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Mid-ocean-ridge seismicity reveals extreme types

of ocean lithosphere

Vera Schlindwein! & Florian Schmid'

Along ultraslow-spreading ridges, where oceanic tectonic plates
drift very slowly apart, conductive cooling is thought to limit
mantle melting! and melt production has been inferred to be highly
discontinuous®™, Along such spreading centres, long ridge sections
without any igneous crust alternate with magmatic sections that
host massive volcanoes capable of strong earthquakes®. Hence melt
supply, lithospheric composition and tectonic structure seem to
vary considerably along the axis of the slowest-spreading ridges®.
However, owing to the lack of seismic data, the lithospheric structure
of ultraslow ridges is poorly constrained. Here we describe the
structure and accretion modes of two end-member types of oceanic
lithosphere using a detailed seismicity survey along 390 kilometres
of ultraslow-spreading ridge axis. We observe that amagmatic
sections lack shallow seismicity in the upper 15 kilometres of the
lithosphere, but unusually contain earthquakes down to depths of
35 kilometres. This observation implies a cold, thick lithosphere,
with an upper aseismic zone that probably reflects substantial
serpentinization. We find that regions of magmatic lithosphere
thin dramatically under volcanic centres, and infer that the resulting
topography of the lithosphere-asthenosphere boundary could allow
along-axis melt flow, explaining the uneven crustal production
at ultraslow-spreading ridges. The seismicity data indicate that
alteration in ocean lithosphere may reach far deeper than previously
thought, with important implications towards seafloor deformation
and fluid circulation.

Mid-ocean ridges continuously produce new ocean lithosphere that
consists of a layer of ocean crust (on average 6-8 km thick) underlain
by mantle lithosphere”. The upper part of the mantle lithosphere is
mechanically strong and brittle to temperatures of 650 £ 100 °C (ref. 8)
and is referred to here as elastic lithosphere. The base of the oceanic
lithosphere is defined by an isotherm of 1,000-1,300°C (ref. 9). Once
the spreading rate drops below about 20 mmyr ! conductive cooling
reduces melt production and a different class of mid-ocean ridge forms
that produces anomalous ocean lithosphere in 10%-20% of the world’s
oceans®. Geological exploration of the poorly accessible ultraslow
spreading ridges in the Arctic Ocean and the Southwest Indian Ocean
revealed up to 100-km-long rift sections with mantle rocks exposed
at the sea floor*™, indicating little mantle melt production. Between
these sections pronounced volcanic centres receive more melt than
the regional average and show an over-thickened crust’. Further
observations that clearly distinguish ultraslow-spreading ridges from
other mid-ocean ridges are the unexpectedly high incidence rate of
hydrothermal plumes relative to the low magma budget'’, a particular,
smooth seafloor morphology® and the potential to produce moment
magnitude M > 6 earthquakes®. However, the lithospheric structure of
ultraslow-spreading ridges is little known. Classic terms that describe
the ocean lithosphere, such as ‘crust’ and ‘Moho; lose their meaning
in the absence of magmatism!!. Active-source seismic imaging of this
anomalous lithosphere has been conducted only recently at the most
accessible parts of ultraslow-spreading ridges and is unable to charac-

terize lithospheric structure beyond its shallowest domains'2.

Records of local seismicity have greatly advanced our understand-
ing of active spreading processes, the lithospheric structure and the
thermal regime of most spreading ridges' but no such data exist for
ultraslow-spreading ridges. Following a 10-day feasibility study near
Logachev Seamount on Knipovich Ridge!* (Fig. 1, site 2), we under-
took the first concerted effort to compare the seismicity of contrasting
magmatic and amagmatic sections of ultraslow spreading ridges. We
recorded local earthquakes on one of the most extensive amagmatic
sections of ultraslow spreading ridges, the oblique supersegment on
the Southwest Indian Ridge (SWIR) (Fig. 1, site 1), with eight ocean
bottom seismometers (OBSs) for a period of 11 months in 2012-2013
(ref. 15). The data set is unique because the long-term deployment of
OBSs in the stormy Furious Fifties (the area between 50 S and 60 S,
which is prone to strong winds), where only few research vessels
can operate, has not been attempted before. A similar OBS network
was installed simultaneously at a magmatic section, the Segment-8
volcanic centre on the eastern SWIR (Fig. 1, site 3) where an episode
of teleseismic earthquake swarms occurred between 1996 and 2003
(ref. 5).

We determined the hypocentre locations of all of the recorded
microearthquakes (see Methods). Figure 1 and Extended Data
Figs 1-3 show a distinct image of hypocentre depths along 390 km
of ultraslow-spreading ridges representing the prevalent background
seismicity at local magnitudes of M;= 0.5-3. The unprecedented clarity
and consistency of the seismicity throughout the three representative
sections allows us to state three key observations that expand previous
knowledge of mid-ocean-ridge seismicity with important inferences
for lithospheric structure.

(1) Earthquakes reach maximum depths of 35km below the sea floor
in areas with peridotite exposure, surpassing by far the deepest known
mid-ocean-ridge earthquakes at about 15km depth!.

(2) The clear lower boundary of seismicity, which provides
constraints on the thickness of the axial elastic lithosphere (see
Methods), varies dramatically along-axis, thinning by up to 15km
under volcanoes or sites of basalt exposure.

(3) Regions in the upper lithosphere are entirely aseismic. They occur
mainly in peridotite-dominated ridge sections and extend to 15km
depth (Fig. 1; site 1, 40-75km along the profile).

Melt flow along an undulating permeability boundary near the
lithosphere-asthenosphere boundary towards magmatic centres is a key
hypothesis in ultraslow ridge research that has been put forward by sev-
eral authors'’ " to account for the pronounced variations in the crustal
thickness, seafloor rock composition and tectonic structure observed
along ultraslow spreading ridges. Our data show that the base of the elas-
tic lithosphere as imaged by maximum hypocentre depths varies dra-
matically along-axis, being shallowest under volcanic centres (Fig. 1).
If we assume that the permeability boundary near the lithosphere-
asthenosphere boundary displays the same topography (see Methods)
we can estimate the along-axis extent of the catchment areas where
melts can flow upslope towards magmatic centres. These areas are at
least 60-120km in length and are hence consistent with the typical
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Figure 1 | Along-axis seismicity
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segment lengths of ultraslow-spreading ridges of about 100 km!7°,
Our data thus provide geophysical support for the hypothesis of melt
focusing over segment-scale distances.

Peridotite may alter to mechanically weak phyllosilicates such as
serpentinite (lizardite) in fractures that are penetrated by seawater
up to temperatures of about 400 °C (refs 21 and 22). Volume frac-
tions of only 10% serpentinite can drastically reduce the strength of
the lithosphere and may lead to strain localization in distinct aseis-
mic shear zones?*. We propose that the extensive aseismic regions,
observed in peridotite-dominated, amagmatic ridge sections (Fig. 1;
site 1, 40-75km along the profile), result from serpentinization of
the upper lithosphere either along distinct, deep-reaching shear zones
that concentrate strain or through pervasive alteration of at least 10%
of the mantle rocks. In this interpretation, the observed low seismic
velocities at these depth levels (Extended Data Fig. 1b) reflect partial
serpentinization®’. The onset of seismicity, and hence of brittle faulting
below, occurs at a depth where temperatures of roughly 400 °C (for the
estimate see Methods) are reached and serpentinite becomes unsta-
ble. The upper limit of seismicity in amagmatic regions may therefore
image the serpentinization front at previously unknown depths of up
to 15km. This implies in turn that fluid circulation extends to these
depths to alter the mantle rocks, exploiting major shear zones or a
network of microfractures®.

The adjacent magmatic regions, however, exhibit brittle defor-
mation at depths of 8-15km in the upper mantle or even through-
out the lithosphere (Fig. 1; site 1, 75-115km along the profile, site
2). Serpentinization in these mantle domains is apparently less

2 | NATURE | VOL 000 | 00 MONTH 2016

basalt. The lithosphere type (green
for amagmatic, red for magmatic)
is indicated underneath the profiles
where the OBS network provides
sufficient constraint.

pronounced and cannot effectively reduce the shear strength, so these
regions of the mantle behave more like normal ocean lithosphere,
where serpentinization is commonly confined to the uppermost
mantle?*?*, We therefore speculate that differences in lithospheric
composition favour serpentinization of the upper mantle in amag-
matic lithosphere but limit serpentinization of magmatic lithosphere
at the same depth levels. Alternatively, there may be differences in
the connectivity of the fluid pathways that enable or prevent deeply
penetrating water circulation in amagmatic and magmatic lithosphere,
respectively.

To assess the relevance of our local seismicity surveys we examined
the teleseismic earthquake record of ultraslow-spreading ridges’. The
average numbers of earthquakes per kilometre of rift axis (for calcu-
lation see Methods) confirm the different deformation styles of pre-
dominantly magmatic and amagmatic rift segments (Figs 1 and 2 and
Extended Data Fig. 4). Figure 2 and Extended Data Fig. 4 illustrate these
differences for Gakkel Ridge and the SWIR, respectively: more abun-
dant, stronger and often clustered earthquakes coincide with basalt
exposure and a strong central magnetic anomaly in the magmatic
Western Volcanic Zone, whereas reduced seismicity correlates with
the occurrence of peridotite and an absence of magnetic anomalies in
the Sparsely Magmatic Zone. Earthquakes there tend to be connected to
minor basalt exposures. Volcanic centres may host extensive teleseismic
earthquake swarms despite their locally thin elastic lithosphere (Fig. 1,
site 3). The repeated teleseismic earthquake swarms between 1996 and
2003 at the Segment-8 volcano potentially mark a phase of magmatic
activity’. The complete absence of seismicity underneath the volcano
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during our survey in 2012-2013 may therefore be a result of increased
temperatures caused by recent magmatism.

From the teleseismic and local seismicity records, we can thus
define two end-member types of ocean lithosphere representative for
ultraslow-spreading ridges (Figs 1-3). The first type, ‘amagmatic lith-
osphere, has an elastic thickness of up to 35km and lacks an igneous
crust. Its serpentinized mantle rocks carry only weak magnetization®
and are prone to deep-reaching serpentinization that results in aseis-
mic deformation in the upper part of the lithosphere. Amagmatic
lithosphere therefore shows a prominent reduction in seismicity. The
second type, ‘magmatic lithosphere) is thinner and shallows towards
volcanoes. A thin, igneous crust carrying a remanent magnetization is
present®. Magmatic lithosphere is stronger, with considerable seismic-
ity throughout its elastic portion. As it has experienced some melting
and melt migration, we speculate that a different lithospheric compo-
sition may prevent extensive serpentinization. Dredge statistics from
Gakkel Ridge and the SWIR show a higher percentage of gabbroic veins
in magmatic lithosphere than in amagmatic lithosphere®®, potentially
suggesting that more melts are being trapped at shallower levels in mag-
matic lithosphere (Fig. 3). However, as both extensive alteration to large
depths and trapped melts could account for the observed low seismic
velocities in our one-dimensional velocity models of the lithospheric
mantle (Extended Data Figs 1b, 2b and 3b), our data can highlight
only the different deformation styles of magmatic and amagmatic
lithosphere, not determine their petrologic cause. Future high-
resolution seismic studies combined with geological sampling are
needed to determine the detailed velocity structure and composition
of the end-member types of lithosphere described here.
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Figure 2 | Contrasting magmatic
and amagmatic sections of
Gakkel Ridge. a, Teleseismic
earthquake activity (open circles,
scaled with magnitude) over the
bathymetry. Yellow circles mark
earthquake clusters of two or more
events related in time and space.
Off-axis highs (arrow) extending
away from the ridge axis indicate
the long-term stability of this
segmentation pattern. Teleseismic
event rates are also indicated for
comparison between sections.

b, Dredge lithology. Data from

ref. 4. ¢, Magnetic anomalies. Data
from ref. 31. Earthquakes from a
are shown by the dots. Magmatic
lithosphere (red boxes) shows
more and stronger earthquakes,
basalt exposure and magnetic
anomalies. Amagmatic lithosphere
(green boxes) shows less seismicity,
peridotite exposure and lacks a
central magnetic anomaly.
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However, the recognition of these lithosphere types and their geo-
physical characteristics leads to a conceptual advance in the under-
standing of ultraslow lithosphere accretion, which we sketch in Fig. 3
for Gakkel Ridge. The extensive circulation of water through amag-
matic lithosphere may further cool and thicken the lithosphere locally,
leading to a pronounced topography of its base that enables along-
axis flow of melt on the segment scale towards the topographic shoals
under magmatic zones. These magmatic zones vary in size from tiny
patches in amagmatic zones (Fig. 1; site 1, 35km and 90 km along
the profile, see also the Sparsely Magmatic Zone in Figs 2 and 3), to
volcanic centres with different thermal and magmatic states (Fig. 1,
sites 2 and 3, and the Eastern Volcanic Zone in Fig. 3) and to robustly
magmatic zones with extended along-axis magmatism (the Western
Volcanic Zone in Figs 2 and 3). Lithospheric thinning is observed
in all cases but the vertical amount and the lateral extent vary. The
complete lack of seismicity at volcanic centres observed in our short
survey period may indicate high temperatures connected to recent
magmatic activity; it is likely to be transient given the observed tele-
seismic earthquake activity in these areas over longer periods. The
variable appearance of magmatic lithosphere may therefore be caused
by differences in lithospheric thickness, together with differences in
the geometry and effectiveness of melt extraction®, and by differences
in melt availability, which is dependent on the mantle composition and
fertility’. In addition to spatial variability, melt delivery is also expected
to vary in time at a given location. As seismicity provides only snap-
shots in time of the lithospheric structure, the variable appearance
of magmatic lithosphere also reflects different stages in its temporal
evolution.

Figure 3 | Conceptual sketch of the two
lithosphere types at the Gakkel Ridge. Scales
are approximate. Deep-reaching alteration in
amagmatic ridge sections cools and further
thickens the lithosphere. The pronounced
topography of the lithosphere-asthenosphere
boundary focuses melts towards magmatic
sections. Melt ascent there may result in a
different lithospheric composition that is less
prone to alteration and demonstrates brittle
behaviour, whereas amagmatic lithosphere can

Trapped deform aseismically.

melt
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We show that lithospheric thinning in magmatic sections is not
the only factor that produces a topography of the lithosphere-
asthenosphere boundary. The proposed deep-reaching serpentiniza-
tion of amagmatic lithosphere implies extensive water circulation that
in turn results in the cooling of the lithosphere from above. Spatially
variable cooling of the lithosphere may therefore also contribute to
enhancing the topography of the lithosphere-asthenosphere bound-
ary. Once this topography is established, the process is self-sustaining.
Gakkel Ridge, Knipovich Ridge and the western SWIR show off-
axis highs that extend away from volcanic centres in the spreading
direction and a spatially stable seafloor magnetic anomaly pattern
(Fig. 2), both of which document long-term stability of the lithospheric
accretion modes. Any reorganization of this pattern as observed on the
eastern SWIR requires large instabilities such as a rapid cooling and
thickening of the lithosphere at magmatic centres to prevent further
melt pooling'”.

Our study provides geophysical constraints on the along-axis ther-
mal structure of ultraslow spreading ridges, against which a multitude
of petrologic models of ultraslow spreading'®?**’ can be validated. A
further insight is that ultraslow spreading ocean lithosphere exhibits a
completely different deformation mode that we attribute to alteration
of mantle rocks reaching 15 km depth.

This deformation style distinguishes ultraslow-spreading ridges
from faster-spreading ridges: slow-spreading ridges show a dominant
pattern of higher levels of seismicity at the colder, magma-poor seg-
ment ends!?, in contrast to what we observe at the ultraslow-spreading
ridges where less seismicity is associated with amagmatic regions.
Exhumation of mantle lithosphere along major detachment faults
produces substantial earthquake activity at the Mid-Atlantic
Ridge!'*?8. The seismicity delineates the detachment faults to depths
of 7 km into the shallow upper mantle®®. At ultraslow-spreading
ridges, detachment faulting is also thought to be a fundamental
process in mantle rock exhumation®® and the generation of smooth
sea floor®, but our study suggests that deformation along such shear
zones occurs entirely aseismically owing to deep-reaching serpenti-
nization, explaining the contrasting seismicity pattern of slow- and
ultraslow-spreading ridges.

Serpentinization in young oceanic lithosphere is generally believed
to be limited to shallow depths of 4-6 km below detachment faults,
but its extent is generally difficult to estimate from seismic velocities
or rock samples gained from dredging or drilling?*. Our data suggest
that in the extensive amagmatic regions of ultraslow-spreading ridges
serpentinization and fluid circulation may reach far deeper into the
mantle than previously assumed.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Data processing. Seismic signals were identified with a short time average/long
time average trigger in the continuous data stream of the OBSs, optimized for
detecting all local earthquakes. All of the triggered events were reviewed by an
analyst and spurious events were removed. P- and S-wave arrivals of all of the
local earthquakes that were recorded by three or more stations were subsequently
hand-picked and located with the linear least-squares algorithm Hyposat®, which
also constrains the inversion with S-P travel-time differences.

One-dimensional velocity model. To derive a minimum one-dimensional velocity-
depth profile, as commonly used in earthquake location®, we used the results of
refraction seismic surveys'>**3> conducted within each of the study sites (Extended
Data Figs 1a, 2a and 3a). We extracted smoothed average velocity—depth profiles
for the upper 5km, where the refraction seismic data provided sufficient ray cover.
We thus constructed an initial velocity model and located all of the earthquakes.
We used this preliminary location run to select a subset of well recorded events of
at least 5km depth that are situated within the network of stations. These events
are considered the most sensitive to changes in the velocity model. We then tested
a wide range of conceivable sub-Mohorovi¢i¢ discontinuity (sub-Moho) velocities
but kept the velocity model in the crust fixed as constrained by refraction seismic
data. We located the subset of well constrained events for each velocity model and
assessed the performance of each velocity model. We selected the velocity model
that provided the lowest average root mean squared travel-time residual while
still locating a large number of events. This final velocity model (Extended Data
Figs 1b, 2b and 3b, red) was then used to locate all earthquakes.

Robustness tests. To assess the effects of the choice of velocity model on the loca-
tion results and in particular to evaluate the reliability of the large hypocentre
depths obtained, we performed several robustness tests. We located all of the events
with a slow end-member velocity model with velocities reduced by 0.3kms™" com-
pared with the final model and a fast end-member velocity model that consisted of
a 4-km-thick crust underlain by velocities of 8 km s~ as is common for oceanic
crust’ (Extended Data Figs 1b, 2b and 3b). Both low and high end-member velocity
models produced a considerably poorer fit to the phase arrivals of all earthquakes
as seen from the average root mean squared travel time residual in Extended Data
Table 1. Fast sub-Moho velocities resulted in a failure to determine the hypocen-
tre depth of many events at all three locations. The location algorithm had to fix
the hypocentre depth to converge on the results. The number of well-determined
hypocentre depths with depth errors of less than 5km is therefore much smaller
for the high-velocity model and illustrates its inappropriateness.

We further examined the effect of variations in the velocity model by +0.3kms ™!
on hypocentre depth. The reduced velocity model is identical to the low-velocity
end-member model tested above (Extended Data Figs 1b, 2b and 3b, orange). For
the faster-velocity model we increased the velocities of the final velocity model by
+0.3kms ™! throughout but kept 8.0km s ! at 40 km depth fixed (Extended Data
Figs 1b, 2b and 3b, purple) to avoid the convergence problems described above.
Faster velocities again produced a poorer fit to the data and yielded fewer reliable
hypocentre depths (Extended Data Table 2). These, however, are on average slightly
shallower than hypocentres located with lower-velocity models. Changes in the
average hypocentre depth are in all cases smaller than the average depth error
and they are much smaller than the along-axis depth variations of the band of
seismicity shown in Fig. 1 and interpreted here. Prominent deviations from the one-
dimensional minimum velocity model due to local heterogeneities in the subsur-
face result in non-zero average station residuals rather than substantially shifting
hypocentres. On site 3, the station located on the crest of the volcano showed a
positive S-phase residual of on average 0.232s. Omitting this station from the
location procedure did not distort the pattern of hypocentres interpreted.
Selection and display of hypocentres. Extended Data Figs 1-3 show all 5,379
located earthquakes with a hypocentre solution, irrespective of location accuracy.
These figures hence include also all smaller events. For Fig. 1 we imposed a maxi-
mum hypocentre depth error of 5km as the sole quality criterion, fulfilled by 903,
441 and 2,625 events in data sets 1-3, respectively. The cross-sections displayed
in Fig. 1 are based on a total of 3,664 events within 9.4km of the cross-section
profile. These events have a mean horizontal error of £3.5km, a mean depth error
of £2.7km and an average root mean squared travel-time residual of 0.24s. Their
locations were calculated from on average 15.5 phases at 6.3 stations, the closest
station being on average 7.2 km away. For the majority of the events, the distance
to the closest recording station is hence smaller than the hypocentre depth, which
is generally considered necessary to obtain good hypocentre solutions. In Fig. 1,
we highlight events outside the network where the distance to the next station
becomes larger than the hypocentre depth. For these events, hypocentre depths
have to be interpreted with care.
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The band of seismicity was in all cases more or less flat-lying in the across-axis

direction. Therefore, the projection of the hypocentres onto the cross-sections
did not distort the seismicity pattern. Extended Data Figs 1c, 2c and 3c reveal
no systematic dependence of hypocentre depth on projection distance. Aseismic
regions interpreted here are furthermore not a consequence of earthquake selection
as they appear in the full data set (Extended Data Figs 1-3) in the same way as in
Fig. 1, indicating that these areas are also devoid of the weaker events that were
omitted from Fig. 1.
Teleseismic events. Teleseismic earthquakes are used from a compilation® of
reviewed locations of the Bulletin of the International Seismological Centre occur-
ring from 1976 to 2010 within 30 km of the rift axis for the Gakkel and Knipovich
ridges and within 35km of the rift axis for the SWIR owing to the larger location
uncertainties there. A single-link cluster analysis identified earthquake clusters in
time and space. Owing to their long observation period, teleseismic earthquake
catalogues of mid-ocean ridges can reproduce the main features of along-axis seis-
micity variations on a regional scale that are visible in more complete catalogues
of hydroacoustically recorded events. We project the event locations onto our
profiles in Fig. 1 and count the number of teleseismic events in our 35-year-long
catalogue in bins of 13 km, displayed as histograms in Fig. 1. We further calculate
the average number of events per kilometre of the rift axis for comparison of the
considered rift sections in Figs 1 and 2 and Extended Data Fig. 4. As the mean loca-
tion uncertainty of the teleseismic events is about £31 km for the SWIR compared
with 412 km at Gakkel Ridge®, we cannot unambiguously assign individual earth-
quakes to either amagmatic or magmatic subsections of the oblique supersegment,
in particular. We therefore calculate seismicity rates for entire segments (Fig. 2
and Extended Data Fig. 4) or major portions thereof (Fig. 1) for comparison with
adjacent segments. The average seismicity rates of the predominantly amagmatic
supersegments contain some earthquakes that are connected with minor occur-
rences of magmatic lithosphere there. Purely amagmatic lithosphere may have even
lower seismicity rates and the difference in the seismicity rate between amagmatic
and magmatic lithosphere may be more pronounced.

Figure 2 and Extended Data Fig. 4 show the individual teleseismic earthquake
locations compared with a global map of magnetic anomalies®!. Events that are part
of clusters of two or more events occurring in close relation in time or space are
highlighted. Note that such clusters occur only in regions of magmatic lithosphere.
Estimates of lithosphere temperature. Absolute temperatures at the transition
depth from brittle to ductile behaviour are discussed by several authors®***” and
their estimates range between 550 °C and 750 °C. For mid-ocean-ridge lithosphere
compositions, preference is given to higher temperatures within this range’. As
mantle hotter than about 650 °C cannot build up long-term stresses, the base of
seismicity and the transition between ductile and brittle rheologies have been
associated with isotherms®. We therefore assume here that the maximum depth
of seismicity delineates an isotherm of about 700 °C. This value was chosen
arbitrarily, the exact temperature is irrelevant for our conclusions. To obtain a
crude estimate of the depth of the 400 °C isotherm in limited along-axis areas we
assume a constant temperature gradient between the sea floor and the depth of
the 700 °C isotherm. We furthermore assume that the 1,200 °C isotherm, used as
a proxy for the lithosphere-asthenosphere boundary, has roughly the same along-
axis topography as the 700 °C isotherm. Temperature fields calculated for mid-
ocean-ridge axes?***3° show approximately constant spacing of isotherms in
the brittle lithosphere and similar shapes of the 700 °C and 1,200 °C isotherms,
justifying our assumptions.

32. Schweitzer, J. HYPOSAT—an enhanced routine to locate seismic events.
Pure Appl. Geophys. 158, 277-289 (2001).

33. Kissling, E., Ellsworth, W. L., Eberhart-Phillips, D. & Kradolfer, U. Initial reference
models in local earthquake tomography. J. Geophys. Res. 99, 19635-19646
(1994).

34. Jokat, W., Kollofrath, J., Geissler, W. H. & Jensen, L. Crustal thickness and
earthquake distribution south of the Logachev Seamount, Knipovich Ridge.
Geophys. Res. Lett. 39, L08302 (2012).

35. Minshull, T. A,, Muller, M. R. & White, R. S. Crustal structure of the Southwest
Indian Ridge at 66°E: seismic constraints. Geophys. J. Int. 166, 135-147
(2006).

36. McKenzie, D., Jackson, J. & Priestley, K. Thermal structure of oceanic and
continental lithosphere. Earth Planet. Sci. Lett. 233, 337-349 (2005).

37. Chen, W.-P. & Molnar, P. Focal depths of intracontinental and intraplate
earthquakes and their implications for the thermal and mechanical properties
of the lithosphere. J. Geophys. Res. 88, 4183-4214 (1983).

38. Chen, W.-P. & Molnar, P. A nonlinear rheology model for mid-ocean ridge axis
topography. J. Geophys. Res. 95, 17583-17604 (1990).

39. Montési, L. G. J. & Behn, M. D. Mantle flow and melting underneath oblique
and ultraslow mid-ocean ridges. Geophys. Res. Lett. 34, L.24307 (2007).

© 2016 Macmillan Publishers Limited. All rights reserved



LETTER

b P-wave velocity [km s-]

Depth below reference level [km]

L

T T
12.5°E 13°E 13.5°E 14°E 145°E 0 200 400

Number of hypocentres
2,000

Earthquake depth [km] Water depth [m]

Distance along profile [km]
0 10 20 30 40 50 60 70 80 90 100 110 120 130
0-0 L L L L L Il \v L L L

2.5 -

Water depth [km]

10

Depth below ref.level [km]

40

Distance from profile [km]

Extended Data Figure 1 | Earthquake location at survey site 1 including  Velocities of 7.0-7.6kms ™! (grey bar) are considered anomalously low for

poorly located events. a, Epicentres (circles) colour-coded by hypocentre lithospheric mantle. The histograms show the distribution of hypocentre
depth. Earthquakes not projected onto the cross-section (white line) in ¢ depths obtained for the different velocity models. Faster models result

are shown by squares. The red inverted triangles show OBS locations and in fewer well-located events, but the depth distribution is similar (see

the dashed blue line shows the position of the refraction seismic line'> Extended Data Table 2). ¢, Cross-section of the hypocentres projected onto
used to constrain velocities in the uppermost lithosphere. b, The final the axis and colour-coded according to the distance from the profile. The
velocity model used for earthquake location is shown in red, and the topography of the seismicity band is not an artefact of projection because
velocity models used for the robustness tests are shown in blue (the fast at all depth intervals the earthquakes from various off-axis distances are
end-member representing a thin crust with ultramafic rocks underneath) present. The aseismic regions remain devoid of seismicity even when all
orange (a velocity reduction of 0.3km s relative to the final model) poorly located earthquakes are shown.

and purple (a velocity increase of 0.3 km s~ relative to the final model).
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Extended Data Figure 2 | Earthquake location at survey site 2 including
poorly located events. a, Epicentres (circles) colour-coded by hypocentre
depth. Earthquakes not projected onto the cross-section (white line) in ¢
are shown by the squares. The red inverted triangles show OBS locations
and the dashed blue line indicates the position of the refraction seismic
line** used to constrain velocities in the uppermost lithosphere. b, The
final velocity model used for the earthquake location is shown in red and
the velocity models used for the robustness tests are shown in blue (the fast
end-member representing a thin crust with ultramafic rocks underneath)
orange (a velocity reduction of 0.3km s relative to the final model)

and purple (a velocity increase of 0.3 km s ! relative to the final model).

Velocities of 7.0-7.6km s~ (grey bar) are considered as anomalously
low for lithospheric mantle. The histograms show the distribution of
hypocentre depths obtained for the different velocity models. Faster
models result in fewer well located events, but the depth distribution is
similar (see Extended Data Table 2). ¢, Cross-section of the hypocentres
projected onto the axis and colour-coded according to the distance from
the profile. The topography of the seismicity band is not an artefact of
projection because for all depth intervals the earthquakes from various
off-axis distances are present. The aseismic regions remain devoid of
seismicity even when all poorly located earthquakes are shown.
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Extended Data Figure 3 | Earthquake location at survey site 3 including
poorly located events. a, Epicentres (circles) colour-coded by hypocentre
depth. Earthquakes not projected onto the cross-section (white line) in ¢
are shown by the squares. The red inverted triangles show OBS locations
and the dashed blue line indicates the position of the refraction seismic
lines®® used to constrain velocities in the uppermost lithosphere. b, The
final velocity model used for the earthquake location is shown in red and
the velocity models used for the robustness tests are shown in blue (the fast
end-member representing a thin crust with ultramafic rocks underneath)
orange (a velocity reduction of 0.3km s~ relative to the final model)

and purple (a velocity increase of 0.3 km s~ relative to the final model).

Velocities of 7.0-7.6 kms ! (grey bar) are considered as anomalously
low for lithospheric mantle. The histograms show the distribution of
hypocentre depths obtained for the different velocity models. Faster
models result in fewer well-located events, but the depth distribution is
similar (see Extended Data Table 2). ¢, Cross-section of the hypocentres
projected onto the axis and colour-coded according to the distance from
the profile. The topography of the seismicity band is not an artefact of
projection because at all depth intervals the earthquakes from various
off-axis distances are present. The aseismic regions remain devoid of
seismicity even when all poorly located earthquakes are shown.
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Extended Data Figure 4 | Contrasting magmatic and amagmatic more abundant and often clustered teleseismic earthquakes and a marked
sections of western SWIR. a, Teleseismic earthquake activity (open magnetic anomaly. The predominantly amagmatic oblique supersegment
circles, scaled with magnitude) over bathymetry. The light yellow circles shows less seismicity and peridotite exposure. Areas of magmatic and
mark earthquake clusters of two or more events that are related in time amagmatic lithosphere within this segment are defined from the seafloor
and space. Data from ref. 5. b, Dredge lithology. Data from ref. 2. lithology and magnetic patterns. The differences in the event rates within
¢, Magnetic anomalies. Data from ref. 31. Earthquakes from a are shown by segments (see Fig. 2) are not visible here owing to a large uncertainty in
the dots. The predominantly magmatic orthogonal supersegment shows earthquake locations.
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Extended Data Table 1 | Location performance of the final one-dimensional velocity models and end-member models

; Number of Number of
Site Number of Average

Velocity earthquakes rms eart_hquakes eart_hquakes
model located residual [s] Ll depth with depth
solution error < 5km

Site 1
Slow-end 1960 0.502 1896 990
Final 1959 0.485 1871 903
Fast-end 1959 0.546 1556 242

Site 2
Slow-end 737 0.286 631 461
Final 736 0.264 614 441
Fast-end 744 0.364 441 181

Site 3
Slow-end 2974 0.226 2880 2557
Final 2974 0.196 2894 2625
Fast-end 2970 0.235 1998 1555

The final velocity model of each site achieved the best fit to all of the observed phases. The high end-member velocity models produce fewer and unstable hypocentre depths.
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Extended Data Table 2 | Dependence of the hypocentre depths on the velocity model

Site Number of ei:\rl‘tl-ll'lrg::li:; Average Average
Velocity earthquakes : depth depth error
model located _ With depth km] [km]
error < 5 km

Site 1
- 0.3 km/s 1960 990 20.3 38
Final 1959 903 20.2 4.0
+ 0.3 km/s 1960 629 20.0 4.1

Site 2
- 0.3 km/s 737 461 122 28
Final 736 441 10.9 286
+ 0.3 km/s 738 403 9.6 2.7

Site 3
- 0.3 km/s 2974 2557 10.6 25
Final 2974 2625 9.5 23
+ 0.3 km/s 2970 2497 8.8 23

Only inverted hypocentre depths with a depth error of less than 5 km are included in the average values. The individual distributions are shown in Extended Data Figs 1b, 2b and 3b for each site. Note
that the changes in average depth due to variations of the velocity model are in all cases smaller than the average depth error.
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