulated magmatic and tectonic stresses. Therefore, the fault population on average would be far-
ther away from their failure threshold. Alternatively, the relative compression adjacent to the dike might have
closed cracks in the surrounding regions, preventing water from flowing as quickly through the hydrothermal
circulation cell. This would reduce the stressing rate, which would lead to a longer earthquake nucleation time
and weaker susceptibility to tidal triggering (Beeler & Lockner, 2003). However, in the nucleation-dominated
response mode, it is unclear from laboratory experiments if the susceptibility to tidal triggering is sensitive to
the relative period of earthquake nucleation time and stress oscillation (Beeler & Lockner, 2003).

Finally, we do not observe systematic variation of the tidal triggering signal in the 2+ years leading up to
the eruption. This suggests that temporal changes in tidal triggering may not be a useful short-term tool to
forecast mid-ocean ridge eruptions. This is supported by Tolstoy et al. (2002) observing strong tidal triggering
of earthquakes at Axial Seamount in the summer of 1994, 4 years before it erupted in 1998 (Dziak & Fox,
1999). We also observe that the tidal triggering signal might have reappeared within a year after the eruption.
However, due to changes in station coverage between deployments, low seismicity rate after the eruption,
and the end of our experiment within a year after the eruption, the duration of recovery to full strength tidal
triggering after the eruption is not well constrained by our data. Therefore, it is possible that this recovery takes
some years and may thus provide some indication of how far along the eruption cycle the site is. This should
hopefully be answered in the near future with data from the Axial Seamount cabled observatory where there
is long-term seismic monitoring of an active volcano on a mid-ocean ridge.
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1. Figure S1
Volumetric stress from solid Earth tide (red), ocean tidal loading (blue), and the com-

bined effect of solid Earth and ocean tide (black).
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2. Figure S2
(a-e) The normalized frequency of earthquakes (number per hour divided by the max-
imum number per hour) as a function of tidal volumetric stress in 0.5 kPa bins for
deployment 1, deployment 2, deployment 3 before the eruption, deployment 3 after
the eruption, and deployment 4 respectively. Dashed lines show the mean normalized

frequency of earthquakes. Only earthquakes above M, are included.
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3. Figure S3
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Temporal variation of N,,./Nr (open circles) and P, (filled squares). Moving win-

dows of 100 semidiurnal tidal cycles, represented by horizontal bars, shifted by 50

tidal cycles. Vertical bars represent 1o limits estimated based on 1,000 bootstrap

samples of the population. Vertical dashed lines mark deployment changes. Gray bar

marks the eruption period [7an et al., 2016]. (a) Full catalog. (b) Only earthquakes

above M,.
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4. Figure S4



Relationship between N,,./Nr and P, when events are independent and randomly
distributed in time. For each synthetic run, we generate a catalog of 1,000 events ran-
domly distributed over 100 tidal cycles, with a prescribed P, over the whole time
period. We then calculate the N,,./Nr. We do this for a range of prescribed P,,. The
plots shows that N,,./Nr and P,, are generally correlated, but N,,./Nr levels off at

high P,,. Grey bar marks the range of P, observed in our study (Figure 3 and S3).
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5. Figure S5
Along-axis 2D spatial variation of (a-d) earthquake distribution for deployment 1 to 4
and (e-h) P, for deployment 1 to 4. Only earthquakes above M. were included. For

P, only grids with at least 10 events are included.
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