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Mid-ocean ridges (MORs) are quintessential sites of tectonic extension'*, at which
divergence between lithospheric plates shapes abyssal hills that cover about
two-thirds of the Earth’s surface®®. Here we show that tectonic extension at the ridge
axis canbe partially undone by tectonic shortening across the ridge flanks. This
processis evidenced by recent sequences of reverse-faulting earthquakes about 15 km
off-axis at the Mid-Atlantic Ridge and Carlsberg Ridge. Using mechanical models, we
show that shallow compression of the ridge flanks up to the brittle failure pointisa
natural consequence of lithosphere unbending away from the axial relief. Intrusion
of magma-filled fractures, which manifests as migrating swarms of extensional
seismicity along the ridge axis, can provide the small increment of compressive stress
that triggers reverse-faulting earthquakes. Through bathymetric analyses, we further
find that reverse reactivation of MOR normal faults is awidely occurring process that
canreduce the amplitude of abyssal hills by as much as 50%, shortly after they form at
the ridge axis. This ‘unfaulting’ mechanism exerts a first-order influence on the fabric
ofthe global ocean floor and provides a physical explanation for reverse-faulting
earthquakes in an extensional environment.

Normal faults are key contributors to the seismic activity of MORs' ™.
Over hundreds of thousands of years, these faults offset and tilt newly
accreted volcanic seafloor, shaping regularly spaced abyssal hills*”.
Notably, normal faults with the largest offsets are typically found on the
edges of axial valleys, but almost never in the outer ridge flanks (Fig. 1).
This observation, madeinthe1970s before multibeam bathymetric data
became widely available, led several authors to formulate the concept of
abyssal-hill unfaulting, thatis, the notion that MOR normal faults experi-
encereverseslip thatshortens their offsets as they migrate up the ridge
flanks® ™. This idea lost favour because no clear driving mechanism
had been identified and, most importantly, because reverse-faulting
earthquakes compatible with ridge-normal compression near the axis
had notbeen reported®. Reverse-faulting events are well documented
hundreds of kilometres from MOR axes", in oceanic lithosphere older
than10-20 Myr, inwhich acompressive stress state is expected™. Rare
reverse-faulting events have also been observedinlithosphere as young
as 3 Myr (about 30 km from the axis at slow spreading rates'®) or even
closer to the axis in the vicinity of transform faults®. Surprisingly, these
events indicate both ridge-parallel and ridge-normal compression
(Extended Data Fig. 1a) and have been attributed to thermal stresses'®,
the complex stress state of ridge-transform intersections” or recent
shifts in plate motion’. Clear manifestations of near-axis (<30 km)
compressive seismicity have, overall, remained elusive, until late 2022.

Swarms of reverse-faulting earthquakes

On26September 2022, a particularly active swarm of earthquakes with
momentmagnitudes M, > 4 began at 54° N on the northern Mid-Atlantic

Ridge®?° (Fig. 1a). This slow-spreading segment (2.2 cm year™ of full
plate-separation rate) is located north of the Charlie-Gibbs Fracture
Zone and bounded by two non-transform offsets. Its symmetric mor-
phology is typical of amagmatically robust ridge section (in the sense
of ref. 21), with an approximately 1.3 km deep axial valley flanked by
two shoulders and abyssal-hill-bounding normal faults with a charac-
teristic spacing of 2-4 km (Fig. 1c). During the first three days of the
2022 swarm, relocated seismicity (Methods; Supplementary Table 1)
showed southward migration along the axial valley by roughly 45 km
(Extended Data Fig. 2a) and entirely consisted of E-W extensional
mechanisms. This normal-faulting activity continued for 27 more
days without clear signs of further migration. 80 hinto the swarm, a
magnitude-5.1reverse-faulting earthquake indicative of ridge-normal
compression occurred below the summit of the ridge shoulder,
15 km east of the neovolcanic axis. Between 29 September 2022 and
4 January 2023, 11 more reverse-faulting events with M,, up to 5.9
occurred on N-Sstriking, approximately 45-50°-dipping planes, outlin-
ing two narrow bands symmetrically located about 15 km east and west
of the ridge axis (Fig. 1a). Inspection of the teleseismic P waveforms
fromthelargest compressive events shows avery short delay between
thedirect Parrivaland phases reflected off the seafloor and sea surface.
Thisimplies remarkably shallow hypocentre depths, which we estimate
within 2-5 km below the seafloor (Methods).

We identified a similar pattern in a November 2014 earthquake
sequence on the slow-spreading Carlsberg Ridge at 6° N in the Indian
Ocean (full spreading rate: 2.4 cm year™; Fig. 1b,d). There, aless active
swarm of M,, = 5normal-faulting seismicity at the ridge axis (with pos-
sible, although unclear, southeastward migration; Extended Data
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Fig.1|Swarmsof normal and reverse seismicity at two slow-spreading
MORs. a, Bathymetry of the 54° Nsegment of the northern Mid-Atlantic
Ridge®®, showing relocated earthquakes from the 2022 swarm. Red and blue
beachballs show normal and reverse mechanisms, respectively. b, Bathymetry
ofthe Carlsberg Ridge near 6° N, with relocated 1990-2020 seismicity (Global
CMT catalogue®). Shading shows zones with multibeam data (visible fault

Fig.2e-h) preceded fivereverse-faulting events about 15 km northeast
andsouthwest of the ridge axis. Notably, both ridge flanks had produced
similar M,, = 5-5.3 reverse-faulting events in 2005 and 2009 that were
not preceded by a detectable swarm of normal-faulting earthquakes.

Compression of MOR flanks

Sparse bathymetric data show that the 6° N segment of the Carls-
berg Ridge is morphologically similar to the 54° N segment of the
Mid-Atlantic Ridge, withevenmore pronounced axial relief (Fig. 1c,d). By
summing the offsets of large normal faults onbothsides of the axis?*
(Methods), we estimate the tectonically accommodated fraction of
plate separation Tat about 15%inboth segments (Fig. 2). The remaining
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Fig.2|Tectonic strain and the bathymetric signature of unfaulting. Plots of
cumulative fault heave versus distance from the axis for the Mid-Atlantic Ridge
at54° N (a) and the CarlsbergRidge at 6° N (b). Blue bands mark the location of
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scarps) versus interpolated bathymetry (textureless). ¢, Topographic
cross-section along the dashed line in panel a, with fault scarps showninred
(westside) and yellow (east side). Blue barsindicate the projected location of
reverse-faultingevents. d, Topographic cross-section along the dashedlinein
panel b: closest available transect with shipboard bathymetry. AV, axial valley;
NTO, non-transform offset; VE, vertical exaggeration.

85% of plate divergence occurs through magmatic emplacement and
could beachieved by, for example, the intrusion of ametre-wide dyke
through the axial lithosphere roughly every 50 years (refs. 25,26).
Such partitioning of magmatic and tectonic strain probably explains
the formation of regularly spaced abyssal hills bounded by faults that
accumulate normal offsets as large as approximately 500 m when they
grow along the edges of the axial valley”?*, The geometry of the com-
pressive events detected in both segments, however, indicates that the
shallow portion of these normal faults can be reactivated in areverse
sense once they migrate out of the axial valley and reach the top of the
ridge shoulders.

Standard numerical simulations of MORs show that the forma-
tion of an axial valley results in compressional faulting on the ridge
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reverse-faulting events. Black lines show best-fitting piecewise linear function,
withslope T (the tectonic fraction of plate separation) near the ridge axis and
slope T further off-axis.
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Fig.3| The stress state of MORshoulders. a, Cross-section of the horizontal
deviatoricstressina2D numerical model of seafloor spreading developing an
axial valley and symmetric shoulders®®?', See text for meaning of symbols.

b, Changeinshearstress (A7) resolved on 45°-dipping faults (>0 and <O indicates

flanks, even when dyke intrusion accounts for most of the plate
spreading (Fig. 3a). Here we model an idealized 2D cross-axis sec-
tion of a slow-spreading centre in which a fraction M (=1-T) of the
far-field extension (2U) is accommodated by continuous magmatic
emplacement in a narrow axial zone? . In this simulation, the value
of Mis a self-evolving function of the axial relief, which accounts for
mechanical feedbacks between relief development and dyke intru-
sions in the axial zone***' (Methods). Mis adjusted to yield a charac-
teristic abyssal-hill spacing of approximately 3 km following ref. 7.
The development of shouldersis anatural consequence of the vertical
displacement that accompanies tectonic extension at the ridge axis:
as it moves off-axis, uplifted lithosphere must unbend to transition
to a state of rigid horizontal motion®. This occurs over a character-
istic flexural length scale a modulated by the integrated strength
of young oceanic lithosphere. In the simulation shown in Fig. 3a,
the thermal structure of the ridge is fixed and chosen such that the
visco-elasto-plasticlithosphere flexesinto shoulders similar to those
ofthe 54° N segment of the Mid-Atlantic Ridge. This produces azone
of shallow horizontal compression about 25 km wide and about 2 km
deep, beginning 6 km from the magma injection zone on both ridge
flanks (Fig.3a). The associated horizontal deviatoric stresses exceed
tens of MPa and reach the point of compressive Mohr-Coulomb fail-
ure, with stresses that peak roughly 15 km off-axis. This stress field
is consistent with the occurrence of shallow, ridge-perpendicular,
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normal and reverse motion, respectively) induced by 1 m of dyke opening
(purpleline), shown onlyinareas in which the Coulomb stress change (ACFS)
brings faults closer to failure. Black line shows relief of the 54° segment of the
Mid-Atlantic Ridge.

reverse-faulting earthquakes near the summit of the ridge flanks
(Fig.1c,d).

The shallow compressive strain produced by unbending of the ridge
flanks can be estimated through an order-of-magnitude approach as
the ratio of the compressive zone thickness D (about 2 km in Fig. 3a)
to the radius of curvature of the lithosphere®. A simple unbending
model*** relates the radius of curvature to the amplitude h of the axial
relief (about 1.5 km) and the flexural length scale & (about 10 km). This
gives a strain £ =~ Dh/a’ on the order of 0.03, large enough to leave a
detectable signature in seafloor relief.

The bathymetric signature of unfaulting

At both the northern Mid-Atlantic Ridge and the Carlsberg Ridge,
we detect a sharp break in the trend of cumulative fault offset versus
off-axis distance, atabout 15 km, roughly co-located with the bands of
compressive earthquakes (Fig.2). Thebreakin slope correspondstoa
reductioninthe apparent fraction Tof tectonic extension by 0.06-0.10.
Weinterpret this breakinslope as areduction of the average offset on
abyssal-hill-bounding faults caused by cumulative reverse slip (Fig. 4a).
To the first order, T corresponds to the characteristic normal-fault
heave (the horizontal component of fault offset) divided by the char-
acteristic fault spacing. Therefore, adecrease from 7= 0.13to " = 0.07
(Fig.2a) canrepresentareductionin heave from about400 m downto
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Fig.4|MORunfaulting. a, lllustration showing the shallow flexural compression
of MOR flanks and the occasional triggering of reverse slip by amagmatic
intrusion. Red and blue stars represent extensional and reverse-faulting
earthquakes, respectively. Insetillustrates the depth-dependent stress state
of unbendinglithosphere, with shallow compression (blue) and deep extension
(red). b, Spilhaus projection map of MOR strike-slip and normal-faulting
earthquakes from the Global CMT catalogue. Blue dots show reverse-faulting
earthquakesthatoccurredinareas withadocumented signature of bathymetric
unfaulting (see Supplementary Information). ¢, Relationship between the

about 200 mforapopulation of faults evenly spaced by approximately
3 km, ascenario consistent with the morphology of the 54° N segment
of the Mid-Atlantic Ridge (Fig. 1c).

The Carlsberg Ridge and the northern Mid-Atlantic Ridge are not
unique in hosting near-axis reverse-faulting earthquakes. More than
a dozen comparable events can be found throughout the Global
Centroid Moment Tensor (CMT) catalogue®®, along the ultraslow-
spreading Southwest Indian Ridge, the slow-spreading Mid-Atlantic
Ridge and Carlsberg Ridge, as well as the intermediate-spreading
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product of axial relief (h) by the depth of the unfaulting zone (D, here assumed
toequal 5 kmeverywhere) divided by the unfaulting distance x, (hereused asa
proxy for flexural wavelength a) squared. Error bars (95% confidence bounds)
arederived from the nonlinear least-squares fit to the cumulative offset plots
(forexample, Fig.2; see Methods). Size of the symbols scales with x.. CaR,
CarlsbergRidge; ChR, Chile Ridge; EPR, East Pacific Rise; MAR, Mid-Atlantic
Ridge; SEIR, Southeast Indian Ridge; SWIR, Southwest Indian Ridge.

Southeast Indian Ridge (Extended Data Figs. 1and 3). On the basis
of low-resolution bathymetric and gravity data, ref. 20 attributed
these events to unbending in the footwall of large-offset detachment
faults, at which small-magnitude reverse seismicity had previously
beendocumented®. This interpretation is, however, at odds with avail-
able high-resolution bathymetry data: out of the 13 ridge sections
that have hosted reverse-faulting earthquakes and have been mapped
withshipboard multibeamechosounders (Fig.4b and Supplementary
Tables 2 and 3), ten show a magmatically robust morphology (in the
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sense of ref. 21) with symmetric, staircase-like abyssal hills bounded
by short-offset faults (Extended Data Figs.1and 3). Although the other
three do host scattered detachment faults, a systematic co-location
with the reverse quakes is difficult to establish given the large loca-
tion uncertainties of teleseismic events. Analysing representative
bathymetric profiles from all of these ridge sections systematically
yieldsareductioninthe apparent T fraction by 0.02-0.18 at distances
ranging from about 10 to 30 km off-axis (Extended DataFigs.1,4 and5).
Also, revisiting a published database of 2,157 normal faults identi-
fied along the intermediate-spreading Chile Ridge**—for which we
found no near-axis compressive eventinthe CMT catalogue—yields a
similar pattern at the scale of the entire ridge (Extended Data Figs. 6-8
and Supplementary Tables 3 and 4). There, T— T" = 0.07, but the shift
occursslightly closer to the ridge axis, within about 7-16 km from the
neovolcanic zone.

Itis important to note that processes other than unfaulting could
contribute to a reduction in apparent 7 fraction across the flanks of
magmatically robust ridge sections. These include sedimentation fill-
ing bathymetriclows and reducing the apparent amplitude of abyssal
hills. Median sediment thickness, however, only increases by about
5m per Myr of seafloor age® *°. Sedimentary infilling is thus unlikely
to account for more than about 30 m of apparent offset reduction
(for example, T— T" <107?) in areas of suspected unfaulting. On the
other hand, gravitational mass wasting is known to alter the slopes
of axis-facing fault scarps by maintaining them at or below the fric-
tional angle of repose (approximately 35°) through repeated rock
sliding**2. The progressive nature of this process, however, seems
at odds with the abruptness of the reduction in apparent T fraction
(Fig. 2), unless the reduction marks the point at which normal slip on
abyssal hill faults ceases and mass wasting begins to overcome tec-
tonic uplift. We do not favour this endmember interpretation because
fault scarps seem to migrate across the unfaulting zone without any
detectable change in their average slope (Extended Data Fig. 6d).
Furthermore, axis-facing scarps on the fast-spreading East Pacific
Rise—which presumably experience gravitational mass wasting like
other ridge sections—show an increase in apparent T fraction about
17 km off-axis (Extended Data Fig. 9). Thisincrease is readily explained
by unbending away from an axial high** (T - T < 0), mirroring the
unbending away from an axial valley (T - T" > O; Fig. 4a). We conclude
that changes in apparent T fraction primarily reflect shallow flexural
strains reworking the tectonic fabric of abyssal hills, as opposed to
surface processes.

Available bathymetric data suggest that the unfaulting process
as summarized in Fig. 4a primarily occurs at magmatically robust
(T<0.2) MOR sections with an axial valley flanked by pronounced
ridge shoulders. It does not rule out the occurrence of unbend-
ing quakes in the footwall of oceanic detachments as proposed by
ref. 20, but the impact of such events on ocean-floor physiography is
not as clear. As a measure of normal-fault shortening, T— 7" provides
a proxy for the horizontal strain associated with shoulder compres-
sion. Its typical value (approximately 0.07), however, exceeds our
initial order-of-magnitude estimate of £ = 0.03. One reason could
be that the depth extent of reverse slip is greater than predicted by
our numerical models (Fig. 3a), for example, £ = 0.07 if D extends to
about 5 kminstead of about 2 km below the seafloor, consistent with
thedepths of near-axis reverse-faulting earthquakes® (Supplementary
Table 1). This could be achieved if the effective frictional strength of
the shallow, compressed lithosphere was reduced, for example, by the
pressurization of pore fluids trapped in abyssal-hill-bounding faults.
Supra-hydrostatic pore pressures could plausibly deepen the neu-
tral bending plane in MOR shoulders down to about 5 km or deeper
(Extended DataFig.10) and would also have the effect of narrowing the
cross-axis extent of the unfaulting zone, contributing to amore abrupt
decrease in apparent T (see Supplementary Information). Further,
assuming D = 5 km and using the unfaulting distance (the position
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x. of the sudden decrease in T) as a proxy for the flexural wavelength
ato estimate the unfaulting strain ¢ yields a reasonable agreement
with our measurements of T—- T” across all candidate unfaulting sites
(Fig. 4¢).

Role of magmatic intrusions

The widespread bathymetric signature of abyssal-hill unfaulting con-
trasts with its relative scarcity in the seismic record (Fig. 4b). The
momentrate associated with extensional faulting at the axis straight-
forwardly scales as M = GUTH,, (per unit length along the ridge axis,
with Gthe shear modulus and H, the thickness of the axial lithosphere;
ref. 43). The seafloor-shortening rate in the ridge flanks can be esti-
mated as the spreading half-rate times the reductionin fault heave per
unit distance away from the axis, thatis, eU = (T — T")U. Along the neu-
tral plane located at depth D (Figs. 3a and 4a), there is no shortening.
Consequently, the shortening rate averaged over the thickness of the
compressive domainis (7 - T")U/2. It follows that the moment rate
associated with reverse slip should scale as My = GU(T- T")D/2, and
Mg/Me= -T2 Assuming D =H,~5km, T~ T"=0.07and T~ 0.15 yields
Mg /M= 0.2.Reference 20 estimated the total moment rate of near-axis
reverse-faulting events in the CMT catalogue as the equivalent of 1.5
M, 5.5 earthquakes per year for the period 1985-2023, which is about
5% of the moment rate associated with normal-faulting events
(Mg/M:=0.05). One explanation for this discrepancy could be that
reverse slip in the shallow ridge flanks is more aseismic than normal
slip onthe edge of the axial valley. This would be consistent with supra-
hydrostatic pore-fluid pressures in the unfaulting zone, whichincrease
the characteristic nucleation size of earthquakes and favour aregime
inwhich aseismic reverse-slip transients account for greater cumula-
tive displacements than reverse-faulting earthquakes* ™,

The idea that flexural stresses alone cause reverse-faulting earth-
quakes only sporadically is consistent with the fact that the two clearest
manifestations of the unfaulting process, the 2014 Carlsberg Ridge
and the 2022 Mid-Atlantic Ridge swarms, were plausibly triggered by
adyke-intrusion event?. Inbothinstances, the reverse-faulting earth-
quakes were preceded by on-axis swarms of extensional seismicity,
with a pattern of southward migrationatabout 0.2 m s'in the Atlantic
case. Migrating seismicity at rates of approximately 0.1-1.0 ms™
has unambiguously been linked to dyke propagation in Iceland and
Ethiopia*®*, and similar swarms have been observed at magmatically
active segments of the Juan de Fuca Ridge*® and the Gakkel Ridge®. It
isthuslikely that the initial swarm of extensional earthquakes was the
manifestation of amagmatic fissure propagating along the ridge axis.
Standard elastic dislocation modelling (Fig. 3b; Methods) shows that
opening of a vertical dyke between 4 and 10 km below the axial valley
floor induces static Coulomb stress changes that promote normal
slip onaxial valley faults while promoting shallow reverse slip roughly
15 km off-axis. Magmatic fissures are typically about 1 m wide at oce-
anic spreading centres®. A dyke intrusion such as those inferred at
the Carlsberg Ridge and the Mid-Atlantic Ridge may thus represent
aone-in-50-year event that precipitated the occurrence of otherwise
elusive unfaulting earthquakes (Fig. 4a). Although not necessary to
drive reverse slip on MOR normal faults, magmatic intrusions may
have been instrumental in revealing this fundamental component of
seafloor spreading, which—over geological time—strongly reworks the
fabric of the global ocean floor.
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Methods

Earthquake locations and mechanisms

Earthquakes on the northern Mid-Atlantic Ridge are far from seismo-
graphic stations and event detection is therefore limited to moder-
ate and larger earthquakes (M > 4.0). In this study, we rely primarily
on hypocentres reported by the National Earthquake Information
Center (NEIC; https://www.usgs.gov/programs/earthquake-hazards/
national-earthquake-information-center-neic). The NEIC routinely
reports hypocentres for earthquakes M > 4.5in this area, but only rarely
for events smaller than M4.2. To complement the NEIC hypocentres,
we make use of surface-wave detections and locations calculated using
intermediate-period (35-150 s) surface waves recorded on the Global
Seismographic Network (GSN) using aglobal grid search®. The thresh-
old for the surface-wave detector isabout 4.7, but occasionally an event
of that size will be missed in the NEIC catalogue.

Uncertainties for earthquake locations based on teleseismic P-wave
arrivals are typically 10-20 km (ref. 52). They can be even larger for
surface-wave detections®, which gives rise to substantial scatter in
earthquake epicentres. We relocate them using cross-correlations of
their Rayleigh and Love waveforms, without correcting for specific
surface-wave radiation patterns®. This yields clearly defined bands of
seismicity with relative location uncertainty smaller than2 km, based on
the misfit of the very large numbers of differential travel times (Supple-
mentary Table1). Empirical location estimates, based oninversions of
subsets of the available data, are smaller thanabout 5 km for all but five
ofthe earthquakes. Because the absolute location of the earthquakes
isnot well constrained, we shift their latitudes by 0.054° (about 6 km)
to the west in a manner that positions the central band of seismicity
over the neovolcanic axis, asidentified from bathymetric maps of the
54° N segment (Fig. 1a).

We calculate focal mechanisms for these events with the centroid-
moment tensor algorithm used in the Global CMT project®**. Long-
period (>40 s) body-wave and surface-wave seismograms recorded
on the GSN are matched to estimate the six elements of the moment
tensor and an earthquake centroid location in time and space. We fol-
low the procedure used in the standard Global CMT processing® and
attempt analysis of all events with at least one reported magnitude of
4.7 orlarger. The focal mechanisms for all earthquakes shown here are
available in the Global CMT catalogue.

Between 26 September 2022 and 30 January 2023, 125 events yield
stable and robust moment-tensor results, using the same quality cri-
teriaused inthe standard Global CMT processing. Figure 1lashows the
focal mechanisms of the 125 earthquakes plotted at their reported
epicentres. Most of the events (n =113) have normal-faulting geom-
etries, with the remaining events (n = 12) having reverse mechanisms.
The fault strikes of both normal and reverse mechanisms are generally
north-south, with some variability. Fault dips also show variability.
Itislikely that much of the variation can be attributed to uncertainties
in the moment-tensor estimates as many events are small (M < 5) and
the dip-slip components of the moment tensor are difficult to constrain
for shallow sources using long-period seismograms®.

The 47 earthquakes shown in Fig. 1b occurred between 10 August
1990 and 14 June 2019 onthe Carlsberg Ridge. These have been analysed
previously as part of the Global CMT project. Here we relocated them
using the surface-wave cross-correlation method described above,
againyieldinga clear central band of extensional events (Supplemen-
tary Table 1). All earthquake locations were shifted by 0.0581° (about
6 km) to the east and by 0.0436° (about 5 km) to the north to align the
central band with the ridge axis.

Hypocentre depths for the 2022 Mid-Atlantic Ridge swarm

Hypocentre depths are not well constrained in standard location
algorithms that mainly rely on first-arriving P waves. Uncertainties
are typically onthe order of 10 km. The long-period body and surface

waves used in the CMT analysis are similarly insensitive to the earth-
quake depth. To obtain better depth estimates, we examine the P-wave
waveforms recorded at teleseismic distances. At these distances, the
first-arriving P wave is followed by phases reflected off the surface
of the Earth or off internal boundaries above the source. The delay
times of the most prominent reflections pP and sP can sometimes be
used to infer a depth when the duration of the source is shorter than
the difference in the travel time of the two phases. For very shallow
earthquakes, the reflected phases overlap the direct phase, creating
acomplicated waveform.

We examined P-wave waveforms for the M5.7 normal-faulting earth-
quake on September 26 and the three largest reverse-faulting earth-
quakes on 29 September (M5.8), 1 October (M5.9) and 29 November
2022 (M5.5). The waveforms show P-wave polarities consistent with the
Global CMT focal mechanisms. When the pulses are filtered to reflect
ground displacement, it becomes clear that, at many stations, the initial
P-wave onset is followed nearlyimmediately (within1-3 s) by anarrival
of opposite polarity. We interpret this asinterference by ocean-bottom
and ocean-surfacereflected phases. A delay of about a second between
the P-wave onset and the change of displacement polarity observed at
somestationsis consistent with very shallow earthquake depth (<5 km).
To obtain a more robust depth estimate, it is necessary to model the
interference of the direct and reflected phases. We model the broad-
band teleseismic P wave using the method inref. 56.In this technique,
the broadband P-wave waveforms are synthesized in a layered elastic
structure including a water layer. The depth, focal mechanism and
moment-rate function are varied to obtain, inaleast-squares sense, the
best fitbetween observed and synthetic waveforms. The CMT solution
is used as a soft constraint on the focal mechanisms to stabilize the
inversion. We used a simple elastic model with an 8-km-thick oceanic
crust overlain by an ocean layer. We estimated the water depth at the
locations of each of the four earthquakes from the bathymetry. For
the normal-faulting earthquake, we used a water depth of 2,000 m
(bottom of the axial valley) and for the reverse-faulting earthquakes,
we used depths between 1,200 and 1,500 m (top of the ridge flanks).

The results from the broadband P-wave inversions are consistent
with the qualitative interpretation of the polarity change as result-
ing from early reflected phases. The best-fitting point-source focal
depths below the ocean surface range between 2.7 and 4.2 km, corre-
spondingtodepthsinthetop3 kminthecrust.Intheinversion, these
depthsare primarily constrained by the early part of the waveform and
the observed early polarity change. Because the earthquake durations
arelonger thanthe delay betweenthe direct and reflected phases, the
depthofthe full rupture may be larger than the estimated point-source
depth. Theinversionresults constrain theinitial part of the rupture to
have occurred at very shallow depthin the crust (<3 km). The later part
of the rupture may have extended deeper. A summary of our depth
estimatesisincluded in Supplementary Table 1.

Fault strain from bathymetric analyses

To estimate the fraction of plate separation Ttaken up by slip onlarge
faults, we use a standard method to calculate the cumulative vertical
displacement (throw) of faults®*?*. This method consists of identi-
fying fault scarps in ridge-normal transects of high-resolution ship-
board bathymetry and summing their vertical offsets as a function of
along-profile distance. We specifically select steep, axis-facing slopes
bounded by sharp breaks (Fig. 1c,d), to minimize confusion with vol-
canic features”. Because of mass wasting and other seafloor-reworking
processes**?, the vertical offset on a scarp is generally considered
amore reliable estimator of vertical fault offset than its horizontal
extent*®, We therefore use scarp throw as a proxy for fault throw and
divide it by the tangent of the assumed fault dip to assess fault heave.
Numerical models suggest that MOR faults rapidly rotate from their
steep initial angles (>50°) to shallower dips closer to 45° (ref. 59),
consistent with the focal mechanisms in our catalogue. We therefore
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assume a dip of 45° for all faults in this study. We then construct plots
of the cumulative horizontal offset on faults as a function of distance
to the axis (the position of the midpoint of each fault scarp). These
typically show alinear trend with slope T close to the axis and a sharp
decrease in slope (77 < T) =15 km off-axis. It should be noted that
assuming a dip of 45° only affects the absolute value of 7, which can
be straightforwardly adjusted to account for a different fault dip. We
use a nonlinear least-squares method to fit a continuous, piecewise
linear function with slopes Tand 7" before and after a cut-off distance x,,
with yintercepty,, toall our plots of cumulative offset versus distance.
The only constraint enforced on T, 7" and y, is that they are positive,
whereas x, must be greater than the distance of the first fault to the
axis. Bathymetric datafor the 54° N segment of the Mid-Atlantic Ridge
is fromref. 50.

Candidate unfaulting events across the global MOR system

We searched the Global CMT catalogue™ for reverse-faulting events
indicative of ridge-normal compression within about 50 km ofaMOR
axis®. We retained those located in areas with sufficient shipboard
bathymetric coverage—as compiled in the NCEI (NOAA) and GMRT
(LDEO/NSF) repositories, and by further sources listed in the corre-
sponding figure captions—to perform the fault strain analysis described
in the previous section. These earthquakes are plotted in Fig. 4b and
listed in Supplementary Table 2. They occurred in 13 sections of the
Southwest Indian Ridge, Carlsberg Ridge, Mid-Atlantic Ridge and
Southeast Indian Ridge, spanning ultraslow, slow and intermediate
spreading rates. Corresponding maps are shownin Fig.1and Extended
Data Figs.1and 3. Ten of these 13 sections feature regularly spaced
abyssal hills bounded by steep, axis-facing normal faults and can be
unambiguously classified as magmatically robust following the crite-
ria of ref. 21. The other three (Extended Data Fig. 3d,e,h) feature cor-
rugated surfaces typical of large-offset detachment faults, although
thereverse-faulting earthquakes typically occurred beneathaterrain
dissected by steep, closely spaced faults (within a typical location uncer-
tainty of 10-20 km). This is evident from the bathymetric profiles we
gathered in each location, which are plotted in Extended Data Figs. 4
and 5. Theresults of our strain analyses are compiled in Supplementary
Table 3. All sections showed evidence for unfaulting, with T— 7" averag-
ing 0.09 + 0.04 (Fig. 4c).

Lack of unfaulting near an axial high: the East Pacific Rise at
9°30’N

We performed one further strainanalysisinabathymetric profile across
the fast-spreading East Pacific Rise at 9° 30’ N (Extended Data Fig. 9).
Of all the ridge sections we analysed, this is the only one in which the
nonlinear least-squares fit yielded a value of 77 (0.04) greater than T
(0.01). Thisis consistent with the model of ref. 34, in which lithospheric
unbending away from an axial high results in shallow extension. This
configuration can be viewed as reciprocal to the shallow compression
induced by unbending away from an axial valley, which drives unfault-
ing (Fig.3a). It further suggeststhat the decrease in apparent Tfraction
observedinall profiles that straddle ridge valley shoulders cannot be
solely because of seafloor-reworking processes such as mass wasting
orsedimentation. Thisis because these processes are probably active
atthe East Pacific Rise, at which the apparent Tfractionincreases away
from the ridge axis.

Numerical modelling of MOR relief and stress

Using the approachinref. 30, we conducted 2D numerical simulations
of magmatic injection and fault growth at an idealized MOR with a
fixed thermal structure. This approach builds on a series of spread-
ing centre models”*? that used FLAC (Fast Lagrangian Analysis of
Continua), an explicit hybrid finite-element and finite-difference
technique, to solve the equations of mass, momentum and energy
conservationinavisco-elastic-plastic continuum. This method is well

suited to simulating localized deformation, approximating faulting,
and is described in detail elsewhere®® %,

We consider deformation in a 2D model domain 150 km wide and
20 km deep (Fig. 3a). The top boundary is stress-free and the bottom
boundary is a Winkler foundation, simulating flotation on an invis-
cid substrate with a mantle density. The sides are pulled at a constant
velocity (full rate: 2U=2.5 cm year™) and crustal material is added by
means of dyking and lower crustal intrusion at the model centre, as
described below. Regridding of the distorted Lagrangian mesh occurs
regularly and returns the base and sides of the model domain to their
original positions. Mantle material is added or subtracted at the base
during regridding.

Both the crustal and mantle material are assigned a visco-elastic-
plastic rheology with a viscosity that reflects a power law relating
strainrate to the differential stress to the power n =3 and an Arrhenius
dependence on temperature. The parameter values are those of dry
diabase®®, which ensures that the region cooler than about 600 °C
(lithosphere) behaves essentially elasto-plastically. Brittle-plastic
deformation is described by a Mohr-Coulomb failure criterion with
afriction coefficient of 0.63 and initial cohesion of 25 MPa. When this
yield criterion is met, the material weakens with strain beyond yield,
leadingto thelocalization of brittle deformationin model fault zones.
Following previous work that simulated both bending-related and
stretching-related faulting®, we consider two phases of strain weaken-
ing.10 MPaof cohesion loss occurs over 1% of plastic strain, followed by
13 MPaof further cohesion loss over 30% of strain. Our simulations do
not account for the possibility of tensile failure. The model elements
are 250 m wide and the fault zones in the model are typically about
four elements wide®?. The amount of fault slip necessary for total fault
weakening (30% strain) is thus about 300 m. Both the crust and mantle
areassigned a Young’s modulus of 30 GPaand a Poisson’s ratio of 0.25.

For simplicity, the thermal structure was fixed for the model shown
inFig.3a, although similar models allowing self-consistent evolution of
the thermal structure were used by ref. 31to compare simulations with
observed axial relief and faulting patterns as functions of spreading
rate and crustal thickness. For the case shown in Fig. 3a, the seafloor
was set to 20 °C and the depth of the 600 °C isotherm s set to 5 km at
theridge axis, whichincreases to7 kmatadistance of 40 kmaway from
the axis. Temperature increases linearly with depth from the seafloor
to the 600 °Cisotherm. It also increases linearly between the 600 °C
and 1,300 °Cisotherms, but with five times the vertical temperature
gradient. Temperature is capped at 1,300 °C throughout the deeper
parts of the model.

Dyke intrusions accommodate the separation of plates at the
spreading axis with a uniform average opening rate described by the
Mparameter (the fraction of plate spreading accommodated by dyking
asdefined by ref. 27), such that the dyke opening ratein the numerical
model is defined as 2UM. Instead of using a constant value for M, we
follow the analysis of ref. 30 and relate it to crustal thickness (H¢) and
on-axis lithosphere thickness (H,) as follows:

Hc
M=—"—-. 1
H, +0.5H, M
In the above equation, H; is the thickness of the magma column
intruded into the asthenosphere resulting from the excess pres-
sure associated with the development of the axial relief** and can be

expressed as:
9 6P, H,
Hg=0.25H,+0.5 |- H 2+ L 2
G L [aH 0.-p)g (2)

inwhich p. is the density of the crust, p;is the density of the magmaand
Py, is the driving pressure needed to open a metre-wide dyke. In the
simulationshowninFig.3a, H.is 7 km, p.and p;are set to 3,000 kg m™
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and 2,700 kg m, respectively, and Py, is10 MPa. We further prescribe
minor oscillations in the amount of magma delivered to dykes, imple-
mented as:

H(t) = Hc+ AMHsin(2nwt). 3)

In equation (3), AM and 1/w are the amplitude and period of the
magmasupply fluctuations, set to 0.15and 0.2 Myr, respectively. H:(¢t) is
thenusedinequation (1) to compute temporal fluctuations in M. These
small fluctuations are set to enable the regular growth of normal faults
that are evenly spaced by roughly 3 km.

Elastic stress changes caused by a dyke intrusion

We calculate the stress changes caused by 1 m of uniform opening on
avertical, 6 km tall by 50 km long rectangular dislocation embedded
inanelastic half-space. The calculationis carried out with the MATLAB
routines of ref. 64, which allow us to mesh the dyke with two triangular
dislocations. The top of the dyke is set at 4 km below the surface. The
Young’s modulus and Poisson’s ratio of the material are set to10 GPaand
0.25, respectively®. We compute the change in Coulomb failure stress®
on 45°-dipping receiver faults striking parallel to the dyke, assuming
afriction coefficient of 0.6. Wherever this stress change is positive,
faults are brought closer to failure. We assess their favoured sense of
slip by calculating their resolved shear stress, with the convention of
negative shear stressindicating reverse motion. The results are shown
in Fig. 3b. Because of the linearity of the problem, all stresses can be
thought of as normalized by metre of opening on the axial dyke. We
note that the compressive stress changesimparted by dyking across the
ridge shoulders are approximately 100 times smaller than the absolute
compressive stresses imparted by unbending (Fig. 3). Dyke-induced
compression is thus not sufficient to reverse the sense of slip on
abyssal-hill-bounding faults but could plausibly precipitate failure
onfaultsalready close to compressive yielding. Finally, it isimportant
to note that the assumption of a homogeneous elastic half-space is
warranted for rapid deformation events but probably overestimates
stress changes, particularly if low-viscosity lower crust/asthenosphere
canrapidly relax some of these stresses.

Data availability

Allbathymetric data used in this study are from the published literature
asreferenced **¢’8 or openly available in the GMRT (https://www.gmrt.
org/) and NOAA-NCEI (https://www.ncei.noaa.gov/maps/bathymetry/)
repositories. The fault scarp dataset in ref. 24 is provided in Supple-
mentary Table 4. Earthquake data are from the Global CMT catalogue
(https://www.globalcmt.org/CMTsearch.html), except for earthquake
relocations, which are provided in Supplementary Table 1.

Code availability

The simulation shown in Fig. 3a was run with the version of the FLAC
code®® developed in refs. 30,31. This code and the corresponding
visualization scripts are available from the corresponding author on

reasonable request. The stress calculations shownin Fig. 3a were car-
ried out with the code openly distributed with ref. 64.
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Extended DataFig.1|Examples of near-axis compressionat MORs.

a, Bathymetric map of the Southeast Indian Ridge (SEIR) near 115° E, with focal
mechanisms from the CMT catalogue. b, Bathymetric map of the Mid-Atlantic
Ridge (MAR) south of the Marathon transform fault (TF), with focal mechanisms
fromthe CMT catalogue. ¢, Bathymetric profile across the SEIR (dashed line in
panela), with coloured segmentsindicating fault scarps. d, Cumulative fault
heave versus distance from the axis for the southern (red) and northern (yellow)

distance (km)

sides of the SEIR, with best-fitting piecewise linear functions shown as dashed
lines(T=0.13, 7"=0.050onthe southside; T=0.09, "= 0.07 on the north side).
e, Bathymetric profile across the western flank of the MAR (dashed line in panel
b), with coloured segments indicating fault scarps. f, Cumulative fault heave
versus distance from the axis for the western side of the MAR, with best-fitting
piecewiselinear functionshown as dashedlines (T=0.21, "= 0.08).
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earthquakes, colour-coded by mechanism (blue, reverse faulting; red, normal
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sections of the Mid-Atlantic Ridge. Corresponding values of 7, T"and x.are
listed in Supplementary Table 3.
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sections of the Southwest Indian Ridge and the Carlsberg Ridge.
Corresponding values of T, T" and x. are listed in Supplementary Table 3.
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Extended DataFig. 6 | Unfaulting along the intermediate-spreading Chile
Ridge. a, Bathymetric map of the Chile Ridge axis outlining its main segments,
adapted fromref. 24. Insets detail bathymetry of segments N1and N9N-N9S.
Position (b) and amplitude (c) of the changeinapparent Tat the Chile Ridge:

40

histograms of x.and (T - T”) for all transects across the Chile Ridge, excluding
poor fits highlighted in grey in Supplementary Table 3.d, Average slope of
axis-facing scarps versus distance to the ridge axis. Data are from the fault
scarp compilation of ref. 24.
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