
1. Introduction
Seafloor spreading at mid-ocean ridges (MORs) is accommodated by a combination of faulting and magmatism 
(Buck et al., 2005; Kappel & Ryan, 1986; Luyendyk, 1970; Macdonald et al., 1996; T. J. Wright et al., 2012). 
Partitioning of seafloor spreading between slip on faults and magmatic diking varies considerably, and is thought 
to be partly controlled by spreading rate (e.g., Buck et al., 2005; Cowie et al., 1993; Ito & Behn, 2008; Olive 
& Dublanchet, 2020). At most fast-spreading MORs (full rate ∼>10 cm/yr), the proportion of plate separation 
accommodated by magmatism, M, is estimated to exceed 0.9, that is, less than 10% of plate separation is accom-
modated by slip on faults. At slow spreading MORs (full rate ∼<2 cm/yr), M can be highly variable (∼0.2–0.6; 
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Plain Language Summary New oceanic crust is created by seafloor spreading at mid-ocean ridges, 
where lava erupts as the tectonic plates spread apart. Plate separation is accommodated by a combination of slip 
along dipping faults and the opening of magma-filled cracks, called dikes. We present bathymetric and profile 
mapping data collected from near the seafloor on a volcanically active portion of the East Pacific Rise near 
9°50′N. The data show faults and fissures (i.e., open cracks) in remarkable detail, with meter-scale resolution. A 
total of 707 fissures and 42 faults were identified and measured, suggesting that the amount of plate separation 
accommodated by faulting is minimal compared to that by dike intrusion causing open cracks. About one-third 
of the fissures mapped are located within the region covered by the most recent eruptions in 2005–2006, and 
most of these fissures seem to have been reactivated from previous eruptions. Based on measurements of fissure 
width, we estimate that the interval between diking events is ∼9 years, which agrees with previous independent 
estimates. The analysis in this study reveals the relative importance of faults and fissures in seafloor spreading, 
and in the magmatic cycles that continuously re-pave the ocean floor.

WU ET AL.

© 2023. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

The Role of On- and Off-Axis Faults and Fissures During 
Eruption Cycles and Crustal Accretion at 9°50′N, East Pacific 
Rise
Jyun-Nai Wu1  , Ross Parnell-Turner1  , Daniel J. Fornari2, Natalia Berrios-Rivera1  , 
Thibaut Barreyre3  , and Jill M. McDermott4

1Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of California, San Diego, La 
Jolla, CA, USA, 2Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA, USA, 
3Department of Earth Science, University of Bergen, Bergen, Norway, 4Department of Earth and Environmental Science, 
Lehigh University, Bethlehem, PA, USA

Key Points:
•  >700 fissures mapped at 1-m 

bathymetric resolution at 9°50′N East 
Pacific Rise, most of which were 
active during the 2005–2006 eruptions

•  Fault slip and crack opening 
accommodate <0.3% of plate 
separation, indicating the dominant 
role of diking at fast-spreading ridges

•  Fissures and lava flow located >2 km 
from the ridge axis are spatially 
associated with off-axis lower crustal 
off-axis magma lens

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
J.-N. Wu,
wjyunnai@ucsd.edu

Citation:
Wu, J.-N., Parnell-Turner, R., Fornari, 
D. J., Berrios-Rivera, N., Barreyre, T., 
& McDermott, J. M. (2023). The Role 
of On- and Off-axis Faults and Fissures 
during Eruption Cycles and Crustal 
Accretion at 9°50′N, East Pacific Rise. 
Geochemistry, Geophysics, Geosystems, 
24, e2022GC010794. https://doi.
org/10.1029/2022GC010794

Received 23 NOV 2022
Accepted 1 APR 2023

Author Contributions:
Conceptualization: Jyun-Nai Wu, Ross 
Parnell-Turner
Data curation: Jyun-Nai Wu, Daniel J. 
Fornari, Natalia Berrios-Rivera
Formal analysis: Jyun-Nai Wu
Funding acquisition: Ross Parnell-
Turner, Daniel J. Fornari, Thibaut 
Barreyre, Jill M. McDermott
Investigation: Jyun-Nai Wu, Natalia 
Berrios-Rivera
Methodology: Jyun-Nai Wu
Project Administration: Ross 
Parnell-Turner

10.1029/2022GC010794
RESEARCH ARTICLE

1 of 23

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-3403-2919
https://orcid.org/0000-0003-0641-3634
https://orcid.org/0000-0001-6072-2230
https://orcid.org/0000-0002-5109-2633
https://doi.org/10.1029/2022GC010794
https://doi.org/10.1029/2022GC010794
https://doi.org/10.1029/2022GC010794
https://doi.org/10.1029/2022GC010794
https://doi.org/10.1029/2022GC010794
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GC010794&domain=pdf&date_stamp=2023-04-19


Geochemistry, Geophysics, Geosystems

WU ET AL.

10.1029/2022GC010794

2 of 23

e.g., Ito & Behn, 2008; Olive & Dublanchet, 2020). Magma supply is a key factor controlling faulting style, in 
which an increase in M usually results in a decrease in fault heave and fault spacing (Behn & Ito, 2008; Buck 
et al., 2005). Despite the importance of M, quantifying the amount of magmatic accretion at a given site is chal-
lenging. One common way to estimate the partitioning of plate separation along MORs is to estimate the tectonic 
extension, T (i.e., 1−M) from observations of strain on fault scarps (e.g., Escartín et al., 1999, 2007; Le Saout 
et al., 2018, 2021). Although studies of faults and fissures have provided useful estimates of tectonic extension at 
MORs, they are often limited by the resolution of data, imaging artifacts, navigation uncertainty in sidescan sonar 
images, and the effects of volcanic repaving (e.g., Escartín et al., 2007). Furthermore, previous fault heave meas-
urements rely on fault dip estimates which can be biased by incomplete seafloor insonification and the presence 
of talus at the base of fault scarps (e.g., Escartín et al., 1999).

Early pioneering estimates of tectonic strain from faulting on MORs using deep-tow sidescan sonar imagery 
or shipboard bathymetric data are limited by data resolution as mentioned above (e.g., Bohnenstiehl & 
Carbotte, 2001; Carbotte & Macdonald, 1992; Escartín et al., 1999). Recent developments in underwater navi-
gation and mapping sonars provide opportunities for meter-resolution mapping with autonomous underwater 
vehicles (AUVs; Bohnenstiehl & Carbotte, 2001; Caress et al., 2012; Clague et al., 2017, 2018; Wu et al., 2022; 
Yoerger et al., 1998, 2007). Analysis of faults and fissures using deep-towed sidescan sonar data suggests that 
the tectonic strain accommodated by normal faults on fast-spreading MORs is typically less than 10% (e.g., 
Bohnenstiehl & Carbotte, 2001; Escartín et al., 2007). In contrast, the geometry of faults and fissures mapped 
using meter-resolution bathymetric data on the Juan de Fuca Ridge indicated the tectonic component of spreading 
to be 2–3 times larger than for other MORs with similar spreading rates (Le Saout et al., 2021). These studies 
suggested that resolving the geometry of individual faults and fissures with traditional approaches is limited, and 
that meter-scale data add important information for a more complete view of strain partitioning at MORs.

Our understanding of the formation of fissures (i.e., open cracks in the seafloor) is mostly based on numerical 
models and terrestrial field observations in subaerial volcanic provinces (e.g., Gudmundsson & Bäckström, 1991; 
Hjartardóttir, Einarsson, & Björgvinsdóttir, 2016; Hjartardóttir, Einarsson, Magnúsdóttir, et al., 2016; Hjartardóttir 
et al., 2012; Lundgren et al., 2013; Rubin, 1992). Fissures can be categorized as eruptive or non-eruptive struc-
tures (e.g., Hjartardóttir et al., 2009). Here, we define eruptive fissures as individual, linear features that have 
been sites of lava extrusion, likely sourced by deep-rooted feeder dikes formed by tension related to magma 
injection (Koehn et al., 2019; Rubin, 1992; Rubin & Pollard, 1988; Tentler & Temperley, 2007; T. J. Wright 
et al., 2006). In contrast, non-eruptive fissures are linear, tectonic features not associated with surface lava erup-
tions that arise due to far-field stress and are usually orientated perpendicular to the principal stress direction or en 
échelon (Chorowicz et al., 1994; Gibson, 1969; Nakamura, 1970). Earlier studies of fissures on MORs suggested 
that eruptive fissure length for individual eruptions might reflect the lateral connectivity of subsurface magma 
bodies along the axis, and therefore is proportional to spreading rate (e.g., Sinton et al., 2002). However, previous 
detailed fissure analyses have been restricted to a few small areas where meter-resolution data are available (e.g., 
Le Saout et al., 2018, 2021); hence, the relationship between the processes responsible for fissure creation and 
subsurface magma systems remains unclear.

2. The 9°50′N Study Area
The 9°–10°N segment of the East Pacific Rise (EPR) is located between the Clipperton and Siqueiros transform 
faults, and is one of the most intensely studied mid-ocean ridge segments (e.g., Fornari et al., 1998, 2012; Harding 
et al., 1993; Haymon et al., 1991, 1993; Macdonald & Fox, 1988; Orcutt et al., 1976; Tolstoy et al., 2006; D. 
J. Wright, Haymon, & Fornari, 1995; D. J. Wright, Haymon, & MacDonald, 1995). The EPR in this region is 
comprised of a broad axial high capped by a ∼10–20 m-deep axial summit trough (AST, Figure 1; Carbotte & 
Macdonald, 1992; Fornari et al., 1998, 2004). Seismic reflection images reveal an axial magma lens (AML) along 
∼85% of the ridge axis along this segment, at a mean depth of 1,640 ± 300 m, while the upper AML reflector 
shallows ∼200 m from 9°40′N to 9°54′N (Aghaei et al., 2014; Canales et al., 2012; Carbotte et al., 2013; Detrick 
et al., 1987; Han et al., 2014; Marjanović et al., 2014, 2018; Mutter et al., 1988; Xu et al., 2014). The AML 
is likely the source of magma that fed the two documented eruptions along this segment, one in 1991–1992 
(Haymon et al., 1993) and most recently in 2005–2006 (e.g., Cowen et al., 2007; Soule et al., 2007; Tolstoy 
et al., 2006). In addition to the AML, several off-axis magma lenses have been identified both in the upper and 
lower crust (e.g., Aghaei et al., 2014; Canales et al., 2012).
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Previous near-bottom studies of the EPR between ∼9°25′ and 55′N show that although some near-axis faults and 
fissures are likely buried by young lava flows, inward facing normal faults account for only about 0.7% of the total 
strain (Escartín et al., 2007). However, this estimated tectonic strain is uncertain due to limited meter-resolution 
bathymetric data coverage and lack of fissure depth information from sidescan sonar imagery.

Here, we quantify the geometry of faults and fissures identified using 1-m resolution bathymetric data collected 
by AUV Sentry in 2018–2021 over a portion of the EPR crest between 9°45′–57′N and use these data to infer 
tectonic strain within 4 km of the AST (Wu et al., 2022). Uncertainty in fault dip is addressed by comparing 
fault scarp geometry from the AUV multibeam bathymetric data with co-located near-bottom images, naviga-
tion and bathymetric profiles collected during remotely operated vehicle (ROV) Jason dives. The geometry and 
distribution of faults and fissures provide essential information for calculating improved tectonic strain estimates. 
Insights into the formation of fissures and their relationship to magmatic processes are gained.

Figure 1. (a) 1 m-resolution bathymetric data collected with AUV Sentry (Wu et al., 2022); gray shaded relief is 
30 m-resolution shipboard multibeam data from cruise TN188 (White et al., 2006); white outline is 2005𝐴𝐴 − 2006 flow extent 
(Wu et al., 2022); red lines are fissures; orange lines with two different shades are inward-facing and outward-facing faults; 
boxes show location of later figures; blue triangles show location of selected hydrothermal vents; dark green and light 
green polygons are off-axis magma lens (OAML; Aghaei et al., 2017). Inset: box shows study site; thin black lines are plate 
boundaries. (b) and (c) Shaded gray-scale bathymetry shows details of fault and fissure interpretation in the northern and 
southern regions of the study area shown in (a).
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3. Data and Methods
3.1. Near-Bottom Mapping Using AUV Sentry

Near-bottom, multibeam bathymetric data were collected with AUV Sentry along track lines spaced ∼170 m 
apart at ∼65 m above bottom using a Reson 7125 system in 2018, and a Kongsberg EM2040 system in 2019 and 
2021. Both bathymetric systems operate at 400 kHz, while 120 kHz sidescan data were collected simultaneously 
with an EdgeTech 2200-M in 2018, 2019, and an EdgeTech 2205 system in 2021. Further data acquisition and 
processing details are given in Wu et al. (2022), who used the high-resolution bathymetric data set to map lava 
flows erupted in 2005–2006 over a region that extends 25.6 km along the axis and up to 8 km across-axis at its 
widest point near 9°50′N (Figure 1).

The 2018–2021 survey is co-located with an 8 km 2 near-bottom scanning altimeter bathymetric survey collected 
using AUV ABE in 2001, and with near-bottom towed DSL120a sidescan sonar data collected in 2001 (Fornari 
et al., 2004). These sidescan sonar images, collected before the 2005–2006 eruptions, cover the EPR from ∼8°N 
to 10°N with ∼2 m resolution. Fissures and faults identified using those data can also be found in the post-eruption 
2018–2021 data set (Escartín et al., 2007; Wu et al., 2022).

Faults and fissures mapped using the compiled Sentry data were manually digitized by a single analyst (N. 
Berrios-Rivera) and reviewed by a second analyst (J.-N. Wu), who examined bathymetric depth and slope data 
in map view and cross-section (Figure 1). Fissures were digitized as closed polygons encircling narrow, linear 
bathymetric deeps with margins defined by tracing the maximum change in slope (Figure 2). The second deriv-
ative of bathymetric depth (i.e., curvature) was also used to better define sharp breaks in the slope that define 
the margins of fissures (Figure S1 in Supporting Information  S1). Faults were digitized as polygons deline-
ating exposed scarp surfaces, the margins of which were identified using discontinuities in bathymetric slope 
(Figure 3). Fault and fissure polygons were then used to extract estimates of fissure width, fissure depth, fault 
throw, and fault dip for each feature. Since fissures and faults are typically oriented parallel to the ridge axis with 
curvilinear shapes that vary along-axis, geometric parameters were extracted within each fault and fissure poly-
gon along profiles oriented parallel to the plate spreading direction (∼110°), spaced at 10 m intervals along-axis 
(Figure S2 in Supporting Information S1). Hence, each individual fault and fissure is associated with a population 
of width, depth, throw and dip measurements in the plate spreading direction.

Fissure width, W, is measured as the polygon width along each profile. Fissure depth, 𝐴𝐴 𝐴𝐴𝑓𝑓 , is defined as the differ-
ence between the shallowest and deepest points along each profile within the polygon. Fault throw is defined as 
the vertical offset between the top and bottom of fault scarps, which is also the offset between the shallowest point 
and the deepest point as a criterion previously used to avoid underestimates (e.g., Escartín et al., 1999; Le Saout 
et al., 2021). Fault dip is defined as the steepest-dipping portion of the scarp along each profile to minimize 
underestimates due to accumulated mass wasted debris and talus (e.g., Le Saout et al., 2021).

3.2. Fault Dip Analysis and Correction Factor

The apparent geometry of mapped seafloor faults is biased by the resolution of the bathymetric data, which is 
partially controlled by survey altitude and look-angle (Escartín et al., 2007; Le Saout et al., 2021). Bathymetric 
resolution and fault throw are two factors controlling fault identification on high-angle slopes, such as those 
commonly associated with normal fault scarps (Le Saout et al., 2021). In addition to detection limits, gridded 
bathymetric data inevitably include some component of smoothing and interpolation, resulting in lower apparent 
dips.

We used co-located depth profiles acquired using ROV Jason to estimate uncertainty in the slope of seafloor 
features observed in multibeam bathymetric data from AUV Sentry. Both vehicles were navigated with Sonar-
dyne AvTrak2 ultra-short baseline acoustic positioning system and navigation errors are estimated to be <2 m for 
the Jason and <5 m for the Sentry (Wu et al., 2022). Depth profiles were constructed by combining vehicle depth 
and altitude, measured with a Paroscientific pressure gauge and 1,200 kHz altimeter mounted on Jason. Since 
ROV Jason surveys at a relatively low altitude (<5–10 m) and low speed (<0.5 m/s), compared to the nominal 
1 m resolution of profiles from AUV Sentry derived from ∼65 m altitude and ∼1–2 kt (0.5–1.0 m/s) speeds, the 
horizontal resolution of ROV Jason-derived profiles is more accurate than those based on Sentry data. Depth 
profiles used for comparison were extracted from four ROV Jason dives carried out during cruise RR2102 in 
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2021 (dives J1306, J1311, J1312, and J1322; Figure S3 in Supporting Information S1) that transited across faults, 
fissures, AST walls, and volcanic mounds.

Comparisons between depth profiles from ROV Jason and AUV Sentry show that the apparent dip of faults 
and fissures are underestimated in near-bottom multibeam sonar profiles (Figures 2g, 2j, and 3g). For example, 
ROV Jason-derived bathymetric profiles show that the normal fault located ∼70 m east of the YBW-Sentry field 
has a staircase-like geometry with near-vertical scarps (Figure 3g). In contrast, multibeam bathymetric profiles 
derived from Sentry data imply a dip of ∼75° at the same location. The vertical dip of this fault is confirmed 
by still and video imagery collected by ROV Jason (Figure 4b). To account for potential underestimates in dip 
from Sentry multibeam bathymetric data, apparent dips of seafloor features on co-registered bathymetric profiles 
derived from AUV Sentry and ROV Jason were examined throughout the study area (Figure 5). The dips of 
faults, fissures, AST walls and volcanic mounds oriented approximately perpendicular to ROV Jason tracklines 

Figure 2. Examples of two near-axis fissures mapped using AUV Sentry, locations given in Figure 1. (a) Bathymetric relief over fissure near 9°53.48′N; gray shaded 
area is interpreted fissure; lines show locations of profiles in (c). (b) Bathymetric slope. (c) Bathymetric profiles, showing variation in fissure geometry parallel to ridge 
axis trend. (d–f) As above, for fissure near 9°53.78′N. Red line in (d) and (f) is depth estimated from the ROV Jason track; arrow in (f) is the lava channel. (g) Detailed 
comparison between bathymetric profile from the AUV Sentry (black) and depth profile estimated from the ROV Jason (red). Parameters of fissure width W and depth 
Zf noted on profile. Gray bands in (c), (f), and (g) are fissures identified using multibeam bathymetric data collected by AUV Sentry in 2019–2021.

 15252027, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010794 by U

N
IV

E
R

SIT
Y

 O
F B

E
R

G
E

N
, W

iley O
nline L

ibrary on [05/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

WU ET AL.

10.1029/2022GC010794

6 of 23

and with vertical relief >1 m were selected for comparative analysis to minimize bias from profile orientation and 
navigation errors. The dip of each feature was extracted along co-located Jason profiles and depths extracted from 
gridded multibeam data from Sentry, and an empirical dip-dependent correction factor was obtained by fitting a 
second-degree polynomial function (Figure 5). We then obtain a corrected dip, 𝐴𝐴 𝐴𝐴𝑐𝑐 using

𝜃𝜃𝑐𝑐 = 𝑎𝑎𝜃𝜃 + 𝑏𝑏𝜃𝜃
2
, (1)

where 𝐴𝐴 𝐴𝐴 is apparent dip measured from Sentry bathymetric profiles, and 𝐴𝐴 𝐴𝐴 (1.128) , and 𝐴𝐴 𝐴𝐴 (−0.055) are coefficients 
that yield the best-fitting polynomial (Figure 5).

4. Results
Using the Sentry 1-m resolution multibeam data, we mapped 707 fissures, of which 381 are located within 
∼200 m of the ridge axis. Most fissures trend parallel to the ridge axis (∼350°) and are most commonly located 

Figure 3. Examples of two faults mapped using the AUV Sentry, location given in Figure 1. (a) Bathymetric relief over the fault near 9°46′N; lines show the location 
of profiles in (c). (b) Bathymetric slope. (c) Bathymetric profiles showing variation in fault geometry along fault strike. (d–f) As above, for fault near 9°54.34′N. The 
red line in (d) and (f) is depth estimated from the ROV Jason track. (g) Detailed comparison between bathymetric profile from AUV Sentry (black), depth estimated 
from ROV Jason (red), and interpreted fault scarps (gray). Measurements of fault throw t are shown on the profile. Gray bands in (c) and (f) are fault scarps identified 
using multibeam bathymetric data collected by AUV Sentry in 2019–2021.
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above or around volcanic mounds and within the AST (Figure 1). The fissures within ∼200 m of ridge axis are 
likely to be eruptive, especially those within 2005–2006 eruption extent, while the off-axis fissures could be 
either eruptive or non-eruptive. We mapped a total of 42 fault scarps, of which 38 are inward facing (i.e., normal 
faults accommodating extension with respect to the ridge axis). Mapped faults also trend parallel to the ridge axis 
but are mostly located >700 m from the ridge axis and AST. Our results reveal ∼two times more fissures than 
previously identified using near-bottom sidescan sonar data collected in 2001 and 2006, and verify the location 
of the previously mapped faults (Escartín et al., 2007).

4.1. Fissure Geometry

We extracted fissure and fault geometry parameters along 2,590 spreading-parallel profiles spaced 10 m apart 
(yielding a total of >6,000 individual measurements) to evaluate patterns in magmatic and tectonic morphology 

(Figures 6a and 6b). We find that fissure widths range from 1 to 10 m and 
fissure depths typically range from 1 to 6 m (Figures 6a and 6b), and that 
fissure width and depth are positively correlated (Figure 6e). Fissure lengths 
range from 3 to ∼520 m (Figure 7a) and their aspect ratio (width/length) is 
mostly less than 0.3 (Figure 8d). In order to evaluate the tectonic extension, 
we consider measurements from inward facing faults (Figures  6c and  6d) 
(Escartín et al., 2007). Apparent fault heave, estimated from fault throw and 
uncorrected fault dip, ranges from ∼0 to 10 m. After applying the empirical 
dip correction (Equation 1), fault heave is reduced to ∼0–5 m (Figures 6c 
and 6d). Overall, uncorrected fault dips have a modal average of ∼70°, which 
is considerably less steep than the corrected fault dip, which has a modal 
average >80°.

Fissures located proximal to the AST tend to be longer, while off-axis fissures 
tend to be shorter and clustered together in groups or swarms (Figures 1b 
and 1c). Across the entire survey area, the median fissure width and depth are 
4.7 and 2.3 m, respectively. Fissures within the 2005–2006 eruption  area  are 
more elongated parallel to the ridge axis, whereas fissures outside the 
eruption area appear to be more discontinuous (Figures 1b and 1c), likely 
due  to variability in repaving by younger lava flows. Fissures arranged in an 
en échelon pattern are found in the northern segment (Figure 1b) and off-axis 
area (Figure 1c), and the center of individual fissures are wider and steeper 
than at either end (Figures 2a–2c).

Figure 4. Photographic images of example fissure and fault, acquired by ROV Jason. (a) Three images mosaiced together 
over fissure located near 104°17.623′W 9°54.353′N, acquired using a down-looking 24 MP still camera during dive J1322 in 
April 2021; location shown in Figure 2j. (b) Still frame image from forward-looking 4K video camera during dive J1322 near 
104°17.623′W 9°54.353′N, which shows an exposure of complex multi-flow internal lava structures along the fault plane. 
Note staircase-like fault scarp with truncated lobate flows and collapses; location shown in Figure 3g.

Figure 5. Comparison of apparent dips estimated from co-registered 
AUV Sentry and ROV Jason bathymetric profiles over fault scarps (filled 
circles), AST walls (filled square), volcanic mounds (diamonds), and fissures 
(triangles). Black line with gray band is second-degree polynomial fit and 95% 
confidence interval; dashed line is the slope of 1.
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To investigate spatial patterns in fissure geometry, we separated the 707 identified fissures into three groups 
according to their location with respect to the AST and the 2005–2006 eruption area (Figure  9). Group (1) 
fissures are located both within the AST and within the 2005–2006 eruption area (here called “active fissures”); 
group (2) fissures are located either within the AST or within the 2005–2006 eruption area but not both (here 
called “older fissures”); group (3) fissures are outside the AST and outside the 2005–2006 eruption area (here 
called “off-axis fissures”). Active and older fissures account for about half of all fissures identified (51%), while 
the remainder are off-axis. Active fissures are the widest, deepest, and longest fissures among the three groups 
(Table 1). Active and off-axis fissures are on average longer than older fissures, and active fissures are on average 
wider and deeper than off-axis and older fissures, and the latter two groups have comparable width and depth 
(Table 1). However, none of these groups exhibit systematic patterns in geometry along-axis, that is, with latitude 
(Figure 9).

4.2. Fissure Reactivation

By comparing sidescan sonar images collected before and after the 2005–2006 eruption, we can identify new or 
reactivated fissures and changes in fissure geometry associated with the eruptions in 2005–2006. We used towed 
DSL-120a sidescan sonar data acquired in 2001 (Fornari et al., 2004) to identify fissures that were present before 

Figure 6. (a and b) Histograms showing the distribution of fissure width and depth, respectively, estimated from 1-m 
resolution Sentry bathymetric profiles spaced at 10 m interval crossing 381 near-axis fissures (of 707 total fissures mapped). 
(e) Fissure width versus fissure depth, estimated for 381 near-axis fissures. (c, d) Histograms showing distribution of fault 
heave and dip angle, respectively. Heave and dip angles estimated from 1-m resolution bathymetric profiles spaced at 10 m 
intervals crossing 38 inward fault scarps identified using multibeam bathymetric data collected by AUV Sentry in 2019–2021. 
Gray bars show uncorrected fault dip and heave from AUV Sentry bathymetric data; dark gray bars show fault dip and heave 
corrected using calibration function obtained from coincident ROV Jason profiles, shown in Figure 5.
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the 2005–2006 eruption. These data provide good spatial coverage along the segment; however, their ability 
to resolve seafloor features is hampered by considerable nadir artifacts which obscure the seafloor morphol-
ogy along much of the trace of the AST. Cognizant of this limitation, we compared these pre-existing sidescan 
sonar images with sidescan sonar images collected by AUV Sentry in 2019–2021 to identify three classes of 
fissure: (a) those not present in the 2001 data, and therefore likely formed during the 2005–2006 eruption; (b) 
pre-existing fissures that were paved over with new lava during the 2005–2006 eruption; (c) pre-existing fissures 
that were reactivated in 2005–2006 eruption (Figure 10). Despite the multiple square-kilometer spatial extent 
of the 2005–2006 eruptions, we estimate that fewer than five new fissures were created during those eruptive 
phases (Figures 10a–10c). In contrast, more than 100 fissures were either infilled with new lava or reactivated 
during the eruption (Figures 10d–10i). Infilled fissures appear to be either entirely paved over with new lava 
flows (Figures 10g–10i) or became shorter after the eruption, possibly due to partial infilling (Figures 10d–10f). 
Figures 10e and 10f show examples of reactivated fissures that likely sourced a lava channel that flowed from the 
eastern margin of the AST to the east.

4.3. Off-Axis Fissures and Lava Flows

Fissures within the AST tend to be isolated (Figure 11a) and oriented parallel with the local AST trend. Lava 
sourced from these fissures can flow over distances of up to ∼4 km away from the AST, and often have smooth 
upper surfaces (Figure 11b). Abundant fissures are identified at the summits of several on- and off-axis (>∼1 km 
from axis) volcanic mounds, and they tend to occur in swarms aligned in an en échelon pattern (Figures 1c, 11c, 

Figure 7. (a–e) Fissure length distribution at EPR 9–10°N (707 fissures), Axial Seamount (828 fissures), EPR 16°N (122 
fissures) in comparison to Hawaiʻi (571 fissures) and Iceland (581 fissures) (Chadwick et al., 2014; Clague et al., 2018, 2021; 
Hjartardóttir, Einarsson, & Björgvinsdóttir, 2016; Hjartardóttir, Einarsson, Magnúsdóttir, et al., 2016; Le Saout 
et al., 2018, 2021; Sherrod et al., 2007).

 15252027, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010794 by U

N
IV

E
R

SIT
Y

 O
F B

E
R

G
E

N
, W

iley O
nline L

ibrary on [05/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

WU ET AL.

10.1029/2022GC010794

10 of 23

11d). Lava flows sourced from the near-axis eruptive fissures are proximal to volcanic mounds (Figures 11c 
and 11d), and seem to have traveled to only a few tens of meters and typically have a rougher surface morphology 
than those erupted on the AST (Figures 11a and 11b). Off-axis fissures near volcanic mounds might also be the 
source of lava flows given their spatial proximity and lava morphology nearby (Figure 12). However, based on the 
available data, we cannot exclude the possibility that these fissures are non-eruptive cracks, created by far-field 
tectonic forces.

Fissures on plateau-like lava flows with rounded levee margins can be identified at distances >2 km from the 
AST (Figure 12). South of the plateau-like lava flow, bathymetric low hosts a lava flow unit with a smooth, 
concave-down upper surface enclosed by crenulated and elevated lava levees (Figure 13). Partial mapping in 
this area implied that this unit extends further south with normal faults bounding its western margin near 9°46′N 
(Figure 14). Given the frequent re-paving of the seafloor due to the eruptive cycle length of ∼8–18 years (Wu 
et al., 2022), abandoned fissures and older flows would be expected to be re-paved and filled by lava from more 
recent eruptions that originate from the axis. Although these fissures could potentially be created by tectonic 
forces (i.e., non-eruptive processes), we cannot rule out that they are eruptive given their coincidence with 
lower-crustal off-axis magma lenses (OAML). These magma bodies were identified in seismic reflection images 
at ∼9°48′N and centered ∼1.5 km from the ridge axis at 1.8 s two-way travel time below the seafloor (Aghaei 
et al., 2014). Fissures and low-relief flows identified off-axis here may represent an eruptive activity outside the 
AST, providing insight into the possible distribution of off-axis melt sources. These fissures and low relief lava 
flows also coincide with discontinuities in both the AST (i.e., tectonic discontinuities) and in the AML between 

Figure 8. Comparison of fissure dimensions with subsurface magma system properties. (a) Faults and near-axis fissures mapped by AUV Sentry are red and orange 
lines, respectively; 2005–2006 flow extent is marked as black outline; horizontal black/red lines are tectonic/AML discontinuities, respectively (Carbotte et al., 2013; 
Haymon et al., 1991; Wu et al., 2022); AML discontinuities labeled following convention of Carbotte et al. (2013). (b–d) Fissure width, depth, width/length ratio versus 
latitude. Shading shows normalized point count density and black lines are moving average with latitude. Fissure coverage distribution (FLI = fissure length index, 
defined in Section 5.4). (f) AML depth (Marjanović et al., 2018); (g) 2005–2006 eruption volume, summed in 100 m-wide along-axis bins (Wu et al., 2022).
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segments 6 and 7 (as defined by Carbotte et al.  (2013)). These structures could represent an off-axis magma 
source and plumbing system that is distinct from the main AML that sources melts and lava eruptions within and 
proximal to the AST.

5. Discussion
5.1. Graben and Non-Axis Parallel Faults

Most faults formed in the 9°50′N segment of the EPR strike parallel to the ridge axis and often create substantial 
grabens (e.g., Escartín et al., 2007), which can be found on both flanks of the ridge (Figures 15 and 16). The 
tens of meters of relief on these grabens can inhibit the advance of lava flows off-axis (e.g., Soule et al., 2007; 
Figures 15 and 16). Locally, stair-case structures on inward facing faults imply multiple faulting episodes rather 

than a single slip event on a single surface (Figures 15d, 15e, 15f, and 16c). 
Lava flows are commonly observed partly burying the outward facing slope 
and floors of the graben; this lava infilling may result in an underestimation 
of  fault dip (Figures 15 and 16).

There are two notable faults located around AML discontinuities (as defined 
in Carbotte et al. (2013)) and fourth-fourth order tectonic discontinuities (as 
defined in Macdonald et  al.  (1992)) at 9°44.6′N and 9°48′N, that are not 
parallel to the ridge axis (Figure 17). Both discontinuities have orientations 
resulting in an increasing distance from the ridge crest in the southward direc-
tion, and both have the fault throws that increase in the southward direction 
(Figure 17b). The fault at ∼9°48′N is oriented in a more oblique direction to 
the axis (Figure 17a) and its location is coincident with an OAML imaged by 
seismic reflection data (Aghaei et al., 2017).

Figure 9. Fissures (n = 707) categorized by setting versus latitude. (a) Colored dots are fissures divided into three groups: inside the AST and inside the 2005–2006 
eruption area (red; Figure 1; Wu et al., 2022); inside the AST or inside the 2005–2006 eruption area (yellow); outside both the AST and the eruption area (gray); pie 
chart gives overall relative proportions of each setting. (b and c) Fissure width and fissure width/length versus latitude, colored according to groups described in (a).

Table 1 
Summary of Observed Fissure Geometries, Grouped According to Position 
Relative to the AST and the 2005–2006 Eruption Area

Median width (m) Median depth (m) Median length (m)

Active 6.4 ± 3.0 3.8 ± 2.5 34.6 ± 4.2

Older 4.9 ± 3.2 2.5 ± 2.3 16.9 ± 2.1

Off-axis 4.7 ± 2.5 2.7 ± 2.4 34.6 ± 4.3

Note. “Active” fissures (186 fissures) are those located within the AST 
and within the 2005–2006 eruption area; “older” fissures (172 fissures) 
are located within the AST or the 2005–2006 eruption area (but not both); 
“off-axis” fissures (339 fissures) are located outside the AST and outside the 
2005–2006 eruption area.
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Figure 10. Examples of fissures mapped before and after the 2005–2006 eruptions. (a and b) and (d and e) and (g and h): Sidescan images acquired with towed 
DSL-120A sonar (cruise AT07-04, 2001; Fornari et al., 2004) and with EdgeTech 2200M sonar using AUV Sentry (cruise AT42-21, 2019; Wu et al., 2022), 
respectively. (c, f, and i) Shaded gray-scale bathymetry. Green arrow shows a tentatively identified fissure created between 2001 and 2019, likely during the 2005–2006 
eruption; orange arrows show fissures likely reactivated during the 2005–2006 eruption.
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5.2. Tectonic Strain Estimate

The cumulative horizontal displacement, D, due to fault slip is calculated along each profile using

𝐷𝐷 = 𝑡𝑡 tan
−1

𝜃𝜃𝜃 (2)

where 𝐴𝐴 𝐴𝐴  is fault throw (measured along-profile), and 𝐴𝐴 𝐴𝐴 is fault dip. The presence of mass-wasted material at 
the base of footwall scarps (i.e., talus) has the effect of reducing average apparent fault dip. Following previous 
approaches to overcome this problem, we use the maximum fault scarp dip for the purposes of estimating heave 
(e.g., Escartín et al., 1999; Le Saout et al., 2021). The tectonic strain, T, accommodated by faulting is given by

𝑇𝑇 =

(

𝐷𝐷

𝐿𝐿

)

100, (3)

where 𝐴𝐴 𝐴𝐴 is profile length. The total tectonic strain is then determined by adding cumulative along-profile fissure 
width to 𝐴𝐴 𝐴𝐴 , and with an average spreading rate of 110 mm/yr (Carbotte & Macdonald,  1992) the calculated 
estimates reflect the average strain over the last ∼40 kyr. The total tectonic strain averaged between 9°43′–57′N 
with uncorrected fault dip is ∼0.22% 𝐴𝐴 ±  0.26%, and with the corrected fault dip is ∼0.15% 𝐴𝐴 ±  0.23%. We note that 
the outward facing faults accommodate negligible amounts of strain (∼0.008%), or ∼5% of the total tectonic 
strain. These estimates are much smaller than previous strain estimates (0.7%) made using deep-tow camera 
and submersible profiles with the assumption of a constant 45° fault dip (Escartín et al., 2007). For the EPR 
crest in the study area, values for the combined extension accommodated by faults and fissures are ∼0.21 and 
∼0.13 mm/yr for uncorrected and corrected fault dips, respectively. These estimates represent lower bounds due 

Figure 11. Examples of fissures on volcanic mounds and within and proximal to the AST. (a and b) Bathymetry and sidescan 
image of fissures in the AST that sourced the 2005–2006 eruption, respectively. (c and d) Bathymetry and sidescan images of 
fissures on top of volcanic mounds, respectively.
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to the potential for post-extension lava flows, which could partially or fully obscure fault scarps (e.g., Carbotte 
et al., 1997). The tectonic strain estimates represent the component of brittle deformation in a narrow (<4 km) 
axial zone above the AML, while larger estimates might be obtained further off-axis (>4 km), which was previ-
ously suggested to be associated with plate bending (Escartín et al., 2007).

Figure 12. Fissure swarm near 9°47.3′N, ∼2.3 km east of the AST, associated with a low relief flow and coincident with 
an OAML (see Figure 1 for location). (a) Bathymetry showing smooth, lobate and domed constructs of the inflation plateau, 
cross-cut by sub-parallel, ∼north-south trending fissures. Black lines represent bathymetric profiles (b–d); white arrows point 
to individual fissures, also shown in panels (b–d); black arrow shows lobate (pressure) ridge; gray arrows show pressure 
rise pits. (b–d) Bathymetric profiles oriented from west to east showing fissure and plateau geometry; note that easternmost 
fissure is up to 12 m deep, and 2 m wide.

Figure 13. (a) Off-axis low relief flow, located ∼2.3 km east of the AST (see Figure 1 for location); black lines show 
locations of profiles (b–e). (b–e) Bathymetric profiles across sag basins, note smooth character of lava flow bounded between 
rounded levees.
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5.3. Spatial Variations in Fissure Geometry

As primary conduits of magma outflow at the seafloor, the length scale 
of eruptive fissures is thought to correlate with the geometry of dikes that 
transport magma from the AML in primary fissures, which in turn play an 
important role in plate separation (e.g., Valentine & Perry, 2006). Positive 
relationships between eruptive fissure length and spreading rate have been 
proposed to support the idea that fast-spreading ridges yield longer fissures 
than slower-spreading ridges due to enhanced lateral magma transport (Sinton 
et al., 2002). To test this idea, we compare fissure geometry estimated from 
four other study sites where detailed meter-scale mapping is available (EPR 
16°N; Axial Seamount; Iceland Northern Volcanic Zone; NVZ, and Kilau-
ea’s East Rift Zone; ERZ in Hawaiʻi; Table 2). This preliminary comparison 
does not support the idea that fissure length is positively correlated with the 
spreading rate. Although fissure length estimates can be hampered by the 
limitations of submarine field observations, we find that fissure lengths at 
the two land-based study sites (Hawai'i and Iceland) are an order of magni-
tude longer than the fissures mapped at 9°50′N EPR and at Axial Seamount. 
Welch's t-tests between every combination of fissure length distribution pairs 
reject the null hypothesis, indicating that the two populations are significantly 
different at 5% significance level (p < 0.05), except for the pair of Hawai'i 
ERZ and Iceland NRZ, which fails to reject the null hypothesis (p = 0.6; 
Figure 7). Although fissure length is highly variable at each MOR segment 
(as evidenced by high standard deviation estimates), these comparisons show 
that median fissure length is probably unrelated to the spreading rate.

Fissure formation is likely to be related to the geometry and dynamics of the 
underlying magmatic feeder system, including processes such as diking and 
inflation/deflation of a magma lens (e.g., Hjartardóttir et al., 2009; Tentler 
& Temperley, 2007). To examine the relationships between fissure geometry 
and the magmatic system at the EPR 9°50′N segment, we compared spatial 
patterns in fissure geometry to the properties of the underlying magmatic 
system based on estimates of AML depth (Marjanović et  al.,  2019), and 
the surface extent of the 2005–2006 eruptions (Wu et al., 2022; Figure 8). 
In this analysis, we used only the fissures located near-axis (<1 km), that 
is, those that are assumed to be eruptive. There is little evidence for spatial 
correlation between fissure geometry (i.e., width, depth, and aspect ratio) 
and AML depth, nor with the spatial distribution of surface lava associated 
with the 2005–2006 eruption (Wu et al., 2022). Fissure geometry  seems to 
be uniform as a function of latitude along-axis, regardless of whether they are 

located directly above a melt source imaged using multichannel seismic techniques. Although our fissure geom-
etry estimates are likely biased by repeated lava burial and infilling, this consistent spatial distribution implies 
that subsurface magma lens geometry and the locus of the 2005–2006 eruptions have only limited impacts on 
the distribution of fissures. It is more likely that the geometry of fissures is dominated by far-field extensional 
forces on longer timescales, with shorter timescale eruption cycles playing a secondary role. This interpretation 
is consistent with the idea that individual fissure geometry is dominated by factors other than the localized distri-
bution of subsurface melt (e.g., Lundgren et al., 2013; Neal et al., 2019).

Changes in fissure geometry before and after the 2005–2006 eruptions provide evidence that fissures are often 
reactivated during successive eruptions. For example, during the 2011 eruption at the Axial Seamount, lava 
erupted primarily from reactivated fissures along the south rift zone that had previously fed the 1998 eruption 
(Caress et al., 2012; Chadwick et al., 2013; Clague et al., 2017). In 1998, the median eruptive fissure length in 
the Axial Seamount segment was ∼608 m, decreasing to ∼178 m after the 2011 eruption (Chadwick et al., 2014; 
Clague et al., 2017, 2018a). The 2015 eruption area contains ∼24 lava flows located mostly north of the caldera. 
Fissures that were active during the 1998 and 2011 eruptions were not reactivated in 2015. The median fissure 
length for the 2015 eruption was ∼496 m (Clague et al., 2018b).

Figure 14. An example of off-axis lava plateau near 9°46.4′N, ∼2.4 km east 
of the AST. (a) and (b) Map and cross-section showing AST, flow front, lava 
plateau, and fault scarps; white box shows the location of (c). (c) Detailed 
map of off-axis inflated flow; black lines show locations of profiles (d–f). (d) 
Profile showing hackly lava flow from axis covering over the fault scarp. (e) 
and (f) Examples of sag basins associated with lava plateau.
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An example of subaerial fissure reactivation in Iceland comes from satellite imagery showing that an eruptive 
fissure created in 1897 was reactivated and shortened in length during the 2014 eruption in central Iceland (Ruch 
et al., 2016). Smaller-scale shortening of fissures was also observed following the 2005–2006 eruptions at the 
9°50′N area of the EPR (Figures 10d–10f). Because dikes that penetrate the volcanic layer at MORs are mostly 
vertical or near-vertical (Karson, 2002; Karson et al., 2002), the reactivation of a fissure is likely to be associated 
with an array of parallel, side-by-side dikes over time (i.e., sheeted dike complexes) beneath the spreading axis 
(Karson et al., 2015). Terrestrial field observations and analog and numerical models show that the total hori-
zontal extension associated with a vertical magmatic intrusion is likely to be about two-thirds the width of the 
dike itself (Mastin & Pollard, 1988). Based on ophiolite field observations, dikes are expected to have an average 
width of 1 m (e.g., Gudmundsson, 1995; Harper, 1984). Assuming that all horizontal extension due to subsurface 
dikes is recorded by the opening of fissures, the observed median fissure width of 4.7 m for the EPR 9°50′N study 
area would require roughly seven 1 m-wide dikes to form. Since some of the plate separation could be accom-
modated further off-axis (>4 km) by tectonic extension (e.g., Escartín et al., 2007), our estimate indicates that 
the plate separation in the axial zone is mostly accommodated by magmatic diking (99.5%–100%). Considering 
only the near-axis area, a magmatic event recurrence interval can be estimated from the dike width and spreading 
rate. If the average combined dike width beneath each fissure is ∼7 m (i.e., 3/2 the fissure width), which should 
accommodate the full plate separation rate of 110 mm/yr (Carbotte & Macdonald, 1992), then the time needed to 
inject the necessary dikes beneath each fissure is about 64 years. This finding implies a periodicity of magmatic 
diking events of ∼9 yr (that it, seven 1 m-wide dikes in 64 years), which is consistent with independent estimates 
of recurrance interval from lava flow volume and melt extraction calculations (Wu et al., 2022; Xu et al., 2014).

A notable area interpreted to host off-axis volcanism is located ∼2.3 km east of the axis near 9°47.3′ (Figure 12), 
where fissures up to ∼550 m long and ∼12 m deep are identified. These fissures are associated with smooth, 
lobate, domed constructs (Figures 12 and 13). These plateau-like flows are consistent with submarine inflated 
lava flows identified elsewhere that are sustained by long-lasting, moderate effusion rates (e.g., Deschamps 

Figure 15. Example of graben east of the EPR axis partly in-filled with lava flows sourced from the axis to the west (location 
shown in Figure 1). (a) Bathymetry of graben. (b–g) Bathymetric profiles across graben; black arrows mark faults; gray 
infilled arcs mark lava flow lobe front.
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et al., 2014), resulting in remarkably smooth surfaces with well-defined sag basins in areas with slopes <2° (Self 
et  al., 1996). Previously documented subaqueous examples include inflated flows on the Axial Seamount on 
the Juan de Fuca Ridge, at 16°N on the crest of the EPR, and at the summit of the Galápagos spreading center 
(Appelgate & Embley, 1992; Chadwick et al., 2013; Clague et al., 2013; Deschamps et al., 2014; McClinton 
et al., 2013).

South of the fissures near 9°47′N (Figure 12), a bathymetric depression hosts a plateau with ∼3 m of relief, cren-
ulated margins, and a concave surface shape that indicates likely post-eruption deflation or drain-out (Figure 13). 
This plateau is interpreted to have been locally fed and ponded in an area of low pre-existing relief (Figure 13). 
There is an additional plateau to the south and east, which is only partially covered by near-bottom mapping 
data; however, its geometry suggests an eruptive source further to the east, although further data are required 
to confirm this relationship (Figure 14). The southern portion of this partially mapped flow is characterized by 
2–3 m of relief, and a complex system of sag basins, crenulated lobes, lava breakouts, and regions of hackly and 
hummocky texture. The fault scarps apparently bounding the flow to the south have 15–18 m of vertical relief 
(Figure 14b) and appear to have blocked the low-lying area from flows encroaching from the axis (i.e., eruptions 
originating from the west).

These off-axis flows and fissure swarms coincide with the location of one of two proximal OAML identified 
in seismic reflection images at ∼9°48′N and centered ∼1.5 km from the ridge axis at 1.8 s two-way travel 
time below the seafloor (Aghaei et al., 2014). This location also coincides with discontinuities in both the 
AST (i.e., tectonic) and in the AML between segments 6 and 7 (as defined by Carbotte et al.  (2013)) and 
could represent an off-axis magma source and plumbing system that is distinct from the main AML supplying 
the  AST.

Figure 16. Example of a graben west of the EPR axis, partly in-filled with lava flows sourced from the east (location shown 
in Figure 1). (a) Bathymetry of graben. (b–g) Bathymetric profiles across graben; black arrows mark faults; gray infilled arcs 
mark lava flow lobe front.
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Figure 17. Example of graben east of the EPR axis (locations shown in Figure 1). (a and b) Bathymetry of faults oriented 
obliquely to the EPR axial trend. Light green polygons are OAML locations from Aghaei et al. (2017). (c–e and f–i) 
Bathymetric profiles across oblique faults; black arrows mark faults; orange arrows mark AST; orange bars represent OAML 
locations along the profiles.

Table 2 
Comparison of Fissure Length and Spreading Rate From the EPR, Hawaiʻi and Iceland

Region
Median fissure length 

(m)
Spreading rate 

(mm/yr)
Number 

of fissures

EPR 9°50′N (this study) 29 ± 2 ∼110 a 707

EPR 16°N b 203 ± 16 ∼85 c 122

Axial Seamount, south rift zone d 80 ± 3 ∼50 e 889

Iceland, northern volcanic zone f (Krafla, Barðarbunga, Askja) 217 ± 14 ∼20 g 581

Hawaiʻi: Kilauea East Rift zone h 255 ± 10 N/A 571

 aCarbotte and Macdonald (1992).  bLe Saout et al. (2018).  cWeiland and Macdonald (1996).  dChadwick et al. (2014), Clague 
et al. (2018a, 2021), and Le Saout et al. (2021).  eDeMets et al. (2010).  fHjartardóttir, Einarsson, and Björgvinsdóttir (2016) 
and Hjartardóttir, Einarsson, Magnúsdóttir, et al. (2016).  gDeMets et al. (1994).  hSherrod et al. (2007).
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5.4. Fissure Distribution and Crack Depth

Although on-axis fissure geometry seems to have little relation to AML geometry and the spatial distribution of 2005–
2006 eruption lava (Figure 8), fissure formation is likely to be driven by magmatic diking given that the plate separa-
tion is mostly accommodated by diking over short timescales near the axis (Escartín et al., 2007). To further investigate 
the mechanism of fissure initiation with respect to the AST, we quantify a simple moving average of the ratio between 
fissure length that covers an along-axis window and the along-axis window length (∼200 m), which we term the 
fissure length index (FLI). The window length was chosen to cover ∼90% of fissures based on the fissure length distri-
bution (Figure 7). Where fissure coverage extends the full length of the along-axis window length, FLI = 1, whereas 
if no fissures are present, FLI = 0. FLI is relatively low in the area south of 9°48.5′N, which is consistent with the fact 
that little to no new lava was emplaced there during the 2005–2006 eruption (Figures 8e and 8g). In the central portion 
of the main 2005-2006 eruptions, FLI is relatively high since these fissures are likely to have fed new lava channels. 
Relatively high FLI north of 9°52′N is coincident with two linear fissure systems which delivered lava to the seabed 
during 2005–2006 eruption (Figure 8e). The high FLI at this latitude does not correlate with maximal lava volumes 
because the fault scarp likely diverted flows to the north and south (Figures 8e and 8g). Assuming that subsurface dikes 
and pathways are connected when multiple individual fissures are within several meters of each other (each fissure 
could still be short), values of FLI closer to 1 represent elongate single eruptive fissures. Therefore, the observed posi-
tive relationship between FLI and eruption volume (Figure 8) is consistent with the positive correlation between the 
eruptive fissure length and lava flow length proposed by numerical modeling (Mériaux et al., 2022).

Based upon simplified relations derived from fracture mechanics, tensile crack width (i.e., fissure width) can 
be used to estimate tensile crack depth (Nur, 1982). Dikes and faults can be described as internally pressurized 
planar cracks that propagate due to dilation by fluid injection (e.g., Rubin, 1992; Rubin & Pollard, 1988). Cracks 
in this model initiate at depth and propagate both up and down as they lengthen. Crack depth, 𝐴𝐴 𝐴𝐴0, can be defined as

𝑧𝑧
0
=

(

𝐺𝐺

1−𝜈𝜈

)(

𝑊𝑊

2

)

𝜎𝜎
,

 (4)

where 𝐴𝐴 𝐴𝐴 is the static shear modulus, 𝐴𝐴 𝐴𝐴  is Poisson's ratio, 𝐴𝐴 𝐴𝐴 is the tensile crack width, and 𝐴𝐴 𝐴𝐴 is tensile stress (Lister 
& Kerr, 1991; Rubin, 1990, 1992). For the purposes of comparison, the parameters used here to estimate crack 
depth from fissure width are taken from previous crack analysis in the 9°50′N segment, which were based on both 
visual observations and analysis of analog near-bottom sidescan data collected using the ARGO towed vehicle 
in 1989 (Haymon et al., 1991; D. J. Wright, Haymon, & MacDonald, 1995 and references therein). Fissures in 
this part of the analysis are within 1 km of the axis and therefore are assumed to be eruptive. For each individual 
fissure, average and maximum fissure widths were used to estimate the upper and lower bounds of crack depth, 
respectively. Crack depth derived from fissure width (Figure 8) is much deeper than the fissure depth measured 
at the surface (Figure 6). Such differences can be explained as the result of repeated cycles of lava emplacement 
during multiple eruptions, and lava drainback that partially fills eruptive fissures during the waning stages of 
an eruption (e.g., Wadsworth et al., 2015). The occurrence and distribution of microearthquakes detected in the 
build-up to the 2005–2006 eruptions, which are inferred to be caused by hydrothermal circulation and possibly 
melt migration (Tolstoy et al., 2008; Waldhauser & Tolstoy, 2012), do not correlate with variations in crack depth. 
This lack of correlation implies that fissure initiation may not be associated with brittle deformation immediately 
before an eruption, although a more detailed interpretation is limited by the time scale of the microearthquake 
observations. We find that the inferred crack depth is up to ∼500 m near 9°53′N and hence exceeds the typi-
cal depth to the top of Layer 2A (which is expected to be 120–150 m below seafloor; Marjanovic et al., 2018; 
Figure  18). The 9°53′N area is also where FLI is high and AML depth is relatively shallow (∼1,490  mbsf) 
(Figure 8). The AML is also relatively shallow near 9°47′N, but cracks are shallower than those near 9°53′N. This 
difference might be caused by the uncertainty in AML depth or that fissure widths around 9°47′N are underesti-
mated due to infilling of lava pillar mounds (e.g., Wu et al., 2022). These relationships are consistent with the idea 
that the fissure formation in association with diking is favored where the AML is shallow, and that cracks feeding 
surface fissures extend into the sheeted dikes present in oceanic layer 2A (e.g., Karson, 2002).

6. Conclusions
Near-bottom, meter-resolution multibeam bathymetric data were used to identify and analyze 38 inward-facing 
fault scarps, four outward-facing scarps and 707 seafloor fissures on the EPR crest between 9°45′ and 9°57′N. 
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Comparison of depth profiles and imagery from ROV Jason shows that fault dip estimated from AUV-based 
bathymetric data is likely underestimated by up to 30% for faults that dip >60°. After applying an empirical dip 
correction, we find that faults within ∼2 km of the spreading axis are mostly near-vertical, indicating that hori-
zontal tectonic strain accommodated by normal faulting in the near-axis zone must be negligible (<1%). Eruptive 
fissures identified in sidescan sonar images acquired both before and after the 2005–2006 eruptions show that 
most of the eruptive fissures were reactivated. A comparison with eruptive fissures in other spreading environ-
ments (both submarine and land-based) shows that fissure length is more likely to be affected by reactivation 
and infilling during successive eruption cycles than the spreading rate over short (∼10–100 yr) time periods. 
Although we find that fissure geometry is not strongly related to the subsurface geometry of the axial magma 
lens, fissure formation and distribution are probably closely linked to diking events. Based on a preliminary 
analysis of the relationships between fissure width and underlying diking width, we estimate a diking recur-
rence interval of ∼9 years for the EPR between ∼9°45 and 9°57′N, which is consistent with other estimates of 
magmatic episode timing for this location. Crack depths estimated from near-axis eruptive fissure widths suggest 
that conduit availability to subsurface magma may control eruptive fissure geometry. We interpret the presence 
of fissure swarms and concave-shaped lava flows at distances >2 km from the AST to indicate sustained off-axis 
volcanism at low effusion rates and ponding of flows in closed depressions fed by off-axis magma lenses. These 
observations suggest that volcanism and subsurface heat sources may be present across a broader cross-axial zone 
than previously thought for the study area.

Data Availability Statement
Multibeam bathymetric and sidescan sonar data collected by AUV Sentry, and fault and fissures and 
2005–2006 flow margin outline shapefiles are available at the Marine Geoscience Data System at https://
doi.org/10.26022/IEDA/330373, https://doi.org/10.26022/IEDA/330374, and https://doi.org/10.26022/
IEDA/330841.

Figure 18. (a) 3d perspective view of 1-m resolution bathymetry; labeled blue circles are selected high-temperature hydrothermal vents; black outline is 2005–2006 
eruption extent (Wu et al., 2022). (b) Black dots and blue line are AML and Layer 2A depth, respectively; colored dots are microearthquake density of events that 
occurred between October 2003 and April 2004 (Waldhauser & Tolstoy, 2012); gray band represents crack depth range estimated from fissure cracking model (D. J. 
Wright, Haymon, & MacDonald, 1995); mbsf: meters beneath the sea floor.
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