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the Mathematician Hot Spot
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Laboratoire Géosciences Océan, UBO/UBS/CNRS, IUEM, Plouzané, France, 2Now at Geomar Helmholtz Centre for Ocean
Research, Kiel, Germany, 3Ecole Navale, IRENav, Brest, France

Abstract Spreading processes at the axes of fast spreading ridges are mainly controlled by magmatic
activity, whereas tectonic activity dominates further away from the axis. High-resolution near-bottom
bathymetry data, photographs, videos, and human observations from submersible surveys are used to
develop a detailed tectonic analysis of the 16°N segment of the East Pacific Rise (EPR). These data are used to
evaluate how a highly magmatic segment, close to a hot spot, affects the nucleation and evolution of faulting
patterns and impacts the evaluation of tectonic strain within 2 km of the spreading axis. Our study shows
that (1) the growth of tectonic features differs in response to dike intrusion and tectonic extension, (2) the
initiation of brittle extension is strongly controlled by the location of the axial magma lens and the
development of layer 2A, and (3) the high magmatic budget and the off-axis magma lens in the west part of
the plateau do not significantly impact the initiation of brittle extension along the central portion of the 16°N
segment. Within the axial summit region, more than 2% of plate separation at 16°N on the EPR is
accommodated by brittle extension, as is observed at other EPR segments. The interaction of the
Mathematician hot spot with this EPR segment has no significant influence on the initiation of the tectonic
deformation, but it does reduce the development of the brittle deformation.

1. Introduction

Mid-ocean ridge morphology results from the interaction between tectonic and volcanic activity and is
influenced by the internal structure of the lithosphere. While a tectonically active region could extend to at
least 40 km from the axis (Alexander & Macdonald, 1996), most of the interactions impacting ridge
morphologies occur within a relatively narrow area around the ridge axis. On the East Pacific Rise (EPR),
the spreading process is commonly associated with a narrow axial summit trough (AST), ranging from 5 to
10 m deep and up to 200 m wide (e.g., Chadwick & Embley, 1998; Cormier et al., 2003; Fornari et al., 1998;
Soule et al., 2009). Most lavas erupted along the AST are flowing down the slope of the axial high, resulting
in a thickening of seismic layer 2A (presumed to be this extrusive lava layer) of ~200 to ~500 m within 1-2 km
from the AST (e.g., Carbotte et al., 1997; Hooft et al., 1996; Vera & Diebold, 1994). This thickening of the
extrusive layer is also affected by faulting and ponding of lava flows against fault scarps (Escartin et al., 2007).

Numerous studies described in details the interaction between tectonic and magmatic activity at the axis
linked to the formation of the AST. Many studies suggest that the ASTs form from dike intrusions that induce
fissures and faulting (e.g., Carbotte et al.,, 2006; Chadwick & Embley, 1998; Cormier et al., 2003; Haymon et al.,
1991; Mastin & Pollard, 1988; Pollard et al., 1983; Rubin, 1992; Rubin & Pollard, 1988; Soule et al., 2009). Along
the EPR, narrow ASTs are assumed to form above dike intrusions. They are readily buried by subsequent lavas
flows, contributing to the overall relief of the volcanic ridges. The waning magmatism results in the collapse
of calderas or subsidence of the axial seafloor and contributes to the widening of the AST through ongoing
intrusion and diking, with less voluminous volcanic eruptions being confined by the graben walls (e.g.,
Fornari et al,, 1998; Lagabrielle & Cormier, 1999; Soule et al., 2009). If those studies investigate the formation
of ASTs and the deformation associated with them, only a few describe the evolution of this deformation
away from the AST. Nevertheless, Soule et al. (2009) and Escartin et al. (2007) propose that tectonic
deformation is generally underestimated due to the burial of faults by lava flows. If even a small part of
the tectonic extension on the EPR at 9-10°N is accommodated within a narrow zone, extending 2 km from
the AST, then Escartin et al. (2007) suggest that more than 75% of the faults in this zone would be either
partially or totally buried by lava flows. Comparison of faulting in areas with recent magmatic overprinting
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to areas with older lava flows shows that the determined levels of tectonic deformation and associated strain
are approximately 5 times lower in the younger regions versus the older magmatic regions (Escartin et al.,
2007). Therefore, we would expect to see a similar underestimation of tectonic activity from the areas of
recent magmatic overprinting along the 16°N segment, compared to the regions with older magmatic
activity. These determinations are based on observations of detailed tectonic and volcanic features using
near-bottom high-resolution bathymetry and other highly detailed observations. These kinds of data and
observations are a key factor in revealing tectonic and volcanic process (e.g., Chadwick et al, 2013;
Clague et al., 2014; Deschamps et al., 2007; Escartin et al., 2007; Ferrini et al., 2007; Soule et al., 2009).

Away from the ridge axis, some studies have focused on the initiation of the off-axis extensional faulting
(Carbotte et al., 1997; Garel et al.,, 2002; Lagabrielle et al., 2001; Macdonald, 1998; Macdonald et al., 1996)
and the built of lateral grabens along fast spreading ridges. Previous studies show that the initiation of exten-
sional faulting occurs at distances between 600 and 4,000 m from the axis (e.g., Fornari et al., 1998; Garel et al.,
2002; Macdonald et al., 1996; Searle, 1984; Wright, Haymon, & Fornari, 1995; Wright, Haymon, & MacDonald,
1995). Closer to the axis the lithosphere is assumed to be too thin, weak, and hot to sustain shear failure (e.g.,
Carbotte & Macdonald, 1994b) and fractures are instead associated with the development of an AST or
tensional cracking (Carbotte & Macdonald, 1994a; Crowder & Macdonald, 2000; Perfit & Chadwick, 1998).
Analog modeling (e.g., Lagabrielle et al., 2001) indicates that this off-axis deformation is controlled by a
combination of deflation of a magma lens and regional extension. Thus, the magmatic supply to the ridge
plays an important role in the location of the initiation of the brittle deformation. A series of bathymetric
profiles perpendicular to the EPR ridge axis have confirmed those observations (Garel et al., 2002) and show
that the broader the axial cross sectional is, the further away from the axis the brittle deformation initiates.
However, only a few microbathymetric studies have been focused on the deformation formed close to the
morphological axis (Deschamps et al., 2007; Escartin et al., 2007) and none of these studies were undertaken
in an environment with high magma budget supplied by a hot spot. Indeed, the interaction between
mid-ocean ridges and hot spots typically influences the thermal state and magma supply of the ridge (e.g.,
Christie et al., 2005; Detrick et al., 2002; Ingle et al., 2010). As a consequence, this interaction is reflected
in the resulting thickness of the crust, morphology of the ridge axis, lava morphology, and the structure of
the underlying lithosphere (Canales et al.,, 2002; White et al., 2008) and should also impact the location
of the initiation of brittle deformation.

We present a detailed tectonic analysis of the 16°N segment of the EPR using near-bottom microbathymetry,
photographs, videos, and direct visual observations made from a submersible. These detailed analyses extend
the morphological descriptions presented by Le Saout et al. (2014). These new data allow us to evaluate the
small-scale interactions between volcanic and tectonic processes near ASTs, the nucleation and evolution of
faulting patterns, and the distribution of tectonic strain in the context of an unusual spreading segment influ-
enced by a hot spot. We estimate the distribution and dimensions of tectonic features and make distinctions
between fractures associated with eruptive features and those not associated with magmatic features. We
propose two origins for the nucleation and/or evolution of fractures around the 16°N AST and define relation-
ships between fractures, lava flows, and off-axis changes in the internal structure of the lithosphere, that is, a
change in the thickness of the seismic layer 2A and a volume change of the magma lens.

2, Geological Context

2.1. Morphological Segmentation

The 16°N segment of the EPR, located between 15°25'N and 16°20'N, north of the Orozco fracture zone
(Figure 1), has a spreading rate of ~85 mm/year (Weiland & Macdonald, 1996). It is the broadest and shallow-
est segment of the entire northern EPR with an unusually prominent along-axial-ridge, up to 15 km wide at its
base and up 750 m high with respect to the adjacent abyssal hills (e.g., Baker et al., 2001; Carbotte et al., 2000;
Carlut et al,, 2004; Le Saout et al.,, 2014; Scheirer & Macdonald, 1995; Weiland & Macdonald, 1996). This mor-
phology has been attributed to the influence of a hot spot (e.g., Carbotte et al., 2000; Carlut et al., 2004;
Scheirer & Macdonald, 1995; Weiland & Macdonald, 1996), named “Mathematician hot spot” (Le Saout
etal, 2014; Mougel et al., 2014, 2015). A relationship between these features is supported by (1) the presence
of the Mudskipper volcanic seamount ridge, located less than 5 km away from the ridge axis, on the western
flank of the 16°N axial rise (e.g., Baker et al, 2001; Carlut et al., 2004; Macdonald et al,, 1992; Weiland &
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Figure 1. (a) Location of the 16°N East Pacific Rise segment (in red). (b) Bathymetric map of the 16°N segment, with the Mudskipper Ridge, the present ridge axis (Axis
3) and two fossil axes (Axes 1 and 2). Area of near-bottom AUV bathymetric survey (black box) is shown. (c-e) Plots showing the geometry of layer 2A and the magma
lenses inferred by seismic profiles along and across the axis (Carbotte et al., 2000): (c) along-axis variation of the seafloor (black line), layer 2A (brown line) and
depth of the axial magma lens (AML; red line). Locations of AML discontinuities are indicated by dashed lines. (d) Widths of the AML (red squares) and the off-axis
magma lens (black squares) versus latitude. (e) Plot of the layer 2A characteristics within the axial region. The width of the thin layer 2A zone is indicated by blue
circles. The thickness of layer 2A is indicated by brown squares within the thin 2A zone and by black squares beneath the rest of the plateau.

Macdonald, 1996); (2) the location of the shallowest part of the dome, at 2,200 m depth, near the projected
intersection of the Mudskipper volcanic chain with the ridge axis (15°42'N); (3) a geochemical anomaly
identified in the axis-lavas that indicates a mixing between a MORB and a more enriched and
heterogeneous source associated with the hot spot magmatism (Mougel et al., 2014, 2015); and (4) the
presence of extinct spreading axes east of the ridge axis, indicating at least two westward jumps of 7 and
9 km in the direction of the hot spot at 150 and 300 kyr (e.g. Carbotte et al.,, 2000; Shah & Buck, 2006;
Weiland & Macdonald, 1996). Carbotte et al. (2000) proposed that the 16°N segment became established
in its present position 85 to 105 kyr ago, corresponding to the isochron located between the axial rise and
oblique abyssal hills in the east.

Between 15°36'N and 15°53’N, based on data from Macdonald et al. (1992) and Carbotte et al. (2000), and on
high-resolution bathymetry and videos (the same used in our present study), Le Saout et al. (2014) identified
six 4-9.5 km long third-order spreading segments referred as subsegments (Figure 2). These subsegments
are characterized by 10 distinct well-defined ASTs of variable depth (1 to 40 m) and width (10 to 1,000 m).
The subsegments are defined by discontinuities at 15°37’N, 15°41'N, 15°45.5'N, 15°48'N, and 15°51’N, and
these discontinuities are either lateral offsets (by 200-600 m), abrupt variations of the geometry of the
ASTs (width and depth), or changes in the trend (by up to 5°) of the ASTs. Morphological discontinuities also
often correlate with discontinuities of the axial melt lens (Le Saout et al., 2014).
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Figure 2. (a) Microbathymetric map (1 m grid cell size) of the 16°N segment (East Pacific Rise). Third-order segmentation of the summit plateau is indicated by
grey dashed lines. The close-ups illustrating in Figures 3, 5, and 7 and located by red boxes. (b) Depth of AML below sea level from Carbotte et al. (2000). (c) Axial
summit troughs (AST) are indicated in black on the microbathymetry. The bold green lines on subsegment D indicate bathymetric profiles used to measure
the tectonic strain (on Figure 12). (d) Structural map based on analysis of video and high-resolution bathymetric data, including faults (black), fissures (green),
and lava channels (red).
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These subsegments present distinctive lava morphologies which include pillows, lobates, collapsed lava
lakes, and inflated sheet flows (Deschamps et al., 2014; Le Saout et al.,, 2014), with the proportion of each
facies varying from one third-order segment to another. Some subsegments are dominated by one lava type
(e.g., lobate flows for subsegments A and C or pillow flows for subsegment B), while others do not have pre-
dominant facies (e.g., similar proportions of lobate and pillow flows for subsegments D and E). Gregg and
Smith (2003) and McClinton et al. (2013) proposed that lava flow morphologies are related to the underlying
slopes; however, in our study area, the slope (ranging from 0.5 to 1.5°) is insignificant. Therefore, it is more
likely that the observed variations in volcanic types reflect variations in effusion rate (e.g., Fink & Griffiths,
1998; Gregg & Fink, 1995) and/or are related to distinct magmatic sources.

2.2. Crustal Structure of the 16°N Segment

On the 16°N segment, a previous seismic study (Carbotte et al., 1998, 2000) defines the crustal structure under
the ridge axis (Figures 1c-1e) and identifies the locations and dimensions of the magmatic lenses and of the
extrusive layer 2A. The roof of the axial magma lens (AML) is located at a depth of 1,300-1,500 m under the
ridge crest (Figure 1c). The AML is observed along almost the whole length of the segment, but there are
some discontinuities where the lens disappears, deepens, or is more difficult to detect (Carbotte et al,,
2000). These locations coincide with the third-order morphological discontinuities mentioned above and
are observed at the following locations: (1) near 15°37'N, the reflector of the AML is weak and disrupted;
(2) between 15°48.6'N and 15°51.8'N and the AML is not observed; and (3) north of 15°45'N, the AML seismic
reflector is shifted by 100 m to a shallower depth. At about 15°41'N, there is no clear evidence of a disconti-
nuity in the AML seismic reflector between subsegments E and D. Nevertheless, subsegment D contains an
off-axis magma lens, located about 1.2 km westward, that is not evidence along the others segments.
Carbotte et al. (1998, 2000) also evidenced the seismic layer 2A, which is 107 + 45 m thick and ~750 m wide
under the ASTs in the axial summit plateau (Figure 1e). Between 100 and 300 m further away from the ASTs,
the thickness of the layer 2A increases rapidly, to reach a thickness of ~ 350 m underneath the rest of the sum-
mit plateau. Le Saout et al. (2014) noted no relation between the AST dimensions and AML or layer 2A fea-
tures, which suggests that AST morphological variations do not reflect major changes in the internal
structure of the ridge. Instead, Le Saout et al. (2014) propose that AST morphology is related to changes in
eruptive volcanic activity, and ASTs would widen with the decline of the eruptive activity.

3. Data, Terminology, and Methods
3.1. Data

The present study is based on surface bathymetry, near-bottom microbathymetry, and submersible dive
photographs and videos collected during the PARISUB cruise. Surface bathymetry was collected using the
R/V L’Atalante SIMRAD EM122 hull-mounted multibeam echo sounder. The gridded data set from this survey
covers a region of about 5,700 km? with 40-m resolution (Figure 1) and 10-m resolution over the axial summit
plateau. Microbathymetric data were collected using a SIMRAD 2000 multibeam echo sounder (CNRS/
GéosciencesAzur) fitted to the AUV Aster-X. The AUV was operated at a height of 70 m above the seafloor,
along 200-m-spaced lines, for a total of 720 km and 110 hr. Microbathymetric data used in this paper are
available from the NAUTILUS portal (http://campagnes.flotteoceanographique.fr/campagnes/10010020/).
These data were combined to produce a digital elevation model with a 1-m grid spacing. The resulting micro-
bathymetry covers an area of about 120 km? (4 km across axis by 30 km along axis) from 15°36'N to 15°53'N
and from 105°24'W to 105°27.5'W, on the central part of the summit plateau (Figures 1 and 2). Photographs
and videos from the seafloor complete the data set (Le Saout et al., 2014) and were acquired across the sum-
mit plateau from 12 dives using the manned submersible Nautile (Ifremer), providing observational ground
truthing to interpreting the bathymetric data.

3.2. Terminology

We use the term “fracture” from the classic terminology used in structural geology, describing a planar dis-
continuity in a rock formation that formed in response to an applied stress field. The three types of fractures
discussed in this study (fissures, faults, and hybrid fractures) are defined as follows. “Fissure” refers to an
extensional fracture whose walls have opened significantly in a direction normal to the plane of the fracture.
Morphologically, these fissures are composed of two closely spaced facing scarps with a relatively similar
length and height, forming a V-shape in cross section (Figure 3a). In this study, we digitized these fissures
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Figure 3. (a through d) Sample microbathymetric maps illustrating the different fracture geometry. The close-ups are located in Figures 2 and 6. (a) Eruptive fissure
composed of two facing scarps, closely spaced, that meet at their base. The eruption along the fissure as result in a pillow mound located directly on top of the fissure.
(b) Hybrid fracture that displays a vertical throw with an extensional fissure at the bottom of the scarp. (c) Graben consisting of two facing vertical scarp that cut

through previous lava channels. (d) Hybrid fracture with fissures at its extremities. This relation indicates that hybrid fracture observed here evolved from a fissure.

by following their centerlines. “Faults” are here defined as fractures associated with a shear motion
perpendicular to their surface, resulting in a vertical displacement across them. When not covered by lava
flows or talus, fault scarps expose truncated lava sections (Figures 4a and 4c), and they often consist of
several linked segments. Faults are digitized following the crests of the fault scarp, defined as a sharp
change in the slope between the seafloor and the top of the scarp (Figure 4b). The bottom of the fault
scarp is also defined as a sharp change in the slope between the scarp and the seafloor at the base of the
fault. “Hybrid fractures” display both extensional and shear motions and show vertical throw with an
extensional fissure at the bottom of the scarp (Figures 3b and 3c). The tips of hybrid fractures often have a
fissure-like morphology indicating a variation of the deformation along the fracture (Figure 3d). Hybrid
fractures correspond to a transitional form, where the initial fissure then evolves into a fault (e.g.,
Deschamps et al., 2007; Ramsey & Chester, 2004) with constraint only focused on one side of the fracture.
They are digitized in the same way as for faults, following the crest of the higher scarp.

LE SAOUT ET AL.

4483



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE.

Journal of Geophysical Research: Solid Earth 10.1029/2017J8015301

-2280

-2290

-2300

-2310
0 20 40 meters

-2290

Talus and

lava Throw

0 20 40 meters

Figure 4. (a) Steep scarp (85°) exposing former pristine lava sections and not covered by subsequent volcanic products. (b and d) Bathymetric cross section illustrat-
ing how vertical throw and maximum dip is measured. (c) Fault scarp with horizontal selvages forming during the progressive drainage of lava lakes, resulting in a
low dip of the initial scarp. Photos acquired by submersible Nautile during the PARISUB cruise in 2010.

Lava channels and lava lakes are typically observed in lobate flows and result from the collapse of a solidified
lobate crust after subsequent drainback (e.g., Embley & Chadwick, 1994; Fink & Fletcher, 1978). When they are
located on the flank of the eruptive fissure, lava channels are elongated collapse structures that reflect the
principal direction in which the lava was flowing. Within the AST and on its edges, they are usually perpen-
dicular to the ambient stress. Along the 16°N segments, those collapse structures are about 0.5-2 m deep
(Le Saout et al., 2014).

3.3. Methods

Fracture dimensions (i.e., vertical throw and dip of faults and width and depth of fissures) are measured using
a series of microbathymetric profiles perpendicular to the fracture. On a fracture profile, the throw is defined
as the height difference between the crest and the bottom of the scarp, as has been used in previous studies
(Figures 4b and 4d; e.g., Bohnenstiehl & Carbotte, 2001; Carbotte et al., 2003; Cowie, 1998; Deschamps et al.,
2007; Escartin et al., 2007).

Errors in the measurements are directly associated with the methods of acquisition (either perpendicular or
parallel to the fractures), the data resolution (1 m), and the manual digitization of the fractures. We estimate
that the horizontal error derived from the 1 m data resolution is probably on the order of +1 m, and the vertical
error is estimated to be less than 0.5 m. The dip error has not been calculated for this data set but a previous
study, with similar data resolution (Deschamps et al., 2007), estimates that the error associated with the dip is
often lower than 6° The determination of the fissure depth has the largest error due to the acquisition method
and the inability to the signal to reach the maximal depth of the fissure, especially in the case of narrow fis-
sures. Furthermore, fractures generally display variable displacement along strike. Commonly, the vertical dis-
placement on the fracture reaches its maximum at the midpoint of the fault and decreases toward the
extremities. In some cases, the measured vertical displacement is more variable along strike, which may result
from the growth of faults by linkage (e.g., Cowie, 1998) or from their partial coverage by lava flows (e.g.,
Bohnenstiehl & Kleinrock, 2000; Deschamps et al., 2007). The dip of a scarp also varies due to erosion of the
scarp crest, or its coverage by slope talus or lava flows (e.g., Carbotte et al., 2003; Deschamps et al., 2007;
Figure 4). As a consequence, the measured dip value corresponds to the apparent dimensions of the fracture
but not its real dimensions. Generally, the combination of the different sources of error results in an
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Figure 5. (a—d) Sample microbathymetric maps illustrating the different types of deformation. The close-ups are located in Figure 2a. The cross sections displayed in
the lower right of Figure 5 are indicated by thick red lines (Pa-Pd) in the maps. Fractures are highlighted by red (group A) or black (group B) lines, and the lava
flow direction is shown by purple arrows. (a) Fractures located at a center of lobate flows with divergent flow fronts and channels. (b) Fractures located at the center
of pillow flows with divergent flow fronts on both sides of the axis. (c) Fractures located on the side of the summit plateau. They are facing the flow fronts and limit
lava flow propagation. (d) Fractures located on the eastern side of the AST are cutting through some older flows and are partially erased by a younger lava flow.

underestimation of the fracture parameters. Thus, for the whole area, only the maximum values for each
individual fracture are employed.

Taking into account the faulting patterns that can be extracted from the microbathymetry, we determined
the fracture distribution in this region using cell width of 140 m. This cell width was chosen to give the best
resolution for the fracture distribution, with respect to the observed average distance between fractures (see
section 4.2.). We study the distribution of two parameters: (1) the cumulative fracture length, where each
value corresponds to the sum of the length of each fracture segment in the cell, independently of their type
(i.e, fissures, hybrid fractures, or faults), and (2) the mean dip, where each value corresponds to the mean of
the maximum dip of each fault or hybrid fracture within the cell.

4. Observations

4.1. Relation Between Fractures and Lava Flows

Detailed analysis of lava flow distributions and identification of their sources allows us to distinguish two tec-
tonic contexts. The first corresponds to fractures located at the starting point of a lava channel in lobate flows

and/or are centered within lava flows with divergent flow fronts on each side of the fracture (Figures 5a and
5b and profiles Pa and Pb). The second corresponds to fractures not associated with lava channel or flow axis

LE SAOUT ET AL.

4485



AAAAAAAAAAAAAA
'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth 10.1029/2017JB015301

(Figures 5c and 5d and profiles Pa and Pb). Scarps either face the ridge axis (inward facing faults, e.g., profile
Pc in Figure 5) or face away from the axis (outward facing scarps, e.g., profile Pd in Figure 5). If the relation
between fracture and eruptive processes varies between the two contexts, in both, fractures are often mod-
ified by lava flows. Figure 5a and profile Pa show that fractures located in a highly volcanic context appear to
be almost completely covered by lava flows resulting in a relatively flat area. In other regions, fractures can
serve as dams for lava flow propagation (Figure 5c), and their vertical trough are partially (profile Pc) or totally
covered by the lava flows (Figure 5d).

For the next, even if a strict classification is not established, the relationship between fractures and eruptive
centers is used to make a distinction between fractures associated with lava flow eruption (nhamed group A)
and fractures not associated with lava flow eruption (named group B).

4.2. Fracture Distribution

In this study, 792 fractures are mapped across the whole area (Figure 6a) with an average density of 2.2 km/
km?. However, the fracture distribution is not homogeneous and the spacing between fractures varies from
11 to 1,008 m with an average value of 140 m (choose as cell size for the density calculation). The fracture
density map (Figure 6b) shows that the fracture distribution varies both along and across the ridge axis, with
the maximum variation in fracture distribution observed across the ridge axis. Indeed, fractures are preferen-
tially located at the ridge axis (~60%) with a density of up to 39.5 km/km?, and they delimit the location of the
ASTs. Outside the ASTs, fractures exist but they are less abundant (usually less than 8 km/km?) and are more
scattered. This study also shows an asymmetry in the fracture distribution with respect to the current axis
(Figure 7). The clearest example is observed on the central and broadest part of the ridge axis (between
15°41'N and 15°46’N, which corresponds to the subsegment D), with a lack of fractures over a distance of
2.3 km on the eastern side of the axis. On the western side of the summit plateau in subsegment D, lava flows
are limited by inward facing scarps, which delimit a second parallel AST (Figure 7). Looking at the across-axis
distribution of fractures in function of their relation to eruptive sources, the fracture in the group A are
focused within or in the close proximity to the ASTs (less than 600 m away). They represent 73% of all the
identified fractures. The fractures in the group B are observed away, more than 755 m from the spreading
axis, and they are more abundant on the edge of the plateau (~83% of group B), where the lava flows have
been dated at 2-3 ka (Carlut et al., 2004).

Along the ridge axis, the distribution and geometry of the fractures are also highly variable between seg-
ments, with subsegments B and C showing the strongest variations. Subsegment C is characterized by a
higher fracture density (usually higher than 14 km / km?) compared to the other subsegments where the frac-
ture density is usually lower than 14 km/km? (Figure 6b). Subsegment B presents similar fracture density to
subsegment C but the fractures are characterized by larger dips, usually higher than 70° (Figure 6c), whereas
along the rest of the ridge, dips are usually lower than 65°. These two extreme subsegments are also thought
to contain older lava flows (2 + 1 kyr) compared to regions with a narrow AST (e.g., subsegments A and D)
where paleointensity analyses indicate lava ages from tens to hundreds of years (Carlut et al., 2004). The
results of Carlut et al. (2004) are supported by our visual observations obtained from the Nautile dives. In sub-
segment B, fractures also expose truncated lava sections with no evidence of later coverage by volcanic flow
on their scarp (Figure 4a). This suggests the absence of lava posterior to the deformation that could have
filled the AST before collapsed as observed in subsegment D (Figure 4c). In subsegment C, fractures are
observed cutting through older lava flows, and lava channels are vertically offset by these fractures, delimit-
ing 20- to 60-m wide grabens (Figure 3¢ and associated profile).

4.3. Fractures Characteristics

Fissures, hybrid fractures, and faults identified using the microbathymetry correspond to 15.5%, 5.5%, and
79% of the total fractures, respectively. Due to the resolution of our data, we assume that fissures or hybrid
fractures with a horizontal displacement smaller than 3 m are not identified. In addition, the proportion of
hybrid fractures compared to faults is probably also underestimated, due to the presence of talus at the foot
scarps or more recent lava flows that could have filled the extensional fissures. However, fissures and hybrid
fractures are numerous both within and on the edges of the ASTs, as revealed by the Nautile dives videos.
Typically, the mapped fissures and hybrid fractures vary from 3 to 25 m in width, with a depth lower than 10 m.
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Figure 6. (a) Structural map of the EPR 16°N segment indicating fractures (faults, hybrid fractures, and fissures) from group A (red lines) and group B (black lines). The
lava channels and lakes (from Le Saout et al., 2014) are shown in black. The green line shows the bathymetric profile of Figure 11. (b) Graphic representation of
the cumulative length of the fractures in 40 km* cells. (c) Graphic representation of the mean scarp dips in 40 km? cells. (d) Map of illustrating the horizontal

extension of the magma lens. The data issue from the seismic profiles (Carbotte et al., 2000) is indicated by a bold red line along the profiles; the interpretation of the
horizontal extent between profile is indicated by a dashed red line.

The dips and vertical throws of faults and hybrid fractures display a large range in values (Figures 6, 8, and 9).
Dips vary from 20° to 87°, with a more frequent dip of 62° for group A and between 63 and 72° for group B
(Figure 8Db). Vertical throws vary from 0.7 to 80 m, with throws lower than 10 m for most fractures in both
groups (Figure 8c¢). The relationship between dip and vertical throw is displayed in Figure 8d and shows an
exponential relationship, where scarps with smaller throw (<10 m) are characterized by a wider range of
dip (20° to 80°), whereas scarps with throw higher than 10 m have dips greater than 50°. Even taking into
account maximal dips and throws, these values are still often underestimated (e.g., Bohnenstiehl &
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Kleinrock, 2000; Carbotte et al., 2003; Deschamps et al., 2007). Indeed, the Nautile dive videos in the study area
reveal that particularly low apparent fault dips (i.e., <40°) result from partial of total coverage of fault scarp by
lava flows (as displayed, for example, by horizontal selvages on some fault scarps, reflecting different lava lake
levels during drainback) or from both erosion of the top and presence of talus at the bottom of fault scarps
(Figures 4b and 4d) that distort completely the measure of the dip. These observations are especially true for
scarps with smaller throw values (<7 m) that have higher probability of having their original dip
underestimated.

Previous studies show that cumulative size-frequency distribution of fault parameters, in the form of cumu-
lative frequency versus fault scarp height or fault length plots, can provide constraints about the regime of
deformation (e.g., Ackermann et al,, 2001; Ackermann & Schlische, 1997; Bohnenstiehl & Carbotte, 2001;
Bohnenstiehl & Kleinrock, 1999; Bonnet et al.,, 2001; Carbotte & Macdonald, 1994b; Cowie et al.,, 1993, 1995;
Deschamps et al.,, 2007). Four regimes have been identified by this cumulative size-frequency distribution
method. The “nucleation regime” in an early stage of deformation is characterized by an exponential law dis-
tribution. In the “growth regime,” the fractures are characterized by an increase of their vertical throw and
show a power law distribution. The “coalescence regime” corresponds to the lengthening of the fractures
by coalescence and interaction of adjoining fractures, and is identified by a distortion of the power law dis-
tribution, which follows an exponential distribution for the longest fractures. Higher levels of strain may result
in a “saturation regime” where fractures stop to interacting with each other and became proportionally
spaced. In this regime, the cumulative size-frequency follows an exponential distribution (Deschamps
et al,, 2007). As less than 75% of the 120 fractures from group B are entirely mapped, we cannot base our
study on fracture lengths, and therefore, we used the cumulative size-frequency versus vertical throw plot
to yield information about the regime of deformation.
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Figure 8. (a) Fissures (green dots) and hybrid fractures (purple circles) depth versus width along the EPR 16°N segment. The
gray line indicates the limit of the data resolution. For Figure 8b, the group A fractures are shown by red circles, and the
group B fractures by black circles. (b) Frequency of the maximum apparent fault dips. For both populations, the most
frequent dips are highlighted by the blue (group B) and purple (group A) vertical boxes. (c) Frequency of the maximum
apparent vertical throws on the fractures. (d) Dip versus vertical throw diagram. The grey area corresponds to the most
common dip values for fractures not affected by volcanic deposits or erosion processes. (e) Fault lengths (L) versus vertical
throws (D) measurements from 618 faults and hybrid fractures entirely map. The D/L ratio for fractures from groups A and B
are indicated.

Figure 9 shows a maximum vertical throw versus cumulative frequency log-log plot, using 669 faults and
hybrid fractures. The line fit was determined using regression of the data comparing linear logarithmic and
exponential equations. The fault scarps used for this statistical analysis mainly follow an exponential distribu-
tion (Figure 9). However, scarps with higher vertical throw do not plot on an exponential trend and instead
follow a power line fit (Figure 9). The transition between the exponential and power distributions is not sharp
but seems to encompass vertical throw ranging from 10 to 20 m.

To determine whether our population of faults follow either a power or exponential distribution, we ana-
lyzed the cumulative size-frequency distribution based on (1) eastward and westward dipping faults
(Figure 10a) and (2) fracture groups A or B (Figure 10b). Eastward and westward facing faults have a rela-
tively similar abundance (329 and 340 fractures, respectively; Figure 10a). Both follow an exponential
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5. Discussion

The combined analysis of high-resolution bathymetry and submersible
dive photos and videos provides constraints on (1) the nucleation and evo-
lution of fault patterns and (2) on the origin of the deformation. The varia-
bility of the shallow crustal structures derived from seismic reflection data provides additional information on
the possible relationship between crustal deformation, magma reservoir dimensions, and the thickness of the
extrusive layer.

5.1. Fracture Nucleation and Evolution

In this study, we have used the relationship between fractures and lava flows to make a distinction between
fractures associated with fissure eruptions (group A) and fractures not associated with fissure eruptions
(group B).

5.1.1. Group A: Deformation Associated With Dike Intrusions

The origin of the structure observed at the axis has been numerously discussed multiple times. For example,
Haymon et al. (1991) propose that ASTs are the result of the drainback of elongated lava lakes into the erup-
tive fissure. The fissure walls would then form as a result of lava quenching when coming into contact with
seawater during the fissure eruption. Other studies show that dike intrusions induce deformation directly
above the dike (e.g., Carbotte et al., 2006; Lagabrielle & Cormier, 1999; Mastin & Pollard, 1988; Pollard et al.,
1983; Soule et al., 2007). This type of deformation may result in the formation of a fissure or a graben with
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Figure 10. Cumulative frequency scarp height (H) log-log plots (N = number). (a) Cumulative frequency plot showing the differences between eastward (black) and
westward facing (pink) faults. The exponential line fits are indicated. (b) Cumulative frequency plot showing the differences between “associated with eruption
fissures” (group A in red) and “not associated with eruption fissures” (group B in black) faults. The respective exponential fits are shown in red and black, and the
power line fit for the “nondike-induced” faults with scarp heights >10 m is shown in blue.
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dimensions that are dependent on the width and depth of the dike (e.g., Mastin & Pollard, 1988; Pollard et al.,
1983). In our study, even if some collapsed lava lakes are observed in the bottom of the ASTs, the presence of
well-defined truncated pillow lavas (Figure 4a), lobate flows, or successive layers of sheet flows is not consis-
tent with quenched lava, but instead suggest that they are the result of tectonic deformation occurring above
the erupting dike. The width (<250 m) and depth (<10 m) of the relatively symmetrical grabens (Figure 3c),
formed as a result of these fractures, are consistent with the dimensions of grabens formed by dike intrusions,
with dikes widths inferior than 2 m and fault dips estimated to be 70-80° (e.g., Chadwick & Embley, 1998;
Francheteau et al., 1990; Gudmundsson, 1995; Head et al.,, 1996; Kidd, 1977).

The presence of shallow dikes under the AST was confirmed by the study of Szitkar et al. (2016) on the
16°N segment, which is based on high-resolution near-seafloor magnetic data, and who observed mag-
netic anomalies, which they interpreted as dike swarms beneath each identified AST. Overlapping dike
swarms are also identified where parallel ASTs are observed in the bathymetry, confirming the presence
of a large active volcanic area. The formation of eruptive fissures on both sides of the ASTs indicates that
this active volcanic zone reaches 1.8 km wide (Figure 6a). While only 15-20% of the EPR is characterized
by ASTs wider than 500 m (and up to 2,000 m; Lagabrielle & Cormier, 1999), along the 16°N segment, this
wide area of diking probably reflects the influence of equally wide magma lenses (up to 1,670 m in width)
under the summit plateau (Carbotte et al., 2000). Therefore, the high density of fracture that we observe at
the axis is probably induced by repeated dike intrusions, as it has been discovered along other fast
spreading segments (e.g., Chadwick & Embley, 1998; Escartin et al.,, 2007; Fornari et al.,, 2004, 1998; Shah
et al., 2003; Soule et al,, 2007).

Along subsegments B and C, which are more densely fractured, the absence of recent lava flows associated
with the graben (Figure 3c) does not necessarily indicated the absence of dike intrusions but may instead
mean that the dike did not reach the surface in that location. Similar observations have been made at
Axial Volcano during the eruption of 2011 and 2015 (Clague et al., 2017). Indeed, the analysis of near-bottom
magnetic data collected simultaneously with the microbathymetric data (Szitkar et al., 2016) strongly sug-
gests that dike swarms occur at shallow depth beneath the ridge axis. From our observations using micro-
bathymetric data and dive videos, the absence of lava flows, posterior to the fractures, suggests that
subsegments B and C are characterized by dike intrusions that produce few or no surface eruptions.
Therefore, the deformation in these domains is better preserved, and successive dike intrusions without large
volumes of lava flow may have increased the graben depth and width by a focusing of the stress into preex-
isting fractures. Using those observation, the along axis variation of the fracture density in group A probably
reflects variations in the ability of dikes to reach the surface and to produce eruptions, as previously sug-
gested by Le Saout et al. (2014).

5.1.2. Group B: Deformation Not Affected by Dike

Just outside of the AST, traces of fractures are frequently found to be covered by lava flows (Figure 6a), which
explains the fast decrease in observable fractures near the ridge axis. Although this region is not affected by
dike intrusions, it is not completely devoid of fractures as shown in Figure 6. These fractures consist of fissures
and faults, in similar proportions to those induced by dike intrusions (~15% of fissures and 85% of faults). In
this off-axis region, faults do not always form grabens, but when they do, the graben formed is generally
asymmetric and they are different to the geometry of the fractures induced by dike intrusions. Various
hypotheses may explain the presence of fractures in the off-axis region. First, some of these fractures may
have been nucleated along the axis and were preserved. Indeed, some regions have low repaving rates
due to (1) variations in the eruptive activity, with periods associated of low magma supply and eruption
(for example, subsegments B and C; Figure 6); Cormier et al.,, 2003; Fornari et al., 1998), or (2) the presence
of inward facing faults that served as dams to the more recent volcanic activity (for example, the western
flank of subsegment D; Figure 7). However, this hypothesis does not explain all the fractures observed in
the off-axis region. Some fissures and small faults formed after the lava flows emplacement, which suggests
that fractures also nucleate away from the active volcanic zone or, at least, were reactivated in response to
other constraints. Indeed, Escartin et al. (2007) proposed that the development of fractures associated with
dike intrusion is decoupled from the development of off-axis fracture.

5.1.3. Comparison Between Fractures From Groups A and B

Comparisons between fractures from groups A and B also show variations in the deformation regimes. The
cumulative size-frequency distribution of fault scarps induced by dike intrusions (group A) follows an
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exponential distribution (Figure 10b), suggesting that on axis fractures in the studied area could be in either a
nucleation regime, a coalescence regime, or a saturation regime (e.g., Ackermann et al., 2001; Ackermann &
Schlische, 1997; Bonnet et al.,, 2001; Carbotte & Macdonald, 1994b; Cowie et al., 1993, 1995; Deschamps et al.,
2007). The low throw/length ratio of ~0.0067 of these on-axis fractures (Figure 8e) is generally associated with
elongation rather than vertical growth of the fractures. Moreover, the variable spacing of the fractures sug-
gests that the fractures from group A did not reach a saturation regime, which would result in proportionally
spaced fractures. Therefore, fractures from group A are rather in a nucleation regime or a coalescence regime
that traduce the appearance of new fractures or the lengthening by linkage to preexisting fractures (e.g.,
Deschamps et al., 2007). Off-axis fractures (group B) are mainly characterized by a higher throw/length ratio
of 0.0202, which can be associated with a vertical growth of the fault scarps. We also observe a cumulative
size-frequency distribution of off-axis fault scarps that tends to follow a power law distribution, for fault with
vertical throw higher than 10 m. This observation indicates that on the edge of the plateau, fractures are in a
“growth regime” stage, with an increase of the vertical throw. Differences in the deformation regimes may
result from an underestimation of fracture geometry due to partial erasure by younger lava flows, but they
may also indicate changes in deformation constraints that form and affect these structures as they move
away from the ridge axis. This second hypothesis is confirmed by observations along the EPR, which shows
that the normal faulting initiates between 600 m and 4 km away from the ridge axis (e.g., Fornari et al., 1998;
Garel et al, 2002; Macdonald, 1982; Searle, 1984; Wright, Haymon, & Fornari, 1995; Wright, Haymon, &
MacDonald, 1995). Along the 16°N segment, the initiation of off-axis fractures occurs as close as 755 m from
the ridge axis (Figure 7).

5.2. Relation Between Deformation and Internal Lithospheric Structure

In this section, we will focus on the subsegment D, where the presence of two overlapping ASTs, with the
eastern AST being more volcanically active, results in an asymmetry in the lava flow distribution between
the eastern and western parts of the plateau (Figures 6a and 7). On the western part of the summit plateau,
lave flows tend to be confined within the western AST, allowing us to (1) observe the deformation pattern
that is not overprinted by recent lava flows and (2) analyze the distribution of the brittle extension in
this region.

Escartin et al. (2007) suggests that location of the initiation of the brittle deformation reflects the variations in
the lithosphere, which thickens and cools rapidly away from the ridge axis due to strong hydrothermal activ-
ity at the edge of the AML (e.g., Dunn et al., 2000; Maclennan et al., 2005; Singh et al., 1999). A thin, weak, and
hot lithosphere above an AML inhibits the nucleation of fractures resulting from the brittle extension (e.g.,
Carbotte et al., 1997; Carbotte & Macdonald, 1994b; Fornari et al., 1998). At 16°N, the ridge axis interacts with
the Mathematician hot spot resulting in a wide region of high temperatures and crustal melting, as suggested
the shape of the ridge, the bull's-eye gravity anomalies (Shah & Buck, 2006), and the presence of an off-axis
magma lens beneath the western part of the summit plateau (Figures 6d and 11; Carbotte et al., 2000).
Hydrothermal activity is also particularly low along the ridge (Baker et al., 2001), which promotes the conser-
vation of the heat in the lithosphere. This suggests that at a similar distance from the ridge axis, the 16°N seg-
ment lithosphere is probably warmer and thinner than for other ridges that are not affected by a hot spot
(Shah & Buck, 2006). Therefore, along the 16°N segment, the brittle deformation would be expected to occur
further away from the ridge axis compared to other EPR segments that does not interact with a hot spot.
However, we observe that the distance from the ridge axis to observable first evidence of the brittle exten-
sion is consistent with studies along other fast spreading ridges without hot spot (or equivalent) activity,
which is suggested to be between 600 and 4 km from the ridge axis (e.g., Fornari et al., 1998; Garel et al,,
2002; Macdonald, 1982; Searle, 1984; Wright, Haymon, & Fornari, 1995; Wright, Haymon, & MacDonald,
1995). Therefore, the proximity of the Mathematician hot spot seems to have no significant impact on the
initiation of the brittle extension at 16°N.

Comparing the distribution of fractures to the geometry of layer 2A (Figure 6d), we note that fractures linked
to dike intrusions (group A) are focused on the thin part of the layer 2A. Beyond this thin region, the thickness
of layer 2A increases rapidly from 100 to 300 m between, at distances 350 and 750 m from the ridge axis
(Carbotte et al., 2000). This observation is consistent with the theory that the thickening of layer 2A mainly
occurs through diking and associated eruptions at the axis, within in a relatively narrow area (e.g., Carbotte,
2001; Harding et al., 1993; Vera & Diebold, 1994).
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Figure 11. Profile perpendicular to the third-order spreading subsegment D intersecting the axis at 15°42'N (a green line
marks the location of this profile in Figure 6), showing the deep structure of this segment and its relationship with the
seafloor fractures with a vertical exaggeration is of 2. The layer 2A (baseline in orange) and the depth and lateral extension
of the axial magma lens (AML) and off-axis magma lens (OML) are based on the across-axis seismic reflection profile 1341
from Carbotte et al. (2000). Dikes are shown by vertical orange lines (solid for AML and dashed for OML) and fractures by
black lines with a dip of 60°. The different domains of deformation are indicated at the top of the figure.

Outside the thin layer 2A region, fractures are probably not induced by dike intrusions, but instead are more
likely to result from extension, which is either induced by changes in the AML or by the regional stress (ref).
Mechanical approaches show that brittle extension beyond the AML can result in regional extension and/or
withdrawal of the magma lens (e.g., Garel et al., 2002). In the case where the brittle extension is linked to
magma lens withdrawal, mechanical models suggest that the initial (closest to the axis) inward facing faults
that formed without any dike intrusions will be linked to the edges of the AML (Garel et al., 2002). Therefore,
the distance from the ridge axis of these first inward facing faults will depend on the width and depth of the
AML. The narrower the AML, the closer to the axis these first fractures will be. In subsegment D (Figures 6 and
7), considering the width (750-800 m) and the depth of the AML below the seafloor (1,400-1,500 m), and
assuming a mean normal fault dip of 60°, we estimate that the first inward facing faults induced by deflation
of the AML will be located between 1,180 and 1,270 m from the ridge axis. From our observation of subseg-
ment D, the first inward facing faults are located beyond this calculated 1,180-1,270 m region, at ~2,000 m
from the ridge axis (Figure 11). This difference between the calculated and observed distances may reflect
the absence of significant changes in the dimensions of the AML in the recent period, or it may indicate
that the deformation induced by changes in the AML is sustained by these outer faults until the distance
between the edges of the AML and the faults reaches a threshold point. Prior to that inward facing faults, all
fractures associated with the brittle deformation corresponds to outward facing faults or fissures. If we consider
these outward facing faults to be conjugate fractures from the inward facing faults, their locations at 750 m from
the axis (Figure 7) are thus consistent with deformation induced by volume changes at the edge of the AML.

If the AML have a direct impact on the deformation induced by the magmatic intrusions and AML volume
changes, there is no direct observable evidence of significant deformation resulting from the off-axis magma
lens on the western half of the plateau. Indeed, directly above the off-axis magma lens, we do not observe
any evidence of eruptive fissures with surrounding lava flows or the formation of symmetrical grabens (as
observed above the AML). Therefore, the absence of significant variations in thickness of the layer 2A and
its relative symmetry with respect to the main ridge axis suggest that magmatic eruptions occur at the axis,
which resulted in the thickening of the layer 2A on the summit plateau. In subsegment B, fractures induced
by brittle extension are also observed in the eastern half of the plateau, regardless of the presence of the off-
axis magma lens. This suggests that the off-axis magma lens has no direct influence on the deformation or
that the influence is not significant enough to be distinct from the main deformation regime. The nil or small
effect of the off-axis magma lens cannot be related to the depth of this magma lens (~1,700 m beneath the
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seafloor), as deeper AMLs are known to be the source of eruptions, for example, along the Galapagos
Spreading Center where AMLs are located at 1.7-2.5 km beneath the seafloor (Chen & Lin, 2004). In the
16°N EPR studied area, the absence of significant deformation directly above the off-axis magma lens may
suggest that the magmatic activity associated with this off-axis lens during at least the last 3 kyr (i.e., the max-
imum age of the lava flows above the magma lens; Carlut et al., 2004) is either really low and/or is not directly
connected to the plateau.

5.3. Tectonic Strain Estimation

To estimate the bias due to both volcanic processes and assumptions regarding fault geometries, we now
assess the tectonic strain in subsegments C and D: (1) in subsegment C, where fractures induced by dike
intrusion are less overprinted by lava flow or where more deformation occurs, and (2) in subsegment D where
fault overprinting seems more important at the axis and brittle extension occurs beyond the AML. The tec-
tonic strain is calculated along five cross-axis profiles located between 15°41’N and 15°46’N (Figure 2c) using
equations (1) and (2):

1
tana

D=Tx

M

where D is the cumulative horizontal displacement along each profile, T is the cumulative throw, and a is the
mean dip of the fault dip. The tectonic strain (Ts) along each profile is given by equation (2):

Ts = 100x % (2)

where L is the length of the profile (4,800 m).

Taking into account that our survey revealed an underestimation of the fracture dip due to coverage with
lava flow talus slope on the scarps, we calculate fault strains using dips ranging from 60° to 80° that charac-
terize the original fault dips (e.g., Deschamps et al., 2007) and also correspond to the most common dip
values measured (Figure 8d). This choice is supported by submersible observations (this study and Mitchell
et al,, 2000) and is also consistent with fault dips measured along the Explorer ridge (Deschamps et al.,
2007) and along the 9°N EPR segment (Escartin et al., 2007). The calculated strain ranges from 0.1 to 0.7%
for a dip of 80°, 1 to 4.9% for a dip of 70°, and 3.8 to 19% assuming an average dip of 60° (Figure 12a).
These dip values represent the contribution of tectonic structures to plate divergence within a 4,800-m-wide
zone across the ridge axis. The maximum age of the lava flows on the plateau is 2-3 ka (Carlut et al., 2004) and
postdates the formation of the fractures. Considering this timer period and a profile length of 4,800 m, the
approximate extension rate associated with a dip of 80° varies from 1.6 to 17 mm/year, 64 to 117 mm/year
for a dip of 70°, and 60 to 456 mm/year assuming an average dip of 60°. As the spreading rate of the 16°N
segment is 85 mm/year (Weiland & Macdonald, 1996) an average dip of 70° for the fractures is the most prob-
able. In addition, this 70° dip tectonic strain of 1-4.9% is similar to the 1-3% strain measured between 9.4°N
and 10°N on the EPR assuming fault dip of 45° (Escartin et al., 2007). The EPR shows evidence of relatively low
tectonic strain compared to a measurement along the intermediate Explorer Ridge (3.7-18.4% assuming fault
dips of 60-80°; Deschamps et al., 2007), which is consistent with divergence along fast spreading ridges pri-
marily accommodated by volcanism and a smaller proportion by fractures. However, the tectonic strain may
be highly underestimated due to volcanic overprinting that partially or fully buries some faults (e.g.,
Alexander & Macdonald, 1996; Bohnenstiehl & Kleinrock, 2000; Carbotte et al., 1997). Indeed, a larger tectonic
strain of 5% is observed in the subsegment C (Figure 12b) where faults are less overprinted by lava flows.

Figure 12 shows that the tectonic strain remains relatively constant along subsegment D. This indicates that
the deformation and/or the amount of overprinting of fractures by lava flows is constant within this subseg-
ment. In contrast, we observe a big difference between subsegments C and D, with the tectonic strain rate in
subsegment D being much higher than in subsegment C—an average of 5% versus 1.45% using a dip value
of 70°, and 19% versus 5.5% with a dip of 80°, for subsegments C and D, respectively. Assuming that variation
between subsegments C and D is only due to the volume of lava flow erupted and thus proportion of the
fractures overprinted, we estimate that this difference indicates that at least 70% of the fractures are buried
by lava flows in the subsegment D. This estimate is very similar to the 75% overprinting value estimated by
Escartin et al. (2007) for the 9°N segment.
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Figure 12. Evaluation of tectonic strain along subsegments C and D using five across-axis 4,800 m-long profiles (profile
locations are marked in Figure 2c). The vertical dashed line indicates the boundary between subsegments C and D.

(a) Contribution of extension along fault scarps, computed using mean fault dips of 60°, 70°, and 80°. (b) Total tectonic strain
calculated using a mean fault dip of 70° (dark grey diamonds), strain accommodated by fractures induced by dike intru-
sions (red circles), and from brittle extension (light grey squares).

In subsegment D, on the western part of the plateau, the western AST is characterized by a low volcanic activ-
ity and acts as a barrier to lava flows erupting from the eastern AST (Figure 7). Therefore, fractures induced by
brittle extension on the western plateau are protected from overprinting by lava flows. Our observations show
that these fractures (i.e., “group B”) are not affected or related to recent volcanic activity. As a consequence, we
assume that these fractures are located within a relatively older seafloor, compared to the fractures that are
associated with dike intrusions (i.e., “group A”). This group A/B versus age distinction is similar to the
“young”/“old” seafloor distinction proposed by Escartin et al. (2007) for 9°N segment. Escartin et al. (2007)
observed that even knowing the underestimation of fractures due to lava flow overprinting, the tectonic strain
is lower for young seafloor (<1%) compared to older seafloor (>2%). In our present study, and regardless of
the levels of volcanic activity along the ASTs, the tectonic strain rate is very similar or slightly higher in younger
seafloor (0.5-27% for fractures induced by dike intrusion) compared to older seafloor (0.2-2.3% for fractures
affected by brittle deformation). Higher tectonic strain in younger seafloor suggests that (1) the deformation
induced by dike intrusions is more important and/or is better preserved by low lava flow overprinting levels at
the ridge axis, due to fewer eruptions or smaller volumes; (2) the “older” seafloor is affected by more lava flow
overprinting; and/or (3) the degree of brittle deformation in the 16°N segment is lower than in the 9°N EPR
segment. However, this lower apparent brittle deformation rate is consistent with the higher magma budget
and thermal state of the ridge related to the locality of the Mathematician hot spot.

6. Conclusion

The joint analysis of high-resolution bathymetric data and submersible dive photographs and videos docu-
ments tectonic patterns and their relationship with lava flows, within the central part of the 16°N segment
of the EPR. These data allow us to quantify the deformation in this area and to relate sea-bottom deformation
to the deep structure of the ridge (i.e.,, AML and layer 2A). Our study supports the following conclusions:
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1. Along the 16°N segment, more than 70% of the fractures are associated with eruptions as shown by the
direction of lava flows and the location of lava channels. The fracture geometry and near-seafloor magnet-
ism (Szitkar et al., 2016) indicate that they correspond to fractures located at the source of lava flows, prob-
ably induced by one or more dike intrusions. The distribution of these dike-induced fractures implies an
active volcanic area that is 1.8 km wide, which is consistent with a wide AML underlying the ridge axis.

2. The vertical throw cumulative frequency plot (Figure 10b) suggests that fractures located near and within
the ASTs that were induced by dike intrusions nucleated recently and/or evolved mainly due to linkage of
existing fractures. In contrast, away from the ridge axis, fractures that evolved or nucleated via brittle
extension mainly grow by an increase of their vertical throw rather than by linkage with existing fractures.

3. The first evidence of brittle extension is found 755 m from the ridge axis, a distance similar to those
observed in other parts of the EPR (e.g., Carbotte et al., 1997; Garel et al., 2002). Thus, the high magmatic
budget and temperature of the ridge axis, induced by the proximity of the Mathematician hot spot, have
no significant impact on the location of the brittle extension. This brittle extension affects fractures that
nucleate and evolve on a seafloor that is underlain by a relatively thick layer 2A (>350 m) that are induced
by AML volume changes or by the regional extensional. The off-axis magma lens appears to have no sig-
nificant direct influence on the geometry of the layer 2A nor on the location of the brittle extension.

4. For subsegments C and D, faults accommodate 0.1-19% of the width of the summit plateau, assuming
fault dips ranging from 60° to 80°. The amount of deformation accommodated by fractures appears more
important in subsegment C (5%) compared to subsegment D (1.45%). Our study reveals that this differ-
ence mainly reflects the effect of the overprinting of the tectonic structures in subsegment D by lava
flows, where at least 70% of the fractures are covered by magmatic flows, and therefore, the tectonic
strain is highly underestimated.

5. The tectonic strain along the summit of the 16°N is similar to the strain rates calculated at 9°N on the EPR
(Escartin et al., 2007). However, Escartin et al. (2007) show that the tectonic strain is lower in the young
seafloor, whereas in the 16°N segment, the tectonic strain is similar or slightly higher for fractures induced
by dike intrusion (group A) compared to those induced by brittle deformation (group B). Assuming that
the group A fractures are mostly located in the younger seafloor, this difference suggests that for the
16°N segment, the deformation induced by dikes is more important or better preserved, and/or the
amount of brittle deformation is lower. Combined with the small number of fractures that have evolved
from through brittle extension, our study reveals that the Mathematician hot spot, located on this spread-
ing axis, may result in the formation of less brittle extension fractures.
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