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ABSTRACT

At slow-spreading ridges, plate separation is commonly partly accommodated by slip on
long-lived detachment faults, exposing upper mantle and lower crustal rocks on the seafloor.
However, the mechanics of this process, the subsurface structure, and the interaction of these
faults remain largely unknown. We report the results of a network of 56 ocean-bottom seismo-
graphs (OBSs), deployed in 2016 at the Mid-Atlantic Ridge near 13°N, that provided dense
spatial coverage of two adjacent detachment faults and the intervening ridge axis. Although
both detachments exhibited high levels of seismicity, they are separated by an ~8-km-wide
aseismic zone, indicating that they are mechanically decoupled. A linear band of seismic
activity, possibly indicating magmatism, crosscuts the 13°30’'N domed detachment surface,
confirming previous evidence for fault abandonment. Farther south, where the 2016 OBS
network spatially overlapped with a similar survey done in 2014, significant changes in the
patterns of seismicity between these surveys are observed. These changes suggest that oce-
anic detachments undergo previously unobserved cycles of stress accumulation and release

as plate spreading is accommodated.

INTRODUCTION

At spreading ridges with a low or variable
magma supply, faulting is commonly heteroge-
neous, giving rise to a variety of deformation
styles, including long-lived detachment faults
(Cannat et al., 1995; Blackman et al., 1998; Es-
cartin et al., 2003; Ildefonse et al., 2007; Ma-
cLeod et al., 2009). Recognition of this detach-
ment mode of spreading is considered to be
one of the most important recent advances in
plate tectonics (Mutter and Karson, 1992; Can-
nat et al., 1995; Cann et al., 1997; Dick et al.,
2003; Escartin and Canales, 2011; Reston and
McDermott, 2011). We now know that detach-
ment faults initiate at steep angles (~70°) at
depths >~10 km, rotate to low angles (~15°) in
the shallower crust, and can slip for several mil-
lion years (Cann et al., 1997; Dick et al., 2003;
deMartin et al., 2007; Smith et al., 2008; Morris
etal., 2009). These faults can bring lower crustal
and upper mantle rocks to the surface in domes
known as oceanic core complexes (OCCs) or
generate gently undulating peridotite-dominated

expanses of seafloor (Cannat et al., 2006; Sauter
et al., 2013; Reston, 2018).

Here we present the results of a local earth-
quake survey conducted in 2016 at the 13°N
segment of the Mid-Atlantic Ridge that encom-
passes two detachments at different stages of
the faulting life cycle. The observed seismic-
ity patterns provide new insight into the me-
chanical evolution of OCCs and their along-axis
structure. Our 2016 experiment is located in the
area of a similar survey undertaken in 2014. The
combined results of the two surveys allow us to
assess temporal variations in detachment fault
seismicity for the first time.

APPROACH

We conducted repeat micro-earthquake sur-
veys over and between the 13°20’N and 13°30'N
OCCs at the Mid-Atlantic Ridge, chosen because
these OCCs have been extensively mapped, im-
aged, and sampled over the past decade (Smith
etal., 2008; MacLeod et al., 2009; Mallows and
Searle, 2012; Craig and Parnell-Turner, 2017;

Escartin et al., 2017; Parnell-Turner et al., 2017,
Peirce et al., 2019, 2020; Searle et al., 2019;
Simao et al., 2020). The presence of two closely
spaced OCCs led to the conflicting hypotheses
that they might represent either the exposed
part of a single, more extensive undulating de-
tachment (e.g., Smith et al., 2008), or two me-
chanically distinct, locally controlled structures
(Smith et al., 2008; MacLeod et al., 2009). The
first micro-earthquake survey was an approxi-
mately 6 month experiment from April to Oc-
tober 2014, with 25 short-period ocean-bottom
seismographs (OBSs) deployed along ~10 km
of the ridge axis, which yielded new insight into
the internal deformation of the fault footwall
(Parnell-Turner et al., 2017). The second sur-
vey, conducted 15 months later in early 2016,
was a shorter, ~11 day, experiment employing
anetwork of 56 OBSs distributed along ~30 km
of the ridge axis, including both the 13°20'N
and 13°30’N OCCs. Stations were arranged in
a grid with 2-5 km inter-element spacing and
an aperture covering the domes and footwalls of
both OCCs and the adjacent neovolcanic zone
(Fig. 1A). Although the duration was shorter
(limited by the gaps in an active-source survey
shot into the OBSs), the high seismicity rate
(23 events per day per kilometer of ridge axis;
Parnell-Turner et al., 2017) and larger footprint
of the second survey allowed the identification
of primary fault structures associated with the
two OCCs and the intervening portion of the
ridge axis.

RESULTS

During the 2016 experiment, we detected
21,332 events on four or more OBSs using a
standard triggering algorithm, giving an event
rate of >82 per hour. Of these events, 5511 could
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Figure 1. Bathymetry (Searle et al., 2019) and seismicity near 13°20’N, Mid-Atlantic Ridge. (A)
Inset shows study site (red box) and plate boundaries (black lines). Black dots are relocated
micro-earthquakes recorded by ocean-bottom seismographs (OBSs) (triangles) over ~11 days
in 2016; red line is neovolcanic zone (NVZ; Parnell-Turner et al., 2017); red stars are hydrother-
mal vents. Locations of oceanic core complexes (OCCs) are shown by 13°20’'N and 13°30'N
labels; cross size is average 68% confidence level in horizontal location uncertainty (0.9 km).
(B) Same area as A, with brown dots indicating micro-earthquakes recorded over 198 days in
2014 (squares are OBSs; Parnell-Turner et al., 2017).

be reliably located using P- and S-wave arrival
times and a velocity model derived from the
active-source experiment (Baillard et al., 2014;
Peirce et al., 2019; Simao et al., 2020). The
methods used here, including the velocity mod-
el, are the same as those used for the 2014 ex-
periment (Parnell-Turner et al., 2017). Relative
relocation methods were used to refine hypocen-
ter estimates (see the Supplemental Material' for
methods), yielding a final catalog of 2405 events
(Figs. 1 and 2). First-motion focal mechanisms
(Fig. 3) were estimated for events located with-
in the network aperture with hypocentral mis-
fit of <250 ms (Hardebeck and Shearer, 2002).

'Supplemental Material. Additional information
and figures describing the acquisition and processing
of the micro-earthquake data set, including links
to data repository and 3-D visualization of the
earthquake catalog. Please visit https://doi.org/10.1130/
GEOL.S.13082285 to access the supplemental material,
and contact editing @ geosociety.org with any questions.

Seismic moment and local magnitudes were es-
timated using displacement spectra (2—40 Hz)
recorded by the vertical OBS channel, yielding
a magnitude of completeness, M, ¢, = 0.7 (Fig.
S1 in the Supplemental Material).

The 13°30’N and 13°20'N OCCs have high
levels of micro-earthquake activity. Both gener-
ate a distinct band of relatively deep (~6—12 km
below seafloor [bsf]) seismicity ~4 km east of
the OCC domes, and the overall north-northwest
trend of the microseismicity corresponds to the
broader trend of the axial valley and local axial
volcanic ridges (Fig. 1A). This deep band of
seismicity was also observed at the 13°20'N
OCC during the 2014 survey (the band east of
the 13°30'N OCC could not be resolved by the
2014 survey), and these events are interpreted to
represent slip on the detachment surface, likely
extending into the fault root zone (Parnell-Turn-
er et al., 2017; Fig. 2). This band of seismicity
deepens from 5 to 10 km bsf over a distance
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of ~6 km heading south from the 13°20'N de-
tachment (Fig. 2D), suggesting the fault surface
deepens where it encounters thicker or cooler
lithosphere. This interpretation is tentative due
to reduced hypocentral resolution in this region,
which is beyond the network aperture. High lev-
els of persistent seismicity along the basal por-
tion of the detachment surface have also been
observed at the Trans-Atlantic Geotraverse
(TAG) detachment on the Mid-Atlantic Ridge
at 26°N (deMartin et al., 2007), suggesting that
this type of activity may be common to active
oceanic detachment faults.

Between the 13°30’N and 13°20’N OCCs,
there is an ~8 km zone (from 13°22°N to
13°25’N) that was effectively aseismic during
both the 2014 and 2016 surveys (Fig. 1). This
aseismic zone is much longer than the lateral
uncertainties in the hypocenter estimates, and it
is located near the center of the 2016 OBS net-
work, where detectability bias is negligible. We
thus find that the 13°30’N and 13°20'N OCCs
are separated by an ~8 km length of ridge axis
that did not experience significant seismic de-
formation during either observation interval.

The 2016 micro-earthquake survey imaged
a linear band of micro-earthquakes that cuts
the 13°30’'N OCC dome on a trend of ~355°
and at a depth of ~6—7 km bsf. Focal mecha-
nism estimates are not available for this band
of micro-earthquakes due to network geometry,
but remotely operated vehicle (ROV) surveys of
the 13°30’N dome surface have shown that it is
disrupted by normal faulting, fissuring, and mass
wasting (Escartin et al., 2017). These observa-
tions suggest that the 13°30'N OCC is being
dissected by a new fault surface. The band of
seismicity extends to a set of linear volcanic
ridges and a seamount south of the dome that are
known to have been recently magmatically ac-
tive (Mallows and Searle, 2012; Escartin et al.,
2017; Searle et al., 2019) and that generated a
swarm of 276 events over ~3 days during the
2014 survey. The new fault surface dissecting
the OCC may, therefore, be associated with
magmatic processes, including possibly lateral
dike propagation either into or out of the OCC
interior (Mallows and Searle, 2012).

Marked differences between the seismicity
patterns observed during the 2014 and 2016 sur-
veys are evident, even considering the different
instrument spacing, aperture, and duration of
the two studies. The intense band of interme-
diate-depth (3.5-6.5 km) compressional seis-
micity observed east of the 13°20'N detachment
throughout the 2014 survey is completely absent
in the 2016 records (see Fig. 2B). This stark
change in the nature of footwall deformation
suggests that compressive bending stresses may
be released episodically, rather than continuous-
ly, during footwall exhumation, even though slip
on the deeper parts of the fault surface appears
to be continuous. Whereas micro-earthquake
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Figure 2. Depth profiles with seismicity. (A-D) Cross sections showing bathymetry (black
lines) and micro-earthquakes located within 2 km of profile from 2014 and 2016 experiments
(dots; see key); teal lines mark detachment fault scarps; red lines are the projected location
of the neovolcanic zone (NVZ) (Parnell-Turner et al. 2017); labeled dashed gray lines show
depths below seafloor (bsf; dashed black lines are 7.5 km s-' velocity contour, from Simao
et al. [2020]). (E) Profile locations marked as labeled black lines. OCC—oceanic core complex.

focal mechanisms exhibit a distinct spatial
pattern in the 2014 survey, with compressive
mechanisms in the footwall and extensional
mechanisms on the putative fault surface, the
limited focal mechanisms available from the
2016 survey exhibit a much more random pat-
tern, without any appreciable spatial correla-
tions. Although the 2014 and 2016 surveys used
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networks with different apertures and spacings,
the focal mechanism differences remain striking
and suggest that the bending stresses released in
2014 may have modified the local stress field.

DISCUSSION
Our results provide new insight into the
subsurface fault structures associated with the

formation, maintenance, and abandonment of
OCCs and indicate that detachments undergo
previously unobserved short-term deformation
cycles.

Subsurface Fault Structure and Linkages

We observed a seismic gap between the
two oceanic detachments in both the 2014 and
2016 deployments. Both surveys also detected
activity on each detachment fault, and while
the nature of this activity varied, the aseismic
character of the region between them remained
unchanged. Hence it is unlikely that the 13°20'N
and 13°30’N OCCs are linked by a single fault
surface, and instead are mechanically decoupled
by an ~8-km-long aseismic zone (Fig. 4). This
observation supports evidence from seismic
velocity and crustal magnetization studies that
the two OCCs are structurally distinct features
and not part of a single, undulating fault surface
(Peirce et al., 2019, 2020; Searle et al., 2019).
The apparent seismic gap could be explained by
an along-axis transition from brittle detachment
faulting to ductile shear zone deformation, as
suggested at other detachments (e.g., Hansen
et al., 2013). This interpretation is consistent
with mechanical decoupling of the detachments
because strain would not be transmitted across
the ductile zone.

The 13°30’N and 13°20°’N OCCs seem to
be at different stages of evolution. Seismicity
at the 13°20'N OCC is consistent with ongoing
detachment faulting and continued development
of the OCC. At the 13°30’N OCC, however, the
OCC dome is crosscut by a distinct band of
events that links to a magmatically active re-
gion to the south. Seismic dissection of the OCC
dome is consistent with sidescan sonar, video
imagery, and active-source seismic data indicat-
ing that the 13°30’N detachment is gradually
being pulled apart and abandoned (MacLeod
et al., 2009; Mallows and Searle, 2012; Parnell-
Turner et al., 2018b; Peirce et al., 2019, 2020).
The linkage of the crosscutting seismicity to an
active volcanic feature just south of the OCC
dome, along with the presence of a high-tem-
perature vent field (Semenov) on the dome itself
(Cherkashov et al., 2008; Pertsev et al., 2012;
Escartin et al., 2017), suggests that the structural
realignment may be associated with an influx
of magma. However, no seismic low-velocity
zones have been detected in this region (Peirce
et al., 2019, 2020).

Temporal Variability

The 13°20'N and 13°30’N OCCs both gener-
ated continuously high levels of seismicity on
what we interpret to be the lower portion of the
main detachment fault surface. In contrast, we
did not detect seismicity on the shallow, gen-
tly dipping portion of the main fault surfaces at
either OCC in the 2014 or 2016 surveys. This
same dichotomy between the seismic behaviors
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of the upper versus lower crust is seen elsewhere
at slow- and ultraslow-spreading ridges, such
as at the TAG detachment on the Mid-Atlantic
Ridge (deMartin et al., 2007) and on detach-
ments at the Southwest Indian Ridge (Yu et al.,
2018). Although OCCs at 13°N, TAG, and the
Southwest Indian Ridge are at different stages
of the detachment faulting life cycle, they all
exhibit this same difference in seismicity on the
upper versus lower portion of the fault, suggest-
ing it could be a common characteristic of active
oceanic detachments. Although shallow seismic-
ity on the detachment faults was not observed
during either of our surveys, this region has
generated three large (M,, 5.5-5.7) earthquakes
since 2008 (Craig and Parnell-Turner, 2017).
Waveform modeling indicates these were like-
ly normal-faulting events with centroid depths
of 5-6 km bsf with ruptures that propagated to

within <2 km of the surface (Craig

demonstrate that the rate and style
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and Parnell-

Turner, 2017). Brittle behavior is consistent with
quartz cementation found in the shallow portion
of the 13°20’N OCC, which favors deformation
over stable sliding or ductile creep (Bonnemains
et al., 2017). This combined evidence suggests
that shallow portions of the fault system deform
via large, infrequent events rather than high lev-
els of low-magnitude seismicity (Fig. 4).

The strikingly different patterns of seismic
activity and focal mechanisms observed during
the 2014 and 2016 surveys of the 13°20'N OCC

of deforma-

tion associated with detachment faults varies
on time scales as short as 15 months. Compres-
sional internal deformation of the footwall was
recorded throughout the 6 months of recording
in 2014 but is almost completely absent from
the data recorded early in 2016. These observa-

tions suggest a complex mechanical coupling
between the deep part of the detachment near
the fault root zone, which appears to effectively
slip continuously via ubiquitous low-magnitude
events, and the shallow part where it rolls over
to low angles, which appears to slip aseismi-
cally or via infrequent, large events (Craig and
Parnell-Turner, 2017). We hypothesize that this
mismatch results in a cyclical pattern of footwall
internal stress, where bending stresses accumu-
late slowly over time and are released episodi-
cally via swarms of compressive events, as ob-
served over at least 6 months in the 2014 survey.

Our results demonstrate that oceanic detach-
ment faults undergo deformation cycles on mul-
tiple time scales. Detachments are created and
abandoned due to subsurface structural changes
on time scales of up to millions of years, likely
associated with magmatic processes on regional
length scales. On annual time scales, the contrast
between continuous slip in the fault root zone
versus episodic slip on the shallow portion of
the fault may cause episodic compression in the
footwall. Our results also show that along-axis
neighboring detachment faults can be mechani-
cally decoupled and behave as discrete, ephem-
eral systems.
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