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At fast-spreading centers, faults develop within the axial summit trough (AST; 0 to
250 m around the axis) primarily by diking-induced deformation originating from the
axial magma lens (AML). The formation of the prominent abyssal-hill-bounding faults
beyond the axial high (2,000 m) is typically associated with the unbending of the
lithosphere as it cools and spreads away from the AST. The presence of faults is rarely
mapped between these two thermally distinct zones, where the lithosphere is still too
hot for the faults to be linked with the process of thermal cooling and outside of the
AST where the accretional diking process dominates the ridge axis. Here, we reveal a
remarkable vertical alignment between the distinct morphological features of the magma
body and the orientation of these faults, by comparison of 3-D seismic imagery and
bathymetry data collected at the East Pacific Rise (EPR) 9°50°N. The spatial coinci-
dence and asymmetric nucleation mode of the mapped faults represent the most direct
evidence for magmatically induced faulting near the ridge axis, providing pathways for
hydrothermalism and magma emplacement, helping to build the crust outside of the
AST. The high-resolution seafloor and subsurface images also enable revised tectonic
strain estimates, which shows that the near-axis tectonic component of seafloor spread-
ing at the EPR is an order of magnitude smaller than previously thought with close to
negligible contribution of lava buried faults to spreading.

mid-ocean ridges | faulting | seismicimaging | magmatic system | high-resolution bathymetry

Faulting patterns and mechanics at mid-ocean ridges (MOR) are strongly influenced by
spreading rate, which is in turn modulated by the melt availability within the magmartic
system underneath (1-4). At melt-laden, fast-spreading centers (full spreading rate of >80
mm/y), such as the East Pacific Rise (EPR) 9°50’N (Fig. 1), the seafloor morphology starts
to be dominated by an axial high, and the shallow-most magma bodies (or axial magma
lens; AML) are typically located at ~1 to 1.5 km below seafloor (bsf; 5-8). Faulting is
characterized by ridge-parallel, closely spaced (100s-m to a few km spacing; Fig. 14) fault
scarps with a vertical throw of ~10 to 100 m, defining linear abyssal hills. Although the
tectonic contribution to overall spreading of these faults is estimated to be <5% (9-14),
this brittle deformation plays a major role in shaping the seafloor (15-18). Hence these
faults represent important potential pathways for interactions between the magmatic
system and off-axis hydrothermal circulation (19, 20).

From numerous field observations and modeling, it was suggested that changes in the
stress field due to overpressurization of the shallow-most magma body and associated
diking represent the main controlling factor for cracking the layer above (27-29). While
the doming of the central part of the magma body can explain the formation of fissures
and faults vertically above, a different mechanism is in play to address the faulting outside
of the AST (28). For instance, diking at the lateral margins of magma bodies as zones of
stress instabilities can induce rotation of tensile stresses (6,) and result in fault planes with
lower dipping angles (30).

Based on seafloor observations at the fast-spreading EPR, three distinct faulting mech-
anism are present within 20 km of the ridge axis (Fig. 1 Cand D). The faults formed within
the axial summit trough (AST) zone, at ~0 to 250 m from the ridge axis (marked as Fz in
Fig. 1C), are attributed to vertical dike intrusions (11, 25, 31-33) rooting in the AML (26).
Then, ~2 to 4 km away from the ridge axis (roughly the width of the axial high), the seafloor
is dominated by inward and outward facing abyssal-hill faults (9, 34), attributed to the
flexural bending of the brittle lithosphere (1, 35), which are marked as £f'(Fig. 1D); the
Ff" marks the first pair of Ff(Fig. 1C). Between the faults developed within the AST zone
Fa (31, 36) and the first abyssal-hill bounding fault 7f” (32), there is scarce surface evidence
of predominant inward facing faulting that accommodates the tectonic component of plate
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Significance

We provide the most direct
evidence for magmatically
controlled nucleation of faults near
a fast-spread ridge, in the zone
that is too hot for plastic
deformation of the lithosphere to
take place but far enough from
the innermost axial zone to be
explained by diking. This result is
based on the remarkable spatial
match between the seafloor fault
scarps and three-dimensional
morphology of the magma bodies.
Thus, formed faults play a role in
the formation of the crust away
from the on-axis volcanic centers
through magma channeling but
much less so through tectonic
deformations. Collectively, these
findings contribute to our
knowledge on how plate spreading
is accommodated which is
fundamental for understanding
the global tectonic cycles.
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Fig. 1. Study area and modes of faulting. (A) Regional bathymetry map of the East Pacific Rise (EPR) 9°50'N (21), separating the Cocos and Pacific Plates. Inset:
plate boundaries (black lines) (22); EPR 9°50'N is a blue star. Main panel: The dashed box is seismic volume where axial magma lens (AML) is imaged (Fig. 2A);
the solid black line is AUV survey area (23), shown in panel (B). Part of the line marked in red as yy’ is shown in panel (B) and the bathymetry profile in (C); the
solid line xx’ indicates the location of the cross-axis bathymetry profile displayed in panel (D). (B) Composite map obtained by combining the shipboard and AUV-
derived bathymetric data (50 and 1 m resolution, respectively). Pink shadings show AML and the upper crustal off-axis magma lens (uUOAML) imaged within the
dike section shown in Fig. 24; red stars mark known vent fields (24). Markers F1a, F1b, F2, F3, and F4 indicate faults described in the text; the black line is extent
of 2005-06 eruption (23, 25). The white dashed boxes show the location of Fig. 3. (C) Portion of the seafloor profile yy’ depicting the presence of the first pair of
abyssal-hill-bounding faults (Ff) and faulting within AST (Fa). The gray shaded zones indicate the regions where magma-induced faulting (Fm) is expected. The
pink bar marks the width of the AML extracted from the seismic volume (26) along the same profile. (D) Seafloor depth profile extracted along the line xx’ (panel
A). The black box indicates the location of the portion yy’ shown in panel (C). The extent of the region where flexural bending faults dominate is marked as Ff.
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accretion (11); within this region, the young lithosphere remains
hot and thin, inhibiting tectonic deformation (1, 9, 13) and it is
also located outside of the AST to be affected by accretion diking.
Seafloor mapping of such faults within this region shows that they
contribute to plate separation with tectonic strain >2% (11). The
studies speculated that the contribution may be significantly higher
as many of the similar faults within this region may be covered by
lava flows and invisible in the seafloor bathymetry data (9-12). The
strain contribution of these buried faults and how some of the
prominent faults develop within the warm axial zone remain
unknown, primarily due to the lack of detailed images of these
structures in the seafloor and subsurface.

Here, we study the fast-spreading EPR 9°50°N, where one of
the most extensive and interdisciplinary efforts of the seafloor
investigation has been put to map the seafloor morpho-tectonics
and its crustal structure spanning two documented eruption events
that occurred in 1991 to 1992 and 2005 to 2006 (6, 11, 25,
37-41). In anticipation of the next eruption event (19), this area
has been extensively mapped at high resolution (~1 m) with AUVs
(12, 23). These bathymetric data will provide a benchmark to
evaluate volumes of future eruptions in the area (Fig. 1B). In addi-
tion, recent images of magma lenses beneath the eruption area
(Figs. 1B and 2A4) were presented from the seismic volume col-
lected in 2008 (26). The results suggest that the morphology of
this magma lens is controlled by melt delivery and melt withdrawal
within a volcanic cycle. This complex AML geometry also controls
dike nucleation and eruption within the volcanically modified
AST developed at the ridge. However, the role of the AML archi-
tecture in faulting beyond the narrow accretion zone of the AST
up to the first pair of the abyssal-hill-bounding faults has not been
examined.

In this study, we combine analysis of 1-m-resolution multibeam
bathymetric data (sourced from refs. (12) and (24), and two
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additional areas collected during the AT50-21 cruise; see ST Appendix)
with 3-D imaging of magma bodies using a depth-migrated seismic
volume (26). In addition to the recently published images of the
magma bodies beneath the eruption area, here, we introduce 3-D
image of the AML south of the eruption zone, covering the area from
~9°42’N to 9°56'N (Fig. 2 and SI Appendix, Fig. S1). We also show
a detailed analysis of the faulting pattern based on the AUV
high-resolution bathymetry data, linking them to the magmatic sys-
tem and the subseafloor fault system. The methodologies behind
seismic and bathymetry data processing, magma body horizons, and
seafloor faults picking are provided in recent respective publications
(12, 26). The information on data analyses specific to the presented
work are provided in ST Appendix. The results of this joint study
provide evidence for magmatically governed nucleation of the
near-axis faults with implications for hydrothermalism and the
build-up of the upper oceanic crust through volcanism outside of
the narrow accretion zone.

Results and Discussion

Observations of the Tectono-Magmatic Linkages. We describe four
morphological features of the magma bodies, mapped within the EPR
9°50’N axial region, which show remarkable spatial correspondence
with the fault scarps mapped in the seafloor, and therefore point
toward the existence of the tectono-magmatic genetic link.

The first zone we focus on is to illustrate the magmato-tectonic
link extending from ~9°42 to 9°45’N (Figs. 2, 34, and 4). Faults
can be identified both in AUV-acquired bathymetric data (11),
and we mark them as Fla and FIb, respectively (Fig. 3A4). The
northern limit of the AML segment is marked by the small-scale
ridge-axis disruption at 9°44’N (6), where the AML splits into two
limbs (Fig. 2 B and E and SI Appendix, Fig. S1). The shallowest

western limb sits at ~1,400 m below the seafloor, whereas the
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Fig. 2. Seismically imaged magma body beneath the EPR from ~9°42' to 9°56.5'N. (A) Perspective view of the AML horizon extracted from the 2008 seismic
volume. The dashed boxes mark the regions presented in more detail in panel (B), and in S/ Appendix, Fig. S2 A and C. (B) Plan view of the magma body south of
9°46'N. The same panel is shown in S/ Appendix, Fig. S1 without interpretation and transparent western AML limb. Red stars indicate vent fields (24); green and
black lines represent fissures and faults, respectively (11, 12). The extent of the faults F7a and F1b are marked in black arrows; the dashed black line indicates
the latitudinal extent of the fault plane imaged in the volume and shown in Fig. 4. The white arrow indicates the southern extent of the small-scale tectonic
discontinuity observed in the seafloor (6). The white horizontal line 11" indicates the location of the seismic profile extracted from the volume shown in panel
(C). The horizontal black line marks the location of the seismic profile I-I” shown in panel (D) and Fig. 4A. The white line 2'2” and indicates the location of the
seismic section shown in panel (E). The northern one (i.e., 1'1”) crosses the AML region dominated by ridge-like structures, whereas the southern one (i.e., 2'2")
shows the presence of two separate lenses. (F) 3-D view depicts the complexity in the magma body south of 9°44'N.
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Fig. 3. Close-up views of magma-induced faults: (A) F1a and F1b, (B) F2 and
F3, (C) F4. White arrow in (A), marks the small-scale tectonic discontinuity
observed in the seafloor (6). The open circles in (B) along the Fault F3 mark
the discontinuities in fault throw and geometry, subdividing the fault into six
segments (S1-S6). The red stars mark the location of the confirmed, active
vent fields (24). All maps are in the same distance scale. Pink areas outline
seismically imaged the magma bodies.

deepest eastern limb from the bifurcation point plunges southward
to <200 m below the average depth of the western limb (Fig. 2 D
and E and ST Appendix, Fig. S1). For the western limb, the shal-
lowest portion of the magma body is observed westward of the
AST, whereas for the eastern limb, the shallowing is predominantly
present along its eastern edge (Fig. 2B). The orientation of this
eastern AML edge matches that of two parallel, inward-facing faults
which trend obliquely (5 to 10°) to the AST, mapped in the seafloor
bathymetry at ~800 and 1,700 m from the ridge axis (Figs. 28 and
3A4). In pre-stack depth migrated seismic volume, we observe a
reflector dipping ridge-ward that can be traced to the top of the
AML over 3 km in the along-axis direction (Figs. 2B and 4 and
SI Appendix, Fig. S3). When this reflector is projected upward, its
intersection at the seafloor is collocated with the easternmost fault
seafloor scarp 16 (Figs. 34 and 4A).

Based on this spatial match, and on the planar nature of the
reflector, we infer the presence of a fault plane dipping at ~58°,
extending to the depth of the AML at ~1.4 km below sea floor
(Fig. 4A). The reflection signal could result from velocity contrast
of the fault damaged zone and/or alteration front from hydro-
thermal mineralization as indicators of the venting are observed
in its vicinity in the seafloor (12, 24). Given the spatial relation-
ship with the AML, we cannot rule out the possibility that this
fault plane has been used as a channel for magma migration
outside of the narrow accretion zone and mapped in the seismic

https://doi.org/10.1073/pnas.2401440121

image. Lava flows east of the fault scarp are visible in the available
near-bottom bathymetry data and support the above (Fig. 34).
We are unable to image the uppermost part of the fault due to
the overprinting triplication signal originating from a high ver-
tical velocity gradient zone characterizing the upper crust (42).
The above does not preclude the near vertical F1a plane con-
necting the AML edge with the fault scarp closer to the ridge
axis.

The second example of AML-fault coincidence is at the segment
extending from 9°46.3 to 9°48.5’N (Fig. 3B and S/ Appendix,
Fig. S24). On the seafloor, by re-examining the high-resolution
bathymetry data, we identify the presence of the fault scarp F2
limited in extent, with a vertical offset of <5 m (Fig. 3B). Directly
beneath F2, there is a ridge-like structure, we identify in the AML
(81 Appendix, Fig. S2). This feature is located 500 m west of the
AML center and represented by two limbs (S Appendix, Fig. S1),
running roughly parallel to the axis-centered diking root zone
(26). Projecting a plane that connects the AML feature beneath

Depth (m bss)

B Depth slice at 3425 m bss

9045'25.4" 4

Fault{plane
3.6 km

C 3.4 km

Fig.4. Imaging fault plane in the seismic volume. (A) Seismic section extracted
from the volume in cross-axis direction (i.e., inline; location marked in Fig. 2B)
showing the presence of the AML and ridge ward dipping reflection signal in
the upper crust, we interpret as a fault plane, F1b. In white arrow, we mark
the surface location of the F1a. (B) The depth slice extracted from the volume
at 3,425 m below the sea surface showing continuous linear feature, we
interpret as fault plane, delimited by pink arrows. The intersections between
the inline (panel A) and depth slice (panel B) are indicated in white horizontal
lines in both panels. The ridge axis is marked in black dashed line. The yellow
line does not have interpretation significance—it marks the merging front
of two parts of the volume uploaded separately due to graphic memory
limitations. (C) Intersections between inline, depth slice, and crossline (ridge
parallel direction) to emphasize the linearity of the reflector (marked in pink
line) and provide evidence against the possibility for the event to represent
diffraction tail artifact. The same panels without interpretation are shown in
Sl Appendix, Fig. S3.
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the western flank and the scarp of /2, we obtain an apparent dip
of ~74° (SI Appendix, Fig. S44). On the surface, the fault is sur-
rounded by several active hydrothermal vent sites, including
Sentry Spire and Lucky’s Mound (Fig. 3B and S/ Appendix,
Fig. S24). Moreover, the fault plane appears to be dotted by bathy-
metric constructs that are classified as likely and possible active
vent fields (24). This abundance of vents along the scarp could
indicate that the fault plane has been used as a hydrothermal
pathway and is spatially associated with the source of heat at depth,
i.e., AML, similar to YBW-Sentry field (19).

The most remarkable match between the fault trace and the
geometry of the magma body is observed at ~9°48’N (Fig. 3B and
SI Appendix, Fig. S2A). The obliquely trending fault scarp (£3 in
Fig. 3B) closely follows the eastern edge of the steeply, southward
dipping off-axis magma lens ("OAML) emplaced within the dikes
at 600 to 1,100 m bsf (26). This vertical alignment suggests that
the fault plane dip is ~90°. Based on the imaged reflectors connect-
ing the AML and uOAML (87 Appendix, Fig. S2B), one portion of
the magma was probably sourced from the AML (26). The two
OAML:s imaged in the lower crust (43) directly below this shallow
magma body (26) could have provided additional input of melt.

In addition, along the northernmost part of the fault (latitu-
dinal extent 9°48°28.8-58”), we conduct temperature measure-
ments using three temperature loggers (S/ Appendix). The results
display a prominent thermal anomaly right above the shallowest
portion of the uOAML (87 Appendix, Fig. S2A), with the peak
at the locus of the highest fault throw (Fig. 5 and SI Appendix,
Fig. S5).

In the northernmost part of the study area, we observe an en ech-
elon, ridge-parallel fissure system and associated fault (#4 in Fig. 3C
and SI Appendix, Fig. S2C) at ~500 and 750 m from the ridge axis,
respectively (ST Appendix, Fig. S2C). They closely follow the eastern
edge of the AML, which represents the shallowest part of the lens in
this region (26). The spatial correlation suggests that this was the
eruptive fissure system that funneled melt to the surface during the
2005-06 eruption (25). The newly discovered high-temperature vent
site (YBW-Sentry) is in the vicinity of the fault, which may have
channeled down- and up-flow pathways, controlling the hydrother-
mal circuit (19, 26). While the fault plane is not imaged seismically,
its projection from the fault scarp to the easternmost tip of the AML
would yield a ~72° dip (S/ Appendix, Fig. S4B). The high-angle dip
can explain the absence of the fault plane signature in the seismic

data (S7 Appendix).

Evidence for Fault Geometry Governed by the Architecture of
Magma Body. The four cases of AML-fault interaction described
above develop asymmetrically (three on the eastern and one
on the western flank), the mode of near-axis deformation
that cannot be attributed to the conventional plate accretion
processes. Based on these observed spatial tectono-magmatic
links, the nucleation of the deformation is likely to be associated
with the three-dimensional relief of the magma body, with
a geometry consistent with the orientation of surface fault
scarps (Fig. 3 B and C and SI Appendix, Fig. S2). The imaged
fault plane at 9°42—45°N, linking the surface scarps and the
easternmost edge of the AML, suggests that the magma lenses
play a role in the nucleation and evolution of near-axis faults.
The pronounced ridge-like morphology in the AML penetrates
the overlying dike section as observed in ophiolites (45),
promoting tensile stresses at the shallower parts vertically above,
facilitating faulting (9, 46), which in turn may further impact
the shape of the AML.

To further explore the relationship between magma morphol-
ogy and near-axis tectonic features expressed in the seafloor, we
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Fig. 5. Tectono-magmatic link of the oblique-trending F3 at 9°48N. (A)
Three-dimensional ridge-perpendicular schematic diagram showing the main
features of the seafloor and the subseafloor and lava flow outline, based
on AUV high-resolution bathymetry and seismic volume. The orange square
marks the location of the fault nucleation. The potential fault plane obtained
as an extension of its surface expression in depth (not imaged in seismic) is
shown on the west flank in dashed line. The lava volume emplaced on the
seafloor through this fault system (white shaded area) is estimated as 1 x 10’
m?, using the “PILE VOLUME” of Global Mapper software. The lava volume near
the AST (white shaded area) was estimated as 1 x 10° m? (23). Dashed red
arrows indicate potential melt delivery pathways from the main AML (arrow
on the left of the uUOAML) and from previously reported lower crustal OAMLs
(44). (B) Depths of the seafloor and uOAML along the F3. The gray shaded
zone marks the fault nucleation zone. (C and D) Fault throw and obliquity
along the F3, respectively. The pale purple line in panel (C) shows measured
temperature along the northernmost part of the fault scarp recorded on the
probe closest to the seafloor (S/ Appendix). The two vertical bars in the same
color delimit the latitudinal extent of the higher temperature anomaly. Vertical
dashed orange lines mark correlation between higher fault throws and abrupt
changes in the uUOAML depth for segments S4 and S5. Gray dashed lines show
the average values for each fault segment (51-S6). The average obliquity of
the fissure swarm is also included.

analyze the 9°48’N example (F3) as the magma body is located
in the shallow dike section. Along the fault scarp, we map six
segments (S1-S6) using 1-m resolution bathymetric data (Figs. 38
and 5). Segmentation of the fault scarp is consistently associated
with a morphological change in the upper crustal magma lens: its
width, depth, and/or geometry, corroborating the genetic rela-
tionship. In addition, the observed near-bottom temperature
increase (up to 200th of a degree; collected in early 2024) is spa-
tially collocated with the shallowest part of the uOAML (Fig. 5C
and SI Appendix, Fig. S5). This observation indicates that magma
body is still present (>15 y after the data were collected) and
contains some amount of melt. The peripheral segments (S1 and
S6) show the smallest throw (2 to 3 m on average), reaching a
maximum in the segment center (<6 m) and gradually diminish-
ing toward the fault tip (Fig. 5C). For the remaining segments
(S2-S5) the throw at segments’ centers is on average ~15 m, with
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the maximum throw of nearly 20 m beneath the northernmost
part of segment S3 (at 9°48.75’N; Fig. 5 B and C). This location
is also where the magma body reaches the shallowest point at ~600
m bsf (Fig. 5B and SI Appendix, Fig. S2A), suggesting that this is
the nucleation depth of the fault. Observations of terrestrial dike
intrusions show that the initiation of faults is typically associated
with the shallowest portion of the dike intrusion (e.g., the East
African rift system and the Iceland volcanic system) (27, 47).
Here, we also observe the highest peak in the near-bottom tem-
perature (Fig. 5C and SI Appendix, Fig. S5), which further sup-
ports the presence of shallow intrusion. At this nucleation point,
the fault throw is expected to be largest, as observed (Fig. 5C) and
itis anticipated for the fault to grow laterally (48, 49). We propose
that the horizontal intrusion of a sill into the dikes could perturb
stresses at depth, which creates a zone of instability directly above.
Land studies suggested that accumulated stresses are large enough
to break intact rock, although modeling challenged this view and
instead pointed toward reactivation of sealed fractures (here pos-
sibly inherited from the tectono-magmatic processes in the AST
domain) as a more plausible scenario (29). North of the sill injec-
tion site or fault nucleation (S1 and S2), magma maintained its
shallow depth and propagated in a direction following the dom-
inant ridge stresses, resulting in upper crustal unzipping parallel
to the ridge axis and gradually reducing the throw. South of the
injection site (S3-S5), the magma body was emplaced at greater
depths trending obliquely, with local enhanced throw that is col-
located with the abrupt changes in uUOAML depth (Fig. 5). The
unzipping followed the oblique direction dictated by the eastern-
most edge of the magma body.

What controlled the oblique sill emplacement is not clear. One
explanation could be the stresses introduced by the magma chan-
neling from the AML (S7 Appendix, Fig. S2B). The influx of
magma from the lower crustal reservoirs could contribute further
(26, 44). Regardless of the origin, this prominent obliquity helps
eliminate the “structural valve” scenario, under which the oblique
trending is tectonically governed. It is difficult to envision the state
of stresses under which a fault plane could have developed in a
direction other than parallel to the ridge and only on one of the
flanks. Finally, it is important to note that unzipping of the crust
did not follow all the way to the southern tip of the magma body
but ceased several hundred meters prior to the termination,
departing from the magma body edge and terminating in a
ridge-parallel fissure swarm (12). The melt has been delivered to
the surface from the uOAML along the fault plane. Assuming a
uniform subsidence of the seafloor with age, we estimate that the
minimum of 10 x 10° m® of lava volume was emplaced on the
seafloor through this fault system (Fig. 54), which makes 6 to
20% of the total volume of the adjacent AML segment (52 to 157
x 10° m) (26) and 21 to 63% ofthe estimated uOAML volume
range (SI Appendix). This volume could have been expelled
through several eruption phases in the past.

Based on the available shipboard bathymetry data, the traces
of the magmatically induced faults are not preserved beyond the
first appearance of the first pair of the abyssal-hill-bounding fault,
which suggests that they are location-specific features, which
become sealed away from the reach of the stress field induced by
the magma intrusions (Fig. 14). The two generations of the
obliquely trending faults within 9°44’N region (Figs. 2B and 3A4)
provide an example of the magmatically induced fault scarps pre-
served within the first 4 km away from the ridge axis. The presence
of two fault generations may also indicate that the faults are
formed during the periods of magma recharge and disappear
during the waning phase, arguing for persistent morphological

https://doi.org/10.1073/pnas.2401440121

features of the replenished AML. The fault with the lower dip
angle was probably developed as an additional, more recent feature
at just about the right distance from the easternmost edge of the
AML for dipping angle of ~60°.

The changes in magma body morphology, associated with
magma replenishment, and their effect on much longer-lived tec-
tonics can be tackled only after high-resolution images of magma
bodies in pre- and posteruptive settings become available. Finally,
based on our observations, the presence of asymmetric faults,
peaking from the background bathymetry within the 250 to 4,000
m zone could be used as good indicators of the morphological
structures of the AML elsewhere and help us understand the near
to off-axis venting sites, such is the case with the newly discovered

YBC-Sentry vent (19).

Implications for Tectono-Magmatic Accretion. The tectonic
strain in crustal accretion along the EPR 9°50°N was estimated
at ~2 to 4%, assuming a uniform dip of 45° (11, 13). However,
the ubiquitous absence of most fault planes in seismic data
(81 Appendix) and the near-bottom imagery (12) consistently
suggest fault dips >70° in the subseafloor and on the seafloor.
We, therefore, recalculate the tectonic strain of a 3-km long
ridge section near the EPR 9°50’N with AUV 1-m resolution
bathymetric data that cover 3 to 4 km of seafloor from the ridge
axis (dashed outline in Fig. 6). We pick the bottom and top
of the fault scarps and the outline of the fissures as polygons
(Fig. 6B), based on a previous study (12). We measured fault
throw (D) and fissure width (W) along across-axis profiles
spaced at C = 2 m. Within the mapped area (4), we calculate
the apparent tectonic strain (7) based on apparent faults and
fissures expressed as

(C ED/tan(a) + C ZW)

where a is the fault dip, here equal to 70°, and >’D and > W rep-
resent sums of fault throw and fissure width, respectively, within
the mapped area A outlined by a dashed box in Fig. 6 A-C.

The resulting apparent tectonic strain is 0.4%. Using the typ-
ically assumed dip of 45°, the tectonic strain would be close to
1%, which is comparable to the estimate presented in a recent
study (12). Finally, we used depth-migrated seismic reflection
data to image lava-buried faults (Fig. 6C). In the seismic data,
we pick only the features with evident steps in seafloor reflectors
we attribute to faulting (Fig. 6 D-G). Independent fault iden-
tification using near-bottom bathymetric and seismic reflection
data have an excellent agreement (Fig. 6C), except that the seis-
mic reflection shows more outward dipping faults (Fig. 6 D-G),
likely buried by lavas. Assuming a fault throw of 7.2 m (average
of the seafloor exposed faults) and a fault dip of 70°, we estimate
the total tectonic component of extension to be 0.46%. This
finding shows that the contribution of buried faults is 0.06%
and hence nearly negligible. Although there are probably addi-
tional small-scale lava-buried faults near the AST zone unde-
tected by our seismic imagery, their contribution to tectonic
components is expected to be even smaller than 0.06%, both
due to the throw size and their primarily magmatic origin.

Data, Materials, and Software Availability. The seismic and bathymetry data
and the interpreted AML horizon picks are available at Marine Geoscience Data
System at: https://doi.org/10.1594/IEDA/314654 (50), https://doi.org/10.26022/
IEDA/330373 (51), https://doi.org/10.26022/IEDA/331330 (52), and https://doi.
0rg/10.60521/331596 (53).
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Fig. 6. Faulting pattern and tectonic strain in crustal accretion at the EPR 9°

50'N. (A) Shaded bathymetry map. AUV high-resolution data are superimposed on

low-resolution ship-borne data. The pink area indicates the AML extent; dashed gray line marks the contour of the lava flow (23). (B) Faulting pattern (faults and
fissures), interpreted from bathymetry data. See legend for symbols. (C) Seismic fault picks. Red lines indicate lava-buried faults that are invisible in bathymetry
data. (D-G) Cross-sections showing examples of seismic fault picks under the same distance scale. Black arrows indicate faults visible in both bathymetry and
seismic data. Red arrows indicate lava-buried faults only visible in seismic data.
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