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[1] We present automatically determined epicenters and magnitudes for 36,523 earthquakes recorded along
the Endeavour segment between August 2003 and October 2006 using a local ocean-bottom seismometer
(OBS) network. The catalog is dominated by two swarm sequences in January and February 2005 in the
vicinity of the Endeavour overlapping spreading center, which included earthquakes in West Valley, the
northern portion of the Endeavour segment, southwest Endeavour Valley, and the Endeavour vent fields.
These swarms are attributed to volcanism including a dike intrusion on the northern Endeavour in February
2005 and smaller diking events on the propagating tip of the West Valley segment in both swarms. The dike
on the northern Endeavour propagated to the south, which is inconsistent with magma sourced from the ax-
ial magma chamber beneath the elevated central portion of the segment. Following the swarms, seismic ac-
tivity on the Endeavour segment decreased on average to ~15% of pre-swarm values and almost ceased at
the segment ends. We infer that a 6 year non-eruptive event that started with a swarm in 1999 and finished
with the 2005 swarms ruptured the entire segment and relieved plate-spreading stresses. The inferred cou-
pling between the 1999 and 2005 events, the observation of extensive precursory activity prior to the 2005
swarms, and the interaction between seismically active regions during the swarms is consistent with static
triggering with delays influenced by viscoelastic relaxation, hydraulic diffusion, and magma withdrawal
and replenishment.
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1. Introduction

[2] Earthquakes occurring along mid-ocean ridges
result from the release of stress within the brittle
portion of oceanic lithosphere. Plate-spreading pro-
cesses that contribute to stress accumulation in-
clude extensional tectonics [Barclay et al., 2001;
deMartin et al., 2007; Toomey et al., 1988; Wolfe
et al., 1995], magmatic activity [Dziak and Fox,
1999a; 1999b; Dziak et al., 2004; Sohn et al.,
1998a; Wilcock et al., 2009], and hydrothermal cir-
culation [Sohn et al., 1998b; Tolstoy et al., 2008;
Tolstoy et al., 2006; Wilcock et al., 2002]. The rel-
ative contributions of each process to the local
stress field is determined by spreading rate [Tolstoy,
2008b], and each of these processes produce dis-
tinct patterns of seismicity.

[3] Along slow-spreading-rate ridges (1–4 cm/yr
full rate) [Macdonald, 2001], such as the Mid-
Atlantic Ridge (MAR), the rate of spreading is
believed to be insufficient to sustain a steady state
axial magma chamber (AMC) [Phipps Morgan
and Chen, 1993; Sinton and Detrick, 1992]. Stress
accumulation and axial valley morphology are
influenced by alternating episodes of volcanism
and tectonic extension [Karson et al., 1987; Smith
and Cann, 1992, 1993]. Earthquakes observed on
the MAR have magnitudes up to about Mw = 5,
extend up to 8 km deep beneath the axial valley
and adjacent rift mountains, and have focal mecha-
nisms consistent with normal faulting [Barclay
et al., 2001; deMartin et al., 2007; Huang et al.,
1986; Toomey et al., 1985; Wolfe et al., 1995].
Large magnitude events tend to be followed by
aftershock sequences that show a modified Omori
law decay pattern and yield b-values of ~1.0
[Bohnenstiehl et al., 2002].

[4] At fast- (>9 cm/yr full rate) and intermediate-
(4–9 cm/yr full rate) spreading-rate ridges, exten-
sion is primarily accommodated via episodic diking
events driven by a steady state crustal AMC

[Delaney et al., 1998; Sinton and Detrick, 1992].
The earthquakes are smaller because the litho-
sphere is thin and a large proportion of fault slip
occurs aseismically [Cowie et al., 1993; Tolstoy,
2008b]. Between episodic diking events, the
highest concentration of microearthquakes occurs
directly above the AMC in the shallow crust
and is associated with thermomechanical strain in-
duced by a combination of hydrothermal cooling
[Sohn et al., 2004; Wilcock et al., 2002] and
magma chamber inflation [Wilcock et al., 2009].
Because of the importance of diking events in
crustal formation and interest in understanding
their impacts on seafloor hydrothermal and bio-
logical processes [Delaney et al., 1998], consider-
able efforts have been made to respond to these
events [Cowen et al., 2004] and understand their
characteristics. Earthquakes associated with sea-
floor eruptions have been investigated using local
seismic networks or regional hydroacoustic arrays
on the East Pacific Rise (EPR) at 9�500N [Tolstoy
et al., 2006], the Juan de Fuca Ridge [Dziak and
Fox, 1999b; Dziak et al., 1995; Dziak et al.,
2011; Sohn et al., 1999], and the Gorda Ridge
[Fox and Dziak, 1998]. Diking events are marked
by the onset of intense earthquake swarms that lack
a discernible mainshock-aftershock sequence, and
the magnitude-frequency distribution of these
swarms yield b-values significantly greater than
unity [Bohnenstiehl et al., 2002]. The rate of seis-
micity can build for several years prior to an erup-
tion with precursory swarms lasting a few hours,
while the dike injection occurs over the course of
1–2 weeks and is accompanied by extensive seis-
micity with rates >25 events/hr [Dziak and Fox,
1999a]. Post-eruption seismicity rates decline
sharply and return to background levels on time-
scales of several months as the crust returns to
thermal equilibrium [Sohn et al., 1998a].

[5] In contrast to diking events that feed seafloor
eruptions, the seismicity associated with intrusive
diking events has not been extensively studied. A
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notable exception is the Endeavour segment of the
Juan de Fuca Ridge where swarms in June 1999
and January 2000 [Bohnenstiehl et al., 2004;
Johnson et al., 2000] and February 2005 [Hooft
et al., 2010] were investigated with hydroacoustic
recordings and a local seismic network, respectively.
In this paper, we present a 3 year catalog of seismicity
obtained with an automated algorithm devised to
process a large amount of data recorded by a local
seafloor OBS network deployed on the Endeavour
segment from 2003 to 2006. The catalog includes
two substantial swarms in January and February
2005. We discuss the characteristics of the two
swarms and their contribution to the spreading
cycle, compare them to magmatic events in other
locations, and discuss the role of precursory activity
and triggering.

2. The Endeavour Segment

2.1. Regional Geology

[6] The Juan de Fuca Ridge (JdFR) is an
intermediate-rate (5.7 cm/yr) [DeMets et al., 1994]
spreading center located in the northeast Pacific
Ocean that forms the boundary between the Pacific
and Juan de Fuca plates (Figure 1a, inset). The JdFR
is comprised of seven individual spreading segments
that are bounded by large OSCs. The regional tecton-
ics of the northern JdFR are complicated by the pres-
ence of an unstable triple junction [Hyndman et al.,
1979] where the Sovanco and Nootka transform
faults intersect the ridge and by north-south compres-
sion resulting from the relative motions of the Pacific
and Explorer plates [Kreemer et al., 1998].
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Figure 1. (a) Bathymetric map of the Endeavour segment showing the Keck seismometer network (orange symbols)
and high-temperature vent fields (yellow stars) on the central portion of the segment. Black lines show plate bound-
aries and the black box shows the area in Figure 1b. The inset figure shows the regional setting of the Endeavour seg-
ment at the northern end of the Juan de Fuca Ridge. (b) Bathymetric map of vent field area showing the seismometer
network with station names is labeled in italics, and high-temperature vent fields are labeled in bold. The extent of the
axial magma chamber [Van Ark et al., 2007] is indicated by gray shadow. Bathymetry is from the Seabeam data set
collected by the NOAA/VENTS program.
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[7] The Endeavour Segment is a 90 km long spread-
ing segment located near the northern end of the
JdFR (Figure 1a). The segment is bounded to the
north and south by the Endeavour and Cobb OSCs,
respectively, with several prominent seamount
chains located on its western flank. The central por-
tion of the segment comprises a series of ridge-
parallel abyssal hills and valleys spaced ~6 km apart
[Karsten et al., 1986]. This ridge-basin sequence
overlies an elevated plateau with thickened crust that
extends out to ages of 0.7 Ma [Carbotte et al., 2008].
It has been proposed that magma supply is enhanced
because the ridge has overridden the mantle melt
anomaly that generated the Heckle Seamount chain
[Carbotte et al., 2008; Karsten and Delaney, 1989].

[8] At the center of the segment, five high-
temperature (>300�C) black smoker fields are
spaced 2–3 km apart within the 1 kmwide, 75mdeep
axial valley (Figure 1b) with several low-temperature
(<100�C) diffusely venting sites interspersed be-
tween the fields [Delaney et al., 1992; Glickson
et al., 2007; Kelley et al., 2001; Kelley et al., 2002;
Robigou et al., 1993]. From north to south, the fields
are named Sasquatch, Salty Dawg, High Rise, Main
Endeavour Field, and Mothra (Figure 1b). Wilcock
and Delaney [1996] suggested that tectonic faulting
and downward propagation of a cracking front into
a solidified magma chamber controlled heat supply
and hydrothermal circulation beneath the vent fields.
More recently, however, a multi-channel seismic
dataset imaged an AMC underlying all of the vent
fields at a depth of 2–3 km beneath the seafloor
[Carbotte et al., 2006; Van Ark et al., 2007]. The
presence of an AMC suggests that a substantial
amount of magmatic heat is being supplied to the
hydrothermal system and that volcanism is an inte-
gral component of present-day plate spreading and
seismogenesis at the Endeavour segment.

2.2. Seismicity

[9] The U.S. Navy’s Sound Surveillance System
(SOSUS) hydrophone network provides a record of
~50,000 earthquakes larger than magnitude ~2 that
have occurred along the Juan de Fuca Ridge since
1991 [Dziak et al., 2011]. With the exception of
Axial Seamount, the southern and central segments
of the JdFR have been seismically active only during
periods of volcanism. In contrast, the northern por-
tion of the JdFR, including the Endeavour, has been
continually seismically active and the locus of many
seismic swarms.

[10] Two periods of particular interest are swarm
sequences recorded between June 1999 and January

2000 along the central and southern portions of the
Endeavour segment [Bohnenstiehl et al., 2004;
Johnson et al., 2000], and between January and
March 2005 along the northern Endeavour and ad-
jacent southern West Valley Segments [Hooft
et al., 2010]. Although Johnson et al. [2000] origi-
nally interpreted the June 1999 swarm as having a
tectonic source, the frequency-magnitude distribu-
tion of earthquakes [Bohnenstiehl et al., 2002],
strain-induced pressure changes in regional bore-
holes [Davis et al., 2001], and perturbations to the
fluid chemistry and volatile content [Lilley et al.,
2003; Seewald et al., 2003; Seyfried et al., 2003]
are consistent with a non-eruptive diking event.
Bohnenstiehl et al. [2004] argue that dike propaga-
tion associated with the June 1999 swarm increased
post-seismic Coulomb stress levels immediately to
the south of the swarm terminus and led to a second
swarm in January 2000 that had a more limited
along-axis extent.

[11] In addition to the SOSUS records, the 2005
swarms were recorded by a local OBS network.
Hooft et al. [2010] located over 6000 earthquakes
for the February swarm using manual picks. The
spatial and temporal pattern of earthquakes is com-
plex with the locus of seismicity evolving over the
course of the swarm as earthquakes occur near the
Endeavour Seamount and West Valley Segment,
on the northern Endeavour Segment, within the En-
deavour Valley, and under the vent fields. The ma-
jority of moment release, including the six largest
earthquakes that have strike-slip mechanisms, oc-
curred at the southwest end of the Endeavour Val-
ley near the southern extension of the West Valley
Segment. However, the magnitude and polarity of
borehole pressure anomalies and their timing rela-
tive to the onset of seismicity indicated a dike intru-
sion on the northern portion of the Endeavour
Segment [Hooft et al., 2010]. The February 2005
swarm triggered earthquakes and a hydrologic re-
sponse within the vent fields. An increase in vent
field seismicity occurred within ~2.5 days of the
onset of the swarm, coincident with a modest tem-
perature increase (~4 �C) at a diffuse vent in the
Mothra field. Hooft et al. [2010] interpret this delay
between swarm onset and observed thermal anoma-
lies as the time required for a hydrologic pressure
perturbation to diffuse along the ridge.

[12] A number of studies at the Endeavour Segment
have employed local OBS networks to study micro-
earthquakes associated with hydrothermal venting
[McClain et al., 1993;Wilcock et al., 2002;Wilcock
et al., 2009]. McClain et al. [1993] argued that on-
going tectonic extension maintains the conduits
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necessary for sustained fluid circulation and forma-
tion of mature hydrothermal vent fields. A 55day
study in 1995 located nearly 1000 earthquakes con-
centrated at ~2 km depth beneath the axial valley
with focal mechanisms that were consistent with
plate-spreading and tensile stresses due to hydrother-
mal cooling [Wilcock et al., 2002]. Focal mecha-
nisms for 170 events occurring beneath the
hydrothermal vent fields during 2003–2004 similarly
delineate a zone of ridge-perpendicular horizontal
tension [Wilcock et al., 2009]. However, this region
was bracketed by zones of compression on the ridge
flanks, which suggests that seismicity at the ridge
axis results from magmatic inflation of the AMC
rather than tectonic extension [Wilcock et al., 2009].

3. Keck Seismic Network

[13] From August 2003 to October 2006, an eight-
station, 10 kmaperture array was deployed along
the central portion of the Endeavour Segment of the
Juan de Fuca Ridge (Figure 1b). The array comprised
seven short-period three-component corehole ocean-
bottom seismometers (OBS) deployed in horizontal
drill holes or concrete “seismonuments” [Stakes
et al., 1998] and one buried broadband Guralp
CMG-1T OBS [Romanowicz et al., 2006; Stakes
et al., 2002]. The short-period sensor comprised three
orthogonal Mark Products L-28LB geophones that
have a flat frequency response from 1 to 90 Hz and
were sampled at 128 Hz. The broadband sensor was
a three-component Guralp CMG-1T that has a flat
frequency response from 2.8 mHz–50 Hz and was
sampled at either 50 or 100 Hz.

[14] The Keck network was deployed in a novel
way using remotely operated vehicles (ROVs)

instead of traditional free-fall seismometer deploy-
ment methods [Wilcock et al., 2007]. This ensured
strong coupling of the sensors to the seafloor and
enabled measurement of horizontal sensor orienta-
tion. Using ROVs for annual deployments ensured
that the network continued to record high-quality
data comparable to land-based seismometer net-
works for over 39 consecutive months and allowed
the determination of a microearthquake catalog that
to date, spans a longer period of time than any other
earthquake catalog derived from a seafloor OBS
network. There were, however, periods of instru-
ment failures in years 2 and 3 that are summarized
in Table 1.

[15] To correct for timing errors, we calculated clock
corrections by assuming a constant drift rate between
each deployment and recovery. We were unable to
obtain clock offsets upon recovery of station KEBB
after the second year and stations KEMF, KENE,
KENW, and KESE after the third year due to instru-
ment power loss before recovery. For stations KENE,
KENW, and KESE in year 3, clock drift rates
were obtained using the known times of 190 shots
(40 in3 source volume) obtained in July 2006 with
the R/V Tully. Clock drift rates for stations KEBB
in year 2 and KEMF in year 3 were calculated itera-
tively during the earthquake analysis by fitting a
trend to the mean daily misfit between observed
and predicted times for earthquake arrivals.

4. Methods

[16] In order to process the data efficiently, we
implement an automatic algorithm which locates
earthquakes using Hypoinverse [Klein, 2002] with
a layered velocity model derived from earlier

Table 1. Summary of Instrument Failures

Station

Year 1 Year 2 Year 3

(August 2003–August 2004) (August 2004–September 2005) (September 2005–October 2006)

KEMO - Low S/N -
KEMF - Low S/N No data

June 10–October 31
KESQ - No data -
KESW - No data -

December 9–February 28
KESE - - No data
KENW - - -
KENE - - -
KEBB No data No data No data

May 31–August 9 March 14–September 26

Station locations are shown in Figure 1b. Periods during the deployment when instruments were not operating or recording degraded data are
noted. Calendar dates are used to indicate periods when data are unavailable for a portion of a deployment. Low S/N indicates that the signal to noise
was low because the gain was set very low so that only the largest events were recorded.
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studies (Figure 2); the method is described in detail
in the supplementary documents. The algorithm
uses the ratio of the root-mean-squared (RMS) am-
plitudes in short-term and long-term windows to
trigger on impulsive arrivals, associates triggers
observed on multiple stations as events and distin-
guishes earthquakes from ~20Hz whale calls
[Cummings and Thompson, 1971; Watkins et al.,
1987] on the basis of frequency content. For each
earthquake, it picks potential P and S wave arrival
times based on sharp increases in the smoothed
RMS amplitude and with an autoregressive method
[Takanami and Kitagawa, 1988], assigns pick
weights on the basis of signal-to-noise, and system-
atically searches for an earthquake location that
maximizes the number of adequately modeled
picks. Earthquakes located more than 3 km from
the nearest station are assigned a fixed focal depth
of 3 km, the average depth of earthquakes deter-
mined both on axis and off axis in an earlier study
[Wilcock et al., 2002]. The final catalog uses P
and S wave picks obtained from the autoregressive
and RMS amplitude methods, respectively, because
these choices minimized the RMS-weighted phase
residuals. S wave picks were downweighted by a
factor of 0.5 to account for their greater uncertainty.
The catalog includes only earthquakes located with
a minimum of six picks of which at least two must be

P waves and two must be S waves. Station correc-
tions are included which were calculated iteratively
to account for local structure beneath stations and
systematic pick biases (see Table S1 in the
supporting information).1 The catalog completeness
is comparable to manual catalogs obtained by student
analysts [Hooft et al., 2010;Wilcock et al., 2009] (see
supporting information).

[17] To estimate hypocentral uncertainties,
Hypoinverse [Klein, 2002] requires a value for the
“picking” error, s, of a P wave arrival. This accounts
for all sources of error including the errors in reading
the onset of arrivals, clock errors, and errors arising
from modeling travel times using a simplified one-
dimensional velocity model and a flat datum. Fol-
lowing [Sohn et al., 1998a], we calculate this value
according to

s2 ¼
Xn

i¼1

Xmi

j¼1
w2
i;jΔt

2
i;jXn

i¼1
mi � pð Þ

(1)

where w is the weight assigned to an arrival (the
product of the pick weight, phase weight, and any
downweighting applied by Hypoinverse), Δt is the
travel time residual, m is the number of arrival time
observations for a particular earthquake, n is the
number of earthquakes, p is the number of free pa-
rameters being solved for, and i and j are indices of
the earthquake and arrival time observation, respec-
tively. We obtain a value of 95 ms for our full cat-
alog, which likely reflects the strong velocity
heterogeneity in the region [Weekly et al., 2011].

[18] Seismic moments are calculated using
attenuation-corrected P and S wave spectral ampli-
tudes [Brune, 1970; Hanks and Wyss, 1972], follow-
ing the methods and values developed for previous
MOR earthquake studies [Hooft et al., 2010; Toomey
et al., 1988; Tréhu and Solomon, 1983; Wilcock
et al., 2002]. The seismic moment (Mo) for each P
or S wave arrival on a station is given by

MO ¼ 4prxc3Ω0

KR
(2)

where r is the rock density at the hypocentral
source, x is the epicentral distance to the earth-
quake, c is seismic wave speed, Ω0 is the spectral
amplitude in the 4–10 Hz frequency band corrected
for attenuation, K represents a free-surface correc-
tion, and R is a radiation pattern factor. The param-
eter values based on Toomey et al. [1985] are
shown in Table 2. The seismic moment for an
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Figure 2. P (red line) and S wave (blue line) velocity
models used for determining earthquake locations using
Hypoinverse [Klein, 2002]. The P wave model is derived
from a previous refraction experiment [Cudrak and
Clowes, 1993], while the S wave model is derived
assuming VP/VS = 3.0 above 0.4 km and VP/VS = 1.72
below 0.4 km [Wilcock et al., 2009].

1All supporting information may be found in the online version of
this article.
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earthquake is equal to the average of the median
values of Mo for P waves and for S waves.

[19] Seismic moment is converted to moment mag-
nitude (Mw) after Hanks and Kanamori [1979]:

MW ¼ 2

3
log10MO � 10:7 (3)

[20] This relationship is used to plot the logarithm
of the cumulative number of earthquakes above a
certain magnitude as a function of magnitude for
various regions and time intervals. We calculate
the b-value and its uncertainty using the method
outlined by Wiemer and Wyss [2002]. For a range
of completeness magnitudes, this method deter-
mines the goodness of fit between the observed
frequency-magnitude distribution and a synthetic
distribution predicted by the maximum likelihood
solution. The b-value is determined from the
minimum completenessmagnitude,MC; we take the
b-value that corresponds to either the maximum of
the goodness of fit or the first instance that
the goodness of fit exceeds 0.9. Uncertainties in
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Table 2. Parameters Used to Obtain Earthquake
Magnitudes

Parameter P S

r (g/cm3) 3 3
c (km/s) 6.5 3.7
R 0.42 0.59
K 1.5 1.7
Q (30 500) (50 400)
f (Hz) 4–10 4–10

Values appropriate for mid-ocean ridge setting were taken from
Toomey et al. [1985]. r is the rock density, c is the seismic wave speed,
R is a radiation factor, K is a free-surface correction, Q is a two-element
attenuation model with the first value assumed within 1 km of the
receiver and the second value elsewhere, and f is the frequency band
used to obtain spectral amplitudes.
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b-value are calculated following the method of
Shi and Bolt [1982].

5. Results

[21] Our catalog comprises 36,523 earthquakes oc-
curring between August 2003 and October 2006
along the Endeavour Segment and adjacent seg-
ments (see supporting information for the full cata-
log). Figure 3a shows a histogram of daily
earthquake counts of regional (epicenter >3 km
from all stations) and local earthquakes. During
the deployment, two seismic swarms in January
and February 2005 ruptured the northern portion
of Endeavour Segment and the adjacent southern
extension of the West Valley Segment. Following
the swarms, the average daily seismicity count de-
creases to ~12% of pre-swarm levels. Though the
period between April and October 2005 is an inter-
val of reduced network sensitivity due to two sta-
tion failures and degraded data fidelity on two
others (Table 1), the decrease is apparent at all mag-
nitude thresholds. If we consider the period be-
tween October 2005 and June 2006 to be a better
representation of post-swarm seismicity levels, the
observed seismicity levels still decrease substan-
tially to ~17% of pre-swarm levels.

[22] Figure 4 shows epicenters color coded by ori-
gin times relative to the 2005 swarms and outlines
six seismically active regions which we will refer
to as West Valley (WV) which also includes the
area around the Endeavour and East Heck
seamounts; Northern Endeavour Segment (NES)
including the area to the east of the ridge, South-
West Endeavour Valley (SWEV) including the area
immediately north of the network, the Vent Fields
(VF), the Cobb Overlapping spreading center and
Southern Endeavour segment (COSE), and the
Northern Symmetric Segment (NSS). Figure 3b
shows the moment release for the full catalog.
Except for a magnitude 5.4 earthquake on 19
November 2005 that is located in West Valley to
the north of most of the seismicity in our catalog,
nearly all the moment release occurs within the
six geographic regions.

[23] Median formal location uncertainties for each
region were calculated with Hypoinverse for sub-
sets of earthquakes with at least 10 arrivals and
are listed in Table 3. Within the network, the me-
dian maximum horizontal and median vertical un-
certainties are 0.5 km and 0.8 km, respectively.
Outside the network where the depth is fixed, the
maximum 1-s horizontal uncertainty tends to be

tangential to the network and ranges from ~1 km
in the southern portion of SWEV to 4–5 km at the
segment ends. In the radial direction, the formal
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Figure 4. Segment-scale bathymetric map showing
epicenters of 27,066 earthquakes located with at least
eight total arrivals. Colors indicate the time periods prior
to the 2005 swarms (green), during the January 2005
swarm (violet), during the February 2005 swarm (blue),
and following the swarms (red). Dashed white ellipses
indicate seismically active areas associated with the 5
October 2004 swarm. The labeled boxes show the six re-
gions of seismicity discussed in the text. For the purpose
of assessing location errors, the SWEV has been further
subdivided by the white dashed line into northern and
southern regions. Focal mechanisms are shown for six
large earthquakes in the February 2005 swarm analyzed
by the Canadian National Seismograph Network. A
cross near the northern edge of the map shows the loca-
tion of a magnitude 5.4 earthquake on 19 November
2005 that is apparent in the cumulative moment release
curve for the catalog (Figure 3b). Note that seismic activ-
ity occurring earlier in the deployment, particularly the
portion of the January 2005 swarm located within the
SWEV, is partially obscured by the February 2005
swarm but can be seen in the animated version of this
figure (see supplementary online material).
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horizontal location uncertainties are significantly
smaller. However, these uncertainties do not in-
clude contributions from uncertainties in the ratio
of VP/VS [Hooft et al., 2010]. An uncertainty of
5% in VP/VS leads to an additional uncertainty in
the radial direction that is ~12% of the distance to
an event. As a result, total uncertainties in the radial
and tangential directions are similar. It also should
be noted that none of the uncertainties include the
effect of systematic errors arising from crustal ve-
locity heterogeneity which is quite significant in
this region [Weekly et al., 2011]. To first order, such
errors will not affect the pattern of epicenters in a
given region but they may substantially offset dis-
tant epicenters from their true location.

5.1. Northern Seismicity

[24] Figure 5 shows the distribution of epicenters,
histograms of earthquake occurrence, moment re-
lease curves, and b-value plots for earthquakes to
the north of the network in theWV, NES, and SWEV
regions. To allow comparisons of moment release
between regions, the moment release curves for each
region are also shown in Figures 3b and 3c. The cu-
mulative moment releases totaled 1� 1023 dyne cm,
2� 1023 dyne cm, and 2� 1024 dyne cm for the
WV, NES, and SWEV, respectively, with the major-
ity of seismic energy released during the January and
February 2005 swarms (Figures 3b and 3c). Prior to
the 2005 swarms, the histograms of daily earthquake
counts and the small step-like increases in the cumu-
lative moment release rates (Figures 5b–5d) indicate
that smaller swarms typically occurred every few
months in each region, lasted 1–2 days, and com-
prised up to ~100 earthquakes (Figures 5b–5d).
There were several swarms in WV between April
and June 2004 (Figure 5b), a swarm in NES in June
2004 (Figure 5c) and another in SWEV and NES

on 5 October 2004 that was large enough to be
detected by SOSUS (http://www.pmel.noaa.gov/
vents/acoustics/seismicity/nepac/endeav1004.html)
(Figures 5b and 5c). Starting roughly coincident with
this swarm on 5 October 2004, seismicity rates pro-
gressively ramp up over several months preceding
the 2005 swarm sequences mainly in the WV and
NES (Figures 5b and 5c).

[25] Figure 6 shows the distribution of epicenters
for the 5 October 2004; January 2005 and February
2005 swarms color coded by time. The 5 October
2004 swarm (Figure 6a) includes ~250 earthquakes
that occurred in two locations, the NES about
20–30 km north of the network and SWEV about
5 km north of the network. The net seismic moment
release was 1.8� 1022 dyne cm with 65% released
in the NES. Seismicity commenced early on 5
October at both locations and lasted for 2 days with
no resolved spatial migration of epicenters.

[26] The swarms in January and February 2005 in-
cluded activity in multiple regions (Figures 6b and
6c). The January swarm lasted from 31 January to
13 February and included ~2000 earthquakes. The
net seismic moment release was 4.0� 1022 dyne cm
with the NES, WV, and SWEV contributing 55%,
30%, and 15%, respectively (Figures 5b and 5d).
At the swarm onset, earthquakes concentrated ~5
km west of the northern Endeavour Segment near
Endeavour Seamount (Figure 6b). The rates of seis-
micity increased markedly on February 3, and the
focus of earthquakes on the color-coded plot appears
to move towards the southeast over 2–3 days. This is
confirmed by a plot of earthquake longitude versus
time (Figure 7a), which shows that location of the
most intense seismicity, but not its onset, moved east
at a rate of 0.4 km/hr. While there may be large sys-
tematic offsets in locations at this distance from the
network, this temporal trend cannot be attributed to

Table 3. Median Formal Location Uncertainties

Region

�R Lmaj AZmaj Lmin AZmin Lvert LVP/VS

(km) (km) (�N) (km) (�N) (km) (km)

WV 46 4.3 87 1.2 2 - 4.8
NES 32 3.3 116 1.1 27 - 3.2
Northern SWEV 18.7 1.8 113 1.0 11 - 2.0
Southern SWEV 11.2 1.0 143 0.7 59 - 1.3
VF 2.4 0.5 4 0.3 13 0.8 0.2
COSE 36.5 4.3 106 1.3 16 - 3.8
NSS 51.7 5.3 90 1.4 4 - 4.7

Earthquakes with at least 10 arrivals were used to calculate the median formal location uncertainties from Hypoinverse for each region shown in
Figure 4, with the SWEV divided into northern and southern portions. �R is the median distance to the events from station KEMO, L is the length of
the major (Lmaj) and minor (Lmin) principle axis of the 1-s error ellipse, while AZ is the azimuth of the principle axis, measured clockwise from
North. Vertical uncertainties (Lvert) were only calculated for the VF earthquakes since the depth was fixed for events outside the network. LVP/VS
are additional radial uncertainties that would arise from a 5% uncertainty in VP/VS.
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location error. Activity persisted in the NES and WV
regions for the remainder of the swarm.

[27] Activity in SWEV on the southern extension of
theWest Valley Segment commenced on 5 February,
6 days after the swarm started (Figure 6b). Our

catalog does not discern a clear migration direction
for the initial epicenters in this region, although the
locus of most intense seismicity jumped 5–10 km
southward on 6 February (Figure 7b) where it was
sustained within a ~5 km2 area for the remainder of
the swarm. On 11 February, an intense cluster of
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earthquakes migrated about 2 km south over 12 h at
0.15 km/hr (Figure 7b).

[28] The second, larger February swarm occurred
over ~23 days between 22 February and 16 March,
and was first analyzed by Hooft et al. [2010]. While
the earthquakes occurred in roughly the same
regions as the January swarm, the seismicity pat-
terns differ significantly. For this swarm, our cata-
log includes ~5000 earthquakes, and the total
moment release was 2.3� 1024 dyne cm with
>90% released in the SWEV region (Figure 5c).
Because earthquakes in the NES and SWEV merge
for this swarm, we divide them for the purposes of
the migration analysis using a boundary approxi-
mately midway between the Endeavour spreading
axis and West Valley propagator (Figure 6c). The
earliest seismic activity is located within the WV
and NES (Figure 6c). Seismicity rates increased in
NES on 25 February and spiked again on 27 Febru-
ary (Figure 7c), the onset of the main swarm as
identified by Hooft et al. [2010]. Additional clusters
of seismicity occurred progressively further south-
ward on 28 February, 1 March, and 2 March
(Figure 7c). Overall, the seismicity migrates about
20 km south at ~0.25 km/hr. If this seismicity is
located on the Endeavour ridge axis, then the epi-
centers further to the north may be systematically
offset ~10 km to the east.

[29] Earthquakes within the SWEV commenced
~6 h after the onset of the 27 February activity in
NES. Our data show that the onset of SWEV

seismicity migrated rapidly 20–25 km to the south
over 10 h at a rate of 2 km/hr (Figure 7d) from the
tip of the WV propagator toward the western abys-
sal ridge. On 28 February and 1 March, the six larg-
est earthquakes occurred in this region. They have
strike-slip focal mechanisms that require either
right-lateral motion on N-S trending faults or left-
lateral motion on E-W trending faults. Over several
days, the focus of the most intense seismicity in the
SWEV migrated ~10 km to the south and southeast
where it merged with the southward migrating earth-
quakes on the NES around 3 March (Figure 6c).
After 8 March, the epicenters appear to branch into
several distinct north-south linear trends at latitudes
between 48�040N and 48�020N with the easternmost
earthquakes about 5 km north of the Sasquatch vent
fields; this is also the area where the October 2004
SWEV activity was located (Figure 4).

[30] The rate of seismicity decayed steadily during
the period 10–15 March. Following the end of the
February swarm, seismicity in WV returns to pre-
swarm levels and nearly ceases in NES (Figures 5a
and 5b). In SWEV, seismicity continues at moment
release rates that are about half the pre-October
2004 levels in an east-west band that extends from
the ridge axis a few kilometers north of the network
to about 15 km to the west (Figure 4).

[31] For WV, SWEV, and NES, pre-swarm b-values
(Figures 6e–6g) are similar for all three regions (~2).
During the January and February 2005 swarms,
the b-values for the WV and NES regions decrease
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moderately to a value of 1.6, while the SWEV
b-value decreases substantially to 1.2. The
b-value for WV remained at a value of 1.6 while
the b-value for SWEV rebounded to 1.9, comparable
to the pre-swarm value. We were unable to calculate
a post-swarm b-value for the NES region since very
few earthquakes were located in the region during
this time.

5.2. Vent Field Seismicity

[32] The cumulative moment release in the VF re-
gion is 6.9� 1021 dyne cm, substantially lower than
in other regions (Figure 3c). Between August 2003
and September 2004, we located an average of nine
events/day, all with magnitudes less than ~2.5. The
most intense seismic activity (Figure 8a) is between
the High Rise and Main Endeavour fields extending
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Figure 7. Plots showing the temporal migration of earthquakes in the 2005 swarms. (a) Longitude versus time for
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up to 1 km south of the Main Endeavour field with
a smaller cluster of seismicity near Mothra field.
The depths of VF earthquakes (Figure 9) are consis-
tent with a ~1 km thick band of seismicity directly
overlying the AMC [Tolstoy, 2008a; Wilcock
et al., 2002; Wilcock et al., 2009].

[33] The rate of seismicity decreased by 60% during
fall 2004 (Figure 8b), approximately a month prior to
the 5 October swarm in NES and SWEV. During the
January and February 2005 swarms, seismicity
within the VF region increased starting 1–2 days after
the swarm onsets (Figures 5d and 8b). Peak daily
seismicity counts are ~100 and ~200 events/day for
the January and February swarms, respectively. The
swarms account for about 50% of the total moment
release in the region and include earthquakes with
magnitudes up to 2.8. Seismicity during the January
swarm located primarily between the High Rise
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before and after (dashed black line) the swarms.
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and Salty Dawg fields, while earthquakes were con-
centrated farther south between the Main Endeavour
and High Rise fields during the February swarm (Fig-
ures 8 and 9). During the swarms, the earthquakes
also tend to locate at shallower depths (Figure 9). Be-
cause the network was significantly degraded during
the swarms (Table 1) and in our experience
Hypoinverse sometimes preferentially locates earth-
quakes near particular layer interfaces, the clustering
of locations near 1.2 km depth may be an artifact of
the location algorithm.

[34] Following the swarms, the rate of seismicity
decreased to ~15% of pre-swarm values and maxi-
mum earthquake magnitudes were ~2.2. The
highest concentration of earthquakes is to the south
of the Main Endeavour field with additional

clusters between High Rise and Main Endeavour
and near Mothra, similar to pre-swarm patterns
(Figure 8a). Seismic b-values within the region
were 1.7 both before and after the swarms,
dropping to 1.4 during the swarms (Figure 8c).

5.3. Southern Seismicity

[35] Seismicity located south of the Keck network
(Figure 10a) was primarily associated with defor-
mation in the Cobb OSC (COSE) and on the North-
ern Symmetric Segment (NSS). The cumulative
seismic moment release for the COSE and NSS
totaled 1.9� 1022 and 5.2� 1022 dyne cm, respec-
tively. Swarms lead to a step-like pattern of ob-
served moment release because a large number of
earthquakes are recorded within a short amount of
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time (Figures 10b and 10c). There is an indication
that there may be large systematic location errors
due to velocity heterogeneity; if earthquakes on
the NSS are centered on the spreading center, the
COSE and NSS earthquakes may be mislocated
on average 10–15 km too far west.

[36] Prior to the 2005 swarms, the average rate of
seismicity in each region was 3–4 events/day.
Following the swarms, the earthquake rates in
NSS were unchanged, but the COSE region en-
tered a sustained period of seismic quiescence with
only a handful of earthquakes located over 18
months (Figure 10b). Thus, while seismicity on
the south Endeavour segment almost ceased, the
Northern Symmetric Segment was unaffected.
The b-values in the two regions were ~2 before
the swarm and do not change significantly in the
NSS afterwards.

6. Discussion

6.1. The 2005 Swarms

[37] A key question for understanding the January
and February 2005 swarms is the relative roles of tec-
tonic and volcanic processes. The swarms exhibited
complicated rupture patterns with seismicity occur-
ring throughout a broad region encompassing the
WV, SWEV, NES, and VF regions (Figures 6b and
6c) and appear to be closely linked based on the
similar distributions of seismicity along the northern
Endeavour segment and the southern extension of the
West Valley segment. The seismic moment release
of the February swarm is nearly 2 orders of magni-
tude larger than the January swarm. However, the
magnitude of the pressure anomalies measured at
regional boreholes shows that the majority of the mo-
ment release was aseismic [Hooft et al., 2010]; the
pressure anomalies associated with the February
swarm are only about twice those for the January
swarm suggesting that the aseismic moment releases
are more similar (E.E. Davis, personal communica-
tion). The borehole pressure data [Hooft et al.,
2010] and some of the characteristics of seismicity
including the lack of main shocks, b-values that are
always significantly greater than unity, and the mi-
gration of epicenters are consistent with a magmatic
swarm. However, other characteristics such as the
band of epicenters striking oblique to the northern
Endeavour during the January 2005 swarm, the
strike-slip focal mechanisms within the Endeavour-
West Valley OSC during the January 2005 swarm
and the decrease in b-values observed in several

regions are difficult to attribute to magmatic pro-
cesses and suggest a tectonic component.

[38] The onset of the January swarm on 31 January
is marked by earthquakes in the Endeavour-West
Valley OSC near the vicinity of Endeavour Sea-
mount. Over 2–3 days, epicenters in the NES
region migrated 20 km southeast along a trend
oblique to the Endeavour ridge (Figure 6b). Al-
though this trend appears to extend well east of
the ridge axis onto the Juan de Fuca plate, the epi-
centers in this region may be systematically
displaced to the east. The curious migration pattern
does not correlate with any trends in seafloor mor-
phology and is inconsistent with propagation of a
dike along the northern Endeavour Segment. One
explanation is that the trend could be due to shear
deformation associated with reorganization of the
Pacific-Juan de Fuca-Explorer plate boundary. Spe-
cifically, from an analysis of regional bathymetry,
the distribution of epicenters from SOSUS and fo-
cal mechanisms from the Canadian National Seis-
mograph Network, Dziak [2006] argues that the
Heck, Heckle and possibly Springfield seamount
chains overlie splays of a broad southward migrat-
ing Sovanco transform fault that provide conduits
for seafloor volcanism. The earthquakes we observe
align with the eastward extension of the Heck sea-
mount chain and could indicate strike-slip motion
along this splay.

[39] Seismicity in the SWEV initiated 4 days after
the NES on 5 February. The epicenters extend
~15 km along the N-S trend of the West Valley
propagator with most of the seismicity concentrated
at the southern end of the Endeavour Valley
(Figure 6b) well to the south of the bathymetric
expression of the propagator. No clear along-axis
migration of epicenters is resolved (Figure 7b)
except for a short episode of seismicity near the end
of the swarm. Thus, the earthquake epicenters alone
do not provide conclusive evidence for a volcanic
source. However, for this swarm, the borehole pres-
sure data (E.E. Davis, personal communication) sug-
gest that nearly all the moment release is aseismic
and the characteristics of the pressure anomalies
require a coseismic strain that was substantially dif-
ferent from the June 1999 [Davis et al., 2001] and
February 2005 swarms [Hooft et al., 2010]. Rather
than decreasing, the pressures to the north in Middle
Valley increased indicating reduced pore volume. On
the western ridge flanks, the pressures also increased
but the relative amplitude was markedly less than for
the other swarms. This pattern of pressure anomalies
may be compatible with the injection of a northwest-
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southeast oriented dike near the southern tip of the
West Valley Segment (E.E. Davis, personal commu-
nication). Southward growth of the West Valley
propagator beyond the region in which it has a bathy-
metric expression is consistent with models for the
evolution of the Endeavour-West Valley OSC
that predict the eventual truncation of the Endeavour
Segment [Karsten et al., 1990].

[40] The February swarmwas analyzed previously by
Hooft et al. [2010]. Although the majority of the seis-
mic moment release was within the SWEV region,
the swarm initiated in the NES. From the pattern
and timing of borehole pressure anomalies and their
similarity to the 1999 swarm,Hooft et al. [2010] infer
the swarm was linked to a dike injection on the NES.
We locate the NES earthquakes significantly to the
east of the spreading axis, but the locations may be
biased by large velocity heterogeneities within the
region [Weekly et al., 2011]. Hooft et al. [2010] did
not resolve migration of the onset of seismicity in
the NES but found that the seismicity switched off
from north to south. Unlike Hooft et al. [2010] who
subdivided the earthquakes into rectangular regions
similar to those shown in Figure 4, we subdivide
the earthquakes in the February swarm by their prox-
imity to the Endeavour segment and the West
Valley propagator (Figure 6c). We find that the
earthquakes closest to the Endeavour segment are
concentrated in bursts that migrate unsteadily 30
km south over about 3 days (Figure 7c). This mi-
gration of earthquakes supports the inference that
the February swarm was associated with a dike
on the NES [Hooft et al., 2010] although it sug-
gests that the pattern of injection was complex.
The overall migration rate is lower than observed
for eruptive events [Dziak et al., 2007]. The north
to south migration direction is inconsistent with a
dike sourced from the AMC associated with the
elevated central portion of the Endeavour Segment
[Van Ark et al., 2007] and could be interpreted as
evidence of a tectonic cause. Alternatively, a
southward propagating diking event on the north-
ern Endeavour could have been sourced from the
north by magma associated with the Heck Seamounts
[Dziak, 2006] and specifically the Endeavour Sea-
mount, which lies at the northern end of the
Endeavour-West Valley OSC (Figure 1). For this in-
terpretation, one can speculate that the southeast
striking band of epicenters in the January swarm
may have been associated with fault-controlled melt
supply from the Endeavour Seamount to the northern
Endeavour segment.

[41] Hooft et al. [2010] resolved a southward mi-
gration of epicenters on the SWEV starting 11 h af-
ter the initiation of the main swarm on the NES on
February 11. Using our division of earthquakes, we
find that seismicity on the West Valley propagator
initiates about 6 h after the NES, somewhat earlier
than reported by Hooft et al. [2010]. The onset of
seismicity migrates ~20 km south at about 2 km/
hr (Figure 7d), much faster than the speed of ~0.6
km/hr reported by Hooft et al. [2010]. This migra-
tion rate is consistent with observations for eruptive
diking events at mid-ocean ridges [Dziak et al.,
2007], but an event response cruise found no
evidence for an eruption (http://www.pmel.noaa.
gov/vents/acoustics/seismicity/nepac/endeav0205/
response-cruise.html). Hooft et al. [2010] argue that
the borehole pressure data are inconsistent with a
strain field created by a northwest-southeast ori-
ented dike in the SWEV. However, this inference
does not preclude a diking event on the West
Valley propagator but rather requires that the pres-
sure signal be dominated by a larger event on the
northern Endeavour segment.

[42] The six largest events of the swarm occurred in
SWEV on 28 February and 1 March and the swarm
continued in this region for about 2 weeks. The
presence of large earthquakes is reflected in the
low b-value of 1.3 observed during the swarm in
this region (Figure 5g) and suggests an enhanced
tectonic component. However, it is important to
note that the focal mechanisms indicate a sense of
strike-slip motion on ridge-perpendicular faults that
is opposite to the offset of the OSC. Hooft et al.
[2010] argue that these mechanisms might reflect
reactivation of ridge-parallel strike-slip faults in
the OSC in response to the stress changes induced
by a dike intrusion on the northern Endeavour.
During the second week, seismicity reached the
southern end of the SWEV region (~48�020N) and
earthquakes appear to cluster into several distinct
north-south lineations spaced 2–3 km apart that
may correlate with seafloor topographic features.
The slow epicentral migration to the south and
southeast, oscillatory seismic rate [Hooft et al.,
2010], lack of aftershock activity, and a possible
correlation to seafloor volcanic features suggests
that this seismicity could be associated with
magma bodies that extend across the OSC as
observed on the East Pacific Rise at 9�030N
[Kent et al., 2000; Toomey et al., 2007]. The
restoration of high b-values in the SWEV region
following the swarm (Figure 5g) is consistent
with a volcanic influence. Alternatively, the obser-
vation that the SWEV region remains seismically
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active following the 2005 swarms (Figure 4) could be
interpreted and indicative of a tectonic response to
static stress changes.

[43] In summary, the dominant signal in the bore-
hole pressure records is a diking event on the north-
ern Endeavour in late February [Hooft et al., 2010]
which we infer extends 20 km along axis from
48�150N to 48�020N (Figure 8c). The origin of the
seismicity that trends oblique to the NES in the
earlier January swarm is enigmatic, and the inter-
pretation of magma migration from under Endeav-
our Seamount is speculative. We infer that both
swarms also involved intrusions beyond the tip of
the West Valley propagator and that there was
possibly additional magmatic activity elsewhere
in the Endeavour Valley near the conclusion
of the February swarm. The drop in b-values
during the swarm, particularly in the SWEV
region (Figure 5g), is surprising given the evidence
for magmatic extension and suggests a tectonic
component. Focal mechanisms of larger events
determined from land-based networks (Figures 4
and 5) indicate east-west strike-slip motion, which
is counter to the offset of the OSC.

[44] We interpret the 2005 swarms as the terminus of
a 6 year spreading episode that started in 1999 and
ruptured the Endeavour Segment. The 1999–2000
swarm sequence extended along the central and
southern portions of the Endeavour segment from
about 47�400N to 48�050N [Bohnenstiehl et al.,
2004]. The 1999 swarm was interpreted in terms of
a 40 km long dike [Davis et al., 2001] and the charac-
teristics of earthquakes in the 2000 swarm are consis-
tent with a deeper intrusion although a tectonic cause
is also possible [Bohnenstiehl et al., 2004]. The com-
bination of diking events in 1999, 2005 and possibly
2000 appears to have ruptured the majority of the En-
deavour segment from about 47�400N to 48�150N.
Following the February 2005 swarm, seismicity
essentially ceased at the ends of the segment and
decreased substantially in SWEV and VF regions
(Figure 4) suggesting that extensional stresses have
been relieved along the entire segment.

6.2. Comparison With Other Magmatic
Spreading Events

[45] SOSUS monitoring has provided a 20 year
record of seismic swarms on the Juan de Fuca and
Gorda ridge including those associated with erup-
tive (1993 on CoAxial [Dziak et al., 1995], 1996
on the Gorda Ridge [Fox and Dziak, 1998], and
1998 on Axial Seamount [Dziak and Fox, 1999a])

as well as many non-eruptive spreading events. A
synthesis of the observations [Dziak et al., 2007]
suggests that eruptive events are characterized by
an early onset of earthquake migration and faster
migration rates. It is thought that higher excess
magma pressure is required for eruptions, most
likely because of magma recharge into crustal
magma bodies prior to the eruption. At the detec-
tion threshold of SOSUS, the February 2005
Endeavour swarm fits this model; the speed of mi-
gration of 0.2 km/hr and onset after 72 h compare
with speeds of 1–2 km/hr and onset times <1 day
for the eruptive events [Dziak et al., 2007]. How-
ever, our local network data present a more
nuanced picture. In the presence of substantial pre-
cursory activity, the onset time of a swarm is some-
what subjective. While earthquakes on the northern
Endeavour only migrate southward at 0.25 km/hr,
there is fast migration at ~2km/hr on the West
Valley propagator (Figure 7d) within hours of the
onset of the main swarm.

[46] From a theoretical standpoint, it is not clear
why eruptive and intrusive diking events should
always have distinct seismic characteristics. Buck
et al. [1997] explain the difference between erup-
tive and non-eruptive events in terms of the relative
values of the overburden pressure at the AMC and
the pressure at the base of a column of erupting
magma. In this model, the thickness of low-density
extrusives at any particular site will be self-
regulating so that the average density of the upper
crust matches that of the least dense erupting lavas.
The difference between eruptive and non-eruptive
events may reflect small changes in the composition
and volatile content of the magma and in average up-
per crustal densities rather than profound difference
in characteristics of dike intrusion.

[47] In comparison with the eruptive events ob-
served along the Juan de Fuca ridge, the pattern of
seismicity for the 2005 Endeavour swarm is com-
plex. The three diking-eruptive events [Dziak and
Fox, 1999a; Dziak et al., 1995; Fox and Dziak,
1998] were all characterized by seismicity focused
in a single region that migrated down the gradient
of the axial rift bathymetry on a timescale of ~2
days before decaying over several weeks. The dura-
tion of the two 2005 Endeavour swarms is similar,
but seismicity was detected in four regions. This
complexity partly reflects the improved resolution
of a local seismic network compared to SOSUS
(most of the SOSUS locations for the February
2005 swarm were in SWEV [Hooft et al., 2010]),
but it also reflects the tectonics of the region and
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in particular the involvement of two limbs of the
OSC. It is interesting to note that the 1999 Endeav-
our swarm on the central/southern Endeavour led to
seismicity on Surveyor Volcano on the Northern
Symmetric Segment, the opposing limb of the
Cobb OSC. Bohnenstiehl et al. [2004] inferred that
dynamic stresses triggered earthquakes on the op-
posing limb of the OSC.

[48] The February 2005 swarm is unique in that the
inferred dike on the northern Endeavour migrates
up the gradient of the axial valley towards the cen-
ter of the segment. This differs from the three erup-
tive events and the non-eruptive events on the
Endeavour in 1999 [Bohnenstiehl et al., 2004] and
Middle Valley in 2001 [Davis et al., 2004]. It is
also different from the magmatic diking sequences
observed on land at Krafla from 1974 to 1984
[Sigmundsson, 2006] and in Afar from 2005 to
2009 [Ebinger et al., 2010] which were both fed
from a central magma body. This suggests that the
source of magma for volcanism on Endeavour is
more complex than the commonly accepted model
in which magma is supplied to the crust at the cen-
ter of the segment and the dikes migrate away from
this source to the segment ends [e.g., Macdonald,
1998]. Given the presence of a large seamount in
the Endeavour-West Valley OSC, it is plausible
that the northern portion of the Endeavour segment
might tap an alternate magma source. Grandin
et al. [2012] argue that along-axis variations in the
depth to the brittle-ductile transition play a greater
role than topography in horizontal dike propagation
because thicker lithosphere can store more elastic
strain energy. If the 1999/2000 events on the cen-
tral/southern Endeavour depleted a magma reser-
voir at the center of the segment, the elastic
potential energy stored in the crust to the north
may have drawn magma from an alternative source.

[49] If the 1999–2005 swarm sequence is considered
as the magmatic phase of a single spreading cycle
that ruptured the whole Endeavour segment, then
the duration of the magmatic phase is substantially
longer than other ridge-spreading events. The three
eruptive events in the NE Pacific [Dziak and Fox,
1999a;Dziak et al., 1995;Fox andDziak, 1998] were
limited to single eruptions lasting for days. On the
East Pacific Rise at 9�500N, isotopic dating of lava
flows suggests that the eruptions in 1991 and 2005
extended over ~1 year [Rubin et al., 1994] and ~6
months [Rubin, 2012], respectively. The timescales
of the Endeavour event are more consistent with
the observation of rifting on land where rifting
episodes at Krafla Volcano, Iceland, and in Afar
have lasted a decade and involve many dike

intrusions along the same segment [Ebinger et al.,
2010; Sigmundsson, 2006]. These sequences can be
explained in terms of the large extensional stresses
required to rupture thick lithosphere; the resulting
large extensional strains coupled with a limited
crustal magma reservoir requires multiple diking ep-
isodes with magma recharge of the magma body in
between to accommodate the strain [Qin and Buck,
2008]. At the Endeavour, the lithosphere is thin and
each portion of the ridge experienced only one major
dike injection, but the interval between the 1999 and
2005 events may well reflect a timescale of magma
supply. The sharp drop off in seismicity following
the 2005 swarms is consistent with observations on
Axial Seamount [Dziak and Fox, 1999b] and the East
Pacific Rise [Tolstoy et al., 2006], which show a pro-
gressive ramp up in seismicity prior to eruptive
events and a sharp decrease at their conclusion.

6.3. Precursory Activity and Triggering

[50] The patterns of seismicity surrounding the
2005 Endeavour swarms suggest seismic triggering
over length scales from <10 km to 50 km and at
various timescales. During the swarms, the seismic-
ity migrated between regions on timescales of hours
to days. The long-term decrease in seismicity along
the Endeavour Segment following the 2005 swarms
occurred within days or at most weeks. The spatial
coincidence of earthquakes suggests that seismicity
is linked between the two swarms on a timescale of
1month. On a time scale of several months, the
moment release rate in WV and NES gradually
increases prior to the 2005 swarms starting with a
small swarm on 5 October 2004. Finally, on a
6 year timescale, we infer that the 2005 swarms
are linked to the 1999 and 2000 swarms that rup-
tured the Endeavour segment further south
[Bohnenstiehl et al., 2004].

[51] Two mechanisms are invoked to explain re-
mote earthquake triggering: coseismic changes to
static Coulomb stresses [Hardebeck et al., 1998;
Harris and Simpson, 1992; King et al., 1994;
Nostro et al., 1997; Stein et al., 1997] and dynamic
transient stresses induced by passing seismic waves
[Brodsky and Prejean, 2005; Gomberg et al., 2001;
Hill et al., 1993; Kilb et al., 2000; Prejean et al.,
2004]. Static stress changes can either promote or
retard seismic activity and operate over length
scales of approximately three fault (or dike) lengths
[King et al., 1994] and timescales that can be quite
long [Freed, 2005]. Dynamic triggering can operate
over longer ranges but on short timescales. Surface
waves from earthquakes located up to several thou-
sand kilometers away have triggered increases in
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local seismicity in volcanic-hydrothermal systems
on land [Hill et al., 1993; Prejean et al., 2004].

[52] On the Endeavour Segment, Bohnenstiehl et al.
[2004] argued that dynamic triggering during vol-
canic intrusive events plays a role in triggering seis-
micity at other locations on the ridge. While we
cannot discount this interpretation, we argue that
static triggering could account for all the observa-
tions around for the 2005 swarms. To evaluate the
feasibility of static triggering, it is necessary to
know the pattern of deformation to determine
whether regions of increased and decreased seis-
micity are consistent with the changes in the stress
field from earlier events. Unfortunately, we do not
know the detailed strain field associated with 2005
swarms, so it is not possible to quantify how static
stresses linked active regions during the 2005
swarms. Bohnenstiehl et al. [2004] showed that
the injection of the 1999 dike on the central
Endeavour generated static stresses that reduced ex-
tensional stresses to either side but promoted exten-
sional failure on the ridge axis to the south where
the 2000 swarm occurred. The 1999 dike would
also have generated extensional stresses on the
ridge axis to the north that are consistent with the
deformation inferred for NES in the February
2005 swarm [Hooft et al., 2010].

[53] A variety of post-seismic static stress transfer
mechanisms can potentially explain the delay in
triggered seismicity observed in our dataset. Visco-
elastic relaxation involves transfer of elastic strain
from the ductile lower crust and upper mantle to
the brittle seismogenic upper crust. The characteris-
tic timescale for the relaxation of a Maxwell solid is
2m/E where m is the dynamic viscosity and E is
Young’s modulus [e.g., Turcotte and Schubert,
2002]. For an effective m ranging from 1019 to
1021 Pa s and E = 1011 Pa, the characteristic times
are ~ 1 to 100 years. Detailed modeling shows that
the relaxation times are dependent on the vertical
viscosity structure, the depth of brittle-ductile tran-
sition, the dip angle of the fault, and the effective
coefficient of fault friction [Freed, 2005; Freed
and Lin, 1998; Nostro et al., 2001]. Freed and
Lin [2001] show that the 7 year delay between the
1992 Landers and 1999 Hector Mine earthquakes
is consistent with lower crustal and upper mantle
viscosities of 1.6� 1019 Pa s and 8� 1018 Pa s, re-
spectively. Beneath mid-ocean ridges, upper mantle
viscosities are commonly modeled as 1018–1019 Pa
s [Parmentier and Phipps Morgan, 1990] but may
either be higher at shallow depths due to
dewatering [Hirth and Kohlstedt, 1996] or lower
due to the presence of partial melt. The viscosities

of hot and possibly partially molten lower crustal
rocks are not well known, but experimental con-
straints suggest values similar to the mantle [Hirth
et al., 1998]. Detailed modeling would be neces-
sary to fully evaluate the timescales of viscoelastic
relaxation in a mid-ocean ridge setting, but it is
clearly a plausible mechanism to explain the time
delay between the 1999–2000 swarms and the
2005 swarms.

[54] Poroelastic rebound occurs when the full static
stress changes are not realized until pore fluids
diffuse out of and into regions that experience
volumetric compression and dilation respectively.
The characteristic timescale for this process is given
by D2/� where D is the length scale and � the diffu-
sion coefficient given by � = k/mS with k the perme-
ability, m the fluid viscosity, and S the uniaxial
storage compressibility [e.g., Crone et al., 2010].
Hooft et al. [2010] model the increase in vent field
seismicity observed ~2.5 days following the onset
of the February 2005 swarm on the northern En-
deavour in terms of along-axis diffusion of a hydro-
logic pressure perturbation. Using a characteristic
diffusion length and time of 35 km and 2.5 days,
respectively, they estimate a crustal permeability
~10�9 m2. This value is high but consistent with
permeability estimates for a sediment-capped
layer 2A off axis [Davis et al., 2000]. Since there
is no sediment cap on the ridge axis, pore fluid
pressure perturbations are more likely to dissipate
by vertical diffusion across the seafloor. The rela-
tively shallow depths observed for the vent field
seismicity during the swarms (Figure 9) are
consistent with such an interpretation. Assuming
the model parameters of Crone et al. [2010],
reducing the diffusion length scale to 2 km yields
a permeability of order 10�13 m2 to 10�12 m2

which matches estimates for ridge-axis hydrother-
mal fields [Crone et al., 2011; Lowell and
Germanovich, 1994; Stroup et al., 2009; Wilcock
and McNabb, 1996].

[55] When evaluating whether poroelastic rebound
can account for triggering timescales in our data,
it is important to recognize that the permeability
of ocean crust can vary by many orders of magni-
tude [e.g., Fisher, 1998] and that the partial
sediment cover in the region may lead to varia-
tions in the diffusion length scales. If permeabil-
ities range from 10�14 m2 to 10�10 m2 and the
diffusion length scale from 2 to 10 km, the time-
scales obtained from the model of Crone et al.
[2010] will range from ~1 h to ~1 year. Given
the wide range of feasible time scales, poroelastic
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rebound could explain large portion of our trig-
gering observations.

[56] Another mechanism that could account for a
delay in triggering is the time required for pres-
sure perturbations associated with the withdrawal
or supply of magma to diffuse within and be-
tween magma systems. Hooft et al. [2010] argue
that the characteristic diffusion timescale for a
pressure perturbation within the axial melt/partial
mush zone would exceed the timescales for
poroelastic diffusion because of the higher viscos-
ity of the magma. However, this inference may be
incorrect because magma may be less compress-
ible than water [e.g., Spera, 2000] and the effec-
tive permeability of the melt region is unknown.
Indeed, if magmatic pressure reductions are the
cause of decreased seismicity following the 2005
swarm, the short timescale for the segment-wide
cutoff might be cited as evidence for a magmatic
system that is well connected along axis, either
within the crustal AMC and mush zone or below
the Moho where the melt fractions may be high
[Dunn et al., 2000].

7. Conclusions

[57] In this paper, we have presented a catalog of
seismicity on the Endeavour Segment from 2003 to
2006 that is derived from a local seismic network.
The primary conclusions are as follows:

• Two regional seismic swarms, beginning in
January and February 2005, were observed along
the northern portion of the Endeavour Segment
and within the adjacent Endeavour Valley. While
they appear to have a tectonic component, we infer
that these events were linked to intrusive volca-
nism, including diking on the Northern Endeavour
during the February swarm and smaller dike intru-
sions on the propagating tip of the West Valley
segment during both swarms.

• The seismicity associated with the 2005 swarms is
more complex than that of other documented mid-
ocean ridge-spreading events. This likely reflects
the complicated tectonics of the region and in
particular the partition of magmatic spreading
between two limbs of the Endeavour-West Valley
OSC. The inference of a southward propagating
dike on the northern Endeavour suggests that
magma supply to the Endeavour may not be
limited to the central portion of the segment and
could be associated with the Endeavour seamount
melt source.

• Following the February 2005 swarm, the average
seismicity rate along the Endeavour Segment de-
creased substantially with seismicity almost ceas-
ing entirely at the ends of the segment. Seismic
rates on the overlapping portions of the adjacent
segments did not change. We infer that the
swarms of January and February 2005 mark the
termination of a 6 year non-eruptive spreading
event that initiated with the June 1999 swarm
and cumulatively ruptured and relieved stresses
along the whole segment.

• The catalog shows extensive seismic triggering
during the 2005 swarms at length scales of up
to 50 km and timescales ranging from hours to
years. While dynamic triggering may play a role,
we argue that static triggering could account for
all the observations with the timescale of delays
influenced by the timescales of viscoelastic re-
bound, hydraulic diffusion, and magma with-
drawal and replenishment.

Acknowledgments

[58] We thank the officers and crew of the R/V Thomas G.
Thompson and the R/V Western Flyer and the support person-
nel for the ROVs ROPOS, Tiburon and Jason II for their help
with data acquisition. We also thank John Delaney and
Deborah Kelley for their leadership of the Keck experiment,
and Robert Sohn and Danielle Sumy for thorough reviews of
an earlier version of this manuscript. The data acquisition
was supported by a grant from the W. M. Keck Foundation
with matching support from the University of Washington
and the Monterey Bay Aquarium Research Institute. The data
analysis was supported by the W. M. Keck Foundation and
by NSF under grants OCE-0937006 and OCE-0937285.

References

Barclay, A. H., D. R. Toomey, and S. C. Solomon (2001),
Microearthquake characteristics and crustal VP/VS structure
at the Mid-Atlantic Ridge, 35�N, J. Geophys. Res., 106
(B2), 2017–2034.

Bohnenstiehl, D. R., M. Tolstoy, R. P. Dziak, C. G. Fox, and
D. K. Smith (2002), Aftershock sequences in the mid-ocean
ridge environment: An analysis using hydroacoustic data,
Tectonophysics, 354(1–2), 49–70.

Bohnenstiehl, D. R., R. P. Dziak, M. Tolstoy, C. G. Fox, and
M. Fowler (2004), Temporal and spatial history of the
1999–2000 Endeavour Segment seismic series, Juan de Fuca
Ridge, Geochem. Geophys. Geosyst., 5(9), Q09003, doi:
10.1029/2004GC000735.

Brodsky, E. E., and S. G. Prejean (2005), New constraints
on mechanisms of remotely triggered seismicity at Long
Valley Caldera, J. Geophys. Res., 110(B4), B04302, doi:
10.1029/2004JB003211.

Brune, J. N. (1970), Tectonic stress and the spectra of seismic shear
waves from earthquakes, J. Geophys. Res., 75(26), 4997–5009.

Geochemistry
Geophysics
GeosystemsG3G3 WEEKLY ET AL.: SPREADING EVENT ON THE ENDEAVOUR SEGMENT 10.1002/ggge.20105

1394



Buck, W. R., S. M. Carbotte, and C. Mutter (1997), Controls
on extrusion at mid-ocean ridges, Geology, 25(10), 935–938.

Carbotte, S. M., M. R. Nedimovic, J. P. Canales, G. M. Kent,
A. J. Harding, and M. Marjanovic (2008), Variable crustal
structure along the Juan de Fuca Ridge: Influence of on-
axis hot spots and absolute plate motions, Geochem.
Geophys. Geosyst., 9(8), Q08001, doi:10.1029/
2007GC001922.

Carbotte, S. M., R. S. Detrick, A. Harding, J. P. Canales,
J. Babcock, G. Kent, E. Van Ark, M. Nedimovic, and
J. Diebold (2006), Rift topography linked to magmatism at
the intermediate spreading Juan de Fuca Ridge, Geology,
34(3), doi:10.1130/G21969.1.

Cowen, J. P., E. T. Baker, and R. W. Embley (2004), Detection
of and response to mid-ocean ridge magmatic events: Impli-
cations for the subsurface biosphere, in The Subseafloor
Biosphere at Mid-Ocean Ridges, edited by W. S. D. Wilcock,
E. F. DeLong, D. S. Kelley, J. A. Baross and S. C. Cary,
American Geophysical Union, Washington, DC.

Cowie, P. A., C. H. Scholz, M. Edwards, and A. Malinverno
(1993), Fault strain and seismic coupling on mid-ocean
ridges, J. Geophys. Res., 98(B10), 17911–17920.

Crone, T. J., W. S. D. Wilcock, and R. E. McDuff (2010), Flow
rate perturbations in a black smoker hydrothermal vent response
to a mid-ocean ridge earthquake swarm, Geochem. Geophys.
Geosyst., 11(3), Q03012, doi:10.1029/2009GC002926.

Crone, T. J., M. Tolstoy, and D. F. Stroup (2011), Permeability
structure of young ocean crust from poroelastically triggered
earthquakes, Geophys. Res. Lett., 38, L05305, doi:10.1029/
2011GL046820.

Cudrak, C. F., and R. M. Clowes (1993), Crustal structure of
Endeavour Ridge Segment, Juan de Fuca Ridge, from a
detailed seismic refraction survey, J. Geophys. Res., 98
(B4), 6329–6349.

Cummings, W. C., and P. O. Thompson (1971), Underwater
sounds from the Blue Whale, Balaenoptera musculus,
J. Acoust. Soc. Am., 50(4), 1193–1198.

Davis, E. E., W. Wang, K. Becker, and R. E. Thompson (2000),
Formation-scale hydraulic and mechanical properties of
oceanic crust inferred from pore-pressure response to periodic
seafloor loading, J. Geophys. Res., 105(B6), 13423–13435.

Davis, E. E., K. Wang, R. E. Thomson, K. Becker, and J. F.
Cassidy (2001), An episode of seafloor spreading and associ-
ated plate deformation inferred from crustal fluid pressure
transients, J. Geophys. Res., 106(B10), 21953–21963.

Davis, E. E., K. Becker, R. Dziak, J. Cassidy, K. Wang, and
M. Lilley (2004), Hydrological response to a seafloor spread-
ing episode on the Juan de Fuca Ridge, Nature, 430,
doi:10.1038/nature02755.

Delaney, J. R., V. Robigou, R. E. McDuff, and M. K. Tivey
(1992), Geology of a vigorous hydrothermal system on the
Endeavour segment, Juan de Fuca Ridge, J. Geophys. Res.,
97(B13), 19663–19682.

Delaney, J. R., D. S. Kelley, M. D. Lilley, D. A. Butterfield,
J. A. Baross, W. S. D.Wilcock, R.W. Embley, andM. Summit
(1998), The quantum event of oceanic crustal accretion:
Impacts of diking at mid-ocean ridges, Science, 281(5374),
222–230.

deMartin, B. J., R. A. Sohn, J. P. Canales, and S. E. Humphris
(2007), Kinematics and geometry of active detachment
faulting beneath the Trans-Atlantic Geotraverse (TAG)
hydrothermal field on the Mid-Atlantic Ridge, Geology, 35(8),
711–714.

DeMets, C., R. G. Gordon, D. F. Argus, and S. Stein (1994),
Effect of recent revisions to the geomagnetic reversal time-

scale on estimates of current plate motions, Geophys. Res.
Lett., 21(20), 2191–2194.

Dunn, R. A., D. R. Toomey, and S. C. Solomon (2000), Three-
dimensional seismic structure and physical properties of the
crust and shallow mantle beneath the East Pacific Rise at
9�300N, J. Geophys. Res., 105(B10), 23537–23555.

Dziak, R. P. (2006), Explorer deformation zone: Evidence of a
large shear zone and reorganization of the Pacific-Juan de
Fuca-North American triple junction, Geology, 34(3),
doi:10.1130/g22164.22161.

Dziak, R. P., and C. G. Fox (1999a), Long-term seismicity and
ground deformation at Axial Volcano, Juan de Fuca Ridge,
Geophys. Res. Lett., 26(24), 3641–3644.

Dziak, R. P., and C. G. Fox (1999b), The January 1998 earth-
quake swarm at Axial Volcano, Juan de Fuca Ridge:
Hydroacousitc evidence for seafloor volcanic activity,
Geophys. Res. Lett., 26(23), 3429–3432.

Dziak, R. P., C. G. Fox, and A. E. Schreiner (1995), The June–
July 1993 seismo-acoustic event at CoAxial segment, Juan
de Fuca Ridge: Evidence for a lateral dike injection,
Geophys. Res. Lett., 22(2), 135–138.

Dziak, R. P., S. R. Hammond, and C. G. Fox (2011), A 20-year
hydroacoustic time series of seismic and volcanic events in
the Northeast Pacific Ocean, Oceanography, 24(3), 280–293.

Dziak, R. P., D. R. Bohnenstiehl, J. P. Cowen, E. T. Baker,
K. H. Rubin, J. H. Haxel, and M. J. Fowler (2007), Rapid
dike emplacement leads to eruptions and hydrothermal
plume release during seafloor spreading events, Geology,
35(7), doi:10.1130/G23476a.23471.

Dziak, R. P., D. K. Smith, D. R. Bohnenstiehl, C. G. Fox,
D. Desbruyeres, H. Matsumoto, M. Tolstoy, and D. J. Fornari
(2004), Evidence of a recent magma dike intrusion at the slow
spreading Lucky Strike segment, Mid-Atlantic Ridge,
J. Geophys. Res., 109(B12), B12102, doi:10.1029/
2004JB003141.

Ebinger, C., A. Ayele, D. Keir, J. Rowland, G. Yirgu,
T. Wright, M. Belachew, and I. Hamling (2010), Length
and timescales of rift faulting and magma intrusion: The Afar
Rifting Cycle from 2005 to present, Ann. Rev. Earth Planet.
Sci., 38, doi:10.1146/annurev-earth-040809-152333.

Fisher, A. T. (1998), Permeability within basaltic oceanic crust,
Rev. Geophys., 36(2), 143–182.

Fox, C. G., and D. P. Dziak (1998), Hydroacoustic detection of
volcanic activity on the Gorda Ridge, February–March 1996,
Deep-Sea Res. Part II, 45(12), 2513–2530.

Freed, A. M. (2005), Earthquake triggering by static, dynamic,
and postseismic stress transfer, Ann. Rev. Earth Planet. Sci.,
33, doi:10.1146/annurev.earth.1133.092203.122505.

Freed, A. M., and J. Lin (1998), Time-dependent changes in
failure stress following thrust earthquakes, J. Geophys.
Res., 103(B10), 24393–24409.

Freed, A. M., and J. Lin (2001), Delayed triggering of the 1999
Hector Mine earthquake by viscoelastic stress transfer,
Nature, 411, 180–183.

Glickson, D. A., D. S. Kelley, and J. R. Delaney (2007),
Geology and hydrothermal evolution of the Mothra hydrother-
mal field, Endeavour Segment, Juan de Fuca Ridge,
Geochem. Geophys. Geosyst., 8(6), Q06010, doi:10.1029/
2007GC001588.

Gomberg, J., P. A. Reasenberg, P. Bodin, and R. A. Harris
(2001), Earthquake triggering by seismic waves following
the Landers and Hector Mine earthquakes, Nature, 411
(6836), 462–466.

Grandin, R., A. Socquet, C. Doubre, E. Jacques, and G. C. P.
King (2012), Elastic thickness control of lateral dyke

Geochemistry
Geophysics
GeosystemsG3G3 WEEKLY ET AL.: SPREADING EVENT ON THE ENDEAVOUR SEGMENT 10.1002/ggge.20105

1395



intrusion at mid-ocean ridges, Earth Planet. Sci. Lett., 319–
320(2012), doi:10.1016/j.epsl.2011.1012.1011.

Hanks, T. C., and M. Wyss (1972), The use of body-wave
spectra in the determination of seismic-source parameters,
Bull. Seismol. Soc. Am., 62(2), 561–589.

Hanks, T. C., and H. Kanamori (1979), Moment magnitude
scale, J. Geophys. Res., 84(B5), 2348–2350.

Hardebeck, J. L., J. J. Nazareth, and E. Hauksson (1998), The
static stress change triggering model: Constraints from two
southern California aftershock sequences, J. Geophys. Res.,
103(B10), 24427–24437.

Harris, R. A., and R. W. Simpson (1992), Changes in static
stress on Southern California faults after the 1992 Landers
earthquake, Nature, 360(6401), 251–254.

Hill, D. P. et al. (1993), Seismicity remotely triggered by the
magnitude 7.3 Landers, California, earthquake, Science,
260(5114), 1617–1623.

Hirth, G., and D. L. Kohlstedt (1996), Water in the oceanic
upper mantle: Implications for rheology, melt extraction
and the evolution of the lithosphere, Earth Planet. Sci. Lett.,
144, 93–108.

Hirth, G., J. Escartin, and J. Lin (1998), The rheology of the
lower oceanic crust: Implications for lithospheric defor-
mation at mid-ocean ridges, Geophys. Monogr., 106,
291–303.

Hooft, E. E. E., et al. (2010), A seismic swarm and regional
hydrothermal and hydrologic perturbations: The northern
Endeavour segment, February 2005, Geochem. Geophys.
Geosyst., 11(12), Q12015, doi:10.1029/2010GC003264.

Huang, P. Y., S. C. Solomon, E. A. Bergman, and J. L. Nabelek
(1986), Focal depths and mechanisms of Mid-Atlantic Ridge
earthquakes from body wave-form inversion, J. Geophys.
Res., 91(B1), 579–598.

Hyndman, R. D., R. P. Riddihough, and R. Herzer (1979), The
Nootka fault zone—A new plate boundary off western
Canada, Geophys. J. Roy. Astron. Soc., 58, 667–683.

Johnson, H. P., M. Hutnak, R. P. Dziak, C. G. Fox, I. Urcuyo,
J. P. Cowen, J. Nabalek, and C. Fisher (2000), Earthquake-
induced changes in a hydrothermal system on the Juan de
Fuca Ridge mid-ocean ridge, Nature, 407, 174–177.

Karson, J. A. et al. (1987), Along-axis variations in seafloor
spreading in the MARK area, Nature, 328, 681–685.

Karsten, J. L., and J. R. Delaney (1989), Hot spot-ridge
crest convergence in the Northeast Pacific, J. Geophys.
Res., 94(B1), 700–712.

Karsten, J. L., S. R. Hammond, E. E. Davis, and R. G. Currie
(1986), Detailed geomorphology and neotectonics of the
Endeavour Segment, Juan de Fuca Ridge—New results
from Seabeam swath mapping, Geol. Soc. Am. Bull., 97(2),
213–221.

Karsten, J. L., J. R. Delaney, J. M. Rhodes, and R. A. Liias
(1990), Spatial and temporal evolution of magmatic
systems beneath the Endeavour segment, Juan de Fuca
Ridge: Tectonic and petrologic constraints, J. Geophys.
Res., 95(B12), 19,235–219,256.

Kelley, D. S., J. R. Delaney, and D. R. Yoerger (2001),
Geology and venting characteristics of the Mothra hydrother-
mal field, Endeavour Segment, Juan de Fuca Ridge, Geology,
29(10), 959–962.

Kelley, D. S., J. A. Baross, and J. R. Delaney (2002),
Volcanoes, fluids, and life at mid-ocean ridge spreading
centers, Ann. Rev. Earth Planet. Sci., 30, 385–491.

Kent, G. M. et al. (2000), Evidence from three-dimensional
seismic reflectivity images for enhanced melt supply beneath
mid-ocean-ridge discontinuities, Nature, 406(6796), 614–618.

Kilb, D., J. Gomberg, and P. Bodin (2000), Triggering of earth-
quake aftershocks by dynamic stresses, Nature, 408(6812),
570–574.

King, G. C. P., R. S. Stein, and J. Lin (1994), Static stress
changes and the triggering of earthquakes, Bull. Seismol.
Soc. Am., 84(3), 935–953.

Klein, F. W. (2002), User’s guide to HYPOINVERSE-2000, a
Fortran program to solve for earthquake locations and magni-
tudes, U. S. Geol. Surv. Open File Rep. Rep. 02-171, 123.

Kreemer, C., R. Govers, K. P. Furlong, and W. E. Holt (1998),
Plate boundary deformation between the Pacific and
North America in the Explorer region, Tectonophysics, 293,
225–238.

Lilley, M. D., D. A. Butterfield, J. E. Lupton, and E. J. Olson
(2003), Magmatic events can produce rapid changes in
hydrothermal vent chemistry, Nature, 422, 878–881.

Lowell, R. P., and L. N. Germanovich (1994), On the temporal
evolution of high-temperature hydrothermal systems at ocean
ridge crests, J. Geophys. Res., 99(B1), 565–575.

Macdonald, K. C. (1998), Linkages between faulting, volcanism,
hydrothermal activity and segmentation on fast spreading cen-
ters, in Faulting and Magmatism at Mid-ocean Ridges, edited
byW. R. Buck, P. T. Delaney, J. A. Karson and Y. Lagabrielle,
American Geophysical Union, Washington, D.C.

Macdonald, K. C. (2001), Mid-Ocean Ridge Tectonics, Volca-
nism and Geomorphology, Academic Press, San Diego, Calif.

McClain, J. S., M. L. Begnaud, M. A. Wright, J. Fondrk, and
G. K. Von Damm (1993), Seismicity and tremor in a subma-
rine hydrothermal field: The northern Juan de Fuca Ridge,
Geophys. Res. Lett., 20(17), 1883–1886.

Nostro, C., M. Cocco, and M. E. Belardinelli (1997), Static
stress changes in extensional regimes: An application to
southern Apennines (Italy), Bull. Seismol. Soc. Am., 87(1),
234–248.

Nostro, C., A. Piersanti, and M. Cocco (2001), Normal fault
interaction caused by coseismic and postseismic stress
changes, J. Geophys. Res., 106(B9), 19391–19410.

Parmentier, E. M., and J. Phipps Morgan (1990), Spreading
rate dependence of three-dimensional structure in oceanic
spreading centers, Nature, 348, 325–328.

Phipps Morgan, J., and Y. J. Chen (1993), Dependence of
ridge-axis morphology on magma supply and spreading rate,
Nature, 364, 706–708.

Prejean, S. G., D. P. Hill, E. E. Brodsky, S. E. Hough, M. J. S.
Johnston, S. D. Malone, D. H. Oppenheimer, A. M. Pitt, and
K. B. Richards-Dinger (2004), Remotely triggered seismicity
from the United States west coast following the Mw 7.9 Denali
Fault Earthquake, Bull. Seismol. Soc. Am., 94(6), 348–359.

Qin, R., and W. R. Buck (2008), Why meter-wide dikes at oce-
anic spreading centers?, Earth Planet. Sci. Lett., 265(3–4),
doi:10.1016/j.epsl.2007.1010.1044.

Robigou, V., J. R. Delaney, and D. S. Stakes (1993), Large
massive sulfide deposits in a newly discovered active hydro-
thermal system, the High-Rise field, Endeavour segment,
Juan de Fuca Ridge, Geophys. Res. Lett., 20(17), 1887–1890.

Romanowicz, B., D. Stakes, D. Dolenc, D. Neuhauser, P.
McGill, R. Uhrhammer, and T. Ramirez (2006), The
Monterey Bay broadband ocean bottom seismic observatory,
Ann. Geophys., 49(2–3), 607–623.

Rubin, K. H., S. A. Soule, W. W. Chadwick, D. J. Fornari, D.
S. Clague, R. W. Embley, E. T. Baker, M. R. Perfit, D. W.
Caress, and R. P. Dziak (2012), Volcanic Eruptions in the
Deep Sea, Oceanogr., 25, 142–157, doi:http://dx.doi.org/
10.5670/oceanog.2012.12.

Geochemistry
Geophysics
GeosystemsG3G3 WEEKLY ET AL.: SPREADING EVENT ON THE ENDEAVOUR SEGMENT 10.1002/ggge.20105

1396



Rubin, K. H., J. D. Macdougall, and M. R. Perfit (1994),
210Po–210Pb dating of recent volcanic-eruptions on the sea-
floor, Nature, 368(6474), 841–844.

Seewald, J., A. Cruse, and P. Saccocia (2003), Aqueous vola-
tiles in hydrothermal fluids from the Main Endeavour Field,
northern Juan de Fuca Ridge: temporal variability followig
earthquake activity, Earth Planet. Sci. Lett., 216(4),
doi:10.1016/S0012-821X(03)00543-0.

Seyfried, W. E., Jr., J. S. Seewald, M. E. Berndt, K. Ding, and
D. I. Foustoukos (2003), Chemistry of hydrothermal vent
fluids from the Main Endeavour Field, northern Juan de Fuca
Ridge: Geochemical controls in the aftermath of the June
1999 seismic events, J. Geophys. Res., 108(B9), 2429,
doi:10.1029/2002JB001957.

Shi, Y., and B. A. Bolt (1982), The standard error of
the magnitude-frequency b-value, Bull. Seismol. Soc. Am.,
72(5), 1677–1687.

Sigmundsson, F. (2006), Iceland Geodynamics: Crustal
Deformation and Divergent Plate Tectonics, Praxis
Publishing: Chichester, United Kingdom; Springer-Verlag:
Berlin, United Kingdom.

Sinton, J. M., and R. S. Detrick (1992), Mid-ocean ridge
magma chambers, J. Geophys. Res., 97(B1), 197–216.

Smith, D. K., and J. R. Cann (1992), The role of seamount
volcanism in crustal construction at the Mid-Atlantic Ridge
(24�–30�N), J. Geophys. Res., 97(B2), 1645–1658.

Smith, D. K., and J. R. Cann (1993), Building the crust at the
Mid-Atlantic Ridge, Nature, 365, 707–715.

Sohn, R. A., J. A. Hildebrand, and S. C. Webb (1998a),
Postrifting seismicity and a model for the 1993 diking event
on the CoAxial segment, Juan de Fuca Ridge, J. Geophys.
Res., 103(B5), 9867–9877.

Sohn, R. A., W. C. Crawford, and S. C. Webb (1999), Local
seismicity following the 1998 eruption of Axial Volcano,
Geophys. Res. Lett., 26(23), 3433–3436.

Sohn, R. A., A. H. Barclay, and S. C. Webb (2004),
Microearthquake patterns following the 1998 eruption of
Axial Volcano, Juan de Fuca Ridge: Mechanical relaxation
and thermal strain, J. Geophys. Res., 109(B1), B01101,
doi:10.1029/2003JB002499.

Sohn, R. A., D. J. Fornari, K. L. Von Damm, J. A. Hildebrand,
and S. C. Webb (1998b), Seismic and hydrothermal evidence
for a cracking event on the East Pacific rise crest at 9º500N,
Nature, 396, 159–161.

Spera, F. J. (2000), Physical Properties of Magmas, Aca-
demic Press, San Diego, CA, pp. 171–190.

Stakes, D., J. McClain, T. VanZandt, P. McGill, and M.
Begnaud (1998), Corehole seismometer development for
low-noise seismic data in a long-term seafloor observatory,
Geophys. Res. Lett., 25(14), 2745–2748.

Stakes, D., B. Romanowicz, M. L. Begnaud, K. C. McNally,
J. P. Montagner, E. Stutzmann, and M. Pasyanos (2002),
The MBARI margin seismology experiment: A propotype
seafloor observatory, in Science-Technology Synergy for
Research in the Marine Environment: Challanges for the XXI
Century, edited by L. Bernazoli, P. Favali and G. Smriglio,
pp. 93–110, Elsevier, Amsterdam, The Netherlands.

Stein, R. S., A. A. Barka, and J. H. Dieterich (1997), Pro-
gressive failure on the North Anatolian fault since 1939
by earthquake stress triggering, Geophys. J. Int., 128(3),
594–604.

Stroup, D. F., M. Tolstoy, T. J. Crone, A. Malinverno, D. R.
Bohnenstiehl, and F. Waldhauser (2009), Systematic along-
axis tidal triggering of microearthquakes observed at 9
degrees 500N East Pacific Rise, Geophys. Res. Lett., 36,
L18302, doi:10.1029/2009GL039493.

Takanami, T., and G. Kitagawa (1988), A new efficient proce-
dure for the estimation of onset times of seismic waves,
J. Phys. Earth, 36, 267–290.

Tolstoy, M. (2008a), Seismic identification of along-axis
hydrothermal flow on the East Pacific Rise, Nature
[London], 451(7175), 181–184.

Tolstoy, M. (2008b), Seismological constraints on magmatic
and hydrothermal proceses at mid-ocean ridges, in Modeling
Hydrothermal Processes at Oceanic Spreading Centers,
edited by R. P. Lowell, J. S. Seewald, A. Metaxas, and
M. R. Perfit, American Geophysical Union, Washington, D.C.

Tolstoy, M., F. Waldhauser, D. R. Bohnenstiehl, R. T. Weekly,
and W. Y. Kim (2008), Seismic identification of along-
axis hydrothermal flow on the East Pacific Rise, Nature,
451(7175), doi:10.1038/Nature06424.

Tolstoy, M. et al. (2006), A sea-floor spreading event captured
by seismometers, Science, 314(5807), doi:10.1126/Science.
1133950.

Toomey, D. R., S. C. Solomon, and G. M. Purdy (1988),
Microearthquakes beneath median valley of the Mid-
Atlantic Ridge near 23�N: Tomography and tectonics,
J. Geophys. Res., 93(B8), 9093–9112.

Toomey, D. R., S. C. Solomon, G. M. Purdy, and M. H. Murray
(1985), Microearthquakes beneath the median valley of the
Mid-Atlantic Ridge near 23�N: Hypocenters and focal mecha-
nisms, J. Geophys. Res., 90(B7), 5443–5458.

Toomey, D. R., D. Jousselin, R. A. Dunn, W. S. D. Wilcock,
and R. S. Detrick (2007), Skew of mantle upwelling
beneath the East Pacific Rise governs segmentation, Nature,
446(7134), 409–414.

Tréhu, A. M., and S. C. Solomon (1983), Earthquakes in the
Orozco transform zone: Seismicity, source mechanisms,
and tectonics, J. Geophys. Res., 88, 8203–8225.

Turcotte, D. L., and G. Schubert (2002), Geodynamics:
Applications of Continuum Mechanics to Geological Prob-
lems, 2nd ed., Cambridge University Press, New York,
NY, pp. 456.

Van Ark, E. M., R. S. Detrick, J. P. Canales, S. M. Carbotte,
A. J. Harding, G. M. Kent, M. R. Nedimovic, W. S. D.
Wilcock, J. B. Diebold, and J. M. Babcock (2007), Seismic
structure of the Endeavour Segment, Juan de Fuca Ridge: Cor-
relations with seismicity and hydrothermal activity, J. Geophys.
Res., 112(B2), B02401, doi:10.1029/2005JB004210.

Watkins, W. A., P. Tyack, and K. E. Moore (1987), The 20-Hz
signals of finback whales (Balaenoptera physalus), J. Acoust.
Soc. Am., 82(6), 1901–1912.

Weekly, R. T., W. S. D. Wilcock, D. R. Toomey, E. E. E.
Hooft, and A. Wells (2011), Upper- to mid-crustal velocity
structure of the endeavour segment: Implications for
crustal construction, EOS Trans. AGU, Fall Meet. Suppl.,
Abstract V11E-2552.

Wiemer, S., and M. Wyss (2002), Mapping spatial variability
of the frequency-magnitude distribution of earthquakes,
Adv. Geophys., 45, 259–302.

Wilcock, W. S. D., and A. McNabb (1996), Estimates of
crustal permeability on the Endeavour segment of the Juan
de Fuca mid-ocean ridge, Earth Planet. Sci. Lett., 138(1–4),
83–91.

Wilcock, W. S. D., and J. R. Delaney (1996), Mid-ocean ridge
sulfide deposits: Evidence for heat extraction from magma
chambers or cracking fronts?, Earth Planet. Sci. Lett., 145,
49–64.

Wilcock, W. S. D., S. D. Archer, and G. M. Purdy (2002),
Microearthquakes on the Endeavour segment of the Juan
de Fuca Ridge, J. Geophys. Res., 107(B12), 2336,
doi:10.1029/2001JB000505.

Geochemistry
Geophysics
GeosystemsG3G3 WEEKLY ET AL.: SPREADING EVENT ON THE ENDEAVOUR SEGMENT 10.1002/ggge.20105

1397



Wilcock, W. S. D., E. E. E. Hooft, D. R. Toomey, P. R.
McGill, A. H. Barclay, D. S. Stakes, and T. M. Ramirez
(2009), The role of magma injection in localizing
black smoker activity, Nature Geosci., doi:10.1038/
NGEO1550.

Wilcock, W. S. D., P. R. McGill, E. E. E. Hooft, D. R.
Toomey, H. M. Patel, D. S. Stakes, A. H. Barclay, T. M.
Ramirez, and R. T. Weekly (2007), The deployment of a

long-term seismic network on the Juan de Fuce Ridge, paper
presented at Oceans 2007, Vancouver, Canada, September
29–October 1.

Wolfe, C. J., G. M. Purdy, D. R. Toomey, and S. C. Solomon
(1995), Microearthquake characteristics and crustal velocity
structure at 29�N on the Mid-Atlantic Ridge: The architecture
of a slow spreading segment, J. Geophys. Res., 100(B12),
24449–24472.

Geochemistry
Geophysics
GeosystemsG3G3 WEEKLY ET AL.: SPREADING EVENT ON THE ENDEAVOUR SEGMENT 10.1002/ggge.20105

1398



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


