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Earthquake Swarms on the Mid-Atlantic Ridge: Products
of Magmatism or Extensional Tectonics?

Eric A. BERGMAN AND SEAN C. SOLOMON

Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge

By analogy with the microearthquake swarms which accompany terrestrial volcanic eruptions,
teleseismically observed earthquake swarms along mid-ocean ridges are commonly thought to be
indicators of volcanism, particularly dike emplacement. We test this assumption by investigating the
spatial and temporal patterns and other characteristics of earthquakes in 34 swarms on the
Mid-Atlantic Ridge. Resolution of the relative locations of swarm events is improved by the use of a
multiple-event relocation technique. Most swarms extend 5 to 15 km across the ridge axis and 5 to 20
km along it. None of the swarms displays the large length-to-width ratio and temporal migration of
epicenters along axis which are characteristic of earthquake swarms in the well-studied rift zones of
Hawaii and Iceland. The relative locations, magnitudes, and source mechanisms of swarm events are
most easily explained if teleseismically observable swarms are expressions of extension across a
substantial portion of the median valley and perhaps into the rift mountains. The possibility that some
of these swarms include events directly associated with magmatic intrusion cannot be excluded,
however. Like their terrestrial counterparts, purely volcanic earthquakes on the mid-ocean ridges
probably occur dominantly at magnitudes below the teleseismic detection threshold of global seismic
networks (m;, < 4.5). The largest normal-faulting earthquakes on mid-ocean ridges and many of the
teleseismically observed swarms likely occur on the faults marking the inner rift wall, where the crust
first experiences significant faulting and is broken into numerous closely-spaced normal faults. We
speculate that the high degree of order in the dimensions, spacing, throws, and mechanical properties
of these faults, combined with stress concentrations arising naturally from the mechanical behavior of
the lithosphere at rifted, slow-spreading ridges, may account for the common occurrence of

earthquake swarms.

INTRODUCTION

Earthquake swarms are commonly, but not exclusively,
associated with volcanism. Sykes [1970] noted that swarms
of teleseismically located earthquakes occur frequently on
segments of the mid-ocean ridge system, and he postulated a
close relationship between such seismicity and the magmatic
processes involved in plate creation. Subsequent research
on earthquake swarms on mid-ocean ridges has focussed on
observations of microearthquake swarms with networks of
ocean bottom seismometers [Francis et al., 1978; Lilwall et
al., 1978; Brocher, 1983] or floating sonobuoys [e.g., Reichle
and Reid, 1977] and teleseismic source studies of the largest
swarm events [e.g., Thatcher and Brune, 1971; Tatham and
Savino, 1974; Huang et al., 1986]. Opportunities for both
types of study are rare. Swarm events in the magnitude
range between microearthquakes and the largest ridge axis
earthquakes have received little attention. Partly because of
the scarcity of detailed observations, our understanding of
the significance of mid-ocean ridge earthquake swarms has
improved little in two decades, and the possibility that
swarm earthquakes signal active volcanism on the accretion-
ary axis remains a frequent suggestion [e.g., Lilwall, 1982].
In this paper we address the causes of earthquake swarms on
mid-ocean ridges by means of a detailed study of the spatial
and temporal patterns of teleseismically detected swarms on
the northern Mid-Atlantic Ridge.

Earthquakes on mid-ocean ridges can, in principle, be
grouped into two classes, according to their association with
the two primary phases of the spreading cycle of slow-
spreading ridges: (1) creation of new oceanic crust by the
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intrusion of crustal dike systems from shallow axial magma
chambers and eruption of material onto the seafloor [e.g.,
Cann, 1970; Aumento et al., 1971; Lewis, 1983], and (2)
extensional tectonism as the newly created crust is acceler-
ated to full spreading velocity, faulted, and uplifted to yield
the topographic relief of the rift mountains [e.g., Harrison,
1974; Harrison and Stieltjes, 1977; Macdonald and Atwater,
1978]. This distinction is similar to the classification of
earthquakes at Kilauea volcano as ‘‘rift”” events, which
accompany episodes of magmatic intrusion or eruption, and
“flank’ events, which represent the response of the sur-
rounding crust to the stresses introduced during intrusion
[Klein, 1982]. A large earthquake swarm in the Galapagos
Islands in June 1968 may represent an exception to this
classification; Francis [1974] proposed that the swarm re-
sulted from the collapse of the Fernandina caldera following
the withdrawal of magma from shallow crustal levels.
Whether or not an axial magma chamber is commonplace
beneath slow-spreading ridges [e.g., Macdonald, 1982;
Stakes et al., 1984], episodes of eruptive activity are prob-
ably relatively short-lived and infrequent [e.g., Hall, 1976].
In this context, the observation that virtually the entire
Mid-Atlantic Ridge (MAR) is seismically active at time
periods greater than a few years [Einarsson, 1979) and that a
large fraction of this seismicity occurs as swarms [Francis
and Porter, 1971] leads one to expect that most teleseismic
swarms on the MAR are likely to represent extensional
tectonic processes. Even if this line of reasoning is accepted,
however, the question remains as to whether there exists a
distinguishable subset of swarms which is associated with
active eruption events.

The most widely-applied class of models linking earth-
quake swarms with active volcanism focusses on the role of
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dike emplacement. Hill [1977] proposed a quantitative model
attributing earthquake swarms to shear failure on conjugate
faults between the tips of en echelon magma-filled dikes.
Shaw [1980] modified this model to include the possibility
that the shear fractures connecting dike tips might act as
magma conduits between dike segments. Levelling data in
Iceland have been interpreted to indicate that a major
fraction of slip occurs on relatively deep faults in advance of
the propagating dike [Rubin and Pollard, 1988]. This defor-
mation could contribute a second population of earthquakes
to swarms. For both the Hill and the Rubin-Pollard models,
a tendency for the earthquake swarm to track the moving
front of the magma intrusion is predicted.

Another mechanism by which dike intrusion may produce
earthquakes has been suggested by source studies of several
large (M, ~ 6) events in a 1980 swarm near Long Valley
caldera, in eastern California [Julian, 1983]. Seismological
evidence strongly supports the hypothesis that these earth-
quakes were the result of tensile failure under high fluid
pressure [Julian and Sipkin, 1985]. Tensile cracking mecha-
nisms for microearthquakes in Iceland have been reported
[Foulger and Long, 1984], but the large size of the Long
Valley earthquakes appears to be unusual. The rarity of such
events, combined with the continental tectonic setting and
the silicic nature of the volcanism there, prevent us from
taking this example as a likely analog to the seismotectonics
of the mid-ocean ridge system, but we cannot dismiss the
possibility that fluid-driven tensile failure may account for
some teleseismically observed mid-ocean ridge earthquakes.

The segmentation of the mid-ocean ridge system places
constraints on the organization of the magmatic system
which supplies individual spreading segments [Whitehead et
al., 1984; Schouten et al., 1985]. Current models for the
accretion process at slow-spreading ridges suggest that per-
sistent axial magma chambers are unlikely to exist at more
than one or two sites along an active ridge segment, implying
that significant episodes of lateral magma intrusion over
distances of tens of kilometers may occur during an eruptive
episode [e.g., Macdonald, 1986]. 1t is reasonable to suppose
that such lateral migration is accomplished through propa-
gating dike swarms contained within a relatively narrow rift
zone along the inner floor of the median valley and that such
episodes are accompanied by swarms of small earthquakes,
in close analogy to the observations in the active rift zones of
Iceland and other terrestrial volcanic centers.

We thus pose the hypothesis that at least some teleseis-
mically observed earthquake swarms represent such an
episode of dike propagation and therefore reveal the pres-
ence of magma. If this hypothesis were shown to be gener-
ally correct, teleseismic data could be used to place con-
straints on the geometry of the magma supply system to
individual spreading cells and guide the planning of detailed
investigations of magmatic systems, for example with ocean-
bottom seismometer networks and submersibles. We test
this hypothesis by comparing teleseismically-observable
characteristics, in particular the spatial and temporal pat-
terns, of mid-ocean ridge earthquake swarms with those of
well-studied earthquake swarms associated with lateral
magma migration. Improved resolution of these patterns for
the mid-ocean ridge events is achieved by a multiple-event
relocation technique.
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EARTHQUAKE SWARMS AND DIKE EMPLACEMENT
IN TERRESTRIAL RIFT ZONES

The detailed observations needed to reveal relationships
between magmatic activity and earthquake swarms are avail-
able only for a few terrestrial sites of basaltic volcanism
(notably Iceland, Hawaii, and the Afar), none of which can
be taken as a completely satisfactory analog to a normal
oceanic spreading segment. Hawaii, of course, is in an
intraplate setting, with a regional stress field quite different
from the extensional stress regime of the mid-ocean ridges.
While Iceland is part of the Mid-Atlantic Ridge, like Hawaii
it is a hotspot. The Ghoubbet-Asal Rift in the Afar is more
similar to a mid-ocean ridge than Iceland [Needham et al.,
1976; Tamsett, 1986], but it is a very immature spreading
system, still dominated by the pre-existing structure of the
continental crust. If these distinctions are kept in mind,
however, the terrestrial observations are still useful in eval-
uating the significance of the limited teleseismic observa-
tions available for the study of earthquake swarms on
mid-ocean ridges.

Iceland

While Iceland is atypical of the mid-ocean ridge system,
many of the processes of accretionary tectonics which can
be closely observed there are likely to be good analogs to the
processes occurring along the submerged portions of the
ridge [e.g., Tryggvason, 1973]. Migration of swarm seismic-
ity was observed on the Reykjanes Peninsula in 1972, in a rift
zone approximately 2 km wide and 12 km in length, but no
direct evidence of magma flow was found [Klein et al., 1977].
Such a link between swarm activity and magma transport
has been established, however, at the Krafla volcano in
northern Iceland. During a major rifting episode lasting from
1975 to 1984, the volcano inflated and deflated as many as 20
times [Bjornsson et al., 1977; Wendt et al., 1985]. Inflation
occurred during replenishment of the shallow magma body
beneath the central caldera. The deflation events involved
injection of magma laterally into fissure swarms north and
south of the caldera, accompanied by earthquake swarms
which often tracked the position of the magma front [Brands-
dottir and Einarsson, 1979; Einarsson and Brandsdéttir,
1980]. The active rift zones were 5 km or less in width and
had a total length of 80 km. In the July 1978 deflation event,
the rate of migration of the earthquake swarm reached 1.8
kmh™! during the first nine hours [Einarsson and Brands-
déttir, 1980].

Only two of the deflationary events were accompanied by
a significant number of earthquakes sufficiently large to be
well-recorded at teleseismic distances. The first episode of
such activity began several days after the initiation of rifting,
on December 24, 1975, and lasted until early February 1976.
The earthquakes were concentrated spatially in two clusters,
one near Krafla caldera, the second 40-60 km north of the
caldera, at the intersection of the rift zone with the Tjornes
Fracture Zone [Ward, 1971; Einarsson and Brandsddttir,
1980]. Although much of this seismicity must have been
associated with the extensive surface fracturing and rifting
which occurred simultaneously [Sigurdsson, 1980], the larg-
est earthquake in the swarm (m, = 5.9) was found by
Einarsson [1979] to have a strike-slip focal mechanism
consistent with transform motion on the fracture zone.
During a second deflationary event, in January 1978, earth-
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quakes were again concentrated in the fissure swarm north
of the caldera, immediately to the south of the source region
of the 1975-1976 earthquake swarm. These two swarms each
resulted in about 1 m of subsidence in a graben approxi-
mately 5 km wide and 20 km long [Sigurdsson, 1980].

Hawaii

The association of earthquake swarms with episodes of
lateral magma intrusion into the rift zones of Kilauea and
Mauna Loa volcanoes has been well-documented by many
years of detailed observations [Klein et al., 1987], and
swarms have also been detected at the recently formed Loihi
submarine volcano southeast of Hawaii [Klein, 1982].
Swarms are particularly common in the early stages of an
eruptive event. At the mature rift zones of Kilauea and
Mauna Loa, earthquake swarms generally last only a few
days, but several swarms lasting several months have been
observed at Loihi. Migration usually occurs down-rift from
the summit caldera, at rates of 0.1 to 6 km h~!. Concentra-
tions of earthquakes are thought to occur at barriers within
the conduit system, arising from geometrical constraints or
stress concentrations, and these points frequently serve as
initiation or stopping points for intrusive episodes. Intrusive
events tend to be clustered in pairs or triples over the course
of several weeks, alternating between several rift zones. The
largest earthquakes directly associated with dike intrusion
events have local magnitudes of about 4.0. In a detailed
study of four swarms Karpin and Thurber [1987] found that
most of the earthquakes have strike-slip mechanisms, in
agreement with the model of Hill [1977].

Afar

The tectonics of the Afar region, including Djibouti, are
dominated by the propagation of a spreading center into the
continental crust of Africa as part of a ridge-ridge-ridge triple
junction whose other arms are young oceanic spreading
centers in the Gulf of Aden and Red Sea [Mohr, 1970]. With
the conspicuous exception that it is not presently covered by
water, portions of the Afar resemble in many ways a typical
segment of the Mid-Atlantic Ridge [Needham et al., 1976;
Tamsett, 1986]. A major earthquake swarm occurred within
the Ghoubbet-Asal Rift in November and December 1978.
The largest event (m, = 5.3) occurred on the second day of
the swarm at the southeastern end of the subaerial section of
the rift. Most of the seismicity, including many events with
m, > 4.0, occurred to the southeast of this epicenter,
beneath the Ghoubbet al Kharab [Abdallah et al., 1979]. The
focal mechanisms of these events indicate normal faulting on
faults parallel to the rift axis. At the time of the swarm, faults
and fissures were created or reactivated over a zone 3—4 km
wide along the full length of the subaerial part of the rift (15
km). Including the seismically active portion beneath
Ghoubbet al Kharab, the length of the rift which was active
during this rifting episode totals 30 km. At the northwestern
end of the subaerial portion of the rift, near Lake Asal, a
basaltic fissure eruption began shortly after the largest
earthquake and continued for a week [Allard et al., 1979].
Ruegg et al. [1979] concluded that magmatism played a small
role in the rifting event, which was dominated by the brittle
failure and elastic rebound of the lithosphere along the rift.
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TELESEISMICALLY LOCATED SWARMS ON THE
NORTHERN MID-ATLANTIC RIDGE

Earthquake Data Set

The northern Mid-Atlantic Ridge was chosen for this
study because the distribution of seismic stations at teleseis-
mic distances is good, because the tectonics of this ridge
system are relatively well-understood, and because of the
proximity to Iceland, the best terrestrial example of the
association between earthquake swarms and lateral magma
migration during active rifting. We searched the catalog of
the International Seismological Centre (ISC) for earthquakes
on the MAR between 10°N (Vema Fracture Zone) and 60°N
(immediately south of Iceland) in the years 1964—1985 having
at least 10 teleseismic (epicentral distance A > 25°) arrival
times. In the northern part of the study region, particularly
the Reykjanes Ridge, events which have very few teleseis-
mic data can often be located because of the proximity of
seismic stations in Iceland and Europe; comparable earth-
quakes farther south may escape detection. The criterion on
number of teleseismic arrivals in the catalog search main-
tains a reasonably consistent sampling procedure over the
study area. Groups of three or more earthquakes clustered in
space (<50 km) and time (<1 week) were included in the
initial list of earthquake swarms. The time window consid-
ered was expanded to several weeks for a few swarms
containing many events. Events on large-offset transform
faults were removed, as were obvious mainshock-aftershock
sequences, but several swarms retained for this study in-
clude earthquakes as large (m, > 5.5) as any that occur on
the spreading ridge segments of the MAR. We retained only
swarms containing at least three events which could be
relocated with good confidence (as discussed below).
Swarms with fewer than five events were retained only if
they were close enough to other swarms to allow simulta-
neous relocation of the entire group, since the benefits of
simultaneous relocation increase with the number of earth-
quakes included.

Beginning on May 21, 1989, an unusually intense swarm
near 60°N on the Reykjanes Ridge attracted considerable
interest in the geophysical community because of the possi-
bility that it might signal an episode of active volcanism (R.
Holcomb, pers. comm., 1989). The last of the 46 events in
the series located by the National Earthquake Information
Service (NEIS) occurred on June 11. An airborne deploy-
ment of a sonobuoy network was made on June 13, at which
time the level of microearthquake activity was still quite high
(C. Nishimura, personal communication, 1989). Bathymetric
and water column measurements in the area of the swarm
were made by the research vessels Atlantis II and Endeavor
in June (J. Delaney, personal communication, 1989).

Because of the widespread interest in this swarm we have
included it in the study, but because of its recency the
procedures differed slightly from those followed for the
remaining swarms. The arrival time data were obtained from
the NEIS Preliminary Determination of Epicenters (PDE).
We attempted to relocate all events listed in the PDE, even
those with fewer than 10 teleseismic arrival times. Nine
events could not be relocated with acceptable confidence,
however, and these were eliminated. Finally, we made use
of arrival times from the Icelandic stations REY (A ~ 6°) and
AKU (A ~ 8%, because otherwise station coverage was too
sparse for many of the smaller events to be located.
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TABLE 1. Teleseismically Relocated Swarms
Epicentroid?
Date Latitude, °N Longitude, °W Nb L€ w4 Pointlike® Figure

June 10, 1971 59.45 = 0.016 30.35 = 0.021 4 124 11=3 no 6
April 11, 1977 59.45 30.16 4 18+5 33 no

Jan. 18, 1983 59.38 30.34 3 3x4 11+2 yes

May 21, 1989 59.87 29.69 37 375 213 no

Nov. 3, 1965 58.18 = 0.013 32.14 = 0.012 3 12%9 10+6 yes 7
Sept. 20, 1969 58.19 32.13 6 12+3 152 no

Feb. 17, 1983 58.55 31.61 14 374 283 no

Sept. 28, 1970 57.18 = 0.014 33.31 = 0.013 3 54 6+2 yes 8
Jan. 26, 1977 57.64 33.00 3 137 8§+3 yes

Aug. 3, 1984 57.65 32.84 5 73 15+2 no

March 9, 1967 56.02 = 0.015 34.67 = 0.016 17 44 + 7 10+ 4 no 9
April 23, 1970 55.52 35.08 7 23+ 5 16 + 4 no

Sept. 25, 1965 54.03 = 0.016 35.27 = 0.011 3 313 75 yes 10
April 3, 1972 54.27 35.11 3 62 7+4 yes’

March 23, 1974 53.89 35.46 3 45 9+2 yes

July 31, 1984 53.98 35.14 3 134 22 no

Nov. 10, 1967 45.03 = 0.017 28.10 = 0.010 3 19+9 114 yes’ 11
May 13, 1972 45.13 28.11 3 115 5+2 yes

April 21, 1975 45.42 27.95 3 16 £ 6 3+3 no

Sept. 1, 1979 44.96 28.06 6 11£6 9+3 no

April 7, 1975 42.59 * 0.016 29.44 *+ 0.009 8 29+ 6 163 no 12
Sept. 10, 1979 42.74 29.29 7 10+7 153 no

Jan. 20, 1968 41.30 = 0.020 29.33 = 0.013 7 16 + 8 157 no 13
June 10, 1975 40.73 29.41 3 2+3 9+4 yes

March 9, 1984 40.70 29.42 3 2+3 16 = 4 no

Jan 18, 1985 29.94 = 0.022 42.73 = 0.019 6 10 £3 17+ 8 no 14
March 11, 1966 28.33 = 0.012 43.87 = 0.009 6 10 = 4 5+5 yes 15
Feb. 17, 1967 28.87 43.44 3 10x5 33 yes

Jan. 15, 1984 28.86 43.45 3 103 6=+3 yes

March 15, 1984 28.45 43,75 3 9+5 65 yes

May 15, 1974 27.38 = 0.014 44.28 = 0.010 25 20 x4 26+ 6 no 16
July 13, 1985 25.92 = 0.020 45.04 = 0.021 5 8+5 35 yes’ 17
June 28, 1977 22.65 = 0.015 45.08 = 0.010 5 103 10=x3 no 18
Jan. 19, 1982 21.56 + 0.026 45.42 = 0.015 5 136 206 no 19

Joint relocation was performed for swarms grouped as shown. Groups are listed in order of decreasing latitude, one group per figure.
Swarms are listed chronologically within groups and are identified by the date of the first relocated event in the series.
% Epicentroid is calculated for each swarm individually. Standard deviations given for first swarm in each group apply to all swarms in

that group.
Number of events relocated.

¢ Length (km) of the area of activity during the swarm, measured parallel to the strike of the median valley, taken as the greatest
separation (projected on the desired direction) between any two events in the swarm. In several swarms, poorly-located outliers have been
ignored for this purpose. Uncertainty is one standard deviation. See discussion in text.

¢ Width (km) of the area of activity during the swarm, measured perpendicular to the strike of the median valley. See note c.

¢ Test of null hypothesis that all events in a swarm have zero-length cluster vectors, i.e., all the events occurred at a common point. A
swarm is considered point-like if the null hypothesis cannot be rejected at the 99% confidence level.

f These swarms are point-like at the 99% confidence level, but not at the 95% confidence level. See Jordan and Sverdrup [1981] for further

information on this test.

The 34 swarms selected for analysis are listed in Table 1.
The approximate locations of the swarms on the MAR are
shown in Figures 1-5. Most of the events have magnitudes in
the range 4.3 < m,, < 5.0, but earthquakes as small as my =
3.9 and as large as m, = 5.9 are included. In the late 1960s
the detection threshold (above which detection is nearly
complete) of the global seismic network was about m,, = 4.7
for earthquakes on the northern MAR [Evernden, 1969]. The
detection threshold has gradually decreased (with significant
fluctuations) since the early 1960s [Habermann, 1982], but it
is currently probably no lower than m, = 4.5 on average
over the region of this study.

Multiple Event Location

The relative locations of the earthquakes in the selected
swarms are determined by simultaneous relocation using the

technique of hypocentroidal decomposition [Jordan and
Sverdrup, 1981]. The location problem is separated into two
parts: (1) estimation of the relative locations (cluster vectors)
within the cluster from differences between the observed
travel times from two or more members of the cluster to each
station, and (2) estimation of the absolute location of the
hypocentroid (the centroid of the cluster vectors) using the
full set of observed arrival times. Compared with other
techniques for relative event location, hypocentroidal de-
composition is especially powerful for the study of smaller,
sparsely recorded events because it makes optimal use of all
the available arrival time data.

The absolute locations (i.e., the hypocentroid of the
cluster) determined by hypocentroidal decomposition are
subject to the same sources of bias as any teleseismic
location: errors in the theoretical travel times coupled with
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Fig. 1.
Reykjanes Ridge. Bathymetry, shown by selected 1-, 1.5-, 2-, and
2.5-km isobaths, is from Laughton and Monahan [1978].

Epicentroids of 10 teleseismically located swarms on the

unbalanced station distribution can easily lead to a bias of 10
km or more {Herrin and Taggart, 1968; Phillips et al., 1979].
We determine theoretical travel times from the Herrin [1968]
tables, corrected for ellipticity [Dziewonski and Gilbert,
1976] and incorporating the azimuthally-dependent station
corrections (for applicable stations) of Dziewonski and
Anderson [1983]. Relocations of earthquakes on the Kane
transform fault [Bergman et al., 1988] and comparison of the
teleseismic relocation for one swarm in this study with
locations calculated from a local ocean bottom seismograph
network [Kong et al., 1988] suggest that the epicentroids
may be systematically biased to the north by as much as 15
km, because of the concentration of seismic stations in the
northern hemisphere. Longitudinal bias appears to be small,
as expected from the approximately equal distributions of
seismic stations in North America and Europe.

Hypocentroidal decomposition is as vulnerable to the
strong tradeoff between focal depth and origin time as
single-event location with teleseismic data. Considering the
consistent results of microearthquake studies [e.g., Toomey
et al., 1985] and body waveform modelling studies of larger
events [Huang and Solomon, 1988], it is reasonable to
assume that most mid-ocean ridge earthquakes have focal
depths within the upper 10 km of the oceanic crust and upper
mantle. We therefore fixed the depth of all events in this
study at 10 km below sea level, corresponding to a depth of
6-7 km beneath the seafloor of the median valley. Errors in
the assumed depth are unlikely to exceed 5 km and will be
absorbed in the origin time; the epicentral components of the
relative locations are insensitive to depth errors of this
magnitude.

Most of the relocations are performed with P wave arrival
time data from seismic stations in the range 20° < A < 98°.
European seismic stations have epicentral distances as short
as A ~ 20° from swarms in the northern part of the study
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region (north of about 40°N). For swarms at latitudes less
than about 30°N on the MAR, there are virtually no stations
closer than A ~ 30°. The relocation of the May-June 1989
swarm and the three other swarms relocated with it em-
ployed data from stations as near as A ~ 5° (see above), and
data from several stations as near as A ~ 12° were used in the
relocation of the March 9, 1967, swarm. Inclusion of data at
A < 30° (the traditional lower bound for ‘‘teleseismic’’
studies) is critical to achieve the azimuthal coverage neces-
sary for satisfactory location of many of the smaller events in
the study, particularly those on the Reykjanes Ridge. Arrival
time data are weighted inversely to the precision of the
reported arrival time. Data reported to the nearest second
are assigned a standard error of 1.0 s, while data given to the
nearest 0.1 s are assigned a standard error of 0.5 s. With the
exception of the May-June 1989 swarm, for which PDE
hypocenters are used, ISC epicenters and origin times are
adopted as the initial values in the relocations. In the
estimation of the epicentroid (depth is fixed), data with a
residual less than 10 s are used at the first iteration; a 3 s
cutoff is used for subsequent iterations. After convergence,
the path-corrected residuals used to estimate corrections to
the cluster vectors are inspected to identify outliers, which
are flagged. The entire process is repeated several times
(with flagged data dropped from the cluster vector calcula-
tion) until the distribution of path-corrected residuals is
approximately normal.

The ability to resolve the relative locations of the earth-
quakes in a cluster depends on the number, ‘‘connected-
ness,”’ and azimuthal distribution of arrival time data. In
general, the reliability of relocations for events with less than
about 20 arrival times is questionable. In some cases, the
quality and distribution of a smaller number of data produce
a solution with nominally acceptable parameter variances;
the true uncertainty is undoubtedly greater, however. The
minimum requirement for connectedness is that a station
reporting an arrival time for a particular event also have
reported an arrival time for at least one other event in the
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Fig. 2. Epicentroids of six teleseismically located swarms on
the Reykjanes Ridge. Bathymetry, shown by selected 1.5-, 2-, and
3-km isobaths, is from Laughton and Monahan [1978].
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Fig. 3. Epicentroids of nine teleseismically located swarms on the Mid-Atlantic Ridge north of the Azores triple

junction. Bathymetry, shown by selected 2-

cluster. Higher connectedness improves the estimate of a
station’s path bias, which is removed from all data prior to
estimating corrections to the cluster vectors. A reliable
(relative) location is usually not possible with a gap of more
than 180° in the azimuthal distribution of data; in such a case
the family of confidence ellipses for the spatial components
of the cluster vector will be extremely elongated along an
axis bisecting the gap in data. Because of these factors, some
of the swarm earthquakes found in our search of the ISC
catalog could not be relocated with an accuracy sufficient for
tectonic interpretation, and such events are not included in
the analysis.

Details of the individual relocations are discussed in the
appendix, which also includes the epicenters for all the
relocated swarm earthquakes (222 events). The cluster vec-
tors and their 95% confidence ellipses are shown in Figures
6-19.

and 3-km isobaths, is from Searle et al. [1982].

CHARACTERISTICS OF RIDGE EARTHQUAKE SWARMS

The primary test of the hypothesis that teleseismically
detected swarms on mid-ocean ridges are marine examples
of dike-intrusion swarms in volcanic rift zones exploits the
characteristic geometry of well-studied volcanic swarms and
the tendency for the seismicity to track the movement of the
magma front down the rift zone. Secondary evidence arises
from comparisons of the durations of swarms and the timing
of seismic activity during swarms, the characteristic magni-
tudes of earthquakes, their fault mechanisms, and their
locations relative to the axis of accretion.

Geometry of Swarms

Terrestrial dike swarms and their associated earthquake
swarms are elongated, with typical widths of a few kilome-
ters and lengths of up to several tens of kilometers. For
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Fig. 4. Epicentroids of seven teleseismically located swarms on the Mid-Atlantic Ridge south of the Atlantis Fracture
Zone. Bathymetry, shown by selected 3- and 4-km isobaths, is from Searle er al. [1982].

comparison, we seek a measure of the degree of elongation
in the clusters of mid-ocean ridge earthquake swarms. To the
extent that these earthquakes are associated with dike em-
placement, any such elongation can be expected to occur
along the axis of the median valley, an orientation which can
be determined with reasonable accuracy from the bathyme-
try. A simple measure of the degree of elongation is the
aspect ratio of the cluster of epicenters, the ratio of the
length (along the strike of the ridge axis) to the width (across
strike). To measure these dimensions, the spatial compo-
nents of the cluster vectors and their covariance matrix are
rotated into a coordinate frame with one axis parallel to the
ridge axis. The separation of the two outlying events in each
coordinate and the variance of that separation are calcu-
lated. This estimate of variance is at best a weak substitute
for the true uncertainty of the spatial extent of the swarm in
an arbitrary direction, since it uses only a small fraction of
the information contained in the entire set of cluster vectors.
When an outlier has been located with a small number of
data and lies well outside the remainder of the cluster,
another member of the swarm was chosen as a more robust
indicator of swarm dimensions. These cases are noted in the
appendix. The dimensions reported (Table 1) are thus in-
tended to be robust estimates of minimum swarm dimen-
sions. Because of the distribution of seismic stations with
respect to the study area, the minor axis of the cluster vector

confidence ellipse is oriented approximately perpendicular
to the trend of the ridge axis for most events. Therefore,
estimates of the cross-axis extent of the swarms generally
have smaller uncertainties than estimates of the along-axis
extent.

Some bias in our estimated swarm dimensions may arise
from discrepancies between the true velocity structure in the
source region and the velocity structure implicit in the
Herrin [1968] tables used to calculate travel times and ray
parameters. On average, the shallow velocity structure of
the mid-ocean ridge is faster than the Herrin velocity struc-
ture, which assumes crustal velocities to a depth of 40 km
[Herrin et al., 1968]; in this case the separation between
events will be underestimated by the relocation procedure.
Any such bias is proportional to the separation between
events; it should be negligible for the estimates of cross-axis
swarm dimensions, which are generally small, but may be
significant for the along-axis dimension for some of the larger
swarms. Where several swarms have been jointly relocated,
the separation between the swarms may tend to be underes-
timated for this reason.

The estimated widths (cross-axis) and lengths (along-axis)
for the 34 MAR swarms are plotted in Figure 20. There is a
weak positive correlation between width and length (corre-
lation coefficient = 0.43), and little tendency for swarms to
be elongated along the strike of the median valley. Only
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zone. Bathymetry, shown by selected 2-, 3-, and 4-km isobaths, is from Searle et al. [1982].

seven swarms lie significantly outside the region defined by
having both width and length less than 15 km, and only one
of these (March 9, 1967) has dimensions (45 km by 10 km)
similar to those of larger volcanic rift zone swarms; the
width of this last swarm is probably underestimated (see
appendix). None of the swarms have both width and length
less than 5 km, but this does not rule out the possibility that
some of the swarms may represent seismicity confined
effectively to a point. Jordan and Sverdrup [1981] describe a
statistical test of the null hypothesis that all members of a
swarm have cluster vectors of zero length. The results of this
calculation for the swarms of this study are listed in Table 1.
In general, swarms for which both the width and length are
less than 10 km cannot be distinguished from points of
activity at a high level of confidence; the estimated widths
and lengths of such swarms may have little meaning. For 19
swarms, indicated by open circles in Figure 20, the null
hypothesis can be rejected at a confidence level exceeding
99%.

Terrestrial volcanic rift zones typically have widths of 5
km or less, comparable to that of the inner rift valley of the
MAR. Although there is evidence that volcanism occasion-
ally occurs as much as 20 km from the long-term locus of the
axis [Macdonald, 1977; Arwater, 1979], we can take as a

fairly strong constraint that an earthquake swarm directly
associated with intrusive volcanism on the MAR should
have a width less than about 5 km. Of the 34 swarms, this
criterion is met by the 15 for which the point-source hypoth-
esis cannot be rejected (see above), as well as by three
swarms which are non-pointlike (Figure 20). Of these 18
cases, however, 15 contain only three relocated earth-
quakes; the apparent narrowness of some of these swarms is
undoubtedly a product of small sample size. On the basis of
width, therefore, at least half of the swarms can be dis-
counted as purely volcanic swarms.

Migration of Swarm Seismicity

For those swarms which may have widths less than 5 km,
migration along axis (presumably away from a central
magma chamber) would be strong evidence for association
with an episode of dike emplacement. Of the 18 candidate
swarms, only three can be clearly distinguished from point
sources (April 21, 1975; April 11, 1977; July 31, 1984); any
apparent space-time migration pattern in the remaining
swarms is probably spurious. There is a clear linear progres-
sion from north to south in the July 31, 1984, swarm (Figure
8). Given the uncertainties in the relative locations, a pro-



BERGMAN AND SOLOMON: MID-ATLANTIC RIDGE EARTHQUAKE SWARMS

o] 20 40

Fig. 6.
18, 1983 (#9-11), and May 21, 1989 (#12-48). For each earthquake the relative location of the epicenter is indicated by
the event number, the 95% confidence ellipse for the cluster vector is shown, and the change in relative position from
the starting (ISC) location is indicated by a line. The initial epicenters for the May 21, 1989, swarm are from the NEIS
Preliminary Determination of Epicenters. The epicentroid for all relocated events in the four swarms is at (0,0) km
(cross). (b) Absolute locations of the earthquakes in the May 21, 1989, swarm. Tic marks are at intervals of 0.1° in
latitude and longitude.

gression cannot be ruled out for the April 21, 1975, swarm
(Figure 9). Since both swarms contain only three relocated
events, however, the significance of these patterns must be
discounted. The four events in the April 11, 1977, swarm are
consistent with a north-south migration (Figure 6). None of
the swarms with widths greater than 5 km show any clear
pattern of space-time progression along the ridge axis.

Fig. 7. Relative locations of earthquakes in the swarms of
November 3, 1965 (#1-3), September 20, 1969 (#4-9), and February
17, 1983 (#10-23). See Figure 6 for further explanation.
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(a) Relative locations of earthquakes in the swarms of June 10, 1971 (#1-4), April 11, 1977 (#5-8), January

Duration

To determine the duration of each swarm, we compiled a
complete list (from the ISC catalog) of all constituent events,
with no minimum on the number of teleseismic arrival time
data (the March 9, 1967, swarm was an exception; see the
appendix). While the number of detected events in a swarm
strongly reflects spatial and temporal variations in the detec-
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Fig. 8. Relative locations of earthquakes in the swarms of
September 28, 1970 (#1-3), January 26, 1977 (#4-6), and August 3,
1984 (#7-11). See Figure 6 for further explanation.
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Fig. 9. Relative locations of earthquakes in the swarms of
March 9, 1967 (#1-17), and April 23, 1970 (#18-24). See Figure 6 for
further explanation.

tion threshhold of the global seismic network, the duration is
less sensitive to these factors. The duration of each swarm
and the number of constituent events are shown in Figure 21.
Most of the swarms contain fewer than eight earthquakes
and last less than 2-3 days. Several sites have experienced
swarms at intervals of a few years (Table 1); such a pattern
is also observed during some terrestrial eruptive episodes
(e.g., the 1975-1984 Krafla swarms). For most of the
swarms, the largest fraction of the seismicity occurs within
one day of the first event. This observation also holds true

40 -

-20 |

Fig. 10. Relative locations of earthquakes in the swarms of
September 25, 1965 (#1-3), April 3, 1972 (#4-6), March 23, 1974
(#7-9), and July 31, 1984 (#10-12). See Figure 6 for further
explanation.
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Fig. 11. Relative locations of earthquakes in the swarms of
November 10, 1967 (#1-3), May 13, 1972 (#4-6), April 21, 1975
(#7-9), and September 1, 1979 (#10-15). See Figure 6 for further
explanation.
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Fig. 12. Relative locations of earthquakes in the swarms of
April 7, 1975 (#1-8), and September 10, 1979 (#9-15). See Figure 6
for further explanation.
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Fig. 13. Relative locations of earthquakes in the swarms of
January 20, 1968 (#1-7), June 10, 1975 (#8-10), and March 9, 1984
(#11-13). See Figure 6 for further explanation.

for the longest swarms (Figure 22), whose greater duration in
most cases results from a small number of later events. The
patterns of seismic activity versus swarm duration of the
longer and larger mid-ocean ridge swarms shown in Figures
21 and 22 are similar to those observed in teleseismically
observed swarms in Iceland (57 events in 40 days and 19
events in 15 days for the December 24, 1975 and January 9,
1978, swarms, respectively) and the Afar (10 events in 40
days during the November 7, 1978, swarm). The duration (20
days) of the June 12, 1968, Fernandina swarm in the Galapa-
gos Islands is also similar to that of the longer mid-ocean
ridge swarms, but the number of earthquakes (~280) is far
higher; the relevance to mid-ocean ridge seismicity of the
caldera collapse model put forward to explain this swarm by
Francis [1974] is uncertain.

Magnitudes

The largest members of the mid-ocean ridge swarms are
consistently greater in magnitude than the largest events
observed in purely volcanic swarms in Iceland or Hawaii. In
particular, the 18 swarms with widths (possibly) less than 5§
km have maximum magnitudes ranging from m, = 4.7t0 5.3,
whereas earthquakes associated with dike swarms in Iceland
and Hawaii seldom exceed m, = 4.0. In both Iceland and
Afar, however, rifting events have been accompanied by
swarms of earthquakes whose number and magnitudes are
comparable to those of mid-ocean ridge swarms (see above).
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Faulting Style

Focal mechanisms are known for many of the larger
swarm events in this study (see the appendix); normal
faulting is typical, especially for the best-recorded events. Of
the 18 swarms in this study which, on the basis of width, are
most likely to be volcanic in origin, four are known to have
at least one earthquake with a normal faulting mechanism.
Several of the swarms studied here (e.g., September 20,
1969; June 28, 1977) contain large (m, > 5.4) normal faulting
earthquakes which from a seismological point of view are
indistinguishable from the isolated large normal-faulting
earthquakes generally interpreted as indicative of extension
across the mid-ocean ridge median valley [Solomon et al.,
1988]. The largest earthquakes in the 1978 swarm in the
Ghoubbet-Asal Rift were characterized by normal faulting.
The observed ground deformation suggests that there was a
significant component of normal faulting involved in the two
large earthquake swarms in the rift zone north of Krafla
caldera in Iceland [Sigurdsson, 1980]. In contrast, evidence
from Hawaii and Iceland suggests that many of the earth-
quakes directly related to magma injection into dyke swarms
are characterized by strike-slip faulting [Klein et al., 1977,
Karpin and Thurber, 1987]. Strike-slip faulting has also been
reported for earthquakes in a teleseismically located swarm
in the northern Guif of California [Tatham and Savino,
1974], but the swarm may have occurred on a transform
segment of the plate boundary.

The style of faulting may be one of the more useful clues
to classification of an earthquake swarm as ‘‘tectonic’’ or
““volcanic.”” Normal faulting is, of course, the dominant
mode of brittle deformation of a lithospheric plate under
extension. The sense of faulting predicted by the magma
injection model of Hill [1977] depends on the orientation of
dikes with respect to the free surface and the regional stress
system. For a system of shallow, vertical, en echelon dikes
extending along a narrow rift zone, Hill’s model can account
for the observations of strike-slip faulting in volcanic swarms
in a rather natural way, but the dike geometry necessary to
produce normal faulting at the scale required for teleseismi-
cally observed earthquakes is incompatible with the shallow
depth extent of dikes and earthquakes on the mid-ocean
ridge. The possibility that some of the smaller events in the
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Fig. 14. Relative locations of earthquakes in the swarm of January
18, 1985. See Figure 6 for further explanation.
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Fig. 15. Relative locations of earthquakes in the swarms of

March 11, 1966 (#1-6), February 17, 1967 (#7-9), January 15, 1984
(#10-12), and March 15, 1984 (#13-15). See Figure 6 for further
explanation.

present study could have strike-slip mechanisms cannot be
rejected. Given the dominantly extensional tectonics of
mid-ocean ridges, observation of median valley earthquakes
with strike-slip mechanisms would constitute strong evi-
dence for association with an activated dike system.

Location Relative to the Axis of Accretion

Dike intrusion (and associated seismicity) on the mid-
ocean ridge system should be localized close to the neovol-
canic zone, within the inner floor of the median valley. The
epicenters of the mid-ocean ridge swarms are generally
consistent with locations overlapping the inner floor, but
uncertainty in the epicentroid is large enough to encompass
alternative models, such as locations between the inner and
outer rift walls, in many cases. In several areas, however,
two colocated swarms are clearly separated in the cross-axis
direction by 5 km or more (e.g., June 10, 1971 and April 11,
1977, swarms, Figure 6a; January 26, 1977, and August 3,
1984, swarms, Figure 8; May 13, 1972, and September 1,
1979, swarms, Figure 9; September 25, 1965, and July 31,
1984, swarms, Figure 10). Such a pattern, which is observed
for at least five of the relatively narrow, potentially volcanic,
swarms, is not consistent with a volcanic origin for both
swarms unless one admits the hypothesis that the axis of
magmatism can migrate across the inner floor over periods of
a few years. An alternative explanation is that one swarm
represents volcanic activity in the inner floor while the
second is an expression of extensional tectonism elsewhere
in the median valley. It is more likely, however, that these
observations reflect a single pattern of deformation which
has substantial cross-axis dimensions, namely extensional
tectonism. One swarm can be localized outside the inner
floor with some confidence: the March 23, 1974, swarm is
colocated with three other swarms (Figure 10) on a distinctly
linear ridge segment (Figure 2). We interpret the pattern of
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relative locations, in combination with the bathymetry, to
indicate that the three other swarms probably are located
within or close to the inner floor, while the 1974 swarm
occurred to the west, in the terraces between the inner and
outer rift walls or within the rift mountains. This observation
supports the view that extensional tectonism on the MAR
can give rise to swarm-type seismicity.

In contrast to the other swarms in this study the May 21,
1989, swarm (and, to a lesser extent, the other three swarms
relocated with it), is located on a section of the Reykjanes
Ridge where the ridge axis has an elevated, triangular profile
rather than the rifted median valley characteristic of most of
the MAR (Figure 1). This morphology, shared by other
oceanic ridge segments near hotspots, has been interpreted
as an expression of ‘‘pipe’’ flow along the axis southward
from Iceland [Vogt, 1971; Vogt and Johnson, 1975]. Earth-
quake swarms are observed on this section of the ridge but
the seismicity rate is much lower than that of the more
typical MAR south of about 60°N [Francis, 1973]. Despite
the contrast in ridge morphology, we find little seismic
evidence to suggest that the origin of this swarm differs from
that of other swarms to the south; a strike-slip focal mech-
anism has been reported for the largest event in this swarm
[Dziewonski et al., 1989], but a normal faulting mechanism is
equally consistent with the data (see appendix).

DiscussioN

Consideration of the various characteristics of mid-ocean
ridge swarms leads us to the conclusion that these earth-
quakes bear little resemblance to earthquakes resulting
directly from the lateral motion of magma through crustal-
level dike systems during volcanic episodes at well-studied
terrestrial rift zones in Iceland or Hawaii. Such earthquakes
are seldom recorded at teleseismic distances from these rifts,
and we conclude that the same is true of purely volcanic
swarms on the MAR. In contrast, the teleseismically-
observable characteristics of mid-ocean ridge swarms are
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Fig. 16. Relative locations of earthquakes in the swarm of May 15,
1974. See Figure 6 for further explanation.
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Fig. 17. Relative locations of earthquakes in the swarm of July 13,
198S. See Figure 6 for further explanation.

easily accommodated within a model which treats them as
expressions of extensional tectonism, in particular the de-
velopment of the topographic relief of the median valley and
rift mountains. There is clear evidence from Iceland that
major eruptive episodes may be accompanied by earthquake
swarms indistinguishable from the mid-ocean ridge swarms
of this study, but the 1978 Afar swarm was accompanied
only by minor volcanism of a passive nature [Ruegg et al.,
1979]. The only site of a mid-ocean ridge swarm (June 28,
1977) to be carefully surveyed by high-resolution bathymet-
ric mapping and microearthquake characterization shows no
signs of recent magmatism or volcanism [Toomey et al.,
1988]. We propose that the dominant factor linking the larger
swarms of Iceland and the Afar and those of the mid-ocean
ridge is the regional extensional stress field and the devel-
opment of a rifted morphology at the axis of accretion. The
frequency with which such rifting is accompanied by signif-
icant volcanism is unknown.

Most of the topography of the MAR is created at the inner
and outer rift walls, on scarps composed of numerous
closely-spaced normal faults with throws of up to several
hundred meters [Macdonald, 1986]. Some considerable frac-
tion of mid-ocean ridge seismicity must be involved in
creating these scarps. It is natural to suppose that this
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Fig. 18. Relative locations of earthquakes in the swarm of June 28,

1977. See Figure 6 for further explanation.
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Fig. 19. Relative locations of earthquakes in the swarm of January
19, 1982. See Figure 6 for further explanation.

fraction includes the largest earthquakes (5.4 = m, = 6.0),
which have been thoroughly studied by Huang et al. [1986],
Jemsek et al. [1986], and Huang and Solomon [1987, 1988].
The swarms studied here include some of these larger
earthquakes, which invariably have normal faulting focal
mechanisms, and we can find no seismological evidence to
suggest that the tectonic role of other swarm events differs
significantly from that of the largest ridge earthquakes. From
observations of water reverberations which allow an inde-
pendent estimate of water depth above the source, it appears
that the largest ridge-axis earthquakes usually occur near, if
not within, the inner floor of the median valley. The depth
range of coseismic faulting inferred from centroid depths is
2-10 km, which requires that a considerable amount of
cooling of the newly emplaced crustal material must take
place before such large events can occur. At slow spreading
rates, hydrothermal circulation appears capable of cooling a
volume of crust large enough to fail in an earthquake with m,,
~ 5.5 within perhaps 5-10 km of the accretion axis [Phipps
Morgan et al., 1987; Lin and Parmentier, 1989]. Access for
seawater to a significant volume of the crust is likely
provided by the intense fissuring which occurs in the newly-
emplaced crustal material between the neovolcanic zone and
the inner rift walls [Luyendyk and Macdonald, 1977; Ballard
and van Andel, 1977].

We support the view that the largest normal-faulting
ridge-axis earthquakes occur on the faults marking the inner
rift wall and that they are the dominant events in the
development of these faults (see also Huang and Solomon
[1988]; Toomey et al. [1988]). This hypothesis is consistent
with the spatial patterns of teleseismically located swarms,
evidence from detailed source studies of the largest ridge
earthquakes, and knowledge of the structure of the median
valley. The preferential occurrence of the largest events on
these faults can be explained by noting that prior to this
faulting the newly formed crust is relatively homogeneous,
having never before been significantly faulted. Because
these earthquakes may nucleate at depths of 5-6 km below
the sea floor on faults dipping inward at ~45°, their epicen-
ters may lie near the center of the inner floor of the median
valley. Beyond the inner rift wall the crust is thoroughly
disrupted into narrow fault slivers which may be too weak to
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Fig. 20. Estimated width (cross-axis) and length (along axis) for 34 teleseismically located swarms, with 1-¢ error
bars. Swarms which cannot be distinguished from a point source at the 99% confidence level (Table 1) are indicated by

solid circles. Swarms with length or width greater than 20

permit an accumulation of strain sufficient to produce an
carthquake larger (judging from the observed seismicity)
than about m, = 5.0. The oceanic crust seems never to
recover any significant seismic potential; larger oceanic
intraplate earthquakes occur nearly always in the upper
mantle [Bergman, 1986].

Observations of fresh and reactivated normal fault scarps
in seismogenic rifting episodes at the Afar [Abdallah et al.,

km are labelled.

1979] and Krafla [Sigurdsson, 1980] suggest that faults on
both sides of the inner floor of the median valley may be
active during a swarm. The observed across-axis extent of
many of the relocated swarms in this study is consistent with
such a view, but uncertainties in the absolute locations of the
swarms are too large to allow us to verify such a relationship
in most cases. In some cases, faults on opposite sides of the
median valley may have been activated in swarms several
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Fig. 21. Number of teleseismically detected earthquakes and duration for the 34 swarms listed in Table 1. The

number includes events listed in the catalog of the ISC for which there were too few arrival time data to permit a reliable
relocation. Swarms containing 10 or more events or lasting longer than 3 days are labelled.
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Fig. 22. Magnitude-time histories of eight swarms containing more than 10 events or lasting longer than 5 days. The
time scale begins 1 hr before the first event in the swarm. Relocated events are indicated by a circle at the tip of the
line.

years apart. From detailed microearthquake and Sea Beam the inner floor. The relocated epicenters are generally con-
mapping studies of the site of one of the swarms (June 28, sistent with this view, but one well-located event occurred
1977), Toomey et al. [1988] suggest that active extension on  ~7 km WNW of the others (Figure 18), apparently on an en
this part of the ridge is concentrated on the eastern side of echelon fault strand.
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There is still a need to account for the tendency of
extensional faulting of the newly created oceanic crust to be
expressed in earthquake swarms. The conditions leading to
swarm-type microfracturing in laboratory specimens are
heterogeneous material properties and a concentrated
source of stress [Mogi, 1967]. Material heterogeneity at the
ridge axis results from the high degree of order evident in the
active faults which create the rift valley topography. Once
past the initial episode of normal faulting at the foot of the
inner median valley wall, the population of faults available
for activation is remarkably uniform in orientation, spacing,
and throw. We speculate that the dimensions and strengths
of these faults are also quite uniform along any particular
portion of the ridge. Tapponnier and Francheteau [1978]
have suggested a mechanical model of slow-spreading, rifted
ridges which predicts a stress concentration consistent with
the activation of steeply-dipping inward-facing normal faults
at the outer edge of the inner rift valley and in the rift
mountains. At this location, the regional extensional stress
responsible for normal faulting near the ridge axis is supple-
mented by a local stress field due to isostatic disequilibrium
(resulting from necking of the lithosphere in the inner floor).
Thus, the conditions necessary for swarm-type seismicity as
a tectonic phenomena are likely present at rifted slow-
spreading ridges, such as the MAR south of 60°N.

In planning marine geophysical surveys whose goal is to
study volcanically-active portions of the mid-ocean ridge
system, it would be quite helpful to be able to depend on a
close correspondence between such activity and swarms of
earthquakes large enough to be accurately located from
teleseismic distances. Such a strategy, however, is proble-
matic. A subset of the swarms considered here probably
does have such an association, but we have been unable to
identify any teleseismically-observable characteristic which
would allow such a distinction to be made with confidence.
Two opposing viewpoints thus remain viable. If extensional
deformation of the ridge axis commonly occurs late in the
spreading cycle, after the newly emplaced crust has cooled,
strengthened, and accumulated significant extensional
stress, the sites of many swarms, particularly those involv-
ing larger earthquakes, might be the least likely places to
look for ongoing volcanism. However, if such deformation is
the immediate precursor to a fresh episode of magmatism,
then a site of repeated swarms would be a strong candidate
among locations at which the volcanic phase of a slow
spreading ridge segment might be clearly observed. The
clearest path to a resolution of this issue lies in detailed
geophysical and geological surveys of the sites of one or
more recent swarms.

CONCLUSIONS

Teleseismically detected earthquake swarms on the mid-
ocean ridge system have few features in common with
swarms directly associated with active magmatism in terres-
trial volcanic rift zones such as Hawaii and Iceland. The
possibility that a subset of mid-ocean ridge swarms has such
a relationship to a current episode of eruptive activity on the
Mid-Atlantic Ridge cannot be excluded, but none of the 34
swarms studied is conspicuously attractive for such a role.
Seismicity directly associated with volcanic activity on the
mid-ocean ridge system probably occurs, with rare excep-
tions, at magnitudes below the detection threshold of current
global seismic networks.
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We conclude, therefore, that virtually all teleseismically
located seismicity on slowly spreading segments of the
mid-ocean ridge system, including swarms, is diagnostic of
extensional tectonic activity and the development of the
topographic relief of the median valley. The zone over which
significant seismogenic extensional deformation occurs on
the northern Mid-Atlantic Ridge is typically 10-20 km in
width. The largest normal-faulting earthquakes on mid-
ocean ridges may occur as members of swarms, in main-
shock-aftershock sequences, or in isolation. We suggest that
the largest earthquakes (m;, > 5.4) usually occur at the main
boundary faults of the inner floor of the median valley, while
smaller events may occur within the terraces between the
inner and outer rift walls, to maximum distances of 10~15 km
from the axis of accretion. The tendency for mid-ocean ridge
earthquakes to occur in swarms is speculatively attributed to
the combined influence of material heterogeneity (from the
high degree of order in the dimensions, orientations, spac-
ings, and mechanical properties of the normal faults which
create the ridge crest topography) and concentrations of
stress arising from the normal mechanical evolution of newly
emplaced lithosphere.

APPENDIX: RELOCATIONS OF INDIVIDUAL SWARMS

We review features of the individual swarms and the
relocation analysis which are relevant to discussion of the
characteristic dimensions of swarms and their tectonic sig-
nificance. The swarms are grouped for discussion as in Table
1 and are identified by the date of the earliest event in each
group. Individual earthquakes are identified by a code made
up of the date and origin time (see Table Al) or an event
number. The event numbers are also used in the figures
showing cluster vectors; they are assigned to the events in
chronological order in the swarms as grouped below and in
Table 1.

June 10, 1971, April 11, 1977, January
18, 1983, and May 21, 1989

The epicentroids of these swarms and the local bathyme-
try are shown in Figure 1. The cluster vectors of the
individual events are shown in Figure 6a. The 1971, 1977,
and 1983 swarms occurred in a common source region
approximately 20 km across. The 1977 swarm is elongated
along the strike of the axis, but the 1983 swarm is elongated
across the axis. A large fraction of the seismicity of the 1989
swarm was concentrated in a roughly circular pattern, about
10 km across, at the southern end of the cluster (Figure 6b).
For 890522.0202 (#16, m;, = 5.0), the largest event in the
1989 swarm, Dziewonski et al. [1989] report a centroid-
moment tensor (CMT) solution characterized by right-lateral
strike-slip faulting on a nodal plane striking at 052°. Further
analysis, however, indicates that the waveform data, which
have very poor signal-to-noise ratios, cannot reliably distin-
guish between such a mechanism and a steeply-dipping
normal fault mechanism with nodal planes subparallel to the
strike of the ridge (G. Zwart, personal communication,
1989). Event #16 occurred at the southernmost edge of the
cluster.

November 3, 1965, September 20, 1969,
and February 17, 1983

The epicentroids of these swarms and the local bathyme-
try are shown in Figure 1. The cluster vectors of the
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individual events are shown in Figure 7. The sites of the 1965
and 1969 swarms coincide. The source mechanisms for
several events in these swarms are known. Huang et al.
[1986] studied 690920.0508 (#9, m, = 5.6), finding a normal-
faulting mechanism with nodal planes striking 023° and 035°.
All the events in the 1965 and 1969 swarms, with the
exception of 690920.0113 (#7, m, = 5.2), could have oc-
curred on a single fault with a strike of ~030°. Dziewonski et
al. [1988] report CMT solutions for 830217.1209 (#18, m,, =
4.9) and 830218.1724 (#20, m;, = 5.1); both are characterized
by normal faulting, but with a substantial strike-slip compo-
nent. The strikes of the nodal planes are 016°/049° and
018°/068°, respectively. These events could have both oc-
curred about 10 km apart on a fault striking at ~015°. In
estimating the cross-axis extent of the 1983 swarm, it is
tempting to exclude events 10 and 16 as mislocated (in which
case the width is 11 km instead of 28 km), but both events are
located with over 20 arrival times and the resolution of their
locations in the cross-axis direction is good.

September 28, 1970, January 26, 1977,
and August 3, 1984

The epicentroids for these swarms and the local bathym-
etry are shown in Figure 1. The cluster vectors of the
individual events are shown in Figure 8. The 1977 and 1984
swarms occurred in close proximity. They form a pattern of
ridge-parallel linear trends separated by about 10 km in the
cross-axis direction. Dziewonski et al. [1985] report a CMT
solution for 840803.0120 (#9, m; = 5.1) with a mechanism
combining strike-slip and normal faulting. The nodal planes
strike at 018° and 078°. The first nodal plane is close to the
strike of the ridge (~025°), but the second is close to the
trend of most of the epicenters in the 1984 swarm (e.g.,
events #7, 9, 10, and 11).

March 9, 1967, and April 23, 1970

The epicentroids for these swarms and the local bathym-
etry are shown in Figure 2. The cluster vectors of the
individual events are shown in Figure 9. The 1967 swarm
may have been much more intense than our list of events
indicates: the ISC catalog lists at least 25 events which were
located primarily by the Large Aperture Seismic Array.
Very few stations reported any arrival times for these
events, however, and we have not included them in our
study. Tréhu et al. [1981] conducted a moment-tensor inver-
sion for the source mechanism of 700424.0123 (#20, m, =
5.3) using Rayleigh waves. The mechanism is a normal fault
with the T-axis perpendicular to the ridge. The 1967 swarm
contains an unusually large number of outliers on both sides
of the main pattern of seismicity, but the locations of many
of them are rather uncertain. The 1970 swarm also contains
one conspicuous outlier (#23). These swarms occur where
the overall strike of the Reykjanes Ridge abruptly changes
by nearly 30° and the high level of off-axis seismicity, if it is
real, may reflect a stress concentration in young lithosphere
resulting from this change in trend. The length and width of
the 1967 swarm were estimated from events 11 and 14, and 2
and 6, respectively, ignoring the outliers. There is a strong
likelihood that we have underestimated the width of this
swarm. Event #23 was not used to estimate the dimensions
of the 1970 swarm.
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September 25, 1965, April 3, 1972,
March 23, 1974, and July 31, 1984

The epicentroids of these swarms are shown with the local
bathymetry in Figure 2; the cluster vectors of the individual
events are shown in Figure 10. The third event in the 1972
swarm (#6) occurred three days after the second and is
much smaller than the first two events. Einarsson [1979]
reported identical first-motion mechanisms for 720403.1852
(#4, m, = 5.3) and 720403.2036 (#5, m;, = 5.1): a normal
fault with nonorthogonal nodal planes striking at 350°-360°.
Tréhu et al. [1981] performed body waveform modelling and
moment tensor inversion with Rayleigh wave data for #5 to
determine a normal faulting mechanism with both nodal
planes striking 004°; the nonorthogonal nodal planes in the
first motion solution are the result of difficulty in picking the
correct first motion for very shallow dip-slip earthquakes.
Event #4 has nearly identical waveforms and probably a
very similar mechanism. The CMT solution [Dziewonski et
al., 1985] for 840731.1210 (#10, m, = 5.0) has a normal
faulting mechanism with nodal planes striking at 007° and
018°. The 1965, 1972, and 1984 swarms all lie within a
well-defined north-south trending median valley, but the
1974 swarm apparently occurred within the western rift
mountains. There is a strong suggestion that the 1965 and
1984 swarms occurred along opposite sides of the median
valley, with a cross-axis separation of about 7-8 km.

November 10, 1967, May 13, 1972,
April 12, 1975, and September 1, 1979

The epicentroids of these swarms are shown with the local
bathymetry in Figure 3; the cluster vectors of the individual
events are shown in Figure 11. We found that one event
located by the ISC (790901.1220, my = 4.6) with an unusu-
ally large standard error (4.7 s) actually consists of two
events occurring about 9 s apart. Of the arrival times
associated to one event by the ISC, 45 correspond to event
#10 and 26 to #11. The two events are separated by about 8
km along the eastern edge of the swarm.

April 7, 1975, and September 10, 1979

The epicentroids of these swarms are shown with the local
bathymetry in Figure 3; the cluster vectors of the individual
events are shown in Figure 12. These two swarms appear to
be immediately adjacent to one another. One clear outlier
(#11, m;, = 4.4) has only 14 arrival times and is probably
mislocated; it is not used to estimate the extent of the 1979
swarm.

January 20, 1968, June 10, 1975,
and March 9, 1984

The epicentroids of these swarms are shown with the local
bathymetry in Figure 3; the cluster vectors of the individual
events are shown in Figure 13. The 1975 and 1984 swarms
coincide, and both have a strong elongation oriented NW-
SE. Considering that the absolute locations are probably
biased to the north by ~10 km, the 1975 and 1984 swarms
appear to have occurred in the vicinity of the Kurchatov
Fracture Zone, immediately north of the Azores triple junc-
tion. Searle and Laughton [1977] found no morphologic
evidence to justify a description of the ridge offset as a
transform fault, however, concluding that it is best charac-
terized as a zone of oblique spreading oriented at 055°. The
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TABLE Al. Epicentral Data From Relocation

Date Origin Time Latitude, °N Longitude, °W my N*
Sept. 25, 1965 1011:28.2 = 0.34 54,02 + 0.087 35.33 + 0.061 4.4 16
Sept. 25, 1965 2010:06.0 = 0.13 54.02 = 0.040 35.25 £ 0.022 4.9 51
Sept. 26, 1965 1003:17.7 = 0.13 54.04 = 0.039 35.23 + 0.022 4.7 49
Nov. 3, 1965 0753:11.6 = 0.16 58.15 = 0.055 32.12 = 0.039 4.6 28
Nov. 3, 1965 0757:33.4 = 0.21 58.12 = 0.065 32.14 = 0.042 4.7 15
Nov. 3, 1965 0833:51.4 = 0.12 58.26 + 0.037 32.17 + 0.029 4.7 38
March 11, 1966 2313:26.8 = 0.16 28.33 * 0.025 43.88 = 0.030 4.8 24
March 11, 1966 2315:42.1 = 0.10 28.32 = 0.020 43.87 = 0.014 5.0 57
March 11, 1966 2318:49.4 = 0.13 28.34 + 0.024 43.86 = 0.021 5.0 26
March 11, 1966 2336:41.5 = 0.09 28.30 = 0.019 43.89 = 0.014 5.0 63
March 13, 1966 0136:33.9 = 0.11 28.31 = 0.022 43.86 = 0.018 4.7 38
March 18, 1966 0110:25.6 = 0.13 28.39 + 0.024 43.86 = 0.019 4.7 26
Feb. 17, 1967 1006:45.6 = 0.11 28.84 = 0.024 43.47 = 0.023 4.8 29
Feb. 17, 1967 1557:47.5 = 0.12 28.87 + 0.022 43.45 = 0.024 4.7 31
Feb. 18, 1967 0031:47.3 = 0.09 28.90 + 0.019 43.39 = 0.016 5.2 47
March 9, 1967 2002:42.5 = 0.30 55.96 = 0.042 34.62 + 0.061 4.5 22
March 9, 1967 2034:47.2 = 0.15 56.11 = 0.029 34.62 * 0.032 49 39
March 9, 1967 2038:35.5 = 0.48 56.05 = 0.048 34.65 = 0.112 4.7 20
March 9, 1967 2059:42.3 = 0.14 56.05 + 0.027 34.53 + 0.035 4.5 25
March 9, 1967 2100:53.7 = 0.20 56.31 = 0.048 34.34 = 0.043 4.7 12
March 9, 1967 2122:48.1 = 0.09 56.06 = 0.024 34.48 + 0.021 5.0 48
March 9, 1967 2124:53.7 = 0.31 56.02 = 0.064 35.13 + 0.048 4.7 19
March 9, 1967 2217:59.7 = 0.44 55.97 + 0.042 34.56 + 0.105 4.5 18
March 10, 1967 0143:54.9 = 0.22 56.01 = 0.029 34,73 £ 0.051 4.7 25
March 10, 1967 0454:55.2 = 0.37 56.19 + 0.066 35.07 = 0.080 4.5 13
March 10, 1967 0721:50.4 = 0.16 56.14 = 0.042 34.56 = 0.032 4.3 15
March 10, 1967 1114:37.2 = 0.14 55.96 = 0.036 34.62 = 0.031 4.6 31
March 10, 1967 2046:33.8 = 0.13 55.92 + 0.028 34,75 + 0.031 4.7 32
March 11, 1967 0305:25.4 + 0.14 55.77 = 0.036 34.83 + 0.036 4.6 25
March 11, 1967 1334:26.6 += 0.27 55.82 + 0.049 34.50 + 0.074 4.4 11
March 11, 1967 1815:15.4 = 0.30 55.78 = 0.046 34.36 = 0.060 4.7 18
March 13, 1967 2050:29.4 = 0.14 56.18 + 0.033 35.06 = 0.031 4.5 18
Nov. 10, 1967 0440:14.7 = 0.12 45.04 * 0.030 28.02 + 0.021 4.7 36
Nov. 10, 1967 0512:01.1 = 0.17 45.11 = 0.036 28.13 + 0.029 4.3 17
Nov. 10, 1967 0550:27.7 = 0.18 44,93 + 0.049 28.14 = 0.026 4.7 17
Jan. 20, 1968 0627:39.8 + 0.20 41.24 + 0.040 29.38 + 0.053 4.7 22
Jan. 20, 1968 0822:28.7 = 0.13 41.24 + 0.034 29.40 £ 0.025 4.7 30
Jan. 20, 1968 0857:44.5 = 0.19 41.37 = 0.037 29.35 £ 0.035 4.6 25
Jan. 20, 1968 0914:21.4 + 0.24 41.25 = 0.057 29.23 + 0.032 4.4 9
Jan. 20, 1968 1010:48.1 = 0.22 41.32 + 0.055 29.41 + 0.064 4.6 9
Jan. 20, 1968 1226:05.9 = 0.17 41.37 = 0.044 29.25 + 0.034 4.6 13
Jan. 22, 1968 1321:33.1 = 0.19 41.31 = 0.044 29.31 = 0.021 4.7 30
Sept. 20, 1969 0020:49.6 = 0.18 58.19 + 0.048 32.25 + 0.058 4.5 11
Sept. 20, 1969 0056:51.2 = 0.10 58.22 = 0.023 32.18 + 0.023 4.9 59
Sept. 20, 1969 0107:38.1 = 0.09 58.22 + 0.023 32.09 + 0.021 5.0 78
Sept. 20, 1969 0113:04.0 = 0.09 58.11 = 0.021 32.03 = 0.023 5.2 60
Sept. 20, 1969 0324:26.8 = 0.28 58.13 £+ 0.047 32.11 + 0.063 4.5 14
Sept. 20, 1969 0508:56.3 = 0.07 58.28 + 0.018 32.12 = 0.017 5.6 117
April 23, 1970 1543:38.9 = 0.15 55.56 + 0.033 35.05 = 0.033 4.6 29
April 24, 1970 0121:16.2 = 0.20 55.63 = 0.037 35.26 = 0.034 4.6 31
April 24, 1970 0123:14.9 = 0.09 55.65 + 0.019 34.99 = 0.019 53 109
April 24, 1970 0147:13.4 = 0.11 55.53 = 0.023 35.07 £ 0.025 4.7 64
April 24, 1970 0151:19.8 = 0.19 55.52 + 0.038 35.31 = 0.031 4.7 36
April 24, 1970 0529:00.9 = 0.23 55.25 * 0.042 34.77 = 0.052 4.5 13
April 26, 1970 0639:50.6 = 0.09 55.51 = 0.019 35.11 = 0.021 4.9 100
Sept. 28, 1970 1139:08.1 = 0.11 57.17 + 0.030 33.27 = 0.027 4.5 46
Sept. 28, 1970 2349:31.1 = 0.10 57.18 + 0.028 33.37 + 0.024 4.6 55
Sept. 28, 1970 2357:03.3 = 0. 10 57.20 = 0.028 33.29 * 0.025 4.8 50
June 10, 1971 1854:04.2 = 0.1 59.49 + 0.026 30.41 + 0.034 4.4 17
June 10, 1971 1902:41.3 + 0.1 59.50 + 0.025 30.35 = 0.028 4.7 29
June 10, 1971 2132:38.1 = 0. 10 59.37 + 0.021 30.38 = 0.022 5.0 40
June 11, 1971 0641:31.8 = 0. l6 59.44 + 0.034 30.24 *= 0.036 4.5 10
April 3, 1972 1852:58.8 = 0.0 54.24 * 0.018 35.06 = 0.014 5.3 169
April 3, 1972 2036:21.5 = 0. 07 54.29 + 0.017 35.11 = 0.014 5.1 175
April 6, 1972 1716:02.8 = 0.1 54.27 = 0.056 35.16 + 0.055 13
May 13, 1972 1506:38.3 = 0. 12 45.17 £ 0.023 28.08 = 0.016 4.6 53
May 13, 1972 1637:12.9 = 0.1 45.09 + 0.033 28.17 = 0.018 4.7 40
May 13, 1972 1640:21.4 = 0. 10 45.12 = 0.021 28.09 = 0.014 4.9 76
March 23, 1974 0705:03.7 = 0.11 53.87 = 0.035 35.53 = 0.022 4.6 33
March 23, 1974 0709:02.6 + 0.08 53.90 = 0.020 35.39 + 0.016 4.8 83
March 23, 1974 0719:13.9 = 0.07 53.90 + 0.018 35.45 = 0.015 5.0 120
May 15, 1974 0437:39.2 = 0.13 27.41 + 0.023 44.28 + 0.018 4.5 29
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TABLE Al. (continued)

Date Origin Time Latitude, °N Longitude, °W my, N*
May 15, 1974 0536:12.7 = 0.09 27.42 = 0.017 44.19 = 0.014 4.5 49
May 15, 1974 0722:49.3 + 0.14 27.44 = 0.025 44.32 = 0.020 4.5 23
May 15, 1974 0725:06.1 + 0.23 27.40 + 0.030 44.23 + 0.044 43 8
May 15, 1974 0755:04.4 = 0.21 27.44 = 0.035 44.35 = 0.043 4.4 8
May 15, 1974 0800:33.6 *+ 0.14 27.40 = 0.024 44.16 = 0.026 4.5 12
May 15, 1974 0816:57.1 = 0.23 27.13 = 0.029 44,23 = 0.041 4.1 11
May 15, 1974 0854:54.2 + 0.17 27.43 = 0.026 44.32 + 0.024 4.4 23
May 15, 1974 0927:33.8 = 0.22 27.34 = 0.041 44.17 = 0.027 4.1 10
May 15, 1974 1005:46.7 + 0.13 27.42 = 0.019 44.28 + 0.026 4.6 24
May 15, 1974 1020:06.6 + 0.13 27.36 = 0.024 44.26 = 0.024 4.4 17
May 15, 1974 1033:19.7 + 0.18 27.39 = 0.027 44.25 = 0.029 4.3 15
May 15, 1974 1033:58.4 = 0.09 27.38 + 0.018 44.21 = 0.015 5.1 58
May 15, 1974 1108:06.6 = 0.14 27.30 = 0.024 44.37 = 0.019 4.6 29
May 15, 1974 1337:10.9 = 0.08 27.43 = 0.014 44.27 = 0.012 4.9 94
May 15, 1974 1344:10.3 = 0.09 27.39 = 0.017 44.31 = 0.015 4.5 43
May 15, 1974 1359:14.9 + 0.14 27.33 + 0.026 44.34 = 0.014 4.7 54
May 15, 1974 1452:04.9 * 0.15 27.35 = 0.026 44.24 + 0.021 4.5 21
May 15, 1974 1713:41.3 = 0.23 27.51 = 0.045 44.18 = 0.020 43 20
May 15, 1974 1929:31.2 + 0.11 27.30 = 0.020 44.35 = 0.015 52 59
May 15, 1974 2221:39.1 + 0.08 27.38 + 0.015 44.26 = 0.013 4.7 71
May 16, 1974 2123:48.4 = 0.22 27.41 £ 0.040 44.31 = 0.023 4.5 20
May 23, 1974 0922:59.7 + 0.10 27.34 + 0.018 44.31 = 0.019 4.7 23
May 23, 1974 1108:24.4 + 0.07 27.32 = 0.013 44.40 = 0.011 5.1 107
May 25, 1974 1546:00.5 + 0.15 27.41 = 0.025 44.43 = 0.024 4.5 25
April 7, 1975 2251:32.6 = 0.14 42.60 * 0.036 29.44 + 0.040 4.7 15
April 7, 1975 2325:36.9 = 0.20 42.41 = 0.041 29.42 + 0.023 4.5 17
April 8, 1975 0151:29.3 = 0.10 42.64 *+ 0.020 29.31 = 0.014 4.8 95
April 8, 1975 0328:22.1 * 0.17 42.57 = 0.035 29.42 + 0.022 4.6 21
April 8, 1975 0643:26.4 = 0.14 42.53 + 0.032 29.49 = 0.022 4.6 23
April 8, 1975 0825:57.2 = 0.26 42.68 = 0.055 29.49 + 0.023 4.4 17
April 8, 1975 1136:53.3 + 0.09 42.68 = 0.019 29.42 = 0.013 51 105
April 8, 1975 1616:33.6 + 0.20 42.59 = 0.043 29.50 = 0.040 4.6 17
April 21, 1975 0612:21.9 = 0.21 45.43 = 0.042 27.97 £ 0.024 43 18
April 21 1975 0614:31.9 = 0.10 45.35 = 0.020 27.97 = 0.013 4.9 82
April 2i, 1975 1914:56.6 + 0.18 45.49 = 0.039 27.91 = 0.018 4.7 50
June 10, 1975 0604:48.0 = 0.11 40.74 + 0.023 29.42 = 0.016 5.0 80
June 10, 1975 0728:33.3 = 0.14 40.69 = 0.031 29.37 + 0.019 4.6 47
June 10, 1975 0852:20.2 = 0.13 40.75 + 0.028 29.45 = 0.017 4.7 65
Jan. 26, 1977 2329:13.2 = 0.16 57.61 = 0.041 33.06 + 0.055 4.4 17
Jan. 27, 1977 0025:31.5 = 0.15 57.60 = 0.044 32.94 = 0.054 4.6 17
Jan. 28, 1977 1411:30.4 = 0.11 57.72 = 0.031 32.99 + 0.023 4.9 49
April 11, 1977 2214:26.4 *+ 0.23 59.49 + 0.032 30.09 = 0.045 39 10
April 11, 1977 2226:28.8 = 0.10 59.45 + 0.021 30.16 + 0.025 4.5 50
April 11, 1977 2244:41.6 = 0.11 59.50 = 0.021 30.13 = 0.024 4.6 41
April 11, 1977 2320:41.7 = 0.09 59.36 + 0.016 30.27 = 0.022 4.6 49
June 28, 1977 1538:36.7 + 0.07 22.66 + 0.014 45.07 = 0.009 53 199
June 28, 1977 1618:14.6 = 0.06 22.70 = 0.012 45.12 = 0.008 5.5 252
June 28, 1977 1856:47.6 = 0.11 22.64 = 0.021 45.04 = 0.016 4.6 38
June 28, 1977 1918:34.9 + 0.06 22.64 = 0.011 45.07 = 0.008 59 262
June 28, 1977 1935:01.4 = 0.10 22.60 = 0.018 45.10 = 0.011 5.0 104
Sept. 1, 1979 1220:53.9 = 0.19 4493 = 0.041 28.05 = 0.017 4.6 39
Sept. 1, 1979 1221:02.7 + 0.16 44.99 = 0.043 28.00 = 0.022 4.6 23
Sept. 1, 1979 1303:42.0 = 0.12 44,95 = 0.027 28.04 = 0.013 4.8 87
Sept. 1, 1979 1320:29.7 = 0.11 4499 = 0.023 28.12 = 0.012 4.8 89
Sept. 1, 1979 1327:47.9 + 0.09 44.90 = 0.020 28.06 = 0.012 4.9 94
Sept. 1, 1979 1404:26.9 * 0.15 45.00 = 0.033 28.08 + 0.014 4.6 59
Sept. 10, 1979 0544:43.7 = 0.17 42.74 = 0.033 29.36 + 0.021 4.1 27
Sept. 10, 1979 0632:07.0 + 0.13 42.75 = 0.028 29.27 = 0.013 4.6 85
Sept. 10, 1979 0729:58.0 = 0.24 42.54 *+ 0.060 28.99 + 0.023 4.4 14
Sept. 10, 1979 0802:57.3 = 0.18 42.73 = 0.038 29.35 = 0.019 4.4 31
Sept. 10, 1979 0904:49.4 + 0.18 42.79 = 0.042 29.35 + 0.019 4.4 23
Sept. 10, 1979 1100:07.3 = 0.18 42.83 = 0.039 29.43 = 0.021 4.5 32
Sept. 11, 1979 0152:29.5 = 0.11 42.79 *+ 0.024 29.27 = 0.012 49 105
Jan. 19, 1982 0409:25.9 = 0.11 21.56 = 0.020 45.36 = 0.015 4.9 47
Jan. 19, 1982 0638:14.5 + 0.18 21.55 = 0.026 45.32 = 0.030 49 22
Jan. 21, 1982 0334:09.0 = 0.11 21.53 = 0.020 45.42 + 0.013 4.9 84
Jan. 22, 1982 1513:34.7 = 0.14 21.52 = 0.024 45.52 = 0.018 4.9 38
Jan. 23, 1982 1755:49.4 = 0.14 21.63 = 0.025 45.47 = 0.015 5.0 67
Jan. 18, 1983 0828:11.9 = 0.11 59.39 + 0.023 30.33 + 0.031 4.6 28
Jan. 18, 1983 0834:49.3 = 0.09 59.34 = 0.021 30.26 = 0.021 4.7 48
Jan. 18, 1983 0946:43.8 = 0.09 59.40 = 0.021 30.43 + 0.023 4.8 44
Feb. 17, 1983 0519:13.7 = 0.12 58.63 = 0.045 31.79 % 0.032 4.6 21
Feb. 17, 1983 0520:27.4 = 0.09 58.61 = 0.027 31.66 + 0.023 4.6 35
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TABLE Al. (continued)

Date Origin Time Latitude, °N Longitude, °W my, N*
Feb. 17, 1983 0537:15.4 + 0.12 58.51 = 0.033 31.66 = 0.025 4.6 24
Feb. 17, 1983 0753:05.2 £ 0.15 58.61 + 0.037 31.63 + 0.029 4.5 18
Feb. 17, 1983 0801:12.0 = 0.14 58.71 = 0.029 31.39 + 0.032 4.6 36
Feb. 17, 1983 1015:17.1 = 0.18 58.67 = 0.039 31.38 + 0.045 45 24
Feb. 17, 1983 1036:38.1 = 0.14 58.38 = 0.037 31.54 + 0.034 4.5 26
Feb. 17, 1983 1049:40.3 = 0.09 58.41 + 0.028 31.70 = 0.024 4.7 38
Feb. 17, 1983 1209:39.5 = 0.06 58.46 + 0.016 31.76 = 0.015 49 152
Feb. 18, 1983 1151:30.0 = 0.06 58.41 = 0.016 31.70 = 0.015 5.0 123
Feb. 18, 1983 1724:18.1 = 0.07 58.55 = 0.016 31.72 £ 0.016 5.1 160
Feb. 25, 1983 1832:16.6 = 0.11 58.65 = 0.023 31.49 + 0.022 4.7 71
Feb. 25, 1983 2350:27.5 = 0.09 58.46 = 0.028 31.67 = 0.022 49 56
Feb. 26, 1983 0122:23.7 = 0.08 58.68 = 0.031 31.47 £ 0.023 4.6 51
Jan. 15, 1984 0702:12.9 = 0.09 28.88 + 0.018 43.40 = 0.015 49 55
Jan. 15, 1984 0714:13.6 = 0.09 28.83 * 0.017 43.51 = 0.015 5.2 46
Jan. 15, 1984 0735:12.0 = 0.10 28.86 = 0.021 43.45 + 0.021 4.9 28
March 9, 1984 1003:08.6 = 0.15 40.77 = 0.031 29.48 + 0.019 4.7 66
March 9, 1984 1540:52.0 = 0.14 40.65 = 0.025 29.38 + 0.020 49 86
March 9, 1984 1908:22.6 = 0.12 40.67 = 0.024 29.41 *+ 0.018 49 96
March 15, 1984 2209:48.6 = 0.16 28.49 * 0.030 43,75 = 0.018 4.5 24
March 15, 1984 2318:21.5 = 0.11 28.44 + 0.020 43.71 = 0.015 49 63
March 16, 1984 0043:20.3 = 0.10 28.41 = 0.018 43.78 = 0.015 5.0 53
July 31, 1984 1210:56.5 = 0.08 54.04 = 0.021 35.15 £ 0.015 5.0 125
July 31, 1984 1220:39.3 = 0.09 53.99 * 0.025 35.15 + 0.016 4.9 92
July 31, 1984 1226:05.1 = 0.10 53.92 + 0.028 35.13 £ 0.019 4.8 71
Aug. 3, 1984 0109:12.4 = 0.07 57.66 = 0.021 32.74 = 0.018 4.8 122
Aug. 3, 1984 0119:32.4 = 0.14 57.70 = 0.040 32.99 = 0.035 4.4 30
Aug. 3, 1984 0121:01.6 = 0.07 57.63 = 0.019 32.82 = 0.017 5.1 141
Aug. 3, 1984 0406:46.8 = 0.11 57.63 = 0.029 32.80 = 0.028 4.4 32
Aug. 3, 1984 2054:49.5 = 0.07 57.62 = 0.019 32.86 = 0.018 4.8 132
Jan. 18, 1985 2313:01.8 = 0.10 29.98 + 0.017 42.80 = 0.019 5.0 77
Jan. 18, 1985 2316:07.8 = 0.15 29.93 * 0.025 42.70 = 0.035 49 11
Jan. 18, 1985 2326:03.6 = 0.10 29.88 + 0.019 42.63 = 0.021 49 60
Jan. 18, 1985 2355:14.2 = 0.26 29.99 * 0.035 42.79 + 0.058 4.7 7
Jan. 19, 1985 0006:10.5 = 0.10 29.99 = 0.018 42.76 = 0.019 4.9 56
Jan. 19, 1985 1237:16.2 = 0.09 29.90 *+ 0.017 42.68 + 0.018 5.0 92
July 13, 1985 1854:14.8 + 0.10 25.93 = 0.015 45.01 = 0.019 5.0 162
July 13, 1985 1900:20.5 = 0.15 25.89 + 0.024 45.02 + 0.032 4.6 12
July 13, 1985 1907:03.1 = 0.26 25.94 + 0.029 45.12 + 0.057 4.4 7
July 13, 1985 1909:20.0 = 0.10 25.96 * 0.015 45.02 = 0.019 5.0 162
July 13, 1985 1939:17.1 = 0.14 25.89 = 0.023 45.01 + 0.028 4.5 16
May 21, 1989 2303:51.1 = 0.16 59.93 = 0.023 29.85 + 0.039 4.2 16
May 22, 1989 0014:16.4 = 0.08 59.87 = 0.017 29.74 + 0.020 4.7 62
May 22, 1989 0017:02.1 = 0.24 59.83 = 0.030 29.78 + 0.053 4.3 8
May 22, 1989 0152:22.7 = 0.21 59.95 = 0.021 29.59 = 0.047 4.2 19
May 22, 1989 0202:06.0 = 0.08 59.74 = 0.021 29.74 + 0.023 5.0 78
May 22, 1989 0229:16.8 = 0.13 59.96 + 0.023 29.67 * 0.032 4.5 37
May 22, 1989 0236:47.7 = 0.16 59.83 + 0.017 29.63 + 0.036 4.4 38
May 22, 1989 0238:39.9 = 0.09 59.86 + 0.017 29.69 + 0.022 4.9 66
May 22, 1989 0246:39.0 = 0.08 59.86 + 0.019 29.58 = 0.021 4.9 80
May 22, 1989 0309:05.9 = 0.12 59.81 + 0.021 29.73 + 0.030 43 30
May 22, 1989 0312:57.1 = 0.08 59.84 + 0.018 29.64 + 0.020 4.8 58
May 22, 1989 0320:56.4 = 0.19 59.81 = 0.021 29.73 £+ 0.043 4.2 20
May 22, 1989 0406:24.5 = 0.09 59.99 * 0.019 29.60 = 0.026 4.8 54
May 22, 1989 0420:55.9 = 0.09 59.86 = 0.019 29.73 = 0.022 4.7 51
May 22, 1989 0442:43.1 = 0.20 59.97 + 0.031 29.84 + 0.050 4.2 11
May 22, 1989 0445:36.8 = 0.10 59.84 = 0.020 29.69 = 0.026 4.7 53
May 22, 1989 0515:50.3 = 0.21 59.82 = 0.030 29.62 + 0.046 4.2 12
May 22, 1989 0525:21.5 £ 0.16 59.93 + 0.022 29.65 = 0.035 4.1 19
May 22, 1989 0603:40.7 = 0.10 59.75 + 0.020 29.75 = 0.024 4.4 37
May 22, 1989 0807:37.0 = 0.07 60.02 = 0.018 29.62 + 0.020 4.9 77
May 22, 1989 0928:02.4 = 0.13 59.76 + 0.021 29.80 + 0.029 4.5 29
May 22, 1989 1050:32.1 = 0.10 59.79 = 0.023 29.78 = 0.027 4.8 40
May 22, 1989 1135:06.6 = 0.17 59.83 + 0.027 29.65 = 0.041 4.2 15
May 22, 1989 2000:31.2 = 0.23 59.78 + 0.031 29.70 + 0.054 4.2 16
May 22, 1989 2031:52.1 = 0.16 59.82 + 0.026 29.68 + 0.039 43 24
May 22, 1989 2145:39.0 = 0.21 59.84 + 0.022 29.77 + 0.048 43 13
May 23, 1989 0947:25.8 = 0.11 59.86 + 0.033 29.71 + 0.034 4.5 33
May 23, 1989 1211:19.4 = 0.13 59.87 * 0.034 29.69 + 0.037 4.6 26
May 25, 1989 1143:49.1 = 0.11 59.81 = 0.024 29.62 + 0.031 4.7 42
May 25, 1989 1901:40.1 = 0.16 59.95 + 0.028 29.66 * 0.041 4.3 23
May 29, 1989 0555:45.2 = 0.11 59.84 + 0.021 29.64 + 0.027 4.5 28
June 5, 1989 2221:19.7 = 0.13 60.03 = 0.023 29.50 = 0.031 4.4 35
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TABLE Al. (continued)

Date Origin Time Latitude, °N Longitude, °W my, N*

June 7, 1989 0135:23.1 = 0.27 60.02 = 0.025 29.41 + 0.058 4.4 11
June 11, 1989 1008:29.9 = 0.09 59.78 + 0.019 29.65 + 0.023 4.4 38
June 11, 1989 1038:13.4 = 0.19 59.82 + 0.022 29.81 + 0.046 4.3 15
June 11, 1989 1242:19.2 = 0.14 59.80 + 0.020 29.62 + 0.034 4.3 27
June 11, 1989 1253:28.5 = 0.26 59.78 + 0.023 29.70 = 0.058 4.6 10

Events listed in chronological order. Uncertainties are for cluster vectors, i.e., they are the uncertainties relative to the hypocentroid. See

Table 1 for groupings used in relocation and uncertainty of hypocentroid. Depth fixed at 10 km for all relocations.

*Number of stations used to calculate the cluster vector.

width and length of these two swarms were calculated
relative to this direction. Relative to the regional trend of
more typical ridge segments in this region, the estimated
length and width of the 1975 swarm (5 = 5 and 8 * 2 km,
respectively) would be similar to the values given in Table 1,
while the length and width of the 1984 swarm would be 13 =
4 and 9 = 2 km, respectively.

January 18, 1985

The epicentroid and the local bathymetry are shown in
Figure 4. The cluster vectors of the individual events are
shown in Figure 14. Events 850118.2316 (#2, m;, = 4.9) and
850118.2355 (#4, m, = 4.7) were located with 11 and 7
arrival times, respectively, but their epicenters are consis-
tent with the pattern defined by the better-located events.
This swarm is located immediately to the south of the
western end of the Atlantis Fracture Zone. To verify that
this swarm, which is elongated in the approximate direction
of the transform, is truly a swarm of ridge axis earthquakes,
we relocated it with other earthquakes in the area, including
events within the transform and to the north and south of the
transform. Judging from the geometry of these relocated
earthquakes, the 1985 swarm is located about 20 km south of
the ridge-transform intersection.

March 11, 1966, February 17, 1967, January
15, 1984, and March 15, 1984

The epicentroids of these swarms and the local bathyme-
try are shown in Figure 4. The cluster vectors of the
individual events are shown in Figure 15. The locations of
the 1967 and January 1984 swarms coincide, while the 1966
and March 1984 swarms appear to be immediately adjacent
to one another. There is a CMT solution [Dziewonski et al.,
1984] for 840115.0714 (#11, m,, = 5.2), with a normal faulting
mechanism and nodal planes striking at 345° and 006°.
Neither plane is close to the trend of the median valley
(035°).

May 15, 1974

The epicentroid for this large swarm and the local bathym-
etry are shown in Figure 4. The cluster vectors of the
individual events are shown in Figure 16. The final three
events (#23-25) in this swarm occurred one week after the
main swarm (Figure 22). Events #7 (m, = 4.1) and #19 (m,,
= 4.3) are poorly located outliers; they were not used to
estimate the extent of this swarm.

July 13, 1985

The epicentroid and the local bathymetry are shown in
Figure 4. The cluster vectors of the individual events are

shown in Figure 17. Event 850713.1907 (#3, m, = 4.4) is
located with only seven arrival times; it was not used to
estimate the spatial extent of this swarm. There are CMT
solutions [Dziewonski et al., 1986] for 850713.1854 (#1, m,
= 5.0) and 850713.1909 (#4, m, = 5.0), both characterized
by normal faulting with nodal planes striking at 001° and
032°, and 001° and 015°, respectively. All five events could
have occurred on a single fault with a strike of near 0°,

June 28, 1977

The epicentroid for this swarm and the local bathymetry
are shown in Figure 5, while the cluster vectors of the
individual events are shown in Figure 18. Four of the five
events in this swarm have m, = 5.0, and source mechanism
studies have been conducted for three of them. Huang et al.
[1986] studied 770628.1538 (#1, m, = 5.3) and 770628.1918
(#4, m, = 5.9) with a body waveform inversion method,
obtaining normal faulting mechanisms with nodal planes
striking at 001° and 023° for both events. CMT solutions for
these two events [Dziewonski et al., 1987] have nodal planes
striking at 005° and 048°, and 007° and 042°, respectively. The
CMT solution for 770628.1618 (#2, m, = 5.5) has nodal
planes striking at 027° and 059°, but this result is probably
less reliable because of interference from event #1. By
matching the dominant period of water column reverbera-
tions in the long-period P waveforms, Huang et al. [1986]
estimated the water depth at the sites of events #1 and #4 to
be 4.0 and 3.5 km, respectively. These depths are in reason-
able agreement with those expected from the bathymetry
[e.g., Toomey et al., 1988] and the locations in Table Al, but
they suggest either that event #1 actually occurred slightly
east of event #4, rather than at the same longitude as
indicated in Figure 18, or that the epicentroid is mislocated
to the north by about 5 km.

January 19, 1982

The epicentroid and the local bathymetry are shown in
Figure 5. The cluster vectors of the individual events are
shown in Figure 19. The temporal pattern of this swarm is
quite unusual: it contains very few events for its long
duration (Figure 21), and all six events have magnitudes
between m, = 4.8 and 5.0 (Figure 22). The sequence of
rupturing appears to migrate from east to west, over a
distance of 10-20 km.
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