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Abstract

An earthquake catalog derived from the detection of seismically-generated T-waves is used to study the time-clustering
behavior of moderate-size>3.0 M) earthquakes between 15 and85long the Mid-Atlantic Ridge (MAR). Within this
region, the distribution of inter-event times is consistent with a non-periodic, non-random, clustered process. The highest
degrees of clustering are associated temporally with large mainshock-aftershock sequences; however, some swarm-like activity
also is evident. Temporal fluctuations characterized by a power spectral dBagitshat decays as/¥* are present within
the time sequence, withranging from 0.12 to 0.55 for different regions of the spreading axis. This behavior is negligible at
time scales less than5 x 10° s, and earthquake occurrence becomes less clustered (smalteincreasing size thresholds
are applied to the catalog. A power-law size-frequency scaling for Mid-Atlantic Ridge earthquakes also can be demonstrated
using the distribution of acoustic magnitudes, or source levels. Although fractal seismic behavior has been linked to the
structure of the underlying fault population in other environments, power—law fault size distributions have not been observed
widely in the mid-ocean ridge setting.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction example of this behavior is the power—law relationship
describing the frequency distribution of earthquake
Numerous natural systems have been shown to ex-sizes Gutenberg and Richter, 1944 arthquakes, as
hibit scale-invariant spatial properties (eTurcotte, well as other natural phenomena, also exhibit temporal
1992. Within the field of seismology, the most famous fluctuations characterized by a power spectral density
P(/) that decays as/¥*; this is sometimes referred to

* Corresponding author. Tel+1-845-365-8382; a? Y/ noise Bak etal,, 1987;.L0Wen a”‘_’ Teich,.1993;
fax: +1-845-365-8168. Bittner et al., 199% Such scaling is consistent with the
E-mail address: del@Ideo.columbia.edu (D.R. Bohnenstiehl). concept of self-organized criticality, which describes
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the tendency of some systems to evolve spontaneouslyother aspects of the ridge system—particularly its
toward a critical state with no characteristic time or hydrothermal, biological and magmatic components
length scaleBak et al., 1987; Sornette and Sornette, (e.g.Sohn et al., 1998; Dziak and Johnson, 2002

1988; Bak and Tang, 1939 This study examines the size-frequency distri-

The power spectral density provides a measure of bution and time-clustering behavior of earthquakes
how the power in a process is distributed within var- that occur along the normal faults associated with
ious frequency bands. For a point-process, such as athe plate boundary zone of the slow-spreading
sequence of earthquakes, the exporergharacter- Mid-Atlantic Ridge (MAR) Fig. 1). We utilize an
izes the nature of the time fluctuations. Wher- 0, earthquake catalog generated from the detection of
temporal fluctuation are purely random, as expected seismically-generated Tertiary (T)-waves recorded
for Poisson-like process. For > 0, the distribution by autonomous underwater hydrophones (AUHS)
of inter-event times displays a power—law clustering moored within the ocean’s SOund Fixing And Rang-
behavior, withoe measuring the strength of the cluster- ing (SOFAR) channelmith et al., 200R This cata-
ization (Telesca et al., 2002In recent years, several log has a completeness level-©8.0 M (Bohnenstiehl
regional-scale studies have focused on describing timeet al., 2002 and therefore represents a substantial
fluctuations in natural seismic systentt{ner et al., improvement relative to the detection capabilities
1996; Lapenna et al., 2000elesca et al., 2000a,b, of land-based seismic stations. Moreover, the array
2001H. In addition to elucidating the dynamics of overcomes the spatial and temporal limitations im-
the seismic process, these studies have proven usefuposed by existing OBS datasets—being deployed
in discriminating different tectonic regimekgpenna continuously between 15 and 3% during the period
et al., 2000; Telesca et al., 20Q1and in monitoring February 1999 to February 2001.
the subsurface movement of magma and stress condi-
tions within the shallow lithospherédbé Rubeis and
Tosi, 1997; Barbano et al., 2000; Vinciguerra et al., 2. T-waves and hydroacoustic data processing
2001).

The general tendency for earthquakes to occur in  T-waves represent seismically-generated acous-
clusters has long been noted within the mid-ocean tic energy that propagates efficiently within the
ridge setting $ykes, 1970; Francis and Porter, 1971; oceanic water column’s sound velocity minimum,
Bergman and Solomon, 1990n their statistical anal-  known as the SOFAR channdtif. 2) (Tolstoy and
ysis of teleseismically-recorded earthquakesgncis Ewing, 1950. Two broad classes of T-waves have
and Porter (1971have demonstrated that a purely been identified. One type is produced within regions of
random model cannot describe adequately the distri- shallow sloping bathymetry in association with earth-
bution of inter-event times and distances along some quakes beneath oceanic islands, continental shelves
regions of the ridge crest. They noted also that the and subduction zones (eghurbet and Ewing, 1957;
proportion of clustered events was tied tightly to Johnson and Northrup, 1968In these settings,
the variable detection capabilities of existing seismic T-wave generation may involve significant pre-
networks, a finding which made comparative studies conversion seismic paths between the hypocenter and
difficult. With regard to seismic clustering, little sub- hydroacoustic source region. Moreover, the signal
sequent progress has been made in this setting and thenay exhibit a multipath behavior that is expressed
nature of mid-ocean ridge earthquake distributions has by multiple peaks within the arrival; these peaks are
yet to be described fully. This is due in large partto the associated with distinct bathymetric promontories
limited location accuracy and high magnitude of com- that serve as separate T-wave radiat@sufbet and
pleteness (typically-4.5-4.7 M) provided by teleseis- Ewing, 1957; Johnson and Northrup, 1968; Walker
mic observations and the limited duration and spatial etal., 1992. As a result, the hydroacoustically-derived
extent of most ocean-bottom seismometer (OBS) stud- location of a slope-generated T-wave need not reflect
ies. Nonetheless, understanding the clustering prop-the earthquake’s epicenter.
erties of ridge seismicity remains critical in assessing A second type of T-wave has been described in
the impact and interaction of tectonic processes on association with shallow hypocenter earthquakes
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Fig. 1. Bathymetric map of the north-central Mid-Atlantic Ridge. T-wave epicenters withiaf 2he ridge axis are shown as red dots.
Boxes outline the three sections of the spreading axis in which the temporal pattern of seismicity is examined. Stars indicate the positions
of autonomous underwater hydrophones used in monitoring this region.

in the deeper-ocean or abyssal environment (e.g. bathymetry, T-waves often have been attributed to
Johnson et al., 1968; Fox et al., 1994nlike their downslope propagation (e.glalandier and Okal,
slope-generated counterparts, abyssal T-waves arel998. In this formulization, acoustic energy, which
characterized by a more symmetric coé&g( 2), and is refracted nearly vertically as it enters the water
the locations derived from these signals have been column, becomes trapped and propagates horizon-
shown to reflect earthquake epicenters closely. For tally within the sound channel following a series
example, observations in the mid-ocean ridge setting of reflections between the sloping seafloor and the
have demonstrated sufficient accuracy to lead field sea surface. As an alternative, excitation through
parties to sites of active volcanism (e.§ox, 1995; scattering from a rough seafloor has been pro-
Dziak and Fox, 1990and to associate seismicity with posed as a mechanism for generating T-waws (
specific structural features on the seafloor (€.gx Groot-Hedlin and Orcutt, 1999, 2001; Park et al.,
and Dziak, 1999; Dziak et al., 2000; Caplan-Auerbach 2001). This mechanism can be used to model not
et al., 2001; Bohnenstiehl et al., 2002 only slope-derived T-waves, but also the abyssal

The physics of T-wave generation remains an ac- signals that are not explained readily by downslope
tive field of research. In regions of shallow sloping propagation.
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Fig. 2. (a) Atlantic sound velocity profile at latitude 28 extracted from GDEM. Hydrophone sensors are floated near the axis of the
SOFAR channel. (b) Example T-wave arrivals associated with a series of small (not detected by land-based seismic stations) earthquakes
T-waves are characterized by emergent arrivals, with peak amplitude and coda. Spectrograms calculated within 5s windows with 75%
overlap. (c) Example of a P- and T-wave arrival associated withn®.&arthquake recorded at a distance of°3’Bhe more impulsive

nature of P-wave arrivals distinguishes them easily from T-waves. For large magnitude events, the T-wave signal is often clipped on some
or all of the hydrophone sensors, making it difficult to define an empirical relationship between SL and magnitude.

Presently, no depth or focal mechanism informa- exhibit mechanism dependence, with strike-slip
tion is recovered from the T-wave signal. Recent events being more efficient at generating T-waves
models, however, have shown that the efficiency of than dip—slip eventsHark et al., 2001l This has been
abyssal T-wave generation through scattering should confirmed observationally using SOund SUrveillance
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System (SOSUS) data from the northeast Pacific re- After each event is located, an independent estimate
gion (Dziak, 200) and suggests that dip—slip and of the acoustic magnitude, or source level (SL), is
strike—slip earthquakes should be considered sepa-calculated for each receiving hydrophone by adding a

rately when evaluating the T-wave record. transmission loss factor that accounts for both spheri-
In early 1999, an array of six AUHs was moored on cal spreading from the seafloor into the sound channel
the flanks of the MAR betweern 15 and 35N, pre- and cylindrical spreading along the sound channel path

senting an opportunity to detect and locate moderate- (Fox et al., 200 Source levels are measured in deci-
size, shallow-hypocenter earthquakes within this bels relative tquPa at 1 m (dB renPa @ 1 m) Dziak
active plate boundary regiorSfith et al., 200p et al.,, 1997; Dziak, 2001; Fox et al., 200XNote:
Each instrument consists of a single hydrophone sen- The instrument response calibration and SL estimates
sor floated within the sound channel axis at a depth of have been adjusted5 dB relative to those published
~800-1100 m and tethered via an acoustic release toin earlier studies using the MAR hydrophone array
a seafloor anchor. The recording package consists of (Smith et al., 2002; Bohnenstiehl et al., 202
a filter/amplifier stage designed to prewhiten the am-
bient noise spectrum, an accuratel(s per year drift)
clock that is GPS-synchronized prior to deployment, 3. Geology and seismicity of the North-Central
a logging computer, and multiple hard disks for data Mid-Atlantic Ridge
storage. The systems deployed within the Atlantic
were programmed to record 1-byte resolutionatasam- The MAR from 15 to 35N is a slow-spreading
ple rate of 110 Hz. Recovered and processed data from(~15mm per year half-rate), divergent plate bound-
February 1999 to February 2001 are considered within ary marked by a 1.5-3km deep, 15-30km wide
this paper. This monitoring effort is ongoing, with an- axial rift valley. In the northern section of this re-
nual turn-around cruises to recover and redeploy the gion, the ridge axis becomes noticeably shallower
instruments. Future deployments will involve instru- and broader, reflecting the influence of the Azores
ments with increased sampling rate and resolution.  hotspot near 3N (Fig. 1). The ridge axis is offset
Following an analyst’s identification of T-wave by five major transform faults—the Fifteen-Twenty,
arrivals, an epicentral (source region) location and Kane, Atlantis, Hayes and Oceanographeig( 1).
origin time are derived using an iterative nonlin- Between the transforms, the ridge is divided into
ear least-squares method that minimizes the squaredsmaller second-order spreading segments whose ends
differences between the predicted and recorded ar-are defined by non-transform offseSefmpere et al.,
rival times at each instrument, as describedriox 1990; Spencer et al., 1997
et al. (2001) Hydroacoustic travel times are calcu- At slow-spreading ridges, most of the active plate
lated within a sound speed model derived from the separation is accommodated by the accretion of new
Generalized Digital Environmental Model (GDEM) lithosphere, with an additional 10-20% accommo-
(Teague et al., 1990 To minimize bias associated dated by extensional brittle deformation. Studies of
with the width of the T-wave source region, the peak seismic coupling, defined as the ratio of the seismic
energy of the T-wave signal is used as the arrival time moment release to the geometric moment release in-
in locating submarine earthquakes. The correlation ferred from faulting studies, indicate values near 1.0
of event depth and rise time in the abyssal setting for normal faults along the MARSolomon et al.,
suggests that this portion of the signal radiates from 1988; Cowie et al., 1993; Sobolev and Rundquist,
the near epicentral region, where the amplitude of the 1999. The frequency of volcanic events is unknown
scattered energy is large€dZiak et al., 1995; Slack  within this region; however, near-bottom surveys indi-
et al., 1999. Point-source Monte Carlo simulations cate that much of the rift valley floor shows evidence
suggest an epicentral accuracy oftkm in latitude of recent volcanism (e.@allard and van Aldel, 1977;
and longitude (95% confidence level) for events Smith and Cann, 1993
within the array Fox et al., 2001; Smith et al., 2002 Morphologic observations, such as sonar imagery
however, it should be noted that the abyssal T-wave and near-bottom photography, suggest that active ex-
likely is generated over a region of many &m tensional faulting does not extend beyond the crest
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of the rift valley walls in the slow-spreading environ-
ment (e.g.McAllister and Cann, 1996; Searle et al.,
1998. This is confirmed by the spatial distribution of
T-wave epicenters, which indicates that most earth-
guakes occur within 15-20km of the axiSnjith

et al., 2002. Although many extensional fault popu-
lations exhibit power—law size frequency distributions
(Scholz, 2002 such scaling has not been observed
widely along the MAR or within other mid-ocean
ridge settings (e.gCowie et al., 1993, 1994; Carbotte
and Macdonald, 1994; Escartin et al., 1999;
Bohnenstiehl and Carbotte, 2001 Therefore,
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tion (Dziak, 2001; Park et al., 2091focus is given

to spreading-center (normal-faulting) earthquakes,
which represent the vast majority of the events in
the region. Three sections of the spreading axis
with a similar number of earthquakes and a similar
spatial dimension are considered, as defined by the
Fifteen-Twenty, Kane, Atlantis and Oceanographer
Transforms Fig. 1). The short-offset Hayes fracture
zone, which produces relatively few earthquakes of
detectable size over the period of observation, is incor-
porated into the northern Atlantis-to-Oceanographer
section. Earthquakes within two degrees of the

mid-ocean ridge earthquake studies may present anspreading axis and more than 0.2 degrees from the

opportunity to assess the impact of the underlying
fault population on the scaling and dynamics of seis-

transforms are considered.
Studying these three regions presents an opportunity

micity. Studies in other environments have suggested to determine if the temporal pattern of earthquake pro-

a link between the scale-invariant behavior of seis-
micity and the fractal nature of the underlying fault
population (e.gGuo and Ogata, 1997; Scholz, 1998;
Nanjo et al.,, 1998; Sherman and Gladkov, 1999;
Nanjo and Nagahama, 2000

The 15-35N region has been the site of numerous

duction is influenced by regional scale changes in ther-
mal structure and magmatic budget, factors influenced
by proximity to the Azores hot spot. The temporal
scaling of transform seismicity is not considered due
to difficulties in assigning a mechanism to events near
the ridge-transform intersection (e.lilcock et al.,

short-term OBS experiments that have been focused 1990, and because the number of events along most

primarily within the median rift valley (e.gHuang
et al., 1986; Toomey et al., 1988; Kong et al., 1992;
Wolfe et al., 1995; Barclay et al., 20p1Some of
these OBS studies indicate variability in the depth of

of the transforms is too small to allow for a robust
analysis.

The cumulative SL-frequency distribution of earth-
quakes within each region is shownkiig. 3. These

the seismogentic zone at the second-order segmentdata are consistent with a size-frequency distribution

scale, with the maximum depth of seismicity becom-
ing deeper £8-10km) near the segment ends and
shallower (~6—8 km) near the segment center in re-

of the form:

sponse to higher crustal temperatures and presum-whereN is the cumulative number of events having

ably increased magmatisrKgng et al., 1992 At a

regional scale, there also is evidence that the maxi-

mum depth of seismicity shallows toward the Azores
hot spot, again reflecting hotter lithospheric tempera-

source level greater or equal to Shreflects the to-
tal number of events, arg is the log-linear slope of
the data Bohnenstiehl et al., 2002Since the decibel
SL scale is a logarithmic measure of earthquake size,

tures and increased magmatism (Barclay and Toomey,Eq. (1) is analogous to the Gutenberg—Richter rela-

2001). Focal mechanisms indicate dominantly normal

tionship and consistent with a power—law distribution

faulting events along spreading centers and strike-slip of earthquake size or mome@tenberg and Richter,

events along the transforms (etguang et al., 1986;
Bergman and Solomon, 1984; Kong et al., 1992

4. Data selection, completeness level and
size-frequency distribution

To avoid complications associated with the

mechanism-dependent efficiency of T-wave genera-

1944).

The parametera andb; and the completeness level
of the data [l¢) are estimated simultaneously by gen-
erating a series of synthetic distributions that follow
Eqg. (1) These synthetics represent a least squares fit
to the data, each calculated using a different minimum
SL thresholds. To measure the goodness-of-fit for
each synthetic, the absolute difference between the
number of observed and synthetic events (normalized
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by the observed number) is calculated in each SL
bin and summed. As the minimum SL threshold is
increased, the parametaasandb, are selected when
the residual first drops below a critical value (0.05).
The completeness level of the data is defined as the
minimum SL threshold for which this critical residual
value is reached. This is an adaptation of an empirical
method commonly used in evaluating seismic cata-
logs Wiemer and Wyss, 20Q(and an improvement
over the subjective determination we have imple-
mented previously Bohnenstiehl et al., 2002 Due
to clipping of the hydrophone sensors during large
magnitude earthquakes, we exclude events having
SL > 223 dB from this analysis.
by=0.069 +/- 0.002 Within all three regions, the data are complete for
events >210dB. Fitting the data between 210 and
223dB, b, values of 0062+ 0.002, Q069 + 0.002
and Q065 + 0.002 are found within the Atlantis-
to-Oceanographer (A20), Kane-to-Atlantis (K2A)
and Fifteen-Twenty-to-Kane (FT2K) regions, respec-
tively. These observations are consistent with a rel-
atively uniform detection capability across the array
K2A and suggest that the efficiency of T-wave generation
100 does not vary significantly between these regions. The
200 210 220 230 240 210dB level is equivalent to a completeness level of
(®) Acoustic source level SL (dB) approximately magnitude 3.0, based on the number of
events observed and an extrapolation of the teleseismic
by=0.065 +/- 0.002 size-frequency distributiorBohnenstiehl et al., 2002
103 evececceccetyy In investigating the clustering properties of seismic-
ity, we consider only events210 dB—leaving 640
Me (A20), 961 (K2A) and 716 (FT2K) events within each
of the three regions. When normalized for the length
of the plate boundary, these values are equivalent to
approximately 69, 125 and 78 events/degree in the
respective regions. It is noteworthy that the rate of
AUH-detectable seismicity on the MAR is more than
FT2K ° two orders of magnitude greater than that observed on
200 210 220 230 240 the fast-spreading East Pacific Rise (d=gx et al.,
(© Acoustic source level SL (dB) 2001), where the presence of a thin seismogenic layer

limits the production of moderate to large size earth-
Fig. 3. Cumulative SL-frequency distribution of epicenters within quakes (:owie et al., 199}3
the three regions studied, (a) A20; (b) K2A; (c) FT2K. Solid lines
indicate a least-squares fit to the data between the completeness
level M¢ (210dB or~3.0M for all regions) and clipped values L . . .
(223dB). Data exhibit similab, within each region. Decibels are 5. Describing the time-clustering properties
referenced to fuPa at a distance of 1 m. Note that the instrument of seismicity
response calibration has been adjusted relative to our earlier studies

using the MAR hydrophone arraginith et al., 2002; Bohnenstiehl A sequence of earthauakes can be represented
et al., 2002, resulting in a 5dB increase in all SL estimates. This a a P

does not influence the conclusions of these earlier studies. as a series of point process events centered at each

b70.062 +/- 0.002
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earthquake’s occurrence time (e.gelesca et al.,
20032. Using this representation, the time distribution

D.R. Bohnenstiehl et al./Physics of the Earth and Planetary Interiors 138 (2003) 147-161

method for estimating the exponent of the power spec-
tral density function Thurner et al., 1997; Telesca

of events can be expressed as a set of inter-event timeset al., 2002. Here, the time axis is divided into equally

and the tendency for earthquakes to cluster is then de-

scribed by the coefficient of variatio() (Kagan and

Jackson, 1991 C, is defined as the standard devi-
ation of the inter-event times divided by the mean
inter-event time, and takes a value of 0, 1 and >1,
for a periodic, Poissonian (completely random) and
clustered process, respectivelfagan and Jackson,

1991). Although this parameter is useful in describing

the sequence as clustered or not clustered, it does notAF(7) =

identify the timescales involved.

spaced contiguous counting windows of duratign
yielding a sequence of count (z) representing the
number of events within each window. The AF is de-
fined as the variance of successive counts for a given
counting time divided by twice the mean number of
events in that counting timé\{lan, 1966; Barnes and
Allan, 1969.

((Nk+1(0) — Ni(0)?)
2(Nr(v) '

4)

The clustering properties of the sequence also can For a fractal point process wherR f) scales as A/,

be investigated by examining the correlation among

blocks of inter-event times using range/standard devia-

tion (R/S) analysis, more commonly known as rescaled
range analysisHurst et al., 1965; Mandelbrot and
Wallis, 1969. Consider a block ofn inter-event times
(e@)(=1,23,...,m). The accumulated departure
of each inter-event time from the average is given by:

(2)

wherex(i) is the cumulative inter-event time afi},,
the mean inter-event time within tha event block
(Telesca et al., 2002The rangeR of these accumu-
lated departures can be written as:

x(i,m) = x(i) = i(&)m,

R(m) = maxx(i, m) — minx(i, m).

l<i<m l<i<m

@)

To compare the range of sequences with different
scalesR(m) is divided by the standard deviatidm).
CalculatingR/Sfor a range ofmand fittingR/Sagainst
m, R/S o m*! (Hurst's rule), yields an estimate of the
Hurst exponenH (Hurst et al., 196p For H > 0.5, a
positive correlation exists among intervals, or there is
a tendency for the local trend to persist—with larger
values ofH indicating greater persistence. FHr <
0.5, a negative correlation exists between intervals, or
the series demonstrates antipersistence.Hef 0.5,
no correlation exists between interval$.can be re-
lated to the power spectral density exponent, with
2H — 1 (Barton and Poor, 1988

Counting statistics, such as Allan factor analysis,

represent an alternative to the inter-event time repre-

sentation utilized byC, andR/Sanalysis. Allan factor

AF(t) = 1+ (z/t1)* (Thurner et al., 1997 For «
close to zero, the occurrence of earthquakes is random;
wherease > O indicates a power-law scaling that
describes the temporal clustering of events. Larger
indicates a stronger degree of clusteringis known

as the fractal onset time and marks the lower limit of
significant scaling behavior.

6. Time clustering observations and results

The inter-event times within each of the regions are
shown inFig. 4 and range from~10? to 1®s, with
mean inter-event times of 1L x 10°, 0.67 x 10° and
0.91 x 10°s for the A20, K2A and FT2K regions,
respectively. In all three region8y is greater than
1.0, with values of 1.71 (A20), 1.73 (K2A) and 1.34
(FT2K). This indicates a clustered time distribution for
SL > 210dB 3.0 M) earthquakes along the MAR
axis.

R/S analysis of inter-event times indicates mono-
tonically increasing behavior, witl/ = 0.79+ 0.02
(A20), 0.78 + 0.01 (K2A) and 068 & 0.02 (FT2K)
(Fig. 5. Predicted values af are 0.58, 0.56 and 0.36.
This behavior reflects a positive correlation between
intervals and indicates that the process is persistent—
meaning that long (or short) inter-event times are more
likely to be followed by long (or short) inter-event
times.

The AF also increases monotonically for counting
times>5x 10° s (Fig. 6). At counting times<5x 10° s
the clustering properties become negligible and the AF

(AF) analysis also can be used to recognize power—law takes a value near unity. Values o884+ 0.02, 055+
behavior in a point process and provides an established0.07 and 012+ 0.03 are obtained fo& (Fig. 6). The
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Small inter-event times indicate periods when earthquakes occur gig 5. Range/standard deviatioR/§) vs. inter-event block size
closely spaced in time. Large inter-event times indicate a slower (m) within the (a) A20; (b) K2A; (c) FT2K regionsH > 0.5
rate of earthquake production. Within each regi@, is greater indicates persistence of the time series.

significantly than 1.0, indicating a clustered behavior. Bracketed

numbers representdo C, limits for a Poisson distribution, based

on 1000 simulations of a random sequence using the total event

number and mean event rate observed in each region.

m
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Fig. 6. Allan factor (AF) vs. counting window length)(within
the (a) A20; (b) K2A; (c) FT2K regionsr; indicates the fractal

onset time, which is approximately5 x 10° in each region.

discrepancy between these values and those estimated
using R/S analysis probably reflects the slow conver-
gence properties of the/S method and the moderate

(N = 640-961) length of the time series examined
(Bassingthwaighte and Raymond, 199Evaluation

of the AF method byTelesca et al. (2000a, 2001b)
suggests a better performance of this estimator, and
so thea values determined using the AF method are
preferred.

Fig. 7 shows the AF data estimated with different
SL thresholds applied to the catalog. The valuexof
generally decreases as the SL thresholds are increased,
ranging from 0.38 to 0.15 (A20), 0.55 to 0.25 (K2A)
and 0.12 to 0.0 (FT2K) for thresholds of 210-224 dB.
In the FT2K region, the distribution of events can be
considered randonmx(~ 0) for thresholds>222 dB
(approximately). At all threshold values, remains
larger in the K2A and A20 regions than in the FT2K
region.

To examine the correlation between seismic clus-
tering and other temporal phenomeli@, is shown
in Fig. 8 as a function of time, as calculated using
50-earthquake windows that are offset by 10 earth-
guakes in timeC, varies between approximately 1-5
(A20), 1-3 (K2A) and 1-1.5 (FT2K). The time distri-
bution of events may be described as random for pe-
riods of several tens of days within all three regions.
This is shown by the solid horizontal lines kg. 8,
which represent the 1 o range ofC, for a simulated
50-event random sequence with the same mean event
rate as the data.

Fig. 8 also shows the time-magnitude distribu-
tion of earthquakes recorded at teleseismic distances.
Many of the largesC, values are correlated in time
with large magnitude earthquakes. The dominant peak
within the A20 region and the largest window€qg
value within any of the regions studied( = 5.2)
corresponds to a 6.1 Ms mainshock near3®iN
and reflects the clustering of subsequent aftershock
activity. Two near-equaC, peaks occur within the
K2A region of the MAR. The first peak, near day
100, is associated with a 5.9 Mw mainshock near
24°30N. The ensuing aftershock sequence was the
largest recorded during the first 2 years of acoustic
monitoring in the Atlantic, containing-165 events
(Bohnenstiehl et al., 2002 The second peak, near
day 800, is not associated with any large magnitude
teleseismic events. Instead, this period of clustered
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activity reflects a large seismic swarm (lacking a
well-defined mainshock) that occurred along the Bro-
ken Spur SegmentSgarle et al., 1998near 29N.
The largest peak within the FT2K regiog( = 1.8)

D.R. Bohnenstiehl et al./Physics of the Earth and Planetary Interiors 138 (2003) 147-161

The acoustic source level, measured in decibels,
scales in a manner analogous to the well-known
Gutenberg Richter relationship. This agrees with
the results of previous teleseismic and OBS studies

corresponds to a 5.5 Mw mainshock event and related in the mid-ocean ridge setting (e.§rancis, 1986;

aftershock activity Bohnenstiehl et al., 2002

7. Summary and conclusions

A catalog of earthquakes derived from the de-

Solomon et al., 1988; Toomey et al., 1988; Kong et
al., 1993 and implies a power—law size (moment)-
frequency distribution for north-central MAR earth-
quakes. The scale-invariant behavior exhibited by
the size-frequency distribution and time-fluctuations
is consistent with the description of seismicity as

tection of seismically generated T-waves has been self-organized critical phenomena (e$prnette and

used to examine the time-clustering behavior and
size-frequency distribution of north-central MAR

earthquakes. During the 2-year period of observa-

tion, the time distribution 0f~3.0 M (approximately)

Sornette, 1988; Bak and Tang, 1989; Bittner et al.,
1996.

In other settings, it has been suggested that fractal
seismic behavior may be tied closely to the fractal

earthquakes can be described as a non-periodic,structure of fault populations (e.gsuo and Ogata,
non-random, clustered phenomenon, with coefficient 1997; Scholz, 1998; Nanjo et al., 1998; Sherman and

of variation (Cy) > 1.0. When C, is examined
within windows of constant event number, temporal

Gladkov, 1999; Nanjo and Nagahama, 2p0Row-
ever, a power—law distribution of fault sizes has

spikes, which indicate an increase in the strength not been recognized widely within the mid-ocean
of the clusterization, are observed. These increasesridge setting Cowie et al., 1993, 1994; Carbotte and
are correlated with mainshock-aftershock sequencesMacdonald, 1994; Escartin et al., 1999; Bohnenstiehl

and swarm activity (more typically the former) and

and Carbotte, 2001If the proposed link between fault

therefore represent a response to large magnitudeand earthquake scaling relationships is valid, a seis-

earthquakes and/or possibly magmatic processes.
Both rescaled-rangeR(S and Allan factor (AF)
analysis reveal a fractal time clustering behavior for
MAR earthquakes. This is consistent with seismic ob-
servations within a number of terrestrial environments
(e.g. Lapenna et al., 20Q0Telesca et al., 2000a,b,
20013. Using the AF method, the power—law ex-
ponenta is estimated to be 0.36, 0.55 and 0.12 for
the Atlantis-to-Oceanographer, Kane-to-Atlantis, and
Fifteen-Twenty-to-Kane regions, respectively. A frac-
tal onset time of~5x 10% s is observed within each re-
gion. Adecrease ia is observed as the data are filtered
to higher SL thresholds, with a random £ 0) distri-
bution observed in the southern-most Kane-to-Atlantis
region when thresholds222 dB (approximately) are
applied. Although hot spot influenced changes in

mically active subset of the mapped fault populations
must display a power—law size frequency distribution
(cf. Cowie et al., 1993; Bohnenstiehl and Kleinrock,
1999. Alternatively, our observations imply that frac-
tal seismic behavior may arise when the structure of
the fault system is not power—law in nature.
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