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[1] Unequivocal evidence of tidal triggering is observed
for microearthquakes (�0.4 to 2.0 ML) recorded between
October 2003 to April 2004 near 9�500N on the East Pacific
Rise (EPR). Although semidiurnal tidal stress changes are
small (<2 kPa), seismicity exhibits a significant (>99.9%)
nonrandom temporal distribution, with events occurring
preferentially near times of peak extension. Due to the
proximity of this site to an ocean tidal node, where changes
in sea surface height are minimal, periodic stress changes
are dominated by the solid Earth tide. In contrast, previous
studies on the Juan de Fuca Ridge have shown
microearthquake triggering to be a response to seafloor
unloading during times of low ocean tide. The modulation
of 9�500N microearthquakes by small-amplitude periodic
stresses is consistent with earthquake nucleation within a
high stressing rate environment that is maintained near a
critical state of failure by on-axis magmatic and
hydrothermal processes. Citation: Stroup, D. F., D. R.

Bohnenstiehl, M. Tolstoy, F. Waldhauser, and R. T. Weekly

(2007), Pulse of the seafloor: Tidal triggering of microearthquakes

at 9�500N East Pacific Rise, Geophys. Res. Lett., 34, L15301,

doi:10.1029/2007GL030088.

1. Introduction

[2] The role of periodic tidal stress variations in trigger-
ing seismicity has long been proposed [Schuster, 1897].
Studies focused on the origin times of global tectonic
earthquakes, however, have often yielded conflicting results
or shown little correlation [e.g., Ambeh and Fairhead, 1991;
Rydelek et al., 1992; Johnston and Mauk, 1972], though
somewhat stronger correlations have been reported in vol-
canic regions [e.g., Mauk and Johnston, 1973; Rydelek et
al., 1988; McNutt and Beavan, 1981].
[3] Early tidal studies were in part hindered by an

inability to properly model the effect of ocean tidal loading
(OTL), which may produce stress changes of greater am-
plitude (�104 Pa) than the solid Earth tide (�103 Pa) in
some oceanic and coastal regions. Satellite altimetry now
provides accurate information on the phase and amplitude
of ocean tides throughout much of the global ocean [e.g.,
Takanezawa et al., 2001]. Recent investigations have ap-
plied this improved knowledge to show that when tidal
stresses are at their largest amplitudes and act in a direction
favoring Coulomb failure, the origin times of moderate to

large earthquakes may be influenced [Tanaka et al., 2002;
Cochran et al., 2004]. Nonetheless, this effect is not
universal and may vary temporally and spatially within a
given region, presumably reflecting changes in the back-
ground state of stress within the lithosphere [Tanaka, 2006a,
2006b].
[4] In the mid-ocean ridge setting, tidal processes are

known to influence hydrothermal systems [e.g., Schultz and
Elderfield, 1997]. Tidally induced pore-pressure may induce
changes in hydrothermal fluid flow rates [Glasby and
Kasahara, 2001; Jupp and Schultz, 2004; Crone and
Wilcock, 2005] and modulate fluid exit temperatures
[Schultz and Elderfield, 1997]. The hydrothermal and
magmatic processes that support deep-sea vent systems also
generate ubiquitous microearthquake activity. Studies on the
Endeavor Segment [Wilcock, 2001] and near Axial Volcano
[Tolstoy et al., 2002] on the intermediate-spreading Juan de
Fuca Ridge (�60 mm/yr) have previously shown a corre-
lation between the occurrence times of on-axis microearth-
quakes and tidal phase, with seismic events occurring
preferentially at times of low ocean tide, when the height
of the sea surface is at a minimum.
[5] This study presents the first tidal triggering analysis

ofmicroearthquakes at a fast-spreading center (�110mm/yr),
within a region where ocean tidal amplitudes are small
relative to the Juan de Fuca Ridge and the local geology
may create distinct thermal and mechanical conditions within
the upper crust. Microearthquake data are obtained from
ocean bottom seismic (OBS) sensors deployed in the vicinity
of 9�500N EPR between October 2003–April 2004. This
deployment represents one of the longest continuous studies
of ocean-bottom microearthquakes conducted in the mid-
ocean ridge setting. Additionally, this site has been the focus
of much interdisciplinary research since the immediate after-
math of an eruption was discovered in 1991 [Haymon et al.,
1991]. Following a build-up in seismic event rate during a
2.5+ year period, the area erupted again in January 2006,
repaving much of the ridge crest [Tolstoy et al., 2006a]. At
the time of this study, the area hosted an array of high
temperature vent sites, with circulation driven by the
presence of a thin magma lens at a depth of �1.4 km
beneath the seafloor [Kent et al., 1993].

2. Microearthquakes at 9�500N
[6] Ocean-bottom data from six short-period vertical-

channel seismometers and one hydrophone were recovered
from a small-aperture array deployed in the vicinity of the
9�500N vent field (Figure 1). Analyst-reviewed phase data
from the 202-day deployment were used to locate earth-
quakes with the Hypoinverse algorithm [Klein, 2002]. The
hypoDD double-difference procedure [Waldhauser and
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Ellsworth, 2000] was then employed to produce a catalog of
�9000 relocated events within or near the OBS array
(hypocentral data can be found at www.marine-geo.org).
Local magnitude (ML) estimates were derived from the
measurement of peak displacement amplitude, with empir-
ical distance and station magnitude corrections applied.
[7] This study examines the origin times of the 3,425

earthquakes with magnitudes greater than the completeness
level of ML �0.4. The majority of events are tightly
clustered within �1 km of the axis, with additional activity
to the northeast of the array (Figure 1). At depth, these
microearthquakes are concentrated in a zone �0.9–1.4 km
below the seafloor [Tolstoy et al., 2006b], where the
background stress field is controlled by hydrothermal cool-
ing-induced contraction [Sohn et al., 1999, 2004] and the
inflation (or deflation) of the axial magma lens.

3. Earth and Ocean Tides

[8] Modeled ocean tidal data were obtained using the
NAO99.b model [Matsumoto et al., 2000]. The NAO99.b
model calculates pure ocean tide with respect to the ocean
floor based on five years of TOPEX/POSEIDON altimetry
data and the long-period ocean tide map of Takanezawa et
al. [2001]. The model represents 16 major short-period tidal
constituents and has a spatial resolution of 0.5� � 0.5�.
Ocean tides at this location (9�500N, 104�170W) range
between �0.4 to 0.2 m (Figure 2a).
[9] Strains induced by OTL and Earth tides were esti-

mated using the GOTIC2 model, which utilizes the mass-
loading Green’s function for strain and is based on the
1066A Earth model [Matsumoto et al., 2001]. Short-period
tidal constituents from NAO99.b and five long-period
constituents based on loading tides are incorporated. Within
the shallow depth extent of microearthquake activity
(<1.4 km), the mode of failure is predicted to be tensile or
mixed-mode [e.g., Bohnenstiehl and Carbotte, 2001].
Therefore, this study focuses on the variations in volumetric
stress (sv), which is estimated from the GOTIC2-derived
volumetric strain, assuming a crust with Vp = 6.5 km/s, Vs =
3.5 km/s, r = 2800 kg/m3. The modeled amplitude of sv
ranges between ±1.0 kPa for OTL and ±2.5 kPa for Earth
tide (Figure 2a).

4. Tidal Correlations

[10] A visual assessment of the occurrence of micro-
earthquakes relative to the combined stress resulting from
OTL and Earth tides suggests that microearthquakes are
occurring preferentially at or near times of peak volumetric
extension (Figure 2b). The periodic stress changes associ-
ated with OTL and Earth tide are dominantly out of phase
(Figure 2a), with troughs in OTL (compression) exhibiting a
small average lag relative to peaks in Earth tide stress
(extension). The combined stress field therefore typically
reaches maximum extension �1 hour after the time of peak
ocean tidal height, with larger amplitude Earth tide stresses
counteracting the ocean loading effect.
[11] To further quantify these observations, the tidal

phase of earthquake origin times is calculated with respect
to sea surface height, OTL, Earth tide stress, and the
combined effects of both OTL and Earth tide stress. Tidal
series peaks (i.e. high tide for sea surface height and peak
extension for all volumetric stresses) are assigned a 0�
phase, and the subsequent and preceding troughs (i.e. low
tide for sea surface height and peak compression for all
volumetric stresses) are assigned a phase of ±180�
(Figure 3a). Relative to the various tidal datasets, micro-
earthquake origin times display mean phase angles (q) of
38.3� (sea surface height), �131.9� (OTL sv), 5.7� (Earth
tide sv), and �1� (combined OTL and Earth tide sv)
(Figure 3b and Table S11). Similarly, phase angles for the
combined OTL and Earth tide sv exhibit the minimum
variance, with larger mean resultant vector lengths (R) and
von Mises concentration parameters (K), which indicate
how closely the phasors cluster around q [Jones, 2006]

Figure 1. Bathymetric map of the East Pacific Rise
showing relocated epicenters (red dots) of the 3,425 largest
earthquakes studied along with the locations of the
seismometers (black diamonds) and hydrophone sensor
(yellow diamond) deployed during October 2003–April
2004.

1Auxiliary material data sets are available at ftp://ftp.agu.org/apend/gl/
2007gl030088. Other auxiliary material files are in the HTML.
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(Table S1). Earthquake events, therefore, correlate most
closely with times of peak (0� phase) extension. The phase
angles, however, are not perfectly symmetric, with 1,793
out of 3,425 earthquakes occurring during times of increas-
ing (�180� < q < 0�), rather than decreasing (0� < q < 180�),
volumetric stress. A simple binomial test shows that the
probability of obtaining this result by chance is <4% (see
discussion in Text S1).
[12] The Schuster test [Schuster, 1897; Emter, 1997]

quantifies the probability that a given set of phase angles,

relating earthquake origin times to a specific temporal
periodicity (the tidal series in this case), are randomly
distributed about the unit circle. The probability p that the
earthquake phase distribution is random is given by:

p ¼ exp
�R2

N

� �
; ð1Þ

where R is the sum of the unit phasors representing the
direction of each phase angle and N is the total number of

Figure 2. (a) Sea surface height (in black) shown with Earth tide stress (in red) and ocean tidal loading (OTL) (in blue)
during a sixteen-day period from December 15–31, 2003 (Julian days 350–365). Earth tide stresses are larger in amplitude
and typically out of phase relative to OTL. (b) Thirty-one day earthquake histogram (blue bars) from December 14, 2003 to
January 14, 2004 (Julian days 349-14) in 2 hour bins with the combined OTL and Earth tide stress (solid curve) and
corresponding microearthquakes (red dots) superimposed. Positive values of stress indicate extension.

Figure 3. (a) Definition of a phase angle. The peak of tidal stress is assigned a phase angle of 0�, and the surrounding tidal
troughs are assigned a phase angle of ±180�. For example, an earthquake (red dot) occurring directly between a peak and a
trough is assigned a phase angle of 90�. After Tanaka et al. [2002]. (b) Rose diagrams illustrating the phase distribution of
microearthquakes relative to sea surface height, and the volumetric stress (sv) associated with ocean tidal loading (OTL),
Earth tide, and the combined OTL and Earth tide. (c) The frequency of earthquakes (hr�1) as a function of the combined
OTL and Earth tide sv in 0.23 kPa bins. The plot shows the full dataset of earthquakes (blue crosses) and declustered
earthquakes (red triangles). Dashed line shows the mean earthquake frequency within the full dataset at times of
compression.
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microearthquake events (N = 3,425). A p-value � 0.05
(95% confidence) is generally considered as the threshold of
statistical significance. In this study, the values of p are
found to be on the order of �10�10 (Table S1), indicating
that earthquake origin times clearly occur at non-random
times with respect to tidal phase; that is, earthquakes are
unequivocally correlated with a particular tidal phase.
[13] The presence of one or more large earthquake

sequences of short duration may lead to statistical bias
when calculating the Schuster test because many micro-
earthquakes will occur at approximately the same tidal
phase. To account for this, we use a single-link cluster
algorithm with a combined space-time metric to identify and
remove the dominant earthquake sequences (aftershocks
and swarms) from the dataset [e.g., Davis and Frohlich,
1991; Bohnenstiehl et al., 2002]. The p-value is then
recalculated for the declustered population (Table S1). A
range of parameter values were tested in applying this
procedure, all of which produced similar results. The
declustering presented here gives equal weight to a 1 km
spatial separation and a 0.2 day temporal separation, and
defines sequences using a threshold link value equal to the
median link-length within the catalog. The largest fifteen
earthquake sequences were removed from the data, consist-
ing of 528 earthquakes in total or �15% of the catalog. The
population remains significantly (>99.9%) nonrandom
(Table S1).
[14] Examination of the frequency of earthquakes (hr�1)

compared to the combined OTL and Earth sv amplitude
(Figure 3c) indicates that the rate of earthquake activity at
times of compression displays a mean frequency of
0.4 event/hr, but as the amplitude of extensional stress
increases, the microearthquake frequency increases to a
maximum rate of �2 event/hr (�5 times the background
frequency) for stress amplitudes >2 kPa. The shape of this
frequency histogram is consistent with that reported by
Wilcock [2001]; however, even at the largest extensional
stress observed on the Juan de Fuca Ridge (>20 kPa), the
rate of earthquake activity was only increased by a factor of
�2 relative to the background frequency.
[15] To further test the significance of these results, the

percentage of excess events (Nex) at times of encouraging
stress is calculated in each tidal cycle [Cochran et al.,
2004]:

Nex ¼
Nenc �

Nt

2
Nt

� 100; ð2Þ

where Nenc is the number of events with �90� < q < 90� and
Nt is the total number of earthquakes. If earthquakes occur
randomly, the number of events at times when the stress
field encourages failure (�90� < q < 90�) should equal the
number of events during the other half of the tidal cycle. In
Figure S1, the parameter Nex is plotted as a function of the
peak-to-peak amplitude of the tidal stress, with vertical error
bars representing the standard error within each bin. The
data show a positive correlation between peak-to-peak tidal
stress and the percentage of excess events occurring during
times of encouraging stress. The significance of these
observations can be evaluated against a binomial model. For
each stress bin, the binomial cumulative distribution

function is used to estimate the confidence limits for the
observed Nex and Nenc values (results are summarized in
Table S2). For tidal cycles with peak-to-peak stress
amplitudes >0.7 kPa, the observed number of excess events
occurring during times of encouraging stress is >99.99%
significant relative to the binomial model.

5. Discussion and Conclusions

[16] The triggering of microearthquakes beneath the
9�500N vent field occurs during times of peak extension.
This observation is consistent with shorter-duration OBS
studies on the Juan de Fuca Ridge [Wilcock, 2001; Tolstoy et
al., 2002]. At these northeast Pacific spreading centers,
however, stress changes are strongly modulated by OTL,
with periods of maximum extension occurring near times of
low ocean tide when the seafloor was unloaded. Earth-
quakes at 9�500N EPR more closely track Earth tide induced
stress changes, which are out of phase with OTL and exhibit
amplitudes that are �2.5 times larger than OTL. The
variable contribution of OTL and Earth tide between these
distant sites reflects an order of magnitude difference in the
amplitude of the ocean tidal signals, with maximum sea
surface heights of �0.2 m on the EPR versus �2 m on the
Juan de Fuca Ridge. In his detailed 1976 investigation of
swarms, Klein [1976] suggested that the spatially variable
magnitude of OTL would lead to these types of site-specific
behaviors. At that time, however, little was known about the
phase and amplitude of tides in the deep ocean and the
process could not be accurately modeled.
[17] The amplitude of tidal stress changes is much

smaller than the tensile strength of basalt (�2 MPa) and
is therefore not the underlying process causing cracking and
seismicity within the region. Rather, the removal of heat and
subsequent thermal contraction, combined with the concen-
tration of stress in the vicinity of the axial magma chamber
(AMC), as well as the tectonic stresses associated with plate
spreading, create a critically-stressed upper crust that is
susceptible to tidal influence. These processes control the
background rate of seismicity, with tidal stress changes
modulating the timing of earthquakes.
[18] The experimental results of Beeler and Lockner

[2003] suggest that seismicity should correlate with the
amplitude and frequency of periodic stress changes, if their
period exceeds the duration of earthquake nucleation. Given
that the nucleation time is proportional to the ratio of normal
stress to stressing rate, it is estimated to be on the order of a
year or more in most tectonic environments [Beeler and
Lockner, 2003]. Consequently, only a weak correlation with
semidiurnal tidal stressing is predicted under these condi-
tions. At 9�500N EPR, however, hydrothermal cooling and
magmatic inflation may elevate the background stressing
rate within the shallow lid above the AMC by 2–4 orders of
magnitude [Sohn et al., 1999, 2004]. The elevated back-
ground stressing rate will result in a proportional reduction
of earthquake nucleation time and will generate an envi-
ronment more prone to tidal triggering.
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