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Mode of slip and crust-mantle interaction at
oceanic transform faults

VaclavM.Kuna®©™, JohnL.Nabélek®™ and Jochen Braunmiller©?

Oceanic transform faults, connecting offset mid-ocean spreading centres, rupture quasi-periodically in earthquakes up to about
magnitude M 7.0 that are often preceded by foreshocks. In addition to seismic slip, a large portion of slip takes place as aseismic
creep, which likely influences initiation of large earthquakes. Although oceanic transform faults are one of the major types of
plate boundaries, the exact mode of slip and interaction between the seismic and aseismic motion remains unclear. Here we
present a detailed model of the mode of slip at oceanic transform faults based on data acquired from a recent temporary deploy-
ment of ocean-bottom seismometers at the Blanco Transform Fault and existing regional and teleseismic observations. In the
model, the crustal part of the fault is brittle and fully seismically coupled, while the fault in the mantle, shallower than the depth
of the 600 °C isotherm, creeps partially and episodically. The creep activates small asperities in the mantle that produce seis-
mic swarms. Both mantle and the crustal zones release most of the plate-motion strain during large-magnitude earthquakes.
Large earthquakes appear to be preceded by a brief episode of shallow mantle creep, accompanied by seismic swarms, which

explains the observation of foreshocks and shows that mantle creep likely influences initiation of large seismic events.

transform fault (OTF) in the northeast Pacific composed of

several segments with distinct morphology and seismological
characteristics™* (Fig. 1). Here we focus on the Blanco Ridge (BR),
an east-south-east trending, prominent 130-km-long linear seg-
ment, which, compared with other segments, exhibits much higher
seismic coupling’. Two distinct asperities along the BR appear to
rupture quasi-periodically approximately every 14 years with earth-
quakes of moment magnitude 6.0 <M, <6.5 (ref. *). The western
asperity, centred near 128°W, was active in 1981, 1994 and 2008
with M,, 6.3-6.4 events, while the eastern asperity at 127.7°W
hosted M, 6.0-6.4 events in 1985 and 2000 (ref. °). A 10-km-long,
geometrically and bathymetrically anomalous zone separates the
two asperities (Supplementary Fig. 1).

_|_he Blanco Transform Fault (BTF) is a 350-km-long oceanic

Seismicity of the BR segment of the BTF
We deployed 55 ocean-bottom seismometers (OBS) along the full
length of the BTF from September 2012 to October 2013. The experi-
ment, enabled by recent advances in long-term OBS deployments, is
only the second major project targeting an OTF*. Using P-wave travel
times determined by first arrival picks and waveform cross-correla-
tion, we located over 1,600 earthquakes at the BR (Fig. 1 and velocity
model in Supplementary Table 1) of local magnitude (ML) 0.8-5.5.
The catalogue is complete for all ML>2 events, thus lowering the
earthquake detection limit by more than two orders of magnitude
compared with regional and global catalogues'. Seismicity is abun-
dant both in the crust and in the lithospheric mantle reaching depths
of up to 13km (Fig. 2 and Supplementary Fig. 2). Thermal modelling
without and with incorporated hydrothermal cooling® predicts the
depth limit of OTF seismicity—the 600°C isotherm®—in the cen-
tre of the BR to be at 9km and 10km depth, respectively. Seismicity
exceeds these depths along most of the BR suggesting a greater role of
hydrothermal cooling than assumed in thermal modelling.

The fault geometry changes from the western to the eastern
BR. West of 127.92°W (Fig. 2b, cross-sections (1)-(4)), seismicity

is consistent with a vertical fault cutting the lithosphere. East of
127.92° W, mantle seismicity is offset by about 1 km southward from
crustal earthquakes (Fig. 2b, cross-sections (5)-(7)). The area of the
geometry change coincides with the eastern edge of the western
repeating earthquake rupture patch and appears to act as a barrier
between the two patches. The barrier area (Fig. 2, section (5)) also
has significantly less bathymetric relief than the adjacent asperities
(Supplementary Fig. 1). The barrier ruptured on 30 January 2013 in
a ML 5.5 earthquake, the largest event in our catalogue. The event
was followed by a one-day aftershock sequence of 37 events; all of
which occurred in the barrier area.

The seismicity peaks between 3 and 7km depth in the crust and
between 8 and 13km in the mantle. A quiet zone just below the
Moho at 7 to 8km depth separates the two regions. The fault seis-
micity in the crust is concentrated in the central part of the BR,
between 128.2°W and 127.6°W (Fig. 2a). In contrast, fault seis-
micity in the lithospheric mantle stretches along the entire BR and
occurs in clearly separated clusters (Supplementary Fig. 3a). All 5
recorded events with ML > 4.5 occurred in the crust. Analysis of the
frequency-magnitude distribution via the Gutenberg-Richter (see
Methods) law indicates a lower b value for the crust (b=0.78 +10)
than the mantle (b=1.13+0.15) (Supplementary Fig. 3c). The low
b value indicates that the crustal seismicity is enhanced in larger
earthquakes compared with the mantle where small events domi-
nate. Analysis of earthquake stress drops reveals no significant dif-
ferences between the crustal and mantle catalogues (Supplementary
Fig. 3b). Earthquake clustering, lack of ML > 4.5 earthquakes and a
higher b value suggest that mantle earthquakes rupture small brittle
asperities up to about 1km in diameter embedded in material that
behaves aseismically during the period between large earthquakes.

Crustal seismicity is characterized by mainshock-aftershock
sequences superimposed on the stochastic background seismicity
(Supplementary Fig. 3d,e). In contrast, most events in the mantle
portion of the fault occur in swarms, which are events clustered
both in time and space without an initial dominant event (Fig. 3a,c
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Fig. 1| Bathymetric map of the BR with locations of earthquake epicentres and OBS stations. Cross-section segments displayed in Fig. 2 are shown by
solid black lines (1)-(7). Solid green swaths indicate repeating earthquake patches based on the slip centroid® and the dashed green swath shows the
extension of the western patch inferred from the 1994 M,, 6.4 earthquake aftershock distribution®™. Orientation map on the lower left shows tectonics of
the BTF. Bathymetric depressions are, from west to east, West Blanco (WBD), East Blanco (EBD), Surveyor (SD), Cascadia (CD) and Gorda (GD); BR refers
to Blanco Ridge, the focus of this study.
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Fig. 2 | Seismicity of the BR. a, Along-strike view. Spatially, mantle earthquakes occur in small clusters. The central part of the BR (cross-sections (3)-(6)) shows
frequent seismic swarms. Conversely, the flanks of the BR (cross-sections (1), (2) and (7)) show clustered events with large temporal separation. The thermal
models are based on the tectonic slip rate of 56 mmyr~' (ref. °). Using a slower plate velocity, 49 mmyr~' (ref. %), would shift the 600 °C isotherm by about Tkm
deeper. b, Across-strike view. Each cross-section displays the along-strike interval below, which is plotted. Histograms show swarm events in red, others in grey.
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Fig. 3 | Mantle swarms versus crustal aftershock sequences. a, Selected waveforms from the 31 December 2012 seismic swarm. Top shows the first

30 minutes containing 11 events, indicated by grey arrows. For the five largest events (indicated by circles), we show normalized vertical seismograms
recorded at three broadband stations BB140, BB130 and BB170 (Supplementary Fig. 2 for locations) overlain on each other. Station BB140, located on the
BR, is nodal for P waves for strike-slip earthquakes, stations BB130 and BB170 are anti-nodal. b, Time versus magnitude (top) and time versus distance
along the strike of the BR (bottom) diagrams showing the aftershock sequence after the 30 January ML 5.5 earthquake (indicated by the blue star).

¢, Same diagrams as in b are displayed for four selected mantle swarms. Positive rates represent eastward migration, negative westward. Distances are

relative to the median location of swarm events.

and Supplementary Figs. 3-6). Almost identical waveforms of
swarm events within individual swarms indicate a small source
area and similar focal mechanisms (Fig. 3a). We found 58 several-
hours-long swarms composed of 3 to 44 events, 40% of which have
10 or more events (see Supplementary Table 2 for details). Unlike
events in crustal aftershock sequences, which are distributed sto-
chastically with no migration in time, swarm events migrate along
the strike of the BR (Fig. 3b,c). The observed hypocentre migra-
tion rates for 24 BR swarms range from about 100 to 2,000mh™!
with a median value of 370 mh~' (Supplementary Fig. 6). Studies of
the San Andreas Fault in California associated seismic swarms with
geodetically observed creep and found that the propagation speed
of the creep events agrees with the hypocentre migration speed
within swarms”®. The hypocentre migration rates of creep-triggered
swarms in both continental and oceanic transform fault environ-
ments were found to be on the order of 100-1,000mh~" (Fig. 3¢)””,
which is consistent with velocities observed at the BR. We thus infer
that the swarms observed in the mantle portion of the fault occur in
direct response to aseismic fault creep.

The presence of aseismic creep at depths shallower than the
600°C isotherm in the mantle portion of an OTF can be attributed
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to a change in peridotite rheology from velocity-weakening to
velocity-strengthening frictional mode'’. Serpentinization of peri-
dotite, predominantly present as antigorite and chrysotile under BR
conditions (Supplementary Fig. 7), offers a plausible explanation
for the rheology change as fractured and highly permeable rocks at
OTFs provide a natural pathway for water circulation'’. Serpentinite
behaves in a velocity-strengthening frictional mode at low, tectonic
slip rates and transforms to a velocity-weakening mode at high,
earthquake-induced slip rates'>"*. Thus, the fault in the mantle may
release a portion of the tectonically accumulated slip aseismically as
creep and the rest during large BR earthquakes.

Mantle serpentinization and seismic coupling of the fault

To assess the importance of these slip modes, we quantify the
apparent seismic coupling of the mantle portion of the fault from
the centroid depth of 6.5km for the 1994 M, 6.4 earthquake'
(see Methods for details). We assume the earthquake ruptured the
fault from the ocean floor down to 13 km depth and released all accu-
mulated strain. The resulting apparent seismic coupling suggests
that about 40% of the mantle slip occurs during large seismic events.
The absence of large earthquakes purely in the mantle indicates
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Fig. 4 | Mode of slip of the BR transform fault. The fully seismically
coupled fault in the brittle crust (grey) is loaded from beneath by partial,
episodic creep on the fault in the serpentinized mantle (pink) above

the 600 °C isotherm. The creep in the mantle activates small asperities
(green) that release energy primarily in seismic swarms (yellow spheres).
In a situation where an episode of creep shortly precedes a large-
magnitude earthquake (yellow patch), swarms appear as foreshocks of the
large earthquake. Apparent seismic coupling in the crust may vary laterally
due to serpentinite intrusions (deep purple) from the mantle. The fault in
the mantle lithosphere beneath the 600 °C isotherm is fully creeping at the
tectonic rate and loads the upper parts of the fault.

that most of the remaining 60% is released via aseismic creep. We
suggest that the mantle asperities generating the earthquake swarms
during the inter-seismic period are either dry peridotite patches out
of reach of water circulation, or a product of dehydration of antig-
orite and its transition back to olivine at temperatures near 520°C
(ref. '*). The above seismic coupling in the mantle is for a fully seis-
mically coupled crust. This is supported by the estimated rupture
length of the M, 6.4 earthquake, which is about 20km for a fully
coupled crust (see Methods), and is similar to an independent esti-
mate’. The brittle character of the crust is supported by Omori-style
seismicity distributed over the entire crust width.

The BR is unique from the other segments of the BTF with its
higher seismic coupling’. Lower coupling on the other segments
likely results from variable fluid circulation in the lithosphere and
intrusion of serpentinite into the crust*'”. Thus averaged over the
entire BTE, the overall seismic coupling is much lower than along
the BR. This is in broad agreement with low seismic coupling
observed at many OTFs globally from teleseismic observations,
which only provide averages over entire transform faults'*-'®. BTF
studies (ref. ! and here) indicate that seismic coupling on OTFs may
not be uniformly low, but can vary strongly between segments.

Mode of slip and crust-mantle interactions

Based on our observations, we propose a detailed model of mode
of fault slip at the BR. The model may also be applicable at other
OTFs (Fig. 4), particularly at those with long, simple segments
such as the BR. The crustal part of the fault is brittle, fully seismi-
cally coupled and behaves in a velocity-weakening frictional mode.
Serpentinite intrusions into the crust may limit the seismic coupling

in parts of the fault zone. The fault zone in the mantle shallower
than the 600°C isotherm contains serpentinized peridotite, which
creeps episodically in the velocity-strengthening mode during the
inter-seismic period, but slips seismically during large OTF earth-
quakes. Frictionally velocity-weakening asperities situated at and
above the 600°C boundary respond to the surrounding episodic
creep through seismic swarms. The fault in the lithosphere beneath
the 600°C isotherm creeps freely at the tectonic rate loading the
shallower parts. Our model provides a testable description of OTF
slip observed on the BR, which is consistent with previous OTF
studies based on local, regional and teleseismic data.

OTF earthquakes appear to have predictable behaviour. In the
long-term perspective, they occur quasi-periodically*'**, which
probably results from steady loading of well-defined asperities
that are stable over multiple seismic cycles. In the short-term per-
spective, they are preceded by foreshocks*** and perhaps also by
precursory long-period signals*** (possibly representing episodic
creep). We observe two foreshocks for the ML 5.5 earthquake, pre-
ceding it by 55 and 20 minutes, respectively. Both foreshocks are
part of a small, 3-event swarm that occurred at 10km depth in the
mantle (Supplementary Fig. 8). We interpret the precursory fore-
shock sequence as a direct response to an episode of shallow mantle
creep shortly before the mainshock. The shallow mantle creep is
thus not only loading the fully coupled, brittle crust in a long-term
perspective, but also acts as a short-term direct trigger for large
OTF earthquakes.

In recent years aseismic fault motion has been observed in vari-
ous tectonic environments including continental transform faults
and subduction zones, generating questions about its influence
on seismic slip. Although these environments differ from OTFs in
many ways, we think that the key principles of the aseismic-seismic
slip interaction may be similar. Studying OTFs may reveal impor-
tant details of this process at much shorter timescales than for other
tectonic environments, due to the combination of high slip rate and
narrow seismogenic zone. We believe our model provides a frame-
work for future OTF studies as well as improves our understanding
of processes that lead to earthquake generation.
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Methods

Seismic data. The Blanco Transform Fault OBS Experiment, conducted from
September 2012 to October 2013, deployed 30 broadband Giiralp CMG3T
seismometers and 25 short-period Mark Products L-28LB seismometers co-located
with Scripps Institution of Oceanography differential pressure gauges. Earthquakes
were located using 100 samples-per-second data streams.

Seismicity catalogue. We constructed the earthquake catalogue from P-wave
arrivals using Boulder Real Time Technologies’ Antelope software. The data
streams were filtered with a 4 to 15Hz bandpass filter to enhance P-wave arrivals.
The arrivals were detected by comparing short-term and long-term signal averages
(STA/LTA). Detections at individual stations were associated with earthquakes
using a search over a grid with 2.2km horizontal and 2km vertical spacing.

To minimize grid search artefacts, we accepted only events with at least 10
defining P-wave arrivals. The associated events were subsequently located using
a Marquardt algorithm”. For calculation of theoretical travel times, we used a
one-dimensional P-wave velocity model based on ref. ! with the mantle P-wave
velocity decreased by 3% relative to the original model to match local travel-time
observations (Supplementary Table 1).

We used only the best-recorded events. From the catalogue, we removed events
missing first arrivals at 1 of the 3 closest stations, events with fewer than 6 arrivals
at the 13 closest stations, and events with a station azimuthal gap larger than 110°.

Some events within seismic swarms remained undetected or did not pass the
requirements for well-recorded events. We used a template-matching procedure to add
them to the catalogue. In each swarm, we selected the best-constrained event and used
its P-wave arrivals (1s window starting at the P-wave arrival) for cross-correlation over
the duration of the swarm. We set the limit for P-wave detection to a cross-correlation
coefficient >0.6 and require at least 5 arrivals to define an event. The catalogue used in this
study contains 1,626 earthquakes, of which 420 were constrained by template matching.

Relative relocation. For the purpose of our study, precise locations of earthquakes
relative to each other are more important than their absolute locations within the
lithosphere. Using the travel-time data, we relocated the catalogue with the relative
location algorithm hypoDD*. A maximum separation distance of 10km (approximately
one half of the average inter-station distance) was used to define an event cluster and we
required at least 8 arrivals at mutual stations to create an inter-event link.

Swarms were relocated individually using the relative arrival times obtained
from waveform cross-correlation. All events within a swarm were relocated starting
from the initial location of the best-constrained event.

Earthquake depth distribution. Along most of the BR, we see a bimodal
distribution of seismicity with depth. Abundant seismicity in the crust and the
mantle is separated from each other by a narrow zone with a low number of events
just below the Moho (approximately 7-8 km). To show reliability of the depth
distribution, we display waveforms of 11 earthquakes occurring directly (with
epicentral distance <2.5km) beneath the station BB200, which is situated on top

of the BR (Supplementary Fig. 2). We align waveforms on the first P-wave arrival
and show that the S—P times increase systematically from ~1s for earthquakes at
~2km depth to 1.8s for earthquakes at ~9km depth. The S-wave normal move-
out corresponds to a P-wave to S-wave velocity ratio (v,/v,) of 1.85 and 1.73 in the
crust and mantle, respectively. The S-wave arrivals also suggest a high v /v, ratio

of ~2.7 in the uppermost crust, suggesting highly fractured and possibly altered
fault gauge. The distinct difference in S-P arrival times between earthquakes in the
lower crust (~1.5s) and in the lithospheric mantle (~1.8s) supports the existence of
a quiet zone between crustal and mantle seismicity.

Frequency-magnitude distribution. We evaluate the frequency-magnitude
distribution through the Gutenberg-Richter law, P(m) = 10", where P(m) is
the number of events with magnitude > m, for m > magnitude of completeness.
Constants a and b denote earthquake productivity and the frequency-magnitude
falloff, respectively. The a and b values are obtained by least-squares regression.

Correlation integral. To show temporal distribution of events in catalogues,
we use the concept of a correlation integral, which displays the distribution of
seismicity over a wide range of inter-event times. The correlation integral C(z),

N-1¢N
defined as Cr)= m Zi=l Zj:i+1 Or=lt~ tjl) (ref. »°), describes temporal
closeness of events relative to each other. C(z) counts the number of event

couples, defined by their origin times ¢, and t, that are closer to each other than

an inter-event time 7. Counting over all possible event pairs is done through the
Heaviside function 6, which returns 1 for an inter-event time [#;~#/ less than z and
0 otherwise. C(z) is normalized by the total number of event couples (N is number
of events). log,,C() is a monotonically increasing function of log,,z, which reaches
its maximum when 7 is larger than the largest inter-event origin-time difference in
the dataset. To identify characteristic patterns in inter-event times, we use the rate

d( ) _ Elogmc(r)
of change of the correlation integral, “*) = Tiog . d(1) is large for inter-event

times that occur often and small for inter-event times that occur infrequently. d(z)
is very sensitive to rate changes and a powerful tool to characterize the temporal
event distribution. In addition, by replacing the inter-event time with inter-

event distances, we can define the correlation integral in space and describe the

distribution of a set of points in space (Supplementary Fig. 3a). Refer to ref. ** for
a detailed description on how to compute and interpret the rate of change of the
correlation integral for an earthquake catalogue.

Hypocentre migration rate. We measured hypocentre migration rates along the
strike of the BR. Positive velocities represent eastward migration, negative westward.
The hypocentre migration rates were estimated by linear regression using a re-weighted
(bi-square) least-squares approach and considered reliable for P values less than 0.05.
Out of 58 swarms, 26 (46%) show migration rates ranging between 60 and 2,120mh™"
with a median value of 370mh™". Out of the 26 swarms, 21 migrate between 100mh~"'
and 1,500mh™" (see Supplementary Fig. 6 and Supplementary Table 2 for details).
Westward migration was observed in 14 cases while 12 swarms migrate eastwards.

Earthquake stress drop. We calculated the stress drop using the Brune model*,
where the corner frequency f, in the body wave spectrum defines the rupture
radius @ = 0.372 with v, the shear wave velocity at the source (we use the lower-
crust velocity v, = 3.73kms™). To estimate the stress drop Ag, we assume a circular
rupture for which M= %Atm3 with M, the seismic moment. We obtain the corner
frequency f. by least-squares fitting of P-wave spectra by the spectral response of a
theoretical circular source. The seismic moment is calculated from the earthquake
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magnitude as M= 102 (M +6.033) (ref. *'), assuming M,,= ML, for small events.

Apparent seismic coupling. Seismic coupling on a fault is defined as the ratio
between the seismic and tectonic slip. For the calculation of the apparent seismic
coupling of the mantle, we use the 1994 M,, 6.4 earthquake with a centroid depth
of C=6.5km (ref. !). The seismic moment distribution balances at the moment-
release centroid, and thus, for our case with the centroid in the crust, we can write
Luf Zi M= Lu Zj ﬂjtj5j+ Lu™ zm HytuCm, where L is the rupture length, u and
u™ are the displacement during the event in the crust and mantle, respectively. u

is the rigidity, ¢ is layer thickness and c is vertical distance between the earthquake
moment-release centroid and the centre of a layer. Indexes i and j represent

crustal layers, index m represents mantle layers. The left side of the equation is

the moment contribution of layers above the centroid, the right side is the moment
below the centroid. The rigidity y is obtained from the S-wave velocity and density
model (Supplementary Table 1). To obtain seismic coupling, we make the following
reasonable assumptions: (1) the earthquake rupture extended from the ocean

floor (0km) down to the bottom limit of seismicity at 13 km, (2) the event released
all accumulated strain over the inter-seismic period in the crust and the mantle;
thus u*=uy* and u™=uy™, where u is the accumulated tectonic slip and y* and y™
are seismic coupling in the crust and mantle, respectively. Substituting into

the expression above, we obtain ¥ "= e jﬂjtjcj)/ 2 oo,

If the fault in the crust is fully seismically coupled (y*=1) and using the

model in Supplementary Table 1, we obtain y™=0.42. If the crust is not fully
coupled, the mantle coupling drops proportionally. For the 1994 earthquake,

we can determine the length of the rupture for a fully seismically coupled crust
and compare it with independent estimates. The length can be expressed as
L=My/ (" X, pti+uf Ej /‘jtj"')(muc Z Hopb), with M, the seismic moment of the
earthquake, y™ determined above and u¢ equal to the tectonic loading of 49 mmyr~!
(ref. *°) over the inter-seismic period of 14yr (ref. °). This results in L=19km,
which is similar to the length shown in Fig. 2 (based on ref. °), and supports the
assumption of a fully coupled crust in parts of the BR.

Data availability

The OBS dataset is archived at the IRIS Data Management System
(http://www.iris.edu). X9 is the network code for the Plate Boundary Evolution and
Physics at an Oceanic Transform Fault System project’; 7D is the network code for the
Cascadia Initiative Community Experiment - OBS component data*’. Raw bathymetry
data, used in Fig. 1 and Supplementary Fig. 1, are available from the authors.
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